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MPB can be initially attacked by *OH via OH-addition and H-abstraction routes. Among these routes, the
*OH addition to the C atom at the ortho-position of phenolic hydroxyl group was the most significant
route. However, the methyl-H-abstraction route also cannot be neglected. Further, the formed transient
intermediates, OH-adduct (*MPB-OH; ) and dehydrogenated radical (*MPB(-H)a), could be easily trans-
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OH-initialed mechanism formed to several stable degradation products in the presence of O, and *OH. To better understand the
ECOSAR potential toxicity of MPB and its products to aquatic organisms, both acute and chronic toxicities were
Theoretical investigation assessed computationally at three trophic levels. Both MPB and its products, particularly the OH-addition

products, are harmful to aquatic organisms. Therefore, the application of AOPs to remove MPB should be
carefully performed for safe water treatment.
© 2014 Elsevier B.V. All rights reserved.
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drinking water safety and aquatic ecosystems [ 1]. Parabens, a group
of important PPCPs with antimicrobial and preservative properties,
are widely used in toothpastes, cosmetics, textiles, and beverages
[2-4], resulting in approximately 8000 tons of parabens consumed
annually globally [5]. Among these parabens, methylparaben (MPB)
has the highest concentration in various cosmetic products [6,7].
MPB is continuously released into aquatic environment through
domestic wastewater because of daily consumption. Consequently,
MPB is ubiquitously detected in various aquatic environments
[8-10], thus creating potential risks to aquatic organisms [7,11].
Moreover, MPB could potentially contribute to the incidence of
breast cancer [12-14] and has been classified as an emerging
contaminant (EC) by U.S. Environmental Protection Agency. Nev-
ertheless, the conventional wastewater treatment technologies are
inadequate to remove these ECs [15,16]. Therefore, advanced oxi-
dation processes (AOPs), as the alternatives to traditional water
treatment technologies, have attracted global attention in this field.

Over past few years, various AOPs including photocatalysis
[17,18], ozone oxidation [19], UV irradiation [20] with the in situ
production of highly reactive hydroxyl radicals (*OH), as the main
oxidants, have been frequently employed to degrade MPB exper-
imentally. However, some studies only optimized experimental
conditions without considering MPB degradation mechanism
[18,20,21]. Some proposed that *OH can attack both the alkyl
chain and benzene ring of MPB based on experimental determi-
nation of intermediates [17,19]. However, the specific reaction
sites in MPB and pathways involved are still unclear. For exam-
ple, a tentative reaction pathway reported that MPB is mainly
attacked by *OH at -CH3 and -H in the aromatic ring [17], hydrox-
ylation at the aromatic ring and hydrogen abstraction were the
degradation mechanism of MPB in ozonation [19]. Nevertheless,
these studies on quantitative distribution and potential toxicities
of products during MPB degradation using AOPs have not yet
been concerned, even though this information is very important
for environmental protection. Therefore, the mechanisms, kinet-
ics, and toxicity assessments of MPB degradation during AOPs
still deserve to be investigated systematically. At this point, the
computational results are expected to interpret the experimental
findings and provide theoretical support for the conclusions of the
experimental MPB degradation results. In addition, as a approach
of cost-effective, convenient, and avoiding the use of animals for
toxicological study [22,23], computational approach is frequently
adopted to investigate the molecular basis of environmental, chem-
ical, and biological processes [24,25]. To date, no computational
study has been reported on the mechanisms and kinetics of MPB
degradation using AOPs, as well as the toxicity assessment of its
degradation products.

In this study, the mechanisms and kinetics of *OH-initiated
degradation of MPB were systemically elucidated by quantum
chemical calculations. All the possible MPB degradation mecha-
nisms were considered, and the intermediates formed in these
processes were quantified according to the ratio of different routes
determined from kinetics results. Furthermore, the acute and
chronic toxicities of MPB as well as its degradation products
were evaluated using “ecological structure-activity relationships”
(ECOSAR) program to better understand the potential risks to
aquatic organisms during MPB degradation using AOPs.

