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Abstract

:

In this study, sludge biochar was prepared under four pyrolysis temperatures (SBC300, SBC500, SBC700, and SBC900) and then was employed to activate periodate (PI) for the degradation of sulfamethoxazole (SMX). Various characterization methods were employed to investigate the effect of pyrolysis temperature on the physicochemical properties of sludge biochar and the activation capacity of periodate. The SMX adsorption capacity of SBCs and the ability of activating PI to degrade SMX increased with the increasing pyrolysis temperature. The degradation of SMX by the SBCs/PI systems was highly dependent on the initial pH of the solution and the dosage of SBCs. Mechanistic studies indicated that the degradation of SMX by the SBCs/PI system was mainly based on an electron-mediated transfer mechanism. Additionally, the electron transfer capacity of the SBCs affected the defects and the degree of graphitization. The contribution of free radicals to SMX degradation decreases with increasing pyrolysis temperature. Toxicity experiments demonstrated that the toxic elimination of SMX by the SBCs/PI system was enhanced with increasing pyrolysis temperature.
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1. Introduction


With the rapid urbanization and industrialization in developing countries in recent decades, the number of urban wastewater treatment plants for purifying urban domestic wastewater has been growing rapidly along with urbanization [1,2]. Urban sewage sludge is an unavoidable by-product of the sewage treatment process in urban wastewater treatment plants, and the sludge production in China exceeds 20 million tons per year [3]. The treatment and disposal expenses exceed 31.2 billion RMB per year [4]. Sewage sludge generally contains large amounts of nitrogen, phosphorus compounds, organic pollutants (antibiotics, persistent organic pollutants, etc.), pathogens, and heavy metals [5], while traditional sludge treatment and disposal methods such as landfilling, incineration, and composting are costly and may cause secondary environmental pollution [6]. Therefore, economical and environment-friendly sludge treatment and utilization have become research hotspots in recent years [7]. The pyrolysis treatment of sewage sludge is a promising treatment method that not only destroys most pathogens such as bacteria and fungi but also recovers sludge’s calorific value to produce large amounts of biochar material [8].



Sludge biochar is the main product of the sewage sludge pyrolysis process, which is characterized by abundant surface nitrogen and oxygen functional groups, large specific surface area and excellent porous structure [9,10]. Because of its lower cost and excellent pore structure, sludge biochar is often used as an excellent carrier material for carbon-based catalysts [11]. Sludge biochar and its modified sludge-based biochar have been widely used in adsorption and advanced oxidation processes (AOPs) to remove a wide range of inorganic and organic pollutants [12,13,14]. Periodate (PI)-based advanced oxidation processes have received extensive research and attention in recent years due to their ability to remove persistent organic pollutants economically and efficiently [15,16,17]. Due to the weak oxidation capacity of non-activated periodate for effectively oxidizing organic pollutants, environmentally friendly and efficient activation PI approaches have received greater research attention. Previous studies have shown that effective activation methods for PI include energy input (UV, ultrasound, etc.) [18], transition metals and metal oxides [19], carbon materials (carbon nanotubes, biochar, etc.) [15], alkaline conditions [20], and freezing [21]. The energy input activation method is energy-intensive and unsustainable, while transition metal-based catalysts are prone to environmental problems such as the leaching of heavy metals, and thus, biochar prepared by recycling waste resources has promising applications. Our previous studies have demonstrated that sludge-based biochar has the ability to activate periodate to degrade organic pollutants [22,23]. However, most previous studies have focused on the modified methods of sludge-based biochar for periodate activation, while the concern for the influences of biochar fabrication processes on the electron-mediated transfer activation of periodate and toxicity elimination of organic pollutants is lacking.



The yield and physicochemical properties of sludge biochar are greatly influenced by the raw material and pyrolysis parameters [24]. It has been demonstrated that the specific surface area, number and type of surface functional groups, heavy metal content, zero charge point (pHpzc) and defect structure of sludge biochar are easily affected by the pyrolysis temperature [25,26]. The catalytic activation capacity of sludge biochar in AOPs depends mainly on physicochemical properties such as specific surface area, graphitization and defect structure, redox metal content, and oxygen-containing functional groups, which are all influenced by the pyrolysis temperature [27,28,29]. However, the properties of sludge biochar prepared at different pyrolysis temperatures have been little studied on the performance of activated periodate and the mechanism of degradation of pollutants.



