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ABSTRACT: The sonochemical activity of an oxygen bubble formed in an aqueous medium  

and oscillating under a dual-frequency excitation is studied in this paper. Several couples of frequencies 

are formed amongst 35, 140, 300, and 515 kHz, with a maximum acoustic amplitude of 1.5 atm.  

The molar yields of the emerging oxidants are analyzed in accordance with the combined frequencies and 

compared to the cases of mono-frequency excitations of similar maximum amplitude, i.e., 1.5 atm. 

Qualitatively, passing from a mono to a dual-frequency excitation demonstrated to be with no effect 

on the predominant species which remain  𝐻𝑂• , 𝐻𝑂2
• , 𝑂  and 𝑂3 . However, the results exhibited  

a very selective quantitative evolution depending on the combined frequencies. Some couples proved 

to induce a negative effect and reduce the production at the single bubble level, particularly with basic 

frequencies of 140 and 300 kHz, while some others demonstrated a noticeable enhancement such as 

the couples (35, 140 kHz) and (515, 35 kHz), as compared to mono-frequency fields. 
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INTRODUCTION 

Sonochemical processes knew in last years an 

exponential evolution; they offer a very wide panoply  

of applications that hundreds of studies can be found  

in bibliography. Sonochemical synthesis constitutes an important 

proportion of these studies. To illustrate, ultrasound-

assisted synthesis of nanostructures of mineral oxides has 

been deeply investigated by Salavati-Niasari et al. [1], 

Momenian et al. [2], Ghanbari et al. [3] and  

Zinatloo-Ajabshir et al. [4,5]. In such processes, 

ultrasound proved to act on the morphology and purity  

of obtained nanoparticles, which constitutes a revolution  

 

 

 

 

in synthesizing nanocatalysts such as NdVO4, serving  

in the activation of some decontamination processes  

as demonstrated by Monsef et al. [6]. Meanwhile, sonochemistry 

can also be used as an advanced oxidation technique, 

which remains more promising in wastewater treatment.  

In this field, numerous studies were elaborated in regards 

to the effects of the influencing parameters on the harsh 

conditions attained within the cavitation bubble and 

consequently on the sonochemical production [7].  

The superposition of operating frequencies [8] of the 

irradiating wave constitutes a new dimension to the  
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sonochemical reactors [9]. For instance, Zhang et al. [10] 

examined the Bjerknes forces induced between two bubbles 

under a dual-frequency field, they investigated as well  

the amplitude of combined and simultaneous resonance of acoustic 

bubbles [11]. Besides, the multi-frequency systems proved  

to offer under some conditions an optimal utilization of energy. 

Indeed, Gogate et al. [12], who studied experimentally  

the sonochemical degradation of formic acid proved that  

the multiple frequency transducer provides the optimal energy 

efficiency as compared to mono-frequency horn or bath. 

Moreover, Feng et al. [13] demonstrated in their works that  

the use of multiple frequency sources could offer a higher 

cavitation yield. Sivakumar et al. [14] confirmed this result through  

the evaluation of the kinetics of sonochemical degradation  

of p-nitrophenol under a dual-frequency field. In addition,  

the cavitational volume seems to be improved within the reactor 

under a dual-frequency excitation. Moholkar et al. [15] 

demonstrated that the dual-frequency sonication allows better 

control of the cavitation model and the spatial distribution  

of bubbles inside the reactor. In some other studies, a decrease 

in the sonochemical activity was noticed when imposing a dual-

frequency excitation to the medium. For instance, Suzuki et al. [16] 

demonstrated in their research that combining 20 kHz with  

a frequency comprised between 200 and 500 kHz induces  

a decrease in the sonochemical activity, while a synergetic 

effect appeared with frequencies below 100 kHz.  

On the other hand, several attempts to explain  

the specific effect of dual-frequency excitation on sonochemical 

activity have been presented in the bibliography. Suzuki et al. [16] 

related the synergetic effect noticed with some couples  

of frequencies to the increase of the number of cavitation, 

this result has been proved through the analysis of  

the acoustic noise spectrum. Sivakumar et al. [14] completed 

their experimental work by a number of simulations  

in order to figure out the reason behind the observed effect, 

though  the absolute contribution of the dual-frequency 

field in the chemical kinetics enhancement was difficult  

to establish, the variation in the rate constants has been 

explained based on the difference in the acoustic pressure 

field. Several other authors presented a panoply of 

explanations of the effect of the dual-frequency sonication 

on the sonochemical activity. In fact, the previous analysis 

reveals that most of the pre-cited studies were based  

on experiments, i.e., the reactor scale and not on the single 

bubble scale, the present study will be focused on this last 

axis, using a numerical simulation model. 

