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A B S T R A C T

As food demand increases, low nutrient-use inefficiency and significant environmental losses associated with the 
widespread use of conventional fertilizers and pesticides highlight the need for technological upscale. Metal- 
Organic Frameworks (MOFs) are organometallic porous materials well-known for their high surface areas, 
various architectures, and the ability to be chemically modified. These characteristics have attracted attention 
regarding their use in agriculture, environmental remediation and food safety, particularly as controlled-release 
fertilizers for improved crop productivity; however, a clear gap between promising laboratory results and field 
agricultural use still exists. This review provides an integrated assessment of MOFs as multifunctional delivery 
platforms for nutrients and phytosanitary management, their performance, limitations, and practical applica
bility in agriculture. Recent literature on MOF synthesis, structural properties, and functional mechanisms is 
critically evaluated, with emphasis on their applications as controlled-release fertilizers and agrochemical car
riers. MOF-based systems exhibit high capacity for nutrient loading and controlled-release properties, leading to 
improved nutrient use efficiency and reduced leaching losses compared to conventional fertilizers. MOFs can be 
utilized to deliver pesticides and antimicrobials in a controlled and gradual manner, while minimizing envi
ronmental effects through low-cost compositions with high crop protection efficacy. Additionally, some MOFs 
demonstrate intrinsic antimicrobial activity, capable of protecting plants and postharvest losses. Despite this, the 
challenges of material stability in soil, long-term environmental fate, potential toxicity, and economic cost 
remain bottlenecks to large-scale adoption. This review combines insights from fertilization and crop protection 
perspectives to illustrate the potential of MOFs as multifunctional agricultural inputs and outlines knowledge 
gaps in field performance, safety assessment, and upscaling. Interdisciplinary research that addresses these 
challenges is key to advancing MOF-based technologies beyond the laboratory and into practical large scale 
agricultural systems. Adoption of MOFs in sustainable nutrient management strategies can potentially lead to 
progress toward resource use efficiency, environmental impact reduction, and next-generation agricultural 
inputs.

1. Introduction

In the last two decades, extended efforts have been made to address 
food security challenges. This has resulted in an increased interest in 
innovations that can sustain food production considering a rapidly 
growing global population. The goal is not only to improve crop yields 
but also to reduce the environmental pressure amplified by chemical 
fertilizers and pesticides [1]. Although conventional farming techniques 
have resulted in high yields, their continuous extended application has 

been linked to certain environmental concerns. These include the 
leaching of nutrients into groundwater, the accumulation of synthetic 
pesticides in the soil and aquatic ecosystems, and the reduction in soil 
microbial biodiversity [2]. According to FAO [3], most of the N applied 
to soil is not assimilated by the plants and it is lost into the environment 
as nitrates or nitrogen oxides, which highly contribute to eutrophication 
and greenhouse gas emissions. These make clear the necessity for 
developing new technologies that can enhance nutrient-use efficiency 
and prevent the excess release of agrochemicals into the environment.
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Metal-Organic Frameworks (MOFs) have attracted attention due to 
their high structural versatility and their potential to release both nu
trients and plant protection compounds in a controlled manner. How
ever, there is a critical gap between laboratory-scale innovations and 
their field performance under real agricultural conditions, with factors 
such as soil heterogeneity, climate variability, and multi-season dy
namics influencing performance. MOFs are crystalline compounds of 
high porosity formed by linking metal ions or clusters with organic li
gands such as polycarboxylates, azoles, or phosphonates [4]. The cur
rent concept of MOFs mainly relied on the pioneering works by Yaghi 
et al. [5,6], which demonstrated that crystalline porous frameworks 
could be deliberately designed with exceptionally large surface areas 
and tunable chemical characteristics. Since their introduction, MOFs 
have found applications in numerous sectors, including gas storage, 
catalysis, CO2 capture, sensoring, drug delivery, removal of pollutants 
and food packaging [7–10].

The interest in their use in agriculture is relatively recent but rapidly 
growing. The underlying idea could be likened to the one that guided the 
use of MOFs in the pharmaceutical field: exploiting their porosity, the 
ability to adsorb and release molecules in a controlled manner and the 
possibility of chemically modifying both metal knots and organic 
binders to regulate the properties of the material. Several studies show 
that some MOF based on Fe, Zn, Zr or Mg exhibit sufficient stability and 
biocompatibility to serve as promising carriers for nutrients such as N, P 
and micronutrients [11,12]. They have also been explored for the 
encapsulation of pesticides and fungicides to reduce volatility, prevent 
premature degradation, and minimize dispersion in soil [13–15].

One of the main advantages of MOFs, compared to other controlled 
release systems such as biodegradable polymers or nanoclays, lies in 
their “designability”. Choice of metal nodes, organic binders, and syn
thesis conditions is routinely used to tune MOF water stability, pH-based 
behavior, degradability and molecular affinity [16,17]. The high inter
nal surface, which in some cases exceeds 6000 m2 g− 1, also allows sig
nificant quantities of active molecules to be stored, increasing the load 
available for agronomic applications [18,19]. Recent studies suggest 
that MOFs can significantly reduce nitrate leaching and improve the 
efficiency of nutrient use by plants [20], although most of these appli
cations are still at the laboratory level or in the pilot phase [14,21,22].

Despite the promising prospects from the use of MOFs in agriculture, 
several critical issues have been raised that require careful evaluation. 
These include the stability of materials under field conditions, and other 
challenges relating to their biodegradability, the potential release of 
metal ions, toxicity to non-target organisms and long-term environ
mental accumulation. In addition, the lack of specific regulations for the 
use of porous nanomaterials in agriculture poses challenges for both 
industrial development and commercial use authorization [23]. Eco
nomic analyses show that the synthesis costs of MOFs, still considerably 
higher than those of conventional fertilizers, remain a major barrier to 
their widespread adoption. However, advances in large-scale production 
techniques and the development of green synthesis approaches are 
progressively reducing these limitations [24,25]. This review provides 
an integrated evaluation of MOFs as multifunctional agricultural sys
tems, combining fertilization and crop protection while explicitly 
assessing the limitations of current laboratory-based evidence for 
field-scale implementation. Recent literature on MOF synthesis, struc
tural properties, and functional mechanisms, were critically evaluated, 
with emphasis on their application as controlled-release fertilizers and 
carriers for agrochemicals.

The objective of this paper is to provide a critical and integrative 
review of the use of MOFs in agriculture, with emphasis on their 
chemical foundations, synthesis pathways, operating mechanisms, po
tential benefits and related risks. Based on recent scientific findings, 
agronomic performance, environmental sustainability, and safety from 
the application of MOFs are critically evaluated. Moreover, future op
portunities and the main technological and economic constraints from 
full-scale implementation of MOFs are discussed.

2. History of Metal-Organic Frameworks

The development of MOF is relatively recent, but the underlying 
concepts date to the 19th century coordination chemistry. By the late 
1800s, Alfred Werner had defined the fundamental principles governing 
the coordination of metal ions with organic or inorganic ligands, laying 
the foundation for understanding how multidimensional structures 
could be formed from metal units and multidentate molecules [26,27]. 
However, for most of the twentieth century, these complexes were 
studied primarily as discrete coordination complexes rather than as 
extended, crystalline networks with permanent porosity [6,28]. A sig
nificant precursor to modern MOFs was the development of “coordina
tion polymers,” in which metal nodes and organic ligands form chains or 
extended networks [29]. During the 1980s and early 1990s, a number of 
porous structures based on coordination bonds began to emerge, but 
their stability and ability to maintain porosity after solvent removal 
were still limited [30,31].

