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Nanocellulose based titanium dioxide nanocomposite (NC/TiO2) with enhanced adsorption and photocatalytic properties is a favorable material for treating wastewater of textile industry. The NCTiO2 nanocomposite was fabricated by a two-step hydrothermal process and characterized through X-ray diffraction (XRD), Fourier-transform infrared-spectroscopy (FT-IR), Field emission scanning electron microscopy (FE-SEM), and Ultraviolet-visible absorption spectroscopy (UV-Vis Absorption Spectroscopy) techniques. The maximum percentage removal efficiencies under optimum experimental conditions for total dissolved solids total salts, turbidity, chemical oxygen demand (COD), and color in textile industry A and textile industry B were observed to be 49.16% and 65.05%, 74.98% and 80.64%, 97.48% and 100%, 87.18% and 92.03%, and 75.58% and 93.86%, respectively. The maximum photocatalytic degradation efficiencies for the removal of turbidity, COD and color in textile industry A and textile industry B were observed to be 96.21% and 99.66%, 85.82% and 87.43%, and 76.60% and 95.82%, respectively. Due to low initial concentration values of treatment parameters, the adsorption and photocatalytic removal efficiencies of textile industry B were higher as compared to textile industry A. The current study suggests that NC/TiO2 has the potential to be used as a highly efficient adsorbent and photocatalyst for removing pollutants from wastewater.
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1 INTRODUCTION
Water pollution is one of the critical environmental concerns globally (Muralikrishna and Manickam, 2017; Rashed et al., 2017). The increasing pollution level and the introduction of new pollutants into water sources have degraded the quality of water and prompted the search for efficient water reuse, recycling, and treatment methods to assure that the suitable water quality is needed for human consumption (Rahman et al., 2021; Burgan et al., 2013). The release of pollutants into water bodies including dyes (Haspulat et al., 2020), heavy metals (Ali et al., 2005), drugs and pharmaceutical (Ali et al., 2017; Salavati-Niasari, 2006; Basheer, 2018a), chiral pollutants (Basheer, 2018b), pesticides (Basheer and Ali, 2018), fertilizers, radionuclides, nitrates phosphates, sulfates, chlorides, bacteria, fungi and viruses, personal care products, endocrine disruptors, and detergents (Ahmadian-Fard-Fini et al., 2019; Rahman et al., 2021) can cause water pollution. Textile industries are the leading contributors to global economy, but unfortunately, they are also substantial sources of environmental pollution (Kumar, 2018; Ceretta et al., 2020). Textile industry is one of the biggest consumers of freshwater after agriculture and contributes about one-fifth of global industrial water pollution (Panhwar et al., 2020; Liu et al., 2019).
Textile wastewater consists of higher concentrations of inorganic and organic compounds (Holkar et al., 2016; Bes-Pia et al., 2002). The wastewater contains elevated levels of COD, BOD, TDS, TSS, color, acidity, nitrogen, dyes, and heavy metals (Masum, 2016; Rodriguez et al., 2002; Punzi et al., 2015). These pollutants degrade water quality, increase toxicity, and interrupt the process of photosynthesis, which has a serious and enormous impact on the aquatic environment due to insufficient supply of oxygen levels (Rehman et al., 2020). The dyeing and printing processes of textile industry produce unpleasant color in water which is the most problematic facet that also influences TDS concentrations and COD values. Color also inhibits the photosynthesis process in water by blocking solar radiation (Berradi et al., 2019; Ghaly et al., 2014; Ismail and Sakai, 2022). Globally, 40% of the colorants used contain organically bound chlorine, which is a carcinogen (Kant, 2012). In textile industries, 93% of wastewater comes out as colored wastewater due to elevated concentrations of organic and inorganic compounds (Gupta et al., 2014). Hence, it is mandatory to treat textile wastewater before release into environment to protect food chain (Velusamy et al., 2021).
Numerous wastewater treatment methods have been mentioned in the literature. Persulfate-based AOPs is an effective method for the degradation of organic matter from wastewater (Zeng et al., 2024). Biochar-based SACs (single-atom catalysts) were extensively used for removing environmental pollutants (Zhou et al., 2024). The cyanobacteria biochar and peroxymonosulfate (CN-BC/PMS) membrane showed a long-term reduction of emerging pollutants from wastewater (Deng et al., 2024). Effective treatment techniques include biological, chemical, and physical processes (Wawrzkiewicz et al., 2019). Adsorption and photocatalysis are recognized as two of the best approaches to treat industrial wastewater due to the ease of processing and low cost (Fang et al., 2018; Mansournia and &Ghaderi, 2017; Mukherjee et al., 2023; Wu et al., 2020). Cellulose is a naturally existing, renewable, and biodegradable polymer. Mainly it is composed of carbon, hydrogen and oxygen in the form of [image: image]-D-glucopyranose having [image: image]-1, 4 glycosidic bonds to form cellobiose a building block of cellulose (Reshmy et al., 2021; Salas et al., 2014; Li et al., 2012). Nanocelluloses have emerged as an alternative to traditional wastewater treatment materials. It is produced from various sources such as wood, grasses (bamboo, bagasse), cotton, sugarcane bagasse, rice straws, phloem fibers (ramie, hemp, flax, and jute), bacteria, algae, fungi, and marine invertebrates (Li et al., 2012; de Oliveira et al., 2016; Barhoum et al., 2020; Hassan et al., 2017). The production of nanocellulose is rapidly expanding worldwide due to its eco-friendly, economical, non-toxic, and high efficiency for various uses including treatment of wastewater (Barhoum et al., 2019; Peng et al., 2020).
To degrade organic pollutants from textile and pharmaceutical wastewater advanced oxidation processes (AOPs) have been used in recent years. The basic classification of AOPs includes UV/H2O2, ozonation, Fenton and photo-Fenton, photocatalysis, and sonolysis (Kumari et al., 2023). Photocatalyst is considered one of the sustainable solutions for treating wastewater (Charanpahari et al., 2019). In the advanced oxidation process (AOP) of photocatalysis, when photon energy equals or exceeds the bandgap width of the photocatalyst, electrons are jumped from the valance to the conduction band, creating a hole in the valance band, i.e., electron/hole (e−/h+) pairs. The electron (photogenerated) could react with O2 to form superoxide radical ions (O2.-) or reduce the dye. The valance band hole acts as a positive charge and reacts with water or OH− to produce hydroxyl radicals (OH [image: image]). Both OH [image: image] and O2.- radicals are the main oxidizing species in photocatalysis, which further undergoing a series of reactions to degrade dyes and other pollutants into CO2, water, and salts of mineral acids (Gumus and &Akbal, 2011; Sahoo et al., 2012; Sugiyana et al., 2014).
Titanium dioxide is a renowned effective photocatalyst with structural stability, low cost, and environmentally non-toxicity. It possesses a high surface area to volume ratio, elevated optical properties, low cost, and low toxicity (Kim et al., 2016; Rojviroon and Sirivithayapakorn, 2018). Previously, several studies have focused on the degradation of organic substances from wastewater by using titanium as a photocatalyst (Areerachakul et al., 2019; Ren et al., 2015). TiO2 can be activated only under UV-light irradiation because it has a bandgap of 3.2 eV. To narrow the bandgap of TiO2 to the visible light zone and increase photocatalytic activity and efficiency, doping practices have been developed using various metals and non-metals (Bouadila et al., 2013; Al-Mamun et al., 2019; Daghrir et al., 2013; Ren et al., 2015).
TiO2 has three crystalline phases: rutile, anatase, and brookite phase (Wang et al., 2017). Among the three crystalline phases, the anatase phase of TiO2 is recognized as the most photoactive state because of its high density, chemical stability, high surface adsorption of hydroxyl radicals and slow recombination of charge carriers (Hanaor and Sorrell, 2011; Yang et al., 2017). Nanocomposites are the multiphase materials where at least one of the component phases has one dimension less than 100 nm in size. Nanocomposites are the class of nanomaterials (Malhotra et al., 2018). Nearly all types and classes of nanocomposites exhibit new and improved properties, e.g., high surface to volume ratio, remarkably high aspect ratio as compared to macrocomposites. Nanotechnology contributes favorable solutions in the fabrication of multifunctional adsorbent and catalyst for removing pollutants from water. Both organic (polymer, chitosan) and inorganic (metal oxides, carbon nanotubes, quantum dots) nanomaterials are integrated into nanocomposites to improve catalytic degradation, adsorption ability, and antimicrobial capabilities (Okpala, 2014; Ajayan et al., 2006; RR et al., 2024).
