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Heterogeneous photocatalysis is a highly efficient process for degrading recalcitrant and emerging pollutants. Rhodamine B (RhB) is a nonbiodegradable and highly refractory compound persistent in conventional processes. In this work, we investigate the photocatalytic activity of gallium-based catalysts undoped (GO) and doped with Fe ions (GOFe). Catalysts were synthesized by simple precipitation assisted with an ultrasonic transducer and subjected to thermal treatment at different temperatures (500, 650, 800 and 950°C). They were characterized by thermogravimetric analysis (TGA), Fourier transform infrared (ATR-FTIR) spectroscopy, and X-ray diffraction (XRD). Catalysts were tested in the discoloration of Rhodamine B dye. Experiments were carried out at different pH values (3.00, 5.00 and 9.00) in the presence of H2O2 and using Visible and Visible-UV light sources as study variables. Better discoloration results were observed for GO and GOFe under acid environments (pH = 3.00) for both light sources. GO and GOFe photocatalyst showed high effectiveness in the discoloration of RhB completing the process in 300  min, under a Visible-UV lamp at pH = 3.00. Incorporating Fe ions into the gallium oxides matrix decreases its bandgap, allowing it to activate under visible light. The discoloration process exhibited pseudo-zero-order apparent kinetics.
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1 INTRODUCTION
In recent years, gallium oxides have gained increasing attention due to their electrical, thermal, optical, chemical, and catalytic properties (Manandhar et al., 2019), as well as due to their importance in mature and emerging technologies (Pearton et al., 2019). Gallium oxides are obtained after oxyhydroxides are subjected to a thermal process (Kumar et al., 2015; Suman et al., 2021). Thus, thermal treatment at an optimal temperature becomes a key parameter for the nanostructure to improve its surface smoothness and crystallization (Suman et al., 2021). Ga2O3 has six polymorphs structures: α (rhombohedral), β (monoclinic), γ (cubic defective spinel), δ (body-centred cubic), ϵ (pseudo-hexagonal) and κ (orthorhombic) (Nikolaev et al., 2019; Tak et al., 2021; Sprincean et al., 2021). Among these structures, the α-Ga2O3 phase is obtained after the oxyhydroxides are subjected at temperatures around 395°C, while the β-Ga2O3 phase is obtained at 758°C. β-Ga2O3 is the most thermodynamically stable phase, and it possesses excellent chemical stability. The order of the phase formation energies is: β [image: image] ϵ > α > δ > γ (Tak et al., 2021).
Different methods for synthesizing gallium oxyhydroxides, GaO(OH) nanostructures, have been reported. These methods include sol-gel (Cheah et al., 2020), hydrothermal (Quan et al., 2010; Suman et al., 2021), precipitation (Parveen et al., 2018), coprecipitation (Venediktova et al., 2017), thermal and microwave plasma chemical vapor (Zhu et al., 2006; Stijepovic et al., 2015; Rex et al., 2019), microwaves (Deshmane et al., 2010; Yuwen et al., 2020), ultrasonic (Parveen et al., 2018). Analogously, other precursors have been reported, such as nitrates (Quan et al., 2010; Shan et al., 2017; Das et al., 2019; Suman et al., 2021), chlorides (Suman et al., 2021) and organic compounds (Stijepovic et al., 2015; Suman et al., 2021) of gallium and, recently, gallium and gallium based liquid metals (Kumar et al., 2015; Shan et al., 2017). Gallium oxide is a semiconductor material with wide bandgap energy ([image: image] eV), and thus its redox potential is higher than TiO2 catalysts ([image: image] eV) (Zhao et al., 2012; Pearton et al., 2019). This can be attributed to the higher oxidation and reduction power of the hole-electron photogenerated on the surface of Ga2O3. Therefore, Ga2O3 is considered a promising material for applications in pollutant degradation (Hidaka and Tsukamoto, 2019), CO2 reduction (Li et al., 2018), water splitting (Zong and Li, 2018), among other emerging applications. β-Ga2O3 had the highest photoactivity compared to the α and γ crystalline phases. It is a better photocatalyst for the degradation of organic compounds (Reddy et al., 2015; Hidaka and Tsukamoto, 2019). Gallium oxides have demonstrated good photocatalytic activity for the degradation of dyes (Das et al., 2019; Zhang et al., 2020; Du et al., 2021), emerging contaminants, among other pollutants (Zhao et al., 2011; Hidaka and Tsukamoto, 2019). Das et al. (2019) researched the photocatalytic activity of porous brick-like low dimensional Ga2O3 nanostructures for discoloration of rhodamine and methyl orange, reporting a complete discoloration. Zhang et al. (2020) synthesized Ga2O3 and GaN@Ga2O3 nanowire arrays and tested their photocatalytic activity in the degradation of Rhodamine B (RhB) solution. They reported that GaN@Ga2O3 nanowires showed a superior activity than gallium oxides and GaN nanowires (Zhang et al., 2020). Du et al. (2021) synthesized Zn-doped Ga2O3 nanofibers, at different Zn concentrations, and determined their photocatalytic properties in the discoloration of RhB solution. They found that the catalytic performance of Zn-doped Ga2O3 nanofibers is improved respect to undoped Ga2O3, with a better photocatalytic performance at Zn concentration ranging from 5 to 10%.
