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Textile wastewater accounts for a significant proportion of industrial wastewater worldwide. In particular,
dye wastewater accounts for a large proportion and consists of non-degradable dyes, which are
substances resistant to biodegradation. Methylene blue is a representative example of such non-
degradable dyes. It is not biologically degraded and exhibits toxicity. Various methods for their
decomposition are currently being studied. Advanced oxidation processes (AOPs), which generate highly
reactive hydroxyl radicals that oxidize and degrade pollutants, have been actively studied. Particularly, the
photocatalytic degradation method using TiO, nanoparticles is one of the most actively studied fields;
however, there are still concerns regarding the toxicity of nanoparticles. Research is currently being
conducted on AOPs using the cavitation phenomenon of ultrasonic waves. However, achieving high
efficiency using existing ultrasonic equipment is difficult. Therefore, in this study, we evaluated a new
water treatment technology through AOPs using a focused ultrasonic system with a cylindrical

piezoelectric ceramic structure. After determining the optimal conditions for degradation, the
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Accepted 3rd April 2024 degradation process was evaluated as a useful tool for mitigating the toxicity of methylene blue. We

found that, under the optimal conditions of 100 W intensity at a frequency of 400 kHz, this system is

DOI: 10.1035/d4ra01665¢ a helpful instrument for degradation and a new water treatment technology suitable for removing
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Introduction

Textile manufacturing generates considerable amounts of dye
wastewater. It is estimated that wastewater generated from the
textile industry accounts for a significant portion of water
pollution, among which dye wastewater is known to contribute
substantially.’ Wastewater poses a major challenge in terms of
environmental sustainability, and reducing its emissions is
crucial.®®

Methylene blue, an organic dye, is commonly used as a dye
and indicator.”** It is a non-degradable dye that does not
degrade easily by natural methods such as microbial degrada-
tion or photolysis, and undegraded methylene blue accumu-
lates in the environment when discharged, such as in aquatic
environments.>"*'* Additionally, the presence of methylene
blue in the aquatic environment can lead to toxicity in aquatic
organisms, which can affect humans.”**
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Various methods have been studied to degrade these non-
degradable substances. Among these, advanced oxidation
processes (AOPs) are some of the most notable water treatment
technologies. AOPs are treatment technologies that remove
pollutants from wastewater using hydroxyl radicals with strong
oxidation properties."* Hydroxyl radicals are among the most
powerful oxidizing agents currently known. They consist of one
oxygen atom and one hydrogen atom and have highly reactive
properties, allowing them to readily react with organic mate-
rials. When organic pollutants react with hydroxyl radicals,
mineralization occurs, degrading them into water or carbon
dioxide.>*** Several studies have elucidated the degradation
path of methylene blue through AOPs. Methylene blue is ulti-
mately degraded into harmless substances, including H,O and
CO,, through AOPs. As a result of several AOPs, methylene blue,
with its complex structure, is commonly converted into
a harmless substance.”**** Thus, this reaction can convert
contaminated organic matter into harmless substances.
Therefore, AOPs using this radical have attracted attention as
useful processes for removing pollutants from wastewater.

The AOPs technology using TiO, photocatalytic nano-
particles is one of the most actively researched.>*>® This process
is based on the photocatalytic activity of TiO,. When ultraviolet
(UV) light irradiates TiO,, an electron-hole pair is formed,
which is a helpful process that can effectively oxidize organic
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pollutants by producing highly reactive radicals and molecules
such as hydroxyl radicals, peroxide radicals, and hydrogen
peroxide.>®?® However, the use of TiO, nanoparticles requires
further evaluation. There are concerns regarding the potential
toxicity of TiO, to aquatic environments.>** TiO, nanoparticles
readily bind to heavy metals such as cadmium, and nano-
particles attached to cadmium are taken up by aquatic organ-
isms, which causes genetic toxicity in the species. Studies on
TiO, toxicity have been reported.*® Therefore, to use TiO,
particles in AOPs technology, discussions on the filtration of
particles must also be conducted.

