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Abstract—Sustainable agriculture is essential for
ensuring food security while minimizing
environmental degradation and protecting human
health. Conventional agricultural practices rely
heavily on synthetic fertilizers, pesticides, and soil
amendments that contribute to soil degradation, water
contamination, biodiversity loss, and adverse health
effects. Green chemistry offers innovative approaches
to redesign agricultural inputs and practices using
environmentally benign, resource-efficient, and safer
alternatives. This review critically examines green
chemistry strategies applied in sustainable agriculture
and soil health, focusing on eco-friendly fertilizers,
biopesticides, soil conditioners, and waste-derived
amendments. The environmental and health benefits,
along with challenges and future research directions,
are discussed to highlight the role of green chemistry
in achieving resilient and sustainable agroecosystems.
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Agriculture plays a vital role in global economic
development and food production, yet it is a major
contributor to environmental pollution and soil
degradation. Excessive use of chemical fertilizers
and pesticides has resulted in nutrient leaching,
groundwater ~ contamination, greenhouse  gas
emissions, and declining soil fertility. These issues
threaten long-term agricultural productivity and
ecosystem stability.

Green chemistry, defined as the design of chemical
products and processes that reduce or eliminate the
use and generation of hazardous substances,
provides a scientific framework to address these
challenges. By applying green chemistry principles
to agriculture, it is possible to develop sustainable
inputs that enhance crop productivity while
preserving soil health and environmental quality.
This review explores recent advances in green
chemistry approaches for sustainable agriculture,
emphasizing their role in maintaining soil health.
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Figure 1 Conceptual framework illustrating the application of green chemistry principles in sustainable
agriculture, linking eco-friendly agricultural inputs with improved soil health and sustainability outcomes.
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Table 1. Green Chemistry-Based Inputs in Sustainable Agriculture

Green Input Source Function Sustainability Benefit
Biofertilizers Microorganisms | Nutrient mobilization Improved soil fertility
Controlled-release fertilizers | Biopolymers Gradual nutrient release | Reduced leaching
Biopesticides Plants/microbes | Pest control Low toxicity
Biochar Agro-waste Soil amendment Carbon sequestration

II.  SOIL HEALTH AND ITS IMPORTANCE IN
SUSTAINABLE AGRICULTURE

Soil health refers to the continued capacity of soil to
function as a living ecosystem that sustains plants,
animals, and humans. Healthy soils support nutrient
cycling, water retention, microbial diversity, and
carbon sequestration. However, intensive farming
practices disrupt soil structure, reduce organic
matter, and impair microbial activity.

Sustainable agriculture seeks to restore and maintain
soil health by minimizing chemical inputs,
improving nutrient efficiency, and promoting
biological processes. Green chemistry-based
solutions play a crucial role in achieving these
objectives by offering safer and more efficient
alternatives to conventional agrochemicals.

Figure 2. Impact of Green Chemistry Inputs on Soil Health
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Figure 2. Comparative impact of conventional agricultural inputs and green chemistry-based inputs on key soil
health indicators, including soil organic carbon, microbial activity, water retention, and nutrient use efficiency.

III. GREEN FERTILIZERS AND NUTRIENT
MANAGEMENT

3.1 Biofertilizers

Biofertilizers are microbial formulations that
enhance nutrient availability through biological
processes such as nitrogen fixation, phosphorus
solubilization, and potassium  mobilization.
Examples include Rhizobium, Azotobacter, and
phosphate-solubilizing bacteria. Unlike synthetic
biofertilizers improve soil fertility
without causing nutrient runoff or soil acidification.
Green chemistry principles guide the development
of stable, efficient biofertilizer formulations using
biodegradable carriers and low-energy production

fertilizers,
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methods. These reduce
dependence on chemical fertilizers but also improve
soil microbial diversity and long-term productivity.

fertilizers not only

3.2 Controlled-Release and Nano-Fertilizers

Green chemistry has enabled the development of
controlled-release fertilizers using biodegradable
polymers and natural coatings. These formulations
release nutrients gradually, reducing leaching and
volatilization losses. Nano-fertilizers synthesized
through green routes, such as plant-mediated
methods, enhance nutrient use efficiency at lower
application
contamination.

rates, minimizing environmental
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IV. GREEN CHEMISTRY IN PEST AND
DISEASE MANAGEMENT

4.1 Biopesticides

Biopesticides derived from natural sources such as
plants, microorganisms, and minerals represent a
key green chemistry approach in sustainable
agriculture. Botanical pesticides like neem-based
formulations and microbial agents such as Bacillus
thuringiensis are biodegradable, target-specific, and
less harmful to non-target organisms.

Green synthesis methods avoid toxic solvents and
harsh reaction conditions, making biopesticide
production safer for workers and ecosystems. Their
use reduces pesticide residues in food and prevents
the development of pest resistance commonly
associated with synthetic chemicals.

4.2 Pheromones and Semiochemicals

The use of pheromones and semiochemicals for pest
control is another environmentally friendly strategy.
These compounds disrupt pest mating behavior
without killing beneficial insects or contaminating
soil and water. Green chemistry enables the efficient

synthesis of such compounds using renewable

feedstocks and low-waste processes.

