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Abstract

:

The ion exchange resin is mainly composed of carbon, and it can form carbon material after calcination in the isolation of oxygen. Meanwhile, the nitrogen doping of metal-based carbon materials has attracted extensive attention in activating peroxymonosulfate (PMS) to produce active groups in the degradation of refractory organic pollutants. In this study, the used D001 resin served as the source of carbon material and catalyst carrier, cobalt ions adsorbed by impregnation, and then mixed with dicyandiamide and carbon balls formed by calcined (N-Co/D001CB). After nitrogen doping, cobalt exists in the form of cobalt sulfide with high crystallinity, and the serious problems of skeleton shrinkage and internal blockage are significantly alleviated. Under certain catalytic reaction conditions, the degradation rate of ibuprofen in one hour was more than 95%, which was significantly higher than that of cobalt. Finally, quenching experiments found that SO4−· is the main pathway for pollutant degradation, followed by ·OH, and there also exists the contributions of ·O2− and 1O2. In summary, the catalyst was prepared easily and had efficient catalytic activity, but it also recycled its resources with a low disposal cost of used D001CB, realizing the purpose of recycling waste materials and applying them in pollutant treatment.
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1. Introduction


Ibuprofen, as a kind of pharmaceutical and personal care product (PPCP), is widely used and discharged into the environment, and it tends to be persistent, as well as bioaccumulated organic pollutants due to its poor self-decomposition ability, which is doubtless harmful to the ecological environment and human health [1,2,3]. However, PPCPs are hard to separate or degrade by traditional treatment methods and often use advanced oxidation processes (AOPs) instead, such as O3, Fenton, Fenton-like, and photocatalysts [4,5,6]. Among them, activating PMS by heterogeneous catalyst materials to produce sulfate radicals (SO4−·) has a splendid effect on the removal of refractory pollutants [7,8]. In the process of activating PMS to degrade organic matter, a variety of radical or nonradical active components can be produced, and the contribution degree varies. In radical systems, SO4− · often plays the largest role, while 1O2 is a nonradical function, which regularly depends on completely different activation methods and catalyst materials [9,10,11].



Many carbon materials, such as carbon nanotubes (CNTs) [12], reduced graphene oxides (rGOs) [13], biochars [14], and nitrogen/sulfur-doped carbon [15], due to their large surface area, good stability, good inherent properties, abundant sources, and low price, have attracted extensive attention [16], and they are often combined with transition metals to synthesize heterogeneous supported catalysts in the activation of PDS/PMS [17]. In various heterogeneous transition metal-connected catalysts, metal cobalt has a high standard electrode potential and is close to that of PMS [18], the preparation of cobalt-containing oxides [19], sulfides [20], and hydroxides [21]. or composites with other materials have an excellent ability to activate PMS [22,23]. Significantly, cobalt-supported carbon material often plays an advantage in the interaction between metal and carrier to promote catalytic activity with low dissolution of cobalt ions [24]. D001 resin, consisting of -SO3H groups regarded as a source of carbon material, has a favorable ability for ion exchange [25], which efficiently achieves the purpose of metal ion separation in water and forms a spherical structure after calcining. The used D001 resin that adsorbed the calcium or magnesium ions in the soft water treatment was selected as the carrier to prepare the catalyst, so that it greatly reduces the disposal cost of the used D001 resin as well as realizes its resource utilization. Unfortunately, in previous published studies [26], carbonized material still has serious problems with shrinkage of the resin skeleton and blockage of internal pores, which inevitably affect its catalytic performance and utilization ratio of metal components. Studies have found that nitrogen-doped metal-based carbon materials realized from the dicyandiamide (DCD) pyrolysis process can control the agglomeration of internal mental particles and form rich metal nitrogen sites [27], as well as increase the specific surface area of materials [28,29], which may be a certain reference value for responding to the above problems.