Sulfamethoxazole (SMX) is one of the most widely used broad-spectrum antibiotics, and it is frequently detected in various water bodies because of its ineffective removal in conventional wastewater treatment plants [30,31]. Therefore, SMX was selected as the target pollutant in this study. Firstly, sludge biochar (SBCs) was prepared at four pyrolysis temperatures (300 °C, 500 °C, 700 °C, and 900 °C) at the same ramp-up rate. Secondly, the sludge biochar with different pyrolysis temperatures was characterized to investigate the effect of pyrolysis temperature on the physicochemical properties of sludge biochar and the active sites. Then, the performance of sludge biochar with different temperature pyrolysis for SMX adsorption and activated periodate degradation of SMX was investigated, and the effect of various reaction conditions such as pH, PI, and catalyst dosing on SMX degradation was also studied. Finally, the mechanism of SMX degradation by sludge biochar-activated periodate was determined by chemical quenching experiments, EPR, and characterization, and the acute toxicity of various systems was determined by plant germination experiments.




2. Results and Discussion


2.1. Characterizations of SBCs


The microscopic shape of four SBCs (SBC300, SBC500, SBC700, and SBC900) was recorded by SEM (Figure 1 and Figure S1). Obvious irregular blocky structures were observed in the SEM images of SBCs. It was found that the change in pyrolysis temperature posed a remarkable effect on the surface morphological characteristics of SBCs. According to the SEM images of SBCs at different temperatures in Figure S1, it can be clearly observed that the surface pore structure of SBCs was more obvious and the size of the irregular block structure was smaller with the increase in pyrolysis temperature. Moreover, irregular pore structures were found more frequently on SBCs pyrolyzed at higher temperatures, indicating that higher pyrolysis temperatures may lead to an increase in the proportion of amorphous carbon on the surface of SBCs. The EDS elemental mapping images (Figure 1) demonstrated that the surface of SBCs mainly contains C, O, Si, and N elements. Meanwhile, as shown in Table 1, the ratio of O/C on the surface of SBCs gradually increased with the increase in pyrolysis temperature. A higher O/C ratio would result in a better hydrophilicity and polarity of biochar [23]. In addition, the elemental N content on the surface of biochar gradually decreased at higher pyrolysis temperatures.



Table 1 and Figure S2 showed the textural properties and N2 adsorption–desorption isotherms of SBCs, respectively. The SBCs were all mesoporous materials and showed type IV adsorption isotherms. The abundant presence of micropores and mesopores in SBCs can be observed according to the pore size distribution plot in Figure S2. SBC300 possessed a minimum BET-specific surface area of 34.92 m2 g−1, and the BET specific surface area came to 83.5 m2 g−1 and 61.26 m2 g−1 when the pyrolysis temperature was further increased to 500 °C and 700 °C, respectively. However, when the pyrolysis temperature was increased to 900 °C, SBC900 exhibited the maximum BET specific surface area up to 124.94 m2 g−1. This might be due to the blockage of pores in the biochar caused by the decomposition of elemental N in the sludge at 700 °C, which was also confirmed by the lower micropore density in the pore size distribution [32]. With the further increased pyrolysis temperature, the decomposition of elemental N was more complete, which also led to the unclogging influence of blocked pores. In addition, higher pyrolysis temperatures also lead to an increase in the proportion of graphitic N in the biochar, which enhances its activation capacity [33].



Figure 2a showed the XRD patterns of SBCs, indicating the existence of three peaks at 26.5°, 42.3°, and 59.9°, which can be attributed to (002), (100), and (103) planes of graphite carbon material (PDF#89-8487). The diffraction peaks at 20.8° (100), 36.5° (110), 39.4° (102), and 50.1° (112) could be assigned to SiO2 (PDF#70-3755). The XRD results indicated that the pyrolysis temperature did not cause changes in the lattice structure of SBCs.



