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Abstract

Advanced oxidation processes (AOPs) using various energy sources and oxidants to produce reactive oxygen species are widely
used for the destruction of recalcitrant water contaminants. The current study is about the degradation of two emerging
pollutants—salicylic acid (SA) and methyl paraben (MP)—by high-frequency ultrasonication followed by identification of the
oxidation byproducts and modeling of the reaction mechanisms using the density functional theory (DFT). The study also
encompasses prediction of the aquatic toxicity and potential risk of the identified byproducts to some aquatic organisms bussing
the ECOSAR (Ecological Structure Activity Relationships) protocol. It was found that the degradation of both compounds was
governed by *OH attack and the pathways consisted of a cascade of reactions. The rate determining steps were decarboxylation
(~ 60 kcal mol ') and bond breakage reactions (~ 80 kcal mol "), which were triggered by the stability of the reaction byproducts
and overcome by the applied reaction conditions. Estimated values of the acute toxicities showed that only few of the byproducts
were harmful to aquatic organisms, implying the environmental friendliness of the experimental method.
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Introduction

Pharmaceuticals and personal care products (PPCPs) are ex-
tensively used in daily life via their presence in human and
veterinary medicine, cosmetics, and numerous food products.
Inevitably, they are readily discharged to sewage treatment
facilities, which they usually bypass and find their way to
the aquatic environment with the effluent of the treatment
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system (Wales et al. 2008; Savun-Hekimoglu and Ince
2019). The presence of PPCPs in water is a global environ-
mental concern due to their recognition with aquatic toxicity
and potential threat to human health (Brodin et al. 2013).

Advanced oxidation processes (AOPs), which are capable
of in situ *OH generation, have lately received considerable
attention in water treatment, owing to the high reactivity and
non-selectivity of the OH radical, and the sludge-free charac-
ter of the process (Giiltekin and Ince 2007). The most com-
mon methods of AOPs are UV/H,0,, ozonation, electromag-
netic radiation, TiO,-photocatalysis, y-irradiation, and
ultrasonication (Ince, 2018). In all AOPs, the attack of *OH
to organic molecules is initiated either by H-abstraction or
direct addition, both of which lead to the formation of lower
molecular weight and less toxic intermediates.

Ultrasonic irradiation of water leads to high-energy chem-
istry via the formation of extreme temperatures and pressures
upon the implosion of acoustic cavitation bubbles containing
dissolved gases and water vapor (Suslick et al. 1986).
Temperatures and pressures during the implosion process are
as high as 5000 K and 2000 atm, at which water molecules
and the entrapped gases undergo thermal fragmentation to
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yield a variety of radical species. Under these conditions, in-
tense mechanical, chemical, and thermal effects are observed
(Mason and Peters 2002). Hence, the use of ultrasound in
AOPs is based on the formation of OH radicals upon pyrolytic
decomposition of water molecules during the collapse of cav-
ity bubbles. It has been established that if sonication is applied
at low frequencies, mechanical effects of ultrasound dominate,
whereas at high frequencies chemical effects are more impor-
tant. Although the full mechanism has not been so far eluci-
dated, it is accepted that low frequencies (20-80 kHz) prefer-
entially lead to mechanical and physical effects, while high
frequencies (150-2000 kHz) favor the production of more HO
radicals, leading to more intense chemical effects (Mason
et al. 1992). The attractiveness of sonochemistry in AOPs
arise from the fact that no chemicals are required to produce
radical species, and no waste sludge is produced as a
byproduct of the process. Nevertheless, the challenge remains,
as the energetic and financial competitiveness of the method
to the existing processes performed in silent conditions are
still under investigation (Chatel et al. 2016).

Salicylic acid (SA) and its derivatives constitute a group of
PPCPs that are commonly used in analgesics and antipyretics,
and are available in a wide variety of formulations.
Overdosing of the compound has been reported as toxic
(Nakada et al. 2007) leading to symptoms such as headache
and nausea (Chaniotakis et al. 1989). SA is frequently detect-
ed in water and wastewater systems at relatively high concen-
trations, indicating the necessity to eliminate it before the wa-
ter is reclaimed and transferred to distribution systems (Taylor
and Stamatis n.d.). Published studies related to sonochemical
degradation of SA have shown that the compound is highly
reactive with OH radicals to readily yield dihydroxybenzoic
acid, followed by the production of smaller aromatic com-
pounds (Amin et al. 2010). Note also that salicylic acid is
commonly used as a model compound to monitor the forma-
tion of hydroxyl radicals in advanced oxidation or other chem-
ical reactions (Karnik et al. 2007).