The optical properties of materials for optoelectronic and photocatalytic applications can be improved by doping those materials. Gallium oxides have been doped with N, S, In, Tl, Se, Sn, Cr, Cu, Ti, Mn, Mo, Ni, Zn, Pb and W. These metals promote changes in their optical absorption and band gap, enhancing their photocatalytic activity (Choi and Son, 2017; Venediktova et al., 2017; Manandhar et al., 2019; Yuwen et al., 2020; Roy and Ramana, 2021). Du et al. (2021) investigated the site replacement of Ga atoms by Zn atoms. They obtained that Zn improved the separation of photogenerated carriers, enhancing the photocatalytic performance. Ga2O3 doped with transition cations, such as Co2+, Mn2+ and Fe2+, has also attracted attention due to their unusual magnetic and catalytic properties (Venediktova et al., 2017). Furthermore, the presence of these cations (Co2+, Mn2+ and Fe2+) in the matrix of Ga2O3 intrude impurity states resulting in a decrease in the band gap of Ga2O3 (Li et al., 2018; Wang et al., 2018), allowing to activate them under visible light. The study of electrical and magnetic properties of gallium oxides doped with Co2+, Mn2+ and Fe2+ has been reported in the literature (Li et al., 2018; Wang et al., 2018; Roy and Ramana, 2021). However, there are a limited number of publications addressing the photocatalytic properties of these materials, which is the main aim of this work.
This work reports the photocatalytic activity of gallium and Fe-doped gallium oxides by the discoloration process of a model dye (Rhodamine B) under three different pH of reaction (3.00, 5.00 and 9.00) and two light sources (visible and UV-visible light) using Fe-doped and undoped gallium oxides as catalysts, being this latter the reference case. The properties of the catalysts were determined by thermogravimetric analysis (TGA), Fourier transform infrared (ATR-FTIR) spectroscopy and X-ray diffraction.
2 MATERIALS AND METHODS
2.1 Materials
Gallium based catalysts were synthesized from procured highly pure precursor materials, gallium nitrate (Ga(NO3)3, 99.9% purity, Aldrich), hydroxide ammonium (NH4OH, 26–30%) and nitrate ferric (Fe(NO3)3, 99.9%). Rhodamine B (C28H31ClN2O3, 99.9%) was used as the pollutant model. pH adjustment was done with nitric acid (HNO3, 60, −,66% conc.) and sodium hydroxide (NaOH, 98%). All chemicals were purchased from Merk as A.C.S reagent grade, and used as received without further purification.
2.2 Synthesis Methods
Gallium oxides (GO) and Fe ion-doped gallium oxides (GOFe) were synthesized following the same methodology. GO and GOFe were synthesized by simple precipitation of a gallium nitrate aqueous solution 0.1 M with NH4OH at pH = 10, coupled with an ultrasonic transducer (Shan et al., 2017; Parveen et al., 2018). For GOFe, an aqueous solution of ferric nitrate (6 mM) was prepared by slowly adding it to a gallium nitrate solution (0.1 M) under constant stirring. Subsequently, the NH4OH solution (10% in vol.) was added dropwise and kept under constant stirring until a pH of 10 was reached. The Ga:Fe mass ratio was 95 : 05. Then, this suspension was subjected to an ultrasonic process, using an ultrasonic transducer (SONICS Vibra Cell 750), at 450 W for 30 min. Synthesized GO and GOFe photocatalysts undergone an aging process for 24 h. Then, GO and GOFe photocatalysts were dried in an oven at 50°C overnight. To investigate the effect of heat treatment on the catalyst phase formation, the above GO samples were treatment at 500, 650, 800 and 950°C for 3 h at the corresponding temperature in TERLAB muffle (25–1,100°C ± 1°C) in an oxygen atmosphere. The samples were labeled as GO 500, GO 650, GO 800 and GO 950. In turn, the GOFe was only treated at 950°C for 3 h.
2.3 Characterization
The materials were characterized by thermogravimetric analysis (TGA), Fourier transform infrared (ATR-FTIR) spectroscopy, and X-ray diffraction (XRD). The samples were characterized using an X-ray diffractometer with a Bruker D2-Phaser diffractometer using CuKα radiation at 30 kV and 10 mA. Difractograms were scanned at 2θ angles from 10 to 80° with 0.5 s per step and increments of 0.010 0806 (1.21 /min). XRD allowed analyzing the crystalline structure of the catalysts.
