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Abstract 13 

Emerging micropollutants (µPs) appearing in water bodies endanger aquatic 14 

animals, plants, microorganisms and humans. The nonthermal plasma-based advanced 15 

oxidation process is a promising technology for eliminating µPs in wastewater but still 16 
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needs further development in view of full-scale industrial application. A novel cascade 17 

reactor design which consists of an ozonation chamber preceding a dielectric barrier 18 

discharge (DBD) plasma reactor with a falling water film on an activated carbon textile 19 

(Zorflex®) was used to remove a selection of µPs from secondary municipal 20 

wastewater effluent. Compare to previous plasma reactor, molecular oxidants degraded 21 

micropollutants again in an ozonation chamber in this study, and the utilization of 22 

different reactive oxygen species (ROS) was improved. A gas flow rate of 0.4 standard 23 

liter per minute (SLM), a water flow rate of 100 mL min-1, and a discharge power of 25 24 

W are identified as the optimal plasma reactor parameters, and the µP degradation 25 

efficiency and electrical energy per order value (EE/O) are 84-98% and 2.4-5.3 kW/m³, 26 

respectively. The presence of ROS during plasma treatment was determined in view of 27 

the µPs removal mechanisms. The degradation of diuron (DIU), bisphenol A (BPA) and 28 

2-n-octyl-4-isothiazolin-3-one (OIT) was mainly performed in ozonation chamber, 29 

while the degradation of atrazine (ATZ), alachlor (ALA) and primidone (PRD) occurred 30 

in entire cascade system. The ROS not only degrade the µPs, but also remove nitrite 31 

(90.5%), nitrate (69.6%), ammonium (39.6%) and bulk organics (11.4%). This study 32 

provides insights and optimal settings for an energy-efficient removal of µPs from 33 

secondary effluent using both free radicals and molecular oxidants generated by the 34 

plasma in view of full-scale application.  35 
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1 Introduction 39 

In recent years, the occurrence of emerging organic micropollutants (µPs) in 40 

water/wastewater has drawn much attentions. µPs include pesticides, herbicides, 41 

pharmaceuticals, plasticizers, and may result, when discharged along with wastewater 42 

effluent, in significant toxicity and environmental hazards (Lotfi et al. 2022). µPs can 43 

accumulate in the environment for a long time, which makes human exposed to 44 

potential health risks (Alsbaiee et al. 2016, Carpenter and Helbling 2018).  45 

The conventional activated sludge process plays an irreplaceable role in 46 

wastewater treatment. However, it is difficult to remove µPs with such activated sludge 47 

processes in traditional wastewater treatment plants (WWTPs) (Helbling et al. 2012). 48 

Hence, the (secondary) effluent of WWTPs is regarded as the main pathway through 49 

which µPs enter the aquatic environment, and the concentration of µPs in wastewater 50 

ranges from ng/L to mg/L (See Table S1, in Supplementary Information, SI). 51 

Advanced Oxidation Processes (AOPs) are effective methods to remove µPs from 52 

secondary effluent by in-situ production of hydroxyl radicals (·OH) and other highly 53 

reactive oxygen species (ROS) (Singh et al. 2020). ROS are divided into free radicals 54 
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(i.e. ·OH, superoxide radicals (O2
•-), singlet oxygen (1O2)) and molecular oxidants (i.e. 55 

hydrogen peroxide (H2O2), ozone (O3)) (Singh et al. 2019a). Molecular oxidants have 56 

a longer lifetime than free radicals, as shown in Table S2, SI. The role of free radicals 57 

on µPs removal has already been emphasized previously, but the function of molecular 58 

oxidants seems to be overlooked. In fact, some µPs with specific structures (e.g. double 59 

bonds, aromatic rings) are easily oxidized by O3. Zhang et al. found that H2O2 played 60 

an indispensable role in carbamazepine removal by directly reacting with the target µPs 61 

or promote the generation of ·OH (Zhang et al. 2022). 62 

Nonthermal plasma-based AOPs are a novel type of AOPs which generate a high-63 

density plasma through a high-voltage discharge. Both free radicals and molecular 64 

oxidants can be generated in a typical plasma system by a series of physical and 65 

chemical reactions (Shang et al. 2022). These ROS, including ·OH, O2
•-, 1O2, H2O2, 66 

and O3, can degrade µPs. Nonthermal plasma-based AOPs have the unique advantages 67 

of strong oxidation ability, short treatment time, no external chemical addition, and 68 

limited secondary pollution. However, previous studies on µPs removal by plasma 69 

mainly take advantage of the free radicals in the plasma zone which results in the loss 70 

of molecular oxidants along with the exhaust (Singh et al. 2019b). Efficient use of O3 71 

and other molecular oxidants during plasma treatment is key to enhance the plasma 72 

treatment performance. The removal behavior of µPs in secondary wastewater effluent 73 

by plasma-based AOPs has rarely been studied. Previous studies typically focus on the 74 

use of plasma treatment to remove µPs from synthetic wastewater(Vanraes et al. 2017, 75 
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Vanraes et al. 2015, Wardenier et al. 2019a, Wardenier et al. 2019b, Wardenier et al. 76 

