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Abstract

:

Graphite carbon nitride (g-C3N4) has been employed as an emerging metal-free catalyst in heterogeneous catalysis. However, the catalyst has a poor activation property for peroxymonosulfate (PMS). In this study, Bi-Fe oxide co-doped g-C3N4 (Bi@Fe/CN) was synthesized for PMS activation to degrade sulfamethoxazole (SMX). In particular, Bi@Fe/CN-3 presented remarkable catalytic performance with 99.7% removal of SMX within 60 min in the PMS system. Additionally, Bi@Fe/CN-3 presented good stability and recyclability through the cycling experiments. Moreover, it was shown that free radicals (O2•−, •OH, and SO4•−) and non-free radicals (1O2) were the primary active species in the Bi@Fe/CN-3/PMS system. Bi, Fe, and surface lattice oxygen were confirmed to be the main contributors to the active species. This work elucidates the mechanism of activation of PMS by Bi@Fe/CN-3, which is beneficial to promote the application of bimetallic oxide-modified g-C3N4/PMS systems in wastewater treatment.
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1. Introduction


In recent years, antibiotics have been used extensively in treating bacterial infections and in the animal husbandry, agriculture, and pharmaceutical industries [1]. Speculatively, the consumption of antibiotics will rise by 200% from 2015 to 2030 [2]. However, the excessive use of antibiotics causes bacterial drug resistance and antibiotic resistance [3]. In addition to the potential harm caused by antibiotic-resistant bacteria, the one-time or continuous intake of antibiotics beyond the maximum dosage for the human body also brings direct adverse effects and even toxicity to the human body [4]. Nowadays, antibiotic residues in the environment have become a global concern. Sulfamethoxazole (SMX), a well-known antibiotic, is used frequently to treat or prevent a wide range of illnesses. A serious hazard to human health and aquatic ecosystems is posed by the widespread use of SMX, which is found in surface water regularly [5]. In recent years, scholars have developed various technologies to remove antibiotic residues, such as membrane separation, physical adsorption, biodegradation, and photocatalytic degradation, etc. [6,7,8,9]. However, most of these methods have drawbacks, such as high energy consumption, low mineralization capacity, and ineffective purification [6].



Persulfate-based advanced oxidation processes are gaining attention due to their excellent performance in the removal of pollutants [10]. In comparison to the conventional hydroxyl radicals (•OH), sulfate radicals (SO4•−) are more efficient for the degradation of refractory pollutants due to their longer half-life, higher oxidation potential, etc. Moreover, due to their asymmetric structure, PMS is easily activated [11]. Various strategies have been utilized for PMS activation, including thermal treatment, ultrasound, ultraviolet, radiation, alkaline, transition metal, and carbon material activation [12]. Carbon materials are generating more and more interest as catalysts for PMS activation due to their tunable pore structure, larger specific surface area (SSA), lack of secondary pollution, lack of leaching of toxic metal ions, and thermal stability [13]. One of the carbon materials, graphitic carbon nitride (g-C3N4), has been reported to be used for PMS activation [14]. However, single g-C3N4 has poor catalytic capacity for activating PMS [15]. In order to improve the PMS activation capacity of g-C3N4, researchers modified it by heteroatom modification [16]. For example, the PMS activation performance of g-C3N4 has been improved by Fe doping, resulting in an increase in phenol degradation rate from 10% (g-C3N4) to 35% (Fe-doped g-C3N4) within 60 min [17]. Oxygen doping has been found to significantly enhance the PMS activation performance of g-C3N4 due to the shift in electron density [18]. Additionally, metal oxide-doped g-C3N4 was proved to be effective in activating PMS to degrade pollutants [19,20,21]. For example, the CoOx@C/g-C3N4/PMS system and the LaCoO3/g-C3N4/PMS system exhibited superior tetracycline degradation performance with removal rates of more than 80% at 60 min and 30 min [19,20]. SMX has been degraded completely in the Fe-Co-O-g-C3N4/PMS system within 30 min [21]. Research has shown that Bi2Fe4O9 can activate PMS effectively [22]. It is speculated that g-C3N4 co-doped with Bi-Fe oxide may increase the active sites on the surface of g-C3N4, thereby improving its catalytic activity. However, the PMS activation ability of Bi-Fe oxide co-doped g-C3N4 has not been verified, and the mechanism of Bi-Fe oxide co-doped g-C3N4 to activate PMS for pollutant degradation is not clear.



