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Abstract:

This study investigates the self-cleaning property of cotton fabrics coated in situ with ZnO nanowires. Cotton fabrics are the most used fabrics among others, considering their texture, breathability, and high moisture absorption ability. Nevertheless, they are more prone to staining due to their high degree of hydrophilicity. Stain resistance of the cotton fabric is imparted by in situ growth of ZnO nanowires on the fabric. Characterization techniques like X-ray diffraction, field emission scanning electron microscopy, and energy dispersive X-ray mapping of the coated cotton fabric revealed ZnO nanowires on the surface of the cotton. The self-cleaning efficacy of the modified fabric was assessed using the decolorization of dye-stained fabric. The ZnO nanowires coated over cotton fabrics exhibit considerable photocatalytic activity in degrading organic stains, including methyl blue and methyl violet, when exposed to 1200 W white LED light. The modified fabric needed 45 min for decolorization, but the untreated fabric exhibited negligible reduction in stain intensity. This mechanism results from the formation of reactive oxygen species facilitated by ZnO nanowires when irradiated with light. This study identifies the application of ZnO-coated cotton fabric as a self-cleaning material for environmental sustainability.
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Introduction

The demand for environmentally friendly and multifunctional textile materials has made massive contributions to the advancement of the modifications in textile fabrics (1). Cotton is one of the most used natural fibers, characterized by softness and breathability (2). Nevertheless, it is sensitive to staining as well as microbial growth due to a high degree of hydrophilicity (3, 4). Among a wide range of ideas, the involvement of nanomaterials is one of the most promising pathways for improving the sustainability of the fabrics while maintaining their properties (5). Recently, researchers have been especially interested in utilizing semiconductor metal oxides in the nano regime that have specific photocatalytic properties, through which they have the ability to degrade organic compounds in the presence of light irradiation (6). The recent research has proven that various methods, like the utilization of nanoparticles that enhance the functional properties of fabrics, can be utilized to develop self-cleaning fabrics. For instance, it has been proved through studies how efficiently silver nanoparticles and titanium dioxide (TiO2) provide cotton fabrics with antibacterial and self-cleaning properties (7, 8). Additionally, applications of hybrid nanomaterials, such as TiO2-Ag-ZnO composites, have been studied to enhance photocatalysis and broaden light absorption ranges, making them more effective under visible light conditions (9). This investigation of self-cleaning properties for cotton fabric coated with nano photocatalyst is designed to develop a textile not only maintaining its inherent properties but also contributing to environmental sustainability (10). Through the photocatalysis process, the organic stains that are attached to the cotton fabrics are degraded into less toxic small fragments (11). Furthermore, the amount of water required for stain removal can be reduced drastically and these coatings support environmental sustainability (12). For photocatalysis self-cleaning behavior, photocatalyst, like zinc oxide nanoparticles (ZnO NPs) is widely used owing to its affordability, accessibility, and facile synthesis procedure (13). ZnO NPs is an n-type semiconductor with a broad bandgap (∼3.3 eV) at room temperature, allowing them to absorb photons in the near UV wavelength to excite the electrons (14). Recently, reports were validating that the synthesis route and the concentration of ZnO NPs influence the photocatalytic performance, with higher concentration generally leading to improved performance (15). Though low concentrations of elemental Zn are necessary for cellular processes and metabolism, high concentrations can lead to toxicity (16). Therefore, ZnO NPs can be coated only in low concentrations to reduce the risk of detachment from the surface of the fabric, which may lead to toxicity. In contrast, reports suggested that if the ZnO NPs are coated over fabrics in situ, the toxicity was declined as the detachment of ZnO NPs from the fabrics was restricted owing to physical attachment (17). The in situ approach prevents ZnO nanowires from separating from the cloth and improves long-term performance by ensuring strong adhesion. Reducing the demand for chemical detergents and water during cleaning utilizing ZnO nanowire enables a sustainable environment. The following characteristics reflects the potential of ZnO nanowires in advancing eco-friendly textile technologies. This work addresses the fabrication of cotton fabrics with ZnO nanowires without using advanced methods for efficient stain removal and environmental sustainability. Energy dispersive X-ray (EDX) spectroscopy mapping analysis, field emission scanning electron microscopy (FESEM), and X-ray diffraction (XRD) further validated the presence of ZnO nanowires in the fabric. Artificial white LED light is used for the stain degradation studies against methyl blue and methyl violet dyes.



Materials and method


Materials and chemicals required

The 100% pure commercially available cotton fabric and 1200 W white LED light were sourced from the local market. Zinc sulfate heptahydrate (ZnSO4.7H2O) and sodium hydroxide (NaOH) were obtained from Merk, India.



