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Abstract

:

Peroxymonosulfate (PMS, SO52−)-based oxidation is an efficient pathway for degrading organic pollutants, but it still suffers from slow degradation efficiency and low PMS utilization. In this work, we report the preparation of porous Fe-doped g-C3N4 catalysts by one-step thermal polymerization using urea and transition metal salts as precursors and investigate the effect of atmosphere conditions (air and nitrogen) on the catalytic performance. Systematic characterizations show that Fe-doped g-C3N4 prepared in air (FeNx-CNO) has a larger specific surface area (136.2 m2 g−1) and more oxygen vacancies than that prepared in N2 (FeNx-CNN, 74.2 m2 g−1), giving it more active sites to participate in the reaction. Meanwhile, FeNx-CNO inhibits the recombination of photogenerated carriers and improves the light utilization. The redox cycling of Fe(III) and Fe(II) species in the photocatalytic system ensures the continuous generation of SO5•− and SO4•−. Therefore, FeNx-CNO can remove CBZ up to 96% within 20 min, which is 3.4 times higher than that of CNO and 3.1 times higher than that of FeNx-CNN, and the degradation efficiency can still retain 93% after 10 cycles of reaction. This study provides an economical and efficient method for photocatalysis in the degradation of medicines in contaminated water.
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1. Introduction


The rapid development of industrialization has led to the discharge of various pollutants into the water [1,2,3]. Apart from everyday garbage, industrial wastewater, and dyes, many types of medicine have been abused and discharged into water bodies in large quantities, causing serious contamination of water sources [4,5]. Even low-concentration pharmaceutical products and personal care products (PPCPs)—like carbamazepine (CBZ)—in the environment cause chronic and cumulative ecotoxicity to aquatic ecosystems and their biological populations and continue to pose a threat to human health and safety [6,7]. It is difficult to effectively and completely remove low-concentration pharmaceuticals in water by traditional wastewater treatment technologies. Thus, there is an urgent need to promote the development of wastewater treatment technology to eliminate pharmaceutical pollution [8]. In recent years, because of the inherent merits, including green, convenient operation and mild reaction conditions, photocatalytic oxidation technology has attained a promising potential in wastewater treatment for its ability to effectively degrade low-concentration pharmaceuticals into small compounds or CO2 and H2O [9,10,11]. Nevertheless, this single technology still suffers from the shortcoming of low efficiency, thus restricting its industrial applications. It has been proven that when photocatalysis and persulfate-based advanced oxidation processes were employed simultaneously, the degradation efficiency could be boosted by generating a variety of reactive oxygen species (ROS) by activating peroxymonosulfate (PMS) with catalysts [12,13,14]. The development of non-toxic, effective, and stable photocatalytic materials is the key to realizing the industrial application of this technology [15].



Graphitized carbon nitride (g-C3N4), as a semiconducting polymer material, has captured the attention of researchers in photocatalytic field, owing to its visible-light response, good photochemical reactivity, as well as good stability [16,17]. Meanwhile, g-C3N4 can offer abundant N-anchoring sites with a lone pair of electrons to coordinate with metal elements to form a M-Nx structure, thus forming stable dispersed metal active sites [18,19]. However, the photocatalytic performance of g-C3N4 is not satisfactory owing to the rapid recombination of photogenerated carriers, which hinders its further application to some extent [15,20]. Many methods, including structural modification, elemental doping, construction of Z-scheme heterojunctions, and noble metal deposition, have been employed to modify g-C3N4 to improve its photocatalytic activity [18,21]. Among them, doping transition metal ions into the g-C3N4 polymeric network not only ameliorates the carrier lifetime and mobility of g-C3N4, but also narrows its band gap [22,23]. Iron is the most abundant transition metal element in the earth’s crust and is regarded as a high-quality choice to modify g-C3N4 due to its high activity, low cost, and environmental friendliness [24]. It was reported that Fe doping into g-C3N4 could strengthen the PMS activating ability to generate more reactive radicals (e.g., SO4•−, ·OH, O2•−, 1O2), and thus enhance its overall photocatalytic efficiency [25].



The structure and photocatalytic performance of Fe-doped g-C3N4 was strongly affected by the g-C3N4 precursors [26]. Dicyandiamide and melamine are most frequently used as the precursors to produce Fe-doped g-C3N4 by thermal polymerization under inert atmosphere [27]. Iron ions can be entrapped in a high loading level by pyridinic nitrogen groups within the cavities of the heptazine rings in g-C3N4. Yet, nonporous Fe-doped g-C3N4 with a low surface area (< 20 m2 g−1) and limited active sites was yielded by this preparation method, which is not conducive to metal atom utilization and its photocatalytic reaction. Chemical etching with acid is needed to post-treat the as-prepared Fe-doped g-C3N4 to obtain a Fe catalyst with ultra-small size clusters or atomically dispersed metal species [28,29,30]. Recently, urea was found to be superior precursor for the fabrication of Fe-doped g-C3N4 nanosheets with a porous structure, which had a higher surface area and improved photocatalytic activity than Fe catalyst prepared by either dicyandiamide or melamine [31,32].



