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ARTICLE INFO ABSTRACT

Keywords: Photocatalytic ozonation, which combines the effects of lighting and ozonation, has been shown
Cold plasma to enhance the decolorization and degradation of organic pollutants in wastewater. Dye solutions
Nanoparticles

with concentrations of 10 ppm for both methylene blue and methyl orange dyes were used. The

8;30:‘;120‘15'85 influence of ozoneation on the performance of photocatalytic activity of TiO, and ZnO nano-
Photocatalysts particles for the removal of organic dyes from aqueous solutions was investigated. To evaluate
Pollutants their efficacy for the removal of methylene blue and methyl orange dyes from aqueous solutions,

Wastewater the photocatalysts were exposed to UV light for 90 min, with ozone supplied either intermittently
or continuously by an SDBD cold plasma reactor. The photocatalysts utilized in this study were
characterized using SEM and XRD techniques. The degree of color degradation was determined
using UV-Vis spectroscopy. The results demonstrate that TiO; and ZnO nanoparticles exhibit
different degrees of photocatalytic activity for the two dyes. The addition of ozone was found to
enhance both the color degradation and mineralization rates of the pollutants, with intermittent
ozonation proving more effective than continuous ozonation. The most significant color degra-
dation results were obtained using TiOz nanoparticles with intermittent ozonation for methylene
blue dye (97 %) and ZnO nanoparticles with intermittent ozonation for methyl orange dye (40 %).
Overall, this study provides evidence that photocatalytic ozonation represents a promising
technique for water treatment.

1. Introduction

Water pollution is a global issue that affects human health and the environment. One of the leading causes of water pollution is the
presence of organic compounds from various industries, such as pharmaceuticals, cosmetics, and dyes. These compounds are often
toxic, persistent, and resistant to conventional wastewater treatment methods. Therefore, there is a need to develop new techniques
that can effectively and sustainably remove these compounds from wastewater [1-3].

Various methods are used for wastewater treatment, including Fenton’s chemical oxidation, electrochemical decomposition, cation
exchange membranes, filtration, nanofiltration [4], coagulation, reverse osmosis, chemical separation of pollutants, surface adsorption
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Table 1
Synergy of ozone and photocatalyst for wastewater treatment.

pollutant Time(min) Photocatalyst/Catalyst Ozone rate Removal (%) Reference

Basic Yellow 87 240 Zr0,/Al,03/Zn0O/Cu 0.5 (I/min) 99 [29]

Total organic carbon(TOC) 30

Chemical Oxygen Demand 59

Terfetalic Acid 3.66 MnFe,0,4/Willemite 2.17 (mg/h) 98.3 [30]

salicylic acid 60 ZnO/TiO, 30 (ml/min) 64.4 [26]

Paraben 20 Zn0O 1.1 (g/h) 100 [31]

Textile dyeing wastewater 480 Cu/ZnO 0.44 (g/h) 95.4 [32]

TOC 80

Chemical Oxygen Demand 95

Phenol 60 Zn0O 50 (ml/min) 86 [33]

TOC 10

Phenol 60 Ag/Zn0O 50 (ml/min) 100 [33]

TOC 52

Textile dyeing wastewater 30 ZnO/Cu 0.48 (g/h) 98 [34]

MB(without aeration) 45 TiOy 200 (bubble/min) 96 This work

MB(with aeration) 20 TiO, 200 (bubble/min) 79 This work
45 98

on activated carbon, biological purification, and photocatalyst [5]. However, these methods aren’t always efficient and have disad-
vantages such as high cost and high energy consumption. They also don’t eliminate pollutants and cause their transfer from one phase
to another, which requires further purification; complementary techniques must be used to achieve extraordinary results. One of the
new methods is advanced oxidation processes (AOPs), which use highly reactive species such as hydroxyl radicals (OH), superoxide
(03), ozonide (03), and electron-hole pairs to break down the organic compounds into harmless substances or carbon dioxide and
water [6-8]. Since combined techniques generally aim to treat all possible contaminants, AOPs are the best choice due to their efficient
and non-selective performance. Almost all organic pollutants can be easily degraded using advanced oxidation processes, even when
they are difficult to degrade by conventional methods. Heterogeneous photocatalysts, radiation-induced degradation, ozonation,
sonolysis, and Fenton process are AOP techniques that are often used for pollutant oxidation [9,10].

