
sustainability

Article

Inactivation of Algae and Plankton by Ultrasonic Cavitation

Atsushi Honda, Fumiya Sugino * and Ken Yamamoto *

����������
�������

Citation: Honda, A.; Sugino, F.;

Yamamoto, K. Inactivation of Algae

and Plankton by Ultrasonic

Cavitation. Sustainability 2021, 13,

6769. https://doi.org/10.3390/

su13126769

Academic Editors: Ioan Calinescu

and Vasile Lavric

Received: 20 May 2021

Accepted: 12 June 2021

Published: 15 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Pure and Applied Physics, Faculty of Engineering Science, Kansai University, 3-3-35 Yamate-cho,
Suita-shi, Osaka 564-8680, Japan; k225178@kansai-u.ac.jp
* Correspondence: k627638@kansai-u.ac.jp (F.S.); ken@kansai-u.ac.jp (K.Y.)

Abstract: Microbial treatment by ultrasonic waves has been attracting attention as a useful water
treatment technology because it does not use special chemicals and the equipment is simple. In addi-
tion, because microbial cells are destroyed during treatment, it can be applied to ingredient extraction
technology. Although ultrasonic cavitation bubbles are thought to be involved in the processing
mechanism, the details of the mechanism remain unclear. The purpose of this study was to elucidate
the destruction mechanism of algae, microcapsules, and plankton by ultrasonic waves. Each sample
was irradiated with ultrasonic waves over a wide range of frequencies, and frequency dependence
was observed in all the samples. For algae and microcapsules, we matched the frequencies against the
resonance frequency calculated based on the mechanical resonance model using adjacent ultrasonic
cavitation bubbles. As a result, a good match was found. For plankton, partial damage to the shape
was observed after ultrasonic irradiation, suggesting that shear stress, which is a local action caused
by bubbles, was involved. By estimating the shear stress value based on the vibration equation of
bubble, it was confirmed that the tendencies match.
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1. Introduction

Water treatment technology is essential for conservation of water environments. For ex-
ample, algae and plankton overgrowth can cause ecosystem collapse and unpleasant odor.
Although various methods exist for treating excess microorganisms, such as addition of
algae-killing agents, flocculants, bioconcentration, and ozone treatment [1–5], there are
concerns about the effects of chemicals on the natural environment and the human body.
In addition, ozone treatment might cause damage to equipment due to its corrosiveness.
An alternative is ultrasonic water treatment technology, which has been attracting attention
as a water treatment method that has less impact on the surrounding natural environment
and causes less damage to equipment [6]. In addition to improving water quality and
inactivating microorganisms, ultrasonic water treatment is also expected to extract active
ingredients by destroying microbial cells.

Ultrasonic cavitation is a phenomenon in which a large number of minute bubbles
are generated by negative pressure when a liquid such as water is irradiated by a strong
ultrasonic wave [7–9]. Ultrasonic cavitation bubbles expand and contract with ultrasonic
pressure fluctuations before eventually collapsing. Assuming adiabatic compression, the
internal temperature of bubbles during contraction is 5000 K or higher, and the internal
pressure is several hundred atmospheres or higher [10,11]. The generation of this kind
of high-temperature and high-pressure field thermally decomposes the gas in the bubble
(nitrogen, oxygen, etc.) and produces oxidizing agents such as OH radicals and hydro-
gen peroxide [12–14]. This is called the chemical action of ultrasonic cavitation bubbles.
In addition, the strong expansion and contraction of ultrasonic cavitation bubbles exerts
various physical actions on the surrounding media and objects [15–17]. A force is applied
to the surrounding medium due to the expansion and contraction of the bubbles, and
shear stress is generated. When a bubble collapses, shock waves propagate in a spherical

Sustainability 2021, 13, 6769. https://doi.org/10.3390/su13126769 https://www.mdpi.com/journal/sustainability

https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su13126769
https://doi.org/10.3390/su13126769
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13126769
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su13126769?type=check_update&version=2


