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Abstract

:

Piezocatalysis, a heterogeneous catalytic technique, leverages the periodic electric field changes generated by piezoelectric materials under external forces to drive carriers for the advanced oxidation of organic pollutants. Antibiotics, as emerging trace organic pollutants in water sources, pose a potential threat to animals and drinking water safety. Thus, piezoelectric catalysis can be used to degrade trace organic pollutants in water. In this work, BaTiO3 and La-doped BaTiO3 were synthesized using an improved sol–gel–hydrothermal method and used as piezocatalytic materials to degrade sulfadiazine (SDZ) with ultrasound activation. High-crystallinity products with nano cubic and spherical morphologies were successfully synthesized. An initial concentration of SDZ ranging from 1 to 10 mg/L, a catalysis dosage range from 1 to 2.5 mg/mL, pH, and the background ions in the water were considered as influencing factors and tested. The reaction rate constant was 0.0378 min−1 under the optimum working conditions, and the degradation efficiency achieved was 89.06% in 60 min. La-doped BaTiO3 had a better degradation efficiency, at 14.98% on average, compared to undoped BaTiO3. Further investigations into scavengers revealed a partially piezocatalytic process for the degradation of SDZ. In summary, our work provides an idea for green environmental protection in dealing with new types of environmental pollution.
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1. Introduction


Sulfonamides, a class of broad-spectrum antibiotics, are crucial in human healthcare and more prevalently in veterinary medicine, aiding significantly in controlling bacterial infections in animals [1]. Their extensive use, however, raises environmental concerns due to their proved persistence and potential bioaccumulation [2,3], leading to antibiotic contamination in water bodies and ecosystems, primarily through the excretion of unmetabolized residues from human and animals [4]. This environmental presence, detected in natural surface water [5], urban surface water [1], wastewater [6], soil [7], and manure [8], is concerning due to its high concentrations and the consequent ecological risks, particularly in aquatic settings, where it can harm biodiversity and promote antibiotic resistance [9]. The enduring nature of sulfonamides in environments not only threatens aquatic life through its negative effects on the reproductive and growth rates of aquatic organisms [10,11] but also amplifies the public health challenge of fostered resistance genes, thereby diminishing the effectiveness of antibiotics in treating infectious diseases [12].



It was because of the escape of antibiotics from the biochemical segment of wastewater treatment facilities that researchers realized that the widely used biological methods were not effective in removing antibiotics from water bodies. However, antibiotics are not unmanageable. In response to these challenges, advanced oxidation processes (AOPs) have emerged as promising technologies for the degradation of sulfonamide antibiotics. AOPs, for example, photocatalysis [13], piezocatalysis [14], photo-piezocatalysis [15], Fenton and Fenton-like processes [16], electrochemical oxidation [17], ozonation [18], etc., have been applied to degrading antibiotics. Except AOPs, bioremediation and membrane filtration were able to partially remove antibiotics from water. Each of these methods has its advantages and limitations within specific circumstances.



Among these, piezoelectric catalysis, also known as piezocatalysis, has gained attention due to its high efficiency, environmental compatibility [19], and potential sustainability. A blueprint for sustainable piezocatalysis is to use the energy from the flow or vibration of water, which means less or even no consumption of energy in a low-entropy state. Piezocatalysis involves the generation of reactive oxygen species (ROS) under mechanical stress, offering a green and energy-efficient approach to pollutant degradation.



Many types of materials can be used as piezocatalysts if they have an asymmetric charge center while under a driving force, according to screen effect theory, and the proper band structure to generate ROS, according to band theory. With these two guidelines in mind, there are some major types of piezocatalysts that have been studied, including ZnO [20], MoS2 [21], perovskite [22], and some types of piezoelectric polymers [23]. Compared to other piezoelectric materials that are possible piezocatalysts, barium titanate (BaTiO3, BTO), a member of the perovskite family, has continuously attracted research interest owning to its high piezoelectric coefficient, excellent electrical properties, chemical and thermal stability, ease of processing and modification, and extensive research foundation.



For the processing and modification of BTO, intensive studies have been performed. In catalyst synthesis, the choice of method, parameters, and precursors is crucial, directly influencing the material’s properties and catalytic efficiency [24]. Solvothermal, solid-phase synthesis, sol–gel, and co-precipitation methods have been reported as processing methods for the piezocatalytic degradation of BTO [25,26]. Furthermore, the parameters used during the process have also been proven to significantly affect the crystal structure and consequently the catalytic efficiency [27,28,29]. As a piezocatalyst, a relatively deeper understanding of its piezocatalytic mechanism has been realized by researchers. Ongoing research explores the effectiveness of BTO in degrading diverse organic pollutants [30,31], utilizing various nanostructures [30,32] and within different working conditions [33,34,35], including the external driving force parameters, temperature, concentration, and solution condition.



A significant portion of the research indicates that enhancing the performance of piezocatalysis is not confined to a single approach; rather, it often involves combining or layering various strategies to achieve better performance improvements. The topic of elemental doping in BTO is also a critical area of study. Previous investigations have shown that doping it with isovalent or heterovalent ions at either the A or B sites may contribute to the cell parameters, subsequently enhanced piezoelectric catalytic performance [33,36,37]. Therefore, synthesizing BTO using a sol–gel–hydrothermal method, doping it with lanthanum (La) during the synthesis process, is theoretically an effective way to boost its piezocatalytic efficiency. This modification facilitates improving the charge separation and increasing the availability of its active sites for ROS generation, leading to more effective degradation of pollutants. Synthesizing BTO using the sol–gel–hydrothermal method is more green and has less of an effect on its crystallinity and morphology compared to a single hydrothermal process [26]. Also, the hydrothermal method is more convenient because sintering is not required, thereby allowing for the generation of stable nanoparticle products in large scale.



