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Ultrasonic cavitation in organic solvents remains poorly understood in contrast with aqueous systems, largely
because of complexities related to solvent decomposition. In this study, we sonicated different types of organic
solvents (i.e. linear alkanes, aliphatic alcohols, aromatic alcohols, and acetate esters) under argon saturation. The
average temperature of the cavitation bubbles was estimated using the methyl radical recombination method.
We also discuss the effects of the physical properties of the solvents, such as vapor pressure and viscosity, on the
cavitation temperature. The average cavitation bubble temperature and sonoluminescence intensity were higher
in organic solvents with lower vapor pressure; for aromatic alcohols, these values were particularly high. It was
found that the specific high sonoluminescence intensities and average cavitation temperatures exhibited in ar-
omatic alcohols are caused by the highly resonance-stable generated radicals. The results obtained in this study
are very useful for acceleration of sonochemical reaction in organic solvents, which are indispensable for organic
synthesis and material synthesis.

1. Introduction

The bubbles called ultrasonic cavitation may be generated by high-
power ultrasonic irradiation into the liquid. The bubbles reach a crit-
ical size over a few acoustic cycles. These bubbles undergo quasi-
adiabatic compression and develop into a reaction field with a high
temperature (several thousand degrees) and pressure (several hundred
atmospheres) [1,2]. The previous studies on the acoustic cavitation have
mostly focused on aqueous solutions, and have mostly been conducted
from the viewpoint of wastewater treatment. In aqueous solutions,
reactive OH radicals and H radicals are formed by the sonolysis of water
[3,4]. Therefore, it is considered that sonochemical degradation of
organic compounds proceeds by pyrolysis inside cavities and by OH
radicals in the interfacial region of the cavities. These radical species
recombine to form water, hydrogen peroxide, or hydrogen. By contrast,
there have been few reports in organic solvents [5,6]. This is because the
pyrolysis products of solvent molecules are diverse, and they tend to
lower the temperature of the cavitation bubbles [7-9]. Nevertheless,
understanding the cavitation bubbles in organic solvents is important for
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organic synthesis, material synthesis, and the sonolysis of lipophilic
compounds.

Most previous studies of sonochemistry organic solvents have been
in the context of synthetic organic chemistry [10-12]. However, a study
by Suslick et al. estimated the number and temperature of cavitation
bubbles through ultrasonic irradiation of metal carbonyls in organic
solvents [13]. Another study discussed the effect of solvent properties on
reaction efficiency, but the discussion only considered the sonolysis
product as a factor in complicating the sonochemical reaction, and did
not provide sufficient clarification of the effects of these properties [5].

Several methods for evaluating the temperatures inside cavitation
bubbles have been reported [13,19-21]. The most common method for
estimating the peak temperature is based on the sonoluminescence in-
tensity. Sonoluminescence is a phenomenon caused by the high tem-
peratures and pressures inside cavitation bubbles [14]. Compression of
bubbles occurs in a very short time (i.e. several nanoseconds) and the
ensuing sonoluminescence pulse has duration of several tens to hun-
dreds of picoseconds [15]. Although there is still discussion about the
mechanism of sonoluminescence, the plasma emission theory is the
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leading theory [16-18]. The glow of the bubble plasma consists of
broadband spectrum similar to the blackbody radiation spectrum and
(or) a white continuum of bremsstrahlung. These glows increase with
the peak temperature, however, neither of these are luminescence. On
the other hand, in the presence of luminophores or atoms, ions, radicals
and molecular fragments generated by the thermal decomposition of
primary molecules with luminophoric properties, these emitter particles
emit light due to collisional excitation in the plasma, which is true
luminescence. Therefore, sonoluminescence intensity is generally
treated as an index of bubble peak temperature.

