[image: image1]Synthesis and full-spectrum-responsive photocatalytic activity from UV/Vis to near-infrared region of S-O decorated YMnO3 nanoparticles for photocatalytic degradation of ibuprofen

		ORIGINAL RESEARCH
published: 07 June 2024
doi: 10.3389/fchem.2024.1424548


[image: image2]
Synthesis and full-spectrum-responsive photocatalytic activity from UV/Vis to near-infrared region of S-O decorated YMnO3 nanoparticles for photocatalytic degradation of ibuprofen
Zixia Feng*
Faculty of Science, Hong Kong University of Science and Technology, Hong Kong, Hong Kong SAR, China
Edited by:
Jagadeesha Angadi V., KLE Society PC Jabin Science College, India
Reviewed by:
Manjunatha K., National Dong Hwa University, Taiwan
Manjunatha S. O., BMS College of Engineering, India
* Correspondence: Zixia Feng, zx12fzx@163.com
Received: 28 April 2024
Accepted: 17 May 2024
Published: 07 June 2024
Citation: Feng Z (2024) Synthesis and full-spectrum-responsive photocatalytic activity from UV/Vis to near-infrared region of S-O decorated YMnO3 nanoparticles for photocatalytic degradation of ibuprofen. Front. Chem. 12:1424548. doi: 10.3389/fchem.2024.1424548

The oxalic acid complexation method and sulfuric acid heat treatment method were used to synthesize the YMnO3 (YMO) and YMO-SO42- (YMO-SO) photocatalysts. The YMO-SO photocatalyst maintained the crystal structure of YMO, but the particle size increased slightly and the optical band gap decreased significantly. The YMO-SO photocatalyst demonstrates a wide range of light absorption capabilities, covering ultraviolet, visible and near-infrared light. The photocatalytic activity of YMO-SO was investigated with ibuprofen as the target pollutant. The YMO-SO photocatalyst exhibits high ultraviolet (UV), visible and near-infrared photocatalytic activity. Experiments with different environmental parameters confirmed that the best catalyst content was 1 g/L, the best drug concentration was 75 mg/L and the best pH value was 7. The capture experiment, free radical detection experiment and photocatalytic mechanism analysis confirmed that the main active species of YMO-SO photocatalyst were hole and superoxide free radical.
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1 INTRODUCTION
The water system is contaminated with ibuprofen, which is currently the third most consumed drug in the world, due to human drug use or improper disposal of expired drugs (Osman et al., 2024). For such pollutants, it is necessary to degrade them from the source in order to effectively eliminate their pollution to the environment (Othman et al., 2024). To effectively degrade ibuprofen, researchers have used a number of methods to try to remove this contaminant, including adsorption, electrocatalysis, photocatalysis, thermal catalysis, and biodegradation (Navrozidou et al., 2019; Falletta et al., 2023; Abdo et al., 2024; Jin et al., 2024; Li et al., 2024). Among these methods, photocatalysis is a green technology that degrades ibuprofen only with the help of light energy (Sruthi et al., 2021; Rebollo et al., 2024). Although it is said that light energy is required, the degradation of ibuprofen cannot be completed without a photocatalyst (Shakir, 2024). Therefore, the development of photocatalysts for the efficient use of sunlight to degrade ibuprofen has become the key.