Our study focuses on the degradation of sulfadiazine, a representative sulfonamide antibiotic. The piezocatalytic degradation of SDZ using BTO has not been studied before. By leveraging the optimized performance of lanthanum-doped BTO synthesized using the improved sol–gel–hydrothermal method, we investigate the effects of various parameters on the degradation process, including the catalyst dosage, pollutant concentration, pH levels, and the presence of interfering ions. This comprehensive approach aims to optimize the piezocatalytic conditions for the effective degradation of sulfadiazine, contributing valuable insights into the potential of piezocatalysis to mitigate the environmental impact of sulfonamide antibiotics. Through this research, we seek to develop sustainable and efficient methods for pollution control, addressing the urgent need for strategies to protect aquatic ecosystems and public health from the consequences of antibiotic contamination.




2. Results and Discussion


2.1. Characterization of BTO and BTO-La


The XRD patterns shown in Figure 1 indicate that BTO nanoparticles were successfully synthesized, and the diffraction peaks matched the PDF cards (PDF #01-070-9165 and PDF #01-070-9164 for BTO with symmetric groups of pm3m and p4mm, respectively). In all the samples, a smaller amount of BaCO3 was detected. The peak shape at a diffraction angle of about 45° (2θ) indicates that there was a p4mm phase and a pm3m phase existing in the sample, corresponding to tetragonal and cubic BTO. The clear shifting of the (110) peak in the pattern of BTO-La shows smaller interplanar spacing according to Bragger’s law, which indicates a successful La-doping process. The crystallinity of the prepared materials is better than a sample synthesized using the microwave irradiation process [22] and close to that synthesized using a protracted single hydrothermal method [26].



Based on the XRD pattern, Rietveld refinement was performed to determine the detailed physical properties of the lattice structure. As calculated using the lattice parameters (a = b = 4.00192 Å and c = 4.02536 Å for undoped BTO and a = b =4.00288 Å and c = 4.02663 Å for BTO-La), the tetragonality (c/a) was slightly increased from 1.0058 to 1.0059. The c/a value is considered to be an important factor for its piezoelectric properties. The relatively higher c/a value indicates the possibility of higher piezocatalysis activity.



The XPS spectra corrected to 284.8 eV using carbon contamination are shown in the Figure 2a–c partially and in Figure S2 fully for BTO, BTO-La, and the after-reaction sample.



The La 3d spectrum shown in Figure 2a indicates the presence of La in the 3+ state, which shows four peaks at 834.33 eV, 837.27 eV, 851.11 eV, and 853.79 eV, while there is no significant signal detected in Figure S1c for BTO. This result indicates the successful doping of La.



The Ba 3d scan of BTO-La, illustrated in Figure S2g, shows the peaks positioned at both Ba 3d5/2 and Ba 3d3/2 can be deconvoluted into two single peaks (denoted as Ba(I) and Ba(II) for a low and high binding energy, respectively). The Ba(II) peaks were considered indicative of the surface type of BaTiO3, and it has been proven that this is related to the annealing process [38,39]. However, further investigation is still needed to understand the influence of this phenomenon on the piezocatalytic performance. Figure S2e shows Ti4+ with peaks centered at 457.33 eV and 463.05 eV with respect to Ti 2p3/2 and Ti 2p1/2, which fits well with the standard TiO2 spectrum, with a splitting distance of 5.70 eV.



The O 1s scan illustrated in Figure 2b shows three peaks representing perovskite lattice oxygen (OL), oxygen vacancies (OV), and chemically absorbed oxygen and barium carbonate (OC) at 528.51 eV, 530.00 eV, and 531.59 eV for BTO-La. Meanwhile, the peaks illustrated in Figure 2c represent BTO sites at 529.13 eV, 530.76 eV, and 532.32 eV. The Ov/OL ratio is often used to measure the concentration of OV in a material [40]. For BTO-La and BTO, the Ov/OL ratios were 0.457 and 0.240, respectively. Considering the complexity of XPS, this result implies that there are certain concentrations of OV in the BTO prepared using the sol–gel–hydrothermal method and that La doping would lead to an increase in the OV concentration.



The SEM images show that both BTO and BTO-La have cubic and spherical nanoparticle shapes and the typical core–shell structure which is induced by the hydrothermal process. Comparison between these two images indicates no significant influence on their morphology. The samples prepared using the sol–gel–hydrothermal method have a similar morphology to a sample prepared using a single hydrothermal method [41]. The insets in Figure 3 are the average particle size distributions, which show that BTO-La has a larger and more concentrated size distribution with an average size of 81.31 nm, while it is 79.51 nm for BTO. However, the N2 adsorption–desorption isotherms and corresponding pore volume results shown in Figure S4 with a fitted surface area for BTO and BTO-La are 10.45 m2/g and 12.23 m2/g, respectively. This result is close to that of Lan et al. [42] but lower than that of Lv et al. [31]. It can be attributed to the much bigger particle size of the prepared samples in this study, which was induced by long-term growth using the hydrothermal method and the agglomeration of the catalyst. The obtained isotherms of both samples correspond to a type-III isothermal in accordance with the IUPAC classification, indicating weaker absorption between the catalysts and the molecules.



The detailed morphologies and microstructures were probed using TEM. As shown in Figure 4a, the BTO-La exhibits similar particle sizes and cubic and irregular spherical shapes to those seen in the SEM result. The continuous orderly atomic lattice fringes focused in the core area shown in Figure 4b indicate the high crystallinity of the sample. The observations from the HR-TEM results revealed (100) crystal planes with spacings of 0.4019 nm and 0.4054 nm for BTO and BTO-La, respectively. The various interplanar spacings further substantiate the effect of heterovalent ion doping. The uniform distribution of La elements within the crystals was confirmed through EDS mapping, illustrated in Figure 4c. For Ba, Ti, O, and La, the atomic ratios are 18.66%, 17.59%, 62.55%, and 1.20%, respectively. Mott–Schottky curves and Tauc plots for BTO and BTO-La are presented in Figure S5. The results indicate that the incorporation of 5% La as a dopant does not significantly alter the band structure.




