© 2023 Hefei Institutes of Physical Science, Chinese Academy of Sciences and IOP Publishing Printed in China and the UK Plasma Science and Technology

Plasma Sci. Technol. 25 (2023) 035510 (13pp) https://doi.org/10.1088/2058-6272 /ac9d85

Degradation of sulfamethoxazole in water by
dielectric barrier discharge plasma jet:
influencing parameters, degradation
pathway, toxicity evaluation

Shuheng HU (#8:#l1E)!, Weiwen YAN (G&4:30)', Jinming YU (Fi4:EB)' 2,
Bin ZHU (5k3i)'%, Yan LAN (27Z)>°, Wenhao XI (Z3C§)7,
Zimu XU ((FFH0)"", Wei HAN (&4%)* and Cheng CHENG (i2i)>>"

"'School of Resources and Environmental Engineering, Hefei University of Technology, Hefei 230009,
People’s Republic of China

?Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 230031, People’s Republic of China
3 Institute of Energy, Hefei Comprehensive National Science Center, Hefei 230031, People’s Republic of China
*Institute of Health and Medical Technology /Anhui Province Key Laboratory of Medical Physics and
Technology, Hefei Institutes of Physical Science, Chinese Academy of Sciences, Hefei 230031, People’s
Republic of China

E-mail: xzm666 @hfut.edu.cn and chengcheng @ipp.ac.cn

Received 26 April 2022, revised 24 October 2022
Accepted for publication 25 October 2022 @
Published 20 January 2023

CrossMark
Abstract
Sulfamethoxazole (SMX) is an antibiotic and widely present in aquatic environments, so it presents a
serious threat to human health and sustainable development. A dielectric barrier discharge (DBD)
plasma jet was utilized to degrade aqueous SMX, and the effects of various operating parameters
(working gas, discharge power, etc) on SMX degradation performance were studied. The experimental
results showed that the DBD plasma jet can obtain a relatively high degradation efficiency for SMX
when the discharge power is high with an oxygen atmosphere, the initial concentration of SMX is low,
and the aqueous solution is under acidic conditions. The reactive species produced in the liquid phase
were detected, and OH radicals and O; were found to play a significant role in the degradation of SMX.
Moreover, the process of SMX degradation could be better fitted by the quasi-first-order reaction
kinetic equation. The analysis of the SMX degradation process indicated that SMX was gradually
decomposed and 4-amino benzene sulfonic acid, benzene sulfonamide, 4-nitro SMX, and
phenylsulfinyl acid were detected, and thus three possible degradation pathways were finally proposed.
The mineralization degree of SMX reached 90.04% after plasma treatment for 20 min, and the toxicity
of the solution fluctuated with the discharge time but eventually decreased.

Keywords: dielectric barrier discharge (DBD) plasma jet, sulfamethoxazole (SMX), degradation,
pathway, toxicity

(Some figures may appear in colour only in the online journal)

1. Introduction burgeoning environmental contaminants, they present a ser-
ious threat to human health and sustainable development
Environmental endocrine disruptors refer to exogenous sub-  [1, 2]. Sulfamethoxazole (SMX), a sulfonamide antibiotic, is
stances that affect the endocrine system. As a category of a typical endocrine disruptor [3, 4], and it is widely used in
animal feed and human medicine due to its broad spectrum
* Authors to whom any correspondence should be addressed. and relatively strong antimicrobial activity [5]. To date, SMX
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has been constantly detected in wastewater, reclaimed water,
surface water and even drinking water in many countries
[6-10]. As a persistent organic pollutant, it is difficult for
SMX to be completely degraded by conventional sewage
treatment methods, leading to its further enrichment in aqu-
eous environments. Therefore, SMX has also been detected in
water sediments and aquatic organisms through biosorption
and bioaccumulation, which has led to the production of
antibiotic-resistant bacteria and antibiotic-resistant genes
[8-10].

The conventional methods of degrading SMX include
biological, physical and chemical approaches. Unfortu-
nately, SMX has a strong antibacterial effect on acidogenic
and methanogenic bacteria, so it is very hard to remove
from aqueous solution by biodegradation processes.
According to the research of Rosal ef al [11], the removal
rate of SMX from wastewater is less than 20% by the tra-
ditional activated sludge method. It is well known that the
degradation efficiency of the membrane bioreactor is
higher than that of the traditional activated sludge method,
but its degradation efficiency for SMX is still low [12].
Although the physical adsorption is easy to remove pol-
lutants from wastewater, it is only a temporary removal
method and cannot completely degrade the pollutants in
aqueous solution. Therefore, the application of the
adsorption method carries the risk of secondary pollution.
In addition, the cost of the adsorbents and the complex
wastewater environment in the actual application limit the
removal of SMX by the adsorption method. The chemical
methods of degrading SMX include photocatalysis, 0zo-
nation, electrochemical oxidation, etc, but these methods
are either time-consuming or have low mineralization rates
[13—15]. Therefore, a highly efficient, green and envir-
onmentally friendly method to degrade or completely
remove SMX from wastewater is desperately needed.

