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Abstract: Nanotechnology is having a significant impact in the field of agriculture, providing solutions to increase 
agricultural output to solve environmental issues. It promotes sustainable agriculture and successfully solves the current 
crisis of global food security. Sustainable agriculture is vital for securing food deliveries, maintaining resources, and 
combating environmental impact. The objective of this review is the recent development of nanocomposites based 
fertilizers in promoting agricultural sustainability. The use of traditional agricultural fertilizers indicates high nutrient 
losses of 80-90% of phosphorus and 50-70% of nitrogen contributing to environmental pollution. To cope with these 
demands, advancement in nanotechnology, such as nanocomposites-based fertilizers, is a substitute. Prominent trials 
in field scale indicate that zinc oxide nanocomposites enhanced crop yields by 25-30% though reducing fertilizer 
application rates up to 50%. Chitosan based nanocomposites demonstrated dual benefits of improved nutrient uptake 
and disease resistance, increasing plant biomass by 15-20%. The Nanocomposites based fertilizers are ecologically 
friendly, reduce environmental issues, provide sustainability to agriculture and agronomy, promote crop productivity, 
reduce the wastage of traditional fertilizers, and improve soil health. This review is estimated to cheapen and transform 
agricultural practices, increasing sustainability and productivity for shareholders and all associates for upcoming 
generations. 

Keywords: Nanocomposites Fertilizers, Sustainable Agriculture, Controlled Nutrient Release, Eco-friendly Farming 
Solutions.

1.	 INTRODUCTION

The term “nanotechnology” originates from the 
Greek word “nano”, which means to “extremely 
small”. It covers a billion meters [1]. So, we know 
nanotechnology is a term used to understand and 
organize the substances ranging from 1-1000 
nm which is an emerging technology of the 21st 
century [2]. Nanotechnology is a technology that 
we implement at the nanoscale and has a lot of 
applications worldwide. Nowadays nanotechnology 
has turned out to have a general purpose representing 
a megatrend that benefits the public [3]. Currently, 
in agriculture nanotechnology applications 

improve soil health, plant mineral nutrition (uptake 
of minerals), reduce fertilizer waste, enhance crop 
products, and micro-flora with soil, leading to 
sustainable solutions to replace bulk fertilizers [4]. 
Nanotechnology based management of crops is a 
very vital tool for improving agricultural yields. 
Quantum dots, nanofibers and carbon nanotubes 
of nanostructure and nanomaterials are used in 
agricultural research as biosensors to check the 
distribution of fertilizers and quality of the soil. In 
improving quality of crops, the carbon nanotubes 
and nanomaterials of TiO2, ZnO, SiO2, and gold 
are used [5, 6]. Additionally, nanotechnology 
specifically biogenic silver nanoparticles, holds 



immense promise across various fields, their distinct 
physiochemical attributes for potential applications 
as potent antimicrobial and anticancer agents [7, 8]. 
Agriculture is a significant growth drive all over the 
area, contributing to local increase of production 
[9]. For the survival of the rapidly growing global 
population, plant species treated with nano fertilizer 
must exhibit tolerance towards climate change [10].  
In the growth of the economy, agriculture may 
contribute in major proportions which means that 
somehow 40-60% of the countrywide income is 
produced by agriculture and 50-60% of people are 
doing job in the production of agriculture [11]. In 
agriculture, nanotechnology is forwarding step in 
the direction of tolerance and agricultural products 
through solubility enhancement, control release and 
targeted delivery while also lowering the damage 
[12]. Agricultural crops are prime food sources 
and vital fields of our living organisms which feed 
our increasing populations. Plant diseases have 
currently become a major factor in the deterioration 
of food quality and production, so to overcome 
this problem, nanotechnology is a promising 
area in agriculture from seed sowing in soil the 
cultivation of plants [13]. Nanotechnology presents 
promising avenues for sustainable agricultural 
practices, wherein nanochemicals play a pivotal 
role in enhancing plant growth and managing pests. 
Nanomaterials, like silver nanoparticles, are also 
used in food packaging to keep microbes from 
getting into the food. However, they need to be 
carefully studied to see how they might affect plant 
growth before they can be used legally [14, 15]. 
Amidst the challenges posed by climate change, 
advanced nano-engineering emerges as a crucial 
ally in enhancing crop production and securing 
agricultural sustainability.

Nanotechnology contributes to agricultural 
efficiency by optimizing input utilization and 
minimizing losses, particularly by leveraging 
nanomaterials to enhance fertilizer and pesticide 
delivery. Moreover, nano biosensors enable precise 
management and control of agricultural inputs, 
facilitating the adoption of high-tech farming 
methods [16]. Nanotechnology, which uses 
nanomaterials as carriers, facilitates a variety of 
applications in plant growth and crop management, 
including nanofertilizers, nanopesticides, 
nanosensors, and nanobiotechnology. 
Nanotechnology enhances the effectiveness 
and durability of agro-chemicals by harnessing 

distinctive structural properties, fostering plant 
growth and resilience to environmental stressors 
[17]. 