Figure 2b demonstrated the FTIR spectra of the SBCs which were employed to investigate the functional groups on the SBCs. It can be observed that the difference in the FTIR characteristic bands between SBCs was not significant. However, the band intensities of SBCs had a significant trend of weakening with the increase in pyrolysis temperature. Specifically, the wavelength at 2850 cm−1 and 2925 cm−1 of SBC300 were attributed to the stretching vibration of aliphatic -CH and -CH2, which were not found in other SBCs. This may be attributed to the decomposition of organic aliphatic hydrocarbons at higher pyrolysis temperatures [34]. In addition, it can be observed that the intensity of the peak located around 3400 cm−1 (attributed to the hydroxyl group) decreased with the increase in the pyrolysis temperature, which may be attributed to the decrease in the oxygen-containing functional groups due to the increase in the pyrolysis temperature [35]. In the XPS survey spectra (Figure 2c), two main characteristic peaks at 285 eV and 533 eV were assigned to C1s and O1s. Meanwhile, the characteristic peak at 400 eV was corresponding to N1s, and its peak intensity decreased with increasing pyrolysis temperature, which was consistent with the EDS results. Meanwhile, the high-resolution XPS spectra of N1s is shown in Figure S3, and the characteristic peak of graphitic N was observed at the binding energies of 401.8 eV. Apparently, graphitic N appeared at SBC700, and its atomic ratio increased from 23% to 57% with the increase in pyrolysis temperature from 700 to 900 °C. The presence of graphitic N could facilitate the activation of the oxidant because it changes the charge density of the carbon network [36]. Figure S4 showed the high-resolution XPS spectra of C1s and O1s of SBCs. The fitted peaks could be assigned to C-C (284.8 eV), C-O (286.3 eV), O-C=O (288.6 eV), and C-O (532 eV). As the pyrolysis temperature increased, the characteristics of the C1s moieties changed significantly, in which the proportion of atoms in the C-C bond part increased significantly. Nonetheless, the proportion of atoms in the C-O bond decreased gradually, which was consistent with the FTIR results. Meanwhile, the increase in the proportion of C-C bonds may also lead to the increase in defective structures in biochar.



Figure 3 demonstrated the Raman spectra of various SBCs to reveal the degree of defects in SBCs. The two obvious peaks located at 1350 cm−1 and 1580 cm−1 correspond to the D band and G band, respectively, where the D band indicated disordered carbon and the G band was associated with the sp2 hybridized carbon network [37]. Meanwhile, the ratio of the intensity of the D and G bands (ID/IG) was used to reveal the degree of defects in the carbon material. Obviously, SBC900 showed the highest ID/IG value of 1.488, which was significantly higher compared to SBC300, SBC500, and SBC700 at 1.081, 1.241, and 1.348, indicating that higher pyrolysis temperatures significantly induced greater defective sites. Those defective sites could be used for the activation of PI and the adsorption of SMX. Particularly, the Raman spectra of SBC300 showed a broad peak with less pronounced D and G bands compared to other SBCs, indicating that the SBCs prepared at lower pyrolysis temperatures may not possess sufficient PI activation ability.