The functional groups present on the catalysts were obtained by attenuated total reflectance Fourier transform infrared (ATR-FTIR) Spectroscopy. ATR-FTIR spectra were collected using a Thermo Scientific Nicolet iS10 FTIR spectrometer fitted with a Thermo Scientific Smart iTRTM ATR accessory with a diamond crystal. The OMNIC software collected data. Powder samples were added directly onto the crystal for analysis at room temperature without applying pressure. Sixteen spectra were obtained and coadded for each sample covering a range of 4,000–650 cm−1 at a spectral resolution of 4 cm−1. A background spectrum was obtained by collecting a similar number of scans following the cleaning of the diamond crystal with acetone.
Thermogravimetric analysis were obtained using a Perkin Elmer themal analizer Model STA 6000, using oxygen gas at 30 cm3 min−1, 20 mg of material and heating from 25 to 850°C at 10°C  min−1.
2.4 Analytic Methods
Discoloration process of RhB was evaluated from its characteristic absorption peak at λchar = 0.556 μm. Absorption spectra of the samples in the wavelength range 0.2–0.7 μm were measured with a Evolution 300 Thermo Scientific Spectrophotometer, using a spectral interval of 0.001 μm pH measurements were conducted with a HANNA pH meter, calibrated with standard buffers solutions of 3.01 and 7.01 ± 0.02 (25°C).
2.5 Experimental Procedure
The photocatalytic activity of GO and GOFe materials was studied by RhB discoloration. Experiments were carried out in a photoreactor with hydrodynamic batch operation and constant stirring to maintain the catalyst in suspension, see Figure 1A. 13 W commercial lamps illuminated the reaction space. Two different lamps, whose emissions span the Visible and UV-Visible region of the spectrum (see Figure 1B), were tested as illumination sources. The emission spectrum of the Visible lamp ranges from λ = 0.4–0.7 µm. It is worth observing that UV-Visible lamp emission is in the UVB and UVA regions (0.3–0.4 µm) as well as in the visible region (0.55–0.61 µm).
[image: Figure 1]FIGURE 1 | (A) Experimental setup of the photoreactor and (B) relative power spectra of Visible-UV and Visible lamps.
The efficiency of heterogeneous photocatalysis relies on several factors such as catalyst and pollutant concentrations, the presence or not of an oxidizing agent, pH, among others (Hidaka and Tsukamoto, 2019). For this reason, it is necessary to investigate the effect of those parameters on the photocatalytic process. The experimental development consisted of two stages. In the first stage (Section 3.2.1), several experiments were carried out to determine the experimental conditions. These experiments were performed using GO and varying the concentration of catalyst (0.25, 0.5 and 1 g L−1), RhB (0.022 and 0.045 mM) and oxidizing agent (7 and 48 mM). Once the experimental conditions are defined, in the second stage (Section 3.2.2), it is investigated the influence of Fe ion presence on the catalyst matrix, pH and light source on the discoloration process of RhB. In both stages, the experimental procedure is as follows. The synthetic colored solution was prepared by dissolving 0.0043 or 0.0087 g of RhB in 0.4 L of deionized water. The initial pH of the solution was adjusted to 3.00, 5.00 or 9.00 through a nitric acid solution (5% vol.) or sodium hydroxide (5% weight). At this time (t = t0), the first sample was taken. The amount of GO or GOFe, at initial concentration of 0.25, 0.5 or 1 g L−1, was added into the synthetic colored solution. The reacting mixture was kept in agitation under dark conditions for 30 min to homogenize it and to reach the adsorption equilibrium. At this time, a second sample was taken, and H2O2 (7 or 48 mM) was added to the corresponding solution, the lamp was turned on, and the photocatalytic reaction started. The solution was kept under constant stirring for the whole duration of the photocatalytic process and samples were taken at 10, 20, 30, 60, 120, 180, 240 and 300 min. For the analysis of the RhB dye samples, catalysts particles were separated by centrifugation at 7,500 rpm by 15 min.
3 RESULTS
3.1 Characterization
3.1.1 Thermogravimetric Analysis
TGA analysis of gallium-based materials was carried out under an oxygen atmosphere during the whole characterization, from ambient temperature up to 850°C. Using oxygen allowed us to identify the phase transformation to its oxidation state and determine the thermal treatment conditions of samples. Figure 2A shows the weight percentage loss and weight derivative as a function of the sample temperature for GO and GOFe. From the weight loss, it is possible to distinguish three temperature ranges: 1) a [image: image] weight loss from 28 to 256°C attributed to superficial and adsorbed water in the structure, 2) a steeper weight loss (about 9 – 10%) from 256 to 380°C attributed to the detachment of hydroxyl groups which indicates the elimination of the adsorbed moisture while the material is exposed to oxygen atmosphere, and 3) at a temperature higher than 380°C a weight loss ([image: image] over 450°C) due to the oxidation process of GaO(OH) to Ga2O3 and crystallization of Ga2O3. The weight derivative plots can confirm this. The thermal behavior is consistent with reported gallium-based materials (Quan et al., 2010; Reddy et al., 2015).