AOPs technology using ultrasonication has
considerable attention.***” This method has recently attracted
much attention because it degrades pollutants using only
ultrasonic energy and does not require the addition of addi-
tional catalysts, such as photocatalytic particles.*®**" AOPs
technology using ultrasonic energy is gaining attention as
a valuable degradation technology because both the physical
and chemical effects of ultrasonic waves can be expected. The
physical and chemical effects of ultrasound are based on
cavitation.*>**

The physical degradation effect of ultrasonication is ach-
ieved through the collapse of cavitation bubbles. When ultra-
sonic energy is continuously applied to the liquid, the
generation and collapse of cavitation bubbles occur in succes-
sion. When a cavitation bubble collapses, high-temperature and
high-pressure energy is released around it. In this process,
pollutants such as organic dyes are damaged and degraded by
the released energy.***

The chemical degradation effect of ultrasonication, also
known as sonochemistry, is achieved by the collapse of air
bubbles generated via cavitation. When bubbles collapse,
highly reactive oxidants, such as hydroxyl radicals, are produced
because of the degradation of water molecules in the liquid. The
generated radicals react with pollutants, such as organic dyes,
and eventually degrade them into harmless substances, such as
water and carbon dioxide. Therefore, a high-diffusion process
using ultrasonic waves with physical and chemical effects has
gained recognition as a valuable technology for water
treatment.***®

However, several challenges are associated with imple-
menting AOPs technology using the currently available ultra-
sonic instruments. Bath- and horn-type ultrasonic equipment,
which are widely used, face difficulties in controlling noise and
heat generation and have a relatively limited frequency range.
Notably, these devices generate energy unevenly owing to the
interference between the internal sound waves. Therefore,
predicting the optimal effect of AOPs water treatment using the
existing ultrasonic equipment is difficult.

In this study, water treatment was performed using a novel
ultrasonic technology to address this issue; a focused ultrasonic
system was used to research more efficient and optimized
degradation methods and processes than the conventional
ultrasonic degradation processes. Unlike existing ultrasound
systems, focused ultrasonic systems have cylindrical piezoelec-
tric ceramic structures. A piezoelectric ceramic with a cylin-
drical structure concentrates energy in the center and is
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transferred to the sample uniformly and strongly compared to
existing ultrasonic equipment. This focused approach was
employed to predict the degradation effect of organic dyes.**

This study aimed to demonstrate that water treatment
technology using a focused ultrasonic system is more effective
than other methods. Simultaneously, we aimed to determine
the optimal conditions of focused ultrasonic equipment for
water treatment technology. Therefore, this study was con-
ducted to evaluate the resolution of each process method
through a methylene blue degradation experiment and to assess
the toxicity of the degraded methylene blue.

Experimental
Materials

The methylene blue used in the experiment was a high-purity
analytical-grade methylene blue solution (M2661, 0.1%; SAM-
CHUN Chemicals, Co., Ltd, Pyeongtaek, South Korea), which
was diluted to a concentration of 10 ppm. At this time, methy-
lene blue was diluted in tertiary deionization water, and
deionization water was obtained through the Direct-Q(R) 3 UV
Water Purification System (ZRQSVP3EU, Merck Millipore, Bur-
lington, VT, USA). All experiments were conducted using
100 mL of methylene blue diluted to 10 ppm. In addition, the
TiO, particles Evonik's P25 powder.

Methods and analysis

UV/TiO, degradation. In the UV/TiO, degradation experi-
ment, TiO,, in which the mode value (the value of the highest
peak in the particle-size distribution) was dispersed to approx-
imately 83 nm was used. TiO,, dispersed in 100 mL of methy-
lene blue at 10 ppm, was added to achieve a concentration of
0.05 g L. Thereafter, for the adsorption of TiO, particles and
methylene blue, the solution was stirred at 200 rpm for 30 min
in a dark room. The sample was irradiated with a Bio-Link
crosslinker (BLX; Vilber Lourmat, Colégien, France) at a UV
power of 5 x 8 watts, and a degradation experiment was con-
ducted by irradiating the sample with UV-A.