Yttrium manganate (YMnO3, YMO) is a common photocatalyst that has been used to degrade dyes due to its high specific surface area, high charge transfer and separation efficiency, high thermal and chemical stability (Wang et al., 2011; Kumar et al., 2019; López-Alvarez et al., 2023). Although it is effective at degrading dyes, a single component of YMO has not been used to degrade contaminants such as pharmaceuticals. To further improve the photocatalytic activity of YMO, researchers mainly adopted two effective ways to improve its photocatalytic activity. (1) The optical band gap value of YMO was improved by ion doping, and its photocatalytic activity was also increased (Zhang et al., 2011; Munisha et al., 2023). (2) The photocatalytic activity of YMO was enhanced by combining with other semiconductors with excellent photocatalytic performance (Cao et al., 2018; Wu et al., 2019; Wang and Song, 2020; Wang and Tian, 2020; You et al., 2020; Wang et al., 2022; Zhang et al., 2022; Li et al., 2023; Wang et al., 2023; Yulizar et al., 2023; Dang et al., 2024). However, no one has yet synthesized SO42- surface decorated YMO (YMO-SO) photocatalyst to enhance the photocatalytic activity of YMO by a simple heat-treating YMO with sulfuric acid. Therefore, it is of great significance to study the physicochemical properties of YMO by a simple heat-treating with sulfuric acid. Notably, YMO exhibits high optical absorption coefficients across the full spectral range from UV-visible to near-infrared light (Wang et al., 2011; Kumar et al., 2019; López-Alvarez et al., 2023). At present, YMO as a photocatalyst has been used to photodegrade dyes or antibiotics under ultraviolet and visible light irradiation, but there are no reports of near-infrared photocatalysis. Simultaneously, YMO has been used to degrade tetracycline hydrochloride and oxytetracycline hydrochloride, but it has not been reported that YMO is used to degrade ibuprofen. Therefore, the synthesis of YMO-SO photocatalyst by a special method and its use in the degradation of ibuprofen in the full spectral range will provide guidance for other similar studies.
In this paper, we propose to synthesize YMO photocatalyst by oxalic acid complexation method, and then heat treat YMO with sulfuric acid to obtain YMO-SO photocatalyst. A variety of characterization methods were used to determine whether the crystal structure, surface morphology and color properties of YMO were changed after special treatment. Meanwhile, the effects of different illumination conditions, including ultraviolet light, visible light and near-infrared light, on the photocatalytic activity of YMO and YMO-SO photocatalysts for the degradation of ibuprofen were investigated. The effects of different environmental parameters, including catalyst content, drug concentration and pH value, on the photocatalytic activity of YMO and YMO-SO photocatalysts have also been deeply explored. The contribution of active species to the degradation of ibuprofen by YMO and YMO-SO photocatalysts was explored through capture experiments and free radical validation experiments.
2 EXPERIMENT
2.1 Preparation of YMO and YMO-SO photocatalyst
Appropriate amount of yttrium nitrate and manganese acetate were weighed and dissolved in 40 mL of deionized water according to the molar ratio of Y: Mn = 1 : 1. After the reagent is completely dissolved, 5 g of weighed oxalic acid is added as a complexing agent to remove the metal ions in the reaction solution. After the complete reaction of oxalic acid, 15 g urea was added to participate in the reaction. After stirring thoroughly for 3 h, the mixed solution is obtained. Then, stir on the heating side of the magnetic stirrer for 2 h at a heating temperature of 90°C. After obtaining the viscous yellowish brown colloid, it was placed in a drying oven and dried at 120°C for 48 h to obtain xerogel. The dry gel was cooled and ground, and then placed in the sintering furnace at 700°C for 5 h to obtain YMnO3 (YMO) powder. Part of the obtained YMO powder was dispersed in alcohol solution for ultrasound for 20 min. Let stand for 10 h, then pour out the supernatant and add 10 mL of deionized water. Then, 0.1 mol/L concentrated sulfuric acid was added to react for 24 h under the action of magnetic stirring. Meanwhile, heat to 45°C for heat treatment. After the reaction was completed, the powder was rinsed with deionized water for 3 times and dried in a drying oven at 120°C for 1 h to obtain YMO-SO42- (YMO-SO) powder. Figure 1 shows the preparation flow chart of the YMO and YMO-SO.
[image: Figure 1]FIGURE 1 | Preparation flow chart of the YMO and YMO-SO.
