


Preparation and Preliminary Evaluation of Chitosan–Tripolyphosphate–ZnO Bionanocomposite Membranes for Methylene Blue Removal




ABSTRACT
Chitosan-based films provide a biodegradable polymeric platform for the preparation of composite membranes through ionic crosslinking and the incorporation of inorganic materials. In this study, a chitosan–tripolyphosphate–zinc oxide (CTPP-ZnO) bionanocomposite film was prepared using chitosan dissolved in 2% acetic acid, followed by mixing with zinc oxide and crosslinking with sodium tripolyphosphate at approximately pH 5.0. The resulting mixture was cast and oven-dried to obtain a CTPP-ZnO membrane. The crosslinking mechanism is based on electrostatic interactions between protonated amino groups of chitosan and negatively charged phosphate groups of tripolyphosphate, while the β-1,4-glycosidic backbone of chitosan remains the principal structural framework of the polymer. Morphological characteristics of the prepared material were examined using scanning electron microscopy. A preliminary membrane-performance test was also conducted by passing a 4 ppm methylene blue solution through the membrane under a pressure of 10 bar. The observations support the formation of a cross-linked chitosan-based matrix containing zinc oxide and indicate morphological differences between chitosan and the composite film. However, the available measurements do not quantitatively distinguish dye adsorption, pressure-driven separation and photocatalytic degradation. Additional physicochemical, structural and membrane-performance characterisation is therefore required to establish the contribution of zinc oxide and tripolyphosphate to the functional properties of the composite. The study demonstrates a simple preparation approach for a chitosan-based composite film intended for further investigation as a functional membrane material.
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[1] .INTRODUCTION :

Nowadays, biopolymer-based films are being developed as alternatives to plastic-based films because they are effective, non-toxic, inexpensive, flexible and widely available. A film or membrane is a thin, selective barrier that allows some substances to pass through while retaining others. Such substances may include molecules, ions or other small nanoparticles. Films are often used for purification in processes such as haemodialysis, biodiesel production and bioreactors, with the aim of improving membrane efficiency, continuous operation and energy conservation. Recent studies have investigated the properties of membranes synthesised from biopolymers, for example, membranes made from polysaccharides such as cellulose and chitosan (Aranaz et al., 2021; Sacco et al., 2014). The glucose ring is the basic unit of the backbone of both cellulose and chitosan polysaccharides, which are linked by β-1,4 glycosidic units (Kim et al., 2022). These polymers are insoluble in water and differ structurally in their nitrogen-containing side groups. From a chemical perspective, chitosan is one of the natural polymers and is a deacetylated product of chitin, which is usually sourced from molluscs and shrimp or crab skins (Zhang et al., 2024; Furlani et al., 2019). The reactive groups in chitosan include a primary amino group (C2) and primary and secondary hydroxyl groups (C6, C3). Glycosidic bonds and the acetamide group can also be considered functional groups, which allow numerous reactant-based reactions to produce polymers with new behaviours and properties. Applications of chitosan-based biopolymers include drug-delivery carriers and food preservatives because of their biocompatibility, outstanding antibacterial properties and biomedical applications (Cánepa et al., 2017; Abri et al., 2019; Nguyen et al., 2019; Parchen et al., 2025).
Recent studies continue to use tripolyphosphate as a polyanionic crosslinking component for chitosan-based nanostructures, while chitosan has also been used as a matrix for zinc oxide nanomaterials (Ahamed et al., 2025; Saraswat et al., 2024). In water-treatment-oriented systems, chitosan-ZnO composites have been investigated for dye removal and photocatalytic decolourisation, including methylene blue, supporting the relevance of combining chitosan-based matrices with ZnO for functional membrane and pollutant-removal studies (Subagyo et al., 2024; Karabaş et al., 2025; Adnan et al., 2025).
	
