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Abstract: In this paper, the hybrid gas–liquid discharge plasma can efficiently degrade pesticide
residues in water driven by nanosecond pulse power, which can achieve the simultaneous discharge
process in the liquid and gas phases. The relevant factors are systematically investigated, including
the waveforms of discharge current and pulse voltage, discharge images, and optical emission spectra
during the discharge process. The Stark broadening of Hα calculates the electron density. The effects
of the pulse peak voltage and discharge time on the emission intensities of OH (A2∑→ X2∏), N2

(C3∏u → B3∏g), Hα, and O (3p5P→ 3s5S0) are discussed in-depth by the optical emission spectra.
The gas–liquid discharge plasma with an electron density of 7.14 × 1017 cm−3 was found. The
emission intensities of OH (A2∑→ X2∏), N2 (C3∏u → B3∏g), Hα, and O (3p5P→ 3s5S0) present
the rising trend by increasing the pulse peak voltage and discharge time. In addition, pyraclostrobin
is adopted as the research object to study the removal efficiency of pollutants. The results confirm
that pyraclostrobin can be completely degraded after 10 min of plasma treatment with the pulse
peak voltage of 28 kV, and the degradation rate and energy yield was 0.323 min−1, and 1.91 g/kWh,
respectively. The intermediate products and the possible degradation mechanism of pyraclostrobin
are further explored by combining the results of high-performance liquid chromatography–mass
spectrometry (HPLC-MS/MS) and density functional theory (DFT), the developmental toxicity of
the intermediate products was analyzed, which provided a scheme for the treatment of pesticide
wastewater by gas–liquid discharge plasma technology.

Keywords: nonthermal plasma; degradation; gas–liquid discharge; electron density

1. Introduction

In recent years, nanosecond pulsed discharge plasma (NPDP) technology has been
proven to be an effective way to remove toxic and harmful substances from wastewa-
ter, such as pesticides, antibiotics, heavy metals, and persistent organic pollutants [1–5].
Compared with the common methods like adsorption, chemical precipitation, and biore-
mediation for wastewater treatment, NPDP technology presents the unique advantages
of simple equipment, high degradation efficiency, environmental friendliness, and no
requirement for subsequent processing, which makes it our current research focus.

In the process of NPDP, numerous reactive species are generated to promote the
generation and propagation of plasma physical and chemical reactions. High-energy
electrons, H2O2, OH, O3, reactive oxygen and nitrogen species (RONS) play a leading role
in the degradation of organic matter. The reactive species dissolve/diffuse into the liquid
and then react with organic pollutants in the water body to mineralize and degrade the
pollutants [5–9]. Wang et al. studied the degradation of tetracycline in water with a transient
spark gas–liquid discharge. The results showed that the removal rate of tetracycline reaches
90.2% after 10 min. Furthermore, experiment on seed germination and plant growth were
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carried out in the treated water, and the results proved that it was feasible to use treated
water to promote crop growth [10]. Zhang et al. adopted dielectric barrier discharge
(DBD) to remove bacterial endotoxin. The removal efficiency of total endotoxin activity
was up to 92% after 180 s of plasma treatment, which was more than that of previously
reported methods [11–14]. Wang et al. used dielectric barrier discharge (DBD) plasma to
degrade carbendazim (MBC) in an aqueous solution. After 10 min of discharge treatment,
the degradation rate of MBC reached 98.04%, and the biotoxicity of MBC degradation
products after DBD plasma treatment was significantly reduced [15]. Fang et al. used non-
thermal plasma (NTP) to remove methyl parathion from water. In the He atmosphere, the
removal rate can reach 90% after 2 min, and OH is the primary degradation factor. Toxicity
assessment software (T.E.S.T.) was used to test the intermediates, and the intermediate
biotoxicity was reduced [16]. Zhang et al. reported that plasma discharge with injected
bubbles was more effective than a plasma discharge system alone in removing cefixime
antibiotics in water [17].

