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A B S T R A C T   

Despite extensive studies, the fundamental understanding of synergistic mechanisms between sonolysis and 
photocatalysis for the abatement of persistent organic pollutants (POPs) remains uncertain. As different phases 
formed under ultrasound irradiation, hydrophilic POPs, sulfamethoxazole (SMX, Kow: 0.89), predominantly re
sides in bulk liquid and is ineffectively degraded by sonolysis (kUS = 3.33 × 10− 3 min− 1) since <10% of hydroxyl 
radicals (⋅OH) formed at the gas-liquid interface of cavitation is diffused into the bulk, whereas the other fraction 
rapidly recombines into hydrogen peroxide (H2O2). This study provides a proof-of-concept for the mechanism by 
presenting various analytical results, endorsing the synergistic role of photoexcited electrons in splitting 
sonolysis-induced H2O2 into ⋅OH, particularly in the bulk phase. In a sonophotocatalytic system, the hydrophobic 
POPs such as bisphenol A (BPA) and atrazine (ATZ) were mainly degraded in gas-liquid interface indicated by the 
low synergistic values correlation compared to SMX [i.e., SMX has a higher synergistic factor, fsyn (3.26) than 
BPA (1.30) and ATZ (1.35)]. Also, fsyn was found linearly correlated with the contribution factor of photocatalysis 
to split H2O2. Three times of consecutive kinetics using an effluent of municipal (MP) wastewater spiked by POPs 
presented >98% POPs and >96% total organic carbon (TOC) removal.   

1. Introduction 

Emerging persistent organic pollutants (POPs) comprised of 
anthropogenic chemicals originated from agricultural runoff, municipal 
and industrial discharge are resistant to environmental degradation and 
notorious for being poorly treated by the existing wastewater treatment 
plants (Katsoyiannis and Samara, 2005). The fate of POPs in water re
sources threatens the safety of our daily water consumption and affects 
the entire ecosystem. Although POPs exist at a very low concentration 
(ng-μg L− 1) (Zuccato et al., 2000; Bao et al., 2012; Stackelberg et al., 
2004), their tendency to bioaccumulation maintains a treat in long-term 
exposure. Advanced oxidation processes (AOPs) are currently 

considered one of the most promising approaches for removing POPs. 
Among AOPs, photocatalysis has been widely studied owing to its 
promising green route to degrade organic pollutants to harmless end 
products (Colmenares and Luque, 2014; Babu et al., 2015; Eshaq et al., 
2020). Its advantage is the utilization of renewable sources of energy (i. 
e., sunlight) to activate the semiconductor to generate reactive oxygen 
species (ROS) without additional chemicals. Besides, acoustic-based 
AOP (sonolysis) has also received considerable attention lately as a 
promising approach (Shende et al., 2019; Naddeo et al., 2010; Merouani 
et al., 2016; Madhavan et al., 2010; Monteagudo et al., 2014) due to the 
higher amounts of reactive radicals generated during cavities implosion 
(Brotchie et al., 2009; Yasui et al., 2008). 
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The combination between photocatalytic and sonolytic systems was 
shown to have high capabilities to degrade a wide range of POPs, i.e., 
dyes (Sancheti et al., 2018; Nuengmatcha et al., 2016; Selim et al., 2020; 
Mehrizad et al., 2019), pharmaceutical and personal care products 
(Savun-Hekimoğlu and Ince, 2019, 2017; Fadzeelah et al., 2019; Lee 
et al., 2018), and agricultural chemicals (Ayare and Gogate, 2020; 
Mosleh and Rahimi, 2017; Tabasideh et al., 2017). This fact is most 
likely owing to the synergistic effect between these two systems where 
the degradation efficiency of sonophotocatalysis is greater than the 
summated efficiency of both sonolysis and photocatalysis. Although 
much effort has been devoted to this field, the underlying understanding 
of the sono-photochemical mechanism on the synergistic effect remains 
uncertain. Most studies (Supporting Information, Section S1, and 
Table S1) have mainly interpreted that the synergistic effect of sono
photocatalysis is attributed to the physical factors induced by ultrasound 
(US) irradiation. Of most-reported synergistic mechanism, 
de-agglomeration of photocatalyst by US irradiation has been widely 
considered the primary mechanism responsible for enhanced degrada
tion efficiency (Anju et al., 2012; Saien et al., 2010; Ahmedchekkat 
et al., 2011; Peller et al., 2003; Torres et al., 2008). The induced US wave 
was also reported to play an essential role in improving mass transfer 
between POP(s) and photocatalyst, providing a higher probability of 
surface reaction (Michael et al., 2014; Hapeshi et al., 2013). The studies 
conducted by (Gole et al., 2017) and (Zargazi and Entezari, 2019) have 
addressed that the higher degradation of organic pollutants is attributed 
to the increase of hydroxyl radicals (⋅OH) generation in the sonopho
tocatalytic system. However, in their studies, the mechanism on the 
superior ⋅OH generation in sonophotocatalysis compared to a single 
system was not thoroughly discussed and only generally ascribed to the 
synergistic effect between sonolysis and photocatalysis. We assumed 
that these interpretations primarily stem from a limited study towards 
the chemical reaction without further understanding radicals’ dynamic 
formation in three different phases: gas cavity, gas-liquid interface, and 
bulk liquid (Merouani et al., 2016; Adewuyi, 2001). Therefore, an 
in-depth understanding is necessary not only to correlate the synergistic 
mechanism occurred under the cavitation environment and photo
catalytic activities, but also to associate the degradation efficiencies of 
the POPs with intrinsic physicochemical characteristics, such as hy
drophobicity (Kow), distribution coefficient (log D), and acid dissocia
tion constant (Ka). 