The purpose of this study was to prepare Bi-Fe oxide co-doped g-C3N4 and estimate its potential as a PMS activation catalyst, as well as the mechanism of PMS activation by Bi@Fe/CN. This work elucidates the mechanism of activation of PMS by Bi@Fe/CN-3, which is beneficial to promote the application of bimetallic oxide-modified g-C3N4/PMS systems in wastewater treatment.




2. Materials and Methods


2.1. Materials and Chemicals


The chemical reagents used in this study were as follows: sodium hydroxide, iron chloride, bismuth nitrate, urea, sulfamethoxazole, potassium peroxymonosulfate, sodium thiosulfate pentahydrate, hydrochloric acid, phosphoric acid, sodium nitrate, tert-butanol (TBA), methanol (MeOH), and L-histidine. Every chemical reagent employed was of analytical quality, and only ultrapure water was used for dilution or dissolution.




2.2. Bi@Fe/CN Preparation Method


Bi(NO3)3·5H2O (0.005 mol), Fe(NO3)3·9H2O (0.005 mol), urea (0.05 mol), and nitric acid (2 mL) were added to deionized water to form a 20 mL mixture and stirred for 20 min. Then, a saturated solution of KOH was dropped into the mixture until the concentration of KOH reached 10 M. After that, the mixture was transferred to a 100 mL steel autoclave for hydrothermal reaction. The reactor was heated at a rate of 2 °C/min from room temperature to 120 °C and kept for 800 min. The obtained samples were centrifuged, cleaned three times with deionized water and ethanol, and labeled as Bi@Fe-1. The experiments were repeated with modified conditions to obtain Bi@Fe-2 and Bi@Fe-3, as listed in Table 1.



The preparation process for g-C3N4 is as follows: in a muffle furnace, 10 g of melamine was heated at a rate of 5 °C/min from room temperature to 520 °C for 4 h.



Then, Bi@Fe/CN was prepared by mixing Bi@Fe and g-C3N4 at a mass ratio of 2:1, shaking well, and placing the mixture in a tube furnace for pyrolysis. Specifically, the mixture was heated to 300 °C under N2 atmosphere at a heating rate of 10 °C/min, held for 1 h, and labeled as Bi@Fe/CN-1, Bi@Fe/CN-2, and Bi@Fe/CN-3 separately.




2.3. Characterization


The crystalline structure of Bi@Fe/CN was evaluated by X-ray diffraction. The SSA and pore size of samples were identified using an N2 adsorption-desorption analyzer. The surface morphology was verified by scanning electron microscope (SEM). Flourier transform infrared spectroscopy (FTIR) was employed for functional group analysis with a scanned area of 400–4000 cm−1. X-ray photoelectron spectroscopy (XPS) was employed to analyze surface active sites. The reactive oxidative species (ROS) were detected using an electron paramagnetic resonance (EPR).




2.4. Degradation Experiments and Analytical Methods


The SMX degradation experiments were conducted in 150 mL beakers at room temperature. The initial pH of the solution was adjusted by NaOH and H2SO4. Typically, 0.1 g catalyst was mixed into 100 mL SMX solution (15 mg/L) for 30 min. Then, PMS was added to initiate the SMX degradation with concentration of 0.6 mM. Periodically, 1.5 mL of the solution was taken, filtered with a 0.22 μm membrane, and quenched with Na2SO3 solution (0.15 mL, 0.5 M). Finally, the sample was measured by high-performance liquid chromatograph (HPLC).



Furthermore, the effect of catalyst dosage (0.025, 0.050, 0.100, and 0.200 g/L, PMS concentration (0.2, 0.4, 0.6, and 0.8 mM), initial pH (3, 5, 7, and 9), inorganic anions (10 and 100 mM chloride (Cl−), nitrate (NO3−), bicarbonate (HCO3−), and monohydric phosphate (HPO42−)) on SMX degradation in Bi@Fe/CN-3 system was explored in this work. L-histidine (100 mM), MeOH (100 mM), and TBA (100 mM) were employed as quenching agents in Bi@Fe/CN-3/PMS system.





