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Background and Objectives: Increasing population, industrial activity,
and agricultural demand have significantly reduced the global supply of
clean water. Consequently, wastewater treatment and recycling have
become critically important. Among various pollutants, synthetic dyes are
some of the most hazardous environmental contaminants. Methylene blue
(MB), widely used in the textile and pharmaceutical industries, poses a
serious ecological threat when released into the environment. Among water
purification techniques, adsorption using natural lignocellulosic materials
has emerged as one of the most efficient methods due to their high
adsorption capacity, renewability, biodegradability, and cost-effectiveness.
This study synthesized spherical nanocellulose aerogels from mechanically
prepared cellulose nanofiber gel, which were chemically cross-linked and
freeze-dried. The research focused on the adsorption of MB in a batch
system to optimize key parameters, including pH, initial dye concentration,
adsorbent dosage, contact time, and temperature. Equilibrium data were
analyzed using Langmuir and Freundlich isotherm models, with the
Freundlich model providing a better fit to the experimental data.

Materials and Methods: Spherical aerogels were fabricated from a
mechanically processed 1% cellulose nanofiber gel (Nanonovin Polymer
Co.) using epichlorohydrin (Hubai Chemical Co.) as a cross-linker. The
cross-linker was added at 12 wt% relative to the dry cellulose to enhance
structural stability in aqueous environments. The gel was extruded
dropwise into liquid nitrogen and subsequently freeze-dried for 48 hours.
The resulting aerogels were evaluated for MB removal in triplicate using a
factorial statistical design.

Results: The optimal conditions for adsorption were a pH of 8, an initial
MB concentration of 200 mg/L, an adsorbent dosage of 0.1 g/L, and a
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contact time of 70 minutes. Under these conditions, the process achieved a
maximum adsorption capacity of 197.76 mg/g and a removal efficiency of
98.88%. The Freundlich isotherm described the adsorption process more
accurately than the Langmuir model. Thermodynamic analysis indicated
that the adsorption was endothermic and non-spontaneous, as shown by
positive values for the Gibbs free energy change (AG®°) and enthalpy
change (AH®).

Conclusion: The spherical nanocellulose aerogel proved to be an efficient
and environmentally friendly adsorbent for removing methylene blue from
aqueous solutions. Its high performance under optimized conditions
suggests strong potential for application in wastewater treatment.
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Figure 1. The chemical structure of the dye compound methylene blue (21).
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Table 1. Physical and chemical properties of methylene blue (22).
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Figure 2. Investigation on the stability and dimensional integrity on cellulose aerogel without
cross-linking agent.
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Figure 3. Dimensional stability of nanocellulose aerogel containing cross-linking agent.
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Figure 8. Effect of contact time on the adsorption process.
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