Two important factors should get special attention, 

firstly, the nonlinear response of bubble dynamics 

to the exciting wave, or in other words the instability of bubble 

dynamics, and secondly, the maximum power provided  

to the medium when it is exposed to either a mono or a dual-

frequency excitation. Both factors can possibly interfere 

with the effect of the dual-frequency sonication and  

its interpretation. Thus, we imposed two conditions to ensure 

stable oscillation of bubble and exposure to comparable 

maximum acoustic powers, when the bubble is undergoing 

either a mono or a dual-frequency field, as explained  

in the following section. 

 

THEORETICAL SECTION 

Theory of calculation 

In the present study, the bubble is treated as a micro-

reactor with a permanent spherical shape. Though  

the cavitation bubble is supposed to lose its sphericity, 

especially at the final stages of collapse [17], and due to  

the strong jet formation [18],  it is well accepted to neglect 

the deviation from the spherical shape in simulation studies [19,20]. 

The volume of the bubble is changing in function  

of time according to the variation of the acoustic pressure 

applied by the ultrasonic wave on the liquid medium  

at each instant. Due to inertial forces, the bubble undergoes 

a nonlinear oscillation described by the modified Keller-

Miksis equation [21] expressed by the following formula: 
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𝑚̇ represents the mass rate of water molecules due to 

physical transformations, and 𝑚̈ is its time derivate.  

The modified Keller-Miksis equation considers the non-

equilibrium of H2O mass, due to simultaneous evaporation 

and condensation of water molecules.  

The properties of the excitation wave are the central 

point of this work. Four frequencies have been selected  

for the excitation waves: 35, 140, 300, and 515 kHz. These 

frequencies were chosen for being the most common 

values retrieved in experimental and numerical studies 

dealing with sonochemical activity [22–25]. The liquid 

medium is exposed to a static pressure of 1 atm and an 

ambient temperature of 20 °C. The mechanical perturbation 

crossing the liquid medium takes one of the following forms: 

   w A
P t P s in π ft  2                                                     (2) 

fo r  m o n o freq u en cy  so n icatio n  

     
A

w

P
P t (s in π f t s in π f t   )


   

1 2
2 2

2
                   (3) 

fo r  dual frequency  son ication  

The dual-frequency field is expressed as a sum of two 

synchronized sinusoidal signals of respective frequencies 

f1 and f2. ϕ represents the phase difference between both 

waves. In this study, we opt for a null delay in the 

irradiation by both signals, with respects to the results  

of Tatake and Pandit [26] who demonstrated a maximum 

sonochemical efficiency in the absence of a phase 

difference. For accommodation purposes, “basic 

frequency” is used to qualify the frequency of the wave 

that forms initially a mono-frequency excitation. When 

another wave is superposed to the basic one to form a dual-

frequency field, the frequency of this last wave is noted  

as “the second frequency”.  

The acoustic amplitude Pa was fixed at 1.5 atm, both 

waves composing the dual-frequency field are characterized 

by a similar maximum amplitude that equals 
Pa

2
 [27–29]. 

Consequently, the maximum acoustic amplitude  

exerted by a mono-frequency wave is equivalent to that  

due to the dual-frequency sonication. This choice permits  

to explain the frequencies association effect without  

the interference of the acoustic pressure amplification. 

Additionally, at this particular value of acoustic amplitude, 

it was possible to find a common ambient radius value 

located in the stable and active zone on the shape stability 

diagrams [22,30–33] at each one of the aforementioned 

frequencies. Hence, 2 µm is selected as the initial bubble 

radius corresponding to the time origin at which the medium 

starts to be irradiated, in order to avoid a non-uniform 

dynamical behavior [34,35] that would be explained by 

bubble instability [36,37] at one of the previous conditions. 

