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Aim
This study explores the synthesis and characterization of ZnO-based polymer nanocomposites (ZnO@CTAB-SA) employing sodium alginate (SA) and cetyltrimethylammonium bromide (CTAB) as matrices.
Material and Methods
The composites were synthesized using an in-situ polymerization method, integrating different amounts of ZnO nanoparticles. The materials exhibited substantial antibacterial effectiveness against Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram-negative), in addition to antifungal activity against Aspergillus niger. Characterization methods including FTIR, PXRD, SEM, and EDAX validated the structural integrity and efficient dispersion of ZnO nanoparticles within the polymer matrix. Furthermore, the composites demonstrated improved photocatalytic degradation of commercial dyes, such as Rhodamine B and Alizarin Red S, facilitated by adsorption and surface contacts.
Results and Discussion
These results exhibit ZnO@CTAB-SA nanocomposites as a promising multifunctional material for biomedical antibacterial approaches.
Conclusion
CTAB and ZnO nanoparticles enhance the composite structure and microbial cell contact, leading to increased bioactivity. These nanocomposites effectively degrade commercial dyes like Rhodamine B and Alizarin Red S through photocatalysis, indicating their potential for wastewater treatment.
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1 INTRODUCTION
Nanocomposite materials are becoming increasingly popular due to their unique characteristics and a better understanding of nanoscale processes. The purpose of blending is to combine all polymers in the mixture to get the desired properties. Metal nanoparticles can serve as fillers to enhance sodium alginate’s structural, optical, and electrical properties, yielding organic or inorganic composites. Nanoparticle materials produce polymeric nanocomposites with a significant surface area (Kapoor et al., 2017). Metal nanoparticles, particularly Ni/ZnO NPs (nickel and zinc oxide), are utilized throughout several industrial sectors, including chemical, optical, and electrical domains (Bao et al., 2011). Ni/ZnO nanoparticles augment antimicrobial coatings, nutritional supplements, food packaging, and medical equipment. Metal oxides are increasingly employed for antibacterial purposes because of their stability, durability, and longer shelf life than organic chemicals (Rezaei et al., 2024; Matijaković Mlinarić et al., 2024). Nanoparticles such as CeO2, TiO2, CuO, MgO, ZnO, CaO, Al2O3, and Ag2O have demonstrated effectiveness against several bacterial strains, including S aureus and E coli (Demirel and Erol Taygun, 2023; Perfileva and Krutovsky, 2024; Devi et al., 2024; Sánchez-López et al., 2023; Ashhari et al., 2023; Izzi et al., 2023; Canama et al., 2023; Zhou et al., 2023).
It has been shown that TiO2 solutions may sterilize Staphylococcus aureus, and E. coli viruses when exposed to ultraviolet light (Hao et al., 2023; Manabolu Surya et al., 2025). Because ZnO nanoparticles are safe, non-toxic, and biocompatible, they can carry drugs, make cosmetics, and make medical materials (Paul et al., 2023; Valinton et al., 2022; Garcia et al., 2022; Wu et al., 2022; Bains et al., 2022; Gharpure et al., 2022; Pandey et al., 2021). Some nanomaterials can hurt live cells, but Eukaryotic cells can usually handle low amounts of ZnO (Pandey et al., 2021; Hosseini et al., 2021; Yan et al., 2021a; Zhang et al., 2021; Zare et al., 2021). Polymers are widely employed as matrix components due to their low cost, processability, and versatility. While a lot of study has been done on structural polymer-based nanocomposites, not as much has been done on polymer nanocomposites for functional uses. For various reasons, including electrical conductivity, optical features, magnetic properties, and increased catalytic activity, nanocomposites containing metal nanoparticles distributed inside a dielectric matrix are particularly interesting (Loomba et al., 2025; El-Samak et al., 2021; Yan et al., 2021b; Wee, 1998; Nallamalla et al., 2025).
This is due to the fact that these nanocomposites have special qualities and can be used for various purposes. Because of its biocompatibility, low toxicity, cost-effectiveness, and gelation qualities with divalent cations like Ca2+, alginate—a naturally occurring anionic polymer made from brown seaweed is widely used in biomedical applications (Tabata, 2000). In the process of wound healing, controlled medicine administration, and cell transplantation, alginate hydrogels are utilized. These hydrogels duplicate the extracellular matrix. They maintain a hydrated wound environment, reduce infection risk, and they make it possible to administer a variety of drugs in a controlled manner. Pharmaceutical applications that include oral or injectable alginate gels are considered to be less invasive. Through the enhancement of cell transport and tissue creation, tissue engineering assists with the processes of cell transplantation and artificial tissue synthesis (Lee and Mooney, 2001). Cetyltrimethylammonium bromide, often known as CTAB, is a cationic surfactant that is frequently used in the synthesis of nanoparticles to control the size and shape of the particles. Through the establishment of a stable interface between ZnO nanoparticles and the polymer matrix, CTAB has the potential to facilitate the overall production of homogeneous nanocomposites. Through the effective dispersion and stability of nanoparticles, it is envisaged that the synergistic integration of ZnO nanoparticles, sodium alginate, and CTAB in a polymer nanocomposite will enhance the effectiveness of antibacterial and antifungal agents (Ambalgi et al., 2016).
In addition to its relevance in biomedical and antimicrobial instances, the problem of dye pollution in water ecosystems has surfaced as a significant environmental concern. Dyes like Rhodamine B and Alizarin Red, two industrial dyes, have found widespread application in the textile, paper, and leather sectors, resulting in considerable water pollution. The toxicity of these dyes is significant, as they are non-biodegradable and threaten aquatic ecosystems and human health, leading to consequences (Nallamalla et al., 2025).
