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Abstract

:

In the study, magnesium oxide (MgO) was used to catalyze peroxymonosulfate (PMS) for the degradation of organic pollutants for the first time. According to the single-factor experiment results, it was determined that MgO could efficiently catalyze PMS to degrade organic matters in a wide range of pH values. Based on radical quenching experiments and electron spinning resonance spectra, singlet oxygen was identified to be the crucial reactive species. Importantly, the oxygen vacancy on the surface of MgO was determined as the key active site, which accelerated the decomposition of PMS to produce singlet oxygen. This study provides an interesting insight into the novel and ignored catalyst of MgO for the highly efficient activation of PMS, which will greatly benefit the Fenton-like catalytic degradation of organic wastewater.
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1. Introduction


Effluents from textile industries have caused extensive public concern, since a variety of organic compounds and toxic substances are difficult to decolorize due to their complex structure and synthetic origin, which flow into the river and threaten people’s health [1,2,3]. Therefore, the effective treatment of dye wastewater is of highly concern [4]. Through extensive research on the removal of various organic pollutants, many treatment methods have been developed, such as physical methods (adsorption, coagulation, and membrane separation), chemical methods (ozone oxidation, electrochemical and wet oxidation, and advanced catalytic oxidation), and biological methods (aerobic biological treatment, anaerobic biological treatment, and anaerobic–aerobic combined biological treatment) [5,6,7]. Among these methods, advanced oxidation process (AOP) is considered to be the most promising method because of its high removal efficiency and wide range of applications [8].



Advanced oxidation processes (AOP) basing on highly reactive oxygen species, including hydroxyl radicals, superoxide anion radicals, sulfates radical, and singlet oxygen, has shown great potential for the removal of emerging pollutants [9,10]. The radicals initially used and their precursors in decontamination techniques are hydroxyl radicals and Fenton’s reagents (hydrogen peroxide and iron ions) [11]. However, the practical application is limited because of poor selectivity, secondary pollution, narrow pH range, reagent storage, and sludge removal [12,13]. In 2003, peroxymonosulfate (PMS), instead of hydrogen peroxide, was used as a strong oxidant, and Co2+ was used a catalyst to achieve efficient degradation of organic pollutants, which marked a new phase in the study of Fenton-like reactions that compensate for the disadvantages of hydrogen peroxide [14]. Therefore, in the following decades, the persulfate-based Fenton-like catalytic oxidation process has received widespread from attention researchers all over the world [15]. Peroxymonosulfate can be efficiently activated via thermal radiation, UV light, ultraviolet, base and transition metals cation (Co2+, Ce3+, Ag+, Fe2+, Fe3+, Ni2+, Ru3+, Mn2+, etc.), or oxides [16]. However, the high energy requirements of heat and ultraviolet light exposure, the risk of metal toxicity and secondary pollution limit the further industrial application of these activation methods [17]. Therefore, the catalysis of PMS to degrade organic contaminants by new catalysts has attracted more and more attention recently. Fan’s group presented a simple one-pot synthetic approach for the Mn-doped graphite-phase carbon nitride (g-C3N4), which catalyzed peroxymonosulfate to generate superoxide radicals and singlet oxygen for acetaminophen degradation [18]. Liu’s group catalyzed PMS by supporting Fe3O4 nanoparticles and nanoflower-like MnO2 layer by layer on the surface of porous diatomite or silica nanofiber. The high specific area of the core–shell nanocomposites made it easier for PMS and organic pollutants to contact with the catalysts, and the synergistic effect between MnO2 and Fe3O4 increased the activation performance of the catalysts [8,19,20]. Huang’s group reported iron–copper bimetal doped mesoporous g-Al2O3 catalyzed PMS to effectively degrade 4-chlorophenol, finding that the Al–O–Fe and Al–O–Cu bonds formed by Fe and Cu doping into the framework of g-Al2O3 were the key structures for high activity of the catalyst [21]. Although these catalysts can activate PMS to some extent as well, complex in synthesis and lack of universality are also the obstacles for them to realize industrial application [22]. Thus, it is very important and urgent to develop a low-cost, high-efficiency, and easy-to-implement catalyst to activate persulfate for the degradation of organic pollutants.