2.2 Materials characterization
The phase structure of the YMO and YMO-SO were measured by a D8 ADVANCE X-ray powder diffractometer (XRD) with the working voltage of 30 kV and the working current of 40 mA. The Fourier infrared (FTIR) spectra of the YMO and YMO-SO were measured by a FTIR-650 Fourier infrared spectrometer with the wave number range of 400–1,000 cm-1. The microstructure characteristics of the YMO and YMO-SO were characterized by a Themo Scientific Axia Chemi field emission scanning electron microscopy (SEM) and JEM 2100F transmission electron microscopy (TEM). The UV-visible diffuse reflectance spectrum of the YMO and YMO-SO were characterized by a UV1901 UV-visible spectrophotometer with the BaSO4 as reference.
2.3 Photocatalytic experiments
To perform the photocatalytic experiment of the YMO and YMO-SO, ibuprofen was selected as the target degradation pollutant. The initial ibuprofen concentration, catalyst content and reaction solution pH values were 25–125 mg/L, 0.5–1.5 g/L, 3–11, respectively. The photocatalytic equipment uses the products of Porfilet Technology Co., Ltd. and the irradiation light source is 300 W xenon lamp by adding filters to obtain ultraviolet light, visible light and near-infrared light. The prepared reaction solution (100 mL) is placed on the mixer and continuously stirred magnetically. Before photocatalysis, the adsorption experiment was performed for half an hour to eliminate the effect of adsorption on photocatalysis. After half an hour of adsorption experiment, xenon lamp light source was turned on and photocatalytic experiment was performed. Simultaneously, the effects of ultraviolet light, visible light and near-infrared light on the photocatalytic activity of the photocatalyst were studied by adding filters to the photocatalytic equipment. Every 10 minutes, take the reaction solution for 5 mL until 1 h. The reaction solution was centrifuged, and the supernatant was taken for concentration measurement experiment, and the concentration data were recorded. The degradation percentage (D%) of ibuprofen is defined as (C0 − Ct)/C0, where C0 and Ct are the concentration values of ibuprofen before and after irradiation, respectively. To explore the role of free radicals in the photocatalysis process, capture experiments were performed. The disodium ethylenediamine tetraacetic acid (EDTA-2Na), 2-propanol (IPA) and 1, 4-benzoquinone (BQ) were used as scavengers to detect the holes (hVB+), hydroxyl radicals (•OH) and superoxide radicals (•O2−), respectively. During the capture experiment, except for adding 1 mmol of trapping agent to the reaction solution, other processes were consistent with the photocatalytic experiment. The hVB+, •OH and •O2− can be also confirmed by a Bruker A300 spectrometer for the electron spin resonance (ESR)/electron paramagnetic resonance (EPR) experiments.
3 RESULTS AND DISCUSSION
3.1 Phase structure and purity analysis
The phase structure and purity of photocatalyst have great influence on its photocatalytic activity. To explore the effect of heat treatment of YMO with sulfuric acid on its phase structure and purity, XRD patterns and FTIR spectra are shown in Figure 2. Figure 2A displays the XRD pattern of the YMO and YMO-SO. The diffraction peaks of the YMO and YMO-SO can be indexed in terms of the hexagonal phase of YMO with the standard JCPDS file no. 25–1,079. The crystallite sizes of the YMO and YMO-SO were estimated by the Scherrer Eq. 1:
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[image: Figure 2]FIGURE 2 | (A) XRD pattern and (B) FTIR spectra of the YMO and YMO-SO.
Where, k is the shape factor and k = 0.9, λ is the wavelength of the incident X-rays and λ = 0.15406 nm, β is the full width of diffraction peak and θ is the Bragg angle of the diffraction peak. The crystallite sizes of the YMO and YMO-SO are 35 and 43 nm, respectively. After heat treatment with sulfuric acid, the main reason for the increase in crystallite size may be that the cleaning after heat treatment makes the finer YMO particles flow out with the cleaning solution. To explore the functional groups contained in YMO and YMO-SO, detailed characterization by FTIR spectroscopy is required.
