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Abstract 

The dynamic interface between nanotechnology and agriculture heralds a new era in food 

production, with nano-fertilizers standing at the forefront of this revolution. These fertilizers, 

leveraging the unique properties of nanoparticles, promise to address several challenges 

posed by traditional fertilization methods, including nutrient wastage, environmental 

pollution, and inconsistent yields. Preliminary studies indicate that nano-fertilizers can 

enhance nutrient uptake, allowing for direct and efficient nutrient transfer to plant cells, 

leading to improved crop yields. Their targeted delivery mechanisms mitigate nutrient loss 

through leaching, presenting a more environmentally friendly alternative. Yet, alongside these 

potential benefits, the introduction of nanoparticles into agriculture poses significant 

challenges. There are growing concerns regarding their long-term environmental impact, 

specifically the accumulation of nanoparticles in various ecosystems and the subsequent 

implications for flora and fauna. Potential health risks for both consumers and farm workers 

also warrant in-depth research, with questions arising about the bioaccumulation of 

nanoparticles in plants and their subsequent effects when consumed. The possibility of the 

emergence of nanoparticle-resistant pests, mirroring the historical challenges with pesticide-

resistant strains, adds another layer of complexity to the narrative. Policymakers face the 

intricate task of creating dynamic regulatory frameworks. These need to facilitate the 

advancement and adoption of nano-fertilizers while ensuring the safety of both the 

environment and consumers. Such frameworks should be predicated on robust scientific 

research, encompassing not just immediate crop yield outcomes but broader ecological, 

health, and socio-economic impacts. Looking ahead, as the field of nanotechnology continues 

to evolve rapidly, the agricultural sector stands at a pivotal juncture. Embracing the 

advantages of nano-fertilizers could fundamentally reshape farming practices, driving them 

towards greater sustainability and efficiency. This transition needs to be navigated with a 

clear vision, grounded in rigorous scientific inquiry and underpinned by comprehensive 

policies, to ensure that the agriculture of tomorrow is both bountiful and sustainable. 
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Introduction 

For millennia, agriculture has served as the backbone of human civilization. As societies 

evolved, so did the agricultural methods, adapting to the growing demands of burgeoning 

populations. From primitive slash-and-burn to the sophisticated practices of the modern-day, 

agriculture's development has been both a testament to human ingenuity and a reflection of 

technological advancements. Each evolutionary step has had its set of challenges, limitations, 

and environmental impacts. The cradle of agriculture is believed to be the fertile crescent, 

where humans first began cultivating crops around 10,000 years ago [1]. These early 

agricultural methods were mainly dependent on the natural fertility of the soil, rainfall, and 

manual labor. With the passage of time, the need to increase yields led to the introduction of 



 

 

rudimentary irrigation systems and simple tools. This era also saw the domestication of 

animals, adding a layer of complexity and efficiency to farming methods. As civilizations 

grew and demands on agriculture intensified, humans began modifying their environments 

extensively. The development of ploughs, for instance, allowed for deeper tilling of the soil, 

promoting better growth but also making the land more susceptible to erosion. This shift 

towards intensive farming methods increased yields but at the cost of land degradation [2]. 

The 20
th

 century heralded the "Green Revolution," a massive transformation in agricultural 

practices driven by the introduction of high-yielding varieties, chemical fertilizers, pesticides, 

and mechanization [3]. While the Green Revolution staved off the predicted global famines 

and significantly boosted food production, it came with environmental setbacks. The 

excessive use of chemical fertilizers led to nutrient runoff, causing water pollution and 

harming aquatic life. Over-reliance on pesticides led to the evolution of pesticide-resistant 

pests, necessitating the use of stronger and potentially more toxic chemicals [4]. In the 

ongoing quest to maximize agricultural output while minimizing environmental harm, the 

