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The growing environmental challenge posed by textile effluents has driven the search for effective and
sustainable treatment technologies. Ultrasonic degradation has emerged as a promising approach due to its
ability to break down organic pollutants without introducing secondary contamination. However, the
underlying physical mechanisms remain insufficiently understood, limiting the optimization of energy
efficiency in practical applications. To address this gap, this study employs Rhodamine B (Rh B) as a
model pollutant to investigate the fundamental principles governing ultrasonic degradation through a
multi-faceted approach. First, the cavitation activity of the acoustic field under varying ultrasonic
parameters is quantitatively evaluated using potassium iodide (KI) dosimetry. Second, systematic
experiments are conducted to examine the synergistic effects of acoustic field intensity, sonication time,
ultrasonic frequency, and power on the degradation efficiency of Rh B. Third, theoretical and numerical
simulations are performed to analyze the nonlinear oscillation behavior of a single cavitation bubble and its
influencing factors, thereby elucidating the physical mechanisms driving degradation. The experimental
results reveal that bubble oscillation-induced cavitation generates localized high temperatures and pressures,
which facilitate the cleavage of molecular bonds in Rh B. The degradation rate exhibits a positive
correlation with both cavitation activity and acoustic field intensity, synergistically modulated by the
operational parameters. A key novelty of this work lies in establishing an explicit correlation between
parametric experimental results and detailed bubble dynamics simulations, providing mechanistic insights
that extend beyond phenomenological observation. Together, these findings offer a theoretical and
experimental foundation for optimizing energy efficiency in the ultrasonic degradation of organic
pollutants.
Keywords: Ultrasonic cavitation, Rhodamine B, Cavitation activity, Acoustic field intensity, Bubble

dynamics



1. Introduction

In recent years, with the development of the textile dyeing and printing industry, a large amount of
printing and dyeing wastewater has been discharged into the environment, which is characterized by a high
color intensity, difficult biodegradability and high biological toxicity (Hao O. J. et al., 2000; Holkar C.R. et
al., 2016; Liu Z. C., et al., 2022). 1t is difficult to efficiently degrade the printing and dyeing wastewater by
the traditional wastewater treatment technology. As a result, achieving environmentally friendly treatment
of textile effluents while preventing secondary pollution has become a critical research focus (Sadeghi M.,
Zarshenas P., 2024; Liu S. ef al, 2025). Among emerging treatment technologies, the ultrasonic
degradation of the organic pollutants in water, especially refractory organic compounds, has shown several
significant advantages including safety, environmental friendliness, without creating a secondary pollution,
which exhibits the substantial potential for the future development (Kashyap N. et al., 2020;
Alfonso-Muniozguren P. et al., 2021;Chen H. et al., 2024).

The fundamental principle of ultrasonic degradation of organic pollutants seems to be due to the
cavitation effect produced by the ultrasonic waves. When ultrasonic waves propagate through the liquid can
form an acoustic pressure field. Under the alternating positive and negative effects of acoustic pressure,
countless tiny bubbles are generated in the liquid where they continuously grow and collapse with the
influence of acoustic waves (Kanthale P. ez al., 2008; Wei H. et al. 2024; Wang B. et al., 2024). The
collapse of cavitation bubbles may generate a localized high temperature, high pressure, and shock waves,
providing extreme physicochemical conditions for the chemical reaction, which may cause the
decomposition of water vapor inside the bubbles into H- and OH- radicals. The resulting OH- radicals
consequently oxidize Rh B, leading to its degradation (Merouani S. et al., 2010; Ma Y. et al., 2012; Chen X.
etal., 2016).

Although ultrasonic degradation of organic pollutants holds promise, the underlying degradation
mechanisms remain insufficiently understood and warrant more systematic and mechanistic investigation.
Specifically, how to tune acoustic field parameters—such as frequency and power—to maximize energy
release during bubble collapse for efficient degradation remains unclear. Many studies focus either on
macroscopic degradation experiments or on theoretical bubble simulations—few tightly couple both to
uncover mechanisms. To address this gap, we employed the Rh B solution as a model pollutant and
conducted research through the following aspect: (1) to quantify cavitation activity and the Rh B

degradation efficiency across acoustic parameters; (2) to simulate nonlinear oscillation behavior of the



bubble; and (3) to elucidate the physical mechanisms underlying ultrasonic degradation of organic
pollutants, thereby providing theoretical and experimental support for the degradation of printing and
dyeing wastewater.

2. Materials and Methods

2.1.  Materials and Experimental Setup

Rhodamine B (Rh B, CisH3:CIN2O3, analytical grade) was used to prepare simulated printing and
dyeing wastewater. Potassium iodide (KI, analytical grade) was used for cavitation activity measurements.
All chemicals were purchased from Lanzhou Honghao Instrument & Equipment Co., Ltd. All solutions
were prepared using deionized water.

