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Abstract: In this work, the azoxystrobin removal in water by using a micro-size discharge array was
investigated, and the removal efficiency can reach as high as 98.1% after 9 min plasma treatment
as well as the energy utilization being only 0.73 g/(kW·h). Based on the relationship between the
generation of gas bubbles and parameters of gas-liquid discharge, it was found that the variation of
applied voltage, gas flow rate and initial solution temperature could cause particle number change,
mass transfer rate change and the mass transfer time change, which significantly affected the practical
applications at last. The experimental results indicated that when gas flow rate was 0.7 SLM (Standard
Liter per Minute) and the initial solution temperature was 297 K with the applied voltage of 8 kV
and discharge frequency of 6 kHz, the removal efficiency of azoxystrobin achieved maximum. Based
on the analysis results of liquid mass spectrometry, the removal pathways of azoxystrobin were
supposed by the decomposed by-products. Toxicity tests indicated that the decomposed products
were safe and non-toxic. So, this study may reveal an azoxystrobin degradation mechanism and
provide a safe, reliable and effective way for azoxystrobin degradation.

Keywords: non-thermal plasma; azoxystrobin; micro-discharge array reactor; mass transfer; degradation

1. Introduction

In the preceding century, agricultural intensification supported by the use of pesticides
increased human food supply to satisfy the rapidly increasing population demands on
earth [1]. While intensive agriculture enhanced the output of agricultural products, it also
caused serious toxic pesticide residue in environmental matrices [2,3]. Combined with
climate change, these residual pesticides might easily dissolve in the water or bind to
suspended matter in the aquatic environment.

As a highly effective systemic and broad-spectrum fungicide, azoxystrobin occupies a
large portion of the market share [4]. The melting point and boiling point of azoxystrobin
are 389 K and 618 K, respectively. It can be decomposed by sunlight and UV light with
a half-life of 11 days. So, the physical properties of azoxystrobin are stable [5] and the
azoxystrobin is indispensable for modern agriculture. Due to widespread application
of azoxystrobin, the azoxystrobin residual has been detected in many waters and crops
and the residual concentration can reach as high as 6 ppm [6,7]. Recent studies showed
that azoxystrobin residual eventually transferred to the non-target organisms’ tissues
during bioaccumulation processes [8,9], resulting in adverse effects on diverse ecosystems,
including aquatic habitat loss [10] and fishery economic loss [11], as well as human health
risks [12]. Therefore, azoxystrobin residue problem has caused worldwide public concern.
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Various methods, such as ozonation [13,14], photocatalysis [15,16] and electro-
oxidation [17,18], have been tested for hazardous contaminant reduction in the environ-
ment. The removal efficiency of these advanced oxidation technologies is high. However,
chemical reagent overuse can also cause secondary pollution. As one of the emerging
advanced oxidation processes, non-thermal plasma (NTP) is generated by gas-liquid dis-
charge using air as working gas and can produce reactive species with strong chemical
activity, such as OH, O and N2

+. These reactive species can react with targets and form
water, oxygen and nitrogen, which are environmentally friendly. Due to these unique
characteristics, it has attracted great attention. The studies reported by Zong et al. showed
that the degradation rate of omethoate by using atmospheric pressure surface discharges
could achieve 99% and pointed out that the reactive oxygen species were crucial in the
degradation process [19]. Magureanu et al. reported an investigation on degradation
of cefixime antibiotic in water by gas-liquid discharge and the final organic by-products
presented in the solution were divided into mainly small non-toxic molecules [20]. In
the gas-liquid discharge, the interactions between plasma and aqueous solution contain
complex chemical processes under the coupling of multiple physical fields. On one hand, it
contains interactions between coupling of multiple physical fields (such as electromagnetic
field, local thermal field, density field and airflow field) and an aqueous solution which can
generate a series of physical phenomenon, such as droplet splashing, Taylor cone, interface
turbulence and shock wave [21]. On the other hand, the active species generated by gas-
liquid discharge transfer into aqueous solution under the effects of multiple physical fields
and react with water molecules, organic solutes and inorganic solutes through complex
chemical reactions. The reactions conclude photoionization, ion transfer, penning ioniza-
tion, hydrolysis and electrolysis [22]. These physical and chemical processes are intense
in the thin layers of the gas-liquid interface. The active species generated by discharge in
gas phase need to transfer through gas-liquid interface layer to act on the treated objects in
aqueous solution. The existence of aqueous solution weakens the physical action of this
NTP and changes the effective chemical composition of NTP, which ultimately affects the
practical application effects [23]. Previous researches indicate that active species include
excited state particles, ultraviolet photons and free radicals, as well as play the critical role
in practical applications [24,25]. Due to the chemical reactions mainly happening in the
gas-liquid interface layer, the reactive species mass transfer processes are very important.