Figure 2B displays the FTIR spectra of the YMO and YMO-SO. For all samples, four obvious characteristic peaks at 3,453, 1,645, 627, and 468 cm−1 can be observed. The peaks at 3,453 and 1,645 cm−1 can be assigned to the stretching vibration of O-H and the bending vibration of H-O-H of absorbed water, respectively (Wu et al., 2019; Zhang et al., 2022; Dang et al., 2024; Zhu et al., 2024). The presence of adsorbed water is mainly due to the absorption of water by the sample during storage and the use of potassium bromide during testing. The peaks at 627 and 468 cm-1 can be ascribed to the Y-O stretching and Mn-O-Mn bending vibrations, respectively (Zhang and Wang, 2017; Shukla et al., 2023). In addition, a new characteristic peak at 1,117 cm−1 appeared in the YMO-SO sample. The peak can be attributed to the S-O bond (Ramesh et al., 2008; Tong et al., 2010). This result further confirms that the S-O bond has been decorated on the surface of YMO after heat treatment with sulfuric acid.
3.2 Microstructural analysis
The crystallite sizes of YMO and YMO-SO were calculated by Scherrer’s formula, and YMO-SO showed a larger crystallite size than YMO. To further confirm this phenomenon, SEM observations were performed. Figure 3 displays the SEM images of the YMO and YMO-SO. The YMO particles prepared by a simple oxalic acid complexation method were fine, uniform and approximately spherical as shown in Figure 3A. The average particle size of the particles is about 30 nm, and there is agglomeration among the particles. Figure 3B displays the SEM image of the YMO-SO. The phenomenon of particle growth is very obvious, and the surface of the particle becomes more rough. Another reason for the larger particle size of YMO-SO may be that the S-O functional group is decorated on the surface of YMO, which makes the particle size of YMO-SO increase. The average particle size of the YMO-SO is about 40 nm. The results observed by SEM are similar to those calculated by XRD.
[image: Figure 3]FIGURE 3 | SEM images of the (A) YMO and (B) YMO-SO.
Figure 4A displays the TEM image of the YMO-SO. It can also be seen from the figure that the adhesion and agglomeration between particles is very obvious, and the average particle size is about 40 nm, which is consistent with SEM observation. Figure 4B displays the HRTEM image of the YMO-SO. The interplanar spacing of 0.57, 0.27 and 0.17 nm can be indexed to the (002), (112) and (300) crystal planes of YMO, respectively. Figures 4C–G displays the BF-TEM and elemental mapping images of the YMO-SO. The S element is evenly distributed on the YMO matrix, indicating that the S-O functional group is decorated on the YMO surface.
[image: Figure 4]FIGURE 4 | (A) TEM, (B) HRTEM, (C) BF-TEM and (D–G) elemental mapping images of the YMO-SO.
3.3 Optical properties
The exploration of optical properties of photocatalyst can provide an effective insight into its photoresponse capacity. Figure 5A displays the UV-vis diffuse reflection spectra of the YMO and YMO-SO. At 190–800 nm, the reflectance of all samples decreased with the increasing of the wavelength, but the opposite trend appeared at 800–1,100 nm. According to the literature (Peymannia et al., 2014) and Eqs 2–6, the color parameters (L*, a*, b*, Ho, ΔECIE*) of the YMO and YMO-SO can be evaluated and given in Table 1.
[image: image]
[image: Figure 5]FIGURE 5 | (A) UV-vis diffuse reflection spectra, (B) UV-vis absorption spectra and (C) E.g., values of the YMO and YMO-SO.
TABLE 1 | L*, a*, b*, Ho, ΔECIE* and, E.g., values of the YMO and YMO-SO.
[image: Table 1]The (X10, Y10, Z10) can be described by Eq. 3.
[image: image]
Where, λ is the test wavelength, (x10(λ), y10(λ), z10(λ)) is the color matching function, S(λ) is the relative spectral power distribution, R(λ) is the reflectance of the YMO and YMO-SO and △λ = 1 nm is the wavelength interval.
