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ARTICLE INFO ABSTRACT

Keywords: The yields of HoO, and Hy formed in the sonolysis of aqueous solution under noble gas are representative indexes
H20, for understanding the chemical effects of ultrasonic cavitation bubbles. In this study, the yields of HoO2 and Hy
Hy formed under Ar were evaluated as a function of the concentration of NaCl or KI. When these yields were
ElaCI analyzed by using a normalization technique, it was confirmed that the yields of Hy were more clearly related to
Butanol Ar solubility than those of HyO,, suggesting that Hj is a more real probe to understand the chemical effects of

Solution temperature
Bubble temperature

cavitation bubbles in water. The effects of NaCl on sonochemical formation of oxidants were also compared with
those of KI. When aqueous t-butanol solution was sonicated, the yields of Hp and the maximum temperature

attained in a collapsing bubble (bubble temperature) decreased with increasing solution temperature and salt
concentration, suggesting that these parameters affected the quantity related to the number (and/or size) of
active bubbles as well as the quality related to the bubble temperatures.

1. Introduction

When bubbles in water are adiabatically collapsed during ultrasonic
irradiation, the inside of the bubbles reaches more than several thousand
of degrees and several hundred of atmospheres. The bubbles of
extremely high-temperature and high-pressure condition are called
active bubbles and they are expected to be used in environmental pu-
rification technology, nanotechnology, medical treatments, etc. How-
ever, the chemical effects of active bubbles have not been fully clarified
at present. To evaluate these details, a number of researchers have
analyzed various reactions such as the formation of HyO, and Hy from
water sonolysis [1-3], oxidation of Ny [4-6], reduction of metal ions
[7-9], degradation of organic compounds [10-12], degradation of
polymers and microcapsules [13-15], and sonoluminescence and
sonochemiluminescence [16-18]. Experiments have also been con-
ducted under various irradiation conditions, such as the effects of the
frequency and intensity of ultrasound, volume of solution, temperature
of solution, and type of atmospheric gas. Furthermore, the effects of
direct irradiation, indirect irradiation, standing wave formation, dual
frequency ultrasound [19], high intensity focused ultrasound [20], and

pulsed ultrasound [21] have been studied. So far, it is generally difficult
to analyze the characteristics of active bubbles and its relation to
chemical reactions, because the changes in the irradiation conditions
alter the temperature, pressure, number, and size of active bubbles
simultaneously. In addition, the characteristics of bubbles formed are
quite diverse. For example, bubbles consist of the mixture of high tem-
perature- and low temperature-bubbles and chemically active bubbles
are not always attributed to high temperature-bubbles [22,23].
Furthermore, the nature and dynamics of ultrasonic cavitation bubbles
are influenced by multiple factors even when only one parameter is
altered.

It is reported that the addition of inorganic ions or salts to sample
solution is effective in enhancing sonochemical degradation rates of
organic pollutants. For example, the sonochemical degradation rates of
Acid Blue 40, methylene blue, and perfluorooctanoic acid are enhanced
by the addition of HCO3 or CO%’ [24,25]. This is because OH radicals
formed in the sonolysis of water react with HCO3 or CO3~ to produce
CO3 radicals, which are available for the degradation of these pollut-
ants. Uddin and Okitsu investigated the effects of NaCl or Na;SO4 ad-
ditives on the sonochemical degradation rates of several phenolic

* Corresponding author at: Graduate School of Sustainable System Sciences, Osaka Metropolitan University, 1-1 Gakuen-cho, Naka-ku, Sakai, Osaka 599-8531,

Japan.
E-mail address: okitsu@omu.ac.jp (K. Okitsu).

https://doi.org/10.1016/j.ultsonch.2024.107146

Received 14 August 2024; Received in revised form 3 November 2024; Accepted 5 November 2024

Available online 7 November 2024

1350-4177/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:okitsu@omu.ac.jp
www.sciencedirect.com/science/journal/13504177
https://www.elsevier.com/locate/ultson
https://doi.org/10.1016/j.ultsonch.2024.107146
https://doi.org/10.1016/j.ultsonch.2024.107146
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. Nakata et al.

