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Cavitational/sonochemical activity can be significantly enhanced or reduced depending on the gases dissolved in
the liquid. Although many researchers have suggested the order of importance of dissolved gas conditions that
affect the degree of sonoluminescence (SL), sonochemiluminescence (SCL), and compound degradation, the most
suitable gas condition for sonochemical oxidation reactions is currently unknown. In this study (Part I), the
effects of gas saturation and sparging on the generation of HoO, were investigated in a 28-kHz sonoreactor
system. Four gas modes, saturation/closed, saturation/open, sparging/closed, and sparging/open, were applied
to Ar, Oy, No, and binary gas mixtures. The change in dissolved oxygen (DO) concentration during ultrasonic
irradiation was measured and was used as an indicator of whether the gaseous exchange between liquid and air
altered the gas content of the liquid. Considerable difference in the DO concentration was observed for the gas
saturation/open mode, ranging from -11.5 mg/L (O 100 %) to +4.3 mg/L (N3 100 %), while no significant
difference was observed in the other gas modes. The change in the gas content significantly reduced the linearity
for HyO2 generation, which followed pseudo-zero-order kinetics, and either positively or negatively affected
H,03 generation. Ar:O3 (75:25) and Ar:O3 (50:50) resulted in the highest and second-highest HyO generation for
both gas saturation and sparging, respectively. In addition, gas sparging resulted in much higher HyO, generation
for all gas conditions compared to gas saturation; this was because of the significant change in the cavitational
active zone and concentrated ultrasonic energy, which formed a bulb-shaped active zone, especially for the Ar/
O, mixtures adjacent to the transducer at the bottom. The sparging flow rate and position also significantly
affected HyO generation; the highest HoO5 generation was obtained when the sparger was placed at the bottom
adjacent to the transducer, with a flow rate of 3 L/min.

In Part II, the generation of nitrogen oxides, including nitrite (NO3) and nitrate (NO3), was investigated using
the same ultrasonic system with three gas modes: saturation/open, saturation/closed, and sparging/closed.

1. Introduction

The effects of dissolved gases on cavitational and sonochemical ac-
tivity have been widely investigated using Ny, Oy, Ar, and CO, under
single gas or gas mixture conditions, including air [1-5]. Sonolumi-
nescence (SL), sonochemiluminescence (SCL), and sonochemical
oxidation/reduction activity (KI dosimetry, HyO» generation, and
aqueous pollutant degradation) have been studied under various fre-
quency conditions in sonochemistry. A few researchers have also tested
the effects of rare/noble gases, including Hy, He, Ne, Ar, Kr, and Xe
[1,2,6,71].

Previous researchers have reported that a much higher sonochemical
oxidation activity can be obtained with the use of a mixture of Ar and O,
as the saturation gases, in comparison to the individual use of Ar, O,
and air. A combination of Ar with O in the range of 20-30 % is generally
considered to be the best mixture condition for the highest sonochemical
oxidation activity [2,8,9]. Rooze et al. compared the reaction kinetic
constants for Ar and air using the results of previous studies, and re-
ported that the suitable saturation gas differed depending on the fre-
quency and target reaction [1]. They suggested that Ar was more
suitable in 20 kHz systems than in systems with higher frequencies for KI
oxidation and was more effective for the degradation of chlorinated
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compounds than for non-chlorinated compounds. Merouani et al.
simulated the sonochemical OH radical generation rate for Ar, Oy, air,
and N3 and found that the order of generation was Oy > air > Ny > Ar at
frequencies ranging from 213 to 355 kHz, while the order was Ar > O3 >
air > Ny at 515 kHz and higher [10]. They also summarized the order of
dissolved gases for the degradation of organic compounds and genera-
tion of HO; in the frequency range of 200-1140 kHz using the exper-
imental results from previous research, and found that their simulated
gas orders were quite similar to those in previous studies.

While frequency is considered one of the most important factors for
determining the optimal gas conditions for sonochemical oxidation ac-
tivity, the degree of gas saturation during ultrasonic irradiation should
also be considered to appropriately compare the sonochemical activity
under various saturation gas conditions. This is because the amount and
composition of dissolved gases can change significantly via gas ex-
change phenomena, induced by the gas concentration gradient across
the air-water interface. Ultrasonic degassing also plays an important
role in the removal of gas molecules [11-13]. However, the concen-
trations of dissolved gases have rarely been monitored, and few re-
searchers have reported the concentrations of dissolved oxygen (DO)
before and after ultrasonic irradiation [12,14-16]. In some studies, re-
searchers continuously supplied gases throughout ultrasonic irradiation,
using a sparger, to maintain the gas content in the liquid phase
[4,5,14,17-20]. However, the application of gas sparging can signifi-
cantly alter the formation of the sound energy field and cavitational
active zone in comparison to gas saturation conditions because of the
generation and movement of large gas bubbles [4,5,14,19,21]. There-
fore, whether the system is open to air, how many gas molecules are
removed via ultrasonic degassing, and whether sparging is applied
under various gas conditions is vital to holistically investigate the effect
of dissolved gases on sonochemical oxidation activity.

