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Abstract

:

Iron-based catalysts with high load content of iron sulfide (FeS) were commonly peroxymonosulfate (PMS) and hydrogen peroxide (H2O2) activators to degrade organic pollutants but limited catalytic efficiency and increased risk of ferrous ion leaching restricted their use. Meanwhile, various biomass materials such as straw, peel, and branch have been extensively prepared into biochar for mechanical support for iron-based catalysts; however, the preparation process of biochar was energy-intensive. In this study, FeS nanoparticles modified rape straw composites (RS–FeS) encapsulated with ethylenediaminetetraacetic acid (RS–EDTA–FeS) were successfully presented by in-situ synthesis method for efficiently activating PMS and H2O2 to degrade oxytetracycline (OTC), which was economical and environmentally friendly. The results showed that the modified rape straw can remove OTC efficiently, and the addition of EDTA also significantly enhanced the stability and the reusability of the catalyst. In addition, EDTA also promoted the activation of H2O2 at neutral pH. The OTC degradation efficiency of the two catalysts by PMS was faster than that of H2O2, but H2O2 had a stronger ability to remove OTC than PMS. The highest OTC removal efficiency of RS–FeS and RS–EDTA–FeS were 87.51 and 81.15%. O2•– and 1O2 were the major reactive oxidative species (ROS) in the PMS system. Furthermore, compared with RS–FeS, the addition of EDTA inhabited the generation of O2•– in the PMS system. Instead, O2•– and •OH were the major ROS in the H2O2 system, but 1O2 was also identified in RS–FeS/H2O2 system. RS–EDTA–FeS showed a trend of rising first and then decreasing in recycle test. Instead, the removal rate of OTC by RS–FeS decreased significantly with the increase in reuse times. In the actual wastewater test, the TOC removal of two catalysts active by H2O2 was better than PMS, which was consistent with the test results of OTC, indicating that the two catalysts have application value in the removal of organic pollutants in actual wastewater. This study directly used plant materials as catalysts and omits the preparation process of biochar, greatly reduces the preparation cost and secondary pollution of catalysts, and provides theoretical support for the deepening of advanced oxidation technology.
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1. Introduction


With the vigorous development of the pharmaceutical industry, antibiotic pollution has become a global environmental problem. Antibiotics, such as tetracyclines, sulfonamides, macrolides, fluoroquinolones and lincosamides, have been frequently identified in surface water due to their stability and poor biodegradability [1,2]. As a tetracycline antibiotic, oxytetracycline (OTC) has been widely used in breeding to treat diseases because of its low price and good antibacterial property [3,4]. OTC inhibits the growth of microorganisms and increases the abundance of antibiotic resistance bacteria, posing a growing threat to the global ecosystem [3]. Therefore, there is an imperious demand to develop more efficient, economical, and environmentally friendly methods to remove OTC in water.



Peroxymonosulfate (PMS) based and hydrogen peroxide (H2O2) based advanced oxidation processes are deemed as preeminent means to remove refractory contaminants benefiting from the generation of highly reactive radicals (sulfate radical (SO4•−), hydroxyl radical (•OH), superoxide radical (O2•−) and singlet oxygen (1O2) [5,6,7]. Various methods including UV, heating, ultrasound, carbonaceous materials and transition metals have been utilized to activate PMS and H2O2 [8,9,10]. Considering the economic benefits of no additional energy consumption and high removal efficiency (Table 1), transition metals modified plant-based biochar is an excellent candidate because of its wide source, transition metals, persistent free radicals and rich functional groups [11,12,13]. However, although it is effective, the preparation process of biochar consumes high energy and produces air pollutants, which will inevitably pollute the environment [14,15]. As the raw material of biochar, plant materials such as bamboo, and wheat stalks are composed of lignin, cellulose and hemicellulose, which are relatively stable in structure and rich in various surface functional groups [16,17,18]. Transition metals modified plant particles have the potential to activate H2O2 or PMS. This new environmentally friendly material can significantly reduce the material cost while retaining the high degradation performance of organic pollutants. However, there is no study on the degradation performance of modified plant materials for refractory organic pollutants.



Among transition metals, iron is a privileged activator because of its large environmental stock and relatively low toxicity [29,30]. Fe0 or Fe(Ⅱ) transfer electrons to H2O2 or PMS to generate free radicals [31,32]. However, the conversion rate of Fe(Ⅲ) to Fe(Ⅱ) is an important factor limiting the activation of H2O2 or PMS. Previous studies have shown that S2− can effectively promote conversion [33,34]. Therefore, FeS-modified rape straw may efficiently activate H2O2 or PMS.



Compared to bulk particles or natural minerals, nanoscale FeS particles are unstable and can agglomerate rapidly in aqueous solutions [35], which may limit the removal efficiency and present challenges to their environmental applications. Recent studies also indicated that the introduction of stabilizing agents such as chitosan [36], hydroxymethyl cellulose [37], and tetrasodium of N,N-bis(carboxymethyl) glutamic acid [38] can effectively prevent the aggregation of particles and enhance their physical stability and removal efficiency. The bisphenol A degradation efficiency in the combination of nano-sized BiFeO3 with chelating agents had the order: EDTA > nitrilotriacetic acid > glycine > formic acid > tartaric acid > none chelating agent [39]. Furthermore, a chelating agent could significantly enhance the efficiency of Fenton-like reactions at neutral and alkaline conditions.



The primary concerns of this study were to verify the following questions: (i) can heterogeneous Fenton-like reaction with FeS be reinforced by EDTA over various pH conditions; (ii) can the rape straw be efficient for the support and recycling of FeS and (iii) what the underlying mechanism of the activation process is. Based on the above consideration, this research was originally conducted to: (1) investigate the effects of various operating parameters including H2O2 dosage, PMS dose, pH values, and OTC concentration on OTC degradation, (2) evaluate the application potential of the catalysts by reusability and universal applicability, (3) shed light on the main reactive oxygen species and explain the crucial role of Fe(Ⅱ) in the oxidative process. This work is dedicated to utilizing rape straw waste in a valuable manner and simultaneously achieving the elimination of pollutants.




2. Materials and Methods


2.1. Samples and Reagents


Rape straw is obtained from a farm located in Chengdu, China. It is air-dried and meshed through 100 meshes. Iron sulfate heptahydrate (FeSO4·7H2O), sodium sulfide (Na2S·9H2O), 30% hydrogen peroxide (H2O2), potassium monopersulfate triple salt (KHSO5·0.5KHSO4·0.5K2SO4), 2,2,6,6–tetramethylpiperidine (TEMP), 5,5–dimethyl–1–pyrroline–N–oxide (DMPO), and ethylenediaminetetraacetic acid disodium salt (EDTA) were of reagent grade (Sichuan Kelong Industrial Group, Chengdu, China). OTC was purchased from Solarbio (Beijing, China).




2.2. Preparation of the Catalysts


FeS nanoparticles modified rape straw composites encapsulated with ethylenediaminetetraacetic acid (RS–EDTA–FeS) were prepared following a modified method. Distilled water was firstly purged with purified N2 (>99%) for 1 h to remove dissolved oxygen, and FeSO4·7H2O (12.64 g) was dissolved with strong magnetic stirring and N2 purging, EDTA (4.00 g) was added to the solution to form Fe2+–EDTA complexes. Then, rape straw particles (4.00 g) were introduced into the mixture, and FeS particles were synthesized on the surface of the rape straw by dropwise addition of Na2S·9H2O solution (10.91 g), then the suspension was sealed and aged for 12 h. FeS nanoparticles modified rape straw composites (RS–FeS) were prepared in the same as RS–EDTA–FeS without EDTA. The precipitations were freeze-dried for subsequent uses (Figure S1).