The real revolution came between the end of the nineties and early 
2000s with the advent of reticular chemistry. Yaghi et al. [6] demon
strated that it was possible to obtain extended and highly porous crys
talline lattices through a strategy of reticular synthesis based on the 
rational choice of metal nodes and rigidly defined organic ligands. Also, 
the 1999 report of MOF-5, a structure based on zinc and terephthalic 
acid nodes, provided a prominent example of materials characterized by 
a high surface area and permanent porosity even after solvent evacua
tion [32]. These two works laid the foundations for a new family of 
materials capable of far surpassing, in terms of porosity and modularity, 
traditional zeolites and activated carbons.

From the 2000s onwards, interest in MOFs grew rapidly, accompa
nied by an extraordinary expansion of the number of structures syn
thesized. The review by Kitagawa et al. [33] helped to formalize the 
distinction between MOF and the earlier “porous coordination poly
mers,” underlining the role of permanent porosity as a discriminating 
criterion. At the same time, the field began to diversify into sub-families 
of materials with specific characteristics: the MIL (Materials Institute 
Lavoisier) developed by the Gérard Férey's group, offered robustness 
and flexibility suitable for demanding operating conditions [34]; the 
UiO-MOFs (University of Oslo), pioneered by the Karl Petter Lillerud 
group delivered remarkable thermal and hydrolytic stability due to 
zirconium clusters [35]; and the ZIFs (Zeolitic Imidazolate Frame
works), structural analogues of zeolites but based on imidazole binders 
[6,36].

In the early 2000s, the applications of MOFs focused mainly on the 
storage of hydrogen and methane, CO2 capture and catalysis, areas in 
which MOFs showed competitive performance compared to traditional 
porous materials [37]. The ability to chemically modify both metal 
nodes and organic ligands made MOFs extremely versatile materials, 
giving rise to thousands of different structures. In the past decade, a 
growing interest in their biological and environmental uses has been 
shown. For instance, Fe- or Zr-based MOFs have been investigated as 
slow-release fertilizers capable of providing nutrients in a controlled 
manner under soil conditions (e.g. Fe-MOF nutrient carriers). More 
recently, agricultural applications, including nutrient delivery and 
agrochemical encapsulation, are emerging as a promising frontier. 
Today MOFs represent one of the most studied materials in the world, 
with applications ranging from energy to medicine, from water purifi
cation to environmental catalysts, up to innovative systems for fertil
ization and crop protection. Although their industrial development is 
still limited by high costs and regulatory issues, their history suggests 
that they could play a significant role in the technologies of the future, 
including the agricultural sector.

3. What are Metal-Organic Frameworks: definition and chemical 
principles

Metal-Organic Frameworks are porous crystalline materials made of 
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metal nodes and organic ligands that form three-dimensional structures 
with nano-sized cavities and tubes [38,39]. Their hybrid nature between 
inorganic and organic materials, differentiate them from simple inor
ganic zeolithic networks and porous organic polymers and make them a 
unique class of synthesized materials with improved adsorption prop
erties [9,40]. Chemically, MOF is formed by metal units, often single 
metal ions or polynuclear clusters, which act as coordination nodes, and 
polytoothed organic ligands, such as carboxylates, imidazolates, pyr
idinates, or phosphonates, which act as connectors [41]. The geometry 
and rigidity of both the metal node and the ligand determine the final 
topology of the lattice, according to the principles of reticular chemistry 
[40].

One of the most distinguishing characteristics of MOFs is their per
manent porosity, exhibited by the ability to maintain stable internal 
cavities even after the removal of the solvents used during crystalliza
tion. This phenomenon, rare in earlier coordination polymers, results 
from the rigidity of the metal-ligand bonds and the deliberate geometric 
arrangement of the framework. The surface area of some MOFs is 
exceptionally high, e.g. MOF-177 and NU-110 have specific surface 
areas that exceed 4500-6000 m2 g− 1, much greater than the specific 
surface area of common porous materials [28]. Due to their uniform and 
chemically adjustable pores, MOFs can be engineered in terms of di
mensions and functionality to be suitable for the targeted compounds. 
The nature of metal nodes plays a key role in determining thermal and 
chemical stability, as well as any catalytic or redox behavior. MOFs can 
include metals or clusters of metals, such as Zn, Cu, Zr, Fe, Mg, Cr or Al. 
For example, the Zr-based UiO-MOFs is characterized by high hydrolytic 
and thermal resistance, while Fe-based MOFs have shown good 
biocompatibility suitable for environmental and biological applications 
[35].

Organic ligands, on the other hand, define not only lattice geometry, 
but also surface chemistry and functionalization. Ligands such as tere
phthalate (BDC), trimesate (BTC) and imidazolate derivatives allow 
networks to be built with very different topologies [42]. The possibility 
of introducing functional groups directly on ligands (such as -NH2, -OH, 
-COOH) allows them to impart specific reactivity, modulated polarity or 
affinity towards certain host molecules. This capacity for chemical 
programming is one of the reasons for the success of MOFs in areas such 
as catalysis, gas storage or the controlled release of drugs and agro
chemicals [38].

Another fundamental concept is directional coordination and struc
tural flexibility shown by some MOFs. These frameworks can undergo 
reversible changes in their architecture when exposed to external stimuli 
such as variations in pressure, shifts in temperature, or the presence of 
specific guest molecules. This behavior, known as “gating” or “breath
ing”, is characteristic of some materials of the MIL series and other 
flexible MOFs [43,44]. This property can be advantageous for controlled 
release applications, because it allows the material to open and close by 
modulating the diffusion of the host molecules.

However, the stability of MOFs depends to a large extent on the type 
of metal and ligand used. Some MOFs, such as those based on Zn and 
simple carboxylates (e.g. MOF-5), show poor moisture resistance and 
tend to degrade in the presence of water [37]. Others, such as UiO-66 or 
MIL-101, exhibit remarkable robustness and can withstand much more 
extreme conditions, including wide pH ranges, elevated temperatures, 
and exposure to water or other polar solvents [28,34,35]. As interest in 
their environmental and biological applications has grown, significant 
research has focused on understanding how these materials break down 
under hydrolytic or thermal stress. Table 1 summarizes the most 
investigated MOFs reported for agricultural and environmental 
research, presenting their metal composition, ligands, surface area, pore 
characters and associated physicochemical characteristics.

4. Use of MOF in agriculture

The application of Metal-Organic Frameworks in agriculture 

represents one of the most recent and promising strands of porous ma
terials research. Although MOFs were initially designed for applications 
in the energy, environmental and pharmaceutical fields, their modular 
structure, large surface area and the ability to control the kinetics of 
adsorption and release of molecules have made them candidates of great 
interest for the development of intelligent fertilizers and advanced 
phytosanitary formulations.

The growing need for more efficient and sustainable agricultural 
systems has helped to direct part of the research towards materials 
capable of reducing the leaching of nutrients, improving the availability 
of elements in the soil and minimizing the environmental impact of 
pesticides. One of the main problems of modern agriculture in fact 
concerns the waste of nutrients. Much of the nitrogen and phosphorus 
applied to soil is lost due to volatilization (50-70%), washing or insol
uble (5-10%) generating economic costs and environmental damage 
[15,20]. At the same time, traditional phytosanitary treatments often 
suffer from poor efficiency (<10%), because the active ingredient is 
rapidly degraded by sun, moisture or microbiological decomposition, 
requiring repeated applications and high doses [45–47].