In this context, the following objectives were set to elucidate the 
sono-photochemical mechanism via (1) understanding the variation in 
degradation efficiencies with different physicochemical characteristics 
of POPs under various AOP systems, (2) determining the contribution of 
ROS in sonophotocatalysis, and clarifying the transfer pathway of 
photoexcited charge carriers, (3) comparing the relationship between 
molecular/surface charges of POPs and TiO2 against hydrophobicity at 
different pH, (4) comprehensive assessment on how the phases created 
within the US environment contribute to synergism, and finally (5) 
determining the degradation efficiency of POPs in actual municipal 
(MP) wastewater by sonophotocatalysis and implication on the pro
posed mechanism. To fulfill the above objectives, three representative 
POPs, namely, bisphenol A (BPA: plastic monomer), atrazine (ATZ: 
herbicide), and sulfamethoxazole (SMX: antibiotic, pharmaceutical) 
were selected based on their distinct physicochemical properties and 
environmental impact (Table S2). Both BPA and ATZ were classified by 
the U.S. Environmental Protection Agency (EPA) as endocrine- 
disrupting compounds (Singh et al., 2018; Goeury et al., 2019; Jagne 
et al., 2016) that interfere with hormonal systems and induce tumor 
growth. While SMX does not have a direct impact on the environment, 
the occurrence of low concentration of antibiotics in water bodies has 
been reported to promote antibiotic resistance in bacteria (Hoa et al., 
2011). 

Based on this study, a conceptualized sono-photochemical mecha
nism was proposed to highlight the crucial role of the photoexcited 
electron (e-), which has high selectivity to split US induced hydrogen 

peroxide (H2O2) into a highly reactive ⋅OH (suitable for degrading a 
broad spectrum of POPs), instead of converting dissolved O2 into a less 
efficient oxidation species, superoxide radicals (⋅O2

- , unable to degrade 
negatively charged POPs, i.e., ATZ). This study was performed in three 
consecutive parts, first section was composed of optimization of the US 
and photocatalyst for various operational parameters; and degradation 
achieved by the single and synergistic US and photocatalysis conditions 
at the optimized conditions. The second section is composed of radical 
trapping and electron spin resonance (ESR) for the qualitative and 
quantitative analysis of radicals responsible for the degradation of the 
pollutants. The pH was varied in the synergistic approach for knowing 
the dominant factor between hydrophobicity and molecular charge. The 
H2O2 consumption and with increased TiO2 concentration was found to 
be high which correlated well with high synergism. The third section is 
composed of application of an optimized synergistic approach for the 
treatment of municipal wastewater effluent. Economic assessment of the 
present synergistic approach for energy requirement was calculated 
finally. Stability was checked by running the experiment for consecutive 
three cycles. 

2. Materials and methods 

2.1. Chemicals 

As a photocatalyst, TiO2 (P25) was purchased from Degussa Corpo
ration. BPA, ATZ, and SMX (purity > 99%), used as targeted POPs, were 
purchased from Sigma–Aldrich Corporation. Reagent-grade oxalic acid, 
ferric chloride (FeCl2⋅4H2O), ferrous sulfate (FeSO4⋅7H2O), phenan
throline, ammonium molybdate (H8MoN2O4), tert-butyl butanol (t- 
BuOH), sodium oxalate (Na2C2O4), potassium dichromate (K2Cr2O7), 
1,4-benzoquinone (BQ), potassium biphthalate (C8H5KO4), sodium hy
droxide (NaOH), and potassium iodide (KI) were purchased from Dae
jung Chemicals. For high-performance liquid chromatography (HPLC) 
analysis, HPLC grade mobile phase solvent, acetonitrile (ACN, purity>
99.9%) from Daejung Group, as well as Milli-Q ultrapure water were 
used. 

2.2. Experimental setup 

The solution temperature was maintained at 25 ± 1 ◦C using a water 
circulation chiller (HS-28A, 22–240 V, 50 Hz, HAILEA) and a circulation 
pump (HX 6530, 50 W, 200–240 V, HAILEA). Mechanical stirring was 
performed using an overhead stirrer (RZR - 2102 control, Heidolph In
strument) at a constant speed. Two ultraviolet (UVA; wavelength, 
350 nm) lights (4 W each, Philips) were used as light sources in the 
reactor. The reaction tank comprised a customized design dual stainless- 
steel wall (Φ 110 mm × 170 mm, total volume: 1.5 L with an effective 
volume of 1 L) with mounting plates and water circulation in/out fit
tings. The US unit comprised a fabricated stainless-steel transducer 
module (Fulltech, Taiwan), coupled with an adjustable US power (Emax: 
100 W) and frequency (Flexonic Mirae Ultrasonic Tech., model FX- 
4FREQ, Korea). The sonophotocatalytic system is illustrated in Fig. S1. 

The actual energy flux incident from the UVA lamp and the US en
ergy dissipation were calculated as described in Section S2. A detailed 
methodology was described for the photon flux and energy dissipation, 
characterization of TiO2, experimental setup, and other relevant infor
mation are described in Section S2.1–S2.7. The optimization for tem
peratures, US powers, and US frequencies for sonophotocatalytic 
degradation and spectroscopic analyses for TiO2 were listed in Section 
S3 and S4, respectively. The figures related to these analyses were 
depicted in Figs. S2–S10. 
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3. Results and discussion 

3.1. Synergism between sonolysis and photocatalysis 

Theoretically, upon US irradiation, the rapid changes of pressure in 
the water at periodic compression and expansion result in the formation 
and growth of vapor-filled cavities, known as microbubbles (Pokhrel 
et al., 2016). These microbubbles are an important factor in creating 
three phases: gas cavity, gas-liquid interface, and bulk liquid (Adewuyi, 
2001). At a certain point, the microbubbles collapse adiabatically in a 
short time and generate high pressure (~1000 atm) and temperature 
(~5000 K) within the gaseous region, known as localized hotspot (Xu 
et al., 2013). This condition provides sufficient energy for splitting water 
molecules, particularly within the gas-liquid interface, forming a pre
dominant local concentration of highly reactive⋅OH and hydrogen rad
icals (⋅H) (Ajo et al., 2017; Joseph et al., 2009). The sonolytic 
degradation of three selected POPs at an optimized frequency (35 kHz) 
was performed to validate the significance of these phenomena, as 
illustrated in Fig. 1(a) (the frequency optimization was predetermined, 
as shown in Section S3 and Fig. S6). The degradation rate constants, k1 
(min− 1), decreased in the following order: BPA (3.0 × 10− 2) >ATZ 
(1.6 × 10− 2) > SMX (3.0 × 10− 3). In general, two main properties of 
POPs dictate the sonolytic degradation: Henry’s law constant and hy
drophobicity (Kow) (Table S2) (Wu and Ondruschka, 2005). As 