Sustainability 2021, 13, 6769 2 of 14

wave shape and microjets that hit the surrounding objects are generated [18–20]. These
actions are exploited in industry and have a wide range of applications including cleaning,
polymerization or decomposition of macromolecules, component extraction, microcapsule
destruction, and microbial inactivation [21–33]. Among studies by other researchers on
the inactivation of algae, Joyce et al., (2010) showed the frequency dependence on the
inactivation of Microcystis aeruginosa, a type of cyanobacteria [34]. In addition, Wu et al.,
(2012) found that in the inactivation of Microcystis aeruginosa, a shear force acts on high-
power 20 kHz ultrasonic waves, and radicals act on medium-power 580 kHz ultrasonic
waves [35]. Kong et al., (2019) confirmed that cells were physically destroyed by ultra-
sound in the inactivation of Microcystis aeruginosa [36]. As an example of active ingredient
extraction from algae, Gerde et al., (2012) conducted ultrasonic irradiation experiments
on Schizochytrium limacinum and Chlamydomonas reinhardtii and confirmed the release of
chlorophyll a and carotenoids from the cells [37]. Peng et al., (2020) reported that intracel-
lular chlorophyll a was released as a result of ultrasonic irradiation of Anabaena flos-aquae, a
type of cyanobacteria [38].

In this study, ultrasonic irradiation experiments were conducted on fine samples,
including algae, microcapsules, and plankton. In order to elucidate the destruction mecha-
nism of each sample, ultrasonic waves with frequencies of 20, 400, 1000, 2200, 3300, and
4300 kHz were applied to algae and microcapsule suspensions. In addition, ultrasonic
waves with frequencies of 26, 200, 430, and 950 kHz were applied to a plankton suspen-
sion. The mechanisms of algae and microcapsule destruction were investigated based on
the destruction rate after ultrasonic irradiation. In addition, the mechanism of plankton
destruction was investigated by the inactivation rate of plankton at each frequency and
observation with an optical microscope.

2. Ultrasonic Destruction of Algae and Microcapsule
2.1. Experimental Setup for Algae and Microcapsules
2.1.1. Algae

In this experiment, three types of algae were used: Chaetoceros gracilis, Chaetoceros
calcitrans, and Nannochloropsis sp. The Chaetoceros gracilis and Chaetoceros calcitrans were
purchased from Yanmar Holdings Co., Ltd. (Osaka, Japan), while Nannochloropsis sp. was
purchased from ISC Co., Ltd. (Fukuoka, Japan). C. gracilis and C. calcitrans belong to
the diatoms and are unicellular eukaryotic algae with siliceous shells. Nannochloropsis sp.
belongs to the eustigmatophyceans, is unicellular, and has a cell wall. Figure 1 shows optical
photomicrographs of each type of algae before ultrasonic irradiation. The particle size of
each type was measured using a nanoparticle size analyzer (SALD-7500 nano, Shimadzu,
Tokyo, Japan), and the mode diameters were found to be about 5.0, 4.7, and 2.6 µm,
respectively. The Young’s modulus of each alga was measured using a scanning probe
microscope (SPM-9700, Shimadzu) and was found to be 91, 142, and 29 MPa, respectively.
The concentration of the algae was adjusted to 107 cells/mL by using purified water
produced by ultrapure water production equipment.
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2.1.2. Microcapsules

Microcapsules were used as pseudoalgae. Figure 2 shows optical photomicrographs
of each microcapsule before ultrasonic irradiation. The microcapsules (Chemitech, Tokyo,
Japan) used in this experiment were fats and oils encapsulated in a melamine spherical shell.
The volume ratio of shell to content was 1:4, and the thickness of the shell was about 7% of
the radius. Before ultrasonic irradiation, all capsules are spherical. The samples used were
polydisperse microcapsules A with a mode diameter of about 11.8 µm and polydisperse
microcapsules B with a mode diameter of about 4.6 µm. The mode diameter of each
microcapsule was measured using a laser diffraction particle size distribution analyzer
(SALD-2300, Shimadzu). The Young’s modulus of each microcapsule was measured using
a scanning probe microscope (SPM-9700, Shimadzu) and was found to be 73 and 33 MPa,
respectively. The concentration of capsules was adjusted to 107 capsules/mL by using
purified water produced by ultrapure water production equipment.
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50 µm.

