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This study investigates ultrasonic energy’s impact on enhancing the growth of Botryococcus braunii
(B. braunii) microalgae. Microalgae, known for their advantages in greenhouse gas mitigation and biomass
conversion, were subjected to various stressors, including ultrasonic waves, to optimize productivity. Ultrasonic
waves induce acoustic cavitation, increasing membrane permeability and substrate conversion. The study ex-
amined the impact of energy and maximum pressure resulting from bubble collapse on the relative specific
growth rate of B. braunii microalgae. It was observed that reproduction showed a promotive trend until the en-
ergy surpassed 30 kJ. However, when ultrasonic energy reached 18.2 kJ, reproduction was inhibited due to the
maximum pressure generated during bubble bursting, which reached 5.7 µN/µm2, leading to the suppression
of reproduction upon encountering bubble collapse events. Under specific ultrasonic conditions (15.1 kJ energy,
maximum pressure of 45.5× 105 Pa), a maximum specific growth rate of 0.329± 0.020 day−1 in a two-day inter-
val boosted B. braunii microalgae biomass productivity. These findings advance our understanding of ultrasonic
wave effects on microalgae reproduction and underscore the potential for optimizing ultrasonic parameters to
enhance biomass production.
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1. Introduction

Microalgae offer numerous benefits over conventio-
nal crops, such as rapid growth, ease of cultivation,
and space efficiency (Enmak, 2010). Notably, microal-
gae can mitigate the greenhouse effect by convert-
ing carbon dioxide into biomass via photosynthesis,
thereby lowering greenhouse gas levels in the atmo-
sphere, and supporting carbon sequestration (Onye-
aka et al., 2021).

Despite the challenges of microalgae cultivation,
their unique characteristics make them attractive for
industrial applications. To fully exploit their potential,
researchers have explored various environmental stres-
sors, including nutrient scarcity, high temperatures, in-
tense light, and elevated pH levels (Shakirov et al.,
2021; Fu et al., 2019). Innovative technologies such as
ultrasonic waves have been used to apply controlled
stress conditions, promoting cell proliferation and op-
timizing metabolic activity.

Ultrasonic waves, generated through cavitation,
employ low-energy waves to stimulate cells. The im-

plosion of cavities near the cell surface enhances mem-
brane permeability, facilitating nutrient and molecule
exchange. Research confirms that low-energy ultra-
sonic waves significantly increase Botryococcus braunii
(B. braunii) growth rates compared to conditions with-
out them (Wang et al., 2014; Xu et al., 2014). This
study primarily aims to develop ultrasonic wave stim-
ulation for enhanced B. braunii growth and biomass
production.

2. Theory of acoustic cavitation

The Rayleigh–Plesset equation is a second-order or-
dinary differential equation that governs the dynamics
of a spherical bubble within an infinite fluid. It plays
a crucial role in understanding cavitation phenom-
ena and predicting the behavior of such a bubble. The
Rayleigh–Plesset equation is expressed as follows:
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where Ṙ and R̈ are the first- and second-order deriva-
tives of the bubble radius with respect to time, R0 is
the initial bubble radius in meters [m], ρ0 is the density
of fluid in kilograms per cubic meter [kg/m3], S is the
surface tension in Newtons per meter [N/m], µ is
the dynamic viscosity of fluid in Pascal-second [Pa ⋅ s],
pv is the vapor pressure of fluid, pg0 is the gas pressure
in the bubble at its ambient state (pg0 = p0 +

2S
R0
− pv),

and p∞(t) is the variation in bulk pressure as function
of time, which is given by Eq. (2):

p∞(t) = p0 − pA sin (2πft), (2)

where p0 is the ambient pressure (1 atm, 101.325 kPa),
f is the frequency [Hz], pA is the driving pressure [Pa]
that is correlated with the acoustic intensity (Iac) and
acoustic power (Wang, Yuan, 2016):

pA =

√

2Iacρ0c0, (3)

Iac =
Power

Volume or area
, (4)

where c0 is the speed of sound in fluid in meters
per second [m/s]. Ultrasonic waves impact microal-
gae cells through cavitation, a phenomenon that oc-
curs when ultrasonic waves pass through a substance.
These waves create alternating regions of compression
and rarefaction as they propagate. During the rarefac-
tion phase, vapor bubbles can form within the liquid
medium, leading to cavitation. As the ultrasonic wave
continues to exert pressure on the medium, these bub-
bles grow until they reach a critical size. When this
happens, the bubbles collapse rapidly during the com-
pression phase.