2.2. Activation Performance of SBCs towards PI for SMX Removal


The activation performance of SBCs towards PI was evaluated regarding the SMX as the target organic pollutant. Apparently, the removal of SMX by PI alone and adsorption of the SBC300 and SBC300/PI system were not significant, at 11.8%, 14.2%, and 19.9%, respectively (Figure 4). It was due to the fact that SBC300 did not have a large specific surface area and a defective structure, which were vital for the adsorption of SMX and the activation of PI [38]. The adsorption capacity of SBCs changed sharply with increasing pyrolysis temperature from 30.4% for SBC500 to 68.5% and 98.7% for SBC700 and SBC900. The BET specific surface area of SBC700 was smaller than that of SBC500, but its adsorption capacity was stronger than SBC500, indicating that the BET specific surface area was not the dominant factor in the adsorption of SBCs on SMX. The degree of defects and graphitization of SBCs increased with increasing pyrolysis temperature, and SBC900 possessed the highest degree of defects, indicating that the degree of defects may be the main factor for the adsorption performance of SBCs on SMX. Obviously, SBC500, SBC700, and SBC900 showed strong PI activation ability when PI was introduced into the system, and the removal efficiency for SMX was significantly increased (Figure 4). The degradation efficiencies of SMX reached 79% (60 min), 99.7% (30 min) and 100% (5 min) for SBC500/PI, SBC700/PI and SBC900/PI, respectively. Meanwhile, the SMX degradation kinetics in the SBCs/PI system was investigated by employing pseudo-first-order models and shown in Table S1. It was observed that the R2 of SBC500, SBC700 and SBC900 were 0.7798, 0.9921 and 0.7968, respectively, indicating that adsorption may have certain effects on the degradation process. The first-order rate k of the SBCs/PI system increased significantly with the increase in the pyrolysis temperature from 0.0219 min−1 for the SBC500/PI system to 0.1846 min−1 for the SBC700/PI system, and the k of the SBC900/PI system similarly increased to 0.3714 min−1. Similarly, the superior PI activation ability exhibited by SBCs was also attributed to their defective sites that were enhanced with increasing pyrolysis temperature.



Desorption experiments were performed to confirm that the adsorbed SMX in the system was degraded. The data in Table S2 showed that the adsorption capacities of SBC500, SBC700, and SBC900 at 60 min were 1.229 mg g−1, 2.840 mg g−1, and 4.809 mg g−1, respectively, and their desorption rates were 47.1%, 33.1%, and 37.1%, respectively. The results indicated that 55.6%, 84.5%, and 96.2% of the adsorbed SMX were eventually degraded. Based on the above results, the capacity of SBC300 for SMX adsorption and activation of PI was extremely limited, and other SBCs would be focused on in subsequent experiments.




2.3. Influence of Reaction Conditions


Since SBCs/PI systems showed excellent SMX removal performance, the effect of pH was performed to further investigate the suitability of this system. Figure 5a–c presented the SMX degradation efficiency in the pH range 3–9 for the SBC500/PI, SBC700/PI, and SBC900/PI systems, respectively. Obviously, the SBC500/PI system and the SBC700/PI system were significantly affected by the initial pH, and the degradation rate of SMX decreased rapidly with increasing pH. The SBC500/PI system was most remarkably affected by the initial pH. When the initial pH was increased from 3 to 5, the degradation efficiency of SMX decreased from 86.3% to 38.0%, and then, the degradation efficiency of SMX gradually remained stable with the increase in the initial pH. Nevertheless, the SBC700/PI system was moderately influenced by the initial pH and the degradation efficiency of SMX decreased smoothly from 99.7% to 85.2% as the initial pH increased from 3 to 9. However, the degradation efficiency of SMX in the SBC900/PI system was only slightly affected by the initial pH of the solution. According to Figure S5, the zeta potential of both SBC500 and SBC700 maintained negative values in the pH range of 3 to 9, indicating that these SBCs maintain negative surface charges under a wide range of pH conditions. Meanwhile, the two pKa values of SMX are 1.6 and 5.7 [39], suggesting that SMX will remain in the molecular state or have a negative surface charge at pH greater than 1.6. Therefore, when the solution pH was greater than 5.7, the surfaces of SBC500, SBC700, and SMX were all negatively charged, and the increased electrostatic repulsion would continuously lead to a decrease in adsorption and catalytic activity [40]. Unsurprisingly, the value of zeta potential on the surface of SBC900 was kept in a small range, which caused the electrostatic repulsion to remain low as well, and this resulted in the SBC900/PI system remaining effective in degrading SMX over a wide pH range.



