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In recent years, significant increases in waste processing and material engineering have been seen by using advanced
oxidation processes. The treatment results and energy yields of these processes are largely determined by the generation
and retention of reactive oxygen species (ROS). However, increasing the amount of ROS remains a key challenge because
of the unavailability of performance- and energy-efficient techniques. In this study, plasma electrolysis, ultrasound, and
plasma electrolysis combined with ultrasound were used to treat dimethyl sulfoxide (DMSO) solutions, and the results
showed that the two methods can synergistically convert filament discharge into spark discharge, and the conversion of
the discharge mode can significantly increase the concentration of OH radicals and effectively improve the efficiency of
DMSO degradation. We verified the rationality of the results by analyzing the mass transfer path of ROS based on the
reaction coefficients and found that the -OH radicals in aqueous solution were mainly derived from the decomposition of
hydrogen peroxide. These findings indicated that the synergistic action of plasma electrolysis and ultrasound can enhance
the production of chemically reactive species, and provide new insights and guiding principles for the future translation
of this combined strategy into real-life applications. Our results demonstrated that the synergistic strategy of ultrasound
and plasma electrolysis is feasible in the switching mode and increasing the ROS, and may open new routes for materials

engineering and pollutant degradation.

Keywords: plasma electrolysis, ultrasound, reactive species, OH radical

PACS: 87.80.—y , 52.80.Wq, 52.77.—j

1. Introduction

Plasma electrolysis is a process in which a discharge re-
sulting from high voltage is applied between the anode and
cathode in an electrolyte solution. Strong plasma-liquid in-
teractions lead to the production of active species.!!! These
active species can be transported into the solution!?! and
initiate chemical reactions that are unlikely to occur under
mild conditions.®] Plasma electrolysis has been widely used
in many fields including polymerization to produce poly-
meric materials,*! modification of the surface of a material, !
organic wastewater treatment,!®! organic synthesis,!”! and
biomass liquefaction.!®! Ultrasonic cavitation is a dynamical
process in which microbubbles vibrate, grow, and collapse
under the action of sound waves. A large number of active

species can also be produced in this process, ! which is widely
10]

12]

used for polymerization to produce polymeric materials,!
organic wastewater treatment,!'!! and organic synthesis.!
Although these two individual technologies, plasma electrol-
ysis and ultrasonic cavitation, have been widely investigated
separately for similar applications based on free-radical pro-
duction, their ability to act synergistically to enhance the phys-
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iochemical effects of the combined process has received rela-
tively little attention.

Generally speaking, plasma electrolysis relies on high
voltage to break down the gas near the electrode to produce
active species. Ultrasonic cavitation produces a large number
of active species at the gas—liquid interface. The common de-
nominator between plasma electrolysis and ultrasonic cavita-
tion is that species are generated in solution without requiring
external disturbance. When the components of the solution
are the same, the species produced by the two methods are
essentially the same. For example, the species produced by
the plasma electrolysis of aqueous solutions mainly include
-OH, -0, -HO», O,, -Hy, and H,0,.[13] The main species pro-
duced by ultrasonic cavitation are -OH, -O, -HO,, O,, -Hg,
and H,0,.1"" Among them, -OH radicals are highly oxidiz-
ing (2.80 eV), affect the formation of other secondary oxygen-
containing species, and participate in many related chemical
and biochemical reactions. 3161

Various physical and chemical methods, such as emission
spectroscopy, laser induced fluorescence (LIF), electron spin
resonance (ESR) spin trap, and high-performance liquid chro-
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matography (HPLC) have been developed for the detection of
hydroxyl radicals in the aqueous phase.!!”! These previous ex-
perimental studies indicated that the determination of the hy-
droxyl radical concentration is largely dependent on the types
of spin traps because of the different rate constants of the reac-
tion of the hydroxyl radical with trapping agents.!"! Among
these methods, emission spectroscopy is a valuable analytical
method for quantifying the plasma-generated OH in solution
and is expected to yield more precise results. However, this
technique is not always straightforward quantitatively, because
chemical modifications may not have the requisite selectivity
toward various reactive oxygen and nitrogen species (RONS).
In addition, these modifications usually require complicated
optimization of the conditions for analysis apart from careful
comparison and consideration of the kinetic rates.