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According to the calculation and the results in Table 1, it can be seen that the value of L* is below 50, indicating that the color of the sample tends to be black. The a* and b* values of both samples are less than 0, indicating the presence of certain green and blue components in the samples. The values of L*, a* and c* of YMO-SO are smaller than those of YMO, while the values of b* are larger than YMO. The results show that the color properties of YMO are greatly changed after heat treatment with hydrochloric acid.
According to the diffuse reflection spectrum and Kubelka-Munk (K-M) formula (7) (Yin et al., 2024), the UV-VIS, absorption spectrum of the YMO, and YMO-SO, can be obtained, as shown in Figure 5B.
[image: image]
Where, R is the reflectance of the YMO and YMO-SO, α is the absorption coefficient of the YMO and YMO-SO, and S is the scattering coefficient of the YMO and YMO-SO. As can be seen from Figure 5B, the UV-VIS absorption spectrum shows the opposite trend to the diffuse reflection spectrum, with the absorption coefficient increasing with the wavelength at 190–800 nm and decreasing with the wavelength at 800–1,100 nm. The absorption coefficients of YMO-SO samples were all larger than those of YMO, except for the range of 680–820 nm. The results confirm that the YMO and YMO-SO samples have high optical absorption coefficients in the 190–1,100 nm range, suggesting that they have UV, visible and near-infrared photocatalytic capabilities.
The relationship between (αhν)1/2 and hν can be described by Eq. 8 (Ahmed et al., 2024).
[image: image]
where E = hν is the photon energy, A is a proportionality constant, and n = 1/2 for the indirect band gap semiconductor. The relationship between (αhν)1/2 and hν for the YMO and YMO-SO samples as shown in Figure 5C. The optical band gap (E.g.,) values of YMO and YMO-SO can be obtained by calculating the intersection of the slope at the steepest part of the curve and the horizontal coordinate. This result is also shown in Table 1. The E.g., values of YMO and YMO-SO are 1.17 and 0.71 eV, respectively. Compared with the YMO sample, the optical band gap value of YMO-SO was significantly decreased.
3.4 Photocatalytic activity
3.4.1 Effect of different light sources on the photocatalytic activity
UV-Vis absorption spectra of YMO and YMO-SO show that the YMO and YMO-SO samples have high optical absorption coefficients in the ultraviolet, visible and near-infrared ranges, suggesting that they have high photocatalytic activity to degrade pollutants. To explore the photocatalytic activity of YMO and YMO-SO, a photocatalytic experiment was performed with ibuprofen as the target to degrade pollutants. Meanwhile, in order to study the effect of different light on the photocatalytic activity of YMO and YMO-SO photocatalysts, ultraviolet light, visible light and near-infrared light were obtained by adding different filters in front of xenon lamps to study the effect of different light on their photocatalytic activity. The curves of Ct/C0∼t for the blank experiment, YMO, YMO-SO under UV irradiation, visible light irradiation and near-infrared light irradiation as displayed in Figures 6A–C. Performing blank experiments under different lighting conditions found that ibuprofen was almost impossible to degrade. Under the irradiation of three different light sources, YMO-SO showed higher photocatalytic activity than YMO. Obviously, under visible light conditions, YMO-SO demonstrated the best photocatalytic efficiency for the degradation of ibuprofen. Notably, YMO-SO also demonstrated high near-infrared photocatalytic activity for the degradation of ibuprofen.
[image: Figure 6]FIGURE 6 | The curves of Ct/C0∼t for the blank experiment, YMO, YMO-SO under (A) UV irradiation, (B) visible light irradiation and (C) near-infrared light irradiation. The curves of ln(Ct/C0) ∼t for the blank experiment, YMO, YMO-SO under (D) UV irradiation, (E) visible light irradiation and (F) near-infrared light irradiation.
