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Abstract

:

The Gd2YSbO7/ZnBiNbO5 heterojunction photocatalyst was synthesized for the first time by the facile in situ precipitation method. The structural properties of a Gd2YSbO7/ZnBiNbO5 heterojunction photocatalyst were characterized by X-ray diffractometer, scanning electron microscope-X ray energy dispersive spectra, X-ray photoelectron spectrograph and UV-Vis diffuse reflectance spectrophotometer. The band gap energy (BGE) of Gd2YSbO7 or ZnBiNbO5 was found to be 2.396 eV or 2.696 eV, respectively. The photocatalytic property of Gd2YSbO7 or ZnBiNbO5 or Gd2YSbO7/ZnBiNbO5 heterojunction photocatalyst (GZHP) was reported. After a visible-light irradiation of 145 minutes (VLI-145 min), the removal rate (RER) of benzotriazole reached 99.05%, 82.45%, 78.23% or 47.30% with Gd2YSbO7/ZnBiNbO5 heterojunction (GZH), Gd2YSbO7, ZnBiNbO5 or N-doped TiO2 (NTO) as photocatalyst. In addition, the kinetic constant k, derived from the dynamic curve toward benzotriazole concentration and visible light irradiation time with GZH as a photocatalyst, reached 0.0213 min−1. Compared with Gd2YSbO7 or ZnBiNbO5 or NTO, GZHP showed maximal photocatalytic activity (PHA) for the photocatalytic degradation of benzotriazole under visible-light irradiation. The RER of total organic carbon during the photocatalytic degradation of benzotriazole reached 90.18%, 74.35%, 70.73% or 42.15% with GZH as a photocatalyst or with Gd2YSbO7, ZnBiNbO5 or NTO as a photocatalyst after VLI-145 min. Moreover, the kinetic constant k, which came from the dynamic curve toward total organic carbon concentration and visible light irradiation time with GZH as a photocatalyst, reached 0.0110 min−1. Based on above results, GZHP showed the maximal mineralization percentage ratio when GZHP degraded benzotriazole. The results showed that hydroxyl radicals was the main oxidation radical during the degradation of benzotriazole. The photocatalytic degradation of benzotriazole with GZH as a photocatalyst conformed to the first-order reaction kinetics. Our research aimed to improve the photocatalytic properties of the single photocatalyst.
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1. Introduction


In recent years, environmental pollution issue has attracted more attention, especially sewage pollution problems, which are closely related to our daily life and health. Benzotriazole was one of most important synthetic compounds in plastic additives, which were used in large quantities in building materials and cooling and heating fluids, paints and dishwashing detergents, metal processing, aircraft deicing and anti-icing, and polymer stabilization [1,2]. Therefore, the environmental and health risk caused by benzotriazole had gradually attracted increasing attention all over the world. Furthermore, benzotriazole was highly water-solubility, and a great deal of residual benzotriazole had been measured in environmental samples [3,4,5,6,7,8]. Large amounts of residual pollutants in the water might result in different degrees of benzotriazole bioaccumulation in an aquatic food web, and might finally be found in the human body. Due to its high water-solubility, low octanol water distribution coefficients, low vapor pressure and fair resistance to biodegradation [9,10,11] characters, the removal of benzotriazole had become more difficult.



Some traditional methods, such as electrochemistry [4,5,6,7], biodegradation [3,4,12], adsorption [8,9,13], and flocculation precipitation [9,11], had been utilized to remove the pollutant in wastewater, such as benzotriazole, alkylphenol, antioxidants, etc.; however, none of these methods had been good enough for use in a wide range of applications. Photocatalysis technology [14,15,16] was widely used in water-cleaning treatment and sewerage treatment due to its advantages of environmental protection, high treatment efficiency and low cost [17,18]. Photocatalyst technology could use sunlight as the energy to realize the activation of photocatalyst instead of using expensive oxidants, which made photocatalyst technology cheap, clean, attractive and promising from the perspective of energy [19]. Photocatalysts could purify sewage by decomposing organic pollutants to produce non-oxidation radicals. After use, the catalyst could be regenerated and recycled, which greatly reduced the cost of the photocatalyst.



The conventional photocatalysts were metal oxides such as TiO2 and ZnO [20,21], considering the economic problems. However, due to its wide band gap, anatase TiO2 could only absorb 5% of the solar energy, which corresponded to the ultraviolet light; thus, the rest of the optical energy was wasted. While exploring new photocatalysts, the abundant endeavors of previous scholars established the realization of the degradation of pollutants during visible light irradiation (VLIR) as a crucial goal for researchers. An important breakthrough was achieved as Zou reported that Ni-doped InTaO4 compound had the ability to respond to the wavelength of visible-light regions in 2001. Zou proved that developing visible-light-responsive photocatalysts using the rest of the sunlight (43%) was possible. Latterly, photocatalysts with a formula of AB2O5 and A2B2O7 were also reported. It was reported that Kapoor et al. [22] investigated the decomposition of gaseous acetaldehyde under UV light irradiation by MgTi2O5 with a pseudo-brookite structure type. Mixed metal oxide MgTi2O5 decomposed acetaldehyde under UV light irradiation. Zhang et al. [23] investigated the photocatalytic degradation (PHD) of methyl orange by La2Ce2O7 powder. Ladan et al. [24] investigated the photocatalytic performance of the nanostructured Bi2Sn2O7 in the degradation of the pollutant malachite green under solar light conditions.



Many effective methods had been used to improve the efficiency of the photocatalysts, such as the ion-doping method, heterojunction construction [25,26,27,28,29,30] and photosensitization [31,32]. Among them, the construction of composites was an active research field in the field of photocatalysis [29,30,31,32,33,34,35]. The function of a single photocatalyst could be improved by using the composite material system [36,37,38,39,40], which could possess a longer carrier life, higher photocatalytic performance and higher chemical stability [41,42,43,44,45,46,47]. In our previous work [48], we found that Sm2FeSbO7 had a pyrochlore type structure. As a photocatalyst under VLIR, its structural modification seemed to have the potential to improve the photocatalytic activity (PHA). Based on the above analysis, we could assume that substituting Sm3+ with Gd3+, and substituting Fe3+ with Y3+ in Sm2FeSbO7, might increase the carrier concentration. The results showed that the electrical transmission and photophysical properties of the new Gd2YSbO7 (GYS) compound had been changed and improved, and the compound Gd2YSbO7 might have advanced photocatalytic properties.



