	[bookmark: _Hlk145068772][image: cetlogo] CHEMICAL ENGINEERING TRANSACTIONS 

VOL. xxx, 2026
	A publication of
[image: aidiclogo_grande]

	
	The Italian Association
of Chemical Engineering
Online at www.cetjournal.it

	Guest Editors: Marco Bravi, Antonio Marzocchella, Giuseppe Caputo
Copyright © 2026, AIDIC Servizi S.r.l.
ISBN 979-12-81206-xx-x; ISSN 2283-9216


Magnetic Nanocellulose as a Promising Functional Nanoadsorbent for Heavy Metals Removal
Katja Vasića,b, Mateja Primožiča, Željko Kneza,c, Maja Leitgeba,c,*
a University of Maribor, Faculty of Chemistry and Chemical Engineering, Laboratory of Separation Processes and Product Design, Smetanova ulica 17, 2000 Maribor, Slovenia 
b University of Maribor, Faculty of Electrical Engineering and Computer Science, Institute of Electrical Power Engineering, Laboratory for applied electromagnetics, Koroška cesta 46, 2000 Maribor
cUniversity of Maribor, Faculty of Medicine, Taborska ulica 8, 2000 Maribor, Slovenia
maja.leitgeb@um.si

Heavy metal contamination represents a major environmental concern due to the toxicity and persistence of these pollutants in aquatic ecosystems. In this study, magnetic nanocellulose (mNC) was synthesized from Polypodiophyta biomass via in situ co-precipitation of Fe₃O₄ nanoparticles and evaluated for hexavalent chromium (Cr(VI)) removal from aqueous solutions. Batch adsorption experiments examined the effects of pH, contact time, and initial Cr(VI) concentration. Adsorption showed strong pH dependence, with optimal performance at pH 5, where nearly complete Cr(VI) removal (100%) was achieved within 120 min at 1 mg/L. At higher concentrations, removal efficiencies reached 98% at 5 mg/L and 44% at 10 mg/L. Adsorption isotherm analysis revealed that the Freundlich model (R²=0.93) better described the system than the Langmuir model (R²=0.71), indicating heterogeneous multilayer adsorption. The results demonstrate that magnetic nanocellulose is an effective and magnetically recoverable adsorbent for chromium removal.
Introduction
In recent decades, water contamination by toxic heavy metals has become one of the most critical global environmental issues (Singh et al., 2024). Among these metals, chromium (Cr) is of particular concern due to its high toxicity and the significant burden it places on aquatic environments (Vaiopoulou and Gikas, 2020). In nature, chromium predominantly exists in two oxidation states, Cr(III) and Cr(VI) (Tumolo et al., 2020). Hexavalent chromium, Cr(VI), is approximately one hundred times more toxic than Cr(III) and is associated with carcinogenicity, teratogenic effects, and genetic mutations in humans, animals, and plants (Alvarez et al., 2021). A wide range of technologies has been developed in environmental engineering for chromium removal, including ion exchange, photocatalytic reduction, electrochemical treatment, biological processes, and adsorption (Konradt et al., 2023). Among these methods, adsorption has gained widespread application owing to its operational simplicity, high removal efficiency, and the possibility of adsorbent regeneration (Raji et al., 2023).
Cellulose, with the general chemical formula (C6H11O5)n, is a linear polysaccharide composed of consecutively linked glucose units (Marinho, 2025). An extensive network of intra- and intermolecular hydrogen bonds confers high axial rigidity to cellulose, making cellulose fibers a fundamental structural component of wood, plants, certain algae, and bacteria (Nagendran et al., 2024). Owing to its unique morphological structure, ease of processing, large specific surface area, biocompatibility, and renewable origin, cellulose has been widely employed in biomedical applications, the paper industry, cosmetics, and environmental protection (Trache et al., 2020). In environmental applications, nanocellulose is used as an adsorbent, photocatalyst, and flocculant, as it exhibits a high affinity for metal ion binding and a large adsorption capacity (Salama et al., 2021). Cellulose nanocrystals (CNC) and cellulose nanofibers (CNF) demonstrate considerable potential for metal ion adsorption due to their high specific surface area and the presence of functional groups such as hydroxyl, carboxyl, and amino groups (Pandey et al., 2023). These active sites interact with heavy metal ions through electrostatic interactions and hydrogen bonding, enabling the efficient removal of heavy metals from aqueous environments (Poulose et al., 2022). Recently, the development of hybrid organic–inorganic composites, such as magnetic nanocellulose, has attracted substantial attention from the research community. The advantage