In this study, dimethyl sulfoxide (DMSO) was chosen
and used as the probe compound for the quantification of hy-
droxyl radicals by using spectroscopy. DMSO was selected
on the basis of its high solubility, low volatility, strong po-
larity, and large rate constant of reaction with hydroxyl radi-
cals (k = 4.5 ~ 7.1 x 10° mol-L~!-s~1). More details about
the measurement principle can be found elsewhere,!'%2%1 and
the quantitative analysis of hydroxyl radicals can be performed
by determining the concentration of formaldehyde and formic
acid according to the following reactions:

(CH3)ZSO +-H — -H3+CH3SO;H, (D)
0,+-H3—CH3COOQO-, 2)
2CH3COO- —-CH;0 + HCHO+O0;. 3)

Based on the obtained standard curve of formaldehyde solu-
tions, the -OH concentrations resulting from plasma electrol-
ysis, ultrasonic cavitation, and a combination of these treat-
ments were determined. The mass transfer of the ROS based
on the reaction coefficients was further analyzed, and the path-
ways of -OH production were investigated to deduce the mech-
anism of synergy between plasma electrolysis and ultrasonic
cavitation. A new discharge method was proposed by intro-
ducing the mechanism underlying the synergy between the
two techniques, which can be used for further applications.

2. Experiment

2.1. Experimental setup for plasma electrolysis and ultra-
sound

A diagram of the equipment for the plasma electrolysis
and ultrasonic treatment of the DMSO solution is shown in
Fig. 1. The high-voltage electrode and the ground electrode
were inserted through the two outer openings of a three-necked
flask such that they extended to the bottom of the solution. The
distance between the two electrodes was 10 mm, and the in-
clination angle was 30°,12!22] which is conducive to the pro-
duction of active species. The ultrasonic probe was inserted

into the middle opening of the three-necked flask such that it
extended to 5 mm below the liquid surface. The ultrasonic
power supply was adjusted to form bubbles produced by ul-
trasonic cavitation between the anode and cathode to gener-
ate gas and active species for electrolysis. The voltage, duty
cycle, and frequency of the plasma power supply were set at
350 V, 10%, and 500 Hz, respectively. The frequency and
power of the ultrasonic power supply were set to 19.71 kHz
and 350 W, respectively. Oxygen was passed into the solution
at the rate of 1 L/min to serve as the catalyst without partic-
ipating in the reaction. The DMSO solution was treated sep-
arately with plasma electrolysis, ultrasound and both of these
two treatments combined. The three-necked flask was cooled
in ice water to ensure that the temperature of the solution did
not exceed 50 °C. The concentrations of formaldehyde and
formic acid of the solutions subjected to treatment by each of
the three techniques were measured separately.

Ultrasonic

source 0‘

Oxygen\‘

Iron \
platform

Coolinﬁ water

Fig. 1. Diagram of the experimental setup for plasma electrolysis with
ultrasound.

2.2. Preparation of DMSO solution and measurement of
formaldehyde (HCHO)

2.2.1. Formulation of DMSO solution

The concentration of the DMSO solution affects the abil-
ity to accurately measure -OH radicals. If the DMSO con-
centration is too low, there is insufficient DMSO to partici-
pate in the reaction with -OH radicals. If the concentration
of DMSO is too high, the concentration of HCHO, CH3OH,
and CHOOH would obviously increase, which would prevent
the -OH radical concentration from being accurately calcu-
lated. From [-OH]=2[HCHO]+4[HCOOH],*! it can be seen
that the concentration of OH radicals has nothing to do with
methanol. Studies!'®! have shown that a 50 mmol/L DMSO
solution is the upper limit of the linear increase in HCHO and
CHOOH. Therefore, a 50 mmol/L DMSO solution was used,
and NaCl was added to adjust the conductivity to 14.5 mS/cm.
We placed 80 mL of the configured DMSO solution in each of
three three-necked flasks.
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2.2.2. Calibration and measurement of formaldehyde