Over the years, nitrogen-doped carbon materials composed of active parts and supports have been widely studied. Combined with the application of transition metal-based carbon materials in advanced oxidation processes, nitrogen species can enhance the dispersion and stability of metal on materials [3] and modify their oxidoreduction properties. Relevant analysis has shown that the Lewis basic sites in carbon catalysts possess a superior capability to redox procedures [30]; meanwhile, existing N species (such as graphitic N, pyrrolic N, and pyridinic N) will break the structural inertia of the carbon used for electron transfer, improve the electronic state of the carbon catalyst associated with the electron acceptor molecule, and help improve the catalytic performance [2,31]. However, the separation and recycling of catalysts continues to be a vital downside when they eventually enter the water reaction system in the form of powder. This is an urgent problem to be solved, which also limits its application in practical engineering.



Given the above discussion, nitrogen-doped and cobalt-based carbon materials indeed have a great catalytic effect on activating PMS, and the design of a nitrogen-doped cobalt-supported used D001 resin carbon ball catalyst was expected to address the disposal problems of used D001 resin and resource utilization, material finalization, synchronous nitrogen doping, as well as overcoming the serious shrinkage of the skeleton and blockage of pores. Relevant experiments found that, among several nitrogen-containing substances, the mixed sintering of DCD and resin improved its specific surface area and catalytic activity and realized nitrogen doping of the material. In this study, the used D001 resin acted as the carbon source and the carrier of metal cobalt. When cobalt ions were adsorbed and mixed with DCD, a black carbon ball catalyst formed after being calcined in a tubular furnace for several hours. The morphology, composition, and valence of the elements were studied through relevant characterization, and their catalytic activity was investigated through a degradation experiment of ibuprofen by activating PMS. The effects of other experimental conditions on the degradation process and the stability of the materials were discussed. Next, the degradation mechanism and the causes of the assorted influencing factors were analyzed through radical quenching experiments combined with relevant EPR characterization and existing research analysis. Finally, the degradation path of IBU was inferred according to LC-MS analysis and combined with relevant studies. Overall, the composite carbon material catalyst based on the used D001 resin can mitigate its disposal and resource waste problems and can be used as a reference for resource utilization of waste carbon materials.




2. Materials and Methods


2.1. Materials and Instruments


	(1)

	
Main drugs and reagents: Used D001 resin (Jinkai resin company, Yancheng, China), Dicyandiamide (DCD, CAS: 461-58-5, AR, Yatai chemical reagent), Ibuprofen (IBU, CAS: 15687-27-1, Shanghai aladdln biochemical technology), Peroxymonosulfate (KHSO5, CAS: 70693-62-8, 45%, Sinopharm chemical reagent), Cobalt nitrate hexahydrate (CAS: 10026-22-9, AR, Sinopharm chemical reagent), Phosphoric acid (CAS: 7664-38-2, AR, Sinopharm chemical reagent), Methanol (MeOH, CAS: 67-56-1, AR, Sinopharm chemical reagent), Acetonitrile (CAS: 75-05-8, BR, TEDIA), Ethanol (Eth, CAS: 64-17-5, AR, Sinopharm chemical reagent), Tert butyl alcohol (TBA, CAS: 75-65-0, AR, Sinopharm chemical reagent), L-histidine (L-his, CAS: 71-00-1, AR, Sinopharm chemical reagent), Furfuryl alcohol (FFA, CAS: 98-00-0, AR, China Huixing biochemical reagent), p-BenzoQuinone (p-BQ, CAS: 106-51-4, 99%, Shanghai aladdln biochemical technology), Sodium bicarbonate (CAS: 144-55-8, GR, Nanjing chemical reagent), Anhydrous sodium sulfate (CAS: 7757-82-6, AR, Sinopharm chemical reagent), Sodium dihydrogen phosphate (CAS: 13472-35-0, AR, Shanghai Lingfeng chemical reagent), Sodium chloride (CAS: 7647-14-5, AR, Xilong scientific and chemical experimental reagent), etc.




	(2)

	
Main instruments: Water bath thermostatic oscillator, Thermostatic drying oven, Tubular furnace, High-performance liquid chromatograph (HPLC), Total organic carbon analyzer (TOC), Liquid chromatography mass spectrometer (LC-MS), Inductively coupled plasma optical emission spectrometry (ICP-OES), Scanning electron microscope (SEM), Electron emission spectrometer (EDS), Transmission scanning electron microscope (TEM), X-ray diffractometer (XRD), Fourier transform infrared (FT-IR). X-ray photoelectron spectroscopy (XPS), Brunauer Emmett Teller (BET), and electron paramagnetic resonance spectroscopy (EPR) were performed.








