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Central events of ultrasonic action are the bubbles of cavitation that can be considered as powered
microreactors within which high-energy chemistry occurs. This work presents the results of a compre-
hensive numerical assessment of frequency and saturating gases effects on single bubble sonochemistry.
Computer simulations of chemical reactions occurring inside a bubble oscillating in liquid water
irradiated by an ultrasonic wave have been performed for a wide range of ultrasonic frequencies
(213–1100 kHz) under different saturating gases (O2, air, N2 and H2). For O2 and H2 bubbles, reactions
mechanism consisting in 25 reversible chemical reactions were proposed for studying the internal
bubble-chemistry whereas 73 reversible reactions were taken into account for air and N2 bubbles. The
numerical simulations have indicated that radicals such as �OH, H�, HO2

� and O are created in the bubble
during the strong collapse. In all cases, hydroxyl radical (�OH) is the main oxidant created in the bubble.
The production rate of the oxidants decreases as the driving ultrasonic frequency increases. The
production rate of �OH radical followed the order O2 > air > N2 > H2 and the order becomes more remark-
able at higher ultrasonic frequencies. The effect of ultrasonic frequency on single bubble sonochemistry
was attributed to its significant impact on the cavitation process whereas the effects of gases were
attributed to the nature of the chemistry produced in the bubble at the strong collapse. It was concluded
that, in addition to the gas solubility, the nature of the internal bubble chemistry is another parameter of
a paramount importance that controls the overall sonochemical activity in aqueous solutions.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The chemical effects of ultrasound (sonochemistry) originate
from acoustic cavitation, that is, ultrasound-induced formation,
growth and violent collapse of microbubbles in a liquid medium
[1]. The rapid collapse of cavitation bubbles is nearly adiabatic,
rendering each individual bubble a microreactor, inside which
temperatures of the order of 5000 K and pressures of hundreds of
atmospheres have been shown to exist [2,3]. As a results, water
vapor entrapped inside a bubble is dissociated into H� and �OH rad-
icals, and with other species present, various other reactive species
such as HO2

� , O and H2O2 may form [4]. Parallel reaction pathways
exist where volatile solutes may evaporate into the bubble and be
pyrolysed by the high core temperatures [4]. The radical species
produced can recombine, react with other gaseous species present
in the cavity or diffuse out of the bubble into the surrounding
liquid to serve as oxidants [5]. All chemical reactions promoted
by ultrasound are known as sonochemical reactions. Under certain
conditions, bubble collapse is also accompanied by the emission of
light, called sonoluminescence, originating from the hot core of the
bubble during the final stages of collapse [6,7].

A number of factors influence sonochemical activity (radicals’
production) and luminescence intensity. These include frequency
of ultrasound, dissolved gas, acoustic power, bulk liquid tempera-
ture, etc. [8–17]. Among all these parameters, the ultrasonic fre-
quency and the nature of the dissolved gases have shown
spectacular effects. The frequency of ultrasound has a significant
impact on the critical size of the bubble (resonance size), which
decreases as ultrasound frequency increases [18,19] and the lower
frequency ultrasound would produce more violent collapse leading
to higher localized temperatures and pressures in the bubble.
However, recent published papers [8–10,14,15] have suggest a
higher sonochemical activity at higher frequency. As a general idea,
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Nomenclature

Af (Ar) pre-exponential factor of the forward (reverse) reaction,
[(cm3 mol�1 s�1) for two body reaction and (cm6

mol�2 s�1) for three body reaction]
bf (br) temperature exponent of the forward (reverse) reaction
c speed of sound in the liquid medium, (m s�1)
Eaf (Ear) activation energy of the forward (reverse) reaction

(cal mol�1)
f frequency of ultrasonic wave (Hz)
Ia acoustic intensity of ultrasonic irradiation (W m�2)
kf9 (kr) forward (reverse) reaction constant, [(cm3 mol�1 s�1)

for two body reaction and (cm6 mol�2 s�1) for three
body reaction]

p pressure inside a bubble (Pa)
pmax maximum pressure inside a bubble (Pa)
p1 ambient static pressure (Pa)
PA amplitude of the acoustic pressure (Pa)
Pv vapor pressure of water (Pa)
Pg0 initial gas pressure (Pa)
R radius of the bubble (m)

Rmax maximum radius of the bubble (m)
R0 ambient bubble radius (m)
t time (s)
T temperature inside a bubble (K)
Tmax maximum temperature inside a bubble (K)
T1 bulk liquid temperature (K)
xi solubility (in mole fraction) of the gas i in water
yH2O mole fraction of water vapor trapped at the collapse

Greek letters

c specific heat ratio (cp/cv) of the gas mixture
r surface tension of liquid water (N m�1)
q density of liquid water (kg m�3)
k gas thermal conductivity (W m�2 K)
sc collapse time of the bubble (s)
sexp expansion time of the bubble (s)
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a gas with high polytropic index (c = cp/cv) and low thermal con-
ductivity converts more energy upon collapse and gives a greater
sonochemical effect than one with low polytropic index. However,
recent investigations [12–14,16,17] showed that polyatomic gases
can provide a more sonochemical activity than monatomic gases
because gases such as oxygen can provide additional sources for
the production of active species through the self thermal dissocia-
tion inside a bubble and, thus, can compensate for the lower inter-
nal cavitation temperatures. On the other hand, Okitsu et al. [20]
showed experimental evidence that the bubble temperature
induced by high frequency ultrasound is almost the same among
different gases and the overall chemical efficiency is in proportion
to the gas solubility, which would be closely related to the number
of active bubbles. Therefore, the mechanism of saturating gases
and ultrasound frequency on the sonochemical activity remained
poorly understood. This is in fact because the effects of these two
parameters are not well established in microscopic scale (scale of
single bubble). In this paper, the results of a comprehensive
numerical assessment of frequency and saturating gases effects
on sonochemical activity of single cavitation bubble were
described. The numerical simulations of the bubble oscillation
and chemical reactions therein have been performed for various
ultrasonic frequencies (in the range of 213–1100 kHz) under differ-
ent saturating gases (O2, air, N2 and H2). The employed model com-
bines the dynamic of bubble collapse in acoustic field with the
chemical kinetics of single cavitating bubble.
2. Model and computational methods