In the burgeoning era of nanotechnology’s 
integration into agriculture, a rich tapestry 
emerges, illuminating the intricate interplay 
between nanomaterials and the soil-plant interface. 
From the artistry of synthesis to the orchestration 
of metabolic pathways, nano fertilizers hold 
promises for enhancing crop physiology while 
potentially reducing dependency on pesticides 
through heightened reactivity. As attention turns to 
nanoparticles used in pesticides and soil restoration, 
new areas are opening that haven’t been explored 
yet. This is made even more important by the need 
to quickly figure out how soil nanomaterials move 
and what effects they have on farming systems [18]. 
It increases the ability of plants to resist abiotic 
and biotic stress by improving yield and quality 
of crops through the process of gene editing, and 
nanotechnology also contributes to the connotation 
of CRISPR/Cas [19]. Elimination of pollutants has 
become a major problem worldwide so to combat 
this issue nanotechnology is used to boost up the 
process of bioremediation. Nano remediation is a 
promising solution to this manmade disaster [20]. 
Nanotechnology can also modify the genome of the 
mitochondria and plastid as well as edit germ lines 
[21].

Agricultural lands are facing various critical 
challenges that threaten their productivity and 
sustainability. The primary and major problem is low 
resource use efficiency, specifically for fertilizers 
and water. The use of conventional fertilizers often 
displays poor nutrient use efficiency due to runoff, 
leaching, and volatilization with more than 50% of 
applied nutrients being lost [22]. This contributes to 
environmental pollution, i.e. increased greenhouse 
gas emissions; eutrophication of water bodies and 
results in significant economic losses. Moreover, 
overuse of chemical fertilizer has led to degradation 
of soil, lowering organic matter in soil, disrupt 
diversity of microbes, and deteriorating soil fertility 
for long term. Scarcity of water is another pressing 
problem, as agriculture consumes the largest share 
of global water, and ineffective irrigation practices. 
Likewise, over dependency on chemical pesticides 
has faster pest development and disease resistance, 
requiring the rising production costs and higher 
inputs [23]. These challenges are compounded 
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by the impacts of climate change, comprising of 
droughts, floods, and unpredictable weather patterns 
that decrease crop productivity and increase the risk 
of food insecurity. The rapidly growing population 
of the world is expected to reach 10 billion by 
2050, guaranteeing sufficient production of food 
and protecting environmental health has become an 
urgent priority [24]. This study aims to investigate 
advancements in nanocomposite-based fertilizers 
recently, increased nutrient use efficacy, directing 
on nutrient release mechanism, and possibility 
of environmental benefits. In addition, it also 
seeks to promote awareness among researchers, 
farmers, and experts to emphasize the need for 
commercialization and Environmental Impact 
Assessment for sustainable agricultural practices.

2.    METHODOLOGY FOR SEARCHING

2.1.	Information Retrieval Approach

We conducted a detailed search on electronic 
databases such as Google Scholar, Science Direct, 
PubMed, and Scopus to find the most relevant 
literature related to our review topic. We used specific 
phrases and keywords like “nanotechnology”, 
“nanofertilizers”, “nanomaterials”, “traditional 
fertilizers”, “smart fertilizers”, “nanocomposite 
materials-based fertilizers”, and “agricultural 
sustainability” during present search. This approach 
ensured that we gathered comprehensive data from 
2000 to 2024 information for this study.

2.2. Inclusion Criteria

•	 Articles that target nanocomposite fertilizers and 
their applications in agricultural sustainability.

•	 Examines environmental benefits of 
nanocomposites and controlled nutrient release 
mechanisms.

•	 Research exploring synthesis sources and bio 
nanocomposites in agricultural applications.

2.3. Exclusion Criteria

Research articles not related to nanocomposites 
applications in agricultural and only on traditional 
fertilizers without nanocomposite.

2.4. Detailed Analysis Taken Articles

One of the authors conducted an individual revision 

to the full articles acquired through electronic search. 
Relevant data from these articles were extracted, and 
any discrepancies were resolved through discussion 
and then referred to the second reviewer (another 
author) for a final decision. The extracted data were 
then summarized and organized in (Table 1) showing 
diverse nanocomposites material synthesized 
from plants, used primarily for antimicrobial 
activity, catalysis, plant growth enhancement, and 
environmental remediation and (Table 2) showing 
nanocomposites material synthesized from 
various plants source for antimicrobial, growth 
enhancement, and photocatalytic applications in 
agriculture for comprehensive analysis. The details 
from the extracted data were explained under 
corresponding headings and shown in Figure 1 
focus on the role of nanocomposite materials in 
sustainable agriculture by improving fertilizers, 
soil management, pesticides, stress management 
and food security and classifies nanofertilizers on 
the basis nutrient content, release mechanisms, and 
special coatings for controlled nutrient delivery to 
provide a clear demonstration (Figure 2).

