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Abstract

:

In the present study, the objective was to probe the capacity of the Fe2O3/Bentonite/TiO2 (Fe2O3/B/TiO2) nanoparticles to act as a catalyst in degrading the reactive red 198 (RR198) dye and textile factory wastewater, utilizing irradiation with visible and UV light. The efficiency of this degradation was studied for a variety of experimental parameters by employing real samples of textile wastewater. After 60 min of reaction time, complete degradation of the target pollutant was visible using the synthesized catalyst, i.e., Fe2O3/B/TiO2, under UV light; the same effect was noted after 90 min under visible light. Further, the ease of separation and quick collection of the synthesized Fe2O3/B/TiO2 can result in keeping the photocatalytic efficiency high, as well as raising the reusability. The photocatalytic processes under UV and visible light were found capable of converting the non-biodegradable textile wastewater into biodegradable one. Besides, with the introduction of Daphnia manga, the toxicity of the effluent was examined. Through photocatalysis, utilizing both techniques, the dye toxicity in the solution was fully neutralized, and the intensity of toxicity of the textile effluent was lowered by around 70%. The conclusion drawn in this study showed that the synthesized catalyst displayed good efficiency in removing organic compounds from the textile effluents by both photocatalytic processes using UV and visible light.
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1. Introduction


The rapid growth in the global population, coupled with the alarming reduction in drinking water resources, has become a grave concern in terms of the drinking water supply requirements of several countries worldwide [1,2]. Water scarcity, observed at a global level, has intensified due to the escalation in environmental pollution and made the supply of sanitary water for the populace one of the foremost issues today [3,4]. The wastewater released by the textile industry processes often contains a large variety of dyes and chemicals [5,6]. Most of the dyes employed in this industry are non-biodegradable because they form strong complexes [7,8]. Under anaerobic conditions, a few of the dyes decompose and release carcinogenic aromatic amines into the effluent, posing a hazard to the health of humans and animals [9]. The reactive and acid dyes, among the various dyes, present the greatest issues, which is why their removal becomes crucial [10,11]. Dyes are regarded as toxic substances and are capable of causing harmful effects, inducing skin allergies, skin irritation, and mutations. On the other hand, synthetic dyes exert their effect on photosynthetic activity, thus affecting the viability of aquatic life by producing a barrier that blocks sunlight from reaching them [12]. Also, some dyes which contain aromatic compounds and various metals in their structure cause toxicity, imposing a high hazard to the life of the aquatic ecosystems [13,14,15]. Therefore, it becomes crucial and necessary to identify efficient and modern methods for removing these compounds from the various kinds of effluents [16,17].



As conventional biological treatment techniques are either incapable of degrading the dyes or have very poor efficiency, many other methods are used, such as advanced oxidation, photocatalytic oxidation, membrane separation, Ozonation, and ultrasonic dyeing [18]. However, all these processes include intrinsic limitations, including poor rates of degradation, reduced mineralization, expensive operating costs, inflexible operating conditions, and so forth [19]. Hence, in the past few years, more advanced oxidation processes have been employed as relevant alternatives to conventional treatment techniques as they are easy to use, economically cost-effective, and very efficient. These methods involve exposing the contaminants to UV radiation using nanoparticles as the photocatalyst. The contaminants are oxidized and undergo photodegradation by developing hydroxyl radicals [20]. The extent of the photocatalytic degradation of the pollutants is dependent on some parameters, i.e., the pH, initial concentration of the contaminant, and light intensity [21].



Titanium dioxide (TiO2) and zinc oxide are the most prominent of the various photocatalysts. At present, the most popular one is TiO2 or titania, as it is non-toxic, cheap, easily available, and chemically and biologically stable [22]. The crystal structure, shape, and particle size of titania are a strong influence on its application and performance. Although titania comes in three crystalline forms, rutile, anatase, and brookite, the anatase phase shows the highest stability at temperatures under 711 °C and is highly photocatalytic [23]. During the application of suspended nanoparticles, the TiO2 nanoparticles, in particular, produce one problem, which is their separation from the aqueous medium after the process and recycling. This is overcome by magnetizing the nanoparticles, such as using Fe2O3 nanoparticles. However, magnetization does not solve the formation of aggregation and agglomeration of the nanoparticles [24]. The nanoparticles stabilized on the supporting material can raise their stability by averting aggregation and agglomeration. To stabilize the nanoparticles on a solid substrate, many methods have been employed for electrodeposition, sol-gel, chemical vapor deposition, thermal treatment, hydrothermal, and cation exchange reaction. Of these, nanoparticle synthesis is performed by the molten salt technique, a new, cheap and quick method avoiding the need for costly equipment and tools [25]. Several varieties of stabilization substrates were also tested, such as glass beads, glass tubes, glass wool, quartz, anti-corrosion steel, aluminum, activated carbon, and silica. Bentonite, among these bases, is a fine-grained clay made up of swelling minerals (mostly Montmorillonite and a little beidellite). Due to its strong ability for adsorption, intense porosity, and good capacity for cation exchange, as well as low price, bentonite offers many advantages [26].



