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Abstract

:

In this work, an efficient cage-core peroxymonosulfate (PMS) catalyst was synthesized by applying an electrospinning–calcination process to the cobalt–zeolitic imidazole framework (ZIF-67) crystals for the catalytic degradation of dimethyl phthalate (DMP). The morphology and surface properties of the synthesized materials (ZIF-67, Z600 and ZP400/600/800) were well characterized. ZP600 showed great performance for the catalytic degradation of DMP in the initial pH range of 7.5–10.5. The removal rate of DMP could reach 90.4% in 60 min under optimum dosages of reagents (catalyst = 0.1 g/L, PMS = 0.5 mM, DMP = 6 ppm), and the mineralization degree of contaminant could reach 65%. By quenching experiments, it was determined that sulfate radical (SO4−·) and hydroxyl radical (·OH) dominated the degradation process. Moreover, due to the good magnetism, ZP600 could be easily separated from liquid and showed great reusability in five-cycle reaction experiments. Surprisingly, with the cover of cage-like polyacrylonitrile (PAN) fibers, the cobalt leaching amount of ZP600 decreased by about 87%. This study would expand the application of the electrospinning process in the development of functional materials for water purification.
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1. Introduction


Recently, with the continuous development of modern industry, the treatment of refractory wastewater has become an increasingly concerning problem [1]. Dimethyl phthalate (DMP) is one of the most common plasticizers for industry use [2]. It is also a typical pollutant in refractory wastewater, which is toxic to algae, invertebrates and fish and may also affect the human endocrine system [3]. Typical biological treatment systems are greatly affected by refractory wastewater, while other processes, such as adsorption, require further treatment of the used adsorbent [4]. As is known to us, advanced oxidation processes (AOPs) are effective means of degrading refractory pollutants [5]. Traditionally, AOPs include Fenton oxidation with hydroxyl radical (·OH) as the main reactive oxygen species (ROS) and the sulfate radical-based advanced oxidation processes (SR-AOPs) with sulfate radical (SO4−·) as the main functional component [6]. With the advantages of wider pH applicability, no sludge generation, a longer radical half-life and better reagent stability, SR-AOPs have drawn great attention in recent years [7,8,9].



It has been widely reported that transition metals ions, oxides and carbon materials are effective in activating peroxymonosulfate (PMS) to generate ROS for water purification [10,11]. Among these, cobalt-based heterogeneous materials (cobalt oxides and composites) are considered to be some of the most effective activators because of their high performance, lower toxicity and reusable potential [12,13,14]. Anipsitakis et al. used commercial Co3O4 to activate PMS to degrade 2,4-dichlorophenol (2,4-DCP), and 85.2% of DCP could be removed in 30 min [15]. Chen et al. successfully synthesized nano-Co3O4 with a small average particle size (20 nm), high specific surface area (18 m2/g) and high catalytic degradation efficiency (100% of acid orange 7 was removed within 30 min) [16]. Recently, metal organic frameworks (MOFs), especially cobalt-containing MOFs, have been well developed as activators of PMS because of their regular particle size and high specific surface area, including pristine MOFs, MOFs-derived metal oxides and composites [17,18,19]. Studies have shown that the doping of carbon and nitrogen in metal catalysts helps to improve the dispersity of metal species and accelerate electron transfer, thus further improving the reaction efficiency [20,21]. Fortunately, polyacrylonitrile (PAN, (C3H3N)n), with rich carbon and nitrogen, can be used as a substance for electrospinning to develop catalysts by converting spinning precursors (polymer liquid mixture) into one-dimensional nanofibers using the electric field force [22]. It was reported that one-dimensional ZIF-67&PAN fibers (ZIF for zeolitic imidazole framework) were successfully synthesized by the electrospinning process for PMS activation [23]. With cubic ZIF-67 crystals uniformly immobilized on PAN fibers, the catalyst was easy to separate and reuse and showed good contaminants (acid yellow 17, tetracycline and bisphenol A) degradation performance under acidic conditions. Although the separation of catalysts was no longer a problem in that work, the stability and cobalt leaching of pristine MOF (ZIF-67) were not considered. It was reported that ZIFs were quite unstable under acidic conditions [24]. Moreover, metals in pristine MOFs were not as stable as the metals in calcined carbon materials, thus facing a greater risk of cobalt leaching in application. It was demonstrated that the cobalt leaching of Co3(BTC)2 (a pristine MOF, BTC for benzene-1,3,5-tricarboxylic acid) could reach 105.2 mg/L, while its calcined derivative only leached 0.5 mg/L [25]. Inspired by the above, we believe that it is feasible to develop efficient and stable MOF-based carbon materials by applying an electrospinning–calcination process and simultaneously control the leaching of cobalt from MOF. The novelty of this work was that electrospinning as a novel technique was combined with calcination to improve the catalytic activity of ZIF-67 and control the cobalt leaching from it. Catalytic properties of catalysts synthesized at different calcination temperatures were evaluated. Moreover, multiple characterization methods were applied to analyze the probable mechanism of cobalt leaching reduction.



