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Abstract

:

Emerging organic pollutants (EOPs), including endocrine disrupting compounds (EDCs), pharmaceuticals and personal care products (PPCPs), and persistent organic pollutants (POPs), constitute a problem in the environmental field as they are difficult to completely degrade by conventional treatment methods. Non-thermal plasma technology is a novel advanced oxidation process, which combines the effects of free radical oxidation, ozone oxidation, ultraviolet radiation, shockwave, etc. This paper summarized and discussed the research progress of non-thermal plasma remediation of EOPs-contaminated water and soil. In addition, the reactive species in the process of non-thermal plasma degradation of EOPs were summarized, and the degradation pathways and degradation mechanisms of EOPs were evaluated of selected EOPs for different study cases. At the same time, the effect of non-thermal plasma in synergy with other techniques on the degradation of EOPs in the environment was evaluated. Finally, the bottleneck problems of non-thermal plasma technology are summarized, and some suggestions for the future development of non-thermal plasma technology in the environmental remediation were presented. This review contributes to our better understanding of non-thermal plasma technology for remediation of EOPs-contaminated water and soil, hoping to provide reference for relevant practitioners.






Keywords:


advanced oxidation processes; discharge plasma; reactive species; environmental remediation; combination system; degradation mechanism












1. Introduction


Over the past few decades, increasing industrial, agricultural, and human activities have promoted the use of chemicals [1,2]. In addition, the development of human society and the wrong understanding of personal safety have increased the chemical load in water and soil environment. In many developing countries, untreated sewage is also used for agricultural purposes, resulting in substandard or untreated wastewater that adds many pollutants to the food chain [3,4]. Therefore, appropriate technologies are needed to eliminate pollutants in water and soil environment for the sake of protection for both human health and the environment.



Emerging organic pollutants (EOPs) are a kind of organic pollutants which have no environmental monitoring standards or emission standards and have negative effects on ecology and human health [5]. EOPs include endocrine disrupting compounds (EDCs), pharmaceutical and personal care products (PPCPs), and persistent organic pollutants (POPs) [6,7]. EOPs may be candidates for future regulation because of their potential risks to the environment and human health, the continuous entry into the environment and the fact that even the most modern wastewater treatment plants (WWTPs) cannot completely convert/remove these compounds [8]. In recent years, with the improvement of environmental analysis, these substances have been frequently detected in the environment, such as sewage, surface water, drinking water [9], and soil [10]. The continuous detection of EOPs brings new challenges to environmental pollution control and makes the treatment of EOPs become an international research hotspot.



Currently, there are many methods for organic pollutants degradation in water environment: bioremediation [11,12], advanced oxidation processes (AOPs) [13,14,15], adsorption process [16,17], membrane treatment [18,19], and combination process [20]. Compared with water remediation, organic pollution in soil is so subtle that it is difficult to detect. In addition, soil remediation tends to be costlier and takes longer to complete. Therefore, it is urgent to develop effective and convenient remediation technology for organic contaminated soil. At present, many methods have been developed for different organic contaminated soils, including physical remediation (e.g., thermal desorption [21], soil vapor extraction [22]), chemical remediation (e.g., soil washing [23], electrochemical remediation [24], chemical oxidation remediation [25]), and biological remediation (e.g., microbial remediation [26], phytoremediation [27]). With the exception of AOPs, most of these technologies either transfer contaminants from one phase to another rather than complete degradation and mineralization, or are not efficient when the concentration of organic pollutants is at low levels. However, bioremediation often requires long treatment time and it is difficult to reduce the pollution level below the standard.



Non-thermal plasma may be a viable alternative to more common AOPs due to its comparable energy requirements for contaminant degradation and its ability to operate without any additional chemicals [28]. Non-thermal plasma technology has been used as a method to degrade EOPs, including EDCs [29,30] (e.g., pesticides, industrial chemicals, steroids), PPCPs [31,32,33,34] (e.g., antibiotics, antidepressant, anti-inflammatories, antimicrobials, surfactants), and POPs [35,36] (e.g., polychlorinated biphenyls, polycyclic aromatic hydrocarbons, organochlorine pesticides). In the review of Magureanu et al. [37], research on the degradation of various pharmaceutical compounds by non-thermal plasma was discussed, and the removal efficiency of target compounds and the energy yield of plasma technology were compared and discussed. Russo et al. [38] summarized the research works on the removal and mineralization of organic pollutants in water by the combination of non-thermal plasma and catalyst. They concluded that the catalyst played an important role in improving the performance of the plasma system. Zhang et al. [39] introduced several typical non-thermal plasma sources for remediation of organic contaminated soil. The effects of different important parameters (such as applied voltage, reactor configuration, soil properties, type of feed air, and gas flow rate) on the remediation performance were discussed. Guo et al. [40] supplemented the research on the mechanism and process of repairing organic contaminated soil by discharge plasma on the basis of previous reviews. Figure 1 shows bibliography data of papers related to non-thermal plasma technology for the degradation of pollutants published in the last decade. As shown in Figure 1a, the number of published papers using non-thermal plasma as a means of pollutant degradation in the last decade has always maintained high and is gradually increasing. Especially, PPCPs and POPs have become hotspots in this field (as shown in Figure 1b).



During the past decade, a number of studies have reported the degradation of EOPs in the environment by non-thermal plasma. At present, the review of non-thermal plasma mainly focuses on water remediation [41,42,43,44,45], and a few reviews have also summarized its application in soil remediation [39,40], but there is a lack of comprehensive review on water and soil remediation. Therefore, this paper focuses on the degradation of different types of EOPs (i.e., EDCs, PPCPs, and POPs) in water and soil environment by the non-thermal plasma technology. Since the reactive species in the plasma system play an indispensable role in the degradation of pollutants, the generation of reactive species in non-thermal plasma is reviewed. In addition, this review also summarizes the research progress of degradation pathways of different kinds of EOPs by non-thermal plasma. An important part of this work is devoted to the combination of non-thermal plasma with various other technologies to compensate for the shortcomings of plasmas alone. In this review, the bottleneck problems of non-thermal plasma and the future prospects are also presented.




2. Degradation of Emerging Organic Pollutants by Non-Thermal Plasma Technology


Different kinds of EOPs may cause harm to human health and ecological environment; so, it is necessary to find appropriate methods to deal with EOPs. EDCs, also known as environmental hormones, can bind to hormone receptors in organisms and disrupt normal metabolism in the endocrine system [46]. Many researchers have reported their toxic effects on human health and the environment [47]. PPCPs are the most widely used chemical reagents in animal husbandry, agriculture, and human daily life. However, they have the potential to cause serious ecotoxicological problems and pose a great threat to ecosystems or organisms [48,49,50]. It is worth mentioning that antibiotics with a certain concentration level in the environment for a long time may not only have toxic effects on some sensitive organisms, but also lead to the generation, maintenance, transfer and transmission of antibiotic-resistant bacteria (ARB), and antibiotic resistance genes (ARGs) under selective pressure [51]. Since the adoption of the “Stockholm Convention” by the United Nations Environment Program (UNEP) in 2001, awareness of the potential risks of POPs in the environment and the need to remove POPs from the environment have become more urgent. POPs are generally considered to have three basic physical and chemical properties: persistence, lipophilicity, and long-distance mobility. These properties enable them to perform bioamplification and bioaccumulation in animals and seriously harm the health of humans and the natural environment. Therefore, it is imperative to develop environmentally friendly removal methods. Faced with this environmental problem, many researchers have focused on AOPs to eliminate EOPs that are resistant to conventional treatment processes [52,53,54]. Non-thermal plasma may be a viable alternative to more common AOPs due to its comparable energy requirements for contaminant degradation and its ability to operate without any additional chemicals. The specific research results of non-thermal plasma in water and soil remediation are introduced below.



2.1. Water Remediation


Researchers have paid extensive attention to the degradation of EOPs in recent years and, in order to reduce the risk of EOPs in water environment, non-thermal plasma has been a widely studied and applied technology. Summaries of some representative studies are compiled in Table 1.