The present synthesis approach employs sodium alginate, a naturally occurring, biodegradable, and renewable polysaccharide derived from seaweed, as the primary polymer matrix. The synthesis is carried out in aqueous and ethanol media, avoiding toxic or hazardous organic solvents, and the process conditions involve relatively low temperatures without the need for harsh reagents or catalysts. In addition, CTAB, used in controlled amounts, facilitates nanoparticle dispersion while remaining biodegradable. The resultant ZnO@CTAB-SA nanocomposites not only minimize the use of harmful chemicals during synthesis but also provide a sustainable solution for antimicrobial and wastewater treatment applications, thereby contributing to both environmental safety and green chemistry practices.
To address these challenges, polymer nanocomposites offer a promising solution due to their high surface area, tunable chemical properties, and enhanced interaction sites. The current study introduces polymer nanocomposites of ZnO nanoparticles, with sodium alginate, and CTAB as a viable solution to microbial, fungal resistance, and dye degradation. These synthesized nanocomposites demonstrate superior antibacterial and antifungal activity and efficiently adsorb dyes and degradation via synergetic surface adsorption and chemical interactions. Several studies have reported ZnO-polymer composites for antimicrobial and photocatalytic applications. However, the combined integration of ZnO with sodium alginate (a natural interaction) has been scarcely explored. This unique combination is expected to improve nanoparticle stabilization, enhance dye adsorption, and boost antimicrobial activity. To the best of our knowledge, the multifunctional ZnO@CTAB-SA nanocomposites reported here represent one of the first attempts to utilize this synergistic polymer-surfactant framework for both biomedical and environmental applications. Therefore, the present study focuses on the synthesis, characterization, and evaluation of ZnO@CTAB-SA nanocomposites for antimicrobial and antifungal properties as well as photocatalytic dye degradation efficiency.
Microbial resistance to conventional agents and the persistent contamination of water by synthetic dyes remain serious global challenges. Zinc Oxide nanoparticles (ZnO NPs) are well known for reactive oxygen species driven antibacterial action and photocatalytic dye degradation, yet they tend to aggregate and lose activity in aqueous environments. Biopolymers such as sodium alginate (SA) can provide a hydrophilic, biocompatible support, while CTAB can act as a cationic surfactant to disperse and stabilize ZnO. Only a few studies have attempted to integrate ZnO, CTAB and alginate into a single nanocomposite, and none has systametically examined how this synergy influences both antimicrobial and photocatalytic behaviour.
In this study we design and synthesise ZnO@CTAB-SA polymer nanocomposites via an insitu approach, evaluate their structural, antibacterial, antifungal, and dye-degradation properties, and discuss the mechansma that connect microstructure with performance. We hypothesise that combining ZnO with CTAB and alginate will (i) enhance dispersion and crystallinity, (ii) increase generation of reactive oxygen species for bacterial/fungal inhibition, and (iii) provide abundant adsorption sites for fficient photocatalytic removal of cationic and anionic dyes.
2 EXPERIMENTAL
2.1 Chemicals and reagents
All reagents and solvents were of analytical quality and were not subjected to additional purification prior to use. Zinc acetate dehydrate (99% purity), CTAB (99% purity), and sodium alginate polymers were acquired from SD Fine Chemicals. Sodium hydroxide pellets and ethanol (99% purity) were acquired from BLD Pharma. We acquired nutritious broth, agar-agar, Rhodamine B, and Alizarin Red S from SD Fine Chemicals.
2.2 Synthesis of zinc oxide NPs
Zinc oxide nanoparticles were produced via the sol-gel technique. Firstly, 2 g of zinc acetate dihydrate were dissolved in 15 mL of distilled water, and 8 g of sodium hydroxide were dissolved in 10 mL of distilled water. The solutions were agitated for roughly 5 minutes each. Sodium hydroxide solution was added to the zinc acetate solution after complete mixing, with continuous agitation using a magnetic stirrer for roughly 5 minutes. A burette was filled with 100 mL of ethanol and titrated dropwise into a solution of sodium hydroxide and zinc acetate. After the reaction, a white precipitate was formed, which was then washed three times with deionized water and ethanol, and subsequently dried at 120 °C in a hot air oven. The dried precursor was calcined at 900 °C for 2 hours to ensure complete removal of organics and formation of the wurtzite ZnO phase (JCPDS 36-1,451) (Mallakpour and Behranvand, 2016).
2.3 Synthesis of ZnO @CTAB-SA polymer nanocomposites
ZnO@CTAB-SA polymer nanocomposites were produced by an in-situ polymerization method. Initially, 0.7 mmol of ZnO nanoparticles were suspended in 50 mL of deionized water using ultrasonication for 30 min. Thereafter, an equimolar combination of CTAB and SA was dissolved in the ZnO suspension while maintaining continuous magnetic stirring. The solution was heated to 40 °C and subsequently permitted to cool gradually to ambient temperature. A series of nanocomposite samples with differing ZnO nanoparticle concentrations Table 1 (10%, 20%, 30%, 40%, and 50%) were synthesized while preserving an equimolar ratio of CTAB and SA. The resultant mixture underwent centrifugation twice, was rinsed with alcohol and deionized water, and subsequently dried overnight in an oven at 60 °C (Mallakpour and Behranvand, 2016). Each synthesis batch yielded ∼1.2–1.5 g of ZnO NPs, and a total of five batches were prepared under identical conditions to ensure reproducibility.
