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• Catalytic non-thermal plasma treatment 
of contaminants of emerging concern 
was reviewed. 

• Catalytic non-thermal plasma treatment 
performance was significantly influ-
enced by water quality and NTP 
conditions. 

• Areas of future research in catalytic non- 
thermal plasma treatment were 
suggested.  
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A B S T R A C T   

Contaminants of emerging concerns such as endocrine-disrupting compounds (EDCs) and pharmaceuticals/ 
personal-care products (PPCPs) constitute a problem since they are not completely eliminated by traditional 
water and wastewater treatment methods. Non-thermal plasma (NTP) is considered as one of the most favorable 
treatment methods for the removal of organic contaminants in water and wastewater. The degradation of 
selected EDCs and PPCPs of various classes was reviewed, based on the recent literature, to (i) address the effect 
of the main NTP treatment parameters (water quality and NTP conditions: pH, initial concentration, tempera-
ture, background common ion, NOM, scavenger, gas type/flow rate, discharge/reactor type, input power, and 
energy efficiency/yield) on the degradation of contaminants and their intermediates, (ii) assess the influences of 
different catalysts and hybrid systems on degradation, (iii) describe EDC and PPCP degradation along with their 
properties, and (iv) evaluate mineralization, pathway, and degradation mechanism of selected EDCs and PPCPs 
for different cases studied. Furthermore, areas of potential research in NTP treatment for the degradation of EDCs 
and PPCPs in aqueous solutions are recommended. It could be reasonably predicted that this review is valid for 
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developing our understanding of the fundamental scientific principles concerning the catalytic NTP of EDCs and 
PPCPs, providing helpful and practical references for researchers and designers on the effective removal of EDCs/ 
PPCPs and the optimized operation of catalytic NTP systems.   

1. Introduction 

Numerous studies have reported the occurrence of contaminants of 
emerging concerns (CECs), including endocrine-disrupting chemicals 
(EDCs) and pharmaceutical compounds (PhACs)/personal-care products 
(PCPs) [PPCPs], in various wastewater (WW) influents/effluents, 

surface waters, and finished drinking waters, where some CECs might 
have ecological influences even at extremely low concentrations (less 
than 1 μg L−1) (Snyder et al., 2003; Yoon et al., 2010; Ryu et al., 2014). 
Since the first alarms concerning possible adverse effects of PhACs found 
in municipal WW treatment plants were issued by Stumm-Zollinger and 
Fair in 1965 (Stumm-Zollinger and Fair, 1965), several studies have 

Table 1 
Removal efficiencies of selected CECs at wastewater treatment plant under dry weather conditions with examples of previously published literature related to 
biodegradability, tendency of adsorption to sludge, and tendency of oxidation by chlorination (Ryu et al., 2014; Joseph et al., 2019).  

Compound Use MW (g/ 
mol) 

pKab Log 
KOWc 

Inf. 
(ng/L) 

Eff. 
(ng/L) 

Rem. 
(%) 

Bio. Ads. Oxi. Ref. 

Acesulfame Sugar substitute 201.2 2.0 −1.33 3863 3705 4 L L L (Buerge et al., 2009) B,A; (Mawhinney 
et al., 2011)O 

Atrazine Herbicide 215.1 <2 (1.6) 2.61 ND ND NA L M L (Snyder et al., 2004)B,A; (Lei and Snyder, 
2007)O 

Atenolol Oral beta blocker 266.3 9.6 −0.03 1040 529 49 M L L (Bueno et al., 2012) B,A; (Huerta-Fontela 
et al., 2011)O 

Benzophenone Ultraviolet blocker 182.2 <2 3.18 88 47 47 L M L (Kasprzyk-Hordern et al., 2009)B; ( 
Zhang et al., 2011)A; (Stackelberg et al., 
2007)O 

Benzotriazole Heterocyclic 119.2 8.2 1.44 88 47 47 M L L (Reemtsma et al., 2010)B,A; (Sichel et al., 
2011)O 

Caffeine Stimulant 194.2 6.1 −0.07 8810 236 97 H H M (Snyder et al., 2004)B; (Blair et al., 
2013)A; (Westerhoff et al., 2005)O 

Carbamazepine Analgesic 236.3 <2 2.45 188 156 17 L L H (Clara et al., 2004)B; (Carballa et al., 
2008)A; (Westerhoff et al., 2005)O 

DEET Insect repellent 191.3 <2 2.18 47 46 2 M L L (Snyder et al., 2004)B,A; (Westerhoff 
et al., 2005)O 

Diltiazem Calcium channel 
blockers 

414.5 12.9 2.79 ND ND NA M M L (Domenech et al., 2011)B; (Blair et al., 
2013)A; (Huerta-Fontela et al., 2011)O 

Diclofenac Arthritis 318.1 (4.2) 0.7 6897 359 95 L L H (Buser et al., 1998)B; (Carballa et al., 
2008)A; (Westerhoff et al., 2005)O 

Diphenhy 
dramine 

Antihistamine 255.5 9.0 3.27 171 142 17 L M NF (Wu et al., 2010)B; (Hyland et al., 
2012)A 

E1 Steroid 270.4 10.3 3.13 ND ND NA H M H (Snyder et al., 2004)B,A; (Westerhoff 
et al., 2005)O 

Gemfibrozil Anticholesterol 250.2 4.7 4.72 45 33 27 H M H (Snyder et al., 2004)B,A; (Westerhoff 
et al., 2005)O 

Ibuprofen Analgesic 206.1 4.5 (4.9) 3.97 2724 241 91 H M M (Buser et al., 1999)B; (Carballa et al., 
2008)A; (Lei and Snyder, 2007)O 

Iohexol Contrast agent 821.1 11.7 −3.05 14432 16008 −11 L L L (Deblonde et al., 2011)B,A 

Iopamidol Contrast agent 777.1 10.7 −2.42 8518 10091 −18 L L NF (Deblonde et al., 2011)B,A 

Iopromide Contrast agent 790.9 <2 and 
>13 

−2.10 11133 12895 −16 L L L (Snyder et al., 2004)B,A; (Lei and Snyder, 
2007)O 

Meprobamate Anti-anxiety 218.3 <2 0.70 ND ND NA M L L (Snyder et al., 2004)B,A; (Lei and Snyder, 
2007)O 

Naproxen Analgesic 230.1 4.5 (4.2) 3.18 5113 482 91 M M H (Snyder et al., 2004)B; (Hyland et al., 
2012)A; (Lei and Snyder, 2007)O 

Primidone Anticonvulsant 218.3 11.5 0.73 100 40 60 M L H (Kim et al., 2012)B; (Ternes et al., 
2002)A; (Huerta-Fontela et al., 2011)O 

Propylparaben Preservative 180.2 8.5 3.04 520 7 99 H H H (Kasprzyk-Hordern et al., 2009) B,A; ( 
Andersen et al., 2007)O 

Simazine Herbicide 201.7 1.62 2.18 ND ND NA H M M (Bueno et al., 2012)B,A; (Ormad et al., 
2008)O 

Sucralose Sweetener 397.6 NA −1.00 5289 4043 24 L L L (Torres et al., 2011)B,A,O 

Sulfamethoxazole Antibiotic 253.1 2.1 & <2 
(5.7) 

0.89 400 117 71 L H H (Snyder et al., 2004)B,A; (Westerhoff 
et al., 2005)O 

TCEP Fire retardant 285.5 NA 1.44 439 348 21 L M L (Meyer and Bester, 2004)B,A; (Snyder 
et al., 2004)A; (Lei and Snyder, 2007)O 

Triclocarban Antibiotic 315.6 NA 4.90 198 33 83 L H NF (Heidler et al., 2006)B; (Hyland et al., 
2012)A 

Triclosan Antibiotic 289.6 8 (7.9) 4.76 190 63 67 L H H (Snyder et al., 2004)B,A; (Westerhoff 
et al., 2005)O 

Trimethoprim Antibiotic 290.1 6.3, 4.0, 
<2 (7.1) 

0.91 150 118 21 L L H (Alexy et al., 2004)B; (Kim et al., 2005)A; 
(Westerhoff et al., 2005)O 

Inf. = influent; Eff. = effluent; Rem. = overall removal; Bio. = biodegradation (B); Ads. = adsorption to sludge (A); Oxi. = oxidation by chlorine and/or ozonation (O); 
Ref. = references; H = high; M = medium; L = low; ND = not determined because under detection limit (ND values = 15 ng/L for E1, 50 ng/L for diltiazem, 5 ng/L for 
atrazine, 1.5 ng/L for simazine, and 0.5 ng/L for meprobamate); NA = not available or not applicable; NF = not found. 
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reported that various CECs are found in both WW influents and effluents 
at different levels, suggesting that both conventional and advanced WW 
treatment technologies may not completely remove all EDCs/PPCPs in 
WW treatment plants (Sim et al., 2011; Gao et al., 2012; Gracia-Lor 
et al., 2012; Mohapatra et al., 2016). Because during water and WW 
treatment processes the elimination of CECs could be influenced 
significantly by their physicochemical properties such as size/shape, 
solubility, functional group, pKa, bioavailability, hydrophilicity, and 
polarity, investigations over the last two decades have examined the fate 
and transport of CECs in water and WW treatment processes (Conn et al., 
2006; Benotti et al., 2009; Liu et al., 2009; Park et al., 2010; Sui et al., 
2010; Yang et al., 2012; Chen et al., 2013; Luo et al., 2014; Ryu et al., 
2014; Vieno and Sillanpaa, 2014). 

EDCs/PPCPs are considered as potential contaminants of drinking 
water, especially once WW is recycled. Under the Safe Drinking Water 
Act, the United States Environmental Protection Agency (US EPA) re-
quires that the Contaminant Candidate List (CCL) be updated approxi-
mately every 5 years since CCL 1 was announced in 1998 (EPA, 2021). 
As part of this attempt, the Endocrine Disruptor Screening and Testing 
Program (EDSTP) was established in 1998 to provide guidelines for 
screening, testing, and assessing nearly 87,000 chemicals (U.S. Depart-
ment of the Interior, 2009). The EDSTP report requests for focus on 
possible contaminants, and that public health issues for selected com-
pounds be confirmed via screening and testing to discover any harmful 
effects and determine a dose–response relationship for CECs (USEPA, 
2000). While there is currently no federal regulation for PhACs in 
drinking water, natural water, or WW, only a few CECs (i.e., erythro-
mycin, estrone (E1), 17b-estradiol (E2), 17a-ethinyl estradiol (EE2), and 
estriol (E3)) are presently listed in the US EPA’s “Drinking Water CCL 4” 

(USEPA, 2016). 
As described earlier, the removal of EDCs/PPCPs depends on their 

physicochemical properties and treatment methods in water and WW 
treatment plants. In addition, their removal is significantly influenced 
by various wastewater treatment techniques, conditions, and/or mech-
anisms (e.g., biodegradation, (activate) sludge, oxidation, dilution of 
WW effluent/combined sewer overflow, variations in rainfall, and/or 
temperature) (Benotti and Brownawell, 2007; Weyrauch et al., 2010; 
Phillips et al., 2012). Table 1 presents both measured and estimated 
degrees of removal for selected EDCs/PPCPs in WW treatment plants 
under dry-weather circumstances, using representative samples of the 
current literature concerning biodegradability, along with tendencies 
regarding sorption to sludge and oxidation by chlorination/ozonation. 