When the cavitation bubble grows to a significant
size, the effects of non-condensable gas, surface ten-
sion, and viscosity become negligible. As a result, the
complex Rayleigh–Plesset equation in Eq. (1) can be
simplified to:

ρ0 [RR̈ +
3

2
Ṙ2

] = (pv − p∞(t)) . (5)

During the collapse phase, when the applied pressure
exceeds the vapor pressure (p∞ > pv) and the bubble
radius decreases (R < R0), the interface velocity can
be described as follows:
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The force generated by the collapse of cavitation bub-
bles plays a significant role in both promoting and dis-
rupting microalgae cells. This force is influenced by the
initial size of the cavitation bubbles, which, in turn, de-
pends on the frequency of the ultrasonic waves. This
relationship can be expressed through Eq. (7) (Bren-
nen, 2005):
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Re
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where k is approximately constant, S is the surface
tension, Re is the equilibrium radius at pressure (p0),
and (p0 − pv) represents tension of the fluid.

When a bubble collapses near a cell wall or cell
membrane, it can cause disruption or alteration in the
shape of a microalgae cell (Liu et al., 2022). This effect
occurs when the bubble experiences a stress exceed-
ing its yield strength, resulting in actual deformation.
To comprehend how a collapsing bubble can generate
such high pressure, the maximum pressure (pmax) in
Pascals [Pa] can be approximated using Eq. (8):

˙
pmax ≅ 0.157(p∞ − pv) (

R0

R
)

3

+ p∞. (8)

Furthermore, this maximum pressure occurs at
a distance (rmax) in meters [m] from the bubble center,
given by Eq. (9):

rmax ≅ 1.59R. (9)

3. Material and methods

3.1. Microalgae and culture conditions

Plankton samples were collected from the reser-
voir at Walailak University in Nakhon Si Tham-
marat, Thailand (latitude 8○38′32.25′′N, longitude
99○54′26.52′′E) using a plankton net with a mesh size
of 67 µm. This reservoir stores brackish water with
a slow flow, a pH of 7.2, and a dissolved oxygen level
of 6.47 mg/L (Rubsai, 2012). Colonies of B. braunii
were isolated from the collected samples and cultured
individually in 5 ml of BG-11 liquid medium for one
month. They were then transferred to 250 ml flasks
with 100 ml of BG-11 medium for a week. Subse-
quently, 10 ml of B. braunii algae were divided and
cultivated in separate 1000 ml flasks with 800 ml of
BG-11 medium, resulting in 13 distinct experimental
conditions. The cultures were maintained in a sterile
chamber at a constant temperature of 25 ○C, with 3000
lux illumination during a 16:8-hour light-dark period.
The structure of B. braunii microalgae is illustrated
in Fig. 1. In B. braunii microalgae, ovoid cells form
tetrad patterns at the colony center. As colonies de-
velop, these cells enlarge and transform into conical

Fig. 1. Botryococcus braunii microalgae.
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cells, playing a crucial role in defining the outer bound-
aries (Gupte, 2012).

3.2. Ultrasonic treatment and experiments

The investigation utilized an ultrasonic bath (El-
masonic P60H), operating at frequencies of 37 kHz and
80 kHz, with a 5.75-liter tank. Microalgae were sub-
jected to ultrasonic excitation at specific power levels:
57.2 W, 83.6 W, and 132.3 W for 37 kHz, and 46.3 W,
67.2 W, and 101.2 W for 80 kHz (refer to Table 1).
Exposure durations were precisely 3 min and 5 min,
with 2-day intervals. Optimal excitation parameters
were determined based on the study by Salaeh et al.
(2017). Each stimulation with ultrasonic wave for all
condition was conducted at 9.00 a.m. Thailand time
according to these specified conditions. After ultra-
sonic treatment, microalgae samples were cultured un-
der consistent flask conditions. Each experimental con-
dition was replicated three times to ensure reliability.
Biomass measurements were recorded every third day
throughout the study.