3.    RESULTS AND DISCUSSION

3.1. Nanocomposites Material

Nanocomposites are materials that are composed of 
nanosized standard substances. It is characterized 
by chemical composition, physical characteristics, 
resource, external appearance, and size [25]. 
Bio nanocomposites are minute in size, ranging 
from 1 to 100 nm in the large amount of similar 
elements, but have the same nano characteristics. 
Bio-nanocomposites are minute in size, ranging 
from 1 to 100 nm in the large amount of similar 
elements, but have the same nano characteristics. 
Bio-nanocomposites in agriculture have a lot 
of applications, including plant growth, crop 
production, pest protection, and providing 
good nanoparticles or agricultural chemicals 
[26]. Nanocomposites are solid substances 
comprising multiple phases, with each phase 
exhibiting dimensions that may span one, two, 
or three proportions in the size of a nanometer 
[27]. Agriculture is facing challenges in terms of 
sustainability and population growth which prompt 
innovation such as polymeric films using the non-
biodegradable polyethylene. Bio-nanocomposites 
play a key role by improving the mechanical 
properties and allowing the controlled release of 
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S. 
No.

Nanocomposites 
material

Source of Synthesis Size/wt Roles References

1 ZnO-rGO Avicennia marina and 
Polycladia myrica

28.1 nm Fouling resistant activity. [31]

2 CdS/CQDs Aegle marmelos 73 nm Photocatalytic activity. [32]

3 Fe3O4/HAP/ZnO Falcaria Vulgaris 
Bernh

500 nm High porosity level.
Separation of substances 
from aqueous solution.

[33]

4 Ag/Bhm NC and Ag/
Bhm/Chit NC

Rosmarinus officinalis 72.3 and 
60.8 nm

Apoptotic and sporicidal 
agents.

[34]

5 ZnO-Chitosan Azadirachta indica 39 nm Antibacterial activity and 
UV protection.

[35]

6 Mn-ZnO Withania somniferum 11-14 nm Reduce environmental 
pollution.

[36, 37]

7 Ag-doped ZnO/MgO Caccinia macranthera 88 nm Use for detection lead ions. [38]

8 Ag and ZnO, Silver-
peptide

Trigonella 
foenumgraecum

75 nm Antimicrobial activity 
against Staphylococcus 
aureus and E. coli.
Antifungal activity against 
Candida albicans.
Also act as photo catalyst 
and antioxidant agent.

[39, 40]

9 ZnO and TiO2 Hibiscus 10/90 
and 
50/50 wt

Used as protecting agent 
in lime mortars and stones 
coating.

[41, 42]

10 Ag and ZnO Silybum marianum Biomedical [43]

11 BiVO4 Hyphaene thebaica 75 nm Biomedical [44]

12 BCN Saccharum officinarum 2-100 nm Increase mechanical vigor 
and pure type of NC.

[45]

13 Au and Ag alloy Azadirachta indica 50-100 
nm

Help in remediation of heavy 
metals.

[46]

14 CNF Elaeis guineensis 
Beta vulgaris L. and 
Gossypium species

3-60 nm Used in packaging, foams, 
paints films and coating.

[47]

15 Bimetallic Ag and Au Punica granatum 12 nm Reduction of nitrogen 
compound into aromatic 
amines.
Act as antioxidant agent.

[48]

16 ZnO and CeO2 Acacia nilotica 12 nm S. aureus 
and K. aerogenes shown 
antibacterial activity.
Help in degradation of 
methylene blue dyes.

[49]

17 MgO and Cu Cassytha filiformis L. 12 nm Reduce methylene blue, 
nitrogen compounds and 
Congo red by catalytic 
activity.

[50]

Table 1. Nanocomposites-based material synthesized from plant sources and their multifaceted roles across various 
applications.
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agricultural chemicals, promoting cultivation, 
and decreasing pollution by facing obstacles in 
commercialization such as production costs and 
nontoxicity [28]. Nanocomposites lessen the 
pesticide and fertilizer burden, offering promising 
solutions for sustainable agricultural practices 
[29]. Nanocomposites have significant properties 
that are related to native polymers formed by the 
addition of nanoparticles to polymers. Primarily, 
it controls the spatial distribution of nanoparticles. 
Secondly, predicting the spreading of particles and 
the condition of organization can optimize many 
properties of nanocomposite and lastly, we must 
look at the function that particle nature (form) 
affects dispersion therefore controlling the property. 
Nanocomposite has achieved good attention in 
advancement of agriculture products that are based 
on nanotechnology [30].