compounds under Ar during 200 kHz ultrasound irradiation [26]. They
suggested that two phenomena are induced simultaneously by adding
such salts to aqueous solution. One is that phenolic compounds tend to
accumulate at the interface region of cavitation bubbles when such salts
are added, resulting in the enhancement of the sonochemical degrada-
tion rate. The other is that the solubility of Ar gas in the aqueous solution
decreases with increasing salts concentrations, resulting in a decreased
sonochemical degradation rate because the number and/or size of active
bubbles decreased and thus the rate of OH radical formation decreased.
In the nature and dynamics of cavitation bubbles, it has been suggested
that the addition of NaCl or NapSO4 changes the quality (bubble tem-
perature) and quantity (number and/or size) of active bubbles formed
[26-28]. The effects of inorganic salts on active bubbles and sono-
chemical reactions are complex and thus not yet fully understood at
present. Pflieger et al. reported the effect of NaCl on the intensity of
sonoluminescence and the yield of H,O2 and Hj in the sonolysis of water
under Ar and He, where the solubility of dissolved gas in water affected
the global population of active bubbles and Na and Cl atoms influenced
the yield of H,O, and Hj [28]. The intensity of sonoluminescence is an
important probe to understand the chemical effects of cavitation bub-
bles, however, its intensity is often dependent on the condition of
collapsing bubble temperature. For example, its intensity may be not
sensitive for low temperature bubbles, although such bubbles can in-
fluence the chemical reactions. Therefore, to understand the chemical
effects of active bubbles, the discussion based on low temperature
bubbles are also important.

In this study, the effects of the addition of inorganic salts (NaCl or KI)
on the chemical reactions as well as quantity and quality of active
bubbles were investigated in water and aqueous t-butanol solution
under Ar by using indirect sonication system with 200 kHz ultrasound.
NacCl and KI were chosen as additives. NaCl is a representative inorganic
salt and is widely used in an inorganic additive in sonochemisty. On the
other hand, KI is often used as a reactant to measure the yield of oxidants
in sonochemistry, but the research of its salt effect is still limited. The
reactions of anions with oxidants were also evaluated. The yield of HoO»
and H; formed in the sonolysis of water and the yield of H, formed in the
sonolysis of t-butanol solutions at different salt concentration were
analyzed in relation to the solubility of Ar gas. In addition, the bubble
temperature was estimated from the kinetic analysis of the recombina-
tion reaction of methyl (CHj3) radicals formed from the sonolysis of t-
butanol. The temperature measured by the reaction kinetics could
correspond to the average temperature of low temperature bubbles
during sonication, but it should be noted that this temperature is very
high to proceed the sonolysis of water and t-butanol: low temperature
bubbles here could be considered as chemically active bubbles. The ef-
fects of solution temperature and addition of inorganic salts on the
bubble temperature were discussed in connection with the chemical
effects of ultrasonic cavitation.

2. Experimental
2.1. Ultrasound irradiation experiment

All the water used in the experiments was treated using a Millipore
system (Milli-Q). For the irradiation of water, 120 mL of aqueous NaCl or
KI solution was prepared in a cylindrical reaction vessel (inner diameter:
50 mm) and then bubbled with Ar in a water bath maintained at 20, 30,
40, or 50 °C using a water circulation system (TAITEC CL-150R). The
reaction vessel was closed after gas bubbling and then the solution was
sonicated in a temperature controlled water bath using a 65 mm ¢
oscillator (Kaijo; N0.91F3, Japan) and an ultrasonic generator (Kaijo
4021 type; No. 533, Japan; frequency: 200 kHz; nominal maximum
power: 200 W). The cylindrical reaction vessel was mounted such that
the flat bottom of the vessel was 4.0 mm away from the top of the
oscillator [29]. The experimental set-up is shown in Fig.S1.