To estimate the average bubble temperature, the methyl radical
recombination (MRR) method is commonly used [1,22-25]. This
method is based on determining the temperature dependence of the rate
constants for reactions between methyl radicals. Ethane and ethylene
are produced by the recombination of two methyl radicals, which are
decomposition products of hydrocarbon compounds. Acetylene is pro-
duced predominantly from the dehydrogenation of ethylene. The ratio
of the sum of the ethylene and acetylene yields to the ethane yield is
equal to the ratio between the rate constants for the formation of
ethylene and ethane, as shown in eq. (1).

Vesmn +Yeu,) [Yeste = kea, [kcang (€9)

where y is the molar yield of each gas and k is the rate constant for each
reaction. The rate constant kcopg (1.0 X 10'° exp (—134 kJ mol~1/RT)
dm? mol™! s71) is only weakly dependent, but kcone (2.4 x 101 7704
dm® mol™! s71) depends significantly on temperature. Therefore, a
change in the ratio of the product yields indicates a change in the
temperature at which the recombination reactions occur. Previous
studies suggest that the MRR method gives only spatial and temporal
average temperature values and involves a number of assumptions
[22,23]. Ciawi et al. proposed the following conditions for the use of the
MRR method [25]: Methyl radicals produced by thermal decomposition
are the main intermediates that produce ethane and ethylene. Acetylene
is produced primarily by thermal dehydrogenation of ethylene. No sig-
nificant side reactions associated with these gas products occur. These
gas products are not disproportionately produced or consumed even if
side reactions occur.

In the present study, we discuss the effects of the solvent properties
(i.e. solvent vapor pressure, viscosity, and surface tension) on the tem-
perature in cavitation bubbles produced in different organic solvents.
We evaluated sonoluminescence intensity reflecting the peak tempera-
ture, in addition to the average temperature by the MRR method We also
used electron spin resonance (ESR) to explain the influence of the sol-
vent properties on the bubble temperature in terms of the difference in
radical species formed.

2. Experimental section
2.1. Materials

The following 30 solvents (96.0%-99.0% pure) were used without
purification: linear alkanes with different carbon chain length (n =
6-16); aromatic hydrocarbons; linear aliphatic alcohols with different
carbon chain length (n = 1-9); aromatic alcohols with different carbon
chain length of the alkyl group (n = 0-3); acetate esters; unsaturated
hydrocarbons; and branched alkanes. Hexane, octane, nonane, decane,
dodecane, tetradecane, hexadecane, toluene, styrene, methanol,
ethanol, 1-heptanol, 1-octanol, 1,4-butanediol, benzyl alcohol, 2-phe-
nylethanol, propyl acetate, iso -butyl acetate, tert -butyl acetate, butyl
acetate, pentyl acetate, octyl acetate, 1-octadecene, and squalene were
supplied by Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Butylbenzene, tert-butylbenzene, octylbenzene, 1-nonanol, and 3-
phenyl-1-propanol were supplied by Tokyo Chemical Industry Co.,
Ltd. (Tokyo, Japan). Diluted ethane and ethylene (99.5% pure) and
undiluted acetylene (0.1% in Ny) were used as standard gases for gas
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chromatography. These gases were supplied by GL sciences Inc. (Tokyo,
Japan). For the spin-trapping agent, we used 5,5-dimethyl-1-pyrroline
N-oxide (DMPO; > 97.0% pure), which was supplied by Tokyo Chemi-
cal Industry Co., Ltd. (Tokyo, Japan).

2.2. Estimation of the average cavitation bubble temperature

Ultrasonic irradiation was performed with a 78-kHz ultrasonic
transducer (QUAVA mini QR-001; KALJO, Tokyo, Japan), which was
operated at 80 W. The diameter and base thickness of the reaction vessel
were 55 and 1 mm, respectively. Each solvent (60 mL) was argon-
saturated in the reaction vessel before being sonicated in an acrylic
water bath, the temperature of which was maintained at 20 °C by a
water circulation system with a temperature controller (4VT; Kyowa
Interface Science Co. Ltd.). The yields of ethane, ethylene, and acetylene
produced by sonication were quantified using gas chromatography with
a flame ionization detector (GC-2025; Shimadzu Corp.) and an Alumina
BOND/NaySO4 column (RESTEK). Gas samples were taken from the
headspace (130 mL) of the vessel for analysis after 30 min’ sonication.
The net yield of the decomposition products was obtained from the
gas-liquid equilibrium constant in each solvent, and the average cavi-
tation bubble temperature was estimated from the ratio of these yields.