A few studies have revealed that polymerization atmosphere can affect the defects and the generation of carbon and nitrogen vacancies, thus altering the chemical structure and catalytic properties of carbon nitride [33,34]. For instance, Jiménez-Calvo et al. [35] enhanced H2 production from water under solar and visible light irradiation by varying the g-C3N4 synthesis atmosphere (air, N2, H2, Ar, and NH3). Guo and coworkers [36] reported that the posttreatment of bulk g-C3N4 under NH3 atmosphere could result in the formation of abundant in-plane holes, thus obtaining holy g-C3N4 nanosheets. However, it is unclear that how the polymerization atmospheres can affect the physicochemical properties of Fe-doped g-C3N4 prepared from urea. Investigation on the effect of polymerization atmospheres on the catalytic activity of Fe-doped g-C3N4 for pharmaceutical elimination is scarce yet highly desirable. In this work, we developed an effective and stable porous Fe-doped carbon nitride catalyst containing highly dispersed Fe-Nx active sites by one-step thermal polymerization of the mixture of urea and Fe-containing salts in air and nitrogen conditions. Their catalytic performance for CBZ elimination was comprehensively investigated using PMS as the oxidant and simulate sunlight as light source. The effect of polymerization atmospheres on the chemical structure, textural and optical properties, as well as photocatalytic activity of Fe-doped g-C3N4 were studied in detail. It was found that the photocatalytic properties of Fe-doped g-C3N4 prepared from urea were strongly impacted by different polymerization atmospheres. FeNx-CNO prepared in air had much higher photocatalytic activity than FeNx-CNN prepared in nitrogen gas, and its degradation efficiency for CBZ was 3.1 times higher than that of FeNx-CNN. A possible pathway for CBZ degradation by the FeNx-CNO/PMS photocatalytic system was also proposed.




2. Results and Discussion


2.1. Fabrication Process of FeNx-CN Photocatalysts


The Fe-doped g-C3N4 catalyst was synthesized in situ by one-step thermal polymerization, and the preparation route is shown in Scheme 1. First, urea was fully mixed with ferric nitrate in aqueous solution, which was then dried at 80 °C to remove water and form a Fe–urea complex. Then, the mixture was placed in a semi-closed alumina crucible with a cover, and pyrolyzed at 550 °C in static air or N2 atmosphere. During this procedure, the Fe–urea complex was polymerized to graphitic carbon nitride, and Fe species were immobilized into a g-C3N4 matrix by forming a Fe-Nx structure simultaneously. At the same time, abundant gases (e.g., NH3, NO, CO) were produced, leading to an apparent volume expansion. Consequently, porous Fe-doped carbon nitride nanosheets were yielded. In this process, air or N2 was used as the reaction atmosphere, denoted as n%FeNx-CNO and n%FeNx-CNN, respectively. n% (0.5%, 1%, 2%, and 3%) is the mass fraction of the initial mass of Fe to the total mass of FeNx-CN catalyst.




2.2. Characterizations of FeNx-CN Catalysts


In order to study the change in crystalline and chemical structure in various catalysts, the CNO and n%FeNx-CNO were characterized by XRD and FT-IR, with those of CNN and 1%FeNx-CNN as a comparison. Figure S1a shows the XRD patterns of FeNx-CNO with Fe content varying from 0% to 3%. All patterns display two peaks at around 13.2° and 27.4°, indexed to (100) plane and (002) plane. They are attributable to the periodic arrangement of the layered tri-s-triazine ring structural units of g-C3N4 and the interlayer stacking of the conjugated aromatic rings, respectively [37,38]. The results prove that Fe doping does not change the main structure of carbon nitride. Compared to CNO, the intensity of (002) peak in the FeNx-CNO with different Fe content was weakened, probably due to the incomplete polymerization of the graphitic layer and the disruption of stacking degree within the g-C3N4 structure caused by Fe doping [39]. Interestingly, no obvious peaks belonging to metallic Fe or iron oxides were found in the FeNx-CNO with different Fe content, which implies that Fe might be incorporated into the carbon nitride framework by forming Fe-Nx coordination. The XRD patterns of CNO, 1%FeNx-CNO and CNN, and 1%FeNx-CNN are also compared in Figure 1a. Compared with CNO and 1%FeNx-CNO prepared in air, the intensities of the characteristic diffraction peaks of CNN and 1%FeNx-CNN catalysts were significantly enhanced, suggesting that the nitrogen atmosphere helps improve the regular stacking of the aromatic rings, thus resulting in an enhanced crystallization degree.