Non-thermal plasma technology has been proved to be an effective method to degrade EOPs in water environment. For example, Yang et al. [59] studied the degradation of bisphenol A (BPA) in water by dielectric barrier discharge (DBD) plasma. The results showed that BPA was completely degraded (100%) within 25 min when the discharge voltage reached 16.8 kV. Satisfactory BPA degradation performance was achieved in a relatively short treatment time, which proved the superiority of non-thermal plasma treatment. Aggelopoulos et al. [91] investigated the degradation of enrofloxacin (ENRO) in aqueous solution in a gas-liquid nanosecond-pulsed dielectric barrier discharge (NSP-DBD) plasma reactor. Under the optimal pulse voltage and pulse frequency, ENRO was degraded completely (100%) after 20 min, and the corresponding energy yield was 1.1 g/kWh. 3,3′,4,4′ -tetrachlorobiphenyl (PCB77) was selected as the target pollutant for DBD treatment in order to verify the effectiveness of non-thermal plasma in the degradation of POPs in aqueous solution [89]. Their study showed that non-thermal plasma can effectively degrade PCB77 in aqueous solution. After DBD plasma treatment for 2 min, more than 75% of PCB77 was degraded. In addition, the biotoxicity of PCB77 degradation products was also evaluated, and it was found that DBD degradation products of PCB77 are almost non-toxic, which demonstrated that non-thermal plasma is an efficient, green, and environmentally friendly treatment technology to remove POPs from the environment.



The discharge voltage applied in non-thermal plasma significantly affects the degradation/mineralization efficiency of EOPs. On the one hand, with the increase of discharge voltage, the intensity of ultraviolet radiation increases, which leads to the improvement of pollutant oxidation. On the other hand, the number of reactive species, especially •OH, increases with the discharge voltage, which may lead to enhanced degradation of pollutants. However, as the discharge voltage increases excessively, the energy yield generally decreases. It is possible that the increased discharge voltage leads to increased energy waste, indicating that more electrical energy is being converted to heat [92,93]. Therefore, reasonable control of discharge voltage is the key of non-thermal plasma technology.



The pH value of aqueous solution is also one of the key factors for the degradation of EOPs by non-thermal plasma technology. It not only affects the properties of EOPs, but also affects the generation of reactive species in the non-thermal plasma system, which is probably the main reason why the results of different studies seem contradictory. The pH dependence of degradation efficiency has been extensively studied by many researchers. In general, the formation of •OH is more intense under neutral or alkaline conditions. Some previous reports also support that some reactive species (e.g., H2O2 and O3) can decompose more quickly under alkaline conditions, forming •OH, leading to higher efficiency of pollutant degradation [94,95,96]. However, in some studies, it was found that better degradation efficiency was achieved under acidic conditions. In the study of Li et al. [97], as the pH value of the solution increased from 2.0 to 10.0, the reaction rate constants of tetracycline (TC), sulfadiazine (SD) and ciprofloxacin (CIP) decreased by 40.9%, 60.0%, and 65.0%, respectively. The lower degradation efficiency under alkaline conditions can be explained by the deprotonation of pollutant molecules, which may lead to the contraction of the bond length of pollutant molecules, thus increasing the stability of molecular structure and enhancement of hydrophilicity of pollutant molecules, thus reducing the interaction with reactive species. In addition, in the relatively high pH environment, the generated •OH will be quenched by OH– [98], thus inhibiting the degradation of pollutants. Therefore, pH is not a simple parameter, and the optimal pH value for different studies may be different, and largely depends on the chemical structure and properties of pollutants.



The reaction of EOPs with different molecular structures to oxidative attacks may be different and largely depends on the substituents on the benzene ring. Generally speaking, EOPs with stable molecular structure have strong resistance to reactive species oxidation. Li et al. [97] investigated the degradation of three antibiotics with different substituents and chemical properties by non-thermal discharge plasma oxidation, namely TC, SD, and CIP. The results showed that the three antibiotics could degrade effectively, but the reaction kinetics were different. The authors speculated that the significant difference in degradation performance of the three antibiotics may be due to their different molecular structures. To verify this experimental conclusion, the authors further determined the relationship between the chemical structure of these antibiotics and their removal efficiency by using Gaussian calculations. The ionization potential (IP) of organic compounds was calculated using the following equation (Equation (1)). Compared with SD and CIP, TC had the lowest ionization potential and was therefore more easily oxidized by reactive oxygen species (ROS). Therefore, organic pollutants with different structures have different degradation effects, which was also found in the study of Kim et al. [31]. Unfortunately, they did not explain the specific reasons. Banaschik et al. [77] explained why some pharmaceutical compounds are more recalcitrant than others. Aromatic ring systems, unsaturated bonds, and electron donating functional groups (+I/+M) increased molecular reactivity towards plasma treatment and also towards other AOPs that are relying on the generation of •OH.


IP = 1.3124 × (−εHOMO) + 0.514 eV



(1)








2.2. Soil Remediation


At present, there is more and more research on remediation of EOPs contaminated soil by non-thermal plasma technology, and the excellent treatment effect has gradually attracted the attention of researchers. Summaries of some representative studies are presented in Table 2.



Non-thermal plasma has been proved to be effective in repairing EOPs-contaminated soil. Aggelopoulos et al. [101] studied the degradation of atrazine (ATZ) in soil by DBD discharge plasma, and the results showed that ATZ with initial concentration of 100 and 10 mg/kg could be degraded in dry soil with a degradation efficiency of 86.9% and 98.1% after plasma treatment for 60 min, respectively. Lou et al. [105] studied the remediation of chloramphenicol (CAP)-contaminated soil by DBD plasma. The results showed that the degradation efficiency of CAP was close to 81% after 20 min of plasma treatment, which demonstrated the feasibility of non-thermal plasma in removing pharmaceutical compounds from soil. Li et al. [112] used pulsed DBD plasma system to rehabilitate phenanthrene (PHE)-contaminated soil. Under the condition of 0.6 L/min air flow and 110 V voltage, the removal efficiency can reach 87.3% within 20 min, and the energy yield is 0.01 mg/kJ.



The researchers found that water content in soil is one of the most important factors affecting the removal efficiency of non-thermal plasma. A certain amount of water molecules can promote the production of •OH [114]. Wang et al. [100] demonstrated that in dry soil (0% moisture), about 65.6% of glyphosate was degraded after 45 min of DBD plasma treatment, and when soil moisture increased to 10%, the proportion increased to 86.5% over the same treatment time. However, soil moisture increased further to 20%, while glyphosate degradation efficiency decreased to 76.5%. The researchers attributed this to the fact that as the water content increased, the pores of the soil became clogged with water molecules, resulting in reduced transport of reactive species through the soil, resulting in less effective degradation of pollutants. In addition, some researchers have suggested that the presence of water contributes to this by helping dissolve organic matter in soil particles, allowing the dissolved organic matter to compete with the target pollutant for reactive species [115].



Different types of power supplies used to drive various plasma reactors also have a great impact on the efficiency of soil remediation. Recently, more and more researchers have focused on the plasma driven by nanosecond pulse power supply. Nanosecond pulsed plasmas have the following advantages: (1) higher electron energy [116,117], since most of the energy in the discharge process is used to accelerate the electron energy rather than neutral gas; (2) stronger chemical activity [118], because the nanosecond pulse discharge can produce more high-energy electrons, the inelastic collision in the discharge process is more intense, and more reactive species can be produced, the chemical activity is stronger than other discharges such as alternating current (AC) and direct current (DC); (3) better uniformity and stability [119,120]. Aggelopoulos et al. [106] studied the remediation of CIP-contaminated soil by nanosecond-pulsed DBD plasma. Under the optimal conditions (pulse voltage 17.4 kV, pulse frequency 200 Hz), CIP was completely degraded in soil (~99%), and treatment time was only 3 min, with a corresponding energy efficiency of 4.6 mg/kJ, which is quite high for soil remediation. However, the plasma discharge in this study was carried out in the gas phase above the soil surface, which would lead to poor permeability of ultraviolet radiation and reactive species produced by plasma in the soil, thus affecting the treatment effect. Hatzisymeon et al. [107] designed a new type of discharge plasma reactor to alleviate this problem. In such reactors, the reactive species produced by the discharge and plasma were produced directly in the contaminated medium, rather than in the gas phase above the contaminated medium. Under optimized conditions, the energy efficiency of the system was 21.2 mg/kJ. In addition, this system could degrade CIP almost completely over a wide range of soil thicknesses (2.4 to 9.4 mm). At the actual concentration of CIP contamination in soil (20 mg/kg), the degradation process was very rapid and complete. At high initial contaminant concentrations (200 mg/kg), considerable degradation efficiency was also achieved. Water content of up to 10% did not appear to significantly affect process efficiency, which is important for implementation under practical conditions.