In this work, electrospinning was adopted as a method to enrich the content of carbon and nitrogen in a ZIF-67 (a cobalt-containing MOF) derived catalyst, and PAN was selected as the substrate of electrospinning. The aims of this study were to (1) develop novel cobalt-contained PMS activators by the electrospinning–calcination process and characterize the morphology and surface properties of the synthesized products; (2) evaluate the performance of ZP600 in PMS activation and investigate factors affecting the degradation process, including PMS dosage, initial pH, catalyst dosage and concentration of contaminant; (3) propose a probable activation mechanism of ZP600 and determine the dominated ROS in the system by quenching experiments; and (4) evaluate the reusability and cobalt leaching of the synthesized catalyst.




2. Materials and Methods


2.1. Chemicals


Co(NO3)2·6H2O, 2-methylimidazole (2-MeIM), potassium peroxymonosulfate (2KHSO5·KHSO4·K2SO4), N,N-dimethylformamide (DMF) and polyacrylonitrile (PAN, MW = 150,000) were purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Anhydrous methanol (MeOH), anhydrous ethanol (EtOH), sodium hydroxide (NaOH), nitric acid (HNO3), hydrochloric acid (HCl), acetonitrile, tert-butyl alcohol (TBA), furfuryl alcohol (FFA) and dimethyl phthalate (DMP, >99%) were obtained from Aladdin Chemical Co., Ltd. (Shanghai, China). Ultrapure water (18.2 MΩ·cm) was used in all experiments. All the reagents were used directly without further purification.




2.2. Sample Preparation


2.2.1. Preparation of ZIF67


ZIF-67 was synthesized by an improved hydrothermal method [26]. Typically, 0.225 g Co(NO3)2·6H2O was dissolved in 6 mL of ultrapure water. Then, 2.75 g 2-MeIM in 40 mL of water was added to the above solution with stirring for 15 min at 60 °C. The mixture was kept at 60 °C for 20 h. The products were collected by centrifugation (5000 rpm, 5 min) and washed three times with ultrapure water and anhydrous methanol, respectively. The resulting sample was dried at 60 °C.




2.2.2. Preparation of ZP400/600/800 and Z600


In total, 0.8 g PAN was dissolved in 5 mL of DMF with stirring for 4 h. Then, 0.6 g ZIF-67 was added to the solution with stirring for another 4 h to obtain the uniform electrospinning precursor. The precursor was filled in a 5 mL syringe for the electrospinning process, which was carried out by applying a high positive voltage (15 kV). The distance between the needle tip and collector was 15 cm, and the injection speed was 0.1 mm/min. Aluminum foil was used to collect the electrospinning membrane. Finally, the collected membrane was heated to 400/600/800 °C for 2 h in an N2 atmosphere with a ramp rate of 5 °C/min and then was cooled down to room temperature naturally. The resulting products were named ZP400/600/800 and ground into a powder for subsequent use. In addition, Z600 was synthesized by applying the same heating procedure to ZIF-67 powder. The schematic diagram of material synthesis was shown in Scheme 1.





2.3. Characterization


The fabricated materials were characterized by several methods. Field emission scanning electron microscopy (FESEM) images were obtained on a Hitachi SU8020. Transmission electron microscopy (TEM) images were gained on a FEI Tecnai G2 F30. X-ray diffraction (XRD) patterns were analyzed by a D8 ADVANCE diffractometer (Brucker, Billerica, MA, USA). X-ray photoelectron spectrometry (XPS) spectra were analyzed by an escalab 250Xi (Thermo, Waltham, MA, USA). The magnetic property was measured on a Lake Shore 7404 vibrating sample magnetometer (VSM, Lake Shore, Columbus, OH, USA).