To the best of our knowledge, no study has been reported on the application of magnesium oxide (MgO) to catalyze PMS. Moreover, it is well-known that MgO, as a very common and simple chemical, is available in large quantities, cheap, and environmentally friendly, and it can rapidly realize large-scale water-purification applications. In our present work, the effect of MgO on the degradation of organic pollutants by catalyzing PMS is reported for the first time, and the influencing factors of the catalytic process, including time, temperature, concentration of pollutants, dosage of MgO and PMS, dissolved oxygen, and pH value, are systematically investigated. The possible catalytic mechanism of MgO is illustrated based on the effect of oxygen vacancy and hydroxyl on catalytic degradation, the stability and recyclability of MgO are also studied. Our results confirm the high efficiency of MgO catalysis and describe the catalytic process reasonably, which will be of great practical significance.




2. Materials and Methods


2.1. Reagents and Materials


All chemical reagents and organic solvents were analytical grade and were used without further purification. Peroxymonosulfate (PMS, KHSO5·0.5KHSO4·0.5K2SO4), MgO (FCC crystal structure, average diameter of about 50 nm), Methyl Orange, Malachite Green, Acid Red 73, and superoxide dismutase were purchased from Aladdin Bio-Chem Technology Co., Ltd. (Shanghai, China). Methylene Blue (MB), NaOH, methanol, tert-butanol, and furfuryl alcohol were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Deionized water was used throughout the whole study. As a contrast, two kinds of high-pure MgO, with average particle size about 1 and 10 μm, were also used in experiments (Figure S1).




2.2. Characterization


The X-ray powder diffraction (XRD) (BRUKER AXS GMBH, Karlsruhe, Germany) patterns of the samples were measured by Bruker AXS D8 Advance diffractometer with copper Kα source (λ = 0.15418 nm). The X-ray photoelectron spectroscopy (XPS) measurements were carried out on a Thermo Fisher Escalab 250 Xi electron spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Electron spin resonance (ESR) experiments were carried out by using a Bruker A300 ESR spectrometer (Bruker (Beijing) Technology Co., Ltd., Beijing, China) with DMPO or TEMP as a spin-trapping agent. The steady-state photoluminescence (PL) spectra of the samples were conducted on a Hitachi F-4600 fluorescence spectrophotometer (Hitachi hi-tech co., Ltd., Shanghai, China), with excitation at 325 nm [23].




2.3. Evaluation of Catalytic Performance


All experiments were carried out in a constant-temperature water bath, in a 250 mL flask. Usually, MgO was uniformly dispersed in a 100 mL of Methylene Blue (MB) solution (100 mg/L), with constant stirring. The solution was quickly adjusted to specific initial pH, with NaOH powder, and concentrated H2SO4 solution. Then PMS was added into the solution, to activate the catalytic reaction. After a certain period of reaction, the water sample was collected, using a syringe with a filter (0.22 μm), and analyzed with a UV-2600 spectrophotometer, at an absorption wavelength of 664 nm [24]. Under the same experimental procedure, the effects of MB concentration, temperature, pH value, and dosage of PMS and MgO on the catalytic reaction were investigated.



The filtered catalyst after MB degradation was collected and used for the next catalytic reaction cycle. The experimental procedure and parameters were the same as those mentioned above.





3. Results and Discussion


3.1. Catalytic Degradation Effect by PMS/MgO System


3.1.1. Catalytic Activity of MgO


The efficiency of MgO catalysis for PMS was determined by using Methylene Blue (MB) as a target pollutant. As shown in Figure 1, bare MgO has only a weak adsorptive effect on MB, and naked PMS leads to only about 40% degradation of MB in 60 min. Surprisingly, simultaneous addition of MgO and PMS brings about a nearly complete degradation of MB, with a degradation of 99.4% in 20 min. It can be concluded that MgO can effectively catalyze PMS to accelerate the decomposition of MB. By contrast, the catalysis efficiency for PMS by various Mg-containing catalysts also were studied, including Mg(OH)2, Mg, and MgCl2, under the same experimental conditions. Catalytic degradation experiments were carried out by using the same magnesium quality of MgO, Mg(OH)2, Mg, and MgCl2. The degradation processes of MB by PMS/Mg and PMS/Mg2+ systems are like that of bare PMS, indicating that Mg and Mg2+ can hardly catalyze PMS. However, interestingly, the PMS/Mg(OH)2 system demonstrates non-negligible activity, although it is not as good as the PMS/MgO system, which may be due to the catalytic effect of hydroxyl in Mg(OH)2. As reported in the previous literature, the hydroxyl is an effective catalyst toward PMS in the pH range of 6.2 to 10.86, especially at pH > 9 [9].