non-volatile organic compounds, these selected POPs are not expected to 
partition significantly into the microbubbles’ gaseous phase; hence, 
sonolytic thermal destruction was not considered. POPs with high Kow (i. 
e., BPA: 3.32 and ATZ: 2.61) have higher affinities at the gas-liquid 
interface (Jun et al., 2019; Henglein and Gutierrez, 1988), the degra
dation rate constants for both BPA and ATZ were 9.2 and 4.9 times 
higher than that of SMX. This result can be explained by the fact that the 
predominant⋅OH occurs at the gas-liquid interface and only <10% dif
fuses into the bulk solution, becoming H2O2 (Dharmarathne et al., 2013; 
Wood et al., 2017; Henglein, 1995). The lowest degradation rate con
stant for SMX was justified by its hydrophilic nature (Kow: 0.89) since 
SMX is mostly allocated within the bulk liquid (Mullick and Neogi, 2017; 
Soltani et al., 2016). Other factor that influences the degradation of BPA, 
ATZ and SMX were discussed in the pH section. Based on this informa
tion, it was postulated that different phases are formed under US irra
diation and that the Kow values of the POPs have a significant impact on 
the degradation activities. The sonolytic degradation of POPs shown in 
Fig. 1(b) illustrates the cavitational implosion of microbubbles and 
emphasizes POPs and ROS’s existence in the different phases. Contrary 
to the sonolytic degradation, the order of the photocatalytic degradation 
rate constants [Fig. 1(c)] did not follow the degree of Kow of the POPs, i. 
e., ATZ >BPA >SMX with 4.80 × 10− 2, 3.68 × 10− 2, and 1.62 × 10− 2 

min− 1, respectively. As only one phase (bulk solution) existed, the 
degradation phenomena of the POPs did not depend on the intrinsic Kow 

Fig. 1. Degradation kinetics of three POPs by (a) US, (c) UVA/TiO2 and (e) US/UVA/TiO2. The schematic mechanisms were depicted for (b) US and (d) UVA/TiO2.  

B. Ryu et al.                                                                                                                                                                                                                                     
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values. Instead, the pKa values of the POPs and the surface charge of 
TiO2 were primary factors affecting the degradation (Gupta and Modak, 
2020; Wong et al., 2020). Based on the photo-optical analysis and PEC 
analyses, the ECB and EVB of TiO2 were found to be − 0.093 eV and 
+2.93 eV, respectively. With this electronic structure, TiO2 was ex
pected to be able to produce ⋅O2

- and ⋅OH from the CB and VB, respec
tively, since the band potentials are higher than the redox potentials of 
O2/⋅O2

- and H2O/⋅OH, which are − 0.046 and +2.93 V vs. NHE, 
respectively (Zhou et al., 2014). Hence, Fig. 1(d) highlights that the 
photo-generated reactive species (h+,⋅OH, and⋅O2

- ) exist in the same 
phase as the three POPs. 

Based on the theory described above, we investigated the synergism 
between sonolytic and photocatalytic degradation for each POP in terms 
of the synergistic factor, fsyn, defined as follows (Eq. 1): 

fsyn =
kUS/UVA/TiO2

kUS + kUVA/TiO2

(1)  

Where kUS, kUVA/TiO2, and kUS/UVA/TiO2 refer to kinetic rate constants of 
sonolytic, photocatalytic, and sonophotocatalytic degradations, respec
tively. The kinetics of the sonophotocatalytic degradation and the fsyn 
for each POP is shown in Fig. 1(e) and Table S4, respectively. The 
decreasing order of the kinetic rate constants by sonophotocatalysis for 

Fig. 2. Effect of radical scavengers on sonophotocatalysis (US/UVA/TiO2) for (a) BPA, (b) ATZ, and (c) SMX. (d) Photocurrent density measurement under different 
conditions with enlargement of area indicated by 1 and 2: (1) h+ scavenging effect and (2) TiO2 activation by sonoluminescence (US). (t-BuOH: 0.2 mM, Na2C2O4: 
0.2 mM, K2Cr2O7: 20 μM and BQ: 20 μM were used to scavenge ⋅OH, h+, e- and ⋅O2

- , respectively). 
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POPs was BPA > ATZ >SMX with 8.75 × 10− 2, 8.67 × 10− 2, and 
6.37 × 10− 2 min− 1, respectively. Among the three POPs, the highest fsyn 
was 3.26 for SMX, followed by 1.35 and 1.30 for ATZ and BPA, 
respectively. The relative contribution ratio (RUS) of sonolysis to sono
photocatalysis (kUS/kUS/UVA/TiO2) demonstrates a direct correlation with 
the intrinsic Kow (BPA > ATZ > SMX). This trend suggests that the RUS 
(Table S4) was inversely related to fsyn, where fsyn was enhanced with 
less contribution of ultrasonic irradiation and more involvement with 
photocatalytic activity. 

