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Abstract

This review focuses on the use of metal-organic frameworks (MOFs) for environmental
remediation through adsorption processes in both liquid and gas phases. Due to their high
surface areas and chemical tunability, MOFs offer promising performance in adsorbing envi-
ronmental pollutants compared to traditional materials. In this work, we discuss advanced
synthesis techniques, including solvothermal, room temperature, and mechanochemical
techniques, and how each technique influences the resulting MOF’s structural properties.
Furthermore, we analyze the use of MOFs as adsorbents for CO, and volatile organic com-
pounds (VOCs) in the gas phase, as well as their role in removing heavy metals, fluorides,
dyes, and emerging pharmaceutical contaminants. Although MOFs possess intrinsic limita-
tions, such as instability in the presence of water and challenges in cyclic regeneration, their
combination with other materials has aimed to overcome these drawbacks by leveraging
the best properties of each component in new hybrid materials. Finally, we evaluate various
challenges, such as large-scale implementation, toxicity, and long-term stability, proposing
sustainable solutions for environmental remediation.

Keywords: adsorption; metal-organic frameworks; composites; pollution; gas phase;
aqueous phase

1. Introduction

Environmental pollution is not limited to a specific region or human activity; however,
it has been determined that anthropogenic processes are the main source of contamination.
No matter what the origin, whether it comes from urban or industrial discharges, these
pollutants represent a hazard to both the environment and public health [1,2]. On the
other hand, traditional technologies applied for the treatment of these effluents are usually
expensive and ineffective for the removal of a variety of pollutants; therefore, there is a
growing need in the development of better and cheaper solutions, such as adsorption [3].

Adsorption onto porous solids is widely used in industrial processes due to the low
cost and ease of operation [4]. Some of the most used adsorbents in the industry are
activated carbons, clays, and zeolites; however, it has been noticed that these materials
have different limitations when selectivity is needed [5,6].

Since 1995, metal-organic frameworks (MOFs) have been studied as an alternative
to conventional adsorbent materials. These porous materials stand out from the other
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materials due to the different physicochemical properties, such as large specific area (up to
7000 m?/g), a variety of functional groups due to the organic linker used in the synthesis,
and accessible coordination sites from the metal nodes in the structure [5,7]. The IUPAC has
highlighted MOFs among the chemical innovations with greatest impact in industrial gas
separation [8]. For gas phase applications, MOFs have been investigated for CO, capture
and selective adsorption behavior [9,10]. In water treatments, MOFs have been studied for
toxic metals and persistent organic contaminants [11,12].

Despite these remarkable advances, significant challenges still need to be overcome be-
fore these advanced adsorbents reach their full potential in real environmental applications.
MOFs can lose structure under humidity, extreme pH, and mechanical stress, especially
in aqueous media [13]. To address this limitation, stronger metal-linker bonds improve
hydrothermal stability [14].

Post-synthetic modification, such as hydrophobic groups or inert dopants, increases
resistance without reducing adsorption performance [15]. Scale-up is limited by synthesis
cost and process requirements. In response, current works explore synthesis routes with
abundant precursors and reduced environmental impact for air and water treatment [16].

Today’s environmental challenges require the development of adsorbent materials
capable of removing a wide range of contaminants with high efficiency, selectivity, and
sustainability. This review initially addresses a description of MOFs and their chemical
constitution, main synthesis routes, and characterization techniques, including MOF-
composite materials, to provide a broad overview of the characteristics that make MOFs
attractive in various environmental remediation processes. Subsequently, adsorption as a
technique for removing pollutants, for the separation of hydrocarbon mixtures, and for gas
adsorption on MOF-based materials is addressed. Finally, as a large part of the environ-
mental pollutants reach water bodies directly or indirectly, the use of these materials for
the adsorption of heavy metals, pharmaceutical products, dyes, and fluorides is addressed,
since they represent a threat to both aquatic flora and fauna, and to human health.

2. Structural Features and Synthesis of MOFs

MOFs are porous crystalline structures formed by the coordination of multidentate
organic linkers with metal ions or clusters. Among their most striking characteristics, we
can list thermal stability, surface area, pore volume, and structural adjustment capacity.
Their porous nature can be controlled or modulated using the appropriate linker, different
metal centers, and different reaction conditions (pH, temperature, reaction time, pressure,
etc.). The organic linker establishes network connectivity and system topology, so the
nature and type of linker is very important. The main types of linkers are carboxylate-based
linkers and N-heterocyclic-based linkers (Figure 1) [17].

Multicarboxylate linkers provide greater stability and rigidity to the structure of
MOFs; however, these characteristics may vary depending on the degree of deprotonation,
hydrogen bond donor/acceptor behavior, size, stiffness, coplanarity, and presence of other
functional groups in the carboxylate linker structure [18].

On the other hand, N-heterocyclic linkers are mainly classified into two types: charged
N linkers, generally derived from azolate heterocycles, such as imidazole, pyrazole, triazole,
and tetrazole, and neutral N linkers, such as pyridine, pyrazine, and bidentate or tridentate
systems based on nitrogenous rings. Azolate linkers, when deprotonated, form highly
coordinating anions that allow the generation of networks with diverse geometries and
topologies, giving rise to structures with high thermal and chemical stability, microporosity,
and greater stability in water [19,20].
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Figure 1. Synthesis scheme of MOFs. Chemical considerations in the selection of ligands and
metal centers.

Additionally, the strength of the metal-linker bond is responsible for the stability of
MOFs; hard base linkers (e.g., carboxylates, low pK,) are preferred for high valence metal
ions (hard acids, e.g., Fe3*, Cr¥*, AIP*, Ti** and Zr*"), while azolate linkers (soft bases, high
pKa) form stronger bonds with soft acids (low valence metal ions, e.g., Co?*, Ni%t, Cu?*
and Zn%*) [13,21].

The arrangement of metal ions in the structure of MOFs is governed by the configura-
tion of the secondary building units (SBUs), which can be mononuclear or polynuclear. In
mononuclear SBUs, the metal ions are directly coordinated to organic linkers. The most
typical representation of a mononuclear SBU is the structure of ZIF-8, where the Zn?*
ion is tetrahedrally coordinated to four imidazolate units, unlike the MIL-100 or MIL-101
type MOFs, where the metal ions form a bipyramid trigonal cluster with an M3O(—COO)¢
configuration corresponding to the classification of polynuclear SBUs [13,22,23].

Additionally, some properties, such as morphology, particle size, crystallinity,
and porosity, can be modulated through the synthesis method. The most studied
methods include solvothermal, mechanochemistry, room temperature, and microwave-
assisted synthesis [24-27].

The most commonly used method is solvothermal synthesis, which involves a reaction
between metal, salt, and an organic linker in a solvent, under conditions of high temperature
and autoclave pressure. The regulation of the reaction time and temperature allows the
control of the particle shape and size [28]. Different polar solvents can be used, such as
dimethylformamide, acetonitrile, acetone, water, and ethanol; when the solvent is water, it
contributes to the ecological synthesis of MOFs and is called hydrothermal synthesis [29].

In contrast to solvothermal synthesis, room temperature synthesis offers a more
sustainable alternative when performed under mild conditions, although it often entails
longer reaction times or limited crystallinity, derived from the low water solubility of
some linkers [30,31]. A strategy to improve solubility and to promote the coordination
at the room temperature of linkers and metal species is the use of a salting-in species as
an additive. For example, Molavi and Saeedi reported that NaClO4-H,O accelerates the
formation of Ce-MOFs with surface areas of 321-720 m? /g and high tetracycline adsorption
capacity (250-273 mg/g) [32].

Mechanochemical synthesis based on activation by grinding represents a green tech-
nique that avoids the use of solvents or significantly reduces them. This technique has
been shown to be effective for quickly obtaining MOFs with high performance and scala-
bility [33,34]. On the other hand, microwave-assisted synthesis accelerates crystallization
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through rapid and uniform heating, which significantly reduces reaction time, increases
yield, and controls the physical properties of the MOF [28,35].

2.1. Tunable Synthetic Approaches for the MOF Design: Surface Area Impact, Functionalization
and Morphology

Various strategies have been developed and applied in the design of MOFs with the
aim of strengthening their structure, increasing their yields, functionality, and selectivity,
and promoting their morphological characteristics, such as particle size, surface area, and
pore size.

For example, several MOFs have been designed that include more than one organic
linker in their structure, called mixed-linker MOFs, which stand out as an effective tech-
nique to adjust the pore size more precisely. However, it is important to consider some
characteristics of the linkers; for example, the linkers must be similar, but with differences
in functional groups or chain positions. The addition of linkers with functional groups
such as -NH,; can contribute to MOF selectivity [36].

One of the main contributions of the synthesis of MOFs with mixed linkers is the
change in morphological characteristics such as surface area and pore volume. In various
studies, the increase in the specific surface area when MOFs are built with two linkers has
been evidenced [37-40]; however, this is not a universal trend, since some authors also
report that the surface area of MOFs with mixed linkers decreases compared to that of the
pristine structure [41,42].

On the other hand, the development of multimetallic MOFs arises from the incorpora-
tion of different metals joined by coordination bonds to the same organic linker, leading
to the improvement of chemical, textural, and adsorption properties. Bimetallic MOFs
(BiMOFs) are classified according to the arrangement of metals in the network in the core
shell and solid solution structures.

One of the main advantages of BIMOFs is the synergy of interactions they offer due
to the nature and diversity of metal ions. In some structures, one of the metals has the
function of support and the other can act as an active site due to the sphere of coordination
established [43]. Some applications and methods of synthesis of BIMOFs reported in recent
years are described in Table 1.

Table 1. Applications and methods of synthesis of BiMOFs.