The effective ultrasonic power of the system was as-
sessed by measuring the power of the ultrasonic bath at
different temperatures. This measurement was essen-
tial as the application of power to the system induces
energy transfer to the liquid, resulting in molecular
movement and the generation of thermal energy. The
power of the ultrasonic bath (P , in W) can be calcu-
lated using Eq. (10) (Liu et al., 2022):

P =mCp
∆T

∆t
, (10)

where m is the mass of fluid, Cp is the specific heat
capacity of fluid, ∆T is the temperature difference be-
tween the initial temperature and the final tempera-
ture after a specific reaction time ∆t.

3.3. Microalgae growth and biomass measurement

A 1 ml sample of B. braunii cells was transferred to
a tube for counting cell density using a hemocytometer
slide. The sample was carefully placed on the slide, cov-
ered, and observed under an optical microscope (Olym-
pus CH20i microscope). Daily counting of the microal-
gae with a microscope allowed for precise determina-
tion of the specific growth rate of B. braunii microal-
gae. Cell density calculations were conducted by cap-

Table 1. Numerical results of cavitation bubble dynamics.

Frequency
[kHz]

Power
[W]

Intensity
[mW/cm2]

R0

[µm]
Rmax

[µm]
Rmin

[µm]
Rmax
Rmin

Ṙ pmax (× 105 Pa) rmax

[µm]
37 57.2 4.9 74 141.5 41.7 3.4 49.77 5.0 66.4

83.6 7.2 145.5 21.7 6.71 140.2 45.5 34.5
132.3 11.4 150.4 14.5 10.41 271.5 173.1 23.0

80 46.3 4.0 35 61.4 16.9 3.63 55.2 6.3 26.9
67.2 5.8 63.5 14.7 4.3 72.29 11.5 23.3

101.2 8.7 65.9 9.1 7.2 156.49 56.9 14.5

turing images of microalgae samples within a hemo-
cytometer under a microscope. The cell count was de-
termined through image processing, followed by cal-
culating the cell density using Eq. (11) (Dilia et al.,
2018):

Cell density =
Number of counted cells × 25 × 104

Number of boxs
. (11)

The growth data from cultivating B. braunii under dif-
ferent ultrasonic parameters validated the presented
logistic model. The logistic model of population growth
is written as follows (Zhang et al., 2016):

N(t) =
KN0

N0 + (K −N0) e−rt
, (12)

where N is the number of cells as a function of time t,
K is the maximum number of cells or the carrying
capacity, and r is the specific growth rate.

Biomass content was determined by measuring the
dry weight-to-volume ratio (mg/ml). A 12 ml algae
aliquot was centrifuged, filtered onto a weighed 47 mm
glass fiber filter, dried at 103 ○C for 13 hours, and then
weighed. Biomass productivity (g (L day)−1) is defined
as follows (Chen et al., 2016):

Biomass productivity =
B2 −B1

t2 − t1
, (13)

where B1 and B2 represent the biomass concentration
at times t1 and t2, respectively, representing the initial
and final points.

4. Results and discussion

4.1. The behaviors of acoustic cavitation
within ultrasonic bath

Acoustic cavitation occurs due to pressure fluctu-
ations induced by ultrasonic waves in a fluid. These
waves compress and rarefy the fluid, forming cavita-
tion bubbles that explosively collapse, enlarging until
reaching resonance velocity. This implosion generates
pores near cell membranes, enhancing permeability.
Ultrasonic treatment holds potential for improved
substrate conversion through enhanced diffusion (Ren
et al., 2019; Pereira et al., 2023). Multiple factors
in Table 1, including the maximum cavitation radius
(Rmax), maximum pressure (pmax) during collapse, and
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the distance (rmax) from the bubble center where the
maximum pressure occurs, are influenced by ultrasonic
parameters and liquid characteristics.