2.1.3. Sonication

Figure 3 shows a block diagram of the experimental setup. This system is based
on our design in which the important parameters (e.g., frequency, acoustic power, and
temperature) in the reactor can be easily changed. This system also makes it possible to
study the exact effect of ultrasonic cavitation using a small sample volume. The frequencies
of the ultrasonic waves used in the experiment were 20, 400, 1000, 2200, 3300, and 4300 kHz.
Because 20 kHz is used in many other studies [39–41], it was also adopted in this study.
The sample tank used was a combination of a homemade cylindrical stainless-steel tank
(inner diameter 41 mm, height 120 mm) and either a base for holding a stainless-steel
bottom plate (when using 20 kHz) or a disk-type piezoelectric (PZT) transducer (400, 1000,
2200, 3300, 4300 kHz). The suspension was directly irradiated from the upper part of the
sample tank using a horn-type transducer (VC750, Sonics & Materials, Inc., Newtown,
CT, USA) with a diameter of 13 mm at 20 kHz. At other frequencies, a disk-type PZT
transducer (Fuji Ceramics, Fujinomiya, Japan) with a diameter of 30 mm was installed at the
bottom of the sample tank, and the suspension was directly irradiated. Sound power was
measured by the calorimetry method and was constant at 10 ± 1 W in all experiments [42].
Cooling water was circulated outside the sample tank, and the sample temperature was
kept constant at 15 ± 1 ◦C. A 100-mL sample was irradiated for 10 min and a sample was
taken every 2 min. All experiments were performed 3 times to ensure reproducibility.



Sustainability 2021, 13, 6769 4 of 14Sustainability 2021, 13, x FOR PEER REVIEW 4 of 14 
 

 

Figure 3. Schematic diagram of sonication system at (a) 20 kHz and (b) 400, 1000, 2200, 3300, and 

4300 kHz. 

2.1.4. Evaluation Methods 

The ultrasonic destruction rate was calculated using an optical microscope (IX73, 

Olympus, Tokyo, Japan) and a hemocytometer (8100204, Hirschmann, Stuttgart, 

Germany). Four optical micrographs were taken of each sample, and undamaged cells 

were counted before and after ultrasonic irradiation. The destruction in algae and 

microcapsule cell numbers after sonication for n minutes (CNn) was calculated using the 

following equation from the number of cells counted at n min CNn  and the original 

number of cells at 0 min CN0 [33]: 

DR [%] = (
CN0  −  CNn

CN0

) ×  100. (1) 

2.2. Algae and Microcapsule Results 

2.2.1. Algae Results 

Figure 4 shows optical photomicrographs of C. gracilis 2 min after ultrasonic 

irradiation at each frequency. Cells counts were obtained using these images, and the 

destruction rate was calculated according to Equation (1). A similar analysis was 

performed on C. calcitrans and Nannochloropsis sp. to examine the frequency dependence 

of the fracture rate. Figure 5 shows the destruction rate of the algae used in this experiment 

at each frequency. The irradiation time was 2 min, and the sound power was 10 W. The 

ultrasonic destruction effect on C. gracilis was highest at 2200 kHz and lowest at 400 kHz. 

The ultrasonic destruction effect on C. calcitrans was highest at of 3300 kHz and lowest at 

400 kHz. The ultrasonic destruction effect on Nannochloropsis sp. was highest at 4300 kHz 

and lowest at 400 kHz. Frequency dependence was observed in the ultrasonic destruction 

of the algae used in this experiment. However, because the experimental setup was 

different at 20 kHz, the ultrasonic intensity at 20 kHz differed from that at the other 

frequencies. 

Figure 3. Schematic diagram of sonication system at (a) 20 kHz and (b) 400, 1000, 2200, 3300, and
4300 kHz.

