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Contaminants Removal and Monitoring: The Role of Hybrid
MOFs in Agricultural Advancement and Soil Amendment

Brij Mohan,* Harish Kumar Sharma, Stefan Ručman, Pisith Singjai,
and Armando J. L. Pombeiro

The interest in improving soil quality through innovative methods continues
to grow in sustainable agriculture. Despite the emergence of new techniques,
there has been limited research on methods based on metal-organic
frameworks (MOFs). This review first addresses the current issues in the soil
and agriculture industry and discusses recent approaches for improving soil
quality. It then explores the latest advancements in MOF-based methods,
which hold the potential to enhance soil quality and increase crop yields
significantly. The unique properties and physicochemical mechanisms behind
MOFs’ applications and analytical performance are presented, highlighting
their potential for more efficient and cost-effective soil enhancement
solutions. The review reveals that these new MOF approaches show promise
in enhancing soil quality through processes such as adsorption, extraction,
analyte monitoring, fertilization, soil washing, and moisture sensing. This
review can lead to a future with higher soil quality, ensuring better food
production and a more sustainable agricultural industry.

1. Introduction

Metal–organic frameworks (MOFs) are hybrid materials of metal
ions or clusters coordinated to organic ligands, forming a highly
porous structure. These materials are known for their tunable
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surface areas and porosity, which can
be adjusted during synthesis to meet
specific application requirements. The
unique structure of MOFs allows for
excellent adsorption capabilities, mak-
ing them ideal for various applications,
including gas storage, separation pro-
cesses, and catalysis. Their versatility and
customizable properties make MOFs a
significant area of research in materials
science and chemistry.[1–4] MOFs possess
properties like magnetism, porosity, self-
tuning capability, and controlled pollu-
tant uptake, making them superior to or-
ganic and inorganic materials for agricul-
tural and soil improvement.[5–7]

Agriculture plays a crucial role in pro-
viding food, but it’s essential to acknowl-
edge the potential public health risks as-
sociated with soil and crop safety in this
industry. With the growing population,

the agriculture sector needs to increase food production, high-
lighting the importance of using proper soil amendments. There-
fore, it is essential to understand and adopt safe agricultural prac-
tices to ensure that food is free from harmful contaminants and
does not pose any health risks.[8–10] Soil is crucial for plant growth
and development. It provides the necessary nutrients for their
lifespan.[11,12] Soil is of utmost importance for agriculture be-
cause of the substantial demand for food production. It is cru-
cial to prioritize optimizing crop yields while ensuring soil health
preservation. Key crops such as wheat, rice, and corn are vital
in meeting global food requirements. It is essential to have a
comprehensive understanding of soil contaminants that can im-
pact the quality and yield of these grains.[13–15] Grain contami-
nation poses health risks due to chemical and biological impu-
rities from soil and agrochemicals. Harmful residues threaten
consumer safety. Fungi and bacteria in warm, humid conditions
can spoil grains if not controlled.[16–18]

Agrochemicals have a negative impact on soil, food, the envi-
ronment, health, and sustainability. It’s important to limit their
use and find sustainable alternatives proactively. Chemicals are
classified based on toxicity, target, composition, formula, en-
try/action mode, and source. This classification depends on fac-
tors such as mode of action, toxicity level, target organism, and
origin.[19,20] Agrochemicals encompass a wide variety of chemi-
cal substances, including pesticides (such as insecticides, fungi-
cides, herbicides, algaecides, rodenticides, nematicides, and mol-
luscicides), fertilizers (which provide essential macronutrients

Adv. Sustainable Syst. 2024, 2400637 © 2024 Wiley-VCH GmbH2400637 (1 of 18)

http://www.advsustainsys.com
mailto:brij.mohan@tecnico.ulisboa.pt
https://doi.org/10.1002/adsu.202400637


www.advancedsciencenews.com www.advsustainsys.com

Table 1. Various materials are used to remove, capture, and monitor contaminants.

Materials Surface area [m2 g−1] Effective for Cost, regeneration, and stability Efficiency range Reference

Graphene 500–2630 Organic compounds high 80–95% [31]

Activated carbon 500–3000 organic compounds,
chlorine, and heavy metals

moderate cost 85–95% [32]

Mesoporous Silica 500–1000 mixtures affordable cost and low reusability 85%–95% [33]

Carbon nanotubes 250–500 Multiple analytes Varying cost and stable and
reusability

80%–97% [34]

Metal nanoparticles 20–150 Metal ions and charged
species

Costly and reusability & stability vary 70–90% [35]

COFs 711–1590 Multiple analytes Varying cost and high stability and
reusability

80–95% [36]

Polymer resigns 1–100 Heavy metal ions cost-effective sorbents but less
reusable

70–90% [37]

MOFs 1000–7000 Multiple analytes Varying cost and stable and
reusable but less than COFs

85–95% [38]

like nitrogen, phosphorus, and potassium), soil conditioners,
liming agents (like calcium and magnesium), acidifying agents,
and plant growth regulators. Each type of agrochemical serves
a specific purpose and operates in a distinct way in agricultural
production systems.[21,22]

Agriculture occupies 38% of the Earth’s surface, and the use
of hazardous agrochemicals is essential for protecting crops and
significantly enhancing food production.[23] According to Next
Move Strategy Consulting, the global agrochemical market was
275.4 million metric tons in 2021 and is projected to reach 296.6
million metric tons by 2030. Experts from AgriMarket Insight at-
tribute this market growth to the increasing demand for agricul-
tural products driven by population growth, farmers’ need to en-
hance crop yields, and technological advancements.[24] In 2020,
the total global use of pesticides in agriculture remained un-
changed at 2.7 million tonnes (Mt) of active ingredients.[25] By
2050, Asia is expected to have the highest sales of agrochemi-
cals worldwide, but there is a significant concern regarding the
region’s lack of capacity for effective chemical management.[26]

Agrochemicals can lead to acute toxicity in humans and chronic
illnesses, including cancer. Unregulated use can damage soil bio-
diversity, increase pest resistance, and waste resources. While fer-
tilizers can boost crop yield, their lack of specificity raises en-
vironmental and production costs. Food waste exacerbates in-
efficiencies in food production, leading to environmental harm
and health risks. Agri-food systems have interconnected impacts
on water, food, nature, and human health.[26–28] Soil amend-
ment is essential for producing high-quality food because it di-
rectly impacts crops’ nutritional value and safety. Metal and non-
metallic materials have improved industrial processes in dif-
ferent environmental conditions, including soil. Nanomaterials,
carbon and natural biomaterials, porous materials, and MOFs
have provided advanced platforms for specific applications in soil
improvement.[29,30] Various materials have been used to address
contaminants that could enhance farming applications (Table 1).