The theoretical model used in the present numerical simula-
tions has been fully described in our previous works [21–24].
The following is a brief description of the model.
2.1. Bubble dynamics model

A gas and vapor filled spherical bubble isolated in water oscil-
lates under the action of a sinusoidal sound wave. The temperature
and pressure in the bubble are assumed spatially uniform and the
gas content of the bubble behaves as an ideal gas [25]. The radial
dynamics of the bubble is described by the Keller–Miksis equation
that includes first order terms in the Mach number M ¼ _R=c
[26,27]:
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in this equation dots denote time derivatives (d/dt), R is the radius
of the bubble, c is the speed of sound in the liquid, qL is the density
of the liquid, r is the surface tension, l is the liquid viscosity, p is
the pressure inside the bubble, p1 is the ambient static pressure,
PA is the acoustic amplitude and f is the sound frequency. The acous-
tic amplitude PA is correlated with the acoustic intensity Ia, or
power per unit area, as PA = (2IaqLc)1/2 [28].

The expansion of the bubble is assumed as isothermal and its
total compression is considered as adiabatic [29]. These assump-
tions, which are widely accepted since the lifetime of an oscillation
at high frequency is relatively short with a very rapidly occurring
collapse event, were pointed out by Yasui et al. [30] using a more
detailed model. We also assume that the vapor pressure in the
bubble remains constant during the bubble expansion phase and
there is no gas diffusion during expansion and no mass and heat
transfer of any kind during collapse. We note here that Storey
and Szeri [31] demonstrated that the inclusion of mass transfer
on the bubble dynamics has practically no effect on the maximum
bubble temperature attained in the bubble at the collapse when
the compression ratio of the bubble (Rmax/Rmin) is less than 20
(Rmax is the maximum radius of the bubble and Rmin is the mini-
mum bubble radius at the collapse). This level of Rmax/Rmin was
never attained in the present numerical study (see Table 4).
Therefore, in order to reduce computational parameters, the
current model takes, as input, initial bubble vapor content and
neglects mass and heat transfer during bubble expansion and
collapse.

Because of the above assumptions, the pressure and tempera-
ture inside the bubble at any instant during adiabatic phase can
be calculated from the bubble size as

p ¼ Pv þ Pg0
R0

Rmax

� �3
" #

Rmax

R

� �3c

ð2Þ
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T ¼ T1
Rmax

R

� �3ðc�1Þ

ð3Þ

where Pv is the vapor pressure, Pg0 = p1 + (2r/R0) � Pv is the gas
pressure in the bubble at its ambient state (R = R0), R0 is the ambient
bubble radius, T1 is the bulk liquid temperature and c is the ratio of
specific heats capacities (cp/cv) of the gas/vapor mixture, given as

c ¼
XK

k¼1

ykck ð4Þ

where yk is the mole fraction of the species k at time corresponding
to R = Rmax and ck is the ratio of specific heat capacities of the
species k, which will be assumed constant. At the starting point of
the adiabatic phase (at R = Rmax), the bubble content is water vapor
and dissolved gas (O2, N2 or air, which is a mixture of 20% O2 and
80% N2). At the last stage of the bubble collapse, the bubble temper-
ature increases drastically to several thousand Kelvin, which
induces chemical reactions and chemical products formation. In
reality, the value of c change instantaneously with the temperature
(the cp and cv of each species in the bubble vary with the tempera-
ture) and the composition of the bubble during the bubble collapse.
However, the variation of the bubble composition due to the chem-
ical reaction is not important, particularly for frequencies above
355 kHz as can be seen in Fig. 3. For the other case (frequency below
355 kHz), the consumption of reactants is accompanied by the for-
mation of the products (mainly �OH, O and H2) which have individ-
ual ck of the same order as those of reactants (Table 1). Therefore,
we assumed that the diminution in c from the consumption of reac-
tants will be compensated from the formation of the products. Con-
sequently, the variation of c due to the variation of the bubble
composition at the end of the collapse can be neglected. On the
other hand, the variation of the bubble temperature from ambient
temperature to several thousand Kelvin have not shown a signifi-
cant decrease in the value of c as can be concluded from Table 1 that
shows the effect of the bubble temperature on the values of c of the
main species presented in the bubble at the collapse. Thus, the bub-
ble temperature will not affect significantly the value of c. As a con-
clusion, the expression of c (Eq. (4)) included only the species
trapped initially in the bubble (water vapor and dissolved gases).

