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Abstract

:

Dyestuff is one of the most widely released pollutants into the environment. Many approaches have been considered to deal with the dye removal from polluted water such as adsorption, ultrafiltration, osmosis, solvent extraction and photocatalytic degradation. The photocatalytic degradation process is one of the most beneficial, economical and environmentally friendly ways to degrade the organic pollutants from wastewater. In this study, an efficient ferrite-based photocatalyst, AgFeO2/rGO/TiO2 was successfully developed using simple deposition and reflux method. Physical, chemical and structural properties were analyzed by using XRD, FTIR Raman and PL spectroscopy. The efficiency of photocatalyst was investigated for the decolorization of methyl blue (MB) dye and activity was measured through UV-vis spectroscopy. The effect of parameters like pH, concentrations of MB dye, and loading of silver ferrite (AgFeO2) was investigated. The study depicted that the properties of TiO2 were improved due to addition of silver ferrite and reduced graphene oxide (rGO). The 2.5% AgFeO2/rGO/TiO2 exhibited the highest efficiency and completely degraded the 50 ppm of MB dye in 30 min. The parametric study revealed that dye decolorization is faster in a neutral solution than in basic and acidic medium. The higher performance of the photocatalyst was attributed to the reduced charge recombination and improved optical properties. Thus, AgFeO2/rGO/TiO2 can be a potential composite for photocatalytic dye degradation and other photocatalytic applications under UV-Visible light irradiations.
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1. Introduction


Water pollution is one of the biggest threats to the ecological system. Around 80% of the wastewater produced in the world is discharged into environment without proper treatment, polluting freshwater resources [1]. The industrial sector is one of the largest sources of water pollution, which releases toxic chemicals into local water bodies. Industrial wastewater treatment gets the least attention, particularly in developing countries, due to which around 70% of effluents go untreated [2]. Dyestuffs from textile and food industry are considered to be one of the crucial water pollutants. Dyes are complex organic compounds which are non-biodegradable in nature and have adverse health effects such as cancer, asthma, skin allergies, and respiratory diseases [3].



Many approaches have been considered to deal with the dye removal from polluted wastewater such as adsorption, microbiological decomposition, enzymatic decomposition, ultrafiltration, osmosis, microfiltration, and photocatalytic dyes degradation [4]. Adsorption is expensive when considering the large quantity of adsorbent to be used, recovery and regeneration cost of adsorbent. Microbial and enzymatic decomposition take place under particular conditions and controlled environment which limit the application at very large industrial scale. Ultrafiltration and osmosis process have limitations due to membrane fouling, higher process costs and operational problems. [5]. Photocatalytic dye degradation is considered to be one of the most beneficial and energy efficient technique since it uses direct solar light irradiations without producing any hazardous side products [6]. TiO2 has been widely used for photocatalytic applications including decomposition of toxic dyestuffs from wastewater. However, the large bandgap (3.2 eV) and high recombination reaction rates of photogenerated electron–hole pairs limits its photocatalytic efficiency [5,7]. Moreover, due to the wide band gap, the photocatalytic reactions of TiO2 can only be carried out in UV or near UV irradiation, which occupies only <4% of the sunlight spectrum on earth [5,7]. Recently, research is being focused on developing photocatalysts with narrow band gap that could work in visible light to fully utilize solar light potential [8]. Therefore, heterogeneous photocatalysis has been studied widely for the photocatalytic degradation of dyes.