We used 0.1 mol/L formaldehyde standard samples
to configure solutions with concentrations of 1 pmol/L,
2 umol/L, 5 pumol/L, 10 umol/L, 20 wmol/L, and 50 pwmol/L.
A spectrophotometer was used to calibrate the standard
samples after treatment with a formaldehyde detection kit
(Shanghai Enzyme-linked Biotechnology Co., Ltd., resolu-
tion: 50 nmol/L to 0.5 mmol/L). Details of the measurement
were presented in the literature. >3]

2.2.3. Calibration and measurement of formic acid

The determination of the formic acid (HCOOH) concen-
tration in the solution was similar to that for the formaldehyde
quantification. Firstly, we calibrated with standard solutions
to obtain a specific standard curve, and then quantified its con-
centration in the treated solution. The measurement method
was reported in detail in the literature. 2423
2.3. Measuring the concentration of hydrogen peroxide,

ozone, and oxygen

In the experiment, plasma and ultrasound were combined
to treat deionized water, and then the hydrogen peroxide,
ozone, and oxygen concentrations in the solution were mea-
sured. The amounts of these long-lived species were used to
verify the mass transfer and conversion path of the -OH radi-
cals and to analyze the relationship between the hydrogen per-
oxide and -OH radicals.

We divided the treated aqueous solution into three parts,
each containing 50 mL, and used them to measure the hy-
drogen peroxide concentration, ozone concentration, and oxy-
gen concentration. The respective methods for measuring the
hydrogen peroxide, ozone, and oxygen concentrations were
taken from the literature. 2028

3. Results and discussion
3.1. Concentration of OH radicals in solution

The absorbance curves of 1 umol/L, 2 pmol/L, 5 pmol/L,
10 pmol/L, 20 umol/L, and 50 umol/L formaldehyde stan-
dard solutions at 630 nm are shown in Fig. 2(a). The linear
relationship between the intensity (630 nm) and formaldehyde
concentration is shown in Fig. 2(b). The fitting degree R*> was
0.99262, and the linear equation after fitting was

y=0.01733 +0.00813x,

where y is the absorbance optical density (OD) and x is the
concentration of formaldehyde (umol/L). This linear equa-
tion can be used to calibrate the concentration of formalde-
hyde produced by plasma electrolysis, ultrasonic cavitation,
and combined treatments. Samples of the concentration of
formaldehyde obtained from different treatments, higher than
50 pmol/L, were diluted before measurement.
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Fig. 2. Absorbance curves of formaldehyde standard solutions and the

linear relationship between the intensity of transmitted light and the

formaldehyde concentration. (a) Standard formaldehyde solution ab-

sorbance curve. (b) Linear relationship between the intensity of trans-

mitted light and formaldehyde concentration.

Standard concentrations of formaldehyde (1 pmol/L,

2 umol/L, 5 wmol/L, 10 wmol/L, 20 wmol/L, 50 wmol/L,
80 wmol/L, and 100 pmol/L) were added to detection reagents
1 and 2, as shown in Fig. 3, which shows that the color of the
standard solution changed from light to dark as the concentra-
tion increased. This served as an indicator of the solution pro-
cess. It should be pointed out that at formaldehyde concentra-
tions of 80 umol/L and 100 umol/L, the fitting coefficients R
of the linear equation were 0.94163 and 0.90246, respectively.
These values reflect a significant increase in the nonlinearity
of the relationship.

Standard solution
100 uM 80 yM 50 yM 20 pM 10 uM 5uyM 2uM 1 pM

Deionized
water
< - — —_

Fig. 3. Photographic image of standard formaldehyde solution to which
indicator was added.