In accordance with previous criteria, the studied bubble 

corresponds to a “high energetic stable bubble” [38]. 

In addition to oscillation dynamics, mass and energy 

balances of the bubble are established, assuming that  

the spherical reactor is an open system for mass and heat 

exchange. The parameters describing the state of  

the bubble are related through the Van der Waals equation. 

Pressure and temperature within the bubble are considered 

to be uniform within its volume. Temperature variation  

in the function of time is governed by an energy balance, 

given in the following equation: 
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The bubble contains initially a mixture of water vapor 

and oxygen. The water vapor is due to its saturating vapor 

pressure at the operational conditions, given  

by Antoine’s equation: 
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The H2O molecules undergo a mass transfer from  

and into the bubble as a result of the non-equilibrium  

of evaporation and condensation. The molar rate involved 

in this phenomenon is expressed by Hertz-Knudsen law [39]: 
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where α is the accommodation coefficient, expressed 

through Gregory-Newton Formula [21]. 

 The water and oxygen molecules initially present  

in the bulk of the bubble interact according to a set of 

chemical reactions expected to occur inside the bubble 

during the collapse. The details of this chemical schema  

are given in a previous study [40].  This interaction induces 

the emergence of a number of oxidants such as H2O2, HO• 
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and HO2
• . The variation of the mass of each reactant or 

product is the result of chemical and physical kinetics 

according to the equations below: 
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The whole set of phenomena interacting in the activity 

of the acoustic cavitation bubble is translated into  

a complex system of nonlinear differential equations, 

resolved numerically using the 4th-order Runge-Kutta 

algorithm. The simulations are conducted on a duration  

of 100 µs that proved to be sufficient to obtain  

representative dynamical response of the bubble  

to the excitation field, and offering convenient readability, 

especially at short periods, i.e., under 300 and 515 kHz.  

The resolution of this system offers a quantity of data regarding 

the bubble dynamics, the temperature and pressure inside 

the bubble, and the mass variation all along with the bubble 

oscillation. The present work is focused on this last axis, 

by analyzing the mass evolution, the species predominance, 

and the sonication efficiency when a single bubble is 

undergoing either a mono or a dual-frequency excitation. 

 

RESULTS AND DISCUSSION 

The computational simulations conducted in this study 

consisted of a numerical resolution of a system of non-

linear dependent differential equations and returned, 

among others, the time variations of the molar yields of the 

nine species involved in the chemical mechanism during 

the simulation time. The discussion of the data collected 

from the numerical simulation is split into three parts. 

Firstly, we proceed with the qualitative characterization of  

the chemical products in order to identify the predominant 

ones in the function of the exciting field. Secondly,  

we examine the effect of the combined frequencies  

on the evolution of the total molar production as well as 

the molar yields of major emerging products. Thirdly and finally,  
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Molar yields of different products and overall 

sonochemical production under various cases of mono and 

dual-frequency excitations resulting of the association of a 

basic frequency to 35 kHz (a), 140 kHz (b), 300 kHz (c), and 

515 kHz (d). 

 

we identify the couples leading to synergetic effect and 

attempt to explain the action mechanism of dual-frequency 

excitation. 

In this section, the major products are identified 

according to their proportions by the end of simulation 

time, i.e., 100 µs. The comparison of the molar quantities 

of the seven emerging species is reported in Fig.1,  

it demonstrates that HO•, HO2
•, O and O3 remain 

predominant under all the studied cases of mono and dual-

frequency excitations. However, their molar fractions 

depend on a couple of frequencies: with relatively low 

basic frequencies, i.e., 35 and 140 kHz, the production  

of O is promoted, it covers for instance 23% to 47%  

of the total production under a basic frequency of 35 kHz. 

In contrast, with relatively high basic frequencies,  

i.e., 300 and 515 kHz, the production of HO• and HO2
• takes 

the upper hand. At the end of simulation time, these two free 

radicals are present in very close molar fractions, attaining 

50% of the total production for each species under  

the couples (515, 140 kHz) and (515, 300 kHz). It is also 

worthy to note that with any of the four basic frequencies 

treated in this study, the lower the second frequency,  

the higher the proportion of O at the expense of HO•. 