21st century has ushered in the era of nanotechnology. Nanotechnology, the manipulation of 

matter on an atomic or molecular scale, offers a new frontier in agricultural development. At 

the forefront of this revolution are nano-fertilizers. Nano-fertilizers are a class of fertilizers 

that utilize nanoparticles to deliver nutrients to plants more efficiently. Unlike traditional 

fertilizers that release nutrients either too quickly, leading to runoff, or too slowly, hampering 

immediate plant growth, nano-fertilizers can be engineered to release nutrients at a 

controlled, steady rate [5]. This controlled release ensures that plants receive the right amount 

of nutrients at the right time, optimizing growth without the wastage and environmental harm 

associated with traditional fertilizers. Because nano-fertilizers operate at the molecular level, 

they can be designed to target specific plant structures or processes, increasing their 

effectiveness and reducing the volume required for application. This precision not only 

reduces costs but also minimizes the environmental footprint of agriculture as compared to 

conventional fertilizer [6]. Given the rapidly evolving nature of nanotechnology in 

agriculture, there is a pressing need to understand its implications thoroughly. Nano-

fertilizers, with their promise of transforming crop production, represent both a significant 

opportunity and a challenge. The promise of increased yields, reduced costs, and minimized 

environmental impacts is tantalizing. However, as with any new technology, it is essential to 

approach with a balanced view, understanding not only its benefits but also its potential risks. 

This review aims to delve into the impact of nano-fertilizers on crop development, from the 

molecular interactions at the root level to the broader implications for global food production. 

Through a comprehensive exploration of current research and practices, we hope to provide a 

clear picture of where we stand and where we might be headed in this new agricultural era. 

 

 

 

 

 

 

 



 

 

 

Image 1: Mechanism of action by nano-fertilizer. (Source- https://www.sciencedirect.com/) 
 

Historical Context 

The story of agriculture is as old as civilization itself. As humans transitioned from nomadic 

lifestyles to settled communities, the need for consistent food supply became paramount. This 

need birthed agricultural practices that, over millennia, have undergone significant 

transformation. The evolution of fertilizers has played an indispensable role in this journey, 

defining how civilizations cultivated crops and sustained growing populations. Long before 

the invention of chemical fertilizers, ancient civilizations recognized the importance of 

returning nutrients to the soil. The earliest fertilizers were organic, sourced from animal 

manure, bones, and ashes. Ancient Chinese texts, dating back to 2000 BC, document the use 

of manure-enhanced soils for improved crop yields [7]. In the Roman era, Columella's 

writings revealed the benefits of leguminous crops, which enriched soils with nitrogen 

through symbiotic relationships with root bacteria. The Middle Ages saw advancements in 

soil enrichment practices with the discovery of crop rotation. Fields, instead of being 

exhausted by consecutive harvests, were left fallow or cultivated with nitrogen-fixing crops, 

thus naturally replenishing the soil [8]. The real game-changer in the history of fertilizers 

came in the mid-19
th

 century with the synthesis of ammonia from nitrogen and hydrogen, a 



 

 

process perfected by Fritz Haber. The Haber-Bosch process, as it became known, allowed for 

mass production of ammonia, which forms the basis for nitrogen fertilizers. The 20
th

 century 

witnessed a rapid increase in the use of chemical fertilizers, driven by the Green Revolution's 

goal of increasing global food production [9]. Over-application of fertilizers has led to 

nutrient runoff into water bodies, resulting in phenomena like algal blooms. These blooms 

consume large amounts of oxygen, leading to dead zones where aquatic life cannot thrive. 

The Mississippi River Basin's dead zone, for instance, is a direct consequence of nutrient 

runoff from farmlands [10]. Besides, excessive fertilizer use has also resulted in soil 

acidification, reducing its productivity in the long run [11]. Economic Implications: As the 

demand for fertilizers grew, so did their prices. Small-scale farmers, especially in developing 

countries, found it increasingly challenging to afford the required amounts. This economic 

barrier not only impacted their yields but also made food production more centralized, 

leading to socio-economic disparities. Efficiency Aspects: Traditional fertilizers have an 

inherent efficiency problem. A significant portion of the nutrients isn't absorbed by the plants 

and instead leaches into the soil or evaporates. Only 30-50% of nitrogen applied through 

fertilizers is utilized by crops, with the rest lost to the environment [12]. In the late 20
th

 

century, as the detrimental impacts of traditional fertilizers became evident and the field of 

nanotechnology blossomed, the agricultural sector began eyeing nanotechnology as a 

potential solution. The ability to manipulate materials at an atomic or molecular scale offered 

unprecedented opportunities. Early applications of nanotechnology in agriculture were 

focused on improving the delivery of nutrients and water to plants. Nano-encapsulated 

fertilizers, for example, ensured controlled and sustained release of nutrients, maximizing 

absorption and minimizing environmental losses [13]. This targeted approach not only 

promised better yields but also reduced the quantities of fertilizers needed, addressing both 

efficiency and environmental concerns. Additionally, the introduction of nanosensors allowed 

for real-time monitoring of soil nutrient levels, enabling precision agriculture. Farmers could 

now apply fertilizers only when and where needed, further optimizing resource use [14]. The 

promise of nanotechnology extended beyond fertilizers. Nanopesticides and nanosensors for 

disease detection were developed, opening up a realm of possibilities for sustainable and 

efficient agriculture in the 21
st
 century. 

