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Abstract

:

The electrochemical advanced oxidation process is a promising technology for tackling wastewater pollution, but it suffers from poor pH adaptability and slow catalytic kinetics in a neutral and alkaline environment in a homogeneous system, as well as fast release of metal ions in a heterogeneous system. Herein, a boron- and nitrogen-codoped carbon nanotube-encapsulated transition metal (M@BN-C, M–Co, Cu) cathode with a similar structure was synthesized to explore activity trends and mechanisms. Characteristics of Co@BN-C and Cu@BN-C cathodes were examined and compared with the previously synthesized Fe@BN-C bifunctional cathode. The activity of sulfamethazine (SMT) degradation by the Co@BN-C cathode was higher than both Fe@BN-C and Cu@BN-C at pH = 3 and pH = 7, respectively. However, the activity of Co@BN-C was also higher than that of Cu@BN-C and lower than that of Fe@BN-C at pH = 9. It was observed that •OH and 1O2 were the main reactive oxygen species (ROS) using Co@BN-C and Cu@BN-C cathodes. The Co@BN-C generated the highest •OH for efficient SMT degradation through abundant H2O2 generation, exhibiting the highest catalytic activity compared with the Cu@BN-C cathode. Overall, SMT degradation on the Co@BN-C cathode demonstrated better catalytic performance in real wastewater. This study provided insights into the fundamental catalytic trends and mechanisms of ROS production via the M@BN-C cathode, thus contributing to the development of the M@BN-C cathode for catalytic organic pollutant degradation.
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1. Introduction


The discharge of pharmaceutical wastewater was the main source of antibiotics entering environmental water bodies, causing an increase in drug resistance and affecting ecological balance [1,2,3]. Therefore, it was an inevitable trend to remove antibiotics from pharmaceutical wastewater via green and efficient treatment technology. Compared with conventional methods for treating antibiotics, such as adsorption, coagulation, and the activated sludge method, electro-Fenton (EF) offered unique advantages such as a fast oxidation rate, high mineralization efficiency, no secondary pollution, energy conservation, and low consumption, especially for the advanced treatment of refractory wastewater [4]. In the EF process, H2O2 was generated through an oxygen reduction reaction and Fe2+ was added as a catalyst to convert H2O2 into highly oxidizing •OH (Equations (1) and (2)). However, it should be noted that the best •OH is produced at pH = 2.8–3.5 [5,6]. In order to achieve advanced water treatment, the stability, durability, and utilization of active sites were crucial for the catalytic activity of cathodes. In response to the Fe2+ limitation, heterogeneous catalysts have been developed as substitutes. However, these catalysts faced challenges including poor stability, leaching of active metals, secondary pollution, and reduced activity [7,8].


Fe2+ + H2O2 → Fe3+ + •OH + OH−



(1)






O2 + 2e− + 2H + → H2O2



(2)







Recently, a new approach emerged in the field of EF technology, which involved the development of multifunctional cathodes with heteroatom doping, functionalization, or transition metal modification. This innovation aimed to address the drawbacks associated with the extensive use of Fe2+ catalysts and expand the pH applicability [9,10,11]. Specifically, these modified cathodes allowed for the simultaneous generation of H2O2 and •OH on their surface, facilitating the easy separation and recovery of catalysts and enabling continuous operation of the treatment system. Introducing heteroatoms such as nitrogen, sulfur, and phosphorus into the carbon skeleton can alter the chemical properties of carbon materials and improve catalytic activity [12]. Although a large number of transition-metal-based catalysts have been developed to improve the yield of •OH through Fenton-like catalysis, significant drawbacks have been noted, such as rapid release of metal ions and slow catalytic kinetics in neutral and alkaline environments [13]. However, a limitation of heteroatom-doped or functionalized carbon materials lies in their relatively low activity [14,15]. Metal-modified cathodes demonstrated high catalytic efficiency but suffered from issues such as metal leaching and strict valence requirements that hindered their practical applications [16,17,18]. To tackle these challenges, “nanoconfinement” has been introduced to enhance metal stability. This approach involved the immobilization and stabilization of active sites within a bifunctional cathode. By successfully overcoming the technical bottleneck associated with the loss, aggregation, and deactivation of conventional nanoparticles, wastewater purification efficiency based on confined nanoparticles has been reported to increase several times [16,19,20,21].