2. Computational methods
2.1. Mechanism and kinetics computations
All the quantum chemical calculations were performed using

the Gaussian 03 program [26]. The geometries of all stationary
points were optimized using the hybrid density functional B3LYP

method with the 6-31G(d,p) basis set. At the same level, the theo-
retical harmonic vibrational frequencies were calculated to identify
these stationary points, as either minima (with zero imaginary fre-
quency) or transition state (TS, with one and only one imaginary
frequency), and the thermodynamic contributions. The intrinsic
reaction coordinate (IRC) calculations were conducted to confirm
that each TS connected the corresponding reactants (RC) to prod-
ucts (PC). The single-point energy calculations, including solvent
effect, were performed to establish potential energy surface (PES)
at B3LYP/6-311++G(d,p) level based on the above optimized struc-
tures, and the conductive polarizable continuum model (CPCM)
[27] was employed to consider solvent effect. Based on the above
PES information, the reaction kinetics were calculated using con-
ventional transition-state theory (TST), solvent cage effects [28],
and diffusion-limited effects [29], as shown in supporting informa-
tion (SI). The half-life (t;/,) of the *OH-initiated reaction of MPB
was calculated using the formula, t1, =1n2/(ksq x [*OH]), where
[*OH] denotes the *OH concentration in aqueous phase.

2.2. Ecotoxicity assessment

The acute and chronic toxicities of MPB and its degradation
products during AOPs were assessed using ECOSAR program [30]
to estimate their risk to three trophic levels of aquatic organisms,
namely, green algae, daphnia, and fish. Herein, the acute toxicity
is expressed by ECsqg values (the tested pollutant concentration for
50% growth inhibition of green algae after 96 h) and LCsq values
(the tested pollutant concentration for 50% dead fish and daphnia
after 96 and 48 exposures, respectively). For conservative consid-
eration, the lowest toxicity concentration was chosen. The risk of
target chemicals on aquatic organisms was also assessed by hazard
quotient (HQ) method [31]; the detail description is given in SI.

3. Results and discussion
3.1. Structure and aquatic toxicity of MPB

The optimized MPB structure and the description of its car-
bon atom number are shown in Fig. 1. MPB contains a methyl
ester and phenolic hydroxyl (OH) group, which is structurally sim-
ilar to natural 17f-estradiol. This structure may be responsible
for the estrogenic activity of MPB in breast cancer [32]. In addi-
tion, the octanol-water partitioning coefficient (log Kow) of MPB
was calculated to be 2.00, which agrees well with the experi-
mental value 1.98 [33]. Thus, MPB may have potential toxicity
to aquatic organisms according to previous reports that chemi-
cals with log Kow below 6.0 could exert aquatic toxicity [34,35].
To validate this supposition, the acute and chronic toxicities of
MPB at three trophic levels were calculated (Table S1). For acute
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Fig. 1. Optimized geometries of MPB at the B3LYP/6-31G(d,p) level; bond lengths
are in angstroms (A); Herein,® ,C; © ,H; ® , 0.
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toxicity, daphnia LCso was 7.99mgL-1, indicating that MPB was
acutely toxic (1.0<LCs0<10.0mgL-1) for daphnia, according to
the EU criteria [23]. However, for fish and green algae, MPB was
classified as harmful (10.0<LC50 < 100.0 mg L~1), owing to the LCsq
of 20.43mgL-! for fish and ECsq of 18.09mgL~! for green algae.
For chronic toxicity, all chronic toxicity values (ChV) of MPB were
predicted in the range 1.0-10.0mgL~!, indicating that MPB is
chronically harmful for all three tested organisms according to the
guidelines for the hazard evaluation of new chemical substances
of China (HJ/T 154-2004). Moreover, the calculated toxicity val-
ues such as ChV for daphnia was 1.52mgL-!, which well agreed
with experimental values of 1.50mgL-! [36]. This indicates that
the ECOSAR program is suitable to assess the toxicities of MPB and
its transformational products. Generally, MPB was a harmful sub-
stance with adverse effects on aquatic organisms, particularly for
daphnia. It is therefore very deserved to investigate the elimination
mechanisms and kinetics of MPB from water environment using
AOPs.

