
Copyright © 2026, IGI Global Scientific Publishing. Copying or distributing in print or electronic forms without written permission of IGI Global Scientific Publishing is prohibited. Use of this chapter to 
train generative artificial intelligence (AI) technologies is expressly prohibited. The publisher reserves all rights to license its use for generative AI training and machine learning model development.

275

Chapter 10
AI-​Enabled Bio-​
Nanocomposite 

Materials for Soil Health 
and Environmental 

Sustainability
Mrutyunjay Padhiary

 https://​orcid​.org/​0000​-​​0002​-​​2236​-​​568X
Assam University, Silchar, India

ABSTRACT

Bio-​nanostructured composite materials, composed of biological and nanostructured 
elements, have added a new dimension to the latest agricultural developments. This 
chapter explores how these materials can be optimized using artificial intelligence 
to enhance soil fertility, structure, and ecosystem resilience. Precision design, per-
formance prediction, and real-​time monitoring of bio-​nano composites, ensuring 
their targeted functionality in soil remediation, nutrient delivery, and pollution 
mitigation, are being enabled by AI algorithms, including machine learning and 
deep learning. AI-​integrated systems might support frameworks for sustainable 
land management, forecast environmental effects, and replicate soil-​microbe-​nano 
synthesis. Smart nano-​fertilizers, AI-​assisted clean-​up methods, and sensors in 
materials for checking soil quality demonstrate a shift toward smarter, more sus-
tainable farming and caring for the environment. It also explores the ethical and 
hazardous aspects of AI-​enabled bio-​nano technologies and their potential impact 
on future-​proof agri-​environmental systems.
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1. INTRODUCTION

1.1 Global Soil Health Crisis and Environmental Degradation

Soil degradation is now one of the most pressing environmental concerns globally, 
threatening food security, biodiversity, and ecosystem balance (Gomiero, 2016). The 
primary drivers of soil degradation are multifaceted, comprising physical, chem-
ical, and biological processes (Lehman et al., 2015). Salinization, or an excess of 
soluble salts in the soil profile, is primarily caused by poor irrigation management, 
inadequate drainage, and rising water tables, which are more common in arid and 
semi-​arid areas (Padhiary & Kumar, 2024). Salinization causes osmotic stress in 
plants, reduces microbial activity in soil, and lowers crop yields. Similarly, soil 
acidification, in some instances caused by overuse of ammonium fertilizers, acid 
rain, and mining, impinges on the pH value of the soil, which indirectly influences 
the nutrient content, microbial population structure, and soil fertility (Huang et al., 
2023). Water and wind erosion remain trendy topsoil-​loss reasons, with deforestation, 
intensive tillage, and overgrazing standing out. These processes of degradation are 
subsequently accelerated by urbanization, industrialization, and global warming, 
leading to a vast loss of fertile land and soil fertility on continents (Quinton & 
Fiener, 2024).

Soil degradation is a self-​reinforcing process that cascades into impacts in ag-
ricultural ecosystems, climate, and ecosystem processes. In farming, the soils have 
reduced fertility, compromised water-​holding capacity, and organic matter loss, 
causing lower crop yield and vulnerability to pests and diseases. Further, degraded 
soils emit large quantities of greenhouse gases like nitrous oxide and carbon dioxide, 
which drive feedback processes related to climate change (Lal, 2012). Soil organic 
carbon stock loss deteriorates the soil as a carbon sink, accelerating global warm-
ing. Beyond agriculture, soil erosion diminishes important ecosystem services like 
water filtration, nutrient cycling, and the provision of habitat for the biota inhabiting 
the soil. The loss of these services reduces biodiversity, makes ecosystems more 
vulnerable, and harms the livelihoods of millions of people who depend on pro-
ductive soils for farming, forestry, and pastoralism. Problems such as these require 
transformative solutions with an intersection of technological, environmental, and 
policy interventions (Dhakal & Kattel, 2019).

Ecosystem stability is threatened by fundamental sustainability issues, including 
decreased biodiversity and falling soil fertility. While bio-​nano composites and AI 
tools present potential solutions, barriers such as regulatory gaps, high costs, and 
low farmer awareness hinder their implementation (Samson Prince et al., 2025). It 
is crucial to address these limitations to ensure that emerging technologies promote 
long-​term soil health and sustainable land management.
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