The use of nanoconfinement to achieve reactive oxygen species (ROS) transformation in electrochemical advanced oxidation processes has gained significant attention [22]. Researchers have found that encapsulating active metals within confined nano-spaces not only reduces the deactivation of active sites but also utilizes the interaction between the nano-space and surface interface to accurately control and accelerate chemical reactions [23]. For instance, when iron oxide was used as a catalyst with the cavity of carbon nanotubes (CNTs), the Fenton reaction for the degradation of methylene blue transitioned from •OH domination to 1O2 oxidation [22]. In line with this, our previous research involved the preparation of boron- and nitrogen-codoped CNTs with embedded nano-iron particles (Fe@BN-C) as a bifunctional cathode, which successfully achieved 1O2 production instead of •OH [24]. However, the catalytic mechanism of other transition metals in achieving the conversion of ROS remained unclear. There have been few studies on the bifunctional cathodes modified with metal-heteroatoms-carbon catalysts with different transition metal centers, let alone that reveal the properties of transition metals in the catalytic activity of EF and their mechanisms for different reaction species. Most metal-heteroatoms-carbon catalysts mainly produce H2O during the 4e− process and are not suitable for the in situ production of H2O2 as cathodes. Therefore, it is needed urgently to synthesize transition metal-heteroatoms-carbon catalysts with uniform structures and metal sites in order to fully reveal their catalytic activity and explore the reaction mechanism of reaction species formation, which is crucial for achieving efficient and low-energy-consumption pollutant removal within a wide pH range.



Herein, the Co@BN-C and Cu@BN-C bifunctional cathode was prepared. The cycling behavior of the Co@BN-C and Cu@BN-C cathode on sulfamethazine (SMT) was explored, specifically focusing on the removal of the antibiotic at different pH. The application prospect of the Co@BN-C and Cu@BN-C cathode was investigated for the removal of SMT from simulated and real wastewater. Furthermore, the mechanism of the Co@BN-C and Cu@BN-C cathode was evaluated by comparing the electrochemical analysis and electron paramagnetic resonance (EPR) of the ROS generated by 1O2 and •OH. More importantly, the characteristics of the Co@BN-C and Cu@BN-C cathode were examined and compared with the previously synthesized Fe@BN-C bifunctional cathode [24].




2. Results


2.1. The Morphology of M@BN-C


The Fe@BN-C and Co@BN-C exhibited a tubular structure, similar to CNTs, as shown in the field-emission scanning electron microscopy (FESEM) images (Figure 1a,b). It was observed that the nanotube diameter of Co@BN-C was larger than that of Fe@BN-C. In contrast, Cu@BN-C has a columnar structure with shorter and coarser nanotubes (Figure 1c). High-resolution transmission electron microscopy (HRTEM) images revealed that the nano-metal particles were enclosed in the carbon cavity (Figure 1d–f). Based on our previous research [20,24], the M@BN-C structure consisted of B, N-codoped CNTs with zero-valent metal confinement. Therefore, when considering the M@BN-C materials, similarities in structure and physicochemical properties should be taken into account [25]. As shown in Figure 2, the broad diffraction peaks at 26.1° (0 0 2) are indexed to the defective structure of graphite carbon in all M@BN-C [9]. The peaks in the X-ray diffraction (XRD) pattern are indexed to zero-valence Fe (44.72°), Co (44°), and Cu (43.3°), respectively [26,27,28]. Overall, it suggested the structural similarity of M@BN-C.