In recent research, nanocomposites have gained a promising role in water treatment because of high reactivity, strong mechanical properties, and large surface area (RR et al., 2024). The inadequate treatment of wastewater has a variety of health and environmental implications when discharged into water bodies. Therefore, the development of innovative wastewater treatment techniques such as green synthesis of nanoparticles, eco-friendly and low-cost nanocomposites with enhanced photocatalytic and adsorption properties is a prime challenge of modern time for researchers to cope with the issue (Nishat et al., 2023). In this context, fabricating a TiO2 bio-composite with enhanced adsorption and photocatalytic properties can be an effective approach to overcoming these limitations.
Previous studies have reported the synthesis of TiO2/cellulose composites using a one-step method at a relatively low temperature, a simple method of dispersion, and a solg-gel method to degrade dyes from synthetic wastewater (Toro et al., 2022). In the current study, Ti3+-doped TiO2 was synthesized in the first phase by using the two-step hydrothermal synthesis method (Ren et al., 2015). To investigate both photocatalytic and adsorption removal efficiencies for the degradation and adsorption of pollutants from the real wastewater of two different textile industries, a novel approach was used for the synthesizing of nanocellulose based titanium dioxide nanocomposite (NC/TiO2) by applying two-step hydrothermal synthesis method with slight modification in fabrication method. Various experiments were done to determine the optimum concentration of adsorbent and catalyst dose, equilibrium contact time, and suitable pH scale for the photodegradation and adsorption of pollutants from the wastewater of textile industries.
2 MATERIALS AND METHODS
2.1 Materials
Analytical grade reagents were used in the study without further purification. Distilled water and deionized water were used throughout the experiment in the synthesis of reagents, aqueous solutions and washing of laboratory glassware and polyethylene sampling bottles. Nanocellulose powder (Cellulose Lab, Canada) was procured from Healthcare Enterprises, Islamabad, Pakistan. 50 wt% in H2O titanium (IV) bis (ammonium lactate) dihydroxide solution (Sigma-Aldrich, United States) and sodium borohydride caplets (Sigma-Aldrich, United States) were procured from Science Centre, Rawalpindi, Pakistan. Other materials include glucose, ethanol, Whatman filter paper HNO3 (nitric acid), HCl (hydrochloric acid), and NaOH (sodium hydroxide) were obtained from the Environmental science laboratory of International Islamic University, Islamabad and CLEAN laboratory of Pak-EPA, Islamabad, Pakistan.
2.2 Synthesis of Ti3+-doped titanium dioxide nanoparticles (Ti3+-doped TiO2)
To fabricate Ti3+-doped TiO2 nanoparticles, two-step hydrothermal synthesis method was applied (Ren et al., 2015). First, 10 mL of 50 wt% titanium (IV) bis (ammonium lactato) dihydroxide solution was dispersed in 120 mL 0.16 g/L glucose and stirred for 30 min at 150 rpm in a magnetic stirrer. For hydrothermal reactions, the solution was then shifted into an autoclave for 8 h at 170°C. The material was then washed 4 times with ethanol and deionized water and then filtered using filter membrane. The TiO2 (dry powder) was obtained after calcination (500°C) for 3 h. 0.5 g of sodium borohydride (NaBH4) caplets,as a reductant (Ren et al., 2015), and 1 g TiO2 powder were mixed in 120 mL distilled water for a hydrothermal process in an autoclave for 16 h at 180°C. Finally, the synthesized Ti3+- doped TiO2 nanoparticles were filtered and washed 3 times with deionized water and ethanol and dried for 10 h at 60°C.
2.3 Synthesis of nanocellulose based titanium dioxide nanocomposite (NC/TiO2)
The NC/TiO2 nanocomposite was synthesized by applying the two-step hydrothermal method with slight modifications in the fabrication protocol. In this experiment, 10 mL of TiO2 Precursor and 1 g of NC powder were mixed to ensure a 1:1 ratio of NC and TiO2 in the synthesized NC/TiO2 nanocomposite. First, 10 mL of 50 wt% titanium (IV) bis (ammonium lactato) dihydroxide solution and 1 g nanocellulose powder (commercially available) were mixed in 120 mL (0.16 g L-1) glucose and stirred at 150 rpm for 0.5 h. The solution was then autoclaved for hydrothermal reactions for 8 h at 170°C. The autoclaved material was then washed 4 times with ethanol and deionized water and then filtered. The obtained dry powder was then calcined in furnace for 3 h at 500°C. In 120 mL distilled water, different amounts of sodium borohydride caplets were directly added and mixed with 2 g nanocellulose based titanium dioxide powder and autoclave for 16 h for hydrothermal process at 180°C. Finally, nanocellulose based titanium dioxide nanocomposites were collected by filtration and washed 3 times with deionized water and ethanol, and the nanocomposite was dried in oven for 10 h at 60°C. Finally, NC/TiO2 nanocomposites were collected by filtration and washed with ethanol and deionized water and then dried at 60°C for 10 h in oven. The flowchart of the research methodology for wastewater treatment of textile industry 167 A and textile industry B using NC/TiO2 nanocomposite is presented in Figure 1.
[image: Figure 1]FIGURE 1 | Flowchart of the research methodology for wastewater treatment of textile industry A and textile industry B using NC/TiO2 nanocomposite.
2.4 Point of zero charge (pHPZC)
The point of zero charge (pHPZC) is also known as isoelectric point (IEP). pHPZC is the pH value at which the material surface is electrically neutral or no net surface charge. The pHPZC of NC/TiO2 nanocomposite was determined by the salt addition method. Approximately, 2.992 g of sodium chloride (0.1 M) was dissolved in 500 mL distilled water. Six glass flasks were taken and labeled each with pH 2, 4, 6, 8, 10 and pH 12 and filled each flask with 30 mL (0.1 M) solution of NaCl. The initial pH (pHi) of each solution was adjusted accordingly by adding drops of NaOH and HCl with the help of pipette then added 30 mg of NC/TiO2 nanocomposite in each flask and continuously stirred the solutions at room temperature for 24 h by using magnetic stirrers at 150 rpm. The solutions were then filtered and final pH (pHf) of each filtrates were measured and then calculated the change in pH ([image: image] i.e., [image: image] = [image: image]
2.5 Characterization techniques
Successful deposition of TiO2 nanoparticles on the NC surface, and the crystallinity and phase structure of commercially purchased NC, synthesized TiO2 nanoparticles and NC/TiO2 nanocomposite were studied by XRD pattern using XPERT-3 diffractometer system. The wavelength of radiation source (Cu K-Alpha) was (λ = 1.54060 Å) and the samples were scanned within the range of 2 [image: image] = 5° – 90°. A voltage of 45 kV with 40 mA of current at room temperature is the operational condition of XRD. The microstructures and surface morphology of the NC, TiO2 nanoparticles and NC/TiO2 composite samples were examined by using FESEM, TESCAN MIRA 3 XMU operated at 10 Kv voltage. FT-IR spectra were recorded by FT-IR, Perkin Elmer within the range of 500–4,000 cm-1 to elucidate the role of different functional groups and chemical bonding of the coated materials and the records were collected in transmission mode. Ultraviolet-Visible absorption spectroscopy (Specord 200 Plus, Range 200–800 nm, Germany) was used to assess the optical properties of samples by calculating the band gap (E.g.,) of NC, TiO2 nanoparticles and NC/TiO2 nanocomposite within the range of 200–1,200 nm wavelength at room temperature for the purpose of determining maximum absorbance.
2.6 Wastewater sample collection and physicochemical analysis
The wastewater samples were collected from textile industry A and textile industry B, Faisalabad city, Pakistan during the month of August 2023 according to the standard sampling protocol (APHA and WEF, 2012). The samples were collected from the outlets of effluents discharged in thirty-six clean and pre-sterilized polyethylene sampling bottles of 1 L. The wastewater samples were analyzed for the parameters such as pH, temperature (°C), TDS (mgL-1), and EC (µS/cm) by instruments such as pH meter (Lutron PH-208, Taiwan), Thermometer (Mercury Thermometer, Pakistan), TDS meter (Lovibond Senso Direct 150, Germany) and EC meter (EU TECH CON 700, United States) as per the recommended analytical protocols (APHA and WEF, 2012). The samples were then shifted to CLEAN (Central Laboratory for Environmental Analysis and Networking) laboratory of Pak-EPA, Islamabad and kept at 4°C. Total salts (ppb) of wastewater samples were analyzed by salinity meter (Lovibond SD 90, Germany). Water analyzer was used to test turbidity (NTU) and color (TCU) values of wastewater samples. COD of wastewater samples was determined by applying the analytical protocol mentioned APHA, 5220 D. The results of aforementioned pentameters are mentioned in Table 1.
TABLE 1 | Analyzed results of physicochemical parameters of textile industry A and textile industry B wastewater, Faisalabad, Pakistan.
[image: Table 1]2.7 Batch adsorption experiments on wastewater samples of textile industry a and textile industry B by using NC/TiO2 nanocomposite