2.2. Effects of the Ultrasound and Recycle Tests


The degradation of organic pollutants through piezocatalysis has been extensively reported [30,31,33]. Controlled experiments involving piezocatalysts and external activation conditions have conclusively demonstrated that piezocatalysis can degrade organic pollutants. Figure 5a presents the experimental results with and without the presence of BTO and/or ultrasound, clearly indicating that BTO can effectively degrade SDZ under ultrasonic conditions. The TOC test results illustrated in Figure S6 show a 0.39 mg/L decrease in TOC after the reaction, close to the theoretical value calculated with the corresponding degradation efficiency (i.e., 0.42 mg/L), which means the majority of the SDZ was fully degraded by the piezocatalytic process. After five cycles of testing, presented in Figure 5b, the degradation efficiencies were 84.54%, 76.51%, 71.20%, 63.51%, and 49.38%, respectively. This decrease in the degradation efficiency may be attributed to the loss of the catalyst’s mass due to the sampling and the adsorption of by-products onto its surface. The characterization of BTO-La after five cycles through XRD, XPS, and TEM is presented in Figures S1–S3. The after-reaction XRD pattern reveals no significant alterations, indicating the stability and reusability of the modified BTO-La. Fine scans of La 3d, Ti 2p, and Ba 3d demonstrate that there are no substantial changes in the chemical states of the elements on the surface of the catalyst, and the ratio of oxygen vacancies to lattice oxygen (Ov/OL) remains unchanged. The TEM observations confirm that the microstructure of the sample is preserved following the cyclic reactions. EDS mapping indicates the presence of C on the catalyst’s surface, which could be attributed to incompletely degraded SDZ. The after-reaction characterization clearly demonstrates that the surface of the catalyst involved in the AOP remained stable.




2.3. Effects of the Catalysis Dosage


The degradation process of SDZ under various catalyst dosages is shown in Figure 5a,b for BTO and BTO-La, respectively. For the 2.5 mg/L initial SDZ concentration, the optimum dosage is 2 g/L, with a degradation efficiency of 70.36% and 81.58% for BTO and BTO-La, respectively. The apparent reaction rate constant (kobs, also denoted as k) was fit from the process of degradation using a first-order kinetic model. The corresponding k values for Figure 6a,b are illustrated in Figure 6c. For various BTO dosages ranging from 0.5 to 2.5 g/L, the corresponding k are 0.0094, 0.0133, 0.0190, 0.0208, and 0.0084 min−1. For BTO-La, the values are 0.0155, 0.0157, 0.0211, 0.0283, and 0.0065 min−1. It is found that BTO-La achieved an average increase of 30% in kobs compared to BTO for catalyst dosages other than 2.5 g/L. This performance difference can be explained by the slightly larger c/a ratio caused by doping [20], the larger BET surface area [21], and the oxygen vacancies introduced during the doping process. The generation of oxygen vacancies in perovskite crystals due to heterovalent rare-earth doping, such as doping La into BTO, is a well-documented phenomenon [22,23,24]. Recent studies by Xiao et al. [25] and Wang et al. [26] have shown that the presence of oxygen vacancies is a crucial factor affecting the piezocatalytic performance. The mechanism is likely attributed to two competing pathways induced by doping, an increase in the carrier concentration and a decrease in the piezoelectric performance of BTO [27], however, no results have yet identified the optimal doping concentration.



Moreover, the effective reaction rate constant (keff) was calculated using kobs, the concentration of SDZ, and the catalysis dosage. Based on the results, it is evident that except for with a catalyst dosage of 2.5 g/L, kobs has a positive correlation with the catalyst dosage. However, when considering keff, a negative correlation following a linear function decline is observed (Figure S1). This could be due to the agglomeration of excessive catalyst when the catalyst dosage is too high, leading to a decrease in performance [43]. When the dosage is lower, it can provide more active sites, generating more species [44].




2.4. Effects of the Initial Concentration of SDZ


The concentration of pollutants is another parameter that affects the reaction rates. The degradation process with various initial concentrations of SDZ ranging from 1 to 10 mg/L is illustrated on Figure 7a,b. During the degradation process using BTO, the corresponding k are 0.0308, 0.0133, 0.0082, 0.0074, and 0.0062 min−1. For BTO-La, the values are 0.0378, 0.0157, 0.0112, 0.0097, and 0.0096 min−1. Notably, the degradation efficiency of BTO-La achieved 89.06%, while BTO achieved 86.08%. The contrasting result shown in Figure 7c clearly indicates the effect of doping.



The results for kobs and keff indicate that within the range of 1 mg/L to 10 mg/L, keff shows a power function relationship with the amount of pollutant (Figure S1), implying that the active sites are saturated and/or there is high diffusion resistance. When large quantities of pollutant molecules are present in the aqueous solution, the reactive sites may be covered by these molecules [45]. In these experiments, a difference in the reaction rates between BTO-La and BTO was also observed, with an average difference of 14.98%, further illustrating the universality of this disparity and the effectiveness of La doping in enhancing the piezocatalytic performance.



Furthermore, when presenting the experimental results on the catalyst dosage and pollutant concentration in the form of a heatmap (Figure S8), it is shown that the optimal kobs and keff are achieved when the catalyst dosage is 1.0 g/L and the pollutant concentration is 1.0 mg/L.




2.5. Effects of the Background Conditions


The role of pH as an influencing factor in the piezocatalytic process has been mentioned recently. The overall degradation efficiency improving in alkaline conditions compared to neutral and acidic environments was observed, which is in accordance with Lv et al. [31]. The experimental results are shown on Figure 8a. Compared to under neutral conditions, the degradation efficiency increased to 95.21% and the reaction rate increased to 0.0516 min−1 for BTO-La. This increase was also observed for BTO, implying that the mechanism of enhancement may involve ROS reactions. This enhancement can be explained by the higher concentration of hydroxide ions adsorbed onto the surface of the catalyst due to the surface charge, affected by pH, which facilitates the generation of hydroxyl radicals, as listed in Equation (6).



Inorganic ions are ubiquitously present in aquatic environments and could potentially influence the piezocatalytic process. The effects of five common types of inorganic ions, Cl−, NO3−, SO42−, Mg2+, and Ca2+, were examined at a catalyst dosage of 1 g/L and a pollutant concentration of 1 mg/L. The results illustrated on Figure 8b indicate that Cl− and NO3− do not significantly impact the performance, while SO42− leads to a slight increase in performance. However, Mg2+ and Ca2+ cause a certain degree of performance degradation, which may be attributed to competition for active sites due to electrostatic interactions.