[image: Figure 2]FIGURE 2 | (A) Weight loss and weight derivative as a function of the sample temperature. (B) Heat flow as a function of the sample temperature for the whole heating (solid) - cooling (dashed) cycle.
From the heat flow plots for GO and GOFe, Figure 2B, it is possible to distinguish two endothermic peaks at 315 and 375°C, respectively. These peaks can be attributed to the transformation of GaO(OH) into α-Ga2O3 (Reddy et al., 2015; Shan et al., 2017; Yuwen et al., 2020). In addition, a less pronounced endothermic peak around 730°C can be observed. This peak is related to the phase transformation from α-Ga2O3 to β-Ga2O3, being more pronounced for GOFe material (Reddy et al., 2015; Shan et al., 2017; Yuwen et al., 2020).
3.1.2 X-Ray Diffraction
XRD patterns for all GO materials are shown in Figure 3A. The diffraction peaks in the XRD pattern of GOH can be indexed to GaOOH according to JCPDS 06-0180, which has a crystallized orthorhombic structure (Reddy et al., 2015; Huang et al., 2017; Sharma et al., 2020). In this case, the representative peaks to crystalline planes are (110), (130), (111) and (240) at diffraction angles, 2θ = 21.50, 33.78, 37.29 and 54.02°, respectively. In turn, the XRD patterns for GO materials show the formation of α and β phases, depending on the heat treatment. The samples GO 500°C and GO 650°C exhibit the same peaks, which correspond to the rhombohedral structure of the α phase (Huang et al., 2017; Sharma et al., 2020). The representative peaks of the α phase are 2θ = 33.90 and 36.16° for (104) and (110) crystalline planes. From these two patterns, it can be observed that increasing the temperature treatment favors the crystallization process of the sample, leading to more defined signals corresponding to the α phase according to JCPDS 158 06-0503. GO 800°C and GO 950°C samples have higher order diffraction lattice planes, which implies a more crystalline material than can be readily indexed to the monoclinic structure of β-Ga2O3 phase according to JCPDS 76-0573 (Quan et al., 2010; Guo et al., 2017; Cheah et al., 2020; Sharma et al., 2020). The representative peaks corresponding to the crystalline planes are (401), (002), (111) and (512) at diffraction angles 2θ = 30.47, 31.87, 35.43 and 64.74, respectively. These results are consistent with the thermogravimetric analysis, where phase transformations are observed. The β-Ga2O3 has been reported to be the more stable phase among the different gallium oxides phases (Stepanov et al., 2016; Tak et al., 2021). According to previous results, in this work GO was treated thermally at 950°C and was used as photocatalyst.
[image: Figure 3]FIGURE 3 | XRD patterns of (A) GOH at 50°C and GO at 500, 650, 800 and 950°C, and (B) of gallium oxide, GO and gallium oxide doped with Fe, GOFe treated at 950°C.
XRD patterns of Go and GOFe ion-doped gallium oxides are presented in Figure 3B, where for the sake of comparison the β-Ga2O3 pattern (GO 950°C or simply GO) is also included. The XRD pattern of GOFe has representative peaks of iron gallium oxide (Fe2.1Ga0.9O4) for the cubic structure (JCPDS 01-074-2226) and iron oxide (Fe2O3) for rhombohedral structure (JCPDS 01-084-0311). These peaks overlap with those of the gallium oxides (GO). However, the height of peaks indicates the presence of iron gallium oxide and iron oxides. The peak at 2θ = 30.23° corresponds to the crystalline plane (220) for iron gallium oxide material. For iron oxides, the peak at 2θ = 62.4°, crystalline plane (214) is observed.
3.1.3 FT-IR Spectroscopy
The FT-IR spectra for the gallium-based materials synthesized at pH of 10: GOH, GO heat treatment at 500, 650, 800 and 950°C, as well as GOFe (which is synthesizing at 950°C) are presented in Figure 4. For GOH, the broad band at 2,960 and 3,210 cm−1 can be attributed to the stretching vibration of H–O–H band and O–H stretching of GaO(OH). The band at 1,980 cm−1, as well as the bands at 1,020 cm−1 and 942.1 cm−1, can be assigned to constitutional Ga–OH bending bands and their overtones, respectively. The stretching vibration bond of the O–H group is also observed around 1,360 cm−1 owing to the absorption of water molecules (Quan et al., 2010). In turn, the FT-IR spectra of remaining materials, GO treated at 500–950°C and GOFe at 950°C, reveal a broad H–O–H stretching band at around 3,395 cm−1. In addition, heat treated GO and GOFe materials show a band at 600–700 cm−1, which is assigned to the valence vibrations of Ga–O in the lattice formed by GaO6 octahedra and GaO4 tetrahedra, corresponding to corundum and monoclinic structures of α and β crystalline phases, respectively. These results are consistent with those reported by Quan et al. (2010) and Girija et al. (2013). In FT-IR spectra for GOFe, species associated with Fe ions are not identified.