The electron–hole recombination and wide bandgap of the TiO2 can be reduced by using different modifications processes such as coupling with semiconductors, and surface photosensitization [3,4,5]. Graphene supported TiO2 composites have recently shown higher performance owing to the high mobility of electrons resulting in low charge recombination [9]. The large surface area of graphene 2600 m2/g creates much attraction towards itself [10]. The thermal conductivity (∼3000 Wm−1K−1) and mechanical strength of TiO2 (1060 GPa) are reported [11]. The modification of TiO2 with rGO is an attractive route for wastewater treatment in the visible region [12,13]. Integration of the TiO2 with reduced graphene oxide (rGO) not only increase the visible light absorption capability but also decrease electric charge recombination. In addition, rGO-TiO2 have high surface area and have higher adsorption rate which enhance the performance of photocatalytic dyes degradation [14]. Doping with carbon derivatives leads to formation of Ti-O–C bonds which enables the absorption of light into visible light region [15]. Similarly, introducing metal as the dopant into the crystal lattice of TiO2 catches the electrons and holes temporarily to reduce the electron–hole recombination and enhance the photocatalytic activity [13,14].



Many researchers have investigated the rGO-TiO2 composites to eliminate and degrade the pollutants from water such as methyl orange, methylene blue, methyl blue (MB) diphenhydramine and rhodamine B [12,15,16,17]. By using solvothermal process, Lui et al. [14] prepared graphene-wrapped hierarchical TiO2 nanoflowers. Under UV-visible irradiation, hierarchical TiO2 nanoflowers showed excellent performance for the degradation of methylene blue. Owing to the high conductivity of rGO, it decreases the recombination of electron–hole pairs, and consequently increases the degradation rate [18]. Muthirulan et al. [18] prepared rGO/TiO2 nanocomposite reported graphene played the role of electron acceptor and effectively reduced the electron–hole recombination and enhance the photocatalytic degradation of acid orange 7 dye. Photocatalytic efficiency of rGO/TiO2 is still far from practical consideration compared to adsorption and ultrafiltration methods.



There is an increasing trend to tailor the multinary rGO/TiO2 composites with improved photocatalytic performance for several of photocatalytic application including CO2 reduction, water splitting and dyes degradation [19,20,21]. Samsudin et al. [21] integrated the TiO2 and BiVO4 through the wet impregnation method. The rGO/TiO2/BiVO2 composites showed fasted and complete removal of dyes within 120 min. Enhanced performance of composites was credited to the smooth electron–hole segregation and transfer, resulting in greater number of •OH and •O2− radicals for degradation reaction. Likewise, Ranjith et al. [22] synthesized the rGO-TiO2/Co3O4 using coprecipitation method for methylene blue degradation. The composites exhibited remarkable degradation efficiency owing to the strong integration of semiconductors over the surface reduced graphene oxide sheets. Photocatalytic performance of composite not only depend on the rGO but also optical properties of coupled semiconductor. Further, compatibility of semiconductor is important for charge generation and transfer mechanism which ultimately affects the light absorption, charge separation and degradation of dyes. Low bandgap energy metal ferrite like silver ferrite with bandgap of 1.9 eV corresponding to 620 nm wavelength, could be useful for ternary rGO/TiO2 composites [16]. The addition of low-bandgap semiconductors such as silver ferrite (AgFeO2) could also enhance efficiency of the TiO2/rGO photocatalyst. The valance and conduction band energy of AgFeO2 is in the range of 1.32 eV to −0.5 eV, respectively [16,23]. Due to low bandgap, heterojunction of TiO2/rGO with AgFeO2 gives better photocatalytic efficiency in the wastewater treatment process. However, silver ferrite is unstable without any supporting material due to interstitial recombination of electron/hole which causes disintegration of silver (Ag) metal [17,18]. On the other hand, the AgFeO2 shows excellent stability when coupled with composite photocatalysts [18]. The impact of AgFeO2 addition to a photocatalyst was firstly investigated by Yin et al. [19]. It was found that AgFeO2 acted as a photocatalyst for methyl orange (MO) degradation and emitted a visible light for 150 min of irradiation. The experiment took several hours to produce significant novel results of photodegradation. The electrochemical influence of AgFeO2 on maghemite (γ-Fe2O3) has been reported by Durham et al. [24]. It was found that fabricating electrodes in the presence of more than two composite materials enhance the energy density and efficiency of the modern batteries. However, the study based on employing AgFeO2/rGO/TiO2 nanocomposites for photocatalytic degradation of MB in wastewater is scarce in the literature. In the nanocomposite structure, the reduced graphene oxide acts as an electron mediator and electrons transport from the semiconductor to TiO2 [19,22,23,24,25,26].



