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This paper presents a comprehensive experimental and numerical investigation of the effects of liquid
temperature on the sonochemical degradation of three organic dyes, Rhodamine B (RhB), Acid orange
7 (AO7) and Malachite green (MG), largely used in the textile industry. The experiments have been
carried out for an ultrasonic frequency of 300 kHz. The obtained experimental results were discussed
using a new approach combining the results of single-bubble event and the number of active bubbles.
The single-bubble event was predicted using a model that combines the bubble dynamics with chemical
kinetics occurring inside a bubble during the strong collapse. The number of active bubbles was predicted
using a method developed in our previous work. The experiments showed that the degradation rate of the
three dyes increased significantly with increasing liquid temperature in the range 25–55 �C. It was pre-
dicted that the main pathway of pollutants degradation is the attack by �OH radicals. The simulations
showed that there exists an optimum liquid temperature of about 35 �C for the production of �OH inside
a bubble whereas the number of active bubbles increased sharply with the rise of the liquid temperature.
It was predicted that the overall production rate of �OH increased with increasing liquid temperature in
the range 25–55 �C. Finally, it was concluded that the effect of liquid temperature on the sonochemical
degradation of the three dyes in aqueous phase was controlled by the number of active bubbles in the
range 35–55 �C and by both the number of bubbles and the single bubble yield in the range 25–35 �C.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Over the past two decades, sonochemical degradation of
organic pollutants in water has been extensively investigated as
an advanced oxidation technology [1–5]. The chemical effects of
sonication (namely sonochemistry) arise from acoustic cavitation,
that is, the formation, growth and implosive collapse of tiny
bubbles in a liquid irradiated by ultrasonic waves [6]. Fast collapse
of the bubbles adiabatically compresses entrapped vapor and gas,
which results in short and local hot spots with enormous condi-
tions [7]. At the final step of the collapse, the temperature and
pressure inside the bubble attained several thousand of Kelvin
and several hundreds of atmosphere, respectively [8,9]. These
extremely high conditions formed in collapsing bubbles lead to
the thermal dissociation of the trapped water vapor into reactive
hydroxyl radicals (�OH) and hydrogen atoms (H�) [10]. These active
species can recombine, react with other gaseous species present in
the cavity, i.e. O2, to form other active species such as HO2

� and O, or
diffuse out of the bubble into the bulk liquid medium where they
are able to induce chemical transformation [11]. Three zones of
distinct reactivity appear during the collapse event [12]: the
interior of the bubble, the gas–liquid interface and the bulk liquid
solution. As a result, an organic pollutant with high volatility
character (high value of Henry’s Law constant) will be incinerated
in the bubble [12]. A hydrophilic or hydrophobic compound with
low volatility cannot enter the bubble, but will be oxidized in the
bulk solution or interfacial area by reaction with �OH radicals
ejected from the cavitation bubble [12].

In the absence of any solute in the liquid medium, the primary
radicals of sonolysis mostly recombine at the bubble solution
interface to form hydrogen peroxide (H2O2) that is released in
the medium according to the following reactions [13]:

2�OH ! H2O2 k1 ¼ 5:5� 109 M�1 s�1 ð1Þ

2�OOH ! H2O2 þ O2 k2 ¼ 8:3� 105 M�1 s�1 ð2Þ
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Nomenclature

c speed of sound in the liquid medium (m s�1)
f frequency of ultrasonic wave (Hz)
Ia acoustic intensity of ultrasonic irradiation (Wm�2)
N number of bubbles collapsing per unit volume per unit

time (L�1 s�1)
nH2O2 number of moles of H2O2 released by the collapse of

single bubble (mol)
n�OH number of moles of �OH released by the collapse of

single bubble (mol)
nHO�

2
number of moles of HO2

� released by the collapse of
single bubble (mol)

p 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)
Rmin minimum radius of the bubble at the collapse (m)
R0 ambient bubble radius (m)
t time (s)
T temperature inside a bubble (K)
T1 ambient liquid temperature (K)

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)
l viscosity of liquid water (N m�2 s)
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Sonochemical reactions can be affected in several ways.
Frequency, power and nature of the dissolved gas have been
largely studied in the past and their important effects on the
reaction rate have been shown [13–17]. Moreover, previous
studies [18–21] have demonstrated that the temperature of the
sonicated solution have a significant impact on the reaction rate.
However, to the best of our knowledge, there is no study
explaining quantitatively the effect of liquid temperature on the
sonochemical reaction rate.

Dye removal from industrial effluents has been the subject of
great attention in the last few years. Approximately, 10–15% of
the overall production of dyes is released into the environment,
mainly via wastewater [20]. The presence of low concentration of
dyes in the effluent streams is highly visible and it reduces the light
penetration that leads to inhibiting photosynthesis and stringent
restrictions on the organic content of industrial effluents [20].