3. Results and Discussion


3.1. Characterization of Bi@Fe/CN


SEM images were used to examine the surface morphology of the samples. The samples were irregular block granules with rough surfaces, as seen in Figure 1. It is obvious that there are defects on the surface of Bi@Fe/CN, which may be due to the bismuth iron oxide doped on the surface.



The SSA of Bi@Fe/CN-1, Bi@Fe/CN-2, and Bi@Fe/CN-3 were 19.604, 37.073, and 43.964 m2/g, separately (Figure 2a). Additionally, the average pore diameters of Bi@Fe/CN-1, Bi@Fe/CN-2, and Bi@Fe/CN-3 were 3.72, 3.72, and 5.43 nm, respectively (Figure 2b). Obviously, Bi@Fe/CN-3 showed the largest pore size and SSA due to the higher hydrothermal temperature. This may be attributed to the decrease in the microcrystalline particle size of bismuth ferrite with the increase in hydrothermal temperature [23]. Generally, a larger SSA and favorable pore structure may provide more reaction sites for pollutants and oxidants in the reaction process, thereby increasing the removal efficiency of SMX [24].



The XRD patterns of the different samples are shown in Figure 3a. The presence of Bi2Fe4O9 and g-C3N4 was found in Bi@Fe/CN-3 (JCPDS #87-1522 and JCPDS #25-0090). Specifically, the peaks at 2θ = 24.5°, 27.5°, and 47.7° were observed in Bi@Fe/CN-3, which correspond to the (101), (110), and (112) crystal planes of g-C3N4, respectively. The result shows that the graphitic structure of g-C3N4 remained even after the synthesis of the composite catalyst and subsequent pyrolysis [25]. Additionally, the diffraction peaks at 2θ = 14.8°, 28.2°, 28.9°, 33.7°, and 47.0°, which stood for the crystal faces of Bi2Fe4O9 (001), (121), (211), (130), and (141), respectively, have been found in Bi@Fe/CN-3. Interestingly, the 14.8° peak was not present in Bi@Fe/CN-1 and Bi@Fe/CN-2; instead, the characteristic peaks at 27.7° (310), 30.4° (222), 32.9° (321), 52.4° (530), and 55.6° (611) corresponding to Bi25FeO40 (JCPDS #46-0416) could be observed in Figure S1. This was attributed to the effect of hydrothermal temperature on the crystal phase and structure of the synthesized bismuth iron oxide. The rise of hydrothermal temperature led to the phase evolution from Bi25FeO40 to Bi2Fe4O9 [26].



Furthermore, FTIR was used to study the surface functional groups of each sample. As depicted in Figure 3b, all samples exhibited stretching vibration peaks of the CN conjugated ring in the range of 1200–1700 cm−1 [27]. The sharp peak at 808 cm−1 represented the out-of-plane stretching vibration peak of the C−N heterocyclic ring [28]. Besides, the peak at 489 cm−1 is attributed to the Bi−O stretching vibration in the BiO6 octahedron, while the peak at 628 cm−1 is related to the Fe−O in the FeO6 octahedron in the system [29]. The presence of the mentioned characteristic peaks indicates that the g-C3N4 functional group structure still remains in Bi@Fe/CN.



XPS spectra were used to examine the elemental composition and valence on the surface of Bi@Fe/CN. As shown in XPS surveys of Bi@Fe/CN (Figure 4a), the characteristic peaks of the C, N, O, Fe, and Bi elements were observed. The peaks at the binding energies of 284.7, 285.9, 287.0, and 288.3 eV correspond to C−C/C−C, C−O/C−N, C−O, and N−C−O, respectively (Figure 4b) [30]. The N 1s XPS spectrum (Figure 4c) was deconvoluted into three peaks at the binding energies of 398.8, 399.4, and 401.4 eV, corresponding to pyridinic N, pyrrolic N, and graphitic N, respectively [31]. As shown in Figure 4d, the O 1s XPS spectrum can be fitted with three components: the lattice oxygen of the metal oxide at the binding energies of 529.7 eV [32], C−O (531.3 eV) [33], and C−O (531.9 eV) [34]. The high-resolution Fe 2p XPS spectrum (Figure 4e) shows two spin-orbit centers centered at the binding energies of 711 eV and 725 eV, corresponding to Fe 2p3/2 and Fe 2p1/2, respectively. The Fe 2p3/2 peak can be decomposed into two peaks at 710.3 eV and 712.2 eV, corresponding to Fe2+ and Fe3+, respectively, indicating the coexistence of Fe2+ and Fe3+ in the catalyst [35]. Additionally, as seen in the high-resolution Bi 4f XPS spectrum (Figure 4f), the peaks at 158.8 eV and 164.1 eV are associated with the Bi 4f7/2 and Bi 4f5/2 orbitals of Bi3+, respectively [36].




