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Abstract

:

Niobium-based metal oxides are emerging semiconductor materials with barely explored properties for photocatalytic wastewater remediation. Brazil possesses the greatest reserves of niobium worldwide, being a natural resource that is barely exploited. Environmental applications of solar active niobium photocatalysts can provide opportunities in the developing areas of Northeast Brazil, which receives over 22 MJ m2 of natural sunlight irradiation annually. The application of photocatalytic treatment could incentivize water reuse practices in small and mid-sized textile businesses in the region. This work reports the facile synthesis of Nb2O5 catalysts and explores their performance for the treatment of colored azo dye effluents. The high photoactivity of this alternative photocatalyst makes it possible to quickly obtain complete decolorization, in less than 40 min of treatment. The optimal operational conditions are defined as 1.0 g L−1 Nb2O5 loading in slurry, 0.2 M of H2O2, pH 5.0 to treat up to 15 mg L−1 of methyl orange solution. To evaluate reutilization without photocatalytic activity loss, the Nb2O5 was recovered after the experience and reused, showing the same decolorization rate after several cycles. Therefore, Nb2O5 appears to be a promising photocatalytic material with potential applicability in wastewater treatment due to its innocuous character and high stability.
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1. Introduction


New trends in photocatalysis aim to identify niche applications for emerging semiconductor materials within a sustainable context. Titanium dioxide is the most studied photocatalyst and photoelectrocatalyst for water treatment [1,2] and water splitting applications [3,4]. However, recent research efforts have explored alternative semiconductor materials to overcome the most stringent barrier for the implementation of TiO2 in developing countries: its low activation under visible light irradiation [5,6]. Enabling the use of the natural sunlight irradiation would reduce operational expenditure, providing the opportunity for technology adaptation by regions with high solar radiation according to solar maps. For example, the northeastern region of Brazil receives >22 MJ m2 of sunlight irradiation annually due to its proximity to the equatorial line, which corresponds to approximately 10 h of sunlight every day [7].



Niobium-based oxide semiconductors have promising characteristics for environmental applications due to their hypoallergenic character, low cytotoxicity, and physiological and chemical inertness, along with their high thermodynamic stability [8,9]. However, the most remarkable aspect for their application in Brazil is their wide availability in the country, which is the major producer of niobium worldwide, with 99.0% of the world’s niobium being located in Brazil [10]. Sustainable exploitation of this resource for environmental applications may positively affect socio-economic aspects, since few applications of niobium have been identified.



Brazil is the fourth biggest cotton textile exporter worldwide and the fifth biggest global manufacturer. Textile fiber dyeing process requires large volumes of water, resulting in the release of large amounts of colored wastewater effluent [11,12]. Green and sustainable manufacturing approaches require the minimization of the usage of water resources. Removal of organic dyes can incentivize water reuse in dyeing baths [13]. Photocatalytic treatment could be a suitable low-cost alternative for small/mid-sized Brazilian textile facilities [14,15]. Photocatalytic treatment is classified as an Advanced Oxidation Process, since it allows the in situ generation of highly oxidant species such as hydroxyl radicals (●OH) [16,17]. The light irradiation of a semiconductor with photons with a higher energy than its band gap enables the photo-excitation of an electron from the filled valence band of the semiconductor to the empty conduction band (ecb−), leaving a positively charged vacancy or hole (hvb+) following Reaction (1) [18,19]. Organic pollutants (i.e., dyes) can then be oxidized by the photogenerated hole, as well as by heterogeneous ●OH formed on the photocatalyst surface from the water oxidation by the hvb+ according to Reaction (2) [20,21].


Semiconductor + hν → hvb+ + ecb−



(1)






hvb+ + H2O → ●OH + H+



(2)







The recombination of ecb− with unreacted hvb+ through Reaction (3) is responsible for the oxidative power loss in photocatalytic systems [22,23]. Dissolved oxygen can react with ecb−, yielding superoxide radicals (O2●−) through Reaction (4), which contributes to slowing down the recombination reaction [24,25]. However, the use of ecb− scavengers can further minimize the extent of this undesirable reaction while enhancing performance. For example, the weak oxidant H2O2 can react with ecb− and O2●−, producing additional ●OH from Reactions (5) and (6), respectively [26].


ecb− + hvb+ → heat



(3)






ecb− + O2 → O2●−



(4)






ecb− + H2O2 → ●OH + OH−



(5)






