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A B S T R A C T   

When an aqueous solution containing dissolved air is sonicated, H2O2, HNO2, and HNO3 are formed. This is a 
result of the formation of active bubbles with extremely high-temperature and high-pressure. The yields of H2O2, 
NO2

− , and NO3
− are representative indexes for understanding the chemical effects of ultrasonic cavitation in 

water. However, these yields often vary under the acidic conditions caused by sonication. In this study, we 
measured the yields of H2O2, NO2

− , and NO3
− in the presence of NaOH, which suppresses the reaction between 

NO2
− and H2O2 and prevents the formation of NO3

− in a bulk solution. Therefore, the yields obtained should 
correspond to the actual yields just after bubble collapse, directly reflecting the chemical effects of the active 
bubbles themselves. It was confirmed that the yields of NO2

− and NO3
− decreased, while the ratio of [NO3

− ] to 
[NO2

− ] ([NO3
− ]/[NO2

− ] ratio) increased with increasing solution temperature, suggesting that the temperature and 
pressure in collapsing bubbles decreased with an increase in the solution temperature. Ultrasonic power clearly 
affected the yields of NO2

− and NO3
− , but it did not affect the [NO3

− ]/[NO2
− ] ratio, suggesting that 1) the quality of 

the active bubbles did not change largely with increasing ultrasonic power, and 2) the quantity related to the 
number and/or size of active bubbles increased with increasing ultrasonic power up to a certain power. Addi
tionally, the effects of the ratio of air to Ar on the yields of NO2

− , NO3
− , and H2O2 were investigated. These yields 

could be affected not only by the bubble temperature but also by the concentration of reactants and in
termediates inside the collapsing bubbles. The chemical reactions are quite complex, but these yields could be 
valuable analytical tools for understanding the quantity and quality of active bubbles.   

1. Introduction 

Transient microbubbles with extremely high temperatures and 
pressures are generated during ultrasonic cavitation in water. These 
bubbles have been actively studied in various fields such as synthesis of 
nanostructured materials, degradation of hazardous chemicals, and 
sonodynamic therapy. During the sonolysis of water, OH and H radicals 
are primarily formed [1,2] and some of the OH radicals recombine to 
form H2O2 [3,4]. The yields of H2O2 and/or OH radicals are represen
tative indexes for understanding the chemical effects of ultrasonic 
cavitation. Thus, these yields have been measured under various 
experimental conditions, including parameters such as ultrasonic power 
[3,5,6,7], ultrasonic frequency [3,6,8,9,10,11,12], solution temperature 
[6,7,9,10], type of dissolved gas [4,8,9,13,14], pressure of dissolved gas 

[5], gas saturation and sparging system [9,14], solution mixing 
[9,15,16], solution volume [3,5,7], liquid height [11], and solution pH 
[7,17]. The effects of additives such as organic compounds [18], inor
ganic salts [19], particles [12], and micron-sized air bubbles [20,21] 
have also been investigated. In some cases, the yields are normalized by 
the applied ultrasonic power and/or solution volume and these values 
are referred to as the sonochemical efficiency [3,7,11,16]. Despite active 
analysis of these yields and efficiencies under various conditions, the 
characteristics of active bubbles remain unclear because of the complex 
nature of ultrasonic cavitation, which can be influenced by multiple 
factors even when only one parameter is altered. 

When an aqueous solution containing dissolved air is irradiated by 
ultrasound, active bubbles are generated and N2 oxidizes to form NO2

−

and NO3
− . Therefore, the yields of NO2

− and NO3
− serve as additional 
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representative indexes to understand the chemical effects of ultrasonic 
cavitation [22–28]. We recently reported the possibility of using NO2

−

and NO3
− as probes to investigate temperature- and pressure-dependent 

reactions. This approach aims to improve our understanding of the 
physicochemical properties of collapsing air bubbles [22]. Although N2 
oxidation and water decomposition have been actively studied for a long 
time, the characteristics and number of active bubbles, as well as their 
chemical effects, have not yet been sufficiently clarified. In this study, 
we discuss these unclear points by measuring the actual yields of NO2

− , 
NO3

− , and H2O2 just after bubble collapse. The yields and ratios of NO2
−

and NO3
− formed under various experimental conditions, including 

different solution temperatures, ultrasonic powers, and gas mixtures 
with Ar, were compared. In particular, the bubble temperature attained 
during collapse, the number of active bubbles, and their chemical effects 
were evaluated to understand the characteristics of the active bubbles. 
In multi-bubble cavitation, when the ultrasonic power increases, it is 
generally considered that the quality related to the bubble temperature 
and quantity related to the number and/or size of the active bubbles 
change simultaneously, so that it has been difficult to distinguish the 
effects of these two factors. The present study is the first one to discuss 
the quality and quantity of the active bubbles by using experimental 
results of NO2

− and NO3
− . 

