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Abstract

:

The problem of organic pollution in wastewater is an important challenge due to its negative impact on the aquatic environment and human health. This review provides an outline of the research status for a sulfate-based advanced oxidation process in the removal of organic pollutants from water. The progress for metal catalyst activation and electrochemical activation is summarized including the use of catalyst-activated peroxymonosulfate (PMS) and peroxydisulfate (PDS) to generate hydroxyl radicals and sulfate radicals to degrade pollutants in water. This review covers mainly single metal (e.g., cobalt, copper, iron and manganese) and mixed metal catalyst activation as well as electrochemical activation in recent years. The leaching of metal ions in transition metal catalysts, the application of mixed metals, and the combination with the electrochemical process are summarized. The research and development process of the electrochemical activation process for the degradation of the main pollutants is also described in detail.
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1. Introduction


In recent decades, the organic pollutants that cause water pollution have increased. Many refractory organic compounds in wastewater are toxic, and it is very difficult to remove them by using conventional treatment methods; therefore, the removal of refractory organic pollutants has become a challenging problem. The water pollution caused by some emerging organic pollutants might seriously affect the ecological balance and further threaten human health [1,2,3]; therefore, it is meaningful to study more efficient water treatment technologies. Sulfate radical advanced oxidation is an effective process for the treatment of organic pollutants in wastewater. In this process, the degradation of pollutants depends mainly on the free radicals produced and sulfate radicals and hydroxyl radicals are the main reactive oxygen species, which play a key role in the degradation of pollutants [4,5,6]. Sulfate radicals and hydroxyl radicals have a good treatment effect on endocrine disruptors [7], drugs and metabolites [8,9], cyanide toxins [10,11], perfluorinated compounds [12], and other refractory pollutants in wastewater. The activation of persulfate by transition metals in heterogeneous systems is more cost-effective than thermal [13], ultraviolet [14,15], and ultrasonic activation methods [16]. Moreover, in heterogeneous systems for persulfate activation, it is easier to separate a catalyst from the wastewater and it has been shown to exhibit a greater tolerance to extreme operating conditions [17,18,19]. Additionally, cobalt, copper, iron and manganese-based catalysts are usually used in heterogeneous systems [20,21,22]; therefore, a review on heterogeneous systems for persulfate activation is needed. The electrochemical activation of the persulfate process, a new process with potential applications, has the advantages of high efficiency, easy operation, strong processing capacity, and an avoidance of secondary pollution [23,24]. The role of anodic and cathodic processes in the electrochemical activation of persulfate was studied. The formation of sulfate radicals on boron doped diamond (BDD) anodes and the activation of persulfate on graphite cathodes have been elucidated using different electrolytes and electrochemical devices [25]. For example, the electrochemical activation of the persulfate for atrazine (ATZ) degradation was studied using novel B, a co-doped TiO2 anode. Stainless steel, carbon felt and a carbon black-modified carbon felt were used for the cathode, respectively. The main reactive oxygen species in the different systems were different [26].



In this paper, the research progress of metal-based heterogeneous catalysts and electrochemical activation processes to remove organic pollutants in wastewater is reviewed. The research progress of persulfate activation is mainly introduced. Persulfate activation is related mainly to the single metal catalyst, mixed metal catalyst, and electrochemical processes. In addition, the study of carbon anodes and carbon cathodes in electrochemical activation processes is also included.




2. The Activation of Persulfates


The properties of persulfates (PS), activation methods and the effect of the reaction conditions on the activation process of persulfate are summarized.



2.1. The Properties of Persulfates


In the advanced oxidation process (AOP), oxidized free radicals with high activity are produced, such as sulfate radicals (SO4•−, E0 = 2.5–3.1 eV) and hydroxyl radicals (•HO, E0 = 1.89–2.72 eV). Peroxomonosulfate (PMS) has an unsymmetrical structure because only one H is replaced by SO3. The electron cloud of the O-O bond is inclined to the SO3 side, making the O of the H-side carry positive charges because SO3 can attract electrons. These peroxides are good oxidizers with a standard oxidation-reduction potential (E0) of 2.01 eV (peroxydisulfate, PDS) [27] and 1.82 eV (PMS) [28,29,30].