In-situ growth of ZnO nanowires over cotton fabric

Solution A and solution B were prepared by dissolving 0.56 g of ZnSO4.7H2O in 50 ml of distilled water and 0.8 g of NaOH in 50 ml of distilled water, respectively. The sample (i.e., cotton fabric) was immersed in solution A under constant stirring, solution B was added dropwise to solution A, followed by an aging process for 2 h. During the course of time, nucleation and crystal growth of Zn(OH)2-occurred over the surface of the cotton fibers, leading to the formation of nanowires (Figure 1). Afterward, the Zn(OH)2 coated fabric sample was taken out from the solution and washed with ethanol 2–3 times. The washed fabric was then placed on Petri plates and treated in a hot air oven overnight at 60°C. The dried Zn(OH)2-coated fabric was kept in a muffle furnace for 1 h at 150°C. During dehydration, Zn(OH)2 was converted to ZnO nanowires. The chemical reactions involved are,
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FIGURE 1. Schematic explaining the formation of ZnO nanowires over cotton fibers.




Photocatalytic self-cleaning activity

The self-cleaning behavior of fabric was enabled by the presence of photocatalytic ZnO nanowires over its surface and therefore, the stain removal behavior of the fabric was estimated against model dyes. Two samples of coated and ZnO uncoated fabrics were taken and placed on the petri plate. To avoid the folding of the samples, the samples were stuck using double side adhesive tapes. 0.01 g of dyes (methyl blue and methyl violet) were dissolved in 100 ml, respectively, labeled as stock solution and wrapped with aluminum foil to avoid the light interaction. From the stock solution, 2 ml of dyes were taken and added to 8 ml of distilled water. Using the 2 ml Pasteur pipette, two drops of dyes were placed over the coated and uncoated fabrics causing them to absorb and get stained by dyes. Now, the samples were placed under the 1200 W white LED light and photographs were taken every 5 min to follow the decolorization effect through photocatalysis process.




Characterization techniques

The structural features of ZnO nanowires coated fabrics were characterized using XRD (D8 Advance ECO, Bruker, Germany). The surface morphologies of coated and uncoated cotton fabrics were studied using FESEM (SUPRA-55, Carl Zeiss, Germany). The elemental composition of the ZnO nanowires-coated fabrics was analyzed using EDX spectrum and EDX mapping.



Results and discussion


XRD analysis

The XRD pattern of ZnO nanowires was recorded in the 2θ range of 20°–80° (Figure 2). The diffraction pattern displayed 2θ peaks at 31.73°, 34.38°, 36.26°, 47.48°, 56.56°, 62.82°, 66.27°, 67.89°, 69.01°, 72.46°, and 76.88°, corresponding to the Miller indices (100), (002), (101), (102), (110), (103), (200), (112), (201), (004), and (202), respectively, confirmed from the ICDD card no. #00–036-1451 (18). From the diffraction peaks, it is elucidated that the ZnO nanocrystals were formed even at the low calcination temperature of 150°. Further, the crystal structure of ZnO nanowires was confirmed as a wurtzite hexagonal structure (19).
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FIGURE 2. XRD pattern of ZnO nanowires.




FESEM analysis

The topographical morphology of the ZnO-coated and uncoated fabrics was revealed using FESEM images. The uncoated fabric displayed a smooth fiber surface without any impurities or dust (Figure 3a and b). However, after coating with ZnO nanowires, the surface turned rough with numerous nanowires that had grown over the surface (Figure 3c and d). The length of each nanowire was evaluated to be 2–3 μm with a thickness of 50–100 nm, having an aspect ratio of 1:30–1:40.
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FIGURE 3. FESEM images of uncoated (a, b) and coated (c, d) cotton fabric.




EDX spectrum

The EDAX spectrum for ZnO-coated fabric was recorded to elucidate the presence of Zn over the fiber surface. The EDX spectrum for the area scanned at 5 μm (Figure 4a) and 10 μm (Figure 4b) displayed that elemental Zn was present over both the scanned area of the ZnO-coated fabric. Furthermore, the EDX mapping spectra were evaluated to check whether elemental Zn was uniformly distributed over the coated fabric (Figure 4c). The EDX spectrum of Zn L confirmed that the elemental Zn was found uniformly over the surface of the cotton fibers and has Zn-dense regions where the ZnO nanowires were found dense. The relatively lower atomic percentage of Zn compared to O observed in the EDX spectrum is due to the fact that ZnO is coated on cotton fabric, which has excess carbon (C) and oxygen (O). This inherent composition of the cotton fabric adds more to the percentage of oxygen in the EDX analysis compared to the actual expected ZnO composition.
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FIGURE 4. EDX spectra of ZnO nanowires coated cotton fabric scanned at different areas (a) 5 μm, (b) 10 μm and (c) EDX mapping spectra of ZnO nanowires coated cotton fabric.