The experiment employed a KQ-300VDE triple-frequency digital ultrasonic cleaner (Kunshan
Ultrasonic Instrument Co., Ltd.) as the core ultrasonic irradiation source, with an adjustable output power
ranging from 120 W to 300 W and three fixed operating frequencies of 45 kHz, 80 kHz, and 100 kHz.
Reactions were conducted in a cylindrical glass beaker with a diameter of 8§ cm and a volume of 500 mL,

with 350 mL of solution added for each experiment.
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Figure 1 Schematic diagram of the experimental setup (Inner tank dimensions:300x240x150 mm.)

The acoustic field intensity was measured using an acoustic intensity meter (Suzhou Shengbo
Ultrasonic Technology Co., Ltd.), and the acoustic intensity probe was positioned 2 cm below the liquid
surface at the center of the beaker to obtain the spatially averaged acoustic intensity at that plane. The
concentration of RhB was determined using an ultraviolet-visible spectrophotometer (Shanghai Meipuda
Instrument Co., Ltd.), with absorbance recorded at the characteristic wavelength of 523 nm and quantified
based on a standard calibration curve. Precise weighing of samples was performed using an ES-E320A
analytical balance (Tianjin De'ante Sensing Technology Co., Ltd.). The THQZL-1 Surface Tension

Measuring Instrument (Zhejiang Tianhuang Technology Experiment Co., Ltd.) was employed to determine



the surface tension of the test solution. A complete schematic diagram of the experimental setup is shown in
Figure 1.
2.2.  Experimental Procedures
2.2.1. Measurement of cavitation activity in the acoustic field

Cavitation activity was semi-quantitatively assessed using the standard iodometric dosimetry method
(Tatake, Pandit, 2002; Gogate et al., 2001). The principle is that the extremely high temperature and high
pressure generated when cavitation bubbles collapse are sufficient to cause the decomposition of water
vapor within the bubbles and generate hydroxyl radicals (OH-), which subsequently recombine to form
hydrogen peroxide (H202). H2O» then oxidizes iodide ions (I') in solution to iodine (I,), which further
complexes with excess 1" to form triiodide ions (I3), which exhibit a characteristic absorption peak at 352

nm. The following reaction occurs when the KI solution is irradiated with the ultrasound (Xu W. et al.,2006;

Li W., 2023):
H,0—H"+OH" (1)
2:0H —H,0, ()
H,0,+2KI—2KOH+1, (3)
I'+1,315 “)

The above equation indicates that the amount of I3 generated is equivalent to the amount of
H>0,.Thus, measuring the concentration of I3 indirectly reflects the total amount of chemically active
species generated by acoustic cavitation. A 0.1 mol/L KI solution was sonicated under specific frequency
and power conditions for 60 minutes. Samples were taken at 10-minute intervals, and through the
ultraviolet spectrophotometer, measuring the concentration of the KI solution at a wavelength of 352 nm
can indirectly determine the cavitation activity of the acoustic field. Each experiment was performed in
triplicate, and the average value is reported.

2.2.2.  Ultrasonic Degradation of Rh B and Acoustic Intensity Measurement

Accurately weigh 50 mg of Rh B powder and transfer it into a beaker. Dissolve it with a small amount
of water, then transfer it to a 500 mL volumetric flask. Dilute the mark with water to prepare a 0.1 g/L
standard solution. Take 0 mL, 5 mL, 10 mL, 15 mL, 20 mL, and 25 mL aliquots of the prepared standard
solution and transfer them into separate 250 mL volumetric flasks. Dilute each to the mark with water to
prepare Rh B solutions with concentrations of 0 mg/L, 2 mg/L, 4 mg/L, 6 mg/L, 8 mg/L, and 10 mg/L

respectively.



Samples of the Rh B solution at different concentrations are taken, and their absorbance is measured at
a wavelength of 523 nm using an ultraviolet spectrophotometer. The standard curve is determined as
(C=14.0124x4+0.0188 and a correlation coefficient of 0.999913.

For degradation experiments, a 350 mL volume of 10 mg/L Rh B solution was sonicated under various
conditions. Samples were taken at 10-minute intervals, and the Rh B concentration was determined using
the standard curve. The degradation efficiency was calculated accordingly.

Acoustic field intensity (I, in W/cm?®) was measured directly using the sound intensity meter
mentioned above. The probe was scanned within the reaction solution, and the reported value represents a
spatial average.