The possibility of designing porous materials capable of hosting 
nutrients or active molecules and releasing them gradually, or only in 
response to specific physico-chemical stimuli of the soil, opens the way 
to more targeted agricultural techniques with less impact. MOFs based 
on iron, zinc, zirconium and magnesium are getting attention due to 
their good stability, relative biocompatibility and potential biodegrad
ability. In recent years, scientific production on the subject has grown 
rapidly. Several reviews and experimental articles published between 
2018 and 2024 have shown encouraging results on the beneficial use of 
MOFs on model crops, showcasing both the advantages and the criti
calities of such approaches. For instance, a review on MOFs as nano
carriers for agriculture highlights their promise of controlled nutrient 
release, environmental remediation, and sensing, while noting that 
practical deployment still faces hurdles in scaling up, cost, and envi
ronmental behavior [11]. Use of MOF-based slow-release fertilizers can 
be considered an attractive alternative to conventional fertilizers since 
they significantly improve nutrient use efficiency by controlling release 
rates and reducing leaching losses [22,48]. Several reviews have also 
reported that MOFs can serve as advanced vectors to reduce environ
mental dispersion compared to traditional formulations through 
encapsulation of pesticides and their release in a controlled manner [11,
47].

The use of MOFs in agriculture can be employed for fertilization and 
phytosanitary defense purposes (Fig. 1). In the first case, MOFs can act as 
nutrient reservoirs or vectors of essential micronutrients to improve 
their availability and reduce their dispersion. They can also act as de
livery systems for pesticides, protect the active ingredient from degra
dation and permit their progressive release. The range of their 
applications can be expanded since MOFs can directly contribute to the 
destruction of pathogens or the degradation of contaminants, due to 
their catalytic properties [49,50].

In addition to these functions, MOFs have shown possible environ
mental remediation functions such as the removal of heavy metals, 
pesticide residues, and excess nutrients from soil and water. MOFs, with 
their high surface area and tunable adsorption capabilities, are very 
efficient in removing pollutants and can be applicable for soil remedi
ation and the improvement of irrigation water quality [51]. This is 
particularly relevant to long-term accumulation of pollutants which can 
negatively impact soil health and crop yield. Furthermore, post-harvest 
application of MOFs in food packaging systems is increasingly being 
explored [7,8]. The ability of MOFs to absorb gases like ethylene (with 
uptake capacity of about 41 cm3 g− 1), regulate moisture, and deliver 
slow-release antimicrobial agents makes them well-suited for extending 
the shelf life of perishable foods like fruits, vegetables, and meat [52], 
thus reducing food waste in long-distance shipping. These applications 
extend the use of MOFs along the agricultural value chain with a synergy 
between crop production and storage.
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Table 1 
Representative MOFs commonly investigated for agricultural and environmental applications.

MOF Metal node Organic ligand BET surface 
area (m2 g− 1)

Structural Motif/ 
Lattice Type

Pore size (nm) Controlled 
nutrient release 
suitability

Relative stability 
in soil

Key properties Representative 
applications

Ref.

MIL-101 
(Fe)

Fe3+ Terephthalate (BDC) 3000–4100 Mesoporous MTN 
topology

2.9–3.4 Very Good High Strong Fe–O clusters, high 
porosity; good aqueous 
stability across moderate pH

Soil incubation/lab: 
Nutrient & pesticide 
delivery

[34,96,
97]

UiO-66 Zr4+ Terephthalate (BDC) 1100–1500 12-connected fcu 
topology

~0.6 Excellent (slow, 
sustained release)

Very high Strong Zr–O bonds; high 
node connectivity; 
exceptional hydrolytic 
resistance

Lab: Phosphate 
adsorption; pesticide 
encapsulation

[35,97,
98]

UiO-66- 
NH2

Zr4+ Amino-BDC 900–1200 fcu topology 
(expanded linker)

1.1–2.2 Excellent Very high Robust Zr cluster, 
functionalized surface; 
improved adsorption affinity

Lab: Agrochemical 
delivery

[35,98,
99]

ZIF-8 Zn2+ 2-Methylimidazolate 1400–1600 sodalite (SOD) 
topology

1.1–1.5 Moderate–Low Moderate–Low pH-responsive; degrades in 
acidic media

Lab: Pesticide delivery [36,
97]

MIL-53 
(Fe)

Fe3+ Terephthalate (BDC) 1000–1500 Flexible “wine- 
rack” topology

Flexible Good (responsive 
release possible)

Moderate–High Breathing behavior; 
moisture sensitivity

Lab: Stimuli-responsive 
release systems

[97,
100]

Mg-MOF- 
74

Mg2+ DOBDC (2,5- 
dihydroxyterephthalate)

630–1300 1D hexagonal 
channels

1.1–1.2 Moderate (fast 
release likely)

Low– Moderate Open metal sites; acid- 
sensitive; biodegradable; 
strong adsorption

Lab: Mg release; soil 
amendment

[101,
102]

NH2-MIL- 
125 
(Ti)

Ti4+ Aminoterephthalate 1200–1500 3D 
Ti–carboxylate

~0.7 Very Good High Strong Ti–O bonds; 
photocatalytic; moderate 
hydrolytic robustness

Lab: Antimicrobial/ 
phytosanitary 
applications

[103,
104]

HKUST-1 Cu2+ Trimesate (BTC; 1,3,5- 
benzenetricarboxylate)

1200–1800 tbo topology 0.9-1.1 Poor (rapid 
collapse)

Very low Open Cu sites; good 
porosity; moisture 
sensitivity reported in 
water/acidic conditions

Lab: Model MOF for 
stability studies

[102,
105]

MOF-177 Zn4O clusters BTB (1,3,5- 
benzenetribenzoate)

3875–4500 Highly porous 
cubic net

mesoporous cages Limited Low Ultrahigh porosity; large 
cages; high surface area

Lab: High-capacity 
adsorption; benchmark in 
ultraporous MOF 
literature

[102,
106,
107]

NU-110 Cu2 

paddlewheel
Acetylene-rich extended 
carboxylate linker

~7140 Low-density Zr 
framework

microporous, 
very high pore 
volume

Moderate Low– Moderate Very high BET areas; 
ultrahigh porosity

Lab: Benchmark ultrahigh 
surface area MOF; gas 
storage research

[107]

GR-MOF- 
27

Mg2+ Fosfomycin-derived 
phosphate

- Layered hybrid 
framework

- Moderate Moderate Mg–O bonds weaker than 
Zr/Fe/Ti; stability enhanced 
by rigid linker

Greenhouse: Mg release 
and nutritional effect in 
plants

[53]
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Despite these advances, the use of MOFs in agriculture is still in the 
research and development phase, conducted through laboratory or pilot- 
scale studies. Issues regarding their stability, degradation/release rates 
and potential risks on soil microbiota, beneficial insects, and non-target 
organisms need to be addressed. Even though MOFs have indicated 
potential to become a valuable tool in the development of sustainable 
agricultural systems. An overview of the application of MOFs in agri
culture showcasing their adoption as controlled release fertilizers, and 
carriers for agrochemicals towards a sustainable crop productivity and 
food security as well as challenges limiting field adoption is presented in 
Fig. 1.