3.2. Construction of a conceptualized mechanism 

To gain insight into the contribution of involving ROS in sonopho
tocatalysis, scavenging tests for⋅OH,⋅O2

- , h+, and e- were conducted 
[Fig. 2(a)–(c)]. The kinetic rate constants for each scavenging test are 
shown in Table S5, where kscav and kUS/UVA/TiO2 denote the kinetic rate 
constants obtained from each scavenging test and the control experi
ment, respectively. In terms of the kinetic rate constants (Fig. S11), a 
similar scavenging trend was observed for BPA and ATZ in the 
decreasing order of photoexcited species (⋅OH > e- > ⋅O2

- > control >
h+), whereas SMX showed a different sequence (e- > ⋅OH > ⋅O2

- >

control > h+). The absence of⋅OH decreased the kinetic rate constants 
for BPA and ATZ by 86.9% (1.14 × 10− 2 min− 1) and 99.9% (1.18 ×

10− 5 min− 1), respectively, proving that⋅OH was the dominant ROS 
owing to its non-selective and high oxidation potential (+2.8 V vs. NHE) 
(Khataee and Fathinia, 2013). It is noteworthy that ATZ was not 
degraded in the absence of⋅OH owing to the electrostatic repulsion be
tween anionic ⋅O2

- and negatively charged ATZ which hinders the re
action between them (Granados-Oliveros et al., 2009). Interestingly, the 
kinetic rate constant of SMX reduced significantly by the addition of an 
e- scavenger (5.97 × 10− 3 min− 1, 90.6% reduction) instead of the⋅OH 
scavenger (1.18 × 10− 2 min− 1, 81.4% reduction), whereas the absence 
of e- decreased the kinetic rate constants of BPA and ATZ by 45.3% 
(4.78 × 10− 2 min− 1) and 68.2% (2.76 × 10− 2 min− 1), respectively. 
Hence, the role of e- for degrading BPA and ATZ was not as important as 
that for SMX. Contrary to the expected inhibition effect of scavengers, 
the presence of the h+ scavenger demonstrated a significant enhance
ment in the kinetic rate constants particularly for SMX and ATZ, i.e., 
improvements of 143.3% and 124.9%, respectively. 

The oxidation of oxalate by h+ produces carbon dioxide anion rad
icals (CO2⋅-). Because of its strong reducing potential (E◦: CO2/CO2⋅- =
− 1.9 V vs. NHE), CO2⋅- can inject e- into the CB of TiO2 [(R1)–(R2)] 
(Jinhua Ye et al., 2016), thus prompting the elevation of photoexcited e- 

on TiO2. 

HCO2 + h+ → CO2∙− + H+ (R1)  

CO2∙− →CO2 + e−CB (R2) 

The results of photocurrent density measurements shown in Fig. 2(d) 
suggest that the photocurrent densities (average of 500 and 
550 µA cm− 2) were enhanced by nearly 100% in the presence of the h+

scavenger, yielding discernible peaks in comparison with TiO2/UVA 
(average of 250 µA cm− 2). Fig. 2 labeled as (Katsoyiannis and Samara, 
2005) in Fig. 2(d) indicates three stages of the e- transfer mechanism: (i) 
separation, (ii) recombination of carriers, and (iii) h+ scavenging effect. 
The increment in photocurrent at stage (iii) is indicative of e- injection 
from CO2⋅- on TiO2 (Liu et al., 2013). However, for the removal of BPA, 
the h+ scavenger did not increase the kinetic rate constant (8.83 × 10− 2 

min− 1) compared to the control (8.75 × 10− 2 min− 1). As discussed in 
Section 3.1, the BPA degradation occurred primarily at the micro
bubbles’ gas-liquid interface, whereas the photoexcited e- primarily 
resided in bulk. 

Based on the data, we herein propose a hypothesis that the photo
excited e- is fundamental for the sonophotocatalytic degradation of 
hydrophilic organic pollutants but minimally affects the hydrophobic 
compounds. A conceptualized mechanism was designed based on 

kinetics and various analyses to construct the role of photoexcited e- in 
sonophotocatalysis. As outlined in the kinetics above, hydrophilic POPs 
are less likely to react with⋅OH owing to their fast recombination in 
forming H2O2. To confirm this hypothesis, the concentration of H2O2 
formed by each AOP was measured via KI dosimetry (Kormann et al., 
1988). Only US irradiation [Fig. 3(a)] exhibited a linear accumulation of 
H2O2 at the rate of 5.5 × 10− 2 mmol L− 1 h− 1. The accumulation of H2O2 
was attributed to the non-addition of POPs; consequently,⋅OH species 
recombine rapidly to form H2O2 (Torres et al., 2008) based on (R3) and 
(R4), 

H2O→
US ∙OH+ ∙H (R3)  

⋅OH+ ⋅OH→H2O2
(
k⋅OH

/
⋅OH = 5.5 × 109M− 1s− 1) (R4) 

In the presence of POPs, the obtained yield of H2O2 under sonolysis 
decreased in the order of SMX <ATZ < BPA [Fig. 3(a)]. From these re
sults, the consumption of⋅OH in the degradation activities was calcu
lated as follows (Eq. 2): 

[H2O2]consumed(%) =
[H2O2]withoutPOPs − [H2O2]withPOPs

[H2O2]withoutPOPs
× 100% (2) 

From (Eq. 2), it was found that 73.5% and 64.5% of produced H2O2 
(without POP as control) were utilized for BPA and ATZ degradation for 
2 h, respectively. However, for SMX degradation, only 33.8% of the 
produced⋅OH was consumed. BPA and ATZ consumed 3.4- and 3.2-times 
higher amounts of⋅OH, respectively, compared with SMX, supporting 
the fact that hydrophobic POPs were mainly degraded via the gas-liquid 
interface. 

Meanwhile, without the addition of POPs, the H2O2 evolution by US/ 
UVA or US/TiO2 resulted in a decrease of ~22.2% or 30.0%, respec
tively, in comparison with the control (US) [Fig. 3(b)]. These outcomes 
implied that UVA photons could split H2O2 via the oxygen-oxygen 
bond’s photolytic decomposition (R5) (Paleologou et al., 2007). Under 
the US/TiO2 system, the sonoluminescence (UVB and UVA) (Cui et al., 
2017) produced by the microbubble implosion activates TiO2 to pho
toexcite e-, splitting H2O2 into⋅OH (R6). 