3.2.  Agricultural Fertilizers and their
        Importance

Agricultural fertilizers are compounds that are 

composed of a mixture of elements and essential 
mineral substances used for plant nourishment 
and growth [59]. Currently, to make agriculture 
sustainable and productive, fertilizers are among 
the most significant [60]. To cope with the demand 
for food due to the increase in population, fertilizers 
are essential agricultural inputs. Complications of 
human health problems and many environmental 
issues have resulted from the application of careless 
use [61].

3.2.1. Smart fertilizers

Smart fertilizers are used in top, which is applied 
for the management of interval, time, and speed 
of nutrient release and absorption by plants for 
improving crop growth and reducing the impact 
of other environmental issues [62]. In smart 
fertilizers, one is slow-release fertilizers (SRF), 
which refers to the spreading of nutrients that are 
available to plant life through the processes of 
solubility reduction, biodegradation, and hydrolysis 
as compared to products that are reference soluble, 

18 CuO and C Adhatoda vasica Neea 7-11nm Candida albicans and 
Aspergilus niger showing 
antifungal activity.
S. aureus, K. pneumoniae, 
E. coli, and P. aeruginosa 
showing antimicrobial 
activity.

[51]

19 SiO-TiO2 E. coli 0.8 × 
5 mg

Role in microbial activity, 
osteogenesis, and LED 
(Light emitting diode).

[52]

20 ZnO and FeO BNC Anethum graveolens 15/15 wt Enhance seed biomass, 
vegetative growth and 
inflorescence and improve 
stress tolerance in plants.

[53]

21 Ag-ZnO Tetradenia riperia 200-
600 μg/m Antibacterial activity

[54]

22 Alginate/Chitosan 
with CuO

Fortunella margarita 300 nm Enhances the germination of 
seed.

[55]

23 Vinasse Biochar 
dolomite

Sectaria viridis 41 nm Phosphorus fertilizer 
substitute and enhance 
growth.

[56]

24 Bentonite/ Acrylate 
acid-co-acryl amide

Oryza sativa 34.6 nm Use in agriculture for water 
absorption and nitrogenous 
(urea) fertilizers.

[57]

25 CNCs (Alginate 
coated cellulose 
nanocrystals)

Gossypium arboreum 5% wt Increase Hydrogel property.
Improve water retention
Help in sustainability of 
fertilizers.

[58]
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S. No. Nanocomposites 
material

Source Size  Roles References

1 Ag-chitosan Solanum lycopersicum 87 nm Control bacterial wilt [73]
2 Ag-Starch Punica granatum 1-54	  nm Antimicrobial activity [74]
3 Carboxymethyl 

Cellulose/Silver (CMC-
AgNPs)

Syzygium aromaticum 30-70 nm Antibacterial activity [75]

4 Mt-Ag Zea mays 10.52 nm Wastewater treatment [76]
5 Ag-chitosan Cissus arnottiana 23 nm Antibacterial activity [77]
6 AgNP/MCC/starch/whey 

protein
Azadirachta indica 20 nm Antibacterial and food 

preservation activity
[78]

7 Ag-Chitosan Aloe vera 20 nm Improve physiochemical 
properties

[79]

8 Zinc oxide/carbon 
nanofiber

Thymus daenensis  
and Stachys pilifera Benth

45 nm Efficient Antibacterial and 
photocatalytic activity

[80]

9 Zinc oxide–silver
Zinc oxide–copper

Bridelia ferruginea 18.98 and 
18.90 nm

Improve phenolic and 
terpenoids

[81]

10 Zno-GO Sonchus Oleraceus 5 nm Generation of Reactive 
Oxygen Species

[82]

11 ZnO-Ag Thymus vulgaris 75 nm Antioxidant, photocatalytic 
and antimicrobial activity

[83]

12 Mg0.5Zn0.5FeMnO4 Astragalus gummifer 20 nm Photocatalytic activity [84]
13 ZnO-NiO Sterculia foetida 30-35 nm Antibacterial activity [85]
14 Chitosan-ZnO Beta vulgaris 20-80 nm Antibacterial activity [86]
15 Ag-ZnO Ocimum tenuiflorum 30-40 nm Dye degradation and 

antibacterial
[87]

16 Ag-ZnO Trigonella foenum-
graecum

75 nm Antioxidant and antifungal [88]

17 TiO2-PN Ageratina altissima 60-100 
nm

Increase catalytic activity [89]

18 Ag-TiO2 Cymbopogon citratus 41.8 nm Catalytic and antimicrobial 
activity

[90]

19 TiO2–ZnO Allium sativum 4.58 nm Improve growth 
parameters

[91]

20 Ag-TiO2 Vitis vinifera 10 - 
30 nm

Bactericidal, Antioxidant, 
Photocatalytic, and 
Activities

[92]