2019c). However, the complexity of the real wastewater composition is an important 77 

obstacle for the full-scale application of plasma treatment, since it reduces the 78 

effectiveness of AOPs for wastewater remediation. A variety of inorganics, organics 79 

and microorganisms may compete for oxidants and impede the removal of µPs. 80 

Moreover, current studies mostly work with plasma treatment systems operated in batch 81 

mode. However, the output of secondary municipal wastewater effluent is huge, and 82 

batch mode is unpractical for full-scale applications.  83 

In order to tackle the challenges above, a novel cascade reactor configuration was 84 

developed to remove µPs from secondary municipal wastewater effluent operating in 85 

continuous mode. It consists of a dielectric barrier discharge (DBD) plasma reactor with 86 

a falling water film on an activated carbon textile (Zorflex®), that is connected in series 87 

with a preceding ozonation chamber. The µPs are firstly ozonated in the ozonation 88 

chamber, and then degraded by ROS in the plasma chamber. Compared to previous 89 

studies mainly focusing on free radicals’ production in nonthermal plasma-based AOP, 90 

here the utilization of different ROS was achieved in this novel cascade reactor 91 

configuration. The reactor was operated in a single-pass mode, assuring continuous 92 

operation in view of µPs removal from real wastewater. The effects of operational 93 

parameters and wastewater composition on the µPs removal performance were 94 

comprehensively evaluated. Furthermore, ROS generation in different water matrices 95 

was compared. The economic/energy cost of the entire cascade system for µPs removal 96 
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in secondary effluent was also evaluated. 97 

2 Materials and Methods  98 

2.1 Secondary wastewater and reagents 99 

The secondary effluent was collected from a WWTP in Belgium, and stored at 4 ℃ 100 

before treatment. It does not exceed 2 days before treatment. Properties of the secondary 101 

effluent used in this work are given in Table 1.  102 

Table 1 Here 103 

The concentration of naturally occurring micropollutant varied a lot due to 104 

wastewater source, season, weather and so on. If naturally occurring micropollutants 105 

were used, degradation efficiency of micropollutants after plasma treatment will be 106 

different due the changes of the initial concentration of micropollutants. Spiking target 107 

micropollutants with a fixed concentration in the secondary effluent is therefore a better 108 

choice. Furthermore, the applied concentration of micropollutants enables the detection 109 

after treatment. Thus, atrazine (ATZ), alachlor (ALA), diuron (DIU), primidone (PRD), 110 

1,7-α-ethinylestradiol (EE2), bisphenol A (BPA), and 2-n-octyl-4-isothiazolin-3-one 111 

(OIT) were selected as model µPs in this study. The physical-chemical properties of 112 

these µPs are given in Table S3 and S4 in SI. The selected µPs were dissolved in 113 

deionized water, resulting in a stock solution with individual µPs at a concentration of 114 

5.0 mg/L. According to Table S1, the µPs concentration in real secondary wastewater 115 
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effluent of WWTPs ranges between 0.01 μg/L and 250 μg/L. Therefore, the stock 116 

solution was diluted to the desired concentration (200 μg/L) using secondary effluent. 117 

The stock solution was diluted with ultrapure water to obtain synthetic wastewater with 118 

a μPs concentration of 200 μg/L. 119 

2.2 Setup and experimental procedures 120 

A schematic representation of the DBD plasma reactor is shown in Figure. 1. 121 

Detailed information about the reactor can be found in our previous work (Vanraes et 122 

al. 2017, Vanraes et al. 2015, Wardenier et al. 2019a, Wardenier et al. 2019b, Wardenier 123 

et al. 2019c). In short, wastewater flows through the ozonation and plasma chambers in 124 

a sequence. A stainless-steel tube was placed inside the quartz glass tube. The stainless-125 

steel tube was used as the grounded inner electrode, which was covered by 2 layers of 126 

activated carbon textile. The wastewater was pumped up from the ozonation chamber 127 

through the stainless-steel pipe, and then flowed down the activated carbon textile. 128 

Plasma was generated using oxygen gas on the activated carbon textile by applying a 129 

pulsed high voltage to an outer mesh electrode covering a quartz glass tube. Next, 130 

produced O3 and residual O2 gas mixtures were bubbled into the ozonation chamber.  131 

Figure 1. Here 132 

A pulse generator model TGP110 Thulby Thandar instrument was used to trigger 133 

the AC high voltage power supply working at 50 kHz, and modulated the sinusoidal 134 

voltage waveform using a square wave function. The modulated waveform was defined 135 
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by a plasma ‘on’ time of 5 ms (Ton) and a plasma ‘off’ time of 45 ms (Toff). The duty 136 

cycle was defined as following:  137 

DC = 
Ton

Ton+Toff

 = 10% (1.) 138 

A Tektronix® TD 1002 digital oscilloscope was used to monitor the voltage and 139 

current waveforms using a Tektronix® P6015 A HV probe and an IonPhysics® current 140 

probe, respectively. The total input power (P) used to generate the plasma was 141 

calculated by multiplying the duty cycle with the instantaneous power delivered to the 142 

reactor (P0), 143 

P = P0 * DC (2.) 144 

The ozonation chamber was filled with 600 mL wastewater. The wastewater was 145 

pumped from the ozonation chamber to the plasma chamber at a designed liquid flow 146 

