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Abstract
It is essential to develop an efficient technology for the elimination of refractory contaminants due to their high toxicity. 
In this study, a novel underwater bubbling pulsed discharge plasma (UBPDP) system was proposed for the degradation of 
Orange II (OII). The degradation performance experiments showed that by enhancing the peak voltage and pulse frequency, 
the degradation efficiency of OII increased gradually. The removal efficiencies under different air flow rates were close. 
Reducing OII concentration and solution conductivity could promote the elimination of OII. Compared with neutral and 
alkaline conditions, acidic condition was more beneficial to OII degradation. The active species including ·OH, ·O2

−, 1O2, 
and hydrated electrons were all involved in OII degradation. The concentrations of O3 and H2O2 in OII solution were lower 
than those in deionized water. During discharge, the solution pH increased while conductivity decreased. The variation 
of UV–vis spectra with treatment time indicated the effective decomposition of OII. Possible degradation pathways were 
speculated based on LC-MS. The toxicity of intermediate products was predicted by the Toxicity Estimation Software Tool. 
Coexisting constituents including Cl−, SO4

2−, HCO3
−, and humic acid had a negative effect on OII removal. Finally, the 

comparison with other technology depicted the advantage of the UBPDP system.

Keywords  Underwater bubbling pulsed discharge plasma · Refractory organic pollutants · Mechanism investigation · 
Reactive oxygen species · Degradation intermediates · Toxicity prediction

Introduction

With the rapid pace of industrialization of modern society, a 
great amount of refractory pollutants originated from indus-
trial and agricultural fields are released into the ecosystem 
(Wang et al. 2022b; Yang et al. 2019), thus posing serious 
threats for human health and natural environment due to 
their high toxicity (Zhou et al. 2021a). However, conven-
tional wastewater treatment methods cannot effectively 
remove the refractory pollutants, which have the properties 
of strong stability, easy enrichment, and hard biodegrada-
tion (Meng et al. 2022; Qiu et al. 2022; Xu et al. 2020; Yang 

et al. 2019). Thus, it is imperative to develop more promis-
ing technologies for the elimination of recalcitrant organics.

Advanced oxidation processes (AOPs) are efficient 
wastewater technologies for the elimination of refractory 
pollutants (Chen et al. 2019; Li and Liu 2021; Wu et al. 
2012; Yu et al. 2021). AOPs require the incorporation of 
external input energy and chemical materials to generate 
various highly reactive substances (Ansari et al. 2021), 
especially hydroxyl radical (·OH) which is considered 
as a powerful oxidative species and can non-selectively 
attack organic pollutant molecules through the abstraction 
of hydrogen, electron transfer, and electrophilic addition 
mechanism (Cao et al. 2018; Kumar et al. 2022). AOPs 
include photocatalysis (Xu et al. 2020), Fenton process 
(Guo et al. 2021), ozonation (Chen et al. 2021), electro-
chemical oxidation (Wang et al. 2016b), and sulfate radi-
cal–based AOPs (SR-AOPs) (Li et al. 2021a), but several 
limitations associated with these abovementioned waste-
water treatment methods still remain. For example, Fen-
ton oxidation has the disadvantage of narrow pH range, 
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iron element residual, and the requirement of restoring the 
wastewater to neutral condition after oxidation (Thomas 
et al. 2021). For photocatalytic oxidation, most photocata-
lysts suffer from the defects of poor light utilization, long 
time treatment, and difficult recovery of catalysts, which 
restrict their application in the remediation of sewage (Li 
et al. 2021b; Xiong et al. 2021). Ozonation is regarded as an 
environment-friendly wastewater purification method, but 
it has the drawback of limited utilization of O3 because of 
the low solubility of ozone in water (Hua et al. 2022; Malik 
et al. 2020). SR-AOPs would produce a large amount of sul-
fate ions, which need to be removed, otherwise these sulfate 
residues would unavoidably threaten the natural environ-
ment (Song et al. 2021).

Among all the AOPs, non-thermal plasma technol-
ogy (NTP) has been identified as a potential method for 
the degradation of refractory pollutants (Iervolino et al. 
2019, Rashid et al. 2020). As one type of NTPs, pulsed 
discharge plasma (PDP) has attracted extensive attention 
on the wastewater remediation due to its characteristics 
of simple operation and high efficiency, as well as it does 
not require external chemicals for some pollutants which 
are relatively easily degraded (Guo et al. 2019). When the 
plasma is triggered, a variety of chemical reactive oxygen 
species (ROS), such as ·OH, ·H, ·O, HO2·, H2O2, and O3, 
accompanied with various physical phenomena including 
high-energy electrons, ultraviolet light, heat, and shock-
wave, are generated, which can directly or indirectly act 
on the molecules of aqueous pollutants (Cao et al. 2018; 
Hua et al. 2022). Unfortunately, both of the conventional 
gas-phase and liquid-phase discharge plasma face some 
obstacles. For instance, the gas-phase discharge plasma 
suffers from the limited mass transfer rate of gaseous active 
species through the gas–liquid interface (Zhou et al. 2019), 
which means the reactive substances cannot effectively dif-
fuse into liquid to oxidize the target pollutant molecules 
and quickly fade away due to their short half-life (Ma et al. 
2021). However, if the plasma is triggered under the water 
(i.e., liquid-phase discharge plasma) in order to enhance 
the possibility of collision between active substances and 
pollutant molecules, the discharge will be affected by the 
solution conductivity and the electrodes also might be cor-
roded because the electrodes are in contact with the liquid 
(Hua and Kang 2021).