At each irradiation time, the gas sample was withdrawn from the

Ultrasonics Sonochemistry 111 (2024) 107146

head space of the reaction vessel and then analyzed using a gas chro-
matograph (GC). At the same time, the solution was withdrawn and then
the yield of HyO, formed was analyzed by a KI colorimetric method
using a UV-visible absorption spectrophotometer (Shimadzu UV-2550,
Japan) [30]: aqueous potassium hydrogen phthalate (0.10 mol/L) so-
lution labeled as solution A and a mixture of aqueous KI (0.40 mol/L),
NaOH (0.050 mol/L), and hexaammonium heptamolybdate (1.6 x 10
mol/L) solution 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.

For the irradiation of aqueous t-butanol solution, 120 mL of aqueous
NacCl or KI solution was prepared and then bubbled with Ar in a water
bath at a predetermined temperature. Then, t-butanol was injected to
this solution using a microsyringe from a septum to make 10 mmol L'! ¢
butanol solution. The reason why t-butanol was added after Ar bubbling
is to prevent volatilization of t-butanol during Ar bubbling. The irradi-
ation was performed in the same manner as above. At each irradiation
time, the gas sample and/or solution were withdrawn from the vessel
and then analyzed using a GC or a UV-visible absorption
spectrophotometer.

The yield of Hy was measured by a GC with a thermal conductivity
detector (TCD). The yields of CHy4, CoHg, C2Hs, CoHa, CO, and CO5 were
measured by a GC with a flame ionization detector (FID) and a meth-
anizer. The following is the analysis condition for TCD-GC (Shimadzu
GC-2014, Japan): column; Molecular sieve 5A, carrier gas; 40 mL min~!
of Ar, reference gas; 40 mL min~! of Ar, column temperature; 50 °C,
injection volume; 0.5 mL. The following is the analysis condition for
FID-GC (Shimadzu GC-14B, Japan): column; Shincarbon ST 50/80,
carrier gas; 190 mL min~! of N, fuel gas; 100 mL min~! of Hy, com-
bustion aid gas; 50 mL min~! of air, column temperature; 190 °C, in-
jection volume; 0.5 mL.

2.2. Estimation of bubble temperature using reaction kinetics

When aqueous t-butanol solution was sonicated, t-butanol molecules
undergo a thermal decomposition to form CHg radicals. The CHs radicals
formed recombine to produce CoHg, CoHy, and CoHp [31-34]. The rate
constant of the production of CoHg (k] = 2.4 x 10" x T* Mt s71]
and CoHy (ko = 1.0 x 10'® x exp (~134000/RT) [M~! s71]) under CH;
radicals recombination are temperature dependent reactions. When
CoH, is assumed to be formed from dehydrogenation of C;Hy, the bubble
temperature can be estimated by analyzing the ratio of the yields of
these compounds. In this study, the bubble temperature obtained at t
min irradiation was defined as the average temperature of all the bub-
bles that generated from the start of irradiation (0 min irradiation) to t
min irradiation.

2.3. Calculation of Ar solubility

When the solubility of Ar in pure water and in aqueous solution
containing ions is a® and o, respectively, the following equation has been
reported [35]: log (a®/a) = h x I, where h represents the value specific to
dissolved ions or gases, and I represents the ionic strength of the elec-
trolyte. By using this equation, the solubility of Ar in aqueous NaCl so-
lution of N (mol/L) can be calculated as o/ (100'1434N ), and the
solubility of Ar in aqueous KI solution of N’ (mol/L) can be calculated as
o%/(10%1136N") [36]. Details of calculation for the aqueous NaCl solution
are described in Supplementary data.

3. Results and discussion
3.1. Effect of NaCl on H,02 and Hy formation

When aqueous solution is sonicated under Ar, OH and H radicals are
formed by the pyrolysis of water in high-temperature and high-pressure
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bubbles (active bubbles) and thus Hy05, H, and HyO are formed by their
recombination as follows.