It is important to notice also that the assumption of spatial uni-
form pressure and temperature inside the bubble is valid as long as
inertia effects are negligible and the velocity of the bubble wall is
below the speed of sound in the vapor/gas mixture. This assump-
tion was justified in detail in the paper published by Kamath
et al. [33]. In addition, Yasui et al. [30] and Fujikawa and Akamatzu
[34] pointed out in their complete models which include heat
transfer that the bubble temperature and pressure are roughly
uniform except at a very thin layer, called thermal boundary, near
the bubble wall. Also, using the Eqs. (2) and (3) indicate that the
bubble collapsing process is thermodynamically reversible. This
Table 1
Variation of the ratio of specific heat capacities c for the species H2O, O2, N2, H2 and
�OH as function of temperature.*

Temperature (K) 293 500 1000 2000 4000

cH2 O 1.329 1.31 1.252 1.192 1.163
cO2

1.396 1.366 1.313 1.282 1.25
cN2

1.4 1.391 1.341 1.3 1.285
cH2

1.4 1.396 1.381 1.321 1.27
c�OH 1 1 1 1.04 1

* The calculations are based on: ck ¼
cpk
cvk
¼ cpk

=R
cvk

=R. Using cpk � cvk = R for an ideal gas:

ck ¼
cpk=R

cpk=R�1 : The cpk/R of the kth species is given by the NASA-polynomial formula

[32]: cpk/R = a1k + a2kT + a3kT2 + a4kT3 + a5kT4. The constants a1k, . . .,a5k are available
in the Burcat’s Thermodynamic Database [32] for a wide range of temperature (up
to 5000 K).
approximation can be justified by the fact that after each collapse,
the bubble passes through an equilibrium state before a following
expansion part.

Several physical properties (saturated vapor pressure, density,
surface tension, viscosity and sound velocity) appear in the above
equations. The equations for the physical properties of liquid water
have been described in our previous work [24].
2.2. Chemical kinetics model

In the present study, chemical reactions occurring inside O2, H2,
air and N2 bubbles are investigated. For O2 and H2 bubbles, a
kinetic mechanism consisting in 25 chemical reactions and their
backwards reactions (first 25 reactions of Table 2) [29,35] is taken
into account involving O2, H2O, �OH, H�, O, HO2

� , O3, H2 and H2O2

species. For air and N2 bubbles, a kinetic mechanism consisting
in 73 chemical reactions and their backwards reactions (all
reactions of Table 2) [35–37] is taken into account including, in
addition to those involved in an O2 bubble, N2, N, NO, NO2, NO3,
HNO2, HNO3, N2O, HNO, NH, NH2, NH3, N2H2, N2H3, N2H4, N2O4

and N2O5 species. The scheme in Table 2 has been partially vali-
dated from hydrogen flame studies [38] as well as shock-tube
and reactor-type experiments [39]. It has also been validated from
studies of single bubble sonochemistry [40].

The chemical kinetics model consists of the reaction mechanism
and determines the production of each species during the bubble
collapse. Rate expressions for the chemical reactions consider
elementary reversible reactions involving K chemical species,
which can be represented in the general form as

XK

k¼1

t0kiXk $
XK

k¼1

t00kiXk ð5Þ

in which tki in the stoichiometric coefficients of the ith reaction and
Xk is the chemical symbol for the kth species. The superscript 0 indi-
cates forward stoichiometric coefficients, while 00 indicates reverse

stoichiometric coefficients. The production rate w
�

k
of the kth species

can be written as a summation of the rate of the variables for all
reactions involving the kth species:

w
�

k
¼
XI

i¼1

ðt00ki � t0kiÞri ðk ¼ 1; . . . ;KÞ ð6Þ

The rate ri for the ith reaction is given by the difference of the
forward and reverse rates as

ri ¼ kf i

YK

k¼1

Xk½ �t
0
ki � kri

YK

k¼1

Xk½ �t
00
ki ð7Þ

where [Xk] is the molar concentration of the kth species and kfi and
kri are the forward and reverse rate constants of the ith reaction,
respectively. The forward and reverse rate constants for the ith
reactions are assumed to have the following Arrhenius temperature
dependence:

kfi ¼ Afi T
bfi exp �

Eafi

RgT

� �
ð8Þ
kri
¼ Ari

Tbri exp � Eari

RgT

� �
ð9Þ

where Rg is the universal gas constant, Afi (Ari) is the pre-exponen-
tial factor, bfi (bri) is the temperature exponent and Efi (Eri) is the
activation energy. Arrhenius parameters of each chemical reaction
are presented in Table 2.



Table 2
Scheme of the possible chemical reactions inside a collapsing acoustic bubble [29,35–39]. M is the third body. Subscript ‘‘f’’ denotes the forward reaction and ‘‘r’’ denotes the
reverse reaction. A is in (cm3 mol�1 s�1) for two body reaction [(cm6 mol�2 s�1) for a three body reaction], and Ea is in (cal mol�1). For some of the backward reactions, the
constants are not listed. Those backward reactions are neglected in the present calculations.

