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Nitrogen enrichment and emerging pollutants frequently co-occur in marine environments, yet their coupled
photochemical behavior remains poorly understood. This study reveals that coastal seawater significantly en-
hances the sunlight-driven transformation of ethylparaben (EPB), a typical preservative, compared with ultra-
pure and estuarine waters. Remarkably, nitration of EPB occurs in seawater and estuarine water, yielding nitro-
products ethyl 4-hydroxy-3-nitrobenzoate (NO,-EPB) that are absent in ultrapure water. Mechanistic in-
vestigations indicate that photo-induced reactive nitrogen species (RNS), particularly nitrogen dioxide radical
(eNOy) derived from nitrate and nitrite photolysis, are key drivers of this transformation of EPB. The resulting
nitro-products display greater persistence and substantially higher predicted toxicity toward marine organisms
than the parent compound. These findings uncover a previously unrecognized nitrogen-pollutant coupled
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photochemistry in coastal ecosystems, illustrating how anthropogenic nitrogen loading can alter the environ-
mental fate and risks of emerging contaminants. This work provides new insight into the synergistic roles of
reactive nitrogen and solar irradiation in shaping contaminant behavior in marine waters, emphasizing the
overlooked pathways that may amplify ecological hazards in nitrogen-rich coastal zones.

1. Introduction

Nitrogen loading to marine environments has substantially increased
over the past decades due to intensive agricultural activities, wastewater
discharge, and atmospheric deposition (Gong et al., 2024). Large
quantities of nitrate (NO3) and nitrite (NO3) are continuously delivered
to coastal waters worldwide, profoundly altering marine biogeochem-
ical cycles and photochemical processes (Godfrey et al., 2025; Liu et al.,
2025). At the same time, the widespread use of personal care products
has led to the continuous input of emerging pollutants such as para-
bens—alkyl esters of p-hydroxybenzoic acid—into aquatic systems
(Bolujoko et al., 2022; Lu et al., 2023; Wei et al., 2021; Zhu et al., 2024).
Particularly, ethylparaben (EPB) is frequently detected in coastal
seawater at concentrations ranging from nanograms to micrograms per
liter (Peng et al., 2025; Xue et al., 2017), raising concerns about its
persistence and potential endocrine-disrupting effects.

Despite the extensive attention given to nutrient pollution and
organic micropollutants (Baker et al., 2021; Du et al., 2025; McDowell
et al., 2025; Schwarzenbach et al., 2006; Tait et al., 2023; Wang et al.,
2024, 2023; Wilkinson et al., 2022), previous studies have mostly
evaluated their environmental behaviors independently. For nutrient
pollution, numerous studies have characterized the photochemical be-
haviors of NO3 and NOs3, including the generation of reactive in-
termediates such as hydroxyl radical (eOH), nitrogen dioxide radical
(eNO3) and peroxynitrite, and their roles in oxidative processes in nat-
ural waters (Benedict et al. 2017; Chen et al. 2019, Vione et al., 2005).
Notably, nitration and nitrosation intermediates are primarily formed
via reactive nitrogen species (e.g. eNO; and peroxynitrite) generated via
NOj3 and NO3 photolysis (Yin et al. 2024), whereas #OH plays a minor
role. In parallel, studies on organic micropollutants have increasingly
elucidated their direct and indirect photo-transformation pathways,
photoproducts formation under environmentally relevant conditions,
and associated toxicity evolution (Fang et al. 2013; Gao et al. 2014; Niu
et al. 2025). Nevertheless, little is known about their coupled photo-
chemical interactions in sunlit marine waters, particularly the role of
reactive nitrogen species in driving the transformation and nitration of
emerging contaminants such as EPB. In sunlit surface waters, nitrogen
species such as NO3 and NOj3 can undergo photolysis to generate reactive
intermediates (e.g., #OH, eNO,, and peroxynitrite), which are capable of
reacting with coexisting organic contaminants (Bu et al., 2020; Ge et al.,
2019; Marussi and Vione., 2021; Scholes et al., 2019; Scholes., 2022;
Vione., 2022). Such interactions may lead to the formation of unex-
pected and potentially more toxic transformation products (Gong et al.,
2022; Wu et al., 2020). The coupled nitrogen—pollutant photochemistry
thus represents an important yet understudied process governing
contaminant fate in marine ecosystems.