In this work, the dyes under consideration are Rhodamine B
(RhB), Acid orange 7 (AO7) and Malachite green (MG). RhB is a
basic dye of the xanthene class. It is widely used in industrial pur-
poses as a colorant in textile, leather, jute and food industries, and
is also a well-known water tracer fluorescent [21]. It is harmful if
swallowed by human beings and animals, and causes irritation to
the skin, eyes, gastrointestinal tract and respiratory tract [21].
The carcinogenicity, reproductive and developmental toxicity, neu-
rotoxicity and chronic toxicity towards humans and animals have
been experimentally proven [22]. AO7 is a mono-azo acidic dye,
which is widely used in dyeing, weaving, tanning and paper indus-
tries [23] and therefore, it has wide environmental effects. MG is a
basic dye of the triarylmethane class. It is most widely used for
coloring purpose, amongst all other dyes of its category [24]. This
dye is widely used in the aquaculture industry worldwide as a
biocide as well as in the silk, wool, cotton, leather, paper, and
acrylic industries as a dye. It is also employed as therapeutic agent
to treat parasites, fungal and bacterial infections in fish and fish
eggs and as antiseptic, but only for external applications on the
wounds and ulcers [25]. Despite its extensive use, MG is a highly
controversial compound due to its reported toxic properties which
are known to cause carcinogenesis, mutagenesis, teratogenesis,
and respiratory toxicity [26].

The main objective of this study was to clarify experimentally
and numerically the effects of liquid temperature on the sono-
chemical degradation of RhB, AO7 and MG. A new approach
combining the results of single-bubble event and the number of
active bubbles was used to analyze the experimental results. The
chemical single-bubble yield has been predicted using a model
that combines the bubble dynamics with chemical kinetics
consisting of series of chemical reactions (73 reversible reactions)
occurring inside a reacting bubble whereas the number of active
bubbles was predicted using a method developed in our previous
work [27].
2. Materials and methods

2.1. Materials

Rhodamine B (abbreviation: RhB; C.I. Basic Violet 10; C.I. num-
ber: 45170; molecular formula: C28H31N2O3Cl, molecular weight:
479.01 g mol�1) and Acid orange 7 (abbreviation: AO7; C.I. Orange
II; molecular formula: C16H11N2NaO4S, molecular weight:
350.32 g mol�1) were supplied by Sigma–Aldrich. The cationic
dye (C.I. 42000; Basic Green 4), Malachite green oxalate salt,
(abbreviation: MG; molecular formula C52H56N4O12, molecular
weight: 929 g mol�1), was obtained from Merck. The three dyes
were used without further purification. The molecular structures
of RhB, AO7 and MG are shown in Fig. 1.

Potassium iodide (KI) and ammonium heptamolybdate
((NH4)6Mo7�4H2O) were procured, respectively, from Riedel-de
Haën and Sigma–Aldrich.

2.2. Ultrasonic reactor

Sonolysis experiments were conducted in a cylindrical water-
jacketed glass reactor (Fig. 2). The ultrasonic waves at 300 kHz
were emitted from the bottom of the reactor through a piezoelec-
tric disc (diameter 4 cm) fixed on Pyrex plate (diameter 5 cm). The
temperature of the solution was monitored using a thermocouple
immersed in the reacting medium. Acoustic power dissipated in
the reactor was estimated using a standard calorimetric method
[28,29].

2.3. Procedures

Sonochemical experiments involving dyes degradation and
H2O2 production in pure water were carried out under different
conditions using constant solution volume of 300 mL. The temper-
ature of the aerated solution was maintained at a desired value by
circulating cooling water through a jacket surrounding the cell. In
all experiments, the acoustic power delivered to the reactor was
fixed at 25.5 W, which yield an acoustic intensity of 2 W cm�2.
Aqueous samples were taken periodically from the sonicated
solution and the concentration of each dye was determined using
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Fig. 1. Molecular structures of Rhodamine (RhB), Acid orange 7 (AO7) and
Malachite green (MG).
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Fig. 2. Sonochemical reactor used for the sonolytic experiments. (a) 300 kHz
ultrasonic transducer, (b) cylindrical jacketed glass cell, (c) sonicated solution, (d)
inlet cooling water, (e) outlet cooling water, (f) thermocouple.

384 S. Merouani et al. / Ultrasonics Sonochemistry 28 (2016) 382–392
a UV–visible spectrophotometer (Jenway 6405) at the maximum
wavelength (551 for RhB, 485 nm for AO7 and 618 nm for MG).