N� Reaction Af bf Eaf Ar br Ear

H/O reactions
1 H2O + M M H� + �OH + M 1.912 � 1023 �1.83 1.185 � 105 2.2 � 1022 �2.0 0.0
2 O2 + M M O + O + M 4.515 � 1017 �0.64 1.189 � 105 6.165 � 1015 �0.5 0.0
3 �OH + M M O + H� + M 9.88 � 1017 �0.74 1.021 � 105 4.714 � 1018 �1.0 0.0
4 H� + O2 M O + �OH 1.915 � 1014 0.0 1.644 � 104 5.481 � 1011 0.39 �2.93 � 102

5 H� + O2 + M M HO2
� + M 1.475 � 1012 0.6 0.0 3.09 � 1012 0.53 4.887 � 104

6 O + H2O M
�OH + �OH 2.97 � 106 2.02 1.34 � 104 1.465 � 105 2.11 �2.904 � 103

7 HO2
� + H�M H2 + O2 1.66 � 1013 0.0 8.23 � 102 3.164 � 1012 0.35 5.551 � 104

8 HO2
� + H�M �OH + �OH 7.079 � 1013 0.0 2.95 � 102 2.027 � 1010 0.72 3.684 � 104

9 HO2
� + O M

�OH + O2 3.25 � 1013 0.0 0.0 3.252 � 1012 0.33 5.328 � 104

10 HO2
� + �OH M H2O + O2 2.89 � 1013 0.0 �4.97 � 102 5.861 � 1013 0.24 6.908 � 104

11 H2 + M M H� + H� + M 4.577 � 1019 �1.4 1.044 � 105 1.146 � 1020 �1.68 8.2 � 102

12 O + H2 M H� + �OH 3.82 � 1012 0.0 7.948 � 103 2.667 � 104 2.65 4.88 � 103

13 �OH + H2 M H� + H2O 2.16 � 108 1.52 3.45 � 103 2.298 � 109 1.40 1.832 � 104

14 H2O2 + O2 M HO2
� + HO2

� 4.634 � 1016 �0.35 5.067 � 104 4.2 � 1014 0.0 1.198 � 104

15 H2O2 + M M
�OH + �OH + M 2.951 � 1014 0.0 4.843 � 104 1.0 � 1014 �0.37 0.0

16 H2O2 + H�M H2O + �OH 2.410 � 1013 0.0 3.97 � 103 1.269 � 108 1.31 7.141 � 104

17 H2O2 + H�M H2 + HO2
� 6.025 � 1013 0.0 7.95 � 103 1.041 � 1011 0.70 2.395 � 104

18 H2O2 + O M
�OH + HO2

� 9.550 � 106 2.0 3.97 � 103 8.66 � 103 2.68 1.856 � 104

19 H2O2 + �OH M H2O + HO2
� 1.0 � 1012 0.0 0.0 1.838 � 1010 0.59 3.089 � � 104

20 O2 + O + M M O3 + M 4.1 � 1012 0.0 �2.114 � 103 2.48 � 1014 0.0 2.286 � 104

21 OH + O2 + M M + O3 + H 4.4 � 107 1.44 7.72 � 104 2.3 � 1011 0.75 0.0
22 O3 + H M HO2 + O 4.1 � 1012 0.0 �2.114 � 103 – – –
23 O3 + O M O2 + O2 5.2 � 1012 0.0 4.18 � 103 – – –
24 O3 + OH M O2 + HO2 7.8 � 107 0.0 1.92 � 103 – – –
25 O3 + HO2 M O2 + O2 + OH 1.0 � 1011 0.0 2.82 � 103 – – –

H/O/N reactions
26 N2 + M M N + N + M 3.7 � 1021 �1.6 2.264 � 105 3.0 � 1014 0.0 �1.0 � 103

27 N2 + O2 M N2O + O 6.3 � 1013 0.0 1.104 � 105 1.0 � 1014 0.0 2.82 � 104

28 N2O + H M + N2 + OH 6.7 � 1013 0.0 1.52 � 104 2.5 � 1012 0.0 7.8 � 104

29 NO2 + M M O + NO + M 1.1 � 1016 0.0 6.6 � 104 1.1 � 1015 0.0 �1.88 � 103

30 O2 + N M O + NO 6.4 � 109 1.0 6.3 � 103 1.5 � 109 1.0 3.9 � 104

31 NO2 + H M OH + NO 3.5 � 1014 0.0 1.48 � 103 2.0 � 1011 0.5 3.1 � 104

32 NO + HO2 M OH + NO2 3.0 � 1012 0.5 2.4 � 103 1.0 � 1011 0.5 1.2 � 104

33 N2O + O M NO + NO 1.0 � 1014 0.0 2.82 � 104 1.30 � 1012 0.0 6.420 � 104

34 N2O + M M N2 + O + M 5.0 � 1014 0.0 5.8 � 104 1.40 � 1012 0.0 2.08 � 104

35 O + N2 M NO + N 7.60 � 1013 0.0 7.60 � 104 1.60 � 1013 0.0 0.00
36 O + NO2 M O2 + NO 1.0 � 1013 0.0 6.0 � 102 1.70 � 1012 0.0 4.680 � 104

37 N + OH M H + NO 4.5 � 1013 0.0 0.00 1.70 � 1014 0.0 4.90 � 104

38 N + O3 M NO + O2 1.2 � 1012 0.5 2.40 � 103 – – –
39 NO + NO3 M NO2 + NO2 4.1 � 1014 0.0 9.62 � 102 3.90 � 1011 0.0 2.400 � 104

40 NO + M M N + O + M 4. 0 � 1020 �1.5 1.51 � 105 6.40 � 1016 �0.5 0.00
41 OH + NO + M M HNO2 + M 8. 0 � 1015 0.0 �1.0 � 103 5.10 � 1017 �1.0 5.000 � 104

42 OH + HNO2 M H2O + NO2 1.5 � 1012 0.0 5.60 � 101 8.40 � 1011 0.0 4.227 � 104

43 HNO2 + O M OH + NO2 6.0 � 1011 0.0 4.0 � 103 – – –
44 HNO2 + H M H2 + NO2 4.9 � 1011 0.5 3.00 � 103 2.40 � 1013 0.0 2.90 � 104

