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Results & Discussion

• Green-synthesized CuO nanoparticles from Carpobrotus edulis exhibited excellent physicochemical properties and outstanding adsorption performance for phosphate and Malachite 

Green removal. The combined Taguchi–RSM optimization significantly enhanced removal efficiency, while adsorption followed the pseudo-second-order kinetic model and Freundlich 

isotherm. CuO-NPs showed high adsorption capacities (807.76 mg/g for phosphate and 668.07 mg/g for MG), good reusability, spontaneous and exothermic adsorption behavior, and 

effective treatment of municipal wastewater. Phytotoxicity and antioxidant assays confirmed the environmental safety and multifunctional potential of the material, highlighting its 

promise as a sustainable nanoadsorbent for wastewater remediation and circular economy applications.

• This work was Published in Applied Surface Science Advances, Volume 34 (2026), Article 101006.DOI: 10.1016/j.apsadv.2026.101006

Green-synthesized copper oxide nanoparticles (CuO-NPs) were successfully prepared using Carpobrotus edulis leaf extract and evaluated for the simultaneous removal of phosphate 

(PO₄³⁻) and Malachite Green (MG) from aqueous solutions. The biosynthesized CuO-NPs exhibited a high specific surface area (301.2 m²/g), abundant functional groups, and a porous 

morphology, providing excellent adsorption performance. A two-step optimization strategy combining Taguchi experimental design and response surface methodology significantly 

improved pollutant removal, achieving efficiencies of 99.92% for phosphate and 99.58% for MG. Adsorption followed the pseudo-second-order kinetic model and the Freundlich 

isotherm, with maximum adsorption capacities of 807.76 and 668.07 mg/g for phosphate and MG, respectively. The CuO-NPs maintained good reusability after five cycles and 

demonstrated promising potential for municipal wastewater treatment, phytotoxicity reduction, and antioxidant applications.

Abstract

Green synthesis of copper oxide nanoparticles (CuO-NP)

o The pseudo-second order model was found to be the best model to describe the adsorption kinetics. 
Equilibrium data were fitted to Freundlich. Thermodynamic studies confirm the endothermic and spontaneous 
nature of the adsorption.
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Application of wastewater treatment

Fig. 3. The variation mean of SN ratios for different 
factors on the percentage of adsorption: (a) MG, (b) 

PO43-

Fig. 2 a) XRD patterns of CuO-NP; (b) pHZ of CuO-NP, CuO-
NP/MG and CuO-NP/PO43-; (c) FT-IR spectrum of biosynthesized 
CuO-NP; (d) TGA/ DSC thermogram of green synthesized CuO-NP 

. 

Phytotoxicity study

Fig. 1. a) SEM images; (a-c) CuO-NP, (d) Elemental analysis, (e) SEM 
images, corresponding EDX; CuO-NP after phosphate ions adsorption, (f) 

CuO-NP after MG dye adsorption and (g-i) TEM images of CuO-NP.
. 

Fig. 4. Box Behnken response surface plot for 
optimization of (a,b,c) MG dye and (A,B,C) phosphate ions

Antioxidant activity by DPPH scavenging assay
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