Recently, there has been growing interest in the on-site generation of
H20; using various methods to reduce the risk and cost of HyO storage,
transportation, and use [22,23]. Sonochemical methods have proven
effective for the generation of HyO; for decades [7,14,15,24-28]. Even
though higher generation rate of HyO2 could be obtained in the range of
several hundred kilohertz [2], it was reported that low frequency (20 —
40 kHz) ultrasound could be more appropriate for large-scale sonor-
eactors [28-31]. In this study (Part I), four modes of gas saturation/
sparging, including saturation/closed, saturation/open, sparging/
closed, and sparging/open, were investigated to understand the effect of
dissolved gases on the generation of HyO, representing the sonochem-
ical oxidation activity, using Ar, O3, Ng, and their binary mixtures in a
28-kHz sonoreactor system. The DO concentration was measured before
and after ultrasonic irradiation to estimate the change in gas content in
the liquid. SCL images for all cases were obtained to understand the
variation in the cavitational active zones and the resulting sonochemical
oxidation activity. In the companion paper (Part II), the effect of dis-
solved gases on the generation of nitrogen oxides, including nitrite
(NO3) and nitrate (NO3) is discussed under the same gas saturation and
sparging conditions.

2. Experimental methods
2.1. Chemicals

Hydrogen peroxide (H202) and sodium hydroxide (NaOH) were
obtained from Samchun Pure Chemical Co. Itd. (KOR). Potassium
biphthalate (CgHsKO4) was acquired from Daejung Chemical &Metals
Co. ltd. (KOR). Potassium iodide (KI) and ammonium molybdate
[(NH4)2sMoO4] were purchased from Junsei Chemical Co. 1td. (JPN).
Luminol (3-aminophthalhydrazide, CsH;N305) was acquired from Sig-
ma-Aldrich Co. (USA). All chemicals were used as received.
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2.2. Sonoreactor and gas supply

An acrylic cylindrical sonoreactor was used in this study, equipped
with a 28 kHz transducer module (Mirae Ultrasonic Tech., Bucheon,
KOR) that was placed at the bottom as shown in Fig. 1. The inner
diameter and height of the sonoreactor was 150 mm and 350 mm,
respectively. The liquid height was determined using the following
equation:

A= (@)

c
f
where A is the wavelength, c is the speed of sound in water (1500 m/s),
and f is the applied frequency (28 kHz). The liquid height and volume
were 4.0 A (53.6 mm) and 3.65 L, respectively [4,32,33]. The temper-
ature in the liquid body was maintained at 20 °C using a cooling system
consisting of a cooling pipe attached to the side wall of the reactor and a
water chiller. The working electrical power was 100 W, measured using
a power meter (HPM-300A; ADpower, KOR), and the ultrasonic power,
or calorimetric power, was 55 W [34-36].

As shown in the inset of Fig. 1, four modes of gas saturation and
sparging were examined using a gas supply system including gas cyl-
inders of Ar, Og, and N3, mass flow controllers (HFC-D-302B; Teledyne
Hastings Instruments, USA), a static mixer (Gasline, Seongnam, KOR), a
mass flow meter (HFM-D-300B; Teledyne Hastings Instruments, USA),
and a gas flow monitoring controller. The modes were: 1) Saturation/
closed mode, wherein the liquid was saturated with a gas or gas mixture
and the top of the reactor was covered with a sealing lid (the gas content
in the headspace was considered to be the same as the gas content in the
liquid body). 2) Saturation/open mode, wherein the liquid was satu-
rated with a gas or gas mixture, and the liquid body was open to air
without a sealing lid (the gas content change in the liquid body occurred
owing to the interaction with air). 3) Sparging/closed mode, wherein a
gas or gas mixture was supplied continuously to the liquid body after
saturation was reached, and the gas outlet in the sealing lid was slightly
open to prevent an increase in gas pressure due to the continuous gas
supply (no gas intrusion occurred). 4) Sparging/open mode, which was
open to air, a gas or gas mixture was supplied continuously to the liquid
body after saturation was reached (gaseous exchange between liquid
and air could occur). Twelve types of pure gases and gas mixtures were
used in this study, including Ar, Ar:Oy (75:25), Ar:O3 (50:50), Ar:O2
(25:75), O3, 02:Ng (75:25), 02:Ny (50:50), O2:Ny (25:75), Ny, No:Ar
(75:25), Na:Ar (50:50), and Nj:Ar (25:75). Gas was delivered into the
liquid body using a microporous glass sparger (pore size: 20-30 pm)
equipped with a glass pipe. The sparger was placed 1 cm above the
reactor bottom [4]. The gas flow rate for saturation and sparging was 3
L/min. The DO concentration was measured before and after each test
using a DO meter to estimate the degree of gas saturation in the liquid
body (ProODO; YSI Inc., USA).