To address the abovementioned challenges, introducing 
bubbles into the discharge plasma system is a wise strategy 
to improve the mass transfer of ROS from gas to the liquid 
phase (Wright et al. 2019; Zhou et al. 2019), which in turn 
enhances the concentration of aqueous active species, as 
well as avoids the contact of electrodes and solution. As 
illustrated in previous publications, integrating discharge 
plasma with bubbles can achieve the excellent performance 

of wastewater treatment and high energy efficiency (Wang 
et al. 2023a; Zhang et al. 2021; Zhou et al. 2021a; Zhou 
et al. 2021b). Thus, a novel underwater bubbling pulsed 
discharge plasma (UBPDP) system whose reactor design 
is different from conventional gas-phase and liquid-phase 
discharge plasma is proposed in this study. In the UBPDP 
system, discharge plasma is ignited in gas phase and pro-
duces various ROS, which are injected into liquid phase 
in the form of bubbles. On one hand, the generated bub-
bles provide large specific surface area for the gas–liquid 
interaction, so the active species trapped in bubbles can 
efficiently permeate into liquid and directly oxidize target 
pollutant compounds (Zhou et al. 2021a), thus achieving 
high degradation efficiency. On the other hand, the UBPDP 
system avoids the drawbacks of electrode corrosion, the 
effect on discharge by solution conductivity and high 
energy consumption that exist in liquid-phase discharge. 
Finally, compared with continuous power supply (AC and 
DC supply), the nanosecond pulse power supply employed 
in this work which is characterized by quick rise time and 
narrow width can provide extremely high instantaneous 
power density to accelerate electrons and produce strong 
electric field strength (Shao et al. 2018), thus having higher 
energy efficiency. However, the academic reports on bub-
bling plasma driven by pulse power supply for the waste-
water remediation are scarce, and little is known about the 
possible degradation mechanism of refractory pollutants 
by UBPDP.

Herein, this work aims to investigate the degradation 
performance and mechanism of refractory contaminations 
in UBPDP system. Orange II (OII), a typical representa-
tive of azo dye (Cai et al. 2016c), was selected as the target 
refractory pollutant. First, the effects of peak voltage and 
pulse frequency of pulsed discharge, air flow rate of under-
water bubbling, initial OII concentration, initial solution 
pH, and initial solution conductivity on OII degradation 
were evaluated. Subsequently, the degradation mechanism 
of the UBPDP was explored by monitoring the formation 
of H2O2, O3, and ·O2

− and identifying the role of key ROS 
via radical trapping experiments. The time evolution of 
pH and conductivity of the deionized water and OII solu-
tion was measured. The degradation process was explored 
through total organic carbon (TOC) and UV–vis spectra. 
The degradation pathway of OII in the UBPDP system was 
proposed based on identified intermediates utilizing liquid 
chromatography–mass spectrometry (LC-MS). The toxic-
ity of OII and degradation intermediates was also evalu-
ated. The influences of coexistent substances including Cl−, 
SO4

2−, HCO3
−, and humic acid (HA) in the OII solution on 

the degradation performance of the UBPDP system was 
examined. Lastly, the UBPDP method was compared with 
other AOPs for OII degradation.
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Experimental

Chemicals

Orange II and indigo were supplied by Maclin. tert-Butyl 
alcohol (TBA) and p-benzoquinone (p-BQ) were provided 
by Aladdin. Potassium titanium oxide oxalate dehydrate and 
nitroblue tetrazolium (NBT) were purchased from Meryer. 
Triethylenediamine (TEDA) was supplied by Heowns. 
Sulfuric acid (H2SO4) and sodium chloride (NaCl) were 
obtained from Rionlon Bohua. and Kermel, respectively. 
Sodium hydroxide (NaOH) and sodium dihydrogen phos-
phate (NaH2PO4) were purchased from Damao. Anhydrous 
sodium sulfate (Na2SO4) and sodium bicarbonate (NaHCO3) 
were bought from Jiangtian. All reagents were applied as 
received without further purification, as well as all experi-
ments associated with water used deionized water.

Experimental setup

Figure 1a depicts the flow chart of the experimental setup, 
which is composed of pulse power supply, electrical moni-
toring system, detection/analysis module, and a self-made 
reactor. The reactor contains a glass sleeve, high-voltage 

electrodes, a ground electrode, quartz tubes with a hole, and 
several Plexiglas plates. Five titanium needles (Φ2.0×110.0 
mm) serving as high-voltage electrodes were placed in the 
center of the hollow quartz glass tubes with a length of 80.0 
mm and an inner diameter of 3.0 mm, whose bottom one 
hole with a diameter of 1 mm was located at used for the 
passage of air to generate underwater bubbles. Air as work-
ing gas was injected into the reactor from the top of quartz 
tubes using an air pump (V-20; Hailea) and flow rate was 
controlled by a rotameter (LZB-6WB; Shuanghuan). The 
inner diameter of the glass sleeve was 65 mm, in which OII 
solution was treated and a circular titanium plate (Φ60.0×2.0 
mm) as ground electrode was put. The outer cooling cell 
of the sleeve with a thickness of 27.5 mm was used to chill 
down the OII solution to avoid the thermal decomposition 
of reactive species, and the solution temperature with treat-
ment time showed that the solution temperature enhanced 
from 21.6 to 33.0 °C when the discharge treatment was com-
pleted (Fig. S1 in the Supplementary Information). During 
each experiment, 100 mL OII solution was discharge treated 
and Fig. 1b shows the photo of underwater bubbling in the 
UBPDP system. It can be found that the air went through 
the holes of quartz tubes to generate bubbles in the solu-
tion. When the pulse power was activated, the tiny discharge 
streamers formed and also passed through the holes and then 

Fig. 1   a Schematic diagram of 
experimental setup; b the photo 
of underwater bubbling in the 
UBPDP system; c the image of 
underwater bubbling discharge 
streamer with the power acti-
vated
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reached the boundary of bubbles, eventually spread in all 
direction on the bubble surface (Fig. 1c), resulting in the 
dissociation of water molecules and the formation of ·OH 
in situ under the strike of high-energy electrons. Figure S2 
in the Supplementary Information presents the typical wave-
forms of pulse voltage and current measured by electrical 
monitoring system, and the rise time and drop time was 
about 50 ns and 3 μs, respectively. Other detailed parameters 
and description of the experimental system are provided in 
the Supplementary Information.