(from 60 to 100 mL/min). A falling water film was formed on the activated carbon 147 

textile (Zorflex®). The gas entered the bottom of the plasma chamber at a designed gas 148 

flow (from 0.4 to 1 standard liter per minute, SLM). Finally, the wastewater after 149 

treatment was sampled and analyzed. The details of the analytical methods are given in 150 

Section 2.5. The reactor performance was evaluated in terms of removal efficiency and 151 

energy consumption. The removal efficiency of the µPs (R) was defined as follows: 152 

R =
c0 − ct

ct
∗ 100% (3.) 153 

where c0 is the initial concentration of the µPs (200 µg L-1) and ct (µg L-1) is 154 

the final concentration of the µPs. Energy consumption was characterized by the 155 

electrical energy per order (EE/O, kWh/m³) figure-of-merit (Yang et al. 2021), as shown 156 
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in eq. (4): 157 

EE/O =
P

F * log(
co

ct

)
(4.) 158 

where P (kW) is the total input power used to generate the plasma in the reactor, 159 

which was calculated by eq. (2), and F (m³ h-1) is the liquid flow. All experiments were 160 

performed thrice, and the average value was adopted. 161 

For the treatment based on ozonation alone, only the ozonation chamber is used. 162 

The ozonation chamber was filled with 600 mL wastewater. The wastewater was only 163 

treated in the ozonation chamber, and it flowed out from ozonation chamber directly, 164 

and did not flow into plasma chamber. The gas entered the bottom of the plasma 165 

chamber at a gas flow of 1 SLM, and then entered the ozonation chamber via a diffuser.  166 

For the treatment based on plasma alone, only the plasma chamber is used. The 167 

plasma chamber was fed with 600 mL. The gas entered the bottom of the plasma 168 

chamber at a gas flow of 1 SLM. Wastewater did not enter the ozonation chamber and 169 

it passed through the plasma chamber only once. 170 

2.3 Design of response surface methodology modeling 171 

The response surface methodology (RSM) based on the Box–Behnken design 172 

(BBD) method was used to optimize the operational parameters of the reactor (Chys et 173 

al. 2015). Three independent variables included gas flow rate, liquid flow rate, and 174 

discharge power, as shown in Table 2. The discharge power is related to the generation 175 

of ROS, and both the gas and liquid flow rates might affect the mass transfer of ROS. 176 
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As reported in a previous study, ATZ, as a typical recalcitrant contaminant in wastewater, 177 

is difficult to remove in the plasma reactor (Wardenier et al. 2019c). Its removal 178 

efficiency is lower than that of other µPs, such as ALA, DIU, dichlorvos, 179 

pentachlorophenol, carbamazepine, EE2, BPA (Wardenier et al. 2019c). Thus, the 180 

removal efficiency and energy consumption for ATZ removal were selected as response 181 

factors, and the effects of those operational parameters on the response factor are 182 

studied. The corresponding RSM model can be found in Eq.5,  183 

y
i
=a+bX1+cX2+dX3+eX1X2+fX1X3+gX2X3+hX1

2+iX2
2+jX3

2 (5) 184 

in which y
i
  represents the response factor for the removal efficiency of ATZ 185 

(yR, %) as well as for the energy consumption of ATZ removal (yEE/O, kWh/m³). X1, 186 

X2 and X3 refer to gas flow rate (SLM), liquid flow rate (mL min-1) and discharge 187 

power (W), respectively. Multiple regression was used to estimate the coefficients a to 188 

j, based on the experimental conditions and the measured results (namely yR or yEE/O). 189 

Table 2. Here 190 

2.4 Free radical quenching experiment 191 

p-benzoquinone, 1,4-diazabicyclo octane, and tert-butanol were used as scavenger 192 

to quench the ·O2
-
, 1O2, and ·OH, respectively (Lou et al. 2022). Each scavenger was 193 

added into synthetic wastewater, and the concentration of each scavenger was set at 20 194 

mmol L-1.  Synthetic wastewater containing scavenger was treated through the entire 195 

cascade system at the optimal parameters. The detailed experiment procedure was 196 
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shown in Section 2.2.  197 

2.5 Analytical methods 198 

The concentration of µPs was determined by an Agilent gas chromatography–mass 199 

spectrometry system (GC-MS, 6890 series GC system, 5973 MS) adapted from 200 

previous research (Yang et al. 2022), and a detailed procedure is outlined in Text S1, SI. 201 

H2O2 concentrations were measured by the titaniumoxysulphate method (Pandiyaraj et 202 

al. 2021). The indigo method was used to measure the concentration of dissolved ozone 203 

in liquid (Bader and Hoigné 1981). ∫ [O3]dt and ∫ [H2O2]dt were the exposures of 204 

O3 and H2O2, and were obtained from the time-integrated the concentration of O3 205 

and H2O2 over the treatment time (Guo et al. 2021). The details are given in Text S2, 206 

SI. ·OH exposures were indirectly measured by the terephthalic acid method (See Text 207 