In this study, we designed a type of micro-size discharge array for azoxystrobin
degradation. Due to the micro-sized discharge unit configuration, the contact area between
gas-phase and liquid-phase efficiently increased, which facilitated the mass transfer rate of
reactive species. In addition, micro-sized discharge array divided the large-scale discharge
region into many micro-discharge regions, which greatly improved the stability of discharge
and reduced energy consumption [26,27]. For applying gas-liquid plasma to wastewater
purification, many investigations found that the mass transfer processes of reactive species
played a critical role in the whole degradation processes [28,29]. However, there was still a
lot of work to do, such as the relationship between mass transfer processes and removal
efficiency. So, in this paper, we attempted, (1) to find out the optimal NTP treatment
parameters of azoxystrobin degradation, (2) to obtain the relationship of mass transfer of
reactive species in the degradation processes and (3) to conclude the degradation pathways
of azoxystrobin treated by NTP.

2. Materials and Methods
2.1. Chemicals and Instruments

Azoxystrobin (purity > 99%) was purchased from Shanghai Aladdin Bio-Chem Tech-
nology Co., Ltd., Shanghai, China, dissolved in deionized water and sonicated for 2 min
in the dark to prepare the azoxystrobin stock solution. Acetonitrile (chromatographically
pure) was also obtained from Shanghai Aladdin Bio-Chem Technology Co., Ltd., China, as
mobile phase of LC (Liquid Chromatogram) system.
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2.2. Plasma Reactor

The schematic of organic wastewater treatment system was illustrated in Figure 1a. It
was mainly composed of micro-plasma jet array, gas input system, AC power supply (CTP
2000K, Nanjing Suman Electronics, Nanjing, China) and detection and analysis system.
The plasma jet array device mainly consisted of 15 plasma jets equilaterally distributed
in a quartz container as shown in Figure 1b. Different to traditional millimeter-sized
jet configuration, here, we used micron quartz capillaries as dielectric tube. The inner
and outer diameter of hollow quartz capillaries were 400 µm and 800 µm, respectively.
Tungsten wires (200 µm in diameter) connected with AC power supply were inserted into
the capillaries, acting as the high-voltage electrode; 40 mL aqueous solutions containing
azoxystrobin with the concentration of 6 mg/L were added into the quartz container and
connects with the ground acting as the ground electrode. Air gas, which was controlled by
mass flow controller (D08-4E, Sevenstar, Beijing, China), with the flow rate varying from
0.7 to 5.0 SLM (Standard Liter per Minute), flowed from these hollow quartz capillaries
into the aqueous solution. The AC power supply was capable to generate the peak to peak
voltage (Vp-p) in the range of 0–15 kV at the frequency of 6 kHz. Discharge current and
voltage were obtained by using a digital oscilloscope (MSO56, Tektronix, Beaverton, OR,
USA) with a current probe (Pearson 4100, Palo Alto, CA, USA) and a high-voltage probe
(P6015A, Tektronix, Beaverton, OR, USA). When the AC high-voltage was applied on the
tungsten wires, the discharge was produced in the space between the tungsten and the
air bubble.
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Figure 1. (a) Schematic diagram of the organic wastewater treatment system; (b) The structure of micro-discharge array device.