H2O2(US)̅̅̅̅→
UVA ∙OH+ ∙OH (R5)  

H2O2 (US) + TiO2 ̅̅̅̅̅̅̅̅̅̅̅→
e− /sonoluminescence ∙OH+ OH− (R6) 

In comparison with the results above (US, US/UVA, US/TiO2), US/ 
UVA/TiO2 had the lowest H2O2 concentration, postulating the highly 
enhanced splitting of H2O2 [Fig. 3(b) inset]. The concentration of H2O2 
under sonophotocatalysis increased slightly to ~0.025 mg L− 1 at 5 min 
and almost plateaued, demonstrating a 99.3% reduction compared to 
that under sonolysis (3.76 mg L− 1) at 2 h. 

Considering the maximum light intensities at UVA (UVAmax: 
380 nm) and UVB (UVBmax: 306 nm) emitted by sonoluminescence, 
their corresponding energies were calculated to be 3.9 × 10− 6 and 
1.8 × 10− 5 W L− 1, respectively (Fig. S12). This result indicates that the 
number of photons emitted from the UVA lamp (8 W, 1.47 × 1019 

photons s− 1) was considerably larger than those emitted from sonolu
minescence (UVAmax: 2.77 × 1013 photons s− 1 and UVBmax: 7.46 × 1012 

photons s− 1). The labeled (Zuccato et al., 2000) photocurrent density 
measurements designated in [Fig. 2(d)] indicating the current densities 
(average of 27 nA cm− 2) via sonoluminescence were lower than those 
under UVA/TiO2 (average of 200 and 250 µA cm− 2) by four orders of 
magnitude, indicating a reliable discrepancy. Based on (R5) and (R6), 
the H2O2 consumption rates can be obtained through subtracting the 
H2O2 concentrations for each system at 2 h, i.e., those of the UVA 
photons ([H2O2]US – [H2O2]US/UVA), sonoluminescence photons 
([H2O2]US/UVA – [H2O2]US/TiO2), and photoexcited e- ([H2O2]US/UVA – 
[H2O2]US/UVA/TiO2) were 0.42, 0.15, and 1.44 mg L− 1 h− 1, respectively. 
Therefore, the photoexcited e- served a dominant role in splitting H2O2 
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Fig. 3. (a) Kinetics increment of H2O2 with and without POPs by KI dosimetry, (b) measurement of H2O2 generated by all AOPs in DI water, ESR analysis mea
surement by DMPO for (c) ⋅O2

- and (d) ⋅OH. Inset in (b) indicates the enlargement of H2O2 produced. Schematic illustration (e) of the proposed sonophotocatalytic 
mechanism for the degradation of BPA, ATZ and SMX. 
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(~0.04 mg L− 1 at 2 h). As discussed in Section 3.2., accordingly, the 
highest fsyn for SMX could be explained by the fact that the photoexcited 
e- generated from TiO2 upon UVA irradiation stimulates the splitting of 
H2O2 formed by US to produce more⋅OH in the bulk phase. Since H2O2 
(+0.39 V vs. SRP) has a higher redox potential than O2 (− 0.18 V vs. 
SRP) (Mailloux, 2015), it is highly likely that the photoexcited e- pref
erentially reacted with H2O2 rather than O2. Therefore, the photoexcited 
e- can be preferably utilized to produce higher oxidation potential rad
icals⋅OH instead of⋅O2

- ; this is an essential aspect for the degradation of 
various POPs. As a piece of supporting evidence to the statement above, 
the concentration of DO under the sonophotocatalytic degradation of 
SMX was found to be kinetically constant (~6.5 mg L− 1) (Fig. S13). In 
contrast, those under photocatalysis decreased gradually, indicating 
that the DO was consumed to form⋅O2

- (detailed explanation in Section 
S5). 

The H2O2 concentration (0.25 mg L− 1) by e- scavenged sonophoto
catalysis at 2 h was higher than that by sonophotocatalysis alone; 
however, contrary to our expectation, it was much lower than that by 
US, US/UVA, or US/TiO2 [inset of Fig. 3(b)]. The low concentration of 
H2O2 can be correlated to the scavenging effect of⋅OH produced by 
photoexcited h+ (ElMetwally et al., 2019), as shown in (R7) and (R8), 

H2O2 (US) + ∙OH(holes/TiO2)→ H2O+∙O2H (R7)  

∙OH
(holes/TiO2) + ∙O2H→ H2O+O2 (R8) 

The reactions shown above prove the important role of photoexcited 
e- in splitting the H2O2 generated and reducing the self-scavenging ef
fect. The degradation of SMX was further enhanced by the presence of 
h+ scavenger, claiming that more photoexcited e- would split H2O2 
without the recombination with h+. Since both the hydrophobic POPs, 
BPA and ATZ, are preferably degraded by⋅OH created by microbubble 
implosion, the role of photoexcited e- in H2O2 splitting is relatively 
insignificant. This hypothesis justifies the lower fsyn values for BPA and 
ATZ in comparison with that for SMX. To support these results,⋅O2

- or⋅OH 
was detected via ESR spin trapping using the DMPO abduction method. 
Under UVA/TiO2, a typical signal with a 1:1:1:1 intensity ratio of 
DMPO-⋅O2

- indicated the generation of⋅O2
- [Fig. 3(c)]. However, this 

signal was not detected under US/UVA/TiO2, proving that H2O2 pre
dominantly reacts with the photoexcited e-. Furthermore,⋅OH abduction 
was observed with the signal at an intensity ratio of 1:2:2:1. The in
tensity heights of the detected DMPO-⋅OH decreased in the following 
order: US/UVA/TiO2/h+ scavenger > US/UVA/TiO2 > UVA/TiO2 
> US > US/UVA/TiO2/e- scavenger [Fig. 3(d)]. Only a small concen
tration of⋅OH was produced under sole US irradiation, whereas US/ 
UVA/TiO2 and UVA/TiO2 indicated enhanced values of⋅OH. The⋅OH 
signal with the highest intensity was detected with the addition of the h+

scavenger. The detection of undefined quartet peaks of DMPO-⋅OH with 
e- scavenger implied that the photoexcited e- served as the primary 
source for H2O2 splitting and its absence triggered the scavenging effect 
of H2O2 by⋅OH generated from h+. This correlated well with the effect of 
e- scavenger on H2O2 concentration, as shown in Fig. 3(b), verifying the 
consumable reaction between⋅OH and H2O2 in (R7) and (R8). A detailed 
description of overall redox reactions was listed in Section S6 
(Figs. S14–S15) proved that H2O2 concentration decreased due to the 
self-decomposition by ⋅OH. The ROS reaction pathway is depicted in 
Fig. S16. As shown in Fig. 2(c), the dramatically impeded SMX degra
dation by the e- scavenger highlighted the importance of photoexcited e- 

for splitting H2O2. Otherwise, both crucial oxidation species (H2O2 
and⋅OH) can be self-destructed. The overall synergistic mechanism is 
illustrated in Fig. 3(e). 

