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ARTICLE INFO ABSTRACT

Handling Editor: Thanh Nguyen The ubiquitous presence of fragrance-associated synthetic musk is cause for serious concern due to their
transformation and environmental impacts. In particular, nitro-musks are frequently detected in various ma-
trices, including water, even though they were restricted because of carcinogenicity. Thus, using musk xylene as
a model compound, the mechanism, eco-toxicity and health effects during - OH-initiated transformation process
were systematically studied using quantum chemistry and computational toxicology. Results indicate that musk
xylene can be exclusively transformed via H-abstraction pathways from its methyl group, with total rate con-
stants of 5.65 X 10°-8.79 x 10°M~'s ™!, while the contribution of other pathways, including single-electron
transfer and -OH-addition pathways, were insignificant. The subsequent dehydrogenation intermediates (-MX
(—H)) could further transform into cyclic, aldehyde and demethylation products. Based on toxicity assessments,
all the transformation products exhibited decreased aquatic toxicity to fish in comparison with the parent musk
xylene but they were still classified at toxic or very toxic levels, especially the cyclic products. More importantly,
these products still exhibited carcinogenic activity during -OH-initiated transformation and increased carcino-
genicity relative to the parent musk xylene. This is the first time that the transformation mechanism and en-
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vironmental impacts of nitro-musks have been explored through theoretical calculations.

1. Introduction

Synthetic musks have attracted extensive attention due to their
widespread occurrence and eco-toxicological effects (Gao et al., 2017;
Salvito, 2005). These compounds are extensively used as fragrances in
various personal care products such as cosmetics, perfuming agents,
toiletries, soaps and household cleaners. Nitro- and polycyclic musks
are two common and important synthetic musks currently in use
(Hopkins and Blaney, 2016). Particularly, nitro-musks were first de-
veloped as cheaper alternatives to natural musks and have been in use
the longest. In the 1980s, nitro-musks were detected in environmental
samples and aquatic organisms in Japan, triggering concerns about
these chemicals (Yamagishi et al., 1981). Previous research has re-
ported that nitro-musks could raise the possibility of exposure risks and
xenobiotic accumulation in cells by inhibiting their normal exclusion
(Luckenbach and Epel, 2005). In addition, because of their strong
photochemical toxicity (Karschuk et al., 2010), carcinogenicity (Zhang
et al., 2017) and neurotoxic properties, as well as endocrine
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dysfunction, nitro-musks (e.g. musk xylene), have been listed among
the ‘Monitoring Chemical Substances’ in Japan and are restricted in the
European Union (Nakata et al., 2015).

Nevertheless, nitro-musks are still prevalent with diverse con-
centration (Table S1) in various environmental matrices, including
water (Liu and Wong, 2013; Zeng et al., 2018) and aquatic organisms
(Kannan et al., 2005; Nakata et al., 2007; Ramirez et al., 2009; Wan
et al., 2007). Moreover, they can concentrate in the food chain through
bioaccumulation (Chen et al., 2015; Gatermann et al., 2002). Ad-
ditionally, the high consumption in drinking water and fish, as well as
using personal care and household products that contain nitro-musks,
could result in serious exposure to humans. Accordingly, nitro-musks
have also been detected frequently in human milk (Lignell et al., 2008;
Reiner et al., 2007), adipose tissue and blood (Hutter et al., 2010;
Hutter et al., 2009). More importantly, transformed products of nitro-
musks have been observed in aquatic environments (Berset et al.,
2000), sometimes at concentrations of up to 40 times more than those
of the parent compounds (Rimkus et al., 1999). Thus, it is very
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important to understand the environmental transformation and fate of
nitro-musks in aquatic environments, as well as the adverse effects of
these transformation products on aquatic ecosystems and human
beings.