TABLE 1 | Sample codes and descriptions of pure ZnO nanoparticles and ZnO@CTAB-SA polymer nanocomposites with varying ZnO contents.	Sample ID	Code	Description
	ZnO NCs	Z	Pure ZnO nanoparticles
	ZnO@CTAB-SA (0.2)	ZCS-(0.2)	Nanocomposite containing 10 wt% ZnO with CTAB-SA
	ZnO@CTAB-SA (0.4)	ZCS-(0.4)	Nanocomposite containing 20 wt% ZnO with CTAB-SA
	ZnO@CTAB-SA (0.6)	ZCS-(0.6)	Nanocomposite containing 30 wt% ZnO with CTAB-SA
	ZnO@CTAB-SA (0.8)	ZCS-(0.8)	Nanocomposite containing 40 wt% ZnO with CTAB-SA
	ZnO@CTAB-SA (1.0)	ZCS-(1.0)	Nanocomposite containing 50 wt% ZnO with CTAB-SA


2.4 Biological studies of zinc nano composites
2.4.1 Anti-bacterial activity
2.4.1.1 Bacterial strains
The bacterial strains employed in this investigation, comprising the Gram-positive Staphylococcus aureus (ATCC 25923) and the Gram-negative E. coli (ATCC 25922), were obtained from ATCC.
2.4.1.2 Preparation of media for microbial activity
.2.4.1.2.1 The medium of nutrient agar
Nutrient Agar was procured from a commercial vendor, and 28.0 g of the substance was accurately measured and dissolved in 1,000 cc of distilled water, ensuring thorough mixing. Autoclaved the dissolved nutrient agar at 121 °C for 15 min and employed the medium for plate preparation to assess its effect on microbial growth.
.2.4.1.2.2 Broth with nutrients
Nutrient Broth was obtained from an official provider, with 1.3 g of the powder dispersed in 100 mL of distilled water and mixed thoroughly. The broth containing nutrients had been sterilized in an autoclave at 121 °C for 15 min and thereafter utilized for inoculum preparation.
.2.4.1.2.3 Fabrication of standard solution
The initial culture of each organism was created using two nutrient agar slants and carefully sub-culturing each confirmed test organism. One slant set was maintained as a reference culture, but another was employed as an active culture. The bacterial cultures were preserved on suitable surfaces of agar at 4 °C and utilized as stock cultures. One glycerol standard solution was also preserved at an ambient temperature of 20 °C.
.2.4.1.2.4 The culture formulation
The chosen pathogens of bacteria were introduced into nutrient broth and incubated at 37 °C for 24 h. The resulting suspensions were verified to yield around 10–5 CFU/mL.
2.4.2 Inhibition of fungi
2.4.2.1 Fungal strains
The Aspergillus niger (MTCC 183) fungal strain utilized in this study was sourced from the Microbial Type Culture Collection (MTCC) at the Institute of Microbial Technology (IMTECH) in Chandigarh.
2.4.2.2 Sabouraud dextrose agar (SDA)
Sabouraud dextrose agar was commercially obtained and prepared by dissolving 32.5 g of the powder in 500 cc of distilled water. To examine the effects on fungal organisms, the dissolved SDA was sterilized in an autoclave set at 121 °C for 15 min. The SDA was then used to prepare plates.
2.5 Dye adsorption degradation study
The photocatalytic characteristics of the synthesized ZnO@CTAB-SA polymer nanocomposites were assessed utilizing Rhodamine B dye and Alizarin Red S. The degradation of Rhodamine B dye was analyzed with the catalyst (ZnO@CTAB-SA) under solar irradiation. Rhodamine B dye is an organic dye commonly employed in the textile industry for coloring purposes. It exhibits a distinctive absorbance band in the visible spectrum at 553 nm, as observed in UV-visible spectroscopy, while Alizarin Red S shows an absorbance band in the visible spectrum at 365 nm in UV-visible spectroscopy. In this study, 20 mg of synthesized nanoparticles were dispersed in 20 mL of double-distilled water and sonicated for 5 min. The resulting sample solution was then added to 20 mL of Rhodamine B solution (2 × 10-5M) and 20 mL of Alizarin Red S in a separate conical flask. The mixed solutions were stirred for a few minutes and sonicated for half an hour in a darkroom. An adsorption-desorption equilibrium was established between the nanoparticles and the dyes without solar irradiation. The mixed reaction solution was then exposed to solar light. The experiment took place on a sunny day from 10 a.m. to 5 p.m., with an atmospheric temperature of 31 °C–38 °C. The mixed reaction solution was kept under solar irradiation with constant stirring. A 2 mL aliquot of the reaction mixture was taken at designated time intervals and filtered to remove the solid phase. The resulting filtrate was analyzed by recording the absorbance at 553 nm and 365 nm using a UV-Visible spectrophotometer. The absorbance of the Rhodamine B dye decreased at 553 nm (λ max) as the reaction time increased. Likewise, the absorbance of the Alizarin Red S dye decreased at 365 nm (λ max) with increasing reaction time. The findings demonstrated that Rhodamine B and Alizarin Red S were decolorized and degraded into new intermediate products. The percentage of degradation dyes was calculated using the following equation,
% of Degradation=100*Ao−At/Ao
Here,Ao=Initial absorption of dye
At=Absorbance of dye at the time,t
2.6 Photocatalytic degradation kinetic study of dyes
The kinetic study of photocatalytic degradation of dyes was evaluated by using synthesized Zn@CTAB-SA (1.0) under solar light irradiation. The Langmuir–Hinshelwood kinetic model provides an explanation for the photocatalytic degradation of organic dyes through the use of a heterogeneous photocatalyst, with duplicate replications conducted and average results utilized for calculations. The following equation can apply for the photocatalytic reaction of dyes,
Rater=dC/dt=k KC/1+KC
However, for the low concentration of dyes, KC<<1 and then followed by integrating concerning time t, the resultant equation is ln (Co/Ct) = k Kt = kapp t. It is a pseudo-first-order kinetic model equation.
Then the equation is modified as ln (Ao/At) = Kapp t.
Here, dC/dt = rate of dye degradation (mg/L.min-1), k = the reaction rate constant (min-1), K = the absorption coefficient of the dye on to the photocatalyst, Kapp (min-1) is the apparent rate constant.