3.3. Effects of solution pH on the synergistic mechanism 

The influence of the intrinsic hydrophobicity of each POP on the 
sonophotocatalytic degradation was further investigated by adjusting 

the solution pH since the electrical charges of the POPs (Fig. S17) and 
the point of zero charges (pHPZC = ~7) of TiO2 would affect the 
degradation of POPs (Cui et al., 2017). The kinetic degradation for each 
POP is shown in Fig. 4(a)–(c). In general, the fsyn values increased in the 
order of decreasing log D (Table S6). This result is consistent with the 
previous discussion in Section 3.2, indicating that the hydrophobicity of 
POPs is the critical factor for the synergistic effect. The distribution 
coefficient (log D) of each POP was calculated at specific pH values (Gao 
and Deshusses, 2011) as follows (Eq. 3): 

LogD = LogKow − Log
[
1+ 10(pH− pKa)

]
(3) 

A higher log D indicates a higher hydrophobicity of the POP. The log 
D (4.04) for BPA was constant until pH 9, and then it decreased by half at 
pH 11 [Fig. 4(d)]. By contrast, the log D of ATZ increased with the pH 
from 3 to 5 and then remained constant at 2.2 until pH 11. SMX 
exhibited negative log D values at both extreme pH values, suggesting its 
hydrophilic nature. Both ATZ and SMX had the highest kinetic rate 
constants, i.e., 0.23 min− 1 at pH 3 and 0.207 min− 1 at pH 11, respec
tively. These results indicate that the electrostatic repulsion or attraction 
between the POPs and the TiO2 surface did not play an important role. 
For instance, at pH 3, most ATZ molecules exist as positively charged 
(Fig. S17), inducing electrostatic repulsion with the protonated TiO2 
(TiOH2

+). Similarly, electrostatic repulsive forces were present between 
the negatively charged SMX and deprotonated TiO2 (TiO-) at pH 11. 
Nevertheless, the highest fsyn values were calculated for both ATZ and 
SMX at 3.60 and 10.6, respectively. These outcomes were closely related 
to the log D values [Fig. 4(d–f), Table S6]; in particular, SMX with a log 
D of − 0.15 (higher affinity to the bulk solution) at pH 11 had the highest 
fsyn (10.6) in comparison with those at pH 7 (fsyn = 3.3, log D = 0.20) 
and pH 3 (fsyn = 2.0, Log D = 0.75). Likewise, ATZ had the lowest hy
drophobicity at pH 3 (log D = 1.1) and a higher fsyn (3.6) than those at 
pH 7 (1.35) and 11 (0.34). In general, the decrease in log D resulted in 
enhanced synergism especially the results shown in Fig. 4(e–f). Addi
tionally, other factors might affect the degradation efficiencies of these 
POPs. At high alkalinity, ⋅OH generated at the gas-liquid interface self- 
recombines into H2O2 (Ince and Tezcanli-Güyer, 2004; 
Méndez-Arriaga et al., 2008) and scavenged by the CO3

2- and HCO3
- 

(Wang et al., 2009). As CO2 has a high Henry’s constant (3 × 10− 3 

atm m3 mol− 1), it can typically diffuse into the gaseous phase of the 
cavitation, resulting in a large fraction of soluble CO3

2-/HCO3
- at the 

gas-liquid interface in comparison with the bulk phase. Because of its 
hydrophilic nature, SMX was primarily distributed in the bulk solution 
and has minimal effect by these scavengers. ATZ had lower fsyn at higher 
pH, where the generated⋅OH can be scavenged by CO3

2-/HCO3
- . However, 

the highly hydrophobic BPA had an almost constant fsyn as a result of less 
involvement of photoexcited e- throughout the pH range. 

3.4. Correlation between H2O2 consumption and the synergistic factor 

In this section, the proposed synergistic mechanism is further eluci
dated by correlating the relationship between the concentration of H2O2 
being split under sonophotocatalysis and the synergistic factor (fsyn). To 
begin with, we conducted two sets of kinetics: photocatalysis [Fig. 5(a)] 
and sonophotocatalysis [Fig. 5(b)] for SMX (the highest fsyn) removal 
with various concentrations of TiO2. The SMX degradation rate con
stants for photocatalysis increased gradually from 9.7 × 10− 3 to 
2.5 × 10− 2 min− 1 as the dosage of TiO2 increased from 0.01 to 0.1 g L− 1; 
however, they did not show a linear trend under sonophotocatalysis 
[Fig. 5(c)], in which the lowest kinetic rate constant (1.5 × 10− 2 min− 1) 
was obtained at 0.01 g L− 1 TiO2 and the highest (6.4 × 10− 2 min− 1) was 
obtained at 0.05 g L− 1. In contrast to the photocatalysis trend, espe
cially, higher dosages of TiO2 (>0.05 g L− 1) under sonophotocatalysis 
had lower constants (i.e., 4.5 × 10− 2 or 4.2 × 10− 2 min− 1 for 0.07 
0.1 g L− 1 for photocatalysis and sonophotocatalysis, respectively). 
Based on the obtained constants for the respective photocatalysis and 
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sonophotocatalysis, the fsyn for each concentration of TiO2 was calcu
lated, as shown in Fig. 5(c). As discussed in the above sections, the 
synergistic mechanism is mainly attributed to the sono-photochemical 
reaction between the photogenerated e- and H2O2 generated by US. 
Therefore, along with the kinetics, we measured the H2O2 concentra
tions for US/TiO2 and US/UVA/TiO2 without SMX [Fig. 5(d)]. Under US 
irradiation, H2O2 generation for 2 h decreased gradually with an in
crease of TiO2 dosage (0.01 – 0.1 g L− 1) owing to the photoactivation of 
TiO2 by sonoluminescence caused by microbubble implosion. Compared 
with the H2O2 generation by US (3.76 mg L− 1) for 2 h, TiO2 addition 
reduced by 0.8–15.3%. However, in US/UVA/TiO2, the H2O2 concen
trations were significantly lower than those for US/TiO2. This result is 
attributed to the four-orders-of-magnitude-stronger energy emitted from 
UVA to generate photoexcited e- from TiO2 compared to those from 