S3, SI) (Liu et al. 2021).  208 

The concentrations of nitrite (NO2
-), nitrate (NO3

-), ammonium (NH4
+), and 209 

Chemical Oxygen Demand (COD) were determined according to standard methods 210 

using the commercial Hach test kits coupling with an ultraviolet-visible 211 

spectrophotometer (DR2800, Hach, Belgium). The pH and conductivity of the 212 

wastewater were measured using portable pH and conductivity meter, respectively 213 

(HQ30d, HACH, US). The three-dimensional excitation-emission matrix (3D-EEM) 214 

fluorescence spectra of samples were determined by a fluorescence spectrophotometer 215 

(RF-5301 PC, Shimadzu, Japan). The details of 3D-EEM measurements and data 216 
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processing are given in Text S4, SI. The ultraviolet-visible spectroscopy (UV-vis) 217 

spectra of samples were recorded by an ultraviolet-visible spectrophotometer (DR2800, 218 

Hach, Belgium) in the wavelength range between 200 nm and 800 nm. 219 

Synergistic effect between plasma and ozonation was evaluated by the synergistic 220 

index, which was calculated by the Eq. (5), 221 

Synergistic index=
kμPs, plasma+ozonation

kμPs, plasma+kμPs, ozonation
               (5) 222 

where kμPs, plasma+ozonation, kμPs, plasma and kμPs, ozonation (min-1) were the apparent 223 

pseudo-first order reaction constants of μPs degradation for plasma + ozonation, 224 

plasma alone, ozonation alone.  225 

3 Results and Discussion 226 

3.1 RSM approach and statistical analysis 227 

3.1.1 Establishment of model equations and data fitting 228 

In the first step, the efficiency and energy consumption of ATZ removal in 229 

secondary wastewater effluent were selected as response factors to build an appropriate 230 

RSM approach. The operational parameters, experimental and predicted results of 231 

removal efficiency and EE/O are shown in Table S5. The experimental results show 232 

that the ATZ removal efficiency and energy consumption ranged between 90 – 98% and 233 

4.0 – 7.0 kWh/m³, respectively. A good agreement between the experimental and the 234 

predicted results was achieved for both the removal efficiency (yR, R2 = 0.98, the 235 
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number of datapoints included in the regression: n = 17) and energy consumption (yEE/O, 236 

R2 = 0.99, n = 17). The model equations were established as follow:  237 

y
R

=88+1.1X1+28X2+4.5X3+0.02X1X2+0.3X1X3+0.3X2X3+0.2X1
2+1.1X2

2+1.6X3
2            (6) 238 

y
EE/O

=12+0.1X1+4.3X2+5.2X3+0.02X1X2+0.006X1X3+0.0006X2X3+0.02X1
2+0.6X2

2+1.2X3
2  (7) 239 

The model for ATZ removal efficiency and energy consumption, the coefficients 240 

corresponding to the gas flow (X1), liquid flow (X2) and discharge power (X3) are 241 

statistically significant (p < 0.05, See Table S6, SI). The absolute values of the 242 

coefficients represent how significantly the different operational parameters affect the 243 

ATZ removal efficiency and energy consumption. The significance sequence of each 244 

factor is: discharge power (C) > liquid flow rate (B) > gas flow rate (A). 245 

3.1.2 Influence of operational parameters on efficiency and energy consumption 246 

of atrazine removal 247 

Surface plots of RSM in terms of the removal efficiency and energy consumption 248 

are shown for ATZ at different operational parameters in Figure. S1 and S2. As Run 5 249 

and 8 indicated (Table S5), the removal efficiency increased by 6% but the energy 250 

consumption increased by 28% when the discharge power increased from 25 W to 45 251 

W. The increase of input power achieved by an increase of the applied voltage can 252 

increase the electric field in the reactor, and facilitate the dissociation, ionization and 253 

excitation of the feed gas (Kim et al. 2013), thereby generating more ROS (Sun et al. 254 

1997). As such, a higher µPs removal efficiency can be obtained at higher input power 255 
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conditions, but the energy consumption increases as well. From an economical point of 256 

view, a lower input power is beneficial for the commercial application of the plasma 257 

reactor. According to the requirements of the Swiss water protection act, the removal 258 

efficiency of µPs was recommended not less than 80% (Bourgin et al. 2018). When the 259 

discharge power was 25 W, the removal efficiency of µPs was higher than 85%, and the 260 

energy consumption was merely 4.0 kWh/m³, indicating the high removal efficiency 261 

and energy-efficient properties of the plasma reactor. As such, in this context, the 262 

optimal discharge power can be determined as 25 W. 263 

When the liquid flow rate increased from 60 to 100 mL min-1, the removal 264 

efficiency and energy consumption reduced by 5% and 33%, respectively (See Run 10 265 

and 12, in Table S5). Indeed, the removal efficiency of µPs decreased with the increase 266 

of liquid flow rate, because the residence time of the ROS in the ozonation and plasma 267 

chamber is shortened at faster liquid flow rates. In other words, a higher liquid flow 268 

rate shortens the reaction time of ROS and µPs. The energy consumption reduces as the 269 

liquid flow increases, which is in agreement with our previous studies (Wardenier et al. 270 