The adsorption experiments were conducted in batch mode to determine the adsorption efficiency of NC/TiO2 nanocomposite at different dosages (0.3 g, 1 g, and 2 g). Each dosage was tested at various pH scales (3 pH, 7 pH, and 10 pH) and contact time intervals (20, 40, 60, 80, 100, and 120 min). A 500 mL sample of real textile wastewater in an Erlenmeyer flask was mixed with specific concentrations of nanocomposite dosage. The sample pH was adjusted by adding drops of NaOH and HCl with the help of a pipette. The experiments were performed at room temperature in dark conditions by continuously stirring the solution using a magnetic stirrer at 150 rpm for 120 min. After every 20 min intervals, 20 mL sample was withdrawn and centrifuged at 6,000 rpm for 10 min and the supernatant was analyzed for TDS, color, turbidity, total salts, and COD by applying standard protocols. The contact time interval samples were analyzed to assess the adsorption efficiency of NC/TiO2 to remove TDS, turbidity, total salts, color, and COD in wastewater and to identify the optimum concentration of nanocomposite dosage, equilibrium contact time and suitable pH scale for the removal of selected parameters. All adsorption experiments were performed in 500 mL wastewater sample of textile industry. The percent removal of TDS, turbidity, total salts, color, and COD was calculated from Equation 1 as follows:
[image: image]
Where R is the removal efficiency of TDS, turbidity, total salts, color, and COD. C0 is the intitial concentrations of parameters, and Ct is the concentration of parameters at time t.
2.8 Photocatalytic degradation experiments on wastewater samples of textile industry a and textile industry B by using NC/TiO2 nanocomposite
Photocatalytic degradation efficiency of NC/TiO2 nanocomposite was examined by monitoring the wastewater treatment experiments at different concentrations of nanocomposite dosage (0.3 g, 1 g, and 2 g). Each dosage was tested at various pH scales (pH 3, pH 7, and pH 10) and different contact time intervals (20, 40, 60, 80, 100, and 120 min) under sun light irradiation. A 500 mL real textile wastewater sample in glass beaker was mixed with specific concentrations of nanocomposite dosage. The pH of wastewater was adjusted by adding drops of NaOH and HCl with the help of pipette. The solution was magnetically stirred for 30 min in dark environment at 150 rpm to attain adsorption/desorption equilibrium. The solution was then irradiated under sunshine at ambient temperature, and after every 20 min of time intervals, 20 mL samples were withdrawn and centrifuged for 10 min at 6,000 rpm and the sample was analyzed for color, turbidity, and COD. The contact time interval samples were analyzed to assess the photocatalytic degradation efficiency of NC/TiO2 to remove turbidity, color and COD in wastewater and to identify the optimum concentration of nanocomposite dosage, equilibrium contact time and suitable pH scale for the photocatalytic degradation of selected parameters. All photocatalytic experiments were performed in 500 mL wastewater sample of textile industry. The percentage of photocatalytic degradation of turbidity, color and COD was calculated using Equation 2 as follows:
[image: image]
Where C0 is the initial concentration of turbidity, color and COD and Ct is the concentration of turbidity, color and COD at time t.
2.9 Statistical analysis
The wastewater treatment results of adsorption and photocatalytic degradation were calculated as the means of three independent replicates and statistically analyzed using Microsoft Excel Environment and ORIGIN Pro: Data Analysis and Graphing Software.
3 RESULTS AND DISCUSSION
3.1 Characterization of titanium dioxide (TiO2), nanocellulose (NC) and nanocellulose based titanium dioxide nanocomposite (NC/TiO2)
3.1.1 X-ray diffraction (XRD)
The XRD patterns of TiO2, NC, and NC/TiO2 nanocomposites are presented in Figures 2A–C. The diffraction peaks of the crystalline structure of the synthesized tetragonal anatase phase TiO2 are shown in Figure 2A. TiO2 peaks were observed at 2 [image: image] = 25.51°, 38.03°, 48.21°, 54.11°, 55.22°, 62.93°, 70.42°, 75.29° and 82.93°, corresponding to the lattice reflection planes (101) (112), (200) (105), (211) (204), (220) (215), and (224), respectively. All peaks are consistent with the standards of ICSD (Inorganic Crystal Structure Database) code (024,276). Figure 2B illustrates the characteristic peaks of commercially obtained NC powder at 2 values of 16.92°, 20.57°, 22.94°, and 34.71° are attributed to the crystallographic planes (110) (120), (200), and (004) and the obtained peaks of the XRD pattern is similar to that of cellulose (Doan and Chiang, 2022; Rashid and Dutta, 2020; Nindiyasari et al., 2016).
[image: Figure 2]FIGURE 2 | Panels (A, B) the characteristic peaks of TiO2 and NC were observed and the corresponding lattice reflection plans are labeled in both figures whereas in panel (C) of NC/TiO2 nanocomposite, the signs of triangle and star indicate TiO2 and NC.
The XRD diffraction pattern in Figure 2C represents almost all the characteristic peaks of both NC and TiO2 nanoparticles in a synthesized NC/TiO2 nanocomposite, with slight variation in peak intensity and peak width. All peaks of TiO2 nanoparticles were observed in the NC/TiO2 nanocomposite with almost the same intensity, but the characteristic peak of NC at 20.57° (120), 22.94° (200), and 34.71° (110) was masked by a broader peak of TiO2 in the nanocomposite, and the observed peaks of NC and TiO2 at 25.41° and 25.51° were merged at 25.42°. Likewise, the diffraction peaks of NC at 48.98° and TiO2 48.21° were merged at 48.11° and formed a new peak with relatively high intensity and width. The last diffraction peaks of both NC and TiO2 were merged at 82.85° and form a relatively broader width peak. The characteristic peaks of TiO2 were anchored on the surface of NC powder. The overall variation in peaks indicates the successful synthesis of the NC/TiO2 nanocomposite with high purity by the hydrothermal method.
3.1.2 Fourier transform infrared spectroscopy (FT-IR)
The FT-IR spectra of TiO2, NC, and NC/TiO2 were recorded to identify functional groups and bond structures over the wavenumber range of 400–4,000 cm-1, as presented in Figures 3A–C. Figure 3A represents the FT-IR results of fabricated TiO2 nanoparticles. The broad peak appeared in the area between wavenumber 3306 cm-1 and 3,614 cm-1 and a small sharp peak at 1,652 cm-1 are attributed to the stretching vibration of hydroxyl group (O-H) and bending modes of adsorbed water (Sethy et al., 2020; Leon et al., 2017). The peaks at 2,931 cm-1 and 2,853 cm-1 correspond to the C-H stretching vibrations which indicate the reduction of an organic compound from the surface (Shimi et al., 2022). The peaks observed at wavenumber 1868 cm-1 and 1823 cm-1 are related to the stretching mode vibrations of C [image: image] C and C [image: image] O functional groups (Singh and Mehata, 2019). The peaks appearing in the range of 1,200–1,600 cm-1 can be associated with the O-CH3, or CH, CH2, and CH3 functional groups of carbon (Irshad et al., 2020). The broad bands arising between 1,000 and 400 cm-1 correspond to stretching and bridging stretching vibrations of Ti-O and Ti-O-Ti peaks, respectively (Singh and Mehata, 2019).
[image: Figure 3]FIGURE 3 | In Panels (A–C) the FTIR spectra of identified functional groups and bond structures over the wave range of 400-4000 cm-1 are presented and properly labeled.
Figure 3B represents the FT-IR results of commercially obtained NC powder. The narrow peak observed at 3,360 cm-1 and the broader peak at 2,885 cm-1 are associated with stretching vibrations of hydroxyl group and aliphatic saturated functional groups (Niu et al., 2017; Hussin et al., 2020). The absorption bands at 2,136 cm-1 and 2094 cm-1 in nanocellulose were related to C [image: image] C stretching vibration (Rahman et al., 2018). The peaks at wavenumber 1604 cm-1 and 1,417 cm-1 were assigned to O-H bending mode vibrations and–CH2 scissoring vibrations in cellulose structure (Suanto et al., 2022; Rashid and Dutta, 2020). The absorption peak around wavenumber 1355 cm-1 and 1,151 cm-1 was due to the C-O stretching vibration of alcohols and C-C ring stretching vibration in cellulose structure (Rashid and Dutta, 2020; Rahman et al., 2018). The strongest band at wavenumber 1114 cm-1 and 1,053 cm-1 are related to–CO stretching vibration of cellulose (Rahman et al., 2018). The peaks appeared at 914 cm-1 and 621 cm-1 originating from the bending vibrations of–OH and O-H functional groups (Rahman et al., 2018; Hussin et al., 2020).
Figure 3C represents the FT-IR results of fabricated NC/TiO2 nanocomposite. The broad peaks that appeared between the area of wavenumber 3296 cm-1 and 3,628 cm-1 were attributed to the presence of hydroxyl group. The sharp peak at approximately 1,648 cm-1 is related to the bending modes of hydroxyl bonds in water molecules adsorbed on both TiO2 and NCTiO2 nanocomposite. The broad and sharp peaks that appeared between the regions 435 cm-1 and 1,011 cm-1 correspond to the presence of Ti-O and Ti-O-Ti bonds in the NC/TiO2 nanocomposite (Chai et al., 2021). In nanocomposite, the structural features of NC appeared with decreased spectral intensity due to the covering phenomenon.
3.1.3 Field emission scanning electron microscopy (FE-SEM)