sonoluminescence. With a low concentration of TiO2 (0.01 g L− 1), the 
limited photoactive surfaces resulted in lower numbers of photoexcited 
e-, consequently providing an insufficient splitting of H2O2. Compared 
with US/UVA (2.92 mg L− 1 for 2 h), 0.01 g L− 1 of TiO2 addition split 
47.6% of H2O2. The splitting of H2O2 by 0.03 or 0.05 g L− 1 of TiO2 
increased significantly to 94.5% or 96.4%, respectively, whereas a 
higher dose of TiO2 indicated a decline in H2O2 splitting by 69.5% and 
62.8% at 0.07 and 0.1 g L− 1, respectively. 

The highest fsyn (3.26) was obtained with 0.05 g L− 1 of TiO2. At 
concentrations higher than 0.05 g L− 1 of TiO2, the fsyn decreased 
significantly (i.e., 1.80 and 1.51 for 0.07 and 0.1 g L− 1, respectively). 
The increase in suspension turbidity can justify this phenomenon due to 
higher dosage followed by the de-agglomeration of TiO2, which de
creases the incident light penetration depth (Rad et al., 2020; Kakavandi 

Fig. 4. Initial pH effect on sonophotocatalysis for (a) BPA, (b) ATZ, (c) SMX. The intrinsic property changes of POPs at different pH distribution coefficient (Log D) 
against synergistic factor for (d) BPA, (e) ATZ, (f) SMX. 
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et al., 2019; Isari et al., 2020; Chen and Huang, 2011). Beyond doubt, 
this resulted in an unfavorable circumstance for TiO2 activation. 
Turbidity changes after sole stirring or US irradiation were measured for 
various concentrations of TiO2. As a result, the US irradiation gave a 
118–151% increase (Fig. S18) in turbidity. In the case of 0.05 g L− 1 of 
TiO2, kinetic changes in the particle size distribution (PSD) and turbidity 
by US irradiation were found. The result [Fig. 5(e)] shows that the PSD 
of TiO2 decreased significantly from 375.5 to 204.3 nm for 60 min and 
remained constant (~200 nm) until 120 min, whereas their turbidity 
increased. Therefore, along with this kinetic change in the PSD, rela
tively similar turbidity increases indicated that the de-agglomeration of 
TiO2 for all dosages could be achieved equilibrium. Hence, by consid
ering the de-agglomeration as a constant physical factor, the 

relationship between fsyn and the splitting of H2O2 concentration at each 
TiO2 dosage was depicted in Fig. 5(f). Interestingly, there is a solid linear 
curve (R2 = 0.97) was obtained, reflecting the interplay between the 
photoexcited e- and H2O2 splitting governs the overall synergistic 
mechanism instead of de-agglomeration. 

3.5. Sonophotocatalysis for treating municipal wastewater effluents 

Based on our proposed mechanism, sonophotocatalysis condition 
should be able to generate sufficient concentrations of ROS in the gas- 
liquid interface and bulk liquid for effective degradation of both hy
drophobic and hydrophilic POPs. The degradation of POPs in the MP 
wastewater treatment plant remained a challenge due to the high 

Fig. 5. Concentration effect of TiO2 in SMX degradation under (a) photocatalysis, (b) sonophotocatalysis and (c) calculated kinetic rate constant. Concentration of 
H2O2 generated under US/TiO2 and US/UVA/TiO2 (d) and the consumption of H2O2 with different concentration of TiO2. Kinetics of average particle size distribution 
of TiO2 for 2 h of US irradiation (e) and followed by 2 h of stirring. A positive correlation between synergistic factor and concentration H2O2 split (f). 
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contents of dissolved organic matter (DOM) with different physico
chemical properties. Most of the DOM could be indiscriminately 
oxidized by the generated ROS, leading to an unfavorable competition 
effect with POPs (Sheng et al., 2013; Pereira et al., 2013). As shown in  
Fig. 6(a)–(c), the degradation efficiencies of three selected POPs by sole 
photocatalysis were shown significantly decreased compared to DI 
water. In contrast, sonophotocatalysis achieved > 98% removal of these 
three POPs within 2 h even though their degradation rates slightly 
decreased as kinetic cycles increased. The degradation rates for BPA, 
ATZ, and SMX in MP wastewater [Fig. S19(a)–(b)] under photocatalysis 
were 1.3 × 10− 2, 1.4 × 10− 2, and 5.87 × 10− 3 min− 1, respectively, 
while sonophotocatalysis had 3.4, 2.8 and 7.7 times higher degradation 
rates, i.e., 4.4 × 10− 2, 3.9 × 10− 2 and 4.5 × 10− 2 min− 1 for BPA, ATZ, 
and SMX, accordingly. These results could be justified by the tremen
dous increase of ROS, especially the generation of ⋅OH. In Fig. S20(a), 
the US in sonophotocatalysis has a higher contribution ratio in MP 
wastewater than DI due to DOM’s presence that significantly diminishes 
photocatalysis’s degradation efficiency. This observation could provide 
insight on our proposed mechanism in this study, in which US provides a 
high concentration of H2O2 but requires assistance from photocatalytic 
activity to yield reactive ⋅OH. Note that the trends of POPs degradation 
dependency on US were similar in both MP wastewater and DI water 
[Fig. S20(b)]. Especially, the degradation of SMX was significantly 
dependent on the contribution of US in the MP wastewater matrix. 