Nitro-musks, such as musk xylene, were found to be non-biode-
gradable under aerobic conditions (Tas et al., 1997). In contrast, they
can undergo reduction reactions on their nitro groups under anaerobic
conditions, leading to the formation of 2/4-amino-musk xylenes
(Kafferlein et al., 1998). Besides biodegradation, the photochemical
pathway including direct and indirect photolysis is both important
transformation process for emerging organic contaminants (EOCs) in
aquatic environments, for instance, natural water and advanced oxi-
dation process (AOP) (An et al., 2014; Gao et al., 2019; Xiao et al.,
2018); however, there is very limited information concerning the
photochemical degradation behavior of nitro-musks. A few studies have
reported on the photolysis of nitro-musks, and the results indicated that
nitro-musks were photochemically degradable (Butte et al., 1999). For
instance, above 80% of xylene musk could be photodegraded after
30 min of UV irradiation, and its apparent rate constant and half-life
time were reported as 0.003 s~ ! and 218 s, respectively (Sanchez-Prado
et al., 2004). These data indicate that the direct photolysis also is very
important for the environmental transformation of nitro-musks. Fur-
thermore, this photochemical process was inhibited by the formation of
photo-transformation products (Butte et al., 1999), suggesting that a
similar inhibitory effect of dissolved organic matter (DOM) on the di-
rect or indirect photo-transformation of nitro-musks could be observed
(Janssen et al., 2014). Subsequent photocyclization, photoreduction
and photorearrangement products were observed during the UV irra-
diation (Sanchez-Prado et al., 2004). It is well-known that these pro-
ducts can quench the photolabile excited state of intermediates, giving
them reasonable ability to inhibit further transformation of the pro-
duced intermediates in the direct photolysis system. Moreover, several
photoproducts are more persistent and stable than the parent nitro-
musks such as musk tibetene and moskene during direct photolysis
(Canterino et al., 2008).

Together with direct photolysis, indirect photochemical transfor-
mation of EOCs in aquatic environments could also likely occur due to
the presence of various reactive species including -OH. Accordingly,
both of direct and indirect photolysis could impact the environmental
fate of EOCs (Fenner et al., 2013). In addition, indirect photolysis of
EOCs is dependent on the environmental paraments (e.g. concentration
of sensitizers and reactive species, etc.). For instance, it was reported
that the rate constant reached up to 1.30 x 10®s™! for the photo-
chemical degradation of xylene musk at a dose of 1.17 uM H,0, with
high concentration of :OH (Neamtu et al., 2000). In fact, high con-
centration of -OH was reported in various AOPs (e.g. UV/H,0, system)
(Neamtu et al., 2000; Sanchez-Prado et al., 2004) and even several
surface waters such as collected from Lake Nichols, northern Wisconsin
(Brezonik and Fulkerson-Brekken, 1998), and west-central Indiana that
receive acidic mine drainage runoff (Allen et al., 1996). However,
compared with the direct photolysis of nitro-musks, the indirect pho-
tochemical transformation is rarely focused. Thus, to comprehensively
understand the fate of nitro-musks, indirect photochemical transfor-
mation is calculated on the mechanisms, environmental fate as well as
transformation products of nitro-musks.

In silico analysis is a helpful approach to reveal the environmental
behavior and transformation mechanisms of pollutants at molecular
level (Gao et al., 2014a; Gao et al., 2015; Gao et al., 2014b; Hansel
et al., 2014; Luo et al., 2018; Wang et al., 2011; Xiao et al., 2015). In
this work, both quantum chemistry and computational toxicology were
used to explore the mechanisms and environmental impacts of nitro-
musks during indirect photochemical transformation. Musk xylene is of
particular interest for three reasons: (a) musk xylene is still dominant in
commercial products containing nitro-musks and frequently detected at
high levels in aquatic environments; (b) the carcinogenic activity of
musk xylene is noteworthy; and (c) the simple and symmetrical
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molecular structure of musk xylene could reduce the cost of calculation.
The transformation mechanisms, fate and kinetics of musk xylene
during -OH-initiated indirect photolysis in aquatic environments were
systematically elucidated. Additionally, the environmental persistence
of musk xylene and its products are carefully discussed herein. Finally,
the potential ecotoxicity and human carcinogenic risks of parental
musk xylene and its products were assessed during -OH-initiated pho-
tochemical transformation. The findings could provide important in-
formation to better understand the environmental geochemistry of
nitro-musks and to evaluate their potential risks to human health and
aquatic organisms, especially with respect to the secondary pollution
imposed by their photo-transformation products.