3.1.2. Influence of Process Variables


To further investigate the catalytic activity of the MgO, the degradation efficiencies of MB by PMS/MgO under different process variables were investigated. Figure 2a shows the comparison of MB at different initial concentrations. In the initial concentration range of 10–100 mg/L, MB is completely degraded within 60 min, indicating that MgO has a very high catalytic efficiency for PMS to degrade MB with various concentration levels. Generally, MB in high concentration is difficult to be catalytically degraded [25]. As a result, in many previous studies about catalytic degradation, the MB concentration is normally not more than 20 mg/L. This is a very gratifying result that greatly enhances the feasibility of practical application in actual wastewater. However, with the increase of MB concentration from 10 to 100 mg/L, the degradation rate decreases gradually. On the one hand, more dye molecules correspondingly need more time to degrade. On the other hand, more dye molecules adsorb on the surface of MgO at higher concentrations, which hinders the contact between PMS and MgO to inhibit the generation of active oxygen species.



Figure 2b shows the degradation efficiency of MB depends heavily on the dosage of PMS. The top control curve shows that MB can hardly be degraded without the addition of PMS. When the dosage of PMS is less than 0.8 g/L, it can be seen that the degradation efficiency of MB increases sharply with the increase of the dosage. Then, with the increase of PMS dosage to 2 g/L, the degradation efficiency increases slowly. Figure 2c presents the effect of MgO dosage on MB degradation, which is very similar to the Figure 2b. A key MgO quantity of 0.4 g/L is determined. The degradation efficiency of MB exceeds 90% when the dosage of MgO is 0.4 g/L. However, over this dosage, the degradation efficiency of MB increases very slowly. The control curve shows that the PMS can decompose itself to generate active species to degrade MB inefficiently, without the catalysis of MgO [26]. Figure 2b,c confirms that MgO is an extremely efficient catalyst for PMS, and points out that the dosages of MgO and PMS are crucial parameters for MB degradation and reasonable dosages can ensure the best effect.



The effect of reaction temperature on the degradation of MB was investigated, and the results are shown in Figure 2d. As we all known, the rate of reaction depends on the probability of effective collision between molecules. The increase in temperature will greatly increase the collision between molecules, so the effective collision will increase, and the reaction rate will be faster [27]. As it can be seen from Figure 2d, temperature has a large effect on the decolorization efficiency of MB, and an increase in temperature (30, 35, and 40 °C) accelerates discoloration. Temperature, which increases the reaction rate between PMS and MgO and the generation rate of active oxygen species, exerts a strong effect on the degradation of MB.



Figure 2e presents the effect of initial pH of the solution (from about 1 to about 13) on MB degradation. It is noticed that the degradation rate of MB changes little when the pH values are between 3.31 and 7.58, while it decreases dramatically when the pH is 0.82 and increases greatly when the pH is varied from 11.9 to 13.08. These experimental phenomena mean that the degradation of MB is significantly affected by the solution pH value. For one thing, the hydroxyl in the solution can effectively catalyze PMS, especially at pH ≥ 9, as presented in the previous literature [9]. For another thing, at low pH value, H+ can scavenge the generation of active oxygen species and accelerate the dissolution of magnesium oxide, resulting in a decrease in the degradation rate of MB [28]. A stable and efficient degradation efficiency of MB is obtained in a wide pH range (from 3.31 to 13.08) in the experiment, which maybe because the active sites on the surface of MgO are independent of the concentration of H+ or OH−. At the same time, we also studied the effect of the particle size of MgO on the degradation efficiency of MB by introducing micron-sized MgO with average particles about 1 and 10 μm. As shown in Figure 2f, it is found that the smaller the particle size, the higher the degradation efficiency, which is due to the fact that, the smaller the particle size is, the higher the specific surface area and the higher the concentration of the active sites [29].