Figures 4A–F represent the surface morphology at the micrometer and nanometer scales of the NC, TiO2, and NC/TiO2 nanocomposites synthesized by the hydrothermal method and analyzed using FE-SEM. The average size and the range values of the nanoparticles were calculated by using ImageJ software. The spherical shape and size of the NC and TiO2 nanoparticles are shown in Figures 4A, B) and Figures 4C,D, respectively, having a homogeneous surface area in particular regions. The average particle sizes of NC and TiO2 are 30.84 nm and 418.78 nm, respectively, and the nanoparticle sizes of NC and TiO2 ranged between 62.23 nm and 263.97 nm, and 114.27 nm–1,007.74 nm, respectively. Figure 4E, F) of the FE-SEM image illustrates the anchoring of TiO2 nanoparticles onto the nanocellulose surface. TiO2 nanoparticles agglomerated into big clusters due to high surface area. The nanoparticles exhibited non-uniformity and irregularity in shape and size, with an increase in crystalline size. The average particle size of NC/TiO2 is 109.53 nm, with a range of values between 51.16 nm and 222.46 nm, respectively.
[image: Figure 4]FIGURE 4 | FE-SEM images of (A, B) NC (C, D) TiO2 and (E, F) NC/TiO2.
3.1.4 UV-visible absorption spectroscopy (UV-VIS spectroscopy)
The optical properties of NC, TiO2, and NC/TiO2 were investigated using UV-Vis absorption spectroscopy, as shown in Figure 5A NC, Figure 5B TiO2, and Figure 5C NC/TiO2. The band gap (E.g.,) is a significant parameter in determining the photocatalytic performance of nanoparticles and nanocomposites, and it was calculated using Tauc’s equation:
[image: image]
[image: Figure 5]FIGURE 5 | UV-Vis absorption spectra and Tauc plot of (A) NC, (B) TiO2 and (C) NC/TiO2.
Here, [image: image] and hʋ represent the absorption coefficient and the incident photon energy, respectively. D is a constant, E.g., is the optical band gap energy, and the value “n” may vary from 2 to ½, depending on the types of band structure. The estimated band gaps of NC, TiO2, and NC/TiO2 were 3.25 eV, 3.03 eV, and 3.10 eV, respectively. The variation in the band gap of NC/TiO2 is due to a synergistic effect. This increased band gap results from the loading of TiO2 particles onto the surface of NC particles. NC contributes the effect by increasing the band gap in the NC/TiO2 nanocomposite.
3.1.5 Point of zero charge (pHPZC)
The pHPZC of NC/TiO2 nanocomposite was determined by the salt addition method. The pHPZC was estimated by plotting a graph between initial pH (pHi) and delta pH ([image: image] pH). The value of initial pH (pHi) at which [image: image] was zero described as point of zero charge (pHPZC) of material. The experimental pHPZC value of adsorbent was 6.5 as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Point of zero of NC/TiO2 nanocomposite.
3.2 Batch adsorption experiments by using NC/TiO2 nanocomposite
3.2.1 TDS
The pH value above pHpzc was found to be favorable for the adsorption of TDS from the wastewater of textile industry A and textile industry B. The deprotonation of active sites increases with increasing pH values, thus enhancing the adsorption of TDS ions in a solution (Chen et al., 2011). The experimental value of pHPZC of the NC/TiO2 nanocomposite was 6.5, as shown in Figure 6. The adsorption efficiency was reduced in both acidic and alkaline environment because the adsorbent surface become positively charged in acidic pH (pH 3) due to more H+ ions on its surface, which creates repulsion between TDS and the active sites of the adsorbent. In a basic pH solution (pH 10), the adsorption percentage removal of TDS was reduced due to precipitation. The optimum adsorption efficiency for TDS removal was attained at 80 min of contact time under dark conditions at room temperature, with a solution pH of 7, and an adsorbent dose of 0.3 g of NC/TiO2 nanocomposite in real textile wastewater samples of both industries. The TDS value was decreased from 7,920 mg L-1–4,026.9 mg L-1 in the textile industry A and 4,350 mg L-1–1,520.3 mg L-1 in the textile industry B wastewater, with adsorption removal percentages of 49.16% and 65.05%, respectively. Due to the lower initial concentration of TDS in the wastewater sample of textile industry B the adsorption efficiency was higher than textile industry A. This depicts that an increase in the initial concentration of adsorbate decreases the percentage removal because the adsorbent surface has a limited number of available active sites to interact with the adsorbate. The adsorption efficiency decreases upon saturation of the available binding sites on the surface of the adsorbent. The adsorption process at neutral pH was very fast during the first 20 min of reaction time with an optimum dose of 0.3 g, achieving adsorption removal efficiencies of 48.47% (textile industry A) and 64.25% (textile industry B). TDS adsorption was very rapid during the initial 20 min because of the large surface area, porosity, active binding sites, and functional group concentration of the NC/TiO2 nanocomposite. Only a 1% increase in adsorption efficiency was observed over the next 80 min of contact time. After attending equilibrium contact time at 80 min, the adsorption percentage removal started to decrease, and partial desorption was observed over the next 120 min. It may be due to an increased diffusion rate of adsorbate with high speed from the bulk to the liquid substrate boundary layer. The percentage removal efficiency decreased with increasing adsorbent dosage from 1 g to 2 g of NC/TiO2 nanocomposite due to the agglomeration and coagulation of the NC/TiO2 nanocomposite, which reduces the available active sites of the adsorbent. The results are consistent with the research conducted on TDS removal from wastewater by adjusting the pH value to pHPZC in the coagulation and flocculation processes (Igwegbe and Onukwuli, 2019). Comparable results were obtained when carried out a research on removing TDS from synthetic wastewater (Mortula and Shabani, 2012). The adsorption efficiencies of NC/TiO2 for removing TDS from real textile wastewater samples under various experimental conditions, along with the percentage removal are shown in Figure 7A, B.
[image: Figure 7]FIGURE 7 | (A) Contact time, dosage, and pH effect on the adorption percentage reduction of TDS from textile industry A wastewater using NC/TiO2 nanocomposite. (B) Contact time, dosage, and pH effect on the adsorption percentage reduction of TDS from textile industry B wastewater using NC/TiO2 nanocomposite.
3.2.2 Total salts
The pH value below pHpzc was found to be favorable for the adsorption of total salts from the wastewater of textile industry A and textile industry B. At pH value < pHPZC, the adsorption process follows the mechanism of electrostatic interactions due to the presence of a positive charge on the surface of the adsorbent (Nguyen et al., 2024). The adsorption efficiency of NC/TiO2 decreases when the pH value is above pHPZC due to the presence of OH− ions on the surface of the adsorbent, thus inhibiting the adsorption of salts. The optimum adsorption efficiency for the removal of total salts was reached at 120 min of contact time under dark condition at room temperature, with a solution pH of 3, and an adsorbent dosage of 0.3 g of NC/TiO2 nanocomposite in real textile wastewater samples of both industries. The total salts value decreased from 6,430 mg L-1–1,609 mg L-1 in the textile industry A wastewater and from 3,460 mg L-1–670 mg L-1 in the textile industry B wastewater, with adsorption removal percentages of 74.98% and 80.64%, respectively. Due to the lower initial concentration of total salts in the wastewater sample of textile industry B, the adsorption percentage removal was higher than textile industry A. This indicates that an increase in the initial concentration of adsorbate decreases the adsorption percentage removal because the adsorbent surface has a limited number of available active sites to interact with the adsorbate. The adsorption efficiency decreased upon saturation of the available binding sites on the surface of the adsorbent. The adsorption process at acidic pH was very rapid during the first 20 min of reaction time at an optimum dosage of 0.3 g, with adsorbent removal efficiencies of 55.83% (textile industry A) and 68.79% (textile industry B). The rate of total salts adsorption was rapid during the initial 20 min due to the high surface area and porosity, active binding sites, and functional group concentration of the NC/TiO2 nanocomposite. Afterward, the adsorption percentage removal gradually increased over the next 120 min. The percentage removal efficiency decreased with increasing adsorbent dose from 1 g to 2 g of NC/TiO2 nanocomposite due to the agglomeration and coagulation of the NC/TiO2 nanocomposite, which reduces the available active sites on the adsorbent. This can be described by the greater amount of adsorbent dosage under the same adsorbate density, leading to competition among NC/TiO2 surface for the adsorption of a fixed concentration of salts. Similar kind of results was reported when a research was conducted on the removal of salts from saline water using bismuth oxide nanoparticles on an anion exchange resin (Nguyen et al., 2024). The adsorption efficiencies of NC/TiO2 for the removal of total salts from real textile wastewater under various experimental conditions, along with the percentage removals are shown in Figures 8A, B.