Ultrasonic degradation. The Bath-type sonicator, previously
a commercial equipment, was used in this study using a device
from MUJIGAE. The frequency range of the equipment is in the
40 kHz range and has a power output of approximately 100 W.
Similarly, the cuphorn-type sonicator is an existing commercial
device; in this study, Branson's equipment was used. Cuphorn
used a 3” Diameter Cup Horn for ultrasonication. The cell dis-
ruptors (No. 101-147-048) and power supply equipment used
were Branson's 550 equipment. The frequency range of the
equipment was 20 kHz, and the power was 110 W. In both
equipment experiments, tap water was used as the cooling
medium to regulate energy transfer and heat generation. The
experiment involved fixing the methylene blue sample to
prevent it from floating in a bath and cup horn containing tap
water, followed by operating the equipment to irradiate the
ultrasonic waves. During this process, ice was continuously
added to the cooling water to control the heat generation.
However, in both types of equipment, the area affected by the

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01665c

Open Access Article. Published on 15 April 2024. Downloaded on 4/21/2026 11:33:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

frequency was not constant, and the frequency wavelengths
offset each other, resulting in an energy imbalance. Addition-
ally, significant noise and difficulties in controlling heat
generation make it impractical for extended use.

To address this issue, this study introduced a focused
ultrasonication system (FS-R01K1; FUST Lab, Daejeon, South
Korea). Unlike the two pieces of equipment mentioned above,
this equipment can use a high-frequency ultrasonic range of
100 kHz or more. In this study, experiments were conducted in
three frequency regions (340, 400, and 700 kHz) and three
power conditions: 60, 100, and 150 W. As previously mentioned,
tap water was used as the cooling water to control the ultrasonic
transmission stores and heat generation. Ultrasonic waves are
transmitted from generators (NF, WF 1974) to cylindrical
piezoelectric ceramics attached to the focused ultrasonic waves
through amplifiers (NF, HAS 4014). In this case, the ultrasonic
energy was concentrated at the center through the cooling
water, creating a high-temperature and high-pressure state.
Consequently, strong and uniform energy is transmitted inside,
and the generation and collapse of cavitation bubbles are
repeated.*>*® When a cavitation bubble collapses, the intense
energy latent in the bubble is released outward, and the energy
physically and chemically affects the methylene blue molecule.
In the experiment, methylene blue samples were circulated
through the equipment at a rate of 5.0 mL min " using a pump
(LongerPump, WT600-1F) to irradiate ultrasonic waves, and
cooling water was also circulated at a rate of 10.0 mL min~*
using the same pump to control heat generation and transfer
ultrasonic energy to the sample.

UV-visible. After the experiment, absorbance was measured
using a UV-visible spectrophotometer (UV-180, Shimadzu, Kyoto,
Japan) to evaluate the degradation of methylene blue. The
absorption was measured between 800 and 500 nm, and plastic
cells unaffected by transmission were used in the corresponding
wavelength bands. The resolution was evaluated based on the
peak measured at approximately 665 nm, which is the absorption
wavelength band of methylene blue, and the peak shift
phenomenon caused by the oxidation of methylene blue was
considered during the advanced oxidation process. During the
measurement, samples were collected and measured at approx-
imately 2 mL, and in the case of a sample using TiO,, the
measurement was carried out after the TiO, was removed using
a cylinder filter. Degradation (%) was calculated using the
following equation, according to the concept that the absorbance

of the Beer-Lambert law is proportional to the concentration:*>>*

A‘)A* A) x 100

Degradation (absorbance)(%) = (
0

where 4, is the absorbance of undegraded methylene blue, and
A is the absorbance of degraded methylene blue. Degradation
(%) was calculated through the corresponding calculation
formula here.

Toxicity evaluation

Daphnia survival rate. The MB toxicity of methylene blue was
evaluated using a customized Waterfela-Tox Test Kit (Suncheon,
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Korea). Five milliliters of 2x ecotoxicity test medium (1 L
ultrapure water, 240 mg calcium sulfate dihydrate, 240 mg
magnesium sulfate, 16 mg potassium chloride, and 384 mg
sodium bicarbonate) were divided into 20 test tubes. A stock of
standard pollutants (potassium dichromate, K,Cr,0; 6, 3, 1.5,
0.75 mg L™') or measurement substances (methylene blue-
containing solution) was added to 5 mL each (final concentra-
tion of ecotoxicity test medium, 1x; final concentration of
potassium dichromate, 3, 1.5, 0.75, and 0.375 mg mL™"). Five D.
magna neonates (born within 24 h) were placed in each test
tube, and the tubes were carefully inverted several times for
mixing (each group comprised two tubes, including 10 D.
magna). After 24 h, the live D. magna cells in each test tube were
counted and compared. The experiment was repeated three
times, and statistical analysis was performed using a t-test.