45 O + HNO2 M HNO + O2 3.0 � 1012 0.0 1.60 � 104 – – –
46 OH + NO2 + M M HNO3 + M 5.0 � 1017 0.0 0.0 1.6 � 1015 0.0 3.08 � 104

47 HNO3 + O M OH + NO3 6.0 � 1011 0.0 8.0 � 103 – – –
48 O + HNO3 M O2 + HNO2 6.0 � 1012 0.0 1.6 � 104 – – –
49 HNO + M M H + NO + M 3.0 � 1016 0.0 4.9 � 104 5.4 � 1015 0.0 �3.0 � 102

50 NO2 + O + M M NO3 + M 1.1 � 1019 0.0 0.0 2.5 � 109 0.0 0.0
51 NO3 + H M OH + NO2 3.5 � 1014 0.0 1.5 � 103 – – –
52 HNO + O M OH + NO 4.9 � 1011 0.5 2.0 � 103 – – –
53 NO2 + N M NO + NO 6.3 � 1014 0.0 0.0 9.0 � 109 0.5 7.839 � 104

54 NO2 + N M N2O + O 4.7 � 1012 0.0 0.0 – – –
55 NO2 + N M N2 + O2 1.1 � 1012 0.0 0.0 – – –
56 NO2 + N M N2 + 2O 1.4 � 1012 0.0 0.0 – – –
57 NO + NO + O2 M NO2 + NO2 1.2 � 109 0.0 �1.06 � 103 2.00 � 1012 0.0 2.70 � 104

58 NO3 + NO3 M 2NO2 + O2 6.1 � 1012 0.0 6.0 � 103 – – –
59 HNO + H M H2 + NO 4.8 � 1012 0.0 0.0 1.4 � 1013 0.0 5.526 � 104

60 HNO + OH M NO + H2O 6.3 � 1013 0.0 0.0 2.40 � 106 0.0 5.0 � 103

61 HNO3 + OH M H2O + NO3 8. 0 � 1010 0.0 0.0 1.40 � 10�2 0.0 �2.237 � 104

62 NH3 + M M H + NH2 9.2 � 1015 0.0 8.48 � 104 – – –
63 NH3 + H M H2 + NH2 1.0 � 1012 0.0 6.28 � 103 – – –
64 NH3 + O M NH2 + OH 1.5 � 1012 0.0 6.04 � 103 – – –
65 NH3 + OH M H2O + NH2 2.0 � 1013 0.0 3.006 � 103 – – –
66 NH2 + OH M H2O + NH 3.0 � 1010 0.679 1.3 � 103 – – –
67 NH2 + NH2 M NH3 + NH 4.0 � 1010 0.0 5.60 � 103 – – –
68 N2H4 + H M H2 + N2H3 1.3 � 1013 0.0 5.520 – – –
69 N2H4 + M M NH2 + NH2 + M 4.0 � 1015 0.0 4.12 � 104 1.0 � 1016 0.0 0.0
70 N2H4 + O M H2O + N2H2 7.1 � 1013 0.0 1.20 � 103 – – –
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Table 2 (continued)

N� Reaction Af bf Eaf Ar br Ear

71 N2H4 + NH2 M NH3 + N2H3 1.0 � 1013 0.0 5.6 � 103 3.3 � 106 0.0 0.0
72 N2O4 + M M NO2 + NO2 + M 1.8 � 1017 0.0 1.11 � 104 1.7 � 1013 0.0 1.72 � 103

73 N2O5 + M M NO2 + NO3 + M 1.3 � 1019 0.0 1.944 � 104 2.0 � 1017 0.0 �9.62 � 102

Table 3
Selected values of the ambient radius (R0) for active bubbles as function of frequency
of ultrasound, selected according to experimental data.

Frequency (kHz) Ambient bubble radius, R0 (lm) Refs.

213 3.9 [18]
355 3.2 [18]
515 3 [44]
647 2.9 [18]
875 2.7 [18]

1000 2 [18]
1100 1.4 [45]
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2.3. Procedure of the numerical simulation

The simulation of the reactions system (Table 2) occurring in
the bubble starts at the beginning of the adiabatic phase (time cor-
responding to Rmax). The input parameters of the reactions system
are the composition of the bubble on water vapor and gas at this
point, the temperature and pressure profiles in the bubble during
adiabatic phase and the collapse time. All these parameters were
obtained by solving the dynamics equation (Eq. (1)). The bubble
temperature increases during the adiabatic phase, the reaction sys-
tem evolves and radicals start to form by thermal dissociation of
H2O and gas molecules in the bubble. Thus, the composition of
the bubble for all species expected to be present was determined
at any temperature during the collapse phase. The simulation of
the reactions system was stopped after the end of the bubble col-
lapse. It should be also noticed that the effect of the chemical reac-
tion (heat of reaction) occurring in the cavity on the bubble
dynamics is known to be not significant [31,41]. The dynamics out-
put results, thus, will not greatly affected by the chemical reac-
tions. This effect is not taken into account in the present
numerical investigation.
3. Results and discussion

According to the experimental and theoretical data [18,19,
42,43], it is now well known that the ambient radius (R0) for a
typical active bubble depends on the experimentally controllable
parameters such as the driving ultrasonic frequency. The range of
ambient bubble radius for a typical active bubble is rather narrow
according to the experimental observations and in this range there
exists an ambient radius at which the most activity is localized
[18]. The ambient bubble radius at which the activity is localized
is called mean ambient bubble radius. The mean ambient bubble
radius decreases considerably as the ultrasonic frequency increases
in the range 213–1100 kHz according to the experimental observa-
tions [18]. The present study tries to use the same frequencies at
which the mean ambient bubble radii (R0) were determined
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experimentally. The ambient bubble radius (R0) in the present
numerical simulations has been assumed as the mean ambient
bubble radius. The selected values of R0 with respect to the ultra-
sonic frequency are presented in Table 3.