Fortunately, non-thermal plasma (NTP) has gradually
entered public awareness and attracted widespread atten-
tion. As a novel advanced oxidation process, NTP has been
widely applied in the inactivation of bacteria, surface
modification, contaminant removal [16-18], etc. NTP is
generated by electrical discharge in the gas phase or
gas-liquid interface, leading to the emergence of ultraviolet
light and reactive species in liquid, such as long-lived
species (H,O,, O3, NO3, etc) and short-lived species (-OH,
-O3, hydrated electron, etc), which are shown to play an
important role in removing refractory organic pollutants
[19, 20]. Dielectric barrier discharge (DBD) is a common
form of discharge to generate NTP, and it has been widely
used due to its simple reaction conditions, good discharge
stability and high treatment efficiency, and it has great
potential in the removal of biorefractory organic matter in
wastewater [21]. Kim ef al [22] applied a non-thermal DBD
plasma reactor for the removal of three kinds of sulfona-
mide antibiotics in water and the target pollutants were
almost completely removed, but the total organic carbon
(TOC) removal efficiency was found to be no more than

40% after 60 min of discharge treatment. Various catalysts
have been used to promote the generation of reactive spe-
cies in the plasma system for the purpose of further
improving the plasma treatment efficiency. Deng er al [23]
investigated the degradation effect on diclofenac by a DBD
plasma-catalyst system and founded that 45.8% decom-
position of diclofenac was achieved with DBD alone while
96.4% degradation of diclofenac was attained with DBD
combined with nano-Fe’-CeO, composites. Although the
use of catalysts can enhance the efficiency of the DBD
plasma for pollutant degradation, the addition of catalysts
usually comes with additional costs and recovery steps.

Combining plasma discharges with bubble generation
provides a train of thought for increasing degradation per-
formance. Liu et al [24] used a DBD/bubble reactor to
degrade aniline in aqueous solution and found that the
degradation effect of aniline by the combined DBD with
bubbles was better than its counterpart that did not use bub-
bles. A plasma jet is an effective technique for the removal of
stable organic pollutants present in wastewater [25], and
Rashid er al [26] explored the treatment effect of a plasma jet
on textile wastewaters by utilizing an atmospheric pressure air
discharge plasma jet and achieved a degradation rate of
almost 70% within 10 min of treatment. Therefore, the aim of
this research was to design a DBD plasma jet to degrade the
refractory pollutant SMX in aqueous solution, with the flow
of the working gas transporting the gas phase reactive species
in the form of bubbles to the aqueous solution via underwater
micro-holes during the discharge. For this purpose, the effects
of working gas, discharge power, initial concentration of
SMX, and initial pH of the solution were studied. Then, the
roles of reactive species (-OH, O3, H,O,) in SMX degradation
were investigated. Finally, the SMX degradation process
(kinetic model, TOC, degradation intermediates and path-
ways, and toxicity evaluation) was explored.

2. Material and methods

2.1. Materials

SMX (CyoHN303S, purity > 98%) was purchased from
Beijing Solarbio Technology Co., Ltd. Methanol and acet-
onitrile (HPLC grade) were purchased from Sigma-Aldrich.
Formic acid (LCMS/HPLC grade) was purchased from
Anaqua Chemicals Supply. Hydrochloric acid and sodium
hydroxide were obtained from Sinopharm Chemical Reagent
Co., Ltd. All solutions used in this work were prepared from
ultrapure water.

2.2. Experimental setup

Figure 1 shows a schematic of the DBD plasma jet apparatus
driven by an AC high voltage power supply. The device can
be divided into two parts: the DBD plasma jet reactor and the
ozone reuse reactor. The DBD plasma jet reactor was
the discharge occurrence zone and was accompanied by the
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Figure 1. Schematic of the DBD plasma jet apparatus (1 high voltage electrode, 2 gas inlet, 3 quartz glass tube, 4 ground electrode, 5 plasma
jet, 6 polytetrafluoroethylene, 7 glass tube, 8 peristaltic pump, 9 gas outlet, 10 sampling port).

generation of plasma; a copper rod with a diameter of 2 mm
served as a high-voltage electrode and was tightly wrapped by
a quartz glass tube with an inner diameter of 2 mm and an
outer diameter of 4 mm. The outer wall of another quartz
glass tube (inner diameter of 6 mm; outer diameter of 8§ mm)
was wrapped with a layer of stainless-steel mesh, which
served as a ground electrode. The working gas passed through
the gap between the two glass tubes at a flow rate of 21 min "'
and generated plasma discharges under the excitation of high
voltage. The ozone reuse reactor was mainly to further utilize
the ozone produced in the DBD plasma jet reactor. At the
time of discharge, 200 ml of SMX solutions with different
concentrations were prepared with ultrapure water, and a
peristaltic pump (YZ1515x) was used to circulate the solution
between the DBD plasma jet reactor and the ozone reuse
reactor to guarantee that their solution volumes were 160 ml
and 40 ml, respectively.