Figure S1b shows the FT-IR spectra of the CNO and n%FeNx-CNO catalysts, which showed primary absorption bands at 2800–3500 cm−1, 1200–1650 cm−1, and 812 cm−1. The results prove that N–H/O–H, C=N bonds in the aromatic ring, and the tri-s-triazine ring structural unit in g-C3N4 were generated in these CN-based samples, and Fe doping did not disrupt the basic bonding structure of carbon nitride [40,41]. As shown in Figure 1b, compared with those of CNO and FeNx-CNO, the characteristic bands of CNN and FeNx-CNN did not change significantly. It was found that FeNx-CNN has higher intensity of the characteristic peaks than FeNx-CNO, implying the presence of more N-containing groups in the catalyst framework.



The surface morphology and structural features of bulk 1%FeNx-CN, 1%FeNx-CNO, and 1%FeNx-CNN were investigated using SEM. As shown in Figure S2a,b, bulk 1%FeNx-CN, prepared by dicyandiamide as precursor, exhibits dense structure without pores. From Figure S2c,d and Figure S2e,f, it can be observed that both 1% FeNx-CNO and 1%FeNx-CNN display a porous folded nanosheet stacking morphology with high porosity, which implies that the surface of 1%FeNx-CNO and 1%FeNx-CNN can provide a large number of reactive sites for adsorbing reactants and promoting carrier migration [42,43]. However, no visible large particles were found on the carbon nitride nanosheets, implying the incorporation of Fe into carbon nitride framework. The morphology of the CN-based catalysts was further observed by TEM images. Figure S3a–c displays the TEM images of CNO, which showed stacked large nanosheets with abundant pore structure. From Figure 2(a1), it can be seen that 1%FeNx-CNN is mainly composed of smaller stacked nanosheet structure. As can be seen from Figure 2(b1), 1%FeNx-CNO displayed stacking helical lamellae. HRTEM results show that the many black dots were highly dispersed on the surface of 1%FeNx-CNN and 1%FeNx-CNO catalysts, and no crystalline phases appeared, suggesting that Fe may be embedded into the g-C3N4 organic framework (Figure 2(a3,b3)). STEM mapping images (Figure 2(c1)–(c4)) confirmed that the C, N, O, and Fe elements were uniformly distributed on g-C3N4.



In order to study the textural properties of the CN-based samples, the pore structure was further analyzed using a N2 sorption measurement. As shown in Figure S4a, all three catalysts presented a type IV isothermal curve with H3-type hysteresis loop [44]. The BJH pore size distribution in Figure S4b shows that the g-C3N4, 1%FeNx-CNO, and 1%FeNx-CNN pore sizes are mainly distributed around 25 nm, indicating mesoporous structure characteristics. The specific surface area, pore volume and average pore size of the catalysts are summarized in Table S1. Compared with pure g-C3N4 (66.3 m2 g−1), 1%FeNx-CNN has a slightly higher specific surface area (74.2 m2 g−1), while 1%FeNx-CNO (136.2 m2 g−1) has more than twice the specific surface area of g-C3N4. Meanwhile, the pore volumes of the catalysts were 1%FeNx-CNO (0.874 cm3 g−1) > 1%FeNx-CNN (0.688 cm3 g−1) > g-C3N4 (0.393 cm3 g−1). The above results suggest that Fe doping will induce disruption on the thermal polymerization process of urea, leading to changes in the surface charge of the graphitic plane, and reduced surface repulsion and lateral size of the graphitic plane. Thus, it can promote the formation of smaller nanosheets and more porous structure in both air and N2 conditions. When Fe-doped g-C3N4 was prepared in air, the thermal polymerization process of urea was disrupted more severely, and more gases were generated than those in N2 conditions, leading to a significant increase in the specific surface area of 1%FeNx-CNO. Compared to 1%FeNx-CNN, 1%FeNx-CNO has a larger specific surface area and abundant pores, which can expose more active sites, as well as promote the diffusion and transport of reactants from the aqueous phase to the inner and outer surfaces of the catalysts to participate in the photocatalytic reaction [45].