O2●− + H2O2 → ●OH + OH− + O2



(6)







Dye bath effluent decolorization enables water reuse for additional textile dyeing processes, minimizing the environmental footprint and the capital costs associated with water usage. This work studies the applicability of novel niobium oxide photocatalysts (Nb2O5) in the efficient decolorization of wastewaters containing azo-dyes. The synthesized materials were characterized in accordance with calcination methodologies. Decolorization capabilities were evaluated, and operational variables were optimized. This innovative alternative for water treatment processes, which is emerging as a new trend in photocatalytic technologies, meets sustainable technology manufacturing needs through the use of regionally abundant natural resources.




2. Results and Discussions


2.1. Characterization of Nb2O5 Photocatalyst


The synthesized Nb2O5 photocatalyst powder was characterized by SEM. The micrograph in Figure 1a exhibits a uniform particle size distribution of ca. 200 nm. The magnified catalyst surface depicted in Figure 1b exhibits a high roughness and porosity, which could be induced by the calcination process of the niobium oxalate complex ammonium salt. The mapping of the chemical composition of the catalyst particles (Figure 1c) indicated that they are composed of niobium with a homogenous distribution.



The FTIR spectrum of Nb2O5 in Figure 2 depicts the characteristic bands of niobium oxides: one shoulder at 900 cm−1 is attributed to the stretch Nb-O and the bands at 661 and 600 cm−1 are attributed to the angular vibration Nb-O-Nb [27]. Additionally, a band can be observed at 1622 cm−1 that is related to the water adsorbed on the surface of Nb2O5 [8,28], and a small band can be observed at 1531 cm−1 that is usually associated with impurities from the precursor salt of niobium. These impurities in the precursor are considered to be beneficial in the literature, since they act as stabilizers of the niobium oxide catalyst [29,30].



Niobium oxide has a complex crystal morphology, wherein at least 12 crystallographic structures have been identified to date [31]. The X-ray diffraction pattern obtained from the synthesized Nb2O5 powder catalyst is shown in Figure 3a. It can be seen that the diffractogram presents reflections 2θ = 22.6°, 28.5°, 36.7°, 46.3°, 50.4°, and 55.3°, which correspond to the crystallographic planes of miller index (001), (100), (101), (002), (110), and (102), respectively. These planes are characteristic of the pseudohexagonal structure of niobium oxide [27,32], proving the obtention of a catalyst with a defined crystalline microstructure with a crystallite size of 2.2 nm estimated from the Scherrer formula. The electronic spectroscopy of diffuse reflectance made it possible to determine the band-gap energy required for the photo-promotion of one electron (see Figure 3b). The results indicated that Nb2O5 presents a band gap of 3.1 eV, similar to the characteristic band gap of titanium dioxide photocatalysts [9,33], and at the low end of the Nb2O5 bandgap values [34].



The isotherm of nitrogen adsorption-desorption of Nb2O5 in Figure 4a presents a hysteresis loop characteristic of type IV isotherms, which is typical of mesoporous materials. This is in agreement with the characteristic morphologies observed by SEM in Figure 1. The specific surface area of 42.36 m2 g−1 was calculated from the BET method (SBET). Meanwhile, the BJH analysis (Figure 4b) revealed the presence of uniformly sized mesopores with an average diameter (dp) of 10.1 nm and a mean pore volume (Vp) equal to 0.102 cm3 g−1. These results are in agreement with those reported by Wang et al. [32] for commercial niobium oxide calcined at a temperature of 500 °C (SBET = 49.9 m2 g−1, Vp = 0.12 cm3 g−1 e dp = 9.6 nm), even when the niobium oxide precursor selected was different.