2.3. Analytical methods

The plasma discharge voltage and current were recorded by a
high-voltage probe and a current probe with an oscilloscope,
and the plasma discharge power was calculated using Lissa-
jous’s graphic method. Thereafter, the output power was
calculated as follows (equation (1)) [27]:

T T
P:lf UIdtzgf v 3%
T Jo T Jo

Al 4, :fcgf UdU, = fCS
dr
ey
where P (W) is the output power, U (V) is the output voltage,
1 (A) is the output current, U, (V) is the sampling capacitor
voltage, f (Hz) is the frequency, C (F) is the capacitance, and
S is the area of the Lissajous figure.
The SMX concentrations in a water sample were mea-
sured by HPLC (high performance liquid chromatography,
Agilent 1260), and the sample solution was filtered through a

0.22 pm polyethersulfone syringe filter before testing. The
chromatographic column was a Hypersil ODS2 C18 column
(5 pm, 4.6 mm x 150 mm), working at a temperature of 30 °C.
The mobile phase consisted of 60% ultrapure water and 40%
acetonitrile at a flow rate of 1 mlmin~!. The volume of the
sample injection and detector wavelength were 20 pl and
280 nm, respectively. The degradation efficiency for SMX was
calculated as indicated in equation (2):

n= (1 — Q) x 100% 2)
Co
where C; (mg 171} is the SMX initial concentration, C, (mg 1Y
is the SMX concentration at treatment time #, and 1 (%) is the
degradation efficiency.

The energy yield was used to indicate the amount of
SMX that can be degraded per unit of energy consumed
during the DBD plasma jet process (equation (3)) [28]:

Y = 60 x COV77
1000 x Pt

where Y (g (kWh)™!) is the energy yield, V (1) is the solution
volume, and ¢ (min) is the discharge time.

The concentrations of the long-lived reactive species O;
and H,O, in the plasma treatment solution were measured
using a spectrophotometer (photoLab 7100 VIS, WTW), and
the detection kits were 00607 and 18789, respectively. The
OH radical can be trapped by non-fluorescent terephthalic
acid (TA) to generate 2-hydroxyterephthalic acid (HTA) with
intense fluorescence at an excitation wavelength of 310 nm
and an emission wavelength of 425 nm [29], and thus the
formation rate of the short-lived reactive species OH radical
in aqueous solution can be indirectly described by the con-
centration of HTA detected.

In order to understand the degradation process of SMX
by DBD plasma jet, the experimental data were fitted using
the quasi-first-order reaction kinetic equation as follows

3)
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Figure 2. (a) The voltage-current waveform of DBD plasma jet at 22.85 W, (b) Lissajous figures of DBD plasma jet at 22.85 W.

(equation (4)):

“

In (&) =kt
G

where k (min~') is the reaction rate constant.

The intermediate products of SMX degradation were
analyzed using an ultraperformance liquid chromatography
time-of-flight mass spectrometer (UPLC-MS, LCT Premier
XE, Waters). The mobile phase A was acetonitrile, and the
mobile phase B was 0.1% formic acid in water. The samples
to be processed were subjected to gradient elution with
mobile phases A and B at a flow rate of 0.5 mlmin~': 10%
mobile phase A was held for 0.2 min, then linearly increased
to 95% from 0.2 to 4.7 min, maintained for 0.5 min, and
finally decreased linearly to 10% from 5.2 to 7.2 min. Data
were analyzed by MassLynx 4.1 software. The concentration
of TOC was measured using a TOC survey meter (multi N/C
3100, analytikjena).

The toxicity of the sample solution was evaluated using
Escherichia coli (E. coli) according to the method of Mirzaei
et al [30]. After plasma treatment for different times, 0.5 ml of
the sample solution and 0.5 ml of Lysogeny broth medium
were thoroughly mixed in a centrifuge tube, and then
0.125ml (1 x 108 CFU ml™") E. coli was added to each tube
and incubated at 37 °C and 200 r min—!. After 3h, the
absorbance value of each sample at 600 nm was measured
using a spectrophotometer. The growth inhibition rate of
E. coli was used to represent the toxicity of the solution, and it
could be calculated according to equation (5):

Ag — A

Ap

I= x 100% 5)

where [ is the inhibition rate, and A and A, are the absor-
bances of the treated group and the control group (0.5 ml of
sterile water instead of 0.5 ml of sample solution), respec-
tively. In addition, the aquatic toxicity of SMX and its
degradation intermediates was predicted with the aid of
ECOSAR 2.0 software.

3. Results and discussion

3.1. Discharge properties

The efficiency of the DBD plasma jet in degrading pollutants
is closely related to the discharge power. Figure 2(a) displays
the discharge voltage and current changes over 1.8 cycles at a
peak voltage of 12.14kV and a peak current of 0.02 A.
Figure 2(b) is the Lissajous figure obtained relying on the
sampling capacitor at the same time. It is clear that this Lis-
sajous figure is approximately a parallelogram with four
vertices A, B, C, and D, and points A to B or points D to C
represent the power supply charging process when discharge
is extinguished. Points A to C or point Ds to B indicate the
discharge process, during which plasma is generated.
According to the Lissajous figure, the discharge power
(22.85W) in one cycle can be calculated based on
equation (1).