3.2. Initial reaction of MPB with *OH

Mechanism. In the aqueous-phase AOPs, MPB degradation was
mainly initiated by *OH [17]. Thus, all the possible routes for
MPB +°*OH reaction were thoroughly considered and summarized
in Fig. 2. These routes can be divided into three types: (i) OH-
addition: either onto the C atom of benzene ring (R;441—6) or
carbonyl group (Ryqq7); (ii) H-abstraction by *OH: either from
methyl (Rgpsat), phenolic hydroxyl (R,,;OH), or the benzene ring
(Rgps1,2,4,5); and (iii) single-electron transfer: from MPB by *OH
(Rset). The geometries of all stationary points, such as TSs and PCs,
involved in these routes are shown in Figs. S1-2, and the PES pro-
file of all the above-mentioned routes is shown in Fig. 2. Herein,
the energies were calculated relative to the reactants, MPB and
*OH, and AG# values were defined as the free energy barrier
(AG#* =Grs — Gre). AG is the reaction energy (AG= Gpc — Gge).

For OH-addition routes (Fig. 2), five routes (R;441,2,4,5,6) were
found to be exothermic (AG<0), except that routes R,433 and
Rgqq7 were endothermic with AG of 2.36 and 23.35 kcal mol~1,
respectively, indicating that R;443 and R,447 routes could not con-
tribute to MPB degradation during AOPs. In the five exothermic
routes, the lowest AG# of 7.53 kcalmol~! was located in Ryq1
route, which was 2.55-4.12kcalmol~! lower than the AG# of
the others (Ry442,4,5,6), indicating that R,441 route is the most
favorable OH-addition route. However, the contribution of other
four routes (R,442,4,5,6) may not be ascertained easily because of
the small differences in AG#, e.g., the AG# were 10.40 (Ryq42),
10.08 (Rggq4), 11.65 (Rgqq5), and 11.59 (R,446) kcalmol—!, respec-
tively. Thus, the kinetic calculation is very important for further
understanding.

For H-abstraction routes (Fig. 2), the AG# of methyl-H-
abstraction (Rg,sa) and phenolic-H-abstraction (R,;,;OH) routes
were calculated to be 9.74 and 10.63 kcalmol~1, respectively,
which were lower by ~2.6-6.3 kcalmol~! than those of benzene-
H-abstraction routes (Rgps1,2,4,5). Furthermore, the latter four
routes were at least 14kcalmol~! less exothermic than those
of the former two routes. These results indicate that Ry, and
RqpsOH routes are significant; however, other H-abstraction routes
should be neglected. Because of the small difference in AG#
between Ry s and R,,sOH, their contributions were unlikely to
be identified only from mechanism aspect; therefore, further
kinetics calculations were needed to distinguish their detailed
contributions.

For single-electron transfer route (Rset) (Fig. 2), the AG# was
13.30kcal mol~! and higher by at least 5 kcal mol~! than that of the
most favorable OH-addition route (Ry4q1). More importantly, Rser

route was the endothermic route, and the reaction energy was less
by ~34kcalmol~! than that of the most significant H-abstraction
route (Ryps0t). Therefore, Rser route was less spontaneous than other
exothermic routes and could be difficult to occur in the initial
step of MPB degradation, indicating a very low probability for the
electron-transfer reactivity of parabens with *OH. The finding also
explains the previous experimental results, i.e., the transient spec-
trum of the single-electron transfer product, the radical cation of
propylparaben (PPB*"), was not observed during the degradation of
propylparaben using AOPs [37].

Based on the above discussion, the single-electron transfer route
(Rser) and two OH-addition routes (Ry443 and Ry447) can be ruled
out during MPB degradation using AOPs because of the endother-
mic processes. Therefore, following discussion on the kinetics and
toxicity assessments of degradation products will be focused on the
five OH-addition (R,441,2,4,5,6) and two H-abstraction (Rg,sa and
RgpsOH) routes.

Kinetics. To quantitatively evaluate the contribution of each
route and better insight into the fate of MPB in aquatic envi-
ronment, the reaction kinetics were studied at 273-313K [38].
The second-order rate constants for each route and total reaction
(ktotal, the sum of rate constants of each route) were calcu-
lated (Table S2). At 298K (room temperature), the calculated
Kiotag Was 5.01 x 102 M~1s~1, which agreed well with the avail-
able experimental value 6.8 x 10° M~1s~1[19]. This indicates that
our calculation values are reliable and particularly very important
for those routes without experimental data. As the temperature
increased from 273 to 313K, the kg increased from 2.61 x 10°
to 7.31 x 10° M~1 s~1. These data are close to the estimated dif-
fusion limit (4 x 10° M~1s~1) [39], indicating that MPB could be
rapidly degraded by *OH by a diffusion-controlled process within
the entire temperature range investigated. In addition, the rate
constant of each route also increased with increasing tempera-
ture, e.g., the rate constant of Ry441 route increased from 1.97 x 10°
t0 2.51 x 109 M1 s~1 as temperature increased from 273 to 313K,
indicating that increasing temperature can promote *OH-initiated
degradation of MPB during AOPs. However, this slight increase in
the rate constant with temperature indicates that the reaction was
in fact dependent on diffusion-controlled processes and indepen-
dent of chemical-reaction-controlled processes.