[image: Figure 4]FIGURE 4 | FT-IR spectra of GaO(OH), GO at 500, 650, 800 and 950°C, and GOFe at 950°C.
3.2 Experimental Results
3.2.1 Experimental Conditions
Evaluating the photocatalytic activity of synthesized materials requires determining the experimental conditions for pH, and the concentrations of catalyst, pollutant, and oxidizing agent. This was achieved by carrying out several experiments using GO as the catalyst at a pH = 3.00 under UV-Visible light. It is noteworthy to mention that the fast rates of electron-hole recombination exhibited by Ga2O3 require an oxidizing agent (Sun et al., 2013), which in this case is H2O2. In the photocatalytic process, hydroperoxyl ions are reduced by the electrons in the conduction band, yielding hydroperoxyl radicals, which can react with RhB molecules and carries out the discoloration process (Hidaka and Tsukamoto, 2019). Therefore, it is important to ensure that the concentration of H2O2 does not mask the photocatalytic activity of the interest materials. This is shown in Figure 5A. Photolysis of RhB dye, at C0 = 0.022 mM, was verified by running an experiment without catalyst in the presence of 7 and 48 mM of H2O2 and under Visible-UV. Results show that about 9% of discoloration is obtained for 7 mM after 300 min of reaction. When 48 mM of H2O2 is used, a complete discoloration of RhB dye is observed during the first 150 min. This can be attributed to reactions with the hydroperoxyl radicals (HO2−), the radical which are formed by the interaction of UV radiation with the oxidizing agent. In addition, it is important to consider the adsorption/desorption process, which is crucial to carry out the pollutant degradation by photocatalysis. The adsorption/desorption process of RhB dye molecules on GO catalyst was analyzed to determine the time in which the adsorption equilibrium is reached. This experiment was performed under dark conditions at C0 = 0.022 mM of RhB, a pH = 3.00 and in absence of H2O2. It can be observed that adsorption equilibrium is reached within the first 30 min of the contact between GO catalyst and RhB dye. After this time, changes in RhB concentration are not significant. Similar results (30 min) have been reported by several authors when working with Ga2O3 catalysts (Sun et al., 2013; Reddy et al., 2015; Magdalane et al., 2017; Du et al., 2021).
[image: Figure 5]FIGURE 5 | (A) Photolysis at C0 = 0.022 mM of RhB, 7 and 48 mM of H2O2, adsorption/desorption dark process at C0 = 0.022 mM of RhB and 0.5 g L−1 GO. (B) Discoloration profiles of RhB at C0 = 0.022 and 0.045 mM of RhB, 7 and 48 mM of H2O2, 0.25, 0.5 and 1 g L−1 GO.
The individual effect of concentration of H2O2, RhB, and GO catalyst on the discoloration process under UV-Visible light can be observed in Figure 5B. Increasing the oxidizing agent concentration while keeping other parameters constant leads to a faster discoloration process. Nevertheless, this decrease in the discoloration time can be attributed mainly to the presence of H2O2 and not to the GO photocatalytic activity. Using the oxidizing agent aims to slow down the recombination process of the photogenerated charges and not contribute to the discoloration process. A H2O2 concentration of 7 mM, 2:1 catalyst to oxidizing agent ratio, has been used, as reported by (Palanivel et al., 2021). In turn, increasing RhB concentration from 0.022 to 0.045 mM leads to a longer discoloration time. To keep discoloration time in 300 min as the reference, RhB concentration is fixed to 0.022 mM, which is similar to that reported in other works (Reddy et al., 2015; Das et al., 2019; Du et al., 2021). Finally, three GO catalyst concentrations have been investigated. The higher the catalyst concentration, the faster the discoloration process. Note that in this case, there is no linear decrease in discoloration time with catalyst concentration, which indicates that high catalyst concentrations inhibit light transmission through the heterogeneous dispersion (Hidaka and Tsukamoto, 2019). It has been reported Ga2O3 concentrations ranging from 0.5 g L−1 (Sun et al., 2013) to 1 g L−1 (Reddy et al., 2015; Das et al., 2019; Du et al., 2021). Therefore, according to the results obtained in this section, the catalyst concentration used to continue the experiments was 0.5 g L−1.