The activation of persulfates (including PMS and PDS) is a common method to produce SO4•−. Sulfate radical (SO4•−) oxidation is an effective method for removing organic pollutants from water [31,32,33]. Additionally, SO4•− has an ultrahigh redox potential. Compared with PDS, the advantage of PMS lies in its asymmetric structure [34]. Because of its slow reaction with organic compounds, persulfate (Equation (1)) has relatively stable chemical properties [31]; after activation (Equations (2)–(5)), persulfate can produce SO4•− (oxidation potential: 2.4 eV) and •OH (oxidation potential: 2.8 eV) to degrade pollutants [31,35,36]:


   S 2   O 8  2 −   + 2  e −  → 2   SO  4  2 −    



(1)






   S 2   O 8  2 −    → heat  2   SO  4  • −    



(2)






  2  S 2   O 8  2 −   + 2  H 2  O  →    OH  −      SO  4  • −   + 3   SO  4  2 −   +  O 2  • −   + 4  H +   



(3)






   S 2   O 8  2 −   +   Fe   2 +    →    OH  −      SO  4  • −   +   SO  4  2 −   +   Fe   3 +    



(4)






     SO  4  • −   +  H 2  O →     •  OH +   SO  4  2 −   +  H +    



(5)








2.2. Activation Methods


The persulfate activation methods include ultraviolet rays, ultrasound, thermal, transition metals, carbon-based catalysts, etc. These aspects are introduced in the following sections.



Ultraviolet rays are the most economical among several activation methods (e.g., UV, gamma-ray, etc.) (6):


   S 2   O 4  2 −   + hv → 2   SO  4  • −    



(6)







Ultrasound has the advantages of safety and having no secondary pollution, but a narrow range of action is its limitation [37]. The removal of atrazine by thermally activated persulfate follows a pseudo-first-order reaction model [13]. Compared with the single condition, the effect of thermal and ultraviolet light on the degradation of organic pollutants in concentrated leachate is better [38], but for all of that, there is an external energy cost. Transition metals activate persulfate in a uniform form and produce free radicals by the same mechanism (7):


    M   2 +   + PS →  M   (  n + 1  )  +   +  sulfate   radical  +  sulfate   ion   



(7)




where M represents the metal [29].



In inhomogeneous materials, carbon-based catalysts provide potential activation methods. The mechanism of free radical formation by the activation of organic compounds is shown in Equation (8) [39]:


  organic + PS → intermediates +  sulfate   radical  +  sulfate   ion   



(8)








2.3. The Effect of Reaction Conditions


The generation of free radicals, the solution pH, reactant concentration, and the interaction of coexisting ions have a great influence on the degradation of pollutants. The activation of persulfate is very different under different pH conditions and different activation factors require different pH values. For example, transition metals require an acidic environment for activation, but metal-doped carbon-based catalysts are not suitable for low pH [40]. Carbonate and chloride might play an important role in activated persulfate [41]. Natural organic compounds can be used as the free radical scavengers of active species, which can reduce the removal efficiency of organic pollutants. Under a neutral pH, the activation of persulfate by iron is not affected by too many substances.





3. Heterogeneous Transition Metal Catalysts


The species of mainly studied heterogeneous transition metal catalysts were shown in Figure 1.



3.1. Catalysts for Cobalt


The Co/PMS system has a high efficiency over a wide pH range and a high efficiency in bicarbonate and carbonate buffers; however, the toxicity of cobalt leads to additional costs for precipitation and separation after activation. To reduce leaching, for example, nanoCo3O4 has previously been prepared. The system had good heterogeneous activity and a low leaching rate under neutral conditions [42]. In some studies, the degradation effect of 2,4-dichlorophenol was good in heterogeneous systems under neutral conditions, and the concentration of cobalt ions dissolved from Co3O4 was 70 µg·L−1 [43]. Among Co/TiO2−, Co/SiO2- and Co/Al2O3-supported cobalt oxides, the catalytic degradation effect of phenol on Co/TiO2 was the best and had a more stable performance. The factors affecting the catalyst activity were related mainly to the leaching of Co, intermediate products, and a change in the surface charge [44].




3.2. Catalysts for Copper


Copper has the advantages of being nontoxic and inexpensive and is suitable for preparing catalysts. Heterogeneous CuO can activate PMS to generate sulfate radicals. When copper is loaded on Zeolite Socony Mobile-Five (ZSM5), the large surface area of the ZSM5 enhances the catalytic reaction. The synergy between the two makes the catalytic efficiency higher than the catalytic efficiency of pure CuO [45]. The degradation efficiency in the CuO/H2O2 Fenton-like system is significantly lower than the degradation efficiency in the CuO/Oxone system. Moreover, the catalytic activity of CuCo2O4 nanoparticles prepared by the solvothermal method for PMS activation is the highest among the activators (CuCo2O4, CuFe2O4, Co3O4, CuO, and Fe3O4). Of course, CuCo2O4 nanoparticles are highly stable during catalytic reactions and have a very good reusability [46]. Under the influence of Cu2+/PS, the main active substances for the degradation of sulfamethazine (SMZ) are sulfate radicals and hydroxyl radicals. In the process of the reaction, the complex formed by Cu2+ and SMZ also affects SMZ degradation [47]. CuO catalysts prepared by the hydrothermal method can effectively activate PS to degrade methylene blue (MB). After five continuous catalytic batches, its degradation can still reach approximately 70% [48].