of these materials lies in the synergistic combination of both components: the organic phase (nanocellulose) contributes flexibility and provides a large number of functional groups that act as active binding sites for metal ions, while the inorganic phase (magnetic nanoparticles) imparts magnetic properties (Yang et al., 2025). In magnetic composites, nanocellulose serves as a stabilizing support for magnetic nanoparticles (de Castro-Alves et al., 2025). The hydroxyl (–OH) groups on its surface act as nucleation sites for nanoparticle formation while simultaneously preventing particle agglomeration (Amiralian et al., 2020). Magnetite (Fe₃O₄) is a very commonly employed magnetic material due to its stable structure and superparamagnetic properties, which enable its facile separation from aqueous solutions using an external magnetic field (Awasthi et al., 2024). Due to its properties, such as biodegradability, non-toxicity, and regenerability, magnetic nanocellulose represents an environmentally friendly alternative to synthetic adsorbents for wastewater treatment (Long et al., 2025). 
Nanocellulose (NC) was prepared from a Polypodiphyta fern and subsequently employed as a precursor for the preparation of magnetic nanocellulosic material (mNC). The resulting mNC was utilized for the removal of Cr(VI) from aqueous solutions. To identify the conditions leading to the highest adsorption performance, the influence of solution pH and the initial Cr(VI) concentration was systematically investigated. The physicochemical and morphological characteristics of the nanoadsorbent, both prior to and following the adsorption process, were examined. The adsorption behavior and underlying mechanism were evaluated by fitting the experimental data to the Langmuir and the Freundlich isotherm models.
Materials and Methods
Materials
Sodium hydroxide (NaOH, Sigma-Aldrich, Germany), Sodium chlorite (NaClO₂, Sigma-Aldrich, Germany), Acetic acid (CH₃COOH, Merck, Germany), iron (II) and (III) chloride hexahydrate and ammonium hydroxide solution (NH₄OH), Merck, Germany). 
Preparation of nanocellulose from plant Polypodiophyta
Nanocellulose was prepared from plant biomass derived from Polypodiophyta (fern). The raw material was first cut into pieces of approximately 3 cm in length, and 20 g of the prepared biomass was transferred into a glass beaker. The material was subjected to alkaline treatment using a 2% NaOH solution at 80 °C for 2 h under continuous stirring to remove hemicellulose and other alkali-soluble components. After treatment, the material was filtered and thoroughly washed with hot distilled water until neutral pH was reached. Subsequently, the alkali-treated biomass underwent oxidative delignification using a 1% NaClO₂ solution adjusted to pH 4. The treatment was carried out at 70 °C for 1 h under stirring at 550 rpm. This delignification step was repeated once under identical conditions to ensure efficient lignin removal. After each cycle, the material was filtered prior to the next treatment. Following chemical treatments, the resulting material was mechanically homogenized at 8000 rpm for 10 min, leading to phase separation. The suspension was then centrifuged to separate the solid and liquid phases, allowing isolation of nanocellulose fibers. The recovered nanocellulose was collected for further characterization and use.
Preparation of magnetic nanocellulose
Following the successful isolation of nanocellulose fibers, magnetic nanocellulose was synthesized via in situ co-precipitation of iron oxides. The nanocellulose fibers were transferred into a three-necked reactor and dispersed in 150 mL of distilled water. The suspension was mechanically stirred at 600 rpm for 30 min under a nitrogen atmosphere to ensure homogeneous dispersion and to minimize oxidation. Subsequently, 4.4 g of FeCl₃·6H₂O was added to the nanocellulose dispersion and the mixture was stirred for 1 h at 600 rpm under nitrogen. Thereafter, 1.6 g of FeCl₂·4H₂O was introduced, and the reaction mixture was further stirred for 1 h under identical conditions, maintaining an inert atmosphere. After 2 hours, 10 mL of 25% (w/v) NH₄OH solution was added dropwise to the reaction mixture, and stirring was continued for an additional 1 h at 600 rpm. During this step, in situ formation of Fe₃O₄ nanoparticles occurred, resulting in the characteristic black coloration of the magnetic nanocellulose. The resulting magnetic nanocellulose was collected by centrifugation at 11,000 rpm for 15 min. The solid product was magnetically decanted, washed with 25 mL of ethanol, and centrifuged again under the same conditions. 

