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ABSTRACT 
Ensuring efficient yield of crops to fulfill the worldwide demand for food is 
a top research priority in agriculture today. To support the quality and 
quantity of the crop yields, the range of novel fertilizers are under explor
ation, but the market is still in a need of urea and its analogues. Urea is 
globally the most commonly utilized nitrogen fertilizer, extensively 
employed in agriculture practices, although it faces many issues such as 
significant nutrient loss through volatilization and leaching, thus causing 
pollution and decreased nutritional efficiency. To address these difficulties, 
experts have focused on creating the novel responsive formulations of 
urea that can increase nitrogen use efficiency and better plant uptake and 
reduced environmental effect. This study provides a detailed summary of 
new urea formulations, their impact on crop growth and yield, recom
mended concentrations etc. The article also examines how much urea 
should be applied, how it works in the crop, any possible disadvantages, 
and areas that need further research. And finally, it offers insights into the 
future possibilities related to the findings discussed.
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Introduction

According to scientists, it is predicted that world’s population will reach 9.7 billion people during 
the mid of 20thdecade.This projection underscores the serious need, for an expansion, in crop 
production as indicated by studies conducted by scientists worldwide (Hunter et al. 2017; Sharma 
et al. 2022). To make a deal with the future food demands without interfering with the ecosystem 
is a challenging situation for modern agriculture (Gumber 2023; Takkar and Gumber 2024). 
Thus, to minimize negative environmental impacts of the conventional methods, efforts are 
required for supporting the rigorous agriculture accompanied by the preservation of natural 
resources (Lee, Barrett, and McPeak 2006; Hunter et al. 2017; Xie et al. 2019; Gumber and Sidhu 
2020; Gumber 2023). Among the various crop yield improvement techniques, chemical fertilizers 
are crucial for best crop production in agriculture and especially the nitrogen sources are most 
usual and conventional technique. Urea is being used since decades because of its significant level 
of nitrogen (46%) which help to boost both productivity and quality of crop products (Xu et al. 
2021). The usage of urea for crop cultivation is predicted to increase by 130 to 150 billion prod
ucts per year by 2050 (Tapia-Hern�andez et al. 2022). The frequent application of urea fertilizersis 
damaging the ecosystem to much extent, as 40 to 90% of the urea utilized in the agriculture is 
being lost in the atmosphere, resulting in environmental problems that include the acidification 
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of the soil, hardening and contamination of water, lowering of economical profits of farmers 
owing to poor quality goods and undesirable yields (Sharma et al. 2021; Chen et al. 2022).

To overcome the challenges, the emerging effective replacement that is widely under explor
ation is nano-formulated urea also termed as nano-urea. It is considered as small solution to a 
big problem for sustainable agriculture (Tiwari 2023). It involves the use of nanotechnology to 
manufacture smaller urea particles or incorporate it into nanocarriers or matrices that have 
improved nutrient delivery to plants along with reduced environmental pollution. Nano-scale par
ticles, with their unique properties, such as small size, huge surface area, and customized qualities 
show promise for agrochemical applications (Sharma et al. 2021). They enable more effective 
nutrient absorption by plant roots and regulated nutrient release over time, resulting in increased 
nutrient usage efficiency and reduced fertilizer treatment frequency (Osman et al. 2023). Recent 
investigations showed thatnano-urea offers the ability to reduce nitrogen loss in groundwater up 
to 50% with boost in crop productivity by as much as 20%. Moreover, it can save farmers money 
and reduce the carbon footprint of agricultural practices (Ramalingappa et al. 2023). The pictorial 
comparison of both the conventional and contemporary urea formulations is given below in 
Figure 1.

Further, the novel techniques involve the carrier-based nano-urea formulations that have con
trolled-release qualities helping the responsive and on demand release in response to the external 
stimuli. It involves the use of biodegradable polysaccharides and other polymers that coat urea, 
such, as starch, chitosan, pectin and other polymer matrices and sulfur analogues (Naz and 
Sulaiman 2016). Additionally, certain investigations have concentrated on the application of bio
composites-based compounds and absorbent/water-keeping coating materials for urea and its ana
logues (Azeem et al. 2014). The focused application reduces fertilizer waste and optimizes 
nutrient allocation, resulting in more efficient resource use.

Thus, the differentnano-urea formulations have an immense potential as a sustainable fertilizer 
for agriculture. However, there are challenges to its adoption, including cost, limited research on 
long-term effects, safety concerns, and limited availability. Addressing these challenges requires 
more investment in research, scaling up production, and regulatory oversight. Despite challenges, 
nano urea is a promising technology for food security and environmental sustainability (Fincheira 
et al. 2023). The present review is focused on brief overview of utilization of nano-urea 

Figure 1. Comparison of conventional & contemporary urea formulations.
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formulations in field trials, development of novel carrier based slow and controlled release formu
lations, their efficacy, dosage and harmful effects. The article’s concluding notes discuss potential 
future prospect of these novel nanoformulations in sustainable agriculture.

Development & adoption of nano-urea fertilizers

While being utilized commercially, manufactured nano-system have to be synthesized, analyzed 
and then developed into nano-urea. The fundamental process for creating nano-urea includes the 
following steps: Dissolution of urea, Agitating and Mixing, Sonication, Filtering and Drying. The 
evolution of nano-urea first requires the synthesis and analysis of prepared nano-systems followed 
by their commercial use.For more improvised version or preparing carrier-based nano- 
formulations, there is a need to find the perfect additives, coatings, and encapsulating agents that 
may enhance the durability and capacity of the nanoparticles for holding nitrogen. Furthermore, 
manufacturing processes like freeze and spray-drying have been improved to guarantee excellent 
product output and quality. The nitrogen holding capacity of the prepared systems is made based 
on nitrogen loading, release profile analysis and nitrogen holding capacity. The further enhance
ment of nitrogen holding ability of nano urea is achieved through coatings, encapsulation, and 
polymer functionalization, that may reduce the nitrogen loss, and improves its stability. Thus, 
nano-urea offers a promising solution to improve crop yields and reduce environmental impact. 
By enhancing nitrogen use efficiency, it increases productivity, decreases fertilizer use, and mini
mizes pollution. Establishing regulations ensures their safe and responsible use (Tiwari 2023). 
Figure 2 below depicts the process in a brief way.