2.2. The Catalytic Performance of M@BN-C


When the catalytic performance of bifunctional cathodes was evaluated, the SMT removal at pH = 7 was determined using M@BN-C with 3 mg cm−2 loading. The adsorption performance was 10.26% for the Fe@BN-C cathode, 10.70% for the Co@BN-C cathode, and 10.45% for the Cu@BN-C cathode (Figure 3a). This indicated that the adsorption was not a dominant role in SMT removal. It is observed from Figure 3a that Co@BN-C achieved 100% SMT removal within 120 min, exhibiting superior performance compared with the Co@BN-C and Cu@BN-C cathodes. The Fe@BN-C and Cu@BN-C cathodes achieved SMT removal of 92.13% and 73.62% within 120 min, respectively. Therefore, the pseudo-first-order rate constant (k) [29] for SMT removal on the Co@BN-C cathode was determined to be 0.039 min−1, which was 1.77-fold that of the k on the Fe@BN-C cathode (0.022 min−1) and 3.55-fold that of the k on the Cu@BN-C cathode (0.011 min−1), as shown in Figure 3b.



The difference in the catalytic performance of the M@BN-C cathode was assessed by evaluating the generated H2O2 concentration and leached metal concentration. The concentration of H2O2 production was found to be consistent with the trend of SMT removal, as shown in Figure 3a,c. It was observed that the H2O2 yield on the Co@BN-C cathode was 10.38 mg L−1 at 120 min, which was 1.36-fold and 2.48-fold that of the Fe@BN-C and the Cu@BN-C cathode, respectively. This finding was supported by previous studies on metal-nitrogen-carbon single-atom catalysts for H2O2 production [30]. It could be inferred that the superior performance of the Co@BN-C cathode could be attributed to its higher H2O2 yield, which served as a precursor of generated ROS for pollutant degradation [31]. On the other hand, the leached concentration of Co, Fe, and Cu from the M@BN-C cathode was found to be 0.35 mg L−1, 0.17 mg L−1, and 0.3 mg L−1, respectively (Figure 3d). The higher leaching metal would lead to chemical reactions occurring in the electrolyte instead of the cathode surface, resulting in ROS generation [32,33]. In addition, the presence of higher metal concentrations could also contribute to the formation of metal sludge, causing secondary pollution [6,34].



When the M@BN-C cathode was used, the SMT was mineralized to generate intermediates by ROS oxidation. The total organic carbon (TOC) removal reached 60.00% within 120 min by the Co@BN-C cathode, which was higher than Fe@BN-C (39.43%) and Cu@BN-C (33.33%) (Figure 4a). The MCE of SMT removal after 120 min is exhibited in Figure 4b. The mineralization current efficiency (MCE) of the Fe@BN-C, Co@BN-C, and Cu@BN-C cathodes was 57.25%, 38.71%, and 80.65%, respectively (Figure 4b). Therefore, the Co@BN-C cathode might produce more ROS or different intermediates resulting in varying TOC removal. The effect of different ROS generation on mineralization by M@BN-C cathode is discussed in the following content.




2.3. Catalytic Mechanism of M@BN-C Cathode


The difference in the electrochemical performance of the M@BN-C cathode was evaluated. It was observed that the onset potential and limiting current density of the Co@BN-C cathode were better than those of the Fe@BN-C cathode (Figure 5a), indicating faster electron transfer on the Co@BN-C cathode. Moreover, the limiting current density of the Fe@BN-C cathode was higher than that of the Cu@BN-C cathode. The order of current density was consistent with the removal of SMT by the M@BN-C cathode. From the Nyquist plot analysis, the ohmic resistance (R0), charge transfer resistance (Rct), and diffusion resistance (Rd) were determined (Figure 5b). The R0 values of the M@BN-C cathode showed no significant differences (25.78 Ω for Fe@BN-C, 27.07 Ω for Co@BN-C, 27.45 Ω for Cu@BN-C). The Rct values for Fe@BN-C, Co@BN-C, and Cu@BN-C were 23.79 Ω, 15.31 Ω, and 43.84 Ω, respectively. This suggested that electron transfer was accelerated following the order of Co, Fe, and Cu, which was consistent with the literature [30]. The corrosion potential, obtained from the polarization curve analysis (Figure 5c), was used to evaluate the leaching rate of the transition metal. The corrosion potential observed was −0.19 V for Co@BN-C, −0.13 V for Cu@BN-C, and −0.067 V (vs. SCE) for Fe@BN-C. These results confirmed that Co facilitated charge transfer, which aligned with the leaching of transition metal (Figure 3d).