The effects of catalyst dosage and PI dosage on SMX degradation are presented in Figure 5. Obviously, at all SBCs/PI systems, increasing the catalyst dosage significantly enhanced the removal efficiencies of SMX. With the dosage of SBCs increased from 0.1 to 1 g L−1, the degradation efficiency of SMX increased from 32.4% to 79.0% for the SBC500/PI system, from 42.6% to 99.7% for the SBC700/PI system, and from 58.9% to almost complete removal for the SBC900/PI system. Meanwhile, the degradation rates of SMX in all SBCs/PI systems increased significantly during the increasing dosage. Generally, larger catalyst dosages resulted in more PI activation sites, and further increasing catalyst dosage after achieving larger removal efficiencies did not show a decrease in efficiency, indicating that the number of catalyst active sites in the SBCs/PI system was the main factor controlling the reaction. Different from the catalyst dosage, the effect of increasing PI dosage on SMX degradation efficiency was not highly significant. Among all the SBCs/PI systems, the degradation efficiency and degradation rate of SMX reached the maximum when the PI amount reached 0.5 mM, while the degradation of SMX basically remained at a high level when the PI amount was further increased. This result was consistent with previous studies [15]. This phenomenon indicated that the PI dosage of 0.5 mM was essentially saturated in the SBCs/PI system, and no inhibition was observed when the PI dosage further increased to 2 mM, which also revealed that the system degradation of SMX was highly dependent on the active site provided by the SBCs. Compared with other similar carbon catalyst dosages (granular-activated carbon = 1 g L−1, iodine-doped granular activated carbon = 1 g L−1) and PI dosages (granular-activated carbon = 10 mM, iodine-doped granular-activated carbon = 2.5 mM), this study possessed significant advantages [41,42].




2.4. Influence of Common Matrix Species


Figure S6 presented the effects of several common matrix species, including Cl−, CO32−, SO42−, and humic acid, on the degradation efficiency of SMX in the SBCs/PI system. The concentrations of several common matrix species were selected according to previous literature [43]. As observed, the presence of Cl−, SO42−, and HA did not significantly inhibit the degradation of SMX in all SBCs/PI systems, and even a slight promotion effect was observed in SBC/500 and SBC/700 systems. Previous studies have shown that Cl- may affect the degradation of organic pollutants in PI systems due to the reaction with reactive species such as IO3•, while HA may also affect the degradation of organic pollutants due to the competition with reactive oxygen species [38,41]. This result suggested that the degradation of SMX by reactive oxygen species within the SBCs/PI system may not occupy a major role. Conversely, the presence of CO32- produced a strong inhibition of SMX degradation for all SBCs/PI systems, which was most likely attributed to the pH effect of CO32− addition to the solution (solution pH increased to 8.5 after the reaction). These results indicated that the SBCs/PI system has a strong resistance to the common matrix species in the water column.




2.5. Identification of Major Active Species and Possible Activation Mechanism


To identify the major active species and active sites for SMX degradation, a variety of chemical scavengers were employed, and their inhibitory extent against SMX degradation was compared. As depicted in Figure 6, when methanol and TBA [44,45] were used as quenchers for •OH radicals, the degradation efficiency of SMX was almost invariable for all SBCs/PI systems, indicating that the contribution of •OH radicals to the degradation of SMX was very slight in the system. Compared with the control group, the effect of furfuryl alcohol (FFA) addition on the degradation of SMX was not observable for all SBCs/PI systems, indicating the contribution of 1O2 could be ignored [44,46]. In addition, to figure out the presence of O2•− in the SBCs/PI systems, chloroform was employed as a quencher for O2•− [47]. Similarly, the addition of chloroform showed no significant inhibition for the efficiency of SMX degradation in all SBCs/PI systems, while there was a slight inhibition for the rate of SMX degradation within all systems. The results revealed that O2•− did not play a dominant role in the SBCs/PI system. To exclude the role of higher valence metals in the activation of PI, excess dimethyl sulfoxide (DMSO) was introduced into the SBCs/PI system to observe its inhibitory effect on SMX degradation. The DMSO can be oxidized by high-valent iron oxide species to form dimethyl sulfone (DMSO2) through an oxygen atom transfer reaction [48,49]. As shown in Figure 6, the addition of 200 mM DMSO decreased the degradation efficiency of SMX by 5% and 1% in the SBC500/PI and SBC700/PI systems, respectively, and it produced an inhibitory effect on the SMX degradation rate in the SBCs/PI systems. In addition, the results of metal leaching experiments showed that the Fe-leaching concentration in all SBCs/PI systems was below the detection limit of atomic absorption spectroscopy (0.03 mg L−1), indicating that the presence of high-valent Fe contributed minimally to the system.