2.3. The Characterization of Catalysts


The specific surface area, total pore volume, and average pore size of RS–FeS and RS–EDTA–FeS was determined by N2 adsorption–desorption (ASAP2020, Micromeritics, Norcross, GA, USA) at 77 K. The Brunauer–Emmett–Teller (BET) model was employed to measure the specific surface areas of RS–FeS and RS–EDTA–FeS. Scanning electron microscope and energy dispersive spectrometer (SEM–EDS, JSM–7610F) was used to analyze the morphology and elemental composition. The types of chemical bonds and functional groups on the surface of RS–FeS and RS–EDTA–FeS were recorded on a Fourier transform infrared spectrometer (FTIR, Nicolet Avatar 660, Thermo, Nicolet, Madison, Wisconsin, WI, USA). The samples were mixed with KBr in a mass ratio of 1:100, and then followed were tested at a resolution of 2 cm−1 within a range of 4000–400 cm−1. X-ray diffraction (XRD, Ultima IV X-ray diffractometer, Rigaku, Japan) was performed using Cu Kα radiation at a voltage of 30 kV and current of 10 mA over in the 2θ range of 5–80° at a rate of 4°/min to analyze the crystal on the surface of catalysts. JADE V6.1 was used for data interpretation. Electron paramagnetic resonance spectroscopy (EPR, E500, Bruker, Germany) was adopted to determine the free radicals produced from the activation process using two spin-trapping reagents of DMPO and TEMP (100 mM). X-ray photoelectron spectroscopy (XPS, Quantum 2000 ESCA spectrometer) was recorded from an energy range of 0–1400 eV to analyze the elemental composition of the catalyst surfaces and valence states. The binding energy (BE) was calibrated by the C–C peak as a reference at 284.4 eV. The C 1s, O 1s, Fe 2p, and S 2p XPS spectra were determined by XPSPEAK 41 peak fitting software with a Gaussian/Lorentaian ratio of 80/20 after subtraction of a Shirley baseline.




2.4. Batch Experiments


2.4.1. OTC Removal Comparison Experiments in Different Systems


To demonstrate the excellent catalytic performance of RS–FeS and RS–EDTA–FeS, the OTC removal in different reaction systems was compared in different systems. The adsorption capacity of RS–FeS and RS–EDTA–FeS were measured with 30.00 mL 20.00 mg L−1 OTC concentration at pH = 3.00 and 6.00. Furthermore, RS, FeS, EDTA–FeS, RS–FeS, and RS–EDTA–FeS were used to degrade OTC in PMS and H2O2 systems. These comparison experiments in H2O2 and PMS systems were conducted under 20.00 mg L−1 OTC at pH = 3.00 and 6.00.




2.4.2. Single Factor Experiments


H2O2 and PMS activation experiments were conducted under different OTC concentrations (20.00, 40.00, 60.00, 80.00, and 100.00 mg L−1), solution pH (2.00, 4.00, 6.00, and 8.00), H2O2 dosage (6.60, 13.20, 19.80, and 26.70 mM), PMS concentration (0.10, 0.20, 0.40, 0.60, and 0.80 g L−1), and contact time (1.00, 2.00, 4.00, 10.00, 30.00, 60.00, and 120.00 min) to investigate the effects of reaction condition. CH3OH, Na2CO3, fulvic acid, and NaCl were applied to determine the effect of coexisting substances on OTC degradation.



OTC was dissolved in distilled water. The initial pH of the mixture was adjusted with 5% NaOH or HCl; 0.01 g RS–FeS or RS–EDTA–FeS were added to 30.00 mL OTC solution in 100 mL sealed glass bottles. After the reaction, catalysts were filtrated through 0.45–μm microporous membranes. OTC concentration was determined by a UV–vis Spectrophotometer at 354 nm.




2.4.3. Cycling Experiments


The recycling test was conducted under optimal conditions. After the reaction, catalysts were separated and collected for the next degradation test under the same experimental conditions. After contact, the concentration of Fe2+ and total Fe in the solution was determined by the method of o–phenanthroline spectrophotometry.




2.4.4. Treatment of Actual Wastewater


Actual wastewater was collected from an intensive pig farm (Chengdu, China). The wastewater was filtered and treated by the anaerobic–aerobic process. TOC was the index to testify to the removal of organic pollutants in wastewater. The experiments were conducted under the optimum condition of single-factor experiments.






3. Results and Discussion


3.1. Characterization of RS–FeS and RS–EDTA–FeS


The microstructures and morphologies of catalysts were revealed by SEM–EDS. As illustrated in Figure 1, the images of pristine catalysts indicated that granular FeS nanoparticles were loaded on the surface of the rape straw. There are large rhombic crystals on the surface of RS–FeS and small irregular crystals on the surface of RS–EDTA–FeS, which indicates that the addition of EDTA effectively controls the crystal size. Furthermore, Fe and S have the same distribution characteristics in mapping results, indicating that FeS may be successfully synthesized on the surface of catalysts.



According to the BET method (Figure 2a), the specific surface areas of RS–FeS and RS–EDTA–FeS were 6.40 and 10.01 m2 g−1, which revealed that EDTA increased the specific surface of the catalyst. Li and Zhang (2021) reported that the surface area of pristine rape straw was 2.50 m2 g−1 [40]. Compare with pristine rape straw particles, the load of FeS significantly increased the specific surface [41]. Two catalysts demonstrated type Ⅲ isotherms, showing representative mesoporous structures [19]. These results were in line with pore size distribution. The pore size distribution curve revealed that the pore volume RS–FeS and RS–EDTA–FeS are mainly at about 0.023 and 0.042 cc g−1, the pore width of RS–FeS and RS–EDTA–FeS mainly distribute at 2.769 and 7.452 nm based on the DFT method summary.



The functional groups of catalysts were analyzed by FTIR (Figure 2b). RS–FeS and RS–EDTA–FeS have the same peaks at 617, 1119, and 1194 cm−1, which correspond to FeS and SO42− [41,42]. The results show that FeS is successfully loaded on the material surface. In addition, there may be sodium sulfate crystallization on the material surface. The symmetric and asymmetric stretching of –COOH corresponding to the peak of RS–EDTA–FeS at 1401 and 1603 cm−1 may come from EDTA [36,43]. There are abundant functional groups on the surface of rape straw, and the peaks at 1065, 1257, and 1738 cm−1 correspond to –OH, C–H and C=O groups, respectively [19,44]. After loading FeS, the peaks of –OH, C–H and C=O basically disappear, which may be because the functional groups are consumed by Fe in the ways of complexation, chelation, and redox.