Numerous prior researches have reported that EDCs/PPCPs are 
eliminated to various levels by both conventional and advanced treat-
ment techniques such as coagulation/flocculation (Westerhoff et al., 

2005; Joseph et al., 2012; Jung et al., 2015), chlorination (Westerhoff 
et al., 2009), activated carbon (Yoon et al., 2003; Snyder et al., 2007; 
Jung et al., 2013), carbon nanoparticles (e.g., carbon nanotubes (Joseph 
et al., 2011a; Joseph et al., 2011b; Zaib et al., 2012) and graphene oxides 
(Nam et al., 2015)), metal–organic frameworks (Jun et al., 2019a; Jun 
et al., 2020b), MXenes (Jun et al., 2019b; Jun et al., 2020a), membrane 
(Yoon et al., 2006, 2007; Heo et al., 2013), O3 (Westerhoff et al., 2005; 
Moreira et al., 2015), ultraviolet (UV) radiation (Han et al., 2012; Far-
zadkia et al., 2014; Duan et al., 2017), sonodegradation (Rahimi et al., 
2016; Rao et al., 2016; Serna-Galvis et al., 2016), non-thermal plasma 
(NTP) (Ansari et al., 2020), and biodegradation (Yoon et al., 2010; Ryu 
et al., 2011, 2014). Unlike commonly recognized advanced oxidation 
methods such as O3/H2O2, UV/TiO2, UV/H2O2, and UV/Fe3+/H2O2 
processes, the NTP process has lately been employed as an advanced 
treatment method for the elimination of complicated organic chemicals 
in water and WW (Gerrity et al., 2010; Ceriani et al., 2018; Feng et al., 
2018; Fan et al., 2021). Table 2 summarizes the anticipated perfor-
mances of different processes used in both water and WW treatment 
plants based on literature reports that demonstrate specific classes of 
compounds or compare these compounds to other EDCs/PPCPs that 
have been examined in detail. In plasma liquid interactions, chemical 
reactions occur in the bulk gas/liquid phases and at the interface, with 
simultaneous transport processes taking place. Plasma kinetic processes 
involve water form highly reactive oxidative (e.g., OH•, O, HO2•, H2O2, 
O2−, etc.) and reductive species (e.g., free electrons, aqueous electrons 
eaq, H, etc.). Reductive species (e.g., solvated electrons) have been re-
ported to play an important role in the degradation of organic com-
pounds (Mededovic Thagard et al., 2016). The demerits or problems of 
NTP treatment include high-level energy consumption, low efficiency, 
low operating pressure, and the possible production of undesirable 
byproducts (Kim et al., 2015a). However, the combination of plasma 
with various catalysts, such as TiO2 (Zhang et al., 2017a), ZnO/α-Fe2O3 
(Ansari et al., 2020), Ag3PO4 (Gong et al., 2020), and ZrO2/CeO2 (Reddy 
and Subrahmanyam, 2015), could overcome the drawbacks. The ma-
jority of studies undertaken after year 2000 have focused on catalytic 
NTP processes to find answers to these problems. The effect of NTP 
combined with catalysts improves the production of various types of 
oxidative/reductive species based on two potential behaviors: (i) cata-
lysts are introduced to the discharge zone, inducing heterogeneous re-
actions in the system owing to the interaction of catalyst and plasma and 
(ii) catalysts are introduced upstream or downstream of the discharge 
region (Russo et al., 2020). 

Over the last two decades, studies have evaluated the elimination of 
EDCs/PPCPs by various NTP treatments. The few current reviews on 
catalytic NTP treatment (Kim et al., 2015a; Feng et al., 2018; Russo 

Table 2 
Unit processes and operations used for anticipated CEC removal modified from Snyder et al. (2003).  

Group Classification AC BAC O3/AOPs UV Cl2/ClO2 NTP Coag./floc. FO RO NF UF Degradation {B/P/AS}* 
EDCs Pesticides E E L-E E P-E E P F-E E G P–F E {P} 

Industrial chemicals E E F-G E P E P-L F-E E E P–F G- E {B} 
Steroids E E E E E E P F-E E G P–F L-E {B} 
Metals G G P P P P F-G F-E E G P–F P {B}, E {AS} 
Inorganics P-L F P P P P P F-E E G P–F P-L 

PhACs Antibiotics F-G E L-E F-G P-G G-E P-L F-E E E P–F E {B} 
G-E {P} 

Antidepressants G-E G-E L-E F-G P–F G-E P-L F-E E G-E P–F G-E 
Anti-inflammatories E G-E E E P–F G-E P F-E E G-E P–F E {B} 
Lipid regulators E E E F-G P–F G-E P F-E E G-E P–F P {B} 
X-Ray contrast media G-E G-E L-E F-G P–F G-E P-L F-E E G-E P–F E {B and P} 
Psychiatric control G-E G-E L-E F-G P–F G-E P-L F-E E G-E P–F G-E 

PCPs Synthetic scents G-E G-E L-E E P–F G-E P-L F-E E G-E P–F E {B} 
Sunscreens G-E G-E L-E F-G P–F G-E P-L F-E E G-E P–F G-E 
Antimicrobials G-E G-E L-E F-G P–F G-E P-L F-E E G-E P–F F {P} 
Surfactants/detergents E E F-G F-G P G-E P-L F-E E E P–F L-E {B} 

AS = activated sludge; BAC = biological activated carbon; AOPs = advanced oxidation processes; Coag./floc. = coagulation/flocculation; NTP = nonthermal plasma; 
*B = biodegradation, P = photodegradation, E = excellent (>90%), G = good (70–90%), F = fair (40–70%), L = low (20–40%), P = poor (<20%). 
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et al., 2020) focuses on the removal of volatile organic compounds and 
NOx, and reports only a few compounds in water. Therefore, a complete 
review of EDC/PPCP removal by catalytic NTP treatment is important 
because degradation of EDCs/PPCPs is affected by unique properties of 
solute and catalyst, as well as by solvent quality and NTP operating 
conditions. The main purpose of this review is to explore recent efforts of 
NTP processes combined with various catalysts in water/WW treatment 
and reveal the differences and restrictions, in order to underline forth-
coming study areas based on the latest and appropriate studies. Partic-
ularly, this review aims to (i) identify the main parameters (water 
quality conditions—pH, initial concentration, temperature, background 
common inorganics, natural organic matter (NOM), and promo-
ters/scavengers—and NTP operating conditions—discharge type, 
reactor type, input power, peak voltage, gas type, retention time, and 
gas flow rate/ratio) that affect the degradation and byproducts of 
EDCs/PPCPs during catalytic NTP treatment, (ii) assess the effects of 
various catalyst properties (charge, dose, functional group, hydropho-
bicity, pore size/volume, and active area/site) and hybrid processes on 
degradation, and (iii) evaluate EDC and PPCP removal according to their 
types/properties (molecular weight, charge/pKa, hydrophilicity, and 
functional group) during catalytic NTP treatment. 

2. Catalytic NTP treatment of various EDCs/PPCPs 

2.1. Removal influenced by water quality and NTP conditions 

2.1.1. pH, initial concentration, and temperature 
pH: In general, surface water, groundwater, and municipal/indus-

trial wastewater have different pH values. The solution pH significantly 
influences both the physicochemical properties of compounds and the 
formation of active species in dielectric barrier discharge (DBD) treat-
ment (Liu et al., 2018). The removal rates of fluocinolone acetonide, 
triamcinolone acetonide, and clobetasol propionate varied from 
approximately 60 to 75%, 50–70%, and 60–75%, respectively, for an 
initial pH of 3.3–8 (Liu et al., 2019). The degradation degrees of three 
contaminants were in the following order at various pH conditions at a 
reaction of 2 h: 6.8 > 4.6 > 8.0 > 3.3. The rate constants of fluocinolone 
acetonide, triamcinolone acetonide, and clobetasol propionate 
increased from 0.001 to 0.013, 0.004 to 0.010, and 0.010 to 0.012 
min−1, respectively, with an increase in initial pH from 3.3 to 4.6. These 
results suggest that the relatively weak acidic condition of pH 4.6–6.8 is 
conducive for degradation by DBD treatment. The highest degradation 
of 2,4-dichlorophenol was observed at pH 6 in varying pH conditions 
(3–8) (Zhang et al., 2018a), a finding that is comparable with the above. 
At very low pH conditions, the formation of H2O2 appeared to be 
dominant compared to that of OH• (Gai, 2007). The oxidation degree of 
H2O2 was approximately 100 times less than that of OH• (Gai, 2007), 
which resulted in a reduction in the degradation rate. With an increase 
in pH to over 4.6, the concentration of hydroxide ions increased. 
Therefore, hydroxide ions might act as scavengers of OH•, which leads to 
reduction of the contaminant degradation efficiency (Jiang et al., 2012). 
In contrast, self-decay of H2O2 might improve at relatively high pH 
environments, resulting in reduction of the oxidation capability (Singh 
et al., 2016). In addition, due to the high pKa values of fluocinolone 
acetonide, triamcinolone acetonide, and clobetasol propionate (13.9, 
11.8, and 13.6, respectively), their molecules have a tendency to reduce 
their molecular states and appear more challenging to be attacked by 
OH• in alkaline conditions (Liu et al., 2019). 

Initial concentration: It is widely known that the solute initial con-
centration affects the transport and fate of contaminants during DBD 
processes (Russo et al., 2020). The initial concentration of the solution 
showed a substantial influence on phenol degradation during DBD 
treatment (Wu et al., 2020). As the phenol concentration increased to 
20, 30, 40, 50, and 60 mg L−1 over a reaction time of 20 min, the 
degradation efficiency slowly decreased to 57, 33, 24, 20, and 18%, 
respectively. These findings are somewhat comparable with that of a 

previous study (Ceriani et al., 2018). 
To assess whether the DBD process showed a synergistic or unfa-

vorable performance for the mixed contaminant removal process, 
various tests were performed by varying the initial concentrations of 
three different contaminants (diclofenac, carbamazepine, and cipro-
floxacin) from 1000 to 10,000 μg L−1, which are relatively higher 
contaminant concentrations compared to those typically found in sur-
face waters (Singh et al., 2017a). From the initial tests, insignificant 
variation was observed between the contaminants in single and mixed 
conditions at relatively lower concentrations. Arriving at a clear 
conclusion from the behavior of contaminant removal, particularly in 
mixed conditions, seemed unlikely. To achieve a concentration of 1000 
μg L−1 of mixed PhACs, 333 μg L−1 each of diclofenac, carbamazepine, 
and ciprofloxacin were required. Comparably, to achieve concentrations 
of 4000 and 10,000 μg L−1 of mixed PhACs, the individual PhACs 
(diclofenac, carbamazepine, and ciprofloxacin) were mixed in the same 
ratio. The treatment time necessary for the total removal of the mixture 
of contaminants, each of concentration 333 μg L−1, was equal to the 
treatment time necessary for the removal of 1000 μg L−1 each of 
diclofenac, carbamazepine, and ciprofloxacin as individual PhACs. 
Nevertheless, at the higher original concentrations of the mixed system, 
removal time was greater compared to the treatment time necessary for 
individual contaminant systems. The reaction rates (k) of diclofenac, 
carbamazepine, and ciprofloxacin in single PhAC removal systems were 
greater than their reaction rates in the mixed PhAC system. The findings 
suggest that these PhACs demonstrated unfavorable influence in mixed 
conditions for the original concentrations of 4000 and 10,000 μg L−1 

(Singh et al., 2017a). 
Temperature: Solution temperature plays an important role in acti-

vated persulfate treatment (Ji et al., 2015). During heat-activated per-
sulfate treatment, the degradation rate of atrazine was approximately 
15%, 20%, 25%, and 75% at 20 ◦C, 25 ◦C, 35 ◦C, and 45 ◦C, respectively 
(Wang et al., 2021). Increasing the temperature from 20 to 25 ◦C 
resulted in an improvement of the rate constant from 0.002 to 0.019 
min−1. The removal rate of atrazine increased remarkably as the solu-
tion temperature increased from 15 to 25 ◦C during heat-activated the 
DBD/microbubble/persulfate treatment (Tan et al., 2012). The removal 
efficiency was 89% (0.027 min−1) once the temperature of the 
DBD/microbubble/persulfate process reached 25 ◦C in 75 min. How-
ever, atrazine degradation with only heat activation at the same tem-
perature was much lower (26% and 0.004 min−1). This could be due to 
the cleavage of the peroxide bond (140 kJ mol−1) to produce SO4−• as a 
result of the relatively high temperature (>45 ◦C) (Wang and Wang, 
2018). In accordance with the conditions for endothermic reaction, the 
heat absorbed by the solution was 6.3 kJ, which increased the solution 
temperature from 20 to 35 ◦C, accounting for nearly 17% of the total 
power and 25% of atrazine degradation. Thus, the heat produced by the 
DBD treatment was beneficial for atrazine degradation (Wang et al., 
2021). 

2.1.2. Background common ion, scavenger, and NOM 
Background common ion: Various cations and anions exist in both 

natural waters and industrial wastewater, including Cl−, Na+, Ca2+, 
SO42−, HCO3−, Fe2+, and Mn2+. The removal rate of atrazine with DBD 
treatment increased apparently with the addition of Fe2+ (Feng et al., 
2016). The first-order rate constant of atrazine degradation in the 
presence of 0.6 mmol L−1 of Fe2+ was 0.47 min−1, which was approxi-
mately three times greater than that in the absence of Fe2+ (0.17 min−1). 
The increased removal rate of atrazine in the presence of Fe2+ might be 
described by the traditional Fenton reaction that generates the radicals 
HO• and HO2•. However, the degradation rate constant reduced to 0.38 
min−1 with an increase in Fe2+ concentration to 1.2 mmol L−1, indi-
cating that excess addition of Fe2+ had a negative impact on the removal 
of atrazine. The reduced removal efficiency of atrazine with extra 
addition of Fe2+ was possibly due to the competition between Fe2+ and 
atrazine for HO• (Brillas et al., 2009). The presence of NO3−, PO43−, and 
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SO42− showed somewhat of an insignificant influence on the total 
degradation efficiency of 2,4-dichlorophenoxyacetic acid removal dur-
ing DBD treatment (Singh et al., 2017b). 