2. Computational methods
2.1. Quantum chemistry calculation

All quantum chemical calculations were carried out using the
Gaussian 09 package (Frisch et al., 2009). The electronic structures and
vibrational frequency for the parent musk xylene, as well as its trans-
formation products and transition states (TSs) were calculated using the
MO06-2X method with the 6-31 + G(d,p) basis set (Zhao and Truhlar,
2008a, 2008b). M06-2X has been proven to be a reliable calculation for
transformation mechanisms, kinetics and environmental fates of or-
ganic pollutants (Li et al., 2014; Zhao and Truhlar, 2008b). By com-
parison the reliability of different computational methods (Discussion
in Supplementary materials), M06-2X with the lowest standard devia-
tions tends to be closer to the experimental value (Table S2), further
confirming the reliability of this method.

The recommended continuum solvation model SMD was employed
to determine the effect of solvent water (Marenich et al., 2009). Using
the intrinsic reaction coordinate (IRC) theory, every TS of the trans-
formation pathway was further confirmed to indeed connect the re-
actants (musk xylene and -OH) with the respective transformation
product. Next, 6-311 + G(3df,2p), as a high-level basis set, was used to
calculate energies, including the reaction energy (AG) and the energy
barrier (AG™), of all transformation pathways. Accordingly, the profile
of the potential energy surface (PES) for -OH-initiated transformation
of musk xylene was established at the M062X/6-311 + G(3df,2p) level.
The calculation of the reaction kinetics was carried out using the
transition-state theory (TST). The cage effect of solvent water was also
considered to fully simulate realistic conditions in the aquatic en-
vironment.

2.2. Eco-toxicity and carcinogenicity evaluation

The eco-toxicity of musk xylene and its transformation products
were evaluated using the ecological structure-activity relationships
(ECOSAR) model (ECOSAR, 2014), which was established by the
United States Environmental Protection Agency (US EPA). Fish were
selected as the model aquatic species in this work, since they usually
serve as food for human beings and other species. Acute toxicity during
transformation of musk xylene was expressed by the median lethal
concentration (LCsg) after 96-h exposure and the lowest effect con-
centrations were reported with conservative consideration under the
precautionary principle. Carcinogenicity assessments of musk xylene
and its transformation products were completed using the lazar (lazy
structure-activity relationship) program (Maunz et al., 2013).

3. Results and discussion
3.1. Transformation mechanisms of musk xylene during the initial step
For the - OH-initiated reaction of musk xylene, all possible pathways

were modeled in detail as illustrated in Fig. 1. That is, three different
types of reaction mechanisms were fully considered: (i) H-abstraction
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Fig. 1. All the reaction pathways in the initial reaction of musk xylene with -OH.

from the methyl group of musk xylene (Rgpsa and Rg,b); (ii) -OH-ad-
dition to the benzene ring of musk xylene (Ry441-4); and (iii) the single-
electron transfer mechanism from the musk xylene molecule (Rs,). This
R, pathway was an endothermic process with a reaction energy (AG) of
47.99 kcal mol ~?, implying that the Ry, pathway is unlikely to occur
from a thermodynamic standpoint and that musk xylene has a very low
reactivity in the electron transfer mechanism. Furthermore, the energy
barrier (AG™) of the Ry, pathway was calculated to be as high as
102.46 kcalmol ™', further confirming that the electron transfer
pathway is unlikely to occur during -OH-initiated transformation of
musk xylene. This finding could probably be ascribed to the structural
characteristic of musk xylene. That is, three nitro (-NO,) groups in the
musk xylene molecule have a strong electron-withdrawing inductive
effect and a conjugation effect (Politzer et al., 1987). This could account
for the low reactivity of the single electron transfer mechanism of musk
xylene with -OH; thus, the single-electron transfer pathway can be
ruled out during the -OH-initiated indirect photochemical transfor-
mation step of musk xylene in the aquatic environment, although this
mechanism is very important for other radical-initiated transformation
of pollutants such as sulfate radical anion (SO4- ~) (Xiao et al., 2015).
Therefore, the following discussion will focus on the other two reaction
mechanisms, namely -OH-addition (R,441-4) and H-abstraction (Rgsa
and Rgb).