The degradability of the dye through photocatalysis under UV radiation was examined by Isari et al. (2018) using a TiO2 photocatalyst; in this process, 100% dye removal was achieved at a pH of 7 after 150 min [27]. In their work, Khan et al. (2019) employed the TiO2/Graphene oxide technique for 200 min and completely degraded methylene blue dye, using 30 mg/mL as the initial concentration [28]. The method cited above included one disadvantage where the suspended TiO2 nanophotocatalyst was used. This made it difficult for the nanoparticles to separate from the solution. Due to their very minute size, the separation was incomplete, with some materials remaining in the solution. Also, the time involved in the complete degradation of the dye was too long, resulting in raising the costs for energy consumption by several times [29].



In this study, the degradation of reactive red 198 dye and real wastewater has been done, which has not been done in most of the degradation studies with real textile wastewater. Also, in this study, reaction kinetics was investigated. The amount of energy consumed by different catalysts has been compared in terms of cost with different studies. Effluent toxicity was also done with Daphnia |Magna. All the specifications of the catalyst were done completely. Finally, the mechanism of destruction through scavengers was discussed. Therefore, this study is very comprehensive compared to similar studies, and all the required parameters have been discussed, which has been done in a few studies.



On reviewing the literature and scrutinizing previous investigations, it was confirmed that no research had been reported thus far on the removal of reactive red 198 (RR198) dye from aqueous solutions using the combined three materials of Fe2O3 + Bentonite + TiO2 (named here: Fe2O3/B/TiO2). Therefore, the main objective of the current study was to synthesize Fe2O3/B/TiO2 and use it as a separable photocatalyst to degrade the RR198 dye at different conditions. Using the new-molten salt method, the synthesis of nanoparticles was performed. No equipment, except a furnace, was required for this technique. Investigation of the physical properties of the magnetized nanoparticles was done with the help of XRD, TEM, XPS, SEM, DRS, FTIR, VSM, BET, and XRF. Also, during the operation of this process, in the present study, the optimal parameters desired were studied using real textile wastewater. The toxicity of the effluent was tested before and after the treatment using Daphnia manga. By performing the BOD5/COD analyses, the biodegradability of the wastewater of the effluent was ascertained, and the energy consumed was finally calculated.




2. Material and Methods


2.1. Chemicals and Reagents


Titanium dioxide (rutile nano‘1powder, particle size < 100 nm, 99.5%, CAS Number: 1317-80-2) was procured from Sigma Aldrich. For the current work, the hydrochloric acid, sodium hydroxide, and FeCl3.6H2O were prepared by Merck Company. The RR198 dye (Molecular Formula of C27H18ClN7Na4O16S5, CAS Number = 145017-98-7 and Molecular Weight = 968.2 g/mol) was purchased from the Alvan Sabet Factory. First, the initial solution of the RR198 dye was prepared at 1000 mg/L, and the solutions needed for the present study were composed using distilled water to dilute the initial solution. It is noteworthy that all the samples were prepared with deionized water (Milli-Q Academic-Millipore).




2.2. Synthesis Steps and Characterization Analysis


To synthesize the bentonite supported on TiO2 [29], the Molten salt method was adopted. Here, 10 g of bentonite and 10 g of TiO2 powder were placed in a porcelain mortar and ground together. This mixture was then put in an oven at 500 °C for 60 min. Next, this sample was removed from the oven, washed three times using distilled water, and finally filtered. The solution was maintained at room temperature for 24 h and subjected to 12 h of drying at 80 °C to produce aerogels.



The first step in the preparation of bentonite-supported Fe2O3-doped TiO2 (Fe2O3/B/TiO2) was the addition of 40 g of FeCl3.6H2O to 50 mL of distilled water. Next, to this solution, 10 g of the xerogel prepared in the prior step was added. This was then homogenized by placing it on a shaker for 2 h. Next, it was transferred to the oven at 70 °C for 4 h, after which a brown precipitate was formed. Then, calcination of this precipitate was done at 600 °C in an N2 atmosphere. Finally, these calcined samples were drawn and subjected to three washes with deionized water and then immediately oven-dried for 2 h.



Several methods to characterize the Fe2O3/B/TiO2 were adopted using the surface charge, FTIR (Fourier Transform Infra-Red Spectrophotometry), SEM (MIRA III-TESCAN FESEM), and XRD (XRD; PW1730, Philips). Employing x-ray fluorescence spectroscopy (SGS Geosol Laboratorios Ltda, Brazil), the chemical composition was derived. The pHpzc (or the pH at which the adsorbent carries no charge) or the isoelectric points of the bentonite was 5.3, and that of the Fe2O3/B/TiO2 was 6.2. With the help of a vibrating sample magnetometer (VSM; LAKESHORE-7304), the magnetic properties were determined. By analyzing the N2 adsorption-desorption isotherm and BJH utilizing a Micromeritics Analyzer (ASAP 2460) at 77 K, the surface area and pore size were estimated. Besides, the pH value of the Fe2O3/B/TiO2 for the point of zero charge (pHpzc) analysis was ascertained.