The XRD patterns of RS–FeS and RS–EDTA–FeS are compared in Figure 2c. It can be seen that the peak of FeS was disordered and blunt, proving that the synthetic FeS had a poor crystallinity, existing in an amorphous and glassy state [41]. Obvious peaks at 2θ = 21.90°, 23.06°, 25.65°, 27.76°, 28.97°and 29.90° were indicative peak of FeS. Some obvious diffraction peaks of Na2SO4 appeared at 2θ = 22.67°, 23.67°, 31.75°, 34.15°, 37.80°, 46.21°, and 52.60°, which could be used as evidence for the formation of needle-shaped crystals in SEM [43].



The XPS spectra of RS–FeS and RS–EDTA–FeS are shown in Figure 2d and Figure 3, which clearly demonstrate the oxygen-containing functional groups and the valence of Fe and S. The photoelectron peak of C 1s is divided into three peaks (Figure 3a). The binding energies approximately corresponded to 284.4, 285.8, and 287.9 eV representing C–C, C–O and O–C=O, respectively [45]. The O 1s spectrum was best fitted with three components at 529.4, 530.9, and 531.9 eV (Figure 3b), which correspond to O2−, C=O, and C–OH [19]. The results showed that the surfaces of the two catalysts were rich in oxygen-containing functional groups. Compared with RS–FeS, the addition of EDTA significantly increased the content of –COOH and –C=O.



The Fe 2p peaks observed at 710.1 and 712.1 eV, and 723.7 and 726.0 eV (Figure 3c) can be attributed to the Fe(Ⅱ) and Fe(Ⅲ) species in Fe 2p3/2 and Fe 2p1/2 [46,47]. The Fe(Ⅱ) contents of RS–FeS and RS–EDTA–FeS were 47.98 and 60.64%, indicating that the addition of EDTA significantly inhibited the oxidation of Fe(Ⅱ). The peaks observed at 163.2 and 164.4 eV, 168.2 and 169.3 eV (Figure 3d) correspond to S 2p3/2 and S 2p1/2 of S2− and SO42− [41,48]. The S contents of RS–FeS and RS–EDTA–FeS were 30.24 and 21.75%, indicating that EDTA chelated with Fe(Ⅱ) may also inhibit the generation of FeS nanoparticles. These results revealed that both FeS and Na2SO4 nanoparticles loaded onto the surface of RS–FeS and RS–EDTA–FeS.




3.2. Degradation of OTC in Different Systems


To demonstrate the excellent catalytic performance of RS–FeS and RS–EDTA–FeS, the degradation of OTC in different reaction systems was compared. It is noted that the removal of OTC by RS–EDTA–FeS and RS–FeS alone at pH = 3.00 was 27.98 and 28.79% (Figure S2), suggesting that the adsorption of RS–EDTA–FeS and RS–FeS towards OTC were very weak.



The degradation rates of OTC in the RS/PMS and RS/H2O2 at 120 min were 22.88 and 25.46% (Figure S3), implying that the catalytic performance of RS was very poor. RS–FeS improved the degradation of OTC by PMS or H2O2, more than 80.00% of OTC was removed within 30.00 min. This proved that dispersing FeS onto the surface of RS is an efficient way to enhance the catalytic performance of RS [49]. In addition, OTC was also efficiently removed by FeS within 30 min, indicating that FeS exhibited facilitation in activating PMS and H2O2.



In this study, EDTA was introduced to inhibit the aggregation and oxidation of FeS nanoparticles. However, the OTC degradation efficiency of EDTA–FeS decreased by 30.00% as compared to FeS, implying EDTA significantly inhibited the activation performance of the catalyst, which can be attributed to the inhibition of electron transfer in the catalytic process by EDTA as an electron acceptor [39,50]. Furthermore, due to the steric hindrance, the rich chelating functional groups and the molecule size of EDTA restrained the Fe(II) accessibility. The accessible Fe(II) in the EDTA–Fe(II) complex was responsible for H2O2 and PMS activation and appropriate Fe(II) accessibility was favored for more efficient utilization of Fe(II) [51]. Among these catalysts, clearly, RS–EDTA–FeS also possessed excellent catalytic performance. Approximately 65.00% of OTC was degraded within 10.00 min. As compared with RS and FeS, RS–FeS and RS–EDTA–FeS with large surface area and pore volume provided more active sites, which was conducive to the activation of PMS and H2O2 for the OTC degradation.




3.3. Effects of Solution Chemistry on OTC Degradation by RS–FeS and RS–EDTA–FeS


3.3.1. Solution pH


The catalytic reactivity of RS–FeS and RS–EDTA–FeS was investigated under various pH values in the PMS or H2O2 reaction system. As shown in Figure 4, OTC degradation efficiency first increased and then remained with the pH value increasing from 2.00 to 8.00 in the PMS system, indicating that RS–FeS and RS–EDTA–FeS can efficiently remove OTC in water at neutral pH, it is indispensable for the real application.



With the addition of H2O2, more than 80.00% of the OTC was degraded by RS–EDTA–FeS within 30.00 min in pH values ranging from 4.00 to 8.00. In the present work, the working pH of RS–EDTA–FeS can be extended to a neutral environment and retain excellent catalytic performance. RS–EDTA–FeS is indispensable for the real application of Fenton to allow a wider pH range of work. EDTA could form chelated complexes (Fe2+–EDTA) that could be used to maintain the iron soluble. Chelation is useful to extend the pH range over which iron is soluble because the chelating ligand competes favorably with hydroxide ion for coordination and chelated complexes are typically soluble [52].



Two catalysts activate PMS faster than H2O2, and the degradation rate of OTC reaches optimum in 4.00 min in the PMS system, while it took 60.00 min to get the equilibrium in the H2O2 system. However, the OTC degradation of the H2O2 system is higher than that of the PMS system. The maximum OTC degradation of RS–FeS and RS–EDTA–FeS observed in the H2O2 system were 87.51 and 81.15%. Two catalysts in this study overcome the shortcomings of the traditional Fenton reaction under acidic conditions, which will reduce the cost of adjusting the pH during the operation of the Fenton reaction.




3.3.2. OTC Concentration


Two catalysts were added to different concentrations of OTC solution to explore the maximum degradation. The degradation increased with the increase in OTC concentration, and the maximum amount in RS–FeS/H2O2 RS–EDTA–FeS/H2O2 RS–FeS/PMS and RS–EDTA–FeS/PMS system observed at 100.00 mg L−1 OTC was 251.07, 244.87, 218.84, and 214.52 mg g−1 (Figure S4 and Figure 5), which indicated that the two catalysts had the potential for long–term and sustained degradation of organic matter. The degradation performance toward OTC of RS–FeS is superior to RS–EDTA–FeS. RS–FeS exposed more active sites than RS–EDTA–FeS and reacts faster with PMS or H2O2. Moreover, Fe(II) is readily oxidized in an oxygen-rich condition, which leads to high storage costs. In addition, EDTA reduced the catalytic activity of RS–EDTA–FeS but effectively inhibited the oxidation of Fe(Ⅱ). As shown in Figure S1, RS–FeS changed from black to brown in 30 days, indicating that FeS was oxidized to Fe2O3, but RS EDTA FES remained black.




3.3.3. PMS Concentration


As shown in Figure 6a,b, the addition of PMS also significantly affected the degradation of OTC. The degradation of OTC by RS–FeS and RS–EDTA–FeS firstly increased (0.10–0.20 g L−1) and then decreased (0.20–0.80 g L−1) with the addition of PMS. The optimal concentration of PMS was 0.20 g L−1. With the increase in PMS concentration from 0.20 mg L−1 to 0.80 mg L−1, the removal rates of OTC by RS–FeS and RS–EDTA–FeS decreased from 83.57 and 71.75% to some 66.65 and 52.12%. The reason for this was that the excess PMS scavenged free radicals [34].