The Arrhenius formulas were established from the rate
constants data at 273-313 K (Table S3). The pre-exponential factor,
activation energy, and the second-order rate constants in specific
experimental temperatures can be obtained from these formulas.
It was found that within the investigated temperature range, the
activation energy was only 4.39 kcal mol~!, further implying that
MPB can be readily degraded by *OH in AOPs.

The ty, is a simple index to assess the degradation feasibility of
organics and often used to predict the organics fate in water envi-
ronment and degradation systems. Thus, the t;, was calculated to
estimate the degradation feasibility of *OH-initiated MPB degra-
dation at 273-313K (Table S4). At a certain *OH concentration,
[*OH], the t;, decreased with increasing temperature. For most
AOPs used in wastewater treatment, [*OH] of 10~11-10-9 mol L~
can be typically found [40]. At the highest [*OH] of 102 mol L, the
ty, decreased from 0.25 to 0.08's as temperature increased from
273 to 313 K. At a fixed temperature, the t;, also decreased with
increasing [*OH], e.g., at 298 K, when [*OH] decreased from 10~° to
10~ mol L~1, the t;, increased from 0.12 to 12.38s. From these
results, it can be concluded that the increase in both temperature
and [*OH] will benefit the MPB degradation during AOPs, and t;,
was more dependent on [*OH] than temperature. Anyway, these
very short half-lives indicated that MPB can be easily eliminated
from wastewater during AOPs.

To better understand the effect of temperature on the degrada-
tion intermediates and contribution of each route on entire initial
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Fig. 3. Calculated branching ratio (I") of each route in the reaction of MPB with *OH
at 273-313K.

reaction, the temperature dependence of branching ratio (1) was
calculated at 273-313K (Fig. 3). The I'" of each route was deter-
mined according the following equation:

k i

' ktoml

where k; is the reaction rate constant of the ith route. Except for
the Ry4q1 route, the I' of other routes increased with increas-
ing temperature. For the OH-addition routes, the R,441 route was
the predominant route, particularly the I" up to 75.5% at 273 K.
With increasing temperature, although 17,441 decreased to 34.3%
at 313 K, it was still higher than those of other OH-addition routes
by at least ~18.0%. As for H-abstraction routes, it was clearly found
that I"41,2,4,5 values were not more than 0.01% in the entire tem-
perature range, indicating that these four benzene-H-abstraction
routes (Ry;s1,2,4,5) are completely negligible. At 273K, the I g
and I"g,;OH were 14.3% and 1.0%, respectively, while they increased
to 27.8% and 5.1% when temperature reached to 313 K. These results
indicate that Ry,;a was the main H-abstraction route in the entire
temperature range investigated.

In summary, AOPs are very effective and promising technologies
to eliminate MPB from water environment. The degradation effi-
ciency closely depend on [*OH] and temperature, and particularly,
increasing [*OH] will benefit MPB degradation. It can help people
to optimize AOPs system with minimizing the operating cost [41].
Two major transient intermediates, *"MPB-OH; and *MPB(-H)a, can
be produced in the initial step of the MPB reaction with *OH, which
agrees well with the mechanism discussed above. Therefore, *MPB-
OH; and *MPB(-H)a were tracked as two examples to investigate
the following degradation reaction in AOPs.