2.3. Comparison with Other AOPs


Comparisons between non-thermal plasma and other AOPs are difficult because experimental conditions (such as molecular structure, initial concentration, treatment volume, etc.) vary greatly and these parameters significantly affect the degradation process. In order to find a more accurate evaluation of degradation efficiency and energy yield, Hama Aziz et al. [74,121] focused on the degradation of 2,4-dichlorophenoxyacetic acid (2,4-D), 2,4-dichlorophenol (2,4-DCP), diclofenac (DCF), and ibuprofen (IBP) by several AOPs: ozonation, photocatalysis, and non-thermal plasma. The common reactor design of all experiments can directly compare the degradation efficiency and energy yield obtained by different methods. The specific comparison results are shown in Table 3. Comparing these AOPs from the perspective of degradation efficiency and energy yield, it is found that there is an obvious gap in the degradation of pollutants with different molecular structures, which indicates that different AOPs will be affected by the molecular structure.



Compared with photocatalysis, ozonation, and non-thermal plasma have the advantages of fast degradation rate, high degradation efficiency, and high energy yield. It can also be seen from Table 3 that ozonation and non-thermal plasma show similar performance. Taking 2,4-D as an example, the energy yield of non-thermal plasma is 8.8 g/kWh, while the energy yield of ozonation for the removal of 2,4-D is 6.6 g/kWh. It is worth noting that the mineralization efficiency of pollutants by ozonation is relatively low, and very good mineralization can be obtained by non-thermal plasma. Li et al. [122] compared the degradation of IBP by different AOPs. Except that the energy yield of photo-Fenton is slightly higher than that of water film DBD plasma, the energy yield of other AOPs is relatively low. However, photo-Fenton takes a longer time and the removal efficiency is not very high.





3. Mechanism of Emerging Organic Pollutants Degradation by Non-Thermal Plasma


3.1. Reactive Species in Non-Thermal Plasma Discharges


The ability of non-thermal plasma to produce highly reactive species in situ is well known. Their formation is mainly triggered by the collision of high-energy electrons produced in the discharge with gas atoms or molecules. Once the discharge process has occurred, reactive species can also be produced by radical recombination reactions or de-excitation of metastable substances [96]. The most abundant primary and secondary species formed in liquid or gas-liquid environments are hydroxyl radical (•OH), ozone (O3), and hydrogen peroxide (H2O2), which are associated with the degradation of target pollutants. However, many other ROS and RNS are produced in plasma, and can also contribute to the decomposition of pollutants, such as singlet oxygen (1O2), atomic oxygen (O), superoxide anion radical (•O2–), peroxide hydroxyl radical (HO2•), nitrite (NO2–), nitrate (NO3–), peroxynitrite (ONOO–), etc. The redox potentials of common oxidants are shown in Figure 2. These reactive species react with pollutants in water or soil, or high-energy electrons in an electric field react directly with pollutants, degrading them into small intermediates and further splitting them into carbon dioxide and water molecules. In addition to oxidizing species, reductive species in discharge plasma may also contribute to the degradation of pollutants in water, such as aqueous electron (E0 = −2.77 V) and H• radicals (E0 = −2.30 V). Furthermore, some physical effects, such as ultraviolet radiation, heat, and shock wave, are often accompanied in the plasma discharge process. In conclusion, the degradation of organic compounds by discharge plasma depends mainly on the reactive species, while other physical effects are beneficial to the degradation process.



•OH is the second most reactive substance after fluorine atom, and they attack most organic pollutant molecules with a rate constant of 106–109 M−1 s−1, which is 106–1012 times faster than ozone [123,124]. The production of •OH in water or plasma in contact with water was discussed in detail [125]. Bruggeman et al. found that the production of •OH depends largely on plasma parameters, such as gas temperature (Tg), electron temperature (Te), ionization degree, electron and ion density, and gas composition. The results showed that •OH formed by electron dissociation (Equation (2)) and dissociation attachment (Equation (3)) of water molecules are dominant in plasma with Te higher than 2 eV. However, when Te is between 1 and 2 eV, electron-ion dissociation recombination (Equations (4) and (5)) and ion-ion dissociation recombination (Equations (6) and (7)) also play an important role in the mass production of •OH. Even at high enough ionization degree, it is also the main formation pathway of •OH.
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In the case of air or oxygen as the feed gas, O3 is formed by non-thermal plasma, and the process has been well documented [126]. The electrons generated in the discharge excite and dissociate diatomic oxygen (Equation (8)), and the resulting atomic oxygen reacts with another oxygen molecule in the presence of a third object (M: M is a third collision partner: O2, O3, O) to form ozone (Equation (9)).


   O 2  +  e −   →    2 O • +      e   −   



(8)






  O • +      O   2  + M  →     O 3  + M  



(9)







It is generally believed that H2O2 is mainly formed by the dimerization of •OH in discharge in contact with water (Equation (10)):


    • OH + • OH  →     H 2   O 2   



(10)







H2O2 is a relatively stable oxidant and can accumulate in the liquid phase during plasma discharge. Locke and Shih [127] summarized the literature on the formation of H2O2 in water using various discharge techniques and experimental conditions. The results showed that the efficiency of H2O2 production depends largely on the experimental device, and the maximum energy yield is 80 g/kWh. In addition to the direct generation of •OH in the plasma, additional •OH may be generated by the interaction of dissolved O3 with H2O2 (Equation (11)).


   H 2   O 2  +  O 3   →         O   2  +    HO  • +      HO   2  •  



(11)







Formation of more •OH is particularly beneficial for degradation because •OH is a powerful non-selective oxidant that reacts with most organic compounds, including short-chain carboxylic acids, and complex intermediates produced during degradation of organic molecules. Thus, increased concentrations of •OH can ensure further degradation/mineralization of organic pollutants.



In the study of plasma discharge technology using air/N2 as raw gas, in addition to ROS, RNS are also formed, such as nitric oxide (NO), nitrogen dioxide (NO2), nitrite (NO2−), nitrate (NO3−), and peroxynitrite (ONOO−) [95]. Even though N2 is a very stable molecule with high bonding energy, high-energy electrons generated during plasma discharge can dissociate the molecule from atomic nitrogen (Equation (12)). Nitrogen oxides are then rapidly formed by the interaction of atomic nitrogen with diatomic or triatomic oxygen (Equations (13) and (14)). The exchange between the two nitrogen oxides can be achieved by the interaction of nitric oxide with ozone and the photodissociation of nitrogen dioxide by ultraviolet radiation produced in the plasma (Equations (15) and (16)). Further dissolution and oxidation of nitrogen oxides in aqueous media lead to the formation of NO2−, NO3−, and ONOO−.


   N 2  +  e −   →    2 N • +      e   −   



(12)






  N • +      O   2   →    NO • +    O  •  



(13)






  N • +      O   3   →    NO • +      O   2   



(14)






  NO • +      O   3   →      NO  2  +      O   2   



(15)






    NO  2  + hv  →    NO • +    O  •  



(16)








3.2. Degradation Pathways of Emerging Organic Pollutants


Different degradation efficiencies and rates have been recorded using non-thermal plasma techniques for different classes of EOPs. This phenomenon is mainly due to the different chemical structure of EOPs. Different kinds of organic compounds require different amounts of energy to break bonds. Therefore, the complexity of degradation pathway is also a key factor in the final degradation results. During non-thermal plasma treatment, in addition to the residue of the target pollutant, some intermediates also exist in the water/soil, which will compete with the target pollutant for reactive species, resulting in poor degradation. However, little is known about the differences in degradation mechanisms and kinetics. Therefore, the degradation pathways of some different types of EOPs are summarized below.



3.2.1. Selected EDCs: Bisphenol A


Based on most relevant research, the results suggested that •OH, O3 and •NO2 play an important role in the degradation of BPA and most intermediates. Generally, there are two main pathways for the degradation of BPA in non-thermal plasma [56,57,58,59], as shown in Figure 3. On the one hand, •OH reacts with phenolic hydroxyl groups in BPA to form TP1 through hydrogen abstraction. The C atom on the ortho position of the hydroxyl group of TP1 undergoes hydroxylation and a recombination reaction under the attack of •OH and •NO2 to generate TP2 and TP3. Then, TP4 and TP5 are generated by tautomerization of the keto and enol forms. On the other hand, the C atom between the two benzene rings is cleaved under the oxidation of •OH and O3 to generate TP6 and TP7. In addition, the above intermediate products can be further oxidized and ring-opened to generate a series of small molecular organic compounds, and finally mineralized into CO2 and H2O.