In the photocatalysis process, the heterojunction catalyst showed excellent properties [49,50,51]. The heterojunction construction had a positive effect on the redox performance and electron transfer rate of the catalyst, which caused a high separative efficiency of photoinduced electron and photoinduced hole within two semiconductors [52]. Yu et al. [53] constructed the Bi/BiOCl heterojunction photocatalyst, which exhibited an extraordinarily high activity in the photodegradation of rhodamine B dye and persistent organic pollutants. Wang et al. [54] showed that the Ag2O/Ag3PO4 heterostructure had a high degradation rate for methyl orange and phenol under VLIR in the photocatalytic test. The above results showed that the construction of a photocatalyst with a heterojunction could significantly improve the redox performance of the photocatalyst [55] and improve the overall selectivity and activity of the reaction. In conclusion, the heterojunction construction of a catalyst was a promising application direction. Therefore, the Gd2YSbO7/ZnBiNbO5 heterojunction photocatalyst (GZHP) was designed and synthetized.



In this paper, an X-ray diffraction (XRD), scanning electron microscope-X ray energy dispersive spectra (SEM-EDS), X-ray photoelectron spectrograph (XPS), and UV-Vis spectrophotometer were utilized to analyze the structural properties of pure phase Gd2YSbO7 and single-phase ZnBiNbO5 prepared by the kinetic control method and high-temperature, solid-phase sintering method. In addition, the removal rate of benzotriazole under VLIR with Gd2YSbO7 as a photocatalyst, or ZnBiNbO5 as a photocatalyst or N-doped TiO2 (NTO) as a photocatalyst or Gd2YSbO7/ZnBiNbO5 heterojunction (GZH) as a photocatalyst, was detected. The purpose of this study was to prepare a new heterojunction photocatalyst for removing benzotriazole from wastewater. The innovative research content of this paper was to synthesize a new type of Gd2YSbO7 nanocatalyst, using the high-temperature, solid-phase sintering method, for the first time. A visible light response photocatalyst with a high PHA was obtained, which could effectively remove benzotriazole. The removal of organic pollutants within dye wastewater with GZH as a photocatalyst was more efficient.




2. Result and Discussion


2.1. XRD Analysis


The structure of the as-prepared compound ZnBiNbO5 is confirmed by XRD, as shown in Figure S1, with the JCPDS card of Y2Ti2O7. The structure of the as-prepared product Gd2YSbO7 was also examined by XRD and Materials Studio program was used to obtain the collected data based on Rietveld analysis method. It could be concluded that Gd2YSbO7 or ZnBiNbO5 was a single phase and the lattice parameter of the photocatalyst Gd2YSbO7 or ZnBiNbO5 was 10.653(6) Å or 10.498(7) Å. At the same time, O atoms were considered in the refinement model; the good agreement between the observed and calculated intensities showed that Gd2YSbO7 or ZnBiNbO5 crystalized in the cubic crystal with the space group Fd3m. Figure S2 shows the atomic structure of ZnBiNbO5. The atomic coordinates and structural parameters of Gd2YSbO7 and ZnBiNbO5 are shown in Table S1 and Table S2, respectively.



It was known that the x coordinate of the O (1) atom could be considered as an index of the change in the crystal structure on the pyrochlore-type A2B2O7 compounds (Cubic, space group Fd3m) and was equal to 0.375 when the six A-O (1) bond lengths were the same as that of the two A-O (2) bond lengths [56]. Therefore, information on the distortion of the MO6 (M = Y3+ and Sb5+) octahedra could be gained from the x value [56]. The x value was shifted from x = 0.375 [56]; thus, the distortion of the MO6 (M = Y3+ and Sb5+) octahedra clearly existed in the crystal structure of Gd2YSbO7. Charge separation was required for the PHD of benzotriazole under VLIR for the sake of preventing recombination of the photoinduced electrons and photoinduced holes. Based on the reports of Inoue and Kudo, the local distortion of the MO6 octahedra, obtained from some photocatalysts such as BaTi4O9 and Sr2M2O7 (M = Nb5+ and Ta5+), was very important for preventing the charge recombination and contributed to the improvement in the PHA [57,58]. Therefore, the distortion of the MO6 (M = Y3+ and Sb5+) octahedra in the crystal structure of Gd2YSbO7 could also be considered to be useful for enhancing the PHA. Gd2YSbO7 consisted of a three-dimensional network structure of corner-sharing MO6 (M = Y3+ and Sb5+) octahedra. The MO6 (M = Y3+ and Sb5+) octahedra were connected into chains by Gd3+ ion. Two kinds of Gd-O bond lengths coexisted: the six Gd-O (1) bond lengths (2.491 Å) were clearly longer than the two Gd-O (2) bond lengths (2.230 Å). The six M-O (1) (M = Y3+ and Sb5+) bond lengths was 2.020 Å, and the M-Gd (M = Y3+ and Sb5+) bond length was 3.642 Å. The M-O-M (M = Y3+ and Sb5+) bond angles were 128.640° in the crystal structure of Gd2YSbO7. The Gd-M-Gd (M = Y3+ and Sb5+) bond angles were 135.00° in the crystal structure of Gd2YSbO7. The Gd-M-O (M = Y3+ and Sb5+) bond angles were 139.203° in the crystal structure of Gd2YSbO7. Based on the previous reports on the luminescent properties, when the M-O-M bond angle was closer to 180°, this helped the excited state become delocalized [56]. This showed that the angles between the corner-sharing MO6 (M = Y3+ and Sb5+) octahedra, for example, the M-O-M bond angles for Gd2YSbO7, were important, affecting the PHA of Gd2YSbO7. The closer the M-O-M bond angles were to 180°, the larger the mobilities of the photoinduced electrons and photoinduced holes [56]. The mobilities of the photoinduced electrons and photoinduced holes affected the PHA because they affected the probability of electrons and holes reaching reaction sites on the catalyst surface [56].



In addition, the Gd–Y–O bond angle or Gd–Sb–O bond angle of Gd2YSbO7 was larger, which surely helped to increase the PHA of Gd2YSbO7. As in Gd2YSbO7, Gd was a 5d-block rare earth metal element, Y was a 4d-block metal element, and Sb was a 5p-block metal element. According to the above analysis, the effect of degrading benzotriazole under VLIR with Gd2YSbO7 as a photocatalyst could mainly be attributed to the crystalline structure and electronic structure.




2.2. UV-Vis Diffuse Reflectance Spectra


The absorption spectra of the Gd2YSbO7 sample and ZnBiNbO5 sample are shown in Figure S3. The absorption edge of this new photocatalyst Gd2YSbO7 was found to be at 475 nm, which was at the visible region of the spectrum. The band gap energies of the crystalline semiconductors could be determined by the intersection point between photon energy hν axis and the line extrapolated from the linear portion of the absorption edge of the so-called Kubelka–Munk Equation (1) (known as the re-emission equation) [59,60].


       [  1 −  R d   (  h ν  )   ]   2    2  R d   (  h ν  )    =   α  (  h ν  )   S   



(1)




where S was the scattering factor, and Rd was the diffuse reflectance, and α represented the absorption coefficient of radiation.