Recent research has begun to recognize that nitrate- or nitrite-
mediated photo-transformations can modify the degradation pathways
of aromatic compounds (Palma et al., 2020; Zhou et al., 2020). Never-
theless, most of these studies were performed in freshwater or ultrapure
water systems (Vione, 2022; Zhang et al., 2022), neglecting the complex
ionic composition and light field characteristics of marine environ-
ments. The presence of high salinity and dissolved organic matter
(DOM) in seawater can strongly influence photochemical reaction
pathways (Calza et al. 2012; Wang et al., 2020), potentially favoring
nitration of organic substrates. For example, halides and carbonate
species in seawater modulate the steady-state levels of eNOj and
substrate-derived radicals, suppressing halogenation and promoting
selective formation of nitro-products, while DOM can both screen light

and sensitize radical formation, further facilitating nitration (Calza et al.
2012). These characteristics make marine environments particularly
suitable for investigating nitrogen-pollutant coupled photochemistry, as
the combined effects of salinity, carbonate species, and DOM create a
reactive matrix that is absent in freshwater systems. As a result, marine
environments are generally more susceptible to the formation of nitra-
tion products than freshwater systems, due to the synergistic effects of
salinity and DOM on reactive nitrogen species. Despite this enhanced
reactivity, the occurrence and environmental implications of nitro-
gen—pollutant coupled photochemical transformations in marine sys-
tems remain poorly understood.

In this study, we investigated the photochemical transformation of
EPB under collected natural seawater containing reactive nitrogen spe-
cies, aiming to elucidate potential nitrogen—pollutant coupling mecha-
nisms. Concurrently, parallel photolysis experiments of EPB were
performed in natural estuarine water and ultrapure water as control
matrices. Particular attention was given to the possible marine nitration
of EPB and the generation of nitro-products, which have not been re-
ported in ultrapure water systems. To better understand their environ-
mental relevance, we further evaluated the potential estrogenic activity
and receptor-binding affinity of the nitration products through theo-
retical toxicity prediction. This study provides new insights into how
nitrogen enrichment and emerging pollutants jointly influence photo-
chemical transformation processes in coastal seawater. It highlights the
environmental significance of coupled nitrogen—pollutant photochem-
istry, whereby nutrient pollution not only drives eutrophication but also
facilitates the formation of secondary toxic products through light-
induced reactions. Understanding these interactions is essential for
assessing the fate and ecological risks of emerging contaminants in
nitrogen-rich marine ecosystems.

2. Materials and methods
2.1. Chemicals

EPB (99 % purity) was obtained from Tokyo Chemical Industry,
Japan. Ethyl 4-hydroxy-3-nitrobenzoate (NO,-EPB, 95 % purity) was
provided by Yuanye Biotechnology Co., Ltd. (Shanghai, China). The
HPLC-grade acetonitrile and methanol were respectively purchased
from Sigma-Aldrich (St. Louis, MO, USA) and Macklin Biochemical Co.,
Ltd. (Shanghai, China). Solid phase extraction (SPE) cartridges (Oasis
HLB, 3cc, 60 mg) were purchased from Waters. All laboratory water was
prepared with ultrapure water (18.25 MQ-cm, Millipore Corp, Burling-
ton, MA, USA).