HO - OH +H (€)]
20H — H30, (2)
2H - Hy 3
OH + H —» Hx0 4

Figs. 1a and 1b show the yields of H;O, and Hj versus ultrasound
irradiation time for each NaCl concentration under Ar. Fig. S2a and S2b
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Fig. 1. Yield of a) H,O, and b) H, formed by sonolysis of water at different
NaCl concentration. (4): 0 mol/L, (ll): 0.5 mol/L, (A): 1.0 mol/L, (X): 1.5
mol/L, (K): 2.0 mol/L, (@): 2.5 mol/L. ¢) Normalized yield of H202 (Jll) and
H2 (A) and normalized Ar solubility (4) at different NaCl concentration.
Sonication time: 10 min.
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Fig. 2. Yield of a) H,O, and b) H, formed by sonolysis of water at different KI
concentration. (¢): 0 mol/L, (lD: 0.5 mol/L, (A): 1.0 mol/L, (X): 1.5 mol/L,
(X): 2.0 mol/L, (@): 2.5 mol/L. ¢) Normalized yield of H202 () and H2 (A)
and normalized Ar solubility (¢p) at different KI concentration. Sonication time:
10 min.

show the yields of HyO2 and Hy formed for each NaCl concentration at
10 min irradiation. From Fig. 1a and S1a, it was confirmed that the yield
of HyO, decreased as the NaCl concentration increased. Furthermore,
Fig S2c and Fig.S2d show the formation rates of H,O5 and Hj at different
irradiation time, respectively. In these figures, for the rate at 2.5 min, the
average rate was calculated from the data of 0 min and 5 min irradiation.
For the rate at 7.5 min, the average rate was calculated from 5 min to 10
min irradiation. Fig. la and Fig. S2c show that the yield of H20,
increased with irradiation time, but the formation rate of H,O, tended to
decrease as the irradiation time increased. In contrast, from Figs. 1b and
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S2d, it was confirmed that the yield of Hy decreased as the NaCl con-
centration increased, but the formation rate of H, remained almost
constant regardless of the irradiation time: the behavior of the yield of
H, was different from that of HyO».

One possible reason for the decrease in the formation of HyO5 and Hy
with increasing NaCl concentration would be the decrease in Ar solu-
bility in solution due to the addition of NaCl. Previous studies have
suggested that as the amount of dissolved gas in solution decreases, the
number of chemically active bubbles formed decreases, resulting in a
decrease in the progress of the pyrolysis of water [26,28]. On the other
hand, when the concentration of salts increased and the amount of
dissolved gas decreased, the following phenomena would be induced
[28,37]: 1) bubble-bubble coalescence is retarded in a salt solution so
that the smaller size of a bubble tends to exist in a salt solution, 2) the
symmetrical collapse of a bubble occurs, and 3) stronger standing wave
is formed. These phenomena could increase the formation of higher
temperature bubbles which emit stronger sonoluminescence. However,
it is also suggested that these phenomena cannot be linked to the
chemical effects of active bubbles [28]. This would be because the
chemical effects are induced by relatively lower temperature bubbles
compared to higher temperature bubbles.

To discuss the chemical effects of active bubbles, the amount of Ar
gas in each NaCl concentration was calculated and compared to the yield
of Hy0, and H; formed, respectively. Fig. 1c shows the Ar solubility in
NaCl solution and the yield of HyO5 and Hy formed in NaCl solution,
where these values are normalized to pure water. Fig.S2e and S2f also
show the results obtained at 5 min and 15 min irradiation. It was
observed that the yields of HoO were clearly lower than those of Hy and
the relationship of the Ar solubility to the yield of Hy showed a better
correlation than that to the yield of HyO2. Based on equations (2) and
(3), the same amounts of HyO, and H; should be formed, but this was not
the case in this study. For example, the results at 2.0 mol/L NaCl solution
in Fig. S2a and S2b show that the yield of H,O2 was about 27 % of that in
pure water, whereas the yield of Hy was about 50 % of that in pure
water. Based on the report of Pfliegar et al. [28], it is probable that the
reactions of Na and Cl atoms with H, Hy, OH, H30,, and H50 affect the
yields of Hy and HyO», where Na and Cl atoms could be formed in active
bubbles under a high temperature condition. In this study, since it was
difficult to discuss the effect of these atoms, we tried to discuss the re-
actions of anions with oxidants and the decomposition of oxidants.