3.2. Degradation efficiency of SMX under different operating
parameters

3.2.1. Influence of working gas on SMX degradation.

Figure 3(a) displays the degradation efficiency of SMX in
aqueous solution by DBD plasma jet when oxygen and air
were used as the working gas. The discharge power was
38.12 W, the initial concentration of SMX solution was
20mg 1", and the initial pH of solution was 5.40. When air
was used as the working gas, the degradation efficiency of
SMX was improved from 38.98% to 98.48% as the treatment
time is extended from 5min to 30 min. In comparison, a
higher degradation efficiency was achieved when oxygen was
used as the working gas, and the degradation efficiency
reached 99. 50% after 5 min of plasma treatment. This may be
due to the fact that the liquid phase OH induced by plasma is
also an important factor in the degradation of organic
pollutants in water. Our previous studies have shown that
the generation rate of liquid OH induced by oxygen plasma in
water is much greater than that of air plasma [31]. In addition,
the ozone generated by the oxygen plasma jet is much larger
than the air plasma jet when they are operated at the same
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Figure 3. The effect of working gas type (O, and air) on (a) degradation efficiency and (b) energy yield of SMX in plasma system.
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Figure 4. The effect of discharge power on (a) degradation efficiency and (b) energy yield of SMX in plasma system.

power. According to reaction reactions (6) and (7) [32-34],
the oxygen atoms and electrons are important intermediates
for ozone production. The air also contains other components
such as nitrogen, which will quench some of the electrons to
form nitrogen atoms and further consume oxygen atoms to
form nitroxides [35]. For this reason, air plasma produces less
ozone than oxygen plasma.

O, +* —2-0+e (6)

0, +:0— 03 @)

Therefore, these reasons are that the degradation
efficiency of oxygen plasma on SMX is significantly higher
than that of air plasma. Figure 3(b) shows the energy yield of
oxygen and air plasma to degrade SMX. After 1 min of
discharge treatment, the energy efficiencies of oxygen and air
plasma were 2.79 g (kWh)~! and 0.55 g (kWh)~!, respec-
tively. This also indicates that degrading the same amount of
SMX, the air plasma will consume more energy. Based on

these results, later experiments were all carried out with
oxygen as the working gas.

3.2.2. Influence of discharge power on SMX degradation.

The discharge power is a very important factor in the
degradation of organic pollutants because it is closely related
to the formation of reactive species. Figure 4(a) displays the
influence of the discharge power on SMX degradation. The
initial concentration of SMX solution was 20 mg 17!, and the
initial pH of solution was 5.40. After 5 min of oxygen plasma
treatment, the degradation efficiency of SMX increased to
78.12% when the discharge power was 22.85 W. The removal
performance was further increased with the promoted
discharge power. When the discharge power increased to
29.93 W and 38.12 W, the degradation efficiency of SMX
reached 91.19% and 99.50%, respectively. This may be due
to the fact that more reactive species would be generated at
relatively higher discharge power, and thus stronger SMX
degradation performance was observed at higher discharge
power in this study. Figure 4(b) displays the variation that the
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Figure 5. The effect of initial concentration on (a) degradation efficiency and (b) energy yield of SMX in plasma system.

energy yield of DBD plasma jet to degrade SMX under
different discharge powers. With the extension of discharge
time, SMX was gradually degraded by oxygen plasma.
Therefore, under the condition of the same discharge power,
there is less and less SMX that can react with the reactive
species, so the energy yield gradually decreases with
discharge time. The energy yield also varies among
different discharge powers. After 5Smin of discharge
treatment, the energy yield decreased from 1.64 g (kWh)~!
at 22.85W to 1.25 g (kWh)~! at 38.12 W. Higher power
instead results in slightly lower energy utilization, which may
be mainly due to the fact that the increased discharge powers
led to more energy lost in the form of heat energy. This
experimental result indicated that it was difficult to obtain the
best degradation efficiency and higher energy yield
simultaneously. In order to achieve higher degradation
efficiency, later experiments were all carried out at the
discharge power of 38.13 W.