2. Experimental 

All the water used in the experiments was treated using a Millipore 
system (Milli-Q). Ultrasonic irradiation was performed using a 65 mm ϕ 
oscillator (Kaijo; Lot. No. 00102, Japan) and an ultrasonic generator 
(Kaijo 4021 type; Lot. No. 11EA00103, Japan; frequency: 200 kHz; 
nominal maximum power: 200 W). The details of the irradiation setup 
have been described in previous studies [29]. A cylindrical reaction 
vessel (inner diameter: 50 mm) was mounted such that the flat bottom of 
the vessel was 4.0 mm away from the top of the oscillator, where 4.0 mm 
was the optimum distance, which approximately corresponded to the 
half-wavelength of the ultrasound of 200 kHz [29]. Water containing 
dissolved air (60 mL) in the presence of NaOH (1.0 mM) was sonicated in 
a water bath maintained at 5, 10, 15, 20, 25, or 30 ◦C using a cold-water 
circulation system (TAITEC CL–150R). The reaction vessel remained 
open to the surrounding air during irradiation, and the effects of ultra
sonic power and solution temperature were investigated (Figs. 1–3). For 
the experiments shown in Figs. 4–7, air, Ar, or a mixture of both gases 
was introduced into the sample solutions via a bubbling process. This 
process was carried out in a water bath at a total flow rate of 200 mL/ 
min using a silicon tube. Prior to the experiments, the gas flow was 
initially directed through the tube for a duration of 30 min to eliminate 
any residual air or gas in the reaction system. Subsequently, the gas was 
passed through the tube for 60 min. The rates of the gas flows were 
controlled to make a desired gas mixture: the volume percentage of 
gaseous phase was controlled. The reaction vessel was sealed after gas 
bubbling, and sonication was performed under closed conditions 
(Figs. 4–7). The ultrasonic power applied to the sample solution (60 mL) 
was measured using a calorimetric method [30], where a K-type ther
mocouple (As One, DS-K 1.0 × 200, Japan; sheath diameter: 1.0 mm, 
sheath length: 200 mm) and data logger (midi LOGGER GL220, 
Graphtec, Japan; sampling time: 100 msec) were used. In this study, the 
calorimetric powers of 3.3 (power dial of the ultrasonic generator 2), 7.4 
(power dial 4), 10.3 (power dial 6), 13.2 (power dial 8), and 15.0 W 
(power dial 10) were used for ultrasonic irradiation. The data as a 
function of irradiation time is shown in the Supplementary data 
(Fig. S1). The average obtained by three irradiation experiments for 60 
sec was used to calculate the calorimetric powers. In this study, the 
acoustic intensity (I) was 0.17, 0.38, 0.52, 0.67, 0.76 W/cm2, respec
tively, which was calculated from the calorimetric power by dividing the 
bottom surface area of the reaction vessel. The value of I is related to the 
acoustic pressure amplitude (Pa) as follows: I = Pa

2/2ρc, where ρ is the 
density of a liquid and c is the sound velocity [31]. This equation 

indicates that the acoustic pressure amplitude increases with increasing 
acoustic intensity. In some parts in this paper, we use the term of the 
ultrasound power of calorimetric power which is related to a kind of the 
acoustic pressure amplitude. 

After irradiation, the solution was sampled through a silicone rubber 
septum using a syringe and placed in a vial. The concentrations of NO2

−

and NO3
− were measured by ion chromatography (IC, Metrohm 761 

Compact IC, Switzerland). The IC analysis conditions were as follows: 
the separation column was Shodex IC SI-90 4E (Japan), and the eluent 
was a mixture of aqueous Na2CO3 (1.8 mM) and NaHCO3 (1.7 mM) 
solution at a flow rate of 1.0 mL/min. The concentration of H2O2 was 
measured using the KI colorimetric method [32], using a UV–visible 
spectrophotometer (Shimadzu UV-2450, Japan): aqueous KHC8H4O4 
(potassium hydrogen phthalate, 0.10 M) solution labeled as solution A 
and a mixture of aqueous KI (0.40 M), NaOH (0.050 M), and 
(NH4)6Mo7O24 (hexaammonium heptamolybdate, 1.6 × 10-4 M) solu
tion labeled as solution B were prepared, respectively. 2.0 mL of solution 
A and 2.0 mL of solution B were added to 1.0 mL of the sample solution 
in this order, and then the absorption spectrum of the mixed solution 
was measured. 