Analysis of commercially available nano-formulated urea in agriculture

Different nano-urea formulations are now flooded in the market which majorly includes the 
liquid nano-urea. Liquid nano-urea was approved for commercial manufacture in August 2021. 
Information on publically available nano urea studies showed that 94 species were assessed in 
four seasons throughout 21 states, and 13 species were assessed at 43 distinct locations. Variety of 
this formulation sold under different brand names are already under use in various field applica
tions, still many are in doubt about the use of this novel formulation. Thus, a brief discussion in 
this section is made on nutrient absorption tendency, enhanced plant growth, and increased crop 
yield outputs of marketednano-formulation in different crops under variable environmental 
conditions.

In 2022, the use of the first commercial nano-urea formulation developed by the Indian 
Farmer Fertilizer Cooperative Limited (IFFCO). The Indian government has authorized this 

Figure 2. Preparation of nano-urea.
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fertilizer, which is the first of its kind marketed nano-fertilizer. It was seen that, unlike traditional 
urea, nano-urea in its liquid form can be sprayed on leaves. The plants through their stomatal 
openings easily absorb it. Utilization of nano-fertilizer was observed in districts like Hanuman 
Gadh, Sri Ganga Nagar, Jaipur and Sikkar, the agricultural areas of Rajasthan, where a generous 
portion of the population is involved in farming. The results were analyzed against faba bean 
(Vicia faba). The results indicated that in Hanuman Gadh, around 76% of farmers understood 
the importance of nano-urea. In Sri Ganga Nagar, nano-urea is used by roughly 82% of farmers. 
Yet barely 40% of the population in Jaipur is aware of this nano formulation. Sikkar, being a dry 
and drought-prone area with lower farming activity, has about 54% of farmers who are aware of 
nano urea. This was further attributed to the fact that farmers in Sri Ganga Nagar and Hanuman 
Gadh grow crops including mustard, rice wheat, and sugarcane on bigger land holdings than in 
Jaipur and sikkar, where farmers suffer drier circumstances and lower land holdings.Also, the 
results observed in the field trials conducted by IFFCO indicated that the foliar applications of 
nano urea led to reduced conventional urea usage and yield increase ranging from 2 to 24% in 
different crops like wheat, tomato, paddy, maize, cucumber, and capsicum (Kumar et al. 2021; 
Rafeeq et al. 2022).

In another research, Lakshman et al. (2022) examined the possibility of liquid nano-urea 
replacement for traditional urea fertilizer based on farmers field trials with several crops. Among 
the various test crops, wheat, maize, chickpea, and mustard saw yield increases of 5.77, 7.29, 8.36, 
and 3.77 percentrespectively, with 50% less nitrogen use compared to traditional fertilizer 
practices.

Arya et al. (2022) analyzed the influence of various nano-urea dosages on pearl millet yield. 
According to the study, the foliar spraying of nano-urea on pearl millet at various nitrogen levels 
had a positive effect on growth and nutrient content. The nano-urea enhanced the growth of 
pearl millet and improved its nutrient uptake, leading to better overall plant health. They applied 
the nano-urea directly to the leaves of the plants and observed its development and nutrient 
uptake behavior. They were able to evaluate the influence of nano-urea on pearl millet 
(Pennisetumglaucum L) using this technology in a controlled environment.

Dutta et al. (2023) reported the impact of nano-urea on potato output and growth in West 
Bengal’s lower Gangetic Plains. In Berui village of West Bengal, a trial utilizing nano-urea, nano- 
Zn, and nano-Cu was carried out. Withthree replication and ten treatments in randomized block 
design. Comparing nanofertilizers to commercial fertilizers at the 100%recommended dose. The 
former’s performance was extremely encouraging and economically doable. It was demonstrated 
that substituting 50% of the recommended commercial N fertilizer (urea) with liquid Nano-urea 
(N) is not practical, despite the fact that doing so increased production by 6.9%. This substitution 
also supplied added income to farmers, amounting to Rs. 17800 ha−1. The effectiveness of nano- 
urea amazed the local farmers in the surrounding communities, giving them new hope and 
aspirations in potato growing. Alsonano-fertilizer boosts soil health and lowers cultivation expen
ditures; therefore they can be observed as a sustainable agriculture practice.

Athwal et al. (2022) compared the mixture of nano urea and biofertilizer for their impact on 
the vitamin and mineral content, digestion and cost of black wheat (Triticum aestivum L) when 
compared to traditional urea. Applying biofertilizers in combination with nano urea is found to 
enhance the overall performance of the crop. Nano urea was shown to have a good effect on the 
nutritional content and absorption of black wheat, resulting in increased crop growth and pro
duction. The procedure comprising 50% traditional urea and 50% nano urea fertilizer produced 
the maximum level of nitrogen, phosphorus, potassium, iron, and zinc content and absorption in 
grain and straw. This treatment also had the highest net return and benefit-to-cost ratio. 
Therefore, mixing both of them can drastically boost the nutritional content, absorption, and eco
nomics of black wheat.
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Later, Islam et al. (2023) reported the use of a foliar spray of nano-urea to determine the yield 
and qualities of black gramme (Vigna mungo L.). The results revealed that foliar nano urea treat
ment (2-4 ml of nano urea (4% N) in one liter of water, sprayed on crop leaves during active 
growth phases) was effective and have positive impact on yield. The highest grain yield of 
1587.33 kg per hectare was achieved with nano urea application, while the control group had the 
lowest yield of 983.33 kg per hectare. Thus, using nano urea as a spray for foliage throughout its 
active growth phases is beneficial option that results in significantly higher yields in black gram 
compared to traditional farming practices or control groups. Therefore, it is recommended to use 
foliar spray of nano urea for achieving higher black gram yields.