2.3. Photocatalytic Experiments


All the experiments were conducted in the batch system on a laboratory scale. In the present work, the reactor selected had a volume of 500 mL. For the photocatalytic process, the UV-C lamp (15 W, Philips G8 T5) and visible light (40 W, Hg vapor lamp) were used together with the Fe2O3/B/TiO2 synthesized in the prior step as the catalyst. The addition of 300 mL of the desired dye was done to the reactor at every step of the experiment. First, the pH of the solution was adjusted, and the solution was then placed in a quartz chamber, after which it was transferred to a beaker so that the surface of the solution inside the beaker was fully raised to receive maximum exposure to the light. A distance of 2.5 cm was maintained between the lamps and the surface of the solution in the reactor. To avert any evaporation of the sample due to exposure to the heat generated by the lamps, a continuous flow of water was kept in circulation. Once the sample was placed inside the reactor with the Fe2O3/B/TiO2 acting as the catalyst, the pH was adjusted to the desired value, the lamps were lighted, and the process was started. A magnetic stirrer was used to mix the contents of the reactor. Samples were drawn from the reactor surface at the specific times of 10, 20, 30, 40, 50, 60, 90, and 120 min via a pipette and poured into a 10 mL beaker. To achieve photocatalytic separation, isolation of the sample was done using a 0.45–micron Whatman filter and magnet. The dye concentration in each sample was assessed using a Hach spectrophotometer, model DR-5000, at a maximum wavelength of 280 nm. The pH was adjusted using 0.1 N HCl and 0.1 N NaOH.



Employing the open reflux method, the COD values were estimated. In short, this method involved the oxidation of the organic matter with potassium dichromate in an acidic condition. The quantity of BOD5 was established by determining the oxygen consumed via titration with sodium thiosulfate, post-incubation (of 5 days).



To study the rate of recycling the photocatalyst and reusing it, the experiments to degrade the dye, RR198, included six consecutive stages. When the test period was completed, the nanocomposite used was filtered after centrifugation. This was rinsed several times with distilled water and reused as a photocatalyst. Finally, using Daphnia Magna, the bioassay method was employed for the toxicity test. The use of Daphnia provided a significant advantage because of its parthenogenesis, which raised the validity of the findings. The Daphnia, harvested from fish stocks, was transferred to an aquarium containing the culture medium, having both a thermometer and an aerator.





3. Results and Discussion


3.1. Characteristics of Fe2O3/B/TiO2 Catalyst


In this study, the FTIR analysis was performed for TiO2, Bentonite, and Fe2O3/B/TiO2 (Figure 1a) from 400 to 4000 1/cm. The absorption peaks for Fe2O3/B/TiO2 were observed at 3438, 1629, 1091, 1043, 932, and 539 1/cm. The ones detected at 3442, 3438, and 1629 1/cm were understood to be caused by the stretching vibration and bending vibration of the OH; this occurred because the water adsorbed onto the surfaces of the samples. The high adsorption at 1040 1/cm is ascribed to the asymmetric stretching of the Si-O-Si bonds belonging to the SiO2 as the main component of bentonite; this indicates the successful loading of catalysts onto the bentonite. The absorption band noted at 400–600 1/cm is connected to the stretching vibration of the Ti-O bond [29]. The adsorption peak seen at 932 1/cm is attributed to the Ti-O-Si produced during the calcination process. Finally, the peak at 539 1/cm is attributed to the Fe-O, which suggests that the doping of the catalyst with Fe has been effective (i.e., the Fe atom has been substituted successfully with Ti).



Typically, during the naturally occurring photodegradation processes, the photocatalyst absorbs the ultraviolet (UV) and visible light from natural sunlight and uses its energy for the reactions involved in the redox degradation. Using the UV/Vis diffuse reflectance spectra, the absorption of the UV and visible light of the photocatalyst was done to characterize the TiO2, B/TiO2, and Fe2O3/B/TiO2 composites (Figure 1b). From Figure 1b, it is easy to detect significant absorption of light by the TiO2 at wavelengths less than 390 nm, the intrinsic absorption edge of TiO2 for transferring the electron from the O2p to the Ti3d, and which corresponds to the valence band, to the conduction band transition of the TiO2. For the TiO2, in the absence of Fe and bentonite doping, practically no light absorption was observed in the region of visible light (400 to 800 nm). As the capacity of the bentonite to absorb visible light is good, greater absorption of visible light is expected by the B/TiO2 when compared to the bare TiO2. In fact, Figure 1b reveals that, by doping the TiO2 with Fe3+ and bentonite, the absorption of visible light can be substantially improved by forming a dopant energy level within the band gap of the TiO2 caused by the Fe3+ doping or Fe2O3. As verified from the documents available, the Fe2O3, which possesses a narrow band gap (Eg = 2.1 ev), can absorb and utilize around 70% (Fe2O3/B/TiO2) of the incident solar spectra. As evident in Figure 1b, it is possible to obtain the band gap (Eg) by the Kubelka–Munk function (Equation (1)). From the results of the calculations (Figure 1c), the TiO2, B/TiO2, and Fe2O3/B/TiO2 revealed band gaps of 3.48, 2.45, and 1.49 eV, respectively; as is observed, the smallest band gap was related to the Fe2O3/B/TiO2 and it was easy to excite its electrons from the valence band to the conduction band when exposed to irradiation from visible light [30]:


     (  α × hv  )   2  = B  (  hv − Eg  )   



(1)




where α is the optical absorption coefficient (1/cm),   hv   is the photon energy (eV),   Eg   is the bandgap value (eV), and  B  is a constant (=1 eV/cm2).



The vibrating sample magnetometer revealed the residual magnetic loops of the catalysts (Figure 1d). The saturation magnetization (Ms) values of 57.3 and 17.2 emu/g were noted for Fe2O3 and Fe2O3/B/TiO2, respectively. In Figure 1d, the ferromagnetic behavior with coercivity (Hc) was found to be around 63 Oe for the Fe2O3 nanoparticles; also, superparamagnetic behavior with Hc near zero was ascertained for Fe2O3/B/TiO2. Of note, the supermagnetic property of Fe2O3/B/TiO2 can enable this catalyst to separate from the solution through an external magnetic field.



The morphologies and microstructures of the Fe2O3/B/TiO2 were observed by SEM and TEM. The images from the FESEM analysis can be seen in Figure 2a,b. In the FESEM image of bentonite (Figure 2a), the particles are visible as spherical and transparent. From the image of Fe2O3/B/TiO2 (Figure 2b), the particles appear as aggregates clogging the bed’s surface.



Figure 2c demonstrated that the TiO2 nanoparticles in Fe2O3/TiO2 were aggregated, and the particle size of TiO2 was about 15 nm. However, the size of TiO2 in Fe2O3/B/TiO2 was about 11 nm (Figure 2d). That was because the particle size of anatase TiO2 is smaller than rutile TiO2. Figure 2c,d showed that the TiO2 nanoparticles were attached to the bentonite, which means that the bentonite prevents the aggregation of TiO2 nanoparticles.



Using the XRD analysis, the crystalline structures of TiO2 and Fe2O3/B/TiO2 were assessed. From the results given in Figure 2e, the diffraction peaks visible at 2θ of 27.6°, 36.4°, 41.2°, and 54.3° correlated with the rutile TiO2. A variety of diffraction peaks at 2θ values of 25.2°, 38.7°, 48.1°, 53.9°, and 55.2° were noted for the Fe2O3/B/TiO2, and ascribed to the (101), (112), (200), (105), and (211) planes of the anatase TiO2, respectively. The XRD patterns showed that the rutile phase was produced in pure TiO2 at 600 °C, the calcination temperature. However, in Fe2O3/B/TiO2, the anatase was seen in the crystallization phase of the TiO2. Further, at about 2θ of 22.4°, a few small peaks were identified, which included peaks of the diffraction angles of bentonite [30]. Besides, from the calculation using the Scherrer formula, the average sizes of the TiO2 and Fe2O3/B/TiO2 particles were approximately 22.1 nm and 7.2 nm, respectively, which indicates that the TiO2 growth can be impeded through Fe doping and bentonite loading.



The results of the nitrogen sorption isotherms acknowledged for bentonite, and Fe2O3/B/TiO2 composites are shown in Figure 2f,g. In Figure 2f, which is linked to the adsorption isotherm of bentonite, the presence of some quantity of micropores in the structure of this material is suggested. The solids possessing some microporous structure (type) have type I adsorption isotherm profile with the capacity for rapid uptake of nitrogen gas by the solid at relative pressure, which is rather low (p/p°), and accepted as the characteristic of such types of solids. As the relative pressure increases, the isotherm is transformed to type II, with the presence of a large hysteresis loop, as revealed in Figure 4a. This hysteresis loop is considered the H2-type hysteresis. The pore volume and BET surface area for bentonite are found to be 0.317 cm3/g and 86.9 m2/g, respectively.



As displayed in Figure 2g, the TiO2 and Fe2O3 added to the bentonite resulted in altering the type of the sorption isotherms of the composites from type I/II to type IV, with an H3-H4 hysteresis loop, implying that non-rigid aggregates of plate-like particles are present, showing the contribution of the micropores and mesopores in the Fe2O3/B/TiO2. While the BET surface area of the Fe2O3/B/TiO2 composite is 194.2 m2/g, the total pore volume is 0.251 cm3/g. Further, the pore size distribution (PSD) of bentonite and composites was determined by the Density Functional Theory (DFT) having medium regularization. The results of this are shown in Figure 2f,g (as insert graphics). From this Figure, all of the solids can be seen to have mostly mesoporous structures.