The potential energy surface (PES) of the -OH-initiated transfor-
mation pathway of musk xylene is shown Fig. 2. It is clear that the
reaction energy of these possible pathways, namely -OH-addition
(Rqaal-4) and H-abstraction (Rgpsa and Rgsb), were negative
(—5.94 ~ —27.55 kcal mol ™ !). The results imply that they are exo-
thermic processes and that they potentially contribute to the transfor-
mation of musk xylene from the standpoint of thermodynamics. Among
these pathways, H-abstraction (Rgsa and Rg,sb) would release reaction
energies of 27.55 and 23.47 kcal mol ™!, while -OH-addition (Rggq1—4)
would release less energy of 5.94-18.22 kcal mol ~ . These data suggest
that the H-abstraction pathways are more thermodynamically favorable
when compared with the -OH-addition pathways. Furthermore, the
energy barrier of the Rysa and Ryb pathways were determined as
10.36 and 10.69 kcal mol ~?, respectively, which are 3.4-7.6 kcal mol ™ 1
lower than those of the -OH-addition pathways (R,q41-4). These results
mean that the H-abstraction (Rgsa and Rgsb) pathways could be more
kinetically favorable than the -OH-addition pathways. Therefore, the
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Rapsa and Rgpsb pathways were predicted as the main routes for -OH-
initiated photochemical transformation of musk xylene in aquatic en-
vironment, producing the dehydrogenated radical intermediates -MX
(—H), and -MX(—H)y,.

3.2. Transformation kinetics and environmental persistence

To further confirm the main pathways and environmental fate
during -OH-initiated indirect photochemical transformation of musk
xylene in aquatic environments, it was necessary to quantitatively
evaluate the contributions of all possible pathways. The reaction ki-
netics were calculated within a realistic temperature range (273-313 K)
for aquatic environments. The rate constants of each pathway, in-
cluding -OH-addition (R,441-4) and H-abstraction (Rgsa and Rg,b), as
well as the overall rate constants (kia1), are given in Table 1. The ko
was determined as 5.65 x 108-8.79 x 10°M~'s™ !, which was near
the diffusion-controlled reaction (4 x 10°M~'s™!) of the entire tem-
perature range. These data suggest that photochemical transformation
of musk xylene initiated with -OH is very quick and is mainly con-
trolled by the diffusion of reactants (musk xylene and -OH) in the
aquatic environment. Furthermore, as the water temperatures in-
creased, the rate constants of each pathway and the overall reaction
during musk xylene transformation increased (Table 1). For instance,
the rate constant for the H-abstraction pathway Rsa was 4.15 x 10% at
273K, which was 15 times lower than that at 313K
(6.31 x 10° M~ s~ 1). Therefore, it could be deduced that a high en-
vironmental temperature is beneficial for the transformation of musk
xylene. Moreover, this finding could partly explain the experimental
observation of an important seasonal distribution of synthetic musk in
aquatic environments (Lange et al., 2015), together with the seasonality
of the amount of UV light.

Furthermore, the contribution of each transformation pathway to
the overall reaction is expressed as a branching ratio (I"), which was
obtained using the formula [} = ﬁ, where k; is the rate constant of the
ith transformation pathway. The calculated I's are summarized in Fig. 4.
It is clear that that the H-abstraction pathway (Rgsa) was the pre-
dominant pathway, particularly with a I'gsa of up to 73.4% at 273 K.
Although the T'gpa decreased to 71.7% with the environmental tem-
perature increased to 313 K, it was still at least 43.0% higher than those
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Fig. 2. Schematic diagram of free energy for the reaction of musk xylene with -OH at the M062X/6-311 + G(3df,2p)//M062X/6-31 + G(d,p) level, and all possible

routes for the reactions of musk xylene with -OH.