2.3. Experimental Procedure

As a model pollutant, the azoxystrobin solution was prepared by dissolving 6 mg
azoxystrobin powders into 1 L ultrapure water. Due to the relatively low solubility of
azoxystrobin powder (6.7 mg/L, 297 K) [30], the azoxystrobin solution was sonicated by
using an ultrasonic cleaning machine (f-020s, Fuyang, China) for 2 min in the dark to
ensure the solute completely dissolved. Then, 40 mL of prepared azoxystrobin solution
was spiked into the container as the treated sample. The treatment time varied from 1 to
9 min with Vp-p in the range of 6–10 kV, and in each of the experimental conditions, 1 mL of
treated solution was obtained by the pipettor and filtered with 0.45 µm MCM syringe filters
for LC analysis. All the experimental results were an average of 3 parallel repeated trials.

2.4. Analytical Methods

The concentration of azoxystrobin solution treated by plasma was measured by
a LC system (Shimadzu, LC-2030, Kyoto, Japan) equipped with an AQ-C18 column
(Ø4.6 mm × 250 mm) and an ultraviolet-visible detector with the wavelength set at 255 nm.
The working conditions of HPLC were as following: column temperature set as 26 ◦C, flow
rate set as 1 mL/min and injection volume set as 50 µL. The mobile phase was prepared
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with chromatographically-pure acetonitrile and ultra-pure water. Gradient elution method
was used during the detection process. In detail, from 0 to 5 min, the proportion of water
was 37.5%; from 5 to 11 min, the proportion of water was 20%.

The removal efficiency (η) of azoxystrobin is defined as Equation (1):

η =
C0 − Ct

C0
× 100% (1)

where C0 was the concentration of azoxystrobin solution and Ct was the concentration
of treated azoxystrobin solution. Both C0 and Ct were calculated from the peak area of
recommended chromatographic fingerprints as shown in Figure 2a.
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The removal efficiency of model pollutants was better illustrated by the yield (Y,
g/(kWh)), defined as the amount of azoxystrobin decomposed per unit of energy consumed
in the process shown in Equation (2):

yield =
V × C0 × η

P× t
(2)

where V was the solution volume (L); C0 was the concentration of azoxystrobin solu-
tion(mg/L); η was the removal efficiency (%); P was the average power dissipated in the
discharge (W) and t was the treatment time (h). Here, the average power P was defined as
Equation (3):

P =
1
T

∫
u(t)·i(t)dt (3)

where u(t) and i(t) were the applied voltage (V) and current (A) respectively; T was the
period of AC waveform.

The removal process of azoxystrobin was assumed to follow pseudo-first-order kinet-
ics and obeyed the following Equation (4):

− kC =
dC
dt

(4)

where k was the observed kinetic constant (min−1) and C was the concentration of azoxys-
trobin (mg/L).

In order to analyze the reactive species generated by the discharge, optical emission
spectra (OES) in the range of 300–440 nm was measured by emission spectrometer (SP-2750,
Princeton Instruments, USA), and the spectra was shown in Figure 2b. In the spectra, the
bands of N2(C-B) and OH (A-X) were observed. In air discharge, energy electrons collided
with N2 and H2O molecules to produce the N2(C) and OH, respectively, as shown in
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reactions (R1) and (R2). Additionally, OH can be generated from the dissociation excitation
of H2O molecules by N2(C), as shown in Reactions (R3). The OES results showed that this
gas-liquid discharge can generate strong, chemical reactive species that respond for the
pollution degradation:

N2 + e→ N2(C) + e (R1)

H2O + e→ OH(A) + H (R2)

H2O + N2(C)→ OH(A) + N2(A) (R3)

For describing mass transfer, based on two-films theory [31,32], mass transfer model
provided in the Supplementary Material (in Figure S1) connected the discharge with mass
transfer between gas and liquid phases. The relevant Formulas (5)–(8) are used as:

Kg
(

Pg − P∗l
)
= Kl(C∗l − Cl) (5)

where Kg is overall mass transfer coefficient based on gas-phase concentration; Kl was
overall mass transfer coefficient based on liquid-phase concentration; C∗g was liquid film
concentration of reactive species that would be in equilibrium with the bulk gas partial
pressure pg of reactive species generated by air ionization and p∗l is gas film partial pressure
of reactive species that would be in equilibrium with the concentration Cl of bulk liquid
phase. The gas mass transfer coefficient (Kg) is commonly determined using the work from
Pacheco [31]:

Kg =
ShD
RTd

(6)

where D is diffusivity, which can be calculated by Fuller formula (D ∝ T1.75); R is the gas
constant; T is temperature; d is hydraulic diameter and Sh is the Sherwood number that
can be expressed as:

1.075
[

ReSc(
d
h
)

]0.85
(7)

Here, Re is the Reynolds number; Sc is the Schmidt number and h is the WWC (wetted
wall column) length. The liquid film mass transfer coefficient is analytically approximated
using Dugas’ work [31]:

Kl =

(
3

1
3 2

1
2

π
1
2

)(
Q

1
3 h

1
2 W

2
3

A

)(
gρ

µ

) 1
6

D
1
2 (8)

where Q is solvent volumetric flow rate; W is circumference of the WWC; A is the gas-liquid
contact area; g is the gravitational constant; A is density and B is dynamic viscosity. The
Formulas (6) and (8) clearly showed that the temperature played an important role on the
value of mass transfer rate. Additionally, the total mass transfer quantity was proportional
to the concentration of the reactive species multiplied by the mass transfer time and the
mass transfer rate in the bubbles.

The E. coli (Escherichia coli) bacterial culture with the initial concentration of 105 CFU/mL
(colony-forming unit/mL) was used for the toxicity test. The bacterial culture was inoc-
ulated in nutrient broth and incubated at 37 ◦C for 24 h after which 0.1 mL of bacterial
suspension was drawn out, mixed thoroughly with 0.9 mL aqueous solution (sterile water,
azoxystrobin solution and treated azoxystrobin solution) and immediately spun onto the
surface of sterile nutrient broth agar plates (90 mm diameter) which were then incubated
at 37 ◦C for some time to facilitate initial growth.

3. Results and Discussion
3.1. Effect of Voltage

As illustrated in Figure 3a, the concentrations of azoxystrobin solution treated by
gas-liquid discharge under various input voltages with the discharge frequency of 6 kHz
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and gas flow rate of 1.5 SLM were analyzed. When treatment time reached 9 min, the
removal efficiencies of azoxystrobin solution were 98.1% and 98.7% with input voltage of
8 kV and 10 kV, respectively. It obviously indicated that when the treatment time increased,
the removal efficiency of azoxystrobin solution showed two stages. When the treatment
time increased from 0 to 1 min, azoxystrobin was decomposed sharply, and then, after
1 min treatment, the removal efficiency of azoxystrobin solution slowly increased from 50%
to over 80%.

Catalysts 2021, 11, x FOR PEER REVIEW 7 of 15 
 

 

varied from 6 to 8 kV, both the generation and the activity of reactive species increased 
due to the energy injection in the discharge region. Meanwhile, the gas temperature in-
creased as the input voltage increased as well. According to Fuller Formula, diffusivity 
(D) was directly proportional to T1.75. According to the Formula (6), when the gas temper-
ature increased, Kg increased, which was a benefit for the mass transfer in gas phase. Com-
pared with the gas temperature, the aqueous solution temperature was relatively con-
stant. Thus, Kl was constant according to the Formula (8). So, total mass transfer quantity 
of reactive species presented a rising trend, which directly led to the increase of removal 
efficiency of azoxystrobin. When the input voltage continuously increased to 10 kV, the 
discharge mode transferred from diffuse mode to arc mode. In the arc discharge, strong 
contractive discharge channels quickly formed and the injection energy increased obvi-
ously, leading to the sharp increase of gas temperature, which was a benefit for the gen-
eration and the activity of reactive species. Meanwhile, because of the obvious increase of 
the discharge intensity, the stability of the gas bubbles on the tube nuzzle became poor. 
Due to the strong shock waves generated by the strong discharge channels, the break pro-
cess of the gas bubbles was significantly speeded up. This meant that the mass transfer 
time decreased greatly. So, total mass transfer quantity showed no remarkable increase 
and the removal efficiencies of azoxystrobin with the input voltage of 8 kV and 10 kV were 
quite similar. 

 
Figure 3. (a) Effect of input voltage on the removal efficiency of azoxystrobin as the function of treatment time; (b) The 
waveforms of input voltage and current. 