MOFs have recently emerged as a promising technology in
agriculture. MOFs are highly porous coordination polymers that
consist of inorganic nodes and organic linkers, which assemble
into multidimensional periodic lattices. This remarkable class of

materials has found applications in eliminating agrochemicals
through adsorption and photodegradation and in sensing. MOFs
offer several advantages over traditional methods, including high
surface area, tunable pore size, and selectivity towards specific
molecules.[39,40] In addition to their potential use in agricultural
applications, The versatility and flexibility of MOFs make them
an exciting area of research with tremendous potential for future
advancements.[41,42] Using MOF materials for soil amendment
has also improved food production through various processes
(Figure 1). It is necessary to prioritize soil quality amendment
to ensure a sustainable and healthy food system.[43–45]

Previously critical reviews on MOFs in agriculture described
sensing, delivery, removal, and pollutant degradation for sustain-
ability and enhanced productivity.[46–48] In addition, multifunc-
tional MOFs have been demonstrated for crop production, agro-
chemical delivery, and fundamental applications.[49–51] In addi-
tion to these meaningful reviews, there is a need to specifically
focus on applying MOFs in soil amendment through the man-
agement of analytes and nutrients. The primary goal of this re-
view is to examine how these methods can enhance soil quality
and to explore new agricultural practices. This review emphasizes
the importance of assessing soil quality to promote sustainable
farming practices that benefit both the environment and human
health. It also highlights the significance of monitoring soil qual-
ity and selecting appropriate amendments for agricultural use.
Despite the emergence of new techniques for soil improvement,
MOF-based methods have not received significant attention in
research. Therefore, there is a pressing need to enhance produc-
tivity while minimizing negative environmental impacts. This re-
view will focus on recent MOF-based techniques and their po-
tential advantages in improving soil quality and increasing crop
yields.

2. Materials for Soil and Agriculture Development

Numerous robust methods and approaches have been developed
to enhance soil quality and elevate agricultural productivity.
Soil amendment techniques encompass a wide array of highly
effective practices to modify the soil’s physical, chemical, or
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Figure 1. The schematic illustration of MOFs as emerging materials for agriculture and soil amendment. MOFs have recently emerged as promising
candidates for use in agriculture and soil amendment. These highly porous materials are composed of metal ions or clusters linked by organic ligands
and are shown to have potential applications in various agricultural areas.

biological properties to create an optimal environment for plant
growth. These techniques include the strategic addition of or-
ganic matter such as compost or manure, the precise application
of lime or fertilizers, and other proven strategies. It’s important
to note that the effectiveness of these techniques is backed by
scientific evidence and can be influenced by various factors,
including soil type, climate conditions, crop selection, and other
environmental considerations.[52,53]

Compost is the most common traditional soil amendment
made from decomposed organic matter like food waste, leaves,
and grass clippings. It enhances soil fertility, structure, and wa-
ter retention. Animal manure is another method for adding nu-
trients, but it should be aged or composted to prevent plant dis-
eases and weed seeds. Peat moss improves soil structure and
water-holding capacity, especially for acid-loving plants like blue-
berries and rhododendrons. Vermicomposting uses earthworms
to create nutrient-rich compost that boosts soil health. Perlite, a
lightweight volcanic rock, improves drainage and aeration while
preventing soil compaction. Lastly, gypsum loosens heavy clay
soils, enhancing their drainage ability.[54,55]

Green manure cover crops such as clover, rye, or buckwheat
are explicitly grown to improve soil health by adding organic
matter, nitrogen fixation, erosion control, weed suppression, pest
management, etc.[56] Moreover, lime, known as calcium carbon-
ate, has been used to raise the pH level of acidic soils, mak-
ing them less acidic, which makes some nutrients more avail-
able for plant uptake.[57] In addition, rock phosphate, bone meal,
Seaweed/kelp extracts, mushroom compost, and fish emulsion
have played a role in soil quality.[58–60] A step ahead, materi-

als science has gained interest in the growing awareness of
the potential harm caused by agrochemical usage in agricul-
tural production.[61,62] Nanomaterials, MOFs, biochar and clay
materials, carbon nanotubes (CNTs), and activated porous ma-
terials have shown promising advancements in soil amend-
ments (Figure 2). Moreover, nanomaterials have been used to
improve soil fertility through the controlled release of nutrients
and water retention. Metal and non-metallic frameworks offered
high surface area for the adsorption of pollutants and onsite
monitoring.[63–66] Also, silica and carbon materials showed ap-
plications as sensors for pH and moisture levels in the soil. The
versatility of these materials makes them promising candidates
for enhancing soil health and sustainability.[67–70] It has been seen
that CNTs with Fe3O4@SiO2-NH2 are known for enhancing ad-
sorption capacity for ecological and agricultural uses. Unique
morphology and functional groups allow efficient adsorption of
various analytes management.[71] MOFs possess high surface ar-
eas that enhance their effectiveness in catalytic reactions. They
are highly efficient in promoting various chemical processes. In
contrast, CNTs, silica, and carbon materials face limitations in
surface functionalization, which restricts their versatility. MOFs
can incorporate various metal ions and organic linkers, creating
customized materials. Additionally, MOFs demonstrate excep-
tional adsorption capacities for removing water pollutants. While
other materials have a rigid structure that limits their customiza-
tion, MOFs are often preferred due to their porosity, larger sur-
face area, and design flexibility.[34,72,73]

MOFs show great potential in agricultural applications by ef-
fectively removing and monitoring harmful substances in the
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Figure 2. The materials used for soil amendment. Nanomaterials, MOFs, biochar and clay materials, carbon nanotubes (CNTs), and activated porous
materials have advantages and have been modified at laboratory scales to farms for soil amendment applications.

soil. They can enhance soil health, boost crop yields, and reduce
costs. MOFs also serve as sensors, providing real-time data on
moisture levels, nutrient content, and pH balance. By leveraging
these unique properties, agriculture can optimize crop produc-
tion, minimize waste, and promote sustainability.[74–76] In this re-
gard, the appreciable working capacity of MIL-101(Fe) in remov-
ing aflatoxin B1 (AFB1) has significantly improved. The higher
loading capacity of 30.58 mg g−1 of MIL MOFs is due to its super-
high porosity and excellent dispersion in liquid.[77]