3.2.2. Selected PPCPs: Ibuprofen


Based on density functional theory (DFT), the spatial configuration of organic molecules and electron cloud density distribution can be obtained by molecular orbital calculation, which is helpful to predict the degradation behavior of organic pollutants. Generally, there are three common pathways for IBP to undergo degradation by non-thermal plasma, as shown in Figure 4. First, •OH can cause IBP to lose its carboxyl structure to generate the product TP1. TP1 is further deprotonated to form an intermediate product TP2 under the oxidation of •OH, O3 and other reactive species. Then, TP3 and TP4 are generated through hydroxylation and demethylation reactions. Secondly, the 10C in molecular structure of IBP is prone to hydroxylation to form TP5. Next, TP5 is deprotonated to form the product TP6, followed by demethylation and decarboxylation under the action of reactive species to generate TP7 and TP8 in turn. Li et al. [122] proposed the possible degradation pathway of IBP in DBD plasma based on DFT analysis. DFT was used to describe the molecular properties of IBP, which can reveal the potential of IBP in specific degradation reactions, as well as the optimal location of electrophilic or nucleophilic reactions in the molecule. The results showed that the 2 and 5 C positions of IBP are vulnerable to attacks by electrophiles and nucleophiles. Therefore, the third degradation pathway of IBP begins with the attack of the 2 or 5 C atom by the •OH. TP9 and P10 are generated by the substitution of •OH, and subsequent hydroxylation, demethylation, and deprotonation reactions may also occur to generate a series of intermediate products. Finally, the benzene ring undergoes a ring-opening process to form formic, acetic, and oxalic acids. These organic acid molecules continued to mineralize into CO2 and H2O.




3.2.3. Selected POPs: PCB77


The dechlorination of PCBs has always been the most important step in their degradation process. Huang et al. [89] applied DBD non-thermal plasma for the degradation of PCB77, and its degradation process and common reaction sites are shown in Figure 5. Firstly, •OH causes the dechlorination reaction of PCB77 and generates a series of the dechlorination product TP1. Due to the different reactivity of different sites on the benzene ring, the selectivity of the dechlorination reaction usually depends on the position of the chlorine atom, following the order of para > meta > ortho [128]. Secondly, •OH can lead to a benzene cycloaddition reaction, forming multiple C-OH when all C-Cl break. Since the O atom in the phenolic hydroxyl group can undergo p-π conjugation with the benzene ring, the p electron cloud is transferred to the benzene ring, which increases the electron cloud density on the benzene ring and is easy to attack by electrophiles [129,130]. Numerous sites on the benzene ring are attacked by various reactive species in the plasma, and then partially cleaved to form the intermediate product TP2. The aromatic ring structure in TP2 may be attacked to form unstable products through electrophilic addition. Finally, the above intermediate products are degraded into smaller organic molecules, CO2 or inorganic salts.






4. Non-Thermal Plasma and Other Technologies Cooperate to Degrade Emerging Organic Pollutants in Environment


Because most single methods have some defects, it has been fully proved in various research fields to make up for the shortcomings of a single system by using it in combination with other methods [131,132]. Non-thermal plasma is a kind of AOPs which integrates many factors, such as reactive species, high-energy electrons, ultraviolet radiation, and so on, which shows good characteristics in the process of dealing with EOPs. However, non-thermal plasma also has some disadvantages, such as low utilization efficiency of active components and ultraviolet radiation, low energy utilization efficiency, and so on [72,133]. In view of these limiting factors, the synergistic plasma technology of oxidants and catalysts will become one of development trends in the future. Another barrier to plasma is the low mass transfer efficiency of the resulting reactive species from the plasma to the phase where pollutants are present. Therefore, when designing a plasma reactor, it is necessary to consider not only the generation of these reactive species, but also their efficient transfer to the target pollutants. Recently, microbubbles (MBs) have been considered as an effective method to improve the efficiency of plasma reactors. However, only few studies have been carried out, and its mechanism is still unclear. Therefore, it is necessary to study the effects of MBs on improving gas-liquid mass transfer in water treatment and the development of other means to improve the mass transfer efficiency of reactive species from plasma to medium is also the focus of plasma research in the future.



4.1. Oxidant


In recent years, the AOPs based on sulfate radical (•SO4−) has attracted much attention because of its high oxidation activity and good adaptability to various EOPs. The redox potential of •SO4− (2.5–3.1 V) is higher than that of •OH (1.9–2.7 V), and the half-life of •SO4− (30–40 μs) is much longer than that of •OH (10−3 μs), which is beneficial to improve the degradation efficiency of pollutants [134]. Ultraviolet radiation, local high temperatures, and hydrated electrons produced by non-thermal plasma can activate persulfate (PS) to form•SO4−, which helps improve the energy efficiency of the plasma system (Equations (17) and (18)) [135,136]. Tang et al. [65] studied the degradation of TC in water by gas surface discharge plasma-activated PS. With the increase of the PS dosage, the removal efficiency of TC in DBD plasma was also significantly improved. The calculated synergistic factor was 1.856, indicating that the addition of PS has an obvious synergistic effect. Wu et al. [133] found that the addition of peroxymonosulfate (PMS) into the DBD plasma can increase the degradation efficiency of benzotriazole (BTA) by 47%. In addition, energy production increased by 84%. The improvement of BTA degradation efficiency may be attributed to the activation of PMS by plasma, which increases the formation of reactive species and •SO4−. In addition, some studies have shown that the introduction of PMS can realize the secondary utilization of O3 (Equations (19)–(23)) [135].
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  •  O −  +  H 2  O →   • OH +   OH  −   



(23)







In addition, oxidants, such as percarbonate (SPC), ferrate, and H2O2, were also used in non-thermal plasma. Tang et al. [137] explored the synergistic effect of SPC and plasma, and the results showed that the addition of SPC was beneficial to the production of H2O2 and the decomposition of O3. When SPC was 52.0 mol/L and voltage was 4.8 kV, the removal efficiency of TC could reach 94.3% at 20 mg/L. Xu et al. [138] found that low concentration (0.1–1.0 mmol/L) of H2O2 could promote the degradation of norfloxacin (NOR) by plasma, while high concentration (1.0–2.0 mmol/L) of H2O2 could inhibit the degradation of NOR. Sang et al. [139] compared the effect of PMS, SPC, and ferrate on the degradation of Orange G (OG) by DBD plasma, and found that the degradation efficiency of OG by ferrate plasma was the best. The possible mechanism of degradation of EOPs by non-thermal plasma combined with different oxidants is shown in Figure 6.




4.2. Catalyst


4.2.1. Homogeneous Catalyst


Fe2+ is the most commonly used homogeneous catalyst in combination with non-thermal plasma. The addition of Fe2+ can form a Fenton system with the non-thermal plasma and produce more •OH to degrade EOPs (Equations (24) and (25)) [140,141]. Hao et al. [142] introduced iron ion (Fe2+/Fe3+) into the pulsed discharge plasma system. The experimental results showed that the addition of iron ion (Fe2+/Fe3+) could greatly improve the removal efficiency of 4-chlorophenol. At the same time, they found that the promoting effect of Fe2+ was greater than that of Fe3+. Xu et al. [138] found that a low concentration of Fe2+ can promote the degradation of NOR by DBD plasma, while a high concentration can inhibit the degradation of NOR, which may be due to the reaction of excessive Fe2+ with •OH to form Fe3+ and OH- (Equation (26)). At the same time, the Fe3+ can also react with H2O2 in aqueous solution (Equation (25)), thus reducing the concentration of H2O2.


   H 2   O 2  +   Fe   2 +   →   • OH +   OH  −  +   Fe   3 +    



(24)






   H 2   O 2  +   Fe   3 +   →  H +  +   HO  2  • +   Fe   2 +    



(25)






    Fe   2 +   + • OH →   OH  −  +   Fe   3 +    



(26)







In addition, the oxidizability of O3 produced by non-thermal plasma is lower than that of •OH, while the introduction of Fe2+ can react with O3 to form •OH (Equations (27) and (28)), thus improving the •OH content and energy efficiency of the non-thermal plasma.