Sample preparation. Five samples were evaluated for toxicity
at 10 ppm concentration of methylene blue; two samples
decomposed for 2 h and 3 h by UV + TiO,, and one sample of
methylene blue was treated for 2 h by focused sonication. The
Daphnia toxicity assessment was conducted in three repeated
experiments, and the criteria for toxicity assessment were
evaluated for the water flea survival rate over 24 h.

Genotoxicity

Chemicals and reagents. Distilled water (DW; Gibco, USA) was
used as the negative reagent. Six positive reagents were purchased
from Sigma-Aldrich (USA): sodium azide (SA), 2-nitrofluorene (2-
NF), 9-aminoacridine (9-AA), 4-nitroquinolone N-oxide (4NQO), 2-
aminoanthracene (2-AA), and benzo[a]pyrene (BP).

To prepare the metabolic activation system (S9; Molecular
Toxicology Inc., USA) mix, the Aroclor 1254-induced Sprague-
Dawley rat liver S9 metabolic activation system was mixed
with a cofactor (Wako Pure Chem. Ind. Ltd, Tokyo, Japan).*

Sample preparation. Five samples were evaluated for toxicity:
methylene blue at untreated 10 ppm and 20 ppm concentra-
tions, a sample decomposed by the UV + TiO, method for 1 h,
and a sample treated by the focused sonication method for 1 h.
All samples were prepared in 100 mL volume, and each sample
was repeatedly tested and evaluated twice.

In vitro bacterial reverse mutation test (Ames test). The Ames
test was carried out according to the OECD test guidelines 471,
which are based on the method of Maron and Ames with minor
modifications.*® Briefly, S. typhimurium strains TA98, TA100,
TA1535, and TA1537 and E. coli WP2uvrA (Molecular Toxicology,
Inc.) were used as tester strains in the presence or absence of 5%
v/v Aroclor 1254-induced rat liver S9 metabolic system (S9 mix).
Based on the dose-range test results, 10 and 20 ppm per plate
were selected as the maximum concentration for the Ames test of
MB (UV + TiO,) and MB (focused ultrasonication).

Results
Comparison of degradation methods

The Fig. 1a and c illustrates a comparison of degradation
percent and rate when methylene blue containing TiO, nano-
particles, which are photocatalytic particles, were degraded for
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Fig.1 Degradation (%) comparison according to degradation type; (a):
TiO, used; (b): TiO, not used. And degradation rate [—In(C/Co)]
comparison according to degradation type; (c): TiO, used; (d): TiO,
not used.

1 h based on the three types of ultrasonic equipment and the UV
irradiation degradation method. When TiO, was added in
methylene blue, approximately 79.5% of methylene blue was
degraded under UV irradiation. In the case of ultrasonic
equipment, bath-type equipment did not degrade methylene
blue, Cuphorn equipment degraded approximately 12.1%, and
focused ultrasonic equipment degraded 87.6%. Existing ultra-
sonic equipment showed a slightly lower methylene blue reso-
lution; however, in the case of focused ultrasonic waves, it was
confirmed that the degradation was better than that of the UV/
TiO, process.

Fig. 1b and d shows an experimental result that does not
contain TiO, particles, which are photocatalytic. When TiO, was
omitted, methylene blue showed minimal degradation under UV
irradiation and bath-type conditions. In the cup horn type,
degradation occurred in approximately 8.8% of cases, but the
degree was insignificant. However, in the case of focused ultra-
sound, approximately 85.6% of the dye and methylene blue were
degraded to a level slightly different from that in the presence of
TiO, particles. The results of the color degradation experiment
with the focused ultrasonic method were notably favorable. In the
case of the UV type, the degradation performance varied greatly
depending on the presence or absence of TiO,. For the cup horn
type, the degradation performance differed slightly depending on
the presence or absence of TiO,. For the bath type, the methylene
blue solution showed minimal degradation in either case without
a difference in the presence or absence of TiO,.