Unfortunately, the above results only imply the degradation of 
parent pollutants while the formation of by-products was not consid
ered. Total organic carbon (TOC) contents were analyzed to determine 
the mineralization efficiencies between photocatalysis and 

sonophotocatalysis. For the initial MP wastewater, 17.5 mg L− 1 of TOC 
was detected. After spiking with 0.1 mg L− 1 of each POPs, the TOC 
concentration increased to 59.6 mg L− 1. Compared to the degradation 
results of parent POPs, the TOC was not effectively mineralized by 
photocatalysis [Fig. 6(d)], mainly owing to insufficient ROS generation. 
The mineralization rate of TOC in the 1st cycle was faster than those in 
the 2nd and 3rd cycles. Presumably, the ⋅OH oxidation reaction with 
organic matters to form carbon-centered radicals (⋅R or ⋅R-OH) and 
subsequently converted to organic peroxyl radicals (ROO⋅) in the pres
ence of O2. This ROO⋅ further reacts to form reactive species such as 
H2O2 and ⋅O2

- simultaneously with the mineralization of the R-chain 
(Deng and Zhao, 2015). It should also be noted that the formed 
by-products could have different pKa and Kow values from the parent 
POPs. Since we have shown the sonophotocatalysis has the advantage of 
degrading various organic compounds due to the different regions 
created by US, the TOC concentration for all three cycles was effectively 
mineralized. Comparably, the photocatalytic degradation efficiency 
highly depending on the surface electrostatic interaction between the 
photocatalyst and organic compound (Jallouli et al., 2018). 

3.6. Economic assessment for energy requirement 

For practicability consideration, an economic assessment for energy 
requirement was conducted based on the mineralization of POPs and 
TOC in a unit volume (1 m3) of POPs spiked into MP wastewater. The 
electric energy per order, EEO, kWh m− 3 was calculated according to the 
below equation (Eq. 4) (Azbar et al., 2004; Escudero et al., 2017): 

Fig. 6. Simultaneous degradation of (a) BPA, (b) ATZ and (c) SMX spiked into municipal wastewater for three consecutive cycles under photocatalysis and sono
photocatalysis and (d) mineralization efficiency of TOC. (* 0.1 mg L− 1 of respective BPA, ATZ and SMX was spiked into the water matrices after each cycle). 
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EEO =
Pt 1000

Vlog(C0/Ct)
(4)  

where P is the total energy (kW) of sonophotocatalysis system (UVA: 
8 W and US system: 50 W) and V is the volume of working solution (1 L) 
treated within t [2 h for POPs and 4 h for TOC; >96% of removed) while 
C0 and Ct refer to the initial and final concentration (mg L− 1) of BPA, 
ATZ, SMX, and TOC, respectively. The EEO of photocatalysis and sono
photocatalysis for POPs degradation was calculated and tabulated in 
Table S7. 

Accordingly, these results show that sonophotocatalysis is more en
ergy efficient in terms of mineralization rates than photocatalysis, which 
utilizes lower energy. Particularly SMX was shown to be recalcitrant 
towards photocatalysis as the EEO was calculated to be 2–3 times higher 
than BPA and ATZ (Fig. S21). In contrast, the EEO (3.0 kWh m− 3) for 
SMX degradation under sonophotocatalysis was 6.5 times lower than 
that under photocatalysis (19.6 kWh m− 3). To achieve > 96% miner
alization of TOC, 8.1 and 26.7 kWh m− 3 were required for photo
catalysis and sonphotocatalysis, respectively. 

Overall treatment energy costs were calculated according to (Eq. 5): 

Treatmentenergycost
(
USDm− 3) = EEO− SPC × electricitycost (5)  

where EEO-SPC referred to EEO of sonophotocatalysis. As of March 2020, 
the electricity price was USD 0.088 per kWh for the industry in South 
Korea. The estimated energy costs for 3 POPs and TOC in MP wastewater 
treatment were USD 0.24–0.26 and 0.72 m− 3. These energy costs were 
considerably cheaper compared to most studies (Table S8), especially 
for the mineralization of TOC. 

4. Conclusions 

Evidence from scavenging tests, H2O2 measurement, and ESR led us 
to an important conclusion where sonolysis and photocatalysis com
plemented each other through high selectivity for H2O2 splitting by the 
photoexcited e- to produce a higher concentration of ROS, thereby 
increasing the ⋅OH concentration in the bulk liquid. This outcome is 
significant for the degradation of SMX as sonolytic cavitation produces a 
low concentration of ⋅OH in the bulk liquid. The integration of these two 
systems yielded a high synergistic factor (fsyn: 3.26) for the degradation 
of SMX. Whereas hydrophobic POPs have lower fsyn, i.e., BPA (Kow: 3.32) 
and ATZ (Kow: 2.61) had a value of 1.30 and 1.35, respectively are the 
resultant of BPA and ATZ degradation does not highly depend on the 
photoexcited e- as the reaction primarily occurs at the gas-liquid inter
face. Furthermore, the interplay between photoexcited e- and H2O2 
splitting is shown linearly correlated with the fsyn, indicating that the 
sono-photochemical mechanism governs the overall synergism. Lastly, 
the economic assessment was estimated by calculating the EEO (8.1 kWh 
m− 3) and electrical cost (USD 0.72 m− 3) based on TOC mineralization in 
actual MP wastewater effluent within 4 h. With average degradation 
percentage of POPs and TOC was >98 and >96% for the treatment 
duration of 2 and 4 h, respectively. We believe that this theoretical study 
advances the understanding of synergistic mechanisms and emphasizes 
the effective implications of sonophotocatalysis for the treatment of 
wastewater containing TOC and a broad spectrum of POPs. 
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