2.6. Possible Piezocatalytic Degradation Mechanisms


To elucidate the mechanism of the piezocatalytic process, various scavengers were introduced to detect potential reactive species, and the role of oxygen throughout the reaction was verified by continuously purging the system with N2. The selected scavengers, along with the continuous input of N2, significantly inhibited the piezocatalytic process which shown on Figure 8c. Compared to the control group, TBA, p-BQ, EDTA, and FFA (corresponding to the scavenging of ·OH,··O2−, holes, and 1O2, respectively) resulted in decreases in the degradation efficiency of 9.19%, 44.79%, 3.81%, and 32.95%, respectively. Continuously purging the system with N2 almost reduced the rate to zero, underscoring the critical role of dissolved oxygen in the reaction system.



Based on the above results and related reports [32,43,46], the reactions that may occur in the reaction system are as seen in the following equations and illustrated in Figure 9, where ultrasound acts as the driving force to generate ROS, such as superoxide radicals and hydroxyl radicals, to degrade organic pollutants.
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   Organic molecules + · OH /  O  2   −   → harmless products   



(7)





The mechanism of piezocatalytic degradation with BTO is thought to involve the generation of ROS under irradiation of ultrasound as a mechanical stress source. The piezoelectric potential induced by the deformation of the material promotes the separation of charge carriers, facilitating the formation of ·OH and ·O2− radicals. These radicals are highly reactive and capable of breaking down complex organic molecules into simpler, non-toxic compounds [47].



Regarding the enhancement of the degradation efficiency resulting from elemental doping, investigations have been conducted into the lattice parameters, band structure, surface properties, and defect conditions in reported studies [29,46,48,49]. Consequently, the degradation efficiency should be considered an indicator influenced by a multitude of factors. In this study, UV-DRS confirmed that the modified BTO-La had no significant impurity energy level, which rules out one of common causes of performance enhancement. However, considering the results of the O 1s XPS, the BTO-La is hypothesized to enhance the piezocatalytic process by introducing additional oxygen vacancies, thereby increasing the efficiency of the degradation. In fact, this hypothesis was also mentioned by Xiao et al. [50] and Wang et al. [51]. Moreover, in more detailed studies of photocatalysis, the presence of a suitable amount of oxygen vacancy defects has been found not to weaken but rather to significantly enhance the photocurrent density, thereby boosting the associated reactive performance [52]. Therefore, speculation regarding the enhanced performance of BTO-La is reasonable, but further detailed characterization and experimental design are essential.





3. Conclusions


La-doped BTO nanoparticles were successfully synthesized using an improved sol–gel–hydrothermal method. The prepared BTO-La had a nano cubic and spherical morphology and exhibited higher piezocatalytic activity for SDZ degradation compared to undoped BTO, achieving an average increase of 14.98% in its degradation efficiency under various pollutant concentrations and catalyst dosages. This increase may be attributed to oxygen vacancy. Moreover, its performance remained stable after five cycles of degradation, maintaining degradation capability for SDZ across a wide range of pH conditions and in the presence of inorganic ions. Further quenching experiments indicated that superoxide and hydroxyl radicals play a significant role in the degradation process of SDZ, suggesting that La-doped BTO is a promising candidate for advanced oxidation technologies.




4. Materials and Methods


All the chemicals, including tetrabutyl titanate ((C3H7O)4Ti, ≥99%, RG), barium hydroxide octahydrate (Ba(OH)2•8H2O, 98%, AR), ethanol (≥99.8%, GR), ammonium hydroxide (25~28%, Ultra Grade), lanthanum hydroxide (La(OH)3, ≥99.95%, RG), sulfadiazine (SDZ, C10H10N4O2S, ≥99%, RG), acetonitrile (CH3CN, ≥99.9%, HPLC grade), tert-butanol (TBA, ≥99.5%, GCS), furfuryl alcohol (FFA, ≥99%, RG), and p-benzoquinone (p-BQ, RG), were purchased from Titan™ (Shanghai, China) and used without further purification. All chemicals used in this study were of analytical grade unless otherwise stated. All the experimental solutions were prepared with ultrapure water (18.2 MΩ).



4.1. Synthesis of BTO


The BTO was synthesized using the sol–gel–hydrothermal method. First, 0.01 M tetrabutyl titanate and 0.015 M barium hydroxide were added into 20 mL ethanol and 30 mL DI water, respectively. For the BTO-La, lanthanum hydroxide and barium hydroxide were added simultaneously, at an atomic ratio of 5%. Then, these two solutions were mixed, ammonia water was added into the solution, and then the solution was stirred for 2 h at 80 °C. After stirring, the solution was transferred into a hydrothermal synthesis reactor and heated in the oven for 16 h at 200 °C. The hydrothermal product was washed and centrifuged with ethanol, 0.1 M nitric acid, and DI water 2 times. Finally, the product was dried at 60 °C for 24 h.




4.2. Characterization


Scanning electron microscopy (SEM, Zeiss GeminiSEM 300, Oberkochen, Germany) was used to determine the surface morphology of the BTO. The size distribution was analyzed using OpenCV; each particle in the SEM images was separated using the Segment Anything model as the image detector. X-ray diffraction (XRD, Bruker D8, Billerica, MA, USA) with Cu Kα radiation with a voltage of 40 kV and a current of 40 mA was used to determine the crystallinity and lattice parameters of the BTO nanoparticles. X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha+, Waltham, MA, USA) with Al Kα as the X-ray source was used to determine the doping results, and all the binding energies of the samples were corrected by referencing the C 1s peak to 284.8 eV. High-resolution transmission electron microscopy (HR-TEM, Thermo Fisher Talos F200S G2, Waltham, MA, USA) with an energy-dispersive X-ray spectroscopy detector (EDS) was used to determine the microstructure and the elemental distribution of the catalyst. The specific surface area was measured according to the physical adsorption of N2 at 77 K using an auto-adsorption system (Micromeritics ASAP 2460, Norcross, GA, USA) and calculated using the Brunauer–Emmett–Teller (BET) equation. The impedance–potential curves (Mott–Schottky plots) were generated using an electrochemical workstation (Chenhua CHI660E, Shanghai, China) to determine the impedance of and the band information for the BTO nanoparticles. The UV-Vis diffuse reflectance spectra (UV-DRS) were recorded using a spectrophotometer (Shimadzu UV2600, Kyoto, Japan) in the region of 200~800 nm.