XPS analysis was employed to investigate the surface and chemical states of Fe2O3/B/TiO2. As shown in Figure 3a, the Fe2O3/B/TiO2 sample was composed of five elements: Fe, O, Ti, Si, and Al. The C1s peak was attributed to the adventitious hydrocarbon from the XPS instrument. The high-resolution XPS spectra of Ti, Fe, and Si are shown in Figure 3b–d. The Ti 2p XPS spectrum was observed at 459.1 eV and 465.2 eV, corresponding to the binding energy peaks of Ti 2p3/2 and Ti 2p1/2, respectively (Figure 3b). These binding energies were assigned to Ti4+ from TiO2. In Figure 3c, the binding energies of Fe 2p3/2 and Fe 2p1/2 were located at 709.8 eV and 724.5 eV, respectively. The satellite peak was observed at around 717.8 eV. Mentioned peaks were attributed to Fe3+ from Fe2O3. The Si 2p XPS spectrum was observed at 102.9 eV (Figure 3d), corresponding to SiO2, which was the main component of bentonite. The XPS result further demonstrated that the Fe2O3/B/TiO2 composites were synthesized successfully.



As evident from Table 1, a little quantity of Fe2O3 was seen in raw bentonite, which achieved 20.4% in the fabricated catalyst. Also, the quantity of TiO2 in the catalyst touched 11.6%, and when these two compounds are present in the catalyst, it indicates that the desired catalyst was synthesized.




3.2. Comparison of RR198 Degradation by Two Methods Using UV Lamp and Visible Light


By comparing the photocatalytic efficiency, a careful study of the degradation of RR198 was done with the addition of 0.6 g/L of a variety of catalyst composites (B/TiO2, TiO2, and Fe2O3/B/TiO2). The RR198 removal percentage was assessed after the reaction under UV irradiation (Figure 4a) and visible light (Figure 4b) for several time intervals. The highest photocatalytic activity for RR198 degradation (100% removal) was observed under UV light irradiation for 60 min and linked to the Fe2O3/B/TiO2. The photocatalytic degradation efficiencies of RR198 by TiO2 and B/TiO2 after 60 min were 65.2% and 77.6%, respectively. Further, when visible light was used, the fastest degradation of RR198 was also accomplished through the use of Fe2O3/B/TiO2, resulting in 100% removal of the dye in 90 min. Besides, 22.7 and 59.2% of RR198 were degraded with the help of TiO2 and B/TiO2, respectively. As cited earlier, the Fe2O3/B/TiO2 facilitated the achievement of the fastest rate of the degradation of RR198 under both UV and visible lights; this is attributed to possibly the highest specific surface area and most UV-Vis adsorption observed for the Fe2O3/B/TiO2 [31].




3.3. Effect of Different Parameters on RR198 Dye Degradation by Visible Light


Employing a variety of initial RR198 concentrations (C0 = 10, 25, 50, and 100 mg/L) was a good way to investigate the effect exerted by the initial RR198 concentration on the rate of photodegradation. In fact, from Figure 4c, the rate of RR198 degradation was observed to reduce through a rise in the dye concentration. As the initial concentration of the RR198 increased gradually, more dye molecules got attached to the photocatalyst surface, thus covering the active sites of the Fe2O3/B/TiO2 and reaching a fewer number of photons on the surface of the photocatalyst; this caused the formation of lesser numbers of •OH radicals and fewer •OH ones that could attack the dye molecules [32].



One of the crucial parameters in the process of photocatalytic degradation is the dosage of the photocatalyst. Hence, the optimal photocatalyst dosage was determined through the use of a variety of quantities of the Fe2O3/B/TiO2 composite (0.1–1.0 g/L). From Figure 4d, it is obvious that as the doses of the photocatalyst increased in the range of 0.1 to 0.6 g/L, it was possible to detect an increase in the RR198 degradation. A description of the event cited is provided based on supplying greater amounts of the photocatalyst, which result in more activated centers and, therefore, the adsorption of more reactant [33]. However, when higher photocatalyst loading (from 0.6 to 1.0 g/L) was performed, a drop was noted in the percentage of the RR198 degradation. Any rise in the turbidity of the mixtures caused a decline in the amount of light transmitted through the solution, as well as a blockage of the light penetration on all the surface particles available, which was the reason for the cited event [34]. In light of the results (Figure 3d), i.e., achieving the maximum percentage of degradation (100%) for 0.5 g of photocatalyst dosage, it was selected for use in studies done later.