2.2. N-Co/D001CB Catalyst Preparation


The used D001 resin was washed in a conical flask containing ethanol or water and oscillated for some time at an ambient temperature several times until the laundry water was clear. Then, the resin was separated from the water and dried. Next, the resin was adsorbed with a definite quantity of cobalt ions and mixed with dicyandiamide (DCD). According to a series of experimental optimizations, the following preparation methods were obtained. Adsorbing a certain amount (0.25 mmol–1.25 mmol) of Co2+ solution per gram of used resin, with a solid–liquid ratio of 1 g: 20 mL. After shaking for two hours in an oscillator, the resin was removed, regularly mixed with DCD, and then dried in an oven. The above arid resin was transferred into a tubular furnace, heated to 550 °C, and kept for 6 h at a heating rate of 5 °C/min. The carbon ball formed by calcination was N-Co/D001CB.



The content fraction of cobalt in the catalyst was marked by the theoretical calculation of the ratio of the adsorption amount of cobalt to the mass of the carbon balls. To distinguish it from other materials, the carbon ball prepared from D001 resin and sintered with a nitrogenous component under optimal conditions was named N-Co/D001CB. Similarly, according to the different components added in the preparation process, there can be the following materials: carbonized used D001 resin (D001CB), carbonized cobalt anchored used D001 resin (Co/D001CB), used D001 resin carbonized with DCD (N-Co/D001CB), used D001 resin adsorbed cobalt ion, and carbonized with DCD (N-Co/D001CB).




2.3. Characterization and Analytical Method


The characterization and analytical methods of N-Co/D001CB refer to the team’s previous studies of Co/D001CB [26].




2.4. Catalytic Activity Study


The catalytic activity of the N-Co/D001CB catalyst was tested by a degradation experiment with 10 mg/L ibuprofen (IBU) conducted in an oscillating conical flask with 50 mL of the reaction liquid. At the reaction time, a 2 mL water sample was taken and quickly filtered through a 0.22 µm filter membrane into a sample bottle containing 20 µL of methanol every 10 min and detected by HPLC under a 221 nm detection wavenumber. Based on the testing methods, the concentration of the standard solution had an extremely high linear correlation with the measured peak area, and the value of R2 was 0.9997. Pre-experiments have shown that carbon ball materials alone have little ability in the adsorption of IBU, and then catalytic activation in various systems and different kinds of N-Co/D001CB were discussed. The effects of other reaction conditions (such as catalyst loading, temperature, and pH value) were similarly explored. Simultaneously, the cobalt ion leaching and recycling of the material were also investigated under optimal conditions. A variety of capture agents are used to trap possible free radicals and non-free radicals [32,33]. Combined with EPR, the action mechanism of the active species was verified again to explain some strange experimental phenomena. Finally, the possible degradation pathway was inferred according to the main molecular weight, according to the LC-MS results.





3. Results and Discussion


3.1. Material Characterization of N-Co/D001CB Catalyst


The material morphology photograph under the characterization of SEM and the corresponding EDS element-layered images are shown in Figure 1, and their microstructure was examined by TEM (Figure 2). More surface topography and results are shown in Figure S1. There were several different features between them. The carbon ball (Figure 1a,b) was relatively intact and flat, which represents D001CB and Co/D001CB, while N-Co/D001CB has obvious rupture, and the surface became uneven (Figure 1c). It can be seen from D001CB that there are a large number of lumps and long strips distributed on the carbon ball, which are the corresponding magnesium sulfides or oxides in combination with element mapping. In contrast, the dense small particulate matter grows on the surface Co/D001CB, and it was difficult to see small pores on the surface, so the metal cobalt complex in the internal or surface formation of small particles blocks the pore channel. More importantly, a large number of granular objects attached to N-Co/D001CB with the surface structure of rupture and unevenness resulting from sintering with DCD improved its specific surface area and alleviated shrinkage of the resin skeleton, causing its rupture, which also greatly increased the distribution and exposure area of the cobalt complex in the internal carbon ball. Compared with the TEM of N/D001CB in Figure 2a, there are a lot of black spots on the N-Co/D001CB morphology according to Figure 2b, which may be the corresponding metal compound formed by metal cobalt on the carbon ball. In addition, it can be clearly found that there are many hollows in Figure 2c, signifying the pore structure on the material, and the metal cobalt components are uniformly distributed on the material.



