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ABSTRACT: Heavy metals in food and water sources are potentially harmful to
humans. Determination of these pollutants is critical for improving safety. Effective
recognition systems are a contemporary challenge; several novel technologies for
the quick, easy, selective, and sensitive determination of these compounds are in
demand. Metal−organic framework (MOF)-based sensors and biosensors have
crucial applications in identifying these potentially harmful substances. Here, we
review electrochemical and optical biosensors for in situ sensing that are sensitive
and cost effective, with a simple protocol and wide linear range. Despite the
abundance of articles in this field, we assessed and checked out various basic
features of MOFs as porous compounds that include clusters or ions, and some of
the ligands connected to these clusters have a variety of useful properties.
Afterward, we also assessed various electrochemical and optical sensing assays,
which have recently gathered interest because of their potential applications for
recognizing certain compounds in the environment. Their operation and approaches are dependent on their structures, the materials
and component types used, and the substances they are targeting.

1. INTRODUCTION
Environmental contamination is one of the most severe
problems humans are now facing. It is generally recognized
that most heavy metals, particularly d-block metals, are
hazardous to human health.1−5 Heavy metals are found in
several different environments, caused by industrial waste and
soil pollution and various kinds of human activities which
potentially contaminate water sources. Heavy-metal ions, such
as Pb2+, Cu2+, Cd2+, Zn2+, and Ni2+, pose a significant threat to
water resources because they are not biodegradable and
accumulate in human bodies, environments, and living
organisms primarily through the food web. They are all equally
toxic, even in trace amounts. It is concerning that these metal
ions, with their toxicity and carcinogenicity, are present in
drinking water, even if only present in trace quantities. The
identification and removal of these potentially dangerous species
from the water supply and food systems must be effective and
financially manageable.6−9

Metal−organic frameworks (MOFs) have great potential for
the detection of heavy-metal cations as metals, and other
nanoparticles can be deposited on these substrates. Cells and
tissues can also be identified with better accuracy using modified
MOFs. The biosensing properties of MOFs include low toxicity,
excellent water stability, good biodegradability, and biocompat-
ibility. There has been much interest in MOFs, owing to their

well-structured organization, excellent electrical conductivity,
and unusual catalytic activity. Studies have shown that MOFs
can be utilized to produce biosensors that can detect a wide
variety of small molecules in complex mixtures, relying upon
their preferred properties. Therefore, MOFs have had a
significant impact on the development of optical biosensors.10

Numerous efforts have been made to identify heavy-metal
ions remaining in water and environmental samples. Multiple
techniques, including high-performance liquid chromatography
(HPLC), chemiluminescence, anodic stripping voltammetry
(IASV), X-ray absorption spectroscopy (XRD), ICP-atomic
emission spectrometry (ICP-AES),11 ICP mass spectrometry
(ICP-MS),12 and atomic absorption spectrophotometry
(AAS),13 are available for detecting toxic ions.12,14−16 However,
their large-scale application is severely limited by their
complexity, stringent requirements, high cost, and high skill
demand. Therefore, new effective methods capable of
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identifying and detecting heavy-metal ions in water and
environmental samples must be developed. These techniques
must be simple to operate, fast to respond to, and highly
sensitive and selective.17−21

Biosensors provide a technique that is both efficient and rapid
for the detection of heavy metals. For this reason, many
nanobiosensors, both optical and electrochemical, have been
recommended.22−24 Aspects such as ease of use, high sensitivity,
and adaptability to a wide range of sample types (solid, liquid, or
gas), which are particularly useful in this context, are beneficial
for optical biosensors. Detectors of cancer markers,25,26

antibiotics, heavy-metal ions,27 and further analyses have been
performed using MOF-based biosensors.28 DNA strands can
also be immobilized to produce biosensors on cation-based
MOFs.29,30

One of the subclasses of coordination polymers, MOFs, is a
polymer with a specific function composed of metal ions or
clusters bound together by polytopic organic ligands. A mixture
of MOFs with different shapes, sizes, and functional character-
istics can be assembled into more than 20,000 configura-
tions.10,31 Highly porous structures with variable pore diameters,
a range of functional groups, changeable chemical functionality,
low bulk density, and the capacity to capture substances in both

the chemisorption and physisorption phases are all character-
istics of MOFs.32−34 Porous MOFs have been employed in a
broad range of applications, such as in the collection of
radioactive waste,35,36 release of medications,36−38 detection of
heavy-metal ions,39,40 magnetism and catalysis, sensors, and
optoelectronics.41−44 Furthermore, when the reaction con-
ditions are favorable, MOFs exhibit remarkable thermal and
chemical stabilities resulting from the robust chemical bonds
generated between the metal and linkers.45 Metal−organic
framework research is focused on the development of new
techniques for mixing various types of MOFs to create hybrids.
Bimetallic MOFs have greater framework hydro-stability than

single-parentMOFs.46 Manufacturing of bimulti-metallicMOFs
using various methods, including postsynthesis,47 transmetala-
tion,48 and ligand-oriented bifunctional methods,49 has been
effective in the past because of their exceptional compatibility
with different metal species. Using a formerly produced MOF to
produce anotherMOF through lattice matching on the substrate
of the MOF matrix is one method for creating epitaxially grown
core−shell MOF-on-MOF hybrids. When developing these
hybrids to create two-dimensional (2D) hybrid MOFs, the
MOF-on-MOF technique may be used.50

Figure 1. Crystal structures of MOFs: (a) cubic MOF-5: (b) tetrahedral or octahedral UiO-66, (c) structure of HKUST-1, (d) tetrahedral or
octahedral MIL-101, (e) defect-free MIL-101(Cr) supercluster, (f) dangling linker MIL-101(Cr) supercluster, (g) MIL-101(Cr) supercluster with
linker vacancy. (h) Polyhedral illustration of a single-unit cell of UiO-66. (i) Illustration of the part of the atomistic model from which a simulated
diffraction pattern is made. (j) UiO-66, the defect concentration and domain size characteristics that have been obtained experimentally may be
utilized to build atomistic representations of defect nanoregions in the material (Hf), (k) Scanning electron microscopy (SEM) images of UiO-66
grown for 2 h, (l) 4 h, (m) 8 h, (n) 24 h, (o) 48 h, and (p) 72 h. (q) Overview fluorescence micrograph of the outer surface of a large cubic MOF-5
crystal. (r) More detailed fluorescence micrograph of the crystal facet. (s) Three-dimensional (3D) representation of the fluorescence data presented
in the panel. (t) Electronmicrograph of a similar MOF-5 crystal illustrating the large irregular cracks formed upon drying. Reproduced with permission
from ref 28. Copyright 2017, Elsevier.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Review

https://doi.org/10.1021/acs.iecr.2c03011
Ind. Eng. Chem. Res. 2023, 62, 4611−4627

4612

https://pubs.acs.org/doi/10.1021/acs.iecr.2c03011?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.2c03011?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.2c03011?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.2c03011?fig=fig1&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.2c03011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Throughout this review article, the advancement and
direction of research on MOF-based sensing and biosensors
for the determination and control of heavy metals have been
discussed. We examined the outcomes of previous significant
initiatives in this field following our results. Developing portable
and complex systems based on these particles will supply more
information, while simultaneously allowing researchers to
undertake new research. Thus, the identification of novel
applications and basic features of MOFs, their modifications,
and their many uses in sensing and biosensing methods in the
environment is simplified in this review. Furthermore, the
impact of changes on the efficiencies of MOFs was thoroughly
described, and corresponding issues were investigated. Within
the scope of this investigation, key ideas and applications for the
modifications and uses of MOFs in sensing methods for
upcoming applications have been demonstrated.