The surface elemental composition and chemical states of the catalysts were investigated using XPS. Figure S5 shows the XPS full spectra of CN and 1%FeNx-CN. There are C, N, and O peaks in the XPS spectra of all the samples, except for a weak Fe peak in the spectrum of 1%FeNx-CNO and 1%FeNx-CNN. As shown in Figure 3a, the XPS C 1s spectra of CN and FeNx-CN samples contain three peaks at 284.8, 286.3, and 288.2 eV, corresponding to graphitic carbon (C–C), sp3 C (C–NHx), and a tri-s-triazine ring structural unit in the aryl ring (N=C–N), respectively. Compared to CN, the binding energies of the three peaks in the Fe-doped CN did not change after Fe doping, indicating that Fe was not coordinated with C in the g-C3N4. It has been reported in the literature that the defective C–C groups are related to the redox nature of the g-C3N4 surface [46]. As can be seen from Table S2, the percentage of defective C–C bonds increased from 12.8% (CNO) and 11.5% (CNN) to 28.8% (1%FeNx-CNO) and 18.3% (1%FeNx-CNN), respectively. This may be related to the inhibition of thermal polymerization of urea by Fe modification, which disrupts the two-dimensional periodic regular arrangement of the heptazine ring. The more irregular arrangement of the structural units of 1%FeNx-CNO than 1%FeNx-CNN indicates lower crystallization properties, which is also consistent with the previous XRD and FT-IR results. Figure 3b shows N 1s spectra of CNO, CNN, 1%FeNx-CNO, and 1%FeNx-CNN, which all had three peaks at around 398.6, 400.0, and 401.1 eV. These peaks correspond to the sp2 N (C–N=C) group, N–(C)3 group, and terminal amino group (C–NHx) of the tri-s-triazine ring, respectively. It is noteworthy that there is no change in the N peaks of CNO and CNN. In contrast, the C–N=C peaks in both 1%FeNx-CNO and 1%FeNx-CNN were shifted by 0.1 eV towards higher binding energy. This may be caused by the formation of Fe-N ligand bonds by lone pairs of electrons in pyridine N [47,48].



The O 1s spectra In the Figure 3c show that oxygen In CNO mainly exists In the form of surface hydroxyl oxygen (Os, 532.7 eV) and oxygen vacancies (Ov, 531.6 eV) [49], and Fe doping changes the charge environment near the O atoms. Both peaks shifted towards high binding energy by 0.1 eV. It is known that oxygen vacancy defects can promote the charge transfer. As shown in Table S3, the proportion of oxygen vacancy in FeNx-CNO (48.3%) was higher than in CNO (31.1%) and 1%FeNx-CNN (40.7%). This suggests that 1%FeNx-CNO may have a higher carrier transfer efficiency than that 1%FeNx-CNN.



As shown in Figure 3d, Fe 2p in 1%FeNx-CNO and 1%FeNx-CNN can be divided into four peaks. The two peaks at 710.5 and 723.7 eV were associated with Fe(III), and the other two peaks at 715.3 and 728.5 eV were attributed to Fe(II) [50,51,52]. The percentages of Fe(III) in 1%FeNx-CNO and 1%FeNx-CNN were 65% and 55.1%, respectively. In addition, no peak related to metallic Fe was found, implying that Fe may be embedded in g-C3N4 through coordination with pyridine N atoms.



The impact of polymerization atmospheres on the optical adsorption properties of Fe-doped g-C3N4 were investigated by UV–vis diffuse reflectance spectroscopy (DRS). As shown in Figure 4a, all the samples have light absorption in the range of 250–700 nm. CNO shows an absorption band edge at 460 nm, and a blue shift was observed in CNN. Fe modification results in the enhanced light absorption intensity in the region of at 250–400 nm and 450–700 nm, thus improving the light harvesting efficiency of both CNO and CNN. The result demonstrates that the formation of Fe-Nx bonds expands the visible light absorption capacity [53,54]. Compared to FeNx-CNN, a slight red shift in the absorption band edge was found in FeNx-CNO. As shown in Figure 4b, according to the Tauc equation, the band gaps (Eg) of CNO, CNN, 1%FeNx-CNO, and 1%FeNx-CNN are 2.82, 2.92, 2.78, and 2.89 eV, respectively. The valence band (VB) values of the above catalysts can be obtained from the XPS valence band spectra (Figure 4c), and their conduction band (CB) values can be obtained from the relationship between the energy bands. Figure 4d illustrates the band gap structures of CNO, CNN, 1%FeNx-CNO, and 1%FeNx-CNN. Since the redox potentials of O2/O2•− and OH−/•OH are −0.33 and 1.99 eV, respectively, the catalysts can be photoinduced to produce O2•− and •OH. The above results show that Fe doping helps to improve the optical properties of the catalysts, and the 1%FeNx-CNO synthesized under air requires less energy for electronic transition, while it is easier to diffuse carriers along the interface, which is more favorable for the photocatalytic reaction [55].