Parabens are another group of PPCPs that are widely used
in toothpaste, cosmetics, textiles, foodstuff, and beverages,
owing to their preservative and antibacterial properties
(Savun-Hekimoglu and Ince 2017). It has been reported that
annually, 8000 tons of parabens are produced and a large
fraction of them are introduced into the aquatic system via
excretion and waste discharge (Ramaswamy et al. 2011).
Among all, methyl paraben (MP) is the most highly consumed
paraben and is classified under “emerging contaminants” not
only because of its aquatic toxicity, but also due to its potential
contribution to the incidence of breast cancer (Marquez-sillero
et al. 2010). The literature on sonochemical decomposition of
MP at high-frequency ultrasound is limited to a few studies
focusing on optimization of the operational parameters and
integration of the method with clay minerals (Savun-
Hekimoglu and Ince 2019) and investigation of the driving
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mechanisms as hydroxylation and hydrolysis (Sasi et al.
2015). The latter research has also reported complete miner-
alization of the compound as the evidence of the high efficien-
cy of sonochemistry compared with all other AOPs.

The purpose of this study was to investigate the degradabil-
ity of SA and MP by high-frequency ultrasound to elucidate
the reaction kinetics and to propose reaction mechanisms that
support the experimental results. Additionally, the study
covers the prediction of the aquatic toxicity of the parent and
oxidation byproducts at three test levels to test the environ-
mental safety of the ultrasonic method as an AOP.

Materials and methods

Salicylic acid and methyl paraben were purchased from
Sigma-Aldrich (> 99% purity) and used without further puri-
fication. HPLC-grade acetonitrile and phosphoric acid were
purchased from Merck (Istanbul) for use in the analysis of the
compounds during sonication.

Experimental

The ultrasonic reactor was a multi-frequency plate-type with a
500-ml glass cell and a 120-W generator, connected to three
piezoelectric transducers (22 cm?) emitting individually at
572, 861, and 1164 kHz (Ultraschall-Meinhardt, Germany).
The effective volume and power density in the reactor were
250 mL and 0.21 W mL ", the latter estimated by calorimetric
measurements. Initial solute concentrations and reaction time
were and 30 min, respectively. Test samples of 10 mg L™
adjusted to pH 3.0 were exposed to 572 kHz ultrasound for
30 min, during which samples were collected periodically for
the analysis of target compound concentrations and total or-
ganic carbon (TOC). Samples were also withdrawn at ¢=
10 min for use in the detection and identification of the oxi-
dation byproducts.

Analytical

Concentrations of SA and MP were determined by a
Shimadzu LC-20AT HPLC with a 20A UV—Vis photo diode
array detector, an Inertsil ODS-3 V (C18) (Hypersil BDS),
and a 250 mm x 4.6 mm column. The mobile phase for SA
analysis was 20 mM phosphoric acid and acetonitrile at a ratio
of 50:50 (by v), and that for MP was water/acetonitrile/phos-
phoric acid at a ratio of 70:30:0.15. The degree of carbon
mineralization was assessed by TOC analysis using a
Shimadzu TOC-V CSH analyzer. The oxidation byproducts
present in solution after 10-min sonolysis were identified by
AB SCIEX QTRAP® 4500 LC-MS/MS system with a Turbo
V™ jon source and electron spray ionization (ESI), operated
at the negative and “multiple reaction monitoring” mode to
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enable identification of the chemical structures. The 100-fold
diluted samples were analyzed by direct infusion into the ESI
source via a syringe pump at a flow rate of 10 puL/min.
Enhanced mass scanning (EMS) and enhanced product ion
(EPI) scan modes were used to acquire information on parent
compounds and their fragmentation patterns, respectively. The
mass spectrometer was operated under the following condi-
tions: ion source temperature, 500 °C; curtain gas, 20 psi;
nebulizer gas, 40 psi; heater gas, 60 psi; CAD gas, low; IS
pos, + 5500 V. The EMS spectra of the samples were obtained
by scanning over the m/z range 55155 at a rate of 10000 Da/
s, a collision energy of 10 V and a decluttering potential of
70 V. All data were acquired and processed using the Analyst
1.6.2. Software.