4.3. Piezocatalytic Degradation Experiment


The piezocatalytic degradation experiments were carried out in the presence of BTO under ultrasound vibration. A certain amount of BTO was mixed into the solution of SDZ. After dark adsorption, a glass vessel containing 40 mL of the well-mixed solution was placed in the ultrasonic machine (YM-020PLUS, Guangzhou, China) with a frequency of 40 kHz at 120 watts. At intervals of 15 min, 1 mL of the reaction solution was withdrawn and centrifuged at 14,000 rpm for further analysis of the residual SDZ concentration. To prevent heat from being generated by the ultrasound, the water in the ultrasonic machine was replaced each interval. After each cycle during the recycle test, the after-reaction solution was centrifuged, and the dried sediment was used for the next cycle of characterizations. The pH was controlled using phosphate buffer solution in the pH effect tests and confirmed using a pH meter after the reaction. The effects of ions were tested by adding NaCl, NaNO3, Na2(SO4)2, CaCl2, and MgCl2. All the experiments were conducted in triplicate, and the mean values with standard deviation are reported and shown in the figures. In the quenching tests, and TBA, p-BQ and FFA were employed as scavengers of ·OH, ·O2−, and singlet oxygen (1O2), respectively.



The SDZ was analyzed using high-performance liquid chromatography (HPLC, Thermo Scientific UltiMate 3000, Sunnyvale, CA, USA) using a UV detector set at 270 nm and an Acclaim™ 120 C18 column (150 mm × 4.6 mm; 5 μm) maintained at 40 °C. DI water with 0.1% phosphoric acid and acetonitrile (60:40, v:v) with a flow rate of 1.0 mL·min−1 was used as the mobile phase. The total organic carbon (TOC) was measured using the TC-IC method with a TOC analyzer (Shimadzu TOC-L, Kyoto, Japan).









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules29081719/s1, Figure S1: XRD patterns of as-prepared and after-recycle-reaction of BTO-La; Figure S2: XPS survey and fine scan of as-prepared BTO (a–f), BTO-La (g–l) and after-recycle-reaction of BTO-La (m–s); Figure S3: HR-TEM graphs at low (a) and high (b) magnification, and EDS mapping of after-recycle-rection of BTO-La (c); Figure S4: Nitrogen adsorption-desorption isotherms and insets (the corresponding pore size distribution curves) of BTO (a) and BTO-La (b); Figure S5: Mott-Schottky curves (a) and Tauc plot (b) result of BTO and BTO-La. The inset in (b) is absorbance while performing UV-DRS test; Figure S6: TOC of experimental solution before and after reaction with 1 mg/L SDZ and 1 g/L BTO-La; Figure S7: Correlation between keff and catalysis dosage (a); SDZ concentration (b); Figure S8: Heatmap of k as the function of SDZ concentration and catalyst dosage (left column) and actual test point (right column); Figure S9: The degradation process of SDZ with BTO under various pH (a); background constituent (b); radical scavengers (c); with BTO-La; under various pH (c); background constituent (d); radical scavengers (f);Table S1: The kobs and degradation efficiency of the tested groups in this study.





Author Contributions


D.M.: investigation, conceptualization, software, formal analysis, writing—original draft. Y.X.: investigation, writing—review and editing. Z.Y.: writing—review and editing. H.Y.: writing—review and editing. L.T.: conceptualization, supervision, writing—review and editing. S.L.: conceptualization, supervision, writing—review and editing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Key Research and Development Program of China (2022YFC3203801) and the National Natural Science Foundation of China (42177071).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Baran, W.; Adamek, E.; Ziemiańska, J.; Sobczak, A. Effects of the Presence of Sulfonamides in the Environment and Their Influence on Human Health. J. Hazard. Mater. 2011, 196, 1–15. [Google Scholar] [CrossRef]

	



Liu, X.; Lv, K.; Deng, C.; Yu, Z.; Shi, J.; Johnson, A.C. Persistence and Migration of Tetracycline, Sulfonamide, Fluoroquinolone, and Macrolide Antibiotics in Streams Using a Simulated Hydrodynamic System. Environ. Pollut. 2019, 252, 1532–1538. [Google Scholar] [CrossRef] [PubMed]

	



Ye, C.; Shi, J.; Zhang, X.; Qin, L.; Jiang, Z.; Wang, J.; Li, Y.; Liu, B. Occurrence and Bioaccumulation of Sulfonamide Antibiotics in Different Fish Species from Hangbu-Fengle River, Southeast China. Environ. Sci. Pollut. Res. 2021, 28, 44111–44123. [Google Scholar] [CrossRef]

	



García-Galán, M.J.; Díaz-Cruz, M.S.; Barceló, D. Occurrence of Sulfonamide Residues along the Ebro River Basin: Removal in Wastewater Treatment Plants and Environmental Impact Assessment. Environ. Int. 2011, 37, 462–473. [Google Scholar] [CrossRef]

	



Cheong, M.S.; Seo, K.H.; Chohra, H.; Yoon, Y.E.; Choe, H.; Kantharaj, V.; Lee, Y.B. Influence of Sulfonamide Contamination Derived from Veterinary Antibiotics on Plant Growth and Development. Antibiotics 2020, 9, 456. [Google Scholar] [CrossRef] [PubMed]

	



Li, T.; Ouyang, W.; Lin, C.; Wang, J.; Cui, X.; Li, Y.; Guo, Z.; Zhu, W.; He, M. Occurrence, Distribution, and Potential Ecological Risks of Antibiotics in a Seasonal Freeze-Thaw Basin. J. Hazard. Mater. 2023, 459, 132301. [Google Scholar] [CrossRef] [PubMed]