3.1. Bubble dynamics and chemical bubble yield

In Fig. 1(a) and (b), the calculated results of the liquid pressure
and the R/R0 ratio for one acoustic cycle are shown for ultrasonic
frequencies of 213, 355, 515 and 1000 kHz when the acoustic
intensity is 1 W cm�2. The time axes in Fig. 1(a) and (b) are identi-
cal. The liquid pressure applied on the bubble is the sum of the
acoustic pressure and the static pressure. In all cases, the bubble
starts from an ambient radius of R0 which is the radius at which
the bubble is in static mechanical equilibrium with the external
static pressure (typically 1 atm). It was seen that the bubble ini-
tially expands during the rarefaction phase of ultrasound wave,
reaches a maximum at the beginning of the compression phase
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and then quickly collapses during the compression phase of ultra-
sound wave. The minimum bubble radius, which indicates the end
of the bubble collapse, is attained when the liquid pressure is at
around of its maximum value (2.72 atm) during the compression
phase. Fig. 1 clearly shows that the bubble dynamics is strongly
affected by the ultrasonic frequency. From the first view, it was
noticed that the maximum bubble radius and the bubble lifetime
decrease as the frequency increases.

The velocity of the bubble wall during oscillation, especially at
the collapse, is a very important parameter that gives an idea about
the quality of implosion. Fig. 2 shows the behavior of the bubble
wall speed as function of time for the same conditions as in
Fig. 1. Insignificant changes of the bubble wall velocity are
observed during the expansion phase and the first stage of the col-
lapse. However, the bubble wall velocity increases suddenly during
the final stage of the bubble collapse up to 178, 118, 78 and
48 m s�1 for respectively 213, 355, 515 and 1000 kHz. These high
speeds of the bubble implosion yield stronger collapses, which
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generate extremely higher conditions inside the bubbles. Indeed,
the bubble internal pressure may increase up to 1237, 578, 280
and 106 atm at the end of the bubble collapse for respectively
213, 355, 515 and 1000 kHz.

In Fig. 3(a)–(d), the calculated results of the bubble core tem-
perature and the chemical reactions inside a bubble are shown as
function of time at around the end of the bubble collapse for the
studied ultrasonic frequencies. It is seen that the bubble core is
heated up to 4615, 3557, 2672 and 1785 K at the end of the bubble
collapse for 213, 355, 515 and 1000 kHz, respectively. These condi-
tions promote chemical reactions in the bubble as illustrated in
Fig. 3(a)–(d). Large amounts of the trapped water vapor and oxy-
gen are dissociated and many chemical oxidants such as �OH, O,
H�, HO2

�, H2O2 and O3 are created in the bubble. It is seen that
hydroxyl radical (�OH) is the main oxidant created in the bubble.
HO2

� , H2O2 and O3 are not formed at appreciable amounts in the
bubble. It is also seen from Fig. 3(a)–(d) that the higher the maxi-
mum bubble temperature (Tmax) attained at the end of the bubble
collapse, the higher will be the amount of each oxidants created in
the bubble. The amount of each chemical oxidant attained an
upper limit at the end of the bubble collapse, followed by almost
constant production after the end of the bubble collapse as the
bubble temperature decreases suddenly. Another important
statement to be noted from Fig. 3(a)–(d) is that all the chemical
reactions inside a bubble occur in time scale of about 0.015 ls
(15 ns), which represents only about 1–5% of the collapse time of
the bubble (sc).

3.2. Effect of ultrasonic frequency on the chemical bubble yield

The effect of ultrasonic frequency (213–1100 kHz) on the pro-
duction rate of each oxidant created inside a collapsing O2-bubble
is shown in Fig. 4 for an acoustic intensity of 1 W cm�2 and bulk
liquid temperature of 20 �C. The vertical axis in this figure is in
logarithmic scale. In Figs. 4 and 5, the production rate of each
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Fig. 4. Production rate of each chemical oxidant created inside a collapsing O2-
bubble as function of ultrasonic frequency (conditions: ambient bubble radius:
Table 3; acoustic intensity: 1 W cm�2; bulk liquid temperature: 20 �C; static
pressure: 1 atm). The vertical axis is in logarithmic scale. The production rate for
each oxidant is defined as the amount of this species at the end of the first bubble
collapse multiplied by the ultrasonic frequency [43].
chemical oxidant is the amount of the species inside a bubble at
the end of the first bubble collapse multiplied by ultrasonic
frequency [43]. According to Fig. 4, the general trend is that the
production rate of each oxidant created in the bubble is higher at
lower ultrasonic frequency. This result may be a consequence of
a number of factors that are sensitively affected by the variation
of ultrasound frequency. This includes the maximum bubble core
temperature (Tmax) and pressure (pmax) achieved in the bubble at
the end of the collapse, the amount of water vapor trapped at
the collapse and the expansion and collapse times of the bubble.
Table 4 illustrates how ultrasonic frequency affects these dynamics
parameters. Because a smaller frequency gives the bubble more
time to expand, it leads to a larger expansion ratio (Rmax/R0) and
so higher compression ratio (Rmax/Rmin) as can be seen in Table 4.
As a result, the collapse will be stronger and generates higher Tmax