Hydrogen peroxide concentrations were analytically deter-
mined using the iodometric method [30]. Sample aliquots taken
periodically from the reactor during sonolysis were added in the
quartz cell of the spectrophotometer containing 1 mL of potassium
iodide (0.1 M) and 20 lL of ammonium heptamolybdate (0.01 M).
The iodide ion (I�) reacts with H2O2 to form the triiodide ion (I3�).
The mixed solutions were allowed to stand for 5 min before absor-
bance was measured. The absorbance was recorded spectrophoto-
metrically at the maximumwavelength of the formed triiodide (I3�)
(352 nm; the molar absorptivity e = 26,300 L mol–1 cm�1).
3. Theoretical package

The theoretical procedure used for analyzing the experimental
results combines a model for a single bubble sonochemistry with
a model for the estimation of the number of cavitation bubble in
acoustic cavitation field. The following is a description of the
procedure.
3.1. Single bubble sonochemistry model

The model used for studying the single bubble sonochemistry at
different conditions of liquid temperature has been fully described
in our previous papers [27,31,32]. The model combines the
dynamic of single bubble with chemical kinetics occurring inside
a bubble during the collapse. The following is a brief description
of the 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 [33]. The radial
dynamics of the bubble is described by the Keller-Miksis equation
that includes first order terms in the Mach numberM = _R/c [34,35]:

1�
_R
c

 !
R€Rþ 3

2
1�

_R
3c

 !
_R2 ¼ 1

qL
1þ

_R
c

 !

� p� p1 � 2r
R

� 4l
_R
R
þ PA sinð2pftÞ

" #

þ R
qLc

d
dt

p� p1 � 2r
R

� 4l
_R
R
þ PA sinð2pftÞ

" #
ð3Þ

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
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Fig. 3. Kinetics of the sonolytic removal of (a) AO7, (b) RhB and (c) MG as function of time for various liquid temperatures (conditions: initial dye concentration: 5 mg L�1,
volume: 300 mL, liquid temperature: 25–55 �C, frequency: 300 kHz, acoustic intensity: 2 W cm�2).
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acoustic amplitude PA is correlated with the acoustic intensity Ia, or
power per unit area, as PA = (2IaqLc)1/2 [10].

The expansion of the bubble is assumed as isothermal and
its total compression is considered as adiabatic [36,37]. These
assumptions, 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. [38]
using a more detailed model. We also assume that the vapor pres-
sure 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. Storey and Szeri [39]
demonstrated that the inclusion of mass transfer on the bubble
dynamics has practically no effect on the maximum bubble tem-
perature attained in the bubble at the collapse when the compres-
sion ratio of the bubble (Rmax/Rmin) is less than 20 (Rmax is the
maximum radius of the bubble and Rmin is the minimum bubble
radius at the collapse). This level of Rmax/Rmin was never attained
in the present numerical study. 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

ð4Þ

T ¼ T1
Rmax

R

� �3ðc�1Þ
ð5Þ

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 heat capacities (cp/cv) of the gas/vapor mixture, given as

c ¼
XK
k¼1

ykck ð6Þ

when 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.
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It is important to notice that the assumption of spatial uniform
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.
[40]. In addition, Yasui et al. [38] and Fujikawa and Akamatzu [41]
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.

For simulating the chemical reactions occurring inside the
bubble, a kinetic mechanism consisting in 73 chemical reactions
and their backwards reactions (Table 2 in Ref. [42]) is taken into
account including O2, H2O, �OH, H�, O, HO2

� , O3, H2, H2O2, N2, N,
NO, NO2, NO3, HNO2, HNO3, N2O, HNO, NH, NH2, NH3, N2H2,
N2H3, N2H4, N2O4 and N2O5 species.

The adopted chemical kinetics model consists of the reaction
mechanism and determines the production of each species during
the bubble collapse. Detailed information of the chemical kinetics
model is available in our previous work [27].

The numerical procedure used for solving the bubble dynamic
equation and simulating the reactions systems inside a bubble
have been presented in detail in our previous works [27,32].
Briefly, the Keller–Miksis equation (Eq. (3)), describing the
dynamic of the bubble, is a non-linear second-order differential
equation which requires an approximate numerical method for
solution. It has been solved by the fourth-order Runge–Kutta
method using the initial conditions: t = 0, R = R0 and dR/dt = 0.
The simulation of the chemical reactions in the bubble (73 chemi-
cal reactions) starts at the beginning of the adiabatic phase (at time
corresponding to R = Rmax). The input parameters for solving the
reaction system are the composition of the bubble on water vapor
and air at the time corresponding to R = Rmax, the temperature and
pressure profiles in the bubble during adiabatic phase and the
collapse time. These parameters are obtained by solving Eq. (3).
As the bubble temperature increases during the adiabatic phase,
the reaction system evolves and radicals start to form by thermal
dissociation of H2O and other molecules in the bubble. Thus, the
composition of the bubble on all species expected to be present
was determined at any temperature during the collapse period
by solving the system of the ordinary differential equations using
the finite difference method (see Ref. [27]). The computer simula-
tion of the reactions system was stopped after the end of the
bubble collapse.