2.2. Photocatalytic Activity on Azo Dye Decolorization


The photocatalytic activity of the synthesized Nb2O5 was verified on the basis of the corresponding decolorization of solutions containing 5 mg L−1 methyl orange (MO) as model azo dye (see Table 1). MO is highly photostable, and is not degraded under direct sunlight irradiation, as depicted in Figure 5 [12]. Meanwhile, ca. 6.0% decolorization after 100 min was observed when 1.0 g L−1 of Nb2O5 catalyst suspended in solution was exposed to sunlight irradiation. Photocatalytic degradation can be assumed, since only a discrete 0.6% removal was observed under dark conditions due to adsorption on the porous Nb2O5. The slight photocatalytic removal under solar irradiation could be justified by the faster recombination Reaction (3), which diminishes the available oxidants (i.e., hvb+ and ●OH) [17,22]. The strategic use of selective ecb− scavengers may synergistically enhance the photocatalytic response by inhibiting the extent of Reaction (3) [16,26]. As shown in Figure 5, the addition of H2O2 boosts the performance of Nb2O5, which attains complete decolorization after 40 min. It is important to remark that the sole addition of H2O2 under dark conditions had no effect on dye solution decolorization, because of the weak oxidative capacity of H2O2 (Eº(H2O2/H2O) = 1.76 V/SHE). Nevertheless, decolorization was observed in the presence of H2O2 under direct solar irradiation due to the photolytic decomposition of H2O2 according to Reaction (7). Please note that this reaction only occurs under UVC irradiation, which is a component of the solar light in Northeast Brazil [24,35].


H2O2 + hν → 2 ●OH



(7)







The synergetic effect observed between Nb2O5 and ecb− scavenger H2O2 can be explained by the enhanced generation of ●OH from Reaction (2) due to the significant reduction of the recombination rate of Reaction (3) [26,36]. This effect results in a consequent increase in the availability of reactive oxygen species on the Nb2O5 photocatalyst surface, and then the increased oxidation capabilities of the system degrading the azo dye molecule [17,23].



The synergetic effect of H2O2 evidences its role in Nb2O5 photocatalytic efficiency performance. For this reason, the role of H2O2 concentration in solution was studied as a rate driving parameter for decolorization. Figure 6 shows the percentage of color removal attained for increasing doses of H2O2 acting as ecb− scavenger. Higher color removal percentages of 6.0%, 71.5% and 91.0% were observed for increasing concentrations of H2O2 of 0 M, 0.10 M and 0.20 M, respectively. It should be noted that further increase in H2O2 concentration resulted in a decrease in performance, achieving a lower color removal of only 77.2% after 80 min of Nb2O5 photocatalytic treatment. This phenomenon can be explained by the acceleration of concomitant waste reactions [17,37]. One of the main processes that decreases performance is the oxidation of excess H2O2 by ●OH following Reaction (8) [24,26]. This undesired side-reaction not only consumes ●OH, which will subsequently not be able to oxidize the target azo dye, but it also diminishes the available amount of H2O2. Moreover, the excessive accumulation of radical species can promote their dimerization following Reactions (9) and (10) [12,38]. These undesired reactions do not contribute to the overall photocatalytic performance, and may slow down the decolorization kinetics, as was observed experimentally (see Figure 6). Therefore, an optimal dose of 0.2 M H2O2 was defined for the following experiments to ensure faster solution decolorization and higher photocatalytic efficiency.


H2O2 + ●OH → HO2● + H2O



(8)






HO2● + ●OH → H2O + O2



(9)






2 ●OH → H2O2



(10)








2.3. Effect of pH on the Photocatalytic Decolorization of Azo Dye Methyl Orange


The pH of the treated solution is one of the variables with the greatest influence on the photocatalytic degradation of pollutants, because it affects several physical-chemical properties of the catalysts that enhance or reduce the degradation efficiency, including the catalyst surface charge and the organic adsorptivity [17,23,39]. The point of zero charge (PZC) pHPZC = 4.86 of Nb2O5 was determined by the pH drift method [24,40], as described in the methodology section. The pHPZC is an intrinsic characteristic of the catalyst that makes it possible to determine whether the surface of Nb2O5 is negatively or positively charged as a function of the pH. If the working pH conditions are above of the pHPZC of the Nb2O5, the catalyst surface is negatively charged. Conversely, the surface will be positively charged when the pH is below the pHPZC.