and pmax (Table 4) and this accelerates the dissociation of water
vapor and oxygen molecules into free radicals and atoms.
However, simultaneously, the expansion to a larger expansion
radius is accompanied by a larger amount of vapor being trapped
during collapse (Table 4), which decreases c of the mixture and
thus decreases Tmax and pmax. However, for high frequencies (above
100 kHz), the first mechanism dominates, and the net effect of
decreasing frequency is an increase in Tmax and pmax as shown in
Table 4. Another important factor responsible for the trend
observed in Fig. 4 is the shorter collapse time (sc) at higher
frequencies (see Table 4). In this situation, the reactions system
inside a bubble has not enough time to evolve and then convert
reactant molecules to free radical and atoms.

Therefore, the decrease of the maximum bubble core tempera-
ture (Tmax) and pressure (pmax) and the collapse time of the bubble
(sc) with increasing frequency would thus result in lower dissocia-
tion of H2O and O2 molecules and this lowers the production rate
of the chemical oxidants inside a bubble as indicated in Fig. 3.
We would like to mention here that the frequency of 875 kHz
seems to be abnormal as the tendency changes at this frequency



Table 4
Evolutions of the bubble dynamics parameters as function of ultrasonic frequency. (sexp) is the expansion time of the bubble, (Rmax/R0) is the expansion ratio of the bubble, (Rmax/
Rmin) is the compression ratio of the bubble, Tmax and pmax are, respectively, the maximum bubble temperature and pressure reached in the bubble at the end of the collapse, yH2 O

is the mole fraction of water vapor trapped at the collapse and (sc) is the collapse time of the bubble.

Frequency sexp (ls) Rmax/R0 Rmax/Rmin Tmax (K) Pmax (atm) yH2 O sc (ls)

213 2.609 3.808 11.871 4615.96 1237.41 0.482 0.930
355 1.583 3.049 8.677 3557.72 578.03 0.310 0.603
515 1.117 2.532 6.494 2672.59 280.18 0.202 0.462
647 0.907 2.272 5.397 2190.47 173.92 0.153 0.398
875 0.687 2.008 4.281 1687.38 94.29 0.108 0.328

1000 0.575 2.107 4.434 1758.88 106.61 0.111 0.25
1100 0.486 2.231 4.384 1734.7 101.08 0.111 0.201
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(Figs. 4 and 5). This result is theoretically logical as the maximum
bubble temperature present a minimum at this point as shown in
Table 4. Practically, we attribute this phenomenon to an error in
the experimental value of R0 at 875 kHz (2.7 lm). According to
the procedure presented in Ref. [19], the value of R0 at 875 kHz
should be near 2 lm, which yield a maximum bubble temperature
of 1970 K. This temperature is lower than that of 647 kHz (2190 K)
and higher than that of 1000 kHz (1758 K), which will yield a
normal tendency in Figs. 4 and 5. In the numerical simulations,
we retained the experimental value of 2.7 lm.

After knowing the effects of frequency on single bubble yield,
we will discuss briefly its effects on the sonochemical activity in
aqueous solution. Some experimental reports [8,9,15,16,46]
showed the existence of an optimum frequency between 200 and
1000 kHz that maximize the overall sonochemical activity. A this
level, we say that aqueous solution is a multibubble system and
the overall sonochemical activity in multibubble system is not
related only to the single bubble event, but also to the number of
bubbles and other phenomena (i.e., bubbles coalescence). The
number of bubbles formed in the cavitating medium is strongly
affected by the applied ultrasonic frequency. Generally, the
number of bubbles increases as the applied frequency increases
[11,21]. Therefore, the chance of existing of an optimum frequency
between 200 and 1000 kHz for the production of the oxidants in
aqueous solution is possible as the sonochemical activity in
individual bubble decreases with increasing frequency in this
interval whereas the number of bubbles increases with increasing
frequency. However, in the absence of exact information about the
bubble population, any theoretical decision about the existing of
an optimum frequency is not possible to make.

3.3. Effect of the nature of dissolved gas on the chemical bubble yield

Numerical simulations of chemical reactions occurring in the
bubble during implosion have been performed for different satu-
rating gases including O2, air, N2 and H2. In all cases, the numerical
calculations showed that �OH radical is the main powerful oxidant
created in the bubble. The production rate of hydroxyl radical (�OH)
will thus used in the following for comparison.

In Fig. 5, the effects of the selected dissolved gases (O2, air, N2

and H2) on the production rate of �OH radical in the bubble are
shown for various ultrasonic frequencies. The same general trend
of decreasing production rate of �OH radical with increasing
frequency is observed for all the saturating gases. From Fig. 5, it
is clearly appeared that the effect of saturating gases on the
production rate of �OH radical follows the order O2 > air > N2 > H2.
The other trend to be noted from Fig. 5 is that the effect of saturat-
ing gases on the production rate of �OH radical becomes more
remarkable at higher ultrasonic frequencies.