Singh et al. (2023) reported the efficiency of nitrogen management using nano urea and tradi
tional urea in the cultivation of wheat (Triticum aestivum L.). Wheat yields were measured at 30, 
60& 90 days and the findings were examined using growth analysis. The investigation concluded 
that nano urea had a positive impact inspite of conventional urea on the wheat plant develop
ment and yield. Thus, the nano-formulated urea could be beneficial for nitrogen management in 
the wheat industry as well.

Subramani et al. (2023) reported the impact of liquid nano urea on okra development and 
production in island environment. Okra’s nutrient efficiency and the impact of nano-urea on 
development and basal applications of the fertilizers and foliar spray of nano urea at two concen
trations (2% and 4% concentrations) indicated that the higher concentration of nano spray 
showed even better results with 7.5-16% higher yield and 17-29% higher net return. Additionally, 
by the application of nano urea, soil nitrogen absorption and bioavailability were enhanced result
ing in a 34% decrease in the requirement for mineral urea and reducing environmental nitrogen 
accumulation.

In another study, Subramani and coworkers analyzed the influence of nano urea on okra 
growth, yield, and nutrient usage efficiency in a tropical island environment. In 2021-2022, the 
field experiment was carried at out Garacharma, ICAR-CIARI, Port Blair. When nanospray were 
used instead of NPK addition, the okra yield increased to 9.6%. The nano-fertilizers tend to 
increase the plant height, flowering, fruit length and girth of okra plants. Thus, spraying of nano 
urea has proved to be beneficial option for the island ecosystem as it led to increased yield and 
saving of chemical fertilizer thereby reducing the accumulation of nitrogen in ecosystem 
(Subramani et al. 2023).

Bhatti, Dudhat, and Varu (2023) conducted a comparison of the effect of various urea and 
nano urea dosages on guava (Psidium guajava L.) growth and productivity. Applying 100% of the 
Recommended Dose of Nitrogen (RDN) through urea produced the greatest yield characteristic, 
based on the experiment’s result on the effect of various urea and nano-urea dosages on guava 
development and yield. In contrast, 80% RDN and 0.1% nano-urea demonstrated the best yield 
and yield-attributing factors in terms of growth and quality metrics. Additionally, yield character
istics improved when 100% RDN and 0.1% nano-urea were combined.

Upadhyay et al. (2023) also reported the use of traditional fertilizer together with nano-urea. 
Scientists discovered that when 75% RDN was given to traditional fertilizer and nano-urea spray, 
energy needs were lowered by 8-11% and energy usage efficiency was raised by 6-9%. The appli
cation of N75PKþ nano-urea also led to approximately 14% higher economic yields compared to 
N50PKþ nano-urea. Soil nitrogen and dehydrogenase activities were similar between 
N75PKþ nano-urea and conventional fertilization. Using nano-urea spray with 75% nitrogen sup
ports soil and reduces N burden by 25% without yield loss. It also lowers greenhouse gas emis
sions, making it efficient in terms of energy and ecosystem-friendly approach for sustainable 
agriculture output. Further validation is needed, but nano-urea has the potential to revolutionize 
fertilizer consumption globally.

Srivastava et al. (2023) reported the effect of nitrogen and foliar urea and nano urea spraying 
in the development and output of the Rabi maize (Zea mays L.). They studied how these different 
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treatments affected the overall growth and productivity of the maize crop. The finding showed 
that, in comparisons to other treatments, the treatment combination of 100% RDN þ 4000 PPM 
(4 ml/L) spray of nano urea at 60 days after sowing (DAS) observed significantly greater plant 
height, dry mass, growth rate, number of cobs per plant, quantity of grains per cob, yield of 
grains, stover yield, and harvest coefficient.

Thus, it was concluded that plants treated with nano-urea showed improved growth and 
enhanced nutrient uptake compared to those without nano-urea application (Salama and Badry 
2020). Nano urea is an excellent choice for farmers as it promotes sustainable and smart agricul
ture while addressing changes in weather. When applied, it greatly improves the agricultural 
availability of nitrogen by more than 80%, leading to increased fertilizer usage efficiency. The 
combination of nano urea with conventional fertilization system also showed a positive impact. 
Also, nano-urea helps minimize environmental impact by reducing nutrient loss through leaching 
and gaseous emissions that is contributing to pollution and climate change. This innovative form 
of urea is a blessing for farmers as it allows them to achieve high yields while reducing fertilizer 
costs (Hube et al. 2022).

Novel carrier and composite-based nanoformulations of urea

Despite the various positive impacts of liquid nano-urea, the problems are still there that includes 
the significant nitrogen loss due to hydrolysis by soil urease (Jange, Wassgren, and Ambrose 
2021). To address this issue, the intercalated or encapsulated urea is under consideration. It pro
duces the fertilizers with regulated and prolonged release behavior made with biodegradable 
materials to better preserve the crops and prevent urea from seeping into the environment. 
Sustainable agriculture aims to produce naturally available resources that are useful for ecosystem 
in an effective manner, hence improving production quality, yield, and economics. The different 
combination and carrier materials include the various clays, polysaccharides, polymers and conju
gating metal nanoparticles or their analogues. Figure 3 below enlists all the different materials 
used for the production of variable nano-based nitrogen fertilizers.

Figure 3. Materials used for preparation of nano-based nitrogen fertilizers.
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The first reporting on the contemporary nitrogen fertilizer was made by Alimohammadi, 
Panahpour, and Naseri (2020). In order to observe the yield of sugarcane and the changing pat
tern of their nitrate release in the soil, he utilized urea and nano-nitrogen chelates. The results 
indicated that the two types of fertilizer were identical to each other and the height of sugarcane 
stem grew with the amount of fertilizer applied. But the sugar content in two differently treated 
crops highlights the potential benefits of using nano-nitrogen fertilizers in sugarcane cultivation.