Basics of Nanotechnology in Agriculture 

The advent of nanotechnology has propelled various industries into new realms of 

innovation, and agriculture is no exception. By delving into the very basic understanding of 

nanotechnology and its relevance to agriculture, we witness how farming can be taken to the 

next frontier. Nanotechnology pertains to the understanding, manipulation, and application of 

materials at a very small scale, typically between 1 to 100 nanometers (nm). For context, a 

single human hair measures around 80,000-100,000 nm wide. When materials are reduced to 

such minuscule dimensions, they begin to exhibit unique properties that are vastly different 

from their bulk counterparts, primarily due to quantum effects. A well-known example is 

gold, which is shiny and chemically inert in its bulk form but can appear red or purple at the 

nanoscale while displaying significant chemical reactivity [15]. One of the most profound 

attributes of nanoparticles, materials with at least one dimension less than 100 nm, is their 

high surface area relative to their volume. This expansive surface area allows nanoparticles to 

interact more efficiently with their surroundings. In the agriculture, this property translates to 

enhanced capacities for carrying nutrients, pesticides, and other agricultural chemicals. 



 

 

Research has indicated that such increased interaction and reactivity can lead to better 

nutrient absorption by plants, optimizing crop growth [16]. The unique properties of 

nanoparticles extend beyond enhanced reactivity. Their small size and tunable surface 

properties allow for controlled and sustained release of substances. In agriculture, this means 

that nutrients or pesticides can be delivered to crops in a timely and precise manner, ensuring 

that plants receive the right amounts just when they need them. This method reduces wastage, 

costs, and minimizes the environmental footprint typically associated with overuse of 

agricultural chemicals [17]. The flexibility of nanotechnology enables the engineering of 

nanoparticles tailored for specific functions. Nanoparticles can be designed to target certain 

plant structures or pests, ensuring that only the intended recipients are affected. This targeted 

approach reduces the amount of agrochemicals required, presenting both economic benefits 

and reduced environmental impacts [18]. Shifting focus to the actual synthesis and 

incorporation of these nanoparticles into agriculture, there are primarily two methods of 

creating nanoparticles: top-down and bottom-up. The top-down method involves reducing 

larger materials into nanoscale dimensions using techniques like ball milling. In contrast, the 

bottom-up approach involves building nanoparticles atom by atom or molecule by molecule, 

using methods like chemical vapor deposition [19]. After synthesis, nanoparticles can be 

incorporated into fertilizers, resulting in what are popularly known as nano-fertilizers. These 

products typically contain nutrient-loaded nanoparticles, ensuring efficient nutrient delivery. 

When introduced into the soil or sprayed onto plants, nano-fertilizers promise to deliver 

nutrients more effectively than traditional counterparts. An alternative approach involves 

coating traditional fertilizers with a nano-layer, ensuring controlled release of nutrients over 

time. The beauty of nanotechnology also lies in its adaptability. Nanoparticles can be 

integrated into polymers, forming hydrogels. When these hydrogels are introduced to soil, 

they modulate water release, ensuring optimal moisture levels for plants, thereby addressing 

water conservation in agriculture [20]. 

Benefits of Nano-Fertilizers 

As the global population continues to grow, there is an ever-increasing demand for food 

security and sustainable agricultural practices. Traditional agricultural methods, although 

effective to some degree, often fall short in maximizing output while maintaining 

environmental health. Enter nano-fertilizers, a convergence of nanotechnology and 

agriculture, promising a range of benefits that might just be the solution to many 

contemporary agricultural challenges. Starting with the fundamental essence of farming - 

nutrient delivery - nano-fertilizers offer a paradigm shift. Unlike conventional fertilizers, 

which often disintegrate and disperse nutrients inconsistently, nano-fertilizers have the 

potential for direct nutrient transfer to plant cells [21]. This is due to the nanoparticles' small 