The generation of ROS was determined via EPR spectra in order to explore the reaction mechanism of the M@BN-C cathode. Figure 6a,c show the characteristic peak of 2,2,6,6-Tetramethylpiperidine (TEMP)-1O2, which was obtained when TEMP was added to quench 1O2. These peaks were identical to the 1:1:1 peaks [35,36]. The intensity of the TEMP-1O2 peak was found to increase with the catalytic reaction on the M@BN-C cathode. Among the M@BN-C cathodes, the Fe@BN-C cathode exhibited the highest production of 1O2, reaching 23.09 times that of 0 min (Figure 6a). The Co@BN-C and Cu@BN-C cathodes also showed significant increases in 1O2 generation, with intensities of 5.52 and 2.69 times that of TEMP alone, respectively. The generation of •OH, characterized using 5,5-dimethyl-1-pyrroline N-oxide (DMPO), showed a characteristic peak of DMPO-•OH on the Co@BN-C and Cu@BN-C cathodes (Figure 6d,e), presenting a 1:2:2:1 peak [32,37]. However, no •OH generation was observed on the Fe@BN-C cathode, mainly due to the conversion of all generated H2O2 into 1O2 in the presence of O2•−/HO2•− [38]. The catalytic process of 1O2 was expressed by Equations (3)–(5) (*OH represented surface-bound •OH), and the •OH was identified as an intermediate, mainly involved in the 1O2 production by surface-bound •OH conversion. Similar generation processes of 1O2 were observed, whereas •OH generation was detected only on the Co@BN-C and Cu@BN-C cathodes, indicating a more homogeneous catalytic process due to higher Co and Cu leaching in the solution. The different ROS yields resulted in variations in pollutant degradation and mineralization efficiencies. Because •OH has higher oxidation potential compared with 1O2 [39], the Co@BN-C cathode exhibited the highest degradation efficiency of SMT. The aniline moiety of SMT was more readily oxidized to form nitrobenzene in the presence of 1O2 compared with •OH [40,41,42], resulting in lower TOC removal by the Fe@BN-C cathode.


Fe3+ + H2O2 → O2•− + 2H+ + Fe2+



(3)






Fe2+ + H2O2 → *OH + OH− + Fe3+



(4)






HO2•− + *OH → H2O + 1O2



(5)








2.4. The Effect of pH on Catalytic Performance by M@BN-C


To evaluate the oxidation ability of ROS and the potential application of M@BN-C, the effect of pH on the performance of the M@BN-C cathode was investigated. The SMT removal by the M@BN-C cathode was measured at different pH conditions, and it was observed that the SMT removal decreased as the pH increased (Figure 7a–c). This decline could be attributed to the favorable production of •OH under acidic conditions, which facilitated pollutant degradation [43,44]. In addition, higher leaching of transition metal resulted in the generation of more free •OH and less 1O2. Notably, the Fe@BN-C cathode exhibited consistent SMT removal at pH = 9 (90.14%) compared with (92.13%), suggesting a wider application range of the 1O2 at pH = 9. This characteristic presented a significant advantage of traditional EF technology in treating neutral and alkaline wastewater. Conversely, for the Co@BN-C and Cu@BN-C cathodes (Figure 7b,c), the SMT removal at pH = 9 significantly decreased compared with pH = 3 due to the decreased oxidation ability of •OH at lower pH. The k value for SMT removal was calculated, and it was found that the k value for the Co@BN-C cathode at pH = 3 (0.10 min−1) was 2.36-fold that of Fe@BN-C and 6.23-fold that of Cu@BN-C, respectively (Figure 7d). However, the k value for the Co@BN-C cathode at pH = 9 was only 85% of Fe@BN-C and 1.99-fold that of Cu@BN-C. Consequently, the Co@BN-C cathode was more suitable for acidic and neutral conditions in pollutant removal, while the Fe@BN-C cathode demonstrated greater potential for wastewater purification in alkaline environments.