In this article, we report a bionanocomposite (BNC) material based on β-1,4-chitosan crosslinking with multivalent tripolyphosphate (TPP) anions, forming a coordination complex with embedded zinc oxide (ZnO) nanoparticles in a rapidly developed, eco-friendly chitosan-tripolyphosphate-zinc oxide (CTPP-ZnO) film (Dimkpa et al., 2023; Chalitangkoon et al., 2025). This β-1,4-chitosan-tripolyphosphate-zinc oxide nanocomposite is a highly versatile, eco-friendly material. The role of the β-1,4 bonds in the CTPP-ZnO nanocomposite is to maintain backbone integrity by preserving the rigidity and physicochemical stability of the linear polysaccharide chains, making them well suited for a range of biomedical applications, particularly drug delivery. The powdered form and hexagonal crystal structure of zinc oxide (ZnO) nanoparticles, which can be considered to be composed of two interpenetrating hexagonal close-packed (hcp) cation-anion sublattices (Zn++ and O2-) (Cotton et al., 1999), are shown in Figure 1; the structure of β-(1-4)-linked chitosan and the tripolyphosphate (CTPP) ion is shown in Figure 2. The crosslink between the two reagents is not harmful to humans. It is a source of film production. It is a source of income. The manuscript provides literature for future scientists in the field of chemical technology.
In the present manuscript, the unresolved point is whether the selected preparation conditions can yield a CTPP-ZnO membrane with observable morphological modification and preliminary suitability for pressure-driven methylene blue testing. Because the available test does not separately quantify adsorption, pressure-driven separation, or photocatalytic degradation, these mechanisms are not treated as established outcomes.
Objective: To prepare a chitosan-tripolyphosphate-zinc oxide (CTPP-ZnO) bionanocomposite membrane by ionic crosslinking, examine its morphology using scanning electron microscopy, and conduct a preliminary membrane-performance test using 4 ppm methylene blue at 10 bar.
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Figure 1. The powdered form and hexagonal crystal structure of zinc oxide (ZnO) nanoparticles
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Figure 2. The structure (chair-form) ofβ-(1-4) linkedchitosan molecule and tripolyphosphate (TPP) ion



[2]. Methodology: 

In this procedure, all reagents and chemicals required for the preparation of the CTPP-ZnO nanocomposite, namely chitosan, sodium tripolyphosphate (Na5P3O10), acetic acid (CH3COOH) and solid zinc oxide (ZnO) powder, were laboratory-grade analytical reagents and were used without further purification. Typically, a carbonate-free basic NaOH solution was prepared following Vogel's procedure (Vogel, 1989). Reagent-grade solutions, including Na5P3O10 (sodium tripolyphosphate) stock solution, CH3COOH (acetic acid) and purified distilled water, were prepared and used throughout the work. All calibrated and Class A volumetric glassware were used. First, chitosan was dissolved in an aqueous acidic solution, typically 2% acetic acid (CH3COOH), at a ratio of 1:50, and was then stirred and heated at about 50 to 60°C. After the chitosan solution became homogeneous, it was mixed with ZnO (zinc oxide), and the solution was stirred at 1300 rpm for 30 minutes. Once homogeneous, sodium tripolyphosphate (Na5P3O10) solution, used as a crosslinker and prepared in deionised water, was added at approximately pH 5.0 until a clear suspension was obtained. The TPP solution was then added dropwise to the previously prepared chitosan sample solution under vigorous or magnetic stirring at room temperature. Subsequently, 50 mL of the resulting solution was transferred into Teflon moulds and oven-dried at about 60°C until a CTPP-ZnO membrane (film) was obtained. The membrane-performance test was conducted by passing a 4 ppm methylene blue dye solution through the membrane under pressure controlled at 10 bar by a valve.



[3]. RESULTS AND DISCUSSION:
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Figure 3. A schematic cross-linked structure of chitosan-tripolyphosphate (CTPP) in CTPP-zinc oxide (ZnO) nanocomposite ecofilm
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Figure 4. A SEM image of chitosan and chitosan-tripolyphosphate-zinc oxide (CTPP-ZnO)composite film