Computational

The reaction of SA and MP with the medium (*OH, H,O) was
considered by using the basic principles of organic chemistry
such as *OH addition, H abstraction, water elimination, bond
rupture, and aromatization with a goal of rationalizing the
formation of the experimentally observed byproducts. The
proposed mechanisms were modeled using the density func-
tional theory (DFT), the B3LYP functional and the 6-31 +
G(d) basis sets (Lee et al. 1988), (Becke 1993a), (Becke
1993b). A conformational search around single bonds was
performed for the structures corresponding to local minima,
the energetics discussed in the results are based on the global
minima. Transition state structures were characterized by a
single imaginary frequency. All the quantum chemical calcu-
lations were performed using Gaussian 09 software package
(Frisch et al. 2009). The reactions were conducted in water
(e =78.36) environment using the integral equation formalism
polarizable continuum model (IEF-PCM) at 298K. The intrin-
sic reaction coordinate (IRC) calculations were held to prove
that each transition state is connected to the corresponding
reactants (RC) and products (PC). The acute toxicities of
SA, MP, and their oxidation byproducts to green algae, daph-
nia, and fish were estimated in terms of maximum effective
(ECsp) and lethal (LCso) concentration using the Ecological
Structure Activity Relationships software (ECOSAR 2014).

Results and discussion
Experimental

Normalized concentrations of SA and MP during 30-min
sonolysis at 572 kHz are plotted in Fig. 1. The fitted
curves (R?=0.98) show that the rate of reaction in both
cases was pseudo first order, with rate constants of 0.067
and 0.091 min~' for SA and MP, respectively. The inset at
the top of the figure shows the degree of C-mineralization

w
o

WTOC 30-min M Latent TOC

N
o

0.8 1

%TOC Decay
5

0.6 1

o

c/C,

0.4

0.2
eMP (k=-0.091£0.02 min')
@SA (k=-0.067+0.01 min!)

0 5 10 15 20 25 30
Time (min)

Fig. 1 Normalized plots of concentration-time showing the rate of
sonochemical degradation of SA and MP (Cy=10 mg LY at pH 3.0.
The bar chart at the right bottom shows the corresponding C-
mineralization

after 30-min sonolysis and that after a 24-h silent mainte-
nance in the dark. It was interesting to find that the min-
eralization process continued for a long time after the
ultrasonic generator was shut down, as the indication of
“latent cavitation,” i.e., the effect of stable ROS such as
H,0, that form upon the violent collapse of acoustic cav-
itation bubbles.

LC/MS/MS spectra of 10-min sonicated samples of SA
and MP are presented in Fig. 2a and b, respectively. For
SA, we detected four major peaks at molecular weights of
62,108, 110,and 154 g mol ! with intensities of2.44,1.53,
1.36, and 1.83, respectively. For MP, we found six major
peaks at molecular weights of 85, 108, 110, 134, 138, and
150 g mol~! and intensities of 1.42, 0.30, 0.15, 0.50, 0.42,
and 0.15, respectively. The results for SA are consistent
with those of Scheck and Frimmel, who identified benzo-
quinone (MW =108) and dihydroxybenzoic acid (MW =
154) as the byproducts of UV/peroxide/O, process (Scheck
and Frimmel 1995). The latter was also reported by Chang
et al., together with catechol (MW = 110) as the byproducts
of SA oxidation in a Fenton process (Chang et al. 2008). In
another study by Guinea et al., using electrochemical oxi-
dation techniques, dihydroxybenzoic acid, maleic acid
(MW =116), fumaric acid (MW =116), and malic acid
(MW = 134) were identified as the byproducts of SA deg-
radation (Guinea et al. 2008).