of the other H-abstraction pathway (Rgsb). As for the -OH-addition
pathways (Rggq41-4), the Tgqql-4 were < 0.1% within the tested tem-
perature range of the aquatic environment (273-313K). These data
suggest that the contribution of all -OH-addition pathways are negli-
gible. For example, at 298 K, I',441-4 were calculated as 0.03%, 0.06%,
0.01% and 0.00%, respectively, while I'ppsa and I'gsb were 72.3% and
27.6%, respectively. This result is different with the transformation
mechanism of polycyclic musk tonalide (Gao et al., 2016b), in which -
OH-addition pathway was dominant at low temperature (< ~287 K).
This indicates that the different functional groups on benzenic ring of
musk could significantly affect the transformation pathways and pro-
ducts. Therefore, it is confirmed that both H-abstraction pathways,
Rapsa and Rgpsb, were the dominant pathways of -OH-initiated photo-
chemical transformation of musk xylene within the tested temperature
range. Accordingly, the dehydrogenized intermediates, -MX(—H), and
*MX(—H), (Fig. 2), were mainly formed.

Furthermore, the Arrhenius formula was fitted for each reaction
pathway and for the overall transformation of musk xylene (Table S3)
in order to provide important information regarding reaction kinetics,
such as the activation energy, rate constant and pre-exponential factor.
In this work, the activation energy was determined as 11.65 kcal mol ~*
for -OH-initiated photochemical transformation of musk xylene in
aquatic environments. This is approximately 2.8 times higher than that
of polycyclic musk tonalide (4.11 kcalmol ™), as determined in our
previous work (Gao et al., 2016b). This finding implies that, compared
with polycyclic musk, nitro-musk is less easily transformed, potentially
leading to greater persistence.

To further explore the persistence of musk xylene during -OH-in-
itiated photochemical transformation, its half-life (¢;,5) was calculated

using the formula t;,» = In2/(kiora X [-OH]), where [-OH] is the
concentration of <OH. Generally, the [-OH] is approximately
107 '°-107'®M in surface water (Brezonik and Fulkerson-Brekken,
1998; Burns et al., 2012) and can be up to 10~ ?-10~'* M in lake water
(Brezonik and Fulkerson-Brekken, 1998) and special aquatic environ-
ments, such as acid mine wastewater (Allen et al., 1996). As seen from
Fig. 3, the half-life of musk xylene decreased from 38 y to 20 s as the [-
OH] increased from 10~ '8 to 10~ '>M within a temperature range of
273-313 K. In particular, at ambient temperatures (298 K), as the [-
OH] decreased from 10 '2t0 10718 M, the t; /o increased from 3.39 min
to 6.45 y. Moreover, at ambient temperatures, the t; ,, was determined
as 5.65h for nitro-musk musk xylene, which is 3.6 times higher than
that of polycyclic musk tonalide (1.59h) in aquatic environments such
as Lake Nichols, northern Wisconsin at the -OH concentration of
10~ M (Brezonik and Fulkerson-Brekken, 1998; Gao et al., 2016b).
These data could theoretically confirm the fact that from the respective
of -OH-initiated photochemical transformation, nitro-musk, including
musk xylene, is more persistent than polycyclic musk tonalide in
aquatic environments, potentially leading to increased environmental
risks.

Furthermore, based on the persistence guidelines specified by the
Stockholm Convention (Klasmeier et al., 2005), a half-life of 60d in
aquatic environments is the threshold for persistent organic pollutant
(POP)-like compounds. The half-life of musk xylene could exceed 60 d
during -OH-initiated photochemical transformation in aquatic en-
vironments = when  the -OH concentration is below
2.37 x 1071%-1.52 x 107" mol L™! at 273-313K. Thus, the persis-
tence of musk xylene and the related adverse effects deserve more at-
tention.