2.3.  Numerical Simulation Methods
2.3.1. Fluid Dynamics Simulation

To investigate the physical mechanisms of the ultrasonic degradation of Rh B, we simulated the
evolution of a single bubble within the solution under the ultrasonic driving frequencies of 45 kHz, 80 kHz,
and 100 kHz.

The motion of the bubble in a liquid medium constitutes a gas-liquid two phase flow problem. The
finite element simulation model of the bubble in the fluid environment is constructed based on the
COMSOL software environment. The evolution process of a single cavitation bubble in Rh B solution
under the ultrasonic is simulated, which using the fluid dynamics control equation and the dynamic mesh
model. The acoustic field distribution is calculated using the acoustic module, while the liquid flow is
simulated with the laminar flow module, both satisfying the continuity equation and the Navier-Stokes
equation:

V-u=0 5)
P HTW LT T )0 ©

Where u and p respectively denote the flow velocity and pressure of the liquid, p denote the density
of the liquid. I is the second-order unit tensor (the 3x3 identity matrix in three-dimensional space), and the
term V-(-pl) represents the pressure gradient force acting on a fluid element. The printing and dyeing
wastewater is simulated using a Rh B solution.

2.3.2. Bubble Dynamics Simulation



To further explore the influencing factors of the ultrasonic degradation of Rh B, we studied the
dynamic equation of a single bubble in Rh B solution. The cavitation effect under the influence of the
ultrasonic in Rh B solution and its influencing factors are investigated using MATLAB software to
numerically solve the bubble dynamics equation with the fourth-order Runge-kuta method.

The dynamic behavior of a bubble under the influence of ultrasonic waves is governed by the
Herring-Trilling equation (Chen, 2014).

<1-E>RR+§R2 <1-£>=E<I+E>PS+££P§ (7
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In Eq. (7), where R, represents the initial radius of the bubble, R denotes the radius of the bubble at a

given moment, and the point above R represents the derivative of time, and ¢ denotes the propagation speed

of the acoustic wave in the liquid, and p respectively denote the flow velocity and pressure of the liquid,.

26 R ]
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where o is the surface tension coefficient of the liquid, u is the viscosity coefficient of the liquid, P, is
the amplitude of the driving acoustic pressure, P, is the static pressure of the liquid, and f'is the driving
frequency of the acoustic fields. Assuming that the bubble undergoes adiabatic compression during its
oscillatory motion, the internal pressure of the bubble P, can be simply expressed based on the equation

of state as:

3y
20 %) 9)

Pg:(P0+R_0)(
where y represents the gas polytropic index, and the temperature inside the bubble T, is given by:
T,=T) (%)M (10)
where 7o is the ambient temperature of the bubble, and the Mach number M on the gas side can be
expressed as:
|2l

M=—

- (11)

where C is the speed of acoustic in the gas, which can be expressed as (Métayer L. et al., 2016):

Py

(l_bpg) (12)

where b is the van der Waals excluded volume, and Py denotes the density of the gas inside the bubble.

C=

The density, viscosity coefficient, and surface tension coefficient of the Rh B solution at a specific

concentration are experimentally determined. The relevant parameters of the liquid and the bubble are as



follows: the initial radius of the bubble is 5 um, the polytropic index of the gas inside the bubble is 1.4, and
the ambient temperature surrounding the bubble is 296 K. Additionally, the static pressure of the liquid is
1.01 X 10° Pa, the speed of acoustic in the liquid is 1480 m/s, the liquid density is 984 kg/m?, the viscosity
coefficient is 1.01 X 103 Pa-s, and the surface tension coefficient is 0.032 N/m.
3. Measurements
3.1. Cavitation Activity under Different Acoustic Parameters

The ultrasonic driving frequency, sonication time, and ultrasonic power are important factors affecting
the cavitation activity of the acoustic field. The KI solution is irradiated with ultrasound for 60 minutes. All
concentration measurements are based on calibrated standard curves, with the concentration of I3 reported
in mmol/L. The changes in the solution concentration are determined by ultraviolet spectrophotometer. The
cavitation activity of the acoustic field is investigated at driving frequencies of 45 kHz, 80 kHz, and 100

kHz respectively, as well as the ultrasonic powers of 120 W, 180 W, and 240 W respectively. The results are

shown in Figure 2 and Figure 3.
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Figure 2 Effect of frequency on the concentration of KI solution. Figure 3 Effect of power on the concentration of KI solution.