In this study, a ternary composite of AgFeO2/rGO/TiO2 was investigated for MB decolorization under visible light irradiations. The AgFeO2 particles were deposited over graphene oxide followed by coupling with TiO2 using deposition method followed by reflux for 4 h at 80 °C. The synthesized photocatalyst was characterized by using XRD, Raman and PL spectroscopy and FTIR. The performance of the AgFeO2/rGO/TiO2 was evaluated for MB decolorization in wastewater followed by activity measurement through UV-vis spectroscopy.




2. Materials and Methods


2.1. Chemicals and Materials


The chemicals required for the preparation of AgFeO2/rGO/TiO2 nanocomposite are graphite nano powder (≤20 µm, 99.90% Sigma Aldrich), potassium permanganate (≥99%, R&M chemicals), hydrogen peroxide H2O2 (30%, Merck), absolute ethanol C2H5OH (99.99% Merck), sulphuric acid (98, R&M chemicals), phosphoric acid (85%, R&M chemicals), silver nitrate (99%, Merck), iron nitrate Fe (NO3)3.9H2O (Merck), sodium hydroxide (pellets, R&M chemicals), titanium dioxide (≤21 nm, Anatase, 99.5%, Sigma Aldrich), methyl blue (MB).




2.2. Preparation of Graphene Oxide


The graphene oxide (GO) was synthesized by conventional methodology. In brief, the graphite powder (3 g) was added into 400 ml of mixed acid (H2SO4/H3PO4: 9/1) followed by gradual addition of 18 g KMnO4 under mechanical stirring. The whole reaction was taken place in an ice bath. After the addition of KMnO4, the suspension was put in an oil bath at 50 °C for 24 h with continuous mechanical stirring at 300 rpm. Then, 400 ml of deionized water (ice form) was added into the mixture in the at ambient temperature and 5 ml of H2O2 was added which turned the suspension yellow. Finally, washing was done using 0.1 M HCl aqueous solution and absolute ethanol. After that, washing was continued using deionized water until the pH of the solution reached 6. Graphite oxide was recovered by centrifugation and dried at 40 °C overnight. The obtained graphite oxide was dispersed into water and the mixture was ultrasonicated for half an hour to get graphene oxide nanosheets.




2.3. Preparation of AgFeO2/rGO/TiO2 Nanocomposite


The AgFeO2/rGO/TiO2 ternary composite was synthesized using simple deposition and reflux technique. AgNO3 was dissolved in ethanol and mixed with the Fe(NO3)3 solution at 27 °C and stirred for 2 h. The solution pH was maintained at 11~12 by adding NaOH. Similarly, a particular amount (4.0 mg) of GO was dispersed into ethanol and mixture was combined with AgNO3/Fe(NO3)3 suspension and stirred for 2 h. A separate suspension of TiO2 was prepared in ethanol. The obtained mixture of Fe(NO3)3/AgNO3/GO was mixed with TiO2 which was dispersed earlier in the solution of ethanol. The suspension was transferred into the reflux assembly comprising of a flat-bottom vessel and condenser. Reflux was done for 3 h at 78 °C with constant stirring. After reflux, suspension was filtered and dried for 16 hours at 80 °C. The obtained composite was further calcined at 300 °C for 2 h to improve the crystallinity of final photocatalyst. In addition to this, the composition of AgFeO2 was varied from 2.5 to 5 wt.% to explore the influence of metal composition. Likewise, AgFeO2/TiO2 was prepared through same methodology except the addition of GO.