Due to chaotic changes of filamentary current, the average input power (P) was used 
to evaluate the consumption of the discharge and was calculated by Formula (3). Yield 
and pseudo first-order kinetic constant were calculated by Formulas (2) and (4). The rela-
tive results were listed in Table 1. It was shown that with the input voltage increasing, the 
power consumption increased as well as the removal efficiency. When the input voltage 
increased from 6 to 10 kV, the power consumption increased dramatically from 1.19 to 
12.62 W. The yield decreased from 1.17 to 0.12 g/(kW·h). The pseudo first-order kinetic 
constant increased from 0.16 to 0.37 min−1 and the removal efficiency increased from 86.9% 
to 98.7%. The results in Table 1 were consistent with the results in Figure 3a,b. 

  

Figure 3. (a) Effect of input voltage on the removal efficiency of azoxystrobin as the function of treatment time; (b) The
waveforms of input voltage and current.

The waveforms of input voltage and discharge current were shown in Figure 3b.
When the input voltage was 6 kV, the current waveform mainly consisted of a series
of short-lived current filaments and the direction and intensity of these filaments were
different in the positive high voltage and negative high voltage cycle. The present time
of filamentary currents lasts from 50 to 52 µs. The intensity of filamentary currents in the
positive high voltage cycle was higher than that in the negative high voltage cycle, which
indicated that the discharge is severe in the positive high voltage cycle. When the input
voltage increased to 8 kV, both the intensity of filamentary currents and duration time of
the discharge were significantly enhanced. However, when the input voltage increased to
10 kV, the discharge was unstable and the discharge mode converts from filament to spark
or arc [33]. So, it was believed that in the same discharge mode, when the input voltage
varied from 6 to 8 kV, both the generation and the activity of reactive species increased due
to the energy injection in the discharge region. Meanwhile, the gas temperature increased
as the input voltage increased as well. According to Fuller Formula, diffusivity (D) was
directly proportional to T1.75. According to the Formula (6), when the gas temperature
increased, Kg increased, which was a benefit for the mass transfer in gas phase. Compared
with the gas temperature, the aqueous solution temperature was relatively constant. Thus,
Kl was constant according to the Formula (8). So, total mass transfer quantity of reactive
species presented a rising trend, which directly led to the increase of removal efficiency
of azoxystrobin. When the input voltage continuously increased to 10 kV, the discharge
mode transferred from diffuse mode to arc mode. In the arc discharge, strong contractive
discharge channels quickly formed and the injection energy increased obviously, leading
to the sharp increase of gas temperature, which was a benefit for the generation and the
activity of reactive species. Meanwhile, because of the obvious increase of the discharge
intensity, the stability of the gas bubbles on the tube nuzzle became poor. Due to the strong
shock waves generated by the strong discharge channels, the break process of the gas
bubbles was significantly speeded up. This meant that the mass transfer time decreased
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greatly. So, total mass transfer quantity showed no remarkable increase and the removal
efficiencies of azoxystrobin with the input voltage of 8 kV and 10 kV were quite similar.

Due to chaotic changes of filamentary current, the average input power (P) was used
to evaluate the consumption of the discharge and was calculated by Formula (3). Yield and
pseudo first-order kinetic constant were calculated by Formulas (2) and (4). The relative
results were listed in Table 1. It was shown that with the input voltage increasing, the
power consumption increased as well as the removal efficiency. When the input voltage
increased from 6 to 10 kV, the power consumption increased dramatically from 1.19 to
12.62 W. The yield decreased from 1.17 to 0.12 g/(kW·h). The pseudo first-order kinetic
constant increased from 0.16 to 0.37 min−1 and the removal efficiency increased from 86.9%
to 98.7%. The results in Table 1 were consistent with the results in Figure 3a,b.

Table 1. Effect of relevant parameters such as input voltage, power, yield and pseudo first-order kinetic constant on the
removal efficiency with the treatment time of 9 min.