A photocatalytic study of MP by Lin et al. with TiO,
has shown that the intermediate products were
dihydroxybenzene (MW =110), 4-hydroxybenzoic acid
(MW =138), tartaric acid (MW =150), and benzoqui-
none (MW =108), which are consistent with our find-
ings (Lin et al. 2009). Another study done by Gmurek
et al. focused on the degradation of hazardous water
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Fig. 2 LC/MS/MS spectra of 10-min sonicated samples of SA a and MP b and structures of their identified byproducts

contaminants: methyl-, ethyl-, propyl-, butyl-, and
benzylparaben using ultraviolet C lamps in the absence
and presence of H,O, (Gmurek et al. 2015). From the
byproduct analysis, it was concluded that the main
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degradation products were p-hydroxybenzoic acid
(MW =138); 2,4 dihydroxybenzoic acid (MW =154);
and 3,4 dihydroxybenzoic acid (MW =154). These ex-
perimental results are consistent with our results.
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Computational
Salicylic acid

The energetics for the degradation mechanism of SA can be
monitored step by step in Figs. 3 and 4. The potential energy
surfaces of the degradation pathway of SA are displayed in
Figs. S1, S2, S3, and S4. The 3D structures of the transition
structures are shown in Fig. S5.

SA is primarily attacked by *OH at the ortho/para posi-
tions of the OH since these are favorable positions for the
ortho/para director OH group and the meta director

carbonyl group which are already present on the ring.
The ortho and para positions to *OH are attacked with very
low barriers of 4.3 kcal'mol ! and 6.3 kcal~m0171; the re-
action is exothermic by 6.0 kcal'mol ' (SA6) and 3.2 kcal
mol™" (SA1) respectively. It is very likely that SAT is
attacked barrierless by another *OH to form the neutral
product SA2 with very high exothermicity (AG,=—
60.1 kcal-molfl). At this stage, water elimination
(TS-(SA2-SA3)) is very costly (AG*=41.8 kcal'mol )
to yield the stable product SA3 (AG.x,=-95.9 kcal-
molfl), which is detected experimentally (MW = 154).
SAS8, the isomer of SA3 is formed via similar steps. We

Fig. 3 Gibbs-free energies
(kecal'mol ") for the degradation
pathway of SA into SAS and
SA10 (B3LYP/6-31 + G*, in
water)
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suggest the other isolated intermediate SA5S (MW = 110) to
be formed in a stepwise manner, first a hydrogen shift from
position 6 to position 5 forming SA4 and then decarboxyl-
ation. The driving force for this last reaction would be the
high stability of the final product SA5 (AG,,=—
110.5 keal'mol ™). Overall, the stabilities of the intermedi-
ates SA3 (MW =154) and 1,4-benzenecdiol/
hydroxyquinone (SAS5, MW = 110) trigger their formation.
Note that SAS8 yields 1,2-benzenediol/ catechol (SA10,
MW =110) similarly along exothermic reactions. The
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formation of SA10 (MW =110) follows the same pattern
as SAS.

The formation of 1,4-benzoquinone (MW = 108) can be
visualized in Fig. 4 as a continuation of Fig. 3. In this mech-
anism, 1,4-benzenediol (SAS) gains easily 2 *OH groups se-
quentially to form the very stable species SA12 (—47.3 kcal
mol™"). SA12 yields SA14, namely 1,4-benzoquinone
(MW =108) after two consecutive H,O eliminations.
Further reactions to form the intermediate with MW = 126
involves bond rupture (TS-(SA14-SA15)) which is highly
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energetic (79.9 kcal'mol™!) to yield the product SA15
(3.5 kcal'mol ). SA15 undergoes another bond breakage with
a barrier of 78.6 kcal'mol ' to yield SA16 (- 6.2 kcal'mol ')
that abstracts H,O to yield SA17 (MW =108), (4.6 kcal-
mol™'). SA17 can undergo bond rupture to form SA18
(MW = 60) which was detected experimentally (—5.9 kcal:
mol ).

Overall, reaction profiles yielding the experimentally de-
tected intermediates (SA18 (MW =60), SA14 (MW =108),
SAS and SA10 (MW =110), SA3 and SA8 (MW = 154)) have
been suggested. Although Gibbs-free energies of activation
yielding the desired intermediates are high, the products are
stable, the reactions are thermodynamically driven.