3.2.3. Influence of initial concentration of SMX on its
degradation. The concentration of SMX may vary greatly
in actual wastewater, which may have a serious influence on
the degradation efficiency of SMX in aqueous solution by
DBD plasma jet. Therefore, the effect of initial concentration
of SMX on degradation efficiency is not something that can
be neglected. Figure 5(a) displays the degradation efficiency
as a function of discharge time at different initial
concentrations of SMX. After 5 min of discharge treatment,
the degradation efficiencies of SMX with initial concen-
trations of 60mg1 ', 40mg1 ' and 20 mg 1" were 81.52%,
95.81% and 99.50%, respectively. Relatively higher
degradation efficiency was observed at lower concentration,
which may be mainly attributed to the fact that the quantity of
generated reactive species was a constant value when the
discharge power was the same value. Therefore, the greater
the initial concentration of SMX, the less reactive species per
unit mass of SMX is available. In addition, higher

concentration of SMX might generate more intermediate
products to consume active substances, which leads to a
further reduction in the efficiency of SMX degradation.
Figure 5(b) displays the variation that the energy yield of
DBD plasma jet to degrade SMX under different initial
concentrations of SMX. After 5 min of discharge treatment,
the energy yield increased from 1.25 g (kWh)~! at 20 mg 1"
to 3.08 g (kWh)~! at 60 mg 1", Although the reactive species
that could be utilized were not sufficiently abundant at higher
initial SMX concentrations, higher concentrations of SMX
would cause a more intense competition of SMX molecules
for reactive species, resulting in increased energy yield.

3.2.4. Influence of initial pH of solution on SMX degradation.
The initial pH value of solution is not only a very important
water quality indicator, but also affects the removal efficiency
of pollutants in wastewater [36], so it is necessary to
determine the effect of the initial pH of solution on the
degradation efficiency of SMX by DBD plasma jet.
Figure 6(a) displays the degradation efficiency as a function
of discharge time at different initial pH values of solution.
After 5 min of plasma treatment, the degradation efficiencies
reached 99.68%, 99.50%, 93.88%, and 84.94% at the initial
pH values of 3.04, 5.40, 7.03 and 10.33, respectively.
Relatively higher degradation efficiency was observed at
lower the initial pH value, which may be caused by the
following two aspects. On one hand, plasma produces a lot of
reactive species, such as OH radicals and O3, which possess
high oxidation potential in acidic condition [37]. However, in
an alkaline environment, the OH radicals generated by DBD
plasma jet may be consumed by OH™ (reaction (8)), which
greatly reduces the number of OH radicals [38, 39].
OH + -OH — O-~ + H,O ®)
On the other hand, SMX dissociation constants are pKa,
of 1.7 and pKa, of 5.6 [40], so it is highly dissociated
deprotonated form at the initial pH values of 7.03 and 10.33.
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Figure 6. The effect of initial pH on (a) degradation efficiency and
(b) energy yield of SMX in plasma system. (c) pH value changes
with discharge time.

Nevertheless, SMX neutral form are dominant at pH values of
3.04 and 5.40. Some studies have reported that the mass
transfer coefficient of neutral form was higher than deproto-
nated form [41-43]. Therefore, the mass transfer efficiency in
acidic environment is higher than that in alkaline

environment, which may have contributed to the higher
efficiency of SMX degradation at lower pH. Moreover, the
pH value of SMX solution was measured during the plasma
treatment process, and it decreased gradually with the
amplification of the treatment time as shown in figure 6(c).
The pH value drop may be attributed to the ionization of water
molecules to produce H;O* (reactions (10) and (11)) [31, 44],
which also seems to be more conducive to the degradation of
SMX. Relatively higher degradation efficiency in acidic
condition also leads to higher energy yield. As shown in
figure 6(b), the energy yields of SMX solution with initial
pH values of 3.04, 5.40, 7.03 and 10.33 were 1.26 g (kWh)_l,
125¢ kWh)™', 1.18 ¢ (kWh)', and 1.07 g (kWh)', respec-
tively, after 5 min of discharge treatment. In conclusion, although
the removal effect was slightly better at pH 3.04 than that at
pH 5.40, the latter experiments were all carried out at pH 5.40
because the medium of pH 5.40 is more moderate.

3.3. Detection of reactive species for SMX degradation

3.3.1. Optical emission spectra of oxygen plasma. There will
be atoms of excited states generated in the process of DBD
plasma jet, which are important intermediates for the
generation of reactive species in aqueous solution. The
optical emission spectra of these high-energy atoms were
examined by a fiber-optic spectrometer (Maya2000Pro).
Figure 7(a) displays the optical emission spectra of oxygen
plasma in the range of 450-900 nm. It is obvious that the
highest intensity emission peaked at 777.4 nm, corresponding
to the O L. Optical emission peaks of O I were also observed
at 798.3 nm and 844.6 nm.

3.3.2. Role of OH radicals. Hydroxyl radical is a strong
oxidizing reactive species that can be produced by DBD
plasma jet. Previous studies reported that OH radicals could
well degrade SMX in aqueous solution [45-47]. As shown in
figure 7(b), the concentrations of OH radicals in aqueous
solution reached 5.06 M after 4 min of plasma treatment.
Water molecules can not only directly generate OH radicals
through electron dissociation (reaction (9)) [48], but also are
ionized and excited to produce the H,O" followed by a
reaction with other molecules to generate H;O™ and OH
radicals (reactions (10) and (11)) [44]. In addition, when
oxygen was used as the working gas, the active oxygen atoms
formed by the dissociation of oxygen molecules could react
with water molecules to generate OH radicals in the gas phase
(reactions (6) and (12)) [32].