2.1.4. Evaluation Methods

The ultrasonic destruction rate was calculated using an optical microscope (IX73,
Olympus, Tokyo, Japan) and a hemocytometer (8100204, Hirschmann, Stuttgart, Germany).
Four optical micrographs were taken of each sample, and undamaged cells were counted
before and after ultrasonic irradiation. The destruction in algae and microcapsule cell
numbers after sonication for n minutes (CNn) was calculated using the following equation
from the number of cells counted at n min CNn and the original number of cells at 0 min
CN0 [33]:

DR [%] =

(
CN0 − CNn

CN0

)
× 100. (1)

2.2. Algae and Microcapsule Results
2.2.1. Algae Results

Figure 4 shows optical photomicrographs of C. gracilis 2 min after ultrasonic irradiation
at each frequency. Cells counts were obtained using these images, and the destruction rate
was calculated according to Equation (1). A similar analysis was performed on C. calcitrans
and Nannochloropsis sp. to examine the frequency dependence of the fracture rate. Figure 5
shows the destruction rate of the algae used in this experiment at each frequency. The irra-
diation time was 2 min, and the sound power was 10 W. The ultrasonic destruction effect
on C. gracilis was highest at 2200 kHz and lowest at 400 kHz. The ultrasonic destruction
effect on C. calcitrans was highest at of 3300 kHz and lowest at 400 kHz. The ultrasonic
destruction effect on Nannochloropsis sp. was highest at 4300 kHz and lowest at 400 kHz.
Frequency dependence was observed in the ultrasonic destruction of the algae used in
this experiment. However, because the experimental setup was different at 20 kHz, the
ultrasonic intensity at 20 kHz differed from that at the other frequencies.
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2.2.2. Microcapsule Results

Figures 6 and 7 show the destruction rates of microcapsules A with a mode diameter
of about 11.8 µm and microcapsules B with a mode diameter of about 4.6 µm at each
frequency. The irradiation time was 30 min, and the sound power was 10 W. As shown
in Figure 6, the ultrasonic destruction effect on microcapsules A was highest at 2200 kHz
and lowest at 400 kHz. Furthermore, Figure 8 shows the particle size distribution before
and after ultrasonic wave irradiation at 2200 kHz, which indicates the typical particle size
change. Figure 8 shows the ultrasonic destruction effect on microcapsules B was highest at
4300 kHz and lowest at 400 kHz. However, because the experimental setup was different
at 20 kHz, the ultrasonic intensity at 20 kHz differed from the other frequencies.
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2.3. Discussion of Algae and Microcapsules

Zinin et al. proposed a mechanical resonance model with adjacent cavitation bubbles
as a mechanism for the destruction of microorganisms (E. coli, M. hangatei, yeast, etc.) [43,44].
This model regards microorganisms as spherical particles. Vibration analysis of algae
and microcapsules was therefore performed based on the mechanical resonance model as
follows. We treated the algae and microcapsules as spheres with very thin elastic shells.
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Because the degree of deformation was maximized at n = 2 (quadrupole mode), this vibra-
tion mode was used in the analysis. The quadrupole mode has a much larger amplitude of
oscillation displacement than does the dipole mode, so it is more likely to contribute to
destruction. When a hard shell is considered, the mechanical resonance frequency fk of the
sphere with the shell can be approximately expressed by the following equations.

fk ≈ 1
2π

√
KA

ρia3 , (2)

KA =
Eh

2(1 − ν) , (3)

Here, KA is the surface bulk modulus, ρi ≈ 1000 kg/m3 is the density inside the shell,
a [m] is the radius of the sphere, E [Pa] is Young’s modulus, h [m] is the film thickness, and
ν ≈ 0.5 is Poisson’s ratio.

Using Equation (2), the mechanical resonance frequencies of algae and microcapsules
were calculated. Table 1 shows the analysis results for the algae and microcapsules used in
this experiment and the optimal frequency for destruction calculated in the experiment.

Table 1. Calculated resonance frequencies and best frequencies for destruction of algae
and microcapsules.