Methyl paraben

Over the past years, many varieties of AOPs (ozonation
(George et al. 2014), photocatalysis (Lam et al. 2013), and
electrochemical oxidation UV-irradiation (Sanchez-Martin
et al. 2013)) have been extensively used for the degradation
of MP, based on the power and non-selectivity of *OH in
oxidizing organic molecules. Many of these studies, however,
have focused mainly on setting the optimum experimental
conditions, disregarding the reaction mechanism (Lam et al.
2013; Sanchez-Martin et al. 2013; Tay et al. 2010). There are
some studies reporting the attack of the *OH to both the ben-
zene ring and the alkyl chain, based on the identified interme-
diates (Lin et al. 2009; George et al. 2014). However, the
specific degradation route for MP is still unclear. In a study
by Gao et al., all possible degradation pathways of MP were
elucidated by quantum chemical calculations and the toxicity
of all intermediates was estimated (Gao et al. 2016). However,
to the best of our knowledge, there are no computational stud-
ies reporting the intermediates formed by bond rupture
mechanisms.

Figures 4 and 5 show the proposed mechanisms in this
work for the degradation of MP. All the potential energy sur-
faces related to the degradation pathway of MP are displayed
in Figs. S6, S7, S8, and S9. The energetics have been calcu-
lated based on the stoichiometrically balanced reactions. In
water, MP (MW = 150) may undergo hydrolysis yielding
MP1 with a barrier 59.8 kcal'mol ' and the reaction is endo-
thermic by 2.0 kcal mol. Note that the latter intermediate MP1
(MW = 138) was also detected experimentally (Fig. 2). The
reaction is followed by decarboxylation to obtain MP2 (—
12.1 keal'mol™"). Then, MP2 (MW = 94) is attacked by
*OH, with addition to the o- and para p- positions yielding
MP3 (MW =112) and MP6 (MW = 112) with low barriers
and high exothermicities (AG* = 4.8 kcal'-mol 'and 5.6 keal-
molfl; AG,=—16.6 kcal'mol ! and —17.9 kcal'mol *, re-
spectively). It is very probable that MP3 and MP6 are attacked
barrierless by another *OH to form the neutral species MP4
MW =128, —65.7 kcal-molfl) and MP7 (MW =128, —

69.2 kcal-molfl). At this stage, elimination of water
(TS-(MP4-MP5) and TS-(MP7-MPR)) is costly (34.2 kcal:
mol 'and 40.8 kcal'mol ", respectively) to yield exothermi-
cally MP5 (MW = 110) and MP8 (MW = 110); the latter sta-
ble intermediates have also been detected experimentally.
Note that MP5 and MP8 are identical to SA5 and SA10 re-
spectively, thus the reactions of the degradation byproducts
will be similar to those of SA5 and SA10, as discussed in
the previous section.

The mechanism proposed above illustrates that «OH-addi-
tion is the governing route in the degradation of MP, as also
reported in the literature (Agopcan Cinar et al. 2017) for
shorter alkyl chain parabens. Gao et al. (2016) have investi-
gated the effect of alkyl chain length on the degradation mech-
anism of parabens and found that *OH-addition was the more
dominant route for the degradation of shorter parabens, such
as MP. The same authors have also demonstrated the domi-
nance of *OH-addition over H-abstraction for the degradation
of diclofenac (Agopcan Cinar et al. 2017).

As mentioned in “Experimental,” the intermediate products
of oxidation detected by Lin et al. (2009) for the degradation
of MP are consistent with our results, i.e., dihydroxybenzene
(MW = 110), 4-hydroxybenzoic acid (MW = 138), tartaric ac-
id MW = 150), and benzoquinone (MW = 108).

Summary of computational findings

The pathways show the degradation of SA to acetic acid
(SA18) to occur along a cascade of reactions (Figs. 3 and 4).
The transformation of SA to hydroxyquinone (SAS5) and cat-
echol (SA10) have rate determining steps along the conver-
sion of SA3 to hydroxyquinone (SAS5) and SA8 to catechol
(SA10). The high-energy barriers of 59.1 kcal mol™ ' and
55.7 keal mol ™! can be attributed to the decarboxylation reac-
tion in each case. The degradation of hydroxyquinone (SAS)
to acetic acid (SA18) proceeds via sequential reactions: *OH
addition and water eliminations followed by a highly energetic
ring rupture (79.9 kcal mol™") to SA15. The latter undergoes
C—C bond rupture (78.6 kcal mol ") and water addition
(60.7 kcal mol ™) to yield SA17, which finally overcomes an
energetically demanding barrier (83.6 kcal mol ') to yield
acetic acid (SA18).