3.3. Subsequent reactions of OH-addition and H-abstraction
intermediates

The subsequent routes for the radical intermediates, *MPB-
OH; and *MPB(-H)«, of OH-addition and H-abstraction routes are
shown in Fig. 4a-c. If the supply of *OH is insufficient in cer-
tain AOPs (Fig. 4a), the intramolecular reactions could be observed
for both OH-addition and H-abstraction intermediates. For OH-
addition intermediate (*MPB-OHj ), the H-transfer route was more
difficult to occur than the direct dehydrogenation route, because
of large AG# difference of 16.62 kcalmol~!. For H-abstraction
intermediate (*MPB(-H)a), the de-formaldehyde route could occur
through energy barrier of 26.92 kcalmol~!. However, *OH could

be continuously generated in AOPs. Therefore, with enough *OH
(Fig. 4b), *OH further attack on the benzene ring of *MPB-OH;
was more favored than the single-electron transfer, thereby form-
ing di-hydroxylated MPB (MPB-20H). This is because the former
route was a barrierless radical-radical reaction with an exothermic
energy of —47.02kcalmol~!, while the latter needed to over-
come a high AG# of 19.80kcalmol-!. Furthermore, if enough
*OH was still continuously produced, MPB-20H could be attacked
by *OH because of a very low AG# of 4.43 kcalmol~!, followed
by benzene ring opening to MPB final mineralization. Otherwise,
mono-hydroxylated MPB (MPB-OH) should be rapidly produced
because the high released energy, —47.02 kcal mol~1, could com-
pletely overcome AG # of 45.44 kcal mol~! to achieve dehydration
reaction. For *MPB(-H)a, *OH attack on the methylene group of
*MPB(-H)ae was a barrierless reaction with exothermic energy
up to —78.65kcalmol~!, to produce hydroxymethyl-MPB (MPB-
OHa). This exothermic energy was larger by at least 56 kcal mol~!
than that of single-electron transfer by *OH. These indicate that
MPB-OHa was the dominant degradation product, which could be
further decomposed to para-hydroxybenzoic acid (p-HBA).

On the other hand, most AOPs, such as photocatalysis [42-44]
and Fenton reactions [45], are generally carried out in aerated
aquatic environments, indicating that O, might participate in the
subsequent reaction as a mild oxidant. Therefore, the presence of
0, was also considered in this study to better understand the sub-
sequent fate of MPB in AOPs (Fig. 4c). For OH-addition intermediate
(*"MPB-0OH; ), O, addition to the benzene ring of *MPB-OH; was
an endothermic process with a AG of 5.44kcalmol~!, whereas
H-abstraction reaction by O, was a strongly exothermic process
with a AG of —34.80kcalmol~!. The latter route was easier to
occur than the former in the presence of O,, and the degradation
products were HOO®* and MPB-OH, in line with the experimen-
tal results [17,19]. This theoretical finding can further explain
the experimental results as to why the O atom of O, cannot be
incorporated into the degradation product through direct coupling
between molecular O, and substrate-based radicals during AOPs
[42]. As for H-abstraction intermediate (*MPB(-H)a) (Fig. 4c), O,
could attack the methene group of *MPB(-H)a to form peroxyl rad-
ical (R-00¢); this was a barrierless process with an exothermic
energy of —20.86 kcal mol~!. Further, R-00° could easily combine
with each other via oxygen-to-oxygen coupling reaction to form
a tetroxide intermediates (IM-O4). This route was also a barrier-
less process and more likely to occur than direct decomposition of
R-00° with a AG# of 59.17 kcal mol~1. Furthermore, IM-O4 could
readily undergo a simultaneous O-0 bond fission and H-transfer
process to generate para-hydroxybenzoic formic anhydride (BFA).
This route was a strongly exothermic process with a release energy
of —115.04kcalmol~! to produce p-HBA easily. With prolonging
degradation time, this intermediate could be further decomposed
into low-molecular-weight products [45,46].

In short, for both intermediates (*MPB-OH; and *MPB(-H)«x)
from OH-addition and H-abstraction routes, the intramolecular
reactions probably did not occur in AOPs because of the presence
of enough reactive species like *OH and O,. Although the sub-
sequent reactions with *OH were more easy to occur than with
0,, the further degradation products with O, cannot be neglected
because [*OH] was lower by at least 5 orders of magnitude than the
concentration of 0, (2.6 x 1074-1.3 x 103 molL-1) in AOPs [47].
Therefore, the transformation of initial intermediates (*MPB-OH;
and *MPB(-H)a) with *OH and O, were calculated, respectively
(see SI). Results showed that the transformations with O, were
much larger than that with *OH by at least 524 times for *MPB-
OHjy, and 6 orders of magnitude for *MPB(-H)x. Therefore, the
presence of O, (i.e., in aerated aquatic environments) could sig-
nificantly enhance MPB degradation. In the subsequent reaction
with O,, MPB-OH would be produced first followed by MPB-20H.
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Fig. 5. Acute and chronic toxicity evolution of the OH-addition and H-abstraction
routes toward three tested aquatic organisms in the presence of *OH.