First, we consider the reaction of OH radicals with Cl™ ions in the
presence of NaCl to discuss the reason why the yield of HoO, was lower
than that of Hj. It is well known that the radiolysis exhibits similar
chemical effects as the sonolysis. For example, OH radicals, H radicals,
and solvated electrons are formed from the y-ray radiolysis of water.
When an aqueous NaCl solution was irradiated with y-rays, the OH
radicals formed could react with Cl™ ions in the solution as equation (5)
[38].

OH+Cl"-»OH +(l 5)

The reaction rate constants in equations (2) and (5) are 6.0 x 10° mol !
s~! and 4.3 x 10° mol™! s7%, respectively. In the present study, the KI
method was used for the colorimetric analysis of HyO, (equation (6)).
Therefore, during sonication, even if OH was converted to Cl as equation
(5) or Cl was further reacted to Cly as equation (7), the reactions in
equations (8) — (11) would proceed: Cl and Cl; would be always con-
verted to I3 in the colorimetric analysis.

H;0, +3I" -20H +1I3~ (6)
2Cl-Cl, @)
Cl+I —»Cl” +1 8)
2I-1, 9
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Cl, +2I"->2Cl +1, (10)

Im + LI 1n

Taking into account equations (8) — (11), the yield of I3 could include
the yields of oxidants of Cl and Cl,. Therefore, it is difficult to explain the
differences in the yields of H,O5 and Hj observed in Figs. 1 and S2 when
using the KI colorimetric method. This is also discussed in the later
section. One possible reason is that some of the formed H>O, molecules
could be decomposed during irradiation: the following equations (12)
and (13) could proceed based on the results of shock tube studies [39].

H,0,—H,0+0.50, 12)
H,0, + M—20H +M 13)

where M is the third body. In addition, OH radical and H2O2 may be
consumed as equations (14) and (15) [40,41].

OH+HO,—H,;0+ 0, 15)

In addition, Yasui et al. suggested that the equation (16) would proceed
inside a bubble and at the gas-liquid interface region [42].

O+H202—>02 +H20 (16)

Taking into account the lifetime of HyO5 in liquid water [43], the
decomposition of HyO in liquid water could not occur naturally. On the
other hand, it is reported that the equation (14) could proceed in
aqueous Hy03 solution during hydrodynamic cavitation [44]. Therefore,
it is probable that HoO4 formed in the solution could be also decomposed
during ultrasonic cavitation.

In contrast, since the formed H; molecules can escape from the so-
lution to the gas phase in reaction vessel, they could not be consumed by
chemical reactions in the solution phase.

3.2. Effect of KI on H202 and H, formation

Next, the effect of KI instead of NaCl was investigated. Fig. 2a and 2b
show the yields of HyO5 and Hy formed versus ultrasound irradiation
time for each KI concentration under Ar. Figs. S3a and S3b show the
yields of HyOy and Hy formed for each KI concentration at 10 min
irradiation. It was observed that the behaviors of the yields of HoO5 and
Hy were the same tendency as those with NacCl.

In the experiment using NaCl solution, the progress of equations (7) —
(11) was not able to be confirmed visually during sonication, because
the KI colorimetric method was performed after sonication. In contrast,
in the experiment using KI solution instead of NaCl solution, the change
in color characteristic of I3 (progress of equations (17), (9), and (11))
was confirmed visually just during sonication, because I™ existed
already in the sonicated solution.

OH+I —»OH +1I a7

The Ar solubility in KI solution was calculated using the same
method as in NaCl solution. Fig. 2¢ shows the Ar solubility and the yields
of HyO5 and Hy for each KI concentration, where these values are
normalized to pure water. It was confirmed that there was a good cor-
relation between the Ar solubility and the yield of Hy, but there was no
good correlation with Ar solubility to the yield of HyO5. This result was
the same trend as in NaCl solutions. Therefore, it can be considered that
Hj could escape from the solution to the gas phase in reaction vessel and
thus no further chemical reaction of Hy could proceed upon irradiation,
while some Hy0, formed was consumed during ultrasonic irradiation as
explained in equations (12) — (16). Based on the obtained results, the
yield of Hy may be one of the indicators to understand the chemical
effects of active Ar bubbles.
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3.3. Effect of solution temperature on bubble temperature