Input Voltage
(kV)

Power
(W)

Yield
(g/(kW·h))

Pseudo First-Order Kinetic Constant Removal
Efficiencyk (min−1) R2

6 1.19 1.17 0.16 0.883 86.9%
8 2.14 0.73 0.30 0.964 98.1%

10 12.62 0.12 0.37 0.937 98.7%

3.2. Effect of Gas Flow Rate

The influence of gas flow rate on azoxystrobin decomposed by gas-liquid discharge
is depicted in Figure 4a. With the input voltage of 8 kV and frequency of 6 kHz, as the
gas flow rate varied from 0.7 to 5 SLM, it can be seen clearly that the removal efficiency
of azoxystrobin presented first increased and then decreased. With the treatment time
of 9 min, the removal efficiency increased from 94.2% to 98.1% when the gas flow rate
increased from 0.7 to 1.5 SLM, as shown in Figure 4b. When the gas flow rate continued
to increase, the removal efficiency decreased and when the gas flow rate was 5 SLM, the
removal efficiency decreased to 87.0%.
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Due to the input voltage being constant, both generation and activity of reactive
species were constant, and gas temperature in the discharge region and aqueous solution
temperature were unchanged, which indicated that the whole mass transfer rates in both
gas phase and liquid phase were constant, according to Formulas (6) and (8). So, the
removal efficiency of azoxystrobin was resulted by the total mass transfer quantity of the



Catalysts 2021, 11, 1169 8 of 15

reactive species, and the total mass transfer quantity was mainly dependent on the mass
transfer quantity per bubble. According to the digital camera images as shown in Figure 4,
we built up an ideal and simple gas bubble model. We supposed the bubble as a sphere
with the diameter of 1.93 mm, which was obtained by digital camera as shown in Figure 5.
and every gas bubble was the same. By using the approximation method, it was feasible to
study whole removal processes. The relationship between discharge times per bubble and
bubble numbers per second was studied.
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For 15 quartz capillaries, the gas flow rate in a single quartz tube should be one-
fifteenth of the total gas flow rate. The gas bubble volume was calculated by the volume of
the sphere ( 4

3 π·R3) and gas flow rate (v); number of bubble (N) blowing out per second
was calculated according to Equation (8):

N =
v

20π·
(

d
2

)2 (9)

where d was the maximum diameter of bubble when it detached from capillary. The
discharge frequency was 6 kHz. Comparing the number of bubbles generated in one
capillary per second, the number of discharge times per bubble can be obtained. The results
were shown in Table 2. It presented that as the gas flow rate increased from 0.7 to 5.0 SLM,
the number of bubbles per second in a single capillary increased significantly from 200.4 to
1401.9 and the corresponding number of discharge times gradually decreased from 29.9 to
4.2. When the radius of the quartz tube, the depth of solution and the aqueous solution
temperature were constants, it indicated that the force which held the bubble stably on
the tube nuzzle was a constant. So, when the gas flow rate increased, the inner pressure
of the bubble increased quickly and the time of bubble disengagement from tube nuzzle
reduced, which meant the mass transfer time was shortened. However, when the gas flow
rate increased, it was a benefit for the diffusion process of the reactive species resulting in
the increase of the mass transfer rate in the bubble. So, the gas flow rate affected both the
mass transfer time and mass transfer rate in the bubble. Moreover, the experimental results
indicated that when the gas flow rate was 1.5 SLM, total mass transfer quantity of reactive
species was optimum.
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Table 2. The number of discharge times under different gas flow rate.

Gas Flow Rate Bubble Number per
Capillary per Second (N/s)

Number of Discharges in a
Single Bubble (Theoretical

Value)