Furthermore, the agricultural industry has extensively ex-
plored using MOF-based materials, employing various strategies
to enhance crop quality. In particular, MOFs have been proposed
for three primary purposes regarding agrochemicals.[49,78] First,
they have been utilized for water remediation by adsorbing or de-
grading agrochemicals or their byproducts. Second, MOFs have
been used to control agrochemicals’ release. Third, they can serve
as sensors to detect these molecules in both water and food.
These remarkable properties of MOFs have demonstrated enor-
mous potential in improving the efficiency and sustainability of
agricultural practices by providing practical solutions to manage
agrochemical residues and control their release into the environ-
ment. With these promising benefits, it is evident that MOFs are a
valuable tool for advancing agricultural technology and promot-
ing sustainable farming methods.[79,80] For example, Gan et al.
studied different methods for removing organophosphorus her-
bicides from water, including adsorption and photodegradation.
Glyphosate is a commonly used herbicide that can lead to ex-
cess in wastewater and soil. Zr-based MOF that features a meta-
carborane carboxylate ligand (mCB-MOF-2) to investigate the po-
tential of glyphosate (GP) adsorption and photodegradation. The
study demonstrated that mCB-MOF-2 exhibited a maximum ad-
sorption capacity of 11.4 mmol g−1 for GP. Additionally, when
exposed to UV–vis light for 24 h, mCB-MOF-2 successfully con-

verted 69% of GP into non-toxic sarcosine and orthophosphate.
This conversion process effectively avoided the production of
AMPA, which has similar toxicity levels to GP. These findings
highlight the potential of mCB-MOF-2 as an effective material for
removing and degrading GP from contaminated environments.
The study provided a solution to the leading concentration of GP
in soil and water.[81]

MOFs versatile nature and unique properties make them
a valuable tool in modern agriculture, offering innovative ap-
proaches to address some of the most pressing challenges fac-
ing this sector today. The utilization of MOFs has shown promis-
ing potential in eradicating agrochemicals as pollutants in water.
Additionally, MOFs have been explored for their ability to detect
and measure these potentially hazardous molecules. However,
a relatively new research field involving MOFs is their applica-
tion as agrochemical delivery systems. This innovative approach
holds great promise in the agricultural industry, as it could al-
low for more efficient and targeted delivery of chemicals to crops
while minimizing environmental impact. The multifaceted uses
of MOFs highlight their versatility and potential to address vari-
ous challenges in different fields.[82]

Moreover, several techniques are utilized to eliminate soil
pollutants, including biological processes like phytoremediation
and bioremediation and physical processes such as adsorption,
thermal desorption, soil vapor extraction, advanced oxidation
processes (AOPs), and soil washing/soil flushing (SW/SF). It
is crucial to consider the specific circumstances of the contam-
inated site to determine the method’s effectiveness.[83–86] In
comparison, it was found that thermal treatment eliminates
contaminants and can destroy soil texture, creating concerns
about highly volatile organic pollutants. AOPs are fast and
efficient but generate toxic intermediates. Biological approaches
are eco-friendly but require extra attention during analysis steps.
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Phytoremediation methods have technical limitations for treat-
ing high concentrations of toxic substances. Soil remediation
techniques like SW/SF are economically feasible ways of treating
soil pollutants, offering soil regeneration and effective treatment
methods. Soil treatment commonly uses AC, biochar, and clay
minerals due to low cost and easy regeneration. CNTs offer rapid
adsorption but have negative impacts on soil quality. MOFs are
ideal for soil treatment as they have a large surface area and stabil-
ity. Only a few MOFs were tested for soil pollutants, but coupling
them with other nanomaterials can improve their application.

3. MOF Designs for Agriculture Uses

MOFs are versatile materials that have gained attention due
to their potential applications in various fields, including
agriculture.[87] MOFs’ unique structure and properties make
them suitable for various agricultural uses such as crop protec-
tion, soil improvement, and nutrient delivery. At present, there
are various methods available for preparing MOFs. These tech-
niques include sonochemical methodology, microwave synthe-
sis, electrochemical approach, and solvothermal technique. For
example, A stable, defect-free zirconium-based MOF layer was
created using a two-step method. First, UiO-66-NH2 MOF was
grown in the voids of polydopamine-functionalized CM dur-
ing solvothermal processing. Then, pressurized dead-end assem-
bly facilitated the self-assembly of UiO-66-NH2 with PDA.[88] A
new method to create zeolite@MOF core-shell structures was
designed by involving ion-exchange-induced crystallization and
post-synthetic conversion, allowing exclusive growth of MOF on
the zeolite surface. The method successfully created a CaA@ZIF-
8 structure, which improved filler-polymer interfaces and re-
sulted in defect-free membranes.[89]

Synthesis methods exhibit variations in efficiency, yield, and
scalability. The sonochemical methodology uses high-frequency
sound waves to promote chemical reactions between metal ions
and organic ligands. Microwave synthesis utilizes microwave ra-
diation to rapidly and uniformly heat the reaction mixture.[90,91]

The electrochemical approach relies on applying an electric po-
tential to drive the formation of MOFs on an electrode surface.
The solvothermal technique utilizes high-pressure and high-
temperature conditions in a solvent medium to facilitate the
growth of MOF crystals. Researchers can tailor their synthesis
strategies to meet specific application requirements and optimize
performance characteristics by utilizing these diverse prepara-
tory techniques for MOFs. These methods are influenced by vari-
ous factors such as solvent type, pH level, linker substituent, con-
centration of metal ions, time duration, temperature range, and
pressure conditions.[92–94]

MOFs are a promising material for toxicant adsorption using
isothermal titration calorimetry (ITC) for quantifying in aque-
ous media and boosting tools for agriculture. Drou et al. demon-
strated zirconium-based MOFs for the adsorption of organophos-
phorus agrochemicals. To commence this investigation, the de-
velopment into the adsorption of glyphosate in NU-1000 using
MOF comprised of Zr6-nodes and tetratopic pyrene-based link-
ers arranged into the csq topology, which showcases 1D hexago-
nal (31 Å) and triangular (12 Å) channels interlinked by orthog-
onal windows (10 × 8 Å) that are known as the c-pores. Eight
linkers connect to each node, and four hydroxyl and water lig-

ands maintain the node’s charge. The ligands exhibited flexibil-
ity, allowing for pseudo-ion-exchange processes where oxyanions
like perrhenate or phosphate-containing species can substitute a
hydroxyl or water ligand. The designed model was one in which
glyphosate could coordinate with the node. In addition, it was
found that the carboxylic acid (pKa ≈ 2.6) can bind with the node;
it is more likely for it to bind through the phosphonic acid (pKa
≈ 2.0), as inclined to be deprotonated (Figure 3).[95]

The unique properties of MOFs make them suitable for agri-
culture applications due to the presence of an aromatic linker.
Nonetheless, researchers continue to explore ways to modify
MOFs by combining them with high-conductive materials like
carbon materials in different forms, including metal nanopar-
ticles (MNPs) or conducting polymers (CPs).[96,97] This modifi-
cation escalates the conductivity and enhances the electrochem-
ical performance of MOFs while also imparting good stability.
Diligent selection of metals, such as high-valent metal ions cou-
pled with organic ligands like rigid ligands, can further improve
water stability exhibited by MOFs. With their synergetic effects
on high-conductive materials, MOFs find applications within
sensing fields, including energy storage, capacitive deionization,
catalysis, and drug delivery.[46,98]