2.4. Catalytic Degradation of DMP


The degradation experiments were carried out in 250 mL beakers with 100 mL DMP solution at room temperature (controlled by an air condition system at 25 ± 2 °C). HNO3 (0.1 mM) and NaOH (0.1 mM) were used to adjust the initial pH of DMP solution. Firstly, certain amounts of catalysts were added to the above solution for 30 min to achieve the adsorption/desorption equilibrium between the contaminant and catalyst. Then, PMS at a set amount was added to initiate the reaction. Magnetic stirring at a rate of 400 rpm was applied in the whole process of experiments. Samples (1 mL) were taken at set time intervals and quenched with 0.5 mL of methanol immediately. After filtering with 0.22 μm filters, samples were measured by an ultra-high-performance liquid chromatograph (UHPLC, Waters) equipped with a UV-Vis detector (Waters, detection wavelength: 224 nm) and a C18 column (Waters, 5 μm, 4.6 mm × 250 mm) to determine DMP concentration with the mobile phase consisting of acetonitrile/water (v/v, 60/40) at a flow rate of 0.2 mL/min. Samples were taken at set time intervals and filtered with 0.45 μm filters for the determination of cobalt leaching and total organic carbon (TOC). The concentrations of cobalt ion leaching were analyzed by an iCAP7000 series inductively coupled plasma optical emission spectrometer (ICP-OES, Thermo, Waltham, MA, USA). The detection wavelength of ICP-OSE was 228.6 nm and the working gas was argon. TOC values of samples were measured by a TOC analyzer (SHIMADZU, TOC-L). All experiments were performed at least two times to eliminate errors, and average results with standard deviation (error bars) were displayed in this work.





3. Results and Discussion


3.1. Characterization


SEM was applied to characterize the morphology of synthesized materials in this work. The uniform dodecahedral crystals shown in SEM image (Figure 1a) indicated the successful synthesis of ZIF-67. After calcination at 600 °C, the surface of ZIF-67 was wrinkled, as shown in the SEM image of Z600 (Figure 1b). The SEM image (Figure 1c) of ZP400 displayed a rough surface of the electrospinning–calcination material. While in ZP800 (Figure 1d), the coverage of ZIF-67 by PAN fiber was limited, and there was a risk of cobalt exposure. SEM images (Figure 1e,f) of ZP600 exhibited that PAN fibers covered carbonized ZIF-67 entirely and uniformly like a cage after electrospinning–carbonization processes. Wang et al. and Guo et al. both successfully synthesized ZIF-67&PAN fibers by electrospinning process, however, their product showed that many ZIF-67 cubes were fixed on a single PAN fiber, which was different from this study [23,27]. It can be speculated that the cage-like structure in ZP600 may have the effect of hindering cobalt leaching, which would be confirmed in the subsequent experiments.



FTIR was applied to analyze the surface functional groups of the synthesized products. The pattern of ZIF-67 was consistent with the previous report [28]. The peaks of 600–1500 cm−1 in the spectrum (Figure 2) of ZIF-67 were caused by the stretching and bending modes of the imidazole ring. The peak at 1448 cm−1 was generated from the stretching of C=N bond in 2-MeIM. The peaks at 2929 and 3135 cm−1 were attributed to C-H bonds [29]. Moreover, it was noticed that ZP400 showed a similar pattern to ZIF-67, and there was no obvious characteristic peak of 2-MeIM in the patterns of ZP600 and ZP800. This result indicated that the structure of ZIF-67 may not have been completely destroyed when the calcination temperature was 400 °C, which was further confirmed by the subsequent XRD analysis. Furthermore, peaks at 664 and 578 cm−1 in the pattern of ZP800 were caused by the Co-O bond [30].