2. MOFS: STRUCURE, CHARACTERISTICS,
APPLICATIONS, AND VARIOUS TYPES
2.1. Structure. MOFs have a highly porous structure with

variable pore sizes and functions, making them attractive choices
for pollutant sorption. A new class of materials has emerged:
inorganic and hybrid organicmaterials that exhibit inorganic and
organic characteristics. These materials have not been observed
before and represent a significant advancement in material
science.51−53 To build them, metals, such as Zn2+, Cu2+, and
Mn2+, and other elements, such as Ca2+, Al3+, Zr4+, Ti3+, Co2+,
and Cd2+, were used. Square, pyramidal, trigonal, bipyramidal,
tetrahedral, and octahedral geometric shapes were observed in
MOF synthesis (Figure 1).54 Organic molecules react directly
with metals under certain conditions to construct MOF
structures using a bottom-up approach, resulting in oriented
growth. Layer-by-layer growth and various synthesis routes,
including solvothermal (dissolving reactants in a warm solvent

followed by a heating step in a pressurized condition),
hydrothermal (dissolving reactants in an aqueous solution and
using a heating step in a pressurized condition), ultrasonic
(using ultrasonic waves to carry out the reaction), mechano-
chemical (using a mechanical force like hand grinding to carry
out the reaction), electrochemical (using electrochemical cells
and reactions with different electrodes), and microwave
synthesis (using microwaves to carry out the reaction), are
utilized to make the majority of MOFs.55

With the help of the porous structures of MOFs, pollution
may be transported to the active sites more quickly, resulting in
faster utilization, greater functionality of functional groups, and
rapid adsorption rate adjustments. Inorganic anionic pollutants
can be eliminated from the environment by utilizing a pseudo-
ion exchange technique that only weakly binds organic ligands,
which are subsequently replaced by the next pollutant.56,57

Rather than using covalent connections to remove encapsulated
organic contaminants, scientists now turn to noncovalent
connections, including hydrogen, van der Waals, and hydro-
phobic contacts. If the chemical and physical frameworks of the
node and binding MOFs are correctly designed, more covalent
interaction sites can be created.58

2.2. Characteristics. Owing to the potential applications of
MOFs and porous coordination polymers (PCP) in a variety of
sectors and the possibility of their use to form porous crystalline
polymeric metal complexes,37,59−64 many researchers are
interested in the unusual structural characteristics of these
materials (Figure 2).65

MOFs can be applied several times for different cycles of
reactions which can have rates over 90%.55 These materials have
great characteristics for types of applications like adjustable and
uniform structure, thermal stability, high specific surface area,
high porosity and nanoscale cavities, tunable pore size, adaptable
particle dimensions, accessible cages and tunnels, specific

Figure 2. MOF scaffolding structure: (a) PBU (1-phenyl-3-butenyl) of luminescent MOF-261 (LMOF-261), (b) observable along b-axis is an
individual LMOF-261 net with one-dimensional (1D) edge-sharing pentagonal and rhombohedral channels, (c) edge-sharing octahedral and
cylindrical channel net displayed along the c-axis and simplified LMOF-261 showing 4-fold interpenetration. (d) Tetrapodal cage Zn48(1,3,5-
benzenetricarboxylic-1)12(1,3,5-benzenetricarboxylic)8(pyrolytic carbon)6. (e) Packing of tetrapodal cages. (f) Three-dimensional (3-D) channel net
running along the a, b, and c directions. Reproduced with permission from ref 65. Copyright 2019, Elsevier.
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adsorption sympathy, the presence of in-pore functionality and
outer-surface modification, etc. Remarkably, one of the MOF
applications based on these characteristics is detection of
underground water pollutants by fluorescent detection methods
which is one of the optical detection methods.66 Based on the
named advantages of MOFs, these are reliable substances for
different utilizations. Detection, gas storage, separation,
biomedical imaging, drug delivery, and catalysis are some of
these applications.67

Owing to the extra interactions between the adsorbates and
the adsorbents of MOFs that make them comparable to other
porous adsorbents for the exclusion of toxic materials, the
central metal68−71 acts as a functionalized linker,72−77

coordinated unsaturated site,71,72,78−80 and loaded active
species.70,81 These interactions of MOFs, including π-complex-
ation, H-bonding,72,82 coordination with openmetal sites, host−
guest interactions, and acid−base interactions,83 lead to the
development of higher adsorption processes.
2.3. Various Types and Applications. Metal−organic

frameworks containing organic groups have been suggested as
proof-model adsorbents for a range of purification techni-
ques37,84−87 owing to their strong affinity for heavy-metal ions.
As another classification of MOFs, they can be categorized as
either isoreticular (IRMOFs) or microporous (MMOFs).
Moreover, MOFs and zeolites can be combined. The structure
may simply form at low temperatures in MOFs due to the
weaker interactions between the solvents and the framework,
which commonly maintains the framework’s integrity and
quickly provides a considerable and easily accessible porosity.
Another noteworthy feature of MOFs is the broad diversity of
cations that may be present.Metal−organic frameworks can take
almost all of the cations in the categorizations. This presents
several potentials for the creation of uniqueMOFs. This number
has greatly increased because of the large variety of function-
alized organic linkers that may be utilized in combination with
inorganic components. The linker’s actions include either O or
N donors. When it comes to O, they are primarily mono- or
polycarboxylates or mono- or polyphosphonates, and very
seldom sulfonates. They all have different possibilities for

bonding with inorganic cations, even when combined. Luckily,
MOFs provide a significant advantage in reducing the range of
possible structural kinds. Similar to how inorganic zeolitic solids
accept group substitutions while retaining their topology, the
functionalized linker may be replaced by larger ones as long as
the connection with the inorganic compounds is preserved. A
range of “isoreticular” solids (IRMOFs) are being generated,
which are the reason for the possibilities of loss. But it causes an
increase in the pores size of the solid and length of the ligand.65