The temperature attained in collapsing bubbles (bubble tempera-
ture) has been estimated by reaction kinetics. The bubble temperature
should be the important information for understanding the chemical
effects of active bubbles. Hart et al. sonicated Ar-CHy-dissolved water
and estimated the bubble temperature to be 2000-2800 K based on the
pyrolysis products of CH4, where the recombination kinetics of CHg
radicals were used [31]. Tauber et al. sonicated aqueous Ar-dissolved t-
butanol solutions and estimated the bubble temperature to be
2300-3600 K based on the pyrolysis products of t-butanol [32]. Simi-
larly, Rae et al. estimated the temperature to be 2300-4600 K using
several alcohols [33]. In contrast, Suslick et al. estimated the tempera-
ture to be 5200 + 650 K based on the kinetics of the reaction of metal
carbonyl ligand substitution in organic solvents [45]. Although the
studies which analyze the bubble temperature have been done so far, the
causal relationship between the characteristics of bubbles and their
chemical effects has not been clarified sufficiently [26-28].

The solution temperature is the important parameter in sonochem-
istry, because it affects both of the amount of dissolved Ar gas in water
and the amount of water vapor in bubbles. These amounts should affect
simultaneously the quantity (number and/or size) and quality (high
temperature and pressure) of the active bubbles formed. To discuss these
ideas, 10 mmol L' +-butanol solution was sonicated at different solution
temperature. The bubble temperature estimated is shown in Fig. 3a.
Further data are also shown in Supplementary data (Fig.S4). It was
clearly observed that the bubble temperature decreased as the solution
temperature increased.

The yield of Hy is shown in Fig. 3b, where Hp is the main product in
the sonolysis of aqueous t-butanol solution. From Fig. 3b, it was
confirmed that the yield of H, decreased with increasing solution tem-
perature. The reasons for the decrease in the bubble temperature and the
decrease in the Hj yield with increasing solution temperature would be
because the increase in solution temperature decreased the Ar solubility
in solution and increased the vapor pressure of water and t-butanol in Ar
bubbles, which could decrease the quantity (number and/or size) and
quality (temperature and pressure) of active bubbles simultaneously.

The maximum bubble temperature (Ty,x) can be estimated using the
following adiabatic compression equation:

Tmax = TO [RO/Rmin]3<V71) (18)

where Ty is the initial temperature, Ry is the initial bubble radius, Ry, is
the minimum bubble radius, and y is the specific heat ratio. For example,
the y value of Ar (1.668 at 15 °C) is larger than that of H,O (1.324 at
100 °C) [46]. Considering these y values, Tpax related to the quality of
active bubbles will decrease with an increasing amount of HyO vapor in
Ar bubbles. Since t-butanol is the molecule consisting of 15 atoms, it has
the smaller y value than HO. Although the concentration of t-butanol is
low, t-butanol molecules could affect T,y in the same way as water
molecules. In addition, the bubble temperature would be cooled when
the endothermic reaction of water dissociation proceeds [47]. In this
study, the effect of the endothermic reaction on the bubble temperature
was unclear.

Fig. 3c shows the Ar solubility and the yield of Hy, where these values
are normalized to the values at 20 °C. Although both the Ar solubility
and the yield of Hy decreased with increasing solution temperature,
these values did not show the perfect correlation. This result cannot be
explained only by the change in the quantity of bubbles, but also
explained by the occurrence of the change in the quality of bubbles.

