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Abstract: Industrial and natural wastewater streams often contain a complex mixture of
persistent organic pollutants, particularly synthetic dyes, which pose serious
environmental and health concerns. The development of efficient, multifunctional
adsorbents is thus imperative for effective wastewater treatment. In this study,
magnetite-incorporated chitosan/poly(acrylamide-co-crotonic acid) (CS/AM-CA)
composite hydrogels were synthesized via a one-pot free radical polymerization
technique. The adsorptive performance of the synthesized composites was evaluated
using Methyl Orange (MO) and Malachite Green (MG) as model anionic and cationic
dyes, respectively. Spectroscopic analyses, coupled with batch adsorption experiments,
revealed that electrostatic interactions, hydrogen bonding, and π–π stacking are the
principal mechanisms governing dye adsorption. The influence of critical operational
parameters—such as pH, initial dye concentration, adsorbent dosage, and contact time
—was systematically studied to optimize adsorption efficiency. Kinetic modeling
indicated that the adsorption followed a pseudo-second-order model, suggesting
chemisorption as the rate-limiting step. Equilibrium data showed strong agreement with
the Langmuir isotherm model, confirming monolayer adsorption behavior. Under
optimized conditions, the composite hydrogel achieved dye removal efficiencies
exceeding 95% for both MG and MO. Furthermore, the adsorbent demonstrated
excellent reusability, retaining high performance over five successive adsorption–
desorption cycles without significant loss of efficiency or structural integrity. These
findings establish the magnetite CS/AM-CA composite hydrogel as a robust, reusable,
and highly effective adsorbent for the simultaneous removal of oppositely charged dyes
from aqueous systems. The composite’s high removal capacity, regeneration potential,
and broad applicability suggest its strong potential for use in large-scale, sustainable
wastewater remediation technologies.
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