2.5. Cycling Performance of the M@BN-C Cathode


The stability of the M@BN-C cathode was further evaluated in the electrocatalytic process to assess its potential application. It was observed that the removal efficiency of SMT gradually decreased from 92.13% in the first cycle of Fe@BN-C to 87.17% in the fifth cycle (Figure 8a). This indicated that the Fe@BN-C cathode maintained good stability, primarily due to the low leaching of Fe and the high stability of 1O2 [36,45]. In contrast, the Co@BN-C cathode exhibited better catalytic performance than the Fe@BN-C cathode (Figure 3a), but the SMT degradation was only 76.23% after the fifth cycle (Figure 8b). This was mainly attributed to the significant leaching of Co during each catalytic process, resulting in a decrease in the yield of •OH. In contrast, the decline in catalytic performance of the Cu@BN-C cathode was not significant due to the limited production of •OH and 1O2 (Figure 8c). Overall, the k values for SMT removal by M@BN-C cathodes are shown in Figure 8d. After five cycles, the k values for the Fe@BN-C, Co@BN-C, and Cu@BN-C cathodes decreased by 19.91%, 68.99%, and 27.19%, respectively. These findings highlighted that the Fe@BN-C cathode was conducive to stable wastewater purification, leading to reduced cathode costs.




2.6. Application Prospect of the M@BN-C Cathode


In generally, there are abundant inorganic ions and natural organic macromolecules in actual wastewater. The effects of the presence of humic acid (HA), HCO3−, Cl−, and NO3− on the degradation of SMT by M@BN-C cathode were evaluated. The addition of HCO3− could regulate the pH of the electrolyte in an alkaline environment [34]. Since the Fe@BN-C cathode does not produce •OH, the presence of HA, HCO3−, Cl−, and NO3− had no significant effect on the degradation of SMT by the Fe@BN-C cathode (Figure 9a). The degradation of SMT slightly decreased from 92.13% to 90.47% by the Fe@BN-C cathode. The SMT degradation decreased from 99.88% to 45.29% and from 73.62% to 40.54%, respectively, due to the presence of HCO3−, which can quench •OH [44]. Compared with traditional EF dominated by •OH, the 1O2 dominant electrocatalytic process had more advantages in the effect of coexisting impurities. It has been reported that the presence of HA would consume •OH instead of 1O2. In addition, HA can chelate Fe3+ to prevent Fe3+ from precipitation under neutral conditions, thereby promoting the corrosion of Fe0 [46]. Therefore, the addition of HA will not affect the SMT degradation by the Fe@BN-C cathode in the electrocatalytic process, and the decline of SMT removal was observed by the Cu@BN-C and Co@BN-C cathodes in the presence of HA.