size and enhanced surface reactivity, which facilitates the transportation of nutrients right into 

the cells. Consequently, plants can absorb and utilize these nutrients more effectively. The 

outcome is healthier plants that grow more robustly, owing to their newfound access to 

consistent nutrition. Additionally, nano-fertilizers have been designed for sustained release, 

thereby ensuring that nutrients are provided to plants over an extended period. This reduces 

the frequent need for reapplication and also minimizes nutrient loss through processes like 

volatilization or degradation. As Karthik and Maheswari [22] highlighted, with a continuous 

supply of essential nutrients from nano-fertilizers, plants are less likely to face nutrient 

deficiencies, which often stunt growth or lead to disease susceptibility in traditional farming. 



 

 

Parallel to the direct benefits to plants, nano-fertilizers present a beacon of hope for 

environmental conservation. Traditional fertilizers, when applied, often contribute to nutrient 

leaching into water systems, leading to phenomena like algal blooms which devastate aquatic 

ecosystems. The controlled release mechanism of nano-fertilizers significantly reduces the 

chances of such nutrient leaching, curtailing environmental degradation [23]. Moreover, 

nano-fertilizers can be engineered for targeted delivery, ensuring that only the intended plant 

or soil region receives the nutrients. This precision reduces the overall amount of fertilizer 

needed, thus further decreasing the potential environmental footprint of agricultural practices. 

A direct consequence of efficient nutrient delivery and environmental preservation is, of 

course, increased crop yield. The combined advantages of enhanced nutrient uptake and the 

plants' increased resistance to pests and diseases position them for optimal growth. Studies 

have indicated that nano-fertilizers can boost photosynthetic activity in plants, leading to 

faster growth rates and larger yields [24]. When plants can photosynthesize more efficiently, 

they can produce more food energy, resulting in healthier and more abundant crops. Lastly, 

the economic implications of nano-fertilizers cannot be overlooked. For farmers, the prospect 

of using less fertilizer while achieving higher yields is nothing short of a boon. By reducing 

the amount of fertilizer required, farmers stand to make significant cost savings. Furthermore, 

the increase in crop yields not only ensures food security but also translates to higher income 

for farmers, positioning them for better economic stability. 

Table: 1  Benefits of Nano-Fertilizers in Agriculture 

S 

No. 

Benefit  Description 

1 Enhanced Nutrient Uptake Smaller particle size allows better penetration through plant 

cells. 

2 Slow and Targeted Release Can be designed to release nutrients in a controlled manner, 

reducing the frequency of fertilization. 

3 Reduction in Fertilizer 

Quantity Required 

Higher efficiency can lead to less quantity needed for the 

same effect. 

4 Decrease in Environmental 

Impact 

Less runoff into waterways reducing eutrophication. 

5 Improved Water Use 

Efficiency 

Can enhance plant's ability to absorb water from the soil. 

6 Improved Soil Health Certain nano-fertilizers can benefit soil microbes. 

7 Reduction in Pesticide Use By enhancing plant health and resistance to pests. 

8 Enhanced Crop Yield Healthier plants generally produce more. 

9 Cost Efficiency Due to reduced quantities and increased yields. 

10 Adaptability to Precision 

Agriculture 

Easily integrated with modern farming techniques. 

 

Potential Risks and Challenges 

While the dawn of nanotechnology in agriculture, especially through the lens of nano-

fertilizers, offers a myriad of promising benefits, it also raises certain questions and concerns. 

The intertwining of nanoscience with the age-old practice of farming is not without potential 

pitfalls. As with any technology still in its nascent stages, there are uncertainties regarding its 

long-term impacts and challenges that need addressing. One of the principal concerns 



 

 

surrounding the use of nano-fertilizers is their potential impact on the environment. 