However, opposite result was observed in the subsequent reac-
tion with *OH. This can well explain experimental results as to
why mono-hydroxylated paraben was first observed and then con-
verted into highly hydroxylated products in the aerated aquatic
environments [37].

3.4. Toxicity assessment

In the presence of *OH. The schematic representation of the acute
and chronic toxicity evolutions in the presence of enough *OH are
shown in Fig. 5a-d and Table S1. For OH-addition route (Fig. 5a), the
acute toxicity to green algae decreased firstly, and then increased;
however, the opposite trend was observed for fish and daphnia.
As shown in Fig. 5b, the trends of chronic toxicity to green algae
and daphnia are similar to those of the corresponding acute tox-
icity, whereas for fish, the chronic toxicity decreased during MPB
degradation. As shown in Table S1, according to the abovemen-
tioned toxicity criteria, MPB-20H was non-harmful for green algae
because both ECsy and ChV are above 100.0 mgL-!. However, the
LCso and ChV were 1.17 and 0.23mgL-! for daphnia, and 10.91
and 2.69 mg L~ for fish, respectively, indicating that MPB-20H was
toxic for daphnia and harmful for fish. MPB-OH, the subsequent
product from MPB-20H, was toxic to both green algae and fish;
however, non-harmful for daphnia, e.g., the LCs59 and ChV were
8.51 and 0.96 mg L~ for green algae, making it toxic (Fig. 5a and b).
However, both acute and chronic toxicities for H-abstraction route
decreased during AOPs (Fig. 5c and d). However, harmful products
could be still generated, e.g., the LC5g of MPB-OHa was calculated
to be 59.73 mgL~! and termed harmful for daphnia (Fig. 5¢).

In the presence of O,. The acute and chronic toxicity evolutions of
byproducts during MPB degradation process in the presence of O,
are shown in Fig. S3a-d and Table S1. MPB-OH was obtained as the
first product and then transformed to MPB-20H for OH-addition
route. This order is opposite to that in the presence of *OH. There-
fore, the trends of acute and chronic toxicities for OH-addition route
would be opposite in the presence of *OH, e.g., acute and chronic
toxicities to green algae increased initially and then decreased,
whereas those for daphnia and fish decreased initially and then
increased (Fig. S3a). Overall, the intermediates could still adversely
affect aquatic organisms. For H-abstraction route (Fig. S3c), acute
toxicities decreased for both green algae and fish, whereas a com-
plex trend of initial decrease, then increase, and then again a slight
decrease was observed for daphnia regardless of acute (Fig. S3c)
and chronic toxicities (Fig. 3d). The same trend of chronic toxicity
for fish and daphnia was observed. However, to green algae, chronic
toxicity increased initially, and then decreased. The EC5q and ChV of

IM-04 were calculated to be 23.94 and 2.58 mg L~ for green algae,
and the LCso of BFA was calculated to be 61.61 mgL~! for daphnia
(Table S1), indicating that both IM-O4 and BFA are harmful.

In summary, hazardous products are produced during MPB
degradation using AOPs, although the intermediates can be detox-
ified finally with sufficient treated time. Particularly, OH-addition
products may have higher toxicity to different aqueous organisms
than MPB, such as toxic MPB-OH for green algae and MPB-20H
for daphnia. OH-addition products are more harmful than H-
abstraction products for all tested aquatic organisms. Although the
presence of O, could enhance MPB degradation during AOPs, more
harmful products were produced in the aerated aquatic environ-
ment.