H,O + *¢~ — -OH + H- + e~ 9)
H,0 + *e~ — H,Ot + 2e~ (10)
H,0 + H,Ot — H;0" + -OH (11)
H,0 + O- — 2 -OH (12)

In addition, the concentration of OH radicals in aqueous
solution showed an almost linear increase trend with the
treatment time, and the productive rate of OH radicals is
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of SMX.
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Figure 9. Changes in TOC concentration and mineralization rate
with discharge time.

2.1 x 10°8M s~ . Whereas, the concentration of OH radicals
detected decreased after 4 min (data not shown). This
phenomenon may be that there was no enough TA in the
solution to capture OH radicals after Smin of plasma
treatment, which causes the detected HTA to decrease
instead. Furthermore, the decomposition of HTA by excess
OH radicals and other reactive species has to be considered
[31, 49]. The concentration of OH radicals mentioned above
was measured in ultrapure water, while it dropped to almost
zero when SMX was present in water. This may be due to the
distinct advantage of SMX in competing with TA for OH
radicals in water, so the reaction between TA and OH radicals
is limited, resulting in that we did not detect HTA in the
presence of SMX. These results indicate that OH radicals play
a vital role in the degradation process of SMX DBD
plasma jet.

3.3.3. Role of O;. Ozone is a strong oxidizing reactive
species that can be produced in a DBD plasma jet. Figure 7(c)
shows that the concentration of Oz in ultrapure water
gradually increased with the discharge time and reached
0.98mgl™" after 8min of treatment. Os dissolved in
water produces OH radicals through radical chain reactions
(reactions (13)—(15)) [2], which also seems to prove that more
OH radicals would be generated under acidic conditions and
in turn lead to more efficient degradation of SMX.

O3+ e — 05 (13)
05 + H* — HO+ (14)
HO-; — -OH + O, (15)

However, the concentration of O3 in water only increased
to 0.09 mg1~" in the presence of SMX. The concentration of
dissolved ozone in water in the absence of SMX was more
than ten times higher than that in its presence. The results
showed that the conversion of Oz into OH radicals may be
limited and insufficient for the degradation of SMX. At the
same time, it can also be illustrated that the degradation of

SMX by O3 may be attributed to the direct reaction of ozone
and SMX. Several studies have also shown that O; could
selectively attack the functional groups of SMX, such as
aromatic rings and double bonds [13, 50], to realize the direct
oxidative degradation of SMX. In summary, O3 was a crucial
reactive species for SMX degradation in this research.

3.3.4. Role of H,O.. Figure 7(d) shows that the concentration
of H,O, in ultrapure water gradually increased with the
discharge time and reached 4 mg1~" after 8 min of treatment.
H,0, generated by the combination reaction of liquid-phase
OH radicals and the dissolution of gaseous H,O, have the
potential to be sources of aqueous H,O,. The combination
reaction of aqueous OH radicals was considered to be an
important approach for producing H,O, (reaction (16)) [44].
The above experimental results indicate that almost no OH
radicals remained in water in the presence of SMX
(figure 7(b)), at which point H,O, should be correspondingly
absent or rarely present in aqueous solution. However, the
concentration of H,O, in SMX solution also gradually
increased with the discharge time and reached 3.78 mgl™'
after 8 min of treatment, so the results indicate that the
combination of aqueous OH radicals is not a major source of
H,0,. Therefore, the dissolution of gaseous H,O, (reaction
(19)) may play a regnant role in the production of aqueous
H,0, by DBD plasma jet, and Chen et al also found that the
aqueous H,O; is mainly from the dissolution of gaseous H,O,
in the helium plasma jet [51]. The main H,O, generation
reactions in the gas phase are shown in reactions (17) and (18)
[44, 52].

2 -OHug — HyO2g) (16)
3H,0 + 03 — 3H, 000 17)
2 -OHgas) — H2Oxgas) (18)
H;02(gas) = H202(aq) (19)
H,0, + hv — 2 -OH (20)

Unlike OH radicals and Os, the concentration of H,O,
decreased particularly little when SMX was present in
aqueous solution, which indicates that H,O, in aqueous
solution has no obvious effect on the degradation of SMX.
However, the above results indicate the crucial role of OH
radicals for SMX degradation, and thus we conclude that the
photolysis of H,O, is not a source of OH radicals in aqueous
solution in a DBD plasma jet system, so the reaction
represented by reaction (20) has a low probability of
occurring in this research, which was also demonstrated by
Park et al [53]. To sum up, the effect of the long-lived
component H,O, in aqueous solution generated by a DBD
plasma jet on the degradation of SMX is insignificant.

3.4. SMX degradation process

3.4.1. Kinetic analysis of SMX degradation. Figure 8(a)
displays that the variation in In(Cy/C;) with discharge
time under the optimal degradation conditions obtained
above (oxygen plasma, discharge power of 38.12 W, initial
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Table 1. Comparison of the removal rate of TOC during SMX degradation by different approaches.