Fig. 1. Changes in concentrations of NO2
− (◊), NO3

− (△), H2O2 (○), and sum of 
NO2

− and NO3
− (×) with irradiation and with standing time after irradiation in 

the absence (a) and presence (b) of NaOH. Ultrasonic power turned off at 60 
min. Ultrasonic power: 10.3 W, solution temperature: 20 ◦C. 
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3. Results and discussion 

3.1. Effect of NaOH 

Fig. 1a and b show the variation in the concentrations of NO2
− , NO3

− , 
and H2O2 during the sonolysis of water containing dissolved air in the 
absence and presence of NaOH, respectively. The concentrations of 
NO2

− , NO3
− , and H2O2 increased with sonication time. These formations 

were caused by the generation of microbubbles with extremely high 
temperatures and pressures and then oxidation of N2 via the Zeldovich 
and extended Zeldovich mechanisms [25,26,28,33,34]. Typical reaction 
equations are as follows: 

H2O→OH +H (1)  

2OH→H2O2 (2)  

H +O2→OOH (3)  

2OOH→H2O2 +O2 (4)  

O2→2O (5)  

N2 +O→NO+N (6)  

N +O2→NO+O (7)  

N +OH→NO+H (8) 

After NO formation, NO2, N2O3, HNO2, and HNO3 were formed as 
follows: 

2NO+O2→2NO2 (9)  

NO+OOH→NO2 +OH (10)  

NO+NO2→N2O3 (11)  

NO+O→NO2 (12)  

NO+OH→HNO2 (13)  

NO2 +OH→HNO3 (14)  

N2O3 +H2O→2HNO2 (15)  

2NO2 +H2O→HNO2 +HNO3 (16) 

It can be seen in Fig. 1a that the concentrations of NO2
− , NO3

− , and 
H2O2 increased curvilinearly with irradiation time in the absence of 
NaOH. However, after the irradiation was stopped at 60 min, the con
centrations of NO2

− and H2O2 decreased with standing time, whereas the 
concentration of NO3

− continued to increase. Furthermore, the combined 
concentration of NO2

− and NO3
− displays a linear increase during irra

diation and then remains constant during the standing period without 
irradiation. As the ultrasonic irradiation of air-dissolved water makes 
the solution acidic [22], Fig. 1a shows that NO2

− and H2O2 undergo a 

Fig. 2. (a)Effect of solution temperature on the sum of the yield of NO2
− and 

NO3
− . (b) Effect of solution temperature on the NO3

− /NO2
− ratio. Concentration 

of NaOH: 1.0 mM, sonication time: 5.0 min, ultrasonic power: 10.3 W. 

Fig. 3. (a) Effect of ultrasonic power on the sum of the yield of NO2
− and NO3

− . 
(b) Effect of ultrasonic power on the NO3

− /NO2
− ratio. Concentration of NaOH: 

1.0 mM, sonication time: 5.0 min, solution temperature: 20 ◦C. 
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redox reaction in the acidic solution to form NO3
− , as shown in Eq. (17), 

both during the irradiation period and subsequent standing period 
without irradiation. 

NO−
2 +H2O2→NO−

3 +H2O (17)  

where above sentences and Eq. (17) are described without considering 
pKa of HNO2 (pKa = 3.23 [35]) and HNO3 (pKa = − 1.8 [36]). 

On the other hand, in Fig. 1b, the concentrations of NO2
− , NO3

− , and 
H2O2 increase linearly during irradiation in the presence of NaOH. In 
addition, these concentrations do not change during the standing period 
without irradiation. These results indicate that Eq. (17) was suppressed 
in the presence of NaOH. According to the report by Damschen and 
Martin [35], the progress of Eq. (17) needs H+. It was also confirmed 
that the presence of acid promotes Eq. (17) in our study. In Supple
mentary data, the effects of acid and alkali on the progress of Eq. (17) 
were investigated and the results are shown in Figs. S2 and S3. 

There are many reports on the yields of NO2
− , NO3

− , and H2O2 formed 
by ultrasonic irradiation [22–28]. However, in an uncontrolled pH 
aqueous solution, these yields may include some experimental errors 
under the following conditions: 1) when the yield of NO2

− or NO3
− is high, 

2) when the irradiation time is long, 3) when it takes a long time to 
analyze the solution after the irradiation, and 4) when the solution 
temperature is high. Under these conditions the measured yield of NO3

−

may be higher, while those of NO2
− and H2O2 may be lower than their 

actual values just after bubble collapse. Since the addition of alkali was 
found to be effective in measuring the actual yields formed in the active 

bubbles, a 1.0 mM NaOH solution was used in our study. 

3.2. Effect of solution temperature 

Experiments were performed at different solution temperatures to 
discuss the chemical characteristics of the active bubbles. Fig. 2a and b 
show the sum of the yields of NO2

− and NO3
− (abbreviated as [NO2

− ] +

Fig. 4. Effect of solution temperature on the yield of (a) NO2
− and (b) NO3

− at 
different air-Ar ratio. (×): air 100%, (○) air 75%, (◊): air 50%, (△): air 25%. 
Concentration of NaOH: 1.0 mM, sonication time: 5.0 min, ultrasonic power: 
10.3 W. 