3.2. Determination of the number of active bubbles

In sonochemical reaction field, there are two kinds of bubbles:
actives (transient) and non-actives (stable) bubbles. Active bubbles
are those responsible for the chemical effect and sonolumines-
cence. The chaotic nature of acoustic cavitation and the great
disparity in bubble characteristics inside the cavitation field render
very difficult the determination of the number of active bubble.
The literature in this field is scarce, but, recently, some advanced
methods based essentially on sonoluminescence have been used
to estimate the active bubble number. These methods have
covered a very limited range of operating parameters. In our previ-
ous paper [27], we have developed a simple semi-empirical
method for predicting the number of active bubbles in cavitating
medium. This method (adopted in this study) is based on two main
assumptions:

- The cavitation is transient and the bubble breaks apart
(fragments) at the first collapse after an initial expansion.

- The bubble contents mix directly with the liquid surrounding
the bubble at the end of the collapse.
Basing on these assumptions, the number of collapsing bubbles
per unit time per unit volume (N) is then easily determined using
material balances for �OH, HO2

� and H2O2 in the liquid phase. It is
given by the following equation:

N ¼ rH2O2

nH2O2 þ 0:5ðn�OH þ nHO�
2
Þ ð7Þ

where, the production rate of H2O2, rH2O2 , is determined experimen-
tally and the entities nH2O2 , n�OH and nHO�

2
(the number of moles of

H2O2, �OH and HO2
� ) released by each bubble when it collapses

are estimated using the single bubble sonochemistry model
(Section 4.2.1).

4. Results and discussion

4.1. Degradation of RhB, AO7 and MG

The effect of liquid temperature on the sonochemical degrada-
tion of RhB, AO7 and MG was investigated by sonication of
5 mg L�1 of each dye solution at different temperatures in the
range 25–55 �C using a constant solution volume of 300 mL. The
obtained results are depicted in Fig. 3(a)–(c) in term of kinetics
of degradation for respectively RhB, AO7 and MG and in Fig. 4 in
term of initial degradation rate as function of liquid temperature.
The initial degradation rates were computed asDC/Dt over the first
minutes of sonication.

The application of ultrasound causes an exponential decrease of
the dyes concentrations with time, indicating the effectiveness of
sonolysis towards the degradation of these pollutants. From Figs. 3
and 4, it was clearly seen that an increase in liquid temperature in
the range 25–55 �C results in a significant increase in the removal
of the dyes. After 20 min of sonication, the removal efficiency of
RhB increases from 46.3% to 58.7, 72.8 and 79.4% when the liquid
temperature increases from 25 �C to 35, 45 and 55 �C, respectively.
For AO7 and MG, the effect of liquid temperature is more pro-
nounced. At 25 �C, 57.3% of MG were eliminated after 20 min of
treatment and this fraction increased to 90% when the liquid
temperature increased to 55 �C.

Fig. 4 showed that the sonochemical reaction rates of the
three dyes follow the order: MG > AO7 > RhB. The raise in liquid
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Fig. 5. The calculated liquid pressure (a) the bubble radius (b), the bubble wall velocity (c) and the pressure inside a bubble (d) as function of time for one acoustic cycle
(3.33 ls) at two bulk liquid temperatures (conditions: ambient bubble radius: 5 lm, driving frequency: 300 kHz, acoustic intensity: 2 W cm�2, liquid temperature: 25 and
45 �C, static pressure: 1 atm). The vertical axis in (d) is in logarithmic scale.
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temperature from 25 to 55 �C results in 2-fold increase in the initial
degradation rate of each dye. The rise with the liquid temperature
of the degradation rate of the substrate underlined the fact that the
sonochemical reactivity is higher at higher liquid temperature.

In aqueous sonochemistry, it is well established that the
degradation of the pollutants is strongly depended on their physic-
ochemical properties. An organic pollutant with high volatility
character will be incinerated in the bubble whereas a hydrophilic
or hydrophobic compound with low volatility will be oxidized in
the bulk solution or interfacial area by reaction with �OH radicals
ejected from the cavitation bubble [13]. RhB, AO7 and MG are
highly water-soluble (solubility: 120 g L�1 for RhB [43], 116 g L�1

[44] for AO7 and 40 g L�1 for MG [45]) and non-volatile organic
compounds (Henry’s law constants: 2.2 � 10�21 atm m3 mol�1

for RhB [43], 7.01 � 10�17 atm m3 mol�1 for AO7 [46] and
1.9 � 10�14 atmm3 mol�1 for MG [47]). Therefore, these pollutants
cannot enter the bubble but must be degraded at the outside of the
bubble by reaction with �OH radical ejected from the inside of the
acoustic bubble. This was already confirmed in the case of RhB by
the formation of hydroxylated intermediates during sonication of
RhB solution [48].

MG degrades faster than AO7 and RhB because of its lower sol-
ubility and higher fugacity (higher Henry law constant), and so it
accumulates at higher concentration at the bubble/solution inter-
face where the concentration of �OH radical is relatively high [19].