Notably, pH is one of the main factors which influences the action of the photocatalyst in an aqueous medium; this index markedly alters the particle surface load, redox potential, and position of the energy bands. In fact, Uzunova-Bujnova et al. [34] highlighted that the influence exerted by the pH has a bearing on the potential characteristics of the photocatalytic surface and can be explained based on the Point of Zero Charge (pHpzc). In this study, the removal achieves the highest percentage at a pH of 3 and then decreases as the pH increases (Figure 4e).



For the Fe2O3/B/TiO2 particles, the zero-point potential is 6.4. When the pH is less than 6.4 (Figure 4f) or is indicative of acidic pH, the catalyst surface gets positively charged, which therefore causes anionic compounds such as the RR198 dye to be adsorbed by the photocatalyst and the cationic compounds to be rejected. On the other hand, at pH values that exceed 6.4, the catalyst surface gets negatively charged, resulting in the adsorption of cationic compounds and the repulsion of the anions [35]. In their study, Zhu et al. [36] focused on methyl orange dye and found that the highest level of decolorization occurred at 97% of dye removal at a pH of 2; this was ascribed to the electrostatic attraction between the positive surface of the catalyst and the methyl orange dye anions. Typically, it can be stated that because the RR198 is also an anionic dye, it gets better adsorbed onto the photocatalytic particles that carry a positive charge when the pH is acidic. The removal process shows higher efficacy and is more effective when the pH is acidic than when it is alkaline.




3.4. Stability and Reusability of the Photocatalyst


To keep the conditions optimal, the reusability of the Fe2O3/B/TiO2 photocatalyst was tested for the degradation of RR198. From Figure 5a, no significant decrease was observed in the removal efficiency after the photocatalyst was used four times. In the present work conducted for dye removal, the photocatalyst cited above was isolated and used in the next step. From Figure 5a, it is clear the synthetic photocatalyst has a high dye removal efficiency for reuse up to 8 times, and only a 10% reduction was noted. It may also be the cause for the RR198 to penetrate the internal pores of the catalyst that is found in the active sites; superficial washing does not free the active sites [37].




3.5. Reaction Kinetics


The photocatalytic reaction kinetics of the organic compounds can be expressed by the Pseudo First Order (PFO) or Hinshelwood-Langmuir model. This model is linked to the degradation rate and concentration of organic compounds, expressed in Equation (2) [38]:


   r =    d C     d t      =    K d   k r  C   1 + KC     



(2)




where kr is the main constant rate (1/min), and Kd = absorption equilibrium constant (l/mg).



When there is relatively low adsorption or low concentration of the organic compound, Equation (2) can be made simpler or expressed as first-order kinetics, with a known constant rate (K, 1/min) (Equation (3)):


   ln      C 0     C e     = Kt  



(3)




where    C 0    and    C e    represent the RR198 dye concentrations (mg/L) at the initial and after a specific time ( t , minutes) of the photocatalytic reaction, respectively.



Based on the PFO model and evident from Figure 5b, the data of ln      C 0     C e      is plotted against the reaction time, seen as a straight line, while the slope of the graph reveals the rate constant (k). Based on this, the degradation of the RR198 by photocatalysis in both models of destruction goes according to the PFO kinetics. Further, the reaction rate constant was seen to be equal to 0.092 1/min for the RR198 degradation when visible light was used and 0.06 1/min when UV light was used; this indicates that under UV light, the rate of reaction of destruction is 1.5 times faster than when visible light is utilized.




3.6. Determining Energy Consumption


In recent years, the quantity of energy consumed and the expenditure involved in wastewater treatment (per m3 of treated wastewater) is among the significant problems connected with treatment methods and comparing the different methods. The energy consumption (EC) in kWh/m3 during the photocatalytic process under UV and visible light was estimated using the following Equation [39]:


   EC    =    P    ×  t    × 1000    V    × 60 × log (    C 0     C e    )    



(4)







In this equation, V refers to the volume of the dye solution within the photochemical reactor; t signifies the time taken to treat the dye solution containing the RR198, and P implies the input power (kW) of the treatment system.



For both methods, the energy consumption results at different times are revealed in Figure 5c. The energy consumption during the 10 to 60 min of destruction under UV light is equal to 29.6 to 55.3 kWh/m3. Also, for the same time duration, for color degradation under visible light from a lamp, the EC was found to be 106.2 to 186.8 kWh/m3. In their work, Lin et al. [40] reported that during the removal of phenol by the photocatalytic process using TiO2 as the particle catalyst, the energy consumed was reported to rise as the contact time increased. The energy consumed for removing 80% of phenol in 90 min was found to be 145.5 kWh/m3. Further, Kumar et al. [41] reported that removing the Acid Black 1 dye by ZnO nanoparticles showed energy consumption equal to 121.2 kWh/m3. Comparing the results reported with these studies, it is evident that the Fe2O3/B/TiO2 catalyst utilizes less energy under UV light than other nanocomposites.