2.4. Materials Characterizations


The photocatalyst was characterized using various characterization techniques. The crystalline structure of photocatalysts was studied using an X-ray diffractometer model PANalytical X’pert3 powder, (Malvern WR14 1XZ, U.K) with 5° to 90° range of diffraction angle with Cu α radiations (40 kV and 30 mA) at 0.07878° scanning rate. Raman spectra were obtained employing Raman microscope with model (InVia Raman Microscope by RENISHAW UK). The laser excitation of the Raman microscope set at 514 nm in the 100–3000 cm−1 range was used to record the spectra for Raman and PL. Fourier transform infrared spectroscopy with model SHIMADZU 8400S spectrometer, (SHIMADZU Corporation, Kyoto, Japan) was used to study the functional groups present on the photocatalysts surface with 400–4000 cm−1 wavelengths. The sample and KBr powder were mixed in a mortar and pestle and pressed by hand to form pellet. The obtained pellet was placed in transmission holder and spectra were scanned.




2.5. Photocatalytic Performance Evaluation


The photocatalytic efficiency of the AgFeO2/rGO/TiO2 was investigated for the decolorization of MB. The photocatalyst (0.01 g) of was added to 100 mL of a 10 ppm MB solution (initial and varied from 10–50 ppm), and the photocatalytic decolorization of MB was investigated in a glass reactor as shown in Figure S1. The MB solution having photocatalyst was stirred for 30 min in the dark environment to achieve adsorption–desorption equilibrium. The 1000W Xenon lamp was used as a source of light irradiations and it was hanged 15 cm above the beaker in photoreactor. However, no optical filter was employed to cut the particular wavelength of light. All the experiments were performed in the same conditions. An aliquot of MB solution (3 mL) was taken after a regular interval of 10 min during the reaction and decolorization of MB was observed using UV-visible spectrometer model UV−1602, Biotechnology Medical Services. The MB absorption spectra was analyzed after regular intervals of time.



The photocatalytic decolorization was evaluated by plotting relative concentration (C/Co, where Co is initial MB dye concentration and C is the MB dye concentration at certain time) of MB dye degraded with respect to degradation time (min). The rate constant, k, was calculated by considering the dye degradation reaction as pseudo first order reaction and using equation, ln(C/Co) = kt [25].





3. Results


3.1. XRD Analysis


The crystallinity in the structure is an important parameter to study the optical and electrical characteristics of the nanocomposite. XRD analysis of commercial TiO2, GO, 2.5 wt.% AgFeO2/rGO/TiO2 and 5 wt.% AgFeO2/rGO/TiO2 is shown in Figure 1. The GO demonstrated prominent peak at 9.57o corresponding to the 001 crystal plane [26]. The TiO2 showed the peaks at 25.49°, 38.64°, 48.35°, 54.23°, 55.33° and 63.21° correlate with (101), (004), (200), (105), (211), (204), and (116) crystal planes. The diffraction peaks at 2θ = 25.49° explicate the anatase phase which is observed by the standard JCPDS card no. 21–1272. There was no diffraction peak at 2θ = 26.44° corresponding to the rutile phase, indicating that there was only anatase TiO2. The AgFeO2/rGO/TiO2 composites exhibited one new peak at 30.87° corresponding to (102) crystal plane, which indicates the formation of AgFeO2 [27]. There were no peaks of graphene or graphene oxide due to low percentage, uniform dispersion and shielding effect of strong peak of TiO2 at 25.49° [28].