To confirm the positive effect of increasing liquid temperature
toward the sono-reactivity of the dyes solutions with �OH radicals,
the concentration of H2O2 accumulated in a sonicated water, which
is widely used as an indicator for quantifying the amount of �OH
ejected from the bubbles (reactions (1) and (2), k1 � k2), was
monitored for various liquid temperatures under the same
conditions of the degradation experiments. In all these experi-
ments, it was found that the concentration of H2O2 in the sonicated
medium increased linearly with sonication time (data not shown).



0

500

1000

1500

2000

2500

3000

0.0001

0.001

0.01

0.1

1

10

100

1000

3.01 3.03 3.05 3.07 3.09

B
ub

bl
e 

te
m

pe
ra

tu
re

 (K
)

N
um

be
r o

f m
ol

es
×1

01
5

Time (µs)

Number of moles
Bubble temperature

H O

O

OH

O

NO

HNOH O

N

HOH

NO3

H

(b)

0

500

1000

1500

2000

2500

3000

3500

4000

4500

0.0001

0.001

0.01

0.1

1

10

100

2.97 2.977 2.984 2.991 2.998 3.005

B
ub

bl
e 

te
m

pe
ra

tu
re

 (K
)

N
um

be
r o

f m
ol

es
×1

01
5

Time (µs)

Number of moles
Bubble temperature

H O

O

OH O
NO

HNO

H O

N

HO

H

NO3
N O

HNO3

O3

H

(a)

HNO

Fig. 6. Reaction system evolution inside a bubble as function of time at around the
end of the bubble collapse for two different bulk liquid temperatures, (a) 25 �C and
(b) 45 �C, and for the same condition as in Fig. 5. The principal vertical axes in (a)
and (b) are in logarithmic scale. The horizontal axes are only for about 0.08 ls in (a)
and 0.035 ls for (b). The numerical simulation of chemical reactions was conducted
for a bubble initially composed of air and water vapor.

388 S. Merouani et al. / Ultrasonics Sonochemistry 28 (2016) 382–392
The production rate of H2O2 with respect to the liquid temperature
is shown in Table 3. From the results of Table 3, it can be concluded
that the sonochemical activity in the liquid phase increases with
increasing liquid temperature in the range 25–55 �C through a rise
in the production rate of hydroxyl radicals from the acoustic
bubbles, resulting in higher degradation rates of the dyes.
4.2. Numerical interpretations

The efficacy of the sonochemical process depends on the cavita-
tion process occurring in the liquid, which in turn depends on the
combined effect of individual cavities and their number. Any effort
to estimate the chemical content of a collapsing single-bubble and
the number of active bubbles under various liquid temperatures
could yield important information, at least qualitatively, about
the factors that govern the overall degradation rate of the dyes
with respect to the liquid temperature. Therefore, the objective
of this section is to interpret the experimental results of Fig. 4 by
estimating the chemical content of a collapsing single-bubble, i.e.
amount of �OH radical, and the number of active bubbles under
the same experimental conditions. The model described in
Section 3.1 has been used to study the single bubble sonochemistry
whereas the number of active bubbles was predicted according
the method presented in Section 3.2.
4.2.1. Single bubble yield dependence of liquid temperature
Numerical simulations of bubble oscillation and chemical reac-

tions inside an isolated spherical air/water vapor bubble have been
performed at various liquid temperatures (25–55 �C) when the
ultrasonic frequency and acoustic intensity were maintained at
300 kHz and 2W cm�2. According to some experimental and
theoretical data [49–52], the ambient radius (R0) of a typical active
bubble is strongly frequency dependent. The range of ambient
bubble radius for a typical active bubble is rather narrow according
to the experimental observations and it closes around a mean
ambient radius [49,50]. The mean ambient bubble radius decreases
considerably as ultrasonic frequency increases [49–52]. The
ambient bubble radius (R0) in the present numerical simulations
has been assumed as the mean ambient bubble radius and the
selected value was 5 lm at 300 kHz, according to some experimen-
tal and theoretical data results [50,52].