2.7 Characterization
A wide variety of analytical methods were employed to characterize the substance. An Agilent ATR benchtop spectrometer 4,500–400 cm-1 using a KBr spectrometer was used to obtain the FT-IR spectra, which were recorded in the 400–4,000 cm-1 range. The Rigaku Ultima IV powder diffractometer, operated at 40 kV with a CuKα radiation source, was used to analyse structural phase parameters using X-ray diffraction (XRD) in the 2θ range of 10°–80°. A scanning electron microscope (ZEIS Evo SEM, EDS Oxford instruments) was used to analyse the morphology and particle size. The particle size of the ZnO and ZnO@CTAB-SA nanocomposites was measured from SEM images taken at a scale of 100 nm. A total of 70 particles were randomly selected from the micrographs for size measurement. The particle diameters were measured using ImageJ software, and the average size, along with the standard deviation, was calculated to provide a representative size distribution.
3 RESULTS AND DISCUSSION
3.1 Structural and morphological analysis
3.1.1 FTIR analysis
In Figure 1 shows the infrared (IR)Spectrum of Zinc Composites (SA and CTAB polymers at different concentrations) along with pure ZnO for comparison. The broad peak was observed at 3,400 cm-1, indicating the O-H stretching vibrations in sodium alginate polymer and ZnO NPs (Motelica et al., 2021). Some well-defined peaks seen at 2,915 cm-1 and 2,844 cm-1 indicate the C-H stretching vibrations in alkyl chains of CTAB on the surface of ZnO NPs, the peaks at 1,633 cm-1 and 1,600 cm-1 (C=O) suggest the interaction between Carboxylate groups (SA) and ZnO NPs. The peaks at 1,401 cm-1 (C-H) bending vibration further support the presence of CTAB and SA, and 1,122 cm-1 (C-O-C) stretching vibration in SA. In addition, the peaks at 673 cm-1 and 621 cm-1 correspond to the stretching vibrations of ZnO bonds, providing evidence of the existence of ZnO nanoparticles (Motelica et al., 2021; Salama et al., 2018). The bands at 673 and 621 cm-1 were initially assigned to Zn-O stretching. While bulk ZnO usually shows transverse-optical modes near 430–560 cm-1 (E1 (TO), A1 (TO)), several studies have reported a shift toward higher wavenumbers when ZnO is present as nanosized particles or is strongly bound to polymers/surfactants (Djurišić and Leung, 2006; Loste et al., 2019). Interaction of Zn2+ with the carboxylate groups of sodium alginate and with CTAB micelles may stiffen the Zn-O bond, producing a blue shift of the stretching band. Similar upshifts (610–680 cm-1) were observed for ZnO encapsulated in biopolymers. Therefore, the higher frequency in our spectrum is consistent with nanosized ZnO coordinated to the SA/CTAB matrix rather than bulk ZnO.
[image: Graph showing transmittance percentage versus wavenumber in centimeters to the power of negative one for different ZnO samples: ZnO, ZnO@CTAB-SA(1.0), ZnO@CTAB-SA(0.8), ZnO@CTAB-SA(0.6), ZnO@CTAB-SA(0.4), and ZnO@CTAB-SA(0.2). Each sample has a distinct line, displaying transmittance variations across the wavenumber range of 3500 to 500.]FIGURE 1 | FTIR Spectrum of ZnONPs (Z), sodium alginate (SA), and ZnO@CTAB-SA nanocomposites (ZCS-0.2, 0.4, 0.6, 0.8, and 1.0).3.1.2 PXRD analysis
The PXRD pattern of the synthesized ZnO@CTAB-SA nanocomposites (Figure 2) exhibits characteristic diffraction peaks at 22.3°, 26.6°, 30.76°, and higher intensity peaks at 32.59°, 38.29°, 44.27°, 46°, and 50.26° on these peaks 32.59°, 38.29°, 44.27°, 46°, and 50.26°, which can be indexed to the (100), (002), (101), (102), and (110) planes these are stimulated with (JCPDS card no. 36-1,451) (Supramaniam et al., 2021). A comparison of standard and observed diffraction data is summarized in Table 2. Minor peak shifts and a decrease in relative intensity were observed in the composites, which may be attributed to lattice strain and the interaction between ZnO nanoparticles and the sodium alginate-CTAB polymer matrix. Additional peaks at lower angles (22.3°, 26.6°, 30.76°) are attributed to the polymeric components (Sodium alginate and CTAB) and possible amorphous organic residues. Similar features have been reported in polymer-based nanocomposites containing ZnO NPs (Li et al., 2018). Significant variations in peak intensities, such as the notably strong peak near 47o observed in ZnO@CTAB-SA (0.6) compared to the prevalent intensity near 44° in other samples, are attributed to differences in nanoparticle size distribution, morphology, and preferential orientation within the polymer matrix. These peaks do not correspond to ZnO or any impurity phases. The slight shifts and intensity variations of ZnO peaks are due to strain and strong interfacial interactions in the composite, typical of such systems. No other crystalline phases were detected, confirming the retained purity of the ZnO wurtzite structure in the composites.