The degradation pathways of methyl paraben (MP) resem-
ble closely those of salicylic acid (SA) (Figs. 3, 4, and 5) The
first step along the degradation is hydrolysis of the ester bond
yielding 4-hydroxybenzoic acid MP1 (MW =138). The latter
decarboxylates with a high barrier (53.8 kcal mol ™) to pro-
duce MP2, which readily captures a *OH at the o-/p- positions
(MP6/MP7). MP7 reacts with another *OH to yield either
catechol (MP8) or hydroxyquinone (MP5). The degradation
of MP5 and MP8 follow the same paths as those of SA5 and
SA10.
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Fig. 5 Gibbs-free energies
(kcal mol) for the degradation 0
pathway of MP into MP5 and _
MP8 (B3LYP/6-31 +G*, in SN
water)
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Toxicity intermediate products. We found that SA is harmful to green

The acute and chronic toxicity of the target compounds and
their byproducts to aquatic organisms were predicted at three
trophic levels (green algae, daphnia, and fish) and the results
are presented in Table S1. The colors are based on reference
toxicity classifications (Table S2) and used in assessing the
harmfulness or safety of the target compounds and the
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algae and daphnia, and safe for fish, while MP is harmful to all
three aquatic organisms. The results are consistent with the
experimental findings reported in the literature (Cleuvers
2004). We also found that toxicity fluctuated between “harm-
ful” and “toxic” as the reactions proceeded, and the
byproducts SA14 and MP12 were more toxic than their parent
molecules all three organisms. These are also consistent with
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the literature reporting the experimental results to show higher
toxicity of p-benzoquinone than phenolic parents (Degraeve
et al. 1980). Note that quinones are Michael acceptors; dam-
age due to these species sometimes result from covalent bind-
ing with cellular nucleophiles; it has also been demonstrated
that some quinone molecules can react with nucleophilic ami-
no groups on DNA or proteins (Bolton et al. 2000; Monks and
Jones 2002).

The results presented in Table S1 show that, as the reac-
tions proceed, the solution is detoxified, especially after the
ring opening phase (SA15, SA16, SA17, SA18, MP13,
MP14, MP15, and MP17). The values of ECsq and LCs, show
that SA, MP, and their early oxidation byproducts are harmful,
while the products formed later are not. The result is consistent
with the literature reporting the reduction in the estrogenic
activity of propylparaben upon degradation by AOPs, accom-
panied with an initial increase in the acute toxicity followed by
a sharp decrease as the value of TOC decreases (Fang et al.
2013).

Conclusions

This study has shown that the two common PPCPs, salicylic
acid and methyl paraben, are readily oxidized by ultrasonic
irradiation at 572 kHz to produce a variety of oxidation
byproducts, which are partially mineralized within the
allowed reaction time. Computational analysis of the reactions
based on *OH-mediated oxidation, confirmed the formation of
the experimentally identified byproducts SA3 (154), SAS
(110), SA8 (154), SA10 (110), SA14 (108), SA18 (62),
MP1 (138), MP5 (110), MP8 (110), MP12 (108), MP15
(134), and MP17 (150), thus providing for the first time a
detailed mechanistic account for the degradation of salicylic
acid and methyl paraben.

ECOSAR toxicity analysis showed that SA is toxic to
green algae and daphnid, but non-toxic to fish, while MP is
“harmful” to all three levels of aquatic organisms. It was also
found that the toxicity fluctuated between toxic-harmful-non-
toxic levels during the degradation process. The most toxic
byproduct was benzoquinone, which was formed upon the
degradation of both compounds, and which is recognized as
the most toxic derivative of benzene-bearing compounds.

Finally, the analysis of toxicity has shown that most of the
oxidation byproducts are non-toxic to the test organisms,
confirming the environmental friendliness of the applied
AOP method, or showing sonochemistry as a powerful tool
of green technology. Nevertheless, more research is required
to establish the feasibility and sustainability of the method as a
viable option to classical chemical methods of water treatment
that consume high concentrations of chemicals and produce
large volumes of hazardous sludge.
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