During a DBD/microbubble/persulfate hybrid process, atrazine 
degradation rates decreased in surface water, underground water, and 
secondary WW effluents, while much higher degradation rates were 
observed with tap water (52%) and deionized ultrapure water (87%), as 
shown in Fig. 1 (Wang et al., 2021). The results clearly indicate the 
potential inhibition mechanisms of natural water. The influences of 
different inorganic and organic compounds, such as SO42−, Cl−, HCO3−, 
and CO32−, and humic acid on atrazine degradation were additionally 
explored at varying ion concentrations (1–5 mM). The degradation rate 
of atrazine was reduced by 34% with increasing chloride ions, which 
was presumably due to the additional reactions between Cl− and 
SO4−•/OH•, leading to the generation of reactive species, including 
HOCl, OCl−, Cl•, and Cl2−• (Fan et al., 2015). While chlorine-free radi-
cals could react with electron-rich molecules, these reactive species have 
restricted oxidizing capacities for atrazine degradation (Liu et al., 2013). 
Atrazine degradation decreased by 22% in the presence of sulfate ions, 

because SO42− consumed OH• and H+ to generate SO4−• and other free 
radicals (Zhang et al., 2017b). The unfavorable influence of alkalinity on 
atrazine degradation could be attributed to the formation of CO3−• by 
the additional reactions between HCO3−/CO32− and OH⋅/SO4−• (Liang 
et al., 2006). In addition, the degrees of CO32− entrapping of OH⋅/SO4−•

were quicker than those of HCO3− (Liu et al., 2013), which might 
explain its greater unfavorable influence compared to HCO3−. 

Scavenger and NOM: In a study to verify the essential role of oxygen 
radicals such as OH• in the removal process of bisphenol A, the degra-
dation efficiency decreased in the presence of a radical scavenger (tert- 
butanol) (Sarangapani et al., 2017a). The findings showed that the 
degradation rate decreased by approximately 20% with the addition of 
the scavenger. In addition, the presence of the radical scavenger caused 
a reduction in the rate constant from 0.189 min−1 to 0.098 min−1 at a 
peak voltage of 80 kV. The findings suggest that there was a competition 
for OH• between tertiary butanol and bisphenol A, which inhibited the 
interaction between OH• and the bisphenol A molecule (Sarangapani 
et al., 2017a). The presence of various radical scavengers such as tert--
butanol, isopropyl alcohol, and Na2CO3 significantly reduced the 

Fig. 1. Effect of ions and mechanism diagrams of ion additions during DBD/microbubbles (MBs)/persulfate (PS) treatment for atrazine (ATZ) removal: (a) Cl−, (b) 
SO42−, (c) CO32−, (d) HCO3−, (e) humic acid (HA), (f) the real water matrix (unadjusted pH); (power = 85 W, pH = 7.0 ± 0.2, air flow = 30 mL/min, [PS] = 1 mM, 
[ATZ] = 5 mg) (Wang et al., 2021). 
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degradation efficiency of atrazine (Feng et al., 2016). The removal ef-
ficiency of atrazine in the presence of tert-butyl alcohol, isopropyl 
alcohol, and Na2CO3 decreased by approximately 50, 40, and 30%, with 
a rate constant of 0.08, 0.07, and 0.05 min−1, respectively. 

The oxidation degradation of contaminants is frequently impacted by 
commonly found radical scavengers such as alkalinity and humic acid 
(Jiang et al., 2014). In the presence of an alkalinity of 400 mg L−1 or 
humic acid of 10 mg L−1, the entire removal of three different PhACs 
(diclofenac, carbamazepine, and ciprofloxacin) occurred in 14, 16 and 
18 min of contact time, respectively (Fig. 2) (Singh et al., 2017a). Owing 
to the competition that occurs between PhACs, intermediates, and 
background inorganics/organics, the rate of reactive species produced is 
always insufficient to oxidize all the organic contaminants. Thus, the 
degree of PhAC removal decreases with increasing concentration of 
these scavengers. A previous study reported that the degree of genera-
tion of the oxidants OH• and H2O2 is mainly influenced by radical 
scavengers (Singh et al., 2016). Consequently, with increase in alkalinity 
and NOM, the degree of generation of OH• and H2O2 decreases, resulting 
in reduction in the removal rate. It could be presumed that the property 
of radical scavenging substantially affect the removal rates of contami-
nants (Singh et al., 2017a). Humic acid is one of the prevalent compo-
nents of NOM in an aquatic environment. Significantly low degradation 
of atrazine was observed in the presence of 5-mg L−1 humic acid (Wang 
et al., 2021), which could be attributed to the scavenging effect of humic 
acid on OH• and SO4−• (Liang et al., 2006). 

2.1.3. Gas type and gas flow rate 
Feed gas could affect the removal of contaminants in plasma re-

actors, as it might influence the generation of various oxidants and 
positively/negatively charged ions (Reddy and Subrahmanyam, 2015). 
In comparison to air plasma treatment in a continuous-flow pulsed DBD 
reactor with a mixture of various contaminants, approximately 5–10% 
greater degradation rate was observed in Ar plasma, and about 15–20% 
greater degradation was achieved when the discharge was controlled in 
O2 (Wardenier et al., 2019). Clearly, shifting the feed gas from air to O2 
provided a valuable way to improve the effectiveness of contaminant 
degradation in the reactor. The significant change in effectiveness ach-
ieved between air and O2 plasmas suggests that different chemical 
species could be produced in various quantities under air and O2 at-
mospheres (Lukes et al., 2005). The degrees of O3 production in various 
feed gases were comprehensively reported in a previous study [28]. In 
particular, the study reported that by changing the feed gas from O2 to 
air, the total quantity of O3 produced in the discharge decreased by 
nearly 25%. This substantially reduced O3 generation was attributed to 

the presence of N2 in the discharge medium, which enabled the creation 
of NO, whose availability in huge quantities of NO is very undesirable as 
it rapidly results in O3 and subsequently NO2 formation (Kogelschatz, 
2003). 

Slightly different results were observed for the removal of three 
different glucocorticoids (fluocinolone acetonide, triamcinolone aceto-
nide, and clobetasol propionate) by the DBD process (Liu et al., 2019). 
The highest degradation was achieved with the plasma-working gas of 
Ar, followed by the working gas of N2 or O2. In various kinds of 
discharge working gases, the production rate of OH• varied during the 
DBD process (Cui et al., 2019). The production rate of OH• diminished in 
the order Ar > N2 > O2 in the DBD system, which was in agreement with 
the degradation efficiency of the three contaminants. A separate study 
showed that additional reactive oxygen species appeared to be produced 
at higher ratios of O2 using DBD plasma with a combined working gas of 
O2 and N2 (Takahashi et al., 2016). Zhang et al. examined the influences 
of O2 ratio on norfloxacin removal by DBD plasma and discovered that 
the removal rate increased with increasing O2 amount up to 40% (Zhang 
et al., 2018b). 

Owing to the faster contaminant degradation for plasma discharges 
maintained in O2 gas compared to discharges maintained in Ar and air, 
the effect of three different O2 flow rates on the degradation of eight 
contaminants showed that by reducing the O2 flow rate from 1.0 to 0.1 
standard L min−1, the removal rate of each contaminant was reduced by 
approximately 5–10% (Wardenier et al., 2019). At a gas flow rate of 0.1 
L min−1, 95% of atrazine was removed, while no less than 97% removal 
was achieved for dichlorvos, bisphenol A, carbamazepine, and EE2. 
However, the electrical energy per order increased with an increasing 
gas flow rate, giving electrical energy per order values between 9.4 kWh 
m−3 (atrazine) and 6.8 kWh m−3 (EE2). The favorable influence of 
improved contaminant degradation and greater energy efficiency with 
smaller flow rates was clearly due to the greater retention time of the O2 
gas in the discharge zone where a higher quantity of active species was 
expected to be formed (Ognier et al., 2009). 

2.1.4. Discharge/reactor type, input power, and energy efficiency/yield 
Discharge reactor and type: In the last two decades, numerous reactor 

configurations employing various electrical excitation approaches and 
gases have been designed (Malik, 2010; Stratton et al., 2015). Three 
main methods, namely immediate electrical liquid discharges, electrical 
discharges over liquid surface, and discharges in bubbles/vapor in so-
lutions, were examined, with hybrid configuration systems that 
employed bubbles or mixed gas–liquid phases revealing maximum en-
ergy efficiency (Jiang et al., 2014). A separate study examined remotely 

Fig. 2. Effect of pH and radical scavengers on PhACs degradation time, rate of reaction and degradation yield; Initial concentration of PhACs ¼ 1 mg/L; Power 
delivery ¼ 101.5 W (Corresponding voltage and frequency were 25 kV and 25 Hz). All the experiments were performed in triplicates and average values were used to 
plot the graph. DCF = diclofenac, CBZ = carbamazepine, and ciprofloxacin (Singh et al., 2017a). 
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generated plasmas, where the plasmas were produced outside of their 
liquid phases and their radical products were bubbled into the liquids 
(Vanraes et al., 2015a). While the theory is very comparable to ozona-
tion, the essential distinction is that the bubbled gas included additional 
reactive species, such as H2O2 and OH•. It was determined that these 
reactors could compete with other designs such as the hybrid ap-
proaches with the plasma formed in the gas–liquid phase (Walsh and 
Bruggeman, 2011). However, there is no information on direct evalua-
tion of various energization methods for remotely generated plasmas 
achieved in identical experimental systems. This is critical, since it is 
widely recognized that the effectiveness of discharge varies depending 
on the reaction area between plasma and liquid. Bosi et al. described this 
matter by evaluating, characterizing, and comparing the degradation 
efficiency of phenol in a plasma reactor with two different config-
urations—“hybrid” pin-to-plate streamer and “remote” DBD (Bosi et al., 
2018). The findings suggest that the impacts of local and bulk temper-
ature and, probably also, the catalytic influences of metal particles 
and/or ions generated by sputtering/erosion of the electrode tip could 
contribute to greater effectiveness of the streamer-based treatment 
compared with the DBD process. 

Input power: Input power is a significant operation parameter in a 
DBD process because it affects the production efficiency and quantity of 
high-energy electrons, which directly governs the generation of reactive 
oxidizing substances O3/O⋅/OH•, nitrogen radicals, and also contribute 
to UV irradiation (Wang et al., 2016b). The removal of N,N-dieth-
yl-m-toluamide at various discharge voltages (12, 15, and 18 kV) and an 
initial concentration of 20,000 μg L−1 was compared (Yu et al., 2017). 
The removal of N,N-diethyl-m-toluamide clearly increased with 
increasing discharge voltage, reaching 65, 77, and 81% at 12, 15, and 
18 kV, respectively, for a treatment time of 27 min. The rate constant 
also increased from 0.036 to 0.063 min−1 with an increase in the 
discharge voltage from 12 to 18 kV. The discharge voltage showed a 
substantial influence on the generation of reaction species, with their 
intensity generation degree varying depending on the discharge voltage 
(Kornev et al., 2006). It was reported that the removal rate of acet-
aminophen could be gradually improved by increasing the input voltage 
from 18 to 24 kV (Zhang et al., 2017a). In particular, with an initial 
concentration of 20 mg L−1, the degradation rate of acetaminophen 
increased from 50 to 65% with an increase in input power from 18 to 20 
kV, respectively. Once the input power was greater than 20 kV, acet-
aminophen degradation increased substantially, reaching 78 and 95% at 
22 and 24 kV, respectively. The energy yield decreased slightly with 
increasing input power (from 57 mg kWh−1 at 18 kV to 46 mg kWh−1 at 
24 kV). The finding was anticipated because it is difficult to achieve the 
highest degradation rate and greater energy yield simultaneously 
without an additional catalyst (Wang et al., 2016b). Additionally, the 
enhanced input power resulted in increased energy waste, indicating 
that further electrical energy was transformed into heat. 

The removal efficiency of various contaminants varied between 
approximately 90 and 96% at a power of 40 W, and improved to 97–99% 
at 65 W, with the target contaminants totally degraded at 77.5 and 90 W 
(Wardenier et al., 2019). This can be attributed to an increase in electron 
production due to increase in power. In particular, the greater rate of 
contaminant degradation at higher power was presumably due to 
improved OH• generation, a result that is somewhat consistent with that 
of a previous study in which OH• production nearly increased linearly 
with increasing discharge power in pulsed corona plasma (Ono and Oda, 
2002). Despite the enhanced contaminant degradation rate at elevated 
power settings, it was found that the energy efficiency somewhat 
increased by approximately 10–15% for atrazine, alachlor, dichlorvos, 
diuron, pentachlorophenol, and bisphenol A with an increase in power 
from 40 to 65 W, while a slight decrease was observed for carbamaze-
pine and EE2. These findings suggest that the impact of power on energy 
efficiency is presumably compound-specific and appears to be restricted 
to certain power ranges (Wardenier et al., 2019). Liu et al. showed that 
the removal efficiency of three different glucocorticoids in a continuous 

DBD reactor with a contact time of 2 h at 58 W was approximately 
80–85%, while the degradation increased with increasing discharge 
power (36–58 W) (Liu et al., 2019). As described earlier, in addition to 
the relatively high production of electrons and free radicals under high 
power conditions, the increased discharge power significantly enhanced 
the dissociation/ionization/excitation of target molecules, which 
resulted in production of more reactive species such as O3 (Kim et al., 
2013). In addition, as the discharge power increased, the UV intensity 
became higher, leading to the production of additional OH• (Hu et al., 
2019). 