In order to further evaluate the application potential of the M@BN-C cathode in real matrices, it was conducted in lake water, reverse osmosis concentrated water, and pharmaceutical wastewater. The quality parameters of water/wastewater are shown in Table 1. As shown in Figure 9b, the Fe@BN-C cathode is not affected by SMT in all real matrices. The Co@BN-C and Cu@BN-C cathodes only reached low SMT removal in lake water and pharmaceutical wastewater, mainly due to the interference of coexisting substances in the wastewater caused by •OH generation. In addition, SMT degradation achieved faster kinetics by the M@BN-C cathode in reverse osmosis concentrated water, mainly because the concentration of reverse osmosis concentrated water (3384.4 mg L−1) was much higher than that of other water. The high content of ROS reacts with ROS and produces reactive chlorine (such as Cl2 and HOCl) [47], accelerating the removal process of pollutants. Therefore, the M@BN-C cathode has the advantage for application prospects, especially in treating high salinity water surfaces.





3. Materials and Methods


3.1. Chemicals and Materials


The commercially hydrophobic carbon cloth (HCP330P) was purchased from Shanghai Hesen Electric Co., Ltd, Shanghai, China. Ferric nitrate (Fe(NO3)3∙9H2O, analytical reagent), cobalt nitrate (Co(NO3)2∙6H2O, analytical reagent), and copper nitrate (Cu(NO3)2∙3H2O, analytical reagent) were purchased from Tianjin Bohua Chemical Reagent Co., Ltd, Tianjin, China. Nafion solution (5 wt%) was purchased from Sigma-Aldrich (Shanghai, China) Trading Co., Ltd, China. SMT (C10H9ClN4O2S, 99%), sodium sulfate (Na2SO4, analytical reagent), DMPO (97%), melamine (C3H6N6, 99%), boric acid (H3BO3, greater than 99.5%), and sodium chloride (NaCl, 99.5%), sodium bicarbonate (NaHCO3, 99.8%), sodium nitrate (NaNO3, 99%), and HA were purchased from Shanghai Aladdin Chemistry Co., Ltd., Shanghai, China. TEMP was purchased from Tianjin Sinos Opto Technology Co., Ltd, Tianjin, China.




3.2. Synthesis of Bifunctional Cathodes


The M@BN-C was prepared according to our previous research [24]. An amount of 0.06 mol of boric acid and 0.03 mol of melamine were dissolved in 300 mL of deionized water heated to 85 °C, and the solution was evenly stirred. Then, 1 mmol of M(NO3)3∙yH2O (Fe(NO3)3∙9H2O, Co(NO3)2∙6H2O, and Cu(NO3)2∙3H2O) were added to the solution and stirred for 4 h at 85 °C. Subsequently, the mixed solution was heated to 115 °C and evaporated, resulting in precipitates. The precipitates were then placed in a bake-out furnace at 80 °C. The obtained mixture was calcined at a heating rate of 2.5 °C min−1 to 800 °C for 3 h. The precipitates were annealed in Ar atmosphere, resulting in the formation of the catalysts, which were named M@BN-C. The characterization of Fe@BN-C was reported in our previous research [24], showing similar structure and physicochemical properties to the prepared M@BN-C [20].



To prepare the M@BN-C bifunctional cathode, the obtained M@BN-C was mixed with 0.5 mL ethanol and 0.05 mL Nafion solution (5 wt%) and ultrasonically dispersed for 10 min. The resulting ink was uniformly coated on a 7 cm2 carbon cloth. The loading of the cathode on the carbon cloth substrate was 3 mg cm−2




3.3. Experimental Procedure


The three-electrode system was employed during SMT removal. M@BN-C, dimensionally stable anode, and SCE were used as cathode, anode, and reference electrode. The 0.5 M Na2SO4 containing 10 mg L−1 SMT with a volume of 50 mL was used as electrolyte. The pH of the electrolyte was adjusted using 0.1 M H2SO4 or NaOH solution. The cathode potential was set at −0.8 V (vs. SCE) and air flow rate was 0.4 L min−1. The anti-interference ability of M@BN-C cathode for inorganic ions and natural organic macromolecules was evaluated when 10 mM of Cl−, HCO3−, and NO3− and 10 mg L−1 of HA were added into electrolyte.