To test the recyclability of MgO, the catalyst was collected by filtration after the complete degradation of MB, and then the reaction was reinitiated by adding fresh PMS and dye solution. As it can be seen from Figure 3, the catalyst remains close to 100% high recyclability after five cycles. Meanwhile, the MgO after five cycles was detected by XRD, which was in good agreement with that of fresh MgO (Figure S2), indicating that MgO is a stable and effective catalyst. In addition to MB, the degradation effects of the PMS/MgO system on different dyes, including Methyl Orange (MO), Malachite Green (MG), and Acid Red 73 (AR73), were also tested. As shown in Figure S3, the MO and MG can be completely degraded in 20 min, and the AR73 also can be degraded about 90% in 60 min, demonstrating the high efficiency and universality of the PMS/MgO catalytic degradation system.





3.2. Catalytic Degradation Process and Mechanisms of PMS/MgO System


3.2.1. Determination of Active Oxygen Species


The good degradation effect of MB is ascribed to the catalysis of PMS by MgO, to generate the reactive oxygen species. In order to determine the contribution of different reactive oxygen species, different radical scavengers were added to the PMS/MgO system, including methanol for sulfate radical (SO4·−) [30], tert-butanol (TBA) for hydroxyl radical (·OH) [31], superoxide dismutase for superoxide anion radical (O2·−) [32], and furfuryl alcohol for singlet oxygen (1O2) [33]. As shown in Figure 4, the addition of tert-butanol (TBA) did not inhibit MB degradation, even though a large amount of tert-butanol (TBA) (TBA/PMS = 300, shown in Figure S4a) was added, suggesting that the hydroxyl radical may not be reactive oxygen species. A similar result is obtained when methanol, a scavenger of both hydroxyl radical and sulfate radical, is added to the PMS/MgO system, shown in Figure 4 and Figure S4b. This indicates that neither hydroxyl radical nor sulfate radical is the reactive oxygen species involved in the PMS/MgO system, which is different from the ordinary PMS catalytic process. Generally, sulfate and hydroxyl radicals are considered to be reactive oxygen species produced during the catalysis of PMS.



Recently, it was reported that the persulfate system can produce superoxide anion radicals (O2·−) and singlet oxygen (1O2), which are less interfered by the background component of water and more selective than SO4·− and ·OH, thereby increasing the persulfate utilization rate [34]. The degradation of MB is slightly suppressed when superoxide dismutase is added to the reaction mixture. However, as seen in the Figure 4 and Figure S4d, when furfuryl alcohol is added to the solution, the degradation of MB is almost entirely restrained. This directly indicates that singlet oxygen and superoxide radicals are involved in MB degradation, and the singlet oxygen plays a key role.



In order to further confirm the active oxygen species involved in the PMS/MgO system, electron spin resonance (ESR) was performed to determine which kinds of free radicals existed during the oxidation reaction. Since a radical has a very short half-life, its direct detection is impossible. However, a radical can be trapped through its reaction with a spin-trap agent 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) or 2,2,6,6-tetramethylpiperidine (TEMP), to form a DMPO-X or TEMP-X radical, which has much longer half-life [35,36]. DMPO can react with a hydroxyl radical, sulfate radical, and superoxide anion radical to form DMPO–OH, DMPO–SO4, and DMPO–OOH spin-adducts, respectively [37]. TEMP can capture singlet oxygen, to form spin-adduct TEMPO [38,39]. These paramagnetic products can be detected by ESR, and clear and readable ESR spectra can be obtained in order to identify the existence of free radicals. First, the DMPO was used in the PMS/MgO–aqueous system, to trap radicals, as shown in Figure 5a. Only the characteristic signal of DMPO–OH adduct with strength of 1:2:2:1 is observed, pointing out that only hydroxyl radical is generated. The signal of sulfate radicals cannot be found, most likely owing to its absence or low concentration [40]. In order to avoid the reaction of DMPO with hydroxyl radical, the DMPO was added to the PMS/MgO–ethanol system, to detect superoxide radicals, as presented in Figure 5b. Six characteristic peaks of superoxide radicals are observed, revealing the presence of superoxide radicals in the reaction systems. Subsequently the TEMP was added into the PMS/MgO–aqueous system, as seen in Figure 5c; the ESR spectrum shows a 1:1:1 triplet signal characteristic of TEMPO adducts, indicating the presence of singlet oxygen in the reaction system.