The optical absorption near the band edge of the crystalline semiconductors obeyed Equation (2) [61,62]:


αhν = A (hν − Eg)n



(2)







Here, A, α, Eg and ν represent proportional constant, absorption coefficient, band gap and light frequency, respectively. Within this equation, n controls the transition property of the semiconductor. Following the above equation, Eg and n could be determined: (1) plotting ln (αhν) versus ln (hν − Eg) assuming an approximate value of Eg; (2) deducing the value of n in accordance with the slope in this graph; (3) refining the value of Eg by plotting (αhν)1/n versus hν and extrapolating the plot to (αhν)1/n = 0. First, the direct method (1240/transition wavelength λ) was used to estimate the band gap Eg of Gd2YSbO7 or ZnBiNbO5; as a result, the Eg of Gd2YSbO7 or ZnBiNbO5 was estimated to be 2.226 eV (1240/557) or 2.562 eV (1240/484). Secondly, an indirect method (Equation (2)) was utilized to measure the precise band gap width of Gd2YSbO7 or ZnBiNbO5 using 2.226 eV or 2.562 eV within Equation (2). Based on the above steps, the values of Eg for Gd2YSbO7 or ZnBiNbO5 were calculated to be 2.396 eV or 2.696 eV. The value of n was about 0.5, which meant that the optical transition for Gd2YSbO7 was directly allowed. The value of n was about 2, which meant that the optical transition for ZnBiNbO5 was indirectly allowed, as shown in Figure S3.



The band gap energy of Gd2YSbO7 or ZnBiNbO5 was 2.396 eV or 2.696 eV, the band gap energy of Bi3O5I2 was 2.02 eV [63], and the band gap energy of Co-doped ZnO was 2.39 eV [64]. The band-gap energies of all three compounds were less than 2.70 eV, which meant that the above four catalysts owned visible-light response characteristics and possess tremendous potential for displaying high catalytic activity under VLIR.




2.3. Property Characterization of Gd2YSbO7/ZnBiNbO5 Heterojunction Photocatalyst


To obtain the surface chemical compositions and valence states of each element of GZHP, the X-ray photoelectron spectrum (XPS) was performed. Figure 1 presents the XPS survey spectrum of GZHP and Figure 2 shows the XPS spectra of O2−, Gd3+, Y3+, Zn2+, Bi3+, Nb5+ and Sb5+ which derive from GZHP. Based on the full XPS spectrum, the synthesized GZHP included the elements of Gd, Y, Zn, Bi, Nb, Sb and O. According to the XPS analysis results, the oxidation state of Gd, Y, Zn, Bi, Nb, Sb or O ion was +3, +3, +2, +3, +5, +5 or −2, respectively. Based on the above analysis results, that the chemical formula of the novel compound was Gd2YSbO7 and ZnBiNbO5. In Figure 2, various elemental peaks with specific binding energies were obtained according to the peak-differentiating and -imitating (fitting procedure) results [65,66]. The O1s peak of the O element was located at 530.05 eV. The Gd4d5/2 peak of the Gd element was located at 142.10 eV. The Bi4f5/2 and Bi4f7/2 peaks of Bi element were located at 164.20 eV and 159.07 eV. The Sb3d3/2 peak or Sb3d5/2 peak of the Sb element were located at 539.98 eV or 531.50 eV. The Y3d3/2 and Y3d5/2 peaks of the Y element were located at 158.55 eV and 157.02 eV. The Nb3d3/2 and Nb3d5/2 peaks of the Nb element were located at 209.40 eV and 206.60 eV. The Zn2p1/2 peak of the Zn element were located at 1044.30 eV and the Zn2p3/2 peak of the Zn element was located at 1021.65 eV. In brief, Figure 1 and Figure 2 revealed the presence of gadolinium (Gd4d), yttrium (Y3p and Y3d), antimony (Sb3d and Sb4d), bismuth (Bi5d and Bi4f), zinc (Zn2p), niobium (Nb3d) and oxygen (O1s) within the prepared sample. The surface elemental analysis results displayed that the average atomic ratio of Gd:Y:Sb:Zn:Bi:Nb:O was 1146:592:579:586:612: 571:5914. The atomic ratio of Gd:Y:Sb or Zn:Bi:Nb in the sample of GZHP was 1.98:1.02:1.00 or 0.96:1.00:0.93, respectively. The atomic ratio of Gd2YSbO7:ZnBiNbO5 was close to 581:590. The reason that the value of oxygen was high could be due to the amount of oxygen adsorbed on the surface of GZHP. Apparently, the XPS reflections did not show shoulders or widening, which was a strong proof that Gd2YSbO7/ZnBiNbO5 was a pure phase without any other phases.



Figure 3 and Figure 4 show SEM images and the EDS elemental mapping of GZHP (Gd, Y, Sb, O from Gd2YSbO7 and Zn, Bi, Nb, O from ZnBiNbO5). Figure 5 shows the EDS spectra of GZHP. Figure 3 and Figure 4 show that the larger tetragonal particles belonged to Gd2YSbO7 and the smaller circular shaped particles belonged to ZnBiNbO5. As could be seen from Figure 3 and Figure 4, Gd2YSbO7 particles were surrounded by the smaller ZnBiNbO5 particles, and these two particles were tightly combined, which indicated the successful synthesis of GZHP. Gd2YSbO7 possessed a rhombic-dodecahedron-like morphology. It was established that the structural growth in the photocatalyst was controlled by the different surface energies of the crystallite facets. Previously, researchers found the order of increasing surface energy for different facets of silver phosphate (111) < silver phosphate (100) < silver phosphate (110). Among them, the silver phosphate (110) facet showed a higher surface energy than the (111) facet, which is the reason that irregularly shaped silver phosphate structures accumulate along the (110) crystallographic direction, leading to the formation of a rhombic-dodecahedron-like morphology for silver phosphate [67,68]. Therefore, the reason that Gd2YSbO7 has a rhombic-dodecahedron-like morphology could be explained by above explanation. The experimental results shown in Figure 3 indicated that ZnBiNbO5 owned a regular, sphere, snowflake-like morphology and a homogeneous particle distribution. The particle size of ZnBiNbO5 was measured to be around 750 nm, while the larger particle size of Gd2YSbO7 was measured to be about 2300 nm.



The SEM-EDS analysis results revealed that there were no other impure elements in the GZHP compound. At the same time, the pure phase of ZnBiNbO5 was consistent with the X-ray diffraction analysis result displayed in Figure S1. It could be concluded from Figure 4 and Figure 5 that the gadolinium element, yttrium element, antimony element, bismuth element, zinc element, niobium element and oxygen element are contained within GZHP. The above results are consistent with the XPS results of GZHP, shown in Figure 1 and Figure 2. In accordance with the EDS spectrum of GZHP, the atomic ratio of Gd:Y:Sb:Zn:Bi:Nb:O was 1213:547:587:611:572:590:5880, which is also consistent with the XPS results of GZHP. The atomic ratio of Gd2YSbO7:ZnBiNbO5 was close to 587:591. The more accurate stoichiometric ratio of the final product GZHP was summarized as 1168:1181 for Gd2YSbO7:ZnBiNbO5. According to the above results, we could conclude that GZHP was of a high purity under our preparation conditions.