Figure 7 shows the effect of the initial pH on the decolorization efficiency of MO using 1.0 g L−1 of Nb2O5 photocatalyst and 0.20 M of H2O2. It is important to note that in the range of pH under consideration, the sulfonic group of azo dye MO is deprotonated, with the pollutant molecule being negatively charged (see Table 1). However, at pH = 3.0, one of the molecule’s N is protonated, and the global charge of the molecule will be neutral (pKa = 3.45). This consideration is an important fact that could justify the lower decolorization achieved at alkaline pH. Above the pHPZC, the Nb2O5 surface is negatively charged, and the dye molecule will also be negatively charged, thus leading to electrostatic charge repulsion, making the adsorption processes more difficult, along with the approach of the molecule towards the photocatalyst surface. Thus, with increasing values of pH, the number of negatively charged sites on the Nb2O5 also increases, further reducing the photodecolorization process in the following sequence 7.0 > 9.0 > 11.0, with percentages of color removal of 39.3%, 16.0% and 7.5%, respectively. In addition, it is well known that the rate of decomposition of unstable H2O2 increases with increasing pH in accordance with Equations (11) or (12) in strongly alkaline media [41]. This loss of H2O2 by chemical decomposition affects the overall photocatalytic performance. First, it reduces the availability of ecb- scavenger in solution. Second, it consequently reduces the generation of ●OH radicals. In contrast, at pH 3.0, the surface is positively charged. This stimulates the molecules’ approach to and absorption onto the surface through the negatively charged sulfonic group. Thus, below pH 3.0, complete color removal can be achieved at lower treatment times of 10 min.


2 H2O2 → 2 H2O + O2



(11)






HO2− → OH− + ½ O2



(12)







The nearest working pH to pHPZC = 4.86 was 5.0. Under these conditions, the catalyst surface is practically neutral and has no electro-attractive or electro-repulsive effects that affect the adsorption processes. Thus, as observed in Figure 7, it presents faster decolorization kinetics than higher, more alkaline pH, but slightly slower kinetics than those obtained for pH 3.0. The pH 5.0 was considered the optimum condition, because it is the natural pH of MO solutions and the nearest to the circumneutral pH of water effluents. This would decrease the potential environmental health and safety risks, as well as the costs to small/mid-sized industry, by minimizing the handling and storage of acids and bases. Furthermore, this may have an impact on operational costs, since it would obviate acidification for the treatment and neutralization steps prior to the release of treated effluent.




2.4. Evaluation of Optimal Dosage of Nb2O5 to Ensure Maximum Performance


Optimizing the dosage of catalysts is a critical engineering parameter when designing sustainable reactors for solar photocatalytic applications at large scale [16,17]. The impact of Nb2O5 dose on decolorization kinetics was evaluated within the range from 0.25 g L−1 up to 2.00 g L−1 by treating solutions of 5 mg L−1 of MO azo dye at pH 5.0 in the presence of 0.20 M of H2O2. Figure 8 reports an enhancement in the decolorization rate with increasing dosage of Nb2O5. These improved performances can be explained due to the increasing number of active sites resulting from the higher total specific surface of Nb2O5 available, thereby accelerating the photocatalytic generation of oxidants in solution by Reactions (1) and (2). The effective reduction of photocatalytic efficiency at excessively high catalyst dosages is commonly reported in the literature, and is attributed to the detrimental effects on light transport in solution caused by: (i) the increase of the solution opacity, which diminishes the radiation penetration and consequently the photogeneration of vacancies [9,40]; (ii) the aggregation of suspended catalyst particles diminishing the specific area [27,36]; and (iii) light scattering effects that also reduce the UV light penetration [22,42]. In addition, the surface available for adsorption processes is also increased, favoring the mechanisms of organic degradation. However, in our experiments, no appreciable loss of efficiency was observed, although the decolorization rate increase became lower from 1 g L-1, resulting in a plateau. The kinetic analysis of MO color removal enabled the estimation of pseudo-first-order rate constants of decolorization (kdec). These analyses showed excellent fits for a pseudo-first-order reaction, assuming that the ●OH radicals achieve a pseudo-constant concentration on the Nb2O5 surface. Increasing kdec of 3.18·10−4 s−1 (R2 = 0.996) with 0.25 g L−1 of Nb2O5, 6.12·10−4 s−1 (R2 = 0.997) with 0.50 g L−1 of Nb2O5, 1.00·10−3 s−1 (R2 = 0.997) with 1.00 g L−1 of Nb2O5 and 1.07·10−3 s−1 (R2 = 0.998) with 0.25 g L−1 of Nb2O5 were observed. It is important to remark that the slight increase in decolorization rate from 1.0 to 2.0 g L−1 is presumably related to the loss of photocatalytic efficiency at excessively high catalyst dosages. Thus, a catalyst dosage of 1.0 g L−1 was identified as the optimal condition, because it is the lowest dosage at which a faster decolorization rate can be achieved.