Later, the use of different clay materials were explored as nano-carrier systems for various 
macro and micronutrients. Sempeho et al. (2015) reported the first clay-based controlled-release 
fertilizer that minimized nitrogen loss, improved plant use efficiency, and maximized crop yields. 
The researchers designed a nanocomposite of urea-kaolinite that releases nutrients slowly over 
time, supplying a more efficient and sustainable approach to fertilization. The results indicated 
that the encapsulated urea-kaolinite nanocomposite showed improved nutrient release characteris
tics compared to conventional urea fertilizer. It aimed to reduce the losses associated with urea 
dissolution, hydrolysis, and diffusion.

Sarkar, Datta, and Biswas (2015) described another method for the manufacturing of fertilizer- 
loaded nano-clay/superabsorbent polymer composites (NCPCs) to be employed as a slow-release 
nutrient carrier, three different types of NCPCs made up of Kaolinite (I), Illite (II), and smectite 
(III) were fed distinct doses of the urea solution and diammonium phosphate (DAP). In three 
distinct soil types (Alfisol, Vertisol and Inceptisol), the release of P and N from NCPCs loaded 
with DAP and the urea was compared to that of a comparable conventional fertilizer (CF) in a 
leaching experiment. All three NCPCs had enhanced mineral N and cumulative P recovery over 
CF. Because NCPC-treated soils have a slow-release characteristics, nutrient losses were also 
reduced as compared to traditional fertilizer. In the end, the outcomes indicated that NCPC- III, 
loaded with smectite clay, displayed better slow-release characteristics than NCPCs I and II. The 
rate at which nutrients are released from fertilizer-loaded clay/polymer composites is notably 
reduced when nano-sized clay is included into the absorbent polymer matrix.

Montmorillonite is another common clay-based substance, water molecule mixes with 
extremely anisotropic platelets of the clay to get this layered phyllosilicate clay. Neutral nutrient 
species, including urea, can intercalate onto this platelet because of their negative charge and cat
ion exchange capability. Pereira et al. (2015) made composites with montmorillonite, urea, and 
hydrogels like polyacrylamide or polycaprolactone. An excellent carrier molecule can hold 
nutrients up to 75% of its weight. The mechanical characteristics and urea release profiles of 
nanocomposites also showed much lower atmospheric nitrogen oxide (N2O) emissions with con
trolled nitrogen release in water. Using an aqueous suspension method and different MMT/Ur 
ratios, Golbashy et al. (2017) created montmorillonite-urea (MM-Ur) nanocomposites as an inex
pensive slow-release urea fertilizer. One of the more advantageous ecological and financial deci
sion made by the new generation of fertilizers was the delayed release of the urea nanocomposite 
at a ratio of 1:20 MMT/Ur.

Hydroxyapatite is another well explored carrier material that has been used directly or in form 
of conjugates as controlled release delivery system for plant nutrients. The characterization of the 
hydroxyapatite urea nanohybrids revealed the formation of strong interactions between the urea 
and hydroxyapatite, allowing for controlled and prolonged release of nutrients. This has the 
potential to enhance nutrient use efficiency, plant development and productivity (Gunaratne et al. 
2016).

Kottegoda et al. (2017) investigatedurea-hydroxyapatite nanohybrids as a slow-release nitrogen 
source. It was found that these nanohybrids effectively released nitrogen over a longer period 
compared to traditional urea fertilizers. Urea-hydroxyapatite (6:1) nanohybrids successfully 
achieved a slow release of nitrogen. The efficacy of nanoformulation was further confirmed by its 
application on rice crop.
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Applying urea-hydroxyapatite to wheat plant was documented by Aziz and Fahmy (2017). The 
objective of their study was to enhance wheat production by progressively releasing nitrogen into 
the soil by spraying zero-valent iron and coating urea pellets with hydroxyapatite. Hydroxyapatite 
urea reduced nitrate leaching and increased wheat productivity compared to urea pellets. Grain 
protein increased by 50% and yield by 27% using controlled-release urea. Trials with incubation 
revealed that ammonium ions were progressively liberated by hydroxyapatite urea. Comparing 
hydroxyapatite urea to conventional urea pellets, field tests revealed that the former decreased 
nitrate leaching and enhanced wheat production.

Tarafder et al. (2020) reported the other hybrid nano fertilizer (HNF) composed of urea- 
modified hydroxyapatite to deliver minerals into water and soil slowly but continuously. The 
novel fertilizer is rich source of nitrogen, calcium and phosphate. To boost the effectiveness of 
the suggested fertilizer, urea-hydroxyapatite was mixed with nanoparticles of copper, iron and 
zinc. The fertilizer efficacy was analyzed since nutrient uptake behavior of ladies’ finger 
(Abelmoschusesculentus) plant that showed a significant increase in uptake of Cu2þ, Fe2þ, and 
Zn2þ because of slow release from HNF for 14 days.

Raguraj et al. (2020) reported the synthesis of hydroxyapatite urea nanohybrids and studied 
their impact on quality and quantity of tea in farmers’ farms throughout three different climate 
zones in Sri Lanka (Low Country, Mid Country, and UVA areas). In the tests, treatments (both 
regular and nano-hybrid urea) were applied to the tea plant at two and four splits annually, pro
viding half and full amounts of nitrogen. Annual N needs supplied by nanohybrids increased 
yield in Low Country by 10-15% and in UVA by 14–16%, respectively, over previous recommen
dations.50% less fertilizer was applied and utilized overall while using nanohybrid fertilizer, 
according to the utilization of the product. According to Raguraj et al. the advantageous impact 
of HA–urea nanohybrids is often more noticeable in unfavorable environmental circumstances.

Bhavani et al. (2020) reported that the urea coated hydroxyapatite nanoparticles, showed 
higher grain yield in aerobic paddy compared to conventional urea. They reduce fertilizer usage 
and minimize environmental pollution. The result of their experiment showed that when the syn
thesized nanofertilizer, applied at 25% of the recommended dose, was used on aerobic paddy, it 
resulted in higher grain yield compared to conventional urea. Additionally, using the nano fertil
izer reduced the amount of fertilizer applied to the environment without compromising crop 
yield, which helps in reducing water and soil pollution. By using the nanofertilizer at a reduced 
dosage compared to conventional urea, it was possible to achieve higher grain yield while mini
mizing environmental pollution. This highlights the potential of nano fertilizers for sustainable 
and efficient agricultural practices.