2.4. Photocatalytic Activity


Figure 6 presents the concentration variation (COV) curves of benzotriazole during PHD of benzotriazole with GZH as a photocatalyst, with Gd2YSbO7 as a photocatalyst, with ZnBiNbO5 as a photocatalyst or with NTO as a photocatalyst under VLIR. Figure S4 shows the COV curves of benzotriazole during photocatalytic degradation of benzotriazole in the absence of photocatalyst under VLIR. Figure 6 shows that the removal rate (RER) of benzotriazole was 5.18%, 5.45%, 4.95% or 26.98% with GZH as a catalyst, Gd2YSbO7 as a catalyst, ZnBiNbO5 as a catalyst or with NTO as catalyst under dark conditions for 45 min. Moreover, Figure S4 also shows that the RER of benzotriazole was 2.03% in the absence of a photocatalyst. Figure 6 shows that the concentration of benzotriazole within chemical industry wastewater gradually decreased with an increase in VLIR time. The results obtained from Figure 6 indicated that the removal rate of benzotriazole within chemical industry wastewater reached 99.05%, the reaction rate was 4.55 × 10−9 mol·L−1·s−1 and the photonic efficiency was 0.0956% with GZH as a catalyst after visible light irradiation for 145 min (VLI-145 min). GZHP shows an outstanding removal efficiency in degrading benzotriazole compared with the normal photocatalysts, such as S-TiO2, N-TiO2, C-TiO2 or CdS-TiO2, after VLI-145 min, as shown in Table S3. All the other experiments followed the same VLI-145 min. When Gd2YSbO7, which possessed the specific surface area of 4.12 m2/g and was prepared with the sintering temperature of 1320 °C for 50 h, was used as photocatalyst, the removal rate of benzotriazole reached 82.45%, the reaction rate was 3.79 × 10−9 mol·L−1·s−1 and the photonic efficiency was 0.0796%. When the sintering temperature was set as 950 °C for 50 h, the RER of benzotriazole reached 51.42% with mixed oxides as a catalyst after VLI-145 min. When the sintering temperature was set as 1450 °C for 50 h, the RER of benzotriazole reached 76.21% with Gd2YSbO7, which owned the specific surface area of 3.07 m2/g as a catalyst after VLI-145 min. The removal rate of benzotriazole within chemical industry wastewater reached 78.23%, the reaction rate was 3.597 × 10−9 mol·L−1·s−1 and the photonic efficiency was 0.0754% with ZnBiNbO5 as a photocatalyst. The removal rate of benzotriazole reached 47.30%, the reaction rate was 2.17 × 10−9 mol·L−1·s−1 and the photonic efficiency was 0.0456% with NTO as a photocatalyst. Moreover, the above results suggest that the photodegradation efficiency of benzotriazole in the presence of GZHP was the highest; meanwhile, the photodegradation efficiency of benzotriazole with Gd2YSbO7 as a photocatalyst was higher than that with ZnBiNbO5 as a photocatalyst or with NTO as a photocatalyst. Ultimately, the photodegradation efficiency of benzotriazole with ZnBiNbO5 as a photocatalyst was higher than that with NTO as a photocatalyst, indicating that the visible light PHA of GZHP was maximal compared with that of Gd2YSbO7 or ZnBiNbO5 or NTO. The above results show that the removal rate of benzotriazole with GZH as a catalyst was 1.201 times or 1.266 times or 2.094 times higher than that with Gd2YSbO7 or ZnBiNbO5 as photocatalysts, or with NTO as a photocatalyst, after VLI-145 min.



Figure 7 shows the COV curves of total organic carbon during the PHD of benzotriazole in chemical industry wastewater with GZH, Gd2YSbO7, ZnBiNbO5 or NTO as a photocatalyst under VLIR. The concentration of benzotriazole gradually decreased with an increase in VLIR time. As can be seen in Figure 7, the removal rate of total organic carbon within chemical industry wastewater reached 90.18%, 74.35%, 70.73% and 42.15%, respectively, after VLI-145 min when GZHP, Gd2YSbO7, ZnBiNbO5 and NTO were used to degrade benzotriazole. In conclusion, we can observe from the above results that the removal rate of total organic carbon during degrading benzotriazole in the presence of GZHP was higher than that in the presence of Gd2YSbO7 or ZnBiNbO5 or NTO. The above results also indicate that the removal rate of total organic carbon during the degradation of benzotriazole in the presence of Gd2YSbO7 was much higher than that in the presence of ZnBiNbO5 or NTO, which meant that GZHP showed the maximal mineralization percentage ratio when GZHP degraded benzotriazole compared with Gd2YSbO7 or ZnBiNbO5 or NTO.



Figure 8 presents the COV curves of benzotriazole during PHD with Gd2YSbO7/ZnBiNbO5 heterojunction as a photocatalyst under VLIR for three cycle degradation tests. As seen in Figure 8, the removal rate of benzotriazole reached 97.25%, 96.08% or 94.90%, respectively, after VLI-145 min with GZH as a photocatalyst by accomplishing three cycle tests for degrading benzotriazole. Figure 9 shows the COV curves of total organic carbon during the PHD of benzotriazole with GZH as a catalyst under VLIR for three cycle degradation tests. From Figure 9, we can see that the removal rates of total organic carbon reach 88.19%, 87.02% or 85.27%, respectively. The experimental results obtained from Figure 8 and Figure 9 show that the GZHP has a high stability.



Figure S5 shows the observed first-order kinetic plots for the PHD of benzotriazole with GZH, Gd2YSbO7, ZnBiNbO5 or NTO as a photocatalyst under VLIR. Based on Figure S5, the kinetic constant k, which was obtained from the dynamic curve toward benzotriazole concentration, and VLIR time with Gd2YSbO7/ZnBiNbO5 heterojunction, Gd2YSbO7, ZnBiNbO5 or NTO as a photocatalyst reached 0.0213 min−1, 0.0095 min−1, 0.0077 min−1 or 0.0028 min−1, respectively. The kinetic constant k, which came from the dynamic curve toward total organic carbon concentration, reached 0.0110 min−1, 0.0075 min−1, 0.0065 min−1 or 0.0023 min−1 with GZH, Gd2YSbO7, ZnBiNbO5 or NTO as a photocatalyst. The fact that the KTOC value for degrading benzotriazole was lower than the value of KC for degrading benzotriazole using the same catalyst illustrated that the intermediate photodegradation products of benzotriazole probably appeared during the PHD of benzotriazole under VLIR. Simultaneously, compared with the other three photocatalysts, GZHP presented a higher mineralization efficiency for benzotriazole degradation.