Isoreticular MOFs can be developed by simply changing the
length of the ligand for the identical metal species, which has a
pore size dependent on its length.88 Metal−organic frameworks
have a range of uses, including recognition,89,90 separation,91−93

sensing,94 gas storage,95−97 biomedical imaging,98 drug
delivery,99,100 and catalysis.101−103 Because of their many
structural variations and distinct characteristics, MOFs are
well suited for analytical applications.104 Using innovativeMOF-
based biosensors, it is now feasible to detect cancer,25 heavy-
metal ions,27 antibiotics, and other analytes.28

Using centrifugation, it is possible to remove heterogeneous
catalysts, such as MOFs, from the reaction mixture. In addition,
their catalytic properties remain intact even after several cycles
of recovery and reuse. Organic processes involving the
condensation of substances benefit from the use of MOFs as
catalysts, and this is especially true in the creation of C−C bonds
and C−X (N−O−S) bonds. Additionally, certain homochiral
MOFs may be used to catalyze enzymatically selective activities
which is difficult to achieve with homogeneous catalysts.105 This
is partly due to the inherent features of lanthanide ions and the
transfer of energy across ligands and their respective lanthanide
centers, which leads certain Ln-MOFs to have strong luminous
capabilities.106 For instantaneous and colorimetric luminescent
applications, it is vital to examine the use of the obtained
information based on visible luminescent color changes caused
by the presence of targeted analytes. Ln-MOFs, which can be
utilized as sensors because of their strong and distinct red and
green emissions, are often produced using Eu3+ and Tb3+
ions.107 It has been demonstrated that MOFs may be used as
sorbents for sampling,108,109 solid-phase microextraction,110−112

Table 1. Recent Advances in Electrochemical Sensing Assays for Sensitive Determination of Various Heavy Metals Using MOF
Components

Recognition elements LODf (μg L−1) Adsorption capacity (mg L−1) Analyte Method Ref

Ca-MOF 0.6 − Hg2+ ASVa 6
2DMA(Ca-MOF) 640−1400 522 Pb2+ ASV 120
2DMA(Ca-MOF) 640−1400 220 Cd2+ ASV 120
trGNO/Fc-NH2-UiO-66 85 × 10−4 − Cd2+ Ratiometric detection 121
trGNO/Fc-NH2-UiO-66 6 × 10−4 − Pb2+ Ratiometric detection 121
trGNO/Fc-NH2-UiO-66 8 × 10−4 − Cu2+ Ratiometric detection 121
Zn-MOF/GO 6 × 10−2 − As3+ DPASVb 122
Ln-MOF ZJU-27 228 − Cd2+/Pb2+ SWASVc 123
UiO-66-EDA − 243.90 Pb2+ − 124
UiO-66-EDA − 217.39 Cd2+ − 124
UiO-66-EDA − 208.33 Cu2+ − 124
GA-UiO-66-NH2 − 9 × 10−3 Cd2+ CVd/EISe 125
GA-UiO-66-NH2 − 1 × 10−3 Pb2+ CV/EIS 125
GA-UiO-66-NH2 − 8 × 10−3 Cu2+ CV/EIS 125
GA-UiO-66-NH2 − 9 × 10−4 Hg2+ CV/EIS 125
UiO-66-NH2@PANI 3 × 10−1 − Cd2+ DPASV 126
Au/SWNTs@MOF-199 25 × 10−6 − Pb2+ CV 127

aASV: Anodic stripping voltammetry. bDPASV: Differential pulse anodic stripping voltammetry. cSWASV: Square wave anodic stripping
voltammetry. dCV: Cyclic voltammetry. eEIS: Electrochemical impedance spectroscopy. fLOD: Limit of detection.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Review

https://doi.org/10.1021/acs.iecr.2c03011
Ind. Eng. Chem. Res. 2023, 62, 4611−4627

4614

pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.2c03011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


solid-phase extraction (SPE),113,114 as stationary phases for gas
chromatography (GC),115 and as stationary phases for liquid
chromatography (LC).116 The MOF adsorption technique has
also been utilized to remove hazardous environmental elements.
Special functional groups are commonly found within the
organic linkers in MOFs. In the presence of negatively charged
nucleic acid sequences, these functional groups may act as a
source of potential stacking, hydrogen bonding, and electrostatic
contact. Consequently, MOFs have the potential to be used as
biosensors to detect trace amounts of heavy-metal ions or
nucleic acid molecules in their surroundings.117−119

3. MOF-BASED DETERMINATION
3.1. Electrochemical-Based Sensing Assays. Biosensing

elements and physical−chemical transducers are necessary for
the development of biosensors. Electrochemical detectors are a
viable technology because they are simple and low-cost
substitutes for complex machinery. Various types of MOFs
may be used as electrochemical biosensormatrices, either for the
covalent or physical attachment of particular bioreceptor
components or for amplifying optical, chemical, or electrical
signals, as explained below.10

Using Ca-MOF as an electrode modifier, Kokkinos et al.6

created an innovative 3D-printed lab-in-a-syringe device for
Hg2+ analysis and demonstrated that it is an optimum Hg2+
sorbent with fast sorption kinetics. Water and soil samples were
analyzed for the presence of Hg2+ using anodic stripping
voltammetry (ASV). Voltammetric devices with improved
electroanalytical features were created for the first time using
3D printing and anMOF electrode as a modifier. Hg2+ detection

improved due to the high sorption capacity of Ca-MOF, which
resulted in an LOD of 0.6 μg L−1, comparable to or lower than
that of traditional sensors, including plastic 3D-printed, gold,
and MOF-based electrodes. Regarding Hg2+ detection, the Ca-
MOF sensor solves the constraints of gold and MOF-based
electrodes in terms of cost, manufacturing, and ease of
operation, owing to the fact that it is both long lasting and
malleable (see Table 1).
Pournara et al.120 showed Ca-MOF to be capable of removing

heavy-metal ions from aqueous environments and determined
their concentration through voltammetry. The Pb2+ sorption
capacity of Ca-MOF (≃522 mg g−1) and Cd2+ sorption capacity
of Ca-MOF (≃220 mg g−1) were among the highest recorded
for MOFs. One of the most significant findings is that the
wastewater simulant solution filled with competitive ions
removed Pb2+ (100 ppb) using a column packed with Ca-
MOF (1 wt %) particles mixed in silica sand (99 wt %). The
sorption capacity of Ca-MOF for Cd2+, Ni2+, and Zn2+ was
considerable and was maintained even in the presence of several
competing cations.
The concentrations of Cd2+, Pb2+, Cu2+, and Zn2+ in aqueous

solutions at mg L−1 levels were assessed using ASV with a
straightforward ready-to-use electrochemical detector based on
the modified graphite paste Ca-MOF. The results showed that
the structures of Ni2+-, Zn2+-, and Cu2+-loaded materials were
quite similar to the crystalline [Ni(H4L) (H2O)4]·2DMF (DMF
= dimethylformamide). In addition, it was found that the Pb2+-
loaded material shared structural properties with the
[Pb2(H2L)]·2H2O molecule. The remarkable heavy-metal ion
sorption capabilities of Ca-MOF prompted scientists to design a