4.1. MOF for fertilization: controlled release of nutrients

The use of MOFs as smart fertilizers is based on their capacity to trap 

essential plant nutrients within their porous structure through physical 
(van der Waals forces, hydrogen bonds) or chemical (coordination with 
metal centers) interactions and subsequently release them slowly into 
the soil. This mechanism is illustrated in Fig. 2. The strength of these 
interactions determines the load capacity of the material and the rate at 
which the compound can subsequently be released. This controlled- 
release approach directly addresses a major limitation of conventional 
fertilizers which is the tendency to discharge nutrients too quickly, 
leading to significant losses through leaching or volatilization and ulti
mately lowering the amount available for plant uptake.

The most studied nutrients in combination with MOF are nitrogen, 
phosphorus and micronutrients such as zinc, iron and magnesium [20,
22,53]. In some cases, MOFs can directly incorporate nutrient ions into 
their framework. For instance, iron- or magnesium-based MOFs are 
capable of releasing these elements gradually as the framework 

Fig. 1. Overview of the application of MOFs in agriculture.

Fig. 2. Mechanism of controlled release of nutrients in soil-plant systems.
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naturally breaks down in the soil [22]. Other MOFs can instead absorb 
nutrients such as ammonium, nitrate or phosphate inside the pores, 
retaining them through electrostatic or coordinating interactions [15]. 
Many MOFs break down faster under acidic conditions, such in the case 
of fertile, organic-rich soils. This pH-dependent degradation and 
nutrient release can be advantageous in slightly acidic environments 
where plant roots are more active. For instance, magnesium-based MOFs 
(Mg-MOF-74) dissolved more readily at pH values below 6, gradually 
releasing Mg2+ ions that support chlorophyll formation and photosyn
thesis [54]. Similarly, ZIF-8, a zinc-based framework, is more soluble in 
acidic soils, providing Zn2+ either as an essential micronutrient or as an 
enhancer of seed germination [55].

Recent experimental studies indicated that iron-based MOFs 
enriched with N, P, and Fe were successfully synthesized at both labo
ratory and pilot scales to gradually release N, P and Fe over 98 days 
when incubated in soil, with significantly slower release and reduced 
leaching compared to conventional soluble fertilizers, and improved rice 
yield under controlled conditions [22]. Similarly, in a field trial with a 
hydrothermally synthesized MOF rich in N, P, and Fe, about 50.9% of 
the MOF had degraded during the cropping season with soil analyses 
indicating sustained nutrient supply [20], demonstrating that MOF 
degradation can serve as a controlled-release mechanism under real soil 
conditions. Comparable results have been obtained with other MOF 
types: a citric acid-based MOF maintained slow nutrient release over 100 
days in soil incubation [48]. And a magnesium-based MOF 
(GR-MOF-27) released Mg2+ over time, with treated plants showing 
greater Mg uptake (64.9%) and growth (13.1% dried weight) compared 
to conventional MgSO4 fertilizer, confirming that MOF-based nutrient 
delivery is not limited to iron-based frameworks [53]. This progressive 
release of Mg2+, especially under acidic soil conditions, improves the 
availability of this micronutrient, potentially contributing to the 
correction of soil acidity. Representative studies of MOF-mediated 
controlled release of plant nutrients are summarized in Table 2.

The ability to modulate the release of nutrients by adjusting the 
composition, functionalization or crystallinity of the MOF enables the 
fabrication of highly customizable fertilizers. In some cases, it has also 
been shown that the release can be stimulated by specific environmental 
conditions, such as pH variations, presence of anions in the soil or mi
crobial activity, paving the way for “smart” systems capable of 
responding to the real needs of the plant. Laboratory and soil-microcosm 
studies further indicated that nanometric MOF formulations can inter
fere with soil microbial communities and transiently modify enzyme 
activities linked to the nitrogen cycle. For example, long-term soil 
exposure to an iron-based MOF nano pesticide (CF@MIL-101) altered 
the abundance and composition of nitrifying and denitrifying bacterial 
groups and changed N-cycling dynamics in soil and in earthworm gut 
microbiomes [56]. Changes in urease, dehydrogenase and nitrification 
activity depending on nanoparticle type, dose and soil texture have also 
been reported in other lab microcosm and shock-load experiments with 
MOF or metal-based nanoparticles further confirming that metal-based 
engineered nanoparticles can disrupt soil enzyme activities and N 
transformations [57,58].

4.2. MOF for phytosanitary defense: delivery of pesticides, fungicides and 
insecticides

The use of MOF in phytosanitary defense represents a significant 
evolution compared to traditional formulations of pesticides. Most of the 
pesticides and fungicides used today in agriculture have in fact well- 
documented problems ranging from poor stability to sunlight, rapid 
hydrolytic degradation, volatilization, and low biological efficiency, 
sometimes below 0.1% of the active ingredient applied [13,59]. The rest 
is lost in the environment, contributing to soil, water and air pollution, 
as well as increasing the risks for non-target organisms.

Research on MOFs as delivery systems for agro-chemicals arises 
precisely from the need to improve the efficiency of formulations, 

reduce the frequency of treatments and reduce the chemical load 
dispersed in agricultural ecosystems. Among the most studied MOFs in 
the phytosanitary field, materials based on iron, zinc and zirconium 
stand out, chosen for their relative stability, lower toxicity and ability to 
maintain high levels of load of the active ingredient [13,15,60]. In many 
cases, the microporous structure of MOFs allows the pesticide to be 
retained due to physical interactions (adsorption, n-n, van der Waals) or 
chemical interactions (coordination with metallic sites), protecting it 
from photodegradation or leaching. An example is the use of MOF 
UiO-66, based on zirconium clusters, to convey fungicides such as car
bendazim. Studies conducted in recent years have shown that UiO-66 
can incorporate significant amounts of the active ingredient and 
release it gradually in the presence of water or in slightly acidic envi
ronments, typical conditions of agricultural soils. This controlled-release 
behavior enables the fungicide to remain effective over an extended 
period, reducing repeated applications compared to conventional for
mulations [60–62].

Zinc-based MOFs, such as ZIF-8 (zeolitic imidazolate framework), 
have also demonstrated strong potential as carriers of insecticidal 
compounds. ZIF-8 is relatively stable under neutral pH conditions but 
gradually breaks down in acidic environments, allowing the active 
ingredient to be released in a controlled manner. Thi@ZIF-8 (thia
bendazole@ZIF-8) showed extended, pH-responsive release with 

Table 2 
Controlled release of nutrients using MOFs.

MOF type Nutrient 
(s) tested

System/test Key result (concise) Ref.

Fe-MOFs N, P, Fe Soil 
amendment; 
rice pot test

Gradual release of 
NH4

+, NO3
− , P, Fe over 

98 days; rice yield 
improved vs controls.

[22]

Citric-acid 
derived MOFs

N (from 
urea), P

Soil and water 
(laboratory- 
scale)

MOFs synthesized 
hydrothermally from 
ferric chloride, citric 
acid, phosphoric acid 
and urea; sustained 
nutrient release >100 
days in soil.

[48]

Iron-based 
oxalate- 
phosphate- 
amine MOF

N, P Soil 
(laboratory- 
scale)

Rapid urea 
hydrolysis; slow 
conversion of 
ammonium to 
nitrate; slow P 
mobilization; 
efficient N fertilizer.