3.2. FTIR Analysis


The preparation of AgFeO2/rGO/TiO2 proceeds from the rGO bonding with AgFeO2 and with TiO2. When rGO gets mixed with AgFeO2 and TiO2, a chemical change occurs by the formation of new bonds which were analyzed by FTIR. The functional groups in the nanocomposite were observed with the help of FTIR (SHIMADZU 8400S) in the wavenumber range 450–4000 cm−1. Figure 2 shows the FTIR spectra for TiO2, GO, and AgFeO2/rGO/TiO2 nanocomposite. Spectra of GO shows several of oxygen functional groups and C=C bonding. The peaks at 3446 cm−1 was ascribed to OH group. Peak at 1638 cm−1 demonstrated the skeletal vibration of pristine graphene (C=C) structure. The small peaks at 1420 and 1102 cm−1 reflected the C–O and C–O–C bonding. In addition, spectra of TiO2 showed peaks at 3422 and 1622 cm−1, showing the OH groups, whereas the peak at 682 cm−1 reflects the Ti-O-Ti bonding. Further, spectra of AgFeO2/rGO/TiO2 were almost like that of TiO2 and GO without any new bonding as metals do not produce any IR spectra. However, intensities of peaks are comparatively lower and, unlike GO, there is no peak at 1420 and 1102 cm−1, which shows the reduction of GO into rGO during the synthesis of AgFeO2/rGO/TiO2.




3.3. Raman Analysis


Raman spectra were recorded to analyze the chemical changes during the synthesis process. Figure 3a demonstrates the Raman spectra of TiO2, 2.5% and 5%AgFeO2/rGO/TiO2 measured using Laser of 514 nm. Figure 3b displays the magnified view of D and G bands for corresponding samples, i.e., TiO2, 2.5% AgFeO2/rGO/TiO2 and 5% AgFeO2/rGO/TiO2. The D and G bands in the spectra demonstrated disorders and the in-plane sp2 behavior of graphene, respectively. The defects in the graphene structure, especially sp3 hybridized defects due to the presence of oxygen functional groups, were studied. The intensity of D band was slightly lower which indicated the disorder in the graphene sp2 due to the presence of oxygen functional groups. Estimated ID/IG ratio of 2.5% and 5%AgFeO2/rGO/TiO2 were 0.88 and 0.89, respectively. The ID/IG showed the reduction of GO to form rGO as well as sp3 hybridized defects. Although, defects suppressed the electrical properties of graphene-based nanO–Composites, but they helped in carrying out interaction of species on photocatalyst surface. The sp3 defects due to the presence of oxygen moieties gave rise to the strong bonding between TiO2, AgFeO2, and graphene sheets.




3.4. PL Spectroscopy


The effective charge carrier trapping, recombination, and separation were analyzed by PL spectroscopy as shown in Figure 4. TiO2 having wide band gap exhibited a high intensity of charge recombination as compared to the heterojunction photocatalyst-AgFeO2/rGO/TiO2. This showed the electron mediator role of graphene and Z-scheme assembly of AgFeO2/rGO/TiO2 composites. The suppressed charge recombination of AgFeO2/rGO/TiO2 was due to formation of bridging layer of graphene which act as an electron mediator between AgFeO2 and TiO2. This helped in effective transportation of the photogenerated electrons.