Estuarine water samples were collected from the Pearl River Estuary,
Guangdong Province, China. Seawater samples were collected from the
coastal waters of the South China Sea, China. All water samples were
immediately filtered through glass fiber filters (0.22 um pore size, Xin-
gya, Shanghai, China) to remove suspended particles and microorgan-
isms after collection. This procedure has been widely used to eliminate
potential biodegradation when investigating the abiotic degradation of
chemicals (Peng et al., 2022). To minimize potential matrix effects
associated with the high ionic strength of seawater during anion anal-
ysis, filtered samples were pre-treated prior to measurement and
quantified using matrix-matched calibration standards. The collected
and processed samples were stored in brown glass bottles and placed in a
refrigerator at 4 °C, protected from light. Detailed sampling information
and water quality parameters for both estuarine and seawater samples
were listed in Table S1.
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2.2. Photochemical transformation experiments

Photochemical transformation experiments of EPB were conducted
using an MC-PHCAIO multifunctional photochemical reactor (Beijing
Merry Change Technology Co., Ltd., China). The reactor was equipped
with a quartz cold trap, a circulating cooling water system, and a rotary
stirrer system. The reaction temperature was 2541 °C. The radiation
source was a 500 W xenon lamp. Its radiation spectrum was measured
(Fig. S1), and this lamp can be used to simulate sunlight irradiation. The
xenon lamp was positioned in a cylindrical quartz cold trap at the center
of the reactor. The light intensity on the surface of the reaction tube was
45 mW/cm?, as measured using an optical power meter (PL-MW2000,
Beijing Perfectlight, China), which is within the range of sunlight in-
tensity (Troughton et al., 2018).

This study used coastal seawater from the South China Sea as a
representative marine matrix, and concurrently conducted comparative
photodegradation experiments of EPB in Pearl River Estuary water
(estuarine system) and ultrapure water. EPB was dissolved in these
matrices at an initial concentration of 1 mg L'l This elevated concen-
tration was intentionally selected to ensure clear identification of
transformation pathways, as environmentally relevant levels of EPB
often fall near or below the instrumental detection limit, potentially
obscuring low-yield intermediates. To simulate diurnal solar irradiation,
the solutions were irradiated under a xenon lamp at 450 W/m?, corre-
sponding to solar irradiance at a 30° solar elevation on a clear
midsummer day, using a 12 h light/ 12 h dark cycle. This light-dark
cycle was conducted over a total period of 48 h, simulating two days.
We acknowledge that solar irradiance naturally varies throughout the
day, peaking at noon when the solar zenith angle is lowest; although
lamp intensity could not be dynamically adjusted, this setup closely
mimics environmental conditions. Outdoor sunlight experiments were
also conducted to confirm that the observed transformations occur
under real environmental conditions. During the entire experimental
period, aliquots of the reaction solution were collected at specific time.
For the actual water samples (seawater and estuarine water), 5 mL of the
reaction sample was taken for enrichment and concentration using SPE
cartridges (detailed procedures are described in Text S1); for the ultra-
pure water samples, 1 mL of the reaction sample was collected. All
withdrawn reaction samples were subjected to EPB concentration
analysis and photochemical degradation product identification. The SPE
recovery of the primary photoproduct NO,-EPB was determined to be 90
%, meeting the accuracy requirements for quantitative analysis, and
verified to fall within the acceptable range (see Text S1 in Supplemen-
tary Information) Dark control experiments were run in parallel by
covering the quartz test tubes with aluminum foil to block all light. All
experiments were conducted in triplicate to ensure repeatability.

2.3. Analysis of the concentration of EPB and transformation products

The peak areas of EPB and its transformation products were deter-
mined using a high-performance liquid chromatography quadrupole-
time of flight tandem mass spectrometry (HPLC-QTOF-MS) instrument
(Agilent G6545B, USA). Electrospray ionization (ESI) mass spectrometry
(MS) was conducted in the negative ion mode with a fragmentor voltage
of 175 V. Argon was used as the collision gas, and different collision
energies were applied for daughter ion analysis. Chromatographic sep-
aration was performed using a Waters ACQUITY UPLC BEH C18 column
(2.1 x 100 mm, 1.7 pm particle size). The mobile phase consisted of a
mixture of acetonitrile (solvent A) and ultrapure water containing 0.1 %
formic acid (solvent B). The gradient elution program was as follows: 10
% A was used initially and maintained for 3 min; then it was linearly
increased to 50 % A over 26 min; finally, the gradient returned to 10 % A
and was maintained for another 3 min. The reaction solution samples
were directly analyzed at an eluent flow rate of 0.3 mL/min. The data
obtained were analyzed using Qualitative Analysis (Agilent Technolo-
gies, B.08.00) software and MassHunter Profinder (Agilent
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Technologies, version 10.0).
2.4. Determination of NO3 and NO3 concentrations