21 Ag-TiO2 Cymbopogon citratus 49 nm Metal Degradation [93]
22 Cu-Chitosan Zea mays 37 nm Increase seedling growth [94]
23 Chitosan-Zn

Chitosan-Cu
Oryza sativa 56 nm Protective agent and 

improve plant growth
[95]

24 Cur-Chitosan Pyricularia grisea 34.6 nm Biocontrol agent against 
blast disease and increase 
plant growth

[96]

25 K-Chitosan Zea mays 39 - 
79 nm

Improve overall growth 
and act as soil conditioner

[97]

26 Se-Chitosan Raphanus sativus 50 nm Enhance uptake of 
essential nutrients

[98]

27 Cu-Chitosan Zea mays 36 nm Act as fungicide [99]
28 Chitosan-Ag Capsicum annuum 4 nm Antifungal agent 

against Colletotrichum 
truncatum causing 
anthracnose

[100]

29 Chitosan-Metal Prunus avium 76 nm Agro fungicides [101]
30 Graphene-tinO Cocos nucifera 3 nm Antibacterial activity [102]

Table 2.  Applications of Nanocomposites material in agriculture.
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like urea, ammonium nitrate, and ammonium 
sulfate. These fertilizers are commonly used for 
nitrogen containing compounds that participate in 
the breakdown of bacteria, e.g., manure which is 
available to us naturally, but we cannot synthesize 
in controlled conditions. SRF can be in two forms 
of either organic or inorganic, which release 
nutrients slowly over time. Conclusively, SRF 
are traditionally used fertilizers that progressively 
release nutrients for a long period of time and are 

not that environmentally destructive [63]. The other 
one is controlled release fertilizers (CRF) that refers 
to fertilizers which release nutrients when met with 
necessary factors like rate and period of nutrients 
and temperature. CRF holds nutrients that are not 
readily absorbed by the plants. We use organic or 
inorganic compound coatings on CRF to regulate 
the duration, pattern, and rate of nutrient liberation 
for the plants [64].

Fig. 1. Flow chart of Nanocomposites-Based-Material Transforming Sustainable Agriculture. This flowchart is 
obtained by using Bio render software.

Fig. 2. Classification of the nanofertilizers on different basis like nutrients based, action based, and special type are 
categorized above.
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3.2.2. Nano fertilizers and their classification

Nano fertilizers have led to research for eco-
friendly fertilizers, specifically with having high 
nutrient use efficiency whose alternative promise 
is emerging nanotechnology. Application of these 
nutrients either separately or collectively bound 
to nano based adsorbents, which will release the 
nutrients deliberately compared to other fertilizers. 
Through this approach, we can reduce the leaching 
of nutrients in ground water and enhance nutrient 
use efficiency [65].  The overuse of chemical 
fertilizers and pesticides nowadays has led to 
severe human health problems and environmental 
pollution. Nowadays, nanoscience might solve 
these problems by providing nanofertilizers, i.e., 
nitrogen, phosphorus, potassium, zinc etc., [66].

3.3. Mechanism of Nanocomposites Root 
Delivery Improving Nutrient Uptake 
Efficiency

Nanocomposites material is made to measure 
nutrients that are delivered precisely to plant roots. 
Their tiny size and roomy surface area allow them 
to penetrate inside the roots effectively, ensuring 
direct access to the root zone where nutrients are 
highly required. This targeted delivery system 
ensures plants receive nutrients exactly where and 
when they need them, promoting optimal growth. 
In terms of nutrients efficiency, nanocomposites 
play a key role in improving how plants absorb 
nutrients. The special characteristics of these 
materials is that they increase the solubility and 
availability of nutrients, making them easier for 
plant roots to access. Moreover, the large surface 
area of nanoparticles facilitates better interaction 
with root surfaces, leading to enhanced nutrient 
absorption. This improved efficiency means plants 
can make the most of available nutrients, resulting 
in healthier growth and development [71].

The exact mechanism for slow-release 
fertilizers works in two steps: Firstly, through 
photo degradation, where exposure to sunlight, soil 
temperature changes, and cultivation practices cause 
the fertilizer to crash, releasing nutrients.  Secondly, 
in biodegradation, soil microbes break down the 
fertilizer, converting it into forms that plants can 
readily absorb, ensuring nutrient availability for 
plant growth. While controlled release fertilizers 
utilize various mechanisms to release nutrients 

effectively where nutrients gradually permeate 
the coating material, maintaining a stable release 
when the water potential stabilizes. This process 
guarantees a consistent supply of nutrients, with 
coating permeability and temperature playing pivotal 
roles. Secondly, osmotic pumps and fertilizers 
couple osmotic pressure alterations, influenced 
by variations in hydrostatic pressure and osmotic 
gradients for nutrient release. Pressure accumulation 
causes the coating to become semi permeable and 
develop cracks, releasing solutes and delivering 
nutrients to the plant as needed.  Lastly, convective 
releasing under higher hydrostatic pressure, the 
coating can rupture, resulting in a swift release 
of nutrients. This phenomenon is commonly seen 
in fertilizers such as sulfur coated urea, primarily 
stems from coating breakdown, guaranteeing 
prompt nutrient availability for plants [72].