	



Kokoszka, K.; Wilk, J.; Felis, E.; Bajkacz, S. Application of UHPLC-MS/MS Method to Study Occurrence and Fate of Sulfonamide Antibiotics and Their Transformation Products in Surface Water in Highly Urbanized Areas. Chemosphere 2021, 283, 131189. [Google Scholar] [CrossRef]

	



Hanamoto, S.; Minami, Y.; Hnin, S.S.T.; Yao, D. Localized Pollution of Veterinary Antibiotics in Watersheds Receiving Treated Effluents from Swine Farms. Sci. Total Environ. 2023, 902, 166211. [Google Scholar] [CrossRef]

	



Wang, J.; Xu, J.; Ji, X.; Wu, H.; Yang, H.; Zhang, H.; Zhang, X.; Li, Z.; Ni, X.; Qian, M. Determination of Veterinary Drug/Pesticide Residues in Livestock and Poultry Excrement Using Selective Accelerated Solvent Extraction and Magnetic Material Purification Combined with Ultra-High-Performance Liquid Chromatography–Tandem Mass Spectrometry. J. Chromatogr. A 2020, 1617, 460808. [Google Scholar] [CrossRef]

	



Zhao, K.; Li, C.; Wang, Q.; Lu, H. Distribution of Sulfonamide Antibiotics and Resistance Genes and Their Correlation with Water Quality in Urban Rivers (Changchun City, China) in Autumn and Winter. Sustainability 2022, 14, 7301. [Google Scholar] [CrossRef]

	



Chen, S.; Wang, L.; Feng, W.; Yuan, M.; Li, J.; Xu, H.; Zheng, X.; Zhang, W. Sulfonamides-Induced Oxidative Stress in Freshwater Microalga Chlorella Vulgaris: Evaluation of Growth, Photosynthesis, Antioxidants, Ultrastructure, and Nucleic Acids. Sci. Rep. 2020, 10, 8243. [Google Scholar] [CrossRef] [PubMed]

	



Yan, M.; Xu, C.; Huang, Y.; Nie, H.; Wang, J. Tetracyclines, Sulfonamides and Quinolones and Their Corresponding Resistance Genes in the Three Gorges Reservoir, China. Sci. Total Environ. 2018, 631–632, 840–848. [Google Scholar] [CrossRef] [PubMed]

	



Alsolami, E.S.; Mkhalid, I.A.; Shawky, A.; Hussein, M.A. Efficient Visible-Light Photooxidation of Ciprofloxacin Antibiotic over CoTiO3-Impregnated 2D CeO2 Nanocomposites Synthesized by a Sol-Gel-Based Process. Mater. Sci. Semicond. Process. 2023, 162, 107487. [Google Scholar] [CrossRef]

	



Zhu, X.; Wu, X.; Li, Y.; Shao, W.; Fu, J.; Lin, Q.; Tan, J.; Gao, S.; Zhang, Y.; Ye, W. Bi5Ti3FeO15 Nanofibers for Highly Efficient Piezocatalytic Degradation of Mixed Dyes and Antibiotics. ACS Appl. Nano Mater. 2023, 6, 5602–5612. [Google Scholar] [CrossRef]

	



Sharma, A.; Bhardwaj, U.; Kushwaha, H.S. ZnO Hollow Pitchfork: Coupled Photo-Piezocatalytic Mechanism for Antibiotic and Pesticide Elimination. Catal. Sci. Technol. 2022, 12, 812–822. [Google Scholar] [CrossRef]

	



Liu, X.; Zhou, Y.; Zhang, J.; Luo, L.; Yang, Y.; Huang, H.; Peng, H.; Tang, L.; Mu, Y. Insight into Electro-Fenton and Photo-Fenton for the Degradation of Antibiotics: Mechanism Study and Research Gaps. Chem. Eng. J. 2018, 347, 379–397. [Google Scholar] [CrossRef]

	



Zhu, L.; Santiago-Schübel, B.; Xiao, H.; Hollert, H.; Kueppers, S. Electrochemical Oxidation of Fluoroquinolone Antibiotics: Mechanism, Residual Antibacterial Activity and Toxicity Change. Water Res. 2016, 102, 52–62. [Google Scholar] [CrossRef]

	



Iakovides, I.C.; Michael-Kordatou, I.; Moreira, N.F.F.; Ribeiro, A.R.; Fernandes, T.; Pereira, M.F.R.; Nunes, O.C.; Manaia, C.M.; Silva, A.M.T.; Fatta-Kassinos, D. Continuous Ozonation of Urban Wastewater: Removal of Antibiotics, Antibiotic-Resistant Escherichia coli and Antibiotic Resistance Genes and Phytotoxicity. Water Res. 2019, 159, 333–347. [Google Scholar] [CrossRef] [PubMed]

	



He, J.; Dong, C.; Chen, X.; Cai, H.; Chen, X.; Jiang, X.; Zhang, Y.; Peng, A.; Badsha, M.A.H. Review of Piezocatalysis and Piezo-Assisted Photocatalysis in Environmental Engineering. Crystals 2023, 13, 1382. [Google Scholar] [CrossRef]

	



Wang, Z.; Xiang, M.; Huo, B.; Wang, J.; Yang, L.; Ma, W.; Qi, J.; Wang, Y.; Zhu, Z.; Meng, F. A Novel ZnO/CQDs/PVDF Piezoelectric System for Efficiently Degradation of Antibiotics by Using Water Flow Energy in Pipeline: Performance and Mechanism. Nano Energy 2023, 107, 108162. [Google Scholar] [CrossRef]

	



Wu, E.; Yu, Y.; Hu, J.; Ren, G.; Zhu, M. Piezoelectric-Channels in MoS2-Embedded Polyvinylidene Fluoride Membrane to Activate Peroxymonosulfate in Membrane Filtration for Wastewater Reuse. J. Hazard. Mater. 2023, 458, 131885. [Google Scholar] [CrossRef] [PubMed]

	