Figure S6 shows the observed first-order kinetic plots for the PHD of benzotriazole with Gd2YSbO7/ZnBiNbO5 heterojunction as a photocatalyst under VLIR for three cycle degradation tests. Based on the results from Figure S6, the kinetic constant k, which was derived from the dynamic curve toward benzotriazole concentration and VLIR time with GZH as a catalyst for three cycle degradation tests, reached 0.0172 min−1, 0.0152 min−1 or 0.0138 min−1. The kinetic constant k, which came from the dynamic curve toward total organic carbon concentration and VLIR time with GZH as a catalyst for three cycle degradation tests, reached 0.0099 min−1, 0.0089 min−1 or 0.0080 min−1. According to the experimental results from Figures S5 and S6, the PHD of benzotriazole in chemical industry wastewater with GZH as a catalyst under VLIR conformed to the first-order reaction kinetics.



From Figure S6, the removal rate of benzotriazole is shown to decrease by 4.15% with GZH as a catalyst under VLIR after three cycle degradation tests, and the removal rate of total organic carbon decreased by 4.91%. No significant difference could be seen for the degradation efficiency in the above three cycle experiments, and the photocatalyst structure of GZHP was stable.



Figure 10 presents the effect of different radical scavengers, such as benzoquinone (BQ) or isopropanol (IPA) or ethylenediamine tetraacetic acid (EDTA), on the removal rate of benzotriazole with GZH as a catalyst under VLIR. To determine the mechanism used to degrade benzotriazole, different radical scavengers were separately added to the benzotriazole solution at the beginning of the photocatalytic experiment. Isopropanol (IPA) was used to capture hydroxyl radicals (•OH); Benzoquinone (BQ) was utilized to capture superoxide anions (•O2−); Ethylenediaminetetraacetic acid (EDTA) was used to capture holes (h+). The scheming IPA, BQ or EDTA concentration was 0.15 mmol L−1, and the amount of IPA, BQ or EDTA added was 1 mL. According to Figure 10, while the IPA, BQ or EDTA were added to the benzotriazole solution, the removal rate of benzotriazole decreased by 68.16%, 59.41% or 36.75%, respectively, compared with the removal rate of benzotriazole that was derived from the control group. Thus, it could be concluded that •OH, h+ and •O2− were all active radicals during the benzotriazole degradation process. Figure 10 shows that •OH in the benzotriazole solution played a leading role when benzotriazole was degraded with GZH as a photocatalyst under VLIR. By adding a capture agent, the hydroxyl radicals was shown to possess a maximal oxidation removal ability for removing benzotriazole in chemical industry wastewater compared with superoxide anion or holes. The oxidation removal ability for degrading benzotriazole, which ranged from high to low among the three oxidation radicals, was as follows: hydroxyl radicals > superoxide anions > holes.



Nyquist impedance plot measurement was another important characterization, which showed the photogenerated electron and photogenerated hole migration process of the prepared photocatalysts at solid/electrolyte interfaces. The smaller the arc radius, the higher the transportation efficiency of the photocatalysts. Figure S7 shows the corresponding Nyquist impedance plots of the prepared GZHP or Gd2YSbO7 photocatalyst or ZnBiNbO5 photocatalyst. It could easily be seen that the diameter of the arc radius was in the order ZnBiNbO5 > Gd2YSbO7 > GZHP. The above results indicate that the prepared GZHP presented a more efficient separation of the photogenerated electron and photogenerated hole, and a faster interfacial charge migration ability.




2.5. Possible Degradation Mechanism Analysis


Figure 11 shows the possible PHD mechanism of benzotriazole with GZH as a catalyst under VLIR. The potentials of the valence band (VB) and conductor band (CB) for the semiconductor catalyst could be calculated in accordance with Equation (3) and Equation (4), as follows [69]:


ECB = X − Ee − 0.5Eg



(3)






EVB = ECB + Eg



(4)




where Eg presents the band gap of the semiconductor, X presents the electronegativity of the semiconductor, and Ee presents the energy of free electrons on the hydrogen scale, which was about 4.5 eV. According to the above equations, the VB potential or the CB potential for ZnBiNbO5 were estimated to be 2.749 eV or 0.053 eV, respectively. For Gd2YSbO7, the VB potential or the CB potential were estimated to be 1.745 eV and −0.651 eV, respectively. Both ZnBiNbO5 and Gd2YSbO7 could absorb visible light and internally generated electron–hole pairs when the GZHP was irradiated by visible light. Since the redox potential position of CB of Gd2YSbO7 (−0.651 eV) was more negative than that of ZnBiNbO5 (0.053 eV), the electrons photoinduced on the CB of Gd2YSbO7 could transfer to the CB of ZnBiNbO5. Additionally, the redox potential position of VB of ZnBiNbO5 (2.749 eV) was more positive than that of Gd2YSbO7 (1.745 eV), and the photoinduced holes on the VB of ZnBiNbO5 could transfer to the VB of Gd2YSbO7. Therefore, the coupling of ZnBiNbO5 and Gd2YSbO7 to produce GZHP could effectively reduce the recombination rate of photoinduced electrons and photoinduced holes, and subsequently decrease the internal resistance, and prolong the lifetime of photo-induced electrons and photo-induced holes, as well as enhancing the interfacial charge transfer efficiency [70]. As a result, more oxidative radicals, such as •OH or •O2−, could be produced to improve the degradation efficiency of benzotriazole. Moreover, the CB potential of Gd2YSbO7 was −0.651 eV, which is more negative than that of O2/•O2− (−0.33 V), indicating that the electrons within the CB of Gd2YSbO7 could absorb oxygen to produce •O2−, which could degrade benzotriazole (as shown as path 1 in Figure 11). At the same time, the VB potential of ZnBiNbO5 was 2.749 eV, which was more positive than that of OH−/•OH (2.38 V), indicating that the holes in the VB of ZnBiNbO5 could oxidize H2O or OH− into •OH to degrade benzotriazole, as shown as path 2. As shown in path 3, the benzotriazole could be oxidized and degraded directly because of the strong oxidizing ability of the holes that were photoinduced in the VB of Gd2YSbO7 or ZnBiNbO5. In sum, the excellent PHA of GZHP toward benzotriazole degradation was mainly credited to the high efficiency of the electron–hole separation induced by GZHP.