3.4.	 Nanocomposite-Base Fertilizers as the   
Future Frontier of Sustainable Agriculture

The efficiency of nutrient based fertilizers is 
low because of the various pathways of losses: 
runoff, fixation, immobilization of microbes, 
denitrification, and leaching. Estimations of these 
nutrients are that more than 95% of micronutrients, 
80-90% of phosphorus, 50-70% of potassium, and 
40-70% of nitrogen are lost in our environment, 
which alternatively results in pollution. Smart 
fertilizers like bio formulated fertilizers such as 
nanofertilizers and slow-release fertilizers are 
advanced technologies that increase the efficiency 
of using nutrients and improve crop production in 
a sustainable way. To make use of slow, controlled 
release fertilizers, it reduces eutrophication, 
contaminants in water, leaf burn risk and the 
efficiency of nutrient use [103]. Nanofertilizers 
are vital in reducing the use of agrochemical 
fertilizers and minimizing their aggressive effects 
on the environment.  Nanofertilizers can penetrate 
the epidermal layer of plants because of their 
reactive nature, which increases the efficiency 
of nutrients and decreases the excess nutrients, 
leading to productive crops [104]. Chitosan is 
an amino polysaccharide that is regarded as the 
next generation of fertilizers that enhance the 
immune systems of plants by delivering nutrients 
in a controlled, slow, and targeted way. It can 
help researchers in the agricultural system and is 
applied in multiple fields as an effective and ideal 
preference [104]. Nanofertilizers also improve 
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the health of soil by releasing bounce nutrients, 
improving the improving the structure of soil, and 
increasing the activity of valuable microbes [105]. 
Silicon, which is a metalloid element, affects the 
growth of plants, manages stress, and improves 
crops. The application of Si (available to plants in 
Orthosillicic acid) helps with soil fertility, moisture 
content and nutrient uptake, resulting in improved 
growth, yields and defense against stress [106]. 

For increasing food production mineral 
fertilizers are key despite heavy losses and low 
uptake of nutrients, yet nanofertilizers can lead 
to increased crop production and a reduction of 
nutrient loss. This increases the attention given 
to nano based fertilizers, which is the concept of 
nanotechnology. So marketable nanofertilizers 
can lead to the sustainability of agricultural 
trade [107]. The limits of conservative products 
which are biodiversity loss, human diseases 
and environmental issues are overcome by 
the applications of controlled release systems 
(nanocarriers). Nano carriers are ecofriendly and 
sustainable strategies for agriculture, ecosystem and 
human fitness [108]. Synthetic NFs are an essential 
input and demanding for current agriculture [109]. 
Nanofertilizers revealed the ability to add to the 
production of food materials, civilizing nutritional 
food and tumbling waste substances to strengthen 
the sustainability of agriculture products [110, 111].  
Nanofertilizers are intended for specific targets and 
do not cause disturbances in the environment. It 
can help to enhance crop production, increase the 
use of nutrients and lessen the use of unwarranted 
synthetically prepared fertilizers [112]. Agronomical 
applications of nanocomposite material are used as 
nano-sensor, nano-pesticides and nanofertilizers 
which facilitate the release of pesticides and smart 
fertilizers to lessen the discharge of toxic substances 
into our surroundings [113].

3.5.	 Navigating the Challenges of Traditional 
Fertilizer Usage

The usage of traditional fertilizers poses a 
challenge to eco efficient agriculture because of 
its involvement in environmental degradation, 
resource inefficiencies, and economic burdens. To 
address these challenges, it requires a transference 
towards sustainable practices that optimize nutrient 
management, embracing precision agriculture, 
and incorporating organic fertilizers to increase 

soil health and decrease the environmental 
impact. Holistic approaches encompassing social, 
economic, and institutional dimensions are essential 
for fostering eco efficient agricultural systems, and 
crucial for long term food security amidst global 
demands and environmental pressures [114]. Also, 
traditional fertilizer usage presents a dual challenge: 
significant ammonia emissions contribute to 
environmental pollution and health risks. To tackle 
this, we must boost fertilizer efficiency, curb 
environmental impact, and navigate the delicate 
balance between food production and biofuel needs 
on available arable land. Engaging policymakers 
and stakeholders in a thorough discussion is vital 
to setting targets that foster sustainable agricultural 
practices, ensuring food security while safeguarding 
the environment [115].