Synthesis Method BiMOF Application Reference
Room temperature Zn/Cu-BDC (MOF-2 bimetallic) Antimicrobial activity [44]
P CE/Zr-MOEF-801 Oxidative desulfurization [45]
Hydrothermal (Autoclave . Electrocatalysis for the oxygen
Reactor) Fe/Ni-BTC evolution reaction (OER) [46]
Al/Zn-BDC Dye adsorption [47]
Solvothermal (Autoclave La/Sn@MOF (2-methyl imidazole) Dye adsorption [48]
Reactor) Fe/Cu-BDC Dye adsorption [49]
Fe/Co-MIL-101 Catalytic dye degradation [50]
Pesticide degradation and
Fe/Zr-BT F- . 1
Heated under reflux e/Zr-BTC (MOF-808) phosphate adsorption. [51]
MIL-101(Al/Fe)-NH2 Catalytic activity [52]
Linker exchange process of Fe/Ni-MIL-126, Fe /Co-MIL-126, Electrocatalytic oxygen
preassembled clusters Fe/Mn-MIL-126 and evolution and reduction [53]
(synthesis in two steps) Fe/Cr-MIL-126 reactions (OER and ORR)
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Table 1. Cont.

Synthesis Method

BiMOF Application Reference

Microwave-assisted
solvothermal method

Enzymatic catalysis

Ni/Fe-BDC (peroxidase-like activity)

[54]

Microdroplet-based spray

Cu/Fe-BTC, Cu/Mg-BTC,
Cu/Co-BTC, Cu/Al-BTC and CO; adsorption [55]
Cu/Fe-BDC BiMOFs

Solvothermal method
(Pyrex vial)

Solid-phase extraction (SPE) of

NH;-Zn/Fe-MIL-88 phytohormones

[56]

Another important factor in the design of MOFs is the acid-base balance of the medium.
This parameter not only impacts on the solubility and stability of the precursors but
regulates the mechanisms of nucleation and crystal growth. In addition, pH modulation
directly influences linker deprotonation and assembly speed, which impacts properties
such as the structure, porosity, morphology, and surface area of the MOF. Subramaniyam
et al. evaluated the synthesis of a Zr-Tyr MOF in acidic (HCl), neutral and basic (NaOH)
conditions, observing as the main effects an increase in the degree of crystallinity when
NaOH is used and a variation of the surface area depending on the pH, following the trend
of NaOH (294 m?/g) > neutral (204 m?/g) > HCI (130 m?/g) [57].

Another alternative used in the synthesis of MOFs consists of the incorporation of
mineralizing agents, which allow for modifying the conditions of the reaction medium and
for improving the textural properties of the materials. For example, Fang et al. reported
increased specific surface area, pore volume, and improved stability in water when sodium
carbonate (NayCOj3) is used in the synthesis of MIL-100(Fe) [58].

Additionally, the use of amines in the synthesis of MOFs is a strategy to control the
structural properties such as particle size, surface area, and porosity. Triethylamine (TEA)
has been used as a deprotonation agent in the synthesis of MIL-125 and ZIF-8, where the
results have shown an increasing nucleation rate, the formation of smaller particles, and an
increase in surface area [41,59,60]. Additionally, Su et al. evaluated the effect of different
amines on the synthesis of Cu-BTC, observing that TEA and n-butylamine (BA) improve the
increase of specific surface area, while the OH groups of triethanolamine (TEOA) promote
the formation of mesopores and macropores [61].

2.2. Post-Synthetic Modification Techniques in MOFs

Post-synthetic modification (PSM) is a technique for enhancing the properties of MOFs
through the incorporation of functional groups or chemical treatments after synthesis. This
technique is classified into five main approaches: (1) covalent PSM, (2) coordinative PSM,
(3) post-synthetic exchange, (4) post-synthetic elimination and installation, and (5) surface
modification of the MOFs. The sequential combination of different approaches is called
tandem PSM and is recommended for MOFs intended for the adsorption processes [62].

In addition to the enrichment of the surface chemistry of MOFs, post-synthetic modifi-
cation techniques have been reported for enhanced textural characteristics, particularly the
specific surface area. These modifications can induce both increases and decreases in this
property, depending on the type and size of the functional group introduced, as well as the
modification method used. For example, the incorporation of bulky or polymeric groups
can partially block pores, reducing the specific area, while the elimination of host species
or the substitution of linkers for smaller ones can promote an increase [63-65]. However, a
decrease in surface area does not always translate into a lower adsorption capacity, since
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the chemical affinity introduced by PSM can significantly improve selectivity or interaction
with the adsorbable in both the aqueous and gaseous phases.

For example, Schertenleib et al. reported an increase in platinum(IV) adsorption
capacity, especially at low concentrations, using a two-step post-synthetically modified MIL-
100(Fe) MOFE. Initially, MIL-100(Fe) /PDA was synthesized by an oxidative polymerization
of free base dopamine, and later 2,3-dimercapto-1-propanol (DIP) was grafted to the PDA
via a Michael addition. Regarding textural properties, a progressive decrease in the BET
surface area was observed in the materials in the following order: MIL-100(Fe) > MIL-
100(Fe)/PDA > MIL-100(Fe)/PDA /DIP [66]. By contrast, Zaman et al. reported an increase
in the surface area of the MOF UiO-66-NH, by introducing glycidyl methacrylate (GMA)
by means of a PSM, being efficient in the adsorption of heavy metals such as Pb (II) and
Cd () [67]. This same MOF, UiO-66-NH,;, has been subjected to other PSMs, such as
the addition of a guanidino group that provides free electron pairs, being efficient for the
chelation of heavy metals, which was demonstrated through the theoretical maximum
adsorption capacity of Pb (II), Cu (II), and methylene blue (MB), despite the decrease in
surface area with respect to UiO-66-NH; [68].

The use of the PSM technique to obtain bimetallic structures has also been reported.
For example, Chen et al. obtained derivatives of Zr-MOFs through the formation of
Zr/M-MOFs (M™ = Ti**, AI3*) [69]. However, PSM is not limited to the synthesis of
bimetallic MOFs, it is possible to perform a PSM on a bimetallic MOF to introduce additional
functional groups, as reported by [70], describing the modification of the MOF dptz-CuTiF,
with different alkyne agents (3-ethynylpyridine, phenylacetylene, 3-butyn-1-ol, 3-butyn-2-
one, and oct-4-yne), highlighting the increase in surface area and CO, adsorption capacity
of the MOFs 3-butyn-2-one-dptz-CuTiFg and oct-4-yne-dptz-CuTiFs with respect to dptz-
CuTiF4. The same surface area trend and CO, adsorption capacity was observed when
adding ethylenediamine (EDA) to the MOF Ni-DOBDC by PSM [71].

2.3. MOF-Based Hybrid Systems and Composite Materials

MOFs have been reported to have some limitations that have restricted their prac-
tical application, including particle size and low stability in aqueous media [60,72]. To
combat these disadvantages, various strategies have been developed that consist of com-
bining MOFs with other functional matrices capable of providing structural support,
improving chemical and mechanical stability, and generating a synergistic activity that
enhances their properties. This integration gives rise to a class of materials known as
MOFEF-based composites [73].

An MOF-based composite material is defined as a physical combination of MOFs with
a solid matrix, such as polymers, carbonaceous materials, metal oxides, or foams, in which
each component retains its individual structure and properties [74]. In these systems, the
MOFs act as the active phase, while the matrix provides mechanical support and chemical
stability (Figure 2) [75]. Unlike hybrid materials, MOF-based composites are a homoge-
neous mixture or phase structurally integrated of organic and inorganic components at the
molecular or supramolecular level. In the case of hybrid-MOFs, integration occurs through
covalent or non-covalent interactions, such as direct modification of the metal nodes or
linkers, encapsulation of the functional molecules, deposition of the active layers, or in situ
growth of other materials in the MOF structure [76,77].
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Figure 2. Composite material preparation routes/hybrid-based MOFs.

The structural versatility and rational design of MOF-based composites give them
better performance in various application areas (Table 2), when compared to MOFs. In
environmental remediation, the incorporation of MOFs with carbonaceous materials, such
as graphene oxide, carbon nanotubes, and activated carbon, significantly improves adsorp-
tion capacity and stability in aqueous media, as demonstrated by ZIF-8@GO compounds
for dye removal [78]. In catalysis, MOF-metal oxide compounds show increased activity
and reusability; for example, the integration of Fe;O, with ZIF-67 has promoted the effi-
cient Fenton-like degradation of organic pollutants [79]. MOF—polymer compounds are
increasingly used in sensing applications, where the polymer provides mechanical support
and the MOF provides selectivity and sensitivity, as seen in UiO-66(COOH), membranes
with polymers for heavy metal removal [80]. In addition, in the field of energy storage,
compounds derived from MOFs with conductive matrices have improved electrochemical
performance thanks to higher porosity and conductivity [81].

Table 2. Classification of MOF-based composites according to the support matrix.

Category Composite Preparation Method Reference
Magnesium-MOF-74@AC  Mg-MOF-74 crystals grown in-situ inside 82]
(AC: activated carbon) AC via one-pot method
Carbon-based MOF Co-MOF@CNT Co-MOF integrated in situ with
(CNT: Carbon nanotube) functionalized CNTs via [83]
- -arbon nanotube solvothermal method.
MOF@PPAN fibers . .
Polymer-based MOF (PPAN: Porous Mes'oporous BiMOF/polymer gorr'lposne [84]
_ fibers prepared by electrospinning.
polyacrylonitrile)
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Table 2. Cont.
Category Composite Preparation Method Reference
MOF-TMPTA (Trimethylolpropane
: MIL-53(Cr)/polymer triacrylate) composite formed by
Polymer-based MOF HKUST-1(Cu)/polymer photopolymerization under mild 405 nm [85]
light irradiation.
MOF@CNFs/Lignin .
) In situ growth of Zn-MOF on
(Cl:gi'ogggz)o se lignocellulose aerogel. [86]
Hyfgiiﬁg?gEI_ CGC-MOF UiO-66-NH; / chitosan—gelatin composite
(CGC: Chitosan-gelatin aerogels prepared by direct mixing, [87]
.Com osite) freeze-drying, and low-
P temperature activation.
DMP-MIL@Fe-O DMP-modified NH;,-MIL-125(Ti)@Fe304
(DMP: 4,6- diam?ne%Z- composite prepared via multistep [88]
Metal Oxide-based MOF  Methylsulfanylpyrimidine) functmnahzatl'on and magnetic
- support integration.
Z7nO@ZIF-8 Nanorods Core-shell ZnO@ZIF-8 composite formed [89]

via in situ self-sacrificial method.