Fig. 5. Effect of Ar percentage in gas mixture on the yield of (a) NO2
− and (b) 

NO3
− at different solution temperature. Concentration of NaOH: 1.0 mM, soni

cation time: 5.0 min, ultrasonic power: 10.3 W. 

Fig. 6. Effect of solution temperature on the NO3
− /NO2

− ratio at different air-Ar 
ratio.Concentration of NaOH: 1.0 mM, sonication time: 5.0 min, ultrasonic 
power: 10.3 W. 
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[NO3
− ]) and ratio of [NO3

− ] to [NO2
− ] ([NO3

− ]/[NO2
− ] ratio), respectively, 

as functions of the solution temperature at an ultrasonic power of 10.3 
W. Because all the yields increased almost linearly with irradiation time 
(Supplementary data, Figs. S4–S7), we used the yields obtained at 5 min 
of irradiation. The experimental errors of data would be within 10% of 
the relative standard deviation (Supplementary data, Table S1). Fig. 2a 
shows that [NO2

− ] + [NO3
− ] decreases with increasing solution temper

ature. This phenomenon is explained as follows: at higher solution 
temperatures, the presence of water vapor with a lower specific heat 
ratio within the bubbles leads to a lower bubble temperature after quasi- 
adiabatic collapse [37,38]. On the other hand, Fig. 2b shows that the 
[NO3

− ]/[NO2
− ] ratio increases with an increase in the solution temper

ature. The similar tendency was also observed at different ultrasonic 
power as shown in Fig. S8. These results may be because higher solution 
temperatures lead to lower bubble temperatures after quasi-adiabatic 
collapse, thereby favoring the chemical equilibrium shift from NO for
mation (corresponding to NO2

− formation) to NO2 formation (corre
sponding to NO3

− formation). This concept is consistent with that of our 
previous study [22], where the amounts of NO2 and NO formed from the 
reaction between N2 and O2 were calculated using the NASA Computer 
Program CEA (Chemical Equilibrium with Applications) [39] under 
different temperature and pressure conditions. In this calculation, the 
[NO2]/[NO] ratio decreases when the reaction temperature increases. 

Ouerhani et al. [40] investigated the yields of NO2
− and NO3

− formed 
from the sonolysis of water at 360 kHz under Ar-N2 mixtures at 14℃ and 
they reported that the [NO3

− ]/[NO2
− ] ratio decreased with increasing N2 

%, where the increase of N2 % in Ar-N2 mixtures corresponds to the 

decrease of the maximum temperature in collapsing bubbles. The trend 
observed in [40] was opposite to that observed in this study. This 
divergence would be due to that the formation of NO3

− and NO2
− is 

affected by the amounts of O2 inside bubbles, taking into account Eq. (5) 
in the Zeldovich mechanism. 

3.3. Effect of ultrasonic power 

The effect of ultrasonic power was investigated at a solution tem
perature of 20 ◦C. The results are shown in Fig. 3a and b. Fig. 3a shows 
that [NO2

− ] + [NO3
− ] increased gradually as the ultrasonic power 

increased from 3.3 to 10.3 W, whereas it decreased from 10.3 to 15.0 W. 
The behavior of [NO2

− ] + [NO3
− ] is similar to that reported in our pre

vious study [22]. Fig. 3b shows that the [NO3
− ]/[NO2

− ] ratio remains 
almost constant with increasing ultrasonic power. This behavior was 
different from that of our earlier results [22]. This divergence could be 
attributed to the utilization of the data obtained in the absence of NaOH. 
Therefore, the progress of Eq. (17) was not suppressed completely in the 
previous study and it is possible that the NO2

− and NO3
− concentrations 

were unintentionally measured to be lower and higher, respectively, 
resulting in a larger change in the [NO3

− ]/[NO2
− ] ratio than in the 

presence of NaOH. We also previously discussed the possibility of the 
maximum temperature and pressure in the collapsing bubbles increasing 
with increasing ultrasonic power and affecting the chemical equilibrium 
between NO and NO2 [22]. However, the results presented in Fig. 3b, 
indicating almost no changes in the [NO3

− ]/[NO2
− ] ratio vs. ultrasonic 

powers, suggest one idea: despite the increase in ultrasonic power, the 
quality of the active bubbles affecting chemical reactions may not 
change largely. 