Analytical method

OII concentration was measured with a UV–vis spectropho-
tometer (L6S; INESA) at the maximum adsorption peak of 
484 nm. The initial pH value was controlled by H2SO4 (1.0 
mol/L) and NaOH (1.0 mol/L), and the initial conductivity 
was adjusted by Na2SO4. A pH meter (PHS-3C; YOKE) and 
a conductivity meter (DDSJ-318; INESA) were employed to 
test the pH and conductivity of solution, respectively. The 
temperature of treated solution was measured by a digi-
tal thermometer (TM902C; SIPEIK). H2O2 concentration 
was determined by the potassium titanium oxalate method 
through detecting the absorbance at 400 nm (Sellers 1980), 
and the concentration of aqueous O3 was measured via the 
indigo spectrophotometry method (Bader and Hoigné 1981). 
The concentration of ·O2− was determined by the nitroblue 
tetrazolium transformation method (Goto et al. 2004). The 
mineralization rate of OII solution was obtained by a total 
organic carbon (TOC) analyzer (TOC-L; Shimadzu). The 
intermediate products of OII were determined applying 
LC-MS (MicrOTOF-Q II; Bruker Daltonics). The toxicity 
of OII and its degradation intermediates was evaluated by 
the Toxicity Estimation Software Tool (TEST). The detailed 
description of indicators of degradation performance, such 
as degradation efficiency, kinetic constant, and energy effi-
ciency, and the measure conditions of LC-MS are shown in 
the Supplementary Information.

Results and discussion

Effect of operation parameters on OII degradation

Peak voltage

The pulse peak voltage can determine the energy input and 
electric field intensity in the reactor, and then affect the for-
mation of active species and intensity of physical effects. 
Thus, the effect of peak voltage on degradation performance 
of OII in the UBPDP system was explored and the result is 
depicted in Fig. 2a. It was shown that a higher peak volt-
age was conducive to the removal of OII. Under the peak 

voltage of 17.0, 18.6, 21.0, and 22.8 kV, the degradation 
efficiency of OII achieved 37.3%, 86.5%, 93.3%, and 95.9% 
after 30 min of discharge, respectively. The inset of Fig. 2a 
indicated that OII removal at various peak voltages con-
formed to the pseudo-first-order kinetic equation. Similarly, 
a higher kinetic constant was observed under a higher peak 
voltage. The kinetic constant rose from 0.014 to 0.109 min−1 
when the peak voltage enhanced from 17.0 to 22.8 kV (Table 
S1 in the Supplementary Information). Greater peak volt-
age contributed to the increase of electric field between the 
high-voltage electrodes and the ground electrode, and then 
electrons can receive higher energy, which facilitated the 
formation of active substances including ·OH, ·O2, HO2·, 
H2O2, and O3 (Li et al. 2022; Zhang et al. 2022). In addi-
tion, with higher peak voltage, the discharge phenomenon 
became more obvious and various physical effects such as 
ultraviolet, shock wave, and heat were more intense, finally 
promoting the decomposition of OII (Wang et al. 2018).

Energy efficiency is a key indicator, which can reflect 
energy consumption of the UBPDP system. Higher energy 
efficiency means that the discharge system is more energy 
saving. Therefore, the energy efficiencies under different 
peak voltages were calculated (Fig. S3a in the Supple-
mentary Information). It was worth noting that the energy 
efficiency rose first and then dropped with the increase of 
peak voltage. Specifically, under the peak voltage of 17.0, 
18.6, 21.0, and 22.8 kV, the energy efficiency reached 181.7, 
320.6, 268.2, and 218.1 mg/kW·h after 30 min of treatment, 
respectively. At the peak voltage of 17.0 kV, the discharge 
phenomenon was so weak that few active species and physi-
cal effects was produced, so the target pollutant was hard 
to be degraded, resulting in the lowest energy efficiency. 
However, excessive voltage also led to lower energy effi-
ciency. This is due to the fact that energy efficiency is the 
ratio of the amount of degraded OII to energy consumption, 
as shown in Eq. (S3) in the Supplementary Information. 
When the peak voltage ascended from 18.6 to 22.8 kV, the 
energy consumption increased significantly, but the amount 
of OII removal increased relatively slowly. Thus, it is uneco-
nomical to excessively pursue high degradation efficiency by 
increasing peak voltage. Under the consideration of the bal-
ance between degradation efficiency and energy utilization, 
all subsequent experiments were performed under the peak 
voltage of 21.0 kV unless otherwise specified.

Pulse frequency

Pulse frequency as a crucial electrical parameter is defined 
as the number of discharge per second, which is propor-
tional to energy input, thus playing a decisive role on 
the degradation of OII. Figure 2b displays the influence 
of pulse frequency on OII elimination. The OII removal 
efficiency rose with increasing the pulse frequency. 
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Specifically, 21.9 and 93.3% of OII was removed after 
30 min of treatment at a pulse discharge frequency 
of 14 and 56 Hz, respectively. In addition, the inset of 
Fig. 2b indicates that the degradation of OII under dif-
ferent pulse frequencies accorded with the pseudo-first-
order kinetic equation. As shown in Table S1, the kinetic 
constant enhanced gradually when increasing the pulse 
frequency. At the pulse frequency of 56 Hz, the kinetic 
constant achieved the top value of 0.082 min−1, which 

was 10.3, 4.6, and 1.9 times as high as those at 14, 28, 
and 42 Hz, respectively. The reason was that fixed energy 
was imported into the UBPDP system during one pulse 
discharge, resulting in fixed amount of physicochemical 
effects generated, so more active oxidizing substances and 
physical effects were produced per unit time under a higher 
pulse frequency, thus enhancing the degradation rate of 
OII. In addition, the pulse frequency has an effect on the 
difficulty of ionization of air, and the gas is easier to break 

Fig. 2   Effect of operation parameters of the UBPDP system on the OII degradation: a peak voltage; b pulse frequency; c air flow rate; d initial 
OII concentration; e initial solution pH; f initial solution conductivity
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down at a higher frequency, which further facilitates to 
generate more reactive species (Li et al. 2021b).