3. Characterization Techniques

A detailed study of adsorbent materials requires a comprehensive characterization

approach, which combines microscopic, spectroscopic, structural, and physicochemical

methods (Figure 3). This multidimensional characterization allows for correlating the

structure, chemical composition, and morphology with the adsorptive performance, which

is essential for the rational optimization of functional materials [90].

Material Characterization Techniques

Categorization
9 ) +
(Standard Techniques) [Advanced Techniquesj
( \ ) ~ X
SEM . ESR X
Scanning Electron 1 11 Electron Spin a -
Microscopy : ) Resonance »
( ) e
TEM l GC-MsS
Transmission Electron ;:' Gas Chromatography- =
Microscopy ) Mass Spectrometry A1
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Surface area and ol TGA L= 4
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Fourier-Transform -
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Figure 3. Material Characterization Techniques.
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3.1. Morphological and Microscopic Analysis

Scanning electron microscopy (SEM) relies on the interaction of primary electrons with
the surface of the sample, generating secondary electrons that are detected to produce high
resolution images. This technique reveals morphology and particle size. It is particularly
useful for adsorbents such as biochar, where the remains of plant structures or fissures
generated by pyrolysis are identified [91].

The experimental basis lies in the detection of secondary electrons emitted from the
surface layers (~5 nm), which makes it sensitive to surface texture. Coupling SEM with
energy dispersive spectroscopy (EDS/EDX), it is possible to identify the chemical elements
present on the surface [92].

A transmission electron microscope (TEM), on the other hand, uses electrons transmit-
ted through ultra-thin samples (<100 nm), allowing for the observation of internal structures
at the nanometer scale, including the crystal lattice of materials such as MOFs [92]. The
resolution is based on the reduced wavelength of the accelerated electrons (up to 200 kV),
which allows individual crystalline domains and structural defects to be visualized.

In a study on Mg-MOF-74 for CO, capture, SEM micrographs revealed irregular
“cloud-like” crystal morphologies, which varied depending on the synthesis conditions
used. These morphological differences, induced by changes in synthesis temperature,
were correlated with variations in the surface area and CO, adsorption capacity of
the material [93].

3.2. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is based on Bragg’s law, which describes the constructive
interference of X-rays reflected by crystalline planes. This allows the crystal structure,
phase, crystal size, and purity of the material to be determined [94].

The information is extracted by the analysis of diffraction patterns (intensity vs. angle
20), where the coincidence with reference standards confirms the structural identity [94].
The width of the peaks can be analyzed using the Scherrer equation to estimate the size of
the crystalline domain, which is important in MOFs or nanoporous materials. MOFs such
as MIL-53(Al) and UiO-66 were identified by XRD, where characteristic peaks confirmed
correct synthesis. In activated materials, secondary phases such as y-Al,Os or Fe;O,4 were
detected that indicated useful structural modifications for the adsorption of emerging
contaminants [95]. In commercial biochar, PXRD revealed the mineral content, such as
quartz or calcite, affecting surface reactivity [91].

3.3. Surface Area and Porosity Analysis: BET and Rouquerol Model

A key technique in adsorbent materials is nitrogen adsorption at 77 K, the analysis
of which allows the determination of the specific surface area, pore volume, and pore
size distribution. The most widely used model is the Brunauer-Emmett-Teller (BET)
model, which extends Langmuir’s theory to multilayer adsorption. It is based on the
following equation:

P 1 C—-1/P
V(B —P)  VaC ' VuC <Po)

However, incorrect use of the BET model (such as misselecting the linear range of
relative pressure) can lead to overestimations of the surface area. Therefore, Rouquerol et al.
proposed criteria to select the appropriate range of pressure in the isotherm, avoiding the
use of sections with inflections associated with capillary condensation or microporosity [96].

In particular, the Rouquerol criteria require the following: (1) the adsorption should
increase with P/Py, (2) the calculation of C must be positive, and (3) the amount adsorbed
at the point of the monolayer must be physically consistent.

https://doi.org/10.3390/pr14050760
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This approach is fundamental in the analysis of MOFs, where type I (microporous)
isotherms can present deviations. Several papers have shown that alternative models, such
as Langmuir, T-plot, HK (Horvath-Kawazoe), or DFT (density functional theory) allow for
a more precise characterization of fine porosity [97]. However, the BET model remains the
reporting standard for comparing materials in the BET scientific literature.

The BET model has been widely used to characterize MOFs, biochar, and hybrid
materials. For example, values of 1200 m? /g in MIL-100(Fe) and 250 m? /g in activated
biochar were reported, which explained the high adsorption capacity of antibiotics and
heavy metals [98]. However, several authors have stressed the need to validate the results
by applying the Rouquerol criterion, since the arbitrary selection of the linear region can
overestimate the area [99]. In recent studies, DFT and BJH models have also been employed
to determine pore size, especially in mesoporous adsorbents such as MOF@Biochar, where
a significant bimodal distribution was observed [91].

3.4. Functional Groups and Chemical Composition

Fourier-transform infrared spectroscopy (FTIR) is based on the absorption of infrared
radiation by molecular vibrations. Each functional group has characteristic frequencies;
for example, the carbonyl group (C=0) appears around 1700 cm~!, and the hydroxyl
groups (~3400 cm ') and the aromatic bonds C=C (~1600 cm~!) are key in biochar and
functionalized materials [100].

From an experimental standpoint, FTIR is used to identify functional groups and
to confirm chemical environments. The method passes IR radiation through the sample
measures of absorbed frequencies and applies the Fourier transform to generate the spectra
assigned to molecular vibrations.

In MOFs, FTIR provides bands from organic linkers and metal-oxygen environments
for carbonyl C=0 and C-N vibrations, plus coordination-related bands are used to confirm
linkers and metal nodes. In Mg-MOF-74, FTIR showed carbonyl-related bands for Mg—-O
vibrations and C=C signals, and oxygen-containing environments have been discussed
as adsorption sites for CO, capture [93]. FTIR is also used before and after adsorption,
and changes in band position or intensity indicate interactions. Evidence of Sr?* and Cs*
retention in a Zr-based MOF was reported after adsorption tests were consistent with
coordination interactions [101].

3.5. Advanced and Specialized Techniques

Electron spin resonance (ESR) detects unpaired electrons and is used for free radicals,
paramagnetic defects, and redox active metal centers that affect adsorption or catalytic
degradation [102]. Gas chromatography coupled to mass spectrometry GC-MS identifies
volatile or semi-volatile compounds released or formed during treatment and supports
transformation analysis [90]. Other techniques include solid state NMR, UV-Vis, Raman,
and thermogravimetric analysis TGA for stability and decomposition patterns [100].

4. MOFs in Gas Phase Adsorption
4.1. Gas Capture and Storage: CO,, CHy, Hy, VOCs

In the last decade, it has been detected that environmental pollution is the most
important factor in the context of environmental health and safety. The increase in pollution
has been largely due to fossil fuel combustion processes, resulting in the formation of
greenhouse gases, including CO,, NOy, and methane. Some aromatic hydrocarbons, such
as benzene, toluene, ethylbenzene, and xylene (BTEX), are also an important fraction of the
VOCs found in urban atmospheres [103]. It is estimated that, by the end of this century, the
temperature will have increased by 6.4% [104].
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Volatile organic compounds (VOCs) are associated with health problems for humans,
climate change, as well as the destruction of ecosystems. Many of these VOCs have been
classified as high-priority pollutants, since they present photochemical oxidation in the
upper part of the atmosphere, producing secondary hazardous aerosols [105]. Due to
the environmental and health problems caused by VOC emissions at the industrial level,
attempts have been made to remove them by various methods, such as condensation,
adsorption, catalytic oxidation, and biodegradation. One of the most widely used methods
is adsorption on sorbents (such as activated carbon, zeolites, or cotton fibers) [106].

Several options have been studied to mitigate the impact of VOCs, including biofiltra-
tion, photocatalysis, catalytic oxidation, and adsorption [107].

MOFs have been shown to be promising materials for the removal of environmental
pollutants due to their great characteristics. Even though many VOCs have been tested to be
adsorbed by MOFs, the data obtained and reported have been for the adsorption of a single
component, but not in a mixture with the presence of various compounds, a condition
closer to the real world [107]. In 2018, Xie et al. reported the capture of BTEX using
BUT-66 and BUT-67 [103]. Analyses were performed at 25 and 80 °C. In this study, they
compared the adsorption capacity of these MOFs with other previously reported MOFs
and with materials of a different nature, such as MCM-41, PAF-1, and the commercial
carbon molecular sieve Carboxen 1000. Among the results reported by these authors, the
adsorption capacity of saturated benzene stands out at 3.97 and 6.14 mmol/g for BUT-66
and BUT-67, respectively. Although the results do not show BUT materials to be the best
adsorbents, the results are quite promising in the presence of humidity and in conditions
that are closer to a real-world scenario.

Abid et al. analyzed the adsorption capacity of CO,, CHy, and Hy in HKUST-1, as well
as in materials modified with NH4OH (referred to as HKUST-N) and with Ca (referred to as
HKUST-Ca) [108]. The modifications applied to the materials altered their specific surface
area, which was between 1.5 and 3 times higher than the unmodified material. For CO,
adsorption, all materials exhibited a high adsorption capacity, reaching up to 12 mol/kg
at 50 bar and 303 K. This similarity is attributed to the fact that, despite differences in
surface area and porosity, CO; is strongly adsorbed due to the presence of open metal
sites in the framework. Regarding methane adsorption, CH4 was adsorbed by all three
materials; however, the adsorption capacity decreased in the modified materials (HKUST-N
and HKUST-Ca) compared to the original HKUST-1. This behavior is associated with
changes in texture and pore size distribution, which affect the interaction of CH, with the
adsorbent surface. Finally, hydrogen was also found to be adsorbed by all materials, with
the modified versions (HKUST-N and HKUST-Ca) showing higher affinity and adsorption
capacity for H, than the unmodified material. This improvement is attributed to the
presence of smaller cavities and “neck pores”, as well as textural features that enhance
Hjy—framework interactions.

