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Advanced oxidation processes (AOPs) involve the generation of highly reactive hydroxyl radicals and can
efficiently treat refractory organic compounds in wastewater. Photocatalytic AOPs use photocatalysts that utilize
light. The performance of photocatalytic reactions can be limited by the surface area of the catalyst and mass
transfer of the contaminants. Sonophotocatalytic processes that involve the combination of sonocatalysis and
photocatalysis have been studied for improved pollutant removal. To further improve the process, a
sonophotocatalytic process that utilizes the mist particles that are generated via ultrasound is proposed. Some
of the features of the mist include its increased surface area and shorter light penetration distance. Using TiO2 as
the photocatalyst and phenol as the representative organic contaminant, the effect of the mist particles on the
sonophotocatalytic process was assessed. The results of the experiment demonstrated that the generation of
mist particles increased the apparent rate of the removal of phenol by 31.3 %. Additionally, the properties of the
TiO2 catalyst after ultrasound and UV irradiation were investigated. In the future designs of sonophotocatalytic
processes, the mist particles may be utilized to improve the removal of refractory organics.

1. Introduction
Water scarcity from global population and economic growth is an urgent issue (Boretti and Rosa, 2019).
Technologies such as desalination and the reuse of treated water may reduce water scarcity (van Vliet et al.,
2021). The demanded water quality and the generated wastewater depend on the sector (i.e. municipal,
industrial, and agricultural) and the usage of the water within the sector. This study focuses on the treatment of
industrial wastewater since it contains organic compounds that are resistant to conventional biological treatment
(Oller et al., 2011). To treat those organic compounds, advanced oxidation processes (AOPs) have been studied
and implemented. AOPs are processes that involve the generation of highly reactive hydroxyl radicals (Glaze
et al., 1987). Hydroxyl radicals can be generated by chemical, photochemical, Sonochemical, and
electrochemical reactions (Oturan and Aaron, 2014). Photocatalytic AOPs use photocatalysts for the generation
of hydroxyl radicals. TiO2 is a catalyst that is used often used as a photocatalyst since it is chemically stable,
durable, low-cost, and non-toxic (Nakata and Fujishima, 2012). The performance of photocatalysts to degrade
organic pollutants in water is limited by mass transfer and the amount of UV irradiation on the catalyst surface.
Hybrid processes such as the photocatalytic circulating-bed biofilm reactor which involve photocatalytic and
biological degradation (Marsolek et al., 2008), and photocatalytic membranes that involve photocatalytic
reactions and membrane separation process (Zhang et al., 2006). The sonophotocatalytic process involves the
simultaneous irradiation of ultrasound (US) and UV in the presence of a catalyst. Some advantages of the
sonophotocatalytic process include cleaning of the catalyst surface, improved mass transfer (van de Moortel et
al., 2020), and the generation of free radicals by sonolysis and sonocatalysis (Kakavandi et al., 2019).
To further improve pollutant removal with the sonophotocatalytic process, the utilization of atomization mist
generated by US irradiation has been considered. Rahimi et al. (2016) investigated the sonophotocatalytic
removal of ammonia with atomization mist produced by high-frequency US of 1.7 MHz. Itoh and Kojima (2019)
evaluated the synergistic effect of the sonophotocatalysis with atomization mist by US irradiation of 500 kHz on
the oxidation of potassium iodide. Li et al. (2020) studied the degradation of 2,4,6-trichlorophenol with
photocatalysts and atomization mist, and the comparison of the sonophotocatalysis with and without the mist
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was not made. Ono et al. (2020) studied the degradation of aldehydes using US atomization and UV irradiation
without the use of a photocatalyst. The authors have investigated the sonophotocatalytic removal of phenol with
atomization mist and compared its performance with photocatalysis (Kato et al., 2021). To the best of knowledge,
the comparison of the sonophotocatalytic process with and without US atomization mist has not been made,
and the effect of US and UV irradiation on the TiO2 photocatalyst has not been studied.
In this study, the improvement of phenol removal in the sonophotocatalytic process by the presence of US
atomization mist was investigated. Additionally, the change in the crystal composition, thermal properties, and
UV-vis absorbance characteristics of the TiO2 catalyst before and after US and UV irradiation was analyzed.
The amount of mist generation by the US unit was measured to assess the potential to utilize mist.