The concentration of the KI solution measured at 352 nm after ultrasonic irradiation corresponds
specifically to the concentration of triiodide ions (I3) generated during cavitation. This is because I3
exhibits a characteristic absorption peak at 352 nm, whereas the original KI solution (containing I ions) has
negligible absorbance at this wavelength. Therefore, the measured value directly represents the I3
concentration, which serves as a reliable indicator of cavitation activity. Figure 2 shows the concentration
of KI solution continuously increases with the increasing sonication time at different ultrasonic frequencies,
and the growth rate gradually slows down after 30 minutes. The experimental data shows that under the
action of acoustic field with an ultrasonic driving frequency of 45 kHz. The growth rate of the

concentration of I3 in the solution is significantly higher than under the action of acoustic fields with the



ultrasonic driving frequencies of 80 kHz and 100 kHz. It indicates that the cavitation activity in the acoustic
field is higher under the action of a lower frequency acoustic field.

Figure 3 shows the concentration of KI solution continuously increases with the increasing sonication
time at different ultrasonic power. The result indicate that when the ultrasonic power is 180 W, the growth
rate of I3 concentration in the solution is the highest, which suggest that the cavitation activity of the
acoustic field is the highest under these conditions.

3.2.  Acoustic Field Intensity

The acoustic field intensity represents acoustic energy density introduced into the reaction liquid,
which directly influences the magnitude of the acoustic cavitation effect. Thereby the acoustic field
intensity can determine the intensity of cavitation bubble collapse and the subsequent physical and
chemical phenomena.

The increase of the acoustic field intensity can promote both the formation and collapse of cavitation
bubbles, as well as further enhance the efficiency of the Sono chemical reaction. Measuring the acoustic
field intensity under various parametric conditions is crucial for understanding the underlying physical

mechanisms involved in the ultrasonic degradation of Rh B.

Table 1 acoustic field intensity under different parameters.

Frequency (kHz)

45 80 100
Power (W)
120 0.45 W/cm? 0.25 W/cm? 0.40 W/cm?
180 0.54 W/ecm? 0.27 W/ecm? 0.44 W/cm?
240 0.47 W/cm? 0.25 W/cm? 0.41 W/cm?

Table 1 presents the spatially averaged acoustic field intensity measured under different combinations
of frequency and power. It is important to note that the measured intensity depends not only on the
generator's power setting and frequency but also on the transducer characteristics, reactor geometry, and
resulting acoustic field distribution.

The results indicate that when the Rh B solution is subjected to an ultrasonic power of 180 W and a
driving frequency of 45 kHz, the intensity of the acoustic field will reach the maximum.

3.3. Influencing factors of ultrasonic degradation of Rh B

3.3.1. The influence of the sonication time on the degradation rate of Rh B



The sonication time is a critical factor which influences the degradation efficiency of Rh B. During the
degradation process, the cavitation effect generated by the acoustic field creates an extreme physical
environment within the Rh B solution, which promotes the dissociation of water molecules into hydroxyl
radicals. These reactive species subsequently combine to form hydrogen peroxide, which facilitates the
oxidative degradation of pollutants.

Figure 4 shows that the degradation efficiency of Rh B increases with sonication time under the
conditions of the acoustic field with a driving frequency of 45 kHz and a power of 120 W. The degradation
rate is relatively rapid during the initial 30 minutes, after which the rate of improvement diminishes
significantly. The experimental results indicate that the cavitation intensity is highest within the first 30
minutes, resulting in an increase in degradation efficiency. However, when the ultrasonic treatment
continues, the concentration of bubbles in the solution decreases. This trend correlates with the observed
slowdown in I3 production (Figure 2), potentially due to a reduction in the number of effective cavitation
nuclei available over prolonged sonication or changes in solution conditions affecting cavitation thresholds,
such as temperature rise and dissolved gas content. These results will lead to a reducing of the cavitation
activity and a corresponding decline in hydrogen peroxide production. Consequently, the overall
degradation efficiency also declines.

3.3.2. The influence of the ultrasonic driving frequency on the degradation rate of Rh B solution

The ultrasonic driving frequency is a critical parameter which influences the degradation efficiency of
Rh B. As shown in Figure 4, the Rh B solution is irradiated with ultrasound for 60 minutes at different
driving frequencies, during which the degradation rate is measured. The experimental result indicates that
the degradation efficiency is the highest when the ultrasonic driving frequency is 45 kHz, while the
degradation efficiency is the lowest when the driving frequency is 80 kHz. It’s attributed to the frequency
dependent characteristics of the cavitation activity and the intensity of the acoustic field. Specifically, under
an ultrasonic driving frequency of 45 kHz, the cavitation activity and the intensity of the acoustic field
reach maximum, leading to optimal energy coupling efficiency. This ranking aligns with the measured
cavitation activity (Figure 2) and the general trend of acoustic intensity (Table 1), suggesting that the
enhanced degradation at 45 kHz is driven by more intense cavitation.