The addition of functional groups on the surface of MOFs leads to changes in the way
these materials interact with different adsorbates. Functionalization can induce variations
in the measured surface area as well as in the selectivity of the material toward adsorbates
with which it exhibits affinity. In a study carried out on MIL-101(Fe) functionalized with
NH; groups [109], the adsorption capacities of CO,, N, and CH4 were evaluated. The
results indicate that, despite the decrease in surface area caused by the introduction of the
functional group, the adsorption capacity for CO, increases due to specific interactions be-
tween the adsorbate and the polar functional groups, as well as the increase in energetically
favorable sites for CO, adsorption. By contrast, methane adsorption is adversely affected.
This behavior is attributed to the apolar nature of CHy, which exhibits little or no affinity
toward the functional groups, thereby hindering methane adsorption. This effect could be
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counterbalanced by a higher accessible surface area and a larger effective micropore volume;
however, this condition is not achieved in the presence of functional groups. Finally, Np
adsorption decreases upon functionalization, in agreement with the reduction in surface
area. Table 3 summarizes the various studies in which MOFs and modified MOFs were
employed as adsorbent materials for the capture of gaseous pollutants, including those
previously discussed.

Table 3. Summary of the literature reports on pristine and modified MOFs for gaseous pollutant capture.

Adsorbate MOF BET (m?/g) Key Adso.rptlon Conditions Reference
Capacity
BUT-66 1096 3.97 mmol/g o
Benzene BUT-67 1291 6.14 mmol/g 25°C [103]
CO, 12 mol/kg 50 bar
CH, HKUST-1 1440 2.5-4 mol/kg T3 K [108]
H, 0.4-0.8 mol/kg
CO, 13 mmol/g 4 Mpa
CHy MIL-101(Fe)-NH, 1100 5 mmol/g P [109]
298 K
N, 3.8 mmol/g
CH,4 0379¢g/g 296 K, 80 bar
H, BUT-22 4380 12 wt.% 77 K, 100 bar [110]
CO, 17¢g/g 296 K, 40 bar
Benzene
Toluene BUT-66 2330 450 mg/g (Benzene)
Ethylbenzene BUT-67 3300 600 mg/g (Benzene) 298K, 1atm [11]
Xylene
. . 8.29 mmol/g (273 K) 273 K
CO, MOEF-74(Ni) 1129 (max) 6.61 mmol/g (298 K) 298 K [112]

4.2. Industrial and Environmental Applications

In recent years, it has been reported that the chemical industry consumes approxi-
mately 30% of the total energy consumed at the industrial level in the world. Because most
energy production (either as electricity or heat) currently comes from fossil sources (coal,
natural gas, or oil), the environmental damage of these operations is highly impactful due
to the emission of greenhouse gases [113].

The characteristics already described above make MOFs an excellent choice for the sep-
aration of gas mixtures since, due to their versatility in geometries and chemical properties,
we could design an MOF with selectivity towards a target gaseous compound [114], a char-
acteristic that makes them good candidates for the separation of hydrocarbons with similar
characteristics, such as boiling point, which would be difficult to separate by traditional
methods, such as distillation. When there are mixtures of gases that are difficult to separate
by conventional methods, it is necessary to resort to methods that depend on characteristics
other than the boiling point that allow for the separation of these compounds. However,
the use of other methods, such as crystallization, to reach the eutectic point represents
higher energy costs, which makes an operation more expensive from an economic and
energy point of view [115].

In 2021, Li et al. [111] reported the separation of CO, and C,H, mixtures, as well as
CyHy and CHy, using a new MOF with tubular channels and comparing it with other pre-
viously reported MOFs, such as HKUST-1 and MIL-101 (Cr). They managed to synthesize
an Ni-MOF with two sizes of tubular channels and concluded that, with single-component
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and dynamic adsorption experiments, this MOF presents separation factors above 2.5 for
the proposed separations [111].

The combination of CO, with other gases, such as methane, nitrogen, and hydrogen,
is very common due to the industrial processes that are carried out to obtain natural gases,
the flue gases of a power plant and oil refineries [114]. The recovery of CO; from mixtures
of nitrogen, methane, or hydrogen has become important in recent decades because of CO,
on the environment, as it is one of the most concentrated greenhouse gases.

The mixture of CO, and CHy is one of the main components in the outflow effluents of
natural gas sources, which is mainly responsible for the accumulation of greenhouse gases
and therefore global warming. The removal of CO; is a crucial step because the presence of
CO; as an impurity reduces the energy content of natural gas, in addition to promoting the
corrosion of pipes [116].

Over the last decade, work has continued on the practical applications of MOFs as a
separation material for mixtures found in industry. In 2016, the separation of CO; and N,
using MOF-5 as an adsorbent was reported [117,118].

4.3. MOFs in Selective Gas Separation

Separation methods and techniques have marked a certain importance for humanity
for centuries. These techniques began to be developed for the extraction of dyes or active
components for medicines from plants or metals. Today, separation continues to be one
of the most important technologies. Separation processes are widely used in applications
such as oil refining, mining, paper production, the chemical and pharmaceutical industry,
and water treatment, among others. It is due to this wide range of applications that
various techniques have been developed, such as distillation, sublimation, extraction,
crystallization, chromatography, electrophoresis, and adsorption [118].

Separation processes based on the difference in component volatility cover 90-95%
of the separation processes at the industrial level, and the energy associated with these
processes represents between 10 and 15% of the energy consumption worldwide [119]. It is
because of this that the exploration of alternative separation methods with a low carbon
footprint has become so relevant.

Adsorption separation allows gases with low energy consumption to be separated,
discriminating against differences in molecular size and moderate condition properties. It is
estimated that replacing thermal methods with other methods based on other mechanisms
(adsorption, separation, and membranes, to mention a few examples) can reach at least
80% of the energy consumed in chemical separations [119,120]. Within the petrochemical
industry, some hydrocarbons, such as ethylene, propylene, and xylene, are among the most
important raw materials; it is estimated that, by 2029, their estimated cost will exceed USD
300 billion [121]. Many of the products that we currently use as part of daily life require
hydrocarbons as raw material for their production. Among these types of products, we
can find synthetic fibers, plastics, organic compounds, and synthetic rubbers. This is why
high purity hydrocarbons are essential to produce high value-added chemicals. However,
current hydrocarbon separation technology consumes a large amount of energy and has a
high energy cost [118,120]. Separations based on distillation processes consume 10-15%
of the total energy consumed in the world [118,122]. That is why the development of
alternatives that are cheaper and with a lower adverse impact has been sought.

The separation of low molecular weight hydrocarbons is usually separated by tra-
ditional techniques, such as physical adsorption, membrane separation, and distillation;
however, these techniques have some technical and economic disadvantages [122].

Currently, new materials have been developed, such as MOFs, with desirable char-
acteristics that have been widely applied in different areas of science, such as gas stor-
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age, separation, optics, fluorescence detection, catalysis, magnetism, and biomedicine,
among others [122].

Separation can be separated into two large groups: separations with impurities with
similar properties and separations with impurities with different properties. The former
group refers to impurities with a high polarity, and are great candidates for separation by
adsorption, as active sites can have a greater interaction than inert molecules. The latter
group is a greater challenge, since the active sites are not as viable as the types of impurities
in the gas require [111,119]. Figure 4 shows the main mechanisms of the separation of
gaseous mixtures by adsorption. On the left side, the gate opening effect is shown. This
effect involves the discrimination of adsorbate molecules based on their size. When this
occurs, only some of the adsorbates present in the mixture can access the material and
its pores. On the right side of the figure, the thermodynamic and size synergistic effect is
shown. This effect combines the inability of some adsorbates due to their size with the
affinity of the adsorbent for the adsorbate. When this occurs, greater adsorption will be
observed for the adsorbates whose size allows them to access the material’s pores and that
have an affinity for it.

Size
selective
o ) o Affinity selective °
| I
l Size selective
Low affinity Thermodynamics and size
Gate opening effect synergistic effect

Figure 4. Illustrative diagram of the main mechanisms for separating gaseous mixtures.

In the study conducted by Li et al., Ni-MOF, an MOF with an open tubular channel
pore structure, was used [111]. They reported channel openings of 5.6 and 9.5 A. In this
article, they evaluated various mixtures with C,Hj,, CHy, and CO;, concluding that Ni-
MOF is a promising material for practical applications in the petrochemical industry due
to its high porosity and selectivity, which can be adjusted according to pore size. The
adsorption capacities reported in this work were obtained at 298 K and 100 kPa, and are
83.6 Cma/g for CoH,, 58.6 cma/g for CO,, 52.1 Cm3/g for CoHy, and 4.3 Cm3/g for CHy.
The low adsorption of methane in this material, compared to much higher adsorption
capacities for the other gases evaluated, shows us that methane can be easily separated
from the mixture with any of the other adsorbates used in this evaluation.

Another MOF that has been evaluated for gas separation is MOF-1 [123]. This MOF
also features one-dimensional tubular channels with a pore diameter of 3.8 A. This study
focused on the capture of acid gases (CO, and H,S) and water vapor (H,O). The researchers
concluded that the evaluated material is multipurpose and can simultaneously perform
acid gas removal, dehydration, and hydrocarbon screening (BTX). Furthermore, due to
its high affinity for CO,, with an adsorption capacity of 2.3 mmol/g, it enables more
cost-effective separation processes with lower energy consumption compared to current
technologies such as amine scrubbing. Unlike other MOFs, the evaluated MOF-1 maintains
its CO, capture capacity even under high humidity conditions (above 75%), with a water
adsorption capacity of 13.5 mmol/g, making its application viable in real-world industrial
settings, such as natural gas or flue gas treatment. Finally, the size of its pores allows it to
be used as a molecular sieve for long-chain hydrocarbon impurities, preventing them from
competing with the gases that are to be captured.
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Other studies have been conducted to analyze how the total water concentration in
the initial solution affects the material’s structure, surface area, and adsorption capacity.
In the study by Jiang et al. [117], the adsorption of CO, and N, on MOF-5, composed of
Zn40 clusters linked by terephthalic acid linkers, was evaluated. This work reported an
adsorption capacity of 2.97 mmol/g for CO; and 0.25 mmol/g for N,. Regarding CO;, /N,
selectivity, they calculated a value of 18.5. It is important to note that the critical water
concentration for the material is 34.02 mmol/L; if this limit is exceeded, the material’s
structure collapses and undergoes a phase change. The authors of this study concluded
that water is not merely an impurity, but a determining factor, since a minimal amount is
necessary for the formation of ZnsO clusters, but in excess it destroys the material’s porosity.
However, the material synthesized under the reported conditions is highly effective for
capturing CO; in mixtures with Nj.