The three 50.0 mmol/L DMSO solutions were treated by
plasma electrolysis, ultrasound, and both of these two treat-
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ments were combined, after which detection reagents 1 and
2 were added to each solution. Photographic images of the
solutions after different treatment times are shown in Fig. 4.
By comparing these samples with the samples prepared by us-
ing standard concentrations, we found that the formaldehyde
concentration increased with time. After 4 min, the color of
the solution changed to dark gray, the absorbance value at
630 nm decreased, and the formaldehyde concentration de-
creased rapidly, probably because the two treatments caused
the temperature of the solution to rise rapidly. At temperatures
above 50 °C, hydrogen peroxide, formaldehyde, methanol,
and formic acid evaporate quickly. This affects the experimen-
tal results. Therefore, the treatment time was set at 4 min. The
color of the solution was darker than that of the 50 umol/L so-
lution after exposure to the two treatments for 4 min, as shown
in Fig. 4. The gray solution had to be diluted with an equal
amount of distilled water before it could be measured with a
spectrophotometer.

Figure 5 shows the absorption curve of formaldehyde,
as recorded by the spectrophotometer after plasma electrol-

ysis, ultrasound, and both of these treatments. The absorbance
value at 630 nm was substituted into the linear equation (y =
0.01733 4 0.00813x) resulting from calibration to calculate
the corresponding formaldehyde concentration, as shown in
Fig. 6.

Deionize
ater

min 3.5 min 3 min 2.5 min 2 min 1.5 min 1 min

Fig. 4. Photographic image of the results of the synergistic treatment of
DMSO solution.
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Fig. 5. Absorbance of DMSO solution treated by the three different methods: (a) plasma electrolysis, (b) ultrasound, (c) both of these together.

As shown in Fig. 6, the formaldehyde concentration was
the highest for the DMSO solution treated by using the two
methods, whereas ultrasound produced the smallest amount of
formaldehyde. When plasma electrolysis and ultrasound were
used separately to treat the DMSO solution, the formalde-
hyde concentration increased nearly linearly with time. Fig-
ure 6 also shows that the rate of increase in formaldehyde
with plasma electrolysis differed from that with ultrasound.
In 2 min, the formaldehyde concentration of the combined
system was approximately equal to the sum of that produced
by plasma electrolysis and ultrasonic treatment separately.
From 2.5 to 4 minutes, the formaldehyde concentration of
the two together was higher than the sum. For example, the
formaldehyde concentration of the two together at 4 minutes
was 64.16 umol/L, and that of plasma electrolysis and ul-
trasound was, respectively, 30.11 wmol/L and 24.11 pwmol/L,
thus 64.16 pmol/L > 30.11 wmol/L+24.11 pmol/L. Finally,
as shown in Fig. 6, the formaldehyde concentration in the later
reaction stage of the synergy between the two combined tech-
niques was significantly higher than the sum of the amounts of

formaldehyde produced by using the techniques individually.

80

—e— Ultrasound

—o— Plasma

—aA— Ultrasound-+plasma
60

40

Concentration of
formaldehyde (umol/L)
W
S

Time (min)

Fig. 6. Formaldehyde concentration of DMSO solution treated by
plasma electrolysis, ultrasound, and both of the two techniques together.

The concentration of formic acid in the solution was ana-
lyzed by using a microplate reader, as shown in Fig. 7. These
results show that the formic acid concentration was signifi-
cantly lower than that of formaldehyde. Initially, the formic
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acid concentration increased slowly and then increased more
rapidly after 2 minutes. Figure 7 also shows that the increasing
trend of formic acid was similar to that of formaldehyde. More
specifically, the formic acid concentration increased linearly
during the first 2 minutes, and the formic acid concentration as
a result of the synergetic action of the combined methods was
higher than the sum of the individual methods after 2—4 min-
utes. The concentration of the formic acid formed by using
the methods synergistically for 4 minutes was 6.08 pwmol/L,
whereas that after plasma electrolysis and ultrasound was 2.42
and 2.02 pumol/L, respectively. This trend was the same as for
the formaldehyde.

that using the two techniques separately. For example, the
-OH radical concentration at 2.5 minutes was 60.14 pmol/L,
which is greater than the sum of that obtained by plasma elec-
trolysis (31.76 pmol/L) and ultrasound (23.74 umol/L) sep-
arately. This shows that the concentration of the -OH radi-
cals increased linearly in the initial stage during which the two
techniques were used together. After 2 minutes, the concen-
tration of -OH radicals in the solution increased nonlinearly.
This may have been caused by changes in the composition of
the DMSO solution after the two treatments. Therefore, it was
necessary to analyze the main components of the solution.
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Fig. 7. Linear fit of absorbance and concentration of formic acid stan-
dard solution (a) and change in the formic acid concentration over time
for the three different techniques (b).