Recently, researchers have devoted themselves to developing different types of dis-
charge setups to obtain optimized discharge structures better suited for practice applica-
tion [9,18]. The main types of gas–liquid discharge include discharge plasma above the
water surface [19,20], discharge plasma in direct contact with or in water [21], and discharge
plasma injected with bubbles below water [22–24]. When the discharge plasma is not in
contact with the water, the discharge with the low breakdown voltage will be higher than
the liquid and not in connection with the liquid, and the gaseous highly reactive species
produced by the discharge plasma will enter the water to play a critical role [25]. When the
discharge plasma comes into direct contact with liquid or discharges in liquid, its complete
contact with the liquid phase is conducive to the generation and action of short-lived
reactive species (OH and O) [26,27]. Bubble discharge plasma adopts the high-pressure
needle electrode to enter into the bubble. The formation of bubbles effectively increases the
reaction surface area and promotes the mass transfer process of gaseous reactants to the
liquid phase [28].

In this study, A novel hybrid gas–liquid discharge plasma reactor was rationally
designed to generate underwater bubble discharge plasma and gas discharge plasma above
the water surface. The nanosecond pulsed power was used to drive the gas–liquid discharge
process with the needle array gas–liquid discharge reactor to degrade pyraclostrobin (PYR,
Chemical formula: C19H18ClN3O4) in water. The ability of the gas–liquid discharge to
generate reactive species and the removal efficiency of PYR was emphatically investigated.
The plasma electron density of the discharge was qualitatively measured by the Stark
broadening of Hα. In addition, the possible degradation mechanism of PYR was validated
based on the degradation intermediates detected by HPLC-MS/MS and the result of DFT,
the toxicity evaluation software tool (T.E.S.T.) was used to predict and evaluate the toxicity
of PYR and intermediate products.

2. Materials and Methods
2.1. Experimental Setup

The schematic diagram of the experimental setup is displayed in Figure 1, which con-
sisted of a nanosecond pulsed gas–liquid discharge (NPG-LD) plasma reactor, a nanosecond
pulsed power, an optical diagnosis system, and an electrical measurement system. The
discharge reactor comprised a quartz tube with an inner diameter of about 34 mm, eight
hollow stainless steel needle electrodes, and a Teflon chamber. The quartz tube containing
15 mL of solution was fixed on the Teflon chamber. Seven needle electrodes fixed in a Teflon
chamber served as the high-voltage (HV) electrodes, which were further connected to a
bipolar nanosecond pulsed generator (DGM-40, Dalian Power Supply Technology Co. Ltd.,
Dalian, China). One stainless steel needle was fixed in the Teflon chamber and acted as the
ground electrode above the quartz tube. The 0.4 mm thick polyethylene tubes were nested
within the HV needle electrodes and worked as the dielectric barrier. The working gas (air)
entered the reactor through HV needle electrodes, and mass flow controllers controlled
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the gas flow. The pulse voltage and discharge current of the NPG-LD were measured
by a digital oscilloscope (Tektronix MDO3034, 350 MHz, Tektronix Inc., Shanghai, China)
equipped with a 1:1000 high-voltage probe (Tektronix P6015A, 3.0 pF, 100 MΩ) and a cur-
rent probe (Tektronix TCP312, 100 MHz, Tektronix Inc., Shanghai, China). The optical fiber
was fixed on a 3D displacement platform that can be adjusted vertically and horizontally.
Spectral diagnostics is performed using optical emission spectroscopy of a spectrometer
(Andor SR-750i, grating groove of 2400 lines/mm, blazed wavelength of 200 nm, Oxford
Instruments., Shanghai, China).
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2.2. Materials and Analytical Methods

The PYR is purchased from the North Weiye Institute of Metrology Technology (Beijing,
China). HPLC-grade acetonitrile is obtained from Spectrum Chemical Mfg. Ethanol (Et-OH)
and other chemical reagents with analytical grades are obtained from Bo-Nuo Chemical
Reagent Co. Ltd. (Dalian, China). The corresponding solution used is prepared with
deionized water in the experiment.

The PYR concentrations were measured by a UV-vis spectrophotometer (Agilent Cary
5000, Agilent Technology Inc., Santa Clara, CA, USA) with a calibrated wavelength of
276 nm. The PYR removal efficiency η (%) was calculated by Equation (1) [29].

η =

(
1− Ct

C0

)
× 100%, (1)

The pseudo first-order kinetic model is used to analyze the dynamic of PYR degrada-
tion Equation (2) [30]:

ln
Ct

C0
= −k t, (2)

where η represents the PYR removal efficiency, C0 is the initial concentration of untreated
PYR (20 mg/L), Ct is the concentration of PYR at the arbitrary treatment time, and k is the
pseudo-first-order kinetic constant (min−1).