3.2.2 Photocatalytic Activity of GO and GOFe
The photocatalytic activity of GO and GOFe catalysts, using RhB dye as a model pollutant, was tested under three different pH values and two light sources. Results reported in this section corresponds to GO and GOFe synthesized via precipitation with NH4OH, at pH = 10.00, drying temperature at 50°C and heat treatment at 950°C. A three factor [image: image] experimental design has been used in this work with RhB discoloration as the response variable. The independent variables consisted on pH (3.00, 5.00 and 9.00), catalyst (GO and GOFe) and light source (Visible and UV-Visible) leading to 12 distinct conditions. All experiments were carried out at the following concentrations: 0.022 mM of RhB, 7 mM of H2O2 and 0.5 g L−1 of catalyst, as established in Section 3.2.1.
Solutions of RhB dye were prepared at an initial concentration of 0.022 mM. The discoloration of the RhB dye was followed by measuring the evolution of the absorbance peak of the solution in the visible region (chromophore group). RhB dye concentration is proportional to the measured absorbance caused by the chromophore group of the molecule. The chromophore group containing the structure amino (NH) absorbs in the visible region (λchar = 0.556 μm for a pH = 3.00 and at λchar = 0.554 μm for pH = 6.00, 7.00 and 9.00), while the aromatic rings absorb in the UV region. The chromophore group shift is attributed to the charge separation of the carboxylic anion (R−) and proton (H+), which accepts the same resonant structures. Therefore, it exhibits a similar absorption spectrum with a shift in the chromophore group. Figure 6 shows the temporal evolution of the dye absorption spectra at concentrations of 0.022 mM of RhB, 7 mM of H2O2, 0.5 g L−1 of GOFe catalyst and a pH = 9.00, under Visible-UV light. In this figure, the disappearance of the chromophore group can be observed as the photocatalytic reaction proceeds.
[image: Figure 6]FIGURE 6 | Absorption spectra for the RhB discoloration with GOFe under Visible-UV light. pH = 9.00, 0.022 mM of RhB, 7 mM of H2O2 and 0.5 g L−1 of GOFe.
The discoloration profiles of the RhB under Visible-UV and Visible light, using GO as photo catalyst, are presented in Figure 7A. Photolysis of RhB dye was verified by running an experiment without catalyst, in presence of 7 mM of H2O2 and under Visible illumination. RhB discoloration by photolysis was not observed under visible light. These later results complement those presented in Figure 5A.
[image: Figure 7]FIGURE 7 | Discoloration profiles of RhB under Visible (empty markers) and Visible-UV (filled markers and dashed line) light at three pH values using (A) GO and (B) GOFe as catalysts. C0 = 0.022 mM of RhB, 0.5 g L−1 GO or GOFe catalyst and 7 mM of H2O2.
The discoloration process was performed in two stages: adsorption (the first 30 min) followed by the photocatalytic reaction during the next 300 min. In Figure 7 these processes are indicated by a different background color. In Figure 7A, it can be observed that acid conditions favor the adsorption process. At a pH = 3.00 more than 5% of the dye adsorbs, while at pH = 5.00 and pH = 9.00 the amount of adsorbed RhB molecules is lower. This behavior can be explained by the interactions of the catalyst’s surface charge and ionization of RhB. It has been reported that the isoelectric point for G2O3 is given at pH = 9.00 (Kosmulski, 2001). Therefore, below this pH value, the surface of GO is charged positively, favoring the attraction of the carboxylic anion (R−) of the RhB dye. The adsorption process influences discoloration since a larger amount of RhB dye molecules adsorbed on the catalyst’s surface, increasing the discoloration rate of the RhB dye. Discoloration process is reached after 300 min with a pH = 3.00 under Visible-UV light for GO, Figure 7A. In contrast, at pH = 5.00 and 9.00, about 40 and 50% of color remain, respectively, for the same period. Under visible light, 33% of discoloration was obtained with a pH = 3.00 after 300 min of reaction but no significant discoloration was observed for pH = 5.00 and 9.00. In literature it has been reported a 90% discoloration after 180 min of reaction using β-Ga2 O 3 nanoblocks and nanospindles Girija et al. (2013). Nevertheless, they used a 150 W Xenon lamp, in contrast to the results presented in this work in which about 80% of discoloration is observed but under a 13 W ([image: image] times less power) UV-Visible light source. Du et al. (2021) reported a 50% discoloration in the 60 min with Ga2O3 nanofibers using a 300 W Xenon lamp, while a 25% is obtained in this work with [image: image] times less power.