EPR was employed to further characterize the active species in the SBCs/PI systems. As illustrated in Figure 7, 5,5-dimethyl-1-pyrrolidine-oxide DMPO (in water), DMPO (in methanol), and 2,2,6,6-tetramethylpiperidine (TEMP) were generally utilized to capture •OH radicals, O2•−, and 1O2. Compared to the H2O+DMPO group, distinct characteristic signals of DMPO-•OH with an intensity ratio of 1:2:2:1 were observed in the DMPO+PI and DMPO+SBC/PI group, and the intensity of the peak in the SBC/PI system was slightly increased, which proved the presence of •OH in the PI alone and SBC/PI systems. Under acidic conditions, the oxygen-containing functional groups enriched in sludge-based biochar could react with them to produce •OH radicals [23]. DMPO was further utilized in methanol solution to identify the presence of O2•− in the system. Obvious signals of DMPO-O2•− (quadruple peaks of equal strength with hyperfine splitting) were detected in PI alone and SBC/PI systems compared with the blank group, which demonstrated the presence of O2•− in the SBC/PI system. This was confirmed in a previous study that IO4- could react with O2 to form O2•− in the presence of dissolved oxygen [20]. In addition, no triple signals of 1:1:1 were found in any system when TEMP was used as a trapping agent for 1O2, suggesting the absence of 1O2 in the SBCs/PI systems. Simultaneously, to exclude the contribution of iodate radicals such as IO3• and IO4• in the system to the degradation of SMX, DMPO in the DMSO solution was employed to detect their presence [50]. However, no characteristic peaks of DMPO-IO3• or DMPO-IO4• were found, indicating that these iodate radicals were not present in the SBCs/PI systems. Thus, based on the above chemical quenching experiments and EPR analysis, various reactive oxygen species in the SBCs/PI system were excluded from contributing to SMX degradation, and the mechanism of SBCs activation of PI may involve an electron-mediated transfer mechanism.



To further confirm that the electron-mediated transfer mechanism was involved, electrochemical experiments were conducted. As shown in Figure 8a, the results of chronopotentiometry (i-t curve) showed that the current changed significantly when the periodate was added to the system at 100 s, indicating that a violent electron transfer process occurred between periodate and SBC, forming the SBC–PI complex. Similarly, a significant current change was also observed when SMX was added to the system at 250 s, demonstrating that electron transfer occurred between SMX and the PI-SBC complex through an electron-mediated transfer mechanism [51]. In addition, the EIS Nyquist plot of SBC500 in Figure 8b showed that SBC has good electron transfer process.




2.6. Toxicity Study in SBCs/PI Systems


The germination and average root length data of lettuce seeds are shown in Figure S7 and were employed to assess the solution toxicity after treatment with the SBCs/PI systems [52]. Apparently, after seven days of incubation, the presence of SMX and PI showed significant inhibition of lettuce growth compared to the deionized water control, indicating that both substances possess significant acute plant toxicity. In addition, the mix of PI and SMX showed a stronger inhibition of lettuce growth, which also indicates that the inactivated PI did not eliminate the effect of SMX toxicity. However, the SBCs exhibited a notable elimination influence of both SMX and PI toxicity when added to the system. The toxicity effect decreased significantly with increasing pyrolysis temperature, indicating that the SBCs/PI system significantly attenuated the toxic effect of SMX.





3. Material and Methods


3.1. Materials


Hydrochloric acid (HCl) (36%), sodium hydroxide (NaOH) (≥96%), ethanol, sodium periodate (NaIO4), humic acid, sodium chloride (NaCl) and sodium sulfate (Na2SO4) were provided by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Acetonitrile, tert-Butanol (TBA) methanol, and formic acid were provided by Shanghai Macklin Biochemical Co., Ltd (Shanghai, China). Sulfamethoxazole (98%), Furfuryl alcohol, 5,5-Dimethyl-1-pyrrolidine N-oxide (≥97%, DPMO), 2,2,6, 6-tetramethyl-4-piperidinol (≥97%, TEMP), and dimethyl sulfoxide (DMSO) were provided by Shanghai Aladdin Biochemical Technology Co., Ltd (Shanghai, China).