In Fig. 5(a)–(d), the calculated responses of the bubble charac-
teristics to the fluctuation in the liquid pressure (for one acoustic
period) have been shown for two different liquid temperatures
(25 and 45 �C). The time axes in Fig. 5(a)–(d) are identical. The
liquid pressure (Fig. 5(a)) applied on the bubble is the sum of the
acoustic pressure and the static pressure. In Fig. 5(b), the evolution
of bubble radius is shown. Starting from an ambient radius R0, the
bubble initially expands during the rarefaction part of the sound
wave, reaching a maximum at the beginning of the compression
phase, then quickly collapses during the compression part of ultra-
sound wave and expands again without any rebound. The bubble
rebound depends on the experimental parameters, practically the
frequency of ultrasound and the acoustic amplitude. At very high
amplitude, such as that of our study, the bubble do not rebound
but it enters directly in the successive rarefaction phase after each
implosion. It can be seen from Fig. 5(b) that the bubble dynamic
was slightly affected by the liquid temperature (the maximum
radius and the bubble lifetime increased by only about 3% when
the liquid temperature passes from 25 to 45 �C whereas, for the
same conditions, the minimum bubble radius decreased by �5%).
In contrast, the intensity of the bubble implosion was strongly
affected by the liquid temperature as can be seen in Fig. 5(c), which
shows the velocity of the bubble wall as function of time during
the whole lifetime of the bubble. The maximum velocity of the
bubble wall decreased significantly, from 188 to 109 m s�1, when
the liquid temperature increased from 25 to 45 �C. This intense
diminution in the speed of the bubble implosion affects consider-
ably the maximum pressure and temperature attained in the
bubble at the end of the bubble collapse. The maximum pressure
in the bubble decreased from 1345 to 490 atm when the liquid
temperature increased from 25 to 45 �C (Fig. 5(d)).

In Fig. 6(a)–(b), the calculated results of the bubble core tem-
perature and the chemical reactions inside a bubble is shown as
function of time at around the end of the bubble collapse, for the
same condition as in Fig. 5. It is clearly seen that the maximum
bubble temperature decreased from 4430 to 2715 K when the
liquid temperature increased from 25 to 45 �C, respectively. This
is due to the fact that as the liquid temperature increases the
fraction of water vapor trapped in the bubble increases as a result
of the rise of liquid vapor pressure with heating. This reduces c of
the mixture (cH2O

= 1.33 and cair = 1.4), which affects negatively the
bubble core temperature (see Eq. (5)). The chemistry inside a
bubble was also affected by the liquid temperature as a result of
lowering bubble temperature. In fact, the number of the chemical
reactions in the bubble decreased as the bubble temperature



Table 1
The important chemical reactions inside a collapsing air/water vapor bubble when the maximum bubble temperature is 4430 K, which is the maximum bubble temperature at
300 kHz when the bulk liquid temperature is 25 �C. This series of reactions are selected by analyzing the results of the chemical kinetics. M is the third body. Subscript ‘‘f” denotes
the forward reaction and ‘‘r” denotes the reverse reaction. A, b and Ea are the Arrhenius parameters of the rate constant (k = A bn exp(�Ea/RT) of each 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).

No. Chemical reaction Af bf Eaf Ar br Ear

1 H2O + MM H� + �OH + M 1.912 � 1023 �1.83 1.185 � 105 2.2 � 1022 �2.0 0.0
2 O2 + MM O + O + M 4.515 � 1017 �0.64 1.189 � 105 6.165 � 1015 �0.5 0.0
3 H� + O2 M O + �OH 1.915 � 1014 0.0 1.644 � 104 5.481 � 1011 0.39 �2.93 � 102

4 �OH + MM O + H� + M 9.88 � 1017 �0.74 1.021 � 105 4.714 � 1018 �1.0 0.0
5 H� + O2 + MM HO2

� + M 1.475 � 1012 0.6 0.0 3.09 � 1012 0.53 4.887 � 104

6 O + H2OM �OH + �OH 2.97 � 106 2.02 1.34 � 104 1.465 � 105 2.11 �2.904 � 103

7 HO2
� + OM �OH + O2 3.25 � 1013 0.0 0.0 3.252 � 1012 0.33 5.328 � 104

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

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

10 H� + H2OM �OH + H2 2.298 � 109 1.40 1.832 � 104 2.16 � 108 1.52 3.45 � 103

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

12 HO2
� + �OHM H2O + O2 2.89 � 1013 0.0 �4.97 � 102 5.861 � 1013 0.24 6.908 � 104

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

14 �OH + HO2
� M H2O2 + O 8.66 � 103 2.68 1.856 � 104 9.550 � 106 2.0 3.97 � 103

15 �OH + �OH + MM H2O2 + M 2.951 � 1014 0.0 4.843 � 104 1.0 � 1014 �0.37 0.0
16 H2O2 + �OHM H2O + HO2

� 1.0 � 1012 0.0 0.0 1.838 � 1010 0.59 3.089 � 104

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

18 OH + O2 M O3 + H 4.4 � 107 1.44 7.72 � 104 2.3 � 1011 0.75 0.0
19 O + N2 M NO + N 7.60 � 1013 0.0 7.60 � 104 1.60 � 1013 0.0 0.00
20 NO + HO2

� M OH + NO2 3.0 � 1012 0.5 2.4 � 103 1.0 � 1011 0.5 1.2 � 104

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

22 NO2 + NO2 M NO + NO3 3.90 � 1011 0.0 2.400 � 104 4.1 � 1014 0.0 9.62 � 102

23 NO2 + O + MM NO3 + M 1.1 � 1019 0.0 0.0 2.5 � 109 0.0 0.0
24 NO3 + HM OH + NO2 3.5 � 1014 0.0 1.5 � 103 – – –
25 N2 + O + MM N2O + M 1.40 � 1012 0.0 2.08 � 104 5.0 � 1014 0.0 5.8 � 104