[108]

Hydrothermal 
MOF (N, P, Fe 
rich MOF)

N, P, Fe Field trial — 
wheat soil 
(field)

MOF framework 
degraded 50.9% over 
the wheat season; soil 
nutrient analyses 
indicated sustained 
N, available P and Fe 
supply during crop 
growth (evidence of 
controlled-release via 
framework 
degradation).

[20]

Core–shell MIL- 
100(Fe)/silica 
nanocarrier

Urea (N) Laboratory- 
scale release 
tests

MIL-100(Fe)/silica 
core–shell loaded 
with urea: 
demonstrated 
controlled urea 
release and improved 
N-use metrics in 
model tests.

[109]

GR-MOF-27 
(Mg-MOF)

Mg, P 
(co- 
released)

Plant growth 
tests (pot/ 
greenhouse)

GR-MOF-27 released 
Mg2+ in controlled 
manner; plants had 
higher Mg uptake 
(64.9%) and better 
growth vs MgSO4 

control

[53]
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superior control of Botrytis cinerea and reduced soil leaching relative to 
free Thi [61], and CLO@ZIF-8 (clothianidin@ZIF-8) retained 70% effi
cacy against Nilaparvata lugens after water rinsing and maintained 
significantly higher residual activity than clothianidin solution over 10 
days [62]. Similarly, within fungicide research, iron-based MOFs, such 
as MIL-101(Fe) have attracted considerable interest. Originally explored 
in pharmaceutical applications for the administration of bioactive 
molecules, this framework offers a high loading capacity and provides 
strong protection of the active ingredient against photodegradation. In a 
2020 study, MIL-101(Fe) was used to convey diniconazole, a fungicide 
widely used in agriculture, with a loading content of 28.1% and a sig
nificant fungicidal bioactivity against Fusarium graminearum [63]. In 
addition, MOFs have also been used to control pests in stored food 
products [64]. Post-harvest losses due to insects, mites, and microbial 
contamination present a major concern in food systems. Their intrinsic 
antimicrobial activity, driven by reactive oxygen species generation and 
controlled release of bioactive compounds, enables effective inhibition 
of spoilage microorganisms and fungal pathogens. In addition, MOFs 
can adsorb and remove pesticide residues and toxins, with reported 
reductions below regulatory limits (<10 μg L− 1) [65], thereby 
improving food safety. This improves effectiveness, decreases active 
substance input, and limits exposure of food products to high concen
trations of chemicals. Furthermore, the adsorption capabilities of MOFs 
may be exploited for the removal or controlled release of volatile com
pounds used in pest management, offering an alternative to conven
tional fumigation strategies.

Some MOFs can act as antimicrobial photocatalysts, by generating 
reactive oxygen species (ROS) under exposure to UV or visible light 
thereby damaging the membranes and enzymes of pathogens [66,67]. 
Materials such as NH2-MIL-125, have been tested and shown to achieve 
99% antibacterial efficiency against Staphylococcus aureus and Escher
ichia coli within 20 min of white light irradiation [68]. In such appli
cations, the MOF not only provides a physical barrier that moderates the 
release of fungicides but also contributes actively through photo
catalytic degradation of pathogens, significantly broadening its func
tional utility. A growing interest in stimuli-responsive MOFs, which are 
engineered to discharge their active compounds under specific envi
ronmental signals, has been noted. Some studies have proposed MOFs 
that degrade more quickly in the presence of enzymes secreted by 
pathogenic fungi, releasing the active ingredient only near infection. 
Although it is still at a preliminary stage, this strategy could lead to the 
development of “smart” formulations that can drastically reduce the 
overall dosage needed. Table 3 summarizes key empirical studies on 
MOF-based phytosanitary systems, highlighting the types of MOFs 
employed, the active compounds loaded, and observed outcomes.

4.3. Sensing with MOF in agriculture

In addition to the more traditional roles of nutrient and pharma
ceutical carriers, MOFs emerge as a promising platform for agricultural 
sensing, due to their highly porous structure, chemical modularity and 
functionalization possibilities. They are being adopted as tools to create 
sensors capable of detecting various critical analytes, such as soil 
moisture, fertilizer ions (for example nitrates) and also traces of pesti
cides, with high sensitivity and selectivity.

A particularly interesting example is the development of MOF-based 
soil moisture sensors [69], wherein a MOF (Cr-soc-MOF-1) with high 
water absorption capacity was applied to an interdigitized electrode and 
inserted into the ground, the water enters the pores of the MOF, 
replacing the initial air and modifies the dielectric constant (capacity) of 
the material, which can be measured electronically. This sensor showed 
a very high sensitivity (450% response increase) in clay soils, with 
response times in the order of a few hundred seconds [69]. Such sensors 
are directly relevant to irrigation management, where real-time mois
ture data can inform water application schedules and reduce overuse. It 
has also been shown that electrochemical sensors based on Ag-MOF can 
simultaneously detect nitrites and nitrates with very low detection limits 
(0.045 μM for nitrite, 12 μM for nitrate), making them useful for 
monitoring nutrient availability in the soil or water used for irrigation 
[70]. This capability can be coupled with fertilizer application strategies 
to improve nutrient use efficiency and minimize leaching losses. Beyond 
nutrients and moisture, MOF-based optical sensors have been explored 
for detecting agrochemical contaminants. Fluorescent lanthanide-based 
MOFs (e.g., with Tb) are capable of detecting phosphates in pesticides 
such as glyphosate with limit detection of 0.0144 μM or other agro
chemical molecules exhibiting micromolar or nanomolar sensitivity 
through estimation of light emission change in the presence of the an
alyte [71,72]. Likewise, Han et al. [73] developed a fluorescent sensing 
system based on UiO-67 to detect carbendazim residues in fruits and 
vegetables through determination of a ratiometric signal (UiO-67 
emission quenching + carbendazim emission) with a detection limit of 
0.003 μM.

MOFs structure and properties further facilitate the design of 
multifunctional sensors that can be integrated with low-power elec
tronics to develop IoT devices for online monitoring [74,75]. This use of 
MOF can be employed in precision agriculture for continuous, in situ 
monitoring of humidity, nutrients and contaminants, in order to opti
mize the use of resources (water, fertilizers) and reduce the environ
mental footprint.

Table 3 
Empirical studies on MOFs for phytosanitary.

MOF (type) Active ingredient (AI) Loading/release behavior (key data) Test system/outcome Ref.