Two of the most widely used AOPs are ozonation and photocatalysis [11-13]. Ozonation uses ozone molecules to oxidize organic
compounds directly or indirectly. Photocatalysis uses a semiconductor material (such as ZnO or TiO3) that produces electron-hole pairs
when exposed to light [14-20]. These electron-hole pairs can then react with water or oxygen to generate OH radicals or other species
that can oxidize the organic compounds [21,22].

Both ozonation and photocatalysis have advantages and disadvantages. Ozonation has a high oxidation potential and can degrade
many organic compounds [23-25]. Still, it also has a high production cost, low solubility and stability in water, a selective reaction at
acidic pH, and incomplete mineralization of some compounds. Photocatalysis has a low production cost, high stability in water, a
non-selective reaction at any pH, and a complete mineralization of some compounds. Still, it also has a slow reaction rate, a charge
recombination problem, a poor mass transfer of fixed catalysts, and a limited light absorption range. To solve these problems,
ozonation and photocatalysis can be combined to form a synergistic process called photocatalytic ozonation. This process can increase
oxidation efficiency and reduce ozone consumption by improving the generation of OH radicals [26-28].

Many studies on wastewater treatment are using advanced oxidation methods, especially photocatalytic and ozonation methods. In
the following, we study some of the works done on the synergistic effect of these two technologies in destroying pollutants. Table 1
shows the results of recent research on the synergy of ozonation and photocatalyst. From the analysis of these data and the comparison
of the results of this research, it can be seen that adding air to the photocatalytic setup during ozonation increases the rate of pollutant
degradation.

So that there isn’t a need to modify TiO, nanoparticles and preparation before the process, and only by adding air to the solution,
wastewater treatment is improved.

Recently, studies have been conducted on the effectiveness of ozonation on wastewater treatment, and the effectiveness of this
method was investigated along with other advanced oxidation processes. The results showed that the combination of ozone and
photocatalyst gave better results than the combined O3/UV, O3/H04, Os/catalyst, and ozonation and photocatalyst processes alone
[26,35].

98 % removal of terephthalic acid was observed by UV/MnFe;04/Willemite in 3.66 min [30,36]. Also, salicylic acid was degraded
by 64.4 % by 7 at% Zn-TiO, photocatalyst after 60 min [31]. The dyeing effluent was degraded by Cu-ZnO photocatalyst to the extent
of 95.4 % after 480 min [34,32] and we see 100 % removal of phenol by Ag/ZnO after 60 min [33].

It should be noted that the results of Table 1 are for different intensities of radiation and different rates of ozone and different
photocatalysts, also the concentrations of the solvents and the chemical formula of the solvents are different, but studies show that the
synergy of the two advanced oxidation methods of ozonation and photocatalyst improves the photocatalytic activity in wastewater
treatment.

However, to improve the efficiency of wastewater treatment and according to different ozonation methods, in this work, we also
investigated two modes of continuous ozonation during the reaction time and intermittent ozonation at certain times. In this work, we
propose to add aeration to the ozonation and photocatalyst processes to increase the speed of the pollutant decomposition reaction and
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show that adding air to this process can be a suitable alternative for various methods to improve the efficiency of the photocatalyst
(including nanoparticle doping, nano synthesis composite, pre-reaction treatment, etc.). The results showed that aeration can give
more dye degradation efficiency in less time. Improvement of photocatalytic ozonation for dye degradation by adding air hasn’t been
investigated so far.

One of the critical factors in photocatalytic activity is the choice of the appropriate photocatalyst, so we will continue to examine
the photocatalysts used in wastewater treatment. Several photocatalytic materials are used in wastewater treatment, including metal
oxides, perovskite oxides, vanadates, tungstates, transition metal sulfides, graphite carbon nitride, transition metals, and nano-
composites. Among these, metal nano oxides are the most common semiconducting photocatalysts due to their significant specific
surface area, broad solar spectrum absorption, chemical stability, non-toxicity, abundance, and cheapness. Recent research has
introduced various inorganic semiconductor nanomaterials, including ZnO, ZnS, Woy, CdS, SiO,, TiO,, FexOs, Aly03, and ZrO; as
efficient photocatalysts [37]. The most commonly used photocatalysts are ZnO and TiO,, which are non-toxic, cheap, and photo-
chemically stable, and are commercially available in different crystalline forms and particle properties. In the following, we will
examine some features of ZnO and TiOs.