2.3. Quantification of sonochemical reactions

The concentration of sonochemically generated H,O5 was spectro-
photometrically analyzed using solution A (0.10 M potassium biph-
thalate), solution B (0.4 M KI, 0.06 M sodium hydroxide, and 10* M
ammonium molybdate), and a UV-vis spectrophotometer (SPECORD
40; Analytic Jena AG, Jena, DEU) [28,35].

2.4. Visualization of sonochemical reactions

The sonochemically active zone was visualized using luminol solu-
tion (0.1 g/L luminol and 1 g/L NaOH) in a completely dark room
[36-38]. Sonochemiluminescence images were acquired using an
exposure-controlled digital camera («58; Sony Corp., JPN) with an
exposure time of 30 s.
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Fig. 1. Schematic of the sonoreactor with the gas supply system. The inset represents the four modes of gas saturation/sparging used in this study. In the open modes,
gaseous exchange between liquid and air could occur. In the gas sparging/closed mode, the outlet in the sealing lid was slightly open to prevent an increase in gas

pressure due to the continuous gas supply (no gas intrusion occurred).
2.5. Analysis of acoustic emission spectra

The sound pressure levels for the fundamental frequency (f), har-
monic frequencies (2f, 3f, 4f, eee), and subharmonic frequencies (1.5f,
2.5f, 3.5f, eee) were monitored from 0 to 500 kHz using a hydrophone
(TC4034, Reson) and spectrum analyzer (N9320B, Keysight). The hy-
drophone was placed in the middle of the reactor, and the sparger at the
bottom. The sound pressure level, measured in voltage (V), was recorded
for 5s.

3. Results and discussion
3.1. Gas saturation

During ultrasonic irradiation, acoustic cavitation events occur
continuously, and cavitation-induced oxidizing radicals such as OH

radicals are generated and consumed to generate HoO5, as shown in the
following reactions [39,40]:

-OH + -OH = H,0, @
H,0 + -OH = H,0, + ‘H 3
HO,- + HO,- = H,0, + O, @
HO,- + H, = H,0, + H- 6
HO,- + -OH = H,0, + O (6)
HO,- + H,0 = H,0, + -OH @)
-OH + H,O + 0, = H,0, + HO,- ®

Although the generated Hy02 molecules are consumed again in
radical chain reactions, HyO, molecules can accumulate linearly owing

to the continuous generation of oxidizing radicals [28,41,42]. The
generation of HyO, can be maintained for several hours [43]. Therefore,
the rate or amount of HyO, generation has been used as an intuitive
indicator of the extent of sonochemical oxidation reactions.

Fig. 2 shows the pseudo-zero-order reaction constant and its coeffi-
cient of determination for the sonochemical generation of HyO5 under
various gas saturation conditions in closed and open systems. The irra-
diation duration was 60 min. The variations in the DO concentration
before and after ultrasonic irradiation are summarized in Table 1. No
significant change in the composition of the saturated gases was
assumed during ultrasonic irradiation for all closed cases in this study,
because only a relatively small change in the DO concentration was
detected.
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Fig. 2. Pseudo zero-order reaction constant and coefficient of determination for
the 28 kHz cavitational generation of H>O, under various gas saturation con-
ditions in closed and open systems. The irradiation duration was 60 min.
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Table 1
Variation of DO concentration before and after ultrasonic irradiation for various gas saturation conditions, with a DO saturation concentration of 9.1 mg/L at 20 °C.
Gas saturation Ar Ar:0, Ar:0, Ar:0, (o2 02:Ny 02:Ny 02:Ny Ny Ny:Ar Ny:Ar No:Ar
(75:25) (50:50) (25:75) (75:25) (50:50) (25:75) (75:25) (50:50) (25:75)
Closed DOy* 0.3 10.7 20.3 29.2 39.6 32.2 21.8 11.1 0.3 0.3 0.3 0.2
(mg/L)
DOgo* 0.7 10.3 20.0 28.7 38.4 315 21.5 11.2 0.8 0.8 0.9 0.8
(mg/L)
ADO +0.4 -0.4 —0.4 -0.5 -1.2 -0.8 -0.3 +0.0 +0.5 +0.4 +0.6 +0.5
Open DOy 0.2 10.7 20.8 30.3 39.7 30.3 229 10.7 0.4 0.3 0.3 0.3
(mg/L)
DOgo 2.8 9.7 16.5 22.0 28.2 20.7 14.9 10.1 4.7 4.1 3.8 4.1
(mg/L)
ADO +2.6 -1.0 —-4.3 —-8.4 -11.5 -9.6 —-8.0 —-0.6 +4.3 +3.9 +3.5 +3.9

" DOy and DOg represent DO concentrations before and after 60 min of irradiation, respectively.