ZIF-67 (nanocarrier) Boscalid (fungicide) High loading (18%); pH-triggered release (faster in 
acidic conditions); enhanced antifungal efficacy vs 
free boscalid

Lab: in vitro antifungal tests (Botrytis 
cinerea); improved activity, reduced 
toxicity

[110]

pH-responsive MOF Thiabendazole (fungicide) Stimulus (pH) responsive release; sustained delivery 
and protection in simulated plant environment

Lab/plant protection assays; 
demonstrated sustained release and 
improved disease control

[61]

Polymer–MOF composites (UiO-66, 
UiO-66-NH2+ biodegradable 
polymer)

2,4-dichloropheoxycetic acid 
(2,4-D) (herbicide)

High loading (45 wt%); controlled, sustained release 
vs soluble 2,4-D; composite improves handling and 
biodegradability

Lab/greenhouse: reduced runoff 
potential and sustained herbicidal 
availability

[111]

ZIF-8, ZIF-67 and others Various pesticides (multiple 
AIs across studies)

Reports many stimuli-responsive release profiles (pH, 
moisture, redox); improved stability and tunable 
kinetics

Lab and greenhouse studies 
summarized; most work pre-field scale

[60]

Various MOFs (survey) Multiple: pesticides and 
agrochemicals

Collated experimental instances of targeted loading 
and controlled release; protective effect vs 
photodegradation noted

Review of experimental literature; 
includes references to specific 
encapsulation studies

[13]

MOFs@MPN nanocarrier (pH- 
responsive)

Pesticides (general) pH-triggered release demonstrated; enhanced 
bioactivity and environmental stability

Lab tests: sustained-release behavior 
and improved efficacy

[112]
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5. Limitations and stability challenges of MOFs

Despite the advantages of MOFs in agriculture, several steps are 
needed for their widespread adoption. One major issue is their stability 
under field conditions. MOFs that are stable in the laboratory may be 
degraded in soils, due to high moisture, humic substances, or tempera
ture alterations. As summarized in Fig. 3, the stability of MOF is strongly 
dependent on environmental conditions. For instance, ZIF-8 and MIL-53 
(Fe) are easily hydrolysed in humid and acidic (pH < 5) environments 
[55,76,77]. Oxidation of redox metals, such as Fe2+ or Cu2+, may affect 
MOFs stability. In oxygenated environments or under solar radiation, 
these metal centers may oxidize and alter the coordination geometry and 
weaken the MOFs structure. Exposure to UV light can also induce pho
todegradation, particularly in the existence of aromatic binders such as 
terephthalate or imidazolates [78]. UV-induced cleavage of C-C or C-O 
bonds may occur in foliar applications, where the MOF is directly 
exposed to sunlight. Some researchers have developed photostable 
MOFs to mitigate such effects by replacing binders with aliphatic rings 
or by introducing surface coatings [79,80].

In addition, the possible release of metals such as Zr, Zn or Fe de
serves further evaluation to avoid unwanted accumulations in the soil. 
Some zirconium- or copper-based MOFs may gradually leach small 
amounts of metals which, at elevated concentrations, could harm soil 
microbiota and fauna or aquatic life. For example, Zr-MOFs have been 
shown to leach Zr and linker species in buffered or photochemical en
vironments, and UiO-66-type materials can release zirconium under 
aggressive conditions [81,82]. Likewise, Cu-MOFs such as HKUST-1 are 
hydrolytically labile and may release Cu2+ when exposed to water or 
acidic media [83].

The consistency and scalability of MOF synthesis are also major 
drawbacks. These materials require controlled manufacturing condi
tions, which rely on expensive reagents, organic solvents and energy- 
intensive processes. Despite the recent advances in water-based and 
biodegradable “green” synthesis methods, the production of MOFs at 
large scale with uniform quality is still difficult. This can lead to varia
tions in synthesis and framework properties, and in uncertain behavior 
in field applications. Consequently, production costs remain high, which 
presently limits the realistic application of MOFs as commercial fertil
izers or agro-products, although progress in cheaper and greener syn
thesis techniques could attenuate these barriers.

Analytical characterization poses another issue to address. Accurate 
measurement of active ingredients, load of MOF carries, porosity, and 
release rate and mechanism in complex environments such as soil, 

require advanced instrumentation. Techniques such as BET surface area 
analysis, TGA, DRIFT spectroscopy, and ICP-MS are often necessary to 
obtain reliable data, however, these tools are not commonly available in 
standard agronomy laboratories.

6. Challenges and future prospects

The introduction of MOFs in agriculture may raise concerns about 
their possible effects on human health, animals’ welfare, and environ
mental quality. MOFs are nanoscale materials with hybrid organ
ic–inorganic structures that can release both metal ions and organic 
fragments during degradation, therefore thorough environmental 
assessment is prior to real-scale applications. Such assessment must 
consider the toxicity of constituent metals, the biodegradability of 
organic binders and their persistence in the soil, bioaccumulation as
pects, and the effects on soil microbial communities and fauna. Most 
agricultural MOFs use relatively biocompatible metals such as Fe, Mg, 
Zn or Zr, which are generally assimilable and show low toxicity, but 
some also include Cu, Co or Ni, which can be cytotoxic at low concen
trations [15,84]. Although metals such as Zn may become toxic at 
concentration levels above 200-300 mg kg− 1 [84] and highly persistent 
Zr-based frameworks could interfere with soil microbiota, if accumu
lated, current studies suggest low risk at realistic agronomic doses. 
Application rates of MOFs reported in soil systems are generally low 
(<50 mg kg− 1), and most functional studies have been conducted at 
≤20-30 mg kg− 1 [85,86]. However, long-term field studies are needed to 
fully assess environmental risk posed by Zr-based frameworks, given 
their persistence and potential for bioaccumulation. While there is no 
direct evidence that Zn-MOFs such as ZIF-8 affect Rhizobium symbiosis, 
studies with free Zn2+ and ZnO nanoparticles show that elevated Zn 
concentrations or nanoparticulate Zn can inhibit R. leguminosarum 
growth, delay nodulation, and reduce nitrogen fixation [87]. Although 
ZIF-8 is primarily used as an adsorbent (and not as catalyst as ZnO), 
similar effects cannot be excluded since Zn2+ may be released from ZIF-8 
[88], thus deserving further investigation before field deployment.

Organic binders based on terephthalate, fumarate or imidazolate are 
gradually mineralized in soil, with reported half-lives typically ranging 
from 2 to 8 weeks, producing metabolites already present in soil 
chemistry, while newer bio-based linkers further improve biodegrad
ability [11,89]. Fe- and Mg-based MOFs tend to degrade within weeks, 
whereas Zr- and Ti-based materials may persist longer; nevertheless, 
complete degradation within one or two crop cycles is considered 
desirable to avoid long-term accumulation [15,90–92]. Due to their 
nanoscale size (50-500 nm), attention is required regarding bio
accumulation, but available evidence indicates that most biodegradable 
MOFs remain largely localized in the rhizosphere and show low toxicity 
in plant and animal models. Ecotoxicity studies generally report limited 
and reversible effects on earthworms, pollinators and soil microbiota, 
with only transient shifts in microbial enzyme activity [56].

A comparison of some key characteristics of MOFs with conventional 
porous materials commonly used today in agriculture, namely natural 
zeolites, pumice and other mineral soil conditioners is summarized in 
Table 4. These conventional materials have been extensively utilized 
owing to their affordability and natural abundance. While these mate
rials possess passive adsorption and ion exchange capabilities, they lack 
the tunable and selective release functionality of MOFs for controlled 
and stimuli-responsive release kinetics. Although considerably more 
expensive than conventional fertilizers, the improved nutrient use effi
ciency, lower leaching losses, and multifunctionality of MOFs has the 
potential to mitigate the economic limitation through reduced applica
tion frequency and subsequently improve overall agronomic perfor
mance. Moreover, MOFs provide greater opportunities for modulation of 
release rates and nutrient delivery compared to traditional materials 
that predominantly display a fixed diffusion-controlled release behavior. 
Mineral materials such as zeolites and pumice are characterized by high 
stability and low ecotoxicity; on the other hand, MOFs exhibit variable 

Fig. 3. Stability and degradation behavior of representative MOFs under 
varying environmental conditions relevant to agricultural soils. This system is 
acted upon and significantly influenced by moisture and exposure to UV light.
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biodegradability depending on metal nodes and organic linkers, thus, 
their use as soil amendments in agriculture should be done with caution.