MOFs design and use for agriculture applications are promis-
ing due to their effectiveness in agrochemicals’ adsorption and
controlled release process.[99] Mahmoud et al. developed MOFs
UiO-66, UiO-66-NH2, and UiO-67 to load and release the herbi-
cide 2-methyl-4-chlorophenoxyacetic acid (MCPA). When com-
bined with biodegradable polycaprolactone (PCL), the MCPA-
loaded MOFs demonstrated up to 72 h of release, with UiO-66-
NH2 showing the highest efficiency: 0.056 mg mL−1 in ethanol
and 0.037 mg mL−1 in water. Notably, the release capacity in water
was greater than in ethanol. This suggests a promising applica-
tion of MOFs in agriculture for the effective release of agrochem-
icals (Figure 4).[100]

4. MOF’s Mechanism and Working in Agriculture

The physicochemical mechanisms behind MOFs’ applications,
stability, and activity in various soil environments offer valuable
insights for improving crop production efficiency. MOFs with a
high surface area and adjustable pore structures are excellent can-
didates for nutrient adsorption. They can effectively capture es-
sential nutrients such as nitrogen, phosphorus, and potassium,
enhancing soil fertility. The multifunctional sites within MOFs
provide various interactions such as hydrogen bonding, nonco-
valent interactions, electrostatics interactions, and molecular in-
teractions for processes like adsorption, controlled release, degra-
dation, reduction, and oxidation, which assist in the transfer of
nutrients to plants (Figure 5).[77,101]

Additionally, these structures enhance nutrient activity and are
compatible with different fertilizers for synergistic nutrient deliv-
ery. The release of nutrients from MOFs is influenced by pH and
soil moisture content.[4] For example, MOFs may exhibit slower
nutrient release rates in acidic soils due to decreased solubility.
Conversely, MOFs can release nutrients more efficiently in well-
drained soils with neutral pH, promoting plant growth. MOFs
can be susceptible to degradation in specific environments, such
as those with high salinity. To address this challenge, researchers
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Figure 3. Structure of (a–c) glyphosate, ethylphosphonic acid, and glufosinate. MOF structures (d–f) NU-1000, NU-901, and NU-1200. Reproduced
with permission.[95] Copyright 2020 American Chemical Society.

are exploring strategies such as surface modifications or encap-
sulation to improve the stability of MOFs.[102]

The controllable delivery of agrochemicals, like plant hor-
mones, can enhance utilization, reduce pollution, and support
precision agriculture. An intelligent system using MOFs and
nanovalves efficiently loads and releases cargo in response to
external stimuli, significantly promoting seed germination and
plant growth. This innovative approach minimizes cargo loss and
is environmentally friendly, making it a promising option for pre-
cision agriculture and controlled drug release.[42] The utilization
of MOF-based materials in agriculture has been extensively stud-
ied and researched through several different approaches. Among
these strategies, one popular method involves utilizing MOFs
for water remediation purposes, a high benefit to agriculture.[103]

This process removes agrochemicals or their byproducts from
water through adsorption or degradation. For instance, Damacet
et al. developed a method to control a MOF’s crystal size and
defect numbers at room temperature using a reaction-diffusion
approach in an agar gel matrix. Adjusting the synthesis param-
eters, they created hierarchical MOF nanocrystals with tailored
features. The largest and most defective crystals showed the high-
est adsorption capacity for methylene blue dye. This green syn-
thesis technique allows for the engineering of MOF crystals with
adjustable properties for various applications.[104]

Furthermore, MOFs have also been identified as potential
carriers for the controlled release of agrochemicals. These mate-
rials can release specific amounts of chemicals over a set period,

ensuring optimal crop growth and development while mini-
mizing negative environmental impacts.[105] Additionally, MOFs
have shown promise as sensors for detecting these molecules
in water and food sources. By detecting the presence of agro-
chemicals, farmers can make informed decisions regarding crop
management and ensure food safety for consumers. The use
of MOF-type materials in agriculture has significant potential
to revolutionize farming practices and promote sustainable
agricultural development worldwide. For example, nanoporous
bimetal MOFs using metals Ce, Fe, Al, and La were synthesized
to remove F− ions from drinking water. The best composition
was Ce@Fe (1:1) with an adsorption capacity of 84.4 mg g−1

at 288 K. Ultrasonication improved the reaction kinetics, and
the adsorption followed the pseudo-second-order model. Co-
existing ions had little effect on fluoride adsorption, and the
mechanism involved electrostatic attraction and ligand exchange
processes.[106]

MOF materials promise for agrochemicals intelligent delivery
formulations have efficiently reduced the environmental risk.[107]

Ma et al. developed a hybrid material featuring a MOF using a
zirconium-based MOF for pest and fungal management. This
platform incorporates the fungicide tebuconazole (Teb) and the
insecticide dinotefuran (DNF) at loadings of 8.59% and 6.87%,
respectively. The study found that DNF was released in alkaline
conditions, while Teb was released in acidic environments. The
hybrid, termed DNF@UIO-ZIF@Teb, consists of a core-satellite
structure where zirconium-based MOF nanoparticles (UIO)
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Figure 4. a) An illustration of polymer-MOF composite membrane application for the pesticide delivery in connection with weeds, facilitated by the
rainwater or irrigation system b) MCPA concentrations released in 72 h for MOFs (top) and MOF-PCL composites (bottom) in ethanol and distilled
water. Reproduced with permission.[100] Copyright 2022, The Authors and published by American Chemical Society.

encapsulate DNF. This design ensures stability and non-toxicity
of the agrochemicals, enabling effective pest and fungal con-
trol. The results highlight the potential for future agricultural
applications to protect crops from harmful diseases (Figure 6).[50]

MOFs are being used to measure total antioxidant capacity
(TAC), which helps assess nutrition interventions. Recently,
Xia et al. developed a Ce/Fe-MOF using microplasma for TAC

determination. This framework showed improved catalyst effi-
ciency due to oxygen vacancies and synergy between iron and
cerium, displaying enzyme-like properties. They established a
simple, cost-effective colorimetric assay for TAC in fruits and
vegetables, which provides a rapid analysis time of just 15 min,
a linear range of 5–60 μm, a low limit of detection (LOD) of 1.3
μM, and recovery rates of 91–107%. This research holds promise