2019c). For energy consumption, the optimum liquid flow rate was found to be 100 mL 271 

min-1. 272 

As indicated in Figure. S1, when the gas flow rate increased from 0.4 to 0.8 SLM, 273 

the removal efficiency was reduced slightly. This phenomenon can be caused by the 274 

complex interactions between the gas flow and the generation of plasma/ROS. An 275 

excessive gas flow rate reduces the contact time between gas molecules and also affects 276 
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the transfer of ROS from gas to liquid phase, which is not conducive to the degradation 277 

of μPs (Aggelopoulos et al. 2020). In addition, an excessively large gas flow rate can 278 

greatly shorten the residence time of the ROS in the ozonation chamber, which reduces 279 

the utilization rate of ROS. A higher gas flow rate also causes a sharp increase in the 280 

consumption of feed gas, and increases the operational costs. Therefore, for removal 281 

efficiency and energy consumption, 0.4 SLM was defined as the optimum gas flow rate.  282 

3.2 Removal of micropollutants at optimal conditions 283 

3.2.1 Micropollutants 284 

Both secondary effluent and synthetic wastewater containing seven µPs (DIU, OIT, 285 

ATZ, ALA, BPA, EE2, and PRD) were treated at the optimized operational conditions. 286 

As shown in Figure. 2 (A, B), the removal efficiencies of the seven µPs were all over 287 

85%, and they were ranked as BPA > EE2 > OIT > DIU > ATZ > ALA > PRD. The 288 

energy consumption in case of secondary effluent is between 2.4 kW/m³ and 5.3 kW/m³, 289 

whereas the energy consumption for synthetic wastewater is between 2.3 kW/m³ and 290 

4.8 kW/m³. It should be noted that there is no significant difference for energy 291 

consumption in between synthetic wastewater and real wastewater in this study. It 292 

indicates that this reactor can overcome the negative influences brought by a complex 293 

water matrix composition well. Compared to nonthermal plasma-based AOPs in 294 

previous literatures in Table 3, the plasma reactor used in this study performs very well 295 
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in terms of removal efficiency and energy consumption. This is attributed to the 296 

improved utilization of ROS in this reactor. Compare to previous plasma reactor, 297 

molecular oxidants degraded µPs again in an ozonation chamber in this novel cascade 298 

reactor configuration. Thus, higher removal efficiency and lower energy consumption 299 

were achieved. 300 

Figure 2. Here 301 

Table 3. Here 302 

3.2.2 Contribution of plasma and ozonation 303 

Secondary effluent containing micropollutants was treated by plasma chamber and 304 

ozonation chamber respectively. The contribution of plasma and ozonation chamber on 305 

the degradation of µPs was evaluated. The degradation efficiencies of µPs after 306 

treatment with plasma & ozonation were about 30%-50% higher than that of treated by 307 

plasma alone or ozonation alone. The presence of ozonation chamber promoted the 308 

degradation efficiency of µPs and reduced the energy consumption. Because the 309 

utilization of ROS in entire cascade system is enhanced. The degradation kinetics of 310 

BPA treated by plasma + ozonation, plasma alone and ozonation alone were shown in 311 

Figure S5. The synergistic index of BPA degradation between plasma and ozonation 312 

was 3.43. As such, a strong synergistic effect on the degradation of μPs was noticed. In 313 

addition, the degradation efficiencies of EE2, BPA, OIT treated by plasma alone were 314 

about 15-25% lower than that treated by ozonation alone. It indicates that the 315 

degradation of EE2, BPA, OIT depends on the oxidation of O3. Liu et al. found that 316 



 

17 

 

those µPs were easily degraded by O3, as their double bonds and aromatic rings were 317 

destroyed (Liu et al. 2020). The degradation efficiencies of DIU, ATZ and ALA were 318 

not significantly different after treatment with ozonation alone and plasma alone. 319 

Previous works shown that the reaction constants between O3 and DIU, ATZ, ALA were 320 

small, and the degradation of DIU, ATZ and ALA was closely related to the act of free 321 

radicals (Meephon et al. 2019, Plaza et al. 2021). The degradation of DIU, ATZ and 322 

ALA in ozonation chamber was attributed to the free radicals generated by the 323 

decomposition of molecular oxidants.  324 

Figure 3. Here 325 

3.2.3 Inorganic nitrogen 326 

The changes of some common water quality parameters of real wastewater 327 

including concentrations of pH, conductivity, nitrite, nitrate and ammonium were 328 

measured as well. The pH value of the secondary effluent varied between 6.99 and 7.10 329 

after treatment, with little change. The conductivity was reduced from 629 μS/cm to 330 

605 μS/cm after treatment. This may be related to the decrease of nitrite, nitrate and 331 

ammonium concentration. The removal efficiencies of nitrite, nitrate and ammonium at 332 

the optimized operational conditions were 90.5±4.2%, 69.6±5.5% and 40.0±7.7%, 333 

respectively. Nitrite and nitrate react with ·OH, H2O2, and O3, as shown in Eq.(R1) - 334 