3.5. Photocatalytic Activity Test


The efficiency of photocatalysts was evaluated for MB dye decolorization with different process parameters. Figure 5a shows the plot of relative concentration (C/Co, where Co is initial MB dye concertation and C is the MB dye concertation) and decolorization time of MB dye employing TiO2, 2.5% and 5% AgFeO2/rGO/TiO2 composite samples. Dark time in the graph shows the removal of dyes due to adsorption. Interestingly, 2.5% AgFeO2/rGO/TiO2 showed higher adsorption than 5% AgFeO2/rGO/TiO2 and TiO2. This could be due to the fact that increase in loading of lower surface area ferrite may reduce the overall surface area and adsorption of dyes. Therefore, 2.5% AgFeO2 gives higher dark time removal than 5% AgFeO2. Further, the 2.5% AgFeO2/rGO/TiO2 exhibited efficient decolorization as compared to pure TiO2 and 5% AgFeO2/rGO/TiO2. The higher performance of the photocatalyst could be the result of compatible of loading of semiconductors as photogenerated electron–hole pairs need to be transported to TiO2 through graphene layer which is only 0.4%. However, higher rGO leads to problem of shielding effect resulting in lowering of photocatalytic activity. It can be observed that 5% AgFeO2/rGO/TiO2 exhibited higher decolorization rate at first interval compared to 2.5%. This might have been a higher amount of photogenerated charge owing to a greater amount of ferrite loading. Nevertheless, activity was decreased in the second interval, which shows a higher charge recombination could have been started due to incompatibility ratio. On the other hand, 2.5% AgFeO2/rGO/TiO2 showed gradual decolorization rate and also higher rate constant. Moreover, the rate constant (Figure 5b) calculated for the 2.5% AgFeO2/rGO/TiO2 is found to be 0.16 min−1 which is around 3.2 times greater than those of TiO2 (0.05 min−1). Such an efficient performance by 2.5% AgFeO2/rGO/TiO2 can be attributed to the improved charge separation across the silver ferrite and titanium dioxide, along with suitable compositing of AgFeO2 and rGO with TiO2. Additionally, the optical response exhibited by PL spectra of 2.5% AgFeO2/rGO/TiO2 composite was far better due to lower bandgap of silver ferrite which enabled it to generate more charge carriers and subsequently enhanced decolorization of MB. The MB dye decolorization curves at neutral conditions for TiO2, 2.5% AgFeO2/rGO/TiO2 and 5% AgFeO2/rGO/TiO2 samples are shown in Figure S2. Activity of composite photocatalysts was remarkably higher than TiO2; therefore, the rest of process parameters were only tested for 2.5% and 5% AgFeO2/rGO/TiO2.



Effect of Parameters


Neutral, acidic and basic pH of MB solution (50 ppm) were used in this study for photocatalytic decolorization of MB using AgFeO2/rGO/TiO2 composites. The photocatalyst dosage was 0.04 g/100 mL whereas pH was adjusted to 5, 7 and 9, respectively. TiO2 can be protonated or deprotonated in acidic and basic solution as depicted by Equations (1) and (2) shown below:


   H 2  O +  h  v b  +  →  H +  + H  O °   



(1)






  T i  O 2  +  H +  → T i O H  



(2)







The photocatalytic decolorization of MB dye employing 2.5% AgFeO2/rGO/TiO2 samples, in terms of relative concentration with time are shown in Figure 6a, whereas the respective rate constants calculated are shown in Figure 6b. The peculiar absorption peaks for the MB Dye degradation for respective sample are presented in Figure S3. The 2.5% AgFeO2/rGO/TiO2 composite exhibited the higher performance in neutral solution than the acidic and basic solution as shown in Figure 6a. The 50 ppm solution of MB was completely degraded at 30 min in neutral media while it took 40 and 50 min to fully degrade in acidic and basic solution as shown in Table 1. The rate constant k for in neutral solution is found 0.09 min−1 which is 2 and 2.3 times greater than the rate constants found for acidic (0.08 min−1) and basic medium (0.07 min−1), respectively.



In acidic solution, the TiO2 surface gets positive charge [29] and in basic medium it gets negative charge. The electrostatic attraction between positive charged surface of TiO2 and MB molecules reduces the solubility of MB and enhances the absorption of light. At low pH, TiO2 shows higher oxidizing activity but the reaction rate decreases in the excess of H+ ions. The MB Dye decolorization curves for 2.5% AgFeO2/rGO/TiO2 in neutral, acidic and basic medium are presented in in Figure S4.



Similarly, photocatalytic decolorization results of MB dye for 5% AgFeO2/rGO/TiO2 in neutral, acidic and basic medium are shown Figure 7. Figure 7a shows the relative concentration of the MB dye degrading with time, whereas Figure 7b shows the rate constants for the various mediums. It can be observed that MB dye completely disappears after 35, 50 and 70 min for neutral, basic and acidic solutions, respectively. Herein, also the rate constants in neutral condition (0.09 min−1) is found to be higher than those of acidic (0.03 min−1) and basic conditions (0.07 min−1), respectively. The MB Dye decolorization curves for 5% AgFeO2/rGO/TiO2 in neutral, acidic and basic medium are presented in in Figure S4.