Dealing with the problems of conventional 
fertilizer application for boosting agricultural 
output, the traditional fertilizers use substantially 
contributes to nitrous oxide emissions and global 
warming [116]. The widespread utilization of 
conventional nitrogen fertilizers poses significant 
hurdles, as around 50% of the nitrogen input 
escapes into the environment, leading to air and 
water contamination and posing risks to food 
and environmental safety. Forecasts suggest a 
150% rise in nitrogen pollution by 2050, with 
agriculture exerting a notable influence. [117]. 
Both inorganic and organic fertilizers play critical 
roles in nourishing crops and improving soil 
quality, but they also carry substantial pollution 
risks from potential contaminants and mishandling. 
Nitrogenous and phosphate fertilizers are major 
contributors to soil, water, and air pollution, which 
in turn affects human health and worsens climate 
change by releasing greenhouse gases. Moreover, 
fertilizer misuse leads to water bodies becoming 
eutrophic and heavy metals accumulating in the 
soil [118]. 

3.6.  Transforming Agriculture with Smart 
        Fertilizers

Agricultural challenges feeding a highly growing 
population and fighting against climate change, 
stress the importance of efficient, affordable, and 
environmentally friendly fertilizers. It delves into 
the concept of smart fertilizers and nanocomposites 
material, which control nutrient release, particularly 
by examining field scale studies on herbaceous 
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plants. Smart fertilizers are formulations that 
adjust nutrient release timing to meet plant needs, 
ultimately enhancing yields and sustainability in 
contrast to traditional fertilizers [119]. As climate 
change poses a growing threat, there is a pressing 
call for inventive ways to tackle its impact on 
agriculture. Smart fertilizers emerge as a key 
solution, helping to counteract nutrient shortages 
worsened by shifting environmental patterns. Using 
precision agriculture methods, these fertilizers 
finely tune distribution using precision agriculture 
methods, boosting crop strength, and reducing 
environmental harm. This blend of technology with 
sustainable farming methods holds great promise 
for addressing the agricultural challenges brought 
on by climate change [120].

3.7.	 Nanocomposite for Improved Nutrient 
Delivery and Crop Yield

Nanotechnology modernizations deliver sustainable 
and robust agricultural solutions, promoting both 
crop yield and quality while protecting food security. 
Despite progress in nano fertilizers, pesticides, and 
delivery systems, ongoing study is vital to creating 
biodegradable, affordable, and safe nanomaterials, 
underscoring the need for systematic studies 
and public awareness campaigns to protect food 
production systems [121]. Adding nanocomposite 
materials to smart fertilizers addresses discourses 
the challenges impersonated by excessive usage of 
traditional fertilizer, which promotes soil health and 
optimizes nutrient absorption in plants. Engineered 
nanocomposites facilitate precise, controlled release 
delivery of agrochemicals, catering to specific crop 
requirements. These strategies will sustain and 
target the release, emphasizing their significance 
in boosting plant growth and defense which would 
prioritize scalability, cost efficiency, field testing, 
and environmental safety as imperatives for the 
wider adoption of nanocomposite-based smart 
fertilizers [122]. This integration of nanocomposites 
material offers a hopeful path toward sustainable 
agriculture, undertaking ecological issues and 
stimulating food security. These cutting-edge 
nano formulations elevate nutrient delivery, soil 
vitality, and crop productivity, all while curbing 
environmental harm [123].

3.8.  Nanocomposites in Disease Management

Nanocomposites revolutionize agriculture by 

combating crop diseases through smart fertilizers. 
These fertilizers utilize nanotechnology for precise 
nutrient delivery and real time disease detection, 
ensuring targeted efficacy. By continuously 
monitoring plant health and adjusting nutrient 
delivery, they offer a proactive approach to disease 
management, promising sustainable agricultural 
productivity [124]. Bio-nanocomposites (BNCs) 
and endophytes showcase unique nanoproperties 
and have various applications, notably in 
agriculture, where they bolster plant defense 
against pests, growth, and crop yield [125, 126]. 
Nanocomposites are key to fighting against 
plant diseases with cutting edge methods. By 
merging nanotechnology with biopolymers, these 
hybrids boast improved mechanical and thermal 
attributes, proving invaluable in disease control 
particularly silver nanoparticles, graphene oxide, 
and chitosan-based blends that display strong 
antifungal properties against pathogens like 
Rhizoctonia solani, Fusarium graminearum, and 
Botrytis cinerea, presenting hopeful avenues for 
agricultural disease management [127]. It also 
controls the disease by providing dual benefits 
including nanopesticides that protect plants from 
phytopathogens, while nano fertilizers enhance 
plant growth, which is crucial for global food 
production [128]. Nanocomposite-based smart 
fertilizers transform crop disease management 
by delivering nutrients precisely and detecting 
threats promptly. Through the incorporation of 
nanoparticles with high surface to volume ratios, 
these fertilizers ensure targeted delivery of disease 
fighting agents. Integrated nanosensors enable 
real time disease detection, facilitating swift 
intervention. Moreover, the engineered release 
of bioactive compounds triggers plant defense 
mechanisms, providing comprehensive protection 
against crop diseases [129].