XRD was applied to further investigate the crystallographic structures of synthesized products. From the XRD pattern (Figure 3a) of ZIF-67, it can be seen that the peaks of the synthesized ZIF-67 perfectly matched with the previous report, which further proved the successful synthesis of ZIF-67 crystals [31]. The characteristic peaks of ZP400 were in accordance with ZIF-67, which indicated that the crystal structure of ZIF-67 was well maintained during calcination at 400 °C. From the XRD patterns (Figure 3b) of ZP600, ZP800 and Z600, it could be seen that all of them showed the characteristic peaks of the cobalt phase (JCPDS No. 15-0806), and pattern diffraction peaks at 44.2°, 51.5° and 75.8° corresponded to the (1, 1, 1), (2, 0, 0) and (2, 2, 0) crystal facets of the cobalt phase, respectively [32]. Furthermore, the peak at 26.5° was attributed to graphitic carbon in ZP600 and ZP800 [33], and that peak was missing in the pattern of Z600, which indicated that the peak of graphitic carbon was mainly caused by the carbonized PAN fibers rather than carbonized ZIF-67. In addition, it was noticed that when the carbonization temperature increased from 600 °C to 800 °C, the characteristic peaks of both cobalt phase and graphitic carbon were enhanced, indicating that the crystallization degrees were improved. That trend was consistent with the previous report [34]. In addition, peaks at 36.5° and 42.4° in the pattern of ZP800 could be assigned to (1, 1, 1) and (2, 0, 0) planes of CoO crystal lattice, which was consistent with the FTIR results [35], while the peak at 47.4° in Z600 was caused by the (1, 0, 1) crystal facet of hexagonal close packed (HCP) cobalt [36]. Compared with Z600, the intensities of cobalt peaks in ZP600 were much weaker. This result also suggested that ZP600 may have less cobalt leaching due to the cover of the cage-like PAN fibers, which was confirmed later in this work.



TEM and energy dispersive spectroscopy (EDS) were carried out to further characterize the internal structure and element distribution of ZP600. From the TEM images (Figure 4a) of ZP600, it can be seen that the cage-like PAN fiber structure spread uniformly all over the composite, which further indicated the effect of binding cobalt leaching. The element mapping results (Figure 4b–f) showed that C, N, O and Co were distributed uniformly in ZP600, and the EDS result showed that the atomic ratio of C:N:O:Co in ZP600 was 88.37:3.40:2.90:5.34.



XPS was applied to analyze the surface elements composition of the synthesized ZP600. From the image of the wide-range XPS spectrum (Figure 5a), we noticed that there were four main peaks. They were C 1s, N 1s, O 1s and Co 2p, with the relative contents of 79.6%, 12.2%, 6.6% and 1.6%, respectively. It was reported that the relative contents of C, N, O and Co in ZIF-67 derived Co-N-C material (ZIF-67 powder calcined in nitrogen atmosphere at 600 °C) were 83.01%, 6.46%, 7.46% and 3.07% respectively [37]. Obviously, the content of nitrogen in the catalyst was significantly improved after applying the electrospinning process, and it was also rich in carbon, which was consistent with our assumption. It can also be seen from the N 1s XPS spectrum (Figure 5b) that peaks located at 398.37, 399.07, 400.17 and 404.48 eV corresponded to pyridinic N (37.5%), pyrrolic N (3.3%), graphitic N (49.4%) and oxidized N (9.8%), respectively [38]. Besides, it has been reported that Co 2p peaks may be weakened due to the cover layer on the surface of ZIF-67 derived cobalt-containing carbon [39]. In this work, the PAN fiber may play the same role as a cover layer that weakens the Co 2p peak. Thus, it can be speculated that the actual content of cobalt might be slightly higher. The Co 2p spectrum (Figure 5c) was analyzed to determine the existing forms and relative contents of cobalt on the surface of ZP600. Peaks at 778.3/793.3 eV (19.4%), 781.9/797.6 eV (43.1%) and 780.1/795.5 eV (37.5%) corresponded to Co0, Co(II) and Co(III), respectively [40,41]. The spectrum indicated that Co(II) and Co(III) were the main forms of cobalt on the surface of ZP600. As shown in the Co 2p spectrum of ZP800 (Figure 5d), the contents of Co0, Co2+ and Co3+ on the surface of ZP800 were 7.8%, 37.3% and 54.9%, respectively. It was noticed that when the calcination temperature increased from 600 °C to 800 °C, the content of Co0 decreased and the content of Co3+ increased. This could be evidence that ZP800 had a higher oxidation degree than ZP600, which was consistent with the above characterization results.