Now we turn our attention to the discoloration process when GOFe is used as the photocatalyst, shown in Figure 7B under Visible-UV and Visible light sources. Experimental conditions are the same as in previous section (for GO) except for the catalyst which is GOFe. Note that now the discoloration process is completed after 300 min of reaction at a pH = 3.00 with either light source. Results comparable to those obtained for GO (see Figure 7A) were observed. It is noteworthy to mention that the discoloration process is achieved with Ga2O3 catalyst doped with iron ions under Visible illumination conditions. This suggests that the incorporation of iron ions promotes a shift of the catalyst absorption band towards lower values (Li et al., 2018; Wang et al., 2018). Additionally, for those cases in which a complete discoloration is obtained, two behaviors are distinguished: (1) a slow discoloration rate in the first instances followed by (2) a faster discoloration process. This behavior can be attributed to the surface reactions between the charge pair (e−-h+) generated in the catalyst and its reaction with H2O2 and RhB dye.
The statistical analysis has been performed by a two-way ANOVA with interaction considering pH (3.00, 5.00, and 9.00), catalyst (GO and GOFe) and light source (Vis and Vis-UV) as independent variables, and dye (RhB) concentration as the dependent variable at all reported experiment instants (t = 30, 60, 90, 150, 210, 270, and 330 min). The F-statistic and p-values are presented in Table 1. The significance level is set at 0.05. In this Table, all those cases in which p ≤ 0.05 are indicated in bold font. It was found a statistically-significant difference in dye concentration by pH levels through all photocatalytic process. At the first instances of the process (t = 30 and 60 min) only pH exhibited a significant difference. Light source and the interactions between the three factors (Catalyst*pH, Catalyst*Light and pH*Light) are significant t = 90–210 min, where 50% of the discoloration occurs. At the latter times (t = 270 and 330 min) pH and light source are significant. These results are consistent with observations on the discoloration profiles. Moreover, a Scheffe post-hoc analysis revealed that pH = 3.00 and pH = 9.00 showed a significant difference, but pH = 3.00 and pH = 5.00 and pH = 5.00 and pH = 9.00 did not.
TABLE 1 | F − Statistic and p − values for the independent variables and 2-way interactions for all sampling times. Significance level: 0.05.
[image: Table 1]Figure 8 presents the two-way interactions at those sampling times where these effects are significant (t = 90, 150 and 210 min). All interactions are ordinal. Although lines cross in Catalysts*pH and Catalyst*Light interactions, their slopes have the same sign. Catalysts*pH and pH*Light interaction plots confirm that acid conditions favor the discoloration process (steeper slopes), while no strong interaction for pH = 9.00 and 5.00 suggest their weak influence. A synergistic effect is observed in pH*Light plots, from which a pH = 3.00 under Vis-UV illumination enhances the discoloration rate. Statistical analysis corroborates the results described above.
[image: Figure 8]FIGURE 8 | Means plots for the significant two-way interactions, at t = 90, 150 and 210 min (rows from top to bottom).
3.2.3 Kinetic Model
The rate of disappearance of the RhB dye is given by the temporal decay of RhB dye concentration. It is assumed that the reaction velocity depends only on the elapsed time, or it has a linear dependence on the RhB dye concentration. The equation that describes the variation of RhB dye concentration C as a function of time for a pseudo-zero-order model is given by Eq 1.
[image: image]
and for a pseudo-first-order model by Eq 2
[image: image]
Where the kinetic constants k0 and k1 are determined experimentally. These equations can be solved by specifying the initial concentration of the RhB solution C0 at the time t0. Eqs. 3 and 4 give the solutions for the concentration of the irradiated RhB solution, namely
[image: image]
[image: image]
With k0 and k1 the pseudo-zero-order and first-order kinetic constants, respectively.
Table 2 shows the values of the kinetic constants of pseudo-zero-order and pseudo-first-order, k0 and k1, obtained by fitting the experimental data (Figure 7) to the corresponding model. Constants and coefficients of determination R2 are provided for explored pH and illumination conditions. Those cases with at least 30% discoloration are indicated. Note that, according to the R2 value, discoloration follows to a pseudo zero-order kinetic model for GO photocatalyst while GOFe materials follow pseudo zero-order or first-order kinetics, depending on the experimental conditions. The kinetic parameter k0 for GO and GOFe catalysts under Visible-UV light and at pH = 3.00 indicates that the presence of iron ions does not influence on the discoloration rate. This can be attributed to the lamp’s emission spectrum, which includes the UV region, and thus a higher energy is available to activate both photocatalysts. However, under visible illumination conditions, a different behavior is observed at the same pH. In this case, the presence of Fe ions in GOFe significantly influences the discoloration process. These results are in good agreement with reported values. For example, for GO at pH = 3.00 under UV visible light k1 = (0.01448 ± 0.00034)min−1 which is bigger than 0.0096min−1 reported by Zhang et al. (2020) for Ga2O3 nanowire arrays. In turn, for GOFe we report k1 = (0.01537 ± 0.00084)min−1 which agrees to the value of 0.0142 min−1 reported by Zhang et al. (2020), but in this case the catalyst was GaN@Ga2O3 nanowires arrays. Finally, for Zn-doped Ga2O3 nanofibers (5% in weight) it has been found a kinetic parameter k1 = 0.058min−1 (Das et al., 2019), higher that those reported in this work. Nevertheless their results where obtained with a high-energy photon lamp and with higher power (UVC, 254.6 nm), while in this work low power and high-energy photon lamp have been used.