    Fe   2 +   +  O 3  →  O 2  +   FeO   2 +    



(27)






   H 2  O +   FeO   2 +   →   Fe   3 +   + • OH +   OH  −   



(28)








4.2.2. Heterogeneous Catalyst


Non-thermal plasma co-heterogeneous catalytic oxidation technology refers to the addition of solid catalyst (generally used in powder form) in the discharge region of the plasma. Catalysts react with ultraviolet radiation or reactive species such as ozone and hydrogen peroxide generated in plasma discharge process, and then trigger a series of chain reactions to promote the generation of active free radicals and degradation of organic matter. Furthermore, the combined adsorption and catalytic action of catalysts with a large specific surface area can contribute to the removal of pollutants. Compared with other advanced oxidation technologies, plasma discharge has a variety of physical and chemical effects, such as high electric field, shock wave, etc., which can clean the surface of accelerators and contribute to the regeneration of catalysts [143]. At present, the solid catalysts used for plasma catalytic oxidation mainly include carbon catalysts represented by activated carbon, photocatalysts represented by TiO2, other metal catalysts, metal or metal oxide catalysts supported on supports, etc. The possible mechanism of degradation of EOPs by non-thermal plasma combined with heterogeneous catalyst is shown in Figure 7.



Different from the homogeneous catalyst, the heterogeneous catalyst is easy to recover and separate; so, there are many studies on the coupling of the heterogeneous catalyst and plasma to degrade EOPs. Guo et al. [69] coupled pulsed discharge plasma (PDP) with Fe3O4 to promote the degradation of CAP. In PDP system, Fe3O4 not only catalyzed H2O2 to form a Fenton reaction, but also catalyzed O3, which promotes the formation of •OH. When the addition amount of Fe3O4 is 0.26 g/L, under the conditions of higher peak voltage, lower initial solution concentration, and lower initial pH value, CAP is beneficial to decomposition and has the best catalytic performance. Cheng et al. [144] used α-MnO2, β-MnO2, and γ-MnO2 to degrade CIP wastewater by DBD plasma-catalytic combined process. The results showed that the combination of DBD plasma and α-MnO2 has the highest degradation efficiency of CIP, and the degradation efficiency could reach 93.1%, which was 10.8% and 18.1% higher than that of β-MnO2 and γ-MnO2 catalyst in the plasma catalytic system, respectively. The photocatalyst TiO2 can enhance the degradation of EOPs in the plasma system by utilizing the ultraviolet radiation produced by the plasma (Equations (29) and (30)) [145]. Lee et al. [83] found that the addition of TiO2 increased the decomposition rate of DMP, but the excess dosage of TiO2 resulted in ultraviolet radiation blocking and decreased the decomposition rate of DMP. Jogi et al. [146] found that the addition of TiO2 can increase the amount of O3 produced by the DBD plasma, which may be one of the reasons for improving the efficiency of pollutant degradation.


    TiO  2  +  h υ  →   TiO  2   (   e  cb  −  +  h  vb  +   )   



(29)






   H 2  O +  h  vb  +  →   • OH +  H +   



(30)







A single metal oxide photocatalyst has a high recombination rate for electron-hole pairs generated by light energy and is only sensitive to ultraviolet light, while catalysts such as Fe3O4 can use H2O2 and O3 but cannot use ultraviolet light [64,71]. Therefore, it is an ideal choice to prepare composite catalysts from metal oxides and other catalysts [147]. In order to make full use of the ultraviolet light generated by the plasma, Fe3O4 was supported on reduced graphene oxide (rGO) [71]. Compared with using Fe3O4 alone, rGO-Fe3O4 further improved the degradation efficiency and kinetic constant of ofloxacin in the discharge plasma system. After 60 min of treatment, the degradation efficiency and kinetic constant reached 99.9% and 0.108 min−1, respectively.



In addition, composite catalysts composed of metal oxides and metal oxides, metal oxides, and metal elements are also used in non-thermal plasma. Ansari et al. [68] combined a ZnO/α-Fe2O3 composite catalyst with DBD plasma to degrade antibiotic amoxicillin (AMX). The results showed that the ZnO/α-Fe2O3 composite catalyst increased the degradation efficiency of AMX from 75.0% (sole DBD plasma) to 99.3% under optimal conditions. Wang et al. [148] found that compared with the plasma process, the combination of plasma and Mn/γ-Al2O3 catalyst significantly improved the degradation efficiency of tetracycline hydrochloride. Under the discharge power of 1.3 W, the degradation efficiency of tetracycline hydrochloride could reach 99.3%, while the degradation efficiency of the plasma treatment was only 69.7%.



At present, plasma-catalytic systems are mainly focused on water remediation, but there are few reports about soil remediation. However, it has been demonstrated that plasma-catalytic systems improve the efficiency of plasma systems in soil remediation. Wang et al. [99,149] investigated the degradation of p-nitrophenol (PNP) in soil using a pulsed discharge plasma-TiO2 catalytic system. Compared with the single plasma system, the system showed higher degradation performance of PNP. Increased TiO2 content promoted PNP degradation to a certain extent, while further increased TiO2 content had negative effects. At higher TiO2 content, particles aggregation may reduce the interface area between contaminants and catalyst surface sites, thereby reducing the number of active sites on the catalyst surface and resulting in reduced PNP degradation [150].



In conclusion, the combination of plasma discharge and catalyst reveals the catalytic promoting effect on pollutant removal and improves the efficiency of non-thermal plasma.





4.3. Microbubbles


MBs generally refer to bubbles with equivalent diameters less than 50 μm. Compared with millimeter-sized bubbles, MBs have some special properties that can enhance the discharge effect. Firstly, the gas-liquid mass transfer ability of MBs is strong. Unlike millimeter-sized bubbles, MBs will not rise rapidly from the water to the liquid surface and break. The rising speed of MBs in water is slower than that of millimeter-sized bubbles, and the residence time in water is longer, which greatly prolongs the gas-liquid contact time [151,152]. Figure 8 shows the characteristics of millimeter-sized bubbles and micron-sized bubbles in water. Secondly, MBs can stimulate the generation of free radicals in the process of fragmentation. Adiabatic compression occurs during bubble contraction, which generates local high temperature and high pressure around the bubble. Such conditions stimulate the decomposition of water molecules around the bubble into free radicals [153]. Takahashi et al. [152] demonstrated free-radical generation from the collapse of MBs in the absence of a harsh dynamic stimulus. Electron spin-resonance spectroscopy confirmed free-radical generation by the collapsing MBs. The increase of the surface charges (ζ potentials) of the MBs, which were measured during their collapse, supported the hypothesis that the significant increase in ion concentration around the shrinking gas-water interface provided the mechanism for radical generation.



Studies showed that compared with plasma treatment alone, the presence of MBs can significantly improve the treatment efficiency, and preliminary studies speculate that the presence of MBs can improve gas-liquid mass transfer in plasma water treatment [154,155]. MBs were introduced with different carrier gases (air, N2 and Ar) in the needle-plate pulsed discharge reactor to enhance the interface reaction [156]. Due to the surface ζ-potential, MBs can effectively enrich pollutants, and the large specific surface area also leads to a high gas-liquid interface area, which enhances the plasma reaction with pollutants. At the same time, these unique physical properties can also promote the mass transfer from gas to liquid in the system. Wang et al. [157] evaluated the degradation of ATZ in aqueous solution by DBD/MBs/PS system in order to develop a more efficient and environmentally friendly PS activation method. The observed ATZ removal efficiency (DBD/MBs/PS > DBD/PS > MBs/PS) confirmed the synergistic effect of DBD/MBs/PS. Based on the ATZ removal efficiencies of 64% and 56% in DBD/MBs/PS and DBD/PS systems, the mass transfer contribution rate was calculated as 13% in DBD/MBs/PS system. The synergies of DBD/MB/PMS systems are largely due to the interaction between DBD, MBs, and PMS. DBD plasma produces a large number of reactive species when gas molecules dissociate and form high-energy electrons. By combining DBD plasma and MBs, the plasma can be ignited inside the MBs, where an electron avalanche breakdown occurs and continues until the MBs crashes.





5. Practical Implications of This Study


Among a large number of research works in the past decade, non-thermal plasma technology has been proved to be a promising environmental remediation technology. However, there are still some challenges to be solved and breakthroughs to be made.



	(1)

	
One of the most serious challenges of non-thermal plasma technology is how to improve the energy yield of the treatment system and reduce the operation cost. According to the summary of existing research, the energy yields of different research results vary greatly, covering several orders of magnitude. In addition to the different molecular structures of pollutants, the design and experimental conditions of a non-thermal plasma reactor also have a great influence. Due to the particularity of in situ generation of reactive species by non-thermal plasma, the main improvement of reactor design mainly lies in how to maximize the generation of reactive species and effectively transfer them to the medium where pollutants exist.




