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Introduction 

The presence of synthetic dyes in industrial effluents represents a serious environmental concern due to their toxicity, 

persistence, and resistance to biodegradation (Srivastava et al., 2022). Among these contaminants, methylene blue 

(MB), a cationic dye, and Congo red (CR), an anionic azo dye, are widely used in textile and chemical industries 

and frequently detected in wastewater (Baig & Kayan, 2023). Biosorption stands out as an efficient and low-cost 

method for dye removal, especially when alternative adsorbents derived from agro-industrial residues are employed 

(Romão et al., 2025). Sugarcane bagasse (SB), an abundant byproduct of the sugar-alcohol industry, presents great 

potential for activated carbon production (Zafeer et al., 2024). Furthermore, nanomodification with magnetite 

(Fe₃O₄) can improve adsorption performance and allow magnetic separation after treatment. Thus, this study aimed 

to synthesize and characterize activated carbon from sugarcane bagasse (SBAC) and its magnetic nanomodified form 

(SBAC-NP), evaluating their efficiency in the adsorption of methylene blue and Congo red in aqueous solutions. 

 
Material and Methods 

Preparation of activated carbon and magnetic nanocomposite: Activated carbon was produced from SB through 

carbonization at 800°C, followed by physical activation using CO₂ at 850°C, under 0.09 L/min flow rate, for 30 min. 

Magnetite nanoparticles (Fe₃O₄) were synthesized via the coprecipitation method using Fe2+ and Fe3+ salts under 

alkaline conditions. 

Material characterization: The materials were characterized to evaluate their structural and surface properties. 

Fourier Transform Infrared Spectroscopy (FTIR) was used to identify surface functional groups, X-ray Diffraction 

(XRD) to determine crystalline phases, and Scanning Electron Microscopy (SEM) to analyze surface morphology. 

The pH at the point of zero charge (pHPZC) was determined to evaluate the surface charge behavior of the materials, 

which is directly related to adsorption performance. 

Adsorption experiments: Batch adsorption experiments were conducted to evaluate the effect of pH, contact time 

(kinetic study), and adsorbent dosage. The assays were performed using 10 mL of aqueous solutions of MB and CR 

under controlled agitation, and residual concentrations were determined by UV–Vis spectrophotometry (Genesys 

150, Thermo Fisher Scientific, USA) at λ = 664 nm and λ = 497 nm for MB and CR, respectively. After optimizing 

parameters, the experimental adsorption capacity was determined under the established optimal conditions. All 

experiments were carried out in triplicate. 

 

Results and Discussion 

FTIR analysis confirmed the surface functionality of SBAC and its magnetic composite. The activated carbon 

exhibited characteristic bands of O–H (3200–3600 cm⁻¹), C–H (~2922 cm⁻¹), C=O/C=C (1550–1700 cm⁻¹), and C–

O (1000–1300 cm⁻¹), indicating the presence of oxygenated and aromatic groups relevant for adsorption. After 

magnetite incorporation, the Fe–O band (500–600 cm⁻¹) confirmed successful nanoparticle immobilization onto the 

carbon matrix. XRD patterns showed an amorphous structure for SBAC, with broad halos around 23–25° and 43° 

(2θ), typical of disordered carbon materials. In contrast, SBAC-NP presented well-defined crystalline peaks 

attributed to Fe₃O₄, confirming composite formation. SEM images (Figure 1) revealed a porous and irregular 

morphology for SBAC, favorable for adsorption processes, while nanoparticles appeared as agglomerates distributed 

over the carbon surface in SBAC-NP. The pHPZC values were 8.31 for SBAC and 5.51 for SBAC-NP. 

 

 
Figure 1. SEM micrographs of SBAC, SBAC-NP, and NP surfaces at 1000× magnification.   
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Figure 2 exhibits the dyes adsorption parameters investigated. The adsorption of MB and CR was influenced 

by solution pH, reflecting electrostatic effects and surface interactions. MB removal increased at higher pH for 

SBAC, while SBAC-NP showed stable behavior across the entire evaluated pH range (6–10). Kinetic results showed 

rapid MB adsorption, reaching equilibrium at 30 min (≈46 mg/g for SBAC and ≈32 mg/g for SBAC-NP), while CR 

reached equilibrium at 90–120 min, with higher capacity for SBAC-NP (≈90 mg/g) compared to SBAC (≈77 mg/g). 

The pseudo-second-order model provided the best kinetic fit, indicating chemisorption as the predominant 

mechanism. Increasing the mass of adsorbent (5–20 mg) improved removal efficiency; however, 0.5 g/L provided 

the highest adsorption capacity (mg/g), while higher doses led to reduced capacity due to partial saturation of active 

sites. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Adsorption assays of methylene 

blue (MB) and Congo red (CR) using SBAC 

and SBAC-NP: (A) effect of dye solution pH 

(6–10), (B) contact time (5–120 min), and (C) 

mass of adsorbent (5-20 mg), using 25 mg/L 

dye solution (n=3).  

 

 The experimental sorption capacities (SCexp) obtained for SBAC and SBAC-NP demonstrated high affinity 

for both dyes. For SBAC, SCexp for methylene blue (MB) and Congo red (CR) were 121.78±1.27 mg/g and 

240.41±1.13 mg/g, respectively. As for SBAC-NP, SCexp were 103.85±1.22 mg/g (MB) and 243.20±1.74 mg/g (CR). 

A comparative analysis indicated that SBAC exhibited superior performance toward MB adsorption, whereas both 

materials showed very similar efficiencies for CR removal, with a slight increase observed for the nanomodified 

composite. This behavior may suggest that magnetite incorporation to SBAC influenced the interaction pattern with 

the dyes, possibly due to changes in surface chemistry, pore structure, or availability of active sites, which may favor 

distinct adsorption mechanisms depending on the molecular characteristics of each contaminant. 

 

Conclusion 

Activated carbon derived from sugarcane bagasse and its magnetic nanocomposite represent sustainable and low-

cost alternatives for the treatment of dye-contaminated wastewater. The use of an abundant agro-industrial residue 

adds environmental value by promoting waste reutilization and circular economy principles. Magnetite incorporation 

enhanced the material by enabling magnetic recovery after treatment, reducing secondary waste generation. Overall, 

these materials show strong potential for eco-friendly and efficient water remediation applications. 
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