2.3. Sonoluminescence measurements

Ultrasonic irradiation was performed with a 200-kHz ultrasonic
transducer (QUAVA mini QR-003; KAIJO, Tokyo, Japan), which was
operated at 100 W. The reaction vessel, gas atmosphere, and cooling
system were the same as those described in the preceding section. A
schematic diagram of this ultrasonic irradiation and sonoluminescence
intensity measurement system is shown in Fig. 1. For sonoluminescence
measurements, a blackout curtain was placed over the sonication bath.
The light-receiving surface of the photomultiplier tube (PMT; H11890-
110; Hamamatsu Photonics K.K.) was placed at the wall of the
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Fig. 1. Schematic diagram of ultrasonic irradiation and sonoluminescence in-
tensity measurement system.
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sonication bath (5 mm thick). The sensitivity wavelength range of this
PMT is 230-700 nm. The sonoluminescence intensity obtained in this
study is the value transmitted through the glass wall of reaction vessel
and the acrylic wall of the irradiation bath. It was confirmed that the
background sonoluminescence intensity in the absence of ultrasonic
irradiation is sufficiently low at several to several tens of counts and can
be ignored. Ultrasonic irradiation was started after 5 min of photon
counting with the photomultiplier tube and was continued for 30 min.

2.4. ESR measurements

The sonication conditions, reaction vessel, atmosphere gas, and
cooling system were the same as those used for sonoluminescence
measurements. After argon bubbling, 60 uL of spin-trapping agent was
added to the solvent. Sonication was then performed. The ESR spectra
were recorded in a quartz aqueous cell at room temperature with X-band
ESR spectrometer (RE1X, JEOL). ESR spectral simulation was performed
in Matlab using the EasySpin package [26].

2.5. Measurement of physical properties

The viscosity of each solvent was measured using a viscometer (SV-
10; A&D Co., Ltd.) at room temperature (25 °C). The surface tension of
each solvent was measured using a contact angle meter (Drop Master
DM-501; Kyowa Interface Science Co. Ltd.) at room temperature. Vapor
pressure values were taken from the PubChem, chemical molecule
database maintained by the National Center for Biotechnology Infor-
mation (NCBI) [27].

3. Results and discussion
3.1. Physical properties of solvents

On the basis of previous reports, we considered the vapor pressure,
viscosity, and surface tension values as the main physical properties of
the solvent that affect the formation of bubbles (for example, by influ-
ence the cavitation threshold) and the growth and collapse of bubbles.
The vapor pressure, viscosity, and surface tension of each solvent are
presented in Table 1. The viscosities of hexane and octane were below
the detection limit (0.30 mPa/s) and could not be measured. For most
solvents (and for especially linear alkanes and aliphatic alcohols), a
longer carbon chain length corresponded to a lower vapor pressure and
higher viscosity. However, this trend did not apply to aromatic alcohols,
for which the effect of carbon chain length was small. The surface ten-
sion also depended on the carbon chain length. In the next section, we
investigate the relationship between the physical properties of each
solvent and the average cavitation temperature.

3.2. Hydrocarbon products from sonochemical pyrolysis

The yields of ethane, ethylene, and acetylene generated from soni-
cation for each solvent are shown in Fig. 2. These gases were not
detectable from the solvent with high vapor pressure such as hexane,
octane, toluene, styrene, methanol, ethanol, propyl acetate, iso-butyl
acetate, and tert-butyl acetate. For all solvents, the yields decreased with
increasing solvent vapor pressure. Especially for the linear alkanes and
aliphatic alcohols, the yields of all gases increased with increasing sol-
vent vapor pressure before reaching a maximum value, and a higher
vapor pressure of the hydrocarbon gas correlated with a lower yield. tert-
butylbenzene produced more ethane than the other aromatic hydro-
carbons. We attribute this to the recombination of a large number of
methyl radicals generated by the decomposition of the tert-butyl group
[23]. 1-Octadecene generated more decomposition products than the
other solvents, but no decomposition was observed with squalane,
which has a similar vapor pressure. This is probably because the vis-
cosity of squalane is more than eight times higher than that of 1-
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Table 1
The vapor pressure (literature values taken from the PubChem [27]), viscosity,
and surface tension (experimental values) of each solvent.