[image: X-ray diffraction patterns of ZnO and ZnO@CTAB-SA with different concentrations. Six distinct patterns are shown, labeled from ZnO at the top, followed by ZnO@CTAB-SA with concentrations of 1.0, 0.8, 0.6, 0.4, and 0.2. Peaks are marked with Miller indices, indicating crystal planes. The horizontal axis represents 2θ degrees, while the vertical axis shows intensity in arbitrary units.]FIGURE 2 | PXRD patterns of pure ZnO and ZnO@CTAB-SA nanocomposites (ZCS-0.2-1.0).TABLE 2 | PXRD peak assignment of ZnO (JCPDS 36-1,451).	hkl	Standard 2θ(o)	Observed 2θ(o)	D spacing (Ao)
	(100)	31.9	31.8	2.81
	(002)	34.6	34.7	2.59
	(101)	36.2	36.3	2.48
	(102)	47.5	47.7	1.91
	(110)	56.6	56.7	1.62
	(103)	62.8	62.9	1.48
	(200)	66.3	66.2	1.41
	(112)	67.9	67.8	1.38
	(201)	69.0	69.1	1.36


3.1.3 FESEM analysis
In Figure 3, we observed the FE SEM images of Zinc polymer nanocomposites (0.2), (0.4), (0.6), (0.8), and (1.0) indicating that the shape and structure vary with increasing zinc content. Zinc composites 0.2 exhibit smooth, thin, sheet-like structures characterized by a medium level of porosity. Conversely, zinc composites 0.4 exhibit a greater presence of interconnected and aggregated flakes, resulting in a highly porous structure. With an increase in Zinc concentration levels, the zinc composites at concentrations of 0.6, 0.8, and 1.0 exhibit greater particle agglomeration, resulting in denser and more compact structures. The EDS analysis indicates that this alteration in shape corresponds with the modifications in the composition of the materials. The composites consist of a carbon-rich matrix containing varying quantities of zinc, chlorine, and oxygen, indicating that the surfaces have undergone modification and doping with an increase in porosity and the functionalization involving zinc and other elements. There is a corresponding rise in both surface area and the availability of active sites.
[image: Electron micrographs labeled a) to e) with corresponding tables of elemental compositions. Each image shows varying surface textures at 100 nanometer scale, accompanied by charts listing atomic and weight percentages of elements such as carbon, chlorine, zinc, nitrogen, and oxygen.]FIGURE 3 | High-resolution SEM images and percentage values (at%) by DS of (a) ZnO@CTAB-SA NC (0.2), (b) ZnO@CTAB-SA (0.4) NC, (c) ZnO@CTAB-SA (0.6) NC, (d) ZnO@CTAB-SA (0.8) NC, and (e) ZnO@CTAB-SA (1.0) NC.3.2 Antibacterial activity
Zinc, recognized as a highly effective antimicrobial agent, is particularly useful in its nanoparticle or oxide forms, which facilitate the generation of reactive oxygen species (ROS).
Salicylic Acid, categorized as a phenolic compound, demonstrates mild antibacterial activity along with a robust chelating ability, which enhances the release of Zn ions and boosts surface reactivity. CTAB, a cationic surfactant, plays a role in disrupting the membranes of bacteria (Figure 4).
[image: Six panels labeled a) to f) show Petri dishes with different bacterial cultures and antibiotic treatments. Each dish features four discs labeled with different concentrations: 25, 50, 75, and 100. The dishes contain either E. coli or Staphylococcus aureus and have handwritten notes about the experiment conditions, such as the date and compound used. The zones of inhibition around the discs vary in size, indicating the effectiveness of each concentration.]FIGURE 4 | The effectiveness of ZnO@CTAB-SA composites (a) Positive Control, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8) and (f) 1.0 against Gram + ve S aureus and Gram -ve E. coli was evaluated at different concentrations (25, 50, 75, and 100 100 μg/mL), in comparison with a standard agent.The efficacy of compounds was assessed via the Agar well-diffusion method at four distinct concentrations (25, 50, 75, and 100 µL) against multiple bacterial pathogens, including Staphylococcus aureus and E. coli (Varun Kumar and Reddy, 2023). The plates were incubated at 37 °C for 18–24 h, after which the diameter of the inhibitory zone (mm) was measured, and the activity index was calculated. The measurements were performed in four specific fixed orientations, and the average values were shown in Table 3.
TABLE 3 | Depicts the Antibacterial activity of ZnO@CTAB-SA nanocomposites.	Strain/polymer nanocomposites	Anti-bacterial activity	Concentration (µg)/inhibition zone (mm)
	S.No	Polymer nanocomposites	Strain	25	50	75	100
	1	Standard Gram +ve	S. aureus	17	20	21	25
	Standard Gram −ve	E. coli	11	13	14	16
	2	ZnO@CTAB-SA (0.2)	S. aureus	0	0	0	0
	E. coli	7	9	12	15
	3	ZnO@CTAB-SA (0.4)	S. aureus	0	0	9	10
	E. coli	0	0	9	9
	4	ZnO@CTAB-SA (0.6)	S. aureus	0	0	11	9
	E. coli	0	0	0	9
	5	ZnO@CTAB-SA (0.8)	S. aureus	0	7	9	12
	E. coli	7	11	12	14
	6	ZnO@CTAB-SA (1.0)	S. aureus	0	13	14	16
	E. coli	11	12	14	15


The antibacterial efficacy of ZnO@CTAB-SA composites was evaluated against Staphylococcus aureus (Gram-positive) and E. coli (Gram-negative), and compared with a standard antibacterial agent observed in Table 1. Figures 5a, 7 a illustrates that the standard exhibited strong and consistent antibacterial activity, with inhibition zones ranging from 17 to 25 nm for S. aureus and 11–16 mm for E. coli. Among the composites, ZnO@CTAB-SA (0.2) exhibited minimal activity against S. aureus while demonstrating modest activity against E. coli, reaching a maximal inhibition zone of 15 mm at a concentration of 100 μg/mL (Figure 5b). ZnO@CTAB-SA (0.4) and ZnO@CTAB-SA (0.6) demonstrated concentrations, resulting in inhibition zones of 10 mm and 11 mm for S. aureus respectively (Figures 5c,d). ZnO@CTAB-SA (0.8) demonstrated enhanced effectiveness against both bacterial strains, achieving inhibition zones of 12 mm for S. aureus and 14 mm for E. coli at a concentration of 100 μg/mL (Figure 5e). ZnO@CTAB-SA (1.0) exhibited the highest antibacterial activity among the composites, showing inhibition zones of 16 mm for S. aureus and 15 mm for E. coli at a concentration of 100 μg/mL (Figure 5e), which is comparable to the standard this may be due to the higher zinc concentration in the composites enhances the reactive oxygen species, damaging bacterial membranes and intracellular components and its increases zinc ions reduce bacterial enzymatic activity and growth and it's functionalizing the surface of the composite increases its binding affinity to bacterial cell walls, especially Gram-positive S. aureus having thick peptidoglycan barrier. This composite is the most efficient antibacterial composite and microbial control.