Energy efficiency and yield: Determining the energy efficiency of an 
NTP process is always significant for practical applications in water and 
WW treatment. The degradation efficiency can be described by the 
quantity of contaminants removed per unit of energy consumed. The 
amount of energy required depends on the nature of the discharge 
reactor, initial solute concentration, and properties of each compound 
(Reddy et al., 2014). The energy consumed during E1, E2, and bisphenol 
A degradation decreased from 0.777 × 10−3 to 0.737 × 10−3, 1.01 ×
10−3 to 0.810 × 10−3, mg kWh−1 for bisphenol A, E1, and E2, respec-
tively with an increase in applied voltage from 60 to 70 kV (Sarangapani 
et al., 2017a). These values are somewhat relatively low compared with 
the results of similar studies using DBD reactors, presumably due to its 
high initial solute concentration (2000 μg L−1), large sample volume, 
and large amount of background organic matter (Gao et al., 2013). In 
general, advanced oxidation processes with chemical addition require 
high energy consumption (Jiang et al., 2012). For instance, when 
approximately 80% photocatalytic degradation of methyl orange was 
achieved with mesoporous-assembled TiO2 for a contact time of 240 
min, the energy cost and reaction time were much greater than when the 
same degradation was achieved with the NTP process (Jantawasu et al., 
2009). Unlike the UV/H2O2 and O3/H2O2 methods, the main advantage 
of DBD plasma is the ability to produce UV light and oxidizing species, 
such as O3 and OH•, with no chemical addition or utilization of a UV 
lamp (Jiang et al., 2012). 

The energy yield of contaminant degradation by an NTP process for 
three different glucocorticoids (approximately 4–6 mg kWh−1) (Liu 
et al., 2019) was greater than that by photocatalysis combined with TiO2 
(1.8 mg kWh−1) (Ohko et al., 2001) and catalytic plasma with a tubular 
reactor (0.24 mg kWh−1) (Cui et al., 2019). In addition, the energy yield 
of various NTP processes might be enhanced by combining them with 
catalysts. An outstanding energy efficiency was achieved during DBD 
treatment for carbamazepine removal, which could be ascribed to the 
use of a large reactor and the extremely low concentration of carba-
mazepine (176 ng L-1) (Singh et al., 2019). While electrical energy 
required for unit contaminant removal describes the energy efficiency in 
terms of the volume of the reactor, energy yield defines the energy ef-
ficiency in terms of contaminant degradation. The observed energy yield 
of carbamazepine degradation in deionized water was between 16 and 
36.8 mg kWh−1, which is similar to previously obtained values (3–45 mg 
kWh−1) (Banaschik et al., 2015). In an identical DBD treatment reactor, 
a much greater energy yield (760 mg kWh−1) was obtained at a greater 
diclofenac concentration of 50 mg L−1 (Singh et al., 2019). Comparable 
energy yield values (approximately 19 and 45 mg kWh−1) were found in 
DBD-based plasma treatment processes for carbamazepine degradation 
at a concentration of 23.6 mg L−1 (Krause et al., 2011). A much greater 
energy yield value (180 mg kWh−1) was obtained in a falling liquid film 
DBD treatment system (Liu et al., 2012a), which might be ascribed to the 
greater contact area between the plasma and liquid. These findings 
suggest that energy efficiency and yield are significantly affected by the 
reactor type, treatment settings, and contaminant type/concentration. 

2.2. Removal influenced by catalysts 

Some recent studies have reported that NTP treatment integrated 
with different catalysts improves the production of various active spe-
cies and the activity and stability of the catalysts (Krause et al., 2009; 
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Reddy et al., 2014; Zhang et al., 2017a; Giardina et al., 2018; Tang et al., 
2018a; Wang et al., 2018, 2019; Ansari et al., 2020; Gong et al., 2020; 
Lou et al., 2021). The degradation of triclocarban in water by DBD 
plasma integrated with TiO2-coated activated carbon fibers as catalysts 
was examined at atmospheric pressure (Wang et al., 2016a). TiO2--
coated activated carbon fibers employed in this study were cut in a 
circular form, with the fiber diameter equal to the diameter of the cir-
cular form. The influence of the size of the TiO2-coated activated carbon 
fibers on the degradation of triclocarban was explored by modifying the 
fiber diameter, with the depth of the catalyst layer roughly 2 mm. The 
results demonstrated that the removal efficiency of triclocarban was 
substantially enhanced with an increasing diameter of TiO2-coated 
activated carbon fibers. In particular, when the diameter of the com-
posite catalysts reached 6 cm, the degradation rate constant was 0.283 
mg L−1 min−1 and the treatment time was 30 min. Since the TiO2-coated 
activated carbon fibers were cut in a circular form, the larger diameter of 
catalysts intended greater TiO2 coated activated carbon fibers. With the 
increasing diameter of TiO2-coated activated carbon fibers, TiO2 was 
greatly irradiated by UV light to generate additional active radicals, 
which definitively caused a significant enhancement of the degradation 
efficiency of triclocarban in water (Wang et al., 2016a). These findings 
suggest that composite catalysts can provide constant charges, which 
might improve the degradation efficiency of triclocarban in 
DBD/TiO2-coated activated carbon fiber reaction systems (Xin et al., 
2016). 

The influences of TiO2 and Fe3+ concentrations on phenol removal 
were explored (Duan et al., 2018). For various TiO2 concentrations 
(0.1–1.0 g L−1), the highest degradation rate of phenol was achieved at a 
concentration of 0.2 g L−1 (Fig. 3). In general, this finding can be 
ascribed to the fact that the intensity of photo-generated e−–h+ pairs and 
OH• increases with increasing TiO2 concentration, resulting in elevated 
photocatalytic effectiveness. Nevertheless, when the concentration of 

TiO2 exceeds the optimum level, the properties of the TiO2 particle af-
fects the start and transmission of the discharge in the liquid stage 
(Konstantinou and Albanis, 2004). At an optimum TiO2 dose of 0.2 g 
L−1, phenol removal improved initially, but subsequently reduced with 
increasing Fe3+ concentration until an optimum value of 10 mg L−1 was 
reached. The initial degradation enhancement in the presence of Fe3+

was presumably because the Fe3+ ions served both as an e−/h+ trap and 
a recombination base (Hao and Zhang, 2009). A few additional experi-
ments to determine the synergetic influence of Fe3+ and TiO2 on pho-
tocatalytic degradation showed that the degradation rate of phenol was 
substantially enhanced in the presence of Fe3+ and TiO2 in pulsed 
discharge treatment. The synergetic influence can be explained by two 
reasons: (i) Ti4+ can be substituted by Fe3+ in a TiO2 lattice, which in-
fluences the light absorption behavior of TiO2 and charge separation 
between e− and h+; and (ii) Fenton-like reaction can occur due to the 
reduction of Fe3+ to Fe2+ by a photoelectron on the TiO2 surface, which 
enhances the formation rate of OH• in a plasma process integrated with 
TiO2 and Fe3+ (Duan et al., 2018). 

DBD integrated with Fe-based zeolite as a catalyst was employed at 
various concentrations (400–2000 mg L−1) to degrade phenol in WW 
(Wu et al., 2020). While a high concentration caused a high degradation 
efficiency at the initial reaction stage, the phenol degradation efficiency 
slowly plateaued out in the later stage. Wang et al. reported that plasma 
combined with a metal catalyst could improve the degradation of 
ammonia, with a powerful synergy established by the plasma and the 
metal catalyst (Wang et al., 2015). These results can be ascribed to the 
ability of the metal oxide incorporated on the surface of the Fe-based 
zeolite to interact with H2O to produce hydroxyl functional groups, 
which can generate OH• by reacting with O3 during the DBD treatment 
process (Wu et al., 2020). A separate study reported that the gas phase of 
DBD plasma combined with TiO2-reduced graphene oxide significantly 
improved acetaminophen degradation from approximately 50 to 90% 

Fig. 3. (a) Effect of TiO2 dosage on degradation of phenol by pulsed discharge; (b) Effect of Fe3+ dosage on phenol degradation in plasma/TiO2 system; (c) The 
changes of phenol concentration in plasma, plasma/TiO2, plasma/Fe3+, and plasma/TiO2/Fe3+, respectively; (d) Phenol removal efficiency in plasma, plasma/TiO2, 
plasma/Fe3+, and plasma/TiO2/Fe3+, respectively (Duan et al., 2018). 
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(Zhang et al., 2017a). The acetaminophen removal rate was substan-
tially affected by several parameters such as input power, solution pH, 
dose, and mass ratios of TiO2-reduced graphene oxide. In addition, it 
was found that the presence of TiO2-reduced graphene oxide decreased 
the concentration of dissolved O3 and improved H2O2 generation, and 
these effects were attributed to the amount of substrate coverage on the 
TiO2-reduced graphene oxide and the photodecomposition influence on 
the combination system. 

The interaction between the pH and ZnO/α-Fe2O3 composite catalyst 
loading on amoxicillin removal were found to be significant as reported 
in Ansari et al. (2020). The findings suggest that the original pH and the 
presence of the composite catalyst in amoxicillin solution were clearly 
correlated with amoxicillin removal. However, the influence of pH on 
amoxicillin removal was relatively weaker compared to the effect of 
ZnO/α-Fe2O3 loading. Amoxicillin removal increased from approxi-
mately 80 to 90% with a decrease in the pH value from 6.6 to 4.2 as the 
catalyst dosage was kept at 300 mg L−1. It appears that for the catalyst, 
an acidic solution pH was more favorable for amoxicillin removal than a 
basic pH, and this was presumably because the catalyst surface charge 
became more positive in the acidic pH range (Liu et al., 2015). Removal 
of levofloxacin, a quinolone antibiotic, from an aqueous solution by the 
method of dropping film DBD plasma combined with the Ag3PO4-loaded 
activated carbon fiber catalyst was examined (Gong et al., 2020). The 
findings showed that the removal rate of levofloxacin increased with an 
increasing dose of Ag3PO4/activated carbon fibers. The higher the 
catalyst dose, the larger the reaction area, which led to irradiation of 
more Ag3PO4 by UV/visible light, and subsequently to generation of 
additional reactive radicals and increase in the levofloxacin degradation 
rate. In addition, the energy yield of levofloxacin was enhanced in the 
presence of additional catalysts, while at a fixed catalyst dose, an in-
crease in the energy yield was observed with an increasing levofloxacin 
removal rate and discharge time. At a catalyst dose of 490 mg L−1, the 
highest energy yield of 544 mg kWh−1 was achieved, which reduced to 
0.319 mg kWh−1 in the absence of catalysts (Gong et al., 2020). 

2.3. Removal influenced by hybrid processes with O3, persulfate, and 
adsorption 

The degradation of atrazine by the application of DBD plasma in 
combination with ozonation was explored (Vanraes et al., 2015b). The 
energy yield G50 of the hybrid process of plasma treatment and ozona-
tion is equal to the sum of the energy yields of both methods. Based on 
the degrees of G50, ozonation contributes to approximately 40% of 
overall atrazine degradation in the combined process. The use of per-
sulfate activated by DBD combined with microbubbles to degrade 
atrazine in water was examined (Wang et al., 2021). Based on the 
comparison of degradation efficiencies of atrazine by micro-
bubbles/persulfate, DBD/persulfate, and DBD/microbubbles/-
persulfate, the order of the efficiencies was 
DBD/microbubbles/persulfate > DBD/persulfate > micro-
bubbles/persulfate, suggesting that DBD/microbubbles/persulfate had a 
distinct synergetic effect on the contaminant degradation. The removal 
efficiencies of atrazine using DBD/microbubbles/persulfate, DBD/per-
sulfate, and microbubble/persulfate processes were 90%, 75%, and 20% 
respectively without temperature control and 65%, 55% and 10% 
respectively with temperature control. 

Several studied have explored the effect of adsorbents such as 
granular-activated carbon (GAC) and biochars on the removal of con-
taminants during the DBD treatment process (Tang et al., 2012, 2018a; 
Lou et al., 2021). The degradation rate of phenol during DBD treatment 
appeared to increase and decrease, depending on the GAC moisture 
content, for a reaction time of 100 min (Tang et al., 2018a). For a GAC 
moisture content of 20, 35, and 10%, the degradation rate of phenol was 
93.3%, 92.5%, and 91.0%, respectively. This finding can be ascribed to 
the fact that water molecules in the discharge area influenced the pro-
duction of active species, such as OH• and H2O2, by irritating and 

dissociating these species from the water molecules on GAC (Locke and 
Thagard, 2012). However, too much water content on GAC could trap 
electrons and decrease the production of active substances (Sun et al., 
1999), thus diminishing the oxidative capacity and lowering the rate of 
degradation of organic chemicals. Therefore, it is concluded that 
increasing the water content of GAC within an acceptable range fosters 
the generation of reactive oxygen species for the removal of organic 
compounds (Tang et al., 2018a). A separate study has reported that 
among clean, saturated, and three different DBD regeneration cycle of 
GACs for bisphenol A degradation, the isotherms of DBD-treated sam-
ples changed down and the adsorption capacity was reduced to 94, 84, 
and 80%, respectively, with an increasing DBD regeneration cycle (Tang 
et al., 2012). However, the regeneration rates of the three cycles were 
still greater than that of the saturated one, indicating that the adsorption 
capability of GAC for bisphenol A was efficiently remediated by the DBD 
process. 