Rashmi, Prakash, and Giridhar (2021) examined the nitrogen release pattern in red soil in rela
tion to the impact of urea-modified hydroxyapatite (UHA) nano fertilizer. The results showed 
that applying 100% nitrogen through nano UHA increased ammoniacal-N content. The amount 
of nitrogen released was proportional to the amount of UHA applied when compared based on 
100, 75 and 50% UHA.

Sharma et al. (2021) innovated the use of hydroxyapatite by doping with zinc and magnesium 
for coating urea and further utilizing it for wheat crop biofortification. The addition of zinc and 
magnesium to hydroxyapatite caused structural changes that resulted in greatest urea release and 
increased nitrogen loading. These nanohybrids slowly release nitrogen over a period of two weeks 
in the soil, following the equation for the Hixson-Crowell model. Synthesized nanohybrids with 
zinc and magnesium supply multiple nutrients including N, Ca, P, Mg, and Zn. They also 
increase absorption of iron in Wheat crops. The 50% nitrogen doses as nanohybrids showed 
intake of nutrients and production of crop comparable to urea fertilizer treatment of 100% nitro
gen. The Zn-doped hydroxyapatite-urea nanohybrid outperformed the other variations in terms 
of performance.de Silva et al. (2022) revealed a more environmentally friendly mechanochemical 
method for creating urea-hydroxyapatite nanohybrids. These nanohybrids were designed to 
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release plant nutrients slowly with a more sustainable method for nutrient delivery in agriculture. 
These nanohybrids have the potential to reduce overall fertilizer usage while increasing crop yield. 
Urea-hydroxyapatite nanohybrids with a unique coral-shaped morphology are cost-effective, scal
able, environment-friendly, and sustainable approach in comparison to the existing techniques. 
Pot trials with rice plants showed improved growth and crop yield, highlighting the benefits of 
these environmentally resilient nano-fertilizers in the face of global warming and climate change.

Thus, the doped and undoped hydroxyapatite-urea nanohybrids have the potential to revolu
tionize agriculture by addressing pollution and waste generation. This study supplies strong 
experimental evidence focusing nitrogen nanohybrids that are biocompatible as fertilizers to 
increase agricultural output and biofortification while lowering nitrogen input and its environ
mental effect. It creates new opportunities for the development and use of ecologically friendly 
intelligent fertilizers in sustainable agriculture (Sharma et al. 2021). Further modifications can be 
made to improvise the properties of hydroxyapatite to improve its loading and prolonged release 
behavior.

A more crucial method involves encapsulating urea with biodegradable polymers, which 
enhances plant growth and nitrogen utilization efficiency. Oils made from vegetables, lignin, cel
lulose, or starch function as sustainable and green substitute of synthetic polymers for the synthe
sis of controlled-release fertilizers. Based on the same, Jia, Lu, and Zhang (2020) reported the 
synthesis of novel bio-based polyurethane (PU) as controlled release fertilizers utilizing polyol 
and isocyanate based leftovers (SF). The produced composite in water was supplemented with the 
material in terms of nutrients and nutrient release pattern. In terms of nutrient release capacity 
and structural densities, the results demonstrated that SF-based PU-coated urea (FPU) performed 
better than PU-coated urea (PU). Thus, SF has a lot of potential as a covering material for eco
friendly controlled release fertilizers.

Kondal et al. (2021) studied the effect of chitosan-based urea prepared by using biodegradable 
nano-polymer by co-precipitation in situ creation and encapsulation upon the microflora and soil 
enzymatic activities involved in the potato (Solanum tuberosum L.) nitrogen cycle. The polymer 
urea composite markedly affected the microorganisms associated with soil N dynamics. In order 
to increase potato crop yields and growth, the resulting composite may be used as a slow-release 
nitrogen. The regulated and slow release of nitrogen from the chitosan-urea nanocomposite 
ensures more effective nutrient delivery to plants promoting increased crop development and 
yield. The nanocomposite’s mineral absorption efficiency benefits low-nutrient or severe-weather 
soils. The nanocomposite optimizes nutrient consumption, improving ecological agriculture and 
reducing fertilizer’s environmental impact.

Zafar et al. (2021) reported the synthesis of urea coated with starch and polyvinyl amine and 
analyzed its release rate in spinach plant in comparison with uncoated urea and control plants. 
All coated urea samples increased the spinach plants’ chlorophyll content, clear nitrogen recovery 
(ANR), N-uptake, and leaf production. Hence, by managing the fertilizer’s release of nutrients 
rate, farmers could conclude that coating urea prills with a blend of biodegradable polymers is a 
superior option for improving agronomical outputs.

Jayanudin et al. (2021) reported the relationship between stirring speed and the volume ratios 
in the dispersed phase and the continuous phase (CP/DP) on the nitrogen released cumulatively 
from the chitosan microsphere and its effects on yield, water absorption, particle size, and surface 
shape. Glutaraldehyde saturated toluene (GST) controlled release of urea fertilizer from chitosan 
microspheres loaded with urea. The results indicated that the chitosan microspheres had a yield 
ranging from 87.01% to 96.71%. They also showed a water absorption capacity between 79.77% 
and 89.25%.

Jange, Wassgren, and Ambrose (2021) synthesized urea fertilizers with a mixture of hydroxy
propyl methylcellulose (HPMC and hydroxypropyl cellulose (HPC) coatings. The findings indi
cate that the reduction in solvation and dissolution caused by gel formation delayed the release of 
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nutrients. These discoveries will facilitate the development of field crop controlled-release fertil
izer formulations and provide insight into the impact of physicochemical properties on granular 
fertilizer microstructure. It was observed that without binders, water uptake decreased as the solid 
fraction increased. Compaction pressure did not affect nutrient release. Adding HPMC as a 
binder reduced water uptake with higher pressure. Gum formulations had high water uptake and 
better swelling. Dry compacts from these formulations had larger pores but the best release pro
file. This work helps in designing controlled-release fertilizers with natural biopolymers.