Transient photocurrent (TPC) and fluorescence spectroscopy (PL) were also used to probe the photogenerated electron–hole separation transfer behaviors of g-C3N4, 1%FeNx-CNO, and 1%FeNx-CNN. Figure 4e shows that the photocurrent density response of 1%FeNx-CNO was 4 and 2.3 times higher than that of g-C3N4 and 1%FeNx-CNN, respectively, which indicated that 1%FeNx-CNO could effectively promote the rapid separation of charge carriers. The interaction of N and Fe atoms in the form of Fe-Nx bonds might boost the e−/h+ separation efficiency and charge transfer rate. Moreover, the larger specific surface area of FeNx-CNO provides more active sites in contact with the reactants and transfers them through interconnected transport channels in the catalyst [56].



Figure 4f shows the PL spectra of g-C3N4, 1%FeNx-CNO, and 1%FeNx-CNN under the excitation wavelength of 350 nm. Pure g-C3N4, 1%FeNx-CNO, and 1%FeNx-CNN all have strong and broad PL emission spectra at 400–600 nm. Among them, pure g-C3N4 has a strong PL peak centered at 450 nm. As a comparison, the intensity of the PL peak in the 1%FeNx-CNO and 1%FeNx-CNN was significantly weakened, which proved that Fe modification could effectively inhibit photogenerated carrier recombination efficiency. The emission peak intensity of 1%FeNx-CNO was weaker than that of 1%FeNx-CNN, which further proved that FeNx-CNO was more effective in suppressing the recombination of photoexcitons, thus boosting the photocatalytic capability. In addition, it was observed that the emission peaks of 1%FeNx-CNO and 1%FeNx-CNN were blue-shifted to around 440 nm, which was caused by the decreased the bandgap energy by Fe incorporation. This is consistent with the DRS analysis [57].




2.3. Photocatalytic Performance Evaluation


The catalytic performance of various catalysts was studied by the photocatalytic degradation of CBZ under simulated sunlight irradiation. Figure 5a shows the effect of Fe dopant on the photocatalytic activity of CNO-based catalyst with PMS as oxidant. Fe doping was found to be effective in enhancing the photocatalytic degradation ability. Among them, 1%FeNx-CNO had the highest efficiency in degrading CBZ, with a removal rate of up to 96% within 20 min. The reaction rate constant (k, 0.1542 min−1) of 1%FeNx-CNO was 3.4 times that of CNO (0.0425 min−1) (Figure 5b). When the Fe content was higher than 1%, the photocatalytic activity of FeNx-CNO reduced. A possible reason is that the high Fe doping might disrupt the thermal polymerization process of urea severely, and produce excessive defects, thus adverse to the photocatalytic reaction. So, the Fe doping amount of 1% was selected in the subsequent work. Figure 5c,d shows the influence of polymerization atmospheres on the catalytic activity of Fe-doped g-C3N4. The photocatalytic degradation efficiency with 1%FeNx-CNO (96%) was much higher than that of 1%FeNx-CNN (63%) within 20 min, and the k value was 3.1 times that of the 1%FeNx-CNN catalyst. The result indicated that polymerization atmospheres had a great impact on the catalytic properties of Fe-doped g-C3N4. It is also worthy to note that 1%FeNx-CNO had higher photocatalytic performance than that of most other types of catalysts for CBZ degradation in the presence of PMS (Table S4). The porous structure with a larger surface area and more defect sites (e.g., oxygen vacancy) formed during the polycondensation process of urea in air contributed to the higher catalytic activity of FeNx-CNO.



Figure 5e presents the catalytic performance of 1%FeNx-CNO under different reaction conditions. Only about 5% of CBZ was removed within 20 min in the presence of PMS and light, suggesting that CBZ is difficult to degrade using PMS and light. Thus, the appropriate catalyst is crucial for the activation of PMS for the degradation of organic pollutants. In the absence of PMS, FeNx-CNO has no ability to degrade CBZ in darkness, and the removal rate of CBZ can be up to 15% under light irradiation within 20 min. This indicates that FeNx-CNO has low photocatalytic oxidation ability to degrade CBZ. By introducing PMS into the system and using 1%FeNx-CNO as a catalyst, the removal rate of CBZ was significantly increased to 20% in darkness and 96% in light, respectively. These results demonstrate that FeNx-CNO has efficient activation ability of PMS and photocatalytic degradation performance for CBZ under simulated sunlight irradiation. The recyclability and stability of catalysts are important factors in the practical industrial application of catalysts. As displayed in Figure 5f, 1%FeNx-CNO kept high activity and stability to degrade CBZ in the presence of PMS and light, and the removal rate of CBZ still reached 92% in the 10th cycling run, indicating that the 1%FeNx-CNO catalyst had excellent recyclability.