To study the degradation mechanism of benzotriazole, the intermediate products that were generated during the degradation process of benzotriazole were detected by LC–MS. The intermediate products obtained during the PHD of benzotriazole were identified as C6H5N3O (m/z =136), C7H7N3 (m/z = 134), C5H5N3O2 (m/z = 138), C5H5N3O4 (m/z = 172), C6H5N3O4 (m/z =184), C4H3N3O4 (m/z = 158), C6H5N3O2 (m/z = 152), C4H5N3O2 (m/z = 128) and C7H7N3O (m/z = 150). According to the above-detected intermediate products, the PHD pathway of benzotriazole was proposed. Figure 12 presents the suggested PHD pathway scheme of benzotriazole under VLIR with Gd2YSbO7/ZnBiNbO5 heterojunction as a photocatalyst. Figure 12 shows that the oxidation reaction and methylation reaction of the triazole ring were realized during the PHD process of benzotriazole. As expected, benzotriazole was converted into small-molecule organic compounds; therefore, the new small-molecule products could combine with other organic active groups and finally turn into CO2 and water.





3. Experimental Section


3.1. Materials and Reagents


Ethylenediaminetetraacetic acid (EDTA, C10H16N2O8, purity = 99.5%) and isopropyl alcohol (IPA, C3H8O, purity ≥ 99.7%) were analytical grade. P-benzoquinone (BQ, C6H4O2, purity ≥ 98.0%) was chemical grade. Moreover, the above chemical reagents were all purchased from Sinopharm Group Chemical Reagent Co., Ltd. (Beijing, China). Absolute ethanol (C2H5OH, purity ≥ 99.5%) conformed to American Chemical Society Specifications and was purchased from Aladdin Group Chemical Reagent Co., Ltd. (Beijing, China). Benzotriazole (C6H5N3, purity ≥ 98%) was gas chromatography grade and was purchased from Tianjin Bodi Chemical Co., Ltd., Tianjin, China as the model material. Ultra-pure water (18.25 MU cm) was utilized throughout this work.




3.2. Preparation Method of Gd2YSbO7


Gd2YSbO7 was synthesized by solid-phase sintering method at a high temperature using Gd2O3 (99.99%), Y2O3 (99.99%) and Sb2O5 (99.99%) (Sinopharm Group Chemical Reagent Co., Ltd, Shanghai, China). In order to confirm the molar ratio of the raw oxides, the volatility of the raw oxide was tested using the following procedures: 1 g Gd2O3, 1 g Y2O3 and 1 g Sb2O5 were separately weighed and ground for 3 h in an agate mortar, and the above three raw oxides were separately placed in the alumina crucible (Shenyang Crucible Co., LTD, Shenyang, China) and then calcined at 1320 °C for 20 h in a high-temperature electric furnace (KSL 1700X, Hefei Kejing Materials Technology CO., LTD, Hefei, China). After cooling to room temperature, the three raw oxides were weighed again. As Gd2O3, Y2O3 or Sb2O5 still weighed 1 g after high-temperature sintering, the above three raw oxides were not volatile at 1320 °C. Therefore, a final molar ratio of n(Gd2O3):n(Y2O3):n(Sb2O5) = 2:1:1 was determined. Before the experiment, all powders were dried at 200 °C for 4 h. The precursors were stoichiometrically (n(Gd2O3):n(Y2O3):n(Sb2O5) = 2:1:1) mixed, then pressed into small columns, placed into an alumina crucible and calcined at 400 °C for 2 h. When naturally cooled to room temperature, the raw materials and the small columns were taken out of the electric furnace. The mixed materials should be ground and, subsequently, these mixed materials should be put into the electric furnace. Ultimately, the calcination process was separately carried out at 1320 °C for 50 h in an electric furnace. To clarify the preparation technology, a schematic representation of the synthesis process of the Gd2YSbO7 is shown in Figure S8a.




3.3. Preparation Method of ZnBiNbO5


ZnBiNbO5 was synthesized by the solid-phase sintering method at a high temperature using ZnO (99.99%), Bi2O3 (99.99%) and Nb2O5 (99.99%) (Sinopharm Group Chemical Reagent Co., Ltd., Shanghai, China). In order to confirm the molar ratio of the raw oxides, the volatility of the raw oxides was tested using the following procedures: 0.02 mol ZnO, 0.01 mol Bi2O3 and 0.01 mol Nb2O5 were separately weighed and were ground for 3 h in an agate mortar; the above three oxides were separately placed in an alumina crucible (Shenyang Crucible Co., LTD, Shenyang, China) and then calcined at 1100 °C for 25 h in a high-temperature electric furnace (KSL 1700X, Hefei Kejing Materials Technology CO., LTD, Hefei, China). After naturally cooling to room temperature, the quality of ZnO or Bi2O3 or Nb2O5 was remeasured and converted to a mole mass again. The results showed that 0.02 mol ZnO and 0.01 mol Nb2O5 remained unchanged. However, only 0.008 mol Bi2O3 was left, which meant that, when the temperature was 1100 °C, the Bi2O3 would be volatile. After five failed experiments, we concluded that the mole mass of 20% for Bi2O3 volatilized; as a result, the actual mole mass dosage of Bi2O3 should be 120% of the planned dosage. Therefore, a final molar ratio of n(ZnO):n(Bi2O3):n(Nb2O5) = 2:1.2:1 was determined.



These fully mixed materials were stoichiometrically (n(ZnO):n(Bi2O3):n(Nb2O5) = 2:1.2:1) quantified and put into a ball mill to obtain the final partial size of 1–2 µm. To ensure purity, all the powders were dried at 200 °C for 4 h before synthesis. Then, these powders were mixed in an aluminum oxide crucible after pressing into disks and, finally, these powders were sintered in an electric furnace at 400 °C for 8 h. After crushing and pressing, the mixture was sintered again in an electric furnace at 1100 °C for 25 h. Finally, pure ZnBiNbO5 catalyst was obtained after total grinding. To clarify the above preparation technology, a schematic representation of the synthesis process of the ZnBiNbO5 is shown in Figure S8b.




3.4. Synthesis of N-Doped TiO2


Nitrogen-doped titania (NTO) catalyst was prepared by sol-gel method; as a result, the precursor and solvent were tetrabutyl titanate and ethanol, respectively. Then, the following steps were carried out: (1) Solution A was made with 17 mL tetrabutyl titanate and 40 mL absolute ethyl alcohol; (2) Solution B consisted of 40 mL absolute ethyl alcohol, 10 mL glacial acetic acid and 5 mL double distilled water; (3) Under magnetic stirring condition, solution A was added drop by drop into solution until a transparent colloidal suspension was formed; (4) Aqua ammonia (N/Ti proportion was 8 mol%) was put into colloidal suspension and the magnetic stirring condition was maintained for 1 h. Next, the xerogel was generated after being aged for 2 days. The xerogel was ground into powder, which was calcined at 500 °C for 2 h; subsequently, the above powder was ground in agate mortar and screened by shaker to obtain NTO powders.