3.2. Catalytic Degradation of SMX


In the PMS system, the degradation efficiency of SMX by different catalysts is shown in Figure 5. As shown in Figure 5a, the adsorption of SMX was negligible by Bi@Fe/CN-1 and Bi@Fe/CN-2 within 30 min. In comparison, the adsorption efficiency of SMX by Bi@Fe/CN-3 reached 6.6%. The increased adsorption capacity of Bi@Fe/CN-3 was attributed to the large SSA. Only 21.7% of SMX were removed by PMS alone within 60 min. It is worth noting that the addition of Bi@Fe/CN enhanced the degradation of SMX significantly in the PMS system. The degradation of SMX by Bi@Fe/CN/PMS followed the order of Bi@Fe/CN-3/PMS (99.7%) > Bi@Fe/CN-2/PMS (88.4%) > Bi@Fe/CN-1/PMS (62.5%). In addition, the pseudo-first-order kinetic model (R2 > 0.97) was used to fit the reaction rate constant (k), which was found to be in the order of Bi@Fe/CN-3/PMS (0.0911 min−1) > Bi@Fe/CN-2/PMS (0.0340 min−1) > Bi@Fe/CN-1/PMS (0.0156 min−1) > PMS (0.0029 min−1). Thus, it can be derived that Bi@Fe/CN-3 exhibits the best catalytic activity.



As shown in Table 2, a comparison was made on the normalized degradation rates of SMX in different PMS systems. Compared with g-C3N4, the degradation rate of SMX was improved after Bi-Fe oxide co-doped on g-C3N4, and the normalized degradation rate of SMX in Bi@Fe/CN-3/PMS system is significantly higher than that of other systems. Hence, Bi@Fe/CN-3 exhibited superior activation properties in the PMS system.



The effects of Bi@Fe/CN-3 dosage, initial solution pH, PMS concentration, and co-existing anions on the degradation of SMX were studied in Figure 6. The rate constant of SMX removal increased from 0.0046 to 0.194 min−1 with the dosage of Bi@Fe/CN-3 increased from 0.025 to 0.200 g/L (Figure 6a). This is due to the fact that a higher catalyst dosage provides more active sites for PMS activation. A similar pattern was also seen in the degradation of SMX with different PMS doses (Figure 6b). SMX was nearly entirely degraded with 0.6 mM and 0.8 mM PMS. It is worth noting that the rate constants of SMX degradation were in the order of 0.2 mM (0.0179 min−1) < 0.4 mM (0.0419 min−1) < 0.6 mM (0.0911 min−1) < 0.8 mM (0.0921 min−1). The rate constants were observed to increase with PMS concentration increase from 0.2 to 0.6 mM. However, there was no discernible improvement in the rate constant of SMX removal, with a further increase in PMS concentration from 0.6 to 0.8 mM. At low PMS concentrations, an increase in the PMS concentration makes it easier to produce active species, which speeds up the degradation of SMX. However, at high PMS concentrations, PMS depletes the free radicals produced (Equations (1)–(3)) [41].


