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Abstract

The population of the world is rapidly increasing at a remarkable pace and is predicted to be approximately 9.6 billion by 2050. Feeding the population without expanding natural resources is one of the urgent challenges of the 21st century, which tends to push a highly advanced development in the agricultural sector to minimize the worldwide poverty and
hunger, assuring food safety. Conventional fertilizers (CFs) are extensively used as the source of plant nutrition to enhance food production widely. Although having effectivity, CFs lead to environmental risks, including soil degradation, water pollution and greenhouse gas emissions. Some recent statistical reports stated that the applied key macronutrient
elements, like 40-50% of nitrogen, 80-90% of phosphorus, and 50-90% of potassium, are lost by the soil because of irregular use of fertilizer without considering nutrient release patterns. Therefore, nanotechnology in agriculture has emerged as a promising alternative to produce environmentally friendly fertilizers with high nutrient-use efficiency. In response, a
review analysis was conducted on the latest research on green chemistry-based nanofertilizers (NFs) design and formulation, their application mode, field performance, and environmental impact, mainly highlighting the potential benefits of NFs with current limitations and future challenges in wide-scale application. NFs are engineered at the nanoscale to
increase nutrition management and reduce nutrient leaching into groundwater, offering a revolutionary alternative directly supported by the several UN Sustainable Development Goals (SDGs), particularly SDG 2 (zero hunger). Additionally, NFs can be considered nanobiofertilizers when combined with microorganisms that enhance abiotic stress tolerance.
However, despite having several benefits, NFs face some challenges, including limited long-term safety analysis, lack of standardized regulations, and high costs. The excessive release of nanomaterials into the environment and the food chain may endanger human health. Future research must focus on cost-effective green production methods, field trials, and
extensive risk evaluation to ensure sustainable and safe agricultural applications.
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Fig. 3 Different application modes of NFs.
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