The reaction parameters—including PMS dosage, pH in the reaction solution, and different anionic species—in the photocatalytic degradation of CBZ with 1%FeNx-CNO as catalyst were also studied. Figure S6a shows that the photocatalytic activity gradually increased with increasing PMS dosage from 0 to 0.2 mM, and optimal activity was obtained at 0.2 mM. This was attributed to the fact that FeNx-CNO could activate PMS to produce many active radicals with strong oxidation, and the higher PMS dosage facilitated the production of more active radicals to participate in the catalytic reaction. However, when further raising the PMS dosage to 0.3 mM, the activity did not improve, so 0.2 mM PMS was chosen for the subsequent experiments. Figure S6b shows that the 1%FeNx-CNO maintained a high reactive activity in the pH range of 3–9. Figure S6c shows the influence of various anionic species (Cl−, NO3−, SO42−, and ClCH2COO−) on the catalytic activity of 1%FeNx-CNO. No obvious decrease in catalytic efficiency was observed in the FeNx-CNO/PMS/light catalytic system with the presence of anionic species (Cl−, NO3−, SO42−, and ClCH2COO−). These results indicate that the FeNx-CNO/PMS/light catalytic system has good adaptability in acidic, weakly alkaline conditions and solution containing different inorganic salts.



In order to further evaluate the photocatalytic deep oxidation activity of FeNx-CN, the mineralization rates of CBZ in the CNO/PMS, FeNx-CNO/PMS, and FeNx-CNN/PMS photocatalytic systems were compared. As shown in Figure S7, the TOC removal rate of CBZ by CNO, FeNx-CNO, and FeNx-CNN reached 45.2%, 70.4%, and 60.6%, respectively. This proves that FeNx-CNO has a stronger mineralization ability than CNO and FeNx-CNN.



To study its chemical stability, the 1%FeNx-CNO catalyst before and after the reaction was characterized by XRD and XPS. As shown in Figure 6a, no obvious change was observed in the XRD patterns of fresh and used 1%FeNx-CNO, which implied that the structure of FeNx-CNO was stable after the cyclic reaction. The XPS results further support the chemical stability of the 1%FeNx-CNO catalyst. As shown in Figure 6b–d, the C 1s, N 1s, and Fe 2p peaks of the used sample were similar to those of the fresh sample, except that the atom ratio of Fe(III) in the total Fe atoms increased from 62.7% in the fresh sample to 65% in the used sample, which indicates the existence of reversible redox behaviors of Fe(III) and Fe(II) in the reaction. The above results indicate that 1%FeNx-CNO has high catalytic activity and good stability for the PMS activation and photocatalytic oxidation of organic pollutants in water.




2.4. Reaction Mechanism


In order to investigate the ROS generated in the CBZ degradation process with FeNx-CNO catalyst, free radical quenching experiments were carried out by using a variety of trapping agents (including ethanol (EA), tert-butanol (TBA), p-benzoquinone (p-BQ), and l-Histidine (l-His)) [6]. Among them, EA can rapidly trap both •OH (k = 1.2–2.8 × 109 M−1 s−1) and SO4•− (k = 1.6–7.7 × 109 M−1 s−1). However, the reaction rate of TBA with •OH (k = 3.8–7.6 × 108 M−1 s−1) was much faster than that of SO4•− (k = 4.0–9.1 × 105 M−1 s−1) [58]. As can be seen in Figure 7a,b, in the FeNx-CNO and FeNx-CNN system, the CBZ degradation rate was suppressed partly by TBA, which indicates that •OH is one of the main active species for the photocatalytic process. The inhibition effect was enhanced when the same concentration of EA was added to the reaction system, suggesting that SO4•− also participated in the photocatalytic reaction. It is noteworthy that neither TBA nor EA completely inhibited the degradation in CBZ, so other active species were also formed in the photocatalytic system. Since p-BQ and l-His can react with O2•− (k = 0.9–1.0 × 109 M−1 s−1) and 1O2 (k = 3.2 × 107 M−1 s−1), p-BQ or l-His was added to the reaction system to trap O2•− and 1O2, respectively [58,59]. The presence of p-BQ or l-His significantly inhibited the photocatalytic activity to degrade CBZ, suggesting that a large amount of O2•− and 1O2 was generated, and played a major role in the photocatalytic process. Figure S8 compares the inhibition rates of FeNx-CNO and FeNx-CNN for thew photocatalytic degradation of CBZ with different quenching agents. The FeNx-CNO photocatalytic system was more capable of inhibiting CBZ degradation in the quenching experiments; that is, more active species were produced in this system than in the FeNx-CNN photocatalytic system, which explained the higher photocatalytic activity of FeNx-CNO catalysts than that of FeNx-CNN.