To more directly reflect the photocatalytic rate of the photocatalyst, the first-order kinetic formula (9) is a very reliable choice (Leelert et al., 2024).
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Where, t is the light irradiation time, k is the first-order kinetic rate constant, C0 is the initial concentration of ibuprofen, and Ct is the concentration of ibuprofen at time t. Figures 6D–F displays the curves of ln(Ct/C0) ∼t for the blank experiment, YMO, YMO-SO under UV irradiation, visible light irradiation and near-infrared light irradiation. Both blank and photocatalytic experiments show a high linear dependence between ln(Ct/C0) and t. Under ultraviolet irradiation, the k values of the blank experiment, YMO and YMO-SO are 6.67922 × 10−4, 0.00638 and 0.01496 min-1, respectively. The degradation rate of YMO-SO was 2.34 times that of YMO. The k values of the blank experiment, YMO and YMO-SO under visible light irradiation are 6.02804 × 10−4, 0.00965 and 0.01794 min-1, respectively. The degradation rate of YMO-SO is 1.86 times that of YMO, which seems to be lower than that of UV, but the main reason is that YMO has higher photocatalytic activity under visible light than UV light. When performing the NIR photocatalytic experiment, the k values of the blank experiment, YMO and YMO-SO are 5.04754 × 10−4, 0.00388 and 0.00862 min−1, respectively. The degradation rate of YMO-SO was 2.22 times that of YMO. It can be seen that the photocatalytic activity of YMO-SO is greatly improved under ultraviolet and NIR light conditions.
3.4.2 Effect of environmental parameters on the photocatalytic activity
Various environmental parameters have a great impact on the photocatalytic activity of the photocatalyst, so it is particularly important to explore the effect of environmental parameters on the photocatalytic activity of YMO-SO photocatalyst. Since the degradation percentage of YMO-SO was the highest under visible light irradiation, the photocatalytic activity of YMO-SO was studied with visible light as the research object. Figure 7A displays the effect of catalyst content on the degradation percentage of YMO-SO. The range of catalyst content is selected from 0.5–2 g/L, and other conditions are unchanged during the execution of this experiment. The illumination time was 150 min, the drug concentration was 75 mg/L and pH = 7. With the increase of catalyst content, the degradation percentage of YMO-SO first increased and then decreased. The photocatalytic activity of YMO-SO is low due to the ineffective utilization of the active site in the catalyst when the content is too low. However, when the catalytic content is too high, the photocatalytic activity of YMO-SO photocatalyst decreases, mainly because of the light penetration of suspension decreased (Kumari et al., 2021; Han et al., 2024). The results showed that the optimum catalyst content for the degradation of ibuprofen with YMO-SO photocatalyst was 1 g/L.
[image: Figure 7]FIGURE 7 | Effects of (A) catalyst content, (B) drug concentration and (C) pH value on the degradation percentage of YMO-SO. (D) The point of zero charge (PZC) of YMO-SO.
Figure 7B displays the effect of drug concentration on the degradation percentage of YMO-SO. Similarly, other parameters remain unchanged, only the drug concentration range is changed to 25–125 mg/L. With the increase of drug concentration, the photocatalytic degradation percentage of YMO-SO photocatalyst first increased and then decreased. Similar to the catalyst content, when the drug concentration is low, the surface active site in the YMO-SO photocatalyst is not effectively utilized, so the percentage of photocatalytic degradation is not high. When the drug concentration reaches 100 mg/L, the degradation percentage is significantly lower than that at 75 mg/L, mainly because the high drug concentration increases the path length of the photon entering a solution containing the catalyst and the drug (Otálvaro-Marín et al., 2017; Wang et al., 2024). In subsequent photocatalytic experiments, the optimal drug concentration of the YMO-SO photocatalyst for the degradation of ibuprofen was determined to be 75 mg/L.