TiO3 is a semiconductor that is very common due to its chemical stability, non-toxicity, cheapness, optical properties, abundance,
and many applications. It is known with three different crystal phases: anatase, rutile, and brookite. It exhibits good photocatalytic
properties under ultraviolet light irradiation and has high photocatalytic activity in the anatase phase. TiO; is a semiconductor with a
large band gap. Its anatase structure has an indirect band gap equal to 2.3 eV with an absorption edge at 387.5 nm, which, according to
this absorption wavelength, is clear that this material has optical absorption only in the ultraviolet region (100-400 nm). Rutile has a
straight and smaller band gap than anatase and is equal to 3.05 eV. The absorption edge of TiOs in the rutile phase is 406.5 nm and has
absorption in the visible region (400-700 nm). Brookite, with a band gap of 2.96 eV, can absorb wavelengths in the visible area.
Anatase-type TiO; has a high photocatalytic activity for decomposing various environmental pollutants in gas and liquid phases [18].

The critical reasons for the widespread use of TiO2 in photocatalytic processes are 1. High light absorption power, 2. Relatively low
synthesis price, 3. Structural features include an indirect band gap (in the anatase phase), 4. Physical and chemical stability under
reaction conditions (stability against optical corrosion), 5. Non-toxicity, 6. The high oxidation power of the holes is produced with the
help of photons [16,38,39].

ZnO has three primary crystal forms including hexagonal wurtzite, cubic zinc blende, and cubic rocksalt. Wurtzite structure is more
stable and familiar in environmental conditions. ZnO has a wide band gap of about 3.3 eV. As a photocatalyst, ZnO has essential
advantages such as low price and high photocatalytic activity. The most significant advantage of ZnO is that it absorbs a more sig-
nificant part of the UV spectrum than TiO». The optical stability of ZnO is lower compared to TiO,, also due to the direct band gap of
this semiconductor, it is expected that the rate of electron-hole recombination in it is higher than that of TiO3 and this is the main
reason for the broader use of TiO, than ZnO in environmental processes and wastewater purification [19,20].

Some semiconductor materials create a synergistic effect between photocatalyst and ozonation to greatly improve the oxidation
efficiency of organic pollutants. TiO» is a widely used photocatalyst for photocatalytic ozonation of organic materials due to its unique
properties such as easy fabrication, low cost, non-toxicity, high chemical stability, high stability, and good photoreactivity, strong
oxidation power [40]. Therefore, in this article, we use TiO5 and ZnO as photocatalysts and industrial dyes as the target pollutants,
which we will learn about later.

One of the main factors of wastewater pollution is dyes used in various textile, leather, plastic, paper, concrete, pharmaceutical and
cosmetic, food, and medical industries. These dyes usually contain toxic compounds and harm the health of humans, aquatic animals,
and the environment. Methylene blue (MB) is a cationic dye typically used to dye silk, wool, and cotton. Methyl orange (MO) is an
anionic dye from the azo dye category, which is widely used in the dyeing industry and is very toxic, carcinogenic, and harmful to the
environment and organisms. Therefore, it is necessary to remove these dyes from the wastewater that enters nature. For this reason, in
this work, the degradation of MO and MB dyes as industrial wastewater pollutants has been investigated [41-43].

This study aims to evaluate the performance of photocatalytic ozonation as a means of wastewater treatment, focusing on the
degradation efficiency of two model organic pollutants, MB and MO, derived from different industrial sources. The study employs ZnO
and TiO3 nanoparticles as photocatalysts and utilizes UV radiation from a mercury lamp to activate photocatalysis. Additionally, ozone
is generated from the air using a plasma reactor based on cold plasma technology. The degradation efficiency of the dyes is compared
under different experimental conditions, including ozonation mode (continuous or intermittent), aeration, and photocatalyst type.
Finally, a proposed mechanism of photocatalytic ozonation is presented based on study results. This paper is structured as follows:
Section 2 provides a comprehensive description of the materials and methods employed in the study; Section 3 presents the results and
discussion in detail; Section 4 summarizes the main conclusions drawn from the study and provides recommendations for future
research.

