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Enhancing Soil Remediation in Paddy and Upland Systems: Role of
Biomass-Derived Hydrogels in Heavy Metal Immobilization
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Abstract

This study developed a magnetic biomass-based hydrogel composed of nano zero-valent
iron (nZVI), chitosan (CS), sodium alginate (ALG), and biochar (BC), referred to as
nZVI/CS/ALG/BC, for the immobilization and removal of heavy metals in contaminated
agricultural soils. The incorporation of magnetic properties enables easy recovery of the

hydrogel from soil environments, significantly improving its practicality for field applications.
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Batch adsorption experiments revealed that the hydrogel's adsorption kinetics follow a
pseudo-first-order model, with high correlation coefficients (R? = 0.906-0.997), indicating
strong predictability. The rate constants (ki) ranged from 0.0035-0.0093 min~' for Cu,
0.0047-0.0080 min™' for Pb, and 0.0023-0.0069 min" for Cr. Isothermal adsorption data
fitted well with the Langmuir model, suggesting monolayer adsorption on a homogeneous
surface and strong affinity for target metal ions. Beyond its remediation capabilities, the
hydrogel also enhanced soil health by improving nutrient retention, moisture conservation,
and reducing the risk of agricultural non-point source pollution. Pot experiments were
conducted using both paddy and upland soils to assess heavy metal immobilization efficiency
and migration patterns. Metal concentrations in soil, plant tissues, leachate, and the hydrogel
were monitored to evaluate environmental behavior. Additional experiments involving
contaminated irrigation water were used to trace heavy metal transport across different
environmental compartments. Overall, the results demonstrate that the nZVI/CS/ALG/BC
hydrogel is an effective, multifunctional material with strong potential for in-situ remediation
of heavy metal-contaminated soils, while simultaneously supporting sustainable agriculture

and environmental protection.

Keywords: Recycling materials, heavy metals, green sustainable resilient remediation
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