2.5. Effect of Initial Dye Concentration on Nb2O5 Performance


The initial dye concentration is a variable of interest that gives invaluable information about the range of pollutant concentration that is efficiently treatable within a reasonable timeframe. For this reason, MO solutions of 5, 10, 15 and 30 mg L−1 were treated under the optimum conditions of pH 5.0 with 0.20 M of H2O2 and 1.0 g L−1 of Nb2O5 photocatalyst. Figure 9 depicts the abatement of dye concentration as a function of photocatalytic treatment time for different initial concentrations of MO. The estimation of kdec exhibits variation over an order of magnitude when increasing the dye concentration. Decreasing kdec values from 1.07·10−3 s−1 (R2 = 0.998) for 5.0 mg L−1 of MO, 4.37·10 4 s−1 (R2 = 0.999) for 10.0 mg L−1 of MO, 2.17·10−4 s−1 (R2 = 0.996) for 15.0 mg L−1 of MO, down to 1.01·10−4 s−1 (R2 = 0.993) for 30.0 mg L−1 of MO were estimated as depicted in the inset panel of Figure 9. The greater azo dye concentration implies a greater colorization of the water being treated, thus limiting the light penetration into the solution and diminishing photocatalytic Reactions (1) and (2), which generate oxidant species. Furthermore, the greater accumulation of organic intermediates susceptible adsorption onto the Nb2O5 active sites could inhibit the photocatalytic generation of vacancies and the production of other oxidants, decreasing the organic events and, consequently, the decolorization rate [9,23,43]. Therefore, longer treatment times would be required to completely decolorize MO at higher pollutant loads.




2.6. Evaluating Reutilization Capabilities of Nb2O5 Catalyst Aiming for Sustainable Implementation and Comparison with Other Catalysts’ Performance


Sustainable processes must consider the continuous reutilization of photocatalytic materials within catalytic converters [44]. Reutilization capabilities and stabilities of novel materials should be assessed in order to demonstrate material stability. Therefore, Nb2O5 was submitted to continuous treatment operation. Suspended Nb2O5 photocatalyst was recovered and tested over consecutive decolorization cycles of MO solutions. As depicted in Figure 10, the niobium metal oxide semiconductor presented excellent stability, and retained its catalytic properties over 10 cycles. Please note that consecutive cycles demonstrated reproducible MO removal performance. It is important to remark that previous reports in the literature reported higher stability of niobium oxides than for conventional TiO2 or ZnO catalysts [9,27,28]. In this context, the results reported here support these previous studies, indicating Nb2O5 as an emerging photocatalyst for environmental remediation. However, more studies related to catalyst aging and fouling during continuous operation are required to ensure the lifetime of these emerging catalysts.



A quick comparison with other photocatalytic materials reported in the literature demonstrates the promising performance of novel niobium oxide semiconductors for water treatment applications. As summarized in Table 2, the results reported in this work are highly competitive, since Nb2O5 makes it possible to reduce operational times by more than half when compared with doped TiO2 and other complex mixed oxides.





3. Materials and Methods


3.1. Chemicals


MO azo dye of 85.0% purity and the H2O2 of 33% (w/w) were supplied by Sigma-Aldrich. The ammonium salt of the niobium oxalate complex (NH4[NbO(C2O4)2(H2O)]. 3H2O) of 99.0% purity used in the photocatalyst synthesis was purchased from CBMM. The pH was adjusted prior to experiments using H2SO4 or NaOH of analytical grade, supplied by Sigma-Aldrich. All solutions were prepared with high-purity water obtained from a Millipore Milli-Q system with resistivity >18 MΩ cm at 25 °C.




3.2. Synthesis of Microparticulated Nb2O5 Photocatalyst


The ammonium salt of the niobium oxalate complex was calcined using a temperature ramp of 10 °C min−1 to 500 °C, where it remained for 4 h under ambient atmosphere. Under these conditions, the oxalate was completely incinerated, leading to the formation of amorphous Nb2O5 photocatalyst.




3.3. Solar Photocatalytic Experiences


The photochemical reactor used during photocatalytic experiments consisted of an undivided open cell directly exposed to sunlight. The photocatalyst was suspended in the solution in slurry and the tests were carried out under vigorous stirring with a magnetic bar at 700 rpm to ensure the homogeneous distribution of the catalyst in the bulk, while also favoring the transport of reactants to/from the catalyst surface. The photochemical cell had a double jacket in which water was circulated to maintain the solution temperature at 25 °C using a LAUDA A100 thermostat, avoiding the evaporation of the treated solution by solar irradiation heating. Prior to the photocatalytic experiments, the solutions were maintained at the defined pH, dye and catalyst concentration conditions for 30 min in the dark.