Algae Resonance Frequency
[kHz]

Best Frequency
[kHz]

C. gracilis 4000 2200

C. calcitrans 4400 3300

Nannochloropsis sp. 4900 4300

Microcapsule Resonance frequency
[kHz]

Best frequency
[kHz]

Microcapsules A 1900 2200

Microcapsules B 5000 4300

For both algae and microcapsules, the mechanical resonance frequency and the opti-
mal frequency for destruction were in agreement. Therefore, mechanical resonance due to
adjacent bubbles is thought to be one of the causes of destruction of algae and microcap-
sules. Although C. calcitrans and microcapsule B are almost the same size, the mechanical
resonance frequency and optimal frequency for destruction differ. This suggests that the
destruction of algae and microcapsules by ultrasonic waves depends not only on the size
but also on the structure and physical properties of the sample being irradiated with
ultrasonic waves.

3. Ultrasonic Destruction of Plankton
3.1. Experimental Setup for Plankton
3.1.1. Plankton

The seawater containing plankton used in this series of experiment was collected in
Himeji, Japan. It mainly contains zooplankton of size 50 µm or more. When dilution was
required, filtered seawater was used as the diluent. The concentration of plankton was
adjusted to 400,000 cells/m3. All the experiments were performed within 72 h of the arrival
of seawater containing plankton so that the state of plankton did not change. Figure 9
shows an optical micrograph of a single plankton before ultrasonic irradiation. The main
type of plankton observed in the experiments is shown in the photograph.
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3.1.2. Sonication

Figure 10 shows a block diagram of the experimental setup. A cylindrical stainless
steel sample tank (inner diameter 48 mm × height 170 mm) was installed above the 26, 200,
430, and 950 kHz ultrasonic generators (QUAVA mini, Kaijo Corporation, Tokyo, Japan).
The suspension was directly irradiated with ultrasonic waves. The sound power was the
same as that in the previous experimental setup (10 W). Cooling water was circulated
outside the sample tank, and the sample temperature was kept constant at 20 ± 1 ◦C.
A 100 mL sample was irradiated with ultrasonic waves for up to 30 min. All experiments
were performed 3 times for reproducibility.
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3.1.3. Evaluation Methods

Two evaluation methods were used. One involved the inactivation rate of plankton
after ultrasonic irradiation. Plankton was fluorescently stained with fluorescein diacetate
(FDA), and the number of fluorescences emitted by living cells with respect to excitation
light was measured by a viable organism counter (VOA1000K, Satake, Hiroshima, Japan).
The concentration of surviving plankton was determined based on the number of detec-
tions. The inactivation rate was calculated from the concentration of surviving plankton.
The other evaluation method was observation by optical microscope. An inverted research
microscope (IX73, Olympus) was used to examine the destruction by ultrasonic waves
based on the presence or absence of shape changes before and after ultrasonic irradiation.
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3.2. Results for Plankton

Figure 11 shows the plankton inactivation rate at each frequency. The inactivation rate
differed depending on the frequency of the irradiated ultrasonic waves. It was confirmed
that the inactivation rate increased with irradiation time. At 26 kHz, the inactivation rate
increased with irradiation time until it reached almost 100% after 10 min of irradiation.
At 200 kHz, the inactivation rate was about 90% after 1 min of irradiation and about 99%
after 5 min of irradiation. At 430 kHz, the inactivation rate was about 86% after 10 min of
irradiation, and at 950 kHz, it was about 78%, both of which were relatively low values.
After 30 min of irradiation, the inactivation rate exceeded 90% at all frequencies used in
the experiment. The above findings suggest that the plankton-inactivating effect increases
in the order of 200 kHz, 26 kHz, 430 kHz, and 950 kHz among the frequencies used in
this work.
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Figure 12a–d shows optical micrographs of plankton after 10 min of ultrasonic irradi-
ation at each frequency. The scale bar is 200 µm. At 26 kHz, few plankton retained their
original shape, and plankton parts were scattered in the observation area. At 200 kHz, there
were many individuals whose parts were torn and body contents were released to outside
their body. At 430 kHz, there were few external changes, but many individuals were found
with released contents. Some individuals had partial dents and tears. At 950 kHz, broken
antennae were confirmed. The shape change of plankton was partial.