Vapor Viscosity Surface
pressure tension
/ mmHg / mPa /mNm!
s 1
linear alkanes hexane 1.53 x 102 20.8
octane 1.41 x 10* 21.8
nonane 4.45 x 10°  0.50 23.2
decane 1.43 x 10°  0.65 24.1
dodecane 1.35 x 10 1.06 25.2
1
tetradecane 1.50 x 10 1.68 26.4
2
hexadecane 1.43 x 10 2.60 27.5
3
aliphatic alcohols methanol 1,27 x 102 0.43 10.5
ethanol 5,93 x 10! 0.86 19.0
1-heptanol 2.16 x 10° 5.41 27.3
1
1-octanol 7.94 x 10° 7.13 28.5
2
1-nonanol 2.27 x 107 9.17 28.5
2
1,4-butanediol 1.05 x 10 67.98 45.2
2
aromatic alcohols benzyl alcohol 9.40 x 10 5.31 41.0
2
2-phenylethanol 8.68 x 10 10.79 42.9
2
3-phenyl-1- 2.34 x 107 15.48 41.1
propanol 2
acetate esters propyl acetate 3.59 x 10! 0.44 24.7
butyl acetate 1.15 x 10" 0.55 25.2
iso-butyl acetate 1.78 x 10! 0.50 19.1
tert-butyl acetate 4.70 x 101 0.51 19.0
pentyl acetate 3.50 x 10°  0.70 25.2
octyl acetate 2.18 x 10 1.41 26.9
1
aromatic toluene 2.84 x 10} 0.44 29.4
hydrocarbons
styrene 6.40 x 10°  0.62 33.0
butyl benzene 1.06 x 10°  1.15 30.0
tert-butyl benzene ~ 2.20 x 10°  0.86 29.3
octyl benzene 1.12 x 10° 2.90 29.9
2
diphenylmethane 8.21 x 10 2.65 39.9
3
unsaturated 1-octadecene 6.75 x 10° 3.38 29.5
hydrocarbon s
branched squalane 6.30 x 10° 27.18 28.8
hydrocarbon 6

octadecene and the other solvents, which means that the sound pres-
sure may not exceed the cavitation threshold under the conditions of our
experiment [28]. For the aromatic alcohols, the yields of ethane and
ethylene were lower than that of acetylene. Ciawi et al. reported that
this tendency was observed in the ultrasonic decomposition of com-
pounds that do not have a direct source of methyl radicals, such as ar-
omatic compounds [29]. No decomposition product was observed in
solvents with vapor pressure higher than that of octane (14.1 mmHg).

Based on these results, we make the following three inferences. (i)
Solvents with extremely low vapor pressure do not decompose because
the solvent vapor does not volatilize inside the cavitation bubble. (ii) As
the vapor pressure increases, the amount of volatilization into the
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Fig. 2. Yields of (a) ethane, (b) ethylene, (c) acetylene and (d) their sum generated from the sonication for each solvent: linear alkanes (O), aromatic alcohols ([)),
acetate esters (A), aliphatic alcohols (X), aromatic hydrocarbons (<), and unsaturated hydrocarbons (--).

bubble increases, resulting in an increase in the amount of decomposi-
tion products. (iii) Further increase in the solvent vapor pressure in the
bubble reduces the specific heat ratio in the bubble and quenching
sonoluminescence.