3.2. Degradation of DMP


3.2.1. Performance of ZP400/600/800 and Z600


ZP400, ZP600 and ZP800 were made originally from ZIF-67&PAN nanofibers carbonized at different temperatures. Their catalytic properties were investigated by batch experiments of activating PMS to degrade DMP. In terms of adsorption capacity (Figure 6), 1.1%, 8.5% and 30.3% of DMP were removed by ZP400, ZP600 and ZP800 in 30 min, respectively. Results showed that the adsorption capacities of the materials were greatly improved with the increase of carbonizing temperature in this work. A similar tendency was reported in nitrogen-doped mesoporous carbon materials by Li [42], and it has been reported that the specific surface area of ZIF-67 derived carbon materials increased when the calcination temperatures were 550 °C, 600 °C and 800 °C (159.95, 398.14 and 422.44 m2/g to 550 °C, 600 °C and 800 °C, respectively), which was similar to this work [34]. The improvement of the specific surface area of materials led to the improvement of adsorption capacity. After adding PMS, the total degradation efficiencies of DMP in 60 min were 69.2%, 85.9% and 32.4% for ZP400, ZP600 and ZP800 respectively. The DMP was hardly degraded in the group without any catalyst. For ZP800, the small difference between adsorption efficiency (30.3%) and total degradation efficiency (32.4%) implied low catalytical ability, which could be ascribed to the complete decomposition of the ZIF-67 structure above 700 °C [34]. Among all catalysts, ZP600 had the best catalytic degradation performance. Therefore, 600 °C was selected as the optimal carbonizing temperature for subsequent research. Besides, the pristine ZIF-67 powder treated by the same calcination procedure at 600 °C was named Z600. Comparing with ZP600, Z600 showed a poor adsorption capacity. Only 3% of DMP was removed by adsorption of Z600. As for catalytic performance, Z600 showed a good removal rate in the first 10 min, but the degradation efficiency remained stable with a maximum removal of 75% in the end. Therefore, the loading of PAN fibers before the calcination process did play an important role in improving the catalytic activity in this work.




3.2.2. Effect of Initial pH


Several factors affecting the catalytic degradation of DMP by PMS/ZP600 were studied. As can be seen from Figure 7a, the initial pH slightly affected the adsorption capacity of ZP600. With the increase of initial pH, the adsorption capacity also gradually increased. When the initial pH values were 7.5, 8.5, 9.5 and 10.5, the adsorption rates of DMP were 5.0%, 6.5%, 8.0% and 10%, respectively. This may be due to the fact that the electrical properties of DMP molecules were changing with the adjustment of the initial pH [43]. When the pH of the solution was less than 8.59, DMPs were electrically neutral molecules [44]. When the pH0 was higher than 8.59, DMPs changed to negatively charged molecules. It could be predicted that when the solution pH increased gradually, negatively charged DMP molecules were more likely to form electrostatic attraction with catalysts containing metal ions on the surface, thus increasing the adsorption capacity of ZP600. Meanwhile, the initial pH had little effect on the final efficiency of DMP degradation. When initial pH values were set at 7.5, 8.5, 9.5 and 10.5, the final removal efficiencies of DMP were 88.2%, 86%, 89.9% and 90.4%, respectively. This implied that ZP600 could be potentially applied in a wide range of pH0. A similar phenomenon was reported by Zhang et al., and the ZIF-67 derived Co3O4/C@SiO2 yolk-shell nanoreactors showed good adaptability to initial pH varying from 7 to 10 in the catalytic degradation of bisphenol A [39]. Moreover, the kinetics of the reaction were also studied. It was reported that the degradation of DMP by PMS accorded with the first-order reaction kinetic model [45,46]. The reaction kinetic constant k was calculated according to Equation (1).


  ln    C t     C 0    = − k t  



(1)




where Ct and C0 (mg/L) were the sampling time and initial concentration of DMP, k (min−1) was the rate constant, and t (min) stood for time. In this part, when the initial pH values were 7.5, 8.5, 9.5 and 10.5, the rate constants were 0.114, 0.106, 0.112 and 0.145 min−1, respectively. It was noticed that the rate constants changed slightly with a different initial pH, which was consistent with changes in removal efficiency.




3.2.3. Effect of Catalyst Dosage


Obviously, with the increase of catalyst dosage, the adsorption rate of the contaminant also increased proportionally (Figure 7b). When the catalyst dosages were 0.05, 0.10, 0.15 and 0.20 g/L, the adsorption rates of DMP were 4.9%, 9.0%, 12.5% and 16.7%, respectively. In Xu’s work, a similar trend was reported that the adsorption of DMP increased with the increase of the dosage of graphene-based CoFe2O4 [2]. This could be attributed to the fact that adsorption sites increased with the increase of catalyst dosage, resulting in an increase in adsorption capacity. In the degradation section, the removal efficiencies were 76%, 86%, 64.3% and 51.6% when the dosages were 0.05, 0.10, 0.15 and 0.20 g/L, respectively. And the degradation rate constants were also calculated, turning out to be 0.094, 0.106, 0.077 and 0.044 min−1, respectively, in the order of the increase of the input of catalysts. It was noticed that both the rate constant and removal efficiency of DMP were limited when the catalyst dosage was low (0.05 g/L). This problem could be simply solved by increasing the dosage to 0.10 g/L, thereby increase the number of catalytic active sites. However, when the dosage increased to 0.15 and 0.20 g/L, both the rate constant and removal efficiency began to drop. This phenomenon was reported as diffusion limitation, which occurred when the catalyst dose was further beyond the optimal value [47].