It can be seen from the XRD patterns that all carbon sphere materials have typical amorphous carbon peaks at a 2θ value of about 23° [34,35]. When carbonized with the used D001 resin, diffraction peaks appeared at diffraction angles of 42.9° and 62.4°, which may be the magnesium oxide formed, corresponding to the (200) and (220) crystal planes of magnesium (JCPDS: 45-0946). Comparing Figure 3 with Figure S2, whether the cobalt loading materials are calcined with DCD or not, the positions of the XRD diffraction peaks are similar, and all of them have four obvious diffraction peaks. With an increase in cobalt content, their intensity increases. It is worth noting that N-Co/D001CB both had sharper and narrower peaks, and there were three additional diffraction peaks with low intensity, but Co/D001CB did not show these peaks. After crystal form analysis, the characteristic diffraction peak positions at diffraction angles at 30.5°, 35.2°, 47.7°, 54.5°, 62.3°, 66.3°, and 74.5° correspond to the crystal planes of (100), (101), (102), (110), (103), (201), and (202), respectively, on the standard card JCPDS:48-0826 and represent the material of CoS [36,37]. Above all, the resin calcined with DCD can greatly improve the crystallinity of the formed CoS instead of changing the existing form on the carbon balls, which contributes to exposing more metal-active component crystal planes in the reaction system to improve its catalytic performance.



The element valence and content of the prepared N-Co/D001CB were determined by X-ray photoelectron spectroscopy (XPS) and infrared spectroscopy (FT-IR), and the possible chemical bonds or functional groups were determined (Figure S3). After cobalt and nitrogen doping, the obvious peak positions of the material were not modified. That is, all of them have characteristic absorption in similar positions, and stretching vibration peaks appear at 3433 cm−1 (O-H), 1580 cm−1 (C-C/C=C), 1400 cm−1 (C-S), and 1130 cm−1(O-C-O), respectively [32,38]. In Figure 4a, it can be seen that the full spectrum of the binding energy positions of each element in N-Co/D001CB, and most of them are similar to the result of Co/D001CB [26]. Figure 4b–f show the valence binding energy peaks of several main elements in the data graph after data processing on behalf of carbon (C 1 s), nitrogen (N 1 s), oxygen (O 1 s), sulfur (S 2p), and cobalt (Co 2p). The position and area of each binding energy peak of C 1 s (Figure 4b) show that it mainly existed in the form of C-C/C=C [39,40], and at 285.2 eV, it may represent the C-S binding energy [40]. After the resin was mixed and sintered with DCD, nitrogen mainly existed on the carbon balls in three forms (Figure 4c), called pyridinic N, pyrrolic N, and graphitic N, corresponding to the binding energy peak positions at 398.1 eV, 399 eV, and 400.3 eV, respectively [37]. The peak area of O 1 s (Figure 4d) was basically at the place with a binding energy of about 532.1 eV, corresponding to the carbon oxygen bond or oxygen species adsorbed on the surface [40,41,42]. In Figure 4e, typical peaks of C-S or C=S and C-SO_x appeared at binding energies of about 164.0 eV, 165.0 eV, and 167.8 eV, while there were peaks of S2– corresponding to S 2p3/2 and S 2p1/2 at 161.9 eV and 163.2 eV, respectively [43,44]. The binding energy placed at about 785.1 eV and 802.0 eV may be two vibration peaks generated by X-ray emission, as shown in Figure 4d [45,46,47]. The Co3+ and Co2+ of Co 2p3/2 were observed at 778.5 eV and 780.8 eV, respectively, while 793.6 eV and 797.0 eV corresponded to trivalent cobalt and divalent cobalt in Co 2p1/2 spin-orbit peaks [48]. By comparing it with the peak area, it was found that the peak area of Co2+ is the main part. Combined with the XPS peak splitting results of sulfur, cobalt ions are mainly sintered on carbon spheres in the form of cobalt sulfide.