3.7. Effluent Toxicity Test


Among the most crucial parameters to assess the efficiency of the treated effluent is effluent toxicity [42]. In this work, toxicity was tested with a bioassay using Daphnia Magna (DM). For the test, the DM neonates (younger than 24 h) were collected with a plastic pipette and subjected to three washes with water. They were then placed in an exposure chamber where the dye was present. Next, a series of glasses were chosen, one of which was regarded as the control, in which the dye concentration was zero. All the glasses used were new and subjected to washing in 1% nitric acid. Then, 10 DM was added to each glass. Next, in the laboratory glasses, 10, 20, 40, 50, 75, 100, and 100 mg/L of the dye were prepared and observed after 24, 48, 72, and 96 h. When the test was completed, the number of live neonates was counted. To confirm, every test was repeated. At 24 and 48 h, their immobility or mortality was estimated, and neonates that could not swim in 15 s after gentle shaking were regarded as dead. The Lethal concentration 50 (LC50) values for 24, 48, 72, and 96 h were found to be 45.2, 31.4, 22.3, and 11.9 mg/L, respectively. In the control solution containing the culture medium, the survival rate of the DM was 100%, but in the 50 mg/L solution of RR198, post 24 h, the survival rate of the DM was zero. After photocatalysis, employing UV and Visible light, 100% of the DM in the effluent survived. It shows the total decrease in effluent toxicity caused by the solution containing the RR198 dye. A review of the study was also done with textile industry wastewater before and after the photocatalytic process. The initial wastewater from the textile industry had high toxicity, and 100% of the DMs were destroyed during the beginning few hours of exposure, implying the high toxicity of the wastewater and high sensitivity of the DM. However, the photocatalytic process utilizing both methods, with the UV and visible lamps, caused a significant decrease in the toxicity of the treated samples. In this context, a 70% reduction in toxicity was observed with both methods.




3.8. Experiments with Textile Factory Wastewater


The wastewater in this study was prepared from the inlet of the treatment plant of a textile factory and transported in dark-colored containers to the laboratory. Testing of the samples was done in the laboratory at 20 °C. The COD of the wastewater was 3200 mg/L, while the BOD5 was 620 mg/L, and the BOD5/COD ratio was 0.19, suggesting the non-biodegradability of the textile wastewater. The electrical conductivity was 1820 µS/cm, while the soluble solids were 1120 mg/L, at normal pH of 6.1. Both UV and visible light were used for the test. The optimal conditions maintained in the earlier steps, such as 90 min of contact time and 0.6 g/L doses of catalyst, were adopted in this test as well. In Figure 6, the results are shown, where the removal rate was 87.1% under UV light, and in the final effluent, the BOD5/COD ratio achieved was 0.61; however, for the experiments under visible light, the removal rate of the COD touched 83.6%, and in the final effluent, the BOD5/COD was 0.55. Of note, any wastewater having a BOD5/COD ratio below 0.4 is categorized as non-biodegradable [43,44,45]. As both methods converted the non-biodegradable textile wastewater into biodegradable wastewater, it is suggested that they be utilized to treat the wastewater emanating from textile factories before the biological treatment.




3.9. Scavenger Test


In general, the reactive species accountable for the photocatalytic oxidative reaction in the aqueous phase are as listed: hydroxyl radicals (•OH), superoxide radicals (•O2−), photogenerated holes (h+ VB), and electrons (e− CB). For performing the scavenging experiments, isopropyl alcohol (IPA, 0.1 mg/L), benzoquinone (BZQ, 0.1 mg/L), ammonium oxalate (AO, 0.1 mg/L), and Cr(VI) (0.1 mg/L) ion were used as the •OH, •O2−, h+ VB, and e− CB scavengers, respectively [46,47]. From Figure 7, the effect the scavengers exert on the photocatalytic efficiency of Fe2O3/B/TiO2 is evident. When AO, IPA, BZQ, and Cr(VI) were added, the removal efficiencies detected were 76.2, 46.1, 81.4, and 82.5%, respectively. Compared to other scavengers (AO, IPA), a slight effect was also observed in the Cr(VI) and BZQ. In the scavenging experiments, the •OH species were recognized as the principal oxidizing species in the degradation process, and they substantially lowered the photocatalytic activity [48].




3.10. Elucidation of the Mechanism


Based on the outcomes of the experiments described in Figure 7, a reaction mechanism was proposed for the degradation of RR198. The RR198 adsorbed was first activated by visible light; during this photo-activation process, electron transfer occurred from the RR198 (RR198*) in the singlet excited state to the CB of Fe2O3/B/TiO2, leaving the h+ in the VB [49]. Following this step, the reaction between the electrons in the CB and O2 resulted in the generation of the •O2− and •OH radicals, according to process I, as Figure 1 reveals. Nevertheless, depending upon the results of the trapping experiment, the indirect effect of the •O2− on the RR198 degradation (caused by the •OH production) cannot be neglected; however, this process is not the main degradation mechanism [50].