3.3.4. H2O2 Dosage


Various H2O2 dosages were tested to determine the optimal experimental conditions in Figure 6c,d. Accompanied by the enhancement of H2O2 dosage, the degradation rate of OTC by two catalysts first increased (6.60–19.80 mM) and then decreased (26.40 mM), the optimal H2O2 dosage for the degradation of OTC was 19.80 mM. More •OH was produced with the increase in H2O2, but excessive H2O2 may inhibit the transfer of free radicals [53].




3.3.5. Coexisting Substances


In this study, the effects of CH3OH, Na2CO3, NaCl, and fulvic acid on the degradation of OTC in the RS–FeS/PMS, RS–EDTA–FeS/PMS, RS–FeS/H2O2, and RS–EDTA–FeS/H2O2 system were investigated, and the results are shown in Figure 7. CH3OH significantly inhibited the degradation of OTC in the H2O2 system. Previous studies have shown that CH3OH can quench •OH [54]. This result shows that •OH may be the key ROS to degrade OTC in the H2O2 system. As shown in Figure 7b, the addition of Na2CO3 retarded the degradation of OTC obviously at the initial stage of the reaction in the PMS system, which could be attributed to the fact that the introduction of Na2CO3 quenched O2−. In addition, Na2CO3 significantly restrained the degradation of OTC in the H2O2 system by raising the solution pH from 3.00 to 5.00. Raising pH weakened the electrostatic attraction between the catalyst and H2O2 or OTC. Fulvic acid is a natural organic matter, and its effect on the degradation of OTC is also shown in Figure 7c. It has been reported that fulvic acid could compete with OTC for SO4•− and •OH, resulting in a low degradation efficiency of OTC. However, the degradation efficiency of OTC in our research just has a slight decrease, further confirming that SO4•− and •OH were not the main active species. Furthermore, NaCl slightly repressed the OTC removal in both H2O2 systems in Figure 7d. It has been reported that Cl− can react with SO4•− and •OH to generate Cl· with lower oxidation ability [55], which would weaken the degradation of OTC. However, the introduction of Cl− did not exert a significant effect on the degradation of OTC in the PMS system. Thus, it is speculated that SO4•− and •OH may not be the main ROS responsible for the OTC degradation in the reaction system (further discussed later).





3.4. Identify the Active Species and Reaction Mechanism


In order to explore the difference between the two catalysts in H2O2 or PMS system, ESR spectra were tested at different time points to build a 3D map. It revealed the change of ROS at different times in the reaction process. As shown in Figure 8, TEMP–1O2 signals (three–line peaks, intensities of 1:1:1), DMPO–O2•– signals (four-line peaks, intensities of 1:1:1:1), DMPO–SO4•– signals (six–line peaks, intensities of 1:1:1:1:1:1), and DMPO–•OH signals (four-line peaks, intensities of 1:2:2:1) were detected in the ESR spectra.



The major reactive oxygen species of the two catalysts in the PMS or H2O2 system were different. O2•– and 1O2 were major ROS in the PMS system. It has been reported that carbonaceous materials easily activate PMS to produce 1O2 [56]. 1O2 is mainly derived from carbonyl carbon (C=O) interacting with PMS. Furthermore, Fe2O3 on the surface of the catalyst can cause lattice distortion, promoting the release of active oxygen and accelerating 1O2 generation [57]. Previous studies have shown that singlet oxygen is the main active substance of the PMS system [3,8]. Furthermore, the generation of 1O2 has been stable with time, which provides the possibility of continuous and efficient degradation of organic pollutants. O2•– can also be generated during PMS self–decomposition under acidic or neutral conditions. However, O2•– can be easily recombined to 1O2.



Instead, O2•– and •OH were the major ROS in the H2O2 system. The appearance of the DMPO–O2•– signal could be ascribed to the fast transformation of •OH to·O2•– on the high–activity and metastable active sites of the RS–FeS and RS–EDTA–FeS. As H2O2 concentrations increase, ·OH reacts with the excess H2O2 to generate O2•–. Furthermore, the formed O2•− could react with H2O and •OH to produce 1O2. Figure 8 demonstrated that the typical triplet peak of TEMP–1O2 (1:1:1) appeared and became stronger over time, revealing an increasing amount of 1O2 was produced during the H2O2 activation. These results identified the difference between PMS and H2O2 reaction systems, and further demonstrated the effect of EDTA.




3.5. Reusability of RS–FeS and RS–EDTA–FeS


The stability of two catalysts was evaluated in successive experiments to reveal the stability and environmental risk of Fe(Ⅱ/Ⅲ) (Figure 9a). RS–FeS and RS–EDTA–FeS were recycled through five experiments and their catalytic activities were measured. The OTC degradation efficiency of RS–FeS gradually decreased under recycling. At the fifth recycle, the removal efficiency of RS–FeS in PMS and H2O2 systems decreased from 82.00 and 86.00% to 70.00 and 59.00%, respectively. The decrease may be attributable to the loss of Fe and S during the cyclic reaction process. On the contrary, RS–EDTA–FeS maintained excellent efficiency and stability in each subsequent experiment. The degradation efficiency of OTC did not decrease significantly after five cycles of RS–EDTA–FeS in the H2O2 and PMS systems. The degradation efficiency of OTC of RS–EDTA–FeS in PMS system even increased under reuse. Above results identified that the addition of EDTA increases the reuse feasibility of RS–EDTA–FeS.



The difference between total iron and Fe(Ⅱ) in the solution after the reaction was tested to demonstrate the environmental risk of the two catalysts. As illustrated in Figure S5, the concentration of total iron gradually decreases under recycling, and Fe(Ⅲ) was dominant in the solution. In addition, the Fe(Ⅱ) first decreased and then increased in the H2O2 system with the increase in reaction times. Combined with the OTC degradation performance of the two catalysts in the H2O2 system, Fe(Ⅱ) may not be the main effect on the Fenton reaction. In a further study, reducing the load of FeS may be an effective way to reduce environmental risk and maintain degradation efficiency.




3.6. Practical Application and Cost Estimation


In order to evaluate the practical value of the two catalysts, TOC removal of preliminarily treated swine wastewater was compared in PMS or H2O2 system. As shown in the Figure 9b, the TOC removal of RS–FeS and RS–EDTA–FeS in the H2O2 system was 85.23 and 77.70%, the TOC removal of RS–FeS and RS–EDTA–FeS in the PMS system was 60.24 and 52.58%, indicating that RS–FeS was the best choice to activate H2O2 and remove TOC from actual wastewater. The result is also consistent with the previous research.



The abovementioned research clearly demonstrated the feasibility of RS–FeS and RS–EDTA–FeS for oxytetracycline degradation. The cost of treatment was further determined for the processes applied for the degradation of oxytetracycline. The cost estimation of RS–FeS/H2O2, RS–FeS/PMS, RS–EDTA–FeS/H2O2, and RS–EDTA–FeS/PMS system for oxytetracycline degradation consisted of three parts: (i) the cost of RS preparation; (ii) the cost of RS–FeS and RS–EDTA–FeS catalyst and (iii) cost of the oxidants. From a previous experimental study, we estimated the total cost of these four systems of treating each liter of wastewater was about 0.60 CNY (Table S1). Hence, the process presented a promising industrial application potential.