Finally, the specific surface area, pore volume, and pore size distribution of the carbonized materials were calculated by the nitrogen adsorption and desorption curves (Figure S4), and the main parameters of D001CB, Co/D001CB, and N-Co/D001CB are tabulated in Table 1. It can be found that in the Co/D001CB materials, with the increase in cobalt doping, the specific surface area of the carbon spheres decreased from 31 m2/g to 7 m2/g, and the pore volume also decreased significantly, indicating that small particles attached to carbon spheres easily block the pores of carbon spheres. After adding DCD and sintering together to form N-Co/D001CB, this problem can be effectively overcome. As the amount of DCD used increased, the specific surface area greatly improved from 166 m2/g to 269 m2/g and nearly increased to 90 m2/g compared with N-D001CB. Meanwhile, their analyzed pore volumes show a similar trend; the addition of DCD as a nitrogen source for sintering together can significantly improve the relevant BET parameter values of the carbon ball. This means that it is conducive to improving the specific surface area of carbon materials and greatly alleviates the serious shrinkage of the resin frameworks and the blockage of carbon ball pores during resin sintering or contributes to breaking the carbon ball, thereby opening the internal channels, as shown in Figure S1, which helped to increase the exposure of the catalytic component cobalt sulfide and provides more attachment sites for the reactant.




3.2. Catalytic Activity of N-Co/D001CB Catalyst


Studies have shown that CoS has the functions of high conductivity, good stability, and affluent active sites to activate PMS. S2− can act as an electron donor to reduce Co3+ to Co2+, thus accelerating the electron transfer between the cobalt-based catalyst and PMS and improving its utilization [49,50]. Therefore, it is imperative to explore whether the catalytic effect of nitrogen doping has improved. The degradation ability of IBU with the help of different carbonized catalysts and PMS is shown in Figure 5. It can be seen from different reaction systems that only under the catalyst of Co/D001CB and N-Co/D001CB can significantly activate PMS to degrade IBU. The removal rate of ibuprofen can reach 95% after 60 min under the optimal catalyst of N-Co/D001CB higher than that of Co/D001CB, while the removal rate is less than 15% under the PMS system. The kinetic analysis of the degradation process clearly shows that it followed the first-order reaction kinetic equation (Figure 5b), as well as other kinds of N-Co/D001CB. Next, the catalytic effect of cobalt impregnation with a certain amount of DCD mixed on the properties of N-Co/D001CB was discussed. When the cobalt impregnation amount reaches 0.75 mmol in every gram of D001 resin, the degradation rate of ibuprofen can exceed 95% in one hour, and increasing the cobalt amount not only had an unconsidered catalytic effect (Figure 5c) but also caused a large residue of cobalt ions in the impregnation process. Therefore, this loading amount was the best, and its mass fraction was calculated to be 9% according to the mass of cobalt ions and carbon balls through weighing and theoretical calculations. Similarly, according to the results of different DCD mixed quantities (Figure 5d), 5 mmol was the optimal DCD mixing amount. The corresponding catalyst was used for subsequent activity and mechanism analysis.