3.3. Catalysts for Iron


The Fe2+-activated PDS system can be applied to wastewater treatment; however, under acidic conditions, excess Fe2+ reacts with sulfate radicals generated by activation, resulting in a decrease in the degradation efficiency (Equations (9) and (10)).


   S 2   O 8  2 −   +   Fe   2 +   →   SO  4  • −   +   SO  4  2 −   +   Fe   3 +    



(9)






    SO  4  • −   +   Fe   2 +   →   SO  4  2 −   +   Fe   3 +    



(10)







The zero-valent iron (ZVI)/PDS activation system, for example, significantly increased the removal of 4-chlorophenol [49]. Furthermore, the ZVI/PDS activation system has been shown to have a good performance on naphthalene, trichloroethylene, anthraquinone dye, polyvinyl alcohol, and 2,4-dinitrotoluene removal [49,50,51,52,53]. Additionally, the ZVI/PMS system can completely remove both Brij 35 and Cr4+ from an aqueous solution [54]. In the ZVI/PMS system for the degradation of p-chloraniline (PCA), ZVI is the activator of ferrous ions for generating sulfate radicals [55] and compared with zero-valent copper, ZVI has a higher efficiency in decolorization and has the advantages of environmental protection, economy and nontoxicity [56]. The molar ratio of persulfate to Fe2+ or Fe0 is 1:1, and polyvinyl alcohol (PVA) can be completely oxidized in the persulfate and ZVI system; however, PVA cannot be completely oxidized in the Fe2+ system [52].



The porous Fe2O3/PMS system has shown good results in the treatment of rhodamine B [57]. For the degradation of polychlorinated biphenyls, the free radical pathway plays an important role in the Fe2+/PMS system. In the Fe3+/PMS system, there are sulfate radicals and hydroxyl radicals [56]. In the removal of bisphenol A (BPA), the homogeneous Fe-dipicolinic acid/PMS system has a better effect than the Fe3+/PMS system. In addition, compared with Co3O4 with its cobalt leaching problems, dipicolinic acid-functionalized hematite has more environmentally friendly and economical advantages while ensuring the removal efficiency and rate [58]. The Fe@ACF/PMS system shows a higher oxygen utilization rate and lower activation energy than the Fe@ACF/H2O2 system. Fe@ACFs/PMS is a promising and efficient green processing technology [59]. In the Fe3O4 magnetic nanoparticle (MNP)/PMS system, hydroxyl radicals and sulfate radicals are the main active species in the degradation of acetaminophen [60]. For example, iron ions were restricted due to the formation of hydroxides, and activated carbon fibers (ACFs) were introduced as a support material. ACFs have a large surface area and high adsorption capacity and here, ACFs supported ferric oxalate (FeOxa) to form a new type of catalyst, FeOxa@ACFs. The FeOxa@ACFs were capable of excellent recyclability and had a broad pH adaptability (3.0–10.0) [61]. Elsewhere, the degradation of amoxicillin by iron persulfate activated on activated carbon had good catalytic activity and an obvious detoxification of amoxicillin (AMO) under mild conditions [62]. A biochar-supported nanosized iron (nFe0/BC) was constructed and it was an effective activator for PS for the degradation of tetracycline. Sulfate radicals and hydroxyl radicals played critical roles in the degradation of tetracycline. Additionally, nFe0/BC is relatively stable and is a promising PS activator [63]. A Fe3O4-impregnated graphene oxide (Fe3O4@GO) nanocomposite was prepared and was employed as a good persulfate activator for the removal of dye pollutants in real wastewater [64]. The vanadium titanium magnetite (VTM)/PDS system was used to remove methyl orange (MO) decolorization. The reaction system was stable in a wide range of pH values from 3 to 11 and a relatively wide range of MO concentrations from 30 mg·L−1 to 120 mg·L−1. The MO was removed by adsorption on the VTM surface and oxidation by SO4•−, produced by the activation of persulfate with Fe2+ provided by the VTM [65]. Pyrite could effectively activate PS for the removal of Orange G (OG) in an aqueous solution, where a lower solution pH, higher pyrite dosage and smaller pyrite particles were beneficial for the OG removal [66]. Moreover, the Fe(II)-PS- hydrothermal treatment of sewage sludge could significantly improve the removal efficiency of N at 150 °C when compared with a hydrothermal treatment [67].