The discharge power P was calculated by Equation (3) [6].

P = f
∫ t

0
i(t) u(t) dt, (3)
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where f indicates the pulsed repetition rate, i(t) represents the instantaneous discharge
current, and u(t) is the pulse peak voltage.

The energy yield (EY) of PYR removal was calculated using Equation (4) [31].

EY (g/kWh) =
6× 10−2 C0 ×V × η

P t
, (4)

where P is the discharge power (W), and V is solution volume (mL).
The intermediate products of the PYR degradation process were identified using

HPLC-MS/MS (Agilent RRLC/6410B, Agilent Technologies Inc., Santa Clara, CA, USA)
equipped with a C18 column (2.1 × 100 mm, 3.5 µm). The C18 column temperature is set at
40 ◦C. The injection volume was 10 µL. The mobile phase consisted of deionized water (A)
and acetonitrile (B) with gradient elution at a 0.25 mL/min flow rate as follows: 0–10 min,
80% B; 10–15 min, 80% B; 15.1–22 min, 10% B. The electrospray ionization (ESI) source
was operated in positive ion mode, and the ionization voltage was set at 4 kV. The gas
temperature and flow rates were 350 ◦C and 8 L/min, respectively.

3. Results and Discussion
3.1. Discharge Characteristics of NPG-LD

Figure 2 shows the discharge image of the NPG-LD reactor at a pulse repetition rate of
150 Hz and a pulse peak voltage of 24 kV by a nanosecond pulsed power supply, which
was captured by a digital camera. The seven HV needle electrodes located in the lower part
of the reactor presented dispersive discharges, and the plasma luminescence intensity was
weak with a lavender color. Among them, the needle electrodes in the central part exhibited
weak discharges. The ground electrode at the upper part of the reactor demonstrated a
streamer discharge, which was accompanied by relatively strong light intensity. In addition,
the plasma generated at the ground electrode was in complete contact with the bubble
burst area. The discharge current and pulse voltage waveforms are recorded using an
oscilloscope to further explore the effects of the pulse peak voltages on the discharge mode
transition and discharge characteristics.
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peak voltage is lower than 24 kV, there is only one discharge current peak per half-pulse
period (positive pulse half-cycle or negative pulse half-cycle). When the pulse peak voltage
exceeds 24 kV, two discharge current peaks appear per half-pulse cycle. Figure 3a exhibits
the waveforms of the pulse voltage and discharge current at the pulse peak voltage of 20 kV.
When the discharge current is set to 1.79 A, and the duration time of 45 ns, the average
power can reach 0.31 W. When the pulse peak voltage is 28 kV, two major discharge current
peaks appear in every half-pulsed cycle. Figure 3b displays the waveforms of the pulse
voltage and discharge current. The discharge current of the first current peak is 3.41 A with
the duration time of 60 ns, and the average power is calculated to be 0.76 W. The discharge
current of the second current peak corresponds to 3.25 A, the discharge duration time is
approximately 500 ns, and the discharge power reaches the highest value of 4.21 W. Similar
results were also characterized by the short spark discharge, as reported by Wang et al. [32]
Compared with other gas–liquid discharge forms, this technology possesses the unique
advantages of high electron density, rich reactive species, and low temperature.
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3.2. Effect of Pulse Peak Voltage on the Removal Efficiency of PYR

The removal efficiency of PYR in water varied with the treatment at different pulse
peak voltages, as shown in Figure 4a. The degradation efficiency of PYR was greatly
improved with increasing pulse peak voltage and discharge treatment time. After 10 min
of treatment, the degradation efficiency of PYR increased from 79.7% to 100% when the
pulse peak voltage changed from 20 kV to 28 kV, which was due to the increase of energy
input caused by the conversion of discharge mode. The discharge mode at the cathode
changed from streamer discharge to streamer-instantaneous spark discharge. The rapid
conduction between the two electrodes produced more reactive species and high-energy
electrons. The excitation, ionization, and dissociation reactions in the discharge process
generated more reactive species to oxidize PYR. In addition, the degradation rate of PYR
increased rapidly at the beginning of plasma treatment but then rose slowly. There were
two reasons: the NO3