Amaechi, I.C.; Hadj Youssef, A.; Kolhatkar, G.; Rawach, D.; Gomez-Yañez, C.; Claverie, J.P.; Sun, S.; Ruediger, A. Ultrafast Microwave-Assisted Hydrothermal Synthesis and Photocatalytic Behaviour of Ferroelectric Fe3+-Doped BaTiO3 Nanoparticles under Simulated Sunlight. Catal. Today 2021, 360, 90–98. [Google Scholar] [CrossRef]

	



Huang, T.-H.; Espino, F.K.C.; Tian, X.-Y.; Widakdo, J.; Austria, H.F.M.; Setiawan, O.; Hung, W.-S.; Pamintuan, K.R.S.; Leron, R.B.; Chang, C.-Y.; et al. Piezocatalytic Property of PVDF/Graphene Self-Assembling Piezoelectric Membrane for Environmental Remediation. Chem. Eng. J. 2024, 487, 150569. [Google Scholar] [CrossRef]

	



Mamba, G.; Mafa, P.J.; Muthuraj, V.; Mashayekh-Salehi, A.; Royer, S.; Nkambule, T.I.T.; Rtimi, S. Heterogeneous Advanced Oxidation Processes over Stoichiometric ABO3 Perovskite Nanostructures. Mater. Today Nano 2022, 18, 100184. [Google Scholar] [CrossRef]

	



Mi, L.; Zhang, Q.; Wang, H.; Wu, Z.; Guo, Y.; Li, Y.; Xiong, X.; Liu, K.; Fu, W.; Ma, Y.; et al. Synthesis of BaTiO3 Nanoparticles by Sol-Gel Assisted Solid Phase Method and Its Formation Mechanism and Photocatalytic Activity. Ceram. Int. 2020, 46, 10619–10633. [Google Scholar] [CrossRef]

	



Ji, X.; Zhu, Y.; Lian, X.; Fan, B.; Liu, X.; Xiao, P.; Zhang, Y. Hydroxylation Mechanism of Phase Regulation of Nanocrystal BaTiO3 Synthesized by a Hydrothermal Method. Ceram. Int. 2022, 48, 2281–2288. [Google Scholar] [CrossRef]

	



Sewify, G.H.; Shawky, A. Solvothermal-Based Synthesis of Barium Stannate Nanosheets Coupled with Copper Manganate Nanoparticles for Efficient Photooxidation of Tetracycline under Visible Light. J. Colloid Interface Sci. 2023, 648, 348–356. [Google Scholar] [CrossRef]

	



Wang, Z.; Hao, H.; Peng, F.; Zhang, W.; Su, C.; Guo, Q.; Yao, Z.; Cao, M.; Liu, H. Defect Evolution and Effect on Structure and Electric Properties of A/B Site Sm Doped BaTiO3 Sintered in Different Atmospheres. J. Alloys Compd. 2023, 945, 169211. [Google Scholar] [CrossRef]

	



Wu, J.; Xu, Q.; Lin, E.; Yuan, B.; Qin, N.; Thatikonda, S.K.; Bao, D. Insights into the Role of Ferroelectric Polarization in Piezocatalysis of Nanocrystalline BaTiO3. ACS Appl. Mater. Interfaces 2018, 10, 17842–17849. [Google Scholar] [CrossRef]

	



Wu, J.; Qin, N.; Bao, D. Effective Enhancement of Piezocatalytic Activity of BaTiO3 Nanowires under Ultrasonic Vibration. Nano Energy 2018, 45, 44–51. [Google Scholar] [CrossRef]

	



Lv, Y.; Sui, M.; Lv, X.; Xie, J. Piezoelectric Catalytic Performance of BaTiO3 for Sulfamethoxazole Degradation. Environ. Sci. Water Res. Technol. 2022, 8, 3007–3018. [Google Scholar] [CrossRef]

	



Tang, Q.; Wu, J.; Kim, D.; Franco, C.; Terzopoulou, A.; Veciana, A.; Puigmartí-Luis, J.; Chen, X.-Z.; Nelson, B.J.; Pané, S. Enhanced Piezocatalytic Performance of BaTiO3 Nanosheets with Highly Exposed 001 Facets. Adv. Funct. Mater. 2022, 32, 2202180. [Google Scholar] [CrossRef]

	



Yu, C.; He, J.; Tan, M.; Hou, Y.; Zeng, H.; Liu, C.; Meng, H.; Su, Y.; Qiao, L.; Lookman, T.; et al. Selective Enhancement of Photo-Piezocatalytic Performance in BaTiO3 via Heterovalent Ion Doping. Adv. Funct. Mater. 2022, 32, 2209365. [Google Scholar] [CrossRef]

	



Liu, X.; Shen, L.; Xu, W.; Kang, W.; Yang, D.; Li, J.; Ge, S.; Liu, H. Low Frequency Hydromechanics-Driven Generation of Superoxide Radicals via Optimized Piezotronic Effect for Water Disinfection. Nano Energy 2021, 88, 106290. [Google Scholar] [CrossRef]

	



Chen, Y.; Deng, X.; Wen, J.; Zhu, J.; Bian, Z. Piezo-Promoted the Generation of Reactive Oxygen Species and the Photodegradation of Organic Pollutants. Appl. Catal. B Environ. 2019, 258, 118024. [Google Scholar] [CrossRef]

	



Chen, W.; Zhao, X.; Sun, J.; Zhang, L.; Zhong, L. Effect of the Mn Doping Concentration on the Dielectric and Ferroelectric Properties of Different-Routes-Fabricated BaTiO3-Based Ceramics. J. Alloys Compd. 2016, 670, 48–54. [Google Scholar] [CrossRef]

	



Jung, Y.-S.; Na, E.-S.; Paik, U.; Lee, J.; Kim, J. A Study on the Phase Transition and Characteristics of Rare Earth Elements Doped BaTiO3. Mater. Res. Bull. 2002, 37, 1633–1640. [Google Scholar] [CrossRef]

	



Siemek, K.; Olejniczak, A.; Korotkov, L.N.; Konieczny, P.; Belushkin, A.V. Investigation of Surface Defects in BaTiO3 Nanopowders Studied by XPS and Positron Annihilation Lifetime Spectroscopy. Appl. Surf. Sci. 2022, 578, 151807. [Google Scholar] [CrossRef]