Figure 5. A schematic diagram for MOFs utility for soil amendment and common interaction forces used in various processes.
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Figure 6. DNF@UIO-ZIF@Teb, a core-satellite MOF-on-MOF hybrid, could revolutionize sustainable agriculture by trapping and eliminating pests and
fungi through various mechanisms. It is highly effective and versatile, providing comprehensive protection against agricultural threats. The system is
sustainable and has precise targeting abilities, minimizing environmental impact. This hybrid system represents a significant step forward in sustainable
agriculture, transforming modern farming practices for years. Reproduced with permission.[50] Copyright 2023, Elsevier B.V. All rights reserved.

for quick TAC assessment in agricultural products, potentially
benefiting overall health outcomes.[108]

MOFs offer a promising solution for the efficient and selective
extraction of sinapic acid from agricultural byproducts. Recently,
Sun et al. developed raspberry-shaped imprinted polymers
(CN@UiO-66-C = C@MIPs) using in-situ generated MOF com-
posites to enhance the extraction process from squeezed rape-
seed meal. These MOF-based platforms feature well-distributed
particles, a template immobilization strategy, a specific surface
area of 275 m2 g−1, and an average pore diameter of 2.78 nm.
The adsorption process reaches equilibrium in just 10 minutes,
with a capacity of 141.3 mg g−1 for sinapic acid. Additionally, the
materials are stable after 6 h of sonication and can be regenerated
up to eight times. CN@UiO-66-C = C@MIPs represent a signif-
icant advancement in sinapic acid extraction, providing a highly
efficient, selective, stable, and reusable method (Figure 7).[109]

Photocatalytic MOF membranes with a 2D heterostructure
showed promise for removing and degrading agrochemicals.
The 2D heterostructure MOF, graphitic carbon nitride (g-C3N4)
nanosheets, demonstrate improved photocatalytic activity, expe-
diting radical attack and pollutant interception. The membrane
exhibits an enhanced removal rate of 89–98% for agricultural
pollutants, along with good stability and reusability. This tech-
nology highlights the potential of MOF composites to effectively
remove agrochemicals, serving as an essential tool for soil
protection.[110]

MIL MOFs have shown promising applications in agricul-
ture and soil amendment. They can be utilized as carriers for
the controlled release of fertilizers, pesticides, and herbicides.
For instance, encapsulating nutrients within MIL MOF parti-

cles can enhance plant nutrient uptake, which leads to improved
crop yields. Additionally, the porous structure of these materi-
als allows for the slow release of pesticides, reducing environ-
mental contamination and improving crop protection.[111] Re-
cently, Oladipo developed a sunlight-driven AgIO3/MIL-53 (Fe)
nanohybrid composite that effectively degrades two organophos-
phate pesticides. The degradation rates of the pesticides were
influenced by factors such as pH, catalyst dosage, and initial
concentration. Approximately 78–90% of chlorpyrifos (CP) and
methyl parathion (MP) were degraded individually in tap and dis-
tilled water within 60 minutes. Around 70% mineralization was
achieved within 180 minutes in a binary mixture. This innovative
MOF could be particularly effective in agriculture due to its car-
rier separation capabilities, surface hydroxyl groups, and specific
surface area.[112]

MIL-100 can remediate contaminated soils by adsorbing and
removing heavy metals and organic pollutants in soil amend-
ment. By incorporating MIL-100 into soil amendments, such
as compost or biochar, the effectiveness of soil remediation
processes can be enhanced. This can be particularly beneficial in
areas with high levels of soil contamination, restoring soil health
and promoting plant growth.[113] Shaghaleh et al. designed a new
strategy using multiple-pulse water soil flushing with aminated
cellulose nanofibers and AEM/AM@MIL-100(Fe) nanocom-
posite hydrogel effectively removed Cr(VI) from agricultural
soil. The hydrogel’s adsorption capacity was 338.24 mg g−1

at pH 6.8. A five-day simulation trial demonstrated a 98.9%
Cr(VI) removal efficiency after lowering soil pH, with treated
soil meeting permissible limits after three reuse cycles of the
hydrogel. Importantly, chromium bioaccumulation in wheat
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Figure 7. A new raspberry-shaped adsorbent made from MOF composites can selectively extract sinapic acid from agricultural waste. This provides a
new way to extract phenolic acid from complex samples.[109] Copyright 2024, Elsevier B.V. All rights reserved.

plants remained below 0.1 ppm, while soil quality, microbial di-
versity, and ecological functions improved, offering a sustainable
solution for soil remediation.[114]

5. MOFs for Soil Applications

MOFs in agriculture have been used for soil and crop protec-
tion by encapsulating pesticides and herbicides, protecting water-
holding capacity, nutrient retention, and overall fertility.[115,116]

The unique properties of MOFs lead to increased crop yields
and improved soil health. In addition, MOFs have the poten-
tial for nutrient delivery in agriculture by loading nutrients such
as nitrogen or phosphorus into MOFs that have delivered es-
sential elements directly to plant roots. Using soil-water ex-
traction, catalytic, absorption, and release technology has pro-
vided promising solutions for high-quality agriculture manage-
ment and amendment.[117–119] Meng et al. designed ZIF-8-derived
nanostructured carbon composited with wood sponge based in
a double-layer solar evaporator using a one-step brush-printing
process for soil-water extraction. ZIF-8 carbon coating has a
rough morphology, enhancing photothermal conversion. The
wood sponge has hydrophilic channels for efficient water extrac-
tion. The solar evaporator has high sunlight absorbance, low ther-
mal conductivity, strong capillary force, and rapid water trans-
port. As a result, water-evaporation of 1.42 kg m−2 h−1 and soil
water-extraction rates of 0.57 kg m−2h−1 reached under a one-sun
light intensity. The study demonstrated the use of ZIF-8-based

wood sponge material for efficient evaporation and soil water ex-
traction. It can be concluded that this innovative technology of
soil-water extraction based on ZIF-8-based wood sponge offered
an effective method for obtaining clean drinking water in remote
and poor inland areas with its high sunlight absorption rate and
low thermal conductivity.[120]