The effects of reaction conditions on IBU degradation under the N-Co/D001CB and PMS systems are displayed in Figure 6, and the corresponding fitting results are shown in Figure S5 to acquire the kinetic constants of the reaction conditions. In the identical conditions of the other variables, with increasing catalyst loading, PMS concentration, and temperature, the removal rate of IBU increased. Under optimal conditions, the maximum kinetic constant (k) was more than 0.048 min−1. Meanwhile, according to the activation energy (Ea) calculation formula, it can be found that the logarithmic value of the kinetic constant (lnk) has a linear relationship with the reciprocal of the Kelvin temperature (1/T), and the slope was −Ea/R, R = 8.314 J/(mol·K), so the activation energy of the reaction can be calculated. The fitting result is shown in Figure S6, and the calculated activation energy is 51 kJ/mol, which demonstrates that the intrinsic chemical reaction rate on the surface of N-Co/D001CB plays a dominant role in the apparent reaction rate of the system. Among all the studied factors, the degradation process was greatly affected by the pH value. Significantly, the pH value of the raw solution was 4.5, and the pH value was adjusted through diluted phosphoric acid and sodium hydroxide solutions to study the factors affecting the pH value (Figure 6c). When the pH values were 7 and 9, the degradation rates both decreased apparently, possibly because the increase in pH value destroyed a certain carboxyl structure, which was not conducive to generating easily degradable intermediates. When the pH value was 3 or 11, the degradation rate of IBU was significantly inhibited, and the k values were 0.023 min−1 and 0.013 min−1, respectively. According to related research, under acidic conditions, the ionization of PMS will be suppressed [21,36], and can quench some free radicals [19]. Under alkaline conditions, the produced SO4−· can react with OH− to produce low activity ·OH (Equations (4) and (11)) [51].



Based on the above reaction conditions, the effects of different concomitant anions were studied, and different concentrations of HCO3−, H2PO4−, SO42−, and Cl− were discussed in the reaction system (Figure 7). The low concentration of bicarbonate ions inhibited the reaction and showed greater inhibition with increasing concentrations. The detection of the pH value and the comparison with the previous pH value influence experiment may be affected by increasing the pH value of water, or the HCO3− may consume the SO4−· and generate HCO3− as Equations (1) and (2) show [52,53]. With the addition of H2PO4−, it had no obvious inhibition of the degradation process. However, SO42− had a certain degree of inhibitory effect on the reaction system. Combined with relevant studies, it can be explained that the existence of SO42− will inhibit the formation of SO42− by HSO5−, which will indirectly reduce the formation rate of ·OH or ·O2−, as shown in reactions 5 and 7 [54]. In contrast to the first three, the influence of Cl−was extremely obvious, the inhibition rate was more than 60%, and the kinetic constants were all lower than 0.075 min−1, as shown in Figure S7d. This may be because the PMS concentration in the reaction system was only 0.7 mM, while the concentration of Cl− exceeds 1 mM. Under these conditions, SO42− or HSO5− preferentially react with Cl− to generate Cl· with low oxidation performance, or its ability to degrade organics is poor [31]. The reaction formulas are shown in Equations (3)–(5) [52].


HCO3− + SO4−· → HCO3· + SO42−



(1)






HCO3− + ·OH → CO3· + H2O



(2)






Cl− + SO4−· → Cl· + SO42−



(3)






Cl− + Cl· → Cl2−·



(4)






Cl2−·+ H2O → ClOH− + H+ + Cl−



(5)







The stability of the catalyst material is a crucial index for investigation, especially for tangible materials that are easily separated from water. It is imperative to study the leaching or dissolution of cobalt ions and the recyclability of the material during the experiment. Figure S10 shows the catalytic effect of N-Co/D001CB after five runs and the cobalt ion leaching in each run when the catalyst was fully washed, dried, and calcined at 550 °C for 1 h to recover its active sites. It can be seen that after five operations, the degradation rate of IBU in one hour was 77% in the fifth run, and the catalytic performance of the material declined in the second run was serious. With the use of materials 5 times, the cobalt ion leaching also gradually decreased from 0.47 mg/L to 0.22 mg/L lower than the maximum solubility of cobalt ions in surface water (1 mg/L, GB 38382002), proving that the loss of the cobalt component on the material was the main reason for the reduction of catalytic effect, and the prepared carbon ball catalyst had great recycling ability.