(R4) (Bradu et al. 2020, Lukes et al. 2014, Zhou et al. 2020). Due to the generation of 335 

solvated electrons, nitrite and nitrate may be reduced, and then N2 can be produced. 336 
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Ammonium can react with ·OH  and O3 , and then N2, nitrite and nitrate can be 337 

generated, as shown in Eq.(R5) - (R8) (Wu et al. 2020). Normally, tertiary inorganic 338 

nitrogen removal from the secondary effluent can be accomplished by biological 339 

methods, adsorption or ion exchange (Amini et al. 2018, Liu et al. 2019a, Yi et al. 2020). 340 

Nonthermal plasma-based AOPs can degrade µPs in wastewater while removing 341 

inorganic nitrogen at the same time, without additional chemicals or technology. The 342 

results obtained in this work open a window to remove inorganic nitrogen from 343 

secondary effluent.  344 

2NO2
-
+H++H2O2→ONOOH+H2O (𝑅1) 345 

NO2
-
+O3→NO3

-
+O2 (𝑅2) 346 

NO2
-
+·OH→·NO2+OH

- (𝑅3) 347 

NO3
-
+·OH→·NO3+OH

- (𝑅4) 348 

NH4
++3·OH→0.5N2+H++3H2O (𝑅5) 349 

NH4
++3·OH→0.5NO2+3H++2H2O (𝑅6) 350 

NH4
++3·OH→0.5NO3+2H

+
+1.5H2O (𝑅7) 351 

NH4
++O3→0.5N2+H++1.5H2O (𝑅8) 352 

3.2.3 Bulk organic matter 353 

The secondary effluent contains a large amount of high molecular weight organic 354 

pollutants. These complex mixtures usually consist of hydrophilic and hydrophobic 355 
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substances, such as proteins, humic acids and fulvic acids. They can be degraded to 356 

lower molecular weight compounds by ROS. The total dissolved solids (TDS) were 357 

reduced from 570 mg/L to 550 mg/L. This can be attributed to the removal of organic 358 

matters. The removal efficiency of COD at the optimized operational conditions was 359 

11.4±3.6%. Kim et al. found that improving the carbon mineralization efficiency is 360 

much more difficult than enhancing target µPs removal efficiency during nonthermal 361 

plasma-based AOPs (Kim et al. 2013). In case mineralization would be required, the 362 

addition of catalysts or combining plasma with other AOPs should be investigated. 363 

The changes of high molecular weight organic pollutants after treatment with the 364 

plasma reactor were analyzed using 3D-EEM and UV-vis spectra (Figure. 4). Three 365 

peaks (A, B, C peak) in the 3D-EEM spectra were observed in the original real 366 

wastewater, representing proteins, fulvic acids and humic acids, respectively (Chen et 367 

al. 2021). All peaks in the real wastewater after plasma treatment disappeared. It 368 

indicates that proteins, humic and fulvic acids were removed.   369 

Ultraviolet absorbance is an important indicator for organic pollutants in 370 

secondary effluent. Various compounds containing aromatic hydrocarbons and 371 

conjugated systems of double bonds or hydroxyl groups are the main organic pollutants 372 

in secondary effluent (accounting for 40% to 60% of dissolved organic carbon) 373 

(Anumol et al. 2015). These organic pollutants have strong absorption peaks at the 374 

ultraviolet wavelength of 254 nm (Anumol et al. 2015). The absorbance at 254 nm 375 

(UV254) of secondary effluent after plasma treatment was reduced by 48%. The 376 
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reduction of absorbance indicates that the organic pollutants were degraded. 377 

Figure 4. Here 378 

3.3 The removal mechanisms of micropollutants 379 

3.3.1 Generation of reactive oxidative species 380 

The generation of ROS (e.g. H2O2, O3, and ·OH) was investigated in different 381 

types of water, over a period of 10 min. The exposures of all investigated ROS were 382 

higher in ultrapure water than in synthetic wastewater and real wastewater (Figure. 5) 383 

indicating that ROS are consumed due to the presence of µPs and the co-existent 384 

inorganic and organic matter in the secondary effluent. Therefore, compared with other 385 

water matrices, the exposures of ROS in secondary effluent were the lowest. For each 386 

water matrix, the exposures of ·OH generated by the plasma were the lowest, followed 387 

by O3 and H2O2. Taking the ROS in ultrapure water as an example, the maximum 388 

exposures of ·OH, O3 and H2O2 were 2.93×10-11, 0.07, and 0.28 (M s), respectively. 389 

In general, H2O2 does not directly participate in the degradation of µPs, but indirectly 390 

reacts with µPs by generating free radicals (Aggelopoulos et al. 2020). As shown in 391 

Eq.(R9) and (R10), an important source of ·OH is the reaction between O3 and H2O2. 392 

Thus, the contents of H2O2 and O3 in all water matrices reduced with time, whereas 393 

the contents of ·OH increased with time. The reaction rates of various micropollutants 394 

with ·OH  and O3  are shown in Table S4. The reaction rates and concentration of 395 

·OH are larger than those of O3. Therefore, ·OH will play a more important role in 396 
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removing µPs.  397 