2.4. Removal of various types of EDCs and PPCPs 

2.4.1. Selected EDCs: hormone, pesticide/herbicides/insecticide/biocide, 
phenol, and plasticizer 

Hormones: E2 and bisphenol A are widely known EDCs (Snyder et al., 
2003). Findings about the removal of various EDCs (E1, E2, and 
bisphenol A) demonstrate that air plasma can effectively remove some 
EDCs, yielding degradation rates of 94% (k = 0.189 min−1) for BPA, 
87% (k = 0.149 min−1) for E2, and 84% (k = 0.132 min−1) for E1 for a 
reaction of 15 min at 80 kV (Sarangapani et al., 2017a). It has been 
commonly known that the chemical structure of a compound is the main 
parameter that determines its degradation as it affects the chemical 
persistence during the degradation process (Bai et al., 2009). The 
removal performances of E1 and E2 were somewhat comparable owing 
to their similar chemical structures. A slightly higher removal rate was 
achieved for bisphenol A, presumably owing to the successful produc-
tion of substantial amounts of active species. The active species pro-
duced during an NTP process could favor the damage of specific reaction 
sites such as activated aromatic acids, C––C double bonds, and 
non-protonated amines (Boyd et al., 2004). In particular, this is due to 
the donation of e− by –OH to the benzene ring, which activates the ar-
omatic compounds and accelerates oxidative stress by O3 (Boyd et al., 
2004). The degradation of E1, E2, and bisphenol A appeared to be higher 
inside the discharge zone containing all the main reactive species than in 
the remote regions where mostly meta-stables existed (Sarangapani 
et al., 2017a). In another study, EDC degradation appeared to occur with 
contact with either the plasma discharge or afterglow (Sarangapani 
et al., 2017b). 

Pesticide/herbicides/insecticide/biocide: Approximately 1,800,000 kg 
of N,N-diethyl-m-toluamide are used per year in the United States, with 
only 20% absorbed by the skin, metabolized, and excreted, indicating 
that the greater percentage of N,N-diethyl-m-toluamide is washed away 
and transferred to the water system via WW effluents (Sudakin and 
Trevathan, 2003). Yu et al. examined the removal practicability of an 
insecticide (N, N-diethyl-m-toluamide) in water by the method of water 
falling film DBD plasma under three different operating modes, viz.: M1 
= no N,N-diethyl-m-toluamide + gas; M2 = N,N-diethyl-m-toluamide +
no gas; M3 = N,N-diethyl-m-toluamide + gas (Yu et al., 2017). N, 
N-diethyl-m-toluamide degradation as a function of reaction time under 
the three operating conditions showed that the degradation rate of N, 
N-diethyl-m-toluamide in M1 was significantly low (only 6%), with a 
reaction time of 27 min, whereas the degradation rate of N,N-dieth-
yl-m-toluamide in M2 and M3 was 72 and 77%, respectively, under 
identical treatment conditions. The pseudo-first-order rate constants (k) 
marginally increased from 0.047 min−1 (M2) to 0.053 min−1 (M3) after 
bubbling gas into N,N-diethyl-m-toluamide solution, while the k value of 
M1 was only 0.002 min−1. The use of gas alone could not provide 
effective degradation of N,N-diethyl-m-toluamide. In addition, a syn-
ergy effect on the degradation was observed when N, 
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N-diethyl-m-toluamide solution flowed through the discharge area and 
the gas in the discharge area was bubbled into N,N-diethyl-m-toluamide 
simultaneously (Yu et al., 2017). 

Acute toxicity assessments were performed to estimate the influence 
of treated triclocarban solution on the bacterium P. phosphoreum T3 
(Wang et al., 2016a). A greater relative inhibition rate indicated a 
poorer influence (Snyder and O’Connor, 2013). The relative inhibition 
rate of triclocarban solution without DBD treatment was 64%, while the 
relative inhibition rate marginally decreased to 62% for a reaction time 
of 30 min in a single DBD system. The relative inhibition rate declined 
significantly to 32% after 30-min treatment in a DBD/TiO2-coated 
activated carbon fiber system. As an antibacterial agent (Chen et al., 
2014), triclocarban (10 mg L−1) had a 64% relative inhibition rate, 
indicating that its presence in solution could endanger aquatic microbes. 
Chlorinated by-products of DBD triclocarban degradation systems were 
incompletely decomposed at low mineralization levels of the system 
(Snyder et al., 2011), which resulted in a minor change in the relative 
inhibition rate of triclocarban solution after a 30-min reaction time. The 
32% reduction in the relative inhibition rate can be mainly attributed to 
the reduction in mineralization efficiency in the DBD/TiO2-coated 
activated carbon fiber system. The finding suggests that the synergetic 
removal of triclocarban by DBD and TiO2-coated activated carbon fiber 
catalysts has a significant capacity to decrease the acute toxicity of tri-
clocarban solution, which offers an effective and reliable method for 
triclocarban removal in water (Wang et al., 2016a). 

Phenol: Phenol is one of main organic chemicals found in various 
industrial WWs, and is on the list of important contaminants published 
by the United States, Asia, and the European Union, owing to its great 
toxicity in the environment [1]. The efficiencies of phenol degradation 
by three different processes incorporated with TiO2 nanotube films were 
compared; the processes were: (i) single-discharge in the absence of TiO2 
nanotubes (SDO), (ii) TiO2 nanotube films spread over the surface of a 
discharge reactor cylinder (TSD), and (iii) TiO2 nanotube films attached 
to a stainless steel electrode surface (TAD) in a discharge process (Zhang 
et al., 2013). The generated H2O2 concentration levels were 126, 154, 
and 173 mg L−1 for a discharge contact time of 30 min at 16 kV in the 
SDO, TAD, and TSD processes, respectively. In addition, the observed 
findings showed that the photocatalysis of the TiO2 nanotubes was more 
distinctive in the TiO2–plasma combination processes compared with 
the SDO process, particularly in the TSD process. For the TiO2–plasma 

combination processes, the amount of H2O2 produced in the TSD process 
was greater than that produced in the TAD process. This finding may be 
attributed to the fact that the TiO2 nanotube films were very stable in the 
TSD system and, thus, the synergistic impact of the TiO2 photocatalyst 
and the plasma improved compared to their synergistic impact in the 
TAD system (Zhang et al., 2013). O3 is one of the most significant active 
species generated in a discharge system that contains O2 (Lukes et al., 
2005). The rate of O3 production in solution increased with an 
increasing discharge input voltage in both the single discharge and TiO2 
nanotubes–plasma combination processes. Unlike the pulsed discharge 
SDO process, the produced O3 amounts were relatively small in both 
combination processes, with that in the TSD process the smaller (Zhang 
et al., 2013). 

Plasticizer: Bisphenol A is widely known as one of the most common 
EDCs with estrogenic mimetic effects, and is usually used as an inter-
mediate in the fabrication of various plastics and resins (Xu et al., 2014). 
The removal of bisphenol A by glow discharge plasma treatment 
(~99%) was much greater in NaCl solution than in Na2SO4 solution 
(~65%), since the generation rate of H2O2 in NaCl solution was 
approximately 50% of that in Na2SO4 solution (Wang et al., 2008). Both 
the bisphenol A degradation and H2O2 formation rates decreased in the 
presence of methanol due to its reactivity as an OH• scavenger, sug-
gesting that OH• is the oxidant most responsible for bisphenol A removal 
and a precursor of H2O2. Fe3+ ions exhibited superior catalytic influence 
than Fe2+ ions; this result is inconsistent with the theories of the Fenton 
reaction as the degree of the reaction of Fe3+ ion and H2O2 is much 
smaller than that of Fe2+ion and H2O2. Once aqueous bisphenol comes 
in contact with the glow discharge plasma, it first reacts with OH• to 
produce intermediates, such as 2,2-bis(4-hydroxyphenyl)propanol, 2, 
2-bis(4-hydroxyphenyl) propanal, 2,2-bis(4-hydroxyphenyl)propanoic 
acid, and 2-(4hydroxylphenyl)-2-(3,4-dihydroxyphenyl)propane, 
through H abstraction or electrophilic addition to the benzene ring of 
bisphenol A (Vonsonntag and Schuchmann, 1991). Dissolved organic 
carbon (DOC) of the solution slowly decreased with increasing reaction 
time, while, without catalysts, the solution chemical oxygen demand 
was enhanced with increasing reaction time and sharply declined with 
the addition of iron salts (Wang et al., 2008). Since UV irradiation is one 
of the main sources of DBD energy release, its role in the removal of 
bisphenol A was clearly studied (Zhang et al., 2016). The degradation 
rates of bisphenol A increased by 31 and 15% with the addition of 30 

Fig. 4. Schematic diagram of (a) DBD rector and (b) photocatalytic reactor (Aziz et al., 2017).  
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mM H2O2 in bisphenol A solution irradiated by UV light from 
argon–DBD and air–DBD, respectively. These findings clearly indicate 
that external H2O2 could improve the degradation rate of bisphenol A by 
UV irradiation from DBD. 

2.4.2. Selected PPCPs-I: analgesic, antianxiety, and antibiotic 
Analgesic: It is important to evaluate the effectiveness of the NTP 

process compared to other advanced oxidation processes. The perfor-
mance of DBD treatment based on the degradation of two non-steroidal 
anti-inflammatory PhACs (diclofenac and ibuprofen) was compared 
with the performances of ozonation, photocatalytic ozonation, and 
photocatalytic oxidation with TiO2 (Aziz et al., 2017). A schematic di-
agram is described for both the DBD and photocatalytic reactors in 
Fig. 4. The removal of diclofenac and ibuprofen by ozonation and 
photocatalytic ozonation indicated that direct attack of the PhACs by O3 
in the dark condition was anticipated to be the primary removal 
mechanism owing to the pH of the original solutions employed (pH 5.6) 
(Moreira et al., 2015). While the reaction of OH• with each of diclofenac 
and ibuprofen was very rapid, the reaction of O3 with diclofenac was 
much quicker than the reaction with ibuprofen. Thus, direct ozonation 
led to very rapid removal of diclofenac, which was totally degraded in a 
contact time of 4 min. In addition, the presence of two chlorine atoms in 
the aromatic ring of diclofenac caused rapid dechlorination by ozona-
tion and, therefore, an improvement in diclofenac removal efficiency 
(Pera-Titus et al., 2004). An O3–UV combination process showed only a 
minimal impact on the removal of diclofenac. In contrast, DOC degra-
dation by photocatalytic ozonation was much quicker than by direct 
ozonation in the dark condition. The removal of ibuprofen at pH = 5.7 
by direct ozonation was lower than that of diclofenac. Photocatalytic 
ozonation improved the removal of ibuprofen, mainly due to the 
oxidation of ibuprofen by the produced OH•, either through O3 
photolysis or photocatalysis of O3 molecules by photo-produced e− on 
the TiO2 coating on the surface of Pilkington™ active glass (Piera et al., 
2000). However, the photocatalytic oxidation (TiO₂/O₂/UV) of both 
compounds was somewhat mild, owing to the lower rate of OH• gen-
eration in aqueous solution by only little heterogeneous reactions on 
TiO2 (Mehrjouei et al., 2014). 

In general, advanced oxidation processes have been widely known to 
effectively remove PhACs, and it is assumed that the degradation 
byproducts are rather less toxic and more biodegradable (Brillas, 2020). 
The toxicity of ibuprofen intermediates obtained during ibuprofen 
degradation by DBD treatment was evaluated using the bioassays of 
Vibrio fischeri and Artemia salina (Markovic et al., 2015). The reported 
ibuprofen EC50 (half maximum effective concentration)/LC50 (half le-
thal concentration) value for V. fischeri was 19.1 mg L−1 (Ferre and 
Ridoux, 2001). While in the Fe2+ treatment only the toxicity impact 
index TII50 of ibuprofen was high, leading to its being regarded as toxic, 
several degradation byproducts obtained were very similar to those 
obtained in the DBD and DBD/Fenton treatments (Markovic et al., 
2015). Nevertheless, the DBD and DBD/Fenton treatments appeared to 
lack of toxicity impact. This is presumably due to the presence of a very 
strong and nonselective oxidizer, such as OH•, which can effectively 
decrease the original amount of numerous contaminants (Magureanu 
et al., 2010). Additionally, both reactive species (O3 and H2O2) pro-
duced during the DBD process can react with contaminants outside the 
reactor (Dojcinovic et al., 2011) and provide somewhat less toxic in-
termediates and final products during long degradation of aromatic 
structures. In addition, H2O2 produced within the reactor in the presence 
of a catalyst can improve the total oxidizing capacity through the Fenton 
reaction and increase the rate of plasma treatment (Bubnov et al., 2006). 