3.3. Average cavitation temperature

Fig. 3 shows the average temperature of the cavitation bubbles in
each solvent estimated using the MRR method from the production ratio
of ethane, ethylene, and acetylene by sonication for 30 min. The average
cavitation temperature decreased with increasing solvent vapor pres-
sure. The dependence of the cavitation temperature on the specific heat
ratio is described by the Neppiras equation (Eq. (2) for quasi-adiabatic
compression [30]:

P, max
P

Tmax = (7 - 1) X TO (2)

where Tpax is the maximum bubble temperature, Py, ,x is the maximum
pressure when the bubble collapses, P is the sum of the atmospheric gas

pressure and the solvent vapor pressure, y is the specific heat ratio, and
Ty is the bulk temperature (20 °C). Ppax, which depends on the output of
the sonication device, was constant. The specific heat ratio, y, of argon
gas (1.67), which is a monatomic molecule, is higher than that of hy-
drocarbons, such as ethane (1.19), ethylene (1.24), acethylene (1.23),
nonane (1.03), decane (1.03), and dodecane (1.02). At the start of
sonication, the cavitation was filled with argon, resulting in a high
specific heat ratio. During sonication, the solvent and decomposition
products volatilized, thereby lowering the specific heat ratio and
average temperature in the bubble. When the vapor pressure is
extremely low, the solvent does not volatilize into the cavitation, so the
obtained average temperature was assumed to be the cavity temperature
without quenching. We estimated this to be approximately 4400 K,
which is close to the values previously estimated from other methods
[13,19-21]. For the aromatic alcohols, the estimated temperature was
higher than for other solvent species. We discuss the reason for this in
the next section.
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Fig. 3. Relationship between the solvent vapor pressure and average temper-
ature in cavitation bubbles formed in each solvent: linear alkanes (O), aromatic
alcohols (7)), acetate esters (A), aliphatic alcohols (X), aromatic hydrocarbons
(©), and unsaturated hydrocarbons ().

3.4. Sonoluminescence intensity

Fig. 4 shows the relationship between the vapor pressure and the
average sonoluminescence intensity; the error bars indicate the
maximum and minimum intensities over the 30-minute sonication
period. The sonoluminescence intensity decreased with increasing vapor

10°

10¢ | [

SL Intensity
—o
E
b=
HA
B¢

103 L

10? L .
10 101 10t 10°
Vapor pressure (mmHg)

Fig. 4. Relationship between solvent vapor pressure and the sonoluminescence
(SL) intensity. Error bars indicate the standard deviation of sonoluminescence
intensities from 30 min of sonication for each solvent: linear alkanes (O), ar-
omatic alcohols (), acetate esters (A), aliphatic alcohols (%), and aromatic
hydrocarbons ().
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pressure. We attribute this to the bubble temperature being lowered by
solvent evaporating into the bubble. Sonoluminescence was observed
even above the threshold vapor pressure of 14.1 mmHg for sonolysis of
solvents as described above section. Preliminary experiments have
confirmed that this is luminescence from the cooling water around the
reaction vessel, and solvents with vapor pressure higher than the
threshold do not emit light. This result also indicates that sonolumi-
nescence from the cooling water contributed to the observed signal in
addition to that form the target solvent. Similar to the results of the
average cavitation temperature described above, high sonolumi-
nescence intensities were observed from aromatic alcohols, especially
benzyl alcohol. We found that in aromatic alcohols, especially benzyl
alcohol, the temperature was independent of the vapor pressure. A
previous report showed that the sonoluminescence intensity depends on
(surface tension)z/vapor pressure [31]. Sonoluminescence intensity
showed a better correlation with this value than only vapor pressure.
This is a proposed value based on the influence of surface tension on the
size of cavitation bubbles and their growth and collapse. However, the
results for aromatic alcohols obtained in the present study do not fit this
trend, as shown in Fig. 5. We found a positive correlation between the
average cavitation temperature and the sonoluminescence intensity as
shown in Fig. 6, suggesting that the high temperature of cavitation
bubbles in benzyl alcohol is not an apparent value but an actual value.
Thus, the limitations of the MRR method proposed by Ciawi et al. [29]
do not apply to our study.