The possible formation of ROS in the photocatalytic degradation process was further analyzed using the EPR spin trapping method. As shown in Figure 8a, the quadruplet DMPO-•OH peaks with intensity ratios of 1:2:2:1 can be observed in the EPR spectra [59,60], and the peak intensities of FeNx-CNO are much stronger than those of FeNx-CNN and CNO. Six typical DMPO-SO4•− signal peaks with intensity ratios of 1:1:1:1:1:1:1 were also found in the spectra of FeNx-CNO, and the peak intensities were also much stronger than those of FeNx-CNN and CNO. These results support that FeNx-CNO can promote the generation of more •OH and SO4•− during the photocatalytic process. As can be seen from Figure 8b,c, the characteristic signal peaks of DMPO-O2•− and TEMP-1O2 were all detected in the FeNx-CNO, FeNx-CNN and CNO. The peak intensities of DMPO-O2•− were in the order of FeNx-CNO > g-C3N4 > FeNx-CNN, while the TEMP-1O2 peak intensity of FeNx-CNO is slightly stronger than that of FeNx-CNN, and as much as five times that of CNO. The above results demonstrated that •OH, SO4•−, O2•− and 1O2 were the main active species in the photocatalytic reaction of FeNx-CNO and explained the reason for the higher photocatalytic degradation ability of FeNx-CNO compared to FeNx-CNN. The stronger peaks of FeNx-CNO and FeNx-CNN than those of pure g-C3N4 indicated that the formation of Fe-Nx bonds could promote the activation of PMS and the effective separation of photogenerated electron–hole pairs, thus generating more ROS to participate in the degradation process of CBZ.



On the basis of the above discussion, a possible mechanism for the degradation of CBZ by FeNx-CNO in the presence of PMS was proposed, and the schematic illustration is shown in Scheme 2. When FeNx-CNO is illuminated by light, the electrons are excited to conduction band, and a pair of charge carriers are generated on the surface of catalyst (Equation (1)). As the more positive reduction potential of O2/O2•− (−0.33 eV) than CB potential (−0.61 eV), the photogenerated electrons can be captured by dissolved oxygen in the water to generate O2•− radicals (Equation (2)). The photogenerated holes possess a strong oxidizing ability, which can be directly involved in the degradation reaction. As the more positive VB potential (2.17 eV) compared to the water oxidation potential of OH−/•OH (1.99 eV), the holes can oxidize H2O to produce ·OH (Equation (3)). The formation of the Fe-Nx bonds provides active sites for PMS activation, allowing for the oxidation of HSO5− by Fe(III) to form SO5•−, while the latter is reduced to Fe(II). In addition, Fe(II) can further reduce HSO5− to form SO4•−, while it is oxidized to Fe(III) (Equations (4) and (5)). The redox cycle of Fe(III) and Fe(II) species ensures the generation of massive SO5•− and SO4•−. Meanwhile, O2•− or SO5•− can further react with H2O molecules to generate 1O2 (Equations (6,7)). The •OH in the system also comes from the oxidation of OH− in the aqueous phase by SO4•− (Equation (8)). In summary, h+, •OH, SO4•−, O2•−, and 1O2 all play a major role in the degradation of CBZ by the activation of PMS with FeNx-CNO and light (Equation (9)).


    F e N   x   − C N O + h v →   e   −   +   h   +    



(1)






    O   2   +   e   −   →   O   2   • −    



(2)






    h   +   +   H   2   O → · O H +   H   +    



(3)






  F e   Ⅲ   +   H S O   5   −   → F e   Ⅱ   +   S O   5   • −   +   H   +    



(4)






  F e   Ⅱ   +   H S O   5   • −   → F e   Ⅲ   +   S O   4   • −   +   O H   −    



(5)






    O   2   • −   + · O H →     O   2         1   +   O H   −    



(6)






    S O   5   • −   +   H   2   O →     O   2         1   +   H S O   4   −    



(7)






    S O   4   • −   +   H   2   O →   H S O   4   −   + · O H  



(8)






    C B Z + O   2   • −   /     O   2         1   /   h   +   /   S O   4   • −   / · O H → i n t e r m e d i a t e s →   C O   2   +   H   2   O  



(9)








2.5. CBZ Degradation Pathway


UPLC/HDMS in positive ion mode was used to detect the intermediates generated during the degradation of CBZ by FeNx-CNO in the presence of PMS. The detected intermediate products are summarized in Table S5. Figure 9 displays a possible pathway for the degradation of CBZ by FeNx-CNO. After the activation of PMS by FeNx-CNO, a large amount of ROS was generated to attack olefinic double bonds with high frontier electron density (FED) on the central heterocycle of the CBZ molecule, which were easy to dehydrogenate and hydroxylate to form intermediate A (m/z = 267.0770) and B (m/z = 253.0977), respectively. The splitting C-C bonds in the central ring of compound A and ring opening of the epoxidation product B produced intermediate C (m/z = 269.0926). The epoxidation product B was also oxidized by ROS to generate intermediate D (m/z = 251.0816). In addition, the amide group (–CONH2) in intermediate B was firstly deamidated and rearranged to form intermediates E (m/z = 224.0712) and F (m/z =2 08.0762). Then, intermediates E and F could be further oxidized to eliminate the carbonyl and aldehyde groups to yield G (m/z = 196.0762) and H (m/z = 180.0815). The toxicity of the main intermediates in the degradation process was less than that of CBZ. These intermediates were finally degraded completely by ROS to produce CO2 and H2O [60].