The energy efficiency under different pulse frequencies 
was also inspected (Fig. S3b in the Supplementary Infor-
mation). The energy efficiency first ascended and then 
descended as enhancing pulse frequency and the highest 
energy utilization was obtained at the pulse frequency of 
42 Hz. It can be explained by the fact that, at a relatively 
lower pulse frequency, such as 14, 28, and 42 Hz, boosting 
pulse frequency can significantly promote the elimination of 
OII, but the increase of energy consumption was relatively 
smaller. For instance, when the pulse frequency went up 
from 14 to 28 Hz, the energy input accordingly doubled; 
furthermore, the ionization of air was easier to occur with a 
higher pulse frequency (Li et al. 2021b), causing the amount 
of generated active species to more than double, which in 
turn made the quantity of OII degradation increase once 
above. However, as the pulse frequency increased to 56 Hz, 
most of the OII was removed when the discharge treatment 
reached the later stage, so the oxidizing species were more 
likely to react with the degradation intermediates rather than 
with the remaining OII. Therefore, at the pulse frequency 
of 56 Hz, the amount of OII removed per unit input energy 
declined, resulting in a lower energy efficiency. Although 
the energy utilization slightly decreased when the pulse fre-
quency enhanced from 42 to 56 Hz, the removal efficiency 
substantially improved by 14.3%, so the pulse frequency of 
56 Hz was selected in the following experiments.

Air flow rate

Air flow rate plays a vital role on the formation of gaseous 
active species. A low air flow cannot provide sufficient gas 
molecules especially the oxygen molecules, which are the 
raw material for producing active substances. An excessive 
gas velocity would shorten the residence time of oxygen and 
gaseous active species, leading to the low utilization rate of 
essential gaseous ROS (Meropoulis et al. 2021). Figure 2c 
presents the elimination of OII under different air flow rates. 
It can be seen that there was no distinct difference in removal 
efficiency because the chosen air flow rates were very close. 
Notably, the degradation efficiency at the air flow rate of 
2.0 L/min was much better than that at other air flow rates 
in the first 20 min of discharge treatment. Similarly, Table 
S1 displays that the kinetic constant reaches the highest of 
0.100 min−1 under the flow rate of 2.0 L/min, indicating that 
the OII degradation was the fastest at that air flow rate. The 
reason can be summarized that when the air flow rate was 
2.0 L/min, the downward velocity of generated bubbles was 
fast enough to reach the ground electrode, resulting in the 
formation of a much brighter and thicker plasma discharge 
channel between the high-voltage electrodes and ground 
electrode accompanied by harsh crackling sounds (Fig. S4 in 

the Supplementary Information). Therefore, more amount of 
active species and physical effects would be generated from 
the abovementioned severe discharge phenomenon, which 
further improved the degradation performance. However, 
the discharge phenomenon was so intensive that the energy 
consumption was extremely high and the pulse power supply 
might be damaged. Thus, 1.0 L/min of air flow rate under 
which the OII degradation efficiency achieved the highest 
was adopted in the subsequent experiments.

Initial OII concentration of solution

Initial OII concentration of solution is an important param-
eter, which can reflect the amount of pollutant in solution. 
The effect of initial OII concentration on its degradation 
is demonstrated in Fig. 2d. The OII degradation efficiency 
and the degradation kinetic constant reduced gradually with 
raising the initial OII concentration. When the initial OII 
concentration enhanced from 10 to 70 mg/L, the OII removal 
efficiency declined from 97.9 to 87.5%, and the degrada-
tion kinetic constant declined from 0.126 to 0.059 min−1 as 
shown in Table S1. Whereas a higher initial OII concentra-
tion caused more absolute degradation amount. The absolute 
degradation amount of 6.13 mg was achieved at the initial 
OII concentration of 70 mg/L after 30 min of discharge, 
which was about 6.3 times that at 10 mg/L initial OII con-
centration. Under a fixed peak voltage and pulse frequency, 
the amount of generated active substances per unit time was 
generally uniform. When the initial OII concentration of 
solution increased, the limited amount of active substances 
was insufficient to completely degrade the higher content of 
OII, resulting in the reduction of removal efficiency. Nev-
ertheless, with increasing the initial OII concentration, the 
probability of contact between OII molecules and reactive 
substances rose, which contributed to a more amount of 
absolute degradation.

Initial pH of solution

The pH value as a crucial parameter of wastewater treatment 
can affect the generation and oxidizing ability of active spe-
cies in the UBPDP system, which in turn has an impact on 
the elimination of target pollutants. It is therefore significant 
to investigate the influence of initial solution pH value on 
OII degradation, and the result is presented in Fig. 2e. The 
degradation efficiency of OII showed a trend of descend-
ing with increasing the initial solution pH, indicating acidic 
condition was advantageous to the elimination of OII in the 
UBPDP system, while the degradation of OII was obviously 
inhibited under alkaline condition. The OII removal effi-
ciency reached the highest of 97.0% at the initial solution 
pH of 2.1, which was 6.9% higher than that at the pH of 9.0. 
Similar results were observed in the inset of Fig. 2e and 
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Table S1. The kinetic constant reduced from 0.123 to 0.066 
min−1 with the increase of pH from 2.1 to 9.0, which exhib-
ited that OII degradation was faster under acidic condition 
because of the higher solubility of O3 under acidic environ-
ment, and the direct oxidation of ozone has been regarded 
as an important mechanism of the degradation of organic 
pollutants (Magureanu et al. 2018; Sotelo et al. 1989). So, 
ozone can directly attack OII molecules, resulting in a better 
degradation performance at a lower pH. Although aqueous 
ozone molecules can be converted into ·OH under alkaline 
condition (Eqs. (1) and (2)) (Hua and Kang 2021; Shang 
et al. 2022), the oxidation capacity of O3 and ·OH is stronger 
in acidic solution compared to alkaline condition (Li et al. 
2021b). For instance, the redox potential of ·OH changes 
from 2.70 to 1.90 V when the solution is transformed from 
acidic condition to alkaline environment, proving that acidic 
condition is favorable to OII removal (Hua et al. 2022). In 
addition, OH− can act as a ·OH scavenger via Eq. (3), induc-
ing a consumption of active species and further adverse to 
the elimination of OII (Wang et al. 2016a). Thus, the degra-
dation performance of OII was better under the acidic condi-
tion and reduced in alkaline solution.