Table 1

Calculated rate constants (M~ 's~!) between 273 and 313K in the reaction of musk xylene and -OH.
T (K) 273 283 293 298 303 313
Ragal 1.12 x 10° 3.00 x 10° 7.54 x 10° 1.17 x 10° 1.79 x 10° 4.01 x 10°
Radd2 1.93 x 10° 5.20 x 10° 1.31 x 10° 2.04 x 10° 3.13 x 10° 7.05 x 10°
Raad3 2.82 x 10* 8.14 x 10* 2.19 x 10° 3.50 x 10° 5.53 x 10° 1.32 x 10°
Raadh 78.1 2.71 x 10% 8.63 x 102 1.50 x 10° 2.56 x 10° 7.08 x 10°
Rapsa 4.15 x 108 8.77 x 108 1.77 x 10° 2.47 x 10° 3.40 x 10° 6.31 x 10°
Rapsb 1.50 x 10® 3.25 x 108 6.67 x 10° 9.40 x 108 1.31 x 10° 2.47 x 10°
Ktotal 5.65 x 108 1.20 x 10° 2.44 x 10° 3.41 x 10° 4.72 x 10° 8.79 x 10°
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Fig. 4. Calculated branching ratio (I') of each route in the reaction of musk
xylene with -OH at 273-313K.

3.3. Primary transformation products

The main intermediates, -MX(—H), and -MX(—H),, that are gen-
erated from the initial step of -OH-initiated photochemical transfor-
mation of musk xylene are highly reactive radicals that can continue to
react to form stable intermediates. Thus, it is necessary to further trace
the transformation of these radical intermediates. Fig. 5 depicts the
transformation pathways of -MX(—H),. It can be seen that the energy
barrier of the cyclization pathway was 7.48 kcal mol !, which is less
than the energy released from the initial formation of -MX(—H),. This
indicates that the cyclization pathway should easily occur to form the
intermediate IM-Sal. Furthermore, the intermediate IM-Sal can suc-
cessively undergo H-transfer and a dehydroxylation reaction with a
AG™ of 20.83 and 3.08 kcal mol ~?, respectively, thereby resulting in
the formation of the cyclic product PCla. A similar transformation
pathway for -MX(—H), was observed (Fig. S1), mainly forming the
cyclic product PC1b. These transformation products were previously
experimentally observed in aquatic environments (Butte et al., 1999;
Sanchez-Prado et al., 2004). Furthermore, this finding reveals the for-
mation mechanism of the cyclic products in detail during the indirect
photochemical processes of musk xylene, together with direct photo-
lysis. Additionally, this intramolecular process can accompany the
formation of - OH, which could also be involved in the subsequent musk
xylene reaction.

The generated -OH could further attack these main intermediate
radicals (-MX(—H), and -MX(—H);) especially in -OH-enriched
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environments, such as lakes, acid mine wastewater and advanced oxi-
dation processes. The reactions of the intermediate radicals -MX(—H),
and -MX(—H), with -OH were barrier-less processes, simultaneously
releasing large reaction energies of 101.07 and 100.09 kcal mol ™*, re-
spectively (Fig. 5 and S2). Furthermore, the released energy was much
more than the energies required by the subsequent transformation
(82.75 and 84.25kcalmol~'). Accordingly, the aldehyde product
(PC2a; Fig. S5) and the demethylation product (PC2b; Fig. S2) were
mainly formed from -MX(—H), and -MX(—H)y, respectively. Simulta-
neously, small molecular products, such as formaldehyde and methane,
can be also generated.

For the purpose of fully identifying the environmental fate of musk
xylene during -OH-initiated photochemical transformation in aerated
water, the subsequent reactions of the intermediates were also con-
sidered in the presence of O,. -MX(—H), could readily react with O,
through an exothermic process with a AG of 43.50 keal mol ~* (Fig. 5),
leading to the barrier-less formation of a peroxy intermediate (-MX-
00,). Meanwhile, the released energy could easily overcome the bar-
rier (41.28 kcal mol ~ %) of the -MX-0O0, dehydroxylation reaction. As a
result, the aldehyde product (PC3a) was generated accompanying the
formation of -OH. Similar results were observed during the transfor-
mation of -MX(—H),, intermediates (Figs. S3). That is, in aerated water,
the -MX(—H), intermediates were easily converted into the aldehyde
product (PC3b) accompanying the formation of -OH.