The municipal dehydrated sewage sludge used in this study was obtained from the Tangxun Lake Municipal Wastewater Treatment Plant in Wuhan, China.




3.2. Preparation and Characterization of SBCs


The sludge biochar (SBCs) preparation was performed according to one of our previous studies [22]. The details of the characterization categories and electrochemical measurement methods can be found in Text S1.




3.3. Experimental Procedures and Analysis


The desorption experiments can be found in Text S2.



The typical experimental method for degradation and the detailed HPLC analysis parameters are presented in the supporting information (Text S3).



The acute ecotoxicity test was based on one of our previous studies [38] and is presented in Text S3.





4. Conclusions


The present study successfully prepared sludge biochar with four pyrolysis temperatures and investigated their ability to activate periodate to degrade SMX. The pore structure, the degree of graphitization, and the defect structure of sludge biochar become more superior as the pyrolysis temperature increases. The degradation of SMX by the SBCs/PI system was highly dependent on the initial pH of the solution and the dosage of SBCs. In addition, the presence of Cl−, SO42−, and HA did not inhibit the degradation of SMX in all SBCs/PI systems, while the presence of CO32− produced a strong inhibition of SMX degradation for all SBCs/PI systems. EPR and chemical quenching experiments excluded the effect of free-radical mechanism on the SBCs/PI system, and the degradation of SMX was further demonstrated by electrochemical experiments mainly through an electron-mediated transfer mechanism. The degradation of SMX by low-temperature pyrolysis of SBCs showed a definite radical contribution, while the degradation of SMX by high-temperature pyrolysis of SBCs was almost controlled by the electron transfer mechanism. Furthermore, acute toxicity measurements were completed by lettuce seed germination experiments, and the results showed that the SBCs/PI system showed better inhibition of SMX toxicity as the pyrolysis temperature increased.
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Figure 1. SEM-EDS images of SBCs: (a) SBC 300; (b) SBC 500; (c) SBC 700; (d) SBC 900. 
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Figure 2. The (a) XRD spectra, (b) FTIR spectra, and (c) XPS spectra. 
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Figure 3. The Raman spectra of SBCs: (a) SBC 300; (b) SBC 500; (c) SBC 700; (d) SBC 900. 
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Figure 4. Removal performance of SMX by different systems: General conditions: [PI] = 1 mM, [catalyst] = 1.0 g L−1, pH = 3.5, [SMX] = 5 mg L−1. 






Figure 4. Removal performance of SMX by different systems: General conditions: [PI] = 1 mM, [catalyst] = 1.0 g L−1, pH = 3.5, [SMX] = 5 mg L−1.



[image: Catalysts 12 01431 g004]







[image: Catalysts 12 01431 g005 550] 





Figure 5. (a–c) The influence of initial pH on the degradation of SMX; (d–f) the influence of SBCs dosage on the degradation of SMX; (g–i) the influence of PI dosage on the degradation of SMX. 






Figure 5. (a–c) The influence of initial pH on the degradation of SMX; (d–f) the influence of SBCs dosage on the degradation of SMX; (g–i) the influence of PI dosage on the degradation of SMX.



[image: Catalysts 12 01431 g005]







[image: Catalysts 12 01431 g006 550] 





Figure 6. Influence of chemical scavengers on the degradation of SMX in various SBCs/PI systems. 
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Figure 7. EPR spectrum on radicals in SBCs/PI systems captured by DMPO and TEMP. 
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Figure 8. (a) The i-t curves of SBC500, (b) EIS Nyquist plot of SBC500. 
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Table 1. Textural properties of SBCs.
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	Catalysts
	SBET

(m2 g−1)
	Vtot

(cm3 g−1)
	Dp

(nm)
	O/C

Ratio





	SBC300
	34.92
	0.08942
	10.64
	1.03



	SBC500
	83.50
	0.1200
	8.93
	1.37



	SBC700
	61.26
	0.1798
	12.34
	1.41



	SBC900
	124.96
	0.1934
	6.791
	1.61
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