[image: Figure 8]FIGURE 8 | (A) Contact time, dosage and pH effect on the adsorption percentage reduction of total salts from textile industry A wastewater using NC/TiO2 nanocomposite. (B) Contact time, dosage and pH effect on the adsorption percentage reduction of total salts from textile industry B wastewater using NC/TiO2 nanocomposite.
3.2.3 Turbidity
The pH value above pHpzc was found favorable for the removal of turbidity from the wastewater of textile industry A and textile industry B. The turbidity percentage removal was decreased at low and high pH scales. The turbidity removal decreased at pH values >8 due to a less positively charged surface of the adsorbent, which lowers the attraction between negatively charged suspended particles and the adsorbent surface (Olajire and Bamigbade, 2021). The optimum adsorption efficiency for removing turbidity was attained at 80 min of contact time under dark conditions at room temperature, solution pH 7, in the real textile wastewater samples of both industries with adsorbent dosages of 2 g NC/TiO2 nanocomposite for textile industry A and 1 g NC/TiO2 nanocomposite for textile industry B wastewater. Turbidity was reduced from 83.4 NTU to 2.10 NTU in textile industry A and 11.601 NTU to 0 NTU in textile industry B wastewater with adsorption percentages removal of 97.48% and 100%, respectively. Due to the lower initial turbidity level in the wastewater sample of textile industry B, the adsorption percentage removal was higher than textile industry A. This illustrates that an increase in the initial turbidity level decreases the adsorption percentage removal because the adsorbent surface has a limited number of available active sites that interact with the adsorbate. The adsorption efficiency decreases upon saturation of the available binding sites on the surface of adsorbent. NC/TiO2 nanocomposite dosage at neutral pH exhibited very fast removal efficiency in the first 20 min at optimum dosage of 2 g and 1 g with adsorbent removal efficiency of 95.79% (textile industry A) and 98.28% (textile industry B). Turbidity removal was very rapid in the initial 20 min due to high surface and porosity, active binding sites, and functional group concentration of NC/TiO2 nanocomposite. Only a 2% increase in adsorption removal efficiency was detected for the next 80 min of contact time. After attending equilibrium contact time at 80 min, the adsorption percentage removal started decreasing, and a partial desorption process was observed for the next 120 min. It might be due to an increase in the diffusion rate of the adsorbate at high speed from the bulk to the liquid substrate boundary layer. The percentage removal efficiency increased with increasing adsorbent dosage from 0.3 g to 1 g and 2 g NC/TiO2 nanocomposite because an increase in adsorbent dosage enhanced the active binding sites in the adsorbent structure, resulting in increased adsorption efficiency. The experimental results coincide with the research conducted on the removal of turbidity and sludge from industrial wastewater by using ferric chloride (FeCl3) in a coagulation and flocculation process by applying Jar test technique (Kastali et al., 2021). The adsorption efficiencies of NC/TiO2 nanocomposite for removing turbidity from real textile wastewater in various experimental conditions along with percentages removals are shown in Figures 9A, B.
[image: Figure 9]FIGURE 9 | (A) Contact time, dosage and pH effect on the adsorption percentage reduction of turbidity from textile industry A wastewater using NC/TiO2 nanocomposite. (B) Contact time, dosage and pH effect on the adsorption percentage reduction of turbidity from textile industry B wastewater using NC/TiO2 nanocomposite.
3.2.4 COD
The pH value below pHpzc was found favorable for the removal of COD from the wastewater of textile industry A and textile industry B. At low pH, electrostatic attraction exists between adsorbate and adsorbent surface, and higher removal of COD is observed (Shadi et al., 2020). The removal percentage of COD was decreased in alkaline solution due to the presence of more OH− ions that prevents the diffusion of organic compounds and affects adsorption process (Nayl et al., 2017). The optimum adsorption efficiency for the removal of COD was attained at 80 min of contact time under dark condition at room temperature, with a solution pH of 3, and an adsorbent dosage of 2 g NC/TiO2 nanocomposite in real textile wastewater samples of both industries. The COD value decreased from 1,110 mg L-1–142.35 mg L-1 in textile industry A and 509 mg L-1–40.57 mg L-1 in textile industry B wastewater, with adsorption percentage removals of 87.18% and 92.03% respectively. Due to lower initial concentration of COD in the wastewater sample of textile industry B the adsorption percentage removal was higher than textile industry A. This illustrates that an increase in the initial concentration of adsorbate decreases the adsorption percentage removal because the adsorbent surface has a limited number of available active sites that interact with the adsorbate. The adsorption efficiency decreases upon saturation of the available binding sites on the adsorbent surface. The adsorption process at acidic pH was very fast in the first 20 min of reaction time at optimum dosage of 2 g with adsorption removal efficiency of 72.87% (textile industry A) and 76.87% (textile industry B). COD removal was very rapid in the initial 20 min due to high surface and porosity, active binding sites, and functional group concentration of NC/TiO2 nanocomposite. After attending equilibrium contact time at 80 min, the adsorption percentage removal started decreasing, and a partial desorption process was observed over the next 120 min. It might be due to increase in diffusion rate of adsorbate with high speed from the bulk to liquid substrate boundary layer. The percentage removal efficiency increased with increasing adsorbent dose from 0.3 g, 1 g and 2 g NC/TiO2 nanocomposite because the increase in adsorbent dosage enhanced the active binding sites in the adsorbent structure, resulting in increased adsorption efficiency. Similar kinds of results are reported when conducting a research on COD removal from landfill leachate using the magnetic graphene oxide/WO3 nanocomposite (Mirkazehi et al., 2023). The adsorption efficiencies of NC/TiO2 for the removal of COD from real textile wastewater under various experimental conditions, along with percentages removals are shown in Figure 10A, B.
[image: Figure 10]FIGURE 10 | (A) Contact time, dosage and pH effect on the adsorption percentage reduction of COD from textile industry A wastewater using NC/TiO2 nanocomposite. (B) Contact time, dosage and pH effect on the adsorption percentage reduction of COD from textile industry B wastewater using NC/TiO2 nanocomposite.
3.2.5 Color
The pH value below pHpzc was found favorable for the removal of color from the wastewater of textile industry A and textile industry B. The removal efficiency of anionic dyes was higher at pH 2.6 and lower when the pH increased to 13.2. This phenomenon can be explained by the fact that the adsorption mechanism is controlled by the electrostatic force of attraction between the positively charged adsorbent surface and negatively charged dye molecules. A pH value higher than pHPZC promotes the adsorption of cationic dyes (Muntean et al., 2018). The optimum color removal was attained at 120 min of contact time under dark conditions at room temperature, with a solution pH of 3, and an adsorbent dosage of 2 g NC/TiO2 nanocomposite in real textile wastewater samples of both industries. The color value was reduced from 231.02 TCU to 56.42 TCU in textile industry A and from 44.79 TCU to 2.75 TCU in the textile industry B wastewater with adsorption percentage removals of 75.58% and 93.86%, respectively. Due to the lower initial color value in the wastewater sample of textile industry B, the adsorption percentage removal was higher than textile industry A. This illustrates that an increase in the initial color value decreases the adsorption percentage removal because the adsorbent surface has a limited number of available active sites that interact with the adsorbate. The adsorption efficiency decreases upon saturation of the available binding sites on the surface of adsorbent. The adsorption process occurred at a very fast pace during the first 20 min of reaction time at an acidic pH and at an optimum dosage of 2 g NC/TiO2 nanocomposite, with adsorption removal efficiencies of 64.89% (textile industry A) and 79.82% (textile industry B). Color removal was very rapid in the initial 20 min due to high surface and porosity, active binding sites, and functional group concentration of NC/TiO2 nanocomposite. The adsorption process then gradually increased over the next 120 min. The percentage removal efficiency increased with increasing adsorbent dose from 0.3 g, 1 g and 2 g NC/TiO2 nanocomposite because the increase in adsorbent dosage enhanced the active binding sites in the adsorbent structure, resulting in increased adsorption efficiency. Comparable results were reported in the research work carried out for the removal of colored organic pollutants from wastewater using magnetite/carbon nanocomposites (Muntean et al., 2018). The adsorption efficiencies of NC/TiO2 for the removal of color from real textile wastewater under various experimental conditions, along with percentage removals are shown in Figures 11A, B.