Nanoparticles, given their tiny size, have the ability to travel and accumulate in various 

environmental niches, raising questions about their long-term effects [25]. While nano-

fertilizers might reduce the immediate leaching of nutrients into water systems, the 

nanoparticles themselves could potentially accumulate in water bodies. Over time, these 

nanoparticles might interact with various aquatic organisms, leading to unforeseen ecological 

shifts. In terrestrial ecosystems, nano-fertilizers can persist in the soil. Little is understood 

about how these particles might affect soil microbes, which play a crucial role in nutrient 

cycling and overall soil health. Any disruption to this delicate balance could have profound 

consequences for future agricultural practices. Then there's the matter of human health. Both 

consumers and farm workers are potential receptors of these nanoparticles. For farm workers, 

the direct exposure to nano-fertilizers during application could lead to inhalation or skin 

contact. Since nanoparticles can easily penetrate biological membranes, there's the looming 

question of whether they can get incorporated into the body's systemic circulation, leading to 

health complications [26]. For consumers, the concern lies in the food chain. Plants treated 

with nano-fertilizers might absorb these nanoparticles. When consumed, these particles could 

potentially interact with human gut microbes or even get absorbed into the bloodstream. The 

long-term implications of such interactions, be it allergic reactions, inflammation, or other 

health risks, remain an active area of research. Another challenge, one that mirrors the issues 

faced with the use of conventional pesticides and fertilizers, is the potential development of 

nanoparticle-resistant pests and diseases. Nature, in its persistent bid for survival, has always 

found ways to evolve around man-made interventions. Over-reliance on a single mode of 

action, such as a specific nano-fertilizer, might lead to pests and diseases that can withstand 

or even thrive in the presence of these nanoparticles. A poignant example from history is the 

development of pesticide-resistant insects due to the indiscriminate use of chemicals [27]. 

Lastly, the world of nanotechnology, given its relatively recent emergence, is still grappling 

with regulatory challenges. The overarching question is: How does one regulate something 

that is not entirely understood? While the benefits of nano-fertilizers are clear, the potential 

risks are still emerging. This creates a conundrum for policymakers. There's an urgent need 

for standardized testing methods to gauge the safety and efficacy of nano-fertilizers. 

Furthermore, regulations need to be agile, adapting to the new information as and when it 

becomes available. Striking a balance between promoting innovation and ensuring safety is a 

delicate task, one that requires collaboration between researchers, industry stakeholders, and 

policymakers [28]. 

Future Prospects and Recommendations 

The intersection of nanotechnology and agriculture paints a promising picture of the future, 

one where increased yields, reduced environmental footprints, and sustainable practices are 

the norms. Like every nascent technology, nano-fertilizers require careful navigation. The 

potential is vast, but so are the challenges. A proactive approach that melds scientific inquiry 

with strategic policymaking will be essential to harness the full benefits of this technology. 

Nanotechnology, as a field, is undergoing rapid advancements. Every year, researchers are 

uncovering new properties of nanoparticles and devising innovative methods to synthesize 

and manipulate them. For agriculture, these advancements could translate to even more 

efficient nano-fertilizers. Current formulations might be just the tip of the iceberg. For 

instance, nanoparticles could be engineered to have multi-functional roles, such as delivering 



 

 

nutrients while simultaneously acting as pest repellents [29]. Or imagine nano-fertilizers that 

can respond to environmental triggers, releasing nutrients only under specific conditions, like 

after a rainfall or during specific growth stages of a plant. Such innovations could further 

reduce wastage and enhance crop yield. Despite the excitement around nano-fertilizers, 

certain areas of research demand more attention. The long-term impact of nanoparticles on 

soil health, for instance, remains a gray area. While we understand some immediate benefits 

of nano-fertilizers, their decade-long or century-long impact on soil microbes, soil structure, 

and overall ecosystem health is yet to be explored in depth. Additionally, the interaction 

between nanoparticles and various flora and fauna needs comprehensive studies. This 

includes not just crops, but also the myriad organisms that call agricultural lands home [30]. 

A true measure of sustainability will factor in the well-being of the entire ecosystem. The 

promise of nano-fertilizers is undoubted, but ensuring their sustainable use will require 

proactive strategies. First and foremost, there should be a focus on education. Farmers, being 

the primary users of these fertilizers, should be well-informed about the correct usage, 

potential risks, and best practices. Over-application or misuse could negate the benefits and 

introduce unforeseen challenges. As research sheds light on newer implications of nano-

fertilizers, there should be mechanisms to update farming practices accordingly. 

Interdisciplinary collaboration, where nanotechnologists work closely with agricultural 

scientists and ecologists, can provide a holistic view, ensuring that innovations are both 

effective and ecologically sound. Policymakers, researchers, and farmers, each have a 

significant role to play in shaping the future of nano-fertilizers. For policymakers, the priority 

should be creating a dynamic regulatory framework. This would involve devising 

standardized tests for nano-fertilizer safety and efficacy, while also ensuring that regulations 

can be updated swiftly as new information becomes available. Research institutions should 

prioritize long-term studies on nano-fertilizers, extending beyond immediate crop yields to 

encompass ecosystem health, human health implications, and economic analyses. 