3.5. Fate prediction of MPB in natural waters

In fact, various reactive species, like *OH, are also persistent in
natural waters with low concentration [48]. Therefore, *OH may
play an important role in parabens degradation in natural waters,
and *OH-initiated photochemical degradation of MPB may occur
[49]. Generally, [*OH] in natural waters is 10-1°-10-18 mol L~
[50] and much lower than that in AOPs by 5-9 orders of magni-
tude. Thus, the fate of MPB in natural waters might be different
from AOPs; the ty, of MPB degradation was measured by vary-
ing the [*OH] and water temperature (Table S4 and Fig. S4). At
298K, the ty, increased from 1.43 d to 3.98 y with decreasing [*OH]
from 10715 to 10~18 molL~1. At fixed [*OH], t;, decreased with
increasing temperature, e.g., at the highest [*OH] of 10~1> mol L1,
tyj; decreased from 2.93 to 0.95d with increasing temperature
from 273 to 313K. These findings indicate that t;;, of the *OH-
initiated MPB transformation not only mainly depends on [*OH],
but also slightly depends on the water temperature. According
to the screening criteria used by the Stockholm Convention [51],
organics with a ty, of more than 60d in aquatic environment are
classed as persistent organic pollutants (POPs). Therefore, in this
study, when t;, was selected as ~60 d for *OH-initiated MPB trans-
formation (Fig. S4), [*OH] was deduced to be 2.39 x 1017 mol L~!
at 298 K. This indicate that MPB could be considered as a potential
POP when [*OH] is below this value in aquatic environment.

To further provide a quantitative assessment of the potential
hazards of MPB and its products to aquatic organisms, the thresh-
old environmental concentrations (TEC) in natural waters were
obtained by the hazard quotient (HQ) method [52] (see SI). Daph-
nia, as the sensitive species to MPB and its intermediates, and fish,
as food source for human beings, were chosen as models to assess
potential hazards of MPB and its intermediates. According to the
common criteria for risk level [31], the TEC of MPB and MPB-20H
were conservatively deduced to be 79.9 and 11.7 ngL~! for daph-
nia, and 204.3 and 109.1 ng L~ for fish (Table S5), respectively. This
indicates that both compounds may have potential ecological risk
to aquatic organisms, particularly when their concentrations are
above any of these relevant values in natural waters. Especially,
when the concentration of MPB and MPB-20H were above 204.3
and 109.1 ng L~ in aquaculture water, the potential hazard to fish
should be considered.

As mentioned, MPB is ubiquitously detected in various aquatic
environments, e.g., MPB concentration was detected up to
1062 ngL-! in urban streams of Guangzhou, South China [9]. From
the combined results of the kinetics and subsequent reactions, the
concentration of MPB-20H product was conservatively estimated
to be 499 ng L~ (detail discussion in SI). In this case, the MPB con-
centration was 13 and 5 times higher than the calculated TEC for
daphnia (79.9ngL~1) and fish (204.3 ng L-1), respectively. Further,
the MPB-20H concentration was larger by 43 and 5 times than the
calculated TEC of 11.7 ngL~! for daphnia and 109.1 ngL~! for fish,
respectively. These suggest thatin the urban streams of Guangzhou,
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China, MPB might exhibit a risk to aquatic organisms, and its degra-
dation products may be more harmful, i.e., the toxicity on aquatic
ecosystems may be significantly underestimated if only the effect
of MPB is considered. Thus, the risks of the original PPCPs and their
byproducts in natural waters should not be overlooked in the future
experimental studies.

4. Conclusions

A computational approach was developed to study the degra-
dation process of MPB in aquatic AOPs and to evaluate the toxicity
of intermediates to aquatic organisms. The major findings were:

(1) MPB can be easily degraded by *OH in AOPs, and the activation
energy of this reaction was only 4.39 kcal mol~1. At 298 K, when
[*OH] was up to 10° mol L1, the half-life of MPB degradation
was only 0.12 s in AOPs.

(2) The increase temperature and [*OH] will benefit MPB degrada-
tion during AOPs without affecting the optimal experimental
conditions, and the half-life was more dependent on the [*OH]
than temperature.

(3) MPB can be degraded by *OH via OH-addition and H-abstraction
routes in AOPs. In particular, the contribution of OH-addition
routes was more important than H-abstraction routes, and thus,
more OH-addition products would be formed relative to H-
abstraction products. Remarkably, OH-addition products are
more harmful than H-abstraction products for all tested aquatic
organismes.

(4) Although the presence of O, in AOPs could enhance MPB degra-
dation, more harmful byproducts were produced in the aerated
aquatic environment.

(5) In natural waters, the toxicity on aquatic ecosystems may
be significantly underestimated if only the effect of MPB is
considered. Thus, the risks of the original PPCPs and their inter-
mediates in natural waters should not be overlooked in the
future experimental studies.
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