Figure 7C displays the effect of pH value on the degradation percentage of YMO-SO. Under different pH conditions, the surface of the catalyst exhibits different types of charges, and the drug also exhibits different electrical properties, which will make the pH value have a great impact on the catalytic activity of the catalyst. In Figure 7C, with the increase of pH value, the photocatalytic activity of YMO-SO first increased and then decreased. It is necessary to test the point of zero charge (PZC) of the photocatalyst in order to deeply understand the effect of pH on the photocatalytic activity of the photocatalyst. Figure 7D displays the point of PZC value of YMO-SO. By measuring the pH value of the reaction solution before and after photocatalysis, the PZC value of the YMO-SO photocatalyst was 7.18. When the amount of drug adsorbed on the surface of the YMO-SO, on the basis of Eqs 10, 11, the pH value lower than the PZC of the YMO-SO, the surface of the YMO-SO becomes positive charge and it is the negative charge for pH > PZC.
[image: image]
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At a pH of 7, YMO-SO showed the best degradation percentage. It can be seen that the ibuprofen is preferentially degraded by YMO-SO under neutral conditions.
3.4.3 Capture experiments, ESR/EPR experiments and Mott- Schottky curves
The main functions of photocatalysts in the degradation of pollutants are the hVB+ and active free radicals. In order to explore the role of hVB+ and active radicals in the photocatalysis process, capture experiments must be performed. Figures 8A, B displays the capture experiments of the YMO and YMO-SO for the degradation of ibuprofen under visible light irradiation, respectively. When the capture experiment of YMO was performed (Figure 8A), the degradation percentage of YMO photocatalyst after adding EDTA-2Na, IPA and BQ was 28%, 72% and 70%, respectively. The results showed that only hVB+ played a major role in the photocatalytic process, while •OH and •O2− hardly participated in the degradation of ibuprofen. The capture experiments of the YMO-SO as shown in Figure 8B. When EDTA-2Na, IPA and BQ were added to the reaction solution, the degradation percentages were 12%, 88% and 25%, respectively. The results showed that the •OH and •O2− played major role in the degradation of ibuprofen by YMO-SO.
[image: Figure 8]FIGURE 8 | Capture experiments of the (A) YMO and (B) YMO-SO. (C) EPR spectrum for the hVB+ and ESR spectra for the (D) •OH and (E) •O2− of the YMO and YMO-SO. (F) The Mott- Schottky (M–S) curves of YMO-SO.
To further confirm the dominance of the hVB+, •OH and •O2− in the degradation of ibuprofen by YMO-SO photocatalyst, ESR/EPR experiments were performed and shown in Figures 8C–E. For the YMO and YMO-SO samples, a obvious peak at g = 2.003 can be observed in Figure 8C. These results confirmed that the hVB+ played an important role in YMO and YMO-SO photocatalysts for the degradation of ibuprofen. In Figure 8D, although both YMO and YMO-SO samples showed spikes under light irradiation conditions, the •OH played little role in the photocatalysis process. When the •O2− validation experiment was performed, it was found that there were six obvious characteristic peaks of YMO-SO, indicating that the •O2− played a major role. The capture experiments and ESR/EPR experiments confirmed that the hVB+ played a major role in the degradation of ibuprofen by YMO, while the hVB+ and •O2− played a major role in the degradation of ibuprofen by YMO-SO.
Generally, YMO is a p-type semiconductor (Balamurugan and Lee, 2015; Turut et al., 2019). When the YMO is treated with sulfuric acid, it may be converted into an n-type semiconductor. Therefore, the Mott-Schottky curve can be used to confirm this hypothesis. Figure 8F displays the Mott- Schottky (M-S) curves of YMO-SO. The slope of the M-S curve is positive, indicating that YMO-SO is an n-type semiconductor, and the results are consistent with the hypothesis. According to the experimental results, the flat band potential (VFB) of YMO-SO photocatalyst is −0.894 V. For the n-type semiconductor, the conduction band potential at normal hydrogen electrode (NHE) can be described by Eq. 12.