Chitosan, known for its versatility, is widely 
utilized in pharmaceuticals, biomedicine, and 
agriculture due to its cost effectiveness and 
advantageous properties. Acting as a carrier for 
diverse active substances, including nanomaterials 
and essential oils, aids in improving plant nutrient 
absorption and bolstering defense mechanisms 
against pathogens. Through various production 
techniques, chitosan-based nanocomposites offer 
solutions like controlled release of nutrients and 
pesticides, along with antimicrobial effects against 
bacteria, fungi, and viruses [130, 131]. These 
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fertilizers ensure optimal nutrient and disease-
fighting agent delivery to plant roots, maximizing 
absorption. Antimicrobial agents embedded within 
the nanocomposites are released gradually, curbing 
pathogen growth and lessening disease impact 
[132].

3.9.	 Future Perspective of Nanocomposites-
Based Fertilizers

Fertilizers made from nanocomposites offer hopeful 
remedies for the sustainability issues in agriculture. 
However, their broad acceptance faces obstacles due 
to worries about scaling up production and ensuring 
their durability over the long term. Carbon based 
and metal/metal oxide nanoparticles show promise 
in enhancing membrane functionality, particularly 
in preventing fouling and enhancing permeability. 
Future research ought to prioritize optimizing 
nanoparticle concentration to prevent aggregation, 
tackling scalability hurdles for real world 
application, and thoroughly examining the long-
term durability of these membranes [133]. Intensive 
research on two dimensional nanomaterials like 
MXenes, metal dichalcogenides and graphene is 
driven by their exceptional properties, which offer 
promise in agriculture and food solutions. Potential 
applications include sustainable water management, 
advanced agrochemicals, nanosensors, and 
packaging, with significant benefits such as 
enhanced purification and sensitive contamination 
detection [134]. The potential of nanostructured 
graphene materials to enhance PV efficiency is due 
to their high electron mobility and conductivity. 
Incorporating semiconductor metal oxides with 
graphene further enhances efficiency by facilitating 
photon absorption and reducing recombination 
centers. The synthesis of high-quality graphene 
and graphene/metal oxide materials is crucial 
for advancing PV technology and stimulating 
innovation in sustainable energy solutions [135]. 
Chitosan based nanocomposites, which combine 
chitosan (CS) with metal oxide nanoparticles, 
show great promise in identifying hazardous metal 
ions (HMIs) in water. These materials trigger 
detectable changes in either the light they reflect or 
their ability to conduct electricity due to chemical 
interactions called chelation. CS brings advantages 
like being friendly to living tissues and easy to 
squeeze, making these nanocomposites potentially 
affordable for spotting HMIs effectively. Despite 
these benefits, challenges like needing to be very 

sensitive, staying stable, avoiding interference from 
other substances, and consistently giving the same 
results need to be addressed. Take, for example, an 
innovative electrochemical sensor that utilizes a 
blend of CS, reduced graphene oxide (rGO), and 
titanium dioxide (TiO2) to spot lead (Pb (II)) with 
precision. This sensor has an impressively low 
limit for detecting lead and works well in various 
situations, from checking environmental and 
biological samples to even testing food, showcasing 
its adaptability [136].

4.    CONCLUSIONS

Nanofertilizers are used the aim of improving 
agricultural sustainability and increasing crop 
yields. Nanocomposite-Based Fertilizers propose 
substantial potential for increasing agricultural 
sustainability by improving crop yields and 
nutrient use efficiency whereas reducing fertilizer 
application.  This approach also encourages the use 
of environmentally friendly methods in modern 
agriculture. The combined use of nanotechnology 
and nanocomposites with agronomy, particularly in 
the application of nano smart fertilizers, promises 
an attractive pathway to improving agricultural 
productivity and mitigating environmental 
problems. Nanofertilizers are available in various 
forms, including nano biofertilizers, micro 
nanofertilizers, and macro nanofertilizers. Each 
type provides nutrients to support plant growth. 
Furthermore, smart fertilizers such as controlled 
release fertilizers (CRF) and slow released 
fertilizers (SRF) contribute to effectively regulating 
nutrient levels and minimizing environmental 
impacts compared to conventional fertilizers. In 
addition, nanofertilizers are designed to target 
specific areas, resulting in limited damage to the 
environment and the most beneficial production 
of crops. They are involved in the development 
of agronomic technology, which contributes to 
solving food security issues, promotes ecological 
sustainability, and resolves the challenges faced by 
modern agriculture.
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