“ ADO = DOgy-DOy.

In the closed system (water was saturated with a gas or gas mixture,
and then the reactor was sealed during ultrasonic irradiation), higher
reaction constants were obtained for the gas mixtures with Ar and Oy
[2,8,9,14,17,26,44]. The highest reaction constant was obtained for Ar:
O, (75:25), 5.7 times higher than that for N3:0y (75:25), which was
similar to the air composition. Gas conditions with Ny resulted in lower
production. The lowest constant was obtained for Ny [18,44-47], 3.3
times lower than that for N5:O5 (75:25). As the Ny content increased
under O2:N; and Ng:Ar conditions, the reaction constant decreased
drastically [48,49]. Therefore, Ar and O, played a positive role in the
sonochemical generation of HO5, while N3 had a negative effect.

The physicochemical properties of Ar, O, and Ny are summarized in
Table 2. Monatomic gases such as Ar have higher values than do poly-
atomic gases such as Oz and Ny, and a higher ratio of specific heat ca-
pacity results in extreme conditions inside the bubble, inducing greater
cavitational activity [10]. The solubility of dissolved gas can be related
to the number of cavitation nucleation events [1,50] and the dissolved
gas molecules can grow and form larger bubbles, which become cav-
itationally active [51]. Cavitational bubbles containing dissolved gas
molecules with lower thermal conductivity can maintain a larger
concentrated energy inside the bubbles, causing more violent cavitation
events [1,10,50]. The density and diffusivity of the dissolved gas can
also be considered as secondary factors affecting the bubble growth
mechanisms, including rectified diffusion and coalescence in cavitation
events [52].

Even though a very high Ar content can positively affect the creation
and maintenance of extreme conditions inside the bubble, the generated
oxidizing radicals can be consumed because of the very high tempera-
ture [10]. It was reported that the generation of oxidizing radical species
and Hy05 can be significantly enhanced in the presence of Oj, even
though O, molecules do not act as a better source for oxidizing radicals
than water molecules [8,9,14]. In addition, Oy molecules act as scav-
engers for H radicals, which can consume oxidizing radicals such as OH
radicals [1,46]. Beckett and Hua reported the lowest activity of
oxidizing radical species for Ar at 100 % [8]. Pétrier et al. reported that
the removal of 4-chlorophenol, a less volatile compound highly likely to
undergo radical reactions outside the bubble, was faster for O3 100 %
than for Ar 100 % [54]. The presence of Ny involves the formation of

Table 2

Physico-chemical properties of Ar, O, and N, under 1 atm at 298-300 K [53].
Physico-chemical properties Ar (023 Ny
Molecular weight (gemol ') 39.95 32.00 28.01
Density (kgem ) 1.603 1.284 1.123
Ratio of specific heat capacity (Cp,/Cy) 1.67 1.40 1.40
Solubility in water (10® molem~>) 1.40 1.27 0.66
Thermal conductivity (10 m-kg-s>-K™1) 17.7 26.5 26.0
Diffusivity in water (10 m%es™1) 2.5 2.42 2.0
Henry’s law constant (10°® molem eatm 1) 1.4 1.3 0.61
Composition in air (mole fraction, %) 0.9340 20.95 78.08

various nitrogen oxides, which results in smaller amounts of oxidizing
radicals participating in the target oxidation reactions, including the
generation of HyO» [10,48,49]. It has also been reported that a higher
tensile strength of water can be obtained for Ny than for O, under the
same gas dissolution concentration, which could undermine the number
of cavitation events and the cavitational activity [55].

Therefore, a mixture of Ar and Oy with a higher Ar content is
essential to maximize the oxidizing radical activity. However, the
presence of Ny is detrimental to cavitational activity and markedly re-
duces the oxidizing radical activity due to the formation of nitrogen
oxides.

In the open system (where water was saturated with a gas or gas
mixture, before the water body was opened to air for the ultrasonic
irradiation process), a trend very similar to that of the closed system was
observed for the reaction constants under various gas conditions.
However, relatively large differences in DO concentration before and
after 60 min of ultrasonic irradiation were detected, as shown in Table 1.
In this study, the concentrations of dissolved Ar and N3 were not
measured, and the change in DO concentration was considered as evi-
dence of gaseous exchange across the air-water interface for O, Ar, and
Njy. It is well known that absorption (dissolution) or desorption
(degasification) of gases occurs when water is undersaturated or su-
persaturated [13]. Gaseous exchange between water and air can be
significantly enhanced under turbulent conditions [11] and ultrasonic
irradiation can cause mixing of the liquid body and gentle ripples at the
liquid surface [4]. Moreover, ultrasonic degassing can affect the ab-
sorption/desorption of gases in liquids [56]. In this study, small bubbles
formed, moved up, and escaped from the water surface.