3.3.3. The influence of ultrasonic power on the degradation rate of Rh B
Figure 5 shows that when the ultrasonic driving frequency is 45 kHz, the ultrasonic power may

significantly influence the efficiency of the ultrasonic degradation of Rh B.



The experimental results indicate that within the initial 30 minutes, the degradation rate reaches its
peak when the ultrasonic power is 120 W, and the degradation rate is lowest when the power is 240 W.
However, beyond the 30 minutes mark, the degradation rate gradually increases and attains its maximum at
180 W, which is higher than those observed at 120 W and 240 W. This complex relationship suggests that
while higher power generally delivers higher acoustic intensity (Table 1), there may be an optimal range.
Excessive power might lead to the formation of a dense cloud of bubbles that shield the acoustic energy or

cause other nonlinear effects that reduce the effective cavitation intensity for degradation.
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Figure 4 Effect of frequency on the degradation rate of Rh B.  Figure 5 Effect of frequency on the degradation rate of Rh B.
4.  Simulations

4.1. Investigation of nonlinear bubble oscillations in Rh B solution under ultrasonic excitation
The driving frequency of the acoustic field is a critical parameter which influences the nonlinear
oscillation behavior of the bubble. In this study, we simulated the evolution process of a single bubble in

the Rh B solution under the excitation of different acoustic driving frequencies, which is shown in Figure 6.
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Figure 6 Cloud images of bubble maximum expansion and minimum contraction at different frequencies. (R,=5 pm, P4=1.32x 10° Pa).(a)-(c) Maximum expansion states at

=45 kHz, 80 kHz, and 100 kHz; (d)-(f) Minimum contraction states at the corresponding frequencies.

Specifically, the dynamic evolution of a bubble with an initial radius of 5 pm in an acoustic oscillation
cycle is simulated. Figure 6 (a), (b), and (c) shows the deformation of the bubble when it expands to its
maximum under the action of the acoustic field with frequencies of 45 kHz, 80 kHz and 100 kHz,
respectively. Correspondingly, Figure 6 (d), (e), and (f) depict the deformation of the bubble when it shrinks
to its minimum under the excitation of the above acoustic field frequencies.

The result indicates that the bubble exhibits complex nonlinear oscillations within an acoustic cycle.
During this process, the bubble first expands to its maximum volume during the negative pressure phase,
followed by a rapid contraction to its minimum size under the subsequent positive pressure phase. This
oscillatory behavior persists until eventual bubble collapse occurs. Furthermore, it is observed that lower
acoustic frequencies lead to larger bubble oscillations and stronger nonlinear effects.

The bubble exhibits nonlinear oscillation under a certain acoustic field excitation, and the oscillation

of its radius with time is shown in Figure 7.
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Figure 7 Response curve of the bubble radius with time(R =5 pm, Pg=1.32x 10° Pa)

The result indicates that the oscillation amplitude of the bubble under the action of the acoustic field
with a frequency of 45 kHz is much greater than that of the bubble under the action of the acoustic field
with a frequency of 80 kHz and 100 kHz. The greater the oscillation amplitude of the bubble, the more
intense the nonlinear oscillation of the bubble becomes, and consequently, the higher the energy
accumulated within the bubble.

The results confirm that under the action of the acoustic field with a frequency of 45 kHz, the
nonlinear oscillation of the bubble in Rh B solution is most pronounced, as well as the degradation
efficiency of the solution is the best. That is to say, the simulation result is consistent with the experimental
result, and the degradation rate of Rh B is closely related to the intensity of the nonlinear oscillation of the
bubbles.

4.2.  Numerical simulation of acoustic response of a bubble in Rh B solution

The extremely high temperature generated within cavitation bubbles constitutes a key characteristic
for investigating the cavitation effect of acoustic fields and plays a crucial role in elucidating the physical
mechanisms underlying ultrasonic degradation of organic pollutants.

Figure 8 shows that the maximum temperature inside the bubble increases with the increasing
amplitude of the acoustic pressure. Specifically, when the driving frequency of the acoustic field is 45 kHz
and the acoustic pressure amplitude reaches 1.46 X 10° Pa, the maximum temperature inside the bubble will
reach a value of 6773 K.

The research results demonstrate that under the action of a low frequency acoustic field, the larger the
amplitude of the acoustic pressure, the greater the radial pulsation amplitude of the bubble, and the more
intense of its nonlinear oscillations. Thus, it is easier to accumulate energy within the bubble, creating

extremely high temperature conditions and triggering intense cavitation effects.
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Figure 8 Response curve of the maximum temperature inside the bubble with the amplitude of acoustic pressure(R,=5 pm).

