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a b s t r a c t

Ultrasound has been used as an advanced oxidation method for wastewater treatment. Sonochemical
degradation of organic compounds in aqueous solution occurs by pyrolysis and/or reaction with hydroxyl
radicals. Moreover, kinetics of sonochemical degradation has been proposed. However, the effect of
ultrasonic frequency on degradation rate has not been investigated. In our previous study, a simple model
for estimating the apparent degradation rate of methylene blue was proposed. In this study, sonochem-
ical degradation of methylene blue was performed at various frequencies. Apparent degradation rate
constant was evaluated assuming that sonochemical degradation of methylene blue was a first-order
reaction. Specifically, we focused on effects of ultrasonic frequency and power on rate constant, and
the applicability of our proposed model was demonstrated. Using this approach, maximum sonochemical
degradation rate was observed at 490 kHz, which agrees with a previous investigation into the effect of
frequency on the sonochemical efficiency value evaluated by KI oxidation dosimetry. Degradation rate
increased with ultrasonic power at every frequency. It was also observed that threshold power must
be reached for the degradation reaction to progress. The initial methylene blue concentration and the
apparent degradation rate constant have a relation of an inverse proportion. Our proposed model for
estimating the apparent degradation rate constant using ultrasonic power and sonochemical efficiency
value can apply to this study which extended the frequency and initial concentration range.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Ultrasound is used in various applications such as medical
imaging, non-destructive testing of materials, underwater ranging,
welding of thermoplastics, and chemical reactions. The frequency
range of ultrasound is roughly defined to be between 20 kHz and
10 MHz. Optimal frequency changes with respect to the applied
field. The frequency ranges from 20 to 100 kHz, 20 kHz to 2 MHz,
and 5 to 10 MHz are used for conventional power ultrasound, ex-
tended range for sonochemistry, and diagnostic ultrasound,
respectively [1]. In chemical processes such as polymerization,
degradation, and emulsification, a frequency between 20 kHz and
2 MHz is mainly used.

Recently, ultrasound has been used as an advanced oxidation
method for wastewater treatment [2,3]. Ultrasonic irradiation of
a liquid causes formation, growth, and collapse of microbubbles,
a process referred to as cavitation. Rapid collapse of bubbles cre-

ates an unusual environment for a chemical reaction. These local-
ized hot spots have temperatures of 5000 K, pressures of 500 atm,
and lifetimes of a few microseconds [4]. Hydroxyl and hydrogen
radicals are formed by pyrolysis of water vapor inside collapsing
bubbles [5,6]. Sonochemical degradation reactions are considered
to occur in three different regions, i.e., on the inside of collapsing
bubbles, at the interfacial region surrounding collapsing cavitation
bubbles, and in the bulk solution in which they are mediated by
hydrogen peroxide (formed by recombination of hydroxyl radi-
cals). Sonochemical degradation of organic compounds in an aque-
ous solution proceeds via their reaction with hydroxyl radicals. In
case of volatile or hydrophobic compounds, degradation proceeds
not only via reaction with hydroxyl radicals but also via a direct
pyrolysis reaction. Degradation of phenol and some of its deriva-
tives, including chlorophenol and nitrophenol, has been investi-
gated by many researchers [7]. Ultrasonic degradation of dyes
has been studied [8–11], and ultrasonic degradation of water-sol-
uble-polymer has also been studied [12].

Sonochemical degradation kinetics of hazardous organic com-
pounds has also been investigated, and some kinetics models have
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been proposed. Okitsu et al. [8,13,14] have proposed a Langmuir
type kinetic model based on a heterogeneous reaction system,
and this model is applicable to the analysis of sonochemical degra-
dation of azo dyes, butyric acid, and benzoic acid. In this model, the
degradation rate (r) is represented as shown in Eq. (1):

r ¼ kKC0

1þ KC0
ð1Þ

Here, k is a pseudo rate constant, K is the equilibrium constant of
adsorption and desorption, and C0 is the initial concentration of
the material being degraded. Priya and Madras [15] have also devel-
oped a Langmuir–Hinshelwood kinetic model, which is similar to
the model of Okitsu et al., for sonochemical degradation of two Rho-
damine dyes: Rhodamine B and Rhodamine blue.