Considerably higher reaction constants were obtained for the Ar 100
%, No 100 %, and Ar/N; mixture conditions in the open system
compared to those in the closed system, as shown in Fig. 2. This was
mainly attributed to the transfer of gases with a positive effect, such as
0o, from the atmosphere into the liquid. The DO concentration increased
in the range of 2.6-4.3 mg/L for Ar 100 %, N3 100 %, and Ar/N mixture
conditions, while the DO concentration decreased significantly (-1.0 to
-11.5 mg/L) for other gas conditions. Ar is a rare gas in air, and
consequently the removal of Ar from the liquid might occur much faster
than that of O3 and Nj. At 25 °C, the air equilibrium concentrations of
Ar, O,, and N, were calculated as 0.013 x 103, 0.272 x 1073, and 0.476
x 10 mol/L, respectively, and the solubilities were 107 times, 4.7
times, and 1.4 times higher than the equilibrium concentrations for Ar,
0,, and Ny, respectively. However, considering the enhancement of the
reaction constant for Ar 100 % compared to that under the saturation/
closed system, the addition of a smaller amount of O, via gaseous ex-
change seemed to be more advantageous than the removal of a larger
amount of Ar during the 60 min irradiation duration in this study.

In contrast, lower reaction constants for the Ar/O5 mixture, O 100
%, and O,/Ny mixture [05:Ny (75:25) and O5:N5 (50:50)] conditions
were obtained in the open system compared to those in the closed sys-
tem. This was also attributed to the gas exchange between positively
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affecting Ar and O, in the liquid and negatively affecting N in the air, as
indicated by the DO change in Table 1. No significant difference was
observed for Oy:Ny (25:75), because the gas composition was very
similar to the air composition. In addition, relatively lower coefficients
of determination (R%) were obtained in the open system than in the
closed system. The coefficient of determination for all conditions in the
closed system was close to one, which meant that the pseudo-zero-order
reactions for the generation of HyO, proceeded linearly due to their
being no significant change in the dissolved gas content. As the dissolved
gas content changed noticeably in the open system, the linearity of the
H0; generation reaction decreased significantly. For the conditions in
which the coefficient of determination was close to one in the open
system, the negatively and positively affecting gas effect seemed to
compensate for one another with no decrease in the linearity of the re-
actions during the 60 min irradiation, despite the drastic change in the
dissolved gas content.

To further investigate the effect of gas exchange in the open system
on the generation of HoOy, a gas saturation and re-saturation test was
repeated twice for selected gas conditions including Ar 100 %, Ar:O,
(75:25), Ar:02 (25:75), and O, 100 % over a longer irradiation duration
(90 min), as shown in Fig. 3. The HoO; generation curve can be divided
into two stages based on the linearity of the curve: the HoOy concen-
tration increased linearly during the first 45 min, and then increased
linearly with a more gradual slope during the next 45 min. After gas re-
saturation with the same gases, the decreasing slope for H,O5 generation
recovered, and then the reduction of the slope occurred again at the
same level. For several gas conditions, the pseudo-zero-order constants
for the entire irradiation time (0-90 min), the first half of the irradiation
time (0-45 min), and the second half of the irradiation time (45-90 min)
are summarized with the coefficient of determination in Fig. 1S. The
ratio of the constant for 45-90 min (k45.9¢) to the constant for 0-45 min
(ko-45) was 0.82, 0.50, 0.58, 0.49, 0.63, 0.79, 1.15, and 1.11 for Ar 100
%, Ar:0y (75:25), Ar:0, (25:75), Oz 100 %, O2:Ny (75:25), O2:Ny
(25:75), N3 100 %, and No:Ar (25:75), respectively. The degree of Hy0o
generation/accumulation decreased slightly after the gas content in the
liquid changed significantly for most cases, except N3 100 % and Na:Ar
(25:75). In addition, it was found that the conditions where the ratios of
0.5 to 0.6 were obtained showed relatively lower linearity in the open
system (Fig. 2). The reason for the large difference between k¢.45 and k45.
g0 in the Ar/O, mixture was the fast removal of positively affecting Ar
and the entry of negatively affecting Ny, as discussed above. Considering
the case of O3 100 %, it was revealed again that an increase in the Ny
concentration in the liquid resulted in a remarkable decrease in the
cavitational oxidizing activity. The ratio of k4s.99 to ko.45 was greater

40
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Fig. 3. Cavitational generation of H,O, under various gas conditions. The gas
saturation and re-saturation were repeated twice.
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than one for Ny 100 % and Na:Ar (25:75) due to the dissolution of the
positively affecting Oy gas.

In the closed system of Ar:Oy (75:25) or O2:Nj (25:75), the degra-
dation of bisphenol A (BPA), which followed the pseudo-first-order re-
action [57], was investigated briefly under the same experimental
conditions. The initial BPA concentration was 10 mg/L. The pseudo first-
order reaction constant was 1.76 + 0.24 min~! and 0.67 & 0.00 min '
for Ar:O5 (75:25) or O2:Ny (25:75), respectively. The removal effi-
ciencies after 240 min of irradiation were 35.1 % and 14.4 % for Ar:0,
(75:25) and O2:Nj (25:75), respectively.