In brief, our theoretical results suggest that musk xylene can be
readily attacked by a highly reactive -OH species in the aquatic en-
vironment and that two dehydrogenated radical intermediates, -MX
(—H), and -MX(—H),, were first formed via the H-abstraction pathways
(Rgpsa and Ryyb). Furthermore, cyclic products (PCla and PC1b), the
demethylation product (PC2b) and aldehyde products (PC2a, PC3a and
PC3b) were mainly formed accompanying the generation of -OH, as
were several small molecular products, such as formaldehyde and me-
thane. Therefore, during -OH-initiated photochemical transformation
of musk xylene both in AOPs systems and surface water, the ecological
and health risks from these intermediates need to be seriously con-
sidered.

3.4. Aquatic toxicity of musk xylene and its transformation products

Computational toxicology as a promising and cost-effective ap-
proach is widely applied to predict environmental and health risks.
Moreover, it can also avoid the use of animals during toxicity mea-
surements, as well as supply adequate data for quick toxicity screening
while supplementing experimental research. For instance, the ECOSAR
program was successfully used as a reliable method to predict aquatic
toxicities of emerging organic pollutants and their products (Buth et al.,
2007; Gao et al., 2015; Gao et al., 2014b; Gao et al., 2016a). Thus, this
study used the ECOSAR model to estimate the aquatic toxicity of musk
xylene and its transformation intermediates (Table S4). The obtained
LCsp of musk xylene was lower than 1.0 mg L™, which classifies it as a
very toxic compound (LCso < 1.0mgL™!) in accordance with the
aquatic toxicity criteria of the European Union (Table S5). Thus, musk
xylene can exhibit high acute toxicity to fish. Similarly, musk xylene
was identified as very chronically toxic towards fish because of its
chronic toxicity value (ChV) of 0.01 mg L~L. Therefore, it can be con-
cluded that musk xylene possesses both acute and chronic toxicological
effects and it can impose great negative impacts on aquatic organisms.
Therefore, the aquatic toxicity of its products also deserves much at-
tention.

The acute and chronic toxic values of cyclization pathway trans-
formation products are shown in Table S4. The LCs, values for fish were
determined as 0.89 and 0.50 mg L™ ! for intermediates PCla and PC1b,
respectively, which are higher than that of musk xylene (0.20 mgL™1).
This indicates that their acute toxicity is lower than parent musk xy-
lene; however, they are still regarded as very toxic. As for chronic
toxicity during the cyclization pathways, the ChV values were
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determined as 0.02 and 0.01 mg L~ ! for intermediates PCla and PC1b,
respectively, which are around that of parent musk xylene
(0.01 mg L.™1). Thus, conclude can be drawn that the chronic toxicity of
the intermediates was nearly the same as the parent musk xylene.

An LGso > 1.0mg L~ ! was obtained for all the transformation pro-
ducts (MX-OHa, MX-OHa, PC2a and PC2b) from the Ry sa and Rgb
pathways in the -OH-rich aquatic environment, except for PC2b, im-
plying that all these intermediates were classified as toxic to fish; thus,
the aquatic toxicity decreased as compared with parent musk xylene.
However, intermediate PC2b (LCsy = 0.44 mg L™Y) was found to be
more toxic than the other intermediates and equally as toxic as the
parent musk xylene.

In the aerated aquatic environment, O, participates in the sub-
sequent transformation of musk xylene, leading to the formation of
products PC3a and PC3b. Thus, the acute toxicity of product PC3a was
classified as toxic due to its LCso of 2.11mgL™ !, implying that the
acute toxicity of this pathway decreased by one toxicity level when
compared with parent musk xylene. Although the LCsy of PC3b was
0.76 mgL™!, which was higher than the parent musk xylene
(0.20mg L™ 1), these two compounds are still classified at the same
toxicity level. A similar case was observed for the chronic toxicity of
these transformation products in the aerated aquatic environment. That
is, the chronically toxicity of the transformation products was reduced
but they were still classified at the same toxicity level as parent musk
xylene.