Therefore, in the degradation experiment of methylene blue,
according to the degradation method, the existing ultrasonic
equipment exhibited minimal degradation; however, in the case
of focused ultrasonic waves, it was confirmed that the resolu-
tion was outstanding, regardless of whether TiO, was used.

Effects of focused ultrasound conditions

Frequency condition. Fig. 2a and c displays the experimental
results of the degradation of methylene blue-containing TiO,
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particles for 1 h according to the frequency range of the focused
ultrasonication system. The conditions, other than the
frequency, were the same. After 1 h, the degradation of methy-
lene blue was approximately 20.3% at 340 kHz, 78.4% at 700
kHz, and 87.6% at 400 kHz. Methylene blue degradation was
more pronounced at 400 kHz than at other frequencies. At 700
kHz, the degradation was superior to that at 340 kHz, but the
resolution was approximately 10% different from that at 400
kHz. At 340 kHz, although TiO, particles were present, degra-
dation did not occur as well as in other frequency regions.

Fig. 2b and d presents the experimental results for the
methylene blue without TiO, particles. Other than those for
TiO,, the conditions were the same as before. Consequently,
340 kHz was degraded by 7.1%, 700 kHz by 18.9%, and 400 kHz
by 85.6%. Similar to TiO,, the highest degradation of methylene
blue was observed at 400 kHz. In the absence of TiO,, methylene
blue degradation was significantly enhanced at 400 kHz. In the
case of 340 kHz, the resolution was considerably lower, and in
the case of 700 kHz, the resolution was significantly lower than
in the previous results.

Therefore, regardless of the presence or absence of TiO, in
the focused ultrasound process, the 400 kHz frequency range
was optimal.

Power condition. Fig. 3a and c¢ shows the results of the
experiments with the degradation performance of methylene
blue in accordance with each power condition at a frequency of
400 kHz when TiO, particles are present. The results showed
that the resolutions were 41.6% at 150 W, 87.6% at 100 W, and
93.0% at 60 W. For 150 W, the largest power intensity, the
resolution was less than 50%, and the degradation was the
slowest. Both 60 and 100 W exhibited more than 80% resolu-
tion, with the optimal degradation at 60 W by a narrow margin.
Even at the highest power intensity of 150 W, the degradation
performance was the worst under the corresponding condi-
tions. However, at 60 and 100 W, even though the power was
lower than 150 W, the degradation performance of methylene
blue was notably high.
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Fig. 2 Degradation (%) comparison based on frequency; (a): TiO,
used; (b): TiO, not used. And degradation rate [—In(C/Co)] comparison
based on frequency; (c): TiO, used; (d): TiO, not used.
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Fig. 3 Degradation (%) comparison according to power; (a): TiO,
used; (b): TiO, not used. And degradation rate [—In(C/Cg)] comparison
according to power; (c): TiO, used; (d): TiO, not used.

Fig. 3b and d displays the experimental results when TiO, is
not present. Methylene blue showed 41.4% degradation
performance at 150 W, 67.9% at 60 W, and 85.6% at 100 W. In
the absence of TiO2, the highest resolution was achieved at
100 W, followed by 60 W, with an approximately 20% difference
between them. The resolution at 150 W was the lowest. Addi-
tionally, depending on the presence or absence of TiO,, the
degradation performance was similar at 100 and 150 W, but it
differed by approximately 20% at 60 W.

In summary, at a frequency of 400 kHz, the resolution at
100 W was excellent regardless of the presence or absence of
TiO,, and at 60 W, the resolution differed by approximately
25%, depending on the presence or absence of TiO,. In the case
of 150 W, with the highest power strength, the degradation
occurred at the slowest rate in all cases. Therefore, it was
confirmed that the optimal condition for decomposing methy-
lene blue is at a strength of 100 W in the frequency range of 400
kHz using the focused ultrasonication system.

Toxicity assessment
Ecotoxicology

Comparison of UV/TiO, and focused ultrasonication system
methods. The ecotoxicity of the degraded methylene blue was
evaluated for methylene blue degradation at a strength of 100 W
under 400 kHz conditions using a focused ultrasonication
system without TiO, and its degradation using UV/TiO, pho-
tocatalytic methods (Table 1). Additionally, toxicity evaluation
was conducted in a standard contaminated solution containing
K,Cr,0O; as a comparative experimental group.