	(2)

	
In addition, non-thermal plasma technology is still in the laboratory research stage, and the volume of the reactor is too small to be put into practical application. Therefore, how to expand the scale of the reactor is a major challenge for future research.




	(3)

	
Another key research challenge is that the current research mainly focuses on the degradation efficiency of pollutants and lacks the toxicity test of water and soil environment after non-thermal plasma treatment, which is very important for the practical application of non-thermal plasma technology in the future. Although it is generally shown that non-thermal plasma can reduce the concentration of pollutants, the toxicity of the degradation products and the ultimate impact of reactive species produced by non-thermal plasma that may persist are not clear. This is a problem that needs to be analyzed in more detail in the future.







Some suggestions for future development direction are also put forward.



	(1)

	
At present, most research focuses on artificially polluted water and soil, and research on actually polluted water and soil is limited. Therefore, more attention should be paid to the actually polluted water or soil, which may promote the practical application of non-thermal plasma in the future.




	(2)

	
It is well known that the traditional sewage treatment process of sewage treatment plants cannot completely remove these EOPs. In most cases, these EOPs are transferred to sludge due to their low solubility and high octanol/water distribution coefficient. Therefore, excess sludge is also an easy enrichment medium for these EOPs. In view of the excellent effect of non-thermal plasma in water and soil environment, it is necessary to extend this technology to the treatment of excess sludge in the future.




	(3)

	
The positive effects of catalysts on non-thermal plasma technology have been widely recognized in a large number of studies. However, at present, the recovery of solid catalysts in soil remediation seems to be less mentioned, and the influence of catalyst residues on soil properties and microbial behavior is still in the blank stage.








6. Conclusions


This review provides readers with a comprehensive overview of non-thermal plasma in environmental remediation. Based on the above discussion of this review, some important conclusions can be drawn.



Firstly, the research progress of non-thermal plasma on EOPs (i.e., EDCs, PPCPs, and POPs) in different environmental media is summarized. It is found that many parameters will affect the degradation efficiency of non-thermal plasma, and it is clear from previous studies that non-thermal plasma technology shows the potential for effective degradation and complete mineralization of EOPs, which cannot be successfully removed by conventional treatment methods. For soil remediation, direct ignition of plasma discharge in the interior of soil pores seems to promote the penetration of UV and short-lived reactive species in the soil matrix, thus further promoting effective remediation of the entire porous medium.



Secondly, the generation of reactive species and the degradation mechanism of EOPs in non-thermal plasma system are discussed. Similar to other AOPs, non-thermal plasma also emphasizes that •OH plays a central role in the degradation of pollutants. The degradation pathways of various EOPs are mainly the following reactions: •OH is directly generated in discharge or further decomposed by O3 and H2O2. Then, according to the molecular structure of organic pollutants (e.g., electron density), the oxidative degradation pathway may also include the reaction with O3.



Finally, some measures to improve the efficiency of non-thermal plasma are comprehensively summarized. In terms of water remediation, the formation of MBs under the water surface seems to have significant advantages, because it is a more effective means to provide reactive species to degrade EOPs in water and the existence of MBs enhances the dissolution and mass transfer of reactive species generated by plasma from gas phase to liquid phase. For soil remediation, the combination of non-thermal plasma and catalyst seems to be a promising technology to break through the bottleneck of single plasma.



In conclusion, non-thermal plasma technology has a good application prospect in environmental remediation.
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Figure 1. Statistics of papers about non-thermal plasma technology as a method for the degradation of (a) pollutants and (b) EOPs (EDCs, PPCPs, and POPs) published in the last ten years (data obtained from Web of Science). 
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Figure 2. Comparison of oxidation potential of reactive species by non-thermal plasma. 






Figure 2. Comparison of oxidation potential of reactive species by non-thermal plasma.



[image: Water 14 01351 g002]







[image: Water 14 01351 g003 550] 





Figure 3. The proposed BPA degradation pathway. 
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Figure 4. The proposed IBP degradation pathway. 
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Figure 5. The proposed PCB77 degradation pathway. 
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Figure 6. Possible degradation mechanisms of EOPs combined with different oxidants: (a) PS, (b) SPC, (c) Fe (VI). 
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Figure 7. Possible degradation mechanisms of EOPs combined with heterogeneous catalyst. 
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Figure 8. Comparison of millimeter-sized bubbles and micron-sized bubbles in water. 
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Table 1. Overview of work done in the degradation of EOPs in water by non-thermal plasma.
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EDCs




	
Target

Compounds

	
Non-Thermal

Plasma System

	
Experimental Condition

	
Results

	
Ref.




	
17α-ethinylestradiol

	
Corona discharge plasma

	
Discharge voltage: 16 kV;

Frequency: 20 Hz;

Solution volume: 100 mL;

Initial concentration: 100 µg/L

	
Degradation efficiency: ~100% (0.25 min);

Energy yield: 4.80 g/kWh

	
[55]




	
Bisphenol A

	
Pulsed discharge plasma

	
Discharge voltage: 20 kV;

Frequency: 50 Hz;

Air flow rate: 4.0 L/min;

Initial concentration: 20 mg/L

	
Degradation efficiency: 75.1% (60 min);

TOC removal efficiency: 29.8%

	
[56]




	
Bisphenol A

	
Dielectric barrier discharge plasma

	
Discharge voltage: 5 kV;

Gas flow rate: 0.5 L/min;

Solution volume: 500 mL;

Initial concentration: 20 mg/L

	
Degradation efficiency: 67.8% (60 min);

TOC removal efficiency: 34.2%

	
[57]




	
Bisphenol A

	
Dielectric barrier discharge plasma

	
Discharge voltage: 5 kV;

Gas flow rate: 0.5 L/min;

Solution volume: 500 mL;

Initial concentration: 20 mg/L

	
Degradation efficiency: 69.5% (60 min);

Energy yield: 0.117 g/kWh

	
[58]




	
Bisphenol A

	
Dielectric barrier discharge plasma

	
Discharge voltage: 16.8 kV;

Discharge power: 412.5 W;

Solution volume: 500 mL;

Initial concentration: 50 mg/L;

Initial pH = 6

	
Degradation efficiency: 100% (25 min);

Rate constant: 0.152 min−1

	
[59]




	
P-methylphenol

	
Dielectric barrier discharge plasma

	
Discharge voltage: 110 V;

O2 flow rate: 100 mL/min;

Liquid flow rate: 100 mL/min;

Solution volume: 400 mL;

Initial concentration:100 mg/L;

Initial pH: 6.1

	
Degradation efficiency: 49.13% (8 min)

	
[60]




	
Dichlorvos

	
Dielectric barrier discharge plasma

	
Discharge voltage: 80 kV;

Solution volume: 20 mL;

Frequency: 50 Hz;

Initial concentration: 850 ppb

	
Degradation efficiency: 78.98% (8 min);

Rate constant: 0.00303 s−1

	
[61]




	
Malathion

	
Discharge voltage: 80 kV;

Solution volume: 20 mL;

Frequency: 50 Hz;

Initial concentration: 1320 ppb

	
Degradation efficiency: 69.62% (8 min);

Rate constant: 0.00239 s−1




	
Endosulfan

	
Discharge voltage: 80 kV;

Solution volume: 20 mL;

Frequency: 50 Hz;

Initial concentration: 350 ppb

	
Degradation efficiency: 57.71% (8 min);

Rate constant: 0.00192 s−1




	
Dimethyl phthalate

	
Dielectric barrier discharge plasma

	
Discharge voltage: 18 kV;

Air flow rate: 2.5 L/min;

Solution volume: 500 mL;

Initial concentration: 30 mg/L

	
Degradation efficiency: 61.4% (30 min);

Rate constant: 0.029 min−1;

Energy yield: 0.29 g/kWh

	
[62]




	
4-chlorophenol

	
Corona discharge plasma

	
Discharge voltage: 20 kV;

Frequency: 100 Hz;

Flow rate: 200 mL/min;

Solution volume: 200 mL;

Initial concentration: 100 mg/L

	
Degradation efficiency: 86.2% (40 min);

	
[63]




	
PPCPs




	
Target

Compounds

	
Non-Thermal

Plasma System

	
Experimental Condition

	
Results

	
Ref.