2. Experimental
2.1. Materials

All the Chemicals used in this work were analytical grade reagents and used without further purification. Deionized water was used
to prepare all solutions. The cationic dye methylene blue (MB) (CI No. 52015, CAS 61-73-4) with the chemical formula C;6H;3CIN3S
and molecular weight of 319.85 g/mol and the anionic dye methyl orange (MO) (CI No. 13025, CAS 547-58-0) with the chemical
formula C;4H;4N3NaO3S and molecular weight of 327.34 g/mol, were used as model pollutants in this study. Titanium dioxide (TiO3)
nanoparticles(CAS 1317-70-7) with an anatase crystal phase and a particle size of 30-50 nm and molecular weight of 79.87 g/mol and
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Fig. 1. Schematic diagram of photocatalytic and ozonation reactor for dye degradation.

zinc oxide (ZnO) nanoparticles(CAS 1314-13-2) with a particle size of less than 70 nm and molecular weight of 81.39 g/mol, were used
as photocatalysts [44,45].

2.2. Preparation

To evaluate the photocatalytic activity, 50 ml of dye solutions with a concentration of 10 ppm were mixed with 0.05 g of the
photocatalyst. The mixture was in the dark on a shaker for 25 min to reach the adsorption-desorption equilibrium. To prevent light
absorption, the container holding the solution and the photocatalyst was wholly wrapped with aluminum foil. Then, each sample was
exposed to a mercury lamp for 90 min. The solutions were sampled at 0, 20, 45, and 90 min after light exposure. All samples were
stored in the dark and then analyzed by UV/Vis spectroscopy to measure their absorption spectra.

2.3. Characterization

X-ray diffraction (XRD) pattern was used to confirm the crystal structure of the samples in the range of 26 = 5-80°. XRD analysis
was performed on a D Jeoljdx-8030 X-ray powder diffractometer with Cu Ka (4 = 0.15406 nm) radiation (40 kV, 30 mA). Scanning
electron microscopy (SEM) was employed to investigate the microstructure, morphology, and particle distribution of the samples.
Ultraviolet-visible spectroscopy was performed on all the samples and the changes in dye concentration and degradation efficiency
were calculated from the UV-Vis spectra of the samples. Spectrophotometrically using a double-beam UV-Vis spectrometer (Shi-
madzuUV-1700) at room temperature in 200-800 nm [46].

2.4. Ogzone generator

Dielectric barrier discharge (DBD) is one of the common sources of cold plasma ozone generators [47]. In DBD plasma, two
electrodes separated by a dielectric material are subjected to a very high voltage. This creates a high potential difference that ac-
celerates the electrons from the cathode to the anode. The electrons collide with gas molecules and cause them to be excited and
ionized. This leads to the optical breakdown of the gas, which becomes a quasi-neutral medium with charged particles, ions, and
neutral atoms. When the excited atoms return to a stable state, they emit ultraviolet rays. The collision of energetic electrons with
molecules also generates free radicals, reactive oxygen species, nitrogen oxides, etc [48,49]. These free radicals and active molecules
have strong oxidizing properties. Ozone is one of the free molecules formed due to the interaction of air or pure oxygen with plasma.
Dielectric barrier discharge plasma is used in surface and volume structures [47,49-52].

Fig. 1 illustrates the schematic of photocatalytic ozonation in this research, where a plasma reactor was used as a source of ozone
generators. We used surface dielectric barrier discharge (SDBD) plasma as the source of the ozone generator in this study. To produce
SDBD plasma, we used a hollow cube with two open ends measuring 2 x 12 x 9 cm as a high-voltage electrode and cooling system,
ordinary glass with a thickness of 2 mm as a dielectric material, and a galvanized mesh as a grounded electrode. The aluminum cube
was designed such that the airflow could pass through it and keep the glass temperature low. We also developed a cubic box made of
plexiglass with a thickness of 2.8 mm and dimensions of 20 x 20 x 10 cm as the ozone generator chamber. We used an air pump to
deliver the ozone flow into the sample solutions. The air pump was regulated by the power supply to achieve the optimal mode and the
mildest airflow conditions.
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Fig. 2. XRD diagram of (a)TiO, nanoparticles, (b)ZnO nanoparticles.