2.4 Adsorption studies using magnetic nanocellulose
Batch adsorption experiments were conducted to evaluate the Cr(VI) removal performance of magnetic nanocellulose. In each experiment, 50 mg of magnetic nanocellulose was transferred into a 100 mL Erlenmeyer flask. Subsequently, 30 mL of an aqueous Cr(VI) solution with an initial concentration of 1 mg/L and adjusted to the desired pH was added. The flasks were agitated at 200 rpm at room temperature. At predetermined time intervals (10, 20, 30, 60, 90, and 120 min), 2.5 mL aliquots were withdrawn after separation using a permanent magnet. The withdrawn aliquots were transferred into 25 mL volumetric flasks for subsequent analysis. After each sampling step, the flasks were returned to the shaker and agitation was continued. Additional samples were collected after 6 h and 24 h to assess long-term adsorption behavior and equilibrium conditions. All experiments were performed under identical conditions to ensure reproducibility.

Cr(VI) analysis
Cr(VI) concentration was determined spectrophotometrically using the 1,5-diphenylcarbazide (DPC) method. Sample aliquots were acidified with orthophosphoric acid, followed by addition of DPC reagent. After 5–10 min of color development at room temperature, absorbance was measured at 540 nm using a UV–Vis spectrophotometer. Cr(VI) concentrations were calculated from a calibration curve prepared with standard solutions.
Results and Discussion
Adsorption studies
To optimize the Cr(VI) removal process using magnetic nanocellulose, the influence of solution pH was systematically investigated. Aqueous K₂Cr₂O₇ solutions with an initial concentration of 1 mg/L were prepared and adjusted to different pH values. Adsorption experiments were first conducted under acidic conditions, as shown in Figure 1, and subsequently repeated at higher, more alkaline pH values, as presented in Figure 2. 
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Figure 1: Effect of acidic pH onto adsorption capacity of magnetic nanocellulose

The results clearly demonstrate that adsorption efficiency strongly depends on solution pH. Under acidic conditions, Cr(VI) removal reached 100% within 120 min for all tested pH values, indicating rapid adsorption kinetics and early attainment of equilibrium. Therefore, extended monitoring up to 24h was not required at lower pH values. In contrast, at higher pH values (pH 6–9), adsorption was incomplete after 120 min, and the experiments were extended to 24h to ensure equilibrium conditions. As shown in Figure 2, the maximum adsorption efficiency after 360 min was observed at pH 8 (83%), followed by pH 7 (76%) and pH 6 (74%), while the lowest adsorption efficiency was recorded at pH 9 (68%). 
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Figure 2: Effect of basic pH onto adsorption capacity of magnetic nanocellulose

No further changes in adsorption efficiency were observed after 24h, confirming that equilibrium had been reached. The enhanced Cr(VI) adsorption at lower pH values can be attributed to protonation of the adsorbent surface, which results in strong electrostatic attraction between negatively charged chromium species and positively charged adsorption sites. Conversely, increasing pH leads to a decrease in proton concentration (H⁺), causing surface deprotonation and electrostatic repulsion between negatively charged chromium ions and the adsorbent surface, thereby reducing adsorption efficiency. Overall, the results demonstrate that acidic conditions provide the most favorable environment for Cr(VI) adsorption, with the highest removal efficiency achieved at pH 5, as consistently confirmed by the performed adsorption experiments. 