−and NO2
− (Equations (5)–(9)) produced by gas–liquid discharge

led to a decrease in the pH of the solution, and the degradation of PYR under acidic
conditions had an inhibitory effect [33–35]; these intermediate products consumed more
reactive species [36]. Table 1 shows the degradation efficiency of PYR and azoxystrobin
removal by different methods, including biodegradation and dielectric barrier discharges,
and gas–liquid discharges. The removal rates of these methods ranged from 69% to 100%,
and the treatment time ranged from 5 min to 72 h. In contrast, NPG-LD (in this work) and
other ionizing treatment techniques have high removal efficiency in a short treatment time.

O2 + e→ 2O + e (5)

N2 + e→ 2N + e (6)

O + N→ NO (7)

O + NO→ NO2 (8)

2NO2 + H2O→ NO2
− + NO3

− + 2H+ (9)

Table 1. Briefly compare the removal efficiency of different methods to remove Strobilurin fungicide.

Method Concentration
(mg/L) Pollutant Treatment

Time

Applied
Voltage

(kV)

Remediation
Efficiency

(%)

Microbial/Fenton [37] 30 PYR 24/72 h - 100
Photocatalysis/

H2O2 [38] 0.5 PYR 12 h - 90

Gas–liquid plasma [24] 6 Azoxystrobin 9 min 10 98.9
Dielectric barrier

discharge (DBD) [39] 1.7 Azoxystrobin 5 min 80 69

This study 20 PYR 10 min 28 100
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Figure 4b and c shows that the reaction kinetics and energy efficiency of the removal
PYR in water varied with the discharge treatment time at 20 kV, 24 kV, and 28 kV, respec-
tively. As the pulse peak voltage increased, so did the kinetic constant. The degradation
of PYR in the NPG-LD plasma system followed the pseudo-first-level kinetic model with
kinetic constants of 0.140 min−1, 0.208 min−1, and 0.323 min−1. More reactive species were
produced as more energy was injected into the reactor at a higher pulse peak voltage [40].
The ultraviolet intensity and stronger electric field of the discharge plasma increased with
increasing pulse peak voltage, and the water molecules collided and dissociated to form
more reactive species (OH, H2O2) [41]. Therefore, the increase in the physicochemical
effects led to higher PYR removal efficiency and rate at higher pulsed voltages. As shown
in Figure 4c, the energy efficiency of PYR degradation decreased correspondingly as the
treatment time increased. With the increase in treatment time, the number of PYR molecules
gradually decreases, and the number of intermediate products produced by PYR molecular
degradation gradually increases. The probability of collision between active species pro-
duced by discharge plasma and intermediate products increases, and more active species
are consumed due to the reaction with intermediate products. The energy used for PYR
molecular degradation decreases, leading to a decline in energy efficiency. During the same
processing time, the energy efficiency decreased as the pulse peak voltage increased. After
1 min of plasma treatment, the efficiency was 13.32 g/kWh at 20 kV, while that dropped
to 9.71 g/kWh and 5.75 g/kWh at 24 kV and 28 kV, respectively. Under different pulse
voltages, the proportion of energy used for the degradation of PYR in water is different.
When the peak pulse voltage is 20 kV, most of the energy is used for generating active
species to promote the degradation of PYR. However, under high voltage, in addition to
generating active species, the excess energy of discharge energy promotes the generation
of NOX and impedes the formation mechanism of reactive oxygen (ROS). NOX competes
with PYR molecules to consume ROS, electrons, etc. Therefore, the energy utilization rate
of PYR degradation did not increase with the increase in voltage.

3.3. The Optical Emission Spectra of NPG-LD

Figure 5 displays the effect of applying different pulse peak voltages on the emission
spectrum intensities of N2 (C3∏u → B3∏g), OH (A2∑→ X2∏), Hα, and O (3p5P→ 3s5S0)
during air discharge. The electrical parameters were fixed at a pulse repetition rate of
150 Hz and an airflow rate of 500 mL/min. The emission intensities of both OH (A2∑→
X2∏) and N2 (C3∏u → B3∏g) increased with increasing pulse peak voltage. The emission
intensity of the active particles increased sharply when the pulse peak voltage increased
from 22 kV to 26 kV. The pulse peak voltage increased the energy injected into the discharge
region, increasing the number of generated high-energy electrons and the average electron
energy. Therefore, the frequency and rate constant of the collision reaction between the
electrons and gas atmosphere molecules in the bubble increased, and the number of N2 (C),
OH (A), and other active particles increased, resulting in an enhancement in OH (A2∑→
X2∏) and N2 (C3∏u → B3∏g) emission intensity.