3. Conclusions


In this work, Fe-doped carbon nitride was prepared by one-step thermal polymerization of urea and Fe(NO3)3. The effect of polymerization atmosphere, including static air and N2, on the structure and optical and photocatalytic properties were studied in detail. The results showed that Fe is probably doped into the carbon nitride structure in the form of Fe-Nx bonds in both FeNx-CNO and FeNx-CNN samples. FeNx-CNO contains more oxygen vacancies than FeNx-CNN. Moreover, thermal polymerization in air promoted the disruption of carbon nitride and the formation of more pore structure, leading to a significant increase in the specific surface area. As a result, 1%FeNx-CNO showed higher photocatalytic activity in the CBZ degradation than CNO and FeNx-CNN. The degradation efficiency could still reach 93% after 10 cycles of reaction. The reactive species SO4•−, •OH, O2•−, and 1O2 played a major role in the oxidation of CBZ in the photocatalytic systems. Compared to the FeNx-CNN/PMS system, more reactive species were produced in the FeNx-CNO/PMS system. A possible pathway for the degradation of CBZ by FeNx-CNO/PMS was studied by the detecting intermediates by UPLC-HDMS. This study offers an efficient Fe-based catalyst for the treatment of pharmaceutical pollutants in water.
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Scheme 1. Schematic sketch of the FeNx-CN photocatalyst synthesis process. 






Scheme 1. Schematic sketch of the FeNx-CN photocatalyst synthesis process.



[image: Catalysts 14 00520 sch001]







[image: Catalysts 14 00520 g001] 





Figure 1. (a) XRD pattern and (b) FT-IR spectra of different catalysts. 
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Figure 2. TEM and HRTEM images of (a1–a3) 1%FeNx-CNN, (b1–b3) 1%FeNx-CNO, and (c1–c5) STEM mapping images of 1%FeNx-CNO. 
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Figure 3. XPS spectra of CNO, CNN, 1%FeNx-CNO, and 1%FeNx-CNN. (a) C 1s, (b) N 1s, (c) O 1s, and (d) Fe 2p high-resolution XPS spectra. 
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Figure 4. (a) Ultraviolet–visible diffuse reflection spectrum; (b) Tauc curve; (c) XPS valence band; (d) scheme of band gap structures for CNO, CNN, 1%FeNx-CNO, and 1%FeNx-CNN; (e) TPC response; and (f) PL spectrum of g-C3N4, 1%FeNx-CNO, and 1%FeNx-CNN. 
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Figure 5. (a) Photocatalytic degradation of CBZ by n%FeNx-CNO in PMS/light system and (b) their corresponding the pseudo-first-order kinetics; (c) photocatalytic degradation of CBZ by CNO, CNN, 1%FeNx-CNO, and 1%FeNx-CNN in PMS/light system and (d) their corresponding the pseudo-first-order kinetics; (e) the photocatalytic performance of 1%FeNx-CNO under different reaction conditions; (f) consecutive recycling runs over 1%FeNx-CNO. Conditions: [CBZ] = 2.5×10−5 M; [catalyst] = 0.1 g L−1; [PMS] = 0.2 mM. 
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Figure 6. Comparison of XRD patterns (a) and high-resolution XPS spectra of (b) C 1s, (c) N 1s, and (d) Fe 2p of 1%FeNx-CNO before and after recycle reaction. 
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Figure 7. Effects of different trapping agents on the photocatalytic degradation efficiency of CBZ by (a) FeNx-CNO and (b) FeNx-CNN. [CBZ] = 2.5 × 10−5 M; [FeNx-CNO] = [FeNx-CNN] = 0.1 g L−1; [PMS] = 0.2 mM; [EA] = [TBA]= 10 mM; [p-BQ] = [l-His]= 1 mM. 
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Figure 8. (a) DMPO spin-trapping EPR spectra in aqueous solution; (b) DMPO spin-trapping EPR spectra in methanol solution; and (c) TEMP spin-trapping EPR spectra in aqueous solution in the presence of g-C3N4, FeNx-CNO, and FeNx-CNN under simulated sunlight irradiation. [DMPO] = [TEMP] = 0.25 mM; [PMS] = 0.2 mM. 
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Scheme 2. Schematic illustration of the photocatalytic degradation mechanism of CBZ by FeNx-CNO/PMS/light system. 
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Figure 9. A possible pathway for the degradation of CBZ by FeNx-CNO/PMS under simulated sunlight. 
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