Sustainability 2021, 13, x FOR PEER REVIEW 10 of 14 
 

 
Figure 12. Optical photomicrograph of plankton after sonication at (a) 26 kHz, (b) 200 kHz, (c) 430 
kHz, and (d) 950 kHz. Scale bar is 200 µm. 

3.3. Discussion of Plankton 
Given that the shape of plankton is far from spherical, it is unlikely that the 

destruction mechanism is mechanical resonance due to adjacent cavitation bubbles. 
As shown in Figure 12, physical changes were confirmed in the plankton after 

ultrasonic irradiation. Because the shape change was partial, shear stress, which is a local 
stress generated from cavitation bubbles, was thought to be the plankton destruction 
mechanism. Figure 13 shows a schematic diagram of shear stress. As the cavitation 
bubbles expand and contract, a force is applied to the surrounding liquid medium and 
shear stress is generated. The value of shear stress σୱ can be estimated by the Equation 
(4) below [45]. σୱ = μ ቚୢ୚ୢ୶ቚ ≈ μ ቚ ୚ୖబቚ = μ ቚ ሶୖୖబቚ, (4) 

Here, µ [Pa·s] is the viscosity, V [m/s] is the bubble wall velocity, R0 [m] is the initial 
bubble radius, and Rሶ  [m/s] is the time derivative of the bubble radius. In this shear stress 
calculation, the target area is only near the bubbles, and the attenuation of shear stress due 
to the propagation distance is not considered. The bubble wall velocity (time derivative 
of the bubble radius) was obtained by solving the Keller–Miksis equation [46], which 
represents the vibration amplitude of the bubble. The equation is shown below. ቀ1 െ ଵୡ Rሶ ቁ RRሷ ൅ ଷଶ ቀ1 െ ଵଷୡ Rሶ ቁ Rሶ ଶ= ଵ஡ ቀ1 ൅ ଵୡ Rሶ ൅ ୡୖ ୢୢ୲ቁ ൈ ൜ቀP଴ ൅ ଶ஢ୖబቁ ቀୖబୖቁଷஓ െ ଶ஢ୖబ െ ସஜ ሶୖୖ െ P଴ ൅ Pୱ sin ωtൠ, (5) 

Here, c [m/s] is the speed of sound of the liquid, ρ [kg/m3] is the density of the liquid, 
t [s] is the time, P0 [Pa] is the atmospheric pressure, σ [N/m] is the surface tension, R0 [m] 
is the initial bubble radius, R [m] is the bubble radius, γ is the specific heat ratio, µ [Pa·s] 
is the viscosity, Ps [Pa] is the sound pressure amplitude, and ω [rad/s] is the angular 
frequency. The values of each parameter in the calculation are shown in Table 2 below. 

Figure 12. Optical photomicrograph of plankton after sonication at (a) 26 kHz, (b) 200 kHz,
(c) 430 kHz, and (d) 950 kHz. Scale bar is 200 µm.



Sustainability 2021, 13, 6769 10 of 14

3.3. Discussion of Plankton

Given that the shape of plankton is far from spherical, it is unlikely that the destruction
mechanism is mechanical resonance due to adjacent cavitation bubbles.

As shown in Figure 12, physical changes were confirmed in the plankton after ultra-
sonic irradiation. Because the shape change was partial, shear stress, which is a local stress
generated from cavitation bubbles, was thought to be the plankton destruction mechanism.
Figure 13 shows a schematic diagram of shear stress. As the cavitation bubbles expand and
contract, a force is applied to the surrounding liquid medium and shear stress is generated.
The value of shear stress σs can be estimated by the Equation (4) below [45].