Antianxiety: A pilot-scale NTP advanced oxidation process showed 
that the comparative removal efficiencies of serval PhACs were very 
similar to those of the batch test (Gerrity et al., 2010). For instance, 
carbamazepine and trimethoprim exhibited the fastest removal, while 
primidone and meprobamate were the most difficult contaminants to 
degrade. At the maximum degree of energy utilization (1.8 kWh m−3), 

each contaminant except meprobamate had no less than 70% removal. 
The removal of trimethoprim could not be assessed because of its low 
initial ambient concentration in the WW. Electrical energy per order 
values for the less degradable contaminants (meprobamate and pri-
midone) reduced by 64 and 42%, respectively, as the energy utilization 
increased from 0.7 to 1.8 kWh m3. Electrical energy per order values for 
dilantin and atenolol declined by nearly 20% over a similar range of 
energy consumption. The electrical energy per order values for the most 
sensitive contaminants (carbamazepine and trimethoprim) essentially 
improved by 38 and > 99%, respectively, owing to their fast removal at 
minimal rates of energy consumption. Most contaminants were distin-
guished by electrical energy per order values ranging from 1 to 5 kWh 
m3-log, while meprobamate needed 13–14 kWh m3-log with one reactor 
in the process. Generally, the single-pass WW test was more effective 
than the batch test for obtaining the electrical energy per order values, 
owing to the O3 oxidant at the start of each separate scenario, which 
gave a more suitable description of the real treatment circumstances 
(Gerrity et al., 2010). 

Antibiotic: The antibiotics, ofloxacin and ciprofloxacin, are 
commonly found in aquatic environment (Kovalakova et al., 2020). As 
previously described in detail, a DBD process produces various oxidizing 
species, such as OH•, H•, O3, and H2O2, of which OH• is regarded as a 
very powerful non-selective oxidant (Eo = 2.85 V/SHE) (Locke and 
Thagard, 2012). While the removal rate of ciprofloxacin and ofloxacin in 
deionized synthetic water was 88 and 91%, respectively, the addition of 
the tertiary butyl alcohol at a concentration of 4 mmol L−1 decreased the 
degradation efficiency of these contaminants to 66% for ciprofloxacin 
and 72% for ofloxacin due to its scavenging behavior (Sarangapani 
et al., 2019). The reaction of the OH• with most organic chemicals ap-
pears to be either by H abstraction with saturated aliphatic hydro-
carbons/alcohols, or the addition of electrophilic unsaturated 
hydrocarbons (Piskarev et al., 2018). However it was interesting to 
observe greater degradation rates in the presence of CCl4 due to its 
promoting behavior by quacking H• in water; 90.5% for ciprofloxacin 
and 93% for ofloxacin (Sarangapani et al., 2019). This result could be 
ascribed to a decrease in H• concentration, which prevents the degree of 
recombination between OH• and H• (Wang et al., 2017a). Magureanu 
et al. reported that almost all identified byproducts of the degradation of 
the antibiotics, amoxicillin, ampicillin, and oxacillin, by DBD treatment 
resulted from hydrolysis, decarboxylation, or soft oxidation (Magureanu 
et al., 2011). 

A study on the removal of the sulfonamide antibiotics, sulfathiazole, 
sulfamethazine and sulfamethoxazole, by DBD plasma treatment found 
that the removal rate was much faster with O2 than that with dry air for 
all the contaminants (Kim et al., 2015b). The antibiotics showed 
different reactions to the plasma treatment according to their physico-
chemical properties. Among the contaminants studied, it was found that 
sulfamethazine was the most readily degradable, while sulfamethoxa-
zole was the most difficult to remove. As anticipated, total degradation 
occurred when O2 was utilized as the operating gas for the production of 
plasma. Even if the plasmatic gas was introduced to the contaminant 
solution containing various reactive species, an assumption was made 
that long-lived O3 plays a crucial role in the removal. O3 dissolved in 
aqueous solution could produce OH•, which is a much more powerful 
oxidant than O3 itself (Staehelin et al., 1984). The oxidation potentials of 
OH• and O3 are 2.80 and 2.07 V, respectively (Sun et al., 1997). The 
amount of O3 produced at 20.1 kV was determined to be 5.6 mg L−1 for 
air and 14.2 mg L−1 for O2 (Kim et al., 2015b). In general, a greater O3 
concentration could lead to quicker removal once the other circum-
stances are identical. 

2.4.3. Selected PPCPs-II: anticonvulsant, antiepileptic, antihypertensive, 
anti-inflammatory, stimulant, surfactant, and X-ray contrast medium 

Three target EDCs (the antiepileptic drug carbamazepine, the blood 
lipid regulator clofibric acid, and the contrast medium iopromide) were 
effectively removed in ultrapure water by corona discharge within a 
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Table 3 
Summary of selected EDC and PPCP removal by (catalytic) NTP treatment.  

EDC/PPCP class C0 (μg L−1) Catalyst or hybrid Experimental condition Key removal or rate constant Ref. 
Analgesic 

Acetaminophen 20,000 TiO2-reduced graphene 
oxide 

DBD; SDW; 18–24 kV; 18 min ~45, 60, 80, & 90% at 18, 20, 22, & 
24 kV, respectively 

Zhang et al. (2017a) 

Diclofenac 50,000 Ozonation; 
photocatalytic oxidation 

DBD; SDW; 21 kV; 5–20 kHz; 
90 min; Ar: Ar/O2 (80:20) 

>99% (30 min); DBD > ozonation (Aziz et al., 2017, 
2019)  

10,000 Ozonation; UV; TiO2 DBD; SDW; 50 W; 10 min; ~80% w/O3; ~90% w/O3+UV; >99% 
w/O3+UV + TiO2 

Jankunaite et al. 
(2017)  

500 μM Fenton PCP; SDW; 5.024 mW; 100 
kHz; 70 min 

>99% (30 min); Fenton > plasma Banaschik et al. 
(2018) 

Ibuprofen 50,000 Ozonation; 
photocatalytic oxidation 

DBD; SDW; 21 kV; 5–20 kHz; 
90 min; Ar: Ar/O2 (80:20) 

>99% (15 min); DBD > ozonation (Aziz et al., 2017, 
2019)  

0.1 mM  DBD; SDW; 18 kV; 25 Hz; 60 
min 

~75% mineralize. (higher with low 
input energy) 

Magureanu et al. 
(2018)  

60,000 Fenton DBD; SDW; 17 kV; 300 Hz; 
15 min 

~80% (Fenton); 99% (plasma +
Fenton) 

Markovic et al. (2015) 

Ketoprofen 10,000 Ozonation; UV; TiO2 DBD; SDW; 50 W; 10 min; ~80% w/O3; >99% w/O3+UV, 
O3+UV + TiO2 

Jankunaite et al. 
(2017) 

Naproxen 10,000–30,000  DBD; SDW; 0.1 kV; 40–80 W; 
6 min 

~90–99% (blank >40/120 mg L−1 

Fe2+) 
Wang et al. (2013) 

Ofloxacin 10,000  DBD; SME; 70–80 kV; 25 min ~90% (DI); ~75–85% (meet effluent) Sarangapani et al. 
(2019) 

Paracetamol 25,000 Fenton DBD; SDW; 5.9 kV; 500 Hz; 
60 min 

~90% (plasma only); ~95% (plasma 
+ catalyst) 

Korichi et al. (2020)  

10,000–100,000  DBD; SDW; 0–20 kHz; 500 
W; 60 min 

53–100% (100-10 mg L−1, 
respectively). 

Pan and Qiao (2019) 

Antianxiety 
Meprobamate 0.256, 0.933  DBD; WWE/SSW; 8 kV; 500 

Hz; 1.75/7.5 kWh/m3 
~90% (batch); ~60% (pilot) Gerrity et al. (2010) 

Antibiotic 
Amoxicillin 16,000 ZnO/α-Fe2O3 DBD; SWW; 

15 kV; 50 Hz; 
25 min; pH 4.5 

0.198 min−1 (99.3%) (Ansari et al., 220) 

β-lactam (amoxicillin, 
oxacillin, ampicillin) 

100,000  DBD; SDW; 
17 kV; 50 Hz; 
120 min 

10–20% mineralization Magureanu et al. 
(2011) 

Ciprofloxacin 10,000  DBD; SME; 70–80 kV; 25 min ~80–90% (DI); ~70–85% (meet 
effluent) 

Sarangapani et al. 
(2019)  

1000–10,000  PCP; SDW; 15–25 kV; 25–30 
kHz; 10 min 

~90–100% (increased with increasing 
kV and Hz) 

Singh et al. (2017a) 

Levofloxacin 10,000–30,000 Ag3PO4, activated 
carbon fibers 

DBD; SDW; 
8–14 kV; 18 min 

~80–95% depending on initial conc., 
voltage, & circulation flowrate 

Gong et al. (2020) 

Norfloxacin 10,000  DBD; SDW; 0–50 kV; 40–80 
W; 4 min; H2O2 & Fe2+

~75–95% depending on H2O2 
concentration 

Xu et al. (2020) 

Sulfadiazine 10,000 Fenton DBD; SDW; 100–150 W; 
30 min 

~80->99% (power, Co, pH, and Fe2+) Rong et al. (2014) 

Sulfathiazole, 
sulfamethazine, 
sulfamethoxazole 

50,000  DBD; SDW; 
3.5 kV; 60 Hz; 
60 min 

>99% (40 min); sulfamethazine >
sulfathiazole > sulfamethoxazole 

Kim et al. (2015b) 

Sulfamethoxazole 50,000–100,000 ZrO2/CeO2 DBD; SDW; 
18 kV; 50 Hz; 
90 min 

~90% (50 mg L−1); 
~65% (100 mg L−1) 

Reddy and 
Subrahmanyam 
(2015) 

Trimethoprim 0.039, 1.2  DBD; WWE/SSW; 8 kV; 500 
Hz; 
1.75/7.5 kWh/m3 

~70% (batch); 
~60% (pilot) 

Gerrity et al. (2010) 

Tetracycline 50,000  Coaxial-type DBD; SDW; 
16–22 kV; 100 Hz; 30 min 

~75–92% (22 > 20 > 18 > 16 kV) Hao et al. (2020)  

50,000 Biochars DBD; SDW; 6–8 kV; 38.8 W; 
5 min 

~70% (6 kV); 
~85% (7 kV); 
~90% (8 kV); 

Lou et al. (2021)  

40,000 Persulfate DBD; SDW; 7 kV; 1.0 L 
min−1; 15 min 

87.5% (0.232 min−1) Tang et al. (2018b)  

20,000  DBD; SDW; 4.8 kV; 10 kHz; 5 
min 

94.3% with sodium percarbonate Tang et al. (2019)  

50,000–200,000 Natural soil particles PCP; MWW; 0–24.1 kV; 75 
Hz; 60 min 

~60, 80, & 95% at 200, 100, & 34 μS 
−1, respectively 

Wang et al. (2018)  

50,000–200,000 Mn/γ-Al2O3 DBD; SDW; 50Hz; 1.3 W; 40 
min 

~65–99% (tetracycline); 
~20–90% (COD) 

Wang et al. (2019) 

Anticonvulsant 
Dilantin 0.165, 1.005  DBD; WWE/SSW; 8 kV; 500 

Hz; 
7.5 kWh/m3 

~90% (SSW); 
~78% (WWE) 

Gerrity et al. (2010) 

Primidone 0.219, 1.6  DBD; WWE/SSW; 8 kV; 500 
Hz; 
7.5 kWh/m3 

~90% (SSW); 
80% (WWE) 

Gerrity et al. (2010) 

(continued on next page) 
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Table 3 (continued ) 
EDC/PPCP class C0 (μg L−1) Catalyst or hybrid Experimental condition Key removal or rate constant Ref. 
Antiepileptic 

Carbamazepine 65 ± 11  DBD; SWW; 
40 kV; 500 Hz; 
6 h 

>99% Gur-Reznik et al. 
(2011)  

0.219, 1.6  DBD; WWE/SSW; 8 kV; 500 
Hz; 
7.5 kWh/m3 

~90% (SSW); 
~95% (WWE) 

Gerrity et al. (2010)  

10,000 Ozonation; UV; TiO2 DBD; SDW; 50 W; 
10 min; 

~65% w/O3; 80% w/O3+UV; >99% 
w/O3+UV + TiO2 

Jankunaite et al. 
(2017)  