In the pursuit of enhancing MOFs, their intrinsic limitations have led to the incor-
poration of other materials as a design strategy for nanocomposites, which significantly
improves the physical and chemical properties of the base material. In the study reported
by Salehi and Anbia [124], carbon nanotubes (CNTs) were incorporated and functionalized
with piperazine (PZ) into the structure of MOF-199 (or HKUST-1). Three materials were
evaluated: (1) pristine MOF-199, (2) CNT@MOF-199, and (3) CNT@MOF-199/PZ. The
reported surface areas for these materials were 1483 m?/g, 1712 m?/g, and 251 m?/g,
respectively. The gas mixture used in this report was CO,/CHj. The reported CO, adsorp-
tion capacity for CNT@MOF-199/PZ reached 12.5 mmol/g, surpassing pristine MOF-199,
which achieved a capacity of 7.92 mmol/g. For all materials, the CH4 adsorption capacity
was much lower, thus favoring separation. The authors concluded that the incorporation of
carbon nanotubes not only improves the surface area and micropore volume but increases
the thermal and mechanical stability of MOF-199. Although piperazine reduces the surface
area, the introduction of Lewis base sites drastically improves the affinity and CO; capture
capacity through chemical interactions. Regarding mixture separation, CNT@MOF-199/PZ
is a highly efficient adsorbent for natural gas purification, achieving CO, /CHy, separation
with higher efficiency than conventional materials. The main experimental studies dis-
cussed above are summarized in Table 4, which compiles the key adsorption parameters,
operating conditions, and performance metrics reported in the literature. This overview
facilitates a comparison among the different MOFs and separation systems.

Table 4. Use of MOFs for gas separation by adsorption.

MOF Mixtures to Be Separated Selectivity Reference
CoHy/CHy 7.1
. CoHy/CHy 7.8
Ni-MOF CO,/CH, 29 [111]
CoH,/CO; 2.6
CO,2/N, 310
MOF-L CO,/CH, 110 [123]
MOEF-5 CO, /Ny 18-22 [117]
MOEF-199 CO,/CH,y ~5 [124]
CO,2/Np 36.3
MOFEF-5 CO,/Ar 32.6 [125]
CO2 / He 35.9
. : CsHg/C3Hg 10
Ni-MOF-74 CO,/CH, NA * [126]

* NA: Not available.
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4.4. Trends in Composite Materials

As previously mentioned, MOFs have inherent disadvantages due to their nature.
This has led to the development of composites, which are mixtures of MOFs with other
materials, to mitigate these disadvantages by incorporating the favorable characteristics
of those other materials. One combination that has generated significant interest is an
MOF-polymer composite, which involves embedding MOF crystals within a polymer
matrix. This type of composite addresses the fragility of MOFs and allows for the creation
of flexible, processable membranes that can be installed in existing pipelines for CO; or
H, separation.

Rodenas et al. incorporated polymer sheets into crystals, forming a copper benzene
dicarboxylate-based composite (called CuBDC nanosheets). This material exhibits a 2D
morphology in extremely thin sheets. It was created using a synthesis technique at the
three-liquid-layer interface, allowing the MOF to grow in a controlled two-dimensional
manner instead of forming large, thick crystals. They reported a CO, adsorption capacity
of 1.29 mmol/g when the material is in bulk form, and 0.82 mmol/g when it is in nanosheet
form, indicating a selectivity of 3.9 for CO,. The final material is a mixed matrix membrane
(MMM), designed for the separation of gas mixtures, retaining CO, while allowing CHy
to pass through. The authors concluded that this morphology eliminates non-selective
diffusion pathways and drastically improves CO,/CHy separation. Furthermore, the
selectivity of these membranes increases or remains constant with increasing pressure,
unlike conventional membranes [127].

Another type of hybrid material that has been developed and tested for gas-phase con-
taminant adsorption is the MOF—carbon nanomaterial hybrid. The advantage of this type
of material is that incorporating carbon-based materials, such as carbon nanotubes [124]
or graphene [128], increases thermal and mechanical stability. In the work of Gargiulo
et al., the authors grew HKUST-1 crystals in situ on graphene-like material (GRM) sheets
using a prior chemical functionalization process to increase stability and affinity for specific
gases [128]. As a result, four different materials were obtained, and their BET surface area
was determined as follows: pure HKUST-1, with a surface area of 1630 m? /g; HKUST-1/GL-
ox, which underwent an oxidation process, with a surface area of 1520 m?2/ g; HKUST-1/GL,
with a reduction treatment, which yielded a surface area of 1870 m?/g; and finally, HKUST-
1/GL-HN,, with a functionalization process using an amino group, which yielded a surface
area of 1450 m?/g. Regarding adsorption capacity, the pure material yielded 4.5 mmol/g,
while HKUST-1/GL-NH,; yielded 5.2 mmol/g, making it the material with the best per-
formance [128]. The improvements offered by incorporating the GRM material include an
increase in adsorption capacity, specifically for the amino-functionalized material, which
enhances its affinity for CO,. Furthermore, in the case of hybrid materials, their adsorption
capacity is maintained after multiple adsorption/desorption cycles, unlike the pristine
material, which typically experiences structural collapse due to humidity and mechanical
stress. Additionally, the presence of graphene sheets helps prevent the agglomeration of
MOF crystals during synthesis, resulting in a more accessible structure for gases. Finally,
the authors concluded that incorporating graphene-like materials not only preserves the
MOF structure but optimizes the pore structure, making it more robust against structural
degradation when subjected to multiple adsorption/desorption cycles. The incorporation
of the amino group also improves the chemical interaction with CO;, resulting in greater
capture efficiency.

4.5. MOFs and Aerogels for Lightweight and Highly Porous Systems

As mentioned above, efforts have been made to improve the characteristics of MOFs by
forming new materials that have a part of these materials and another part of some material
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of another nature that helps to improve those characteristics. Some of these materials
are aerogels.

Although aerogels were discovered almost 100 years ago, they have recently generated
quite a bit of interest due to their exceptional properties, such as their high porosity,
adjustable densities, large surface areas, and large pore volumes [129]. These materials are
prepared using molecular precursors via a sol-gel process to obtain a gel, which is then
subjected to supercritical drying or freeze-drying to remove the liquid from the moisture of
the gels without collapsing their network of interconnected pores.

The synthesis of MOF-based aerogels has opened up a new panorama of possibilities
in materials science. These composites present a mixture of micro-/mesopores (provided by
MOFs), and meso-/macropores, contributed by aerogels, resulting in what we call “MOF-
aerogels” [130]. The presence of larger pores, whether mesopores or macropores, opens the
possibility of expanding their applicability for purposes where larger species are involved,
such as drugs with a larger molecular size, bioenzymes, or proteins, in applications such
as continuous separation or reactors [131]. Table 5 shows a comparative table of various
MOEF/aerogel compounds used for the adsorption of various adsorbates of interest and the
adsorption capacity reported for each case.

Table 5. Comparison of composite materials used for the adsorption of contaminants.

Key
Adsorbate Built-In MOF Aerogel Base/ BET (m?/g) Adsorption Conditions  Reference
Compound .
Capacity
ZIF-8/Cellulose o
CO, ZIF-8 Aerogel (CA) 1050 1.7 mmol/g 25 °C, 1 bar [132]
CO, ZIF-8 Zn/Co-ZIF@ANF aerogels 686.39 5.99 mmol/g 25 °C, 1 bar [133]
Mg-MOF-74 /Mesoporous o
CO, Mg-MOF-74 Carbon Fibers (MCF) 521 2.66 mmol/g 25°C, 1 bar [134]
HKUST-1/Graphene Oxide °
CHy HKUST-1 Aerogel (GOA) 1300 160v/v 25 °C, 35 bar [135]

5. MOFs in Liquid Phase Adsorption
5.1. Adsorption Contaminants

The contamination of aquifers globally is derived from both natural and anthropogenic
sources, although both volcanic eruptions and the composition of the earth’s crust are part
of water pollution, human activities (anthropogenic pollution) represent the main source of
environmental contamination [136,137]. Human activities, such as mining, textiles, food,
pharmaceutical, agricultural, and petrochemical, among others, represent a danger to the
environment and therefore to human beings [138]. While it is true that there is a wide
variety of traditional technologies for the treatment of contaminated water, some of them
may be deficient [139]. On the other hand, the implementation of advanced treatments,
such as osmosis or Fenton degradation, implies a high operating cost, in addition to the
possible generation of by-products that, in some cases, can become more toxic than the
contaminants being treated [140]. Adsorption can be a valuable option for the treatment of
contaminated water, since its implementation does not imply high operating costs and its
application is quite simple [141]. A large number of studies have currently been carried out
and published on the adsorption of different pollutants using MOFs as adsorbent materials.
This choice of material is due to the ease with which they can be synthesized and modified,
in addition to the different physicochemical characteristics they have [141,142].
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5.2. Heavy Metals

Anthropogenic activities, such as the mining, metalworking, and manufacturing
industries, among others, are the main sources of heavy metals in sediments and water
bodies. Year after year, these industries release large quantities of metals that, due to their
characteristics, represent damage to the environment and to people’s health [143-145].
According to different authors, heavy metals are those elements whose characteristics
encompass a high density and atomic mass [146—148]. These metals include lead, mercury,
chromium, cobalt, arsenic, cadmium, nickel, and copper, among others [12,31,149,150].
Exposure to these metals represents a health risk; in the literature, different conditions
have been reported, including kidney damage, liver damage, lung damage, eye damage,
neurological disorders, and cancer, among other conditions [143,148,151]. In addition to
the danger it poses to people’s health, the environment is also damaged by the presence of
these pollutants, from the inhibition of the growth of microorganisms to effects on entire
ecosystems. Heavy metals are pollutants that can be bioaccumulative and biomagnifiable,
causing damage to entire food chains [148,152-154].