Initial conductivity of solution

The initial conductivity of solution plays an important role 
on the electric field intensity in the UBPDP reactor and 
in turn affects the abatement of target pollutants. Thus, it 
is necessary to find out the effect of initial solution con-
ductivity on OII elimination. As seen in Fig. 2f, the OII 
degradation efficiency reduced gradually with raising the 
initial solution conductivity. The OII degradation efficiency 
reached 93.3% and 87.1% after the discharge treatment of 
30 min when the initial solution conductivity was 33 and 
1080 μS/cm, respectively. As for the kinetic constant, it 
decreased from 0.082 to 0.057 min−1 when the initial solu-
tion conductivity enhanced from 33 to 1080 μS/cm, whose 
trend was consistent with the degradation efficiency. The 
phenomenon can be explained by the fact that the higher 
the solution conductivity, the easier the charge on the high-
voltage electrode is drained into the solution, resulting in 
a smaller potential difference between the electrodes, thus 
reducing the electric field intensity, which is not conducive 
to the formation of active substances (Wang et al. 2022a). In 
conclusion, a higher initial solution conductivity is adverse 
to OII degradation.
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Role of active species

In order to inspect the role of various active species for OII 
removal, a series of trapping agents were applied in this 
study. First, TBA was selected to capture hydroxyl radical 
(·OH) which originated from dissociation, ionization, and 
excitation of water molecules by high-energy electrons (Eqs. 
(4)–(8)) (Ansari et al. 2020), and the result is presented in 
Fig. 3a. It was indicated that the decomposition of OII mol-
ecules was significantly suppressed in the presence of TBA, 
and the inhibitory effect became greater with more TBA 
added in the solution. To be specific, the removal efficiency 
of OII declined from 93.3 to 72.5% with the addition of 5 
mM. In comparison, when the content of TBA went up to 
20 mM TBA, only 53.1% of OII was eliminated after dis-
charge treatment. This was because more ·OH was captured 
when higher dosage of TBA was added, in turn resulting in 
a decrease in the oxidative ability of the UBPDP system. 
Therefore, it can be summarized that ·OH made a decisive 
contribution for the elimination of OII in UBPDP system.

Superoxide ion (·O2
−) as one type of important oxidative 

species can participate in the direct degradation of target 
pollutant, as well as involve the generation of other active 
substances (Cabrellon et al. 2020). Previous publications 
have reported that ·O2

− can be produced in the reaction of 
O2 and e−* (Eq. (9)) (Cao et al. 2018).

Thus, p-BQ as a typical scavenger of ·O2
− was chosen 

to evaluate the role of ·O2
− for OII degradation. As seen 

in Fig. 3b, the addition of p-BQ can obviously inhibit the 
degradation of OII, and a higher concentration of p-BQ was 
more restrictive for OII removal. When the concentration of 
p-BQ enhanced from 0.1 to 1 mM, the reduction of degra-
dation efficiency of OII expanded from 13.2 to 44.9%. This 
indicated that ·O2

− played a key role for OII abatement.
Singlet oxygen (1O2) is a type of highly selective oxi-

dant, which can effectively decompose organic pollutants 
through electrophilic attack and electron extraction (Li 
et al. 2021b). It is reported that 1O2 can be produced during 
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plasma discharge (Wang et al. 2022a). Therefore, in order 
to study the contribution of 1O2 on OII elimination, TEDA 
was selected as the trapping agent (Wang et al. 2020). Fig-
ure 3c depicts that the OII removal efficiency decreased 
when the content of TEDA in the solution increased. With 
the highest concentration of 3 mM TEDA, the OII removal 
efficiency dropped from 93.3 to 48.2%, illustrating that 1O2 
was involved in OII abatement.

During discharge, high-energy electrons can collide with 
water molecules and form hydrated electrons (eaq) which are 
directly associated in the degradation of OII or considered 
as the main medium for the production of active substances 
(Jiang et al. 2014). Phosphate (NaH2PO4) as a common 
scavenger of eaq was adopted in this study, and the result is 
shown in Fig. 3d. It can be seen that certain inhibition in OII 
degradation was detected in the presence of NaH2PO4, and 

the higher the dosage, the more significant was the inhibi-
tory effect on OII removal. With the addition of 10 mM 
NaH2PO4, the OII degradation efficiency reduced from 93.3 
to 76.8%. The result suggested that eaq played a certain posi-
tive role on OII removal.

Formation of O3, H2O2, and·O2
−

In order to investigate the degradation mechanism of OII 
in the UBPDP system, the concentration change of aque-
ous O3, H2O2, and ·O2

− with reaction time was measured. 
During discharge treatment, high-energy electrons can dis-
sociate O2 to form ·O, which then react with O2 to gener-
ate O3 (Eqs. (10) and (11)) (Zhou et al. 2021b). Figure 4a 
shows the aqueous O3 concentration in deionized water and 
OII solution. On one hand, under both reaction conditions, 

Fig. 3   Effect of the scavengers 
on OII degradation: a TBA; b 
p-BQ; c TEDA; d NaH2PO4

Fig. 4   Variation of a O3 and b 
H2O2 concentration in deionized 
water and OII solution
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O3 concentrations in the late stage of discharge treatment 
were lower than those in the early stage. O3 concentration 
in deionized water were 1.74 and 1.10 mg/L at the discharge 
time of 5 and 25 min, respectively. This result might be 
ascribed to increase the solution temperature from 21.6 to 
33.0 °C, resulting in a decrease of O3 solubility. On the other 
hand, it can be seen that the presence of OII molecules in the 
solution reduced aqueous O3 concentration. At the discharge 
treatment of 30 min, O3 concentration in deionized water 
was 1.14 mg/L, and decreased to 0.88 mg/L with the addi-
tion of OII, proving that O3 was consumed by the pollutants. 
It has been reported that O3 acts a crucial function on the 
decomposition of organic contamination through direct and 
indirect oxidation (Cao et al. 2018; Magureanu et al. 2018). 
Thus, O3 as one type of important active species participated 
in the degradation of OII in UBPDP system.

Bombed by high-energy electrons, H2O is dissociated 
to generate ·OH, which has an extremely short life span 
and will quickly combine with each other to form H2O2 
(Eq. (12)) (Ansari et al. 2020; Hua et al. 2022; Wang et al. 
2022a).