	
Enrofloxacin

	
Pulsed discharge plasma

	
Discharge voltage: 20 kV;

Frequency: 50 Hz;

Air flow rate: 4 L/min;

Solution volume: 150 mL;

Initial concentration: 20 mg/L

	
Degradation efficiency: 76% (60 min);

Energy yield: 18.7 mg/kJ

	
[64]




	
Tetracycline

	
Surface discharge plasma

	
Discharge voltage: 7 kV;

Frequency: 6 kHz;

Air flow rate: 1.0 L/min;

Solution volume: 900 mL;

Initial concentration: 40 mg/L

	
Degradation efficiency: 82.6% (15 min);

Energy yield: 16.1 mg/kJ

	
[65]




	
Pefloxacin

	
Dielectric barrier discharge plasma

	
Discharge power: 0.7 W;

Frequency: 50 Hz;

O2 flow rate: 125 mL/min;

Solution volume: 100 mL;

Initial concentration: 120 mg/L

	
Degradation efficiency: 96.1% (25 min);

Energy yield: 39.6 g/kWh

	
[66]




	
Oxytetracycline

	
Dielectric barrier discharge plasma

	
Discharge voltage: 4.8 kV;

Frequency: 10 kHz;

Air flow rate: 1.0 L/min;

Solution volume: 200 mL;

Initial concentration: 50 mg/L

	
Degradation efficiency: 88.2% (20 min);

TOC removal efficiency: 36.7%;

COD removal efficiency: 21.2%;

Energy yield: 0.27 mg/kJ

	
[67]




	
Amoxicillin

	
Dielectric barrier discharge plasma

	
Discharge voltage: 15 kV;

Frequency: 50 Hz;

Initial concentration: 16 mg/L;

Initial pH: 4.5

	
Degradation efficiency: 75% (18 min)

	
[68]




	
Chloramphenicol

	
Pulsed discharge plasma

	
Discharge voltage: 19 kV;

Air flow rate: 4 L/min;

Solution volume: 150 mL;

Initial concentration: 20 mg/L;

Initial pH: 6.9

	
Degradation efficiency: ~45% (60 min);

Energy yield: 10.77 mg/kWh

	
[69]




	
Tetracycline

	
Dielectric barrier discharge plasma

	
Discharge voltage: 7 kV;

Discharge power: 38.8 W;

Air flow rate: 2.0 L/min;

Solution volume: 450 mL;

Initial concentration: 50 mg/L;

Initial pH: 7.2

	
Degradation efficiency: ~52% (5 min);

Energy yield: 3.79 g/kWh

	
[70]




	
Ofloxacin

	
Pulsed discharge plasma

	
Discharge voltage: 18 kV;

Solution volume: 150 mL;

Initial concentration: 20 mg/L

	
Degradation efficiency: 65.0% (60 min);

Rate constant: 0.017 min−1

	
[71]




	
Oxytetracycline

	
Pulsed discharge plasma

	
Discharge voltage: 18 kV;

Air flow rate: 4 L/min;

Solution volume: 150 mL;

Initial concentration: 40 mg/L;

Initial pH: 3.2

	
Degradation efficiency: 59% (60 min);

TOC removal efficiency: 23.8%

	
[72]




	
Acetaminophen

	
Dielectric barrier discharge plasma

	
Discharge voltage: 18 kV;

Air flow rate: 200 L/h;

Solution volume: 180 mL;

Initial concentration: 20 ppm

	
Degradation efficiency: 50% (18 min)

	
[73]




	
Diclofenac

	
Dielectric barrier discharge plasma

	
Discharge power: 150 W;

Ar flow rate: 20 L/h;

Solution volume: 500 mL;

Initial concentration: 50 mg/L;

Initial pH: 5.6;

	
Degradation efficiency: 100% (30 min)

	
[74]




	
Ibuprofen

	
Discharge power: 150 W;

Ar flow rate: 20 L/h;

Solution volume: 500 mL;

Initial concentration: 50 mg/L;

Initial pH: 5.7;

	
Degradation efficiency: 100% (20 min)




	
Ibuprofen

	
Corona discharge plasma

	
Discharge voltage: 18 kV;

Discharge power: 2.1 W;

Frequency: 25 Hz;

Solution volume: 330 mL;

Initial concentration: 22.8 mg/L

	
Degradation efficiency: 100% (20 min);

Energy yield: 20.2 g/kWh

	
[75]




	
Ibuprofen

	
Dielectric barrier discharge plasma

	
Discharge power: 70 W;

Air flow rate: 0.50 m3/h;

Initial concentration: 18 mg/L;

Initial pH: 6.72

	
Degradation efficiency: 95.6% (5 min)

	
[76]




	
Diclofenac

	
Corona discharge plasma

	
Discharge voltage: 80 kV;

Frequency: 20 Hz;

Solution volume: 300 mL;

Initial concentration: 0.5 mg/L

	
Degradation efficiency: >80% (15 min)

	
[77]




	
Amoxicillin

	
Dielectric barrier discharge plasma

	
Discharge power: ~2 W;

O2 flow rate: 600 sccm;

Solution volume: 200 mL;

Initial concentration: 100 mg/L;

Initial pH: 8

	
Degradation efficiency: ~100% (10 min)

	
[78]




	
Oxacillin

	
Degradation efficiency: ~100% (30 min)




	
Ampicillin

	
Degradation efficiency: ~100% (30 min)




	
Diclofenac

	
Pulsed corona discharge plasma

	
Discharge voltage: 18 kV;

Frequency: 22 Hz;

O2 flow rate: 1 L/min;

Solution volume: 55 mL;

Initial concentration: 50 mg/L

	
Degradation efficiency: 100% (15 min);

TOC removal efficiency: 50% (30 min)

	
[79]




	
Enalapril

	
Dielectric barrier discharge plasma

	
Discharge voltage: 18 kV;

Discharge power: 2 W

Frequency: 50 Hz;

O2 flow rate: 600 sccm;

Solution volume: 300 mL;

Initial concentration: 50 mg/L

	
Degradation efficiency: ~90% (15 min);

TOC removal efficiency: >40% (120 min);

Energy yield: 4.33 g/kWh

	
[80]




	
Paracetamol

	
Dielectric barrier discharge plasma

	
Discharge voltage: 5.9 kV;

Frequency: 500 Hz;

Air flow rate: 100 sccm;

Solution volume: 40 mL;

Initial concentration: 25 mg/L

	
Degradation efficiency: 90% (60 min);

Energy yield: 2.9 g/kWh

	
[81]




	
Verapamil

	
Dielectric barrier discharge plasma

	
Discharge voltage: 18 kV;

Frequency: 50 Hz;

N2:O2 = 80:20;

Gas flow rate: 30 mL/min;

Solution volume: 70 mL;

Initial concentration: 0.1 mM

	
Degradation efficiency: >99% (40 min)

	
[82]




	
Dimethyl phthalate

	
Liquid phase plasma

	
Discharge voltage: 250 V;

Frequency: 30 kHz;

Solution volume: 600 mL;

Initial concentration: 20 ppm

	
Degradation efficiency: 63% (180 min);

Rate constant: 0.00433 min−1

	
[83]




	
Caffeine

	
Dielectric barrier discharge plasma

	
Discharge power: 60 W;

Frequency: 10 kHz;

Solution volume: 20 mL;

Initial concentration: 100 µg/mL

	
Degradation efficiency: 72.6% (4 min)

	
[84]




	
Caffeine

	
Dielectric barrier discharge plasma

	
Discharge power: 75 W;

Solution volume: 100 mL;

Initial concentration: 50 mg/L

	
Degradation efficiency: 41% (24 min);

TOC removal efficiency: >10%

	
[85]




	
Perfluorooctanoic acid

	
Dielectric barrier discharge plasma

	
Discharge voltage: 22 kV;

Solution volume: 250 mL;

Initial concentration: 20 mg/L

	
Degradation efficiency: 73.5% (60 min);

TOC removal efficiency: 28.9%;

Energy yield: 46.39 mg/kWh

	
[86]




	
Diatrizoate

	
Corona discharge plasma

	
Discharge voltage: 11 kV;

Frequency: 3 kHz;

Solution volume: 7.5 mL;

Initial concentration: 200 μg/L

	
Degradation efficiency: 90% (20 min);

Energy yield: 0.140 g/kWh

	
[87]




	
Pentoxifylline

	
Dielectric barrier discharge plasma

	
Discharge voltage: 12 kV;

Frequency: 120 Hz;

O2 flow rate: 600 sccm;

Solution volume: 200 mL;

Initial concentration: 100 mg/L;

Initial pH: 7

	
Degradation efficiency: 92.5% (60 min);

Energy yield: 16 g/kWh

	
[88]




	
Carbamazepine

	
Dielectric barrier discharge plasma

	
Discharge voltage: 8 kV;

Frequency: 500 Hz;

Initial concentration: 0.219 μg/L

	
Degradation efficiency: 90%

	
[28]




	
POPs




	
Target

Compounds

	
Non-Thermal

Plasma system

	
Experimental Condition

	
Results

	
Ref.