Based on the relationship between -OH radicals and

formaldehyde and formic acid ([-OH]=2[HCHO]+-4[HCOOH]),

the concentration of -OH radicals formed during the different
treatments was calculated and the results are shown in Fig. 8.
Figure 8 shows that the increase in the concentration of
-OH radicals is the same as that of formaldehyde or formic
acid, that is, the -OH radicals generated in 2 minutes increased
linearly with time. The concentration of -OH radicals gen-
erated synergistically by the two methods was approximately
equal to the sum of the -OH radicals produced by the two
separately.
was greater than the sum of the concentrations resulting from

After 2 minutes, the -OH radical concentration

50

Concentration of OH radicals (pmol/L)

Time (min)

Fig. 8. Change in the -OH radical concentration during treatment by the
three different techniques.

The -OH radicals react with DMSO to generate methanol,
formic acid, and formaldehyde. The -OH radicals in solution
were converted to hydrogen peroxide, which changes the con-
ductivity and pH of the solution, as shown in Figs. 9(a) and
9(b), respectively. Figure 9(a) shows that, after the DMSO so-
lution was treated by the two methods synergistically, the pH
value was the lowest. In addition, the concentration of hydro-
gen peroxide and formic acid in the solution was the highest,
which is consistent with the results shown in Fig. 8. The con-
ductivity as a function of time is shown in Fig. 9(b), which
shows that the conductivity initially increased linearly, and af-
ter 2.5 minutes, the increase became nonlinear. This is similar
to the increase in the -OH concentration in Fig. 8§, and indi-
cates that an increase in conductivity is conducive to plasma
electrolysis and the generation of -OH radicals, which cor-

[29] The reverse also

responds to that reported by Chen et al.
holds true, that is, an increase in the active species increases
the conductivity of the solution.

Increases in conductivity led to changes in the discharge
current. During the use of plasma electrolysis with ultrasound
to treat a DMSO solution, the voltage and current were mea-
sured, as shown in Fig. 10, which shows that, at constant volt-
age, the current changed significantly after 0.015 s (measure-
ments started at 138 s). The results show that the intensity of
the current did not change, but the density increased signif-
icantly, which indicates the transition of the discharge mode
from the filament mode®? to the spark discharge mode. The
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discharge current gradually stabilized after 0.04 s. The in-
creased intensity between the two poles indicated that more
gas participated in the discharge. The bubbles formed as a re-
sult of the occurrence of ultrasonic cavitation between the two
poles and probably break down, thereby increasing the cur-
rent. This seems to be the reason for the high concentration
of -OH free radicals produced because of the synergy between
the two techniques.

(a%).o —a— Ultrasound

—o— Plasma
—&— Plasma+ultrasound

pH

Time (min)

(b) —=— Ultrasound
|—o— Plasma

/g —4— Plasma+ultrasound
O
o 15.5F
E
>
=
2
T 15.0
=
o
=
o
O
14.5

Time (min)

Fig. 9. Change in the pH and conductivity with time: (a) pH value,
(b) conductivity.

When the discharge mode conversion occurs, the solution
properties were observed with considerable changes, particu-
larly concerning the temperature (increased by 25 °C) and con-
ductivity (increased to 15.4 mS/cm), compared to the initial
ones. However, the solution pH only decreased slightly (from
7.0 to 6.52), indicating that the pH only has a limited role on
affecting the mode conversion. To further verify the effect of
temperature, the following investigation was conducted.