SO4−· + HSO5− → SO5−· + HSO4−



(2)






2SO4−· → S2O82−



(3)




Specifically, when a large amount of sulfate radicals was generated in a short time, side reactions would occur, such as the reaction between SO4−· and HSO5−, resulting in the formation of SO5−·, which had a lower oxidizability (Equation (2)). Furthermore, the self-quenching reaction of SO4−· would also occur (Equation (3)), which led to a waste of ROS. According to Zhang’s report, in the PMS/CuFe2O4 system, when the dosage of catalyst exceeded the optimal value (0.5 g/L), both the reaction rate constant and the removal efficiency of the pollutant (iopromide) decreased obviously [48]. Therefore, the degradation efficiency was not always positively related to the input of catalyst, and the optimal dosage varied with materials.




3.2.4. Effect of PMS Dosage


The effects of PMS dosage were also studied to determine the optimum reaction condition. It was noticed (Figure 7c) that when the PMS dosage was 0.25 mM, only 48% of DMP could be removed after the reaction. This may be due to the fact that the amount of oxidant was not sufficient to remove more contaminants. When the PMS input increased to 0.5 mM, the removal efficiency of DMP improved to 86%. Furthermore, 98% of DMP could be removed in 30 min when the PMS dosage increased to 0.75 mM. Therefore, further increasing the dosage of PMS had no significant effect on the removal of contaminant. Furthermore, the removal efficiency of 1 mM PMS input was 99.3%. A similar trend was also observed in the rate constant results. The k value increased rapidly from 0.048 to 0.106 and 0.236 min−1, when the PMS dosage increased from 0.25 to 0.5 and 0.75 mM. Likewise, it showed little growth (0.236 to 0.249 min−1) when the dosage increased from 0.75 to 1 mM. This phenomenon was consistent with most reports in this field. Dai et al. developed a novel ZIF-8/ZIF-67 derived Co/N co-doped carbonaceous polyhedron for PMS activation [49]. In that work, when the dosage of PMS reached 0.2 g/L, the removal efficiency of contaminant (Orange II) would no longer increase, and the growth of the degradation rate constant also slowed down. A similar result was obtained for the catalytic degradation of Rhodamine B by a NiO-NiFe2O4-rGO magnetic nanomaterial, which showed that the removal rate remained almost unchanged when the PMS dosage increased from 1.0 to 2.5 g/L [50]. Therefore, in the practical application of SR-AOPs, the optimal dosage of reagents is worth investigating.




3.2.5. Effect of DMP Concentration


The degradation of DMP with different concentrations was studied by batch experiments. As can be seen from Figure 7d, for different initial DMP concentrations, the adsorption rates were all within 10%, but the removal efficiencies of catalytic section showed obvious differences. When the initial concentrations of DMP were 3, 6, 9 and 12 ppm, the removal efficiencies were 97%, 84%, 71% and 55%, respectively. With the increase of the initial concentration of DMP, its removal efficiency decreased gradually. When the initial concentration was 3 ppm, 94% of DMP could be removed in 20 min. However, when it increased to 12 ppm, the removal efficiency of the whole reaction was only 55%. This phenomenon was attributed to the fact that the amount of PMS added was not enough for the degradation of contaminant when the concentration of pollutant was high [51]. This result was in agreement with Xu’s report of a graphene-based CoFe2O4/PMS system in the catalytic degradation of DMP [2]. In that work, when the concentration of DMP increased from 12 to 20 ppm, the removal efficiency decreased by about 10%. Moreover, in this work, when the concentrations were 3, 6, 9 and 12 ppm, the net removal amounts of DMP were 2.9, 5.0, 6.4 and 6.6 ppm, respectively. This implied that the utilization efficiency of ROS increased with the increase of pollutant concentration [52].