The determination of NOj3 involved pre-treatment of the water
sample, which was carried out by adding 1 mL of LH—NO3-BSS1 reagent
to 5 mL of the water sample and 1 mL of distilled water (blank)
respectively, and then thoroughly shaking. Next, 4 mL of LH—NO3-BSS2
reagent was placed in a reaction tube, and 1 mL of the blank solution and
1 mL of the pre-treated water sample were added respectively. The cap
was tightly closed, and the tube was shaken immediately 10 times. The
tube was then placed in a cold water bath for 10 min. Afterward, the
solution was poured into a 16 mm cuvette, which was placed in the
ultraviolet-visible intelligent multi-parameter water quality analyzer
(LH-3BA (V12), Lianhua Technology, China) for blank calibration prior
to color reading. The determination of NO3 involved adding 0.2 mL of
LH—NO,2 reagent to 10 mL of the water sample and distilled water
(blank) respectively. The mixture was shaken and allowed to stand for
20 min. The solution was poured into a 3 cm cuvette, which was placed
in the instrument for blank calibration before color reading.

2.5. Theoretical calculations

All quantum chemical calculations were performed using Gaussian
09 software (Frisch et al., 2009). The geometric configurations of all
reactants, intermediates, transition states, and products were fully
optimized at the B3LYP/6-311 g(d,p) level in water using the SMD
implicit solvent model (Marenich et al., 2009; Zhao and Truhlar, 2008).
Vibrational frequency calculations were conducted at the same level to
confirm that each stationary point corresponded to either a minimum
(no imaginary frequencies) or a transition state (one imaginary fre-
quency). Intrinsic reaction coordinate (IRC) calculations were further
performed to verify that each transition state was correctly connected to
the corresponding reactants and products. Single-point energy calcula-
tions were subsequently refined at the B3LYP/6-311++G(3df,2p) level.

Molecular docking was performed using the Autodock 4.2.6 software
package. The three-dimensional crystal structure of the Pacific oyster
estrogen receptor o« (ERa) (PDB ID: 4N1Y) was downloaded from the
Protein Data Bank (PDB) database (https://www.rcsb.org/struc
ture/4N1Y). PyMOL (Version 2.5.2) was employed to remove water
molecules and the original ligand from the protein structure. Subse-
quently, the AutoDockTools software was used to generate the docking
grid box parameter files for the protein and ligand based on the ligand-
binding pocket of the ligand-binding domain (LBD), with the grid box
dimensions set to 126 A x 126 A x 126 A. The Lamarckian Genetic
Algorithm (LGA) was selected as the docking engine, and the number of
molecular docking runs was set to 100, while the remaining parameters
were kept as default. After completing the docking simulation, the final
results were visualized using PyMOL. The half-maximal inhibitory
concentration (ICsg) represents the concentration of a compound
required to inhibit 50 % of the estrogen receptor binding activity,
reflecting its binding affinity to the receptor ERa and thus indicating its
potential estrogenic activity (Niu et al., 2025). Key environmental fate
parameters, including the hydrophobicity, bioconcentration factor
(BCF), and organic carbon-water partition coefficient (Koc) of EPB and
NO,-EPB were predicted using the USEPA EPI Suite (USEPA 2012).
Mutagenicity and carcinogenicity were further predicted using the
Danish (Q)SAR Models platform (MEFD, 2025), which provides a
probability value and a qualitative prediction, and applicability domain
information. These predictions were used to evaluate the potential
toxicological risks and bioaccumulation tendencies of the compounds.
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3. Results and discussion
3.1. Photochemical degradation behavior of EPB under marine conditions