4. Conclusions


In this work, a comprehensive study was conducted to investigate the degradation behavior of OTC by FeS and EDTA-modified rape straw in the Fenton–like process. The results revealed that RS–FeS and RS–EDTA–FeS were excellent heterogeneous catalysts and possessed high activation ability of H2O2 and PMS for the efficient generation of 1O2, O2•–, •OH or SO4•– to degrade target pollutants. Compared with PMS, two catalysts in the H2O2 system have better performance on OTC degradation. Furthermore, the optimal pH of two catalysts in the H2O2 system was neutral; it is beneficial to decrease the corporation cost of the Fenton process. In addition, EDTA inhabited the activation of RS–EDTA–FeS, but the stability and reusability of RS–EDTA–FeS were prolonged by EDTA. Furthermore, EDTA restrained the oxidization of Fe(Ⅱ), extending the expiration date of RS–EDTA–FeS. Therefore, RS–EDTA–FeS in the H2O2 system was the best way to remove organic matter in our comparative study.



This study proves that the modified plant materials can activate H2O2 or PMS efficiently. Compared with biochar, plant materials like rape straw are low-cost and less polluting. This study broke the dominance of biochar in the research process of advanced oxidation and provided a new theoretical reference for the operation of a Fenton-like reaction with high efficiency and low cost.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules28062771/s1, Table S1. Cost estimation of RS–FeS and RS–EDTA–FeS for the degradation of oxytetracycline; Figure S1. RS-FeS and RS-EDTA-FeS after 30 days; Figure S2. OTC adsorption capacity of RS–FeS and RS–EDTA–FeS; Figure S3. Degradation of OTC in different systems. Experiments conditions: initial OTC concentration = 20.00 mg L−1; H2O2 = 20.00 սL; PMS = 0.20 g L−1; pH of PMS system = 6.00, pH of H2O2 system = 3.00; Figure S4. Effect of initial OTC concentration on OTC removal from the RS–FeS/PMS (a) and 115 RS–EDTA–FeS/PMS (b) system. Kinetic data of OTC by RS–FeS/PMS (c) and RS–EDTA– 116 FeS/PMS (d) system under different initial OTC concentration (initial pH=6.00, [PMS]=0.20 mg L−1); Figure S5. Total Fe and Fe(Ⅱ) leakage over 5 cycles; Table S1. Cost estimation of RS–FeS and RS–EDTA–FeS for the degradation of oxytetracycline.





Author Contributions


Conceptualization, G.W., Y.Y. and X.X.; methodology, S.Z. and Y.Y.; software, G.W. and Y.Y.; investigation, J.X., T.L. and Y.P.; data curation, W.Z., G.X. and Z.P.; writing—original draft preparation, G.W. and Y.Y.; writing—review and editing, X.X. and S.Z.; visualization, Z.Y. and Z.C.; project administration, X.X. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by the Key Research and Development Projects of Sichuan Province, China (2021YFN0018) and the National Key Research and Development Program of China (grant number 2022YFD1901403).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.




Sample Availability


Not available.




References


	



Cheng, W.; Li, J.; Wu, Y.; Xu, L.; Su, C.; Qian, Y.; Zhu, Y.; Chen, H. Behavior of antibiotics and antibiotic resistance genes in eco-agricultural system: A case study. J. Hazard. Mater. 2016, 304, 18–25. [Google Scholar] [CrossRef] [PubMed]

	



Wang, R.; Feng, F.; Chai, Y.; Meng, X.; Sui, Q.; Chen, M.; Wei, Y.; Qi, K. Screening and quantitation of residual antibiotics in two different swine wastewater treatment systems during warm and cold seasons. Sci. Total Environ. 2019, 660, 1542–1554. [Google Scholar] [CrossRef]

	



Hong, P.; Wu, Z.; Yang, D.; Zhang, K.; He, J.; Li, Y.; Xie, C.; Yang, W.; Yang, Y.; Kong, L.; et al. Efficient generation of singlet oxygen (1O2) by hollow amorphous Co/C composites for selective degradation of oxytetracycline via fenton-like process. Chem. Eng. J. 2021, 421, 129594. [Google Scholar] [CrossRef]

	



Nogueira-Lima, A.C.; Gesteira, T.C.V.; Mafezoli, J. Oxytetracycline residues in cultivated marine shrimp (Litopenaeus vannamei boone, 1931) (crustacea, decapoda) submitted to antibiotic treatment. Aquaculture 2006, 254, 748–757. [Google Scholar] [CrossRef]

	



Thomas, N.; Dionysiou, D.D.; Pillai, S.C. Heterogeneous fenton catalysts: A review of recent advances. J. Hazard. Mater. 2021, 404, 124082. [Google Scholar] [CrossRef] [PubMed]

	



Du, C.; Zhang, Y.; Zhang, Z.; Zhou, L.; Yu, G.; Wen, X.; Chi, T.; Wang, G.; Su, Y.; Deng, F.; et al. Fe-based metal organic frameworks (Fe-MOFs) for organic pollutants removal via photo-Fenton: A review. Chem. Eng. J. 2022, 431, 133932. [Google Scholar] [CrossRef]

	



Chen, H.; Wang, J. MOF-derived Co3O4-C@FeOOH as an efficient catalyst for catalytic ozonation of norfloxacin. J. Hazard. Mater. 2021, 403, 123697. [Google Scholar] [CrossRef]

	



Singh, S.; Kaur, P.; Abhivyakti; Kumar, V.; Tikoo, K.; Singhal, S. Facile integration of a novel Sm-doped CoFe2O4@ g-CN heterostructure to expedite PMS and H2O2 assisted degradation of pharmaceutical pollutants. Appl. Surf. Sci. 2022, 580, 152254. [Google Scholar] [CrossRef]

	



Lai, X.; Ning, X.; Chen, J.; Li, Y.; Zhang, Y.; Yuan, Y. Comparison of the Fe2+/H2O2 and Fe2+/PMS systems in simulated sludge: Removal of pahs, migration of elements and formation of chlorination by-products. J. Hazard. Mater. 2020, 398, 122826. [Google Scholar] [CrossRef]

	



Lee, Y.; Lee, S.; Cui, M.; Ren, Y.; Park, B.; Ma, J.; Han, Z.; Khim, J. Activation of peroxodisulfate and peroxymonosulfate by ultrasound with different frequencies: Impact on ibuprofen removal efficient, cost estimation and energy analysis. Chem. Eng. J. 2021, 413, 127487. [Google Scholar] [CrossRef]

	



Huang, J.; Li, Z.; Zhang, J.; Zhang, Y.; Ge, Y.; Cui, X. In-situ synchronous carbonation and self-activation of biochar/geopolymer composite membrane: Enhanced catalyst for oxidative degradation of tetracycline in water. Chem. Eng. J. 2020, 397, 125528. [Google Scholar] [CrossRef]

	



Chu, J.; Kang, J.; Park, S.; Lee, C. Enhanced sonocatalytic degradation of bisphenol a with a magnetically recoverable biochar composite using rice husk and rice bran as substrate. J. Environ. Chem. Eng. 2021, 9, 105284. [Google Scholar] [CrossRef]