3.2. Gas sparging

The effect of gas sparging on cavitational HyOo generation was
investigated using the same gas conditions in closed and open systems,
as shown in Fig. 4. The liquid was saturated and irradiated using ul-
trasound with continuous gas sparging for all cases. The initial gas
content in the liquid was considered relatively constant in both the open
and closed systems because the DO concentration did not change
significantly owing to the continuous gas supply, as shown in Table 3.
This resulted in similar reaction constants for open and closed systems
under the same gas conditions. In addition, most coefficients of deter-
mination for both open and closed systems were close to one.

The application of gas sparging appeared to significantly enhance the
cavitational oxidizing activity [4,14,21]. A much higher reaction con-
stant for HyO, generation was obtained under all the gas conditions. The
enhancement ranged from 198 % (O2 100 %) to 659 % [02:N3 (25:75)]
and from 241 % (05 100 %) to 719 % [05:N5 (50:50)] for the closed and
open systems, respectively. The highest constant was obtained for the
Ar:0; (75:25) sparging condition in the closed system, as expected, and
was four times greater than the highest constant in the gas saturation/
closed condition of Ar:0y (75:25) (Fig. 2). The highest constant was
obtained for the Ar:O (75:25) sparging condition in the closed system
(ko = 1 pM/min), as expected, and was four times greater than the
highest constant in the gas saturation/closed condition of Ar:Oy (75:25)
(Fig. 2). Pflieger et al. reported the H,O5 generation rates of 12-27 pM/
min under various gas sparging conditions (362 kHz, Ar:05 = 80:20, V|,
= 0.25 L, Py = 73 W, Gas sparging rate: 20-130 mL/min) [14]. The
large difference might be attributed to different experimental conditions
including the frequency (28 kHz vs 362 kHz) and power density (15.1
W/L vs 292 W/L). In addition, the sparging of O5:N; (25:75), similar to
air, resulted in a kinetic constant as high as the highest constant in the
gas saturation condition.

mmm k) for closed system Moo

[ kg for open system
—— R2 for closed system | 0.8
O R2 for open system

F0.7

F0.6

Coefficient of determination (RZ)

Pseudo zero-order reaction constant
for H,O, generation (x 107 mol/L/min)

0.5

L R A A A AT

&S & & & & &
& AR L e L S L
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Fig. 4. Pseudo zero-order reaction constant and coefficient of determination for
the 28 kHz cavitational generation of H,O, under various gas sparging condi-
tions in closed and open systems. The irradiation duration was 60 min and the
gas sparging flow rate was 3 L/min. The red line represents the highest constant
[Ar:02 (75:25)] for the gas saturation conditions in Fig. 2.
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Table 3
Variation of DO concentration before and after ultrasonic irradiation for various gas sparging conditions with a DO saturation concentration of 9.1 mg/L at 20 °C.
Gas saturation Ar Ar:0, Ar:0, Ar:0, (o2} 04:Ny 04:Ny 04:Ny Ny No:Ar No:Ar No:Ar
(75:25) (50:50) (25:75) (75:25) (50:50) (25:75) (75:25) (50:50) (25:75)
Closed DOy* 0.2 10.2 21.0 30.4 39.5 30.8 20.8 10.8 0.5 0.2 0.2 0.3
(mg/L)
DOgo* 0.7 10.3 20.3 29.0 37.5 30.1 19.9 11.0 0.5 0.6 0.7 0.6
(mg/L)
ADO +0.5 +0.0 -0.7 -1.5 —2.0 -0.7 -0.9 +0.2 -0.0 +0.4 +0.5 +0.3
Open DOy 0.2 10.8 20.7 30.3 39.8 29.2 19.8 10.2 0.7 0.2 0.2 0.2
(mg/L)
DOgo 0.8 11.0 20.0 289 38.0 29.0 19.0 10.0 1.9 0.6 0.5 0.5
(mg/L)
ADO +0.5 +0.2 -0.8 -1.4 -1.8 -0.2 -0.8 -0.3 +1.2 +0.4 +0.3 +0.3

" DOy and DOg represent DO concentrations before and after 60 min of irradiation, respectively.

“ ADO = DOgy-DOy.

To visually understand the large enhancement induced by gas
sparging, the SCL images were captured and analyzed for both gas
saturation and gas sparging, as shown in Fig. 5. The cavitational re-
actions of luminol molecules and oxidizing radicals emit blue/white
light. The bright area in the reactor is considered as a hot spot for
oxidizing radical reactions, including H,O5 generation [28]. Because the
SCL image represents 2-dimensional activity and there might be some
distortions between the real active zone and the captured image, it was
hard to obtain a proportional relationship between the HyO2 generation
and the SCL intensity. However, the brightness, location, and area of
light can be approximately related to the cavitational oxidizing activity
in sonochemical reactors.