As a second step, the molar yields of the four 

predominant products are analyzed according  

to the excitation wave and are reported in Fig. 2. The variation 

of the quantities of HO•, HO2
•, O and O3 seem to follow 

similar trends in the function of the excitation field. With a 

basic frequency of 35 kHz, these trends show a noticeable  
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Fig. 2: Molar yields variations of 𝑯𝑶𝟐
•
 (a), 𝑶𝑯• (b), 𝑶 (c) and 𝑶𝟑 (d) in the function of mono and dual-frequency excitations. 

 

enhancement when passing from the mono to the dual-

frequency excitation, the maximum enhancement ratio  

is attained when coupling 35 to 140 kHz, it reaches 31 for 

HO2
•, 48 for HO•, 55 for O3 and 135 for O. At the opposite, 

with a basic frequency of 140 kHz, the maximum 

productions of the four predominant species are recorded 

under the mono-frequency sonication. Associating 140 kHz 

with 35, 300, or 515 kHz induces a decrease in the molar 

yields of HO•, HO2
•, O and O3. This negative effect attains 

its maximum with the couple (140, 515 kHz), indeed, in 

this case, the molar quantities know a drastic drop with a 

magnitude varying from 105 to 1010. A basic frequency of 

300 kHz results in an identical behavior as with 140 kHz, 

the mono-frequency excitation results in the highest molar 

production, and its association with a second frequency 

leads to an important reduction of molar quantities, 

especially with the couples (300, 35 kHz) and (300, 515 kHz). 

Under a basic frequency of 515 kHz, the association  

with the second frequency of 35 kHz is the only case 

conducting better results than that of the mono-frequency 

excitation. Enhancement ratios of 1484, 914, 32, and 16 

are retrieved for the molar yields of O3, O,  HO2
• and HO•, 

respectively. 

The overall sonochemical production at a single bubble 

level is reported as well in Fig. 1 for the various cases  

of mono and dual-frequency excitations. First of all,  

we notice that 300 kHz sonication leads to the most important 

products among the mono-frequency excitation cases,  

with almost 1.0810-17 mol, followed by 140 kHz with  

3.2010-20 mol. These values are equivalent to average 

rates of production of 65000 and 193 molecules/bubble·µs, 

respectively. The optimum production encountered  

at 300 kHz could be explained by the competition of two 

phenomena: the evolution of chemical kinetics and  

the loss of water molecules due to condensation at the bubble 

wall. Indeed, the increase of ultrasonic frequency is 

accompanied of a decrease in extreme values of pressure 

and temperature attained at the bubble collapse [41], which 
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is supposed to curb the chemical kinetics. Simultaneously, 

a non-equilibrium of evaporation and condensation  

of water, molecules occur at the bubble wall. Although  

the condensation takes the upper hand, this phenomenon  

is attenuated by the increase of frequency [39], which 

provides higher reactant quantities. The compromise 

between the resulting amount of water molecules and their 

conversion rate in function of the acoustic frequency 

makes 300 kHz the optimum condition for sonochemical 

production. 

In both previous cases, i.e., at 300 and 140 kHz, it seems 

that passing to dual-frequency excitation is of a negative 

effect on the sonochemical production, as compared to 

mono-frequency excitation. On the opposite, an enhancement 

of the overall production was observed when coupling  

35 kHz to 140, 300, and 515 kHz, the maximum production 

was recorded with the couple (35, 140 kHz). With 515 kHz,  

the only case of dual-frequency excitation showing  

an increase of production, as compared to the mono-

frequency excitation, is that of coupling to 35 kHz. 

The synergetic effect of dual-frequency excitation  

in terms of sonochemical production was questioned in this 

paper. In other words, the molar yields of major oxidants 

obtained under dual-frequency excitation were compared 

to the outcomes of mono-frequency waves composing  

the couple, and exerting the same maximum power  

on the medium. The results of this comparison proved that 

among the ten cases covered by this study, only the couple 

(35, 515 kHz) is believed to be more interesting than each 

one of the mono-frequencies composing it, as shown in Fig. 3. 

With all the other couples, even those showing  

an enhancement as compared to the production of a basic 

frequency, the obtained molar yield appeared to have  

an intermediate value between those resulting from  

the mono-frequency excitation with the basic and the second 

frequencies are treated separately. 