3.3. Mechanism Exploration of Ibuprofen Degradation


To confirm the reactive component in the PMS activation system supported by N-Co/D001CB, radical or nonradical quenching experiments were implemented. In Figure 8a, it can be seen that, by adding MeOH to the experiment, the removel rate of IBU was reduced with an extremely low k value of 0.0044 min−1, which means that the removel of IBU is basically supported by SO4−· and ·OH [20,36,52], and the effect of SO4−· was greater than that of ·OH compared with the quenching effect of TBA, with the lowest k value being 0.0165 min−1 much higher than 0.0044 min−1, as shown in Figure 8b, while the other two had no distinct effect on the experiment process. This suggests that cobalt sulfide (on the surface of the carbon sphere) has reacted with the HSO5− ionized by PMS to form a mass of SO4−· and ·OH. The concerned reaction formulas are 6 and 7 [8], and may be the SO4−· generated by the reaction, accounting for the majority, or its redox potential exceeding ·OH [7]. Unfortunately, the addition of p-BQ and L-his or FFA to quench the ·O2− and 1O2 respectively, had an impact on the determination of IBU by HPLC and other testing methods (Figure S11). When they were added to the reaction system, the absorbance of IBU was both greatly affected, resulting in a huge chromatographic peak, causing serious fluctuations in the determination results of the peak area of IBU, and the addition of L-his had a significant inhibition to the reaction, which did not indicate the inhibition of 1O2, but L-his may react with PMS instead [32,52]. Therefore, the EPR was selected to identify and estimate them. The characteristic EPR spectrum adduct signals of DMPO—O2− and TEMP—1O2 were observed both in the different systems at 5 min reaction time, and the signal intensity was increased when the catalyst was added (Figure 8c,d), which proves that they were also generated in the reaction system with poor contributions to the degradation of IBU. The reason for the improved degradation efficiency of IBU is that the introduction of a catalyst promotes the formation of SO4−· and ·OH [52]. The relevant possible reactions shown in Equations (6)–(14) [54,55,56], which had been described in previous studies [26]:


Co2+ + HSO5− → Co3+ + SO42−· + OH−



(6)






Co2+ + HSO5− → SO42− + Co3+ + ·OH



(7)






HSO5− → SO52- + H+



(8)






SO52− + H2O → ·O2− + SO42− +2H+



(9)






·OH + O2− → 1O2 + OH−



(10)






Co3+ + HSO5− → Co2+ + SO5−· + H+



(11)






2SO5−· → 2SO4− + O2



(12)






SO4−· + OH− → SO42− + ·OH



(13)






IBU + SO4−·/·OH/·O2−/1O2 → Oxidationproducts



(14)







In the IBU degradation path analysis, a substance with a large molecular weight formed and continuously degraded into small molecules according to the liquid chromatography of the reaction water sample every 20 min (Figure S12a). Meanwhile, the substantial reduction in the total peak area indicates that small molecular substances can gradually develop into CO2 and H2O. However, the product cannot be mostly mineralized due to its high detected degradation rate, with less than half the mineralization rate. To explore the possible degradation path, the water sample after 20 min of reaction was analyzed by LC-MS analysis, and the results are shown in Figure S12b–f. According to the corresponding mass charge ratio (m/z) and the relevant literature [4,21], the possible degradation intermediates were approximately speculated (Figure 9). The results showed that hydroxylation, decarboxylation, and demethylation were dominant in the degradation of IBU. Then, the removed parts can eventually become CO2 and H2O. Based on the above discussion, the main prepared steps of N-Co/D001CB and the degradation process of IBU by activating PMS are shown in Figure 10 [8]. In general, after absorbing cobalt ions by impregnation and adding a DCD mixed, the resin was carbonized into a black carbon ball. In the reaction system, N-Co/D001CB had an efficient ability to activate PMS to generate a mass of SO4−· and ·OH, and IBU turned into micromolecule-substances, CO2 and H2O, other active substances generated from PMS may play a small role.