The numerical results on the dynamic behavior of
cavitation bubbles for stimulated microalgae in an ul-
trasonic bath are summarized in Table 1, presenting
the following characteristics. According to the exper-
iment, the medium’s density (ρm) is 1001.68 kg/m3,
and its sound speed (cm) is 1353.22 m/s, which is
nearly equal to that of water. Consequently, the
dynamic viscosity and applied surface tension were
0.00891 Pa ⋅ s and 0.0072 N/m, respectively. The rela-
tionship between ultrasonic power and intensity is de-
scribed by Eq. (4), wherein increasing ultrasonic power
enhances the stretching effect of the ultrasonic wave
on cavitation formation in the positive pressure region
(Hao et al., 2021).

The maximum size of the cavitation bubble was cal-
culated by solving Eq. (1) using the numerical method.
During the expansion phase, the bubble grows until it
reaches its maximum size (Rmax) before collapsing. Im-
portantly, the Rmax is inversely related to the emitted
ultrasonic frequency. According to Eq. (7), the initial
bubble size is 74 µm and 35 µm at ultrasonic frequen-
cies of 37 kHz and 80 kHz, respectively. The ratio of
maximum bubble size to initial bubble size increases
with higher ultrasonic power. Specifically, at 37 kHz,
the ratio ranges from 1.91 to 2.03, while at 80 kHz,
it ranges from 1.75 to 1.88. It is important to note
that the ratio of bubble size at 80 kHz is relatively
lower due to reduced acoustic pressure in the ultra-
sonic bath and the smaller wavelength (λ) compared
to the 37 kHz ultrasonic frequency. During the col-
lapse phase (from Rmax to Rmin), the pmax increases
with ultrasonic power for each frequency. For instance,
at 37 kHz, with power levels of 57.2 W, 83.6 W, and
132.3 W, Rmax is 141.5 µm, 145.5 µm, and 150.4 µm,
respectively. The maximum pressure points are situ-
ated at distances of 66.4 µm, 34.5 µm, and 23.0 µm
away from the bubble as it collapses. Similarly, at
an ultrasonic frequency of 80 kHz, with power lev-
els of 46.3 W, 67.2 W, and 101.2 W, the Rmax val-
ues are 61.4 µm, 63.5 µm, and 65.9 µm, and the max-
imum pressure points are located 26.9 µm, 23.3 µm,
and 14.5 µm away from the collapsing bubble.

Table 1 provides the Rmax/Rmin ratios, offering
valuable insights into the volume change experienced
by the bubble during collapse, serving as an indica-
tor of its compression ratio. This ratio reflects the
severity of the collapse (Kanthale et al., 2008).
For a 37 kHz ultrasonic frequency, Rmax/Rmin ra-
tios are 3.39, 6.71, and 10.41 at ultrasonic powers
of 57.2 W, 83.6 W, and 132.3 W, respectively. Mean-
while, for an 80 kHz ultrasonic frequency, Rmax/Rmin

ratios are 3.63, 4.33, and 7.22 at ultrasonic powers
of 46.3 W, 67.2 W, and 101.2 W, respectively. As the
applied acoustic power increases, the bubbles expe-

rience higher negative pressure during the rarefac-
tion cycle and higher positive pressure during the
compression cycle, leading to an elevated compres-
sion ratio of the bubble cavity. This ratio increases
alongside the collapsed interface velocity (Ṙ), result-
ing in higher maximum pressures during the collapsed
phase. Consequently, the force generated by the col-
lapsing process increases. At an ultrasonic frequency of
37 kHz, this force is estimated to be 498.43 nN/µm2,
rising to 17 306.6 nN/µm2 with increasing ultrasonic
power. Similarly, at 80 kHz, the force increases from
633.04 nN/µm2 to 5690.69 nN/µm2 with increasing ul-
trasonic power.

4.2. Effect of energy and maximum pressure during
collapse phase on the growth rate of microalgae

The total energy provided to the microalgae sample
can be determined by taking into account the treat-
ment period and ultrasonic power. The interaction
between the total energy delivered to the microalgae
and the relative specific growth rate of B. braunii mi-
croalgae during the two-day interval is shown in Fig. 2.
Botryococcus brauniimicroalgae experienced an appro-
priate growth rate when ultrasonic energy was applied.
The growth rate, however, changed from positive to
negative when the microalgae received up to 30 kJ of
total energy. In addition to specific growth rate, Ta-
ble 2 shows biomass productivity.