     •  OH  + HS    O   5   • −   →   SO 4   • -   +   H   2   O  



(1)






     •  OH  + S    O   5   2 −   → S   O   5   −    + O    H   −    



(2)






  S   O   4   • −    + HS    O   5   −   → S   O   5   • −    + HS    O   4   −    



(3)







The solution pH would affect the degradation of SMX in the Bi@Fe/CN-3/PMS system. Figure 6c demonstrates that the degradation efficiency of SMX in mild acidic conditions was excellent, with nearly complete degradation of SMX (99.7%) and a rate constant of 0.0911 min−1. However, the degradation rate of SMX decreased (<80%) in very neutral, strongly alkaline, or strongly acidic environments. This is due to the fact that at high pH, the O−O bond in PMS will combine with a substantial quantity of H to create strong hydrogen bonds. The phenomenon prevents PMS from being activated by Bi@Fe/CN-3 [42]. Regarding the decrease in the removal rate of SMX at pH > 5.18, the higher pH encourages the conversion of HSO5− to SO52−, which speeds up the self-decomposition of PMS. On the other hand, the SMX degradation rate decreased at pH 7–9, due to SMX mostly presenting as an anionic species that electrostatically repels active intermediate free radicals like SO4•− [43].




3.3. Influence of the Co-Existing Ions


Typically, various anions in natural water have an impact on the activity of catalysts. Therefore, the effects of different concentrations (10 mM and 100 mM) of H2PO4−, HCO3−, Cl−, and NO3− on the degradation of SMX in Bi@Fe/CN-3/PMS system were studied. As shown in Figure 7a, the SMX removal rate dropped from 99.9% to 36.3–44.9% in the presence of H2PO4− (10–100 mM). The inhibitory effect of H2PO4− on the removal of SMX may be attributed to the fact that H2PO4− can react with active species such as •OH to generate low-oxidizing H2PO4• and HPO4•− (Equations (4) and (5)) [44].


    H   2   P   O   4   −   +    •  OH →   H   2   P    O   4   •   + O    H   −    



(4)






    HPO   4   2 −   +    •  OH →    HPO   4    • −    + O    H   −    



(5)







As shown in Figure 7b, HCO3− has a significant inhibitory effect on the degradation of SMX in Bi@Fe/CN-3/PMS system. The rate of SMX degradation was reduced to 11.2% in the presence of 10 mM HCO3− due to HCO3− being able to interact with free radicals to produce low-oxidizing HCO3− (Equations (6) and (7)) [45]. However, when the HCO3− concentration was further increased to 100 mM, the degradation rate of SMX increased to 48.4% since HCO3− can also directly interact with PMS to provide SO4•− and HCO4−, which further promotes the removal of SMX (Equations (8) and (9)) [46].


    HCO   3   −   +    •  OH →    HCO   3   •   + O    H   −    



(6)






    HCO   3   −    + S    O   4   • −   →   HCO   3   • −    + S    O   4   2 −    



(7)






    HCO   3   −    +    HSO   5   −   → S   O   4   • −    + 2 O    H   −    + C    O   2    



(8)






    HCO   3   −    +    HSO   5   −   → S   O   4   2 −    +    HCO   4   −   +   H   +    



(9)







Cl− exhibits a dual effect on the degradation of SMX in Bi@Fe/CN-3/PMS system (Figure 7c). The degradation rate of SMX in the presence of Cl− (10 mM) was 83.7% within 60 min. However, the degradation rate of SMX reached 98.1% within 30 min with the addition of 100 mM Cl−. In comparison, the Bi@Fe/CN-3/PMS system without Cl− only managed 63.7%. The negative effect of the low concentration of Cl− on the degradation of SMX is due to its reaction with active free radicals (SO4•− and •OH), which generates Cl• and Cl2•− with lower oxidizing abilities (Equations (10)–(13)) [47]. The Cl2 and HClO with high oxidizing ability will be generated due to a further increase in Cl− concentration. (Equations (14) and (15)) [48].


    Cl   −   +    •  OH →   ClOH   • −    



(10)






    ClOH   • −   +   H   +   →  Cl •  +   H   2   O  



(11)






    Cl   −    + S    O   4   • −   →  Cl •   + S    O   4   2 −    



(12)






    Cl   −    +   Cl •  → C   l   2   • −    



(13)






    Cl   −    + HS    O   5   −   → S   O   4   2 −    + HOCl   



(14)






   HOCl +    H   +    + C    l   −   → C   l   2   +   H   2   O  



(15)







In addition, the effect of NO3− on the degradation of SMX in the Bi@Fe/CN-3/PMS system was studied (Figure 7d). Similar to H2PO4− and HCO3−, NO3− can react with •OH and SO4•− in the system to generate less oxidizing NO3• (Equations (16) and (17)) [49]. Therefore, NO3− has a negative impact on the degradation of SMX in the Bi@Fe/CN-3/PMS system.