4. Conclusions


The metal cobalt was fixed on the used D001 resin by simple impregnation, mixed with a certain amount of DCD, and then sintered into black carbon balls under high-temperature sintering called N-Co/D001CB. The characterization of XRD and XPS indicated that cobalt was successfully attached to the carbon ball, with the high crystallinity of cobalt sulfide. In particular, DCD as the introduction of a nitrogen source, the BET-related parameters of the materials were significantly improved, and it may greatly alleviate the skeleton shrinkage and pore blockage of carbon ball in the calcination process of cobalt alone and is conducive to the exposure of cobalt sites. In terms of material activity, the degradation rate of IBU can be greatly improved compared with cobalt alone, and the reaction process followed quasi-first-order kinetic equation fitting. The increase in catalyst loading, PMS concentration, and temperature can promote the degradation system, but the pH value and the existence of several common anions have complex impacts. The efficient degradation process of IBU is mainly due to the function of SO4−· and ·OH produced by activated PMS with the support of N-Co/D001CB according to the quenching experiments. This study provides a potential option for the reuse of D001CB in AOPs, which is easy to separate and recycle. In particular, the carbon balls calcined by adding nitrogen-containing components have a reference value for the preparation of high-activity catalysts.
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Figure 1. SEM and related EDS element layered images of D001CB (a); Co/D001CB (c); and N-Co/D001CB (c). 
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Figure 2. TEM diagrams of D001CB (a); and N-Co/D001CB (b); EDS layered mapping diagram of cobalt elements (c,d). 
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Figure 3. XRD of a nitrogen-doped carbon ball with different cobalt loadings. 
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Figure 4. XPS diagram of the main elements of cobalt-doped carbon sphere material, full spectrum of elements (a); C 1 s (b); N 1 s (c); O 1 s (d); S 2p (e); Co 2p (f). 
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Figure 5. The removal of ibuprofen with different reaction systems (a); kinetic fitting curve of N-Co/D001CB + PMS reaction system (b); cobalt loading amount (c); dicyandiamide amount (d); (Temperature = 25 °C, pH = 4.5, PMS = 0.7 mM, amount of catalyst added = 0.3 g/L, IBU = 10 mg/L). 
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Figure 6. (a) The influence of catalyst (Temperature = 25 °C, pH = 4.5, PMS = 0.7 mM, IBU = 10 mg/L); (b) The influence of PMS (Temperature = 25 °C, pH = 4.5, catalyst = 0.3 g/L, IBU = 10 mg/L); (c) The influence of pH (Temperature = 25 °C, PMS = 0.7 mM, catalyst = 0.3 g/L, IBU = 10 mg/L); (d) The influence of temperature (pH = 4.5, PMS = 0.7 mM, catalyst = 0.3 g/L, IBU = 10 mg/L) on the removel of ibuprofen. 
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Figure 7. The effects of different concentrations of coexisting anions HCO3− (a); H2PO4− (b); SO42− (c); and Cl− (d) on the degradation effect of ibuprofen (temperature = 25 °C, pH = 4.5, PMS concentration = 0.7 mM, catalyst loading = 0.3 g/L, IBU concentration = 10 mg/L). 
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Figure 8. The influence of MeOH (a); and TBA (b) on the catalytic degradation of ibuprofen. EPR test with DMPO or TEMP to detect ·O2− (c); and 1O2 (d) in the reaction system (temperature = 25 °C, pH = 4.5, PMS concentration = 0.7 mM, catalyst added = 0.3 g/L, IBU concentration = 10 mg/L). 
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Figure 9. Roadmap for the material preparation step and the degradation process of ibuprofen by activating PMS. 
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Figure 10. Possible degradation path of IBU in this reaction. 
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Table 1. Specific surface area, total pore volume, and pore size of several materials.
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	Sample
	BET Surface Area (m2/g)
	Total Pore

Volume (cm3/g)
	Average Pore Siameter (nm)





	Fresh D001 carbon ball
	97.6269
	0.057726
	2.36517



	Used D001 carbon ball
	67.4460
	0.046196
	2.73971



	Co/D001CB (3 wt%)
	31.2506
	0.021145
	2.70650



	Co/D001CB (9 wt%)
	22.8031
	0.015183
	2.66338



	Co/D001CB (15 wt%)
	6.9895
	0.004999
	2.86088



	N/D001CB (DCD 5 mmol/g)
	177.9066
	0.113703
	2.55646



	N-Co/D001CB (DCD 3 mmol/g)
	166.3956
	0.109752
	2.63834



	N-Co/D001CB (DCD 5 mmol/g)
	269.3317
	0.161926
	2.43256
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