[image: Six petri dishes labeled a) to f) feature microbial growth tests with Aspergillus on culture media. Each dish shows four zones with varying concentrations—marked 25, 50, 75, 100—of various treatments such as itraconazole and zinc oxide. The growth inhibition zones differ in size, indicating the effectiveness of each concentration in impeding fungal growth. Each dish has handwritten labels detailing the conditions and date, reflecting a microbial assay experiment.]FIGURE 5 | Zone of inhibition (mm) exhibiting the effectiveness of ZnO@CTAB-SAnano composites (a) Positive Control, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8 and (f) 1.0 and the standard agent against Aspergillus niger at various concentrations (25, 50, 75, and 100 μg). The standard demonstrates a dose-dependent enhancement in effectiveness, whereas ZnO@CTAB-SA composites display moderate efficacy against fungal strains, with ZnO@CTAB-SA (1.0) achieving the highest performance among the evaluated nanocomposites.3.3 Antifungal activity
The efficacy of drugs against fungal proliferation was assessed utilizing the Agar well diffusion technique, incorporating four distinct doses of the test compound (25, 50, 75, and 100 µL). The prepared SDA culture plates were infected with Aspergillus niger using the spread plate technique (Sujith Benarzee et al., 2023). The plates were maintained at a temperature of 37 °C ± 2 °C for 48 h to evaluate fungal growth. Following a 48-h incubation period, the plates were assessed for the existence of zones surrounding the wells, and the dimensions of the inhibition zones (mm) were recorded, alongside the computation of the activity index. The measurements were performed in three specific fixed orientations throughout all three replicates, and the average values were summarized in Table 4.
TABLE 4 | Depicts the Antifungal activity of Zn@SA-CTAB nonocomposites.	Strain/polymer nanocomposites	Anti-fungal activity	Concentration (µg)/zone of inhibition (mm)
	S No	Strain/Polymer nanocomposite	25	50	75	100
	1	Aspergillus niger	11	17	18	20
	2	ZnO@CTAB-SA (0.2)	0	12	13	14
	3	ZnO@CTAB-SA (0.4)	0	9	10	13
	4	ZnO@CTAB-SA (0.6)	0	9	12	14
	5	ZnO@CTAB-SA (0.8)	0	11	12	14
	6	ZnO@CTAB-SA (1.0)	9	11	12	14


The antifungal efficacy of ZnO@CTAB-SA composites at varying concentrations (0.2, 0.4, 0.6, 0.8, and 1.0) was assessed against Aspergillus niger and compared with a standard antifungal drug (Figures 6a, 7b). The results showed a notable dose-dependent antifungal effect, with inhibition zones ranging from 11 mm at 25 μg to 20 mm at 100 µg. Among the composites, ZnO@CTAB-SA (0.2) (Figure 6b) demonstrated slight activity, with inhibitory zones starting at 12 mm at 50 µg and rising to 14 mm at 100 µg. ZnO@CTAB-SA (0.4) and (0.6) (Figure 6) displayed similar patterns, with maximum inhibition zones of 13 mm and 14 mm, respectively, at a concentration of 100 µg. ZnO@CTAB-SA (0.8) (Figure 6) demonstrated slightly improved activity, showing inhibition zones of 11 mm, and 14 mm at a concentration of 50,100 µg. ZnO@CTAB-SA (1.0) (Figure 6) exhibits exceptional performance among the composites, exhibiting a 9 mm, and 14 mm, inhibitory zone at the minimum concentration of 25 μg, which expanded to 14 mm at 100 µg. Although all composites demonstrated significant antifungal activity, none surpassed the effectiveness of the standard, indicating a potential for future enhancement of the ZnO@CTAB-SA composite formulation.
[image: Two bar charts, labeled a and b, display inhibition zones in millimeters. Chart a compares ZnO percentage and A. niger, showing increasing ZnO inhibition from ZCS 0.2 to 1.0 while A. niger remains low. Chart b compares S. aureus and E. coli, both increasing from ZCS 0.2 to 1.0, with similar values at ZCS 1.0.]FIGURE 6 | Antimicrobial activity of ZnO@CTAB-SA (ZCS) nanocomposites (a) Antibacterial activity against S. aureus and E.Coli and (b) Antifungal activity against A.niger.[image: Five line graphs labeled a) to e) show the absorbance spectra of Rhodamine B at one part per million over time: one hour, two hours, three hours, four hours, and five hours. Each graph displays absorbance against wavelength from 400 to 600 nanometers. Different lines represent ZnO@CTAB-SA at varying concentrations from 1.0 to 0.2. Spectral peaks are observed near 550 nanometers, with absorbance levels generally decreasing as the concentration decreases.]FIGURE 7 | Time-dependent absorbance behavior of Rhodamine B in the presence of varying ZnO@CTAB-SA nanocomposites. (a) 1 h, (b) 2 h, (c) 3 h, (d) 4 h and (e) 5 h.3.4 Dye adsorption and photocatalytic degradation study
The ZnO@CTAB-SA nanocomposites were evaluated for the removal of Rhodamine B (cationic dye) and Alizarin Red S (anionic dye), both of which are widely used in textiles, food coloring, printing, and biological staining. Initially, all dye solutions containing the composites were kept in the dark for 30 min to establish adsorption-desorption equilibrium. This step confirmed the adsorption capacity of the nanocomposites. Upon subsequent exposure to UV-visible light for 1–5 h, a significant decrease in absorbance intensity was observed, confirming photocatalytic degradation. Among the samples, ZnO@CTAB-SA (1.0) exhibited the highest degradation efficiency, attributed to the synergistic effect of adsorption by the polymer matrix and photocatalysis by ZnO NPs (Chinthamreddy et al., 2024).