    N   O   3     −   +    •  OH → N    O   3   •   + O    H   −    



(16)






    N   O   3     −    + S    O   4   • −   → N    O   3   •   + S    O   4   2 −    



(17)








3.4. Stability and Recyclability of Bi@Fe/CN-3


In order to study stability and recyclability of Bi@Fe/CN-3, the SMX degradation was investigated by four-cycle experiments under the same condition. As shown in Figure 8, the SMX removal rates were 99.7%, 97.9%, 94.7% and 93.3%, respectively. The SMX degradation efficiencies declined slightly after four cycles. It was concluded that Bi@Fe/CN-3 showed excellent catalytic stability and recyclability.



The SEM images of used Bi@Fe/CN-3 were shown in Figure S2. Similar to the fresh Bi@Fe/CN-3, the used Bi@Fe/CN-3 were irregular block granules with rough surfaces too. Besides, the FTIR spectrum of used Bi@Fe/CN-3 was presented in Figure S2c. Obviously, the FTIR spectrum of used Bi@Fe/CN-3 was very similar to that of fresh Bi@Fe/CN-3. This indicates that the composition of surface functional groups did not change with the degradation of SMX in Bi@Fe/CN-3 system.



In addition, the surface chemistry and element content of used Bi@Fe/CN-3 were further clarified by XPS analysis and listed in Table S1. Compared with fresh Bi@Fe/CN-3, there was little change in the content of each element in used Bi@Fe/CN-3, further confirming the good stability of Bi@Fe/CN-3.




3.5. Catalytic Mechanism


TBA, MeOH, and L-histidine were used as scavengers to identify the active species involved in the Bi@Fe/CN-3/PMS system. Figure 9d demonstrates that the degradation rate of SMX in the presence of MeOH, TBA, and L-histidine (100 mM) dropped from 99.8% to 39.2%, 45.3%, and 0.18% within 60 min, respectively. Meanwhile, the rate constants of SMX removal were arranged in the following order: control (0.0911 min−1) > TBA (0.0095 min−1) > MeOH (0.0074 min−1) > L-histidine (0.0001 min−1). The rate constants of the reaction between MeOH and •OH or SO4•− have similar values (    k    MeOH  / •  OH     = ( 1.2 – 2.8 )  ×   10   9     M    − 1      S    − 1      and     k    MeOH / S    O   4   • −      =     1.6 – 7.7    ×   10   7     M    − 1      S    − 1     ) [50]. In contrast,     k    TBA  / •  OH     =   ( 3.8 – 7.6 )  ×   10   8     M    − 1      S    − 1     , which is much higher than     k    TBA / S    O   4   • −      =     4.0 – 9.1    ×   10   5     M    − 1      S    − 1      [51]. As a result, the contributions of •OH and SO4•− can be examined individually by the combination of TBA and MeOH quenching tests. It is worth noting that the degradation rate of SMX was reduced by 54% in the presence of TBA. Meanwhile, in the presence of MeOH, the degradation rate of SMX was reduced by 60%, only 6% less than in the presence of TBA. This indicates that both •OH and SO4•− contribute to the degradation of SMX. The inhibition of SMX degradation in the presence of TBA or MeOH can be attributed to the scavenging of •OH and SO4•− by these species. 1O2 can be quenched by L-histidine, which prevents 1O2 contributing to the SMX degradation. In the presence of L-histidine, SMX was essentially undegraded, showing that 1O2 plays a dominant role in the degradation of SMX. These results indicate that the SO4•−, •OH, and especially 1O2 made contributions to the removal of SMX in Bi@Fe/CN-3/PMS system.



In this study, the active species in Bi@Fe/CN-3 were further studied by EPR analysis. The active species, including SO4•−, •OH, and O2•−, were captured by DMPO, while 1O2 was captured by TEMP. As shown in Figure 9a,b, the characteristic signals of DMPO-O2•−, DMPO-•OH, and DMPO-SO4•− were observed, providing further evidence for the presence of O2•−, •OH, and SO4•− in Bi@Fe/CN-3/PMS system.