Photocatalytic activity

The ZnO nanowires coated cotton fabrics were subjected to self-cleaning studies. The coated and uncoated fabrics were stained with methyl blue and methyl violet dyes and were kept under 1200 W white LED light. Photographs were taken at regular intervals of 5 min and shown in Figure 5. From the photographs, it was clear that after 45 min of exposure, the ZnO nanowires-coated fabric completely removed the stains caused by dyes, whereas the stains in the uncoated fabrics were still intact with a slight reduction in the intensity, which may be caused due to photosensitization process. The stain removal or decolorization of dyes by coated samples was primarily attributed to the presence of ZnO nanowires, which are well known for their photocatalytic activity. Further, as the photosensitization process was seen in the uncoated samples, it will also be occurring in the stain removal in the coated samples but enhanced in the presence of ZnO nanowires.
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FIGURE 5. Photographs demonstrating the self-cleaning behavior of the ZnO nanowires coated cotton fabric.




Mechanism of photocatalysis
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The photocatalytic degradation of dyes is caused by the reactive oxygen species (ROS) generated during the photosensitization and photocatalysis process enabled through photocatalyst, i.e., ZnO nanowires. The photosensitization process involves exciting dye molecules with the irradiation of photons with the required wavelength. The dye’s excited electrons (e) instead of recombining are shifted to the conduction band of ZnO nanowires. The harvested e–s reacted with oxygen to generate superoxide radicals ([image: image]) which in turn attack the dye molecules and degraded them, causing decolorization. The photocatalytic degradation process involves the generation of photon-induced e–/h+ pairs in the ZnO nanowires. The photo-excited e–s reacted with oxygen to generate [image: image], and the h+s reacted with OH– to form hydroxyl radicals (OH*). These ROS interact with the dye molecules and facilitate the photocatalytic degradation process.



Considerations on toxicity

The potential toxicity is a major factor when ZnO nanowires are used as a coating on self-cleaning fabrics. Research shows that ZnO nanoparticle exposure can cause respiratory problems and skin irritation, among other health hazards. Although too high elemental zinc can be harmful, low quantities are vital for many biological activities (20, 21). Previous studies demonstrating both acute and chronic impacts of ZnO exposure emphasize the requirement of safe handling and application techniques. On the other hand, ZnO nanowires in situ preparation improves their adhesion to fabrics, thereby lowering the possibility of detachment and hence the toxicity hazards (22, 23). Future research will focus on studies of stability and toxicity to handle these issues.



Comparative analysis with literature data

To validate the significance of the present study, literature data are compared with the results obtained through the present study and are summarized in Table 1. From the table, it is inferred that there are many reports that state the self-cleaning behavior of ZnO nanomaterial-coated fabrics. However, the efficiency of the photocatalytic activity primarily depends on the size and shape of the photocatalyst. In this regard, the ZnO nanowires grown in situ over the cotton fabric in the present study display higher efficiency compared to ZnO having shapes, such as flowers, spheres, and nanorods. This comparative analysis substantiates the better activity and an improvement in the field of ZnO-based self-cleaning coating for cotton fabric.


TABLE 1. Comparative analysis of reported data with the present study results.
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Conclusion

This study demonstrates cotton fabrics coated with ZnO nanowires that have self-cleaning properties and impart stain resistance properties to cotton fabric. The in situ growth of ZnO nanowires was demonstrated by several characterization techniques such as XRD, FESEM, and EDX. The photocatalytic activity of ZnO-coated fabric was evaluated from the degradation of organic dyes, particularly methyl blue and methyl violet, by 1200 W white LED light exposure. Results indicate that the ZnO-coated cotton fabric was able to totally remove the stains of dyes within 45 min compared to an untreated fabric, where the reduction in the intensity of stains was minimal. The self-cleaning ability is enhanced due to the ROS generated from the ZnO nanowires, hence degrading the organic pollutants on the surface of the fabric. The results indicate that ZnO nanowires are an effective photocatalyst for self-cleaning purposes and demonstrate the environmental sustainability of such coatings. The use of ZnO-coated cotton fabrics can reduce the necessity of water and chemical detergents in cleaning, promising a solution for the eco-friendly applications of textiles. On the other hand, different limitations of this study should be considered. Practical uses depend on assessing long-term stability and durability of ZnO nanowires on the cloth. The toxicity level of the ZnO nanowires, particularly in terms of the long-term exposure, needs to be assessed. While the efficacy of ZnO-coated fabric against a wider range of stains and pollutants has yet to be assessed.
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