Approaches [SMX], (mg 1™  Time (min) TOC removal rate (%) References
Gamma radiation /Fenton-like oxidation 20 70 26.7 [54]
Peroxymonosulfate oxidation 25 14 47.0 [55]
Electrochemical oxidation 50 240 77.0 [15]

UV /peroxydisulfate oxidation 10 120 91.0 [56]
DBD 50 60 24.3 [22]
DBD plasma jet 20 20 90.0 This research

Table 2. Mass-to-charge ratios of intermediates and the corresponding deduced chemical formulas.

Product Chemical formula Ionization mode m/z Structural formula
SMX CioH;;035N;3S ESI- 252 9 ~ CHa
4 N—
A C¢H;,0,NS ESI— 156 0
HZNOQ
dn
B Ce¢H40, ESI+ 109 o < > 0
C C4H¢ON, / 98 4<\TCH3
HoN \
HOV ™
D C4HsOsN, ESI- 113
CH,
S
HZNAQT
HOV ™
E C4H;0,N ESI+ 102
S CHS
HoN
CHg
F CioHi9OsN,S ESI- 253 ~
HO Q—NHH
L A
N
G CeH04S / 174 o
o g CHs
H CioHoOsN3S ESI- 282 ~
O
b ow
HON
I CioH;105N;S ESI+ 274
10H1105N3 o __CH
oZNO!_NH
! H
J C7H;05N5S ESI+ 246

o OH
O
4 H

concentration of 20 mg 1", initial pH 5.40). An approximately
linear relationship between In(Cy/C;) and discharge time was
observed (R? > 0.95), which illustrates that the kinetics of
degradation of SMX by the DBD plasma jet obeyed a quasi-first-
order kinetic model. The degradation of SMX under the other
treatment parameters discussed above in compliance with the
quasi-first-order kinetic equation was also found, and the
obtained degradation rate constants are shown in figure 8(b).
The reaction rate constant of SMX degradation reached 1.06
min~! when oxygen was used as the working gas, and was

10

more than eight times higher than that when air was used as the
working gas, and this is also the reason why we degraded SMX
in water with oxygen plasma. The k value increased with
decreasing initial concentration of SMX and increasing discharge
power, and it also increased with decreasing initial pH of
solution and reached 1.21 min~! at pH 3.04. However, the rate
constant at the initial pH 5.40 of the solution has a high value of
88% compared to that at pH 3.04, and the environment of
pH 5.40 does not require additional acid adjustment so as not to
introduce other impurity ions. In addition, the environment of
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Figure 10. Proposed degradation pathways of SMX by the DBD plasma jet.

pH 5.40 is more moderate than that of pH 3.04, so we propose
that the environment at pH 5.40 might be more suitable for this
research.

3.4.2. Extent of SMX mineralization. Figure 9 displays the
variation in TOC concentration during SMX degradation by
the DBD plasma jet, and the extent of SMX mineralization in
this system was obtained via the TOC removal rate. The SMX
(initial concentration of 20 mg1~") was almost completely
degraded after Smin of discharge treatment, but the
mineralization rate only reached 26.15% at the same time.
The mineralization rate was lower than the corresponding
degradation efficiency of SMX, which indicated that some
intermediate products would be generated in the degradation
process. Extending the treatment time to 20 min, satisfactory

11

results appeared in that the mineralization rate reached
90.04%. A comparison of the removal rate of TOC during
SMX degradation by different approaches was performed and
is listed in table 1. Both gamma radiation/Fenton-like
oxidation and peroxymonosulfate oxidation revealed
relatively lower mineralization rates of 26.7% and 47.0%,
respectively [54, 55]. Mineralization rates of 77.0% and
91.0% were achieved by electrochemical oxidation and UV/
peroxydisulfate oxidation, but these two approaches were
time-consuming [15, 56]. Moreover, Kim et al indicated that
the mineralization rate of SMX degradation by a DBD plasma
system reached only 24.3% [22]. The DBD plasma jet to
degrade SMX could achieve a more desirable mineralization
rate compared with these methods above. It is possible that
there will be some differences in the final mineralization rate
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due to the processing methods, processing parameters, initial
concentration of the SMX, etc. However, based on the current
results, our approach may still be a relatively ideal choice.

3.4.3. Degradation intermediates and reaction pathways. In
order to fully understand the degradation mechanism of SMX
by a DBD plasma jet, the degradation intermediates were
identified by UPLC-MS. It is worth noting that the structures
of the degradation intermediates were proposed according to
the mass-to-charge ratio detected by UPLC-MS. The mass-to-
charge ratios of intermediates and the corresponding deduced
chemical formulas are listed in table 2. Based on the deduced
chemical structures, the three probable pathways of SMX
degradation by the DBD plasma jet are shown in figure 10.
Pathway I describes the decomposition of SMX through the
cleavage of the S—N bond, and this reaction is believed to be
related to the attack of the S—N bond by reactive species such
as hydroxyl radicals and ozone [57-59]. The cleavage of the
S-N bond generates products 4-aminobenzenesulfinic acid
and C, but the product C called 3-amino-5-methylisoxazole
was not detected in this experiment, probably because the
product C is easily further degraded by reactive species in a