3.5. Synthesis of Gd2YSbO7/ZnBiNbO5 Heterojunction Photocatalyst


First, 0.30 mol/L Gd (NO3)3·6H2O, 0.15 mol/L Y(NO3)3·6H2Oand 0.15 mol/L SbCl5 were mixed and stirred for 20 h. The aforementioned solution was transferred into a Teflflon-lined autoclave, and then the temperature was raised to 200 °C for 15 h. Subsequently, the obtained powder was calcined at 800 °C for 10 h in a tube furnace at a rate of 8 °C/min under an atmosphere of N2. Gd2YSbO7 powder was finally obtained. Secondly, 0.30 mol/L Zn (NO3)2·6H2O, 0.15 mol/L Bi(NO3)3·5H2O and 0.15 mol/L NbCl5 were mixed and stirred for 20 h. This solution was transferred into a Teflflon-lined autoclave and heated at 200 °C for 15 h. Subsequently, the obtained powder was calcined at 790 °C for 10 h in a tube furnace at a rate of 8 °C min under an atmosphere of N2. ZnBiNbO5 powder was finally obtained.



A facile solvothermal method [71] was utilized to synthesize the new GZHP in this paper. GZHP was prepared by mixing 400 mg of Gd2YSbO7 with 400 mg of ZnBiNbO5 in 200 mL of octanol (C8H18O); then, the ultrasonic bath was used to disperse for 1 h. The mixture was then heated and refluxed at 140 °C for 2 h under vigorous stirring conditions to improve attachment of ZnBiNbO5 to the surface of Gd2YSbO7 nanoparticles to form GZHP. After being cooled to room temperature, the products were collected by centrifugation and then the mixture of n-hexane/ethanol was utilized to wash the sample several times. At last, the purified powders were dried at 60 °C for 6 h. Finally, GZHP was successfully prepared. To clarify this preparation technology, a schematic representation of the synthesis process of the Gd2YSbO7/ZnBiNbO5 heterojunction photocatalyst is shown in Figure S8c.




3.6. Characterizations


The pure crystals of the prepared samples were examined by the powder X-ray diffractometer (XRD, Shimadzu, XRD-6000, Cu Kɑ radiation, λ = 1.5418 Å, sampling step length of 0.02°, preset time of 0.3 s step−1, 2 theta of 10–80°). The scanning speed of the XRD instrument was 70°, which took 70 min; thus, each degree took 60 s. Each degree was divided into 50 steps, and each step took 1.2 s. The morphology and microstructure of the prepared samples were characterized using scanning electron microscope (SEM, FEI, Quanta 250) and the elementary composition derived from the samples prepared above prepared was captured by energy-dispersive spectroscopy (EDS). SEM minimized the amount of sample preparation required, and the low vacuum and ESEM abilities enabled charge-free imaging and analysis. Quanta’s patented “through-the-lens” differential pressure vacuum technology enabled EDS and EBSD analysis of samples under high- and low-vacuum conditions for enhanced analytical abilities. Stable high beam current (up to 2 μA) enabled fast and accurate analysis. The surface of the sample was plated with gold, and the catalyst powder was evenly coated on the disk to complete the surface imaging and obtain surface morphology and composition information for the sample. A diffuse reflectance spectrum was obtained for the sample prepared above using an UV-Vis spectrophotometer (UV-Vis DRS, Shimadzu, UV-3600). Shimadzu UV-3600 could extend the measurement range from the most common single-beam spectrophotometer to a deep UV-VIS-NIR spectrophotometer for UV and NIR regions. Photomultiplier tubes were used in the ultraviolet and visible regions; InGaAs and PbS detectors were used in the near-infrared region. The InGaAs detector covered the weak range of photomultiplier tubes and PbS detectors, ensuring high sensitivity over the entire measurement range. The surface chemical composition and states of the prepared sample were analyzed by X-ray photoelectron spectrograph (XPS, UlVAC-PHI, PHI 5000 VersaProbe) with an Al-kα X-ray source. The PHI 5000 VersaProbe was a multifunctional analytical instrument for PHI Scanning XPS Microprobe Devices in PHI’s industry-leading ZL Scanning X-Ray Technology and ZL Dual Beam Neutralization Technology. Scanning focused X-ray technology was the core technology of VersaProbe. Monochromatic, scanning, and focused X-ray sources allowed for a better analysis of microscopic and macroscopic regions, and all X-ray settings (including those with a beam spot diameter of less than 10 µm) could be used for spectral analysis, depth profiling and image analysis.




3.7. Photoelectrochemical Experiments


The electrochemical impedance spectroscopy (EIS) experiment was performed by a CHI660D electrochemical station (Chenhua Instruments Co. Shanghai, China) with a standard three-electrode. The three-electrode consisted of a working electrode (as-prepared catalysts), counter-electrode (platinum plate) and reference electrode (Ag/AgCl electrode). The electrolyte was Na2SO4 aqueous solution (0.5 mol/L). The light source for the experiment was a 500 W Xe lamp with a UV cut-off filter. The preparation of the working electrode was as follows: we pkaced the sample (0.03 g) and chitosan (0.01 g) in dimethylformamide (0.45 mL), and then we used ultrasonic treatment for an hour to obtain a uniform suspension solution. Subsequently, they were trickled on indium tin oxide (ITO)-conducting glass (10 mm × 20 mm). At last, the working electrode was dried at 80 °C for 10 min.




3.8. Experimental Setup and Procedure


All the experiments were carried out in a photocatalytic reactor (XPA-7, Xujiang Electromechanical Plant, Nanjing, China) and the temperature of the reaction system was 20 °C, controlled by circulating cooling water. Simulated sunlight irradiation was provided by a 500 W xenon with a 420 nm cut-off filter. For the same 12 quartz tubes, the volume of a single reaction solution was 40 mL, and the total reaction volume for chemical industry wastewater was 480 mL. The dosage of Gd2YSbO7 or ZnBiNbO5 or GZHP was 0.75 g/L; the concentration of benzotriazole was 0.040 mmol/L. The concentration of benzotriazole was the residual concentration after biodegradation for practical chemical industry wastewater, which contained a benzotriazole concentration of 1.2 mmol/L. During the reaction, 3 mL suspension was periodically withdrawn, and 27 mL suspension was taken to measure the concentration of residual benzotriazole after VLI-145 min; subsequently, the filtration (0.22 μm PES polyether sulfone filter membrane) was used to remove the catalyst. Finally, the residual concentration of benzotriazole in solution was determined by Agilent 200 high-performance liquid chromatography (Agilent Technologies, Palo Alto, CA, USA) with an UV detector and a Zorbax 300SB-C18 column (4.6 mm × 150 mm, 5 um). The mobile phase consisted of 50% CH3CN and 50% distilled deionized water. The UV detection wavelengths were located at 254 nm. The injection volume of post-photodegradation benzotriazole solution was 10 uL, and the flow rate was 1 mL·min−1. Prior to VLIR, we maintained magnetic stirring conditions in darkness for 45 min to guarantee the suspension (contained the photocatalyst and benzotriazole) in adsorption/desorption equilibrium among the photocatalyst, benzotriazole and atmospheric oxygen. During VLIR, the suspension was stirred at 500 rpm.