Therefore, the concentration variation of H2O2 was inves-
tigated, and the result is displayed in Fig. 4b. It was clearly 
found that the concentration of aqueous H2O2 increased with 
extending discharge treatment time with or without OII mol-
ecules, and reached the maximum after 30 min of reaction. 
In addition, the concentration of H2O2 in deionized water 
was much higher than that in OII solution at the same treat-
ment time. After 30 min of treatment, the concentration of 
H2O2 in deionized water and OII solution reached 0.84 and 
0.30 mmol/L, respectively. The result can be explained that 
·OH as the precursor of H2O2 was substantially consumed to 
degrade the OII molecules, leading to a decrease of aqueous 
H2O2 concentration in OII solution. Furthermore, H2O2 as 
a common oxidant might be involved in OII removal, which 
further reduced the concentration of H2O2.

As verified in “Role of active species” section, ·O2
− made 

a marked contribution for the degradation of OII. Thus, the 
concentration of ·O2

− in deionized water was measured. The 
concentration of ·O2

− gradually rose as the treatment time 
increased, and the aqueous ·O2

− concentration reached the 
maximum of 0.03 mmol/L after 30 min of discharge (Fig. S5 
in the Supplementary Information). Nevertheless, the addi-
tion of NBT into the OII solution gave rise to the formation 
of precipitation, indicating that NBT seemed to react with 

(10)O
2
+ e

−∗
→ 2 ⋅ O + e

−

(11)⋅O + O
2
+M → O

3
+M

(12)⋅OH + ⋅OH → H
2
O

2

OII molecules, so the concentration of O2
− in the OII solu-

tion was not determined.

Change of pH and conductivity of OII solution

The time evolution of pH and conductivity of deionized 
water and OII solution with treatment time was explored. 
No matter if it is deionized water or OII solution, the pH 
value declined obviously with the discharge treatment going 
on (Fig. S6 in the Supplementary Information). Especially, 
the solution pH decreased much faster at the first 10 min of 
discharge, while it kept relatively stable in the later 20 min. 
When the air was bubbled into the deionized water and OII 
solution, N2 accounted for 78% of air was dissociated by the 
high-energy electrons and generated nitrogen-related spe-
cies, which induced the formation of nitrous acid and nitric 
acid, finally leading to a decrease of pH (Rashid et al. 2020; 
Topolovec et al. 2022).

Moreover, it was also found that pH in OII solution was 
lower than that in deionized water. It was indicated that OII 
molecules could be degraded into small molecular organic 
acid during discharge treatment, which further decreased 
the solution pH. As for solution conductivity, it gradually 
increased as the discharge treatment time prolonged. After 
30 min of discharge treatment, the solution conductivity in 
deionized water and OII solution rose from 2.0 and 33 μS/
cm to 652 and 661 μS/cm, respectively. This is due to the 
fact that the generated NO2

−, NO3
−, and hydrate electrons by 

discharge plasma would enhance the conductivity.

UV–vis spectra and TOC analysis

In order to inspect the degradation process of OII during 
discharge in the UBPDP system, the UV–vis spectra of the 
OII solution at different discharge times were measured. The 
result is presented in Fig. 5a. The UV–vis spectra illustrated 
that a maximum adsorption peak at 484 nm with a shoulder 
peak at 430 nm and a main peak at 310 nm existed for the 
OII solution before discharge treatment. In the visible light 
range, the typical peak located at 484 nm and the shoulder 
peak at 430 nm were attributed to the azo linkage in the form 
of hydrazobenzene structure and azo structure, respectively 
(Guo et al. 2016). The characteristic peak at 310 nm in ultra-
violet light range was related to the naphthalene rings in 
OII molecules (Wu et al. 2012). As the discharge treatment 
progressed, all the characteristic adsorption peaks gradually 
weakened, which indicated that the azo chromophore groups 
and naphthalene rings were broken down by active species 
and formed small molecular organic compounds. Whereas 
the adsorption band between 325 and 375 nm first increased 
and then decreased with prolonging the treatment time, the 
adsorption intensity reached the maximum at the treatment 
time of 20 min. This result proved that some degradation 
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intermediates were formed and then degraded during dis-
charge. In addition, the decrease of absorbance value in vis-
ible region was much more significant than that in ultraviolet 
range because the azo linkage in the OII molecules was more 
vulnerable and prone to be attacked by active substances 
compared to other chemical bonds. After 30 min of treat-
ment, the maximum adsorption peak of the OII solution 
treated by the UBPDP system in visible light region almost 
disappeared, implying that OII molecules can be basically 
removed due to the rupture of azo linkage.

TOC is the carbon content of all organic matter in waste-
water. The TOC removal can reflect the mineralization degree 
of organic compounds. The TOC of the OII solution at dif-
ferent discharge times was examined as depicted in Fig. 5b. 
Obviously, the TOC of the OII solution decreased gradually 
with increasing treatment time. The TOC of the initial OII 
solution was 25.52 mg/L, and at the treatment time of 10, 20, 
and 30 min, the solution TOC values were 21.79, 20.82, and 
18.98 mg/L, with the corresponding TOC removal efficiency 
of 14.6, 18.4, and 25.6%, respectively. The result indicated 
that the organic pollutants were oxidized and mineralized into 
inorganic matter such as H2O and CO2. It was also found that 
TOC removal was substantially lower than the degradation 
efficiency of OII (93.3% after 30 min of treatment), suggesting 
that a great amount of degradation intermediates were gener-
ated during OII elimination. Considering that the generated 
intermediate products might have higher toxicities, it is neces-
sary to identify them for OII removal.