H2O2+O3→·OH+HO2·+O2 (𝑅9) 398 

H2O2 + 2 O3 → 3 O2 + 2·OH (𝑅10) 399 

Figure 5. Here 400 

3.3.2 Role of various radicals 401 

In nonthermal plasma-based AOPs, various strong oxidizing radicals can be 402 

produced in large quantities, and the production of these radicals (·OH, O2
•-, 1O2) will 403 

have an impact on the removal of µPs. In order to study the role of various radicals in 404 

the removal of µPs during plasma treatment, radical trapping experiments were 405 

conducted by adding scavengers to synthetic wastewater (Figure. 6). The removal of 406 

µPs was inhibited because of the addition of scavengers (e.g., p-benzoquinone, 1,4-407 

diazabicyclo octane, and tert-butanol), but the effects of them on each µP were different. 408 

More than 95% of EE2 was removed even in the presence of scavengers. The absence 409 

of free radicals did not have a large impact on EE2 removal. When O2
•- and 1O2 were 410 

quenched, the removal efficiency of BPA was reduced by 40-55%. As such, it can be 411 

seen that O2
•- and 1O2 are important oxidizing radicals rather than ·OH for the removal 412 

of BPA, which is in line with previous work (Yang et al. 2018). The removal efficiency 413 

of OIT decreased from 98.7±0.4% to 71.3±2.6% in the absence of O2
•-. The removal 414 

efficiency of OIT did not reduce much without 1O2 and ·OH. The removal efficiency 415 

of DIU dropped by 30%-40% after scavenging O2
•- and ·O H. O2

•- and ·O H are 416 
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responsible to degrade the DIU, as also demonstrated by Meephon et al (Meephon et al. 417 

2019). Three kinds of free radicals have effect on the removal of ATZ, among which 418 

·OH has the most significant effect. Plaza et al. found that ·OH played a vital role to 419 

degrade ATZ and its alkylic oxidation (Plaza et al. 2021). The removal efficiency of 420 

ALA and PRD reduced by about 35%-40% in the absence of O2
•- and ·OH, while the 421 

effect of 1O2 on their removal was not significant. The oxidation pathway of ALA in a 422 

plasma reactor was studied by Bolobajev et al (Bolobajev et al. 2021). They confirmed 423 

that the removal of ALA starts with the attack of ·OH, and includes dehalogenation, 424 

electrophilic attack of the aromatic ring, ether bond cleavage, and cyclisation. Liu et al. 425 

assessed the contribution of ROS in the photochemical catalysis of PRD, and found that 426 

·OH play the most critical role in PRD removal (Liu et al. 2019b). This is because active 427 

sites in the PRD molecular structure that are easily fractured by ·O H are mainly 428 

aromatic rings and methylene groups between two nitrogen atoms. The investigation 429 

reveals that the role of ROS in the removal of µPs in plasma are type-specific, but the 430 

co-existence of various efficient ROS in controlled plasmas can provide a possible fit-431 

for-all solution for µPs removal from wastewater. 432 

Figure 6. Here 433 

3.3.3 Effect of co-existent inorganic and organic matter 434 

Nitrate (NO3
-
), ammonium (NH4

+), nitrite (NO2
-
), carbonate (CO3

-
) and humic acids 435 

(HA) are typically present in secondary effluent. These inorganic and organic 436 
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components were spiked in the synthetic wastewater, and their effects on the µPs 437 

removal efficiency was investigated. The five co-existent components had no obvious 438 

reducing effect on the removal of BPA and EE2, even at a quite high concentration. The 439 

removal efficiency of BPA and EE2 was more than 92% (Figure. 7). HA and NO2
-
 had 440 

a more remarkable reducing effect on the degradation of DIU, OIT, ATZ and ALA than 441 

other ions. HA is a ubiquitous natural organic matter found in most groundwater, 442 

surface water and wastewater. HA competes with µPs for reaction with ROS and 443 

therefore interferes with the removal of µPs. So µPs decomposition is significantly 444 

reduced at constant energy input. H2O2, O3, ·OH and other ROS that played a crucial 445 

role in the removal of µPs were rapidly consumed by NO2
-
 (Bradu et al. 2020, Lukes 446 

et al. 2014, Zhou et al. 2020). Fortunately, NO2
-
  concentration in the secondary 447 

effluent is generally less than 1 mg/L (Table 1). PRD was difficult to remove in the 448 

plasma reactor, and the five co-existent components had a significant inhibitory effect 449 

on its removal efficiency as it dropped by about 20-30%. NO3
-
  and CO3

-
  are 450 

scavengers of radicals, and can react with ·OH (Fan et al. 2021). Fan et al. found that 451 

NH4
+ reacts with ·OH and 1O2, through which N2, NO3

-
 and NO2

-
 may be generated 452 

(Fan et al. 2021). Finally, the removal efficiency was thus reduced and extra energy 453 

input may be required due to the complex matrix compositions.  454 

Figure 7. Here 455 
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4 Conclusions 456 

In this study, a DBD plasma reactor with a falling water film on an activated carbon 457 

textile (Zorflex®) preceded by an ozonation chamber connected in series was used to 458 

treat secondary effluent containing seven µPs (ATZ, ALA, PRD, DIU, OIT and BPA). 459 