From the quenching experiment, it can definitely be determined that the singlet oxygen is the crucial reactive oxygen species. In order to better understand the production process of singlet oxygen, we detected the singlet oxygen in the period of 0–20 min by ESR, as shown in Figure 5d. As soon as the detection system starts to react, the 1:1:1 triplet signal characteristic of TEMPO spin-adduct is detected. Moreover, before 15 min, the signal intensity gradually increases with the progress of the reaction, further indicating that singlet oxygen is the crucial active oxygen species and is produced continuously in the reaction process. The signal intensity increases significantly at the initial stage of the reaction, which may be due to the rapid catalytic decomposition of PMS by MgO. After 15 min, the signal intensity begins to decrease, obviously, which means that a lot of PMS is reacted, thus reducing the concentration of free radicals. The degradation efficiency of organic compounds is mainly dependent on the concentration of free radicals. Therefore, the degradation rate of organic molecules is fast in the early stage and slow in the late stage, which is in good agreement with the previous experimental results shown in Figure 2. As a result, these spin trap experiments further confirm that in the PMS/MgO system, hydroxyl radicals, superoxide radicals and singlet oxygen are generated, and the singlet oxygen is the crucial reactive oxygen species.



In theory, there are usually two ways to produce singlet oxygen. On the one hand, dissolved oxygen molecules, as the precursor, is transformed into singlet oxygen due to the energy transfer in the catalytic process [41]. On the other hand, the singlet oxygen can be formed through the cleavage and disproportionation of peroxide bond (O–O) in PMS [34]. In order to determine the origin of the singlet oxygen in the system, argon was continuously introduced into the reaction system to reduce the content of dissolved oxygen from normal lever of about 7 mg/L to less than 0.1 mg/L. Under this condition, the effect of the degradation of MB by PMS/MgO was examined to determine the influence of dissolved oxygen on the generation of singlet oxygen. The results in Figure S5 show that two degradation curves are almost the same, although the content of dissolved oxygen is quite different, which indicates that the singlet oxygen has nothing to do with the dissolved oxygen and its production does not derive from oxygen molecules. As a result, it can be reasonably concluded that the singlet oxygen originates from the PMS itself.




3.2.2. Effect of Hydroxyl in Solution on Catalytic Process


Previous reports have shown that PMS can be catalyzed by alkali, and the catalytic process of PMS is related to the hydroxyl content in solution [9]. Therefore, in order to determine the effect of hydroxyl in the solution on PMS/MgO catalysis process, a set of designed experiments were performed under different initial pH values. It can be seen from the degradation curves under various pH values (Figure 2e) that the plot from 20 to 60 min is flat. Therefore, the average value of 20, 40, and 60 min is used to represent the degradation efficiency. The initial pH value of MB solution was first adjusted to a set value by sulfuric acid and sodium hydroxide, and then the PMS was added into solution, with or without MgO.



The effect of hydroxyl in solution on catalysis process can be judged by comparing the degradation differences between PMS/MgO and bare PMS systems. The results are shown in Figure 6. When the initial pH value is about 1, the degradation efficiency in both systems is similar and not good, but the PMS/MgO system is slightly better. On the one hand, this is due to the decomposition of PMS is inhibited at low pH value [29]. On the other hand, MgO is alkaline oxide that is unstable under acidic conditions. As shown in Figure S6, the dissolution rate of MgO gradually increases with the decrease of pH value, and MgO almost completely dissolves when the pH is about 1. Then, with the increase of pH value to about 3, the degradation efficiency of PMS/MgO system increases dramatically, and the proportion of residual MB decreases rapidly from about 40% to about 10%. As a reference, the degradation efficiency of bare PMS system is slowly improved. As reported, the catalytic effect of hydroxyl group to PMS can only be achieved under alkaline conditions [9]. However, the excellent degradation effect of PMS/MgO system in the range of pH of 3 to 11 indicates that MgO contributes an extra excellent catalytic effect in addition to hydroxyl groups. Subsequently, the catalytic efficiency of both systems remains stable in the pH range of 3 to 11, namely, MB residual rates are kept at about 10% and 40% in PMS/MgO and bare PMS systems, respectively. Finally, when the pH value is more than 12, the degradation efficiency of bare PMS system increases greatly, while that of PMS/MgO system increases gradually. Ultimately, the degradation efficiencies of both systems are completely equal. At this point, the hydroxyl group dominates the catalysis.