V. SOIL AMENDMENTS AND ORGANIC
MATTER MANAGEMENT

5.1 Compost and Biochar

Compost and biochar derived from agricultural and
organic waste are effective soil amendments that
improve soil structure, water retention, and nutrient
availability. Biochar production using green
pyrolysis techniques enhances carbon sequestration
and reduces greenhouse gas emissions.

These materials align with green chemistry and
circular economy principles by converting waste
into valuable soil conditioners while minimizing
environmental impact.

5.2 Biodegradable Soil Conditioners

Green chemistry has led to the development of
biodegradable and hydrogels for
improving soil moisture retention and reducing
irrigation needs. Derived from natural polymers
such as starch, cellulose, chitosan, these
conditioners enhance soil health without leaving
persistent residues.

polymers

and

Figure 3. Soil Microbiome and Plant Interaction
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VI ENVIRONMENTAL AND HEALTH

BENEFITS

The application of green chemistry in agriculture
offers multiple environmental and health
advantages. Reduced use of toxic agrochemicals
lowers soil and water pollution and protects
beneficial soil organisms. Improved soil health
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resilience and reduces
greenhouse gas emissions through increased carbon
sequestration.

enhances ecosystem

From a human health perspective, green agricultural
inputs decrease farmers’ exposure to hazardous
chemicals and reduce pesticide residues in food,
contributing to improved public health outcomes.
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Table 2. Environmental and Health Benefits of Green Chemistry in Agriculture

Aspect Conventional Practices | Green Chemistry Approaches
Soil pollution High Low
Water contamination | Frequent Minimal
Farmer health risk High Reduced
Soil biodiversity Degraded Enhanced

VIL CHALLENGES AND LIMITATIONS

Despite their benefits, green chemistry-based
agricultural solutions face several -challenges.
Variability in performance under different climatic
and soil conditions, higher initial costs, and limited
farmer awareness can hinder widespread adoption.
Additionally, regulatory frameworks for emerging
products such as nano-fertilizers require further
development to ensure safety and efficacy.
Continued research, field validation, and policy
support are essential to overcome these barriers and
promote the large-scale implementation of green
chemistry approaches.

Table 3. Challenges and Future Opportunities

VIIL FUTURE PERSPECTIVES

Future research should focus on integrating green
chemistry with precision agriculture, artificial
intelligence, and soil microbiome studies to enhance
efficiency and scalability. Developing cost-
effective, region-specific solutions and
strengthening farmer education programs will
further accelerate adoption.

Policy incentives, sustainable certification systems,
and interdisciplinary collaboration among chemists,
agronomists, and environmental scientists will play
a crucial role in advancing sustainable agriculture.

Challenge

Limitation

Green Chemistry Solution

Cost Higher initial cost

Waste-derived materials

Performance variability | Climate dependence

Region-specific design

Awareness

Limited adoption

Farmer training programs

Regulation

Inadequate frameworks | Science-based policies

IX. CONCLUSION

Green chemistry provides a powerful framework for
transforming conventional agriculture into a
sustainable, soil-friendly system. Through the
development of eco-friendly fertilizers,
biopesticides, and soil amendments, green chemistry
supports soil health, environmental protection, and
human well-being. While challenges remain,
continued innovation and policy support can ensure
that green chemistry approaches become central to
sustainable agriculture and global food security.

REFERENCES

[1] Anastas, P. T., & Warner, J. C. (1998). Green
chemistry:  Theory and practice. Oxford
University Press.

[2] Atkins, P., de Paula, J., & Keeler, J. (2018).
Atkins’ physical chemistry (11th ed.). Oxford
University Press.

[3] Bhardwaj, D., Ansari, M. W., Sahoo, R. K., &
Tuteja, N. (2014). Biofertilizers function as key

IJIRT 190161

player in sustainable agriculture by improving
soil fertility, plant tolerance and crop
productivity. Microbial Cell Factories, 13, 66.
https://doi.org/10.1186/1475-2859-13-66

[4] Carpenter, S. R., et al. (2017). Nonpoint
pollution of surface waters with phosphorus and
nitrogen. Ecological Applications, 27(6), 1721—
1732.
https://doi.org/10.1002/eap.1585

[5] Chojnacka, K., Moustakas, K., & Witek-
Krowiak, A. (2020). Bio-based fertilizers: A
practical approach towards circular economy.
Bioresource  Technology, 295, 122223.
https://doi.org/10.1016/j.biortech.2019.122223

[6] Doran, J. W., & Zeiss, M. R. (2000). Soil health
and sustainability: Managing the biotic
component of soil quality. Applied Soil
Ecology, 15(1), 3-11.
https://doi.org/10.1016/S0929-1393(00)00067-6

[7]1 Dubey, A., Mailapalli, D. R., Raghuwanshi, N.
S., & Singh, R. (2021). Controlled release
fertilizers for sustainable agriculture. Journal of

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 2857


https://doi.org/10.1186/1475-2859-13-66
https://doi.org/10.1002/eap.1585

© January 2026 | IJIRT | Volume 12 Issue 8 | ISSN: 2349-6002

Cleaner Production, 296, 126531.
https://doi.org/10.1016/j.jclepro.2021.126531

[8] Fantke, P., & Illner, N. (2019). Goods that are
good enough: Introducing an absolute
sustainability  perspective  for  managing
chemicals. Current Opinion in Green and
Sustainable Chemistry, 15, 91-97.
https://doi.org/10.1016/j.cogsc.2018.12.002

[91 FAO. (2017). Soil organic carbon: The hidden
potential. Food and Agriculture Organization of
the United Nations.