The initial radius of the bubble has a significant impact on the acoustic response of the bubble in the
acoustic field. As shown in Figure 9, the maximum temperature of a bubble initially increases with the
initial radius, followed by a gradual and steady decrease. Under a driving acoustic field with a frequency of
45 kHz and pressure amplitude of 1.32x10° Pa, the maximum temperature reaches 4934 K when R equals
6.2 um. When Ry is less than 32 pum, the maximum temperature inside the bubble exhibits a sharp nonlinear
growth characteristic with the Ry response curve. However, while Ry is greater than 32 pm, the temperature

becomes more stable and shows a consistent decline as Ry increases.
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Figure 9 Response curve of maximum temperature inside the bubble with the initial radius of bubbles (P ;=1.32x 10° Pa).

The numerical simulation results indicate that higher driving frequency of the acoustic field leads to
weaker nonlinear oscillations of the bubble, reduces the energy accumulation, and consequently reduces the
temperature within the bubble. Furthermore, the range of bubble radii inducing cavitation effects
diminishes significantly with the increasing of the driving frequency. It suggests that smaller bubbles are
more prone to generating intense cavitation effects under low frequency acoustic fields, which may offer
extreme conditions of high temperature which are suitable for the ultrasonic degradation processes.

Under the influence of the acoustic field, the variation of the pressure inside the bubble is a key
characteristic for investigating the acoustic cavitation effect, and it is theoretical foundation for the
ultrasonic degradation of organic pollutants. The amplitude of the acoustic pressure determines the

magnitude of the external force acting on the bubble.
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Figure 10 Response curve of maximum pressure inside the bubble with the amplitude of acoustic pressure (R;=5 pm).
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Figure 10 shows the response curves of the maximum pressure of a bubble in Rh B solution under the
driving acoustic fields. When the bubble is subjected to an acoustic field with a frequency of 45 kHz and an
acoustic pressure amplitude of 1.46x10° Pa, the maximum pressure reaches 6.24x10° Pa.

The result indicates that higher acoustic pressure amplitude leads to greater bubble expansion during
the negative pressure phase, resulting in an increase of the kinetic energy during the compression phase and
more intense nonlinear oscillations. Under low frequency acoustic field excitation, larger intense bubble
oscillations are more likely to generate extreme pressure inside the bubble. Therefore, it may create a
favorable condition for the chemical reactions that facilitate the degradation of organic pollutants.

Figure 11 shows the response curves of the maximum pressure of a bubble in Rh B solution with the

initial bubble radius.
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Figure 11 Response curve of maximum pressure inside the bubble with with the initial radius of bubbles (P =1.32x 10° Pa).

As shown in the Figure 11, under a certain excitation of an acoustic field, the maximum pressure
inside the bubble with the Ry response curve shows the characteristics of first nonlinear growth and then
stable change. When the driving frequency of the acoustic field is 45 kHz, the most intense nonlinear
oscillation occurs when Ry is less than 32 pm.

The results indicate that high frequency acoustic fields tend to suppress the oscillation of larger
bubbles, whereas the small bubbles exhibit strong nonlinear oscillations under low frequency acoustic
fields. The higher the pressure in the bubble, the stronger the cavitation effect may be generated.

Under the excitation of the acoustic field, the expansion-contraction ratio of the bubble serves as a

crucial parameter, which reflects their energy conversion capability during oscillation (Wang C. et al.,



2017). Figure 12 presents the variation curves of bubble expansion-contraction ratio with the acoustic
pressure amplitude in Rh B solution.

It can be observed from Figure 12 that the bubble expansion-contraction ratio increases with the
increasing amplitude of the acoustic pressure. Under the influence of the acoustic field with a frequency of

45 kHz and an acoustic pressure amplitude of 1.46x10°Pa, the bubble expansion-contraction ratio reaches

its maximum value of 96.
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Figure 12 Response curve of the bubble expansion/contraction ratio with the amplitude of acoustic pressure (R,=5 um).
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The research findings show that a lower acoustic field frequency and a higher acoustic pressure
amplitude result in a greater bubble expansion-contraction ratio. During the nonlinear oscillation process,
the bubble is more capable of accumulating acoustic energy, exhibit higher energy conversion efficiency,
and is more likely to generate a pronounced acoustic response. In contrast, under the high frequency
acoustic fields, the nonlinear oscillation behavior of the bubble weakens, resulting in a smaller
expansion-contraction ratio and reduced energy conversion efficiency.