The changes in the quality and quantity of active bubbles have been 
investigated under various experimental conditions. Barber et al. re
ported that the intensity of sonoluminescence (SL) from air single- 
bubble cavitation changes sensitively with water temperature [41]. 
When the water temperature decreases from about 35 ◦C to 1 ◦C, the 
intensity of SL increases about 200 times. This enhancement is suggested 
to be the change in the maximum bubble temperature. The intensity of 
SL in multi-bubble cavitation is also sensitive to the changes in the 
experimental parameters, although the maximum bubble temperature in 
multi-bubble cavitation is lower than that in single-bubble cavitation. 
On the other hand, in multi-bubble cavitation, the chemical effects of 
active bubbles would be less sensitive to the experimental parameters 
compared with SL. For example, it is reported that the addition of small 
amounts of ethanol to water decreases the intensity of SL dramatically, 
but it does not decrease the bubble temperature largely which was 
measured by the methyl radical recombination reactions [42]. Our 
result of Fig. 2a also indicates that the yield of NO2

− and NO3
− increases 3 

times, when the water temperature decreases from 30 ◦C to 5 ◦C. In the 
case of H2O2 formation, the effect of the water temperature on the yield 
of H2O2 was small as shown in later (Fig. 7a). Therefore, it is suggested 
that the chemical effects of active bubbles may not be directly related to 
the phenomena of SL in some cases. This idea could be supported by 
Brotchie et al. [43]. They reported that the temperature requirements 
for sonochemiluminescence (SCL) and SL are different: SL is induced by 
a population of higher temperature bubbles, but SCL related to sono
chemical reactions is induced by a population of relatively lower tem
perature bubbles [43]. They also reported that the bubble-size 
distributions for SL and SCL are different. Based on their report, N2 
oxidation would mainly result from active bubbles belonging to a pop
ulation of relatively lower temperature bubbles. It is also reported that 
the population of bubble streamers increases with ultrasonic power [44] 
and the spatial distribution of active bubbles for SL and SCL becomes 
larger with ultrasonic power [44,45]. Therefore, it is probable that the 
number and/or size of active bubbles increasing with increasing ultra
sonic power. 

In the present study, when we assumed that the mean maximum 
temperature and pressure of active bubbles which act on N2 oxidation 

Fig. 7. (a) Effect of solution temperature on the yield of H2O2 at different air-Ar 
ratio. (b) Effect of Ar percentage in gas mixture on the yield of H2O2 at different 
solution temperature. Concentration of NaOH: 1.0 mM, sonication time: 5.0 
min, ultrasonic power: 10.3 W. 
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remained constant and the mean radius of these bubbles remained 
constant at different ultrasonic powers, it might be inferred that the 
increase in [NO2

− ] + [NO3
− ] from 3.3 to 10.3 W is due to the increase in 

the number of active bubbles with higher ultrasonic powers. In multi- 
bubble cavitation, it is generally suggested that when the ultrasonic 
power (acoustic pressure amplitude) increases, “the number and/or size 
of active bubbles” and “the maximum temperature and pressure in the 
collapsing bubbles” simultaneously increase, leading to increased 
chemical efficiency. So far, it has been very difficult to distinguish the 
effects of these two factors relating to the quantity and quality, however, 
it may be considered in the present study that an increase in the number 
of active bubbles had a greater effect than an increase in the mean 
maximum temperature and pressure, when the ultrasonic power was 
increased. Furthermore, as the ultrasonic power increased from 10.3 W 
to 15.0 W, [NO2

− ] + [NO3
− ] decreased because the number of active 

bubbles decreased. This is in good agreement with the results of previous 
papers [5,44,46]: beyond a certain ultrasonic power, the number of 
active bubbles decreases, resulting in a decrease in the chemical effi
ciency and SL intensity, owing to the formation of non-active bubbles via 
the occurrence of coalescence, clustering, fragmentation, and/or disso
lution of active bubbles. 

The results of Fig. 2b and 3b also suggest that the mean maximum 
temperature and pressure reached during bubble collapse is more sen
sitive to the change in solution temperature (from 5 ◦C to 30 ◦C) than to 
the change in ultrasonic power (from 3.3 W to 15.0 W). In the above 
discussion, we hypothesized that the mean radius of active bubbles 
remained constant as ultrasonic power (acoustic pressure amplitude) 
increased. However, Brotchie et al. [43] reported that active bubbles 
had the size distribution and the mean radius of active bubbles increased 
with increasing ultrasonic power [43]. Since it is difficult to consider the 
effects of the size distributions and different sizes on chemical reactions, 
we ignored these in our discussion. As the quantitative and qualitative 
effects of ultrasonic power on the chemical reactions are quite complex 
as described above, further research is necessary. 

3.4. Effect of gas mixture and solution temperature 

An aqueous solution containing a gaseous mixture of air and Ar was 
sonicated at different temperatures to discuss the relationship between 
the maximum bubble temperature (Tmax) and N2 oxidation. Tmax can be 
estimated using the following adiabatic compression (Eq. (18)): 

Tmax = T0[R0/Rmin]
3(γ− 1)

, (18)  

where T0 is the initial temperature, R0 is the initial bubble radius, Rmin is 
the minimum bubble radius, and γ is the specific heat ratio. For example, 
at 15 ◦C, the γ value of Ar (1.668) is larger than those of N2 (1.404), O2 
(1.401), and H2O (1.324 at 100 ◦C) [47]. Considering these values, Tmax 
will increase with an increasing percentage of Ar in the mixed gas 
bubbles. 