Figure 3. Lanthanide−MOF cluster andmicroscopy images: (a) two secondary building units of the trinuclear cluster, (b) nonanuclear cluster, (c) the
ligand H3BTB, and (d) structural depiction of ZJU-27. (e) Fluorescence microscopic image of ZJU-27. (f) Field emission scanning electron
microscope (FE-SEM) image of ZJU-27. (g) Energy dispersive X-ray spectroscopy (EDS) element mapping of ZJU-27/GCE after deposition of Cd2+.
Reproduced with permission from ref 123. Copyright 2020, Elsevier.
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simple, ready-to-use electrochemical detector using graphite
paste modified with Ca-MOF. Using the ASV method, this
sensor detected Pb2+, Cu2+, Zn2+, and Cd2+ ions with a low LOD
of 0.64−1.4 mg L−1.120

The ferrocenecarboxylic acid-functionalized MOF and
thermally reduced graphene oxide (trGO/Fc-NH2-UiO-66)
was created by Wang et al.121 as a functionalized MOF
composite. Utilizing a ratiometric electrochemical sensing
approach based on the Fc-NH2-UiO-66 molecule, it was
discovered that it could simultaneously detect Cd2+, Pb2+, and
Cu2+ ions. The porous structure of NH2-UiO-66 and its large
specific surface area make it an excellent material for the
adsorption and preconcentration of heavy-metal ions. To
achieve ratiometric detection, which may greatly minimize
signal and noise variations caused by variable research
conditions, it was demonstrated that covalently linked Fc
enhances the conductivity of the material while simultaneously
serving as an internal reference. The electrochemical properties
of the material were improved using trGO as the substrate. The
unique structural features and superior electrochemical perform-
ance of the sensing platform make it feasible to concurrently
detect Pb2+, Cd2+, and Cu2+ with high sensitivity. The LODs
(limits of detection) of the ratiometric electrochemical detector
were calculated to be 0.8 nM for Cu2+, 0.6 nM for Pb2+, and 8.5
nM for Cd2+.
Baghayeri et al.122 detected As3+ with an LOD of 0.06 ppb by

combining zinc-based MOFs with graphene oxide (GO)
nanosheets to create a new nanocomposite substance, which is
lower than the standard of the U.S. Environmental Protection

Agency (EPA). The enhanced conductivity of reduced GO is a
preferred alternative for electrode surface modification. The
differential pulse anodic stripping voltammetry (DPASV)
approach detected As3+ when the closed-circuit mode was
established. These results reveal that this sensor has exceptional
electrochemical functionality, with a linear range from 0.2 to 25
ppb (μg L−1), an extremely low LOD (S/N = 3) of 0.06 ppb, and
strong repeatability with a relative standard deviation (RSD)
value of 2.1%. Additionally, the proposed sensor demonstrated
excellent anti-interference capabilities and outstanding repeat-
ability for As3+ detection. The GO-MOF sensor was also
successfully employed to analyze trace quantities of As3+
released in actual water samples. Using a solvothermal approach,
Ye et al.123 created a new Ln-MOF: ZJU-27. Since their
discovery, hexagonal sheet-like MOFs seem to be promising for
developing electrochemical sensors for heavy-metal ion
detection based on ZJU-27-modified glassy carbon electrodes
(GCE). ZJU-27/GCE and SWASV were used to concurrently
measure trace amounts of Cd2+ and Pb2+ under the optimum
conditions. The strong conductivity and outstanding sorption
capacity of ZJU-27/GCE for heavy-metal ions may be ascribed
to the sensitivity, selectivity, and anti-interface ability of the
sensor for Pb2+ and Cd2+ measurements in aqueous solutions.
The LOD of 0.228 ppb defines the sensitivity of the sensor to
Pb2+ (Figure 3).
Ethylenediamine (EDA) is a two-amine ligand coordination

agent. Many EDA-functionalized substances have been
employed for gas adsorption and water pollution remediation.
The capacity of EDA to form coordination complexes with

Figure 4.Graphene aerogel-basedMOFs: (a)How the graphene aerogel network was grown on theUiO-66-NH2 crystal in situ and how theGAs-UiO-
66-NH2-improved electrode was used to identify heavy-metal ions. (b) Scanning electron microscopy image of graphene aerogels. (c) Scanning
electron microscopy image of UiO-66-NH2. (d) Transmission electron microscopy (TEM) image of graphene aerogels. (e) Transmission electron
microscopy image of UiO-66-NH2. Reproduced with permission from ref 125. Copyright 2019, American Chemical Society.
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heavy-metal ions is a key factor for its wide range of uses in water
purification. Therefore, EDA provided us with an ideal option
for functionalizing adsorbent materials to assist in the removal of
different heavy metals from wastewater. Using an EDA-
functionalized Zr-based MOF (UiO-66-EDA) as the parent
MOF, Ahmadijokani et al.124 investigated the ability of theMOF
to absorb heavy-metal ions from water glycidyl methacrylate
(GMA) and EDA through the addition process. Pb2+, Cd2+, and
Cu2+ metal ions were successfully removed from water using
UiO-66-EDA (an EDA-modified version of UiO-66). The
effectiveness of UiO-66-EDA for removing Pb2+, Cd2+, and Cu2+
metal ions was fully examined using parameters, such as
agitation duration, pH, adsorbent amount, starting metal ion
concentration, temperature, and the presence of other metal
ions. An approximate second-order model was used to model
Pb2+, Cd2+, andCu2+ interactions with UiO-66-EDA. Pb2+, Cd2+,
and Cu2+were adsorbed at 243.90, 217.39, and 208.33 mg g−1,
respectively, in the Langmuir isotherm model, which accurately
matched the experimental adsorption isotherm. Electron
exchange, electron sharing, electrostatic and covalent inter-
actions between the metal ions, and the presence of multiple
functional groups on the surface of UiO-66-EDA all impacted
the adsorption of Pb2+, Cd2+, and Cu2+ ions onto UiO-66-EDA.
The Fe-MOF core−shell nanostructured composite and

mFe3O4@mC have an ordered mesoporous opening structure
and inner cavity, which are unique characteristics (known as Fe-
MOF@mFe3O4@mC) produced by Zhang et al.