Compare with previous plasma reactor, the two chambers in this cascade system 460 

enabled full-scale utilization of both free radicals and molecular oxidants produced by 461 

highly reactive plasmas. The degradation efficiencies of µPs after treatment with entire 462 

cascade system were about 30%-50% higher than that of treated by plasma alone or 463 

ozonation alone. At the optimized operational conditions, the energy consumption of 464 

real wastewater treatment was between 2.4 kW/m³ and 5.3 kW/m³, while that of 465 

synthetic wastewater was between 2.3 kW/m³ and 4.8 kW/m³.  466 

Furthermore, this study also shows that plasma can not only degrade µPs but also 467 

nitrite, nitrate, ammonium, and COD in secondary effluent. The exposures of ·OH 468 

generated by the plasma were the lowest, followed by O3 and H2O2. The removal of 469 

DIU, OIT, and BPA were mainly affected by O2
•-, and the removal of ATZ, ALA, and, 470 

PRD were closely related to the ·OH . The results of this study provide useful 471 

information for developing effective technologies to treat real wastewater, which is 472 

helpful in the control and remediation of µPs. 473 
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Figure Captions 1 

Figure 1. Schematics of the setup with plasma chamber (right) and ozonation chamber (left) 2 

(Vanraes et al. 2017, Vanraes et al. 2015, Wardenier et al. 2019a, Wardenier et al. 2019b, Wardenier 3 

et al. 2019c). 4 

Figure 2. The efficiency and energy consumption of µPs degradation at the optimized operational 5 

parameters. (A). Removal efficiencies. (B). Energy consumption.  6 

Figure 3. The efficiency and energy consumption of µPs degradation after treatment with plasma 7 

& ozonation, plasma alone, ozonation alone. (A). Removal efficiencies. (B). Energy consumption. 8 

Figure 4. 3D-EEM and UV-vis spectra of real wastewater. (A). 3D-EEM spectra: original real 9 

wastewater. (B). 3D-EEM spectra: real wastewater after treatment. (C). UV-vis spectra. 10 

Figure 5. Exposures of ROS in the different water matrix. (A). Exposure of ·OH. (B). Exposure 11 

of O3. (C). Exposure of H2O2. 12 

Figure 6. Effects of various radicals on the removal efficiency of µPs. 13 

Figure 7. Effect of different co-existent inorganic and organic matter on the efficiency and energy 14 

consumption of µPs removal. (A). Removal efficiencies. (B). Energy consumption. (The 15 

concentration of each co-existent component is 20 mg/L.) 16 
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Table Captions 

Table 1 Physical-chemical characteristics of the secondary effluent used in this work. 

Table 2. Coded and actual levels of the independent variables for the design of the BBD experiment. 

Table 3. The removal efficiency and energy consumption of µPs treated by nonthermal plasma-

based AOPs in literature and this study. 
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Table 1  

Parameters  pH 
COD 

mg/L 

NO2
- 

mg N/L 

NO3
- 

mg N/L 

NH4
+ 

mg N/L 

Values 6.9±0.2 39.0±4.5 0.02±0.01 25.4±0.8 0.57±0.01 
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Table 2 

Independent variables Symbol 
Coded level 

-1 0 -1 

Gas flow (SLM*) A 0.4 0.6 0.8 

Liquid flow (mL·min-1) B 60 80 100 

Discharge power (W) C 25 35 45 

Note: * SLM: standard liter per minute. 
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Table 3  

Micropollutants 
Water 

matrix 

Initial 

concentration 

μg/L 

Removal 

efficiency 

/% 

EE/O 

kW/m³ 
Ref 

Diclofenac, Verapamil  
Synthetic 

wastewater 
1000 99 3.8 

(Nippatlapall

i et al. 2022) 

Atrazine, Alachlor, Diuron, 

Dichlorvos, 

Pentachlorophenol, 

Carbamazepine, Bisphenol 

A, 1,7-α-ethinylestradiol 

Synthetic 

wastewater 
200 >92 2.4-4.2 

(Wardenier et 

al. 2019) 

Atrazine 
Synthetic 

wastewater 
20000 83 7.1 

(Shen et al. 

2022) 

Alachlor, Diuron, 

isoproturon 

Synthetic 

wastewater 
100 65-95 4.6-17 

(Vanraes et 

al. 2017) 

meprobamate, Dilantin, 

Primidone, Carbamazepine, 

Atenolol, Trimethoprim, 

Atrazine 

Secondary 

effluent 
2-0.04 70-95 2.2-6.4 

(Gerrity et al. 

2010) 

Diclofenac, Carbamazepine, 

Ciprofloxacin, Carbofuran, 

2-4-D 

Lake and 

river water 
1000 >91 20-86 

(Singh et al. 

2019) 

Atrazine, Alachlor, Diuron, 

primidone, bisphenol A, 1,7-

α-ethinylestradiol, 2-n-octyl-

4-isothiazolin-3-one 

Synthetic 

wastewater 
200 >85 2.3-4.8 

This study 
Secondary 

effluent 
200 >85 2.4-5.3 
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