Decolorization trends are similar that of 2.5% AgFeO2/rGO/TiO2, i.e., neutral > acidic > basic. However, the rate of MB decolorization is faster in the 2.5% AgFeO2/rGO/TiO2 as compared to 5% AgFeO2/rGO/TiO2 sample. The decolorization of MB with 2.5% AgFeO2/rGO/TiO2 and 5% AgFeO2/rGO/TiO2 at different values of pH is shown in the below Table 1.



In addition, photocatalytic performance of photocatalysts was further investigated at different concentrations of MB solution (10, 20, 30, 40, and 50 ppm). The amount of catalyst was 0.04 g/100 mL of solution and pH was maintained at 7. The photocatalytic decolorization of different concentration of MB solution using 2.5% AgFeO2/rGO/TiO2 are shown in Figure 8a–e. It shows that photocatalytic process could be activated for higher concentration of dye but the decolorization rate was reduced. Figure 8 shows the wavelength–absorbance graphs concerning the decolorization of MB solutions (10 to 50 mg/L). It shows that decolorization time dye depends on concentration of the dye. The 10 ppm MB solution was fully degraded in 10 min, whereas the 50 ppm solution was completely degraded in 30 min. Thus, decolorization time was proportional to the concentration of dye.



Similarly, Figure 9a–e shows the wavelength-absorbance graphs concerning the decolorization of MB solutions (10 to 50 mg/L) for 5% AgFeO2/rGO/TiO2 photocatalyst. The complete decolorization occurs in 35 min for a 50 ppm of MB solution (neutral pH). The decolorization time decreases by decreasing the concentration of dye, as shown in Table 2.





3.6. Mechanism of Photocatalytic Activity


Different transition metals have been used as dopants to modify the electron/hole recombination rate and bandgap energy of TiO2 [21]. Meanwhile, the interaction of 3d orbital of TiO2 and d orbital of the metal dopant generates intra-band gap states, which subsequently red shift towards longer wavelengths in light absorption [22,30,31,32]. Ferrum in Fe3+ state has a very similar ionic radius to Ti4+ and can substitute for Ti4+ in the TiO2 crystal lattice [23]. Fe3+ reduces the electron/hole recombination rate significantly since it can trap electrons and holes. More importantly, the occupied states of Ti4+/Fe3+ are positioned 0.5−0.8 eV above the valence band and 0.7 eV is the unoccupied states are positioned below the conduction band. This suggests that the electron/hole separation using Fe3+ can occur effectively resulting in a higher lifetime of the charge carriers [33]. Despite this, Fe3+ are more stable than Fe2+ and Fe4+; relying on the crystal field theory by gaining or losing an electron would eventually return to the Fe3+ state. Therefore, the electron and hole will be released enabling it to move to the plane of the catalyst [34]. The mechanism of electron/hole trapping and they are passing through the plane to create free radicals are described as follows Equations (3)–(10) [35].


TiO2 + hϑ → e− + h+



(3)






Fe3+ + h+ → Fe4+



(4)






Fe3+ + e− → Fe2+



(5)






Fe2+ + O2 → Fe3+ + O2−



(6)






Fe2+ + Ti4+ → Fe3+ + Ti3+



(7)






Ti3+ + O2 → Ti4+ + O2−



(8)






Fe4+ + e− → Fe3+



(9)






Fe4+ + HO− → Fe3+ + HO



(10)







When visible light is irradiated on the surface of the AgFeO2/rGO/TiO2 present in the MB solution in the photoreactor, photogenerated electron–hole pairs are produced Equation (11). The visible light irradiated on water also produce reactive species such as H2O and OH as given in Equations (12) and (13). The photogenerated h+ also participate in the reaction to produce different active species such as OH. Equation (14). The hydroxyl radicals formed are highly reactive and react with each other to form H2O2 Equation (15). The OH has high oxidation potential (2.8 eV) and is non-specific in nature; therefore, it reacts with MB molecules immediately and decomposes them into smaller and harmless products such as CO2 and H2O (16) [36,37].
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4. Conclusions