3.3. Probable Mechanism and Reusability


Quenching experiments were carried out to investigate the activation mechanism in ZP600/PMS system. It was widely acknowledged that ·OH and SO4−· would be generated in the activation of PMS by cobalt-based carbon materials [38,39]. As previously reported, TBA was mainly used to quench ·OH, while ethanol had a strong quenching effect on both ·OH and SO4−· [39]. In addition, FFA was used as a quencher of 1O2 according to previous reports [53]. When the concentrations of TBA were 1 and 5 mM (Figure 8a), DMP removal efficiencies decreased by 16% and 52%, respectively. When 1 and 5 mM ethanol were added into the system, the removal efficiencies of the contaminant decreased by 44% and 69%, respectively. And the degradation efficiencies of FFA-added groups had no significant change. Therefore, it was found that radicals (·OH and SO4−·) were generated and played a leading role in the degradation of contaminant in this work.



To further elaborate on the mechanism of degradation, XPS was applied to explore the changes in the valence of cobalt on the surface of ZP600 after reaction. In the image (Figure 8b) of Co 2p, peaks located at 778.6/794.8 eV (14.0%), 782.6/797.8 eV (42.1%) and 780.9/796.5 eV (43.9%) corresponded to Co0, Co(II) and Co(III), respectively [40,41]. This indicated that the relative content of Co0 on the surface of ZP600 decreased slightly after reaction, which was 19.4% before the reaction, and the ratio of Co(II)/Co(III) on the surface of ZP600 decreased slightly (from 1.15 to 0.96) after the reaction.



According to the results and previous reports [38], the probable mechanism of the cobalt-containing carbon catalyst reacting with PMS in this work might be as follows (Equations (4)–(9)):


Co0 + 2HSO5− → Co2+ + 2SO4−· + 2OH−



(4)






Co2+ + HSO5− → Co3+ + SO4−· + OH−



(5)






Co3+ + HSO5− → Co2+ + SO5−· + H+



(6)






Co0 + 2Co3+ → 3Co2+



(7)






SO4−· + OH− → ·OH + SO42−



(8)






SO4−·/·OH + DMP → intermediates + H2O + CO2↑



(9)




Simply, Co0 and Co2+ of ZP600 were oxidized by HSO5− to generate SO4−· and higher valence cobalt (Co2+ and Co3+, respectively) (Equations (4) and (5)). At the same time, Co3+ reacted with HSO5− to create SO5−· and Co2+ (Equation (6)). Moreover, Co0 and Co3+ could react with each other to form Co2+ (Equation (7)), and the generated SO4−· can further react with OH− in the solution to yield ·OH and SO42− (Equation (8)). Finally, all the generated reactive species oxidized the template contaminant DMP to intermediates and mineralization products (Equation (9)). The TOC removal efficiency in the process was 65%, which further proved the mineralization of the contaminant (Figure 9a). In addition, it has been widely reported that the catalytic performance was positively related to the amount of doped nitrogen [54,55]. As reported, all species of nitrogen except oxidized N could promote the catalytic activity of the catalysts [56]. Due to the strong electronegativity of graphite N, a positive charge would be induced on its adjacent carbon, thus promoting the adsorption of PMS molecules on the catalyst [57]. In addition, pyrrolic N and pyridinic N with lone-pair electrons could provide Lewis base sites to promote the adsorption of pollutants and donate electrons to PMS for radical generation [58,59].



The cobalt leaching in the system of ZP600/PMS was analyzed by ICP-OES. From Figure 9b, it can be seen that the concentration of cobalt ion increased from 0.58 mg/L in the first 10 min to 1.12 mg/L in the end. In order to compare with ZP600, cobalt leaching in the Z600/PMS system was also detected. It was found to be 7.2 mg/L in 10 min and 8.8 mg/L in the end. Results showed that ZP600 greatly reduced the cobalt leaching, and the leaching amount decreased by about 87%. In addition, cobalt loading on the catalyst and the cobalt leaching rate were also determined by aqua regia digestion and ICP test. Simply, 10 mg of a certain catalyst was digested in 25 mL of aqua regia at 170 °C for 30 min. After that, the residual liquid was diluted to a final volume of 1 L with ultrapure water for ICP test. The cobalt loadings of the catalysts were calculated according to the following equation:


   Cobalt   loading   ( % ) =     measured   cobalt   concentration    ( mg / L ) ×    1   L     10   mg    × 100 %  



(10)




The cobalt leaching rate referred to the ratio of cobalt leached after the reaction to cobalt loaded on the material, which was calculated with the following equation:


   Leaching   rate   ( % )  =    cobalt   leaching   amount   ( mg / L )    ×    0   . 1   L     cobalt   loading   ( % )  ×    10   mg    × 100 %  