	



Qin, Y.; Li, X.; Wang, L.; Luo, J.; Li, Y.; Yao, C.; Xiao, Z.; Zhai, S.; An, Q. Valuable cobalt/biochar with enriched surface oxygen-containing groups prepared from bio-waste shrimp shell for efficient peroxymonosulfate activation. Sep. Purif. Technol. 2022, 281, 119901. [Google Scholar] [CrossRef]

	



Gelardi, D.L.; Li, C.; Parikh, S.J. An emerging environmental concern: Biochar-induced dust emissions and their potentially toxic properties. Sci. Total Environ. 2019, 678, 813–820. [Google Scholar] [CrossRef]

	



Oleszczuk, P.; Jośko, I.; Kuśmierz, M. Biochar properties regarding to contaminants content and ecotoxicological assessment. J. Hazard. Mater. 2013, 260, 375–382. [Google Scholar] [CrossRef]

	



Yan, B.; Niu, C.H. Modeling and site energy distribution analysis of levofloxacin sorption by biosorbents. Chem. Eng. J. 2017, 307, 631–642. [Google Scholar] [CrossRef]

	



Yin, Y.; Guo, X.; Peng, D. Iron and manganese oxides modified maize straw to remove tylosin from aqueous solutions. Chemosphere 2018, 205, 156–165. [Google Scholar] [CrossRef]

	



Yu, H.; Wang, J.; Yu, J.; Wang, Y.; Chi, R. Adsorption performance and stability of the modified straws and their extracts of cellulose, lignin, and hemicellulose for Pb2+: pH effect. Arab. J. Chem. 2020, 13, 9019–9033. [Google Scholar] [CrossRef]

	



Huang, H.; Ting, G.; Kai, W.; Yuan, L.; Gaoke, Z. Efficient activation of persulfate by a magnetic recyclable rape straw biochar catalyst for the degradation of tetracycline hydrochloride in water. Sci. Total Environ. 2021, 758, 143957. [Google Scholar] [CrossRef]

	



Wu, S.; Yang, Y.; Deng, S.; Cao, H.; Liu, Y.; Yang, T.; Wu, D.; Wang, C.; Ma, Z. A novel preparation process of straw-based iron material for enhanced persulfate activation of reactive black 5 degradation. Environ. Sci. Pollut. Res. 2022, 29, 34174–34185. [Google Scholar] [CrossRef] [PubMed]

	



Rubeena, K.K.; Hari Prasad Reddy, P.; Laiju, A.R.; Nidheesh, P.V. Iron impregnated biochars as heterogeneous fenton catalyst for the degradation of acid red 1 dye. J. Environ. Manag. 2018, 226, 320–328. [Google Scholar] [CrossRef] [PubMed]

	



Yang, W.; Jing, L.; Wang, T.; Kong, X.; Quan, R.; Li, X.; Zhang, D.; Zhou, R.; Zhu, H. Multi-level porous layered biochar modified cobalt-iron composite as a reusable synergistic activator of peroxymonosulfate for enhanced tetracycline degradation. J. Taiwan Inst. Chem. Eng. 2022, 132, 104209. [Google Scholar] [CrossRef]

	



Wang, S.; Wang, J. Magnetic 2D/2D oxygen doped g-C3N4/biochar composite to activate peroxymonosulfate for degradation of emerging organic pollutants. J. Hazard. Mater. 2022, 423, 127207. [Google Scholar] [CrossRef] [PubMed]

	



Han, S.; Xiao, P. Catalytic degradation of tetracycline using peroxymonosulfate activated by cobalt and iron co-loaded pomelo peel biochar nanocomposite: Characterization, performance and reaction mechanism. Sep. Purif. Technol. 2022, 287, 120533. [Google Scholar] [CrossRef]

	



Shin, J.; Bae, S.; Chon, K. Fenton oxidation of synthetic food dyes by Fe-embedded coffee biochar catalysts prepared at different pyrolysis temperatures: A mechanism study. Chem. Eng. J. 2021, 421, 129943. [Google Scholar] [CrossRef]

	



Meng, H.; Nie, C.; Li, W.; Duan, X.; Lai, B.; Ao, Z.; Wang, S.; An, T. Insight into the effect of lignocellulosic biomass source on the performance of biochar as persulfate activator for aqueous organic pollutants remediation: Epicarp and mesocarp of citrus peels as examples. J. Hazard. Mater. 2020, 399, 123043. [Google Scholar] [CrossRef]

	



Liang, F.; Liu, Z.; Jiang, X.; Li, J.; Xiao, K.; Xu, W.; Chen, X.; Liang, J.; Lin, Z.; Li, M.; et al. NaoH-modified biochar supported Fe/Mn bimetallic composites as efficient peroxymonosulfate activator for enhance tetracycline removal. Chem. Eng. J. 2023, 454, 139949. [Google Scholar] [CrossRef]

	



Li, Z.; Wang, M.; Jin, C.; Kang, J.; Liu, J.; Yang, H.; Zhang, Y.; Pu, Q.; Zhao, Y.; You, M.; et al. Synthesis of novel Co3O4 hierarchical porous nanosheets via corn stem and MOF-Co templates for efficient oxytetracycline degradation by peroxymonosulfate activation. Chem. Eng. J. 2020, 392, 123789. [Google Scholar] [CrossRef]

	



Wang, D.; Li, Y.; Wen, L.; Xi, J.; Liu, P.; Hansen, T.W.; Li, P. Ni-Pd-incorporated Fe3O4 yolk-shelled nanospheres as efficient magnetically recyclable catalysts for reduction of n-containing unsaturated compounds. Catalysts 2023, 13, 190. [Google Scholar] [CrossRef]

	



Liangsong, W.; Dong, W.; Jiangbo, X.; Fan, T.; Pei, L.; Zheng-Wu, B. Heterometal modified Fe3O4 hollow nanospheres as efficient catalysts for organic transformations. J. Catal. 2022, 413, 779–785. [Google Scholar] [CrossRef]

	



You, Y.; Shi, Z.; Li, Y.; Zhao, Z.; He, B.; Cheng, X. Magnetic cobalt ferrite biochar composite as peroxymonosulfate activator for removal of lomefloxacin hydrochloride. Sep. Purif. Technol. 2021, 272, 118889. [Google Scholar] [CrossRef]

	



Wang, B.; Zhu, C.; Ai, D.; Fan, Z. Activation of persulfate by green nano-zero-valent iron-loaded biochar for the removal of p-nitrophenol: Performance, mechanism and variables effects. J. Hazard. Mater. 2021, 417, 126106. [Google Scholar] [CrossRef]

	



Ali, M.; Danish, M.; Tariq, M.; Ahmad, A.; Shahzad Ayub, K.; Lyu, S. Mechanistic insights into the degradation of trichloroethylene by controlled release nano calcium peroxide activated by iron species coupled with nano iron sulfide. Chem. Eng. J. 2020, 399, 125754. [Google Scholar] [CrossRef]

	



Hou, K.; Pi, Z.; Chen, F.; He, L.; Yao, F.; Chen, S.; Li, X.; Wang, D.; Dong, H.; Yang, Q. Peroxymonosulfate (PMS) activation by mackinawite for the degradation of organic pollutants: Underappreciated role of dissolved sulfur derivatives. Sci. Total Environ. 2022, 811, 151421. [Google Scholar] [CrossRef] [PubMed]