134 The Fe-
MOF@mFe3O4@mC nanocomposite was used as a sensing
platform for the determination of heavy metals. The
manufacture of the aptasensing assay based on Fe-MOF@
mFe3O4@mC was comprised of a three-step process: (I)
fabrication of Fe-MOF@mMn3O4@mC, (II) immobilization of
the aptamer strands, and (III) formation of a biorecognition
association between heavy-metal ions and aptamer strands to
identify heavy metals (Pb2+ and As3+). The mFe3O4@mC
nanocapsules weremanufactured by first removing the SiO2 core
from the SiO2@Fe3O4@C spheres and then using a hydro-
thermal technique in the presence of FeCl3 as a precursor and 2-
amino-terephthalic acid as an organic linker to form hollow
Fe3O4@mC nanocapsules. This is highly desirable and
promising because the core−shell Fe-MOF@mFe3O4@mC
has an extraordinarily large surface area and excellent dispersion
and electrochemical efficiency. Owing to hydrogen bonding
interactions and supramolecular stacking, strong binding may
produce a considerable immobilizing force for aptamer strands
among the Fe-MOF and aptamer strands. Before being used to
determine hazardous heavy-metal ions, the as-prepared Fe-
MOF@mFe3O4@mC nanocomposite was constructed to
incorporate the catalytic properties, excellent biocompatibility,
environmental friendliness, high stability, and high surface area
of Fe3O4, carbon, and MOFs. According to electrochemical
studies, there is evidence that the Fe-MOF@mFe3O4@mC
nanocomposite’s unique structure has a special selectivity for
sensing As3+ and Pb2+ in natural water sources and human blood
serum. The porosity and bioaffinity of the newly created
nanocomposite are equally impressive. When the manufactured
aptasensor was used to evaluate the presence of heavy-metal
ions, such as Pb2+ and As3+, it demonstrated a sensitivity with a
low LOD of 2.27 and 6.73 pm, respectively, in a wide
concentration range from 0.01 to 10.0 nm. Additionally, the
manufactured aptasensor demonstrated high specificity and
selectivity, renewability, strong stability, and adequate repeat-
ability.

Lu et al.125 developed electrochemical techniques based on
graphene aerogel (GA) and MOF composites to detect several
heavy-metal ions in aqueous-phase solutions (Figure 4). The
MOFUiO-66-NH2 crystals were grown in situ on aGAmatrix to
create GA-MOF (GA-UiO-66-NH2) composites. Although GA
acts as the primary structural component of UiO-66-NH2, it also
enhances its conductivity by accelerating the flow of electrons in
its matrix. Owing to the incorporation of GAs into the structure,
GA-modified GCEs exhibited high conductivity using CV and
EIS electrochemical performance analysis. Further research has
shown that the modified electrode can detect Pb2+, Cd2+, Hg2+,
and Cu2+ in aqueous solutions with high sensitivity and
selectivity when used under the ideal conditions. Simultaneous
detection of various metal ions has a LOD of 0.9 nM for Hg2+, 8
nM for Cu2+, 1 nM for Pb2+, and 9 nM for Cd2+. The detection of
Cd2+, Pb2+, Cu2+, and Hg2+ in river water and soil and vegetable
leaching solutions further proves that the described technique
can be used to identify a wide range of metal ions precisely and
consistently in real-world samples. In addition, Cd2+, Pb2+, Cu2+,
and Hg2+ were recovered at rates ranging from 86.7% to 104.7%.
In a one-pot hydrothermal process, Guo et al.135 synthesized

innovative nanoscale MOFs, named nanoplate Ni-based MOFs
(Ni-MOFs), which use 2-aminobenzene dicarboxylic acid as an
organic linker. They employed a nanoplate Ni-MOF-modified
glassy carbon electrode (Ni-MOF-GCE) as a detector to
increase the preconcentration and sensing of Pb2+ ions using
SWASV to build a novel electrochemical sensor capable of
sensitive metal ion detection. The Ni-MOF-modified Pb2+
detection electrode demonstrated high selectivity and immut-
ability. Operational parameters such as deposition potential, pH,
and deposition duration were modified to measure the trace
levels of metal ions. The optimal deposition potential was −0.9
V. The optimal pH value was 5.8, and the best deposition time
was 300 s.
The conductive polyaniline (PANI) polymer was polymer-

ized around the MOF (UiO-66-NH2) with a core structure by a
simple hydrothermal technique followed by PANI coatings, as
shown by Wang et al.126 to effectively create an electrochemical
sensor: UiO-66-NH2@PANI. The modified UiO-66-NH2@
PANI composite-modified electrode was used to detect trace
quantities of Cd2+ ions by DPASV under optimal experimental
conditions. Compared to other Cd2+ ion sensors, a broader
linear range, improved repeatability, and a lower LOD of 0.3 μg
L−1 were found in the UiO-66-NH2@PANI-modified electrode.
Core and shell materials must have excellent electrode
properties, and their new properties, incorporating the features
of each component, must improve sensor quality. Real samples
were used to demonstrate the practical applicability of Cd2+
determinations. The photocatalyst adsorbent and acid−base
catalyst demonstrated their potential uses. UiO-66-NH2 was
chosen for this purpose because of its excellent water and
chemical stability and the number of amine groups in the
material. The ability of PANI to accelerate electron and ion
diffusion into and out of thematrix material results in an increase
in the conductivity of hybrid materials. The adsorption sites on
UiO-66-NH2 are numerous and have large surface areas, making
it an excellent candidate for use as the PANI backbone. Gold
nanoparticles and single-walled carbon nanotube (SWCNT)
nanocomposite-incorporated copper benzene tricarboxylate
(MOF-199) (Au/SWNTs@MOF-199) were utilized by Shen
et al.127 to achieve the selective and sensitive detection of Pb2+
ions. They reported successful completion of the solvothermal
synthesis of Au/SWNTs@MOF-199. It was discovered that the
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sensor exhibited excellent selectivity for Pb2+ ions exclusively
when cross-analyte sensing was performed with numerous
heavy-metal ions. Using error bar diagrams, they determined the
electrochemical response of Au/SWNTs@MOF-199 toward
Pb2+ to be highly sensitive, selective, repeatable, and
reproducible, with an LOD of 25 pM L−1 and a response time
of a few seconds.
3.2. Optical-Based Sensing Assays. Metal−organic

framework-based biosensors can also use optical approaches
to sense targeted components. Table 2 summarizes the recent

analytical features of optical sensing platforms for determination
of various heavy-metal compounds. For example, to detect trace
Hg2+ levels in water, Wan et al.128 developed and synthesized
Zn-TPTC (TPTC = [2,2′:6′,2″-terpyridine]-4,4′,4″-tricarbox-
ylic acid). The radiation intensity of Zn-TPTC is directly related
to the concentration of Hg2+, which ranges from 10−4 to 10−6 M.
Zn-particular TPTC identification of Hg2+ is mostly due to the

strong affinity of the ligand for Hg2+ and N. The LODwas found
to be as low as 3.67 nM due to the small pore size, many N sites,
and anionic framework (Figure 5).
Cd-LMOF {[Cd2(BPDPE)2(chdc)2(H2O)2]4H2O}n