3.4. Effects of inorganic salts on the sonolysis of aqueous t-butanol
solution and bubble temperature

The effects of NaCl addition on the sonolysis of aqueous t-butanol
solution and the bubble temperature were investigated. Fig. 4a shows
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the bubble temperature at 10 min irradiation versus NaCl concentration.
Further data are also shown in Supplementary data (Fig.S4). It was
confirmed that the bubble temperature decreased with increasing NaCl
concentration. Fig. 4b shows the yield of Hy formed from the sonolysis of
aqueous t-butanol solution. In the absence of NaCl, it should be noted
that the yield of H; from aqueous t-butanol solution was about 14 times
higher than that of Hy from water (Fig. 1b): the sonolysis of t-butanol
occurred much more effectively than that of water. This should be
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because the bond energy of C-H in butanol is lower than that of O-H in
water. In addition, from Fig. 4b, the yield of Hy decreased with
increasing NaCl concentration. Fig. 4c shows the Ar solubility and the
yield of H; for each NaCl concentration. Although both the Ar solubility
and the yield of Hy decreased with increasing NaCl concentration, no
perfect correlation was observed between them. This result corre-
sponded well with the results of the effect of solution temperature
(Fig. 3c), where the changes in the quality (temperature and pressure) of
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bubbles occurred in addition to the changes in the quantity (number
and/or size) of bubbles. The same phenomenon was observed when KI
was added instead of NaCl. The results using KI are shown in Supple-
mentary Data (Figs. S4-S7).

Next, we consider the progress of the pyrolysis reactions of water and
t-butanol. When aqueous t-butanol solution is sonicated, both water and
t-butanol in and/or at the interface region of active bubbles are pyro-
lyzed as equations (1) and (19).

CH3),COH—3CH; + CO+H 19
3

Water and t-butanol have the vapor pressures of 2.33 kPa and 5.52 kPa
at 20 °C, respectively [48]. Firstly, we considered that the pyrolysis
reactions of t-butanol would occur as equation (19) so that no CO5 would
be formed. However, the experimental results showed that CO5 was
formed as much as 5 vol% of CO, suggesting that OH radicals formed in
equation (1) react with t-butanol and its degradation products, pro-
ducing COs. To confirm whether OH radicals react with t-butanol and its
degradation products, aqueous t-butanol solution was sonicated and
then a KI colorimetric method was conducted to analyze the formation
of Hy0». Since no formation of H,O, was confirmed, OH radicals reacted
quickly with t-butanol and its degradation products.

Previous studies have reported that the amount of dissolved gas in
solution was closely related to the chemical effects of active bubbles: a
good correlation between the amount of dissolved gas and the yield of
H,0, was observed, when water was sonicated under He, Ne, Ar, Kr, and
Xe [34]. In addition, the amount of the dissolved gas affected the rate of
1-hexanol degradation and rate of Au(IIl) reduction [49]. In the present
study, it was clear that the bubble temperature decreases with increasing
solution temperature and inorganic salt (NaCl or KI) concentration and
these parameters affect not only the quantity (number and/or size) of
active bubbles, but also the quality (temperature and pressure) of the
bubbles. Taking into account that a large number of active bubbles with
different size are formed transiently and repeatedly in a sonicated so-
lution [2,50] and the bubbles consist of the mixture of high temperature-
and low temperature-bubbles [22,23,28], the characteristics of ultra-
sonic cavitation bubbles are very complex. Further studies related to the
quantity and quality of active bubbles are needed to clarify the real of
ultrasonic cavitation bubbles.

4. Conclusion

The chemical effects of active Ar bubbles in water were evaluated by
analyzing the yields of Hy and H0,. These yields decreased with
increasing solution temperature and salt concentration of NaCl and KI. It
was suggested that the yield of H, was more reasonable compared with
that of HyOy, because OH radical and H203 could be consumed by
further reactions. Therefore, the yield of H, could be a precise indicator
to understand the chemical effects of active Ar bubbles. A normalization
technique for the yields of HyO, and Hy and the amount of Ar gas in
solution was also effective to discuss the change in the quantity and
quality of active bubbles. The reaction of OH with I” was more clearly
confirmed in comparison with that of OH with Cl". In the sonolysis of
aqueous t-butanol solution, the temperatures attained in collapsing
bubbles and the yields of Hy were evaluated under different solution
temperature and salt concentration. It was suggested that the tempera-
ture (related to the quality) of active bubbles and the number and/or
size (related to the quantity) of active bubbles decreased with increasing
inorganic salts concentration. Since the quantity and quality of active
bubbles often change simultaneously and complexly, it is important to
develop an effective analytical probe to evaluate both of those changes
in the future.
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