A brighter and larger area was observed in the SCL image for the Ar/
O, mixture, where high reaction constants were obtained under both gas
saturation and sparging conditions, as shown in Figs. 2 and 4.
Conversely, less bright light, and a smaller area of light, was detected for
the gas mixtures with Ny, and no noticeable light was observed for Ny
(100 %). The major differences in the SCL images between gas saturation
and gas sparging were the location and shape of the active zone. For gas
saturation conditions, the main active zone was observed in the standing
wave field adjacent to the liquid surface [4,33,58,59]. As the liquid
surface becomes more stable, a stronger and larger standing wave field is
formed [4,33,60,61]. In this study, the liquid surface was stable under
gas saturation conditions despite the generation of gentle ripples
induced by ultrasonic irradiation. It should be noted that strong cav-
itational oxidizing activity was also observed in the region close to the
bottom for Ar:0, (75:25) in the gas saturation condition. This may have
been due to the presence of a gas mixture of Ar:O9 (75:25), which was
highly favorable for cavitational activity enhancement and enabled
effective cavitation events to occur in a less strong ultrasonic energy
field.

However, a bulb-shaped active zone was mainly observed in the
region surrounding the gas sparger under gas sparging conditions. It

Ar:0, Ar:0, Ar:0,
(75:25) (50:50) (25:75)

0,:N,
(75:25)

appeared obvious that the bubble movement from the sparger signifi-
cantly affected the formation of the bulb-shaped active zone, as shown in
Fig. 5. The ultrasound transmission to the upper area was significantly
inhibited by bubble clusters adjacent to the sparger and higher sono-
chemical oxidation activity was obtained as a result of the many gas
molecules in the bottom region [4,21]. A weak and blurred standing
wave field, which resulted from less ultrasonic transmission to the upper
area and the unstable liquid surface with waves and ripples induced by
the upstream bubbles, was also observed adjacent to the liquid surface
for the gas conditions where less strong or low activity was detected.
Notably, the standing wave field was rarely observed for gas conditions
including Ar 100 % and Ar:O, mixtures, where relatively strong
oxidizing activity was detected. This indicates that the degree of ultra-
sonic transmission through the bubble clusters may vary significantly
depending on the gas composition of the bubbles.

To investigate the effect of the gas content on the sound energy level,
the sound energy level was measured using a hydrophone and spectrum
analyzer for Ar:O (75:25) and N3:03 (75:25). The sparger was placed at
the bottom of the reactor and the hydrophone was placed at the middle
height of the liquid above the bubble clusters generated from the
sparger. As shown in Fig. 2S, no significant difference was observed
between the two conditions. However, it should be noted that clearer
and higher peaks of harmonic frequencies (2f, 3f, 4f, eee) and less clear
and lower peaks of sub-harmonics (1.5f, 2.5f, 3.5f, eee) in the frequency
range of 0-200 kHz were observed for Ar:O, (75:25) than for N»:02
(75:25) [62]. The effect of the gas sparging rate was also investigated, as
shown in Fig. 3S. The sound pressure level decreased significantly for Ar:
O, (75:25) as the gas flow rate increased from 0 L/min to 10 L/min, as
shown in Fig. S3. Therefore, ultrasonic blockage by gas sparging
occurred, resulting in the formation of a concentrated active zone
adjacent to the sparger at the bottom area. The effect of the sparging rate
on Hy0; generation is discussed in Section 3.3.

The reasons for the enhancement of the HyO5 generation by the gas

P N,:Ar N,:Ar N,:Ar
(75:25) (50:50) (25:75)

N, 0,:N
0 (25:75)

O uq
th

(

N

Fig. 5. Real and SCL images under various gas mixtures for gas saturation and sparging conditions. The gas sparging flow rate was 3 L/min.
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sparging can be explained as follows: Firstly, the positively affecting gas
molecules (Ar or Oy) were provided continuously, inducing the imme-
diate removal of negatively affecting gas molecules (N5), which might
have entered due to the concentration gradient between the liquid and
the air, for the Ar or O, sparging/open conditions. Secondly, gas
sparging can induce violent mixing, as in bubble column reactors, which
leads to the active movement of reactants in the reactor. Thirdly, the
formation of bubble clusters adjacent to the sparger significantly altered
the shape and location of the cavitational active zone, as shown in the
SCL images in Fig. 5. The bubble clusters surrounding the sparger acted
as unstable and continuously transforming reflectors, and a highly active
zone formed under the bubble clusters. It was reported that mechanical
mixing in the liquid phase resulted in similar changes in the cavitational
active zone [5]. Fourth, the gas molecules, which were supplied
continuously, acted as nuclei for cavitation, inducing more cavitation
and radicals.