This phenomenon indicates that the hydroxyl in solution is quite effective catalyst toward PMS, as reported in previous literatures. Meanwhile, the MgO can significantly and steadily improve the degradation effect, which directly confirms the important catalytic role of MgO in addition to hydroxyl in a very wide range of pH values. In general, both hydroxyls in solution and MgO can catalyze PMS in PMS/MgO system. The catalysis mechanism has been explained clearly for hydroxyl in solution, but it is unknown for MgO. Next, we try to explain the catalytic mechanism of MgO for PMS.




3.2.3. Effect of Hydroxyl and Oxygen Vacancy in the MgO Surface on Catalytic Process


Hydroxyl in solution can catalyze PMS, and, recently, it has been found that hydroxyl group in minerals can also catalyze PMS [22]. Therefore, the hydroxyl group on MgO surface should also have a certain catalytic effect. According to previous reports, there is a large amount of hydroxyl groups on the surface of MgO due to the adsorbed H2O molecules from air [42]. In order to investigate the catalysis of hydroxyl group on the surface, the MgO was calcined at 600 °C for 2 h in argon atmosphere, to completely remove the hydroxyl groups. Then the calcined MgO was preserved in argon and used to catalyze PMS for the degradation of MB. At the same time, a comparative experiment was carried out with normal MgO. Considering the regeneration of hydroxyl groups on the surface of MgO in water, only the degradation in first ten minutes was used to illustrate the effect of surface hydroxyl groups, as shown in Figure S7. Both degradation curves show almost-parallel trends, but the degradation efficiency of calcined MgO is slightly worse. This indicates that the surface hydroxyl group of MgO has a slight catalytic effect on PMS. In order to further confirm that the catalytic effect of surface hydroxyl group is very weak, three kinds of MgO with different particle sizes (50 nm, 1 μm, and 10 μm) were calcined and then catalyzed PMS according to abovementioned procedure. As shown in Figure S8, these calcined MgO can still catalyze PMS to degrade MB, and the smaller the particle size, the better the catalytic performance, which is consistent with that of MgO particles without calcination, which are presented in Figure 2f. It can be determined that, in addition to the hydroxyl group, there is another factor in the MgO surface that plays a key role in the catalysis of PMS, and this factor is closely related to particle size.



We turn our eyes to the surface defects on MgO. Many results show that the smaller the size of the catalyst particles, the larger the specific surface area, the more surface defects and the higher the catalytic activity [43]. The X-ray photoelectron spectroscopy (XPS) provides information about elemental composition and valence state of sample surface [19,44], so the XPS was used to study above three kinds of MgO with different particle sizes.



Figure 7 shows the XPS spectra of MgO at 50 nm (a and b), MgO at 1 μm (c and d), and MgO at 10 μm (e and f). In the full scan of samples (a, c, and e), only the characteristic peaks of Mg, O, and C can be found, which points out the high purity of the three MgO samples. Meanwhile, the O 1s high-resolution scans of samples are shown in Figure 7b,d,f. On the low binding energy (BE) side, three samples have two O 1s characteristic peaks at 529 and 531 eV. The characteristic peak at 529 eV is considered to be the lattice oxygen in Mg–O, and the characteristic peak at 531 eV is attributed to the lattice oxygen in Mg–OH [45,46]. This confirms the existence of hydroxyl groups on the surface of MgO, which contributes a little to the catalysis of PMS.