3.4. Plasma Electron Density of NPG-LD

Due to the high emission intensity of the Hα line and the high sensitivity to Stark
widening, the electron density (ne) was determined by Stark broadening at 656.3 nm. The
fullwidth at half maximum (FWHM) of the Hα was employed to calculate the ne by
Equation (10) [42].

ne = 1017
(

∆λStark
0.549

)1.47135
, (10)

where ∆λStark represents the stark widening at FWHM, and ne is the electron density. The
Hα is a vogit line type obtained from the convolution of Gaussian widening and Lorentz
widening. Gaussian widening ∆λG is the result of Doppler widening ∆λD and instrument
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widening ∆λL [43]. The instrument broadening ∆λL measured by the He-Ne laser (632.8
nm) was 0.02 nm.

∆λG =
√

∆λ2
D + ∆λ2

L, (11)
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The Doppler widening (∆λG) was calculated with Equation (12) [33].

∆λD = 7.162× 10−7 λ0 T0.5
g , (12)

where λ0 is the center wavelength, and Tg is the gas temperature. The van der Waals
broadening ∆λv was calculated by Equation (13) [44].

∆λV = 8.18× 10−26 λ2
0 T

3
10

g

(
R2
) 2

5 N ∑
i

α
2
5
i χi

µ
3
10
i

, (13)

∆λV =
5.195

T
3
10

g

, (14)
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where R2 indicates the difference between the values of the square radius of the emitting
atom in the upper and lower levels, N is the background gas molecule number density, µ
refers to the reduced mass (kg), α is the polarizability of the background gas molecule, and
χ represents the fraction of the background gas molecule. All parameters were substituted
into Equation (13). The van der Waals broadening of the Hα in an atmospheric pressure air
discharge of Equation (14).

According to the Stark broadening method, the ne was calculated to be approximately
7.14 × 1017 cm−3 under the conditions of a 24 kV pulse peak voltage and a 500 mL/min
gas flow rate. The electron density increased the voltage increased, as listed in Table 2. The
comparison of the simulated and experimental Hα line is shown in Figure 6.

Table 2. The values of van der Waals broadening, Gaussian broadening, and Stark broadening of the
Hα line.

Pulsed Voltage
(kV)

∆λG
(nm)

∆λV
(nm)

∆λStark
(nm)

Electron Density
(1017 cm−3)

20 0.0224 0.070 0.3035 0.418
22 0.0225 0.069 0.3285 0.470
24 0.0225 0.069 2.0885 7.141
26 0.0225 0.069 2.2325 7.877
28 0.0225 0.067 2.3785 8.647
30 0.0225 0.068 2.4885 9.242
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3.5. The Degradation Mechanism and Pathways of PYR

Intermediates degraded by PYR during plasma treatment were identified using HPLC-
MS/MS, as shown in Figure 7. PYR was m/z = 388, and nine primary intermediates were
detected. The possible molecular structures of these intermediates are provided in Table 3.
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Table 3. Cont.
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The prominent degradation locations of PYR were further explored. The geometry of
the PYR was optimized using a Gaussian program, and the energies of some bonds were
calculated, as shown in Figure 8. The bond energy of the PYR molecule was calculated by
fitting the structure of the PYR molecule. The degradation of PYR was mainly realized by
plasma in three ways. The average energy of electrons reached 0–20 eV by accelerating
in a stronger electric field [5,45], which can break the chemical bonds of the pesticide
molecules to form new bones. The inelastic collision between the gas/water molecules and
high-energy electrons produced a large number of active species, such as O, Hα, OH, H2O2,
O3, etc., which effectively degraded pollutant molecules. Meanwhile, the UV radiation
produced by the plasma discharge process photodegraded pesticides [46].
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The possible degradation pathways of PYR were obtained by combining the species
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tion, bond energy calculation, HPLC-MS/MS analysis, and previous literature, as shown in
Figure 9.
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Pathway I: Fragments with m/z = 340 were obtained by removing by PYR side group
Cl. After the five-membered ring continued to remove the benzene ring, the other side of
the hydroxyl group H was replaced by methyl, and the ether bond was broken to obtain the
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fragment molecules with m/z = 246. Finally, the ether bond broke, the analogous ring was
removed, and the hydrolysis reaction ester bond was broken on the other side to obtain
products with m/z = 123.