Fig. 4 presents the experimental results for ecotoxicology. In
all repeated experiments, not all Daphnia survived for 24 h in
methylene blue at 10 ppm without degradation. In the first
experiment, only two Daphnia survived for 24 h when methy-
lene blue was degraded by the UV/TiO, method for 2 h.
However, seven Daphnia survived methylene blue degradation
for 2 h by focused ultrasound, and the survival rate was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Methylene blue sample information

Degradation
methods Degradation time (h)
Sample 1 X 0
Sample 2 UV/TiO, 2
Sample 3 Focused sonication 2
® ®

£~ Dead
7/l Live

Control 125 25 50 100
K,Cr,0, (%)

2200,

Control Sample 1 Sample 2 Sample 3

Fig. 4 Comparison of ecotoxicity when methylene blue is degraded
by UV/TiO, method and the focused ultrasonication method (treat-
ment after 24 h); (a) Daphnia toxicity of experimental solution
(repeated 3 times) (b) standard contaminated solution for comparison.

significantly higher than that of methylene blue degraded by
other methods.

In the second experiment, Daphnia survived when methy-
lene blue was degraded by the UV/TiO, method for 2 h, and nine
Daphnia survived when the focused ultrasonication system
degraded methylene blue. The survival rate in methylene blue
degraded by the UV/TiO, method was higher than that in the
first experiment. However, it did not reach the level of toxicity
removal of methylene blue degraded by the focused ultra-
sonication system.

In the third experiment, five Daphnia survived in methylene
blue degraded by the UV/TiO, method at 2 h, and eight Daphnia
survived in methylene blue degraded by focused ultrasonic
waves. Therefore, when comparing the two methods, the
survival rate of Daphnia in the methylene blue degraded by
focused ultrasound remained high.

In the experiment involving the standard solution, which
served as a comparative group, when the ratio of K,Cr,0, was
12.5, 25, 50, then 100, 7, 5, 2, and 0% water fleas survived,
respectively. Compared with previous experiments, methylene
blue, which has not been degraded, has a similar level of toxicity
when the concentration of the contaminated solution was
100%, and methylene blue, which has been degraded by UV/
TiO, has a similar level of toxicity when the concentration of the
contaminated solution is approximately 25-50%. The toxicity of
methylene blue degraded by the focused ultrasonication system
was lower than that of the 12.5% concentration of the
contaminated solution.

As aresult, compared to methylene blue degraded by the UV/
TiO, method, it was confirmed that toxicity was significantly
lower when degraded by focused ultrasonic waves during the
same degradation time. Therefore, the degradation method
using the focused ultrasonication system is useful in terms of
degradation and toxicity.

RSC Adv, 2024, 14, 1939-11948 | 11943
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To determine whether differences in methylene blue
decomposition by the UV/TiO, method or the focused ultra-
sound method affected ecotoxicity, we evaluated the acute
toxicity using Daphnia. To determine whether the experimental
conditions for the Daphnia toxicity kit were appropriate,
Daphnia were exposed to K,Cr,05, a toxic standard substance,
and their survival rates were determined. K,Cr,0O, induced the
death of Daphnia in a concentration-dependent manner, and
the IC50 value of K,Cr,O, was also obtained at 0.75 mg L,
similar to the value in the OECD guidelines (Fig. 5A). This
suggested that the conditions for assessing D. magna toxicity
were appropriate. Next, Daphnia were exposed to the decom-
posed methylene blue solution for 2 h using UV/TiO,, or focused
ultrasound (Fig. 5B). Although all Daphnia were killed when
exposed to a methylene blue solution without decomposition,
approximately 45% survived when exposed to a methylene blue
decomposition solution using the UV/TiO, method. Remark-
ably, 80% of the Daphnia survived when exposed to a methylene
blue decomposition solution using the focused ultrasound
method, suggesting that methylene blue was effectively
decomposed by the focused ultrasound method, lowering its
ecological toxicity.