3.4. Electrochemical Analysis


The electrochemical analysis was carried out using a three-electrode system with a CHI 760E potentiostat (CH Instruments, Chenhua, Shanghai, China). The working electrode (M@BN-C), counter electrode (platinum sheet), and SCE were utilized. LSV was conducted at a scan rate of 10 mV s−1 with a potential interval of −1.4 V to 0.4 V. After the open circuit potential, electrochemical impedance spectroscopy was performed in the frequency range of 0.01 Hz to 100 Hz to determine the R0, Rct, and Rd. In addition, polarization curves were measured by varying the potential from −1.1 V to 0.9 V to compare the leached rate of transition metal.




3.5. Characterization and Analytical Methods


The morphologies of the M@BN-C were characterized using FESEM (LEO-1530VP) and HRTEM (JEM-2100f). XRD (Philips-12045 B/3 diffractometer) was performed to evaluate the structure of M@BN-C.



The generated H2O2 concentration was measured by potassium oxalate-spectrophotometric method at 400 nm [48]. The mixture of 0.5 mL samples, 0.5 mL H2SO4 solution (3 M), and 0.5 mL potassium titanium (IV) oxalate solution (0.05 mol L−1) was measured with UV-Vis spectrophotometer (UV759). The leaching metal from M@BN-C cathode was evaluated by the inductively coupled plasma optical emission spectrometer (ICP-OES, Thermo Elemental IRIS Intrepid II XSP). The experiments of M@BN-C cathode were both conducted three times, and the final result was taken as the average of three times the experiments. The conductivity of real wastewater in Table 1 was measured using electric conductometer (Thundermagnetic DDS-307A, Shanghai, China). EPR spectra for •OH and 1O2 were measured using a Bruker EMX Nano (Berlin, Germany) by employing the reagent 100 mM DMPO and 10 mM TEMP. The SMT concentration was evaluated by high-performance liquid chromatograph (HPLC, Ultimate 3000, ThermoFisher, Waltham, MA, USA) equipped with C18 column (3 µm, ϕ3.0 × 100 mm) at 270 nm. The mobile phase was acetonitrile: water of 35:65. TOC was measured by a TOC analyzer (Analytikjena, multi N/C 3100). The MCE (%) was calculated as follows [49]:


   MCE    %    =    n FV Δ    ( TOC )    exp      4.32   ×      10   7   mIt      ×   100   



(6)




where n is the electrons consumed per SMT molecule during its mineralization and was taken as 52, F is the Faraday constant (96,486 C mol−1), V is the bulk volume (L), Δ(TOC)exp is the TOC decay (mg L−1), 4.32 × 107 is the conversion factor (3600 s h−1 × 12,000 mg C mol−1), m represents the number of carbon atoms of SMT (12), and I and t represent current (A) and time (h), respectively.