Fig. 2. Effect of total energy per excitation on the relative
specific growth rate of B. braunii microalgae for a two-day
interval. Error bars were used to represent the standard de-
viations derived from triplicate measurements of the data.

This shows that the number of microalgae cells de-
creased when subjected to a high level of energy from
the ultrasonic wave compared to microalgae that were
not exposed to ultrasonic energy. However, a negative
growth rate is observed when the microalgae are ex-
posed to an energy level of 18.2 kJ. Therefore, it is
vital to consider other aspects of the ultrasonic wave.

Figure 3 displays the relationship between the
maximum pressure generated during bubble collapse
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Table 2. Specific growth rate of B. braunii under the influence of ultrasonic excitation from the logistic model
and the biomass productivity.

Ultrasonic power
[W]

Time/Energy
[s/kJ]

Specific growth rate
(r, day−1)

Biomass productivity
(g (Lday)−1)

Frequency 37 kHz
Control 0 0.282± 0.008 0.0361

57.2 180/10.3 0.301± 0.015 0.0421
83.6 180/15.1 0.329± 0.020 0.0486

132.3 180/23.8 0.318± 0.016 0.0435
57.8 300/17.2 0.305± 0.023 0.0403
83.6 300/25.1 0.295± 0.012 0.0454

132.3 300/39.7 0.275± 0.011 0.0287
Frequency 80 kHz

Control 0 0.290± 0.007 0.0117
46.3 180/8.3 0.321± 0.019 0.0144
67.2 180/12.1 0.333± 0.008 0.0206

101.2 180/18.2 0.274± 0.012 0.0189
46.3 300/13.9 0.325± 0.010 0.0183
67.2 300/20.2 0.325± 0.007 0.0194

101.2 300/30.4 0.287± 0.008 0.0156

Fig. 3. Effect of maximum pressure during collapsing phase
from Rmax to Rmin on the relative specific growth rate of
B. brauniimicroalgae for a two-day interval. The yellow bar
represents the exposure time of 3 min, and the purple color
represents the exposure time of 5 min. Error bars were used
to represent the standard deviations derived from triplicate

measurements of the data.

and the relative specific growth rate of B. braunii
microalgae. When the maximum pressure increases, up
to a maximum pressure of 45.5 ×105 Pa, the growth
rate of B. braunii microalgae shows an increase.
However, the specific growth rate of the microalgae
becomes negative when the collapse pressure surpasses
56.9× 105 Pa. This shows that the impact of the max-
imum pressure during bubble collapse has a negative
impact on the growth of the B. braunii microalgae
above this threshold.

In a previous scenario, exposing microalgae to ul-
trasonic energy of 18.2 kJ led to a decline in their
growth rate. Examination of the maximum pressure

during the collapse phase revealed potential con-
tact between microalgae and collapsed cavity bubbles,
reaching a maximum collapse pressure of 56.9× 105 Pa.
The force generated by the collapse was estimated
based on this maximum pressure. Remarkably, the
force exerted by the collapse of the bubble reached up
to 5.7 µN/µm2 when considering a typical spherical
microalgal cell (B. braunii) with a diameter of approx-
imately 9 µm (Tasić et al., 2016). Consequently, the
force applied to the microalgae was around 362.6 µN.
In the report of Lee et al. (2012), the force required
to rupture the cell wall of algae is about 11.33 µN,
surpassing the threshold for growth inhibition in mi-
croalgae. In scenarios where maximum pressure ex-
ceeds 45.5 ×105 Pa for the 3-minute exposure, the rel-
ative specific growth rate initially declines, followed
by an increase. The study by Antony (1963) demon-
strated that cavities occur at half-wavelength within
the ultrasonic bath for each frequency. Therefore, ul-
trasonic frequencies of 37 kHz and 80 kHz have wave-
lengths of 40.41 mm and 18.69 mm, respectively. The
distances between bubble collapse locations are ap-
proximately 20.21 mm and 9.35 mm for frequencies of
37 kHz and 80 kHz, respectively, with the latter being
shorter than the former. Consequently, in the ultraso-
nic bath, the collapse positions for the 80 kHz ultra-
sonic wave exceeded those of the 37 kHz. This observa-
tion suggests that under the maximum pressure condi-
tion of 56.9× 105 Pa, the microalgae were exposed to
greater bubble collapse than in the 173.1× 105 Pa max-
imum pressure condition, leading to inhibited specific
growth rate.