3.4. Catalysts for Manganese


There is a wide range of applications for the stable oxides formed by manganese. Oxides with different valence states also have different effects on activating persulfate to degrade pollutants. The order of the catalytic activity of manganese oxides is as follows: Mn2O3 > MnO > Mn3O4 > MnO2. This ordering shows that the catalytic activity is related to the oxidation state of manganese. Compared with Mn2+ and most heterogeneous cobalt systems, Mn2O3 is more effective in the degradation of phenol [68]. The catalytic sequence of α-Mn2O3 activating PMS is α-Mn2O3-cubic > α-Mn2O3-octahedra > α-Mn2O3-truncated; however, the efficient degradation of phenol depends on a high specific surface area, phenol adsorption, and surface activity [69]. The reaction process of PMS activated by manganese dioxide [70] can be summarized as follows:


    HSO  5 −  + 2   MnO  2  →   SO  5  2 −   +   OH  −  +   Mn  2   O 3   



(11)






    HSO  5 −  +   Mn  2   O 3  →   SO  4  • −   +  H +  + 2   MnO  2   



(12)






     SO  4  • −   +  H 2  O →     •  HO +  H +  +   SO  4  2 −     



(13)






   C 6   H 5  OH +   SO  4  • −   →  several   steps  →   CO  2  +  H 2  O +   SO  4  2 −    



(14)







In the study of one-dimensional α-MnO2 nanostructures and sulfate radicals, among Mn nanowires, Mn nanorods, and Mn nanotubes, the Mn nanowires have the best performance for the degradation of phenol. The main reactive oxygen species (ROS) is sulfate radicals (Figure 2) [19,71].



The cost of magnetic separation is lower than the cost of the traditional separation process. The catalyst can be easily extracted from an aqueous solution by the action of an external magnetic field. The magnetic manganese catalyst prepared by using Fe3O4 as the magnetic core, carbon spheres as a barrier, and Mn as the functional component has a better catalytic performance than commercial MnO2 and Fe3O4, while Mn species on magnetic carbon nanospheres (MCSs) can provide a higher phenol removal efficiency [72]. For example, the 3D magnetic ZnFe2O4/MnO2 hybrid catalysts were synthesized by a hydrothermal method and the results showed that ZnFe2O4/MnO2 had a better catalytic performance than sea urchin catalysts due to its high specific surface area [73]. The manganese oxide catalysts were synthesized by a simple coprecipitation method. The Mn3O4 nanoparticles with a tetragonal structure showed a good catalytic performance for the degradation of red G (ARG) by activating PMS to produce free radicals. By precipitation, the catalyst can be separated and can maintain good catalytic activity. The synthesized catalyst has a good stability and reusability [74]. Additionally, the combination of activated PMS, Co3O4, and MnO2 had a synergistic effect on the degradation of phenol. At low temperatures, Co2+/MnO2 nanoparticles had a stronger redox ability, stable performance during recycling, and a better activation performance than Co/MnO2 [75]. Elsewhere, Fe3O4/MnO2 core-shell composites with a low cost and little hazard were prepared by a one-pot method. The activation of PMS was carried out on the surface of the material, and not by metal ions in the solution. When the molar ratio of Fe/Mn was 4:1, the catalytic effect of magnetic Fe3O4/MnO2 nanocomposites on the degradation of 4-chlorophenol (4-CP) by PMS was better than the catalytic effect of other mole ratios [76].



There are mixed manganese species, Mn4+ and Mn3+, on the surface of the octahedral molecular sieve (OMS-2) catalyst, which causes the OMS-2 catalyst to have good catalytic activity. When the pH was 7.32, the catalyst was stable over five cycles, and the removal efficiency of Acid Orange 7 (AO7) was more than 90%. The mechanism by which the OMS-2 catalyst activates PMS [77] can be summarized as follows:


    Mn   4 +   +   HSO  5 −  →   Mn   3 +   +   SO  5  • −   +  H +   



(15)






    Mn   3 +   +   HSO  5 −  →   Mn   4 +   +   SO  4  • −   +   OH  −   



(16)






     SO  4  • −   +  H 2  O →     •  HO +   SO  4  2 −   +  H +    



(17)








3.5. Mixed Metal Catalysts


To give metal catalysts better stability, scholars are no longer limited to single metal catalysts. A variety of mixed metal catalysts are also used in this catalytic process. Magnetic iron spinel MFe2O4 (Co, Cu, Mn, and Zn) was prepared by the sol-gel method to degrade di-n-butyl phthalate (DBP) by activating PMS. The sequence of the reducibility of the catalyst in a PMS solution is CoFe2O4 > CuFe2O4 > MnFe2O4 > ZnFe2O4. In addition, the degradation effect of the PMS solution on DBP was the best under the coaction of Co and Fe. CoFe2O4, CuFe2O4, and MnFe2O4 all had good magnetic properties and were easy to separate and recover in magnetic fields [78]. The mixed spinel oxide of Fe/Co supported on nanoCo3O4 and MgO was a very effective heterogeneous catalyst for the oxidative degradation of AO7 in an aqueous solution with PMS as the oxidant. While nanoCo3O4 has a better removal performance, MgO is more environmentally friendly, while considering costs, the MgO is cheaper to manufacture, which is also an advantage [79].