Salimi et al. (2021) reported the novel slow-release fertilizers (SRFs) amplified with natural 
char nanoparticles (NCNPs) and are made of a bio-based, aqueous polymeric coating with starch- 
g-poly(styrene-co-butylacrylate) latex. Analysis of the composite was done using a tomato plant. 
The findings demonstrated that lowering the temperature and adding NCNPs nano-filler might 
extend the urea release duration. The findings demonstrated that the inclusion of NCNPs in the 
coating formulation was critical to enhancing plant development and lowering the rate of N leak
age. All of the synthetic SRF samples had bettereffectiveness than the urea coated with styrene 
and butylacrylate, indicating the critical role that starch plays in coating formulations.The devel
opment of these latex formulations offers several advantages: 1) using renewable and abundant 
starch as a biopolymer, reducing reliance on synthetic polymers.

Chen et al. (2022) revealed new urea formulation covered with lignin, paraffin, and epoxy res
ins to enhance the polyurethane based lignin (LPU) coated urea’s slow-release characteristics.The 
prepared systems were analyzed against lettuce. The experiment aimed to prepare an environ
ment-friendly system and to evaluate its nitrogen use efficiency. The results showed improved 
nitrogen efficiency and with positive impact on lettuce growth and yield that is attributed to the 
better nitrogen efficiency provided by the urea covered in a composite of lignin, paraffin, and 
epoxy resin.

Latha et al. (2023) reported preparation of another of Urea-Lignin/Chitosan nanocomposite. 
The coir of coconuts was used as the source of lignin and solvent displacement was used to trans
form organosolv lignin (OSL) into spherical lignin nanoparticles (LNPs). LNPs, chitosan, and a 
cross-linker make up the chitosan/lignin nanocomposite fertilizer, which was loaded with a nitro
gen source. Molecular modeling and simulation was used to analyze the interactions and com
patibility of the created nano-formulation (NF). A total of 30–35% of the NF’s nitrogen was 
found to be released gradually into the soil until the fifteenth day. The outcomes validated that 
the lignin/chitosan composite was an ideal template for storing and releasing nitrogen in a con
trolled manner, hence enhancing nitrogen utilization efficiency.

Iron-urea nanocomposites makes up the another micro-macronutrient composite system that 
have additional benefits in crop production. In the same line, the effects of nano urea and nano 
iron fertilizers with common chemical fertilizers on the growth traits and essential oil production 
of Borago officinalis L was analyzed. This research was conducted due to their interest in improv
ing the quality and quantity of medicinal plants and the need for sustainable agriculture practices 
that reduce reliance on chemical fertilizers. During the flowering stages, the number of seeds, 
plant height, fresh and dried weights of aerial components, and production of essential oils were 
all measured. Among the many advantages of nano-iron are the notable increases in plant height 
and seed production. As a result, the nano iron-urea composite is recommended as efficient sys
tem that improves the crop production without harming the environment (Mahmoodi 2017).

In another study, Tavallali et al. (2020) reported the use of iron and urea sources for enhanced 
development and biochemical characteristics of sweet basil. Three different concentrations (0%, 
0.1%, and 0.2%) of Fe-urea nano-complex were applied as a spray on sweet basil seedlings during 
two growth stages: leaf stage and before flowering. The positive impacts of nitrogen and iron on 
photosynthetic activity and organic matter metabolism are reflected in plant development. Sweet 
basil’s growth and biochemical parameters improved with the application of iron and urea 
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sources. 0.2% [Fe-urea] application leads to significant increase in vegetative growth, essential oil 
and polyphenols yields, antioxidant and antimicrobial activity of the sweet basil.

Guha et al. (2022) reported the nanocomposites of Fe3O4 and urea as an innovative nitrogen 
fertilizer. Fe3O4-urea nanocomposite leads to gradual release ofureawith increased nitrogen util
ization efficiency (NUE). The results were analyzed against Oryzae sativa. All the nanocomposites 
showed immense potential in increasing seedling growth with further reduction inthe ammonia 
volatilization and nitrogen leaching rates. Grain nutritional levels and yield also increased in NC- 
treated pot trials along with enhanced photosynthesis, nitrogen metabolism, and crop yield.

Carmona et al. (2021) suggested the addition of urea to nitrate-doped ACP nanoparticles 
(NPs) to make nitrogen nanofertilizer.The PSM approach yields N-payloads upto 8.1 w/w with 
inexpensive technical-grade reagents, enabling economical upscaling. Also significant amount of 
urea release delay is supported by the nano-composite. An economical preparation process and 
high nitrogen utilization efficiency (up to 69%) encourage the long-term practical application of 
N-doped ACP as a nanofertilizer. In vivo studies were conducted on cucumber plants to analyze 
the effectiveness of the system. Urea molecules prefer Ca2þ ions, thus the substance is very react
ive. The substance included all of the urea utilized in the process, lowering the procedure’s finan
cial and environmental hazards.

In another study, Gaiotti et al. (2021) reported urea-doped calcium phosphate nanoparticles as 
sustainable source of nitrogen for Pinot Gris grapevine. Plant tests on Pinot Gris grapevines 
showed that the vines were able to use the nitrogen supplied by the nanoparticles, whether 
applied foliarly or to the soil. The nanoparticle-fed vines displayed comparable yield and berry 
quality to those grown under conventional conditions, despite the lower dosage of nitrogen 
applied. The application method of the nanoparticles, whether foliar or to the soil, did not affect 
their efficiency as vine nitrogen source. These findings proved that effectiveness of urea-doped 
calcium phosphate nanoparticles might minimize vine plant nitrogen dose in the field. They also 
help create alternate nitrogen fertilization tactics, optimize the dosage/benefit ratio, and promote 
sustainable and contemporary viticulture.