On the high BE side, MgO at 50 nm and MgO at 1 μm have two characteristic peaks near 534 and 532 eV, while only one characteristic peak near 534 eV is found in MgO at 10 μm. The peak located around 534 eV is due to the presence of surface-adsorbed O2, H2O, and CO2, whereas the peak near 532 eV is ascribed to defective sites with low oxygen coordination [47]. Previous studies have shown that the more oxygen vacancies there are on the surface of MgO, the higher the activity [48]. Interestingly, the intensity of characteristic peak at 532 eV is the largest in MgO at 50 nm and the second largest in MgO at 1 μm, meaning the highest and second oxygen vacancy concentration, respectively. However, this peak is absent in MgO at 10 μm, which is because the oxygen vacancy concentration is too low to be detected. In the three kinds of MgO, the oxygen vacancy concentration has an incredible coincidence with the catalytic performances (shown in Figure 2f and Figure S8). Therefore, it can be reasonably concluded that the oxygen vacancy in MgO surface has an important influence on the catalysis of PMS.



Optical investigations can reveal very useful information to understand the physical properties of materials [23,49]; as a result, photoluminescence spectroscopy (PL) of three kinds of MgO with different particle sizes are given in Figure 8. With an excitation wavelength of 325 nm, the PL spectra exhibit an intrinsic emission peak at 372 nm, a purple emission resulted from adsorbed oxygen species centered around 400 nm, and two blue emission around 454 and 469 nm, which are attributed to the oxygen vacancy (F center) [50,51]. When the valence band of MgO is excited by light, some of photogenerated electrons are trapped by oxygen vacancies. The electrons eventually fall back to the valence band, producing a new fluorescent peak that is distinct from the intrinsic fluorescence emission peak of MgO. At the same time, the defect level of the oxygen vacancy is lower than the conduction band level, so the new fluorescent emission peak is generally in the right visible region of its intrinsic fluorescence emission peak (e.g., red-shift). Importantly, the more the defect concentration, the higher the luminescence intensity [52]. It is clearly shown that the emission intensity of oxygen vacancy of the MgO at 50 nm is the maximum irrespective of the emission wavelengths, indicating the highest defect concentration in the MgO at 50 nm. The second is the MgO at 1 μm, and the smallest intensity is the MgO at 10 μm. This result is surprisingly like previous catalytic experiments (Figure S8) and XPS results (Figure 7), so it is further determined that oxygen vacancy in the MgO surface is the key factor for MgO-catalyzing PMS.




3.2.4. Probable Catalytic Path


Based on the above experimental and analytical results, we can come to some understandings about the PMS/MgO catalysis system, namely, (1) singlet oxygen is the main active oxygen species produced in PMS/MgO system; (2) singlet oxygen originates from the breaking of peroxide group (–O–O–) in PMS; (3) oxygen vacancy in MgO surface plays a crucially catalytic role to efficiently break peroxide group in PMS. In addition, a small amount of superoxide anion radicals and hydroxyl radicals are also produced in the PMS/MgO system, to degrade organic compounds, and the surface hydroxyl group of MgO also helps catalyze PMS to form active oxygen species.



The hydrogen peroxide produced by hydrolysis of peroxymonosulfate molecules generates hydroxyl radical, which immediately reacts with excessive hydrogen peroxide, to generate superoxide anion radical [53]. The hydroxyl radical and superoxide anion radical formed in the previous stage can react and generate singlet oxygen and hydroxyl [54]. Thus, the relevant radical reactions of PMS catalyzed by hydroxyl on MgO can be proposed in Equations (1)–(4):


    HSO  5    −  +  H 2  O →  H +  +   SO  4     2 −   +  H 2   O 2   



(1)






   H 2   O 2  → 2   OH  



(2)






  OH +  H 2   O 2  →  H +  +  O 2     −   +  H 2  O  



(3)






   O 2     −    +   OH  →    OH   −   +    1   O 2   



(4)