3.4.1 Rhodamine B dye adsorption
Figure 8, we observed the analysis of Rhodamine B degradation, which involved observing its distinct absorbance peak at ∼ 553 nm throughout 1–5 h using ZnO@CTAB-SA nanocomposites. The findings demonstrate a gradual decrease in absorbance as the concentration of ZnO@CTAB-SA rises (0.2,0.4,0.6,0.8, and 1.0). At ZnO@CTAB-SA (0.2), there is a noticeable reduction in photocatalytic activity, attributed to the limited active sites for dye interaction. With the rise in the concentration of ZnO@CTAB-SA (0.2 and 0.4), there is a noticeable enhancement in photocatalytic efficiency, demonstrated by a steady reduction in absorbance intensity. The most notable decline is observed at ZnO@CTAB-SA (0.8) and (1.0) composites, where there is a marked reduction in the absorbance peak, especially following the 5-h treatment. The improved degradation is linked to the effective production of reactive oxygen and electrostatic interactions between the positively charged Rhodamine B dye and the ZnO@CTAB-SA nanocomposites.
[image: Line graph depicting the percentage of dye degradation over time in hours. Data points are plotted at one-hour intervals from one to five hours, showing an upward trend from 40% to 65%.]FIGURE 8 | The curve of % of degradation of RB dye by using ZnO@CTAB-SA Nanocomposite (1.0) under solar irradiation.3.4.2 Percentage of degradation of RB dye using ZnO@CTAB-SA (1.0)
The percentage of degradation ofthe RB efficacy in the presence of ZnO@CTAB-SA (1.0) nanocomposites was evaluated under solar irradiation, and results are shown in Figure 8. The mathematical equation, % Degradation = 100*[(Ao-At)/Ao], was used to calculated % of degradation of RB dye during the reaction, where Ao and At are the absorbance of RB dye (λmax = 553) at the initial and the time, t. Table 5 shows the calculated % of degradation of RB dye using synthesized ZnO@CTAB-SA (1.0) under solar irradiations.
TABLE 5 | The values of % of degradation of RB dye by using Zn@CTAB-SA (1.0) nanocomposites under solar irradiation.	Time (h)	Abs	% Of degradation of dye
	0	0.805	0.00
	1	0.487	39.50
	2	0.436	45.84
	3	0.392	51.30
	4	0.365	54.66
	5	0.282	64.97


% of Degradation of dye = (100- (Abs at 1, 2, 3, 4 and 5 h x 100)/Abs at 0 h)
Example at 1 h= (100-(0.487 × 100)/0.805) = 39.50%
3.4.3 Photodegradation kinetics of RB dye
The Langmuir–Hinshelwood (L-H) equation can explain the reactivity results and gives the reaction rate values for the degradation of hours during photocatalysis reaction. The reaction rate constant (k)and correlating factor value were calculated for RB dye during the degradationby plotting ln (Ao/At) versus irradiation time. Figure 9 shows the reaction rate constant and correlating factor value of this experiment. This photocatalytic degradation of RB dye follows pseudo-first-order kinetic reaction. The ln (Ao/At) was calculated based on the absorbance of RB dye during the catalytic reaction. The resultant values are shown in Table 6.
[image: Line graph showing the relationship between time in hours (x-axis) and ln(Ao/At) (y-axis) with data points from 0 to 5 hours. The trend line equation is ln(Ao/At) = 0.1023x, and the R squared value is 0.9635, indicating a strong correlation. Data points are marked with red circles.]FIGURE 9 | The plots of ln (Ao/At) vs. time and apparent rate constant kapp (min-1) of the degradation of RB dye using ZnO@CTAB-SA (1.0) nanocomposite under solar irradiation.TABLE 6 | The values of Ao/At and In (Ao/At) of RB dye using ZnO@CTAB-SA (1.0) nanocomposite under solar irradiation.	Time (h)	Ao/At	ln (Ao/At)
	0	0.0000	0.0000
	1	1.6084	0.2064
	2	1.6584	0.2197
	3	2.1945	0.3413
	4	2.6611	0.4251
	5	3.6327	0.5602
	RB dye	Apparent rate constant, Kapp (min−1) = 0.1023	R2 = 0.9635


3.4.4 Alizarin Red S dye adsorption
The photocatalytic degradation of Alizarin Red S (Figure 10), an anionic dye, by observing its absorbance peak at ∼ 365 nm while utilizing ZnO@CTAB-SA nanocomposites over a duration of 1–5 h. At the minimal ZnO@CTAB-SA (0.2), there is merely a slight reduction in absorbance, suggesting limited degradation of the dye. The ZnO@CTAB-SA (0.4), and (0.6), there is a clear enhancement in photocatalytic activity, accompanied by additional decreases in absorbance. Significant degradation of Alizarin Red S occurs at elevated concentrations of ZnO@CTAB-SA (0.8), and (1.0), especially after a duration of 4–5 h.