The AgFeO2/rGO/TiO2 composites are successfully prepared into two-step processes: (i) deposition; (ii) reflux method. The prepared nanocomposites were characterized by using different characterization techniques like XRD, FTIR, RAMAN and photoluminescence spectroscopy. The results showed that the properties of nanocomposite were significantly improved leading to higher efficiency. The composition of AgFeO2 was varied from 2.5 to 5 wt.% to analyze the contribution of metal in the nanocomposite. The activity of 2.5 wt.% AgFeO2/rGO/TiO2 was higher than the 5 wt.% AgFeO2/rGO/TiO2 due to the compatibility between charge generation active metal ferrite and consumption over support and successful utilization of electron and hole in dyes decolorization reaction. Parametric study showed that dyes decolorization was fast in neutral solution as compared to acidic and basic conditions. Further, time to degrade the dyes was increasing with increase of MB concentration and 50 ppm was completely degraded in 30 min. The photocatalytic activity of nanocomposite was attributed to the efficient electron–hole separation, reduced charge recombination, and improved optical response.
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Figure 1. XRD pattern of Commercial Titanium dioxide (TiO2), graphene oxide (GO), Ternary composite photocatalyst (2.5% AgFeO2/rGO/TiO2) and 5% AgFeO2/rGO/TiO2. 
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Figure 2. FTIR spectra of GO, Commercial TiO2, 2.5% AgFeO2/rGO/TiO2 and 5% AgFeO2/rGO/TiO2. 
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Figure 3. (a) Raman spectra of TiO2, 2.5% and 5% AgFeO2/rGO/TiO2. (b) Magnified view of D and G bands for respective samples. 
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Figure 4. PL spectra of TiO2 and 2.5% AgFeO2/rGO/TiO2. 
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Figure 5. (a) Photocatalytic decolorization of MB dye solution, and (b) rate constants measured for commercial TiO2, 2.5% and 5% AgFeO2/rGO/TiO2 samples. 
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Figure 6. Effect of pH on MB dye decolorization for 2.5% AgFeO2/rGO/TiO2 sample: (a) Relative concentration of MB dye decolorization with time and (b) rate constants calculated. 
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Figure 7. Effect of pH on MB dye decolorization for 5% AgFeO2/rGO/TiO2 sample: (a) Relative concentration of MB dye decolorization with time and (b) rate constants calculated. 
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Figure 8. MB dye decolorization by 2.5% AgFeO2/rGO/TiO2 photocatalyst for various concentrations: (a) 10, (b) 20, (c) 30, (d) 40, and (e) 50 ppm MB dye solution. 
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Figure 9. MB dye decolorization by 5% AgFeO2/rGO/TiO2 photocatalyst for various concentrations: (a) 10, (b) 20, (c) 30, (d) 40, and (e) 50 ppm MB dye solution. 
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Table 1. Decolorization time for MB at various pH of Dye Medium.
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	pH of MB Solution
	Decolorization Time for 2.5% AgFeO2/ rGO/TiO2
	Decolorization Time for 5% AgFeO2/ rGO/TiO2





	Neutral (pH 7)
	30 min
	35 min



	Acidic (pH 5)
	40 min
	70 min



	Basic (pH 9)
	50 min
	50 min
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Table 2. Decolorization time for different MB Dye with various concentrations.
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	Concentration of Dye
	Decolorization Time for 2.5% AgFeO2/rGO/TiO2
	Decolorization Time for 5% AgFeO2/rGO/TiO2





	10 ppm
	8 min
	10 min



	20 ppm
	12 min
	14 min



	30 ppm
	18 min
	20 min



	40 ppm
	23 min
	27 min



	50 ppm
	30 min
	35 min
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