The research findings demonstrate that the growth
of B. braunii microalgae can be stimulated by various
parameters. Among these conditions, the maximum
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specific growth rate observed was 0.329± 0.020 day−1,
achieved when the microalgae cells were exposed to
ultrasonic energy of 15.1 kJ and a maximum pres-
sure during collapse of approximately 45.5× 105 Pa.
These conditions involved the application of 37 kHz
ultrasonic frequency, with a three-minute exposure
at a two-day interval. The stimulation of B. brau-
nii microalgae by ultrasonic waves resulted in higher
biomass productivity compared to microalgae not ex-
posed to ultrasonic waves (Xu et al., 2014). More-
over, cavitation phenomena generated by ultrasonic
waves also contribute to nutrient and oxygen trans-
port through membrane permeability, promoting the
growth of Echinacea purpurea, Staphylococcus epider-
midis, Pseudomonas aeruginosa, Escherichia coli, and
B. braunii (Pitt, Ross, 2003; Xu et al., 2014).

Ultrasound-induced cavitation in a medium in-
volves the creation and oscillation of gas bubbles,
which subsequently collapse near cells. This phe-
nomenon converts potential energy into chemical, ther-
mal, and mechanical energies in the form of reactive
oxygen species (Topaz et al., 2005). The interaction
of cavitation near the cell involves a process known as
sonoporation (Kudo et al., 2009). Sonoporation refers
to the transient and dynamic increase in cell membrane
permeability, resulting from complex processes involv-
ing bubble physics and bubble-cell interactions (Fan
et al., 2014). When exposed to cavitation, microalgae
cells with thin cell walls (e.g., Chlamydomonas concor-
dia) or without cell walls (e.g., Dunaliella salina) are
destroyed. However, cells with thick cell walls or those
existing in colonies (e.g., Nannochloropsis oculata)
tend to increase in population due to the ultrasound-
induced separation of colonies, resulting in a higher
number of individual cells or smaller colonies (Joyce
et al., 2014). It is possible that ultrasonic waves have
caused fissures in the cell wall or separation of colonies,
facilitating nutrient transport into the cells.

5. Conclusion

The study explored the impact of ultrasonic energy
and maximum pressure during bubble collapse on the
growth of B. braunii microalgae. Acoustic cavitation
induced by ultrasonic waves generates cavitation bub-
bles that collapse explosively, creating pores near cell
membranes and enhancing substrate conversion. Var-
ied ultrasonic parameters, including frequency, power,
exposure time, and intervals, were tested to stimulate
microalgae growth. The influence of energy and the
maximum pressure generated during bubble collapse
was observed under all conditions when the exposure
was extended to 2-day intervals. The reproduction of
microalgae showed an enhancing trended until the en-
ergy exceeded 30 kJ. However, once the energy reached
18.2 kJ, the reproduction of microalgae was inhibited.
This inhibitory effect can be attributed to the max-

imum pressure generated during the bubble bursting,
which was found to reach 5.7 µN/µm2 under these con-
ditions. Considering a microalga with an approximate
diameter of 9 µm, the resulting force is approxima-
tely 362.6 µN. Consequently, microalgae can restrain
their reproduction when encountering bubble collapse
events. The highest observed specific growth rate was
0.329± 0.020 day−1, achieved with 15.1 kJ of ultra-
sonic energy, a maximum pressure of approximately
45.5× 105 Pa, and 37 kHz ultrasonic frequency with
a three-minute exposure at a two-day interval. This
stimulation resulted in increased biomass productivity
compared to untreated microalgae.
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