With the development of nonradical catalysis technology, researchers have found that singlet oxygen is produced in activated PMS by ketones, quinones, carbon materials, and so on. The unsaturated carbon atoms in the carbon material and the carbonyl group in the ketones and quinones are catalytic active sites, acting as intermediate mediators to accelerate the decomposition and interaction of persulfate molecules, to produce singlet oxygen [34]. New findings in this article determine that oxygen vacancies in the surface of MgO are also highly active sites to catalyze PMS. Dong et al. found that the abundant oxygen vacancies not only increased the reducibility of the catalyst, but also facilitated the electron transfer from PMS and organic molecules to the catalyst [55]. Therefore, in the proposed mechanism, based on the abovementioned results and previous reports, we refer to the literature and speculate that oxygen vacancy in the MgO surface acts as mediator, which temporarily receives oxygen atoms of hydroxyl groups on     HSO  5    −   , and then promotes the breakage of peroxide bands and accelerates the combination of broken oxygen atoms, to form singlet oxygen [56], as shown in Figure 9. It is speculated that the possible path of catalysis of PMS by oxygen vacancy on the MgO surface is presented in Equations (5) to (6).


    MgO   1 − X   +    xHSO   5    −  →  MgO  …   xSO  4     2 −   +    xH   +   



(5)






  MgO …   xSO  4     2 −   →   xSO  4     2 −   +  x 2    1   O 2  +    MgO    1 − X    



(6)










4. Conclusions


MgO is a highly efficient catalyst for PMS; unfortunately, it was completely neglected. MgO has excellent efficiency and recyclability to catalyze PMS to degrade many organic substances, in a wide pH range. In addition, free radical scavengers and electron-spin-resonance studies have confirmed that singlet oxygen is the key active oxygen species in the PMS/MgO system. More importantly, it has been proved that, in the PMS/MgO system, the oxygen vacancy in the MgO surface plays a crucial role in the catalytic process, which efficiently breaks the peroxide group (–O–O–) in PMS, to produce abundant singlet oxygen in a short time. The good degradation effect, wide pH adaptability, good recovery, easy preparation, and feasible treatment of actual wastewater indicate the good application prospect of MgO. This study shows that MgO is a very promising catalyst for PMS, which can be used to efficiently catalyze the degradation of actual organic wastewater, and promotes the development of persulfate catalyst to some extent.
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Figure 1. The degradation of MB by different Mg catalysts. Control conditions: (MB) = 10 mg/L, (PMS) = 0.8 g/L, (MgO) = 0.4 g/L, (Mg(OH)2) = 0.58 g/L, (Mg) = 0.24 g/L, (MgCl2) = 0.95 g/L, T = 25 °C. 
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Figure 2. Effects of (a) MB concentration, (b) PMS dosage, (c) MgO dosage, (d) reaction temperature, (e) pH values, and (f) particle sizes of MgO on MB degradation. Control conditions: (MB) = 100 mg/L, (PMS) = 0.8 g/L, (MgO) = 0.4 g/L, pH = 7, T = 25 °C. 
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Figure 3. Recyclability of the MgO catalyst for the degradation of MB. Control conditions: (PMS) = 0.8 g/L, (MgO) = 0.4 g/L, (MB) = 50 mg/L, T = 25 °C. 
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Figure 4. Effects of the radical scavengers on MB degradation (a) methanol, (b) tert-butanol (TBA), (c) SOD, and (d) furfuryl alcohol. Control conditions: (MB) = 100 mg/L, (PMS) = 0.08 g, (MgO) = 0.04 g, pH = 7, T = 25 °C. 
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Figure 5. ESR spectra of trapped radical adducts in different systems. (a) DMPO in PMS/MgO-aqueous system, (b) DMPO in PMS/MgO–ethanol system, (c) TEMP in PMS/MgO–aqueous system, and (d) singlet oxygen adduct captured at different times in PMS/MgO system. 
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Figure 6. Effect of initial pH values on degradation in PMS/MgO and bare PMS systems. Control conditions: (MB) = 100 mg/L, (PMS) = 0.08 g, (MgO) = 0.04 g, T = 25 °C. 
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Figure 7. XPS spectra of three kinds of MgO with different particle sizes: (a,b) is 50 nm, (c,d) is 1 μm, and (e,f) is 10 μm. (a,c,e) Full survey spectra; (b,d,f) high-resolution scans of O 1s, respectively. 
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Figure 8. Photoluminescence spectra of three kinds of MgO with different particle sizes. 
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Figure 9. The possible path of PMS catalysis by oxygen vacancy in the surface of MgO. 
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