2. Experimental
2.1 Chemicals
Phenol (99 %, Fujifilm Wako Pure Chemical Corporation) was used as the representative organic compound
and Aeroxide P25 TiO2 (Brunauer-Emmett-Teller specific surface area = 53 m2/g, Nippon Aerosil Co., Ltd.) was
selected as the photocatalysts in the experiments. These reagents were used without further purification or
treatment. Ultrapure water (resistivity = 18.2 MΩ·cm) generated using an ultrapure water generation unit
(Simplicity UV, Merck) was used as the dilutant.
2.2 Comparison of the sonophotocatalytic process with and without mist generation
The sonophotocatalytic reactor that was used is described in earlier studies by the authors (Kato et al., 2021).
The UV lamp (4 W, LUV-4, AS ONE Corporation) has a main wavelength of 365 nm. The frequency and power
of the US atomization unit (IM1-24, Seiko Giken Inc.) are 1.6-1.7 MHz and about 21.6 W respectively. The
vessel was filled with 300 mL of 50 mg/L phenol solution with a TiO2 dosage of 1 g/L. For the adsorption of
phenol onto the catalyst, the solution after adding TiO2 was agitated with a magnetic stirrer at 500 rpm for 1 min,
sonicated in a US bath for 30 s, and agitated again for 1 h. To assess the improvement by the mist generation,
experiments were conducted with the reactor under the condition that mist is generated and the condition that
no mist is generated. For the case when the mist was not generated, the vessel was filled with glass beads
(diameter of about 1.24 cm) which have a total volume of 131 cm3.
3 mL samples were taken with a syringe and filtered using polyethersulfone (PES) membrane syringe filters
(pore size = 0.1 µm). The absorbance of the sample was measured using a UV-vis spectrophotometer (UV2600i, Shimadzu Corporation). Phenol removal was calculated by the following equation (Kato et al., 2021):
𝑃ℎ𝑒𝑛𝑜𝑙 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (%) =

𝐶0 − 𝐶𝑡
× 100
𝐶0

(1)

where 𝐶0 and 𝐶𝑡 are the phenol concentration (mg/L) initially and at time 𝑡 respectively.
2.3 Measurement of the amount of mist generation
The amount of the mist was measured using the setup shown in Figure 1. The length, width, and height of the
vessel used are 17.3 cm, 17.3 cm, and 15.3 cm. The US atomization unit was placed inside the vessel. Then,
the vessel was filled with water so that the height of the liquid was 5.5 cm which is the height used in the earlier
experiments (Kato et al., 2021). The vessel was placed on top of a scale inside of a fume hood. Air at room
temperature was blown with a compressor on the generated mist to remove the mist from the vessel. The US
atomization unit was turned on for 1 min and turned off to observe the mass difference by using the reading
from the scale.
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Figure 1: The experimental setup used to measure the mist generation amount by the US atomization unit
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2.4 Characterization of the catalyst
The TiO2 catalyst before and after US and UV irradiation were analyzed. The TiO2 catalyst was filtered from the
mixture by filtration with a filter paper and drying. The crystal properties of the catalyst were observed using an
X-ray diffraction (XRD) analyzer (MiniFlex600, Rigaku Corporation) with a monochromatic CuK𝛼 radiation
source. The UV-vis spectrum of the TiO2 catalyst was measured using a UV-vis spectrophotometer equipped
with an integrating sphere (ISR-2600PLUS, Shimadzu Corporation) to quantify the change in the absorbance
wavelength of the catalyst after US and UV irradiation. BaSO4 (NACALAI TESQUE, INC.) was used as the
reference for the baseline. The thermal behavior of the catalyst was observed using a thermogravimetric and
differential thermal analyzer (TG-DTA8122, Rigaku Corporation) with air from 25 to 1,000 °C with a heating rate
of 5.0 °C/min.

3. Results and discussion
3.1 Amount of mist generation
In the current experimental setup for sonophotocatalytic degradation, the mist is contained in the space above
the surface of the liquid bulk in the beaker. The amount of mist is saturated since the mist clump together and
fall into the liquid bulk again. Increasing the quantity of mist is expected to increase pollutant removal since it
can improve photocatalytic degradation (Li et al., 2020). The mist generation was measured (Figure 2) to
evaluate the potential amount of mist that can be utilized for the photocatalytic reaction. The average amount of
mist generated was 4.1 g/min in the 10 trials. To improve the process in the future, the mist may be utilized more
by increasing the quantity of the mist by optimizing the liquid level in the vessel, by increasing the floating
duration of the mist by using a larger vessel, and by transporting the mist to another vessel.

Figure 2: The amount of mist generated from the US atomization unit
3.2 Sonophotocatalysis with mist versus without mist
Figure 3 shows the comparison of the sonophotocatalytic process with and without mist generation. After 180
min, the phenol removal with mist and without mist was 14.3 % and 11.1 % respectively. The apparent rate of
phenol removal can be calculated by assuming a Langmuir-Hinshelwood pseudo-first-order model for low
concentrations of phenol (Darabdhara et al., 2016) with the following equation:
ln(𝐶0 /𝐶𝑡 ) = 𝑘𝑎 𝑡