Heavy Metals Adsorption

In the removal of heavy metals from water, different studies have been carried out
using different MOFs. A few examples of these studies are presented below (see Table 6).

Shayegan et al. investigated the application of an MOF with amino groups for the
adsorption of lead (II). In the literature, it has been shown that the presence of amino groups
in the structure of MOFs allows for the removal of metal ions from water. In this study,
the TMU-23 MOF was used which, according to the results, has a lead removal capacity of
434.7 mg/g. In the study, it was possible to verify by FTIR that the amino groups in the
structure of the MOF play a main role in the removal of this metal [155]. Working with
the functionalization of MOFs allows us to explore new characteristics that improve the
adsorption capacity of MOFs. Wang et al. synthesized the MOF UiO-66, functionalizing
its structure with amino groups from the reaction, changing the organic linker of UiO-66,
terephthalic acid, and for aminoterephthalic acid, resulting in UiO-66-NH;, with the aim
of adsorbing cadmium (II) and lead (II). According to their results, the MOF presented an
adsorption capacity of 177.35 mg/g for Cd 2* and 166.74 mg/g for Pb 2*. In the study; it
was determined that the presence of amino groups in the structure of the MOF interacts
with metal ions through coordination bonds [156]. He et al. worked with the removal of
arsenic II and V using the MOF UiO-66. In this study, they performed an analysis of the
differences in the adsorption capacity of pristine and modified UiO-66 (amino groups), and
it was determined that modifying UiO-66 increases the adsorption capacity. According to
the reported results, UiO-66 presented an As** adsorption capacity of 205 mg/g and As>*
of 68.21 mg/g; on the other hand, UiO-66-NH, presented an As?* capacity of 200 mg/g and
71.13 mg/g of As® [157]. Zhao et al. worked in the synthesis of amino UiO-66 in which
they added TETA (triethylenetetramine) with the aim of increasing the adsorption capacity
of Pb?*. According to their study, the TETA-prepared MOF had a maximum adsorption
capacity of 641.03 mg/g of Pb%* ions [158]. In addition, structural modifications of MOF
crystals have also been studied. Wang et al. made structural modifications to the UiO-66
MOF, with the aim of increasing the removal capacity of Cr (VI). According to the results
obtained, during the MOF synthesis reaction using acetic acid (Ac-UiO-66) and formic acid
(Form-UiO-66), the acid modifications increased the adsorption capacity of Cr. Unmodified
UiO-66 has an adsorption capacity of 36.4 mg/g, while modified UiO-66 has an adsorption
capacity of 243.9 mg/g (Form-UiO-66) and 151.52 mg/g (Ac-UiO-66) [159].
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5.3. Fluorides

Anthropogenic contamination also represents a potential risk to people. Depending
on the area, the presence of certain minerals can represent a public health problem. In the
case of fluorides, certain regions of the world (Mexico, Argentina, Brazil, Iran, Pakistan,
and China, among others) have deposits of these pollutants [160-162] which is adjacent to
water tables, and its presence in drinking water is recurrent. According to the World Health
Organization, the permissible limit of fluoride concentration in water is <1.5 mg/L [163,164].

Adsorption Fluorides

A comparative study was conducted by Afarinandeh et al. on the different mor-
phologies of ZIE-8, ZIF-67 and Ni-MOF for fluoride removal. According to the working
group, the different structures of materials play an important role in the adsorption of
fluorides. In total, they synthesized nine MOFs of different morphologies. According
to their results, the order of greatest affinity for fluorides in a decreasing manner was as
follows: ZIF-67-NO3 (70.1%) > ZIF-8-Cube (64.7%) > ZIF-67-OAc (62.4%) > ZIF-8-Cuboid
(59.2%) > Ni-MOF (58.5%) > ZIF-8-Octahedron (57.1%) > ZIF-8-Leaf (55.3%) > ZIF-67-SO4
(55.1%) > ZIF-67-Cl (52.3%). According to the analysis of the results, the adsorption capacity
of these MOFs is not driven by the morphology of the crystals nor the textural parameters,
such as specific surface area [163]. Uribe-Vega and Loera-Serna worked in the modifica-
tion of HKUST-1, aiming for better water stability and increased fluoride removal. This
modification was carried-out post-synthesis, where the MOF was put in contact with a
basic NaOH solution of 5 and 20 wt.% of amino acid (L-proline, L-cysteine, L-histidine,
L-serine, and L-tyrosine). According to the analysis carried out by the working group,
they determined that the presence of electron donor groups in amino acids interacts with
the metal nuclei, promoting the interactions of the fluorine ion with deficient functional
groups of electrons. The greatest increase in adsorption capacity was with the MOF, func-
tionalized at 20 wt.%, with MOF@Histidine20% having the highest fluoride adsorption
capacity (0.55 mg/g; unmodified HKUST-1: 0.28 mg/g). According to the authors, this
maximum adsorption capacity is due to the fact that the amino acid L-histidine is the
one with the largest number of functional groups [165]. Huang et al. conducted a com-
parative study where they tested a 3D MIL-53(Al) against the 2D version of the same
MOF in fluoride adsorption. According to the results obtained, the 2D structure of the
MOF allowed for a greater F adsorption capacity, since the 2D configuration presents a
greater number of exposed active sites: 2D MIL-53(Al) 75.50 mg/g and 3D MIL-53(Al)
35.63 mg/g. Similarly, the adsorption mechanisms were corroborated by XPS analysis,
where it was determined that the affinity of fluorides with the active sites of Al and O
are similar: H F, > HF > F~. However, aluminum (—320.2 k] /mol, —264.4 k] /mol, and
—463.5 k] /mol) has a higher affinity compared to oxygen (—300 kJ/mol, —231.7 kJ/mol,
and —434.6 k] /mol), which should be expected, due to the difference in electropositivity
between the two atoms [160]. Wang et al. developed a novel aluminum-based MOEF-5.
According to the research group, the use of aluminum as a metal core for fluoride removal
is a possible improvement, since aluminum has a better affinity for fluorine compared to
the zinc used in MOF-5. Regarding their results, the synthesized AI-MOF-5 presented a
maximum adsorption capacity of 46.08 mg/g. Similarly, its removal capacity was studied
in different cycles using NaOH (0.3 mol/L) in the regeneration of the material, obtaining a
50% decrease in fluoride removal [162]. As a novel proposal for the removal of fluorides
from water, Yuan et al. developed a green MOF, from high-alumina fly ash (HAFA) as a
source of metal ions for MOF-53. According to their results, from the use of HAFA, they
managed to synthesize a MIL-53 with a crystalline morphology of fine columns. According
to their results, the obtained MOF presented an adsorption capacity of 160 mg/g of fluorine
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at a temperature of 318 K, their thermodynamic studies showed that, as the temperature of
the system increases, its adsorption capacity increases [166].

5.4. Dyes

Year after year, different industries use dyes for the production and manufacture of
their products. These industries release approximately 10-15% of the dyes used in water dis-
charges, due to incomplete fixation and washes during the staining processes [167,168]. An-
nually, an estimated 280,000 tons of dyes are dumped into industrial water discharges [169].
The discharges of these colored waters represent a risk to the environment and to people’s
health [168,170,171]. According to different studies, exposure to dyes causes a wide variety
of problems. On the environmental side, the change of color in the waters affects the
penetration of light into water bodies, causing different effects on flora and fauna [167,169].
On the other hand, the reported effects on human health include skin irritation, dermatitis,
lungs, liver and kidney problems, and genotoxic effects, among others [169,172,173].

Dyes Adsorption

Eltaweil et al. worked with the adsorption of methylene blue using the MOF MIL-
101(Fe). Hydrothermal synthesis was used for the preparation of this MOF. According
to the results obtained, the adsorption capacity of methylene blue was 58.82 mg/gin a
basic medium (pH: 9.0). In conjunction with the reuse tests, it was determined that the
synthesized MOF can be reused up to 10 times while maintaining 70% of its adsorption
capacity [174]. El-Bindary et al. synthesized and characterized the MOF NH,-MIL-101(Cr)
for the adsorption of the dyes, acid red 57 (AR57) and methylene blue (MB). According
to their results, the synthesized MOF presented an adsorption capacity of 953.90 mg/g
and 553.75 mg/g for AR57 and MB, respectively. Within the proposed mechanisms, the
weak interactions are the main ones. According to the authors, the presence of aromatic
rings in the MOF and the formation of hydrogen bonds contribute to the adsorption
process [175]. Goswami et al. worked on the synthesis of an MOF with a double linker in
the structure. The group of researchers synthesized FesNH-MIL-88B, where the organic
linkers used were iminodiacetic acid (ADI) and terephthalic acid (BDC). The objective of
the synthesis of an MOF with a double linker, according to the authors, is to increase the
variety of functional groups by providing it with aryl, carboxylate, and amino groups.
According to the results, the obtained MOF had a methyl orange (MO) adsorption capacity
of 280 mg/g. The addition of a high concentration of salts in the dye solution did not
affect the adsorption capacity of the MOF. On the other hand, the authors tested the
obtained MOF using two real water samples from a textile industry, the results showed
that the FesNH-MIL-88B had a good removal capacity of azo dyes (pink and yellow), this
was verified by UV-Vis spectrophotometry [176]. The Ehi-Eromosele group synthesized
two MOFs derived from PET waste. The MOFs Cu-MOF and Ni-MOF both share the
same organic linker, TPA (terephthalic acid), which can be synthesized through a simple
hydrothermal reaction of PET [177]. According to the results, the maximum adsorption
capacity of MOFs were 925.38 (Cu-MOF) and 935.93 mg/g (Ni-MOF). According to the
authors, both materials excel for the adsorption capacity of the MOF in comparison to
others reported in the literature [178]. Pérez-Jasso et al., performed a comparison study
for the use of three MOFs (MIL-101(Fe), MIL-100(Fe), and HKUS-1) for the removal of
three dyes, acid blue-25 (AB25), basic blue-3 (BB3), and reactive blue-4 (RB4). According
to the results, the highest adsorption capacity of RB4, AB25, and BB3 were 425.05, 287.18,
and 132.74, respectively; these values were obtained with the same MOF, MIL-100(Fe).
According to Pérez-Jasso et al., the adsorption mechanisms are the following: for BB3, there
is a predominance in weak interactions (electrostatic interactions); for AB25 and RB4, the
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presence of the sulfonate group in both dyes allows for the presence of ionic interactions
with the metal clusters of the MOFs [179].