[10] Gavrilescu, M.  (2014).  Environmental
biotechnology: Achievements, opportunities
and challenges. Journal of Environmental
Management, 133, 253-264.
https://doi.org/10.1016/j.jenvman.2013.12.001

[11] Gupta, P. K. (2018). Toxicity of pesticides.
Agro Environ Media.

[12]Huang, B., Chen, X., & Chen, Z. (2022).
Biochar as a soil amendment for sustainable
agriculture. Environmental Research, 204,
112096.
https://doi.org/10.1016/j.envres.2021.112096

[13]ISO. (2006). ISO 14040: Environmental
management—Life cycle
Principles
Organization for Standardization.

[14] Kalia, A., & Gosal, S. K. (2011). Effect of
pesticide application on soil microorganisms.
Archives of Agronomy and Soil Science, 57(6),
569-596.
https://doi.org/10.1080/03650340.2010.488675

[15] Kumar, S., Nehra, M., Dilbaghi, N., Marrazza,
G., & Hassan, A. A. (2019). Nano-based smart
pesticide formulations: Emerging opportunities
for agriculture. Journal of Controlled Release,
294, 131-153.
https://doi.org/10.1016/j.jconrel.2018.12.012

[16] Lehmann, J., & Joseph, S. (2015). Biochar for
environmental
Routledge.

[17]Mishra, D. J. (2017). Agrochemicals and their
impacts. Scientific Publishers.

assessment—

and  framework. International

management  (2nd  ed.).

[I8JOECD. (2018). Innovation,  agricultural
productivity  and  sustainability.  OECD
Publishing.

https://doi.org/10.1787/9789264293083-en

[19] Popp, J., Petd, K., & Nagy, J. (2013). Pesticide
productivity and food security. Agronomy for
Sustainable Development, 33(1), 243-255.
https://doi.org/10.1007/s13593-012-0105-x

IJIRT 190161

[20]Ragauskas, A. J., et al. (2006). The path
forward for biofuels and biomaterials. Science,
311(5760), 484-489.
https://doi.org/10.1126/science.1114736

[21]Roy, S., Singh, S., & Chattopadhyay, A. (2020).
Biofertilizers: A sustainable approach for
agriculture. Journal of Cleaner Production,
252, 119867.
https://doi.org/10.1016/j.jclepro.2019.119867

[22] Sharma, A., Kumar, V., Shahzad, B., et al.
(2019). Worldwide pesticide usage and its
impacts on ecosystem. Environmental Science
and Pollution Research, 26, 27379-27398.
https://doi.org/10.1007/s11356-019-04899-5

[23] Singh, B. K., Trivedi, P., Egidi, E., Macdonald,
C. A., & Delgado-Baquerizo, M. (2020). Crop
microbiome and sustainable agriculture. Nature
Reviews Microbiology, 18, 601-602.
https://doi.org/10.1038/s41579-020-00446-y

[24] Tilman, D., Cassman, K. G., Matson, P. A.,
Naylor, R., & Polasky, S. (2002). Agricultural
sustainability —and  intensive
practices. Nature, 418,
https://doi.org/10.1038/nature01014

[25] Tripathi, S., Kumari, P., & Chakraborty, A.
(2021). Green synthesis of nanomaterials for

production
671-677.

agriculture applications. Materials Today:
Proceedings, 46, 5480-5485.
https://doi.org/10.1016/j.matpr.2021.02.210

[26]UNEP. (2019). Global chemicals outlook II.
United Nations Environment Programme.

[271USDA. (2020). Soil health management
systems. United States Department of
Agriculture.

[28] van der Werf, H. M. G., & Petit, J. (2002).
Evaluation of environmental impacts of
agriculture.  Agriculture,  Ecosystems &
Environment, 90(1), 131-144.
https://doi.org/10.1016/S0167-8809(01)00302-2

[29] Yadav, A. N., Kumar, R., Kumar, S., et al.
(2018). Beneficial microbiomes: Biodiversity
and potential biotechnological applications for
sustainable agriculture. Journal of Cleaner
Production, 186, 421-434.
https://doi.org/10.1016/j.jclepro.2018.03.054

INTERNATIONAL JOURNAL OF INNOVATIVE RESEARCH IN TECHNOLOGY 2858


https://doi.org/10.1007/s13593-012-0105-x