(2)

where 𝑘𝑎 is the apparent rate constant (min-1) and 𝐶0 and 𝐶𝑡 are the phenol concentrations (mg/L) initially and
at time 𝑡 (min). The apparent rate constant 𝑘𝑎 is calculated by linear regression using Eq(2).
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Figure 3: Comparison of the sonophotocatalytic process with and without mist generation
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For sonophotocatalysis with no mist and with mist, the apparent rate constant 𝑘𝑎 was 6.36×104 min-1 (R2 =
0.987) and 8.35×104 min-1 (R2 = 0.986) respectively. The apparent rate increases by 31.3 % with the presence
of mist under the current experimental conditions.
The presence of the US atomization mist may improve the reaction by the presence of TiO2 in the mist (Kato et
al., 2021) which allows photocatalytic reactions to occur with the mist (Rahimi et al., 2016). The advantages of
the mist include improved UV utilization due to the larger surface area of the mist (Itoh and Kojima, 2019), the
shorter distance of light penetration, and improved mass transfer. With higher TiO2 dosages, the UV intensity
decreases rapidly as the distance from the light source increases (van de Moortel et al., 2020). With the small
size of the atomization mist, UV light can be transmitted and utilized by the catalyst more easily.
3.3 Properties of the catalyst before and after US and UV irradiation
To investigate the effect of US and UV irradiation on the TiO2 catalyst, the XRD pattern was analyzed. The XRD
pattern of the anatase and rutile phase of the TiO2 was obtained from the Crystallography Open Database (COD)
which is an open-access database that provides structural data (Gražulis et al., 2 9). Figure 4 shows the XRD
pattern of the TiO2 P25 catalyst before and after the US and UV irradiation from the experiments where the
anatase (COD ID: 5000223, (Horn et al., 1972)) and rutile (COD ID: 9015662, (Howard et al., 1991)) diffraction
peaks are shown. The position of the peaks remains the same before and after US and UV irradiation, indicating
that anatase and rutile Quantitative analysis of the crystal structure of the TiO2 catalyst was performed using
SmartLab Studio II (Rigaku Corporation) software with the reference intensity ratio (RIR) method. Before US
and UV irradiation, the weight fraction of the anatase and rutile phases were 88.20±0.19 % and 11.80±0.19 %
respectively. After US and UV irradiation, the weight fraction of the anatase and rutile phases were 88.11±0.09 %
and 11.89±0.19 % respectively. Thus, there was little to no change in the weight fraction of the crystal structure
indicating that the anatase and rutile crystals of the TiO2 P25 catalyst are stable under US and UV irradiation.

Figure 4: XRD pattern before and after US and UV irradiation

Figure 5: UV-vis spectrum of the TiO2 P25 before and after US and UV irradiation
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The filtered and dried catalyst after US and UV irradiation appeared to be a gray color compared to the initial
white color of the catalyst. The UV-vis spectrum of the TiO2 P25 catalyst is shown in Figure 5. The TiO2 catalyst
after US and UV irradiation absorbs light in the visible region and the UV region. The reason for the gray color
could be due to the formation of oxygen vacancies from Ti 3+ (Bi et al., 2021). This phenomenon can also occur
with the addition of hydrogen via ultrasonication (Fan et al., 2015).
The TG-DTA profile of the TiO2 catalyst is shown in Figure 6 for the analysis of the thermal properties of the
catalyst before and after US and UV irradiation. In both cases, the mass loss is observed from room temperature
to around 150 °C due to the evaporation of water adsorbed by the catalyst. There is also a mass loss for both
from 150 °C to about 500 °C due to the loss of the strongly bound water and hydroxyls (Nagaveni et al., 2004).
Additionally, the crystalline phase transition from anatase to rutile occurs in both cases starting at around 600 °C
and peaking at around 840 °C. For the catalyst after US and UV irradiation, the mass increases very gradually
from around 500 °C. This is likely due to the addition of oxygen to the oxygen vacancies of the TiO2 catalyst
formed after US and UV irradiation.

Figure 6: TG-DTA of the TiO2 catalyst before and after US and UV irradiation
The results of the XRD analysis and the UV-vis absorption spectrum suggest that the TiO2 catalyst crystal
composition is stable under US and UV irradiation, but the absorbance of visible and UV light increases. From
the thermal analysis, the crystalline phase transition was observed due to the high temperature. US irradiation
can cause high local temperatures and pressure due to acoustic cavitation (Suslick, 1990). The XRD and
thermal analysis results suggest that the TiO2 catalyst crystal composition is stable even with cavitation.

4. Conclusions
In this study, the removal of phenol with the sonophotocatalysis with and without US atomization mist was
compared. The results support that the proposed process with the presence of mist is effective and improves
the sonophotocatalytic treatment of organic pollutants. With the presence of mist, the apparent rate increased
by 31.3 %. The mist can be utilized further since 4.1 g/min on average can be generated by the US atomization
unit. The TiO2 catalyst was analyzed before and after US and UV irradiation. While high temperature can cause
crystalline phase transition from the TG-DTA results, the X-ray diffraction results indicate little to no change in
the crystal structure composition of the catalyst despite cavitation from US irradiation. The UV-vis absorption
spectra show that UV and visible light absorption of the catalyst increases after US and UV irradiation.
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