5.5. Pharmaceutical Products

From the 1990s on, various pharmaceutical products (PPs) began to be detected in
waters around the world. These drugs represent a potential danger to both the environ-
ment and the health of the population [180-182]. It has been determined that the way
these substances enter the environment is through wastewater from pharmaceutical indus-
tries and hospitals, through irrational use, and through poor final disposal. Medications
such as ibuprofen, naproxen, and paracetamol are easily accessible to the general pop-
ulation, positioning themselves among the PPs most frequently found in water quality
studies [183-185]. Although there is a wide variety of technologies for water treatment,
they are usually inefficient for the removal of PPs or can have high costs associated with
the implementation or operation and generation of toxic waste. Due to this, it is necessary
to look for alternatives such as adsorption [186,187]. MOFs as adsorbent materials in the
removal of pharmaceutical products represent a possible option due to the set of physical
and chemical characteristics (surface area, pore volume, surface chemistry, etc.) [142,188].

Pharmaceutical Products Adsorption

Antibiotics are pharmaceuticals that are usually among the most common in water.
A study was carried out by Mirsoleimani-Azizi et al. for the removal of tetracycline (TC)
using MOF-5. According to the results obtained, MOEF-5 presented an adsorption capac-
ity of 233 mg/g; according to the analysis carried out, chemisorption is presented in the
same way. The authors concluded that MOEF-5 could be a viable option for the removal of
this antibiotic [189]. On the other hand, non-steroidal anti-inflammatory drugs (NSAIDs)
also pose a potential hazard to the environment. Prasetya and Li used MOF-808 in the
removal of diclofenac. According to their research, it is very common for adsorbents such
as charcoal and zeolites to have low adsorption capacities of this drug; on the other hand,
the MOF 808 synthesized in this work presented an adsorption capacity of 833 mg/g.
In addition to the synthesis of MOF, they also developed hollow OM fibers and found
that, when using the fibers, the adsorption capacity is only reduced by 4.5% (796 mg/g).
According to the working group, these results indicate that MOF-808 has the potential
for use in diclofenac removal [190]. Gao et al. conducted a comparative study between
the MOFs MIL-101 and MIL-53 (both chromium) for the adsorption of clofibric acid (CA)
and carbamazepine (CBZ). The objective of this work was to compare the stiffness effect
of a flexible MOF (MIL-53 Cr) against a rigid MOF (MIL-101 Cr) on the adsorption of CA
and CBZ. According to the results, in the adsorption of AC, the main mechanism was
electrostatic interactions for both cases, having similar adsorption capacities, 0.293 mmol/g
(MIL-101 Cr) and 0.212 mmol/g (MOEF-53 Cr); in the case of carbamazepine, a significant
difference was observed in the adsorption capacities, being 0.057 mmol/g for MIL-101 Cr
and 0.428 mmol/g for MIL-53 Cr. This difference in adsorption capacities is associated
by the authors with the flexibility of the MIL-53 structure, which was verified by diffrac-
tion analysis before and after adsorption [191]. Abbas et al. synthesized a ZIF-67 MOF
for ibuprofen adsorption. The objective of the present group was to modify the MOF,
doping it with nickel at different percentages (10% and 20%), and using two different
methods (A and B) for improvement in the removal capacity of ibuprofen. According to
their results, doping with Ni increased the adsorption capacity, having the following order
Ni@ZIF-67-10% B > Ni@ZIF-67-10% A > Ni@ZIF-67-20% B > ZIF-67 > Ni@ZIF-67-20% A
(gqm: 225, 210, 199, 187, and 125 mg/g, respectively). According to the authors, the ad-
sorption capacity of Ni@ZIF-67-10% B is attributable to the increase in surface area and
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pore structure, thanks to the correct incorporation of nickel into the MOF structure [188].

Cobian-Solorio et al. conducted a comparative study on the removal of ibuprofen and
naproxen using three MOFs, MIL-100(Fe), ZIF-8, and UiO-66. According to the results
obtained by the authors, UiO-66 had the highest adsorption capacity for ibuprofen at
152.3 mg/g and MIL-100(Fe) for naproxen at 278.3 mg/g. According to their analysis, ZIF-8
had the lowest adsorption capacity, due to its low surface area (357 m?/g); on the other

hand, the adsorption mechanisms proposed by the working group were hydrogen bonds,

-7, —anion, and Lewis acid-base interactions [192].

Table 6. MOFs used in the adsorption of contaminants in the aqueous phase.

MOF Pollutants Adsorption Capacity (mg/g) Reference
MOF-ZTN 790 [193]
ZIF-8 ob 92.74 [194]
UiO-66-GD 833.3 [68]
UiO-66-EDTMP 381.19 [195]
1 De-UiO-66-IDSA cd 204.1 [196]
Heavy metals Zr-BADS-MOF 53.585 [144]
Ti-MOF Cu 21.414 [145]
UiO-66-NH, Cr 338.98 [197]
Zr-MSA-DMSA Hg 862.7 [198]
Co/Ni-MOF Co 372.66 [149]
LA-MOF-130 142.86 [199]
MOFEF-76-Ce 9.75 mmol/g [200]
Ce-NH,-BDC-MOF 212.76 [201]
UiO-66-NH, 49.7 [202]
Fluorid La-Fe-BDC-MOF Fluorid 95 [203]
uorides Ce-La-NH,-BDC uorides 138.64 [204]
Al-NH,-BDC 88 [205]
MOF-801 40 [206]
Ce@Fe-MOEF/PS 96.7 [207]
La-BDC 1633 [208]
ZIF-8 46.6 [209]
Ec(II) / UiO-67 Methylene blue 398.9 [210]
Ui0-66 Coneo red 80.32 [211]
CPM-97-Fe & 831 [212]
Dyes NH,-MIL-125-Ti Basic red 46 1296 [213]
MIL-101-CR Methyl orange 196.08 [214]
Cu-BDC Alizarin yellow 710.02 [215]
Sn(II)-BDC Eosin yellow 208.3 [216]
MIL-101-CR Reactive yellow 495 [217]
MIL-101-SOsH Malachite green 596 [173]
MOEF-303 334.89 [218]
MOF-525 Diclofenac 792 [219]
MIL-53(Al) 422 [220]
ZIF-67 Ibuprofen 187 [188]
Pharmaceutical Fe-BTB MOF 649 [221]
products MOFE-545 sulfamethoxazole 650 [222]
MIL-100(Fe) Levofloxacin 87.34 [223]
Ag/Ce-MOF Minocycline 476.2 [224]
MIL-101-OH Cefixime 328 [225]
CYCU-3 Tetracycline 428.1 [226]
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6. Advances in Composite Materials
6.1. MOFs and Carbon Hybrids

Fouad et al. synthesized a compound based on MOF-5n/graphene oxide (Sn-BDC-
MOEF/GO), an environmentally friendly option for Pb (II) ion removal. According to
the results obtained, its compound had an adsorption capacity of 200 mg/g under the
following experimental conditions: 25 °C and at a pH of 6. According to the thermodynamic
parameters obtained, due to the values of AG° and AH®, an exothermic physisorption
process can be inferred. At the same time, a reusability test was also carried out, where it
was determined that, after six adsorption cycles, the material continued to maintain more
than 70% of its original adsorption capacity [227]. Askari et al. carried out a work in which
they used a fast ultrasound-assisted adsorption technique and a high capacity of fast green
(FG), eosin yellow (EY), and quinoline yellow (QY) dyes (although this technique sounds
interesting, what concerns us is to see the materials used), where they used a material
composed of MOF-5 and activated carbon (AC-MOF-5). According to the conditions of their
experiments (pH: 7.06 for FG, 5.68 for EY and 7.59 for QY, concentration of dyes: 5.04 mg/L,
amount of adsorbent: 0.02 g, adsorption time: 2.55 min), they obtained adsorption yields
of 98.1% for FG and EY and 91.91% for QY. According to their results, their technique
used in conjunction with AC-MOF-5 managed to obtain a maximum adsorption capacity
of 20.24 mg/g for EY, 21.23 mg/g for FG, and 18.62 mg/g for QY [228]. Another hybrid
material was synthesized in a study by Azad et al. [229] They employed an adsorption
technique similar to that employed by Askari et al. [228] for the adsorption of crystal violet
(CV), disulphine blue (DSB), and quinoline yellow (QY). For this work, Azad et al. used an
MOF-activated carbon called AC-HKUST-1 MOEF. According to their work, the adsorption
was carried out for 4 min, where they worked with a pH of 4 and a concentration of
10 mg/L of the dyes using 0.02 g of adsorbent material, achieving an adsorption capacity
of 133.33 mg/g for CV (with an adsorption capacity of 99.76%), 129.87 mg/g for DSB
(with an adsorption capacity of 91.10%), and 65.37 mg/g for QY (with an adsorption
capacity of 90.75%) [229]. Choudhary et al. synthesized a compound consisting of ZIF-8
and carbohydrate-derived carbon foam (CF) for the removal of malachite green (MG).
According to the results presented by the research group, the compound presented a GM
adsorption capacity of 3132 mg/g. According to the adjustment of experimental data,
Sips was the best fit model; for kinetics, the best-fit model was the pseudo-second-order
model, which could infer a chemisorption process. This material was tested using a real
sample from a textile plant. Choudhary et al. worked this through a continuous system, in
which CF/ZIE-8 obtained a removal efficiency > 50%. On the other hand, in the reusability
tests, it was determined that the material after three reuse cycles maintained 96% of its
dye removal capacity [230]. Suresh et al. worked on the development of a compound
based on a bimetallic MOF (Fe-Zn) in an activated carbon, with the aim of removing
ibuprofen. According to their results, CB-MOF presented a maximum adsorption capacity
of 196 mg/g for ibuprofen. According to the thermodynamic study carried out, its system
is described by an exothermic process [231]. Aldawsari et al. worked on the synthesis of an
MOEF/ carbon compound of NH,-MIL-101(Cr) and activated carbon (AC-NH,-MIL-101(Cr))
for the removal of p-nitrophenol. According to the results, the compound presented a PNP
adsorption capacity of 18.3 mg/g. The research group proposed weak interactions such as
hydrogen bonds, in addition to p-p coupling interactions as an adsorption mechanism [232].