Figure 13 presents the response curves of the bubble expansion-contraction ratio in Rh B solution with
the initial bubble radius under the influence of the acoustic fields. As shown in the Figure 13, while the
driving frequency of the acoustic field is 45 kHz, the bubble expansion-contraction ratio with the Ro
response curve exhibits significant nonlinear downward trend when the initial radius is less than 32 pm.

When Ry exceeds 32 pm, the curve gradually declines and eventually stabilizes as Ry increases.
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Figure 13 Response curve of the bubble expansion/contraction ratio with the initial radius of bubble(P =1 32x10° Pa).

The result indicates that smaller bubbles experience pronounced nonlinear oscillations under low

frequency acoustic fields, leading to high energy conversion efficiency within the bubble. This



phenomenon maybe creates favorable conditions for chemical reactions, thereby enhancing the ultrasonic

degradation of the organic compounds.

Under the actuation of the acoustic fields, the extremely high temperature and high pressure inside the

cavitation bubble occurs with the associated shock wave generation. In the recent book (Chen, 2014) it

was suggested that when the Mach number in the bubble is greater than 1, the shock wave will occur, and

the size of the Mach number in the bubble is another important indication of the strong acoustic effect of

the liquid around the bubble.
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Figure 14 Response curve of the maximum Mach number inside the bubble with the amplitude of acoustic pressure (R =5 um).

Figure 14 presents the response curves of the maximum Mach number of a bubble in the Rh B

solution with the amplitude of the acoustic pressure. The figures show that the maximum Mach number

increases nonlinearly with the increasing amplitude of the acoustic pressure. The greater the driving

amplitude, the more intense the nonlinear oscillation of the bubble, and the higher the Mach number value.

The results show that the lower the acoustic field driving frequency and the greater the amplitude, the

more violent the nonlinear oscillation of the bubble will be, and the higher the energy accumulated inside

the bubble, as well as the more powerful the shock wave may be generated when the bubbles collapses.

Figure 15 shows that under the action of the acoustic field with a frequency of 45 kHz, the maximum

Mach number inside the bubble with the Ry response curve exhibits strong nonlinear growth while Ro <32

pum. The higher the driving frequency of the acoustic field, the weaker the nonlinear oscillation amplitude

of the bubble, and the smaller the corresponding Mach number value.
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Figure 15 Response curve of the maximum Mach number inside the bubble with the initial radius of bubble (P =1.32x 10° Pa).



The results show that small bubbles exhibit nonlinear oscillations driven by the low frequency
acoustic field and may generate strong shock waves. As the driving frequency increases, the range of the
bubble radius that may induce intense acoustic effects significantly shrinks. This suggests that high
frequency acoustic field has an inhibitory effect on the nonlinear oscillation of bubbles.

5. Discussion
5.1.  Correlation between Experiments and Simulations

The experimental results indicate that the degradation efficiency reaches its maximum at an ultrasonic
driving frequency of 45 kHz. Theoretical simulations corroborate that the cavitation effect is most
pronounced at this frequency, showing a high degree of consistency between experimental observations and
simulation data.

The results show that under the driving of a certain acoustic field, the bubble vibrates nonlinear
oscillations, which form an extremely high temperature and high-pressure environment in the bubble and
shock waves. The lower the driving frequency of the acoustic field, the larger the acoustic pressure
amplitude. The smaller the bubble size is, the more intense the nonlinear oscillation of the bubble is. The
larger the value of internal temperature, pressure and Mach number, the higher the energy conversion
efficiency will be. These extreme conditions may cause the decomposition of water vapor inside the
bubbles into H * and OH * radicals, creating intense local mechanical effects, such as microjects and shear
forces. The synergistic interaction between mechanical forces and chemical reactions during bubble
collapse is strengthened, significantly promoting the degradation of Rh B.

5.2.  Resolving Discrepancies

The result indicate that at a constant acoustic frequency of 45 kHz, the measured average acoustic
intensity is highest at an acoustic power of 180 W, followed by 240 W, and lowest at 120 W(Table 1). In
contrast, the degradation rate of the solution under the same frequency exhibits a different order: it is
maximum at 180 W, followed by 120 W, and minimum at 240 W.(Figure 5) This discrepancy arises because
the experimentally measured intensity represents a spatial average, which is predominantly influenced by
the excitation frequency and power. However, the actual degradation efficiency is not solely determined by
the overall acoustic intensity; it also critically depends on the localized extreme temperatures, high
pressures, and concentrations of free radicals generated during cavitation bubble collapse. At an acoustic
power of 240 W, although the average acoustic intensity is higher than that at 120 W, the excessive number

of cavitation bubbles formed leads to significant acoustic scattering and energy dissipation. This "shielding



effect" reduces the effective energy transferred to individual collapsing bubbles, thereby diminishing the
overall degradation efficiency. Furthermore, the local acoustic intensity at bubble nucleation sites, which
governs the degradation process, may not scale linearly with the generator's power.
5.3.  Novelty and Mechanistic Explanation