In an attempt to explain this selective behavior,  

the previous trends were analyzed in accordance with 

dynamics [29] and energetic parameters [42]. With basic 

frequencies of 35 and 515 kHz, the overall sonochemical 

production is closely linked to the evolution of  

the maximum temperature. Indeed, with a basic frequency 

of 35 kHz, the highest Tmax is encountered with the couple 

(35, 140 kHz) and equals 4600 K, while the mono-frequency 

sonication leads to approximately 4100 K only, which is  

in a good correlation with the evolution of the molar  
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: Molar yields of the four predominant products and 

overall sonochemical production under mono-frequency 

excitations of 35 and 515 kHz, and under a dual-frequency 

excitation associating both frequencies. 

 

production. Similarly, with a basic frequency of 515 kHz, 

Tmax reaches its maximum under a dual-frequency 

sonication associating 515 to 35 kHz, with a value of 3600 K.  

With basic frequencies of 140 and 300 kHz, though  

a noticeable enhancement of maximum temperature  

was retrieved when coupling both previous values with lower 

frequencies, no increase in sonochemical production  

was recorded. With both previous frequencies, the highest 

maximum temperatures recorded at the strong collapse 

correspond to the couples (35, 140 kHz) and (35, 300 kHz), 

respectively. In both cases, Tmax exceeds the orders of 

magnitude of 4600 and 3300 K, while it is limited  

to 4400 and 3000 K under mono-frequency excitations, 

which is equivalent to relative increases of 4.5 and 10%. 

Hence, Tmax is not the major parameter acting on the 

chemical kinetics, the sonochemical production depends 

as well on the collapse phase duration and the occurrence 

of harsh conditions within it. Hence, the effect of 

frequency combinations on the sonochemical activity 

should be rigorously examined case by case,  

nevertheless, it is rather positive when thermal conditions 

are improved during the collapse and harsh collapses occur 

frequently during the bubble lifetime, what happens,  

in this case, is equivalent to controlled pulsed sonication. 

The combinations leading to negative effects are possibly 

explained by either the diminution of harsh temperature 

and pressure values or the limited occurrence of  

violent conditions during the simulation time. It is 

important to note as well that the limit at which we  

can consider the bubble as “sonochemically active”, fixed   
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Table 1: Bibliographic review of dual-frequency effect on the sonochemical activity. 

Authors Comparison reference 
Experimental 

conditions 
Acoustic conditions f1 f2 

Combination 

effect f1⇒ (f1,f2) 

Sivakumar et al. [14] 
Degradation of 
p-nitrophenol 

VR=1500 mL 

C0=10 ppm; 150 min 

25 kHz, 120 W 
(25, 40 kHz), 240 W 

25 kHz 40 kHz 10% ⇒ 26% 

Lee and Oh [27] 
Emergence of 

Hydrogen peroxide 

from water 

VR=3900 mL 

60 min 

28 kHz, 150 W 

(28, 970 kHz), 300 W 
28 kHz 970 kHz 

0.30 ppm ⇒ 1.30 
ppm 

Suzuki et al. [16] 
Emergence of triiodide 

from Potassium Iodide 

VR=1000 mL 

C0=0.1 M; 10 min 

50 kHz, 40 W 

(50, 20 kHz), 60 W 
50 kHz 20 kHz 

0.20 µmol ⇒ 1.80 
µmol 

100 kHz, 40 W 

(100, 20 kHz), 60 W 
100 kHz 20 kHz 

7.10 µmol ⇒ 7.10 

µmol 

200 kHz, 40 W 
(200, 20 kHz), 60 W 

200 kHz 20 kHz 
10.30 µmol ⇒ 

8.60 µmol 

450 kHz, 40 W 

(450, 20 kHz), 60 W 
450 kHz 20 kHz 

10.20 µmol ⇒ 
8.00 µmol 

Gogate et al. [12] 
Degradation of  

formic acid 

VR=1500 mL 

C0=1000 ppm; 120 min 

20 kHz, 120 W 

(20, 30 kHz), 240 W 
20 kHz 30 kHz 2.2% ⇒ 3.7% 

20 kHz,120 W 
(20, 50 kHz), 240 W 

20 kHz 50 kHz 2.2% ⇒ 3.8% 

25 kHz,120 W 

(25, 40 kHz), 240 W 
25 kHz 40 kHz 5.5% ⇒ 6.5% 

30 kHz,120 W 

(30, 50 kHz), 240 W 
30 kHz 50 kHz 2.6% ⇒ 4.9% 

 