A cobalt-iron bimetallic catalyst has a good application in activating a persulfate system (Figure 3) [80]. The Co/SBA-15-PMS system has high catalytic activity, but it is not easy to recover whereas the Fe/SBA-15-PMS system is the opposite. The presence of cobalt in CoFe/SBA-15 gives an excellent catalytic performance, while the presence of iron, which has different active sites and magnetic properties, makes the catalyst easy to separate. The CoFe/SBA-15 has a good effect in the removal of rhodamine B [81]. To improve the performance of CoFe2O4, for example, researchers introduced graphene into the system. Graphene-based CoFe2O4 is more effective than CoFe2O4 in activating PMS for dimethyl phthalate degradation. The effect of graphene is similar to the effect of substrates used to adsorb dimethyl phthalate (DMP) molecules. The optimal proportion of graphene is 22%, with higher concentrations leading to an over-resolution and incomplete DMP degradation. Graphene acts as a matrix rather than a catalyst in the composite catalyst and can adsorb DMP molecules [82]. CoFe2O4 nanoparticles at a size of 23.8 nm were loaded onto graphene sheets, and CoFe2O4-rGO hybrids showed a better catalytic performance than pure CoFe2O4 [83]. Multilayer titanate nanotubes (TNTs) have excellent ion exchange ability due to their unique structural characteristics. Under mild conditions, they can remove various toxic cations and locate free cations through electrostatic interactions and here, TNTs were used as catalyst carriers. The CoFe2O4/TNTs were prepared by dipping and roasting. Nanosized CoFe2O4 particles have a small particle size, good dispersion, and a large surface area of hybrid products. The ion exchangeability of the TNT carriers reduced the leaching rate of cobalt [84]. The CoMn2O4 catalyst is an effective and environmentally friendly catalyst for activating PMS and the high catalytic performance has been attributed to the synergistic effect of Co2+/Co3+, Mn2+/Mn3+, and Mn3+/Mn4+ redox pairs [85].



CuFe2O4 magnetic nanoparticles were used as catalysts to activate PMS. The degradation of tetrabromobisphenol A in the presence of PMS showed a higher catalytic activity for CuFe2O4 magnetic nanoparticles compared with Fe2O3 and CuO [86]. The magnetic activated carbon composite (MACC) is magnetic and can be easily separated from a solution. A magnetic activated carbon composite (CuFe2O4/AC) was prepared by a two-step coprecipitation and calcination [87]. In a study of the degradation of bisphenol A by CuFe2O4MNP-activated PMS, the synergistic effect of the redox pair of Cu+/Cu2+ and Fe2+/Fe3+ improved its catalytic activity [88].



A new, efficient, CuCo2O4/nitrogenated graphene (NrGO) electrocatalyst for pollutant removal has been developed. The results have shown that the nitrogen-doped graphene network enhanced the electron transport and promoted the high oxygen evolution activity of the CuCo2O4 nanoparticle/NrGO flake composites. The stability of the catalyst was excellent, which was better than the stability of iridium dioxide and other precious metal oxidants, and the catalyst has good application prospects [89].



A three-dimensional spherical CuBi2O4 nanocolumn array was synthesized by a hydrothermal method for the activation of PMS and PS. The performance of CuB-2.5 for the degradation of 1H-benzotriazole was better than the performance of homogeneous Cu2+, CuO, CuB-microspheres, and a novel CuBi2O4, consisting of self-assembled spherical nanocolumn arrays (CuB-H). The PMS/an efficient bifunctional catalyst (CuB-2.5) was better than the PS/CuB-2.5 [90]. The catalytic performance of NiFe2O4 is better than the catalytic performance of Fe2O3 (23.5%), Fe3O4 (48.0%), NiO (57.6%), and MnFe2O4 (63.8%). Although the degradation rate of benzoic acid (BA) by NiFe2O4 is slightly lower than the degradation rate of CoFe2O4 (86.2%), the leaching rate of nickel (0.265 mol·L−1) is much lower than the leaching rate of cobalt (0.384 mol·L−1) [91]. Graphene can significantly improve the performance of the catalyst. MnFe2O4-rGO has a lower activation energy (25.7 kJ·mol−1) than MnFe2O4 (31.7 kJ·mol−1), which shows higher chemical properties, indicating that the introduction of graphene can promote the performance of the catalyst. The MnFe2O4 and MnFe2O4-rGO hybrids showed durability in eliminating organic pollutants, excellent Fenton-like activity and an easy separation magnetism [92]. Meanwhile, the oxidation of Fe2+ to Fe3+ easily causes metal leaching, but the combined use of cerium and iron can inhibit this leaching process [93]. Loading both Fe and Ce on diatomite (DIA) can not only change the catalytic activity of Fe2+ but also prevent the agglomeration of metal catalysts, while the removal efficiency of tetracycline on Fe-Ce/DIA under an ultraviolet (UV)-activated persulfate process can reach 86% [94]. The degradation of rhodamine B by Ag@CuO nanocomposite-activated persulfate was better than the degradation of rhodamine by CuO alone [95], whereas the catalytic performance of the MnCeOx composite was better than MnOx, MnOx+CeO2 and CeO2 in activated persulfate for the treatment of Acid Orange 7 and Ofloxacin [96]. Activated carbon (AC)-nZVI composites were elsewhere prepared by a hydrothermal method. The ZVI nanoparticles were immobilized on an AC surface to reduce the metal aggregation and Fe ion leaching; therefore, the persulfate/AC-nZVI system provides an alternative method for removing antibiotics from wastewater [97]. Additionally, the copper ferrite/montmorillonite-k10 (CuFe2O4/MMT-k10) nanocomposite was successfully synthesized by a simple citric acid combustion method. The results showed that CuFe2O4/MMT-k10 effectively activates PS to remove levofloxacin (LVF) in an aqueous solution [98].