Zhang et al. developed a method for preparing magnetic
ZIF-7@graphene oxide (mag-ZIF-7@GO) composites using
polydopamine and assessing their ability to extract fungicides
from environmental water and soil samples. The combination of
ZIF units and GO layers enhanced the preconcentration of the
fungicides, making them easier to detect. To determine the pres-
ence of seven specific fungicides (pyrimethanil, triadimenol,
elutriator, tebuconazole, hexaconazole, difenoconazole, and
bioethanol), a sensitive magnetic solid-phase extraction method
based on mag-ZIF-7@GO coupled with LC-MS was developed.
This involved optimizing salt concentration, pH levels, extraction
time, and desorption time. The method exhibited good linearity,
repeatability, and reproducibility under optimal conditions, with
LODs ranging from 0.58 to 2.38 ng L−1 and limits of quantifi-
cation ranging from 1.95 to 7.94 ng L−1 for the seven fungicides
tested. This new method was then applied to determine trace
amounts of these same fungicides in environmental water and
soil samples. Recoveries were found to be between 81.8% and
96.7% for pond water samples, between 87.2% and 96.3% for
river water samples, and between 82.4% and 93.4% for soil
samples—indicating that this method has great potential for
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Figure 8. a) Fe-MOFs’ crystal structure comprises red octahedral FeO6 units, purple tetrahedral PO4 units, blue NH4
+ spheres, and green C atoms. Red

spheres represent H2O molecules. b) Fe-based MOFs are an innovative solution for managing the release of fertilizer nutrients. These MOFs comprise
Fe ions and organic linkers, forming a porous structure that traps and holds nutrients until plants need them. This controlled release mechanism ensures
that nutrients are released gradually over time, reducing the risk of leaching or runoff into the environment. Additionally, Fe-based MOFs have improved
plant nutrient uptake and utilization efficiency, leading to higher crop yields. Reproduced with permission.[122] Copyright 2022, The Authors. Published
by American Chemical Society.

use in trace analysis of pollutants in complex environmental
matrices.[121] It can be observed that MOF composites prepared
using polydopamine can be used as an effective tool for extracting
trace amounts of fungicides from environmental samples.

MOFs have amended soils with novel properties as fertilizers.
Recently, Wu et al. designed Fe-MOFs that were utilized for prac-
tical crop production and connected with the soil amendment
process. The main scale-up was focused on heat and energy trans-
fer. Hydrothermally synthesized Fe-MOFs at pilot and laboratory
scale with yields around 27%. The MOF was laced with nutrients
N, P, and Fe with 6.03%, 14.48%, and 14.69%, suitable for nu-
trient release patterns with the promotion of trice yield growth.
It is worth noting that using environmentally sustainable com-
pounds such as Fe-MOFs can pave the way for their industrial
production and application as a groundbreaking fertilizer, offer-
ing distinct benefits, including diverse nutrients and regulated
discharge. This approach could enhance crop yield and promote
eco-friendliness, making it a promising solution for sustainable
agriculture (Figure 8).[122]

MOFs are utilized in soil-washing processes to remove pollu-
tants from contaminated soil. The process starts with excavat-
ing the soil and transporting it to a treatment site, where it is
mixed with a washing solution and agitated to release the con-
taminants. A significant challenge in these methods is treating
the washing effluents that contain high concentrations of sur-
factants and polycyclic aromatic hydrocarbons (PAHs). Zhang
et al. Developed a bimetallic MOF modified with molecularly im-
printed polymers called Al/Co-MOFs@MIP to address the treat-
ment of washing effluents. The aim was to activate peroxymono-
sulfate (PMS) for the targeted degradation of phenanthrene from
soil-washing effluents and to recover biosurfactants. The Al/Co-
MOFs@MIP showed stability and high catalytic performance
with excellent selective recognition. The study demonstrates the
improved phenanthrene adsorption and reduces oxidative free
radicals on rhamnolipids for higher degradation efficiency. Both
free and non-free radicals contribute to phenanthrene degrada-
tion through two pathways: SO4

Â·-and 1O2 attack, causing oxalic
acid loss, ring cleavage, and mineralization. The study revealed
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that selective phenanthrene degradation could be achieved using
the MOF composite system due to its synergistic effects, such
as selective adsorption and catalysis. MOFs-based innovative ap-
proach has promising potential for efficiently treating washing ef-
fluents containing high concentrations of surfactants and PAHs
in surfactant-enhanced soil washing processes.[123]

MOFs with objectives to create a fast, highly selective, reusable,
and effective process for the simultaneous detection of alachlor,
acetochlor, and pretilachlor in field soil have shown high effi-
ciencies. For example, Cai et al. developed and observed the per-
formance of MIL-101 to optimize SPE. The results indicated
that MIL-101(Cr) had exceptional adsorption performance com-
pared to other commercial materials such as C18, PSA, and
Florisil for amide herbicides. Method validation was carried out,
which demonstrated excellent method performance. The MOF-
based model showed linearities d with r2 ≥ 0.9921, LOD between
0.25–0.45 μg kg−1, enrichment factors ≥ 89%, recoveries between
86.3% and 102.4%. This method was then applied successfully to
determine amide herbicides in soil samples taken from wheat,
corn, and soybean fields at various depths. The results showed
that alachlor, acetochlor, and pretilachlor concentrations ranged
from 0.62–8.04 μg kg−1 in the soil samples analyzed. Interestingly
enough, it was discovered that the deeper the soil sample was
taken from, the lower the concentration of these three amide her-
bicides became—this novel finding is significant as it proposes
a new method for detecting amide herbicides in agriculture and
food industry applications.[124] The findings revealed a practical
approach for analyzing lachlor, acetochlor, and pretilachlor herbi-
cides in soils. MOFs have provided a valuable pathway for moni-
toring herbicide presence levels over time or assessing potential
environmental impacts associated with their use in agricultural
practices.[124]

MOFs have been developed to tackle the environmental is-
sue of soil organic matter pollution, which threatens the safety
of food, water, and air. For example, Liu et al. created a MIL-
101(Fe)/g-C3N4 MOF-based material to catalyze the degradation
of peroxynitrite in 2-chlorophenol in soil. They optimized the
reaction parameters using a mathematical model, enhancing
the understanding of the mechanisms involved. The hydrother-
mal synthesis of MIL-101(Fe)/g-C3N4 improved the degradation
process with sodium persulfate. Response surface methodology
(RSM) indicated that this material achieved an impressive 91.2%
removal rate of 2-chlorophenol, thanks to its catalytic properties
and g-C3N4’s effective adsorption. Furthermore, the research re-
vealed that sulfate radicals (SO4

•−) were the dominant reactive
species, enabling the interconversion of Fe2+ and Fe3+. Analyz-
ing degradation pathways provided insights for future studies on
MOFs in soil pollutant removal. The authors have demonstrated
a significant step in addressing soil organic matter pollution and
protecting human environments.[125] MOFs have been identi-
fied as promising for producing fertilizers and enhancing soil
quality for use in agriculture and horticulture applications.[126]

These porous materials have a high surface area, improving nu-
trient absorption and retention in the soil. Wu et al. developed
MOF(Fe)@NaAlg aerogels through a simple ion cross-linking
process. Their model indicates that the aerogels can act as slow-
release fertilizers (SRF), with an ammonium adsorption capac-
ity of 29.4 mg g−1 and a swelling capacity of 73 g g−1. The
study showed that the optimal sample, MOF(Fe)@NaAlg(2:10),

achieved the highest swelling capacity, while the SRF formulation
demonstrated excellent water-retention capabilities in soil. Cu-
mulative release studies confirmed that the release behavior was
consistent with Non-Fickian diffusion. MOF(Fe)@NaAlg aero-
gels show great potential for use in agricultural and horticultural
fertilizers due to their effective slow-release properties and im-
proved water retention (Figure 9).[127]