Dimkpa et al. (2022) reported the application of coated urea granules with NAC and sodium 
salicylate functionalized Zn nanoparticleson wheat sorghum plants. Results showed that encapsu
lating urea with Zn nanoparticles simplifies nanoscale fertilizer application in agriculture without 
impacting plant performance or nutrient delivery. Nanofertilizers might maintain plant perform
ance, supply nutrients, and retain soil nutrients as well as Zn-sulfate fertilizer. Zn-NPs coated 
urea granules with stabilizing agents had equivalent or superior effects on plant performance, 
plant delivery, and soil retention of Zn, N, and P to Zn-sulfate under normal growth 
circumstances.

Another work by Dimkpa et al. (2020) included the performance analysis of low-dose ZnO 
nanoparticles coated urea on wheat crop. The researchers found that this coating method 
improved wheat growth, increased yield, and enhanced plant absorption capabilities using zinc, 
even in drought-stressed conditions. ZnO-coated urea can be a promising approach to enhance 
wheat productivity and nutrient uptake in drought-prone areas. The coating process improved 
the efficiency of urea and reduced the time to panicle initiation in wheat plants under drought 
conditions.

Boonying et al. (2023) studied release kinetics and mechanisms of the coated urea, particularly 
focusing on the incorporation of micronutrients into the films. Synthesis of micronutrients- 
Zn(NO3)2�6H2O, ZnO, and ZnAl-layered double hydroxide are three micronutrient sets. This 
experiment found that coatings with multiple micronutrients regulated Zn, B, and nitrogen 
release from coated urea granules. The water solubility of micronutrients played a crucial role in 
deciding the pore sizes and release rates. The Korsmeyer-Peppas and Higuchi models described 
Zn and B micronutrient release. These findings highlight the potential of these coating films as 
controlled-release fertilizers to minimize environmental impacts associated with excessive fertilizer 
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use. They studied the water solubility of micronutrients and its impact on pore sizes and release 
rates. The release of zinc, barium, and nitrogen levels were assessed in de-ionized water. The out
comes demonstrated that these coating films can improve fertilizers with controlled release and 
lessen the negative effects of excessive fertilizer usage on the environment.

Beig et al. (2022) explored use of micronutrient particles of zinc to get slow-release urea for 
wheat (Triticum aestivum L.) cultivation. In comparison to bulk zinc oxide coatings, coating urea 
prills with 0.5% zinc oxide nanoparticles resulted in better crop growth and yield. The use of zinc 
oxide nanoparticles considerably boosted plant height, root length, root volume, grain yield, and 
dry matter weight. The investigation concluded that utilizing zinc oxide nanoparticles as a cover
ing for urea prills can successfully slow down the rate of urea nitrogen release, resulting in 
increased crop development and production. The study proved the potential of micronutrients 
like zinc oxide nano-particles in enhancing the efficiency of slow-release fertilizers in agriculture.

Later Beig et al. (2024) modeled and simulated zinc oxide (ZnO), to study the nutrient release 
pattern from coated urea. To simulate prill fertilizer, a multi-diffusional model was used. 
COMSOL Multiphysics software was utilized in this work to create prilled urea fertilizer by the 
application of the finite element technique and 2D geometry. The nutritional release from Zn 
coatings (ZnO or ZnO-NPs) may be represented using a second-order equation based on study 
results. According to second-order kinetics, diffusion regulated the release of nutrients from Zn- 
coated urea. Furthermore, as coating percentages are increased, the second-order kinetic constant 
rises, improving the mass transfer resistance.

Jaskulski et al. (2022) documented silver(Ag) augmented urea fertilizers and analyzed its effect 
on barley, peas, oilseed rape, radish, cucumber, lettuce germination and foliar application on 
chlorophyll, stomatal conductance, and seedling biomass. Results demonstrated that AgNP- 
containing fertilizer may minimize pesticide and highly concentrated mineral fertilizer consump
tion. The ability of AgNPs to reduce pathogens affecting germinating seed and stimulate 
physiological processes, plant productivity, and yields, especially under environmental stress con
ditions, suggests a role in sustainable agriculture.

According to Ibrahim, Babadi, and Yunus (2014) covering urea with gypsum and sulfur com
bination resultedin higher crushing strength and a slower dissolution rate. The addition of molten 
paraffin wax further improved the performance, leading to a 26% increase in efficiency compared 
to uncoated urea. Various methods were used, including coating urea with unconventional mate
rials like gypsum, cement, sulfur, and zeolite. The impacts of coating material’s thickness, drying 
time, sieving, and sealant were examined. Furthermore, melted paraffin wax was used to improve 
the coated urea’s functionality. According to the experiment, covering urea with a mixture of 
gypsum and sulfur resulted in higher crushing strength and a slower dissolution rate. The add
ition of molten paraffin wax further improved the performance, leading to a 26% increase in effi
ciency compared to uncoated urea. The conclusion of this experiment was that the coated urea 
fertilizer, with a combination of gypsum, sulfur, and molten paraffin wax, showed improved 
performance.

Shi et al. (2020) reported novel biochar-bound urea for increased plant growth and reduced 
nitrogen leaching. A composite dubbed Bio-MUC comprising urea, biochar, and clay minerals 
decreased nitrogen leaching and enhanced maize growth. The researchers used a method where 
they blended urea with biochar and clay minerals to create a composite called Bio-MUC. 
Microscopic analyses, leaching experiments, and pot culture with maize were conducted to evalu
ate the effects of Bio-MUC on nitrogen release and crop productivity. The results showed that 
Bio-MUC boosted plant growth and reduced nitrogen leaching.Blending urea with biochar and a 
mineral binder increased nitrogen retention through surface adsorption and biochar matrix inter
action. The composite slowly released nitrogen and maintained a high ammonium-to-nitrate 
ratio, aiding maize growth and nitrogen utilization. Biochar-mineral urea might reduce nitrogen 
loss in dry croplands as a sustainable alternative to chemical urea.
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Kumar et al. (2023) studied finger millet (Eleusinecoracana L. Gaertn) growth and physio
logical responses to neem-coated and nano urea. Finger millet leaf area index and dry matter pro
duction increased with 50% neem-coated urea, 50% nano urea, and PþK fertilizers.Another 
approach for increasing finger millet yield and economics is use of 75% Neem coated urea þ
25% Nano ureaþ P and K. These findings highlight the potential benefits of incorporating these 
fertilizers in finger millet cultivation for improved agricultural practices and increased crop 
productivity.