Fig. 4a and b show the effects of solution temperature on the for
mation of NO2

− and NO3
− , respectively, at different air/Ar ratios. The 

yield of NO2
− was higher than that of NO3

− at all air/Ar ratios, and the 
yields of NO2

− and NO3
− decreased with increasing solution temperatures. 

As elucidated in the results depicted in Fig. 2a, this behavior can be 
attributed to the concurrent decrease in the bubble temperature with 
increasing solution temperature. 

Fig. 5a and b show the yields of NO2
− and NO3

− , respectively, formed 
at the different percentages of Ar in the gas mixture. At all solution 
temperatures, the yield of NO2

− and NO3
− formed increased as the per

centage of Ar increased from 0 to 25% and percentage of air decreased 
from 100 to 75%. This is because Ar has a higher specific heat ratio than 
air; when the percentage of Ar in the bubbles increased from 0 to 25%, 
higher temperature bubbles were generated, resulting in the progress of 
N2 oxidation and effective formation of NO2

− and NO3
− . The gas solubility 

in water (ratio of mol fraction at 25 ◦C and 1 atm) is 0.252 × 10-4, 0.229 

× 10-4, and 0.118 × 10-4 for Ar, O2, and N2, respectively [48]. As Ar has 
a slightly higher solubility than air, the number of active bubbles may 
increase as the percentage of Ar increases. 

In contrast, the yield of NO2
− and NO3

− decreased when the percent
age of Ar was greater than 25%. This could be due to the decrease in the 
number of N2 and O2 molecules in the bubbles, which made it more 
difficult for the N2 oxidation to occur. Before conducting the experi
ment, we expected that the yield of NO2

− and NO3
− would reach a 

maximum value at an Ar percentage higher than 25%, because the 
higher Ar percentages contribute to the higher the bubble temperature. 
However, the oxidation of N2 slowed at 50% air because of the shortage 
of N2 and O2. This result would be attributed to the extremely short 
reaction times which are less than ~ 0.05 μs in micrometer-sized bub
bles [27]. Consequently, the insufficient reaction time may hinder the 
reaction progress. Based on the obtained results, equilibrium theory 
could not be applied to the quantitative analysis of the vapor-phase 
chemical reactions occurring in the bubbles. However, the equilibrium 
theory is important for a qualitative understanding because the char
acteristics of cavitation bubbles include complex phenomena. 

Fig. 6 shows the effect of solution temperature on the [NO3
− ]/[NO2

− ] 
ratio at different gas ratios. It was observed that the effect on [NO3

− ]/ 
[NO2

− ] ratio was unclear at 25 ◦C and 30 ◦C. Therefore, the tendency in 
the temperature range between 5 and 20 ◦C was focused here. At 100 
and 75% air, the [NO3

− ]/[NO2
− ] ratio increased with increasing solution 

temperature. This behavior can be attributed to the decrease in bubble 
temperature due to the increase in solution temperature (as discussed in 
Fig. 2b). However, at 50% air, the [NO3

− ]/[NO2
− ] ratio remained almost 

constant even as the solution temperature increased. Furthermore, at 
25% air, the [NO3

− ]/[NO2
− ] ratio tended to decrease with increasing 

solution temperature. This trend was different from those observed at 
100% and 75% air. This cannot be explained only by the change in the 
bubble temperature, as discussed in Fig. 2b. In addition, the [NO3

− ]/ 
[NO2

− ] ratio at 5 ◦C increased as the air ratio decreased from 100% air to 
75% air, 50% air, and finally, to 25% air. Since the decrease in the air 
ratio (corresponding to the increase in the Ar ratio) suggests the 
occurrence of the increase in the maximum temperature of active bub
bles, the air ratio dependence of the [NO3

− ]/[NO2
− ] ratio at 5 ◦C also 

contradicts to the phenomenon observed in Fig. 2b. This reason could be 
because the changes in the yields of oxidants formed in the sonolysis of 
water affect the yields of NO2

− and NO3
− . 

Next, we discuss N2 oxidation from the viewpoint of the chemical 
reactions. As seen in Eqs. (13) and (14), the main precursors affecting 
the formation of HNO2 (=NO2

− ) and HNO3 (=NO3
− ) are considered to be 

NO and NO2, respectively, where NO is formed by the oxidation of N2 
and N as shown in Eqs. (5)–(7). NO is also formed by the reaction of N 
with OH radicals via the extended Zeldovich mechanism (Eq. (8)). 
However, NO2 is formed by the oxidation of NO as shown in Eqs. (9) and 
(12). Therefore, a larger amount of O2 is required for NO3