In summary, although all these transformation products exhibit a
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decreased aquatic toxicity in comparison to the original musk xylene,
they were still classified as toxic or very toxic. In particular, the cyclic
products (PCla and PC1b) and the demethylation product (PC2b) have
a noticeable aquatic toxicity to fish. Thus, much attention should be
paid to the aquatic toxicity of these transformation products, as well as
musk xylene.

3.5. Carcinogenicity of musk xylene and its transformation products

Assessment of carcinogenic potential is considered a basic require-
ment when evaluating possible human health hazards related to che-
mical exposure. Previous research indicates that musk xylene has car-
cinogenic activity (Apostolidis et al., 2002). The carcinogenic potential
of musk xylene and its transformation products was estimated (Table
S6) to evaluate the carcinogenicity of the transformation products
during the indirect photochemical process in aquatic environments and
to explore whether or not they will have higher carcinogenic activity
than original musk xylene. It is clear that the transformation products
still have carcinogenic activity. In addition, the maximum re-
commended daily dose of musk xylene was determined as 0.02 mmol,
while that of the Ry sa pathway transformation product PCla was es-
timated as only 0.01 mmol. This indicates that the carcinogenic activity
of the transformation products from the cyclization pathway could be
higher than the parent musk xylene. A similar result was observed in
the -OH-rich aquatic environment. That is, the maximum re-
commended daily doses were determined as 0.02 and 0.01 mmol for
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products MX-OH, and PC2a, respectively. In the aerated aquatic en-
vironment, the transformation product PC3a, with a maximum re-
commended daily dose of 0.02mmol, exhibited similar carcinogenic
activity to parent musk xylene.

The maximum recommended daily dose for the transformation
product PC1b from the Rgb pathway was estimated as 0.02 mmol,
indicating that the carcinogenic activity of the cyclization pathway
transformation product could be the same as the parent musk xylene. A
different case was seen under the -OH-rich aquatic environment. That
is, the maximum recommended daily doses were 0.02 mmol for product
MX-OH;, and 0.04 mmol for product PC2b. This implies that although
MX-OH,, has similar carcinogenic activity to parent musk xylene, fur-
ther transformation to PC2b could decrease the carcinogenic activity.
However, increased carcinogenic activity was observed in the aerated
aquatic environment because the maximum recommended daily dose of
the transformation product PC3b was 0.015 mmol.

In short, all products still have carcinogenic activity during -OH-
initiated transformation of musk xylene in aquatic environments.
Increased carcinogenic activity was observed for the cyclic (PCla) and
aldehyde (PC2a and PC3b) products, relative to parent musk xylene.
Based on the transformation mechanisms, the increased carcinogenicity
resulted mainly from the transformation products of the H-abstraction
pathway Rgpsa, including the subsequent reaction of the cyclization
pathway and the - OH reaction. For the Ry,b pathway, the O, reaction
could result in increased carcinogenic activity. Thus, these musk xylene
transformation pathways in aquatic environments require much atten-
tion, and the potential risks resulting from these transformation pro-
ducts should be seriously evaluated.

4. Conclusions

The occurrence of synthetic musks, particularly the long-used nitro-
musks, in aquatic environments has gained increasing attention due to
their potential eco-toxicity and human health effects. To our knowl-
edge, this is the first attempt at understanding indirect photochemical
transformation of nitro-musks in aquatic environments using theore-
tical calculations. Both quantum chemistry and computational tox-
icology were employed to explore the transformation mechanisms,
persistence and adverse effects on aquatic organisms and human health
during the indirect photochemical process of a typical nitro-musk,
namely musk xylene. We found that musk xylene was easily trans-
formed at a rate constant of 5.65 x 10°-8.79 x 10° M~ 's~!. The main
mechanism was proposed as an H-abstraction reaction from the methyl
group of musk xylene, resulting in the formation of cyclic, aldehyde and
demethylation products, as well as highly reactive - OH. Although these
transformation products exhibited a decreased aquatic toxicity, they
still showed human carcinogenic activity. In particular, cyclic (PCla)
and aldehyde (PC2a and PC3b) products exhibited increased carcino-
genic activity relative to parent musk xylene.
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