To explore the photochemical behavior of EPB in marine environ-
ments, simulated diurnal irradiation experiments were conducted using
seawater from the South China Sea (Sites S1 and S2 in Fig. 1). The
concentration of EPB decreased significantly under light exposure,
following first-order kinetics (Fig. S2). After 48 h of irradiation, 68.5 %
of EPB at Site S1 and 58.7 % at Site S2 were degraded (Fig. 1), corre-
sponding to overall rate constants of 0.028 h™' and 0.020 h’!, respec-
tively. During the daytime phase, degradation rates were substantially
higher (0.04338 h™! for 0-12 h and 0.03046 h™! for 24-36 h at Site S1)
than during the nighttime phase (0.00722 h™! for 12-24 h and 0.0002 h!
for 36-48 h), highlighting the dominant role of photochemical processes
in EPB transformation relative to non-photochemical processes such as
hydrolysis. The faster degradation observed at Site S1 compared to Site
S2 underscores the significant impact of local seawater properties on
transformation efficiency. Detailed photochemical degradation kinetics
are provided in Text S2.

The concentrations of NO3 and NOg, key inorganic nitrogen species,
were determined to elucidate their effects on EPB degradation. Site S1
exhibited higher NO3 (0.332 mg/L) and comparable NO3 (0.024 mg/L)
than Site S2 (0.066 and 0.026 mg/L, respectively) (Fig. 1d). Given that
NOj3 and NO3 can act as photosensitizers and sources of reactive nitrogen
species (RNS) and eOH upon light irradiation (Rayaroth et al., 2022;
Scholes et al., 2019), the higher NO3 level at Site S1 likely enhanced RNS
and eOH production, thus accelerating EPB degradation. Moreover, the
coexistence of NO3 and NOj increases both the diversity and concen-
tration of reactive species (Palma et al. 2020; Vione et al. 2002), leading
to a synergistic enhancement of EPB photolysis. In particular, ¢OH
generated from NOs™ photolysis can oxidize NO3 to eNOy, a key nitrating
species that drives the formation of nitro-products. (Gong et al., 2022; Li
et al.,, 2021). Consequently, the coupled nitrogen—pollutant photo-
chemistry driven by NO3/NO3 cycling is more active at Site S1,

(b) Pearl River Basin
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promoting both EPB degradation and the formation of nitrated trans-
formation products.

These results indicate that the marine nitrogen environment may
influence both EPB degradation kinetics and the potential trans-
formation pathways by generating reactive species. Compared with
estuarine and ultrapure water systems (Fig. 2; Text S3), the open marine
system could provide a more favorable setting for coupled nitro-
gen—pollutant photochemistry, potentially due to the coexistence of
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/

Time (h)

Fig. 2. Photochemical transformation curves of EPB in seawater, estuarine
water, and ultrapure water under simulated diurnal solar irradiation. Error bars
represent the standard deviation of three independent replicates. The inset
shows the degradation rate constants of EPB over 48 h.
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abundant DOM, inorganic ions, salinity, and sunlight penetration.
Although the exact contribution of each factor remains to be fully
elucidated, these observations suggest that the coupling effects may
contribute to differences in EPB photochemistry between marine, estu-
arine, and ultrapure waters, highlighting the potential complexity for
reaction dynamics in open marine systems.

3.2. Identification and characterization of nitration-dominated
transformation products

The products formed during the photochemical degradation of EPB
were separated and identified using HPLC-TOF-MS and MassHunter
Profinder. The extracted ion chromatograms (EICs) and fragmentation
patterns of the transformation products are provided in Fig. 3 and
Fig. S3. Table S2 compiles the [M-H] ion (m/2), retention time (RT),
mass accuracy (ppm), and structure of each product, along with the
confidence level of each product based on the Schymanski scale
(Schymanski et al., 2014). The result showed that two major chro-
matographic peaks corresponding to the parent compound EPB and a
nitrated transformation product, identified as nitro-ethylparaben
(NO2-EPB), and further confirmed using the authentic NO,-EPB stan-
dard (Fig. 3). The detailed analysis process procedure is provided in Text
S4 of the Supplementary material. Additionally, it is worth noting that
no hydroxylated products (OH-EPB), which are commonly observed in
ultrapure