6.2. MOF and Aerogel Hybrids

Rosado et al. synthesized a compound based on a zirconium/reduced graphene oxide
aerogel MOF used in the removal of Hg (II) ions. This study focuses on the modifica-
tion of the NU-1000 MOF through the integration of a new pyrene-based organic linker
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(H4TBAPY-SMe) and the incorporation of the thiomethyl group. This modification allowed
the synthesis of this new compound (UN-1000-SMe@rGO), which proved to have the ability
to remove mercury ions in solutions containing the ion in the form of traces (in the order
of 15 ppb); in addition to this, they synthesized a modified version of the compound to
which supermagnetic iron nanoparticles were added, which allowed the material to be
recovered after adsorption [233]. Jia et al. developed an MOEF/aerogel compound based
on a ZIF-8/chitosan-nanocellulose aerogel for dye removal. According to their results,
their material presented the following adsorption capacities: 78.9 mg/g for methylene
blue, 65.4 mg/g for rhodamine B, 35.7 mg/g for acid fuchsin, and 90.1 mg/g of methyl
orange. Reusability tests were also performed, where it was observed that, after three
adsorption—-desorption cycles, the composite maintained a removal capacity greater than
88% and 64% for rhodamine B and methylene blue, respectively [234]. Yang et al. worked
with the synthesis of an MOF-Aerogel system made up of ZIF-67 (MOF)/reduced graphene
oxide (aerogel) which was used for the adsorption of dyes such as crystal violet and methyl
orange. According to their results, they achieved an adsorption capacity of 1714.2 mg/g for
crystal violet and 426.3 mg/g for methyl orange. Adsorption was carried out using 2 mg of
composite material in 10 mL of solution for each dye, leaving the material for up to 16 h at
a temperature of 25 °C [235]. Mazlan et al. developed a composite of reduced graphene
oxide-PDA /ZIF-8 aerogel (rGO-PDA /ZIF-8 Aerogel) for the removal of methylene blue
(MB). According to the working group, the variety of functional groups provided by each
of the components of the compound allowed for a good dye removal capacity. According
to their results, the composite presented an adsorption capacity of 1045 mg/g for MB;
in addition to this, it also presented good stability in the reuse processes of the material,
maintaining a removal efficiency > 92% after 10 adsorption—-desorption cycles [236]. These
composite materials are also being used in the removal of pharmaceutical products. Wu
et al. studied the removal of the antibiotic oxytetracycline through the development of
an MOEF/aerogel dried under ambient conditions. The materials obtained (MOFs/AG)
have a hierarchical arrangement of pores and are also highly hydrophobic. HKUST-1/Ag
had a high adsorption capacity for oxytetracycline, 316 mg/g. According to the results
presented, this material can work in a range of 4 to 9 pH [237]. Babaei et al. also studied
the removal of tetracycline using a compound synthesized based on a chitosan aerogel
functionalized with natural zeolite, magnetite, and MOF-808. According to the results
obtained, the compound (CS aerogel /N-zeolite/Fe30,/MOF-808) had a maximum ad-
sorption capacity of 31.69 mg/g, being higher than that of pure aerogel (12.63 mg/g).
According to the thermodynamic values obtained, it is a spontaneous system (negative
AG) and, with respect to positive AH, it is an endothermic process in which both physical
and chemical interactions occur [238]. Yuan et al. developed a composite material of the
MOF-aerogel type using ZIF-8(MOF)/konjac glucomannan (aerogel), which was studied
for the adsorption of ciprofloxacin from water,. According to the results obtained by this
group of researchers, they found that the maximum adsorption presented by this material
was 811.03 mg/g at a temperature of 303 K, being a solution of ciprofloxacin with a concen-
tration of 1500 mg/L at a pH of 7 [239]. Another material was synthesized in a study by
Zhang et al. They presented this composite material of the MOF-aerogel type made up of
MIL-101(MOF)/graphene aerogel. Zhang et al. made several batches of these materials
where they varied the amount of MOF added to the mixture. According to the results
obtained, their material called MIL-101@GA 2.0 (which has 532 mg of MOF) presented
the best adsorption capacity of the synthesized materials, achieving a 100% removal of
non-steroidal anti-inflammatory drugs (naproxen, felbinac, carprofen, flurbiprofen, and
ibuprofen) by means of a removal technique of the “solid phase extraction” (SPE) type
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where they passed 100 mL of sample to a flow of 1 mL/min containing 1 pg of each one of
the analytes [240].

7. Challenges and Future Perspectives
7.1. Challenges and Future Prospects

Metal-organic frameworks have shown potential in applications; however, they still
face challenges that need to be overcome to ensure their large-scale implementation. Sta-
bility in real operating conditions, toxicity and safety of their components, functional
improvement through hybrid compounds, and the adoption of green and sustainable
methodologies in their synthesis and use are essential to move towards the technological
development of adsorbent materials based on these systems.

7.2. Stability and Regeneration of MOFs

It has been established that one of the critical points in the development of MOFs is
stability and reusability. Considering that the production costs of these advanced materi-
als can reach thousands of dollars per kilogram, it is imperative that they can be reused
multiple times [241]. To discuss the reusability of MOFs, we must first understand the
limitations (stability) of these materials, including characteristics such as thermal suscepti-
bility, the mechanical integrity of the crystal structures, and resistance to humidity and/or
different solvents [242,243].

Several methodologies for the regeneration of these materials have already been de-
scribed, such as solvent-assisted thermal regeneration, electrical induction and microwave
swing adsorption regeneration, purging with inert gas, vacuum pressure, and vacuum
pressure swing adsorption regeneration, among others [241,244-250], which allow MOFs
to be used in multiple adsorption-desorption cycles without significantly diminishing their
adsorption capacity [251,252].

7.3. Toxicity and Safety

MOFs contain metals and linkers, and leaching is a risk, especially with residual
solvents, degraded fragments, or mobilized metals. Zn- and Fe-based MOFs are pro-
posed as lower risk options, and ZIF-8 has been discussed for lower cytotoxicity and
biomedical and environmental uses [253]. In this context, safety by design includes
selecting building blocks, limiting release, and applying toxicological screening under
relevant conditions [254].

7.4. Opportunities for Improvement Through Hybrid Compounds

Hybrid adsorbents combine MOFs with polymers, metal oxides, or carbon carriers
to improve recovery, stability, and reuse. MOF-biochar hybrids show adsorption ca-
pacity and cycling performance improvements [255]. Similarly, cellulose aerogels and
Fe3;0,@MOF composites support recovery, reduce secondary contamination, and improve
mechanical integrity [256].

7.5. Green and Sustainable Approaches

Solvothermal synthesis often uses DMF and high energy conditions. Alternative routes
include aqueous synthesis, solvent free methods, mechanochemistry, and microwave-
assisted synthesis to reduce time and energy input [34]. For this reason, supercritical
CO, and recyclable media plus nontoxic precursors have been explored [93]. Likewise,
sustainability also depends on reuse across cycles, and some robust MOFs have been found
to maintain their performance and efficiency even after more than ten cycles of use [92].
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Addressing these challenges is important to consolidate the transition of these materi-
als from laboratory research to real industrial applications. The future of adsorbent systems
will depend on approaches aimed at greater durability, safety, multifunctionality, and
sustainability. In this context, new designs should integrate more stable and long-lasting
materials capable of addressing current environmental challenges [257].

8. Conclusions

In this review, MOFs are presented as a class of adsorbent materials used for envi-
ronmental remediation, characterized by their structural versatility and tunable porosity.
Unlike traditional adsorbents, the modular nature of MOFs allows for the design of active
sites through mixed linker strategies, the incorporation of amino groups, or multimetallic
structures, which has proven critical for enhancing selectivity towards environmental pollu-
tants, like heavy metals, fluorides, dyes, and pharmaceutical products in aqueous matrices.
Furthermore, in gas-phase applications, the ability to modulate pore size and chemical
affinity at the molecular level has established these materials as superior candidates for
CO;, capture and the separation of volatile hydrocarbons.

However, this review highlights the difficulty of practically implementing pristine
MOFs due to their intrinsic limitations, such as their particle size and low stability in the
presence of water. This has led to a shift from pure crystalline structures to the development
of MOF-based composites that incorporate materials of other natures, such as carbonaceous
matrices, aerogels, and polymers, among other materials. The aim is to overcome these
intrinsic limitations and to enhance the inherent characteristics of MOFs with desirable
properties from other materials, thus providing materials with high adsorption capacity
but with improved mechanical and stability characteristics.

Future research should focus on laboratory-scale synthesis to develop scalable and
environmentally friendly methodologies that minimize the use of potentially toxic organic
solvents. Developing materials that are stable in the presence of moisture and have low
synthesis costs, combined with thorough characterization, is crucial to bridging the gap
between structural chemistry and large-scale industrial applications. Finally, integrat-
ing adsorption and detection in a single material presents a promising challenge for the
development of novel adsorbent materials.
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