(BPDPE = 4,4′-bis(pyridyl)diphenyl ether, H2chdc = 1,4-
cyclohexanedicarboxylic acid) was produced in three dimen-
sions by Hu et al.129 using a hydrothermal method. The findings
revealed that {[Cd2(BPDPE)2(chdc)2(H2O)2]·4H2O}n (com-
plex 1) had great selectivity and sensitivity for detecting
nitroaromatic explosives 2,4,6-trinitrophenol (TNP) and metal
ions Fe3+ or Ag+. Furthermore, it is worth emphasizing that
complex 1 demonstrated very sensitive and selective fluo-
rescence-quenching activities for the metal ions TNP, Fe3+, and
Ag+, with quenching constants reaching 2.794 × 105 M−1, 2.893
× 104M−1, and 1.483× 104M−1, respectively. Because of its high
recyclability for TNP identification, complex 1 was easily
recreated in DMF using a single wash step. According to these
findings, it is possible to rationally design LMOFs with improved
performance by adding the appropriate ligands andmetal ions to
themechanism.129 Pb2+ ion detection was achieved using a novel
lanthanide MOF, [Tb(L) (H2O)5]n, which is extremely
selective and ultrasensitive (Figure 6). Only a few studies have
described Tb-MOFs with single crystals larger than 6 mm. The
ligands in Tb-MOFs have significant antenna characteristics that
produce green light. The lack of interaction between Pb2+ ions
and the oxygen Lewis structures on the Tb-MOFs may explain
the high sensing sensitivity of the material. Tb-MOF is a
dependable and simple light sensor that can be used in pollution
tracking because of its good linear connection with the
concentration of Pb2+ ions. It is the only millimeter-level bright
MOF detector that has such a high LOD for detectingminuscule
levels of Pb2+ (10−7 M).130

Xiao et al.131 successfully achieved 3D printing of Zn-MOFs
with nitrogen-rich channels and vivid blue fluorescence

Table 2. Advances in Optical Sensing Assays for the
Determination of Heavy Metals in Various Real Samples

Sensor LOD (M) Analyte Method Ref

Zn-TPTC 3.67 × 10−9 Hg2+ Fluorescence 128
Cd-lMOF − Fe3+/Ag+ Fluorescence 129
Tb-MOF 10−7 Pb2+ − 130
Zn-MOF 10−8 Hg2+ Fluorescence 131
Ni-MOF − Hg2+ − 44
Eu-MOF (2.48 ± 0.014)×10−7 Eu3+ Fluorescence 66
Zn-MOF 2 × 10−8 Fe3+ Fluorescence 132
Zn-MOF 5 × 10−8 Cd2+ Fluorescence 132
Ln-MOFs 0.46 (μg L−1) Pb2+ FAASa 133
Ln-MOFs 0.265 (μg L−1) Cu2+ FAAS 133
aFAAS: Flame atomic absorption spectroscopy.

Figure 5. Structure of Zn-TPTC in view of the (a) a axis, (b) b axis, and (c) c axis. Zn3-SBUs are illustrated in purple, and Zn1-SBUs and Zn2-SBUs are
shown in blue. (d) Largest cage in Zn-TPTC. (e) Simplified topology of Zn-TPTC. The blue ball represents ZnC18H8N3O5, and the gray ball
represents ZnO4. Reproduced with permission from ref 128. Copyright 2018, Elsevier.
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emission. Ligands containing three pyridine-ring carboxylates
were discovered to have an unusual luminescent output when
coupled with Zn2+. Currently, metal ions may survive in the
uncoordinated nitrogen atoms of the channel, resulting in

regenerable ratiometric reactions with Hg2+ or high selectivity
and sensitivity for the CrO42− and Cr2O72− aqueous oxidants in
media with a broad linearity range. Zn-MOF, as a fluorescence
sensor for Hg2+, CrO42−, and Cr2O72− in aqueous solution, also

Figure 6. Optical aspects of Tb-MOF: (a) scanning electron microscopy images (right) and the optical (left) of the prepared Tb-MOF. (b)
Coordinated environments of Tb (III). (c) 2-D inorganic layer of Tb-MOF formed by Tb (III) ions. (d) Three views of Tb−π-stacking interactions
and hydrogen bonds that connect MOF to form a 2-D molecular model (right) and a zigzag-shaped chain molecular model (left). The strong π-
stacking interactions and hydrogen bonds are represented by yellow broken lines (middle). (e) Fluorescence spectra of Tb-MOF and (f) the
calibration plot. Reproduced with permission from ref 130. Copyright 2017, Royal Society of Chemistry.

Figure 7. (a) The 3 × 3 × 3 packing of compound 1, showing the in wire frame separated from the external S atoms in space-filling format. (b)
Theoretical model of compound 1. (c) Theoretical model of compound 1 interacting with three Hg atoms. (d) Representation of the asymmetric unit
of 1. Symmetry codes: (I) 1-x, -y, -z, (II) 1-x, - y, -z, (III) 1-x, -y, 1-z, (IV) 2-x, 1-y, -z, (V) 3-x, 1-y, 1-z, and (VI) 1-x, -y, -z. (e) X-ray of complex 1. (f)
Minimalistic theoretical model of 1. Reproduced with permission from ref 44. Copyright 2017, Royal Society of Chemistry.
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has outstanding photoluminescence and chemical durability.
The MOF-based Hg2+ fluorescence probe changes color from
blue to brilliant green. Despite this, the present Cr(VI) research
shows that CrO42− and Cr2O72− have the lowest LODs. Halder
et al.44 detected and removed Hg2+ ions from water using a
nickel-based MOF synthesized under ambient conditions,
[Ni(1,4-bis(3-pyridyl)-2,3-diaza-1,3-butadiene)2(NCS)2] (Fig-
ure 7). According to [NCS2]n, N-atoms are connected to the
hexa-coordinated metal center by two thiocyanate moieties,
whereas the sulfur end remains uncoordinated. In addition, both
model’s (component 1 and component with three Hg atoms)
theoretical IR spectrum has evaluated and SCN’s IR band
attracted more attention which is around 2100 cm−1. Being
complexed with Hg atoms results in an increase in the
wavenumber of this bond up to 89 cm−1 in theoretical aspect
and 69 cm−1 in real experiments. It can be concluded that in the
complex generation reaction between these two reagents SCN is
participating.
Che et al.66 used a new Eu-MOF to detect F− and Eu3+ in

water with high sensitivity and selectivity. 2-Aminoterephthalic
acid and Eu(NO3)3·6H2Owere used to prepare Eu-MOF for the
first time. The aggregation action of Eu3+, coupled with the
amino-functional groups disclosed on Eu-MOF dramatically
reduced the Eu-MOF signal at 425 nm blue-violet fluorescence
in the presence of Eu3+. The LOD for Eu3+ was determined as
(2.481 ± 0.014) × 10−7 M. In particular, fluoride added to the
amino group caused the recovery of the fluorescence, with the
LOD of fluoride being (1.145 ± 0.019) × 10−6 M. Typical
interfering ions have little effect on Eu3+ detection. The
invention of Eu-MOF logic detectors and paper sensors has
significantly improved the detection of Eu3+ and fluoride ions in
groundwater.