conventionally at a single bubble scale to 108 

molecules/second [30], was exceeded only in three cases: 

under mono-frequency excitations of 140 and 300 kHz and 

under the couple (35, 140 kHz). This fact questions  

the sonochemical efficiency of coupling frequencies,  

as the only case that appeared to be quantitatively interesting, 

i.e., the couple (35, 515 kHz), does not attain the barrier of 

sonochemical activity. Besides, the production 

enhancement observed in some cases under a dual-

frequency field at a reactor scale, such as in the studies  

of Sivakumar et al. [14], Lee and Oh [27], and Gogate et al. 

[12] reported in Table 1, would be partially explained by 

the sonochemical activity improvement at a single bubble 

level. However, the modification of the distribution and 

the number of bubbles within the reactor could better 

explain the observed effect, as reported in some previous 

papers, especially that the synergetic effect seems  

to be very limited at a single bubble scale. 

 

CONCLUSIONS 

The present work constitutes a numerical study of  

the effect of dual-frequency sonication on the sonochemical 

activity of a very specific type of bubble. Conditions  

were selected to deal with stable oscillating bubbles, undergoing 

similar maximum powers when they are exposed to either 

mono or dual-frequency excitations. The sonochemical 

production was quantified and predominant species  

were identified among the seven emerging products. The results 

proved that in all the cases, the relative prevalence of 

oxidants was conserved, O3, O,  HO2
• and HO• were  

the major products. Moreover, these four species showed 

similar trends of molar yields variation in function  

of the exciting field. In terms of molar quantities, passing from 

mono-frequency excitations of 140 and 300 kHz to dual-

frequency demonstrated a negative effect with all  

the formed couples. On the opposite, associating 35 kHz 

to 140 kHz conducted to a noticeable enhancement with an 

order of magnitude exceeding 50 times. With a basic 

frequency of 515 kHz, the overall production, as well as 

the molar yields of the predominant products, were highly 

improved with the couple (515, 35 kHz). This last case was 

the only one resulting in a synergetic effect, though producing  

a quantity lower than the barrier of considerable 

sonochemical activity. Finally, it is worthy to note that  

the positive effect of the dual-frequency sonication observed 

at the reactor scale regarding the sonochemical production 

would be rather assigned to the modification of the bubble 

distribution  and  number  than  to the production at a single 
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bubble scale. Hence, the numerical investigation  

of the activity of the sonochemical reactor, or in other words 

the bubble population, remains the key to explain accurately 

the effect of multi-frequency excitation, however,  

this needs the consideration of several parameters such as 

bubble-bubble interactions [43], space distribution [44] 

and wave attenuation [45]. 

 

Nomenclature 

μ                                                  Dynamic viscosity, Pa s 

ρ                                                                   Density, kg/m3 

σ                                                         Surface tension, N/m 

α                                             Accommodation coefficient 

ΔHi                   Reaction heat of the ith reaction, J/mol 

c                                                            Sound celerity, m/s 

f                                                                    Frequency, Hz 

M                                                          Molar mass, kg/mol 

m                                               Mass flow of water, kg/m2 

ṁ       Evaporation-condensation rate of water, kg/m2 s 

n                                                           Molar amount, mol 

n0                                               Initial molar amount, mol 

ṅ                         Evaporation-condensation rate of water, 

                                                                           mol/ m2 s 

PA                                                 Acoustic amplitude, Pa 

PH2O                                    Saturating vapor pressure, Pa 

Pv                                                          Vapor pressure, Pa 

Pw         Pressure of the wave travelling the medium, Pa 

R                                                              Bubble radius, m 

Ṙ                                                Bubble wall velocity, m/s 

R̈                                        Bubble wall acceleration, m/s2 

ri                     Reaction rate of the ith reaction, mol/s m3 

Rg                                           Ideal gas constant, J/mol K 

S                                        Section of the bubble wall, m2 

T                                Temperature within the bubble, K 

t                                                                               Time, s 

V                                               Volume of the bubble, m3 

VR                                                 Reactional volume, mL 
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