100 μM Boron doped diamond, 
iron 

DBD; LLWW; 
25–35 kV; 30 kHz; 500 W; 
30 min 

~85% (15 min); 
~95% (30 min) 

Krause et al. (2009)  

20,000  DBD; SDW; 
0.7, 12 W; 60 min 

100% (Ex situ); 
91% (In situ) 

Liu et al. (2012b) 

Antihypertensive 
Verapamil 0.1–0.5 mM  DBD; SDW; 18 kV; 50 Hz; N2: 

O2 (80:20); 180 min 
>99% (40 min, 0.1 mM); >99% (90 
min, 0.5 mM); 

Krishna et al. (2016) 

Antiinflammatory 
Pentoxifylline 25,000–150,000  DBD; SDW; 12 kV; 120 Hz; 

80 min 
34–130 × 10−3 min−1; t1/2 = 5.3–20.6 
min 

Magureanu et al. 
(2010) 

Hormone/steroid 
17β-Estradiol (E2), estrone 
(E1) 

2000  DBD; MDE; 
60–80 kV; 50 Hz; 15 min 

~40% (60 kV); 
~60% (60 kV); 
~80% (60 kV); 

Sarangapani et al. 
(2017a) 

17α-ethinyl estradiol 
(EE2) 

200  DBD; SDW; 40 W; water flow 
rate = 56.3 mL min−1; 30 
min 

99.6% at 2.42 kWh m3 Wardenier et al. 
(2019) 

Fluocinolone acetonide, 
clobetasol propionate 

0.02–5 mM  SDW/NSW/WWE; DBD; 
0–60 kV; 35.9–58.2 W; 120 
min 

80–83% with increasing power Liu et al. (2019) 

Pesticide/herbicide/insecticide/biocide 
Atrazine 21,600  DBD; SDW; 

25 kV; 120 W; 
14 min 

>95% (Fe2+); 
40–60% (isopropyl alcohol or 
Na2CO3) 

Feng et al. (2016)  

1000–5000  DBD; SDW; 
12 kV; 94 kHz; 24 W; 90 min 

>99% (30 min, Reactor 1; 45 min, 
Reactor 2) 

Hijosa-Valsero et al. 
(2013)  

30 Ozonation, activated 
carbon 

DBD; SDW; 
6.0–7.5 kV; 35.7 Hz; 20–25 
W; 20 min 

~95% (plasma + O3); 
~90% (plasma); 
~70% (O3) 

Vanraes et al. (2015b)  

50,000 Microbubbles DBD; SDW; 
65–105 W; 75 min 

~20, 60, & 80–90% at 105 w/o 
persulfate, 65, & 80–90%, respectively 

Wang et al. (2021) 

Carbofuran 1000–10,000  PCP; NSW; 
23 kV; 25 kHz; 58.7 W; 40 
min 

>99% (10 mL min−1); ~70% (40 mL 
min−1) 

Singh et al. (2019) 

Chlorfenvinfos 1000–5000  DBD; SDW; 
12 kV; 94 kHz; 24 W; 90 min 

>99% (10 min, Reactor 1; 20 min, 
Reactor 2) 

Hijosa-Valsero et al. 
(2013) 

DEET 10,000  DBD; SDW; 
12–18 kV; 0–30 kHz; 27 min 

~50% (100 mL min−1); 
~75% (160 mL min−1); 
~80% (250 mL min−1) 

Yu et al. (2017) 

Irgarol 1051 0.1 mmol L−1 TiO2 DBD; SDW; 
18 kV; 50 Hz; 2.6 W; 
50–240 min 

~50–99% (23 > 56 > 100 > 200 > no 
TiO2 mg L−1) 

Giardina et al. (2018) 

Tributyltin 10,000  DBD; SDW; 
20 kV; 100 kHz; 30 W; 22 
min 

>95% (5 min) Hijosa-Valsero et al. 
(2014) 

Triclocarban 10,000 TiO2 coated activated 
carbon fibers 

DBD; SDW; 
38 W; 30 min 

~20, 35, 70, & 90% with Ar, N2, air, & 
O2, respectively 

Wang et al. (2016a) 

Phenol 
Phenol 0.055 mmol L−1  DBD/STR; SDW; 

16 kV; 12–18 kHz; 
N2:O2 (80:20) 

>95% (at >4000 J) DBD; >95% (at 
>1750 J) DBD; 

Bosi et al. (2018)  

0.1–0.01 mmol 
L−1  

DBD; SDW; 
16.5–18 kV; 50 Hz; 
240 min 

91% (~15% CO2), DI water; 93% 
(~45% CO2), phosphate buffer 

Ceriani et al. (2018)  

100,000 TiO2, Fe3+ PCP; SDW; 
20 kV; 50 Hz; 9 W 
120 min 

49% (plasma); 57% (plasma/TiO2); 
585 (plasma/Fe3+); 70% (plasma/ 
TiO2/Fe3+) 

Duan et al. (2018)  

100,000 TiO2 PDD; SDW; 
0–40 kV; 1.42 kHz; 40 min 

~80–90% (8 kV > 15.8 kV); ~90–99% 
(TiO2) 

Jianjin et al. (2015)  

5,000,000 GAC PDD; SDW; 
18–28 kV; 50 Hz; 100 min 

~90% (28 kV); 
~85% (23 kV); 
~80% (18 kV); 

Tang et al. (2018a)  

20,000–60,000 Fe-based zeolite DBD; SDW; 20 kV; 14.5 kHz; 
20 min; 2.0 g Fe-zeolite 

~10–20% (plasma); 
~25–55% (plasma + Fe-zeolite) 

Wu et al. (2020)  

50,000 TiO2 PCP; SDW; 12–16 kV; 100 
Hz; 30 min 

0.04–0.12 min-1; enhanced effect =
1–2.8 

Zhang et al. (2013) 

(continued on next page) 
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treatment time of 0.5 h; the treatment showed >99% removal for 
iopromide, 99% removal for clofibric acid, and 98% removal for car-
bamazepine (Krause et al., 2009). However, approximately 15–25% 
lower degradation of these contaminants was observed with landfill 
leachate, which contains much more inorganics and organics than ul-
trapure water, WW effluents, and surface waters. The effect of the 
counter electrode materials (boron-doped diamond, titanium, iridium 
oxide, and iron) on the removal efficiency showed that the degradation 
rates varied significantly depending on these materials. Carbamazepine 
removal of 98, 89, 84, and 64% was observed in the presence of the 
boron-doped diamond, titanium, iridium oxide, and iron electrodes, 
respectively. The degradation of carbamazepine was quicker in the 
presence of the boron-doped diamond electrode compared to the other 
electrodes. This might be linked to the O2 evolution potential of the 
electrode materials. The boron-doped diamond and iridium oxide elec-
trodes have O2 evolution potentials of 2.3 and 1.6 V, respectively, with 
respect to the normal hydrogen electrode (Chen, 2004). A low O2 evo-
lution potential can be anticipated to reduce the reaction rate, owing to 
the generation of O2 as opposed to the removal of the target contami-
nants (Krause et al., 2009). In a separate study, there was 100% car-
bamazepine degradation after 3-min contact with the ex situ electric 
discharge on the water surface, while the in situ discharge only degraded 
81% of the carbamazepine after 60 min (Liu et al., 2012b). 

Antihypertensive verapamil used to treat cardiovascular disorders 
was successfully degraded by air NTP in a DBD reactor (Krishna et al., 
2016). The findings showed that the majority of the byproducts were as 
a result of the reaction of verapamil with O3, which was one of the 
dominant oxidizing species. A small number of intermediates were 
identified presumably due to direct attack by OH•, although the pro-
duction of any intermediates due to reaction with reactive nitrogen 
species could not be proved. In a separate study, after 1 h of DBD 

treatment, 92% degradation of anti-inflammatory pentoxifylline (Co =
100,000 μg L−1) was observed, which was equivalent to a degradation 
yield of 16 g kWh−1 (Magureanu et al., 2010). In addition, pentoxifylline 
degradation increased at a quicker rate with decreasing initial concen-
trations (in the range of 25,000 to 150,000 μg/L), with a rate constant of 
13.0 × 10−2 min−1 at 25,000 μg/L and 3.37 × 10−2 min−1 at 150,000 
μg/L. Al Bratty et al. reported that a very high degradation rate of 
caffeine in aqueous solution (96.6%) was achieved at an initial con-
centration of 1 mg L−1 during DBD treatment without catalysts, 
expensive gases, and organic solvents (Al Bratty et al., 2021). Based on 
current literature, Table 3 summarizes the degradation rates of selected 
EDCs and PPCPs during NTP treatment for different initial concentra-
tions, catalyst types, discharge conditions, source water types, and re-
action times. 

2.5. Mineralization, pathway, and degradation mechanism of selected 
EDCs/PPCPs 

The various reactive oxidants produced during NTP processes could 
result in significant oxidation and mineralization of organic compounds, 
and break these compounds down to CO2, H2O, and different mineral 
acids (Ansari et al., 2021). The removal of three target compounds 
spiked dairy effluent corresponds to dissolved organic carbon (DOC) 
concentrations (Co = 1130–1250 mg L−1 for bisphenol A, E1, and E2) 
linearly increased with increasing reaction time, with a maximum 
degradation of approximately 18–22% after 15 min of an NTP process 
(Sarangapani et al., 2017b). While all the target compounds were suc-
cessfully removed (>80%) within 15 min, less than 30% of the com-
pounds were removed based on their DOC, which could be ascribed to 
the production of relatively small compounds such as C2H2O4 and 
CH2O2 prior to the mineralization of the entire compounds (Kim et al., 

Table 3 (continued ) 
EDC/PPCP class C0 (μg L−1) Catalyst or hybrid Experimental condition Key removal or rate constant Ref. 

2,4-dibromophenol 1000–5000  DBD; SDW; 
12 kV; 94 kHz; 24 W; 90 min 

>99% (15 min, Reactor 1; 40 min, 
Reactor 2) 

Hijosa-Valsero et al. 
(2013) 

Plasticizer 
Bisphenol A 1000  DBD; SDW; 

20 kV; 100 kHz; 30 W; 22 
min 

>95% (5 min) Hijosa-Valsero et al. 
(2014)  

2000  DBD; MDE; 
60–80 kV; 50 Hz; 15 min 

~45% (60 kV); 
~70% (60 kV); 
~90% (60 kV); 

Sarangapani et al. 
(2017a)  

50,000 GAC DBD; SDW; 
15–27 kV; 50 Hz; 50 min 

~60–85% (15–27 kV) Tang et al. (2012)  

100,000  DBD; SDW; 
0.5 kV; 60 min 

~>95% (NaCl); 
~55–65% (Na2PO4 or Na2SO4) 

Wang et al. (2008)  

50,000 UV DBD; SDW; 
20 kV; 5–25 kHz; 10 min 

~>95% (DBD in air); 
~<10% (UV from DBD) 

Zhang et al. (2016) 

Stimulant 
Caffeine 1000 

100,000  
DBD; SDW; 
60 W, 10 kHz, 
4 min 

96.6% 
72.6% 

Al Bratty et al. (2021) 

Surfactant 
Perfluorooctanoic acid 20,000 Fe3O4@SiO2–BiOBr DBD; SDW; 

22 kV; 60 min 
74% (plasma only); 
93% (plasma + catalyst) 

Wang et al. (2017b) 

X-ray contrast medium 
Diatrizoate 200, 10,000  PCP; SDW; 

11 kV; 3 kHz; 
60 min 

~90% (O2 plasma); 
~40% (air plasma) 

Puertas et al. (2021) 

Iopromide, diatrizoate 65 ± 11  DBD; SWW; 
40 kV; 500 Hz; 
6 h 

25->99% (diatrizoate) 
>99% (iopromide) 

Gur-Reznik et al. 
(2011) 

Iopromide 100 μM Boron doped diamond, 
iron 

DBD; LLWW; 
25–35 kV; 30 kHz; 500 W; 
30 min 

~90% (15 min); 
~95% (30 min) 

Krause et al. (2009) 

C0 = EDC or PPCP initial concentration; BOD = biochemical oxygen demand; GAC = granular activated carbon; COD = chemical oxygen demand; DBD = dielectric 
barrier discharge; DEET = N, N-Diethyl-meta-toluamide LLWW = landfill leachate wastewater; MDE = model dairy effluent; MWW = municipal wastewater; NSW =
natural surface water; PCP = pulsed corona plasma; PDD = pulsed diaphragm discharge; SDW = synthetic drinking water; SME = synthetic meet effluent; SSW =
spiked surface water; STR = pin-to-plate streamer; SWW = synthetic wastewater; UV = ultraviolet; w/= with; w/o = without; WWE = wastewater effluent. 
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2015b). With an initial concentration of 10 mg L−1 for various PhACs 
(diclofenac, carbamazepine, ciprofloxacin, and carbofuran), a consid-
erable decrease in DOC was achieved, reaching approximately 70% 
(5.93–1.8 mg L−1), 65% (7.22–2.53 mg L−1) and 50% (11.3–5.64 mg 
L−1) in deionized water, lake water, and river water, respectively during 
plasma treatment (Singh et al., 2019). The reduction in DOC with 
increasing reaction time suggested that most of the contaminants were 
mineralized to carbon dioxide, water, and nitrate. Numerous bypro-
duts/intermediates of all the contaminants during the plasma treatment 
process have been well described in previous studies (Tian et al., 2013; 
Singh et al., 2017a). While an assumption was made that the remaining 
DOC in treated water could provide various levels of toxicity, the 
toxicity test verified that the toxic behavior of the contaminants was 
entirely eliminated in deionized water and lake water after the plasma 
treatment (Singh et al., 2019). 