Based on the pH optimization results, further adsorption experiments were conducted at pH 5, where the highest Cr(VI) removal efficiency was achieved. The effect of the initial Cr(VI) concentration on adsorption performance was investigated at concentrations of 1, 5, and 10 mg/L. Figure 3 presents the adsorption efficiency at these concentrations under identical pH conditions and within the same time interval. 
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Figure 3: The effect of initial Cr(VI) concentration on adsorption capacity of magntic nanocellulose

The highest adsorption efficiency was obtained at 1 mg/L, reaching 99% after 120 min, after which further analysis was unnecessary due to near-complete removal. In contrast, at higher concentrations of 5 and 10 mg/L, adsorption efficiency continued to increase over time; therefore, the experiments were extended, and the corresponding results are shown in Figure 4. As illustrated, adsorption kinetics at 5 and 10 mg/L required prolonged contact times, and the experiments were extended up to 1560 min to approach equilibrium. At an initial concentration of 5 mg/L, the adsorption efficiency reached 98%, whereas at 10 mg/L the maximum removal efficiency was significantly lower, achieving only 44%. These results indicate a strong dependence of adsorption efficiency on the initial Cr(VI) concentration. At lower concentrations (1–5 mg/L), the ratio between available adsorption sites and Cr(VI) ions is favorable, enabling rapid and nearly complete adsorption. However, with increasing Cr(VI) concentration, surface adsorption sites become progressively saturated, leading to a reduced removal efficiency.
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Figure 4: The effect of initial Cr(VI) concentration on adsorption capacity of magntic nanocellulose at prolonged time

Adsorption isotherms
The adsorption behavior of Cr(VI) ions onto magnetic nanocellulose was further analyzed using the Freundlich and Langmuir isotherm models to elucidate the adsorption mechanism. Figure 5 presents the linearized Freundlich isotherm, describing the relationship between the logarithm of the equilibrium adsorption capacity (ln qₑ) and the logarithm of the equilibrium Cr(VI) concentration in solution (ln Cₑ). The model shows good agreement with the experimental data summarized in Table 1, as reflected by a high correlation coefficient (R² = 0.9308). The slope of the Freundlich plot indicates that adsorption occurs on energetically heterogeneous active sites, suggesting a non-uniform surface with varying binding energies. The Freundlich constants obtained reveal a KF value of 0.0108 mg/g and an adsorption intensity parameter n of 4.73, indicating relatively weak adsorption interactions and surface heterogeneity. 
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Figure 5: Freundlich isotherm

The Langmuir isotherm, shown in Figure 6, describes the relationship between Cₑ/qₑ and Cₑ and was used to evaluate monolayer adsorption on a homogeneous surface. The corresponding parameters, calculated from the slope and intercept of the linear plot and summarized in Table 2, yielded a lower correlation coefficient (R² = 0.71), indicating a poorer fit compared to the Freundlich model. The derived Langmuir parameters further suggest that the assumptions of homogeneous surface energy and monolayer adsorption are not fully applicable to the investigated system. 
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Figure 6: Langmuir isotherm

Comparison of both models clearly demonstrates that the Freundlich isotherm provides a more appropriate description of Cr(VI) adsorption onto magnetic nanocellulose. The higher R² value and the Freundlich constant n confirm the heterogeneous nature of the adsorbent surface and the presence of adsorption sites with different affinities toward chromium ions. In contrast, the Langmuir model, which assumes uniform adsorption sites and monolayer coverage, does not adequately represent the experimental data. These findings indicate that Cr(VI) adsorption on magnetic nanocellulose is governed by multilayer adsorption on a heterogeneous surface, in agreement with adsorption mechanisms commonly reported for biopolymer-based magnetic adsorbents.


Conclusions
In conclusion, magnetic nanocellulose demonstrated high efficiency for Cr(VI) removal from aqueous solutions, with adsorption strongly dependent on pH and initial metal concentration. Optimal adsorption was achieved under acidic conditions (pH 5), while increasing Cr(VI) concentration led to reduced removal efficiency due to saturation of available adsorption sites. Isotherm analysis revealed that the Freundlich model better describes the adsorption process than the Langmuir model, indicating a heterogeneous adsorbent surface and multilayer adsorption behavior. These results confirm the suitability of magnetic nanocellulose as an effective and reusable adsorbent for Cr(VI) removal from contaminated water.
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