Fig. 3. (a) SEM images TiO, nanoparticles, (b) SEM images ZnO nanoparticles.

2.5. Photocatalysis and photocatalytic ozonation experiments

2.5.1. Photocatalysis

The photocatalytic activity of ZnO nanoparticles and TiO, nanoparticles to degrade MB and MO dyes, which are model pollutants,
was evaluated under mercury lamp irradiation with a wavelength range of 400-800 nm. The electrons are excited with higher energy
levels as the pressure inside the lamp increases, and the lamp’s light gradually becomes more visible. All the samples were placed in the
dark on a shaker before irradiation to reach the adsorption equilibrium. The samples were irradiated for 90 min while placed on a
magnetic stirrer to maintain the homogeneity of the solution.

2.5.2. Photocatalytic ozonation

The samples were ozonated in three ways: continuously, intermittently, and with air. The intermittently ozonated samples were
treated for 10 min at a rate of 200 bubble/min before and after shaking. The continuously ozonated samples were also exposed to the
same ozone flow rate during the experiment. Some samples were aerated constantly with a flow rate of 200 bubble/min and increased
to 400 bubble/min for 1 min every 5 min to examine the effect of oxygen amount in the sample on photocatalytic ozonation. The
suspensions were analyzed before and after irradiation.

3. Results and discussion
3.1. Structure

The crystal structure of ZnO and TiO, nanoparticles was determined by obtaining the X-ray diffraction pattern as a peak intensity
diagram in terms of angle 20 with a range of 5-80° under X-ray radiation using an X-ray diffraction spectrometer.
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Fig. 5. The path of degradation mechanism of MB dye in the presence of ozone.

Fig. 2(a) shows the XRD spectrum of TiO, nanoparticles, whose peaks at 20 are 25.28, 37.76, 36.99, 38.56, 48, 53.88, 55.04, 62.68,
68.76, 70.28, and 75.04, which are respectively attributed to the planes (101), (103), (004), (112), (200), (105), (211), (204), (116),
(220) and (215).
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Table 2

Degradation percentage of MB dye under UV radiation.
Sample 20 min 45 min 90 min
ZnO, MB 18 % 42 % 75 %
ZnO, MB, O3 (Continuous) 16 % 39 % 75 %
ZnO, MB, O3 (Intermittent) 16 % 42 % 80 %
TiO5, MB 39 % 76 % 96 %
TiO,, MB, O3 (Continuous) 58 % 95 % 97 %
TiO,, MB, O3 (Intermittent) 68 % 96 % 97 %
TiO,, MB, Air 56 % 86 % 93 %
TiO5, MB, Air, O3 79 % 95 % 98 %
MB 4% 7 % 14 %
MB, O3 35% 8 % 16 %

Table 3

Degradation percentage of MO dye under UV radiation.
Sample 20 min 45 min 90 min
ZnO, MO 10 % 20 % 31%
ZnO, MO, O3 (Continuous) 1% 16 % 26 %
ZnO, MO, O3 (Intermittent) 14 % 20 % 40 %
TiO,, MO 11 % 15 % 18 %
TiO,, MO, O3 (Continuous) 3% 10 % 9%
TiO,, MO, O3 (Intermittent) 9% 19% 25 %

The strong diffraction peaks at 25° and 48° indicate TiO; in the anatase phase. No false diffraction peaks were found in the sample,
and the two peaks at 25.28° and 48° confirm its anatase structure [53]. Fig. 2(b) shows the XRD spectrum of ZnO nanoparticles whose
peaks at 20 are equal to 31.76, 34.36, 36.24, 47.52, 56.6, 62.84, 66.44, 67.96, 69.12, and 76.92, which are respectively attributed to
the planes (100), (002), (101), (102), (110), (103), (200), (112) and (201) [54].