The solution was firstly heated to 45 °C to confirm
the above conclusions, and the DMSO solution was treated
with plasma electrolysis and ultrasound. The results showed
that the filament discharge was converted to spark discharge
within 52 seconds, with the solution temperature of 58 °C, the
OH radical content of 48.6 umol/L, and the conductivity of
14.84 mS/cm. It can be seen that the discharge mode is deter-
mined by both the solution temperature and conductivity.

The changes in the solution properties were caused by the
mass transfer and diffusion of active species of plasma into the
solution. The diffusion process of active species intensified the

motion of water molecules, which increased the temperature
of the solution. At the same time, the mass transfer of active
species into the solution was also the generation of long-lived
species in the solution. These long-lived species increased the
conductivity of the solution greatly. Thus, the solution tem-
perature and conductivity determined the discharge mode.
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Fig. 10. Voltage and current measurements during the combined treat-
ment.

The emission spectra under different discharge modes are
shown in Fig. 11. It can be seen that the species produced
with the two discharge modes are almost the same, but the
intensity of the spectrum is different. The spectrum contains
emission lines of N>, OH, H, and W. The emission spectrum of
nitrogen is caused by the dissolution of nitrogen in the water.
The line of tungsten is emitted by the ionization of tungsten
in the electrode. The OH radicals originate from the inter-
action of electrons and water molecules, and the H radicals
originate from the interaction of H™ and electrons near the an-
ode (H"+e,q —H). The stronger emission intensity of spark
discharge indicates the higher production of active species.
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Fig. 11. Emission spectra of filament and spark discharge.

In addition, it can be found that a wave packet appears at
460-900 nm from the spectrogram of the spark discharge. The
spark discharge increases the background temperature, which
will cause heat radiation. It can be seen that the breakdown
discharge (spark discharge) can generate a large number of ac-
tive species and heat, and rapidly increase the temperature of
the solution and the content of active species. It is consistent
with the experimental results.
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3.2. Source of -OH radicals

The source of -OH radicals in the solution was not only
directly related to the accuracy of the measurement, but also
provided a method for estimating the concentration of -OH
radicals. For simplicity, a model was proposed in which only
the active species produced in deionized water were consid-
ered. The free radicals generated by the synergy between
the two techniques were mainly -OH, -O, -HO,, -HO3, and
-H, and the generated molecules included H,O,, O;, and
O3. Among them, the oxidation potential of -OH radicals
was 2.8 V. By using the diffusion equation,”! L = /6D,1,
where L is the diffusion distance, Dy is the diffusion coef-
ficient (Dg = 2 x 107 m?/s), and 7 is the lifetime (1.4 ns),
the diffusion distance of -OH radicals in the solution was only
4.1 nm. Considering that the thickness of the gas—liquid inter-
face is of the order of micrometers, it is impossible for the -OH
radicals to enter the solution. The -OH radicals that were mea-
sured could therefore have only been derived from long-lived
species including H>O,, O,, and O3. Based on the reaction co-
efficient among the species, the reaction rate, and the reaction
temperature, etc.,3>~*] the chemical pathways between free
radicals and long-lived species can be obtained, as shown in
Fig. 12, which shows that 99% of the -OH radicals measured
in the solution originated from the decomposition of HyO».
Figure 12 also shows that more than 99% of the H originated
from the reaction between -OH and -O radicals, and 28% of the
-O and 32% of the HO; radicals originated from the reaction
between -OH and O,.

Figure 12 also indicates that HyO, and -OH radicals are
interconvertible (H,O» LA 20H). Since hydrogen peroxide is
along-lived particle, it can diffuse into the solution. Therefore,
the -OH radical content was estimated by measuring the H,O;
content. Since the discharge occurs at the cathode, the elec-
trons and OH radicals generated by the discharge are also near
the cathode (the cathode has the largest potential drop).[#47]
As the content of hydrogen peroxide near the cathode in-
creases, it appears to be attributable to HyO2<» H* +HO; and
‘HO,4» -Oy + H" in the advanced oxidation system. The ex-
periment also showed that the pH value of the solution after
4 min of exposure to both of the two techniques simultane-
ously was 6.58 owing to the synergistic effect, that is, the so-
lution had become weakly acidic. This is consistent with the
experimental results.