[image: Figure 11]FIGURE 11 | (A) Contact time, dosage and pH effect on the adsorption percentage reduction of color from textile industry A wastewater using NC/TiO2 nanocomposite. (B) Contact time, dosage and pH effect on the adsorption percentage reduction of color from textile industry B wastewater using NC/TiO2 nanocomposite.
Statistical analysis of adsorption parameters of textile industry A and textile industry B wastewater under optimum experimental conditions.
The adsorption removal efficiencies of textile industry A and textile industry B under optimum experimental conditions are shown in Tables 2 and 3. The comparatively lower CV (coefficient of variation) values in textile industry B indicate more consistent adsorption removal efficiency. The box-whisker plots in Figures 12, 13 illustrate the variation in adsorption removal efficiency of the NC/TiO2 nanocomposite for wastewater parameters (COD, color, TDS, total salts, and turbidity) of textile industry A and textile industry B under optimum dose and pH conditions. The variations were analyzed at contact time intervals of 20 min, 40 min, 60 min, 80 min, 100 min, and 120 min. The statistical values of the dataset (interquartile range, minimum, maximum, mean, lower limit, upper limit, outliers data, confidence interval and skewness) are presented in Supplementary Tables S1–S4. The median removal efficiency values for all parameters are consistently high in textile industry A and textile industry B, showing the effectiveness of NC/TiO2 nanocomposite. The absence of outliers in the dataset confirms the consistent performance of the NC/TiO2 nanocomposite under optimum experimental conditions. The analyzed parameters exhibit negative skewness, indicating a left-skewed distribution, which suggests that the adsorbent consistently attained high removal efficiencies. The upper and lower confidence interval values of all parameters are relatively close to their mean values, implying a high degree of reliability in adsorption efficiency.
TABLE 2 | Assessment of the adsorption efficiency of NC/TiO2 nanocomposite in the wastewater treatment of textile industry A under optimum conditions.
[image: Table 2]TABLE 3 | Assessment of the adsorption efficiency of NC/TiO2 nanocomposite in the wastewater treatment of textile industry B under optimum conditions.
[image: Table 3][image: Figure 12]FIGURE 12 | Box plot illustrating the adsorption removal efficiency of the NC/TiO2 nanocomposite for COD, color, TDS, total salts, and turbidity in the wastewater of textile industry A under optimum dose and pH conditions.
[image: Figure 13]FIGURE 13 | Box plot illustrating the adsorption removal efficiency of the NC/TiO2 nanocomposite for COD, color, TDS, total salts, and turbidity in the wastewater of textile industry B under optimum dose and pH conditions.
3.3 Photocatalytic experiments by using NC/TiO2 nanocomposite
3.3.1 Turbidity
The pH value above pHpzc was found favorable for the photocatalytic removal of turbidity from the wastewater of textile industry A and textile industry B. Mainly, pH controls the surface charge and properties of the photocatalyst (Ahmadi et al., 2017). The surface of NC/TiO2 nanocomposite is positively charged in acidic pH and negatively charged in alkaline pH. Photocatalytic percentage removal of turbidity was comparatively decreased at low and high pH scales. The optimum photocatalytic degradation efficiency for the removal of turbidity was attained at 80 min of contact time under sun light irradiation at ambient temperature, solution pH 7, and catalyst dosage of 2 g NC/TiO2 nanocomposite in the real textile wastewater samples of both industries. Turbidity was reduced from 83.4 NTU to 3.16 NTU in the textile industry A and 11.601 NTU to 0.04 NTU in the textile industry B wastewater with photocatalytic percentages removal of 96.21% and 99.66%, respectively. Due to the lower initial turbidity level in the wastewater sample of textile industry B, the photocatalytic percentage removal was higher than of textile industry A. This illustrates that an increase in the initial turbidity level decreases the photocatalytic percentage removal. This observation could be because of the presence of limited number of active sites on the surface of the photocatalyst for the photocatalytic activity such as generation of hydroxyl radicals and superoxide free radicals for the oxidation of pollutants in wastewater sample. The photocatalyst dosage at neutral pH exhibited maximum removal efficiency in the first 20 min of reaction time at optimum dosage of 2 g NC/TIO2 nanocomposite with photocatalytic removal efficiency of 94.64% (textile industry A) and 98.45% (textile industry B). Turbidity removal was rapid in the initial 20 min due to the increased availability of active sites on the surface of NC/TiO2 nanocomposite, facilitating the generation of hydroxyl radicals and superoxide free radicals. The removal efficiency of turbidity was highest in the first 20 min of irradiation time due to increase in contact time and the availability of hydroxyl radicals for the oxidation of contaminants in wastewater (Syed et al., 2022). Only 2% and 1% increase in the photocatalytic removal percentage was observed for the next 80 min in the textile industry A and textile industry B wastewater. After attending equilibrium contact time at 80 min, the removal efficiency initiated to decrease. The decrease in removal efficiency thereafter might be due to the aggregation of photocatalyst with the contaminants, and with time, the surface of the photocatalyst becomes saturated and dissociates, leading to the formation of secondary pollutants in the wastewater (Tayade et al., 2009; Al-Nuaim et al., 2023). The percentage removal efficiency increased with increasing catalyst dose from 0.3 g to 1 g and 2 g NC/TiO2 nanocomposite because an increase in photocatalytic dosage enhanced the active sites in the catalyst structure as a result photocatalytic removal efficiency increased. Similar kinds of result are mentioned in the research work conducted on turbidity removal from municipal wastewater using TiO2 photocatalyst (Munien et al., 2023). The photocatalytic degradation efficiency of NC/TiO2 nanocomposite for removing turbidity from real textile wastewater in various experimental conditions along with percentages removal are shown in Figures 14A, B.
[image: Figure 14]FIGURE 14 | (A) Contact time, dosage and pH effect on the photocatalytic percentage reduction of turbidity from textile industry A wastewater using NC/TiO2 nanocomposite. (B) Contact time, dosage and pH effect on the photocatalytic percentage reduction of turbidity from textile industry B wastewater by using NC/TiO2 nanocomposite.
3.3.2 COD
The pH value below pHpzc was found favorable for the photocatalytic removal of COD from the wastewater of textile industry A and textile industry B. The presence of carbonate ions at high pH level could scavenge the [image: image] radicals, or holes created on the TiO2 surface, containing a less reactive carbonate radical that slow down the process of degradation and mineralization (Baransi et al., 2012). The optimum photocatalytic degradation efficiency for the removal of COD was attained at 80 min of contact time under sun light irradiation at ambient temperature, solution pH 3, and catalyst dosage of 2 g NC/TiO2 nanocomposite in the real textile wastewater samples of both industries. COD value was decreased from 1,110 mg L-1–157.40 mg L-1 in the textile industry A and 509 mg L-1–63.96 mg L-1 in the textile industry B wastewater with photocatalytic percentages removal of 85.82% and 87.43%, respectively. Due to the lower initial COD level in the wastewater sample of textile industry B, the photocatalytic percentage removal was higher than textile industry A. This illustrates that increase in initial COD level decreases the photocatalytic percentage removal. This observation could be due to the limited number of active sites on the surface of the photocatalyst for photocatalytic activity, such as the generation of hydroxyl radicals [image: image] and superoxide free radicals [image: image] for the oxidation of pollutants in the wastewater sample. The photocatalytic degradation process at acidic pH was very fast in the initial 20 min of reaction time at an optimum catalyst dosage of 2 g with removal efficiency of 70.78% (textile industry A) and 71.78% (textile industry B). COD removal was very rapid in the initial 20 min due to the increased availability of active sites on the surface of NC/TiO2 nanocomposite for the generation of hydroxyl radicals and superoxide free radicals. The ([image: image] radicals and [image: image] free radicals react with organic compounds and are mineralized into CO2 and H2O (Chavan and Fulekar, 2020). The photocatalytic removal percentage increased gradually for the next 80 min of reaction time. After attending equilibrium contact time at 80 min, the removal efficiency started to decrease. The decrease in removal efficiency thereafter might be due to the aggregation of photocatalyst with the contaminants, and with time, the surface of photocatalyst become saturated and dissociated which leads to the formation of secondary pollutants in wastewater (Tayade et al., 2009; Al-Nuaim et al., 2023). The percentage removal efficiency increased with increasing catalyst dose from 0.3 g to 1 g and 2 g NC/TiO2 nanocomposite because the higher photocatalytic dosage enhanced the active sites in the catalyst structure, resulting in increased photocatalytic removal efficiency. Similar kind of results have been mentioned in the research work on synergetic effect between photocatalytic and adsorption processes for removing phenolic compounds from olive mill wastewater and turbidity and COD removal from municipal wastewater by using TiO2 photocatalyst (Baransi et al., 2012; Munien et al., 2023). The photocatalytic degradation efficiency of NC/TiO2 for the removal of COD from real textile wastewater in various experimental conditions along with percentages removal are shown in Figures 15A, B.