(11)




In Equation (11), 0.1 L referred to the volume of the reaction system, and 10 mg was the dosage of catalyst in the reaction. The cobalt loadings of ZP600 and Z600 were 15.1% and 40.2%, respectively. Through the combined calculation of cobalt leaching amounts and cobalt loadings, it was noticed that about 21.9% of cobalt in Z600 was leached in 60 min, while only 7.4% of cobalt in ZP600 was leached, which further proved that ZP600 had the potential to reduce cobalt leaching. It has been reported that the cobalt leaching of cobalt-containing catalysts would sharply reduce when the surface of the catalyst was covered by a covering layer [39]. In this work, the reduction of leaching was due to the cage-like cover of PAN fibers on the ZIF-67.



Five rounds of batch experiments were carried out to evaluate the reusability of ZP600. The catalysts could be magnetically separated (insert in Figure 9c) and reused in the next round experiment without further treatment. The hysteresis loop of ZP600 was in Figure 9c. As shown in the image (Figure 9d), the catalytic performance of ZP600 was quite stable in the first three experiments, with degradation efficiencies of 87%, 87% and 86%, respectively. However, the removal efficiencies of the fourth and fifth cycles were 83% and 77%, respectively, which decreased slightly. In addition, the cobalt leaching amount after each cycle were 1.12, 0.82, 0.48, 0.16 and 0.09 mg/L, respectively. The decrease of catalytic performance might be ascribed to the loss of catalysts during reaction, recycling and sampling processes [48]. Moreover, the change of the Co(II)/Co(III) ratio in the catalyst detected by XPS may also lead to a loss of catalytic activity gradually.





4. Conclusions


In summary, we applied electrospinning as a technique to synthesize a cobalt-based PMS activator that was rich in carbon and nitrogen. The synthesized ZP600 showed great performance (90.4% removal rate was achieved in 60 min) in degrading DMP under a wide range of pH in a radical-dominated mechanism. Due to the good magnetism, ZP600 could be easily separated from water and showed great stability in five-cycle experiments. Radicals were identified as the main ROS to degrade pollutants. To our surprise, it was found that PAN nanofibers could largely reduce cobalt leaching by about 87% from the catalyst. This work would not only extend the application of the electrospinning technique for water purification but also give inspiration for researches aiming to control the leaching of harmful substances.
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Scheme 1. Illustration of the preparation process of ZP400, ZP600 and ZP800. 
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Figure 1. SEM images of (a) ZIF-67, (b) Z600, (c) ZP400, (d) ZP800 and (e,f) ZP600. 
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Figure 2. FTIR patterns of ZIF-67, ZP400, ZP600 and ZP800. 
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Figure 3. XRD patterns of (a) ZIF-67, ZP400, (b) ZP600, ZP800 and Z600. 
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Figure 4. (a) TEM image of ZP600; (b–f) elemental mapping revealing the elemental distribution of C, N, O and Co in ZP600. 
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Figure 5. The wide-range XPS spectrum (a), N 1s spectrum (b) and Co 2p spectrum (c) of ZP600; (d) Co 2p spectrum of ZP800. 
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Figure 6. DMP degradation efficiency in different reaction systems within 60 min. Reaction conditions: initial pH = 8.5, catalyst = 0.1 g/L, PMS = 0.5 mM, and DMP = 6 ppm. 
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Figure 7. Effects of different initial pH (a), catalyst dosage (b), PMS dosage (c) and DMP concentration (d) on the DMP removal efficiency. Reaction conditions: initial solution pH = 8.5 (for b–d); catalyst = 0.1 g/L (for a,c,d); PMS = 0.5 mM (for a,b,d); DMP = 6 ppm (for a–c). 
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Figure 8. (a) Effects of radical scavengers on DMP degradation. (b) Co 2p XPS spectra of the ZP600 after reaction. Reaction conditions: initial solution pH = 8.5, catalyst = 0.1 g/L, PMS = 0.5 mM, and DMP = 6 ppm. 
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Figure 9. (a) Removal efficiency of TOC in the ZP600/PMS/DMP system; (b) Leaching of cobalt ions in the degradation process; (c) Magnetic hysteresis loops of ZP600; (d) Removal efficiency of DMP in multiple uses of ZP600. Reaction conditions: initial solution pH = 8.5, catalyst = 0.1 g/L, PMS = 0.5 mM, and DMP = 6 ppm. 
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