Clearly, an identifiable 1:1:1 triplet signal peak related to TEMPO-1O2 was observed in the EPR spectrum (Figure 9c), providing evidence for the presence of 1O2 in Bi@Fe/CN-3/PMS system [52]. The intensity of the 1O2 signal peak increased sharply from 2 to 10 min, indicating the continuously generation of 1O2 in Bi@Fe/CN-3/PMS system. In summary, the O2•−, •OH, SO4•−, and notably 1O2 exhibit a major role in the degradation of SMX.



Further investigation of the activation mechanism of PMS was conducted by XPS analysis of fresh and used Bi@Fe/CN-3. As shown in Figure 10a, the ratio of Fe3+/Fe2+ increased from 1.03 to 1.25 after the degradation of SMX, indicating that Fe(II) was partially converted to Fe(III) during the reaction, as Fe2+ can react with HSO5− (Equations (18) and (19)). Similar to other bimetallic catalysts, Bi also plays an important role in Bi@Fe/CN/PMS system. As shown in the high-resolution Bi 4f spectrum of fresh and used Bi@Fe/CN-3 (Figure 10b), the peaks at 159.5 eV and 164.8 eV, corresponding to Bi (V) in Bi 4f7/2 and Bi 4f5/2, appeared in used Bi@Fe/CN-3 while not being present in fresh Bi@Fe/CN-3 spectrum. The results indicated that Bi3+ was partially converted to Bi5+ due to the direct reaction between Bi3+ and HSO5− (Equation (20)), which encourages the production of active free radicals [36].


    Fe    2 +     +    HSO   5   −   →   Fe    3 +     + S    O   4   • −    + O    H   • −    



(18)






    Fe    2 +     +    HSO   5   −   →   Fe    3 +     + S    O   4   2 −   +    •  OH  



(19)






    Fe    3 +     +    HSO   5   −   →   Fe    2 +     + S    O   5   • −   +   H   +    



(20)






   Bi ( III ) + 2 HS    O   5   −   →  Bi ( V ) + 2 S    O   4   • −    + 2 O    H   −    



(21)






   Bi ( V ) + 2 HS    O   5   −   →  Bi ( III ) + 2 S    O   5   • −    + 2    H   +    



(22)







Additionally, previous studies have demonstrated that surface lattice oxygen can be converted to 1O2 [53]. Compared with fresh Bi@Fe/CN-3, the lattice oxygen of used Bi@Fe/CN-3 dropped significantly from 89.52% to 59.63% (Figure 10c), which suggests that lattice oxygen plays an important role in the degradation of SMX. Due to the conversion of lattice oxygen to reactive oxygen species (O*) (Equation (23)), 1O2 was further produced during the reaction with PMS (Equation (24)) [54]. The possible mechanism of PMS activation in Bi@Fe/CN-3/PMS system was proposed and illustrated in Figure 11.


    O   Lattice   →   O   *    



(23)






    O   *    + HS    O   5   −   →     1     O   2    + S    O   4   2 −   +   H   +    



(24)