TABLE 2 | Kinetic parameters, k0 and k1, obtained with GO and GOFe catalysts.
[image: Table 2]3.2.4 Reusability of the GO and GOFe
Practical applications of catalysts require materials to be stable under illumination and reuse (cycling) (Sun et al., 2013; Magdalane et al., 2017; Nguyen et al., 2022). Figure 9A presents the discoloration process of RhB dye under Visible-UV illumination for GO. The stability study was performed for three cycles with a reaction time of 300 min each. The experiments were carried out at pH = 3.00, 0.5 g L−1 of catalyst concentration and 7 mM of H2O2. Section 2.5 details the procedure for each experiment. At the end of the photocatalytic reaction, the photocatalyst was recovered, dried at room temperature, and used for the next experiment cycle. This procedure was repeated for each cycle.
[image: Figure 9]FIGURE 9 | Stability of (A) GO and (B) GOFe catalysts, in three cycles (300 min each) of the discoloration at experimental conditions of RhB = 0.022 mM, GO or GOFe = 0.5 g L−1 and H2O2 = 7 mM, under Visible-UV illumination.
The differences in the process can be retrieved from the discoloration rate constants obtained from fitting models, which for this case is done with a pseudo zero-order kinetic model (Eq 3). According to the results, the discoloration rate constants k0 for cycles one, two and three were 0.0001035 ± 0.0000055 mM/min (R2 = 0.9775 ± 0.0032), 0.0000925 ± 0.0000045 mM/min (R2 = 0.9956 ± 0.0017), and 0.000096 ± 0.000005 mM/min (R2 = 0.9914 ± 0.0014) respectively. These results indicate that GO catalyst retains its photocatalytic performance even after third cycle, which is consistent with other studies (Das et al., 2019).
An analog procedure can be done for the discoloration process of RhB using GOFe, presented in Figure 9B. Results demonstrate that the kinetic constants k0 for the discoloration rate of cycles one and two are similar, namely, 0.0000655 ± 0.0000055 mM/min (R2 = 0.9735 ± 0.0056) and 0.0000645 ± 0.0000065 mM/min (R2 = 0.9496 ± 0.0053), respectively. In turn, for cycle three this constant is 0.000125 ± 0.000012 mM/min (R2 = 0.9887 ± 0.0056), which represents a two-fold increase of the discoloration rate. This increase can be attributed to a change in the surface charge of the iron-doped gallium oxides, that promotes a bigger number of RhB dye molecules to be absorbed.
4 CONCLUSION
In this work GO and GOFe photocatalysts were synthesized. The synthesis aims to evaluate the effect of heat treatment on the material structure. Three structures were identified: GOH, α-Ga2O3 (treatment at 500 and 600°C) and β-Ga2O3 (treatment at 800 and 950°C). Since this latter structure has been reported to be the more stable phase of Ga2O3, GO at 950°C methodology was selected to synthesize GO and GOFe catalysts. Characterization was done by TGA, XRD and FT-IR techniques. GO and GOFe catalysts were applied and evaluated in the discoloration of RhB.
Experimental results suggest that the incorporation of Fe ions in GO diminishes the energy bandgap of the material, allowing it to be activated under visible illumination conditions. Complete discoloration is achieved with GO and GOFe photocatalysts, under Visible-UV illumination conditions at pH = 3.00, while at pH = 5.00 and pH = 9.00, the catalytic activity is low and their effects were not significant. The discoloration process with the GO and GOFe catalysts under Visible-UV and Visible illumination follows a pseudo-zero-order or pseudo-first-order model kinetic model, depending on the conditions, with coefficients of determination close to unity. Under visible illumination conditions, the discoloration process showed two steps carried out at different rates. Moreover, for the GOFe catalyst complete discoloration is achieved, while for GO only 30% discoloration was reached after 300 min of reaction. Furthermore, GO and GOFe showed photocatalytic activity after three cycles of 300 min each. The discoloration rate for GO decreases by about 20% after three cycles. Conversely, the discoloration rate for GOFe increases 50% in the third cycle. The photocatalytic activity of the GOFe catalysts in the visible region of the electromagnetic spectrum expands the possibility to use it in environmental remediation applications with solar irradiation as a source of illumination.
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