− formation 
than for NO2

− formation. At 25% air, NO3
− may be less likely formed 

because of the shortage of O2 compared to other mixed gas ratios. While 
this explanation can account for some of the observed results, it cannot 
explain all of the results obtained here. Therefore, further discussion 
regarding ultrasonic cavitation is needed. For example, at a solution 
temperature of 5 ◦C, the maximum temperature in collapsing bubbles at 
25% air (75% Ar) was higher than those at other mixed gas ratios. 
Consequently, the yields of oxidants such as OH, OOH from H (Eq. (3)), 
H2O2, and O, among others, formed during the sonolysis of water should 
be higher, suggesting that NO and NO2

− oxidized to NO2 and NO3
− , 

respectively. 
It has been reported that, in numerical calculations of counterflow 

diffusion flame, the introduction of water vapor (mass fraction of water 
in air = 0.05 or 0.1) to a combustion system lowers the flame temper
ature and partly suppresses NO formations [49]. The effect of water 
vapor on the chemical reactions in collapsing bubbles remains unclear. 
Hence, we mainly considered the effect of the specific heat ratio of water 
vapor and did not consider the effects of other factors in the discussion of 
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Fig. 2a and 2b. This is a topic for future research. 
Subsequently, the yield of H2O2 in the sonolysis of water was 

investigated. The yield of H2O2 increased with irradiation time as seen in 
Fig. S9. However, it was observed that the linearity of H2O2 in the plot 
was slightly worse compared with those of NO2

− and NO3
− . It seems that 

the H2O2 yield was a little unstable in the presence of air. Therefore, in 
this study, we discuss the trends of the H2O2 yield under different con
ditions. Fig. 7a and b show the effects of the solution temperature and 
mixed gas ratio, respectively, on the yield of H2O2. As shown in Fig. 7a, 
the yield of H2O2 tended to decrease with increasing solution temper
ature under pure Ar atmosphere (0% air). This is because an increase in 
the influx of water vapor into the collapsing bubbles, resulting in a 
decrease in the maximum bubble temperature. It seems that the slope in 
Fig. 7a changes from negative to positive as the ratio of air increases. In 
previous studies [6,7,9,10], the solution-temperature dependence of 
H2O2 formation had a negative or positive slope. Overall, the solution- 
temperature dependence of H2O2 formation is less distinct than that of 
NO3

− and NO2
− formation. One reason for this is that the oxidants formed 

during the sonolysis of water reacted with N2, N, and NOx. 
Fig. 7b shows the yield of H2O2 at different mixed-gas ratios. The 

yield of H2O2 reaches its maximum at 50% Ar. An appropriate amount of 
O2 in an Ar system increases the yield of H2O2 [4,9], and the results 
obtained here show the same trend as those in previous studies. This is 
because H2O2 is formed from OH radicals during the sonolysis of water 
(Eqs. (1) and (2)) and, when O2 is present in the reaction system, H 
radicals formed during the sonolysis of water react with O2 to form 
OOH, which in turn produces H2O2 (Eqs. (3) and (4)). In the region from 
50% to 100% Ar, the decrease in the yield of H2O2 with increasing Ar 
content was attributed to the decrease in the amount of O2 in the solu
tion, which resulted in reduced H2O2 formation from H radicals. 

In Fig. 5a, 5b, and 7b, the maximum yield of H2O2 was observed at 
50% Ar, but the maximum yields of NO2

− and NO3
− were at 25% Ar. This 

divergence is considered as follows: when the air percentage is lower 
than 75%, N2 oxidation is less likely to occur owing to O2 shortage. 
However, as the bubble temperature increased with the Ar percentage in 
the bubbles, water decomposition was more likely to occur. In other 
words, NO formation depends on O concentration, whereas H2O2 for
mation depends on OH and OOH concentrations. The experimental re
sults at different mixed gas ratios and solution temperatures showed that 
the characteristics of the bubbles and chemical reactions during the 
collapse of the bubbles changed in a complex manner. 

In this study, the sum of the yields of NO2
− and NO3

− was higher than 
that of H2O2. Therefore, it is useful to use the sum of the yields of NO2

−

and NO3
− or that of NO2

− , NO3
− , and H2O2 as an indicator of the chemical 

effects of active bubbles. This idea is also suggested by Son and Choi 
[28]. We consider the NO3

− /NO2
− ratio and yield of NO2

− and NO3
− to be 

valuable analytical tools for understanding the characteristics and 
chemical effects of active bubbles. It is interesting that these values 
could be closely related to the quantity and quality of active bubbles. 