Pathway II: PYR side group Cl was substituted by OH, and the ether bond at N was
broken to obtain a product with m/z = 340. The ether bond broke the oxygen right five-
membered ring to receive a product with m/z = 181. The hydroxyl group was substituted
by H, and the ether bond was utterly broken to form a methyl group, giving the product
m/z = 149.

Pathway III: In this pathway, the ether bond at N was utterly broken, forming a
product with m/z = 356. The ether bond linked by the latter five-membered ring was
broken, and the products were divided into a five-membered ring part with m/z = 194 and
a later five-membered ring. The pendant five-membered ring group of the chlorobenzene
ring was changed to an amino group, generating a product with m/z = 127.

All the intermediates generated are further oxidized and decomposed by molecular
bond-breaking reaction and finally mineralized into non-toxic and harmless Cl−, NO3

−,
CO2, and H2O.

3.6. DFT Calculations and Ecotoxicity Analysis

According to the structural characteristics of the PYR molecule and the interaction
between the high-energy electrons and active species on pesticide molecules, the Gibbs
free energies of each intermediate were calculated, and the energy barriers of the above
degradation paths were obtained, as shown in Figure 10. All three degradation pathways
are exothermic, showing thermodynamically feasible, which also confirms the validity of
the possible degradation pathways.
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Ames mutagenicity and developmental toxicity of PYR and its intermediates were
evaluated using the toxicity evaluation software tool (T.E.S.T.), as shown in Figure 11. Most
intermediates exhibit low mutagenicity (Figure 11a). Some of the degradation intermediates
showed relatively low developmental toxicity (Figure 11b), suggesting that the degradation
process of PYR is accompanied by detoxification. Notably, the developmental toxicity of
intermediates P4, P5, P8, and P2 was higher than that of PYR. However, their content is
small and rapidly further mineralized into Cl−, NO3

−, CO2, and H2O. The results show
that the gas–liquid discharge plasma degradation process can effectively degrade PYR and
reduce its ecotoxicity. Gas–liquid discharge plasma wastewater treatment can be considered
a green technology with great practical potential in eliminating PYR in water environments.
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4. Conclusions

In this paper, an air gas–liquid discharge plasma method was successfully developed
for the efficient degradation of pyraclostrobin pesticide residues. The combination of liquid
bubble discharge and liquid gas phase discharge generated a plasma with high electron
density, which improved the formation of reactive species and enhanced the removal
of organic pollutants. Below the pulse peak voltage of 24 kV, the electron density of
0.47 × 1017 cm−3. When the voltage of the pulse exceeded 24 kV, the electron density
was 7.1 × 1017 cm−3. With the increase of pulse voltage, the reactive species (such as
OH, O) increased significantly, and the electron density increased rapidly. The increase in
voltage led to an increase in degradation kinetics and degradation efficiency, but the energy
yield was the opposite. When the peak pulse voltage increases from 20 kV to 24 kV and
28 kV, the degradation rate increases from 79.7% to 90.4% and 100% after 10 min discharge
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plasma treatments. Degradation rates increased from 0.140 min−1 to 0.208 min−1 and
0.323 min−1. Energy yield decreased from 3.73 g/kWh to 3.08 g/kWh and 1.91 g/kWh.
HPLC-MS/MS was used to analyze degradation byproducts, several intermediates were
explored, and three possible degradation evolution processes were provided. The DFT
was used to calculate the Gipps free energy of intermediates along each path to verify the
degradation path’s feasibility, and the intermediates’ toxicity was analyzed. The toxicity
of the intermediates was weak in the degradation of PYR by gas–liquid discharge plasma.
The complete degradation of pyraclostrobin in water indicated that NPG-LD based low-
temperature plasmas could be developed into a highly effective and environmentally
friendly remediation technology for pesticide-contaminated water systems.
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