Intermediate products and degradation pathways 
of OII

The intermediate products of OII degradation by the UBPDP 
system were identified with LC-MS (Fig. S7 and Table S2 
in the Supplementary Information). Based on the results and 
previous publications (Cai et al. 2016a; Cai et al. 2016c; Feng 
et al. 2020; Guo et al. 2021; Xu et al. 2020), two possible 
degradation routes were proposed, as displayed in Fig. 6. In 
the degradation route 1, the degradation process was initiated 
by the attack of active species on C–N bond of OII due to 

its weak dissociation energies (Gao et al. 2017), resulting in 
the production of P1 (m/z = 173) and P2 (m/z = 159). Sub-
sequently, the N=N linkage of P1 was cleaved by the elec-
trophilic addition of ·OH (Cai et al. 2016a), leading to the 
formation of P3 (m/z = 160). Then, the amino group of P3 
was oxidized via electron transfer mechanism and led to the 
generation of P6 (m/z = 161) (Xu et al. 2020). In the degra-
dation pathway 2, the π bond of N=N in OII molecules was 
vulnerable and prone to be attacked via electrophilic addi-
tion of ·OH, which gave rise to P4 (m/z = 363). Then, the 
breakage of C–N bond by active species occurred on P4 and 
caused the production of P2 and P5 (m/z = 207). Similar with 
P3, the C–N of P5 was disrupted and also brought about the 
intermediates P6. Not only the hydroxyl groups on P6 could 
be directly oxidized to ketone group by active substances, but 
also the naphthalene ring of P6 underwent hydroxylation and 
resulted in the formation of P8 (m/z = 177), which was further 
oxidized to generate P9 (m/z = 175). Afterwards, P7 and P9 
underwent complicated oxidation and formed two types of 
five-atom heterocyclic molecules including P10 (m/z = 161) 
and P11 (m/z = 149), whose five-atom rings were then cut off 
by the attack of active species and induced the formation of 
P12 (m/z = 167), P13 (m/z = 195), and P14 (m/z = 181) (Cai 
et al. 2015). With the rupture of benzene ring, these above-
mentioned organic compounds P2, P12, P13, and P14 were 
oxidized into small molecular carboxylic acid, which were 
mineralized into H2O and CO2 eventually.

Toxicity prediction of OII and its degradation 
intermediates

Toxicity prediction is of great practical significance for 
wastewater treatment. The Daphnia magna LC50 (48 h) 
and the developmental toxicity of OII and its degradation 
intermediates were predicted using the TEST (Wang et al. 
2023b). The D. magna LC50 (48 h) refers to 50% lethal con-
centration after 48 h for D. magna. Generally, the higher 
the D. magna LC50 (48 h) value, the lower the toxicity of 
the predicted chemical. As to the developmental toxicity, it 
refers to the harmful influence of chemicals on the growth 

Fig. 5   a UV–vis spectra and 
b TOC of the OII solution 
treated by UBPDP at different 
discharge times
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and development of immature individuals. As shown in 
Fig. 7a, all the intermediates had higher D. magna LC50 (48 
h) values compared with OII, indicating that the toxicity of 
intermediates reduced obviously after discharge treatment. 
Figure 7b displays that OII had the developmental toxicity of 

0.96, meaning that OII was considered as a “developmental 
toxicant,” while nearly all the intermediates except for P4 
exhibited a lower developmental toxicity value. Therefore, it 
can be concluded that the UBPDP treatment method can not 
only efficiently degrade OII, but also declined its toxicity.

Fig. 6   Degradation pathways of 
OII in the UBPDP system
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Effect of coexisting constituents on OII degradation

In order to assess the degradation performance of UBPDP 
system in the actual water matrix, some coexisting constitu-
ents existing in actual wastewaters including inorganic ani-
ons (Cl−, HCO3

−, and SO4
2−) and common natural organic 

compound (humic acid, HA) were chosen to explore their 
influences on OII degradation. It could be found from Fig. 8a 
that the presence of Cl− slightly inhibited the elimination 
of OII. The removal efficiency of OII reduced from 93.3 to 
88.7% when the content of Cl− went up from 0 to 3 mM. The 
inhibition effect on OII degradation is due to the fact that 
Cl− can quench strongly oxidizing ·OH to produce ·Cl and 
·Cl2 with lower oxidation abilities (Eqs. (13) and (14)), thus 
reducing the degradation efficiency of OII (Hua et al. 2022).

As depicted in Fig. 8b, the addition of HCO3
− significantly 

hindered the removal of OII. The degradation efficiency of OII 
declined by 45.2% with the HCO3

− concentration of 3 mM. On 
one hand, HCO3

− is the common scavenger of ·OH and gener-
ates weak reactive substance·CO3

− (Eq. (15)), resulting in a lower 
degradation efficiency (Giannakis et al. 2021). On the other hand, 
the presence of HCO3

− would alkalize the OII solution, which can 
be explained by Eq. (16) (Qin et al. 2021). As confirmed in “Ini-
tial pH of solution” section, a higher pH value counts against OII 
degradation, which further reduces the removal efficiency of OII.

(13)Cl
−
+ ⋅OH → ⋅Cl + OH

−

(14)Cl
−
+ ⋅Cl → ⋅Cl

-
2

Fig. 7   Toxicity of OII and its 
degradation intermediates: a 
Daphnia magna LC50 (48 h); b 
developmental toxicity

Fig. 8   Effect of coexisting 
constituents in solution on the 
degradation of OII: a Cl−; b 
HCO3

−; c SO4
2−; d HA



100608	 Environmental Science and Pollution Research (2023) 30:100596–100612

1 3

Figure 8c reveals that SO4
2− made a negative contribution 

on OII degradation. The inhibition effect can be explained 
by the fact that SO4

2− has the competition with OII mol-
ecules (Hu et al. 2021). Figure 8d illustrates that the addition 
of HA can slightly suppress the abatement of OII. When 
the concentration of HA rose from 0 to 10 mM, the OII 
removal efficiency dropped by 3.4%, which was attributed 
to the competition between HA with target pollutant since 
HA can consume active species generated from discharge 

(15)HCO
−

3
+ ⋅OH → ⋅CO

−

3
+ H

2
O

(16)HCO
−

3
+ H

2
O ↔ H

2
CO

3
+ OH

−

plasma, finally causing a decrease of the OII removal effi-
ciency (Wang et al. 2021). Based on the above results, the 
conclusions can be drawn that in order to achieve a better 
performance of OII degradation, inorganic anions and non-
target organic matter should be removed before utilizing 
UBPDP system.