The microstructure and distribution of nanoparticles can be seen with the help of a scanning electron microscope. Fig. 3 shows the
morphology of ZnO and TiO5 nanoparticles. As it is evident in both images, the size of all nanoparticles is almost the same, and the
nanoparticles are uniform in terms of particle size. Also, in terms of shape, all nanoparticles are almost identical and spherical. As seen
in the figure, the size of TiO3 particles is around 30-50 nm, and the size of ZnO particles is less than 70 nm.

3.2. Ogzonation activity

3.2.1. Effect of ozone on photocatalytic activity

The dye degradation of the samples that were ozonated was higher than that of the samples that only had photocatalysts in general
[55]. Therefore, according to the chemical reactions of MB dye degradation due to photocatalytic activity and in the reaction with
ozone shown in Figs. 4 and 5, it is expected that the percentage and speed of dye degradation will increase with the synergy of these
methods.

Fig. 4 shows the photocatalytic process for the decomposition of MB dye. Therefore, MB undergoes chain reactions of oxidation and
reduction and response with highly reactive OH' and H,O2 molecules to become safe compounds of NO3, SO?(, C, CO,, and H50.

As shown in Fig. 5, the decomposition of MB in the presence of ozone is also carried out during a chemical reaction with ozone,
water, hydroxyl radical, and oxidation reaction, and after several stages of chemical reaction, harmless compounds remain.

The photocatalytic activity under different ozonation conditions was investigated as continuous and intermittent ozonation. The
samples that were intermittently ozonated showed better dye degradation efficiency in the first 45 min of exposure. The samples that
were continuously ozonated showed higher dye degradation efficiency after 90 min. Tables 2 and 3 show the percentage of dye
degradation after 20, 45, and 90 min of UV radiation, with varying conditions of photocatalyst type, ozone presence, and ozonation
model.

According to Tables 2 and in general, the degradation of MB by TiO5 photocatalyst is better than ZnO. The degradation of MB after
20 min by TiOy photocatalyst and the absence of ozone is 39 %. In the case of continuous ozonation and intermittent ozonation, it
increased to 58 % and 68 %, respectively; however, after aeration and ozonation, the dye degradation increased to 79 %.

According to Tables 3 and in general, the ZnO nano photocatalyst showed better dye degradation for MO, and ozonation improved
the dye degradation by ZnO, but it had no particular effect on TiO activity. Most dye degradation was done by ZnO and intermittent
ozonation, and after 20 and 90 min, 14 % and 40 % dye degradation were achieved, respectively.

Fig. 7 shows the graph of MB degradation by TiO, under different ozonation conditions. The addition of ozone as a strong oxidant
improved the photocatalytic degradation performance of MB; considering the relatively better degradation of the dye by TiO for this
compound, an experiment was designed to investigate the effect of aeration in the solution in addition to ozonation.

Firstly, the photocatalytic activity of dye degradation only with aeration and without ozonation was investigated. Then, the aerated
sample continuously was ozonated for 1 min at 5-min intervals. The result of MB degradation in all different laboratory conditions is
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Fig. 6. UV-Vis diagram of (MB, TiO5) solutions after, (a) 20 min, (b) 45min, (c) 90 min of light exposure.

shown in Fig. 7(a). It can be seen that the slope of the dye degradation graph is upward and steep in the first 45 min of exposure, but it

decreases to zero in the second 45 min.

Generally, ozonation in the presence of the TiO, photocatalyst had the most positive effect on dye degradation. According to Fig. 7
(a), aeration along with ozonation increased the degradation rate so that the highest degradation was seen in the first 20 min. After 20
min of exposure, the most dye degradation belonged to samples (TiO5, MB, Air, O3), (TiO2, MB, Os(Intermittent)), (TiO,, MB,
Os3(Continuous)), (TiOy, MB, Air) and (TiO,, MB) respectively. Samples (ZnO, MB), (ZnO, MB, Os(Continuous)), and (ZnO, MB,
Os(Intermittent)), which were related to ZnO photocatalyst, increased almost linearly with time and had an almost constant slope
during 90 min. In addition, the effect of ozonation was minimal in the short term, but it had a positive impact on the amount of
degradation after 90 min, Fig. 7(b). In the case of solutions (MB) and (MB, O3), which didn’t have photocatalysts, the same relationship

was established, and after 90 min, the final degradation of solution (MB, O3), which was ozonated, increased.
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Fig. 7. Graph of percentage of dye degradation by time for (a) MB, and (b) MO.