Collaborative efforts, both within and across countries, can pool resources and expertise, 

speeding up the pace of discovery [31]. For farmers, the call to action is to remain curious 

and informed. Embracing new technology is beneficial, but it should be paired with a 

commitment to sustainable farming. This means engaging with researchers, attending 

educational seminars, and possibly even participating in pilot studies. Their on-ground 

experience can provide invaluable feedback, refining the development and application of 

nano-fertilizers. 

Conclusions  

Nanotechnology's incursion into agriculture, epitomized by nano-fertilizers, holds profound 

promise for a sustainable agricultural future. While these innovations promise increased 

yields, efficient nutrient delivery, and reduced environmental impacts, they also present 

challenges, ranging from potential ecological disruptions to health concerns. As research 

endeavors to illuminate the vast unknowns, it's paramount for stakeholders, from 

policymakers to farmers, to navigate this journey with informed caution. Collaborative efforts 

will be key, merging expertise across disciplines to ensure that as we harness the potentials of 

nanotechnology, we also respect and protect the delicate balance of our ecosystems. 

Embracing the promises of nano-fertilizers while diligently addressing the inherent 

challenges can pave the way for a revolutionized and sustainable agricultural landscape. 

 



 

 

References: 

1. Wells, J. C. K. (2007). The thrifty phenotype as an adaptive maternal effect. Biological 

Reviews, 82(1), 143-172. 

 

2. Shiferaw, B., & Holden, S. T. (2001). Farm-level benefits to investments for mitigating 

land degradation: empirical evidence from Ethiopia. Environment and Development 

Economics, 6(3), 335-358. 

 

3. Dasgupta, B. (1977). India's green revolution. Economic and political weekly, 241-260. 

 

4. Hickman, D. T., Rasmussen, A., Ritz, K., Birkett, M. A., & Neve, P. (2021). 

Allelochemicals as multi‐ kingdom plant defence compounds: towards an integrated 

approach. Pest Management Science, 77(3), 1121-1131. 

 

5. Mahanta, N., Dambale, A., Rajkhowa, M., Mahanta, C., & Mahanta, N. (2019). Nutrient 

use efficiency through nano fertilizers. Int J Chem Stud, 7(3), 2839-2842. 

 

6. Manjunatha, S. B., Biradar, D. P., & Aladakatti, Y. R. (2016). Nanotechnology and its 

applications in agriculture: A review. J farm Sci, 29(1), 1-13. 

 

7. Lal, R. (2009). Soils and food sufficiency: A review. Sustainable agriculture, 25-49. 

 

8. Sanchez, P. A., Bandy, D. E., Villachica, J. H., & Nicholaides, J. J. (1982). Amazon basin 

soils: management for continuous crop production. Science, 216(4548), 821-827.  

 

9. Diao, X., Headey, D., & Johnson, M. (2008). Toward a green revolution in Africa: what 

would it  

achieve, and what would it require?. Agricultural economics, 39, 539-550. 

 

10. Beaty, T. A. (2023). Life on the Mississippi: Reducing the Harmful Effects ofAgricultural 

Runoff in the Mississippi River Basin. Ohio Northern University Law Review, 41(3), 13. 

 

11. Bouman, O. T., Curtin, D., Campbell, C. A., Biederbeck, V. O., & Ukrainetz, H. (1995). 

Soil acidification from long‐ term use of anhydrous ammonia and urea. Soil science 

society of America journal, 59(5), 1488-1494. 

 

12. Wendeborn, S. (2020). The chemistry, biology, and modulation of ammonium nitrification 

in soil. Angewandte Chemie International Edition, 59(6), 2182-2202. 

 

13. Hamad, H. T., Al-Sharify, Z. T., Al-Najjar, S. Z., & Gadooa, Z. A. (2020, June). A review 

on nanotechnology and its applications on Fluid Flow in agriculture and water recourses. 

In IOP conference series: materials science and engineering (Vol. 870, No. 1, p. 012038). 

IOP Publishing. 

 

14. de Wit, C. D. (1992). Resource use efficiency in agriculture. Agricultural systems, 40(1-

3), 125-151. 