3.4. Apparatus and Analytical Procedures


Scanning electron microscopy (SEM) micrographies of the synthesized Nb2O5 photocatalyst were obtained using a Hitachi TM-3000 system with a frequency of 50/60 Hz and a magnification capacity of up to 3000x. The X-ray diffractogram (XRD) patterns were recorded on a Bruker D2 Phaser diffractometer with Cu-Kα (λ = 1.54 Å) irradiation source using a Ni filter and a Lynxeye detector, performing the analysis in the 2θ range from 2° to 70°. The average crystallite sizes were estimated by applying Scherrer’s Formula (13) to the identified crystal planes [50,51]:


τ = K λ/β cosθ



(13)




where τ refers to the mean size of the ordered crystalline domains, K is the Scherrer constant, a dimensionless shape factor that usually has values close to unity, λ is the X-ray wavelength, β is the line width at half maximum in radians and θ is the Bragg angle in degrees.



Fourier transform infrared (FTIR) spectra were recorded from a Shimadzu-8400S FTIR spectrometer in the medium IR region (4000–400 cm−1) after 30 scans with a resolution of 4 cm−1. The UV-vis diffuse reflectance spectra between 200–600 nm, used to determine the band gap from solid samples on the basis of Kubelka-Munk and Tauc plots [52], was obtained with a UV-vis spectrometer Cary 500 Scan using the barium sulfate pattern as a reference material. The specific surface area was determined on the basis of nitrogen adsorption-desorption isotherms registered on a Micrometrics ASAP 2020. The Nb2O5 catalyst samples were previously degassed at 300 °C for 3 h and subsequently submitted to a nitrogen atmosphere at 77 K. The nitrogen adsorption-desorption curve made it possible to determine the specific surface by area using BET method in the region of low relative pressure (p/p0 = 0.1–1.0). The Barret–Joyner–Halenda method (BJH) was used to determine the pore size distribution.



The pH of the treated solutions was adjusted using a pH-meter Tecnopon mPA-210. The percentage of color removal for the solution during the photocatalytic treatment was estimated using Equation (14) [12,53]:


%Color Removal = (A0 − At)/A0 × 100



(14)




where A0 is the initial absorbance and At the absorbance at the treatment time t. The absorbance was determined at the maximum absorptivity of MO (λmax = 642 nm) using a UV-vis spectrophotometer Analytikjena SPECORD 210 PLUS. The point of zero charge (PZC) of Nb2O5 was determined by the pH drift method, as described by Hashemzadeh et al. [40]. Solutions of 50 mL of 0.01 M of NaCl where adjusted to different pH between 1 and 11 by adding HCl or NaOH. After achieving the defined initial pH, 0.05 g of Nb2O5 photocatalyst was added to the solution, which was maintained at 25 °C for 48 h under constant stirring at 700 rpm before measuring the solution pH to determine the pHfinal. The pHPZC was determined from the intersection of the curve pHfinal vs. pHinitial with the straight line pHfinal = pHinitial.