	
3,3′,4,4′-tetrachlorobiphenyl

	
Dielectric barrier discharge plasma

	
Discharge voltage: 10 kV;

Feed gas: He;

Solution volume: 3 mL;

Initial concentration: 0.2 mM

	
Degradation efficiency: 80% (2 min)

	
[89]




	
2,2′,4,4′- tetrachlorobiphenyl

	
Pulsed corona discharges plasma

	
Discharge voltage: 45 kV;

Frequency: 60 Hz;

Initial conductivity: 100 μs/cm;

Initial concentration: 68 ppb

	
Degradation efficiency: 70% (60 min)

	
[90]
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Table 2. Overview of work done in the degradation of EOPs in soil by non-thermal plasma.
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EDCs




	
Target Compounds

	
Non-Thermal

Plasma System

	
Experimental Condition

	
Results

	
Ref.




	
P-nitrophenol

	
Pulsed discharge plasma

	
Discharge voltage: 20 kV;

Frequency: 100 Hz;

Soil mass: 2.0 g;

Initial concentration: 800 mg/kg

	
Degradation efficiency: 78.1% (10 min)

	
[99]




	
Glyphosate

	
Dielectric barrier discharge plasma

	
Discharge voltage: 18.0 kV;

Air flow rate: 1.5 L/min−1;

Soil mass: 5.0 g;

Initial concentration: 200 mg/kg;

Soil moisture: 10%

	
Degradation efficiency: 93.9% (45 min);

Energy yield: 0.47 g/kWh;

Rate constant: 0.062 min−1

	
[100]




	
Atrazine

	
Dielectric barrier discharge plasma

	
Discharge voltage: 44.8 kV;

Discharge power: 0.087 W;

Air flow rate: 1.0 L/min;

Frequency: 300 Hz;

Soil mass: 5 g;

Initial concentration: 100 mg/kg

	
Degradation efficiency: 86.9% (60 min)

	
[101]




	
Pentachlorophenol

	
Pulsed corona discharge plasma

	
Discharge voltage: 16.0 kV

Frequency: 67 Hz;

Air flow rate: 1.0 L/min;

Soil mass: 5 g;

Initial concentration: 200 mg/kg;

Pollution time: 4 h

	
Degradation efficiency: 85% (60 min)

	
[102]




	
P-nitrophenol (PNP) and pentachlorophenol (PCP) mixtures

	
Pulsed corona discharge plasma

	
Discharge voltage: 18 kV;

Frequency: 50 Hz;

Specific energy density: 485 J/gsoil;

Air flow rate: 0.5 L/min;

Soil mass: 5 g;

Initial concentration: 300 mg/kg (PNP) and 300 mg/kg (PCP)

	
Degradation efficiency: 86.0% (PNP) and 94.1% (PCP);

Energy yield: 4.01 g/kWh;

TOC removal efficiency: 39.2%

	
[103]




	
Trifluralin

	
Dielectric barrier discharge plasma

	
Discharge voltage: 26.8 kV;

Frequency: 100 Hz;

Air flow rate: 0.075 L/min;

Soil mass: 10.1 g;

Initial concentration: 200 ppm

	
Degradation efficiency: 97.3% (10 min);

Energy yield: 4.1 mg/kJ

	
[104]




	
PPCPs




	
Target Compounds

	
Non-Thermal

Plasma System

	
Experimental Condition

	
Results

	
Ref.




	
Chloramphenicol

	
Dielectric barrier discharge plasma

	
Discharge voltage: 18.4 kV;

O2 flow rate: 0.5 L/min;

Soil mass: 2.5 g;

Initial concentration: 200 mg/kg;

Soil moisture content: 10%

	
Degradation efficiency: 81.0% (20 min)

	
[105]




	
Ciprofloxacin

	
Dielectric barrier discharge plasma

	
Discharge voltage: 17.4 kV;

Frequency: 200 Hz;

Air flow rate: 1.0 L/min;

Soil mass: 5 g;

Initial concentration: 200 mg/kg;

Soil moisture content: 5%

	
Degradation efficiency: 99% (3 min);

Energy yield: 4.6 mg/kJ

	
[106]




	
Ciprofloxacin

	
Dielectric barrier discharge plasma

	
Discharge voltage: 26.8 kV;

Frequency: 100 Hz;

Air flow rate: 0.075 L/min;

Soil mass: 6.1 g;

Initial concentration: 200 mg/kg;

Soil moisture content: 0.1%

	
Degradation efficiency: 95.2% (5 min);

Energy yield: 21.2 mg/kJ

	
[107]




	
POPs




	
Target Compounds

	
Non-Thermal

Plasma System

	
Experimental Condition

	
Results

	
Ref.




	
Pyrene

	
Dielectric barrier discharge plasma

	
Discharge voltage: 36.2 kV;

Electrode gap: 14 mm;

Initial concentration: 100 mg/kg

	
Degradation efficiency: 61.6% (60 min)

	
[108]




	
Fluorene

	
Corona discharge plasma

	
Discharge voltage: 30 kV;

Frequency: 50 Hz;

Electrode gap: 20 mm;

Initial concentration: 200 mg/kg

	
Degradation efficiency: 78.7% (60 min)

	
[109]




	
Naphthalene

	
Dielectric barrier discharge plasma

	
Discharge voltage: 40 kV;

Air flow rate: 0.85 L/min;

Moisture contents: 4%;

Soil depth: 1 mm;

Initial concentration: 100 mg/kg

	
Degradation efficiency: 96.32% (30 min)

	
[110]




	
Phenanthrene

	
Degradation efficiency: 89.08% (30 min)




	
Pyrene

	
Degradation efficiency: 88.59% (30 min)




	
Pyrene

	
Dielectric barrier discharge plasma

	
Discharge voltage: 35.8 kV;

Frequency: 9 kHz;

Air flow rate: 0.85 L/min;

Initial concentration: 10 mg/kg

	
Degradation efficiency: 85.09% (30 min);

Energy yield: 0.8 μg/kJ

	
[111]




	
Phenanthrene

	
Dielectric barrier discharge plasma

	
Discharge voltage: 110 V;

Frequency: 150 Hz;

Air flow rate: 0.6 L/min;

Soil mass: 5 g;

Initial concentration: 200 mg/kg

	
Degradation efficiency: 87.3% (20 min);

Energy yield: 0.01 mg/kJ

	
[112]




	
Polychlorinated biphenyls

	
Dielectric barrier discharge plasma

	
Discharge power: 21 W;

Gas flow rate: 120 mL/min;

Initial concentration: 1.78 × 104 μg/kg

	
Degradation efficiency: 84.6% (90 min)

	
[113]




	
Polycyclic aromatic hydrocarbons

	
Pulsed corona discharge plasma

	
Discharge voltage: 18 kV;

Frequency: 70 Hz;

Air flow rate: 0.8 L/min;

Initial concentration: 100 mg/kg

	
Degradation efficiency: 70% (40 min)

	
[36]
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Table 3. Comparison of EOPs degradation by non-thermal plasma and other AOPs.
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Target Pollutant

	
Technology

	
Initial Concentration (mg/L)

	
Solution Volume (mL)

	
Treatment Time

(min)

	
Degradation Efficiency

	
Energy Yield G50 (g/kWh)

	
References






	
2,4-D

	
Ozonation

	
100

	
500

	
20

	
~100%

	
6.60

	
[121]




	
Photocatalysis

	
90

	
67%

	
0.92




	
Non-thermal plasma

	
15

	
~100%

	
8.80




	
2,4-DCP

	
Ozonation

	
100

	
500

	
10

	
~100%

	
18.09




	
Photocatalysis

	
90

	
73%

	
0.35




	
Non-thermal plasma

	
15

	
~100%

	
4.64




	
DCF

	
Ozonation

	
50

	
500

	
4

	
~100%

	
28.00

	
[74]




	
Photocatalysis

	
90

	
~80%

	
~0.50




	
Non-thermal plasma

	
20

	
~100%

	
5.10




	
IBP

	
Ozonation

	
50

	
500

	
25

	
~100%

	
2.50




	
Photocatalysis

	
90

	
~35%

	
~0.25




	
Non-thermal plasma

	
15

	
~100%

	
2.15
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