From an economic point of view, the recent cost for MOFs production 
is one of the main barriers for wide adoption in agriculture. Techno- 
economic analysis by Severino et al. (2021) estimated the production 
cost of MIL-160(Al) at about 55 US$ kg− 1 at an industrial scale of 100 t 
yr− 1, which is higher than the cost of conventional fertilizers such as 
urea or ammonium nitrate (typically <1 US$ kg− 1). Earlier cost as
sessments for MOFs such as HKUST-1 and MOF-5 projected large-scale 
manufacturing costs of 35-71 US$ kg− 1 using solvothermal routes, and 
potentially 13-36 US$ kg− 1 with low-solvent or aqueous synthesis [10]. 
While low application rates are anticipated for MOFs compared to 
conventional fertilizers (estimated around 20-30 kg ha− 1 vs 150-300 kg 
ha− 1 for conventional nitrogen fertilizers) [93], these values remain 
system dependent and have not been standardized across different crops 
and formulations yet. Conventional urea fertilizers typically cost about 

50-150 US$ ha− 1, whereas polymer-coated controlled-release fertilizers 
(with generally superior efficiency) could increase costs to about 
150-400 US$ ha− 1 due to higher market prices. However, production 
and application costs for MOF-based fertilizers such as ZIF-8 and 
UiO-66, are likely to reach up to a maximum of 1000 US$ ha− 1. 
Although, a change in material composition like the use of Mg and Ca 
can result in lower production costs and lower application rates, 
reaching an overall cost of 100-200 US$ ha− 1, which can be even more 
reduced with the further adoption of the MOF technology.

The economic competitiveness of MOF depends on future advances 
in scalability and low-cost synthesis. MOFs can be synthesized using 
different techniques, such as conventional solvothermal and hydro
thermal methods [40]. Solvothermal methods, most often utilizing 
organic solvents like N,N-dimethylformamide (DMF) or N, 
N-diethylformamide (DEF) under high temperature and pressure, are 
the most widely used due to their ability to produce highly crystalline 

Table 4 
Cost Benefits Analysis of MOFs and Conventional Porous Materials used in Agriculture.

Material Typical 
cost (USD/ 
kg)

Surface 
area (m2/ 
g)

Functionality Controlled 
release 
capability

Stability in 
soil

Ecotoxicity risk Advantages Limitations Ref.

MOFs 10–100+ 500–7000 Highly tunable; 
multifunctional

Excellent 
(stimuli- 
responsive)

Variable 
(depends on 
type)

Moderate 
(metal- 
dependent)

High efficiency; 
reduced leaching; 
smart delivery

High cost; 
scalability 
issues

[107,113]

Natural zeolites 
(clinoptilolite)

0.1–0.5 50–300 Ion exchange 
(NH4

+, K+

retention)

Moderate 
(diffusion- 
based)

High Low Very cheap; 
widely available; 
soil conditioning

Limited 
tunability; 
lower capacity

[114]

Synthetic 
zeolites (e.g., 
13X)

0.5–30 300–800 Adsorption, ion 
exchange

Moderate High Low–moderate Higher purity and 
performance than 
natural zeolites

Limited 
functionality

[113]

Pumice/ 
volcanic 
materials

0.05–0.3 <10 Physical water 
retention

Low Very high Very low Extremely cheap; 
improves aeration

No active 
nutrient 
control

[115,116]

Activated 
carbon/ 
biochar

1–5 500–1500 Adsorption of 
organics, 
nutrients

Moderate High Low–moderate Improves soil 
structure; carbon 
sequestration

Limited 
selectivity

[117–119]

Table 5 
Conventional vs Greener and Scalable MOF Synthesis Strategies.

Synthesis approach Key principle Main advantages Scalability potential Reaction 
time

Agricultural applications Ref.

Solvothermal 
synthesis

Reaction in organic 
solvents (e.g., DMF, DEF) 
at elevated temperature 
and pressure

High crystallinity; well- 
defined and reproducible 
structures; widely applicable

Moderate (limited by 
solvent cost, energy 
demand, and scale-up 
constraints)

12-72 h High-performance MOFs for pesticide 
encapsulation; mechanistic studies of 
nutrient adsorption and release

[6,
120]

Hydrothermal 
synthesis

Reaction in water under 
elevated temperature and 
autogenous pressure

Safer solvent system; good 
crystallinity; reduced toxicity 
compared to organic solvents

Moderate to high (more 
scalable than 
solvothermal but still 
energy-intensive)

6-48 h Controlled-release fertilizers with 
moderate cost and good structural 
stability

[120,
121]

Mechanochemical 
synthesis

Solvent-free ball milling 
or grinding

Minimizes solvent use, fast 
synthesis, low environmental 
footprint

High 10-60 min Large-scale production of fertilizers; 
soil amendments; cost-sensitive 
applications

[122,
123]

Liquid-assisted 
grinding

Trace green solvent added 
during milling

Improves crystallinity, still 
low solvent consumption

Moderate to high 10-120 
min

Improved-quality MOFs for 
controlled-release fertilizers and 
agrochemical delivery where 
moderate crystallinity is required

[124,
125]

Water-based 
synthesis

MOFs grown in pure 
water instead of DMF/ 
DEF

Non-toxic, cheaper solvent 
system, eco-friendly

High 2-24 h Environmentally friendly fertilizers; 
applications requiring low toxicity

[126,
127]

Seed-assisted 
aqueous growth

Crystalline MOF “seeds” 
guide low-energy 
nucleation

Lower temperature, fast 
growth, better reproducibility

High 1-12 h Uniform MOFs for reproducible 
nutrient delivery systems

[128,
129]

Biomass-derived 
linkers

Use of natural acids 
(citric, lactic, fumaric)

Renewable feedstock, 
reduced cost, improved 
biodegradability

Moderate to high - Biodegradable fertilizers; sustainable 
and eco-friendly agricultural inputs

[130]

Waste-derived 
precursors

Use of PET plastics or 
industrial waste as 
organic linkers or metal 
sources

Circular economy approach, 
lower raw-material costs

Moderate - Low-cost fertilizers; circular 
economy-based agricultural systems

[24]

Microwave-assisted 
synthesis

Rapid heating via 
microwave irradiation

Short reaction times, energy 
efficient

Moderate 5-60 min Rapid production of MOFs for time- 
sensitive or pilot-scale applications

[131,
132]
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materials with well-defined structures. However, these approaches tend 
to be highly energy-intensive, require long reaction times, and raise 
environmental concerns in relation to solvent use (Table 5). In recent 
years, significant progress has been made to reduce costs. Techniques 
such as water synthesis or mechanochemical synthesis (solvent-free) 
offer prospects in reducing both economic and environmental impact of 
production [94,95], particularly for large-scale agricultural applications 
where solvent use and energy consumption are critical constraints. In 
addition, the possibility of using agro-industrial waste precursors (such 
as citric acid or lactic acid from biomass) to create natural linkers may 
further improve economic sustainability [24,94]. Use of agricultural 
residues and low-cost metal ions may further reduce MOFs production 
cost. Table 5 presents an overview of these greener and scalable stra
tegies for MOF synthesis, highlighting some of their foremost attributes 
and applicability.