	



Wu, L.; Guo, P.; Wang, X.; Li, H.; Zhang, X.; Chen, K.; Zhou, P. The synergy of sulfur vacancies and heterostructure on CoS@FeS nanosheets for boosting the peroxymonosulfate activation. Chem. Eng. J. 2022, 446, 136759. [Google Scholar] [CrossRef]

	



Lyu, H.; Tang, J.; Huang, Y.; Gai, L.; Zeng, E.Y.; Liber, K.; Gong, Y. Removal of hexavalent chromium from aqueous solutions by a novel biochar supported nanoscale iron sulfide composite. Chem. Eng. J. 2017, 322, 516–524. [Google Scholar] [CrossRef]

	



Ji, H.; Zhu, Y.; Liu, W.; Bozack, M.J.; Qian, T.; Zhao, D. Sequestration of pertechnetate using carboxymethyl cellulose stabilized fes nanoparticles: Effectiveness and mechanisms. Colloids Surf. A Physicochem. Eng. Asp. 2019, 561, 373–380. [Google Scholar] [CrossRef]

	



Wu, D.; Chen, Y.; Zhang, Z.; Feng, Y.; Liu, Y.; Fan, J.; Zhang, Y. Enhanced oxidation of chloramphenicol by glda-driven pyrite induced heterogeneous fenton-like reactions at alkaline condition. Chem. Eng. J. 2016, 294, 49–57. [Google Scholar] [CrossRef]

	



Wang, N.; Zhu, L.; Lei, M.; She, Y.; Cao, M.; Tang, H. Ligand-induced drastic enhancement of catalytic activity of nano-BiFeO3 for oxidative degradation of bisphenol A. ACS Catal. 2011, 1, 1193–1202. [Google Scholar] [CrossRef]

	



Li, J.; Zhong, F. Nitrogen release and re-adsorption dynamics on crop straw residue during straw decomposition in an alfisol. J. Integr. Agric. 2021, 20, 248–259. [Google Scholar] [CrossRef]

	



Sun, Y.; Lv, D.; Zhou, J.; Zhou, X.; Lou, Z.; Baig, S.A.; Xu, X. Adsorption of mercury (II) from aqueous solutions using fes and pyrite: A comparative study. Chemosphere 2017, 185, 452–461. [Google Scholar] [CrossRef] [PubMed]

	



Elmoubarki, R.; Boumya, W.; Mahjoubi, F.Z.; Elhalil, A.; Sadiq, M.; Barka, N. Ni-Fe-SDS and Ni-Fe-SO4 layered double hydroxides: Preparation, characterization and application in dyes removal. Mater. Today Proc. 2021, 37, 3871–3875. [Google Scholar] [CrossRef]

	



Wu, J.; Wang, X.; Zeng, R.J. Reactivity enhancement of iron sulfide nanoparticles stabilized by sodium alginate: Taking Cr (VI) removal as an example. J. Hazard. Mater. 2017, 333, 275–284. [Google Scholar] [CrossRef]

	



Liu, X.; Chen, Z.; Han, B.; Su, C.; Han, Q.; Chen, W. Biosorption of copper ions from aqueous solution using rape straw powders: Optimization, equilibrium and kinetic studies. Ecotox. Environ. Saf. 2018, 150, 251–259. [Google Scholar] [CrossRef] [PubMed]

	



Pu, M.; Ma, Y.; Wan, J.; Wang, Y.; Huang, M.; Chen, Y. Fe/S doped granular activated carbon as a highly active heterogeneous persulfate catalyst toward the degradation of orange g and diethyl phthalate. J. Colloid Interface Sci. 2014, 418, 330–337. [Google Scholar] [CrossRef] [PubMed]

	



Xie, W.; Shi, Y.; Wang, Y.; Zheng, Y.; Liu, H.; Hu, Q.; Wei, S.; Gu, H.; Guo, Z. Electrospun iron/cobalt alloy nanoparticles on carbon nanofibers towards exhaustive electrocatalytic degradation of tetracycline in wastewater. Chem. Eng. J. 2021, 405, 126585. [Google Scholar] [CrossRef]

	



He, J.; Tang, J.; Zhang, Z.; Wang, L.; Liu, Q.; Liu, X. Magnetic ball-milled FeS@biochar as persulfate activator for degradation of tetracycline. Chem. Eng. J. 2021, 404, 126997. [Google Scholar] [CrossRef]

	



Qiu, L.; Zou, K.; Xu, G. Investigation on the sulfur state and phase transformation of spent and regenerated S zorb sorbents using XPS and XRD. Appl. Surf. Sci. 2013, 266, 230–234. [Google Scholar] [CrossRef]

	



Ling, C.; Wu, S.; Dong, T.; Dong, H.; Wang, Z.; Pan, Y.; Han, J. Sulfadiazine removal by peroxymonosulfate activation with sulfide-modified microscale zero-valent iron: Major radicals, the role of sulfur species, and particle size effect. J. Hazard. Mater. 2022, 423, 127082. [Google Scholar] [CrossRef]

	



Zhou, T.; Li, Y.; Wong, F.; Lu, X. Enhanced degradation of 2,4-dichlorophenol by ultrasound in a new fenton like system (Fe/EDTA) at ambient circumstance. Ultrason. Sonochem. 2008, 15, 782–790. [Google Scholar] [CrossRef]

	



Zhang, J.; Song, H.; Liu, Y.; Wang, L.; Li, D.; Liu, C.; Gong, M.; Zhang, Z.; Yang, T.; Ma, J. Remarkable enhancement of a photochemical Fenton-like system (UV-A/Fe(II)/PMS) at near-neutral pH and low Fe(II)/peroxymonosulfate ratio by three alpha hydroxy acids: Mechanisms and influencing factors. Sep. Purif. Technol. 2019, 224, 142–151. [Google Scholar] [CrossRef]

	



de Graft-Johnson, J.; Nowak, D. Effect of selected plant phenolics on Fe2+-EDTA-H2O2 system mediated deoxyribose oxidation: Molecular structure-derived relationships of anti- and pro-oxidant actions. Molecules 2017, 22, 59. [Google Scholar] [CrossRef]

	



Zheng, Y.; Wang, L.; Zhang, L.; Zhang, H.; Zhu, W. One-pot hydrothermal synthesis of hierarchical porous manganese silicate microspheres as excellent Fenton-like catalysts for organic dyes degradation. Nano Res. 2022, 15, 2977–2986. [Google Scholar] [CrossRef]

	



Liu, D.; Jiang, P.; Xu, X.; Wu, J.; Lu, Y.; Wang, X.; Wang, X.; Liu, W. MOFs decorated sugarcane catalytic filter for water purification. Chem. Eng. J. 2022, 431, 133992. [Google Scholar] [CrossRef]

	



Wang, H.; Wang, H.; Yan, Q. Peroxymonosulfate activation by algal carbocatalyst for organic dye oxidation: Insights into experimental and theoretical. Sci. Total Environ. 2022, 816, 151611. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Y.; Xu, H.; Li, Z.; Zhu, J.; Bai, J.; Shao, Y.; Lin, C.; Guan, C. Magnetic pyro-hydrochar derived from waste cartons as an efficient activator of peroxymonosulfate for antibiotic dissipation. Sep. Purif. Technol. 2023, 311, 123288. [Google Scholar] [CrossRef]

