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ABSTRACT ARTICLE HISTORY
A sustainable approach for dye pollution mitigation through industrial Received 10 September 2025
residue and natural polymer-based wastewater treatment was devel- Accepted 22 November 2025

oped in this work. In the present study, environmentally friendly bio- KEYWORDS
polymer-immobilised Zn-modified bauxite residue beads (BR-Zn-SA) Bauxite residue; CFD;
were prepared to effectively remove toxic cationic dye malachite material characterisations;
green, which has widespread applications in textile and paper indus- adsorption; kinetics and
tries. Zinc chloride was applied to activate the bauxite residue by hydrodynamics; economic
enhancing its surface porosity, acidity, and Lewis active sites, which analysis

increased the amount of electrostatic and coordination binding cen-

tres for MG adsorption. Biodegradable polysaccharide sodium alginate

acted as an encapsulating matrix providing mechanical stability with

a hydrophilic nature and extra -COOH/-OH functional groups, prevent-

ing particle leaching and improving reusability in continuous systems.

XRD, FTIR, BET, and PZC analyses identified a mesoporous structure

with positive surface potential, hence favourable for cationic dye

uptake. Batch adsorption study under optimised conditions resulted

in the removal of 96-97% at pH 7, 60 g L™ dosage, 300 rpm, and 10

mg L' MG. Fixed-bed column experiments demonstrated better

breakthrough performance for the highest bed height of 14 cm and

lowest flow rate of 10 mL min~". Models fitted the column data, and

CFD simulation confirmed the optimality of flow uniformity and mass

transfer. In this work, a unique combination of waste valorisation

through zinc activation, alginate-based biopolymer immobilisation,

and CFD-assisted modelling was employed to develop a cost-

effective, easily scalable, and ecofriendly adsorbent system for indus-

trial dye remediation.
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