4. Electrochemically Activated Persulfate


The process of electrochemical activation of persulfate has the advantages of strong catalytic ability and mild operating conditions. The electrochemical activation process can obviously enhance the mass transfer and the production of free radicals.



Persulfate anions may be regenerated from the anodic oxidation of sulfate ions [99]:


S2O82− + e− → SO4•− + SO42−



(18)






2SO42− → S2O8− + 2e−



(19)







The disadvantage of iron as a catalyst is that it is difficult to regenerate Fe2+ after conversion to Fe3+ [100]. In electrochemical oxidation, oxidation degradation is the main reason for removing the chemical oxygen demand (COD) in leachate, and the coagulation of the Fe2+/peroxydisulfate process plays a major role. When the two processes are combined, both oxidation and coagulation play important roles [101].



4.1. Electrochemically Activated Peroxydisulfate


An electrochemically activated persulfate system can effectively remove organic pollutants. In the process of electrochemical activation, hydroxyl radicals, sulfate radicals, and nonradical oxidation are formed to degrade pollutants. The decolorization efficiency of Acid Orange 7 can be improved by the electrochemistry/Fe2+/S2O82− combination, which is positively correlated with the concentration of sulfate and ferrous ions; therefore, reducing the use of superfluous acid by improving the efficiency in other areas is a worthy consideration [102]. Traditional electro-Fenton technology uses two electrodes, which has the problems of a weak electrolysis capacity, a long mass transfer distance, and a low current utilization [103]. The particles were added as the third electrode to solve this problem. Compared with the traditional electro-Fenton system, the specific surface area and oxidation capacity of the three-dimensional electro-Fenton system were increased [104]; therefore, under the optimum conditions, Fe0 is more suitable than Fe2+ when different activators (e.g., Fe2+ and Fe0) and persulfate are added into the three-dimensional electro-Fenton-PS system [105]. Additionally, the results showed that toluene in a surfactant solution can be effectively removed by the electric/Fe2+/persulfate process, and that Fe3+ is reduced at the same time [106].



When there are donor electron groups on aromatic molecules, the SO4•− reaction speed increases [107]. SO4•− tends to be selective by electron transfer [108]. SO4•− may oxidize toluene faster than straight-chain aliphatic surfactants [10]. Moreover, sulfate radicals are an effective active substance for the selective degradation of toluene in surfactant washing wastewater [106]. The degradation of sulfamethazine by the electric/Fe3+/PDS process is combined with the activated sludge process. The byproducts produced by the electrochemical treatment are biodegradable, and the combination with biodegradation technology greatly enhances the treatment performance [109]. Ferric ions cannot be regenerated after the activation of persulfate, thus requiring a higher concentration of ferrous ions, which results in a large amount of iron sludge in a system. In addition, excess ferrous ion and sulfate-free radical reactions affect the treatment effect. The “electric/Fe3+/peroxydisulfate” method was used to degrade pollutants, and the degradation of bisphenol A by this process was studied. The Fe2+-activated PDS process was enhanced electrochemically, and the TOC removal efficiency reached 94.3% after 120 min of reaction [110,111]. Natural magnetite can effectively activate PDS to remove AO7 over a wide pH range (3.0–9.0). Moreover, as a green energy conversion technology, microbial fuel cells (MFCs) can achieve a sustainable use of electric energy; thus, AO7 was removed through the establishment of a self-driven electric/natural magnetite/PDS (MFC/NM/PDS) system. The advantages of this process are the abundance of natural magnetite and the power produced by green MFC technology [112].