Comparison of UBPDP with other AOPs

In order to explore the characteristics of UBPDP for waste-
water treatment, the UBPDP system in this study was com-
pared with other AOPs for OII removal in the literature. As 
illustrated in Table 1, the removal efficiency of OII by the 

Table 1   Comparison of UBPDP with other AOPs for OII degradation

AOPs OII 
concentration
(mg/L)

Treatment 
time 
(min)

Degradation 
efficiency (%)

Kinetic constant 
(min−1)

Other parameters Reference

Heterogeneous Fenton 25 120 78 – [α-FeOOH]: 0.2 g/L; 
[H2O2]: 5 mM;

T: 30 °C; pH: 3.0

(Tiya-Djowe et al. 2015)

Photo-Fenton 100 60 94.9 0.0468 [ZnFe2O4]: 0.5 g/L; 
[H2O2]: 5 mM;

Xenon lamp power: 
150 W;

T: 20 °C; pH: 6.0

(Cai et al. 2016b)

Ultrasound 50 240 ~100 – Ultrasound frequency: 
80 kHz;

Electric power: 150 W;
T = 25 °C

(Velegraki et al. 2006)

Photocatalytic 50 240 98.7 ~0.018 [TiO2]: 0.5 g/L;
Mercury lamp power: 

125 W;
T: 22 °C; pH: 6.38

(Kuang et al. 2011)

Catalytic ozonation 50 40 94.1 0.0668 [MgFe2O4]: 0.1 g/L;
Flow rate of ozone: 0.1 

L/min;
Inlet ozone concentra-

tion: 5 mg/L

(Lu et al. 2016)

Electrochemical 100 60 94.96 0.049 [Electrolyte concentra-
tion]: 0.1 M;

Current density: 40 mA/
cm2; pH: 5

(Xia et al. 2020)

Gliding arc discharge 
plasma

63 125 99 0.03327 Discharge power: 320 
W;

Solution flow rate: 20 
mL/min;

Air flow rate: 800 L/h

(Du et al. 2008)

Dielectric barrier 
discharge plasma

5 50 35 (DBD)
95 (DBD+PS)

0.0083 (DBD)
0.056 (DBD+PS)

Voltage: 17 kV; fre-
quency: 50 Hz;

Discharge power: 
2.3–2.5 W

(Shang et al. 2017)

UBPDP 50 30 95.9 0.109 Peak voltage: 22.8 kV;
Pulse frequency: 56 Hz;
Discharge power: 44 W

This study
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heterogeneous Fenton method after 120 min was only 78%, 
which was lower than that by the UBPDP system. The effi-
ciency of OII degradation by photo-Fenton can reach 94.9%, 
but the kinetic constant was relatively lower. In addition, 
AOPs related to Fenton-like methods for the degradation 
of target pollutant need extrinsic chemical oxidants. Nearly 
the complete removal of OII was achieved by ultrasound 
treatment, while it required much longer treatment time (240 
min) and relatively higher electric power (150 W). The pho-
tocatalytic oxidation of OII exhibited a high degradation effi-
ciency of 98.7%, but it spent a long time (240 min) and the 
degradation kinetic constant (0.018 min−1) was very small. 
Another issue of photocatalytic oxidation is that the catalyst 
powder is of recovery difficulty and may cause secondary 
pollution (Mozia 2010; Xiong et al. 2021). As for catalytic 
ozonation, although the removal efficiency and kinetic con-
stant can reach 94.1% and 0.0668 min−1, respectively, which 
showed outstanding degradation performance, the catalytic 
ozonation method suffers from the disadvantage of low uti-
lization of O3 due to the low solubility of ozone in water 
(Hua et al. 2022; Malik et al. 2020). The electrochemical 
elimination of OII could achieve a high efficiency of 94.96%, 
but the drawbacks lie in slow reaction rate (0.049 min−1) and 
high energy consumption and equipment cost (Feng et al. 
2013). Furthermore, UBPDP was compared with other dis-
charge plasma methods. Gliding arc discharge plasma can 
almost completely eliminate OII, while it required signifi-
cant energy consumption due to the high discharge power 
(320 W) and long treatment time (125 min). With regard to 
dielectric barrier discharge plasma, although its discharge 
power (2.3–2.5 W) was extremely low compared with glid-
ing arc discharge plasma and UBPDP, the efficiency and 
kinetic constant of OII removal were only 35% and 0.0083 
min−1, respectively, without the addition of persulfate (PS) 
after 50 min of treatment. In contrast, the discharge power of 
UBPDP system was relatively lower than other AOPs, and 
UBPDP could achieve excellent degradation performance 
without the introduction of external catalysts and oxidants. 
Specifically, 95.9% of OII was removed by the UBPDP sys-
tem after 30 min of treatment with only 44 W of discharge 
power, and the degradation kinetic constant was up to 0.109 
min−1, manifesting a good removal performance and low 
energy consumption.

Conclusion

In this study, a novel method of UBPDP combining 
bubbles and PDP was developed, which promoted the 
mass transfer of gaseous ROS into the solution, as well 
as avoided the shortcoming existing in the liquid-phase 
discharge plasma, such as electrode corrosion and high 
energy consumption. The degradation performance of 

the UBPDP system was assessed by the removal of OII. 
The effect of operation parameters on OII degradation 
was investigated. The results showed that boosting peak 
voltage and pulse frequency was favorable for the elimi-
nation of OII. The air flow rate had little influence on 
degradation performance. The higher removal efficiency 
was achieved under lower OII concentration, solution pH, 
and conductivity. It was confirmed that ·OH, ·O2

−, 1O2, 
and eaq were all responsible for the abatement of OII. The 
concentrations of O3 and H2O2 in the OII solution were all 
lower than those in the deionized water. The solution pH 
dropped and conductivity rose when the treatment time 
was increased. The result of TOC showed a certain min-
eralization degree of UBPDP system and verified the gen-
eration of intermediate products during discharge treat-
ment. The possible degradation pathways were proposed 
according to the identified intermediates obtained from 
LC-MS. Then, the toxicity of intermediates was evalu-
ated by TEST. The presence of Cl−, HCO3

−, SO4
2−, and 

HA existing in natural wastewater suppressed the removal 
of OII in the UBPDP system. Finally, the comparison 
with other AOPs demonstrates the UBPDP system has 
the advantages of good degradation performance, and is 
a potential method for wastewater treatment.
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