In the literature, several experimental reports [12,13,17,47,48]
conducted at different frequencies in the range of 300–1000 kHz
showed that the sonochemical production of H2O2 and the
degradation of various non-volatile organic contaminants in aque-
ous solutions followed the order O2 > air > N2 > H2. Therefore, the
obtained results in this study for single bubble sonochemistry that
is consistent qualitatively with the experimental results, should
explain with arguments the effects of saturating gases on the sono-
chemical activity.

In general, dissolved gases affect the single bubble sonochemis-
try through two aspect: (i) gas with higher polytropic ratio c
(c = cp/cv) can create higher maximum temperature (Tmax) at the
collapse, which enhances the dissociation of water vapor mole-
cules trapped in the bubble at the collapse; (ii) gases with low
thermal conductivities (k) can reduce the heat dissipation, thus
facilitating the increase in collapse temperature (Tmax) and enhanc-
ing sonochemical activity. In this study, all employed gases have
the same polytropic ratio (c = 1.41) and O2, N2 and air have the
same thermal conductivity (k = 0.026 W m�2 K�1 [49]). Therefore,
the intensity of the bubble implosion will be identical for all the
employed gases and the maximum bubble temperature (Tmax)
achieved at the collapse is the same. The values of Tmax with
respect to frequency are the same as those of Table 4. It should also
be noted here that Okitsu et al. [20] showed experimentally that
the bubble temperature is not affected by the gas conductivity.
Excluding the effects of gases on the maximum bubble tempera-
ture (Tmax) achieved at the collapse, the observed effects of saturat-
ing gases on single bubble sonochemistry (Fig. 5) are thus
associated only to the nature of the reactants trapped in the bubble
at the collapse (O2/H2O, O2/N2/H2O, N2/H2O, H2/H2O) which affects
directly the internal bubble-chemistry. Using the chemical kinetics
analysis, some explanation can be made. In the case of O2 and H2

bubbles, �OH radical was consumed mainly though the following
reactions: �OH + H�M O + H2 and �OH + H2 M H + H2O. In the case
of air and N2 bubbles, an additional reaction involved NO species
contributed significantly in the consumption of �OH radical.
This reaction is NO + �OH + M M HNO2 + M. On the other hand,
NO was formed mainly through NO2 + M M O + NO + M and
N2 + O M NO + N. Consequently, the higher the concentration of
N2 in the bubble, the higher will be the concentration of NO and
this accelerates the consumption rate of �OH radical thought the
reaction NO + �OH + M M HNO2 + M. Therefore, it is not surprising
that between O2, air and N2, the production rate of �OH radical fol-
lows the order O2 > air > N2 as the concentration of N2 decreases in
the same order. The inhibiting effect of oxidizing nitrogen (NO)
toward the production of the oxidants inside an air bubble have
been previously reported by Yasui et al. [50]. Between H2 and other
gases, the problem is treated in similar manner. The higher the
concentration of H2 in the bubble, the higher will be the scavenging
rate of �OH radical thought the reaction �OH + H2 M H� + H2O. Thus,
it is very logical that hydrogen occupied the last class in the order
O2 > air > N2 > H2 as the concentration of hydrogen is the highest in
the case of hydrogen bubble.

Knowledge the order of saturating gases on single bubble
sonochemistry allows the discussion of their effects in aqueous
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solutions (multibubble systems). In this case, the solubility of the
gas is an important factor because it control the number of
collapsing bubbles and the higher the gas solubility, the higher will
be the number of bubbles formed in the reactor. The solubilities (in
mole fraction) of the gases treated in the present numerical study
are [51]: xO2 = 2.517 � 10�5, xair = 1.524 � 10�5, xN2 = 1.276 � 10�5,
xH2 = 1.457 � 10�5. Therefore, the order of the solubility follows
O2 > air > H2 > N2. This order constitutes a fort indication that the
overall sonochemical activity in aqueous solutions is not controlled
by the gas solubility alone, as pointed by Okutso et al. [20], but also
by the nature of the internal bubble chemistry because H2 have a
high solubility than N2 but it yielded the lower overall sonochem-
ical activity (see Ref. [48]). This is in a fact because H2 yielded the
lowest activity in the scale of single bubble (Fig. 5). Consequently,
in addition to the gas solubility, the nature of the internal bubble
chemistry is another parameter of a paramount importance that
controls the overall sonochemical activity of ultrasound in aqueous
solutions.
4. Conclusion

In this work, results from a comprehensive numerical
assessment of frequency and gas effects on sonochemical activity
of single bubble have been described. The numerical simulations
of the bubble oscillations and chemical reactions therein have been
performed for various ultrasonic frequencies (in the range of
213–1100 kHz) under different saturating gases (O2, air, N2 and
H2). The results of this study provide a detailed informations about
the gas and frequency mechanisms on single bubble sonochemis-
try, which will help in understanding their effects in aqueous
solutions. The effect of ultrasonic frequency on single bubble
sonochemistry was attributed to its significant impact on the
cavitation process whereas the effect of gases was attributed to
the nature of the combustion chemistry occurred in the bubble
(Ar/H2O, O2/H2O, H2/H2O. . .). It is concluded that the nature of
the bubble chemistry is an additional parameter that controls the
overall sonochemical activity of ultrasound in aqueous solutions.
The understanding of the frequency effect on sonochemical activity
in aqueous solutions needs the knowledge of the number of
bubbles created in the liquid. However, in absence of sufficiently
information about the number of bubbles created in the sonicating
medium, any theoretical decision about the effect of frequency on
the overall sonochemical activity of ultrasound in aqueous
solutions is not possible to make.
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