MOFs have reached the ongoing trend of industrialization
worldwide to pose a substantial environmental challenge.[128]

MOFs serve as effective sensing materials for soil-moisture moni-
toring due to their sensitivity and performance. Alsadun et al. uti-
lized MOFs as the receptor layer in capacitive sensors for mois-
ture sensing in different soil types, finding that Cr-soc-MOF-1
exhibited the highest sensitivity (≈24 000 pF) among the tested
MOFs. It showed increased sensitivity at 500 Hz by approxi-
mately 450% in clayey soil, with a response time of around 500
seconds. This demonstrates the significant potential of MOFs for
soil-moisture applications, which could enhance sustainable wa-
ter use and crop yields. The study evaluated three MOFs: Zr-fum-
fcu-MOF, Al-ABTC-soc-MOF, and Cr-soc-MOF-1, confirming the
efficacy of MOF-based sensors in improving irrigation and water-
saving practices (Figure 10).[129]

MOF composites with other porous frameworks have shown
enhanced applications in extracting and enriching analytes
from contaminated environmental samples.[130] MOFs have
been effectively used to analyze polycyclic aromatic hydrocar-
bons (PAHs) in contaminated soil samples through techniques
like solid-phase microextraction (SPME). Koonani et al. de-
veloped Zn-MOF/COF-based SPME fibers coupled with gas
chromatography-flame ionization detection (GC-FID) for im-
proved analysis. Using a Box-Behnken design (BBD), they op-
timized the extraction process, which included heating the soil
sample to 85 °C for 30 min at a moisture level of 23 μL g−1.
The method demonstrated linear responses for six PAHs rang-
ing from 1 to 20000 ng g−1 and detection limits between 0.1
and 1 ng g−1. The study also showed intra-fiber RSDs of 2.2%
to 6.6% and inter-fiber RSDs of 5.2% to 11.6%. Relative recov-
ery values for real soil samples ranged from 91.1% to 110.2%.
The Zn-MOF/COF fiber proved to be more cost-effective and ef-
ficient in extracting PAHs than existing commercial and home-
made adsorbents.[131]

Soil pollution from heavy metal ions has adversely affected
ecosystems, reducing soil fertility and hindering plant growth.
This, in turn, impacts the food chain, as plants are essential for
animal nutrition. In this regard, Lu et al. developed ZVI@MOF-
g-DCUF, a multifunctional fertilizer made from zerovalent iron-
doped MOF (Mg)-74, coated with dialdehyde carboxymethylcellu-
lose urea-formaldehyde (DCUF). This MOF enhances soil quality
and water retention. Studies showed that nZVI@MOF-g-DCUF
effectively releases nutrients over 35 days and positively impacts
the growth of Chinese cabbage. Remediation tests indicated that
adding 1% of the MOF to chromium (Cr)-polluted soil achieved
significant removal rates for Cr(VI) of 84.40% and 76.83%. This
efficiency results from the immobilization of Cr(VI) through
hydrogen bonding, reduction, precipitation, and complexation.
This MOF-based approach shows strong potential for long-term
nutrient release and Cr(VI) immobilization, addressing environ-
mental concerns linked to chemical fertilizers while improving
soil quality for agriculture.[132]
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Figure 9. The MOF(Fe)@NaAlg composite aerogel is prepared by selecting appropriate materials and synthesizing the MOF(Fe) and NaAlg separately.
The platform was designed by combing through impregnation, drying, and exhibiting unique gas storage and separation properties. The pathway offers
new possibilities for addressing global challenges such as climate change and energy sustainability. Reproduced with the permission of[127] © 2019
Elsevier B.V. All rights reserved.

Shaghaleh et al. developed an eco-friendly, reusable nanocom-
posite hydrogel adsorbent, TO-NFCs/lignin/AM@MIL-100(Fe)
(NCLMH), for removing hazardous lead (Pb) and copper (Cu)
from contaminated agricultural soils. The hydrogel achieved a
removal capacity of 416.39 mg g−1 for Pb and 133.98 mg g−1

for Cu at pH 6.5 through complexation, electrical attraction,
and ion exchange. Three remediation strategies were explored:
soil stabilizer (SA@NCLMH) and two soil flushing methods—
continuous flushing (CF@NCLMH) and multiple-pulse flushing
(MF@NCLMH). Continuous flushing removed 89.5% Pb and
77.2% Cu in 24 hours, while multiple-pulse flushing achieved
96.5% Cu and 84.5% Pb removal over five days. The model
demonstrated excellent stability and reusability, making it a
promising solution for heavy metal remediation in agricultural
soils.[133]

Ma et al. developed a heterostructured membrane based
on Fe(III)-MOF, carboxymethyl cellulose (CMC), and silver
nanowires (AgNWs) that was used for catalytic separation ac-
tivity to treat roots in the soil to transport water. The mem-

brane exhibited electrostatic force and hydrogen bonding in-
teraction between CMC and AgNWs as the “root” connected
to NH2-MIL-88B(Fe). The resulting AgNWs/CMC@NMB mem-
brane displayed remarkable selective wettability, with water con-
tact angles (WCAs) of approximately 0° and underwater oil con-
tact angles (UWOCAs) exceeding 155°. It also exhibited excel-
lent removal efficiency (>99%) for insoluble oils under a 1343
L m−2 h−1 bar−1 separation flux. The porous filter structure of
the soil-root-like heterostructure allowed for concurrent treat-
ment of both insoluble oils and soluble dyes via one-step effi-
cient filtration. Notably, the disposal efficiency for anionic and
cationic dyes reached over 96.7% due to the unique structure.
The study revealed that AgNWs filter and stabilize water, aiding
electron transfer in the Fe-MOF photo-Fenton system. This im-
proves the degradation of organic contaminants and regenerates
fouled membranes through photo-catalysis.[134]

MOF-based materials have gained a new approach for detect-
ing organophosphorus pesticides. Guselnikova et al. designed
MOF with surface plasmon-polariton (SPP)-supported gold
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Figure 10. a) This study employed schematic representations of Zr-fum-fcu-MOF, Al-ABTC-soc-MOF, and Cr-soc-MOF-1. b) MOF is designed as a sensor
image for soil deployment. c) Selectivity of the sensor on the clayey and loamy sand soil on exposing 10% GWC with different water content for c1,c4)
Cr-soc-MOF-1, c2, 5) Al-ABTC-soc-MOF, and c3,c6) Zr-fum-fcu-MOF. Reproduced with permission.[129] Copyright 2023, American Chemical Society.