0.7 SLM 200.4 29.9
1.5 SLM 429.5 14.0
2.0 SLM 560.7 10.7
3.5 SLM 1001.7 6.0
5.0 SLM 1401.9 4.2

3.3. Effect of Initial Solution Temperature

Temperature was a key point on the generation of reactive species, which can affect
the chemical reaction rate and the mass transfer rate during the removal process. So,
experiment of the effect of initial solution temperature on the removal efficiency was
carried out. The experimental results showed that the removal efficiency of azoxystrobin
showed two stages in Figure 6a. This may be resulted by chemical reactions during the
degradation processes. In the first stage, the concentration of reactive species was low and
the concentration of azoxystrobin was relatively high. So, it was good for the mass transfer
in the gas-liquid interface layer and azoxystrobin was apace decomposed. It showed a
sharp increasement trend. Especially, the higher the initial solution temperature was, the
more quickly the azoxystrobin decomposed in this stage. Then, due to the increasement
of the by-product concentration, the competition between azoxystrobin and degradation
by-product in solution played the dominant role and the removal processes slowed down.
Additionally, due to the existence of heat exchange between the initial solution temperature
and room temperature (about 300 K), the degradation processes became complicated
by the long-time treatment. Figure 6a showed that when the treatment time reached
9 min with the initial solution temperature varying from 278 K to 323 K, the removal
efficiencies achieved up to 85%. With the initial solution temperature increasing to 343 K,
the removal efficiency reduced to 81.34%. The reason was that when the initial solution
temperatures were below room temperature, the mass transfer rate increased as the initial
solution temperature increased. When the initial solution temperatures were over room
temperature, the mass transfer rate increased as the initial solution temperature increased.
Meanwhile, the thermal instability of underwater gas bubble caused by the increasement
of surrounding temperature should be considered. High surrounding temperature resulted
in the bubble early escaping from the tube nuzzle. This indicated that the mass transfer
time was greatly shortened, which was not conductive to total mass transfer quantity of
reactive species as well as to the removal efficiency. Considering all these effects, when the
initial solution temperature increased above the room temperature, the removal efficiency
became low.

In Figure 6b, it can be observed that the removal processes of azoxystrobin follow
the pseudo first-order kinetic model. The detailed pseudo first-order kinetic constant
was shown in Table S1 (in the Supplementary Materials) under different initial solution
temperatures. When the initial solution temperature varied from 278 K to 297 K, the slope
of the curve increased and reached the maximum 0.376 min−1 at 297 K. When the initial
solution temperature steadily increased, the slope of the curve decreased. The variation
trend was consistent with the previous results in Figure 6a.
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3.4. Removal Pathway Analysis

The LC-MS was applied to analyze the feasible removal pathway of azoxystrobin,
and its detailed parameters were shown in the Supplementary Material (in Table S2). The
chromatogram of azoxystrobin with various treatment times was shown in Figure 7a. There
was an obvious peak in the chromatogram of azoxystrobin without discharge treatment.
This peak, with the retention time of 13.93 min, mainly belonged to untreated azoxystrobin
sample. At the same time, with the retention time of 7.14 min, 8.02 min and 8.57 min,
three small spikes appeared. When the treatment time was 3 min, the values of these three
spikes clearly increased and the value of the chromatogram peak of azoxystrobin decreased
sharply. The mass charge ratios of these four peaks were given out in Figure 7b, which were
404, 396, 340 and 283, respectively, when the relative retention time were 13.93 min, 8.57 min,
8.02 min and 7.14 min. When the treatment time increased to 9 min, the chromatogram
peak of azoxystrobin disappeared and those three spikes clearly decreased. Therefore, we
can suppose that the main components in the original sample were azoxystrobin and these
three by-products caused by natural decomposition. When the solution was treated by
plasma, azoxystrobin component was quickly decomposed into these three byproducts and
the contents of these three byproducts increased. When the plasma treatment continued,
azoxystrobin component was totally removed and the three by-products decomposed into
other small species.

In order to exclude effects of impurity introduction, only the peaks with mass charge
ratio below 404 were considered, and the mass spectrum of the products produced by 9 min
discharge treatment with the retention time accumulated from 0 to 20 min was shown in
Figure 8. It clearly showed that azoxystrobin further decomposed into the matters with
the mass of 396, 351, 340, 283, 122, 73 and 61. It was worthwhile to note that the intensity
of azoxystrobin molecular ions peak in Figure 8b was one order of magnitude lower than
untreated sample in Figure 8a. According to the mass spectrum result of 9 min treatment
azoxystrobin sample, two removal pathways were proposed and shown in Figure 9.