[image: Figure 15]FIGURE 15 | (A) Contact time, dosage and pH effect on the photocatlytic percentage reduction of COD from textile industry A wastewater using NC/TiO2 nanocomposite. (B) Contact time, dosage and pH effect on the photocatalytic percentage reduction of COD from textile industry B wastewater using NC/TiO2 nanocomposite.
3.3.3 Color
The pH value below pHpzc was found favorable for the photocatalytic removal of color from the wastewater of textile industry A and textile industry B. The nanocomposite surface at acidic pH becomes positive charge whereas in alkaline solution its surface appears negative charge (Rajagopal et al., 2020). Alkaline condition also favored the removal of color from the wastewater of both textile industries. Fast discoloration was obtained at pH 2.29 and pH 11.52 (Li et al., 2006). The optimum photocatalytic degradation efficiency for the removal of color was attained at 120 min of contact time under sunlight irradiation at ambient temperature, solution pH 3, and photocatalytic dosage of 2 g NC/TiO2 nanocomposite in the real textile wastewater samples of both industries. Color value was reduced from 231.02 TCU to 54.05 TCU in the textile industry A and 44.79 TCU to 1.87 TCU in the textile industry B wastewater with photocatalytic percentages removal of 76.60% and 95.82%, respectively. Due to lower initial color level in the wastewater sample of textile industry B the photocatalytic percentage removal was higher than textile industry A. This illustrates that increase in initial color value decreases the photocatalytic percentage removal. This observation could be because of the presence of limited number of active sites on the surface of the photocatalyst for the photocatalytic activity such as generation of hydroxyl radicals and superoxide free radicals for the oxidation of pollutants in wastewater sample. The photocatalytic degradation process at a very fast pace during the first 20 min of reaction time in acidic pH and with an optimum dosage of 2 g NCTiO2 nanocomposite, attaining photocatalytic removal efficiencies of 62.29% (textile industry A) and 84.28% (textile industry B). Color removal was very rapid in the initial 20 min due to the increased availability of active sites on the surface of NC/TiO2 nanocomposite for the generation of hydroxyl radicals and superoxide free radicals. The photocatalytic degradation process increased gradually for the next 120 min. The percentage removal efficiency increased with increasing catalyst dose from 0.3 g to 1 g and 2 g NC/TiO2 nanocomposite because increase in photocatalytic dosage enhanced the active sites in the catalyst structure as a result photocatalytic removal efficiency increased. Comparable results have been mentioned when conducting a research on photocatalytic degradation of anionic and cationic dyes in the textile wastewater by H2O2 assisted TiO2 and micro-cellulose composites and electrochemically assisted photocatalytic degradation of orange II: influence of initial pH values and turbidity and COD removal from municipal wastewater by using TiO2 photocatalyst, Rajagopal et al. (2020), Li et al. (2006), Munien et al. (2023). The photocatalytic degradation efficiency of NCTiO2 for the removal of color from the real textile wastewater in various experimental conditions along with percentages removal are shown in Figures 16A, B.
[image: Figure 16]FIGURE 16 | (A) Contact time, dosage and pH effect on the photocatalytic percentage reduction of color from textile industry A wastewater using NC/TiO2 nanocomposite. (B) Contact time, dosage and pH effect on the photocatalytic percentage reduction of color from textile industry B wastewater using NC/TiO2 nanocomposite.
3.4 Statistical analysis of photocatalytic parameters of textile industry a and textile industry B wastewater under optimum experimental conditions
The photocatalytic removal efficiencies of textile industry A and textile industry B under optimum experimental conditions are shown in Tables 4, 5. The comparatively lower CV (coefficient of variation) values in textile industry B indicate more consistent photocatalytic removal efficiency. The box-whisker plots in Figures 17, 18 illustrates the variation in photocatalytic removal efficiency of NC/TiO2 nanocomposite for wastewater parameters (COD, color, and turbidity) of textile industry A and textile industry B under optimum dose and pH conditions. The variations were analyzed at contact time intervals of 20 min, 40 min, 60 min, 80 min, and 120 min. The statistical values of the dataset (interquartile range, minimum, maximum, mean, lower limit, upper limit, outliers data, confidence interval and skewness) are presented in Supplementary Tables S5–S8. The high median removal efficiency values in both textile industries demonstrate the effectiveness of the photocatalyst (NC/TiO2 nanocomposite). No outliers were observed in the dataset, which confirms the consistent performance of the NC/TiO2 nanocomposite under optimum experimental conditions. The analyzed parameters exhibit negative skewness (left-skewed distribution), which demonstrates that the photocatalyst consistently attained high removal efficiencies. The upper and lower confidence interval values of all parameters are relatively close to their mean values, implying a high degree of reliability in photocatalytic efficiency.
TABLE 4 | Assessment of the photocatalytic efficiency of NC/TiO2 nanocomposite in the wastewater treatment of textile industry A under optimum conditions.
[image: Table 4]TABLE 5 | Assessment of the photocatalytic efficiency of NC/TiO2 nanocomposite in the wastewater treatment of textile industry B under optimum conditions.
[image: Table 5][image: Figure 17]FIGURE 17 | Box plot illustrating the photocatalytic removal efficiency of the NC/TiO2 nanocomposite for COD, color, and turbidity in the wastewater of textile industry A under optimum dose and pH conditions.
[image: Figure 18]FIGURE 18 | Box plot illustrating the photocatalytic removal efficiency of the NC/TiO2 nanocomposite for COD, color, and turbidity in the wastewater of textile industry B under optimum dose and pH conditions.
4 CONCLUSION
The results of FTIR, SEM, XRD and UV-Vis absorption spectroscopy revealed that NC/TiO2 nanocomposite was successfully fabricated by using two-step hydrothermal method to treat wastewater of textile industry A and textile industry B by conducting batch mode and photocatalytic experiments. The maximum adsorption efficiency of TDS (49.16% and 65.05%) at pH 7, turbidity (97.48% and 100%) at pH 7, and COD (87.18% and 92.03%) at pH 3 was attained at 80 min of contact time with an adsorbent dosages of 0.3 g, 2 g and 1 g, and 2 g NC/TiO2 nanocomposite, while 120 min of contact time was observed for the percentage removal of total salts (74.98% and 80.64%) at pH 3 and color (75.58% and 93.86%) at pH 3 with an adsorbent dosages 0.3 g and 2 g NC/TiO2 nanocomposite. The maximum photocatalytic degradation efficiency of turbidity (96.21% and 99.66%) at pH 7 and COD (85.82% and 87.43%) at pH 3 was attained at 80 min of contact time with a catalyst dosage of 2 g and 2 g NC/TiO2 nanocomposite while 120 min of contact time was observed for the removal of color (76.60% and 95.82%) at pH 3 with a catalyst dosage of 2 g NC/TiO2 nanocomposite. Due to the low initial concentration values of treatment parameters in textile industry B, the adsorption and photocatalytic removal percentage results of textile industry B are higher as compared to textile industry A. The increased level of adsorbate initial concentration decreases adsorption and photocatalytic percentage removal because of the presence of limited number of available active sites on the surface of the adsorbent and photocatalyst dosage for the adsorption and photocatalytic degradation. The study demonstrates that the synthesized NC/TiO2 nanocomposite has great potential for removing TDS, total salts, turbidity, COD, and color from the real textile wastewater. The present work suggests that NC/TiO2 nanocomposite has excellent adsorption and photocatalytic efficiency to treat wastewater of textile industry.
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| 187 TCU