Serpone et al. [16] have investigated sonochemical degradation
of three monochlorophenols and proposed the degradation rate
model described by Eq. (2):

r ¼ k0 þ
kKC0

1þ KC0
ð2Þ

Here, k0 is the degradation rate in the bulk solution. In this model,
degradation rate is the sum of rates in the bulk solution and inter-
facial region surrounding collapsing cavitation bubbles.

In the above mentioned models, the effect of ultrasonic fre-
quency on degradation rate has not been investigated. On the other
hand, a simple pseudo-first-order reaction model is typically
suggested [17–19]. Pétrier and Francony [20] have investigated deg-
radation of phenol and carbon tetrachloride at different frequencies:
20, 200, 500, and 800 kHz. Degradation rate of phenol reaches a
maximum value at 200 kHz. In general, the most suitable frequen-
cies for degradation of hydrophobic organic compounds with a high
vapor pressure lie between 20 and 100 kHz because these com-
pounds can be easily degraded inside collapsing bubbles and/or at
the interfacial region surrounding collapsing cavitation bubbles.
Hydrophilic compounds, particularly at low concentration, can be
degraded in the bulk solution by hydrogen peroxide at suitable fre-
quencies, which lie between 200 and 800 kHz. Therefore, the effect
of ultrasonic frequency on degradation of phenol correlates with
the degree of hydrogen peroxide formation. Ultrasonic degradation
of phenol at 20, 300, and 520 kHz has been investigated by Kidak and
Ince [21], and maximum degradation efficiency occurs at 300 kHz.
However, there have been few quantitative analyses of the effect
of ultrasonic frequency on degradation rate.

On the other hand, effects of ultrasonic frequency on chemical
reaction efficiency have been investigated for various reactions
[22,23], and Koda et al. proposed a standard method for calibrating
the sonochemical efficiency value (SEKI) using KI oxidation dosimetry
[24]. SEKI is defined as the number of reacted molecules per unit of

ultrasonic energy and is considered to quantitatively measure the
influence of ultrasonic frequency on the sonochemical effect. In addi-
tion, recently, Tran et al. have investigated the effect of frequency on
ultrasonic physical effect [25]. A simple quantification method of
acoustically induced physical effect is proposed and the ultrasonic
physical effect decreases with increasing ultrasonic frequency.

In our previous study, ultrasonic degradation of methylene blue
as a model hazardous organic compound was performed at fre-
quencies of 22.8, 127, and 490 kHz. Apparent degradation rate con-
stants were evaluated using a pseudo-first-order reaction model,
and we have proposed a simple model for estimating the apparent
degradation rate constant of methylene blue on the basis of SEKI

[11]. In this study, degradation of methylene blue was performed
at various frequencies, especially in the high frequency region
around 1 MHz. Effects of ultrasonic irradiation conditions on
degradation rate were investigated. In particular, this study
focused on effects of ultrasonic frequency and power on apparent
degradation rate constant, which was estimated assuming that
degradation of methylene blue, using ultrasonic irradiation, is a
first-order reaction. Moreover, the effects of initial concentration
of methylene blue on degradation rate constant were also investi-
gated at the frequency of 490 kHz. The purpose of this study is to
determine whether the operable frequency region of our proposed
model can be extended to increase its versatility.

2. Experimental

2.1. Degradation of methylene blue

Fig. 1 shows the complete experimental apparatus. A stainless
steel vibration plate with an attached PZT transducer (Honda

Nomenclature

C concentration of methylene blue (mol/m3)
C0 initial concentration of methylene blue (mol/m3)
cp heat capacity of water (J/kg)
f ultrasonic frequency (kHz)
L1 distance between the ultrasonic transducer and bottom

of reactor (mm)
L2 distance between the ultrasonic transducer and level of

water bath (mm)
K equilibrium constant of adsorption and desorption (m3/

mol)
k pseudo rate constant (mol/m3 s)

k0 degradation rate in the bulk solution (mol/m3 s)
kapp apparent degradation rate constant (s�1)
M mass of water (kg)
P ultrasonic power (W)
P0 threshold power (W)
r degradation rate (mol/m3 s)
SEKI sonochemical efficiency value of KI oxidation (mol/J)
T temperature of water bath (K)
t ultrasonic irradiation time (s)
V sample solution volume (L)
a constant of proportionality (–)

Fig. 1. Complete experimental apparatus.
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