One way was that the nitrile group in the benzene ring of C0 undergoes hydrolysis
and rearrangement reactions under acidic and oxidative conditions and then gradually
degraded. By the effects of hydrolysis reaction and rearrangement reaction under the
acid condition, the nitrile group (C≡N) reacted with hydrogen ion and water molecule,
forming a carbon-oxygen double bond [34]. That resulted in the formation of C1 (2-(2-
((6-(2-(aminomethyl) phenoxy) pyrimidin-4-yl) oxy) phenyl)-3-methoxypropanoic acid,
M+ 396). Due to the instability of peptide bonds under acidic conditions [35], they were
easily hydrolyzed and formed a carboxylic acid group. By the continuous attack of actives
species, the pyrimidine ring was broken and the side chain of benzene was also oxidized
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to carboxyl group [36]. As the ether bond was polar and there was a pair of lone electrons
on the oxygen atom, it was prone to breakage in a strong acid environment [37]. So, C5
(benzoic acid, M+ 122) was generated.
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Another way was that the pyrimidine ring of azoxystrobin molecule (C0) undergoes
a ring-opening reaction and then was gradually mineralized. By the attack of active
species, C-N bonds and C=N bonds in the pyrimidine ring of C0 and ester group of
C0 were broken and led to the formation of C2 ((E)-2-(2-(((E)-3-(2-cyanophenoxy) allyl)
oxy) phenyl)-3-methoxyacrylic acid, M+ 351). When the discharge was going on, the pH
value of the solution measured by pH meter (AZ-86505, Taiwan, China) decreased to
about 2.6 and under this acidic condition, the C-O bond in the ether bond was broken.
Meanwhile, hydrogen ion attacked the C=C bond resulting in electrophilic additions [38]
and the predominant intermediate C3 ((E)-2-(2-(3-(2-cyanophenoxy)propoxy)phenyl)-3-
hydroxyacrylic acid, M+ 340) was formed. With further treatment of hydroxyl radicals,
C≡N bond of C3 was broken and a benzyl radical was formed. Due to the delocalization
of the free electron, the benzyl radical featured relatively high stability [39]. The benzyl
radical attacked a nearby carbon, and the hydrogen radical reacted with the α hydrogen
atom and generated a H2O molecule. As a result, the C=C bond was formed between α

carbon and β carbon. Under the acidic and oxidative environment, the branch hydrocarbon
was easily and directly oxidized as benzoic acid and C4 ((E)-2-(chroman-3-ylidenemethoxy)
benzoic acid, M+ 283) was generated. Then, two ether bonds of C4 were broken and the
side chain alkanes on the benzene ring were oxidized into carboxylic acid groups. This
resulted in the generation of two C5 (benzoic acid, M+ 122) molecules.

With further plasma treatment, the phenyl group of C5 was ring-opened and became
C6 (acrylic acid, M+ 74). Then, the C=C bond was split and acrylic acid became C7 (acetic
acid, M+ 61). At last, all these degradation products will decompose into some non-toxic
inorganic substances such as carbon dioxide, water, nitrate, nitrite and so on.

3.5. Toxicity Measurements

The degradation by gas-liquid discharge is expected to remove the toxic pollutants
present in the solution. As shown in Figure 10, we have studied the toxicity of a plasma
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treated sample. The inhibition of growth of E. coli was studied for assessing the toxicity
of decomposed azoxystrobin solution. It was observed that untreated azoxystrobin solu-
tion produced inhibition character while the NTP treated sample did not exhibited any
inhibition character, thereby indicating their non-toxic nature.
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4. Conclusions

In conclusion, the high efficiency of the gas-liquid discharge generated by the micro-
sized discharge array on the degradation of azoxystrobin has been verified, and with the
applied voltage of 8 kV, discharge frequency of 6 kHz, gas flow rate of 1.5 SLM and initial
solution temperature of 297 K, the removal efficiency of azoxystrobin can reach as high
as 98.1% after 9 min discharge treatment. During the studies, it is found that the total
mass transfer quantity of reactive species generated by the gas-liquid discharge plays an
important role in the degradation process and this total mass transfer quantity is mainly
dependent on the concentration of reactive species, mass transfer rate and mass transfer
time in the underwater bubbles, which are deeply affected by the input energy of the
discharge, the hold time of the bubbles on the tube nuzzle and the temperature. The LC-MS
results show that there are two ways for azoxystrobin degradation, in which they are the
conversion of nitrile group to carboxyl group and pyrimidine ring-opening, and the final
products are proved to be non-toxic. Therefore, this detailed degradation pathway may
provide a safe, reliable and effective method to purify the organic wastewater.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11101169/s1, Figure S1: Mass transfer model of reactive species in a bubble, Table S1: The
pseudo-first-order kinetic constant under different initial solution temperature, Table S2: The main
parameters of LC-MS for the analysis of decomposed products.
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