Photocatalytic
removal

99.66% + 0.41
87.43% + 0.58

95.82% + 0.42

cv
3
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Textile industry A (Batch adsorption experiments)

Parameters  Before Optimum experimental conditions After treatment by Adsorption
treatment NC/TiO, removal
Optimum Optimum Equilibrium nanocomposite efficiency
dosage pH contact time
(minutes)

DS 7,920 mg L ‘ 03 7 ‘ 80 40269 mg L 49.16% + 1.05 214
Total Salts 6430 mg L ‘ 03 3 ‘ 120 1,609 mg L 74.98% + 0.85 113
Turbidity 834 NTU ‘ 2 7 ‘ 80 210 NTU 97.48% + 1.07 110
cop LiomgL? | 2 3 ‘ 80 14235 mg L 87.18% + 0.82 094
Color 23102 TCU ‘ 2 3 ‘ 120 5642 TCU 75.58% + 0.68 090

SD: standard deviation.
CV: coefficient of variation.
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1,110 mg L

231.02 TCU

Textile industry A (Photocatalytic experiments)

Optimum experimental conditions

Optimum
dosage

Optimum
pH

Equilibrium
contact time
(minutes)

After treatment by
NC/TiO,
nanocomposite

‘ 3.6 NTU

‘ 15740 mg L

| 5405 TOU

Photocatalytic
removal

96.21% + 0.59
85.82% + 0.71

76.6% + 0.64

cv
3
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Textile industry B (Batch adsorption experiments)

Parameters Before Optimum experimental conditions After treatment by Adsorption Ccv
treatment NC/TiO, removal %
Optimum Optimum Equilibrium nanocomposite efficiency
pH contact time
(minutes)

DS 4350 mg L! 03 7 80 15203 mg L 65.05% £ 0.91 139
Total Salts 3460 mg L' 03 3 120 670 mg L' 80.64% + 0.52 065
Turbidity 11,601 NTU 2 7 80 0NTU 100% £ 0.0 000
cop 509 mg L 2 3 80 4057 mg L' 92.03% £ 0.71 077

Color 44.79 TCU 2 3 120 275 TCU 93.86% + 0.33 035
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Parameters Analytical method/ Values Values Recommended

Instrument Textile Textile standards
industry A industry B

1 Temperature c Thermometer 367 33 40°C (NEQs, 1997)

2| pH PH Meter 97 [ 636 6-10 (NEQs, 1997)

3 DS mgL' | TDS Meter 7,920 4350 3,500 mg L (NEQs, 1997)

PR pSlem | EC Meter [ 12200 [ 8,950 <3,000 pS/cm (Turkey, 1991)
s Total Salts mgL’ | Salinity Meter 6,430 3,460 ™ mg L' (Turkey, 1991)

6 | Turbidity NTU Water Analyzer 834 | 11.601 10 NTU (Jordan 2002)

7| Color €U Water Analyzer 23102 [ 4479 | 150 TCupCU (CPCB, India)

PCU
8 coD mg L APHA, 5220 D 1,110 509 150 mg L' (NEQs, 1997)

NEQs: National Environmental Quality Standards.

CPCB: Central Pollution Control Board.

P.C.U: Platinum-Cobalt Units.

TCU: True Color Unit.

APHA: American public health association.

SMEWW: Standard methods for the examination of water and wastewater.
C = degree Celsius

mg L = milligrams per liter

uS/em = microsiemens per centimetre.

NTU = Nephelometric Turbidity Unit.
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