Figure 12 also shows that the -OH radicals in the solution
were mainly derived from HyO2,q and Os,q. Measuring the
amount of the two species is very important for estimating the
concentration of -OH radicals. Here, it was also considered to
be useful to analyze the synergetic mechanism of plasma elec-
trolysis with ultrasound. In the experiment, the concentrations
of hydrogen peroxide, ozone, and oxygen in deionized water
resulting from the synergy between the two techniques were
measured, as shown in Table 1.

Fig. 12. Chemical pathways for the short-lived species in aqueous so-
lution.

Table 1. Concentration of hydrogen peroxide, ozone, and oxygen re-
sulting from the synergy between the two techniques (plasma electroly-
sis and ultrasound).

Concentration of

Time O3 (mg/L) H, 0, mg/L(mmol/L)
oxygen mg/L
1 min - - -
2 1.9774+0.92 - -
2.5 min 2.274+1.44 - -
3 2.756+1.52 - 1.884(0.055)+0.68
35 3.189+1.78 - 2.411(0.071)%1.16
4 min 3.676+£2.02 - 2.984(0.087)+1.44

The results in Table 1 indicate that the oxygen content of
the solution was mainly in the form of HyO2,q. Ozone was
not detected in the experiment in which the concentrations
of -OH radicals (0.152 mmol/L) and H>O2,q (0.087 mmol/L)
were compared. Thus, there were less than twice as many -OH
radicals as hydrogen peroxide molecules, which may be due
to the low concentration of DMSO. This also shows that the
-OH radicals were mainly derived from hydrogen peroxide, a

471 which, in

finding that supports the results in the literature,
turn, provides evidence for the rationality of our experimental
results.

Without using an external gas supply and at a lower
voltage, bubble (produced by ultrasonic cavitation) discharge
between the two poles was realized. The synergy between
the two techniques significantly increased the current density,
which was conducive to the production of active species. Dis-
covering the parameters of the discharge resulting from the
synergism of the combined technique during the initial stage
will be the focus of future research.

4. Conclusion

Plasma electrolysis, ultrasound, and plasma electrolysis
combined with ultrasound were used to treat a dimethyl sul-
foxide (DMSO) solution. By measuring the products (the
formaldehyde and formic acid concentrations) of the reaction
of -OH radicals with DMSO, the concentration of -OH rad-
icals in the solution produced by using these three methods
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was obtained indirectly. The concentration of -OH radicals in
the three solutions treated for 4 min by plasma electrolysis, ul-
trasound, and the combination of the two were 57.04 umol/L,
73.12 umol/L, and 152.66 pmol/L, respectively. The concen-
tration of -OH radicals produced by the synergy between the
two techniques exceeded the sum of the -OH radicals produced
in separate plasma electrolysis and ultrasound treatments. Af-
ter treatment by the three techniques, the pH and conduc-
tivity of the solution decreased. The conductivity increased
from 14.5 before treatment to 15.8 mS/cm, an increasing trend
similar to that of the -OH radicals. Experimental evidence
showed that the current density increased as the conductiv-
ity increased. This increase in current density indicates that
the discharge modes changed from filament discharge mode
to spark discharge mode. The bubbles between the two elec-
trodes (generated by ultrasonic cavitation) were broken down
and discharged, generating additional species. To verify the
rationality of the measurement results, we analyzed the mass
transfer path of oxygen-containing free radicals based on the
reaction coefficients and found that the -OH free radicals in the
aqueous solution were mainly derived from hydrogen perox-
ide. The experimental results showed that the concentration of
hydrogen peroxide was 0.087 mmol/L, approximately 1/2 of
the -OH radical concentration, which demonstrates the ratio-
nality of the experiment. The new method can greatly increase
ROS production and has potential for practical application in
materials engineering and pollutant processing.
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