grating surface as a SERS chip. The platform was designed in
two steps to grow thin MOF-5 film. Firstly, the covalently grafted
using 4-carboxyphenyl groups, and secondly, the immersion of
samples in the mother liquid of MOF-5. The proposed SERS
chip has proven to be an ideal analytical probe for detecting
organophosphorus pesticides with high reliability and a low
LOD of up to 10−12 m.[135] The MOF-based materials applica-
tions in soil amendment have successfully shown the ability to
selectively detect, degrade, release, and adsorb various signifi-
cant contaminants. MOFs also revealed that when combining
the high affinity of contaminants with excellent chemical and
physical forces that supported structure for developing an ideal
platform. The findings suggested a promising solution for
soil amendment in different strategies for using MOFs and
composites as reliable tools in various settings.[135]

Hybrid MOFs have shown promising agricultural potential,
particularly in soil amendment applications. These materials
combine the advantages of both organic and inorganic compo-

nents, offering unique properties for enhancing soil quality and
plant growth. The current status of Hybrid MOFs in agriculture
indicates a growing interest, and research is focusing on their
practical applications. In practical scenarios, Hybrid MOFs have
been utilized as soil amendments to improve soil structure, water
retention, and nutrient availability. It can’t be denied that incor-
porating Hybrid MOFs into the soil can enhance cation exchange
capacity, leading to better retention and release of essential nutri-
ents for plant uptake. Additionally, these materials have shown
the ability to reduce soil compaction and increase microbial ac-
tivity, promoting healthier soil ecosystems.

6. Challenges

MOFs are a promising class of porous materials with numerous
applications in agriculture and soil amendment. Despite their po-
tential, MOFs face several challenges regarding their use in agri-
culture and soil amendment.
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i. A significant obstacle in developing and utilizing MOFs
in agriculture and soil amendment is their requirement to
maintain stability and functionality despite harsh environ-
mental conditions. This includes exposure to high tempera-
tures and acidic soils, which can seriously threaten their effi-
cacy. As such, any MOFs utilized in agricultural settings must
be carefully designed and tested to ensure their resilience un-
der these challenging circumstances.

ii. To be effective, MOFs must be able to selectively capture
and release essential plant nutrients, including nitrogen and
phosphorus. This is paramount as it ensures that these vital
nutrients remain within the plant’s ecosystem without be-
ing lost through processes such as leaching or volatilization.
Therefore, MOFs must be designed with this important con-
sideration in mind to maximize their potential benefits for
agricultural applications.

iii. One of the obstacles faced in producing MOFs for agricul-
tural purposes is the issue of cost-effectiveness, particularly
in large-scale production. This presents a challenge that must
be addressed to make MOFs a viable option for widespread
use in agriculture and soil amendment. The need to balance
cost with effectiveness and efficiency is crucial, as it will ulti-
mately determine whether or not MOFs can be implemented
on a larger scale. Finding ways to optimize production pro-
cesses and reduce costs without sacrificing quality or efficacy
will be vital in overcoming this hurdle.

iv. One major issue is the need for more research on their prac-
tical implementation for soil decontamination. While MOFs
show promise in theory, their application in real-world set-
tings still needs to be tested. For example, when attempting
to remediate contaminated soil from industrial sites, MOFs
could potentially adsorb harmful contaminants. However,
there is a lack of empirical data regarding their effectiveness
in various soil conditions. Additionally, the complexity of soil
ecosystems—including differences in soil composition, pH,
and microbial activity—affects the performance of MOFs.
This complexity requires tailored strategies for each specific
environment. Although MOFs’ theoretical potential for soil
detoxification is significant, the absence of practical applica-
tions and supporting data limits their broader use. Address-
ing these challenges through field trials and collaborative re-
search is crucial to unlocking the full potential of MOFs in
soil decontamination.

The application of MOFs has gained attention as a potential
solution to various challenges in agriculture. However, there is
a significant gap in research regarding the long-term effects of
MOF application on soil health and crop productivity. Without
proper investigation and understanding of these impacts, the
successful integration of MOFs into sustainable agriculture prac-
tices remains uncertain. Therefore, addressing these challenges
through rigorous research and experimentation will be crucial
for ensuring the safe and effective use of MOFs in agriculture.
It is essential to recognize that sustainable agricultural practices
are critical for maintaining global food security while minimiz-
ing negative environmental impacts. Therefore, it is necessary
to prioritize a thorough investigation of the potential benefits
and drawbacks associated with MOF application in agriculture
to make informed decisions about its use.

7. Conclusion and Outlooks

MOFs are highly versatile materials with many potential applica-
tions in agriculture and soil improvement. Their use as fertiliz-
ers has been shown to impact plant growth and yield significantly.
Additionally, MOFs can enhance the effectiveness of pesticide de-
livery systems, reducing the required amount of chemicals and
minimizing environmental damage. Another promising applica-
tion is their ability to effectively remove pollutants and contami-
nants from soil, making them ideal for maintaining healthy soil
quality while minimizing environmental impact.

MOFs have demonstrated their ability to store and release nu-
trients over time, improving soil quality and providing crops with
sustained nutrition throughout the growing season. This repre-
sents a significant step towards improving crop yields while min-
imizing environmental harm. MOFs’ versatility makes them an
invaluable tool for sustainable agriculture practices. Further ex-
ploration of MOFs in agriculture is needed to unlock their full
potential in achieving sustainable and responsible farming prac-
tices.

Development trends in Hybrid MOFs for soil amendment
involve exploring novel synthetic strategies to tailor their proper-
ties to specific agricultural needs. Researchers are investigating
the use of functionalized ligands and metal nodes to enhance the
performance of these materials in different soil types and crop
systems. Moreover, efforts are being made to scale up production
processes to make Hybrid MOFs more accessible to farmers and
agricultural industries. Applying Hybrid MOFs in agriculture
for soil amendment is a rapidly evolving field with signifi-
cant potential. By leveraging the unique properties of these
materials, researchers aim to address challenges in modern
agriculture, such as soil degradation and nutrient deficien-
cies. As research progresses and technology advances, Hybrid
MOFs are poised to play a crucial role in sustainable farming
practices.

In conclusion, the versatile applications of MOFs in agricul-
ture and soil amendment can benefit farmers and the envi-
ronment. As research on MOFs progresses, there may be even
more innovative ways these adaptable materials can enhance
crop production and promote sustainability efforts. The versatil-
ity of MOFs makes them a promising prospect for the future of
agriculture, as they can aid in reducing environmental impact
and optimizing crop yields. Therefore, it is imperative to con-
tinue exploring the potential of these materials to revolutionize
agricultural practices and pave the way toward a more sustainable
future.
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