σs = µ

∣∣∣∣dV
dx

∣∣∣∣ ≈ µ

∣∣∣∣ V
R0

∣∣∣∣ = µ

∣∣∣∣∣
.
R
R0

∣∣∣∣∣, (4)
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.
R [m/s] is the time derivative of the bubble radius. In this shear stress

calculation, the target area is only near the bubbles, and the attenuation of shear stress due
to the propagation distance is not considered. The bubble wall velocity (time derivative
of the bubble radius) was obtained by solving the Keller–Miksis equation [46], which
represents the vibration amplitude of the bubble. The equation is shown below.(
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×
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P0 +
2σ
R0

)(
R0
R

)3γ
− 2σ

R0
− 4µ

.
R

R − P0 + Ps sinωt
} , (5)

Here, c [m/s] is the speed of sound of the liquid, ρ [kg/m3] is the density of the liquid,
t [s] is the time, P0 [Pa] is the atmospheric pressure, σ [N/m] is the surface tension, R0 [m]
is the initial bubble radius, R [m] is the bubble radius, γ is the specific heat ratio, µ [Pa·s]
is the viscosity, Ps [Pa] is the sound pressure amplitude, and ω [rad/s] is the angular
frequency. The values of each parameter in the calculation are shown in Table 2 below.
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Table 2. Calculation parameters.

Parameters Value

c [m/s] 1520

ρ [kg/m3] 1027

P0 [Pa] 1.013 × 105

σ [N/m] 0.0735

R0 [m] 0.1~150 × 10−6

in 0.1 µm increments

γ 1.4

µ [Pa·s] 0.001036

PS [Pa] 2.1 × 105(at 10 W)

ω [rad/s] Frequency dependent

For the sound pressure amplitude PS, the value was calculated using the following
formula.

PS =

√
2ρcWUS

A
, (6)

Here, WUS [W] is the sound power and A [m2] is the area of the oscillator. Figure 14
shows a graph plotting the calculation results for shear stress.
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For the ultrasonic waves at frequency range used in the experiment, the value of the
shear stress decreased with increasing frequency. In addition, the initial bubble diameter,
which indicates the peak value of shear stress, increased with increasing frequency. Com-
pared with Figure 11, there was agreement between the magnitude relationship with the
inactivation rate and the magnitude relationship with the shear stress in the ultrasonic
waves after 200 kHz. At 200 kHz, it was inferred that the bubble size distribution at each
frequency was involved in the inactivation rate of 26 kHz, which was the largest shear
stress. Tsochatzidis et al., (2001) reported that the bubble size distribution at 20 kHz is
distributed over a diameter of about 3 to 40 µm and that there is a high frequency of bubbles
with a size of around 10 µm [47]. Therefore, it is thought that the size distribution is almost
the same even at 26 kHz. Furthermore, according to Brotchie et al., (2009), the bubble
size distribution at 213 kHz is about 4–9 µm in diameter, and this bubble size distribution
was measured for bubbles that undergo vigorous expansion and contraction that cause
sonoluminescence [48]. Comparing the shear stresses in the region corresponding to the
bubble size distribution at each frequency, we can see that 200 kHz exceeds the shear stress
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value at 26 kHz. From the above, it was considered possible that many bubbles exerted a
higher shear stress when irradiated at 200 kHz.

4. Conclusions

We elucidated the mechanism of microbial treatment by ultrasonic waves. As a result
of irradiating algae, microcapsules, and plankton with ultrasonic waves over a wide range
of frequencies, frequency dependence was observed in all the samples. The algae and
microcapsules were compared with the resonance frequency calculation based on the
mechanical resonance model using adjacent ultrasonic cavitation bubbles. As a result, a
good match between the experimental resonance frequency and the theoretical resonance
frequency was confirmed. In addition, despite the experimental resonance frequencies
having the same size, they differed in the destruction of algae (Chaetoceros calcitrans) and
microcapsules (microcapsules B), suggesting that the frequency might also depend on the
physical characteristics of the sample. When the shape of the plankton after ultrasonic
irradiation was observed by optical microscope, partial damage was observed. It is thought
that the partial damage received by plankton was related to the shear stress, which is
a local action from the bubbles. The bubble wall velocity was calculated based on the
Keller–Miksis equation, which is an equation expressing bubble vibration, and the value
of shear stress was estimated. At high frequencies, the relationship between frequency
dependence and theoretical shear stress was consistent. Disagreement in the trends at
low frequencies was considered from the viewpoint of the bubble size distribution at each
frequency. This suggested that the number of bubbles capable of exerting high shear stress
varies depending on the frequency.
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