4. Conclusions 

We succeeded to measure the actual yields of NO2
− , NO3

− , and H2O2 
formed just after bubble collapse, where the presence of NaOH sup
pressed the bulk reaction between NO2

− and H2O2 during and after 
irradiation. It was confirmed that the yields of NO3

− and NO2
− decreased 

and NO3
− /NO2

− ratio increased with increasing solution temperature, 
suggesting that the maximum temperature in collapsing bubbles 
decreased with increasing solution temperature. Experiments on the 
effects of ultrasonic power suggested for the first time that 1) the quality 
of active bubbles was not largely affected by ultrasonic power, and 2) 
the number of active bubbles might increase with increasing ultrasonic 
power up to a certain power and then decreased with further ultrasonic 
power. This decrease was induced by the formation of non-active bub
bles via the coalescence, clustering, fragmentation, and/or dissolution of 
active bubbles. The chemical effects of active bubbles of air/Ar gas 

mixtures were investigated under conditions affecting the adiabatic 
compression collapse of the bubbles. The yield of NO2

− and NO3
− was the 

highest at 25% Ar/75% air, and the yield of H2O2 was the highest at 50% 
Ar/50% air. When the percentage of air was less than 75%, a shortage of 
O2 occurred during N2 oxidation. In contrast, the formation of H2O2 
proceeded more easily at 50% Ar to form various oxidants such as O, 
OH, and OOH. Therefore, the yield of NO2

− , NO3
− , and H2O2 was influ

enced by not only the maximum temperature in bubbles but also by the 
reactions with various oxidants. Because the sum of the yields of NO2

−

and NO3
− was larger than that of H2O2, the sum or that of NO2

− , NO3
− , and 

H2O2 would be useful for analyzing the chemical effects of active bub
bles. The NO3

− /NO2
− ratio could also serve as an important tool for 

analyzing characteristics of active bubbles. 
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[41] B.P. Barber, C.C. Wu, R. Löfstedt, P.H. Roberts, S.J. Putterman, Sensitivity of 
sonoluminescence to experimental parameters, Phys. Rev. Lett. 72 (9) (1994) 
1380–1383. 

[42] M. Ashokkumar, F. Grieser, A Comparison between Multibubble Sonoluminescence 
Intensity and the Temperature within Cavitation Bubbles, J. Am. Chem. Soc. 127 
(2005) 5326–5327. 

[43] A. Brotchie, F. Grieser, M. Ashokkumar, Effect of power and frequency on bubble- 
size distributions in acoustic cavitation, Phys. Rev. Lett. PRL 102 (2009), 084302. 

[44] H.-B. Lee, P.-K. Choi, Acoustic power dependences of sonoluminescence and 
bubble dynamics, Ultrason. Sonochem. 21 (6) (2014) 2037–2043. 

[45] M. Ashokumar, J. Lee, Y. Iida, K. Yasui, T. Kozuka, T. Tuziuti, A. Towata, Spatial 
Distribution of Acoustic Cavitation Bubbles at Different Ultrasound Frequencies, 
Chem. Phys. Chem. 11 (2010) 1680–1684. 

[46] S.-I. Hatanaka, K. Yasui, T. Kozuka, T. Tuziuti, H. Mitome, Influence of bubble 
clustering on multibubble sonoluminescence, Ultrason. 40 (1-8) (2002) 655–660. 

[47] Kagaku-binran (1993), II-234-235. Ed by The Chemical Society of Japan, Maruzen, 
Japan. 

[48] Kagaku-binran (1993), II-156-157. Ed by The Chemical Society of Japan, Maruzen, 
Japan. 

[49] D. Zhao, H.Yamashita, T. Yamamoto, T. Furuhata, N. Arai, Consideration of 
chemical kinetics on mechanism of NOx reduction by steam addition, Kagaku 
Kogaku Ronbunshu 25 (1999) 955–960. 

K. Okitsu et al.                                                                                                                                                                                                                                  

http://refhub.elsevier.com/S1350-4177(23)00324-3/h0090
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0090
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0095
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0095
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0095
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0095
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0100
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0100
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0100
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0105
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0105
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0105
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0110
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0110
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0110
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0115
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0115
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0120
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0120
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0125
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0125
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0130
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0130
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0130
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0135
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0135
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0135
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0140
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0140
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0140
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0145
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0145
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0145
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0145
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0150
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0150
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0155
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0155
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0160
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0160
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0160
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0165
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0165
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0170
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0170
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0175
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0175
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0185
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0185
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0190
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0190
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0190
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0195
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0195
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0195
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0200
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0200
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0200
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0205
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0205
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0205
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0210
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0210
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0210
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0215
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0215
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0220
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0220
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0225
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0225
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0225
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0230
http://refhub.elsevier.com/S1350-4177(23)00324-3/h0230

	Quantitation and evaluation of NO2−, NO3−, and H2O2 in the sonolysis of aqueous NaOH solution under air and air-Ar mixture: ...
	1 Introduction
	2 Experimental
	3 Results and discussion
	3.1 Effect of NaOH
	3.2 Effect of solution temperature
	3.3 Effect of ultrasonic power
	3.4 Effect of gas mixture and solution temperature

	4 Conclusions
	Declaration of Competing Interest
	Data availability
	Appendix A Supplementary data
	References