The fate of iodinated contrast medium (iopromide) during DBD 
treatment is described in Fig. 5 based on mineralization associated with 
DOC, specific UVA (UVA/DOC), and UVA280 in different waters (tertiary 
effluent and reverse osmosis brines) (Gur-Reznik et al., 2011). The ef-
ficiency of DOC mineralization was approximately 25, 15, and 10% for 
the tertiary effluent, reverse osmosis brine 1, and reverse osmosis brine 
2, respectively. Compared to mineralization, a relatively high specific 
UVA reduction was achieved—80, 61, and 48% for tertiary effluent, 
reverse osmosis brine 1, and reverse osmosis brine 2, respective-
ly—describing substantial removal of the total DOC aromaticity (Jar-
usutthirak et al., 2002). A separate study also showed that the 
degradation of hydrophobic organic compounds based on UVA254 was 
higher than that based on DOC (Westerhoff et al., 2009). Since specific 
UVA is determined based on the ratio of UVA at 254 nm to DOC, this 
result is corroborated by the findings described here as well. UVA254 
suggests positive oxidation of unsaturated carbon bonds (Westerhoff 

et al., 2009). In addition, a significant decrease based on UVA at 280 nm 
was also achieved 90, 73, and 59% for tertiary effluent, reverse osmosis 
brine 1, and reverse osmosis brine 2, respectively—which indicated that 
changes in the proteinic and phenolic DOC groups occurred (Gur-Reznik 
et al., 2011). In a separate study, the performance of iron immobilized in 
alginate beads as catalyst for heterogeneous electro-Fenton treatment of 
a malodorous compound (indole) was investigated (Ben Hammouda 
et al., 2016). This result provides a conclusion that indole intermediates 
are possibly recalcitrant to the treatment. In addition, the observed lack 
of substantial effect of UV irradiation indicates its insignificant influence 
on ferrous ions regeneration and OH• production. Kim et al. reported red 
mud-activated peroxymonosulfate process for the removal of fluo-
roquinolones in hospital wastewater (Kim et al., 2020). The finding 
suggests that due to the greater reactivity between ciprofloxacin and 
SO4•-, ciprofloxacin removal was more effective than flumequine 
removal in the presence of humic acid. 

Pathways and intermediates for the removal of diclofenac by the 
pulsed corona plasma process or by Fenton reactions are described in 
Fig. 6 (Banaschik et al., 2018). In general, the findings suggest that OH•

plays a significant role in the degradation of the original chemical and 
nearly all intermediates. No indication was observed for chemical re-
actions including reactive Cl−, O3, and NO3−. Therefore, the results are 
somewhat similar to those of earlier studies where phenol was employed 
as a model contaminant to evaluate various reactive species (Banaschik 
et al., 2015). Four reaction steps (A to D) primarily describe the 
degradation of diclofenac in Fig. 6. Presumably, attack of the benzene 
rings is one of the main initial reactions (Hartmann et al., 2008). This is 
demonstrated by the byproducts I1*, with a molecular weight variation 
of multiples of 16 Da, representing the production of hydroxyl/phenol 
groups in diclofenac. Attack of the benzene rings might take place if OH•

initially separates a H atom from C, and then a second OH• combines 

Fig. 5. Fate of dissolved organic matter background upon NTP treatment in different waters (tertiary effluent and reverse osmosis (RO) brines). Upper panel: 
dissolved organic carbon (DOC) mineralization profiles; middle panel: specific UV absorbance (SUVA) reduction profiles; lower panel: change in absorbance at 280 
nm (A280). Values represent average ± standard deviation of 3–5 independent replicates (Gur-Reznik et al., 2011). 

S.-N. Nam et al.                                                                                                                                                                                                                                 



Chemosphere 290 (2022) 133395

16

with the C-based radical. The greatest reactive carbon atoms of the 
diclofenac molecule can be found in positions 4 and 4′ of the rings, while 
the somewhat electron-withdrawing groups, such as Cl, can also 
encourage reactions with carbon-4’. Additional destruction of H2 could 
result in quinone-imine intermediates, such as I2* (Perez-Estrada et al., 
2005). The cleavage of the C–N bond (B) leads to various characteristic 
derivatives (I5–I10). The diclofenac molecule is divided into two com-
ponents; depending on the spatial orientation of the OH• attack, the 
byproduct 2,6-dichlorophenol (I5) or 2,6-dichloroaniline (I6) is pro-
duced. Their corresponding counterparts (I7 and I9) were identified as 
I8 and I10, owing to acidification and ring closure through solid phase 
extraction. It is meaningful to indicate that the cleavage byproducts of 
both diclofenac derivatives [(I5, I10) and (I6, I7)] could be identified, 
because previous studies only revealed the byproducts I6 and I7 when 
diclofenac was oxidized with plasma produced above the liquid (Dobrin 
et al., 2013). The byproduct I4 was only identified after plasma appli-
cation, while a previous study also showed its generation for OH•

through Fenton reactions (Beldean-Galea et al., 2014). Step C includes 
constant hydroxylation and dichlorination (I11–I16), which in the end 
(D) results in cleavage of the benzene ring structure and production of 
tiny organic acids (I17–I21). Thus, identical intermediates are achieved 
and removal pathways are comparable between plasma treatment and 
Fenton processes (Banaschik et al., 2018). 

The degradation of atrazine during DBD treatment formed four 
degradation byproducts that kept the s-triazine ring with a chlorine 
atom (deethylatrazine and deisopropylatrazine) and two oxidized in-
termediates of atrazine, which were tentatively recognized as 4-chloro- 
6-(ethenylamino)-1,3,5-triazin-2-yl acetate and atrazine amide (Hijo-
sa-Valsero et al., 2013). The use of DBD plasma for the degradation of 
atrazine from aqueous solutions exhibited no degradation byproduct 

(Gerrity et al., 2010). Nevertheless, the production of deethylatrazine 
was detected in a test using a pulsed arc electrohydraulic discharge 
reactor (Leitner et al., 2005). During DBD treatment combined with 
TiO2-coated activated carbon fibers for triclocarban degradation, O3 was 
produced from the cross-section reactions of O2, H2O molecules and O 
atom (Wang et al., 2016a). The oxidation by O3 of organic compounds in 
H2O can be described by two potential mechanisms: direct attack by O3 
and attack by OH• (Andreozzi et al., 2005). Di-hydroxy-triclocarban was 
identified as a byproduct based on m/z 347, suggesting that direct attack 
of O3 on the aromatic benzene ring of triclocarban molecules was pre-
sumably due to generation of an aromatic hydroxyl chemical by hy-
droxylation (Chen et al., 2012). It was reported that the C–N bond was 
the highest reactive site for O3 molecules in water (Ding et al., 2013). 
Therefore, the C–N bond was dissociated to produce two additional 
major byproducts, hydroquinone and 2-chlorohydroquinone (Wang 
et al., 2016a). Two potential pathways were reported at the initial stage 
of the oxidation reaction of acetaminophen in a plasma/TiO2-reduced 
graphene oxide system (Zhang et al., 2017a). One pathway engaged 
with direct ozonation of acetaminophen, because O3 attack typically 
continued on the aromatic rings of target compounds via production of 
polyhydroxy aromatics (Decoret et al., 1984). The other potential 
pathway was hydroxylation of acetaminophen through OH• attack on 
the aromatic rings (Zhang et al., 2008). 

Removal of bisphenol A during NTP treatment began with phenol- 
moiety oxidation associated with small estrogenic activity readily 
attached by both OH• and OOH• (Ngundi et al., 2003). The deprotona-
tion of bisphenol A or interaction with plasma-generated reactive spe-
cies at electron-rich reaction sites occurred through OH• abstraction 
(Sarangapani et al., 2017a). The reaction continued by cleavage of the 
C–C bond, causing phenol radicals that reacted with OH• to produce 

Fig. 6. Proposed degradation pathway and intermediates for the degradation of diclofenac by hydroxyl radicals formed during plasma treatment (P) or due to 
hydroxyl radicals generated by Fenton-processes (F). Apart from intermediates I9 and I15, all other byproducts were experimentally identified and verified. 
*Products were identified due to their molecular mass, physicochemical properties and description in literature (Banaschik et al., 2018). 
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hydroquinone/catechol and additional orthoquinone, which have fairly 
low estrogenic activity compared with the parent compound (bisphenol 
A) (Tay et al., 2012). In addition, 4-isopropenylphenol and 4-hydroxya-
cetophenone were produced by both direct and indirect interaction with 
O3 and OH•, which are somewhat comparable to intermediates found in 
a separate study (Ike et al., 2002). In a separate study, several in-
termediates were identified during the degradation of paracetamol by 
DBD treatment (Pan and Qiao, 2019). The production of the first in-
termediate (3-nitro-4-acetamidophenol) increased with the degradation 
of paracetamol within 5 min, decreased as the time increased, and then 
completely disappeared after 20 min, suggesting that 3-nitro-4-acetami-
dophenol might require more degradation energy than paracetamol. The 
production of the second intermediate (nitrosophenol) decreased after 2 
min, and was undetected along with 3-nitro-4-acetamidophenol. The 
retention time of the third intermediate (acetamide) peak increased, and 
the intermediate disappeared after a contact time of 10 min, indicating 
that a second intermediate (N-methylacetamide) was formed after the 
production of acetamide, and its formation appeared to increase with 
time. It was found that paracetamol was initially oxidized to an inter-
mediate N-acetyl-p-benzoquinone imine by reactive species, such as 
HNO2, H2O2, and OH•, and this intermediate then quickly reacted with 
HNO2 to form 3-nitro-4-acetamidophenol (Matsuno et al., 1989). Hence, 
the production of 3-nitro-4-acetamidophenol occurred due to the 
degradation of paracetamol by air DBD plasma (Pan and Qiao, 2019). 

2.6. Cost-benefit analysis 

A comprehensive analysis of costs and benefits of catalytic NTP 
technology for the removal of EDCs and PPCPs is necessary to determine 
if the use of NTP is financially viable. However, there is lack of infor-
mation on cost-benefit analysis with catalytic NTP treatment processes 
based on current studies, while Table 4 summarizes limited information 
on reported total cost-of-treatment evaluations for a few oxidation 
technologies applied to municipal wastewater disinfection (to below 
detection limits of pathogens) (Capodaglio, 2019). While specific cost of 
chlorination stays steady (the cost is largely based on chemical cost), 
that of other technologies reduces with increasing treated flow (owing to 
initial fixed costs). Among the technologies examined (electron beam, 
ozone, and UV), electron beam is the one with the sharpest cost decrease 
with increasing treated flow (Maruthi et al., 2011). While an assumption 
can be made that catalytic NTP technologies appear to be more effective 
than conventional NTP ones, it is still essential to systematically 
compare cost-benefit analysis between catalytic NTP and other 
advanced oxidation processes for the removal of EDCs and PPCPs. 

3. Conclusions and areas of future research 

The fate and transport of CECs, such as EDCs and PPCPs, have been 
widely studied in numerous water and WW treatment processes. In 
recent studies, NTP with and without catalysts has been observed to be 
effective in the degradation of various EDCs and PPCPs in aqueous so-
lution, with the degradation efficiency significantly affected by the 
water quality/NTP conditions and the physicochemical properties of the 
contaminants/catalysts. The following general removal trends have 
been achieved: (i) EDC and PPCP degradation decreases with increasing 
solute initial concentration and in the presence of scavengers (e.g., tert- 
butanol and isopropyl alcohol), and increases with increasing input 
power and catalyst dose; (ii) optimal solution pH, background ions, 
alkalinity, NOM, temperature, gas type, gas flow rate, and catalyst type 
may vary depending on contaminant characteristics and the relative 

Table 4 
Estimated costs comparison for various oxidation processes based on disinfec-
tion of sewage water (2010 US $/m3) (Capodaglio, 2019).  

m3/day treated Electron beam Ozone UV Chlorine 
10,000 0.29 0.25 0.17 0.013 
50,000 0.073 0.086 0.171 0.013 
100,000 0.050 0.064 0.054 0.013 
200,000 0.041 0.053 0.047 0.013  

Fig. 7. Potential areas of future study of catalytic NTP systems for the removal of CECs in aqueous solution.  
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