The electro-assisted heterogeneous bimetallic or multi-metallic catalyst activation process of PDS is also very worthy of study. The degradation of cyclobutyl acid by an electrically assisted heterogeneous persulfate (electricity/Fe-Cu catalyst/S2O82−) process was studied. Compared with a single metal catalyst, an Fe-Cu bimetallic catalyst has higher catalytic activity, and its removal efficiency can be close to 100% under favorable conditions [113]. The catalyst (Mn0.6Zn0.4Fe2O4) for the activation of persulfate to degrade BPA was prepared by the gel method with a waste alkaline Zn-Mn battery as the material. The process also allows the alkaline zinc-manganese battery to be reused. The electro-enhanced activation of PDS using Mn0.6Zn0.4Fe2O4 made of alkaline Zn-Mn batteries could efficiently degrade BPA. As a result, the redox pairs of Mn3+/Mn2+ and Fe3+/Fe2+ were involved in the Mn0.6Zn0.4Fe2O4 activation of PDS. Zn2+ did not participate in the activation of PDS [114].



Iron oxides and other minerals are also used as PDS activators coupled with electrochemical methods to degrade pollutants. The EC/Fe3O4/PDS process can completely decolorize AO7, and the Fe3O4 particles are stable and can be reused, which reduces the cost; however, when too much catalyst is added, the Fe2+ on the particle surface reacts with the sulfate radical, which leads to a decrease in the treatment effect [115]. The electrochemical process was combined with the α-FeOOH activation PDS process, and the EC/α-FeOOH/PDS process was studied. The catalyst (α-FeOOH) maintained its high activity and good stability [116].



Mesoporous silica SBA-15 is an ordered mesoporous molecular sieve that has the advantages of good stability, large pore diameter and large specific surface area [117,118]. Furthermore, the results show that the SBA-15 supported metal catalyst has a high stability and can effectively inhibit metal leaching [119]. The coupling of PS with heterogeneous catalysis (Fe/SBA-15) under the EC technique was a highly effective technique for the degradation of an organic dye in an aqueous solution. Additionally, the EC/Fe/SBA-15/PS process has a higher performance-to-price ratio, compared with other advanced oxidation processes (AOPs) [120]. Iron and cobalt are loaded on SBA-15 to prevent metal leaching and to improve total organic carbon (TOC) removal [121]. Using Fe-Co/SBA-15 as a catalyst, the combination of the electrochemical method and the heterogeneous activation of PDS was an excellent method for the degradation of Orange II (Figure 4) [122].




4.2. Electrochemically Activated Peroxymonosulfate


The asymmetry of PMS makes it more easily activated and produces more sulfate radicals than PDS. Iron-based, copper-based, and cobalt-based catalysts coupled with electrochemical processes to activate PMS have been widely studied. For example, cyclofibrinic acid in water could be effectively removed in the EC/Fe3+/PMS process [123]. Compared with the electro-Fenton system, the electroactive PMS had a higher COD removal. In the electrochemical reactor driven by an uncoated single-chamber microbial fuel cell (MFC/hydronium jarosite (HJ)/PMS), the heterogeneous electro-assisted Fenton system HJ activated PMS was used to decolorize AO7 and the electro-assisted Fenton-like (EAFL) system had a great performance. Its advantage was that it could be driven by the low voltage generated in uncoated single-room MFCs [124]. By using a Co3O4 anode and CuO cathode, the degradation of 4-nitrophenol (4-NP) and the electrocatalytic reduction of CO2 were combined to convert organic pollutants into liquid fuel in one pot. Electrocatalysis was coupled with AOPs based on SO4•− to study the degradation of 4-NP on a novel three-dimensional hexagonal array Co3O4 anode [125].



Meanwhile, metal-free carbonaceous materials are receiving increasing attention as persulfate-activated heterogeneous catalysts. The electrochemical process combined with the granular activated carbon catalyzed peroxymonosulfate (electro/GAC/PMS) process is better than the traditional electro-oxidation process and GAC/PMS process for the decolorization of AO7 in an aqueous solution. Fourier transform infrared (FTIR) spectroscopy was used to study the fresh GAC samples and the GAC samples used in the GAC/PMS and electro/GAC/PMS processes. The results showed that during the reaction, the number of oxygen-containing groups of GAC in both processes increased, enhancing the activity of PMS to produce sulfate radicals, which was beneficial to the degradation of pollutants [126]. Electrochemically activated persulfate promoted the formation of •HO through water hydrolysis and dissociation on the BDD anode, inhibiting the side reaction of the oxygen evolution and producing a higher concentration of •HO (>10−11 mol·L−1) than the electrochemical process based on the BDD anode alone. The electrochemical activation of persulfate on the BDD anode was due mainly to the surface adsorption of •HO rather than non-radical oxidation [127]. Meanwhile, PMS and PDS were activated using graphite and multiwalled carbon nanotubes to degrade sulfamic maloxazole. The results showed that under the same conditions, sulfate radicals play a more important role in the PMS electrochemical activation degradation of pollutants, while non-radical oxidation plays a more important role in the PDS electrochemical activation degradation of pollutants (Figure 5). The application of PMS is superior to PDS in the presence of various resistances to nonradical oxidation of organic pollutants such as atrazine (ATZ), or a high concentration of background ions and natural organic matter (NOM) [34]. Carbamazepine was degraded by electrochemically activated peroxymonosulfate. The cathode was made of activated carbon. Activated peroxymonosulfate consumed less energy than activated peroxydisulfate and in electrolysis coupled with a carbon fiber and peroxymonosulfate system, ROS oxidation (including •OH, SO4•− and 1O2) played an important role in carbamazepine (CBZ) degradation, and 1O2 was produced mainly on the cathode [128].