Wang et al.136 created a new water-stable MOF[Zn3(DDB)-
(DPE)]·H2O, by combining a stiff carboxylate ligand 3,5-
di(2′,4′-dicarboxylphenyl) benzoic acid (H5DDB) with a
flexible bis(pyridyl) linker 1,2-di(4-pyridyl)ethylene (DPE).
[Zn3(DDB)(DPE)]·H2O in aqueous solution is highly stable.
With great selectivity and sensitivity, it may be employed as a
new luminous probe to identify the harmful pesticide 2,6-dich-4-
NA and heavy-metal oxy-anions and cations. Zn-MOF has a
three-dimensional structure with six nuclear groups and
excellent water and pH stability. Resonance energy transfer,
the poor affinity of nitrogen atoms, and photoinduced electron
transfer have been proposed as possible processes for
luminescence quenching. Copper 2-aminobenzene-1,3,5-tricar-
boxylate (Cu3(NH2BTC)2) was explored by Rubin and co-
workers to identify metal ions. In addition to identifying alkaline
metals, fluorescence quenching can be used to detect
Cu3(NH2BTC)2. The ligand NH2BTCH3 is a good fluorescent
probe because of its high fluorescence in solution and in MOFs.
The DMF dispersion of the MOF was used to conduct
fluorescence studies by applying various metal cations to the
MOF. Metal−organic framework amines and carboxylate
receptors of the linker and open coordination regions of Cu2+
in the MOF may be utilized to quench fluorescence by divalent
metals such as Mn2+, Pb2+, and Fe2+. Another method, namely,
metal-ion monitoring, proved to be very rapid and sensitive
(1.55 ppm for Fe2+) within minutes. The CO32− anions would
also cause total fluorescence quenching−, moreover, OAc−, and
Cr2O72−, which may bind to the free amine in the ligand
structure. Dimethyl formamide detected toxic dichromate at a
concentration of 1.65 ppm. Even in MOFs with free and
accessible functional handles (such as amines), fluorescence
turn-off reactions may result from more than one route,

Figure 8. Structure of TMU-16: (a) elongated primitive cubic net of TMU-16, (b) 2-fold interpenetration TMU-16, and (c) fluorescence quenching
and enhancement of TMU-16 by Fe3+ and Cd2+ ions. (e) Molecular structures of H2BDC and 4-bpdh. Reproduced with permission from ref 132.
Copyright 2019, Elsevier.
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depending on the specific analyte. Metal ions can be linked to
free amines using the carboxylates of the ligand.13

On the other hand, an ion-exchange process employing Ni-
MOF as a template was used to create Fe-Ni-MOFs with
variable Fe concentrations by Wang et al.137 Peroxidase-like
activity in Fe-Ni-MOF has been demonstrated in kinetic studies,
allowing it to catalyze the oxidation of 3,3′,5,5′-tetramethyl-
benzidine (TMB) to form blue-colored oxidized TMB
(oxTMB). The Fe-Ni-MOF has proven to be a peroxidase-
mimetic MOF with effective and stable catalysis. It has been
used to develop a highly sensitive colorimetric test for Sn2+ ions.
Based on the redox interaction, it is hypothesized that Sn2+ ions
might reduce the activity of the Fe-Ni-peroxidase-like MOF by
reducing the Sn2+ ion concentration, resulting in a lighter
oxTMB color and reduced absorbance at 652 nm. The UV−vis
spectrometer can accurately measure Sn2+ ions concentrations
in linear ranges from 0.01 to 1.0 mM and 1.0 to 4.0 mM. The
process of action of Sn2+ in MOFs is as follows: it is possible to
modify the shape of Fe-Ni-MOFs by etching a template of Ni-
MOF. The resulting Fe-Ni-MOFs have a lower Michaelis
constant (Km), stronger peroxidase-like catalytic activity, better
durability, and high sensitivity and selectivity. Using a bipyridyl
ligand with a bridging azine group, Farahani et al.132 produced a
Zn(II) MOF, [Zn2(BDC)2(4-bpdh)]3DMF (TMU-16;
H2BDC141,4-benzene dicarboxylate, 4-bpdh14 2,5-bis(4-pyr-
idyl)-3,4) under solvothermal conditions. Fluorescence meas-
urements were performed to investigate the sensitivity of TMU-

16 to different metal ions (Figure 8). TMU-16 is a luminous
substance that can be used to identify metal ions and small
molecules with high sensitivity. The fluorescence intensity of
this MOF decreased significantly when Fe3+ was added, whereas
the luminescence intensity increased when Cd2+ and CH2Cl2
were added. According to the calculations, LODs for Fe3+ and
Cd2+ are 0.02 and 0.05 μM, respectively. Both Fe3+ and Cd2+ ion
identification procedures have strong anti-interference capa-
bilities.
Jamali et al.133 used a solvothermal approach to prepare

lanthanide MOFs (Ln(BTC)(H2O)(DMF)1.1, where Ln = Tb,
Dy, Er, and Yb). These MOFs have a large surface area and
donor atoms, making them ideal for detecting trace quantities of
heavy-metal ions such as Pb2+ and Cu2+ (Figure 9). According to
the adsorption isotherms, the oxygen-containing compounds in
the MOF govern the Lewis acid−base interactions that result in
the sorption of the target ions. As a novel type of material for
adsorption and preconcentration applications, Dy-MOFs are
simple, have a large surface area, reduce organic wastewater, are
highly dispersible, and have a broad pH range stability. It is
feasible to enrich a high volume of target ions in a short period of
time using the suggested method for the extraction and
preconcentration of heavy-metal ions because of the low sorbent
requirement and short diffusion path. The improved processes
have a linearity of 1−120 μg L−1, with LODs of 0.46 μg L−1 for
Pb2+ and 0.265 μg L−1 for Cu2+.