Comparison of sonicated time of focused ultrasonication
system. The Based on the above experiments, when the focused
ultrasonication system conditions were the same, toxicity eval-
uation of Daphnia according to degradation time was con-
ducted. The result revealed that not all water fleas survived for
24 h in methylene blue that did not undergo degradation
(Fig. 6). However, most Daphnia survived 30 min of focused
ultrasonic degradation. Eight Daphnia survived at 30 and
60 min, and when the degradation time was more than 90 min,
all Daphnia survived for 24 h. Compared to the above standard
contaminated solution, the toxicity level was within 12.5% of
the contaminated solution concentration for up to 60 min. After
90 min of degradation, toxicity was not detected for the control
solution, indicating no harm to the Daphnia.

The outcomes of the ecotoxicity experiments demonstrate
that using focused ultrasound for degrading methylene blue is
an effective process for removing toxicity compared to other
degradation methods. Furthermore, as the degradation time
increases, the toxicity of methylene blue is completely
removed.

@) (b)

*<0.001 vs control
# <0.05 vs No degradation
1 <0.05 vs UV/TIO,

*<0.01 vs control
120+ " <0.001 vs control

o ™
S o

=3
k=3

% of Live D. magna
»
=)

% of Live D. magna
@
3

20
[

0 0375 0.75 15
K,Cr,0, (mg/mL)

Control ~ No
degradation

UVITIO, Focused
sonication

Fig. 5 Comparison of ecotoxicity when methylene blue is degraded
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solution.
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Fig. 6 Comparison of ecotoxicity according to treatment time when
methylene blue was treated with the focused ultrasonication system
with optimal conditions (treatment after 24 h).

Genotoxicity
In vitro bacterial reverse mutation test (Ames test)

The To evaluate the mutagenic potential, we subjected methy-
lene blue to a bacterial reverse mutation test with S. typhimu-
rium (TA98, TA100, TA1535, and TA1537) and E. coli WP2uvrA in
the presence and absence of the rat liver S9 system at concen-
trations up to 20 ppm per plate (Fig. 7A and B). The dose-finding
test revealed that, except for the S. typhimurium TA98 strain,
there was no significant increase in the number of revertant
colonies that met the positive criteria, regardless of the pres-
ence of the metabolic activation system. Furthermore, in the
case of S. typhimurium TA98 treated with the metabolic activa-
tion system, a concentration-dependent increase in the number
of revertant colonies was observed. Consequently, based on the
findings of the dose-finding test, two concentration groups (10
and 20 ppm) were selected to assess the effectiveness of the
methylene blue reverse mutation reduction method in the S.
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Fig. 7 In vitro bacterial reverse mutation test of methylene blue (MB).
The mean of revertant colonies without (a) and with S9 mix (b) in MB-
treated bacteria strains. (c) Comparison of mutagenicity detection of
degradation methods using Salmonella typhimurium TA98.
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typhimurium TA98 strain when the metabolic activation system
was applied.

In this experiment, an increase in the number of revertant
colonies was observed when methylene blue was applied in the
concentration groups of S. typhimurium TA98 strain with
a metabolic activation system. When two different toxicity
reduction methods (focused sonication and UV/TiO,) were
applied, the increase in revertant colonies in the UV/TiO,
treatment group, a conventional toxicity reduction method, was
similar to that observed in the methylene blue treatment group.
However, no increase in revertant colony count was observed in
the focused sonication treatment group, which is a novel
toxicity reduction method.

To measure the activity of the metabolic activation system,
positive control substances 2-NF and BP, which require meta-
bolic activation, were used. In the case of S. typhimurium TA98,
significant mutagenicity was confirmed when a metabolic acti-
vation system was applied. The revertant colony count in the
negative control group fell within the range of the historical
control data, whereas in all positive control groups, the rever-
tant colony count showed a significant increase (at least two-
fold higher) compared to the negative control group.®® This
indicated that the test was performed appropriately and sup-
ported the validity of the results.

Discussion
Comparison of degradation methods

The methods adopted for the degradation of methylene blue in
the experiment were the UV light and the ultrasonic degrada-
tion method. The ultrasonic equipment used were bath, cup
horn type, and a new focused ultrasonication system. The
experiment results demonstrated that regardless of the pres-
ence or absence of TiO, particles (which are photocatalytic), the
focused ultrasonication method was superior to other methods.
Additionally, the UV irradiation method showed a significant
difference in resolution based on the presence or absence of
TiO, particles, whereas the other existing ultrasonic devices did
not achieve sufficient degradation. Consequently, we confirmed
that the focused ultrasonication system is an excellent instru-
ment for degrading methylene blue.