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

27 N2O + HM +N2 + OH 6.7 � 1013 0.0 1.52 � 104 2.5 � 1012 0.0 7.8 � 104

28 OH + NO + MM HNO2 + M 8. 0 � 1015 0.0 �1.0 � 103 5.10 � 1017 �1.0 5.000 � 104

29 HNO2 + HM H2 + NO2 4.9 � 1011 0.5 3.00 � 103 2.40 � 1013 0.0 2.90 � 104

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

31 OH + NO2 + MM HNO3 + M 5.0 � 1017 0.0 0.0 1.6 � 1015 0.0 3.08 � 104

32 O + HNO2 M HNO + O2 3.0 � 1012 0.0 1.60 � 104 – – –
33 HNO + MM H + NO + M 3.0 � 1016 0.0 4.9 � 104 5.4 � 1015 0.0 �3.0 � 102

34 HNO + OM OH + NO 4.9 � 1011 0.5 2.0 � 103 – – –
35 HNO + HM H2 + NO 4.8 � 1012 0.0 0.0 1.4 � 1013 0.0 5.526 � 104

36 HNO + OHM NO + H2O 6.3 � 1013 0.0 0.0 2.40 � 106 0.0 5.0 � 103

Table 2
The important chemical reactions inside a collapsing air/water vapor bubble when the maximum bubble temperature is 2715 K, which is the maximum temperature of the bubble
at 300 kHz when the bulk liquid temperature is 45 �C. This series of reactions are selected by analyzing the results of the chemical kinetics. 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).

No. Chemical reaction Af bf Eaf Ar br Ear

1 H2O + MM H� + �OH + M 1.912 � 1023 �1.83 1.185 � 105 2.2 � 1022 �2.0 0.0
2 H� + O2 M O + �OH 1.915 � 1014 0.0 1.644 � 104 5.481 � 1011 0.39 �2.93 � 102

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

4 O + H2OM �OH + �OH 2.97 � 106 2.02 1.34 � 104 1.465 � 105 2.11 �2.904 � 103

5 HO2
� + �OHM H2O + O2 2.89 � 1013 0.0 �4.97 � 102 5.861 � 1013 0.24 6.908 � 104

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

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

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

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

10 O + N2 M NO + N 7.60 � 1013 0.0 7.60 � 104 1.60 � 1013 0.0 0.00
11 N2 + OHM N2O + H 2.5 � 1012 0.0 7.8 � 104 6.7 � 1013 0.0 1.52 � 104

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

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

14 NO2 + O + MM NO3 + M 1.1 � 1019 0.0 0.0 2.5 � 109 0.0 0.0
15 NO3 + HM OH + NO2 3.5 � 1014 0.0 1.5 � 103 – – –
16 OH + NO + MM HNO2 + M 8.0 � 1015 0.0 �1.0 � 103 5.10 � 1017 �1.0 5.000 � � 104

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

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

19 OH + NO2 + MM HNO3 + M 5.0 � 1017 0.0 0.0 1.6 � 1015 0.0 3.08 � 104
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decreased as can be seen in Tables 1 and 2 that summarized the
important chemical reactions inside the bubble at two maximum
bubble temperatures, 4430 and 2715 K, corresponding to, respec-
tively, 25 and 45 �C of bulk liquid temperatures. The reaction
schemes included in Tables 1 and 2 are refined from 73 possible
reactions [42] according to the importance of each reaction
toward the production/consumption of the main oxidizing species
(�OH, O, HO2

� , H2O2 and O3). The criterion of refining is that each



Table 3
Production rates of H2O2 in sonicated water as function of liquid temperature
(conditions: volume: 300 mL, liquid temperature: 25–55 �C, frequency: 300 kHz,
acoustic intensity: 2 W cm�2).

Liquid temperature (�C) 25 35 45 55
H2O2 production rate (lMmin�1) 2.50 3.25 3.65 4.00
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reaction that contributes at less than 5% in the production or con-
sumption of each oxidizing species is excluded. The most dominant
products (detected at last at 10�17 mol) created in the bubble from
the reactions of water vapor, O2 and N2 are (classified in descend-
ing order with respect to their maximum amount attained at the
end of the bubble collapse): H2 > HNO2 > �OH > O > NO > H� >
HO2

� > HNO at 4430 K and �OH > H2 > O > H� > HO2
� at 2715 K. Thus,

in all cases �OH radical is the main radical oxidant detected in
the bubble at appreciable amount. This highly reactive species
has been specifically identified in sonicated aqueous solution via
electron spin resonance [53]. Hence, the results of the numerical
simulations may also be used to confirm that �OH radical is the
main species responsible for the sonochemical degradation of the
three dyes (RhB, AO7 and MG).