3.2.2. Effect of air on photocatalytic ozonation

To better analyze the difference in degradation efficiency between intermittent and continuous ozonation, we checked two states
for the sample of 10 ppm MB solution in the presence of 0.05 g of TiO, in the anatase phase: one where the sample was aerated
continuously during light exposure and another where the sample was continuously aerated and ozonated every 5 min with high
intensity for 1 min. The results show that the synergy of aeration, ozonation, and photocatalyst created the best dye degradation
efficiency, and aeration dramatically increased the speed of dye degradation for ozonated samples. Therefore, it can be concluded that
aeration improves the speed of photocatalytic ozonation dye degradation reactions.

3.3. Mechanism discussion of the photocatalytic ozonation process

As mentioned earlier, intermittent ozonation showed better dye degradation efficiency in the first 45 min of exposure, while
continuous ozonation showed better degradation after 90 min. The reason is that the reactions related to dye degradation in the
presence of ozone require more time. Aeration solved this ozonation problem and achieved 79 % dye degradation after 20 min and 95
% after 45 min.

This result improved the speed and efficiency of photocatalytic dye degradation in the presence of ozone. It showed that providing
air and sufficient oxygen in the photocatalytic ozonation process significantly improved dye degradation. Therefore, according to the
results obtained in this research, designing a wastewater treatment system that simultaneously uses cold plasma, photocatalyst,
ozonation, and aeration technology can significantly improve the speed of wastewater treatment.

Fig. 6(a) shows that the highest amount of dye degradation occurred in the first 20 min of the reaction in the presence of air and
photocatalytic ozonation, while after more time, photocatalytic ozonation achieved a significant amount of dye degradation. Aeration
significantly increased the speed of the dye degradation reaction, and an increase in dye degradation was seen in the first minutes of
the response.
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Fig. 8. Sample (TiO,, MB, Air, O3) after 90 min of exposure.

The synergistic effect of air, ozone, and photocatalyst can be seen by comparing the speed of MB degradation reactions, especially
in the first 45 min of the response, as shown in Fig. 7.

Fig. 8 shows the dye changes of the tested sample in the presence of photocatalytic ozonation and air, from left to right, at exposure
times of 0, 2, 5, 10, 20, 45, and 90 min. A lot of dye was destroyed after 20 min.

4. Conclusion

In this study, the potential of photocatalytic ozonation as an environmentally friendly method for wastewater treatment, capable of
efficiently degrading organic pollutants, was investigated. The main findings and contributions of this study can be summarized as
follows:

Firstly, the study found that the degradation efficiency of TiO3 and ZnO nanoparticles varied depending on the types of photo-
catalysts and dyes. Specifically, ZnO nanoparticles were found to be more effective than TiOy nanoparticles in degrading methyl
orange (MO) dye, while TiO5 nanoparticles were more effective in degrading methylene blue (MB) dye.

Secondly, the study found that the photocatalytic activity of both TiO3 and ZnO nanoparticles for the degradation of both MB and
MO dyes was enhanced by ozone addition. This was attributed to the generation of more reactive oxygen species and the facilitation of
charge transfer.

Thirdly, intermittent ozonation was found to be more effective than continuous ozonation, presumably due to providing more
effective contact time and avoiding ozone decomposition. Additionally, the study found that aeration improved the photocatalytic
ozonation process by providing more oxygen and enhancing mass transfer and dispersion of ozone in the solution.

However, the study had limitations, including the laboratory scale, volume, and concentration of the dye solutions, and the se-
lection of only two organic dyes (MB and MO) as representative pollutants. Therefore, to validate the photocatalytic ozonation process
in natural wastewater treatment plants, further studies are necessary, which test it at a larger scale and with different types of organic
pollutants with diverse properties and structures.
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