The •O2− may participate solely in a side reaction or perhaps produce more •OH for the degradation. At the same time, the h+ in the VB can take part in the oxidization of the OH− released by the ionization of water to the •OH (the main active free radical for RR198 degradation), as shown in process III (Figure 8) [51].



In due course, the •O2− and •OH degrade the RR198+ and RR198, reflective of the main part played by the •OH in the degradation system. Simultaneously, the h+ directly degrades the RR198+ and RR198 (which can be deduced from the results of the trapping experiment), as revealed in process II (Figure 7). Nonetheless, through this process, a minor percentage of the RR198 was degraded [52]. Thus, the conclusion drawn that the processes present in the degradation system are process III (the main mechanism), process II (which occurs very infrequently), and process I requires further study based on the result of the present experiment. The reactions listed are linked to complete sequences [53,54]:


Fe2O3/B/TiO2 + hν → h+ + e



(5)






O2 + e− + H+ → H2O2



(6)






H2O2 + e− → •O2− + OH−



(7)






•O2− + H2O → •OH + OH−



(8)






h+ + OH− → •OH



(9)






h+ + •O2− + •OH + RR198 → Degradation product



(10)









4. Conclusions


The current work investigated the effective parameters in the advanced oxidation process used in the degradation of the RR198 dye, employing the Fe2O3/B/TiO2 nanocomposite, and determined the optimal conditions for its removal. A comparative study was done on the photocatalytic process using both visible and ultraviolet radiation. From Tauc’s graph, the band gap value for TiO2 dropped from 3.48 eV to 1.49 eV for the Fe2O3/B/TiO2 nanocomposite. Therefore, the Fe2O3/B/TiO2 catalysts synthesized revealed notable photocatalytic activity in the AB113 degradation under visible light when compared to the TiO2 and B/TiO2 catalysts. The maximum efficiency (100%) of the photocatalytic process under UV light was accomplished when the dye concentration was 25 mg/L, at a pH of 3, and a 0.6 g/L dose of Fe2O3/B/TiO2 after 50 min. Under similar conditions and employing visible light, a 94.2% removal rate was observed, with total removal achieved after 90 min. Further, the photocatalyst, even after 8 reuses, continues to remain stable and removes the dye, thus confirming the economics of the photocatalysis. As both processes have successfully converted the non-biodegradable textile wastewater into biodegradable wastewater, it is possible to suggest that these techniques be used in wastewater treatment from textile factories before the biological process. Using DM, the final effluent was checked for toxicity, where all the DMs were alive in the colored solution effluent, thus indicating a total fall in the toxic levels of the effluent. Also, the final textile effluent revealed a 70% decrease in toxicity.
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Figure 1. FTIR spectra of bentonite, TiO2, and Fe2O3/B/TiO2 (a), Diffuse reflectance UV–Vis spectra (b), Tauc plot derived from the Kubelka Munk Function for band gap energy (c), Magnetic hysteresis curves (d). 
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Figure 2. SEM images of bentonite (a), SEM images of Fe2O3/B/TiO2 (b), TEM images of Fe2O3/TiO2 and Fe2O3/B/TiO2 (c,d), XRD patterns of Fe2O3/B/TiO2 (e), N2 adsorption-desorption isotherms Inset: distributions of pore size from the adsorption branches using the BJH method N2 adsorption-desorption isotherm (f,g). 
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Figure 3. XPS spectra of catalysts: (a) Survey spectrum, (b) Ti 2p spectrum, (c) Fe 2p spectrum, (d) Si 2p spectrum. 
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Figure 4. Comparison of RR198 degradation by UV light (a), Comparison of RR198 degradation by Visible light (b), Effects of RR198 concentration (c), Effects of Fe2O3/B/TiO2 dosage (d), Effects of solution pH (e), Determination of the pHpzc (f). 
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Figure 5. Results from the experiment to determine reusability (a), Pseudo-first-order kinetics (b), Energy consumed by both processes (c). 
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Figure 6. Elimination of COD in real textile wastewater and degradability of the final effluent. 
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Figure 7. Photocatalytic degradation of RR198 over Fe2O3/B/TiO2 in the presence of scavengers. 
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Figure 8. Mechanism of RR198 degradation via photocatalysis with Fe2O3/B/TiO2. 
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Table 1. Chemical composition of the samples of bentonite and Fe2O3/B/TiO2 (mass %).






Table 1. Chemical composition of the samples of bentonite and Fe2O3/B/TiO2 (mass %).





	Material
	Al2O3
	SiO2
	Fe2O3
	TiO2
	Na2O
	MgO
	CaO
	MnO
	K2O





	Bentonite
	24.4
	59.9
	2.65
	----
	1.73
	4.55
	2.64
	0.86
	2.75



	Fe2O3/B/TiO2
	20.7
	34.7
	20.4
	11.6
	1.65
	4.39
	2.6
	0.85
	2.7
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