3.3. Gas sparging rate and sparger position

The effects of the sparging gas flow rate and sparger position on the
generation of HoOy were investigated for Ar:O (75:25), as shown in
Fig. 6. The SCL images are shown in Fig. 7. As the gas flow rate
increased, the reaction constant increased significantly and then
remained relatively constant [4,14]. For the lower flow rate conditions,
the sonochemical reactions occurred in both the lower zone adjacent to
the sparger and the upper zone. The highest constant was obtained for 3
L/min. No standing wave field was observed for rates higher than 3 L/
min, which was attributed to the ultrasonic energy trapping by bubble
clouds and the formation of an unstable liquid surface, as discussed in
Section 3.2. The gradual disappearance of the standing wave field in the
upper area and the gradual increase in the instability of the liquid sur-
face are shown in Fig. 7. No significant enhancements were observed at
5 L/min and 10 L/min. This might be due to the generation of much
larger bubbles from the sparger, which was effective in trapping the
ultrasound and ineffective in terms of dissolution of gas molecules from
the bubbles into the liquid. The minor change between 3 L/min and 10
L/min might also have been due to the compensating effects of the
decrease in the sound pressure levels, as shown in Fig. 3S, and the
enhanced mixing intensity in the liquid.

Gas sparging at the bottom resulted in the highest cavitation activity
[4]. When the sparger was placed at the middle or top position, the
formation of a standing wave field was observed, and noticeably lower
cavitational activity was obtained. This was attributed to less blockage

12
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=== Sparging close to the wall
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Sparger position
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Pseudo zero-order reaction constant
for H,O, generation (x 10”7 mol/L/min)
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Fig. 6. Pseudo zero-order reaction constant for the 28 kHz cavitational gen-
eration of H,O, under various gas sparging flow rates. The inset represents the
pseudo zero-order reaction constant for various sparger positions. The sparging
gas was Ar:O, (75:25).
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of ultrasonic transmission to the upper zone and a less unstable liquid
surface. Therefore, it was found that upward ultrasonic transmission was
significantly affected by the formation of bubble clusters adjacent to the
sound source, as shown in the SCL images of Fig. 7.

No significant difference was observed between sparging at the
center and close to the wall. In our previous study using larger rectan-
gular sonoreactors (4.5-15.5 L), the gas sparging at the center of the
transducer module at the bottom induced higher cavitational activity
than did the sparging at the corner of the transducer because the sparing
at the corner could not block the ultrasonic transmission effectively
owing to the larger area of the transducer compared to the size of the
bubble cluster [4]. Pflieger et al. reported that the slope of H,O5 gen-
eration changed significantly when the sparger position was moved
[19]. In this study, it appeared that the degree of suppression for the
ultrasonic irradiation was quite similar for both sparging at the center
and close to the wall, even though quite different SCL images were ob-
tained for each scenario. This might be due to the relatively small area of
the reactor and transducer used in this study, considering the effective
area of the gas sparging.

Consequently, the gas sparging position could affect the degree of
sonochemical activity because the cavitational active zone changed
significantly owing to the variation in the sound pressure levels. There
might be an optimal sparging position and gas flow rate for the
enhancement of sonochemical activity, considering the characteristics
of sonoreactors, including liquid height and volume. The highest sono-
chemical activity was obtained when the sparging of 3 L/min was
applied adjacent to the ultrasonic source.

4. Conclusion

The effects of gas saturation and sparging on sonochemical oxidation
activity and the generation of HyO» were investigated using a 28 kHz
sonoreactor equipped with a gas supply system in this study (part I).
Twelve gas conditions including Ar 100 %, O3 100 %, N3 100 %, and
binary gas mixtures, were applied under four gas modes: saturation/
closed, saturation/open, sparging/closed, and sparging/open. The for-
mation of the sonochemical active zone was visually analyzed using the
SCL method. The conclusions of this study are as follows:

1. The saturation gas composition in the liquid phase significantly
affected the sonochemical oxidation activity. A mixture of Ar/O;
(75:25 or 50:50) resulted in the highest HoO, generation, and the
presence of Ny undermined the activity. The gas content changed
significantly in the saturation/open mode, and the DO concentration
can be used as an indicator of the change in the saturation gas
content.

2. Gas sparging remarkably enhanced the sonochemical oxidation ac-
tivity, which was attributed to the variation of the cavitational active
zone in terms of location, shape, and intensity. Without gas sparging,
the standing wave field adjacent to the liquid surface was the main
active zone. In contrast, a hot spot formed close to the sparger at the
bottom when sparging was applied.

3. The sparging gas flow rate and sparger location also noticeably
affected the sonochemical oxidation activity. The change in the
sonochemical oxidation activity was mainly related to the charac-
teristics of the bubbles from the sparger, the resulting change in the
ultrasonic energy distribution, and the corresponding sonochemical
active zone.
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Fig. 7. Real and SCL images under various gas flow rates and gas sparging positions. The sparging gas was Ar:02 (75:25).
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