In Fig. 7, the effect of liquid temperature in the range of
25–55 �C on the amount of �OH radicals formed inside a collapsing
single bubble and the number of active bubbles are shown for the
same operational conditions as in Fig. 4. In this figure, the amount
of �OH radicals is defined by the maximum amount of �OH radicals
attained in the bubble at the end of the bubble collapse (see Fig. 6)
as we assume that the bubble will fragments at this point (see
Section 3.2). It was seen that the production of �OH increases as
the liquid bulk temperature increases from 25 to 35 �C and then
decreases with further increase in the bulk liquid temperature.
An interesting discussion about the existence of an optimum bulk
liquid temperature for the production of �OH inside a single bubble
have been made elsewhere [54]. In short, the trend was resulted
from the competition between two important parameters: the
amount of water vapor trapped in the bubble at the collapse and
the maximum bubble temperature achieved at the end of the
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Fig. 7. The calculated chemical yield of �OH for a single bubble and the number of
active bubbles as function of liquid temperature (conditions: ambient bubble
radius: 5 lm, driving frequency: 300 kHz, acoustic intensity: 2 W cm�2, liquid
temperature: 25–55 �C, static pressure: 1 atm). The vertical axes are in logarithmic
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bubble collapse. As the bulk liquid temperature increases, the
liquid vapor pressure increases and consequently more water
vapor is trapped in the bubble at the collapse (see Fig. 7 in Ref.
[54]). This can promote the formation of free radicals coming from
the dissociation of water vapor molecules. But increasing liquid
temperature simultaneously involves less violent collapse
(decreasing c of the gas mixture) leading to lower internal bubble
temperature at the end of the bubble collapse [54], which reduces
the decomposition of molecules into free radicals. These two com-
peting effects conduct to an optimum bulk liquid temperature for
the production of �OH as shown in Fig. 7.

From Fig. 7, it was also seen that an increase in bulk liquid tem-
perature leads to a substantial increase in the number of active
bubbles, which suggests that cavitation bubbles are more easily
produced as the temperature is raised. This is in fact may be due
to the decrease in cavitation threshold with the increase in liquid
temperature as a result of the rise in vapor pressure or the decrease
in either the surface tension or viscosity associated with heating of
the liquid [55]. To the best of our knowledge, the effect of liquid
temperature on the bubble number in acoustic cavitation field
have been never investigated previously neither experimentally
nor theoretically, but it is very accepted that the raise in the liquid
temperature produces more cavitation bubbles [18,55].

In Fig. 8, the predicted overall production rate of �OH radicals,
which was obtained by multiplying the single bubble yield by
the number of bubbles, is shown as function of bulk liquid
temperature. The calculated overall production rate of �OH radicals
increased with increasing liquid temperature in the range
25–55 �C, showing a good agreement with the overall experimen-
tal trend observed in Fig. 4 concerning the degradation rate of RhB,
AO7 and MG and Table 2 concerning the production rate of H2O2

with respect to the bulk liquid temperature. This indicates that
of the two factors, the singe-bubble event and the number of active
bubbles, the number of active bubbles must be the dominant factor
that governs the effect of liquid temperature in the range 35–55 �C
whereas both factors contributed to the enhancing effect of liquid
temperature in the range 25–35 �C. As a consequence, the effect of
liquid temperature on the sonochemical degradation in aqueous
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phase was controlled by the number of active bubbles in the range
35–55 �C and by the number of bubbles and the single bubble yield
in the range 25–35 �C.
5. Conclusion

In this paper, the sonochemical degradation of three dyes:
Rhodamine B (RhB), Acid orange 7 (AO7) and Malachite green
(MG), frequently used in textile, was investigated at 300 kHz and
for various liquid temperatures in the range 25–55 �C. The
obtained results were discussed using a new comprehensive
approach that combines the prediction of the single bubble yield
and the number of active bubbles. The effects of bulk liquid
temperature on the single bubble yield and the number of reacting
bubbles have been evaluated for the same experimental condi-
tions. The numerical simulation indicated that the production of
�OH radical from a single bubble presents an optimum at 35 �C of
liquid temperature whereas the number of bubbles increases
substantially with the increase in liquid temperature in the range
25–55 �C. As the degradation rate of dyes increased with the
increase in liquid temperature in the range 25–55 �C, the following
conclusions have been made:

- For the range 25–35 �C of liquid temperature, the sonolytic
degradation rate of the dyes was controlled by both the singe-
bubble event and the number of active bubbles,

- For the range 35–55 �C, the number of bubbles was the only
factor that control the effect of liquid temperature on the sono-
chemical degradation rate of the dyes.

Finally, the present study provides a theoretical method that is
easy to manipulate and that can give a prediction of single bubble
yield and the number of bubbles for large interval of liquid temper-
atures, which allows a more realistic interpretations of the effects
of this parameter on the sonochemical degradation of pollutants in
aqueous liquids.
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