[image: image]
According to the calculation, the conduction potential of YMO-SO is −0.18 V. This result will help to analyze the photocatalytic mechanism of YMO-SO.
3.4.4 Cyclic stability experiments
The goal of the final industrial application of photocatalyst is to be used repeatedly. To study the cyclic stability of YMO-SO photocatalyst, Figure 9 describes the cyclic stability experiment of YMO-SO photocatalyst. Before each cycle experiment, it is necessary to centrifuge, filter, dry and sintering the catalyst used last time before performing the next cycle stability experiment. After five cycles of stability experiments, the degradation percentage of YMO-SO photocatalyst decreased from 94% to 81%. The loss of both the photocatalyst during use and the active site during photocatalysis means this reduction is acceptable and confirms the recyclability of the YMO-SO photocatalyst.
[image: Figure 9]FIGURE 9 | Cyclic stability experiment of YMO-SO photocatalyst.
3.5 Photocatalytic mechanism
According to the results of capture experiment and free radical detection experiment, the hVB+ played a major role for YMO and YMO-SO in the entire photocatalytic process, and the •O2− also played a major role in the degradation of ibuprofen by YMO-SO. However, why •OH and •O2− play different roles in different samples during the experiment needs to be explored in detail in combination with the band theory. According to the band theory, the conduction band potential (ECB) and valence band potential (EVB) of YMO are calculated on the basis of Eqs 13, 14 (You et al., 2020; Dang et al., 2024; Zhu et al., 2024).
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Where, Ee = 4.5 eV. The X = 5.52 of the YMO can be calculated by Eq. 15.
[image: image]
Where, X(Y) = 3.19 eV, X(Mn) = 3.75 eV and X(O) = 7.54 eV. YMO and NO have an The ECB and EVB of YMO are 0.435 and 1.605 V, respectively. According to calculation, Figure 10A displays the photocatalytic mechanism of the YMO. The redox potentials of O2/•O2− and OH−/•OH were −0.13 and +1.89 V, respectively, while the ECB and EVB of YMO could not reach the lower limit of obtaining •OH and •O2− so the •OH and •O2− in YMO were almost not involved in the reaction. Thus, only the hVB+ is involved in the photocatalytic reaction to degrade ibuprofen into non-toxic products.
[image: Figure 10]FIGURE 10 | Photocatalytic mechanism of the (A) YMO and (B) YMO-SO.
Since the content of S-O bond in YMO-SO cannot be accurately determined, it is not practical to calculate its conduction band and valence band potential. It can be obtained from Figure 8F that the conduction band potential of YMO-SO is −0.18 V, and then its valence band potential is 0.89 V. According to the calculated results, the photocatalytic mechanism of YMO-SO as shown in Figure 10B. The results show that the •O2− can be produced in YMO-SO, and the •O2− will directly react with ibuprofen to produce non-toxic products. Simultaneously, the hVB+ will also interact with ibuprofen to produce non-toxic products.
4 CONCLUSION
The YMO and YMO-SO photocatalysts were synthesized by the oxalate complexation and sulfuric acid heat treatment method. The crystal structure of YMO was not changed after heat treatment with sulfuric acid, but the particle size of YMO was slightly increased by a layer of S-O bond on its surface modification. Simultaneously, heat treatment of YMO with sulfuric acid changes its color properties and decreases its optical band gap value. The photocatalytic activity of the YMO-SO photocatalyst was studied under different illumination conditions and different environmental parameters. The photocatalytic activity of the YMO-SO photocatalyst was studied under ultraviolet, visible and near-infrared light. The optimum catalyst content of YMO-SO photocatalyst for the degradation of ibuprofen is 1 g/L, drug concentration is 75 mg/L and pH is 7. According to the capture experiment, free radical detection experiment and energy band theory, it was determined that the hVB+ and •O2− played the main roles in the degradation of ibuprofen by YMO-SO photocatalyst. This novel work will provide technical support for synthesizing other novel photocatalysts and studying their photocatalytic activities.
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