4. Conclusions


Overall, the g-C3N4-based composite catalyst Bi@Fe/CN shows excellent activity in activating PMS for the elimination of SMX. The increase in the PMS concentration (0.2–0.8 mM) and catalyst dose (0.025–0.2 g/L) in the Bi@Fe/CN-3/PMS system could improve the degradation of SMX. It was determined through quenching tests and EPR that the Bi@Fe/CN-3/PMS system contributed to the degradation of SMX via a simultaneous radical pathway with •OH and SO4•− and a non-radical pathway dominated by 1O2. Based on the results of the XPS analysis, Fe, Bi, and surface lattice oxygen activated PMS to generate the active free radicals SO4•− and •OH and the non-free radical 1O2, leading to SMX removal. However, the relationship between the preparation conditions and active site generation (Fe, Bi, and lattice oxygen) of Bi@Fe/CN is not clear. In the future, the preparation parameters of Bi@Fe/CN, such as pyrolysis temperature and the dopant ratio of Bi-Fe oxide, can be further optimized by researchers. This study provides a new approach for the development of PMS system in water treatment.
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Figure 1. SEM scanning images of the samples (a) and (b) Bi@Fe/CN-1; (c) Bi@Fe/CN-2; (d) Bi@Fe/CN-3. 
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Figure 2. (a) N2 adsorption-desorption isotherm; (b) pore size distribution of Bi@Fe/CN-1, Bi@Fe/CN-2, and Bi@Fe/CN-3. 
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Figure 3. (a) XRD image of Bi@Fe/CN; (b) FTIR image of Bi@Fe/CN (Vertical lines: Different peaks of Bi@Fe/CN). 
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Figure 4. XPS spectra of Bi@Fe/CN, (a) survey XPS spectra, (b) C 1s spectra, (c) N 1s spectra, (d) O 1s spectra, (e) Fe 2p spectra, and (f) Bi 4f spectra. 
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Figure 5. (a) Degradation of SMX in different Bi@Fe/CN/PMS systems; (b) Kinetics curves of different catalytic systems fitted by a pseudo-first-order kinetic model. Reaction conditions: [catalyst] = 0.10 g/L, [PMS] = 0.60 mM, [SMX]0 = 15.0 mg/L, initial pH = 5.18. 
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Figure 6. Effect of (a) catalyst dosage, (b) PMS concentration and (c) initial pH on SMX degradation in the Bi@Fe/PMS system (inset: Reaction rate constants with different (a) catalyst dosages, (b) PMS concentrations and (c) initial solution pH values). Reaction conditions: [catalyst] = 0.10 g/L, [PMS] = 0.60 mM, [SMX]0 = 15.0 mg/L, initial pH = 5.18. 
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Figure 7. Effect of different anions (a) H2PO4−, (b) HCO3−, (c) Cl−and (d) NO3− on SMX removal in the Bi@Fe/CN-3/PMS system. Reaction conditions: [catalyst] = 0.10 g/L, [PMS] = 0.60 mM, [SMX]0 = 15.0 mg/L, initial pH = 5.18. 
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Figure 8. Cycle experiments of Bi@Fe/CN-3 in Bi@Fe/CN-3/PMS system. Reaction conditions: [catalyst] = 0.10 g/L, [PMS] = 0.60 mM, [SMX]0 = 15.0 mg/L, initial pH = 5.18. 
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Figure 9. EPR spectra of (a) SO4•− and •OH, (b) O2•− and (c) 1O2 in the Bi@Fe/CN-3/PMS system; (d) Degradation of SMX with different scavengers. Reaction conditions: [catalyst] = 0.10 g/L, [PMS] = 0.60 mM, [SMX]0 = 15.0 mg/L, initial pH = 5.18. 
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Figure 10. XPS spectra of (a) Fe 2p, (b) Bi 4f and (c) O 1s in fresh and used Bi@Fe/CN-3 samples. 
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Figure 11. The mechanism of Bi@Fe/CN activating PMS to degrade SMX. 
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Table 1. Preparation conditions for Bi@Fe-1, Bi@Fe-2, and Bi@Fe-3.
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	Sample
	Bi@Fe-1
	Bi@Fe-2
	Bi@Fe-3





	KOH concentration (mol)
	10
	5
	5



	Hydrothermal temperature (°C)
	120
	120
	160










 





Table 2. Comparison of SMX degradation rates in various PMS activation systems.
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	PMS Systems
	[SMX] (mg·L−1)
	[PMS] (mM)
	[Catalyst] (g·L−1)
	Time (min)
	Degradation Rate * (%)
	Reference





	g-C3N4/PMS
	5.10
	0.15
	0.200
	60
	1.089
	[37]



	FeOy/S-g-C3N4/PMS
	10.0
	0.8
	0.500
	60
	0.417
	[38]



	FNCCN/PMS
	5.00
	1.6
	0.400
	60
	0.467
	[39]



	Fe−Co−O−g-C3N4/PMS
	10.1
	0.8
	0.200
	30
	2.063
	[21]



	Fe3O4/ß-FeOOH/PMS
	5.0
	1.3
	0.200
	30
	2.333
	[40]



	Bi@Fe/CN-3/PMS
	15.0
	0.6
	0.100
	45
	2.432
	This work







* Degradation rate per unit concentration of SMX (mg·L−1), PMS (mM), and catalyst (g·L−1) and per unit time (min).
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