3.5. Effect of generated radicals

We suggest that differences in the radical species generated by
sonolysis account for the cavitation bubble temperature among different
organic solvents. Benzyl alcohol has no source of methyl radicals, and
thereby the yield of ethane and ethylene generated by recombination of
methyl radicals was low, as shown in Fig. 1. To confirm the absence of
methyl radicals during sonication of benzyl alcohol, we conducted ESR
measurements. As shown in Fig. 7, the simulation of the observed ESR
spectrum indicates the presence of two radical species trapped in DMPO,
which are attributed to the benzyl (Ay = 1.52 mT, Ay = 2.15 mT)

10°
104 } \[]f-w
2
& .
3 U g
é #g ?x ﬁ_§§
100 L X QX §
158
102 . . .
101! 10! 10° 10°

(surface tension)?/Vapor pressure (mNZ/m? mmHg)

Fig. 5. Relationship between the value of (surface tension)?/vapor pressure
and sonoluminescence (SL) intensity. Error bars indicate the standard deviation
of sonoluminescence intensities from 30 min of sonication for each solvent:
linear alkanes (O), aromatic alcohols (), acetate esters (A), aliphatic alcohols
(X)), and aromatic hydrocarbons ().
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[32-34] and OH (Ay = 1.40 mT, Ag = 1.10 mT) [34] radicals rather than
methyl radical. In contrast with the methyl radical, the benzyl radical is
resonantly stable and therefore does not recombine to generate products
that lower the bubble temperature and quench sonoluminescence.
Therefore, the cavitation bubbles formed in benzyl alcohol retained a
high average temperature relative to the vapor pressure. The high
temperature of cavitation bubbles in benzyl alcohol favors the formation
of acetylene, which requires the cleavage of the C = C bond of the stable
benzene ring and the formation of CH radicals [29]. The high sonolu-
minescence intensity from aromatic alcohols can also be explained by
the high bubble temperature. These conditions favor the generation of
OH radicals, which may also contribute to the sonoluminescence in-
tensity [35]. The higher sonoluminescence intensity from aliphatic
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alcohols than from other solvents, such as alkanes and esters, also sup-
ports this inference. We also measured the sonoluminescence intensity
for a system using phenol as a solvent, and found that the intensity was
about 700, which is much lower than that of other aromatic alcohols
that produce benzyl radicals. To confirm whether the bubble tempera-
ture in the aromatic alcohols was higher than in the other solvents, as a
preliminary study, we observed the ultrasonic decomposition of the
fluorosurfactant perfluorodecanoic acid, which is an extremely persis-
tent compound, using 1-octanol and benzyl alcohol as solvents. The
vapor pressures of 1-octanol and benzyl alcohol are almost the same
(7.94 x 1072 and 9.40 x 10~2 mmHg, respectively). The cavitation
average temperature obtained in this study was about two times higher
for benzyl alcohol than for 1-octanol. As a result, almost no degradation
of this fluorosurfactant was observed in 1-octanol, whereas a significant
decrease in concentration was observed in benzyl alcohol. This
confirmed the high temperature of the cavitation bubbles formed in
benzyl alcohol. The results of present study indicate that not only the
physical properties, such as vapor pressure and surface tension of the
solvent, but also structural factors such as resonance stability contribute
to the high cavitation bubble temperature.

4. Conclusions

For cavitation in different organic solvents, we estimated the peak
bubble temperature from the sonoluminescence intensity and the
average temperature using the MRR method. We found that the solvent
vapor pressure influences the cavitation temperature, in addition,
radical species generated by the sonochemical pyrolysis of the solvent
have a great effect on the cavitation temperature. The product of methyl
radical recombination lowers the cavitation temperature, while the
resonance-stable benzyl radical is less likely to recombine and the
cavitation temperature remains high. Our results may allow for the
design of sustainable high-temperature reaction fields that drive ultra-
sonic chemical reactions more effectively for organic synthesis and
material synthesis in the future.
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