short period of time [60]. Further degradation of
4-aminobenzenesulfonic acid produces intermediate A
called 4-aminobenzenesulfonic acid. The intermediate

product A can be oxidized to intermediate B called
benzoquinone. The isoxazole ring of intermediate C was
attacked by hydroxyl radicals to form intermediate D with a
hydroxylated structure. The intermediate product E could be
attributed to the N-O bond cleavage of the isoxazole ring of
intermediate D. Pathway Il describes the decomposition of
SMX through the attack of the hydroxyl radical; the amino
group of the aniline ring of SMX was substituted by a
hydroxyl group to generate intermediate F with a
hydroxylated structure [61]. The S-N bond cleavage of
intermediate F generates intermediates C and G, and the
solubility of intermediate G in water may be too low to be
detected in mass spectrometry experiments [62]. It can be
clearly seen that an oxidation reaction occurred in pathway Ill;
the amino group of the aniline ring of SMX was oxidized to
generate the nitro compound H. When the isoxazole ring of
intermediate H was attacked by hydroxyl radicals, not only
was the N-O bond interrupted but a substitution reaction
occurred to generate intermediate I with a hydroxylated
structure, which could be further decomposed into
intermediate J by demethylation. Eventually, some of the
intermediates formed during SMX degradation by the DBD
plasma jet were gradually mineralized into small inorganic
molecules such as carbon dioxide and water.

3.4.4. Toxicity evaluation. Although SMX could be
effectively removed from aqueous solution by the DBD
plasma jet, a large number of intermediate products were
formed in this process. Thus, it is necessary to assess the
potential risk of SMX and its intermediate products to
the environment; the aquatic toxicity was evaluated through
the growth inhibition experiment of E. coli in this research
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Figure 11. Toxicity assessment. (a) E. coli growth inhibition rate, (b)
acute toxicity, (c) chronic toxicity. (European Union standard for
acute toxicity, harmless (>100 mg 1Y), harmful (10-100 mg Y,
toxic (1-10 mg 1™ and extremely toxic (<1 mg 1"1); Chinese
hazard chemical evaluation guidelines for chronic toxicity (HJ/TI
154-2004), harmless (>10 mg 1~ "), harmful (1-10 mg 1™ "), toxic
(0.1-1 mg 1" and extremely toxic (<0.1 mg 1)

(figure 11(a)). As the SMX was degraded gradually with the
plasma treatment time, the degradation efficiency of SMX
reached 97% after 4 min treatment, and the aquatic toxicity
decreased to 20.85%. However, a rise in toxicity was
observed from 4 min to 6 min, reaching a greater inhibition
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rate of 28.36% by 6 min, which may be explained by the
higher toxicity of the small molecule intermediate products
produced. Therefore, the acute toxicity and chronic toxicity of
SMX and its degradation intermediates to fish, daphnia, and
green algae were predicted by the ECOSAR program
[63, 64]. It could be seen that SMX exhibits high toxicity
to several of these organisms, especially to daphnia
(figures 11(b) and (c)). Intermediate products A and C show
similar toxicity to the parent SMX. However, intermediate E
shows higher acute and chronic toxicity to green algae than
the parent SMX and other intermediates, which most likely
contribute to the inhibition rate in the E.coli inhibition
experiment rising again after plasma treatment for 6 min.
With increasing treatment time, these intermediates were
further degraded into harmless compounds such as
intermediates B and G, and the inhibition rate of E. coli
reached a minimum value of 6.34% after 20 min treatment. In
summary, SMX was gradually degraded and mineralized by
the DBD plasma jet, which eventually resulted in a lower
toxicity of the aqueous solution.

4. Conclusion

In this research, the degradation of SMX in aqueous solution
using a DBD plasma jet was investigated. The experimental
results indicate that the degradation efficiency of SMX was
higher at an oxygen atmosphere, higher discharge power,
lower initial SMX concentration, and acidic environment.
Reactive species detection experiments substantiated that OH
radicals and O3 played a significant role in SMX degradation,
while H,0, did not. Kinetic analysis showed that the process
of the SMX degradation obeyed the quasi-first-order kinetic
equation, and the high mineralization rate of SMX degrada-
tion indicated that DBD plasma jet is a highly efficient
method for removing pollutants in aqueous solution. The
intermediate products of SMX degradation were analyzed by
UPLC-MS to propose the possible degradation pathways,
which included cleavage of the S—C bond, deamination of the
aniline ring, oxidation of the amino group, and hydroxylation
of the isoxazole ring and aniline ring. Toxicity analysis
indicated that although the value of aquatic toxicity fluc-
tuated, solution toxicity decreased to a lower level with longer
plasma treatment time. In summary, a DBD plasma jet is a
green and efficient method to degrade SMX in aqueous
solution, which provides support for its application in the field
of degradation of refractory organic pollutants.
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