Because the sulfate anions and cathodes were negatively charged, the adsorption of sulfate anions on the electrode surface was reduced, thus, affecting the activation effect. The contact between the persulfate anion and cathode was enhanced by reducing the diffusion distance; therefore, the flow-through cathode (FTC) was developed. In the FTC, the PMS anion is confined in the microchannel, which shortens the diffusion distance, enhances the contact with the cathode, and increases the output of active substances (Figure 6). The FTC has good performance in the removal of phenol, BPA, and 4-chlorophenol [129].



A two-chamber reactor was used to degrade dichloromethane by electrolysis combined with persulfate activation. In this process, the synergistic effect in the anode chamber played a good role. For different electrodes, the effect of the Ti electrode was better than the effect of the TiO2 electrode and RuO2/Ti electrode [130]. The decolorization performance of the BDD electro-activated persulfate (BDD-EAP) system for malachite green (MG) was 3.37 times the decolorization performance of the BDD electrochemical oxidation (BDD-EO) system, and the removal capacity of the BDD-EAP system for the TOC was 2.2 times the removal capacity of the BDD-EO system. The BDD-EAP technology decomposed organic compounds without diffusion limitations and avoided pH regulation, which made the EO treatment of organic wastewater more effective and economical [131].





5. Conclusions


In summary, the metal catalysts-activated persulfate and electrochemically-activated persulfate processes for the removal of pollutants have been reviewed. The metal catalysts have wide application prospects in the treatment of pollutants in water. The combination of mixed metal catalysts and electrochemical processes solves the problem of metal leaching to some extent. Good progress has been made in the study of the different metal catalysts in controlling the cost and improving the degradation effect. In the electrochemical advanced oxidation process, the introduction of electricity improves the treatment effect and has been further studied. In the treatment of pollutants in water, hydroxyl radicals and sulfate radicals are the main active substances. On the premise of considering the cost and environmental protection, the leaching rate of metal ions is reduced, and the removal efficiency of pollutants is improved.



Some research findings have been obtained in terms of metal-based heterogeneous catalysts-activated persulfate and electrochemically-activated persulfate processes; however, many challenges still exist. The following aspects are suggested to be considered in future research.



(1) The strategy to detect radicals, namely, the use of chemical probes or spin trapping agents coupled with analytical tools, and practical issues, such as residual PMS, need to be considered before application in a larger-scale study.



(2) It is suggested that future studies study novel reactor designs for heterogeneous catalytic systems based on batch or continuous flow reactor configurations with catalyst recovery to provide a suitable platform to fully exploit the advantages of PMS oxidation processes.



(3) The combination metal-based heterogeneous catalysts-activated persulfate or electrochemically-activated persulfate with other technologies that may prevent catalyst aggregation and electrode passivation, such as membrane technology systems, should be promising in future applications.



(4) It would also be an interesting study to utilize both a cathode and anode in electrochemically-activated persulfate systems, which would help to improve the current utilization efficiency.
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Figure 1. The species of heterogeneous transition metal catalysts. 
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Figure 2. The reaction mechanism for the removal of organic pollutants in the nanohybrid MnO2 incorporating a Fe2O3/PMS/Vis system. Reprinted with permission from ref. [19]. Copyright 2020 Elsevier B.V. 
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Figure 3. Possible mechanism of magnetic biochar/CoFe2O4/PMS system for lomefloxacin hydrochloride degradation. Reprinted with permission from ref. [80]. Copyright 2021 Elsevier B.V. 
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Figure 4. The mechanism of EC/Fe-Co/SBA-15/PDS system. Reprinted with permission from ref. [122]. Copyright 2014 Elsevier B.V. 
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Figure 5. Electrochemically activated PMS and PDS generate active substances for degrading pollutants. Reprinted with permission from ref. [34]. Copyright 2020 Elsevier B.V. 
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Figure 6. In flow-through cathode (FTC), the mechanism of the decomposition of peroxymonosulfate (PMS) and yield of radicals. Reprinted with permission from ref. [129]. Copyright 2020 Elsevier B.V. 
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