Mishra et al. (2018) focused on the use of eco-friendly nanometricneem-laced urea emulsion 
(NUNE) to test its mosquito control efficacy. Using microfluidization, neem oil, Tween 20, and 
urea formed NUNE. On the target host’s metabolic profile, NUNE was more effective than bul
kneem oil. The nanoemulsion was also tested for its biosafety to non-target species such plant 
beneficial bacteria (E. ludwigii) and phytotoxicity to rice plant (O. sativa). The NUNE demon
strated stability for 4 days in field conditions and showed effective mosquitocidal impact on vec
tors of Aedes aegypti and Chondrix tritaeniorhynchus. It also exhibited ovicidal and larvicidal 
activity, as confirmed by histopathological analysis. The NUNE was found to be more effective 
and safer compared to the bulk counterpart. Biosafety tests on non-target species and phytotox
icity assessments on paddy plants showed that the nanoemulsion is environmentally safe.

Other emerging options in urea use to mitigate its harmful effects

Driver et al. (2019) reported the use of blue urea, a fertilizer that has a reduced environmental 
impact compared to traditional urea. Blue urea is produced using renewable-powered electrolysis 
and attenuated reaction conditions, resulting in lower carbon emissions. The production process 
can be scaled-down and localized, cutting transportation costs and emissions. This procedure pro
duces urea and ammonium nitrate fertilizers that are suited for direct soil application free from 
contaminants. The experiment proved that blue urea, a reduced-carbon alternative to traditional 
urea fertilizers, can be successfully synthesized using sustainable feedstocks. The resulting urea 
and ammonium nitrate fertilizers were found to be suitable for direct soil application and free 
from contaminants. Growth studies showed promising results with the use of these synthesized 
fertilizers. The conclusion of this experiment is that Blueurea, a fertilizer produced using renew
able energy and CO2 capture, has the potential to reduce environmental impact compared to tra
ditional urea fertilizers. The production process showed technical feasibility, and the urea product 
was effective in supplying available nitrogen to crops. However, further research is needed to per
fect the process and understand its interaction with soil and crops in outdoor conditions. Overall, 
it’s a promising novel step toward more sustainable and environmentally friendly fertilizer 
options.

Slow-release nano-fertilizer health and environmental effects

Nanotechnology can possibly change the total situation of present agriculture scenario but a large 
number of these advantages come at a hefty cost. The utilization of nano-materials in farming 
framework raises various security and ethical worries, as openness to them are noted to raise 
numerous problems (Rai et al. 2015). Nano-fertilizers including macro- and micro-nutrients are 
currently employed however, utilizing supra-optimal application rates may result in the depos
ition of nano-based macro and micronutrients, resulting in the degradation of complete natural 
environment (Chhipa 2017). Particularly in urea, Bari et al. (2007) reported that urea fertilizer is 
not fully utilized or assimilated in soil, plant, and food grain. According to literature, the allow
able dosage of nitrate for cattle is 50 mg/kg. However, the concentration of urea in stems and 
leaves is 211 mg/g and in grain is 219 mg/g, which is significantly higher than the allowable dose. 
Therefore, these plants and grains can be harmful to animal and human health. The experimental 
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results and literature suggest that the concentration of nitrogen fertilizer gradually increases in 
the soil and can leach to deeper depths, potentially contaminating both the soil and groundwater. 
Additionally, the absorbed nitrogen by plants tends to accumulate in excessive amounts in both 
the plant and grain, surpassing the allowable limits for human and animal consumption. 
Ultimately, the use of urea fertilizer negatively affects the natural environment and poses risks to 
human and animal health.

Urea based nano-composites (NPs and NFs) have the potential to enter the food chain and 
spread to non-targeted organisms. Despite the fact that the use of NFs has not yet been linked to 
a direct transmission of a disease to humans, number of studies have confirmed that nanomateri
als can trigger adverse biological reactions. Nanomaterials enter into the biological system because 
of their modest size, and lead to associate with DNA. Many examinations have demonstrated the 
way that NPs can adjust quality articulation in creatures (Xia, Li, and Nel 2009). For instance, 
carbon-based NPs alter the structure of DNA and levels of gene expression in plant and animal 
tissues (Lahiani et al. 2015; Zuverza-Mena et al. 2017). ZnO NPs disturb vegetable advantageous 
connections, causing the nitrogen obsession interaction to take more time (Huang et al. 2014). 
The levels of hormones in plants, such as indole-3-acetic acid and abscisic acid, have been found 
to be influenced by CuO NPs. They cause nutritional imbalances in plants and cause molecular 
alterations (Le Van et al. 2016). Iron-based NPs (nFeOx) lower root pressure driven conductivity 
because of molecule conglomeration on the root surface, bringing about diminished take-up of 
water and supplements like Ca, K, Mg, and S (Mart�ınez-Fern�andez, Barroso, and Kom�arek 2016). 
Thus, an answer for these issues should be developed rapidly to reap the rewards of rising 
innovations.

Conclusions and future prospects

Urea is one of the most often utilized nitrogen sources for plants among the many vital plant 
nutrients. But volatilization and leaching of water soluble urea requires an innovative modifica
tion for sustainable farming practices. With the ability to build smart fertilizers that tend to 
improve food output in order to fulfill the global food demand, formulating urea or coating it to 
produce nanoscale particles makes nano urea a sustainable slow-release fertilizer.This regulates 
and prolongs the liberation of nitrogen and enhances the fertilizer’s efficiency by decreasing run
off, leaching, and volatilization. Studies show that while nano urea releases nutrients at a pace up 
to 12 times slower than direct urea fertilizer, it can increase crop yields and quality to manifolds. 
Thus, using nano-formulations to boost plant growth and productivity might create new avenues 
for agricultural practice. But the lot of negative impacts of the reported nanomaterials needs a 
further investigation.Therefore, various nano-urea formulations used in agricultural production 
should be looked into more in terms of their safety, absorption, and toxicity.
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