Figure 9. Extraction rate andmicroscopy images: (a) impact of pH on the functionality of extraction (blue bar represents the optimum pH). Extraction
conditions: sample solution of 50 mL of 1 mg L−1 target metal ions, MOF, and extraction time of 15 min and (b) effect of MOF amount (green bar
represents the optimum amount of MOFs). (c) Scanning electron microscopy image of dysprosium-based MOF. (d) Representation of pores of
lanthanide MOFs (hydrogen atoms, white; oxygen atoms, red; carbon atoms, gray; lanthanides, cyan). Reproduced with permission from ref 133.
Copyright 2016, Royal Society of Chemistry.
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4. READINESS OF MOF-BASED BIOSENSORS
Over the past 20 years, MOFs have become well known in the
chemical literature. This class of materials initially attracted
interest because of their high surface area and porosity. These
materials may be defined as metal ion networks or clusters
bound together by organic ligands. Such features indicate
potential future applications in gas storage, separation, and
catalysis, along with a wide range of chemical functionalization
possibilities. Research has advanced to the point where a wide
range of intriguing options are now available for integration into
systems found in the real world. The prospective capabilities of
these materials have been frequently mentioned in grant
proposals and academic articles. There are valid assertions that
MOF-based tools can fix major problems including the catalytic
breakdown of hazardous species, gas storage with low pressure
for fuels with transporting potential (particularly pertinent for a
workable hydrogen economy), and carbon capture as a way of
restricting climate change. However, an increasing number of
critics claim that MOFs are overpromising and underdelivering
and that there are insurmountable obstacles in implementing
meaningful MOF-based solutions to these issues. Following
prominent papers in Science and Nature in 1999, the chemical
corporation BASF developed interest in MOFs through the
development of a MOF-based natural gas storage system, which
has been examined in a fleet of demonstration vehicles since
2013. Methane fuels may not be currently favored, owing to
economic strains, but signs point to the potential of this
technology for the market.
Decco announced that TruPick, a tool for managing the

freshness of fruits and vegetables after harvest, was registered
with the U.S. Environmental Protection Agency. At the fifth
International Conference on MOF & Open Framework
Compounds in California, specifics about the product were
publicized. The product employs an MOF as an efficient
adsorbent for the release and storage of 1-methyl cyclopropane,
a competitive inhibitor of the ethylene receptor presents in
certain fruits. Ethylene, which is emitted by ripening fruit in large
storage facilities, accelerates the ripening of nearby fruits and can
result in notable issues with premature aging. The period in
which the fruit may be properly preserved can be greatly
extended by up to nine months because of the strong binding of
1-MCP. Apples harvested in September may be consumed in
March of the following year, with the help of TruPick. Turkey
has already registered and other nations are anticipated to
follow. To date, MOF Technologies is working to increase the
mechanochemical manufacturing capacity of a wide range of
MOFs (100 kg per week).
NuMat Technologies produced a fully integrated MOF

solution that was prepared for the market, rather than acting as
an MOF supplier. The debut of a system for the storage of
dangerous gases, which are often utilized in the electronics
sector, was also announced by NuMat at MOF2016.
The maturity of MOF research has reached a vital

developmental stage, with at least two businesses already
bringing goods to market. Even if there are still many obstacles
to overcome, the early steps taken by MOF innovators in the
very competitive field of technology commercialization will
undoubtedly open the door for other researchers to follow suit.
Furthermore, experts should persuade organizations and private
financiers to support this field by developing MOF-enabled
products that may bring genuine social benefits, in addition to
the sustainability that comes with commercial revenue.

5. CONCLUSION, CHALLENGES, AND FUTURE
OUTLOOK

The pollution of ecosystems is one of the most serious issues
that humanity is now confronted with. Heavy metals may be
found in a variety of diverse contexts, such as industrial waste
and soil contamination, as well as other types of human activity,
all of which have the potential to poison water supplies in the
future. Metal ions are extremely poisonous at trace levels in
water. Several attempts have been made to detect heavy-metal
ion residues in various water and environmental samples, with
mixed results. Multiple methods are available for identifying
hazardous ions, including HPLC, optical detection, chemilumi-
nescence, X-ray absorption spectroscopy, ICP-MS, ASV, ICP-
AES, ICP-MS, and AAS.
MOFs have various features, including highly porous

frameworks with varied pore sizes, different functional groups,
low bulk densities, and abilities to capture substances in both
chemisorption and physisorption phases. Porous MOFs have
been used for various purposes, including collection of
radioactive waste, identification of heavy-metal ions, magnetism,
catalysis, and application in sensors. Porous MOFs have also
been used to produce nanoparticles. When comparing various
kinds of MOFs, it is often observed that bimetallic MOFs have
stronger framework hydro-stability than the single parent. To
fabricate epitaxially grown MOF-on-MOF hybrids, one
approach is to use an existing MOF to generate another MOF
via lattice matching with the substrate of an MOF network.
When creating epitaxial grown core−shell MOF-on-MOF
hybrids to construct 2-D hybrid MOFs, the MOF-on-MOF
method may be employed in conjunction with other techniques.
All MOF synthesis techniques can be divided into direct
aqueous and nonaqueous syntheses. The second is the synthesis
of aqueous and nonaqueous media in a predefined ratio. MOFs
are one of the most intriguing and promising areas of study in
coordination chemistry and have the potential to revolutionize
the field.
Many different forms of MOFs can be used in biosensor

matrices with several applications, e.g., potential use of modified
MOFs to improve the precision with which cells and tissues can
be recognized, use of the ASV technique for Hg2+ analysis using
a Ca-MOF electrode modifier on an innovative 3-D printed lab-
in-a-syringe device, identification of As3+ utilizing a combination
of zinc-based MOFs and GO nanosheets, synthesis of novel
nanoscale Ni-based MOFs, and use of a nanoplate Ni-MOF-
GCE as a sensor to increase the preconcentration and
identification of Pb2+ ions using SWAS. Furthermore, optical
techniques have been used to detect the presence of Pb2+ ions
using a novel lanthanide-based MOF that is extremely selective
and ultrasensitive. The production of 3-D Zn-MOFs with
nitrogen-rich channels and vivid blue fluorescence emission is an
example of using MOF-based sensors in optical approaches.
Besides a huge amount of research about MOFs, a number of
exciting new routes have been provided by researching about
MOF obstacles to overcome in the area of environmental
governance to investigate the following. Hysteretic isotherms
result from structural transitions between the presence and
absence of guests. By gaining insight into the mechanisms, we
may manipulate the adsorption and desorption hysteresis
features. The ideal scenario would be met if substances could
be provided by improved hysteresis behavior to suit certain uses.
It is important to note that MOFs’ usages are not limited to

their structural features alone, but nevertheless entail their
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electric and magnetic ones. There is a clear relationship between
electrical states and spatial structures; together, they generate a
wide range of responses to chemical or physical stimuli. One of
the ways in which the area of MOFs may advance significantly
would be via the study and manipulation of the dynamic
phenomena that occur in the pores of such frameworks.
Properties like electrical conductivity are all the result of intense
interaction between the guests in the pores and the framework.
Charge transfer interactions between guests and MOFs
substrate play a crucial role because they create magnetic spins
resulting in distinctive physical features. It is desirable for guest
storage that the open/closed pores in a MOF may be controlled
by various external effects like photons or heat. Moreover, to
precisely manage a reaction, a nanospace filled with tunable
characteristics of soft porous crystals is an ideal possibility. The
molecules in the pores may be arranged by the soft porous
crystal’s dynamic guest space. This adaptability is crucial for
achieving high-quality molecule identification and effective
transformation which is enabled even for gas molecules.37
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