	



Qin, Q.; Liu, T.; Zhang, J.; Wei, R.; You, S.; Xu, Y. Facile synthesis of oxygen vacancies enriched α-Fe2O3 for peroxymonosulfate activation: A non-radical process for sulfamethoxazole degradation. J. Hazard. Mater. 2021, 419, 126447. [Google Scholar] [CrossRef]








[image: Molecules 28 02771 g001 550] 





Figure 1. SEM images of RS–FeS (a) and RS–EDTA–FeS (b). EDS mappings of Fe, S, C, N, and O on RS–FeS (c) and RS–EDTA–FeS (d). 
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Figure 2. Nitrogen adsorption–desorption isotherms (a), FTIR spectra (b), XRD pattern (c), and XPS wide scan spectra analysis (d) of RS–FeS and RS–EDTA–FeS. 
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Figure 3. C 1s XPS spectra (a), O 1s XPS spectra (b), Fe 2p XPS spectra (c), and S 2p XPS spectra (d) of RS–FeS and RS–EDTA–FeS. 
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Figure 4. The effect of different initial pH on OTC removal efficiencies from the RS–FeS/PMS (a), RS–EDTA–FeS/PMS (b), RS–FeS/H2O2 (c), and RS–EDTA–FeS/H2O2 (d) system (C0 = 20.00 mg L−1, [PMS] = 0.20 g L−1, [H2O2] = 6.60 mM). 
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Figure 5. Effect of initial OTC concentration on OTC removal from the RS–FeS/H2O2 (a) and RS–EDTA–FeS/H2O2 (b) system. Kinetic data of OTC by RS–FeS/H2O2 (c) and RS–EDTA–FeS/H2O2 (d) system under different initial OTC concentration (initial pH = 3.00, [H2O2] = 6.60 mM). 
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Figure 6. The effect of PMS concentration (a,b) and H2O2 dosage (c,d) on OTC removal by RS–FeS (a,c) and RS–EDTA–FeS (b,d) (C0 = 20.00 mg L–1, initial pH in H2O2 system = 3.00, initial pH in PMS system = 6.00). 
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Figure 7. The effect of coexisting CH3OH (a), Na2CO3 (b), fulvic acid (c), and NaCl (d) substances on OTC degradation from the RS–FeS/PMS, RS–EDTA–FeS/PMS, RS–FeS/H2O2, and RS–EDTA–FeS/H2O2 system (C0 = 20.00 mg L−1, [PMS] = 0.20 g L−1, [H2O2] = 6.60 mM, initial pH in H2O2 system = 3.00, initial pH in PMS system = 6.00). 
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Figure 8. EPR spectrum on radicals in RS–FeS/PMS, RS–EDTA–FeS/PMS, RS–FeS/H2O2, and RS– EDTA–FeS/H2O2 systems captured by TEMP and DMPO. 1O2 in RS–EDTA–FeS/H2O2 (a), RS–EDTA–FeS/PMS (b), RS–FeS/H2O2 (c), and RS–FeS/PMS (d) systems; SO4•– and •OH in RS–EDTA–FeS/H2O2 (e), RS–EDTA–FeS/PMS (f), RS–FeS/H2O2 (g), and RS–FeS/PMS (h) systems; O2•– in RS–EDTA–FeS/H2O2 (i), RS–EDTA–FeS/PMS (j), RS–FeS/H2O2 (k), and RS–FeS/PMS (l) systems. 
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Figure 9. (a) Cycling test of RS–FeS and RS–EDTA–FeS for OTC removal in PMS and H2O2 systems (C0 = 20.00 mg L−1, [PMS] = 0.20 g L−1, [H2O2] = 6.60 mM, initial pH in H2O2 system = 3.00, initial pH in PMS system = 6.00, [t] = 120.00 min). (b) TOC removal by RS–FeS and RS–EDTA–FeS in PMS and H2O2 systems from swine wastewater. (Initial TOC concentration = 244.3 mg L−1, [PMS] = 0.20 g L−1, [H2O2] = 6.60 mM, initial pH in H2O2 system = 3.00, initial pH in PMS system = 6.00). Error bars represent the standard deviations (n=3); different lowercase letters represent significant difference between different treatments (P < 0.05). 
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Table 1. Plant-based material activated different oxidant for the degradation of various emerging organic contaminants.
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	Pollutants
	Catalysts
	Oxidant
	Optimal Experiment Terms
	Degradation Capacity
	Ref.





	Tetracycline hydrochloride
	Magnetic rape straw biochar (MRSB)
	Persulfate
	Persulfate content 8.00 mM; MRSB dosage 1.00 g/L; Reaction temperature 25℃; Initial pH 5.68
	99.00%
	[19]



	Reactive black 5
	Straw-iron composite material (ST@Fe)
	Persulfate
	Initial concentration 20.00 mM; Contact time 100.00 min; ST@Fe dosage 0.50 g/L
	>94.80%
	[20]



	Acid Red 1
	Iron-loaded rice husk biochar
	H2O2
	Initial concentration 50.00 mg/L; H2O2 concentration 16.00 mM; pH 3.00
	98.00%
	[21]



	Tetracycline
	Bagasse biochar modified with cobalt-iron
	Peroxymonosulfate
	Initial concentration 20.00 mg/L; Catalyst dose 0.30 g; Peroxymonosulfate concentration 0.40 g/L; Contact time 30.00 min; pH 5.00
	96.70%
	[22]



	Sulfamethoxazole
	Coconut shell biochar/C3N4 doped with magnetic oxygen
	Peroxymonosulfate
	Initial concentration 0.04 mM; Peroxymonosulfate concentration 1.60 mM; Catalyst does 0.40 g/L; pH 3.00
	99.50%
	[23]



	Tetracycline
	Cobalt and iron coloaded pomelo peel biochar
	Peroxymonosulfate
	Initial concentration 50.00 mg/L; Peroxymonosulfate concentration 1.00 g/L; Catalyst dose 0.10 g/L; pH 3.00
	99.50%
	[24]



	Sunset Yellow
	Fe-embedded waste coffee biochar
	H2O2
	Initial concentration 10.00 mg/L; H2O2 concentration 5.00 mM; Catalyst dose 0.40 g/L; pH 3.00
	93.00%
	[25]



	Phenol
	Citrus peels biochar
	Peroxymonosulfate
	Catalyst dose 0.20 g/L; Peroxymonosulfate dosage 3.20 mM; Reaction time 60.00 min
	100%
	[26]



	Tetracycline
	NaOH-modified Platanus orientalis Linn branches biochar
	Peroxymonosulfate
	Initial tetracycline concentration 0.02 g/L; Catalyst dose 0.50 g/L; Peroxymonosulfate dosage 0.50 mM; pH 4.79
	97.90%
	[27]



	Oxytetracycline
	Co3O4-corn straw hierarchical porous nanosheets
	Peroxymonosulfate
	Initial oxytetracycline concentration 40.00 μM; Peroxymonosulfate concentration 0.50 mM; Catalyst dose 0.20 g/L; pH 5.00; Reaction temperature 20 °C
	100.00%
	[28]
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