4. Conclusions


The potential application of Nb2O5 for photocatalytic decontamination and decolorization of wastewater containing azo dyes was proved on basis of the efficient removal of a model pollutant: MO. A novel Nb2O5 photocatalyst was successfully synthesized using a facile calcination method from a natural precursor extracted as a natural resource in Brazil and characterized. The photocatalytic assays demonstrated high removal efficiency of MO azo dye in the presence of H2O2, which was used as an ecb- scavenger, and oxidants, which acted as a photogeneration enhancer. The effects of different control parameters were analyzed and optimized to enable the faster decolorization under the mildest conditions. Thereby, a concentration of Nb2O5 catalyst of 1.0 g L−1 in slurry was identified as the optimal conditions for the complete removal of color at lower catalyst dosages. The tests carried out also defined as optimal the mild conditions of pH 5.0 and 0.20 M of H2O2, with treatable concentrations of MO ranging up to 15 mg L−1. It should be noted that the study was developed in order to find potential applications for niobium materials, which represent a key material produced extensively in Brazil. Our results prove the promising applicability of these innocuous and highly re-utilizable photocatalysts in AOPs for wastewater treatment. It is worth mentioning that this technique is emerging as suitable approach for depollution treatment of textile effluent in mid-sized industry in the Northeast region of Brazil, which receives approximately 10 h/day of sunlight irradiation for more than 350 days a year due to its proximity to the equatorial line.
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Figure 1. Scanning electron micrographs of Nb2O5-synthesized photocatalyst with magnifications of (a) 500× and (b) 1000×, and (c) niobium mapping micrograph. 
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Figure 2. FTIR spectra of synthesized Nb2O5. 
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Figure 3. (a) X-ray diffractogram of Nb2O5. (b) UV-vis DRS absorption spectra of synthesized Nb2O5. The inset panel shows the Tauc plot for the band-gap energy determination of 3.13 eV. 
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Figure 4. (a) Nb2O5 photocatalyst nitrogen (●) adsorption–(■) desorption isotherms. (b) Pore size distribution plot that depicts the characteristic response of mesoporous materials. 
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Figure 5. Evaluation of the photocatalytic degradation of 100 mL of 5 mg L−1 of MO at pH 5.0 with (○, ●) 1.0 g L−1 of Nb2O5, (□, ■) 0.20 M H2O2, (△, ▲) Nb2O5 g L−1 with 0.20 M H2O2, (○, □, △) in dark conditions or (●, ■, ▲) under sunlight irradiation. The photostability of the dye solution was also tested (+). 
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Figure 6. Impact of the ecb− scavenger dose on the solar photocatalytic decolorization of 100 mL of 5 mg L−1 of MO with 1.0 g L−1 of Nb2O5 at pH 5.0. Initial H2O2 concentration: (●) 0 M, (■) 0.10 M, (▲) 0.20 M, and (▼) 0.30 M. 
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Figure 7. Influence of the initial pH on the percentage of color removal during solar photocatalytic treatment of 100 mL of 5 mg L−1 of MO with 1.0 g L−1 of Nb2O5 0.2 M of H2O2 at pH: (▲) 3.0, (●) 5.0, (♦) 7.0, (■) 9.0 and (▼) 11.0. 
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Figure 8. Influence of Nb2O5 photocatalyst dose on the photocatalytic performance. Dosing: (●) 0.25 g L−1, (■) 0.5 g L−1, (♦) 1.0 g L−1, and (▲) 2.0 g L−1. 
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Figure 9. Methyl Orange azo dye abatement vs photoelectrocatalytic treatment time of 100 mL of solution with 1.0 g L−1 of Nb2O5, 0.20 M of H2O2 at pH 5.0 and dye concentration of: (●) 5 mg L−1, (■) 10 mg L−1, (▼) 15 mg L−1 and (▲) 30 mg L−1. The corresponding kinetic analysis assuming a pseudo-first-order reaction for MO is given in the inset panel. 
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Figure 10. Percentage of color removal achieved after 40 min of solar photoelectrocatalytic treatment of 5 mg L−1 of MO with 1.0 g L−1 of catalyst Nb2O5 in slurry at pH 5.0 with 0.20 M of H2O2 after consecutive reuse of Nb2O5. 
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Table 1. Chemical structure and characteristics of Methyl Orange azo dye.
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	Property
	Characteristics





	IUPAC name
	Sodium 4-{[4-(dimethylamino) phenyl] diazenyl} benzene-1-sulfonate



	Common name
	Methyl Orange



	CAS number
	547-58-0



	Color Index number
	13,025



	M/g mol−1
	327.3



	λmax/nm
	464



	pKa
	3.45



	Chemical formula
	C14H14N3SO3Na



	Chemical structure
	 [image: Catalysts 09 01070 i001]
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Table 2. Comparative performance of visible photocatalytic decolorization of Methyl Orange azo dye with different catalysts to attain over 95% color removal.
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	Photocatalysts
	[Methyl Orange]/mg L−1
	Decolorization Time/Min
	References





	Pd-doped TiO2
	20
	150
	[45]



	Cu-doped TiO2
	10
	140
	[46]



	Cu-doped ZnO
	13
	120
	[47]



	Ag/TiO2
	20
	120
	[48]



	Bi3TiNbO9
	10
	75
	[49]



	Nb2O5
	10
	65
	This work
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