A critical limitation across current studies is that most findings were 
derived from laboratory or controlled greenhouse experiments, such as 
soil incubations and pot trials, with only a very few field-scale trials to 
support the underlying mechanisms (e.g., Wu et al., 2019, 2022). Hence, 
there remains a considerable gap between laboratory scale performance 
and the field, specifically with contrasting soil types, climate variability, 
and multi-season cultivation cycles. Most specifically, the lack of long- 
term field data over several growing seasons makes it practically 
impossible to comprehensively evaluate the stability, nutrient release 
behavior, and fate of MOFs in environment when assessed under real
istic agricultural settings. This remains a key barrier to practical agri
cultural adoption and scaling.

An emerging area is that of “intelligent” MOFs, capable of reacting to 
environmental stimuli such as pH, humidity, temperature or the pres
ence of specific ions. These “responsive” materials could modulate the 
release of nutrients based on the real physiological needs of the plant or 
soil conditions, integrating perfectly with precision agriculture and 
digital soil monitoring systems. Meanwhile, there is still a lack of long- 
term data on the ecological impacts, poor standardization of assessment 
protocols and the complexity of the toxicity tests required for placing on 
the market. In addition, the stability of MOFs under field conditions 
(rain, solar radiation, pH variations), as well as the need for safety 
throughout food web, are key issues to be addressed.

Future progress in the use of MOFs in agriculture will depend on the 
synergy between materials chemistry, biotechnology, and agronomy. By 
reducing production costs and addressing environmental footprint is
sues, MOFs could become one of the most promising materials for sus
tainable, efficient and low-impact agriculture.

7. Conclusion

Metal-Organic Frameworks represent one of the most promising 
compounds of materials chemistry applied to agriculture. Their hybrid 
nature, consisting of metal ions and organic binders, results in the syn
thesis of functional material of high surface area and porosity. These 
features make MOFs ideal for nutrient storage and controlled release of 
nutrients or bioactive compounds in agricultural systems. Thus, MOFs 
can permit the controlled release of nutrients based on plant physiology 
and soil nutrient content, thereby permitting the efficient use of re
sources and improving environmental quality. Moreover, their ability to 
incorporate key macro- and micronutrients, including Fe, Zn, Mg, and P, 
provides new opportunities for sustainable, targeted, crop nutrition.

Experimental evidence to date demonstrates clear agronomic ad
vantages, including improved nitrogen use efficiency, and significant 
reduction in nutrient leaching. MOFs have also been successfully 
explored as pesticide carriers for targeted application, in order to lower 
the quantity of bioactive ingredients required while extending its pro
tective effect. These applications represent the most realistic near-term 
uses of MOFs in agriculture and are already supported by laboratory 
and pilot-scale studies. These advances align with global policy frame
works for reduced fertilizer and pesticide use.

However, the scale-up from laboratory innovation to field applica
tion is a challenging issue. Economic scalability, regulatory clarity, long- 
term ecotoxicological validation, and the design of materials that bal
ance functional stability with safe use and complete biodegradation are 
prerequisites for wide adoption in agriculture. Current advances in 
“green MOFs,” made from nutrient metals like Fe, Mg, Ca and natural 
organic linkers such as citric or tartaric acid, materials designed to 
biodegrade within the timeframe of typical crop cycles, represent an 
essential step toward resolving these challenges.

The development of multifunctional MOFs, capable of responding to 
environmental or biological stimuli, can be integrated into modern 
precision agriculture systems. In combination with sensors, drones and 
digital platforms, these advanced materials could provide a new gen
eration of adaptive, targeted, fertilizers, capable of optimizing plant 
nutrition in real time, simultaneously reducing environmental footprint 
and maximizing plant productivity, although such applications still 
require validation under field conditions.

MOFs represent a paradigm shift in how nutrients and protection 
agents can be provided in agro-ecosystems in a targeted and controlled 
manner. Current applications are likely to focus on controlled-release 
fertilizers, agrochemical delivery systems, and pollutant adsorption 
technologies, while advanced smart agricultural systems remain a 
longer-term goal. Bridging the gap between laboratory-scale innovation 
and field-scale implementation will be critical, and will require inter
disciplinary efforts across materials science, agronomy, environmental 
safety assessment, and policy development. Addressing these challenges 
will determine whether MOFs can transition from promising research 
materials to practical tools for improving agricultural productivity and 
environmental sustainability.
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[43] G. Férey, C. Serre, Large breathing effects in three-dimensional porous hybrid 
matter: facts, analyses, rules and consequences, Chem. Soc. Rev. 38 (2009) 
1380–1399, https://doi.org/10.1039/b804302g.

[44] A. Schneemann, V. Bon, I. Schwedler, I. Senkovska, S. Kaskel, R.A. Fischer, 
Flexible metal–organic frameworks, Chem. Soc. Rev. 43 (2014) 6062–6096, 
https://doi.org/10.1039/c4cs00101j.

[45] K. Fenner, S. Canonica, L.P. Wackett, M. Elsner, Evaluating pesticide degradation 
in the environment: blind spots and emerging opportunities, Science 341 (2013) 
752–758, https://doi.org/10.1126/science.1236281.

[46] M. Arias-Estévez, E. López-Periago, E. Martínez-Carballo, J. Simal-Gándara, J. 
C. Mejuto, L. García-Río, The mobility and degradation of pesticides in soils and 
the pollution of groundwater resources, Agric. Ecosyst. Environ. 123 (2008) 
247–260, https://doi.org/10.1016/j.agee.2007.07.011.

O. Oyebiyi et al.                                                                                                                                                                                                                                 Journal of Agriculture and Food Research 28 (2026) 102976 

11 



[47] R.S. Kookana, A.B.A. Boxall, P.T. Reeves, R. Ashauer, S. Beulke, Q. Chaudhry, 
G. Cornelis, T.F. Fernandes, J. Gan, M. Kah, et al., Nanopesticides: guiding 
principles for regulatory evaluation of environmental risks, J. Agric. Food Chem. 
62 (2014) 4227–4240, https://doi.org/10.1021/jf500232f.

[48] K. Wu, C. Du, F. Ma, Y. Shen, J. Zhou, Optimization of metal–organic (citric acid) 
frameworks for controlled release of nutrients, RSC Adv. 9 (2019) 32270–32277, 
https://doi.org/10.1039/c9ra06939a.

[49] M.S. Khan, Y. Li, D.S. Li, J. Qiu, X. Xu, H.Y. Yang, A review of metal–organic 
framework (MOF) materials as an effective photocatalyst for degradation of 
organic pollutants, Nanoscale Adv. 5 (2023) 6318–6348, https://doi.org/ 
10.1039/d3na00627a.

[50] D. Terrón, A. Sanromán, M. Pazos, Metal–organic frameworks: next-generation 
materials for environmental remediation, Catalysts 15 (2025) 244, https://doi. 
org/10.3390/catal15030244.

[51] G.A. Udourioh, I.I. Alikali, M.M. Solomon, C.O. Matthews-Amune, Environmental 
remediation using metal-organic frameworks: recent progress in adsorption 
capacities, mechanisms, and practical applications, J. Mol. Struct. 1351 (2026) 
144167, https://doi.org/10.1016/j.molstruc.2025.144167.

[52] Y. Fu, D. Yang, Y. Chen, J. Shi, X. Zhang, Y. Hao, Z. Zhang, Y. Sun, J. Zhang, MOF- 
Based active packaging materials for extending post-harvest shelf-life of fruits and 
vegetables, Materials 16 (2023) 3406, https://doi.org/10.3390/ma16093406.
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