 

 

 

15. Bayda, S., Adeel, M., Tuccinardi, T., Cordani, M., & Rizzolio, F. (2019). The history of 

nanoscience and nanotechnology: from chemical–physical applications to 

nanomedicine. Molecules, 25(1), 112. 

 

16. Joseph, S., Cowie, A. L., Van Zwieten, L., Bolan, N., Budai, A., Buss, W., ... & Lehmann, 

J. (2021). How biochar works, and when it doesn't: A review of mechanisms controlling 

soil and plant responses to biochar. Gcb Bioenergy, 13(11), 1731-1764. 

 

17. Cao, L., Wang, W., Yang, Y., Yang, C., Yuan, Z., Xiong, S., & Diana, J. (2007). 

Environmental impact of aquaculture and countermeasures to aquaculture pollution in 

China. Environmental Science and Pollution Research-International, 14, 452-462. 

 

18. Popp, J., Pető, K., & Nagy, J. (2013). Pesticide productivity and food security. A 

review. Agronomy for sustainable development, 33, 243-255. 

 

19. Biswas, A., Bayer, I. S., Biris, A. S., Wang, T., Dervishi, E., & Faupel, F. (2012). 

Advances in top–down and bottom–up surface nanofabrication: Techniques, applications 

& future prospects. Advances in colloid and interface science, 170(1-2), 2-27. 

 

20. Demitri, C., Scalera, F., Madaghiele, M., Sannino, A., & Maffezzoli, A. (2013). Potential 

of cellulose-based superabsorbent hydrogels as water reservoir in 

agriculture. International Journal of Polymer Science, 2013. 

 

21. Solanki, P., Bhargava, A., Chhipa, H., Jain, N., & Panwar, J. (2015). Nano-fertilizers and 

their smart delivery system. Nanotechnologies in food and agriculture, 81-101. 

 

22. Karthik, A., & Maheswari, M. U. (2021). Smart fertilizer strategy for better crop 

production. Agricultural Reviews, 42(1), 12-21. 

 

23. Kalia, A., Sharma, S. P., Kaur, H., & Kaur, H. (2020). Novel nanocomposite-based 

controlled-release fertilizer and pesticide formulations: Prospects and 

challenges. Multifunctional hybrid nanomaterials for sustainable agri-food and 

ecosystems, 99-134. 

 

24. Solanki, P., Bhargava, A., Chhipa, H., Jain, N., & Panwar, J. (2015). Nano-fertilizers and 

their smart delivery system. Nanotechnologies in food and agriculture, 81-101. 

 

25. Solanki, P., Bhargava, A., Chhipa, H., Jain, N., & Panwar, J. (2015). Nano-fertilizers and 

their smart delivery system. Nanotechnologies in food and agriculture, 81-101. 

 

26. Sohail, M. I., Waris, A. A., Ayub, M. A., Usman, M., ur Rehman, M. Z., Sabir, M., & 

Faiz, T. (2019). Environmental application of nanomaterials: a promise to sustainable 

future. In Comprehensive analytical chemistry (Vol. 87, pp. 1-54). Elsevier. 

 



 

 

27. Vernon, Z. (2014). Haunted by Waters: The Hydropolitics of American Literature and 

Film, 1960-1980. 

 

28. Solanki, P., Bhargava, A., Chhipa, H., Jain, N., & Panwar, J. (2015). Nano-fertilizers and 

their smart delivery system. Nanotechnologies in food and agriculture, 81-101. 

 

29. Sinha, K., Ghosh, J., & Sil, P. C. (2017). New pesticides: a cutting-edge view of 

contributions from nanotechnology for the development of sustainable agricultural pest 

control. In New pesticides and soil sensors (pp. 47-79). Academic Press. 

 

30. Anjum, N. A., Rodrigo, M. A. M., Moulick, A., Heger, Z., Kopel, P., Zítka, O., ... & 

Kizek, R. (2016). Transport phenomena of nanoparticles in plants and 

animals/humans. Environmental Research, 151, 233-243. 

 

31. Iavicoli, I., Leso, V., Beezhold, D. H., & Shvedova, A. A. (2017). Nanotechnology in 

agriculture: Opportunities, toxicological implications, and occupational risks. Toxicology 

and applied pharmacology, 329, 96-111. 

  

 