[image: Five spectral graphs labeled a to e show the relative intensity of Alizarin Red S at different durations ranging from one to five hours. Each graph presents multiple lines representing various concentrations of ZnO@CTAB-SA at one part per million. Intensity decreases as the wavelength increases from three hundred thirty to four hundred nanometers. An additional data series labeled "Standard" is included from two to five hours. The graphs illustrate how intensity varies over time with different ZnO@CTAB-SA concentrations.]FIGURE 10 | Time-dependent absorbance spectra of Alizarin Red S (1 ppm) in the presence of varying Zinc concentrations (1.0, 0.8, 0.6, 0.4, and 0.2 at 1 ppm) over different times: (a) 1 h, (b) 2 h, (c) 3 h, (d) 4 h, and (e) 5 h.The ZnO@CTAB-SA nanocomposites show significant effectiveness in degrading Rhodamine B (a cationic dye) and Alizarin Red S (an anionic dye), improving photocatalytic efficiency as ZnO@CTAB-SA concentrations increase and exposure times extend. The interaction between the positively charged dye and the ZnO@CTAB-SA nanocomposites enhances the effectiveness of adsorption and leads to effective degradation. In contrast, the anionic nature of Alizarin Red S facilitates strong interactions with the positively charged ZnO@CTAB-SA nanocomposite surface, thereby improving degradation efficiency. Both dyes demonstrate notable decreases in absorbance, with Rhodamine B showing a marginally quicker degradation, probably attributed to more robust electrostatic interactions. The combined influence of the sodium alginate - CTAB matrix significantly boosts photocatalytic performance and achieves a consistent distribution of ZnO@CTAB-SA nanocomposites, rendering these nanocomposites exceptionally effective in eliminating both cationic and anionic dyes from water solutions.
3.4.5 Percentage of degradation of Alizarin Red S dye using ZnO@CTAB-SA (1.0)
The percentage of degradation of the Alizarin Red S efficacy in the presence of ZnO@CTAB-SA (1.0) nanocomposites was evaluated under solar irradiation, and results are shown in Figure 11. The mathematical equation, % Degradation = 100*[(Ao-At)/Ao], was used to calculated % of degradation of Alizarin Red S dye during the reaction, where Ao and At are the absorbance of Alizarin Red S dye (λmax = 365) at the initial and the time, t. Table 7 shows the calculated % of degradation of Alizarin Red S dye using synthesized Zn@CTAB-SA (1.0) under solar irradiations.
[image: Line graph showing the percentage of dye degradation over time in hours. The percentage increases from 30% at hour one, reaching around 57% by hour five. Data points are marked with purple dots.]FIGURE 11 | The curve of % of degradation of Alizarin Red S dye by using ZnO@CTAB-SA (1.0) nanocomposites under solar irradiation.TABLE 7 | The values of % of degradation of Alizarin Red S dye by using ZnO@CTAB-SA (1.0) nanocomposites under solar irradiation.	Time (h)	Abs	% Of degradation of dye
	0	0.801	0.00
	1	0.573	28.46
	2	0.519	35.21
	3	0.407	49.19
	4	0.384	52.06
	5	0.329	58.93


% of degradation of dye = (100- (Abs at 1, 2, 3, 4- and 5-h x 100)/Abs at 0 h). Example at 1 h = (100-(0.573 × 100)/0.801) = 28.46%.
3.4.6 Photodegradation kinetics of Alizarin Red S dye
The Langmuir–Hinshelwood (L-H) equation can explain the reactivity results and gives the reaction rate values for the degradation of hours during photocatalysis reaction. The reaction rate constant (k)and correlating factor value were calculated for Alizarin Red S dye during the degradationby plotting ln (Ao/At) versus irradiation time. Figure 12 shows the reaction rate constant and correlating factor value of this experiment. This photocatalytic degradation of Alizarin Red S dye follows pseudo-first-order kinetic reaction. The ln (Ao/At) was calculated based on the absorbance of Alizarin Red S dye during the catalytic reaction. The resultant values are shown in Table 8.
[image: Line graph showing ln(Ao/At) versus time in hours, with data points connected by a line. The equation ln(Ao/At) = 0.0731x and R² = 0.9548 indicate a strong linear relationship. The graph spans from 0 to 5 hours on the x-axis and -0.05 to 0.40 on the y-axis.]FIGURE 12 | The plots of ln (Ao/At) vs. time and apparent rate constant kapp (min-1) of the degradation of Alizarin Red S dye using ZnO@CTAB-SA (1.0) nanocomposites under solar irradiation.TABLE 8 | The values of Ao/At and In (Ao/At) of Alizarin Red S dye using ZnO@CTAB-SA (1.0) nanocomposites under solar irradiation.	Time (h)	Ao/At	ln (Ao/At)
	0	0.000	0.0000
	1	1.399	0.1457
	2	1.543	0.1884
	3	1.969	0.2942
	4	2.084	0.3188
	5	2.436	0.3867
	Alizarin red S dye	Apparent rate constant, Kapp (min−1) = 0.0731	R2 = 0.9548


4 CONCLUSION
The synthesised ZnO@CTAB-SA polymer nanocomposites were efficient against Staphylococcus aureus, Escherichia coli, and Aspergillus niger. Sodium alginate, CTAB, and ZnO nanoparticles synergistically improved the composites structural characteristics and microbial cell contact, resulting in bioactivity. Additionally, the nanocomposites photocatalytically degraded industrial dyes Rhodamine B and Alizarin Red S, demonstrating their wastewater treatment potential. These findings indicate that ZnO@CTAB-SA composites could address microbial resistance and dye pollution. The ZnO@CTAB-SA polymer nanocomposites were effective against Staphylococcus aureus, E. coli, and Aspergillus niger. Sodium alginate, CTAB, and ZnO nanoparticles synergistically increased composite structure and microbial cell contact, resulting in bioactivity. The nanocomposites also degraded commercial dyes including Rhodamine B and Alizarin Red S photocatalytically, suggesting wastewater treatment potential. The results suggest that ZnO@CTAB-SA composites might confront microbiological resistance and environmental dye pollution. Synthesis and integration of these materials into biomedical and environmental systems are needed.
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