The mineralization experimental data for benzotriazole within the reaction solution were measured using a total organic carbon analyzer (TOC-5000 A, Shimadzu Corporation, Kyoto, Japan). To detect the concentration of total organic carbon during the PHD of benzotriazole, potassium acid phthalate (KHC8H4O4) or an anhydrous sodium carbonate was utilized as a standard reagent. Standard solutions of potassium acid phthalate with a known carbon concentration (in the range of 0–100 mg/L) were prepared for calibration purposes. Nine samples, which contained 68 mL reaction solution, were used to measure TOC concentration after VLI-145 min.



The identification and measurement of benzotriazole and its intermediate degradation products were carried out using liquid chromatography–mass spectrometry (LC-MS, Thermo Quest LCQ Duo, Thermo Fisher Scientific Corporation, Waltham, MA, USA. Beta Basic-C18 HPLC column: 150 × 2.1 mm, ID of 5 μm, Thermo Fisher Scientific Corporation, Waltham, MA, USA.). Here, 20 μL of solution, obtained after the photocatalytic reaction, was automatically injected into the LC–MS system. The mobile phase contained 60% methanol and 40% ultrapure water, and the flow rate was 0.2 mL/min. MS conditions included an electrospray ionization interface, capillary temperature of 27 °C with a voltage of 19.00 V, spray voltage of 5000 V and a constant sheath gas flow rate. The spectrum was acquired in the negative ion scan mode and the m/z ranged from 50 to 600.



The incident photon flux Io, which was tested by a radiometer (Model FZ-A, Photoelectric Instrument Factory Beijing Normal University, China), was determined as 4.76 × 10−6 Einstein L−1 s−1 under VLIR (wavelength range of 400–700 nm). The incident photon flux on the photoreactor was changed by adjusting the distance between the photoreactor and the Xe arc lamp.



The photonic efficiency was calculated in accordance with the following Equation (5):


ϕ = R/Io



(5)




where ϕ was the photonic efficiency (%), R was the degradation rate of benzotriazole (mol L−1 s−1), and Io was the incident photon flux (Einstein L−1 s−1).





4. Conclusions


For the first time, an efficient photocatalyst Gd2YSbO7 was successfully synthetized by the solid-phase sintering method at a high temperature. Furthermore, considering the superiority of the heterojunction construction, GZHP was synthesized by a facile solvothermal method. The photophysical properties and the photocatalytic properties of Gd2YSbO7 and GZHP were investigated via SEM, XRD, UV-Vis DRS and XPS tests. Based on the related tests and the analysis of the results, the prepared Gd2YSbO7 was pure phase and crystallized in a pyrochlore structure with the space group Fd3m. The lattice parameter and the band gap of Gd2YSbO7 were a = 10.653(6) Å and 2.396 eV, respectively. GZHP was proved to be an effective photocatalyst for removing benzotriazole in wastewater; after VLI-145 min, the RER of benzotriazole and total organic carbon reached 99.05% and 90.18%, respectively. The RER of benzotriazole with GZH as a photocatalyst was 1.201 times or 1.266 times or 2.094 times higher than that with Gd2YSbO7, ZnBiNbO5 or NTO as a photocatalyst after VLI-145 min. Furthermore, the kinetic constant k reached 0.0110 min−1. Therefore, it could be concluded that using a GZH as photocatalyst might be a potent method for treating wastewater polluted by benzotriazole. A degradation mechanism for benzotriazole was proposed, and nine intermediate products were detected during the degradation process of benzotriazole; as a result, the oxidation reaction and methylation reactions of the triazole ring were realized during the PHD process of benzotriazole. Finally, conceivable photodegradation pathways for the degradation of benzotriazole were presented.
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Figure 1. XPS survey spectrum of the GZHP. 
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Figure 2. (a) XPS spectra of O2− and Sb5+ derived from the GZHP; (b) XPS spectra of Gd3+ derived from the GZHP; (c) XPS spectra of Y3+ and Bi3+ derived from the GZHP; (d) XPS spectra of Zn2+ derived from the GZHP; (e) XPS spectra of Nb5+ derived from the GZHP. 






Figure 2. (a) XPS spectra of O2− and Sb5+ derived from the GZHP; (b) XPS spectra of Gd3+ derived from the GZHP; (c) XPS spectra of Y3+ and Bi3+ derived from the GZHP; (d) XPS spectra of Zn2+ derived from the GZHP; (e) XPS spectra of Nb5+ derived from the GZHP.
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Figure 3. SEM photograph of Gd2YSbO7/ZnBiNbO5 heterojunction photocatalyst. 
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Figure 4. EDS elemental mapping of Gd2YSbO7/ZnBiNbO5 heterojunction photocatalyst (Gd, Y, Sb, O from Gd2YSbO7 and Zn, Bi, Nb, O from ZnBiNbO5). 
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Figure 5. EDS spectrum of Gd2YSbO7/ZnBiNbO5 heterojunction photocatalyst. 
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Figure 6. Concentration variation curves of benzotriazole during photocatalytic degradation of benzotriazole with GZH or Gd2YSbO7 as photocatalysts, or with ZnBiNbO5 or NTO as photocatalysts under VLIR. 
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Figure 7. Concentration variation curves of total organic carbon during the photocatalytic degradation of benzotriazole in chemical industry wastewater with Gd2YSbO7/ZnBiNbO5 heterojunction, Gd2YSbO7, ZnBiNbO5 or NTO as a photocatalyst under VLIR. 
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Figure 8. Concentration variation curves of benzotriazole during the photocatalytic degradation of benzotriazole in chemical industry wastewater with Gd2YSbO7/ZnBiNbO5 heterojunction as photocatalyst under VLIR for three cycle degradation tests. 
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Figure 9. Concentration variation curves of total organic carbon during photocatalytic degradation of benzotriazole in chemical industry wastewater with Gd2YSbO7/ZnBiNbO5 heterojunction as photocatalyst under VLIR for three cycle degradation tests. 
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Figure 10. (a) Effect of different radical scavengers on the removal rate of benzotriazole with Gd2YSbO7/ZnBiNbO5 heterojunction as photocatalyst under VLIR; (b) Effect of different radical scavengers such as benzoquinone (BQ), isopropanol (IPA) or ethylenediamine tetra-acetic acid (EDTA) on the removal efficiency of benzotriazole with Gd2YSbO7/ZnBiNbO5 heterojunction as photocatalyst under VLIR. 
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Figure 11. Possible photocatalytic degradation mechanism of benzotriazole with Gd2YSbO7/ZnBiNbO5 heterojunction as photocatalyst under VLIR. 
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Figure 12. Suggested photocatalytic degradation pathway scheme for benzotriazole under VLIR with Gd2YSbO7/ZnBiNbO5 heterojunction as photocatalyst. 
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