While bubble dynamics models are well-established, the novelty of this study lies in systematically
establishing a quantitative correlation between macroscopic degradation experiments and microscopic
bubble dynamics simulations. We not only validated the empirical observation that lower frequencies are
more prone to inducing cavitation but also quantified the dynamic and acoustic response characteristics of
bubbles under various acoustic fields, directly linking these microscopic physical quantities to macroscopic
degradation performance. This integrated approach transcends the limitations of phenomenological
descriptions, providing a concrete physical picture and a theoretical foundation for the targeted
optimization of ultrasonic degradation processes. The key insight is that optimization efforts should focus
on maximizing bubble oscillation amplitude and collapse intensity, rather than merely increasing ultrasonic
power or decreasing the acoustic frequency.
5.4. Mechanistic Explanation of Transient Extreme Conditions

Numerical simulation results indicate that under a certain acoustic field excitation, the transient
temperature inside cavitation bubbles can reach 5000 K, with pressures even attaining the order of 10° Pa.
However, the duration of such extreme conditions is only on the order of microseconds or even shorter.
Although this extremely brief timescale is insufficient to sustain large-scale or continuous chemical
reactions, it is adequate to initiate the following critical processes: (1) pyrolysis of water vapor inside the
bubbles, generating highly reactive free radicals, along with the direct pyrolysis of volatile pollutant
molecules entrapped within the bubbles; and (2) generation of intense mechanical effects in the liquid
surrounding the bubbles, such as shock waves and microjets. These mechanical effects not only directly
induce shear cleavage of macromolecules but also significantly enhance liquid-phase mass transfer.
Consequently, they act synergistically with radical oxidation reactions to promote the degradation of
pollutants.
6. Conclusion

Under the acoustic field excitation, when the cavitation bubble is compressed to their minimum radius,
it may generate extremely high temperature and high-pressure conditions which are unattainable in

macroscopic systems. Simultaneously, the nonlinear oscillation and collapse of the cavitation bubble may



generate strong acoustic effects in the surrounding liquid, including acoustic microstreaming, liquid jetting,
and shock waves. These phenomena may create favorable conditions for ultrasonic degradation of organic
pollutants.

In this study, the cavitation activity under varying acoustic field parameters is quantitatively assessed
through iodometric monitoring of I3 formation in ultrasonically irradiated potassium iodide solutions. The
synergistic effects of acoustic field intensity, ultrasonic driving frequency, sonication time, and power on
the degradation of Rh B are systematically investigated. Additionally, the dynamic evolution of a single
spherical bubble under the influence of an ultrasonic field is simulated using Rh B solution as a model for
the printing and dyeing wastewater. Combined with theoretical numerical analysis, we investigated the
nonlinear oscillation of bubbles in Rh B solution under the ultrasonic irradiation. The internal energy
conversion, temperature variation, pressure generation and shock wave formation, and other cavitation
effects as well as their influencing factors inside the bubble are studied. Furthermore, the physical
mechanism underlying the ultrasonic degradation of Rh B solution is explored.

The results indicate that the degradation efficiency reaches its maximum at an ultrasonic driving
frequency of 45 kHz. The lower the driving frequency of the acoustic field, the larger the acoustic pressure
amplitude. The smaller the bubble size is, the more intense the nonlinear oscillation of the bubble is. The
larger the value of internal temperature, pressure and Mach number, the higher the energy conversion
efficiency will be, which is more conducive to providing ideal reaction conditions for the ultrasonic
degradation of organic pollutants.

Acoustic field intensity, which is influenced by both frequency and power, plays a key role in
degradation efficiency.However it is not the sole determining factor, as nonlinear field effects can modulate
the cavitation outcome. The high consistency between experimental observations and simulation data
corroborates that the cavitation effect is most pronounced at this frequency, thereby establishing a clear
mechanistic link: acoustic parameters—bubble dynamics—collapse energy—degradation efficiency. This
mechanistic understanding, developed using Rh B as a model, provides a valuable framework for
optimizing the ultrasonic degradation of a broader range of organic pollutants.

In future work, we plan to incorporate experimentally measured, frequency and power dependent
acoustic intensities (as shown in Table 1) into the model to achieve a more quantitative agreement with the
degradation experiments. Building on this, further investigations should extend to multi-bubble systems

and their interactions, address more complex wastewater matrices, and employ in-situ diagnostic



techniques. These efforts will be crucial to further validate and refine the proposed mechanism for practical
applications.
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