4. Conclusions


The Co@BN-C and Cu@BN-C cathodes with similar morphological structures were prepared. Characteristics of the Co@BN-C and Cu@BN-C cathodes were compared with the previously synthesized Fe@BN-C bifunctional cathode. The activity order of pollutant removal and mineralization, as well as leaching metal, was found to be Co@BN-C > Fe@BN-C > Cu@BN-C at neutral pH when M@BN-C was used as a bifunctional cathode in the electrocatalytic process. The performance of M@BN-C cathodes was determined by the H2O2 production to generate the different ROS. On the Fe@BN-C cathode, 1O2 was only dominant for pollutant removal. However, on the Co@BN-C and Cu@BN-C cathodes, both •OH and 1O2 were simultaneously generated, with Co@BN-C exhibiting a higher yield than Cu@BN-C. The Co@BN-C cathode showed superiority in an acidic environment compared with the Cu@BN-C and Fe@BN-C cathodes. Due to the generation of •OH, the electrochemical process based on the Co@BN-C and Cu@BN-C cathodes declined, which was affected by background substances (HA and HCO3−). In conclusion, this study provided new guidance for the performance evaluation of Co@BN-C and Cu@BN-C cathodes and selecting M@BN-C for various pollutant degradation based on different ROS formations.
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Figure 1. The FESEM images of (a) Fe@BN-C, (b), Co@BN-C, and (c) Cu@BN-C and the HRTEM images of (d) Fe@BN-C, (e) Co@BN-C, and (f) Cu@BN-C. 
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Figure 2. XRD pattern of M@BN-C catalysts. 
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Figure 3. (a) The SMT degradation and adsorption by M@BN-C cathode; (b) the kinetics analysis as a pseudo-first-order reaction for SMT degradation by M@BN-C cathode; (c) the H2O2 concentration and (d) leaching metal concentration by M@BN-C cathode at 120 min. Experiment condition: cathode potential: −0.8 V (vs. saturated calomel electrode (SCE)); catalysts loading: 3 mg cm−2; V: 50 mL; Vair: 0.4 L min−1; SMT concentration: 10 mg L−1; pH = 7. 
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Figure 4. (a) TOC removal (blue) and (b) MCE (purple) by M@BN-C cathode for SMT removal at 120 min. Experiment condition: cathode potential: −0.8 V (vs. SCE); catalysts loading: 3 mg cm−2; V: 50 mL; Vair: 0.4 L min−1; SMT concentration: 10 mg L−1; pH = 7. 
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Figure 5. (a) The linear sweep voltammetry (LSV) curve, (b) the Nyquist plot, and (c) the polarization curve of the M@BN-C cathode (The blue circle represents the corrosion potential). 
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Figure 6. EPR spectra of 1O2 by (a) Fe@BN-C, (b) Co@BN-C, and (c) Cu@BN-C cathodes. EPR spectra of •OH by (d) Co@BN-C and (e) Cu@BN-C cathodes. Experiment condition: cathode potential: −0.8 V (vs. SCE); catalysts loading: 3 mg cm−2; V: 50 mL; Vair: 0.4 L min−1; DMPO: 100 mM; TEMP: 100 mM; pH = 7. 
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Figure 7. The effect of pH on the SMT degradation by (a) Fe@BN-C, (b) Co@BN-C, and (c) Cu@BN-C cathodes. (d) The k of SMT removal by Fe@BN-C, Co@BN-C, and Cu@BN-C cathodes at different pH. Experiment condition: cathode potential: −0.8 V (vs. SCE); catalysts loading: 3 mg cm−2; V: 50 mL; Vair: 0.4 L min−1. 
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Figure 8. Recyclability of the (a) Fe@BN-C, (b) Co@BN-C, and (c) Cu@BN-C cathodes for SMT degradation and (d) k value. Experiment condition: cathode potential: −0.8 V (vs. SCE); catalysts loading: 3 mg cm−2; V: 50 mL; Vair: 0.4 L min−1; pH = 7. 
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Figure 9. (a) Effect of background constituents (Cl−, HCO3− and NO3−: 10 mM; HA: 10 mg L−1); (b) SMT degradation in the simulated wastewater, lake water, reverse osmosis concentrate, and pharmaceutical wastewater in electrocatalytic process of M@BN-C cathode. Experiment condition: cathode potential: −0.8 V (vs. SCE); catalysts loading: 3 mg cm−2; V: 50 mL; Vair: 0.4 L min−1; pH = 7. 
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Table 1. The quality parameters of the secondary wastewater effluent.
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	Mati Lake
	Reverse Osmosis Concentrate
	Pharmaceutical Wastewater





	pH
	8.0
	8.3
	7.8



	Conductivity (μS cm−1)
	1198
	4879
	184.3



	COD (mg L−1)
	104.4
	127.4
	148.3



	TOC (mg L−1)
	32.0
	509.1
	40.3



	Cl− (mg L−1)
	115.2
	3384.4
	40.9



	HCO3− (mg L−1)
	44.9
	492.4
	-



	NO3− (mg L−1)
	54.8
	-
	5.8
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