	



Mukhopadhyay, S.M.; Chen, T.C.S. Surface Chemical States of Barium Titanate: Influence of Sample Processing. J. Mater. Res. 1995, 10, 1502–1507. [Google Scholar] [CrossRef]

	



Li, P.-H.; Song, Z.-Y.; Yang, M.; Chen, S.-H.; Xiao, X.-Y.; Duan, W.; Li, L.-N.; Huang, X.-J. Electrons in Oxygen Vacancies and Oxygen Atoms Activated by Ce3+/Ce4+ Promote High-Sensitive Electrochemical Detection of Pb(II) over Ce-Doped α-MoO3 Catalysts. Anal. Chem. 2020, 92, 16089–16096. [Google Scholar] [CrossRef]

	



Quasim Khan, M.; Alharthi, F.A.; Ahmad, K.; Kim, H. Hydrothermal Synthesis of BaTiO3 Perovskite for H2O2 Sensing. Chem. Phys. Lett. 2022, 805, 139950. [Google Scholar] [CrossRef]

	



Lan, S.; Feng, J.; Xiong, Y.; Tian, S.; Liu, S.; Kong, L. Performance and Mechanism of Piezo-Catalytic Degradation of 4-Chlorophenol: Finding of Effective Piezo-Dechlorination. Environ. Sci. Technol. 2017, 51, 6560–6569. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, Y.; Zhuang, W.; Zhao, M.; Zhang, J.; Song, Y.; Liu, S.; Zheng, H.; Zhao, C. Role of Driven Approach on the Piezoelectric Ozonation Processes: Comparing Ultrasound with Hydro-Energy as Driving Forces. J. Hazard. Mater. 2021, 418, 126392. [Google Scholar] [CrossRef] [PubMed]

	



Yu, C.; Lan, S.; Cheng, S.; Zeng, L.; Zhu, M. Ba Substituted SrTiO3 Induced Lattice Deformation for Enhanced Piezocatalytic Removal of Carbamazepine from Water. J. Hazard. Mater. 2022, 424, 127440. [Google Scholar] [CrossRef] [PubMed]

	



Liu, D.; Jin, C.; Shan, F.; He, J.; Wang, F. Synthesizing BaTiO3 Nanostructures to Explore Morphological Influence, Kinetics, and Mechanism of Piezocatalytic Dye Degradation. ACS Appl. Mater. Interfaces 2020, 12, 17443–17451. [Google Scholar] [CrossRef]

	



Ji, M.; Kim, J.H.; Ryu, C.-H.; Lee, Y.-I. Synthesis of Self-Modified Black BaTiO3−x Nanoparticles and Effect of Oxygen Vacancy for the Expansion of Piezocatalytic Application. Nano Energy 2022, 95, 106993. [Google Scholar] [CrossRef]

	



Wang, K.; Han, C.; Li, J.; Qiu, J.; Sunarso, J.; Liu, S. The Mechanism of Piezocatalysis: Energy Band Theory or Screening Charge Effect? Angew. Chem. 2022, 134, e202110429. [Google Scholar] [CrossRef]

	



Liu, Q.; Zhan, F.; Luo, H.; Luo, X.; Yi, Q.; Sun, Q.; Xiao, Z.; Zhang, Y.; Zhang, D.; Bowen, C.R. Na-Sm Bimetallic Regulation and Band Structure Engineering in CaBi2Nb2O9 to Enhance Piezo-Photo-Catalytic Performance. Adv. Funct. Mater. 2023, 33, 2303736. [Google Scholar] [CrossRef]

	



Zhu, M.; Liao, B.; Tang, Y.; Chen, X.; Ma, R.; Li, L.; Fan, X. The Superior Piezocatalytic Performance of SrBi2Ta2O9 Nanoflower: Mechanism of Screening Effect and Energy Band Theory. Appl. Surf. Sci. 2023, 628, 157366. [Google Scholar] [CrossRef]

	



Xiao, Q.; Chen, L.; Xu, Y.; Feng, W.; Qiu, X. Impact of Oxygen Vacancy on Piezo-Photocatalytic Catalytic Activity of Barium Titanate. Appl. Surf. Sci. 2023, 619, 156794. [Google Scholar] [CrossRef]

	



Wang, P.; Li, X.; Fan, S.; Chen, X.; Qin, M.; Long, D.; Tadé, M.O.; Liu, S. Impact of Oxygen Vacancy Occupancy on Piezo-Catalytic Activity of BaTiO3 Nanobelt. Appl. Catal. B Environ. 2020, 279, 119340. [Google Scholar] [CrossRef]

	



Gan, J.; Lu, X.; Wu, J.; Xie, S.; Zhai, T.; Yu, M.; Zhang, Z.; Mao, Y.; Wang, S.C.I.; Shen, Y.; et al. Oxygen Vacancies Promoting Photoelectrochemical Performance of In2O3 Nanocubes. Sci. Rep. 2013, 3, 1021. [Google Scholar] [CrossRef] [PubMed]








[image: Molecules 29 01719 g001] 





Figure 1. XRD patterns for BTO and BTO-La. 
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Figure 2. XPS scan of La 3d for BTO-La (a); O 1s for BTO-La (b); and BTO (c). 






Figure 2. XPS scan of La 3d for BTO-La (a); O 1s for BTO-La (b); and BTO (c).



[image: Molecules 29 01719 g002]







[image: Molecules 29 01719 g003] 





Figure 3. SEM images of prepared BTO (a) and BTO-La (b); the inset in images is particle size distribution (histogram in the insets) with normal distribution fitting (red line in the insets) of corresponding sample. 
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Figure 4. HR-TEM graphs at low (a) and high (b) magnification and EDS mapping of BTO-La (c). 
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Figure 5. The degradation process of SDZ under various conditions as a function of the reaction time in the absence of BTO and/or ultrasound (a); recycle degradation process of BTO (b) with 1 mg/L SDZ and 1 g/L BTO dosage. 
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