Comparison of conditions of the focused ultrasonication
system

Based on the initial results, an experiment was conducted to
determine the optimal conditions for focused ultrasonication in
the degradation of methylene blue. In this experiment, the
variables considered were ultrasonic frequency and power.
Among the various conditions tested, the best degradation
occurred at 400 kHz frequency with 100 W power, regardless of
TiO,. Therefore, it was established that the optimal conditions
for focusing ultrasound on degraded methylene blue were 400
kHz frequency and 100 W power. The discussion on chemical
effects is ongoing, but this study's findings are supported by
research indicating superior chemical effects typically within
the range of 300-500 kHz.>*
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Ecotoxicity

Based on the degradation experiment, we compared the eco-
toxicity of methylene blue degradation using the UV/TiO,
method and the optimal conditions for the focused ultrasonic
method. The result of the toxicity evaluation showed that, for
the same degradation time, the survival rate of Daphnia was
better under focused ultrasonication conditions. Additionally,
the longer the degradation time through focused ultra-
sonication, the higher the survival rate of Daphnia, and after
a specific time, all Daphnia survived. Therefore, toxicity was
removed when methylene blue was degraded under the optimal
conditions of the focused ultrasonication system.

Genotoxicity

The in addition to ecotoxicity, the genotoxicity when methylene
blue was degraded using the UV/TiO, method and the optimal
conditions for focused ultrasonication were compared. Geno-
toxicity was evaluated for the five strains, and significant results
were obtained for TA98. Consistent with the findings in the
ecotoxicity experiment, the methylene blue degraded by the UV/
TiO, method showed genotoxicity, while the one degraded by
the focused ultrasonication system did not show genotoxicity.
Consequently, when methylene blue is degraded under the
optimal conditions of focused ultrasound, its toxicity may be
eliminated.

Conclusions

The In this study, we investigated the optimal degradation
method of methylene blue, a representative non-degradable
organic dye found in dye wastewater that is toxic and
adversely affects aquatic environments. Among the various
methods for methylene blue degradation, an optimal method is
the advanced oxidation, which uses the physical and chemical
effects of the cavitation phenomenon generated through ultra-
sonic waves. Therefore, a focused ultrasound system capable of
maximizing this effect was used in this study. The degradation
experiment compared various methods, such as photocatalysts
and conventional commercial ultrasonic equipment. Among
these, focused ultrasonic waves proved most effective in
degrading methylene blue. Notably, among the various condi-
tions of focused ultrasound, when the frequency of 400 kHz and
the intensity of 100 W are satisfied, focused ultrasound
degrades approximately 85.6% of methylene blue in 1 h, even in
the absence of TiO,, a photocatalytic particle. Therefore, it was
found that the degradation method using focused ultrasound is
more efficient than other methods, and the optimal conditions
for methylene blue degradation are a frequency of 400 kHz and
a power of 100.

Furthermore, the potential residual toxicity in the degraded
methylene blue was evaluated. The result of the toxicity evalu-
ation showed that when degraded for the same duration,
methylene blue degraded by focused ultrasound showed little
ecotoxicity and genotoxicity, converse to methylene blue
degraded by photocatalyst. Regarding ecotoxicity, all Daphnia
survived for 24 h from 90 min after the focused ultrasonication

RSC Adv, 2024, 14, 1939-11948 | 11945
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degradation time. Genotoxicity was also absent when methylene
blue was degraded for 1 h by the photocatalytic reaction for the
same duration as focused ultrasound, compared to the TA98
strain. The findings of the toxicity evaluation confirmed that
methylene blue degraded by focused ultrasound can remove
ecotoxicity and genotoxicity that may affect the aquatic envi-
ronment. Therefore, it is also a very useful instrument for
mitigating toxicity.

In summary, this study reveals a useful AOP system that can
remove toxicity along with optimal degradation methods and
conditions for methylene blue. Additionally, it provides infor-
mation on new water treatment technologies. Based on the
findings of this study, we intend to further explore the degra-
dation methods for various non-degradable materials,
including dyes such as methylene blue. This study further
suggests approaches to eliminate toxic substances affecting the
aquatic environment, significantly reducing water pollution
worldwide.
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