During the preparation of chitosan-tripolyphosphate (CTPP) films, the dominant polymer solution is chitosan and acetic acid (CH3COOH), to which sodium tripolyphosphate (Na5P3O10) is added at concentrations of 0.5, 1.0 and 1.5% at pH 5.0. Notably, at acidic pH, polymeric chitosan is in cationic form and therefore contains NH3+ groups that can bind to anionic tripolyphosphate (TPP). Here, tripolyphosphate acts as an ionic crosslinker that binds to the positively charged amino groups of chitosan. This ‘ionotropic gelation’ binds the polymer matrix together, enhancing its tensile strength and durability. Figure 3 illustrates the bonding between β-1,4-linked chitosan and TPP with ZnO (zinc oxide) nanoparticles in the CTPP-ZnO film or membrane. During film preparation, chitosan-TPP is mixed with zinc oxide at 1300 rpm until homogeneous and is then oven-dried at 60°C until a CTPP-ZnO hydrogel-type membrane is formed. To improve the stability of the CTPP membrane, one possible method is the interlinking of chitosan with tripolyphosphate (TPP) to form complex polyelectrolyte CTPP-ZnO bionanocomposite films for improved performance (Genedy et al., 2024; Hu et al., 2010). The CTPP-ZnO membrane has electroconductive properties because structural oxygen vacancies and point defects in the ZnO lattice confer n-type semiconducting properties on the hybrid polymer.
An attempt has been made to combine organic and inorganic membranes through ionic crosslinking. These observations are consistent with the established ionotropic-gelation mechanism, in which protonated chitosan amine groups interact electrostatically with multivalent tripolyphosphate phosphate groups; the extent of crosslinking and the resulting network or particle morphology are sensitive to pH, polymer concentration and the chitosan-to-tripolyphosphate ratio (Poureghbal et al., 2022; Alehosseini et al., 2022; Hamidi et al., 2022). Accordingly, the use of pH 5.0 and different tripolyphosphate concentrations in the present formulation is chemically plausible, although the degree of crosslinking would require complementary spectroscopic, swelling or mechanical measurements for quantitative confirmation.

The β-1,4 glycosidic linkage is the primary backbone structure of the linear chitosan polymer and remains intact during ionic crosslinking of chitosan with tripolyphosphate (TPP) during nanocomposite formation. Chemically, chitosan consists of β-1,4 glycosidic linkages involving 2-acetamido-2-deoxy-β-D-glucopyranose residues; these covalent backbone bonds connect the repeating D-glucosamine and N-acetyl-D-glucosamine units within the chitosan polymer chain. The role of the β-1,4 bonds in chitosan-TPP nanocomposites is to maintain backbone integrity by preserving the rigidity and functional and physicochemical stability of the linear polysaccharide chains, making them well suited for a range of biomedical applications, particularly drug delivery. In ionic crosslinking, TPP acts as a polyanion with negatively charged phosphate groups (-P3O105-) that interact electrostatically via ionic gelation with the positively charged protonated amine groups (-NH3+) of the chitosan backbone (Hidaka et al., 2024; Filion et al., 2007). These CTPP-ZnO nanocomposite ecofilms reported in the present study were characterised using SEM (scanning electron microscopy), as shown above in Figure 4.
Previous studies of chitosan/ZnO composite membranes and films have shown that ZnO incorporation can alter surface morphology and that nanoparticle distribution within the chitosan matrix depends on the preparation route and ZnO loading (Li et al., 2010; Qiu et al., 2019; Zhang et al., 2021). Therefore, the morphological contrast shown in Figure 4 is consistent with the formation of a chitosan/ZnO-containing composite; however, SEM alone does not establish the chemical state, crystallinity or spatial uniformity of ZnO, and complementary XRD, EDX or FTIR analysis would strengthen the structural interpretation.


In photocatalytic applications, composite polymers can act as active catalysts for degrading organic pollutants or dyes. Thus, the impregnation of ZnO (zinc oxide) nanoparticles into a chitosan-tripolyphosphate (CTPP) film is expected to degrade pollutants trapped on the membrane surface and improve antifouling performance. The pollutant used in the membrane-performance test is methylene blue dye, and the methylene blue solution is passed through the CTPP-ZnO membrane with reverse-osmosis action. However, during the fixation process, a large amount of dye is lost with wastewater. Another weakness of the chitosan membrane is its instability at acidic pH (pKa value is approximately 6.2 to 6.5). The use of methylene blue dye may also influence the effect of pH on adsorption and photocatalytic degradation activity. Because TPP membranes are hydrophilic in nature, aqueous methylene blue solution diffuses through the CTPP-ZnO membrane and is trapped on the membrane surface. Thus, to improve the stability of the chitosan membrane, one possible method is to interlink chitosan with tripolyphosphates to form complex polyelectrolyte membranes for improved performance (Tang et al., 2024; Cui et al., 2019).

The experimental method is based on electrostatic interactions. The intermolecular bonding between the CTPP membrane and water is considered to involve van der Waals forces. Zinc oxide nanoparticles may be predicted to have the capability to degrade compounds such as methylene blue dye at the membrane surface, where van der Waals interactions are mainly reported together with ionic bonding between negatively charged methylene blue (-SO3-) and positively charged zinc oxide in the Zn(OH)+ form. The presence of TPP and ZnO nanoparticles may inhibit water adsorption because they could obstruct the -OH (hydroxyl) and amine functional groups of the membrane. The impregnation of zinc oxide nanoparticles can affect membrane morphology, making the surface rougher, and can also affect the hydrophilicity of the membrane surface. Therefore, for the performance test, methylene blue dye at a concentration of 4 ppm is passed or diffused through the membrane under pressure controlled at 10 bar by a valve. Applications of chitosan-based biopolymers include drug-delivery carriers and food preservatives because of their perfect biocompatibility, outstanding antibacterial properties and other biomedical properties (Canama et al., 2023; Ji et al., 2024; Bui et al., 2025; Wongput et al., 2026).
Extensive research has examined chitosan/ZnO composite membranes for methylene blue adsorption and/or photocatalytic degradation, with performance strongly influenced by irradiation conditions, pH, catalyst loading, initial dye concentration and contact time (Haldorai & Shim, 2013; Zango et al., 2022; Madhan et al., 2021). In the present study, passage of 4 ppm methylene blue through the CTPP-ZnO membrane at 10 bar provides a preliminary indication of membrane performance; however, without paired feed and permeate concentrations, irradiation conditions, flux and rejection or degradation efficiency, adsorption, pressure-driven separation and photocatalysis cannot be quantitatively distinguished. Because it investigates the preparation of a biodegradable film with possible uses in membrane-based environmental clean-up, this manuscript is significant to the scientific community. ZnO nanoparticles, ionic crosslinking and a renewable biopolymer offer a viable framework for creating multipurpose materials for pollutant removal.


[4]. CONCLUSION:

A chitosan–tripolyphosphate–zinc oxide bionanocomposite membrane was prepared through ionic crosslinking of chitosan with tripolyphosphate in the presence of ZnO. The preparation procedure produced a membrane whose SEM appearance differed from that of chitosan, supporting morphological modification of the polymer matrix after composite formation. The proposed crosslinking process is based on electrostatic interaction between protonated amino groups of chitosan and negatively charged phosphate groups of tripolyphosphate, while the β-1,4-glycosidic backbone remains the principal polymer framework. A preliminary membrane-performance test was conducted using 4 ppm methylene blue at 10 bar. This test demonstrates that the prepared material can be subjected to pressure-driven dye testing, but the available data do not provide quantitative adsorption, rejection, flux or photocatalytic degradation efficiencies. Consequently, the individual roles of ZnO incorporation and tripolyphosphate crosslinking cannot yet be resolved. Additional structural and physicochemical characterisation, together with quantitative feed–permeate measurements and defined photocatalytic conditions, is required before specific separation, adsorption, photocatalytic or biomedical applications are established.
Limitations
The study provides only preliminary preparation, SEM observation and a single membrane-performance test using 4 ppm methylene blue at 10 bar. Paired feed and permeate concentrations, membrane flux, rejection efficiency, adsorption capacity and defined irradiation conditions were not reported, preventing quantitative distinction among adsorption, pressure-driven separation and photocatalytic degradation. Structural confirmation was also limited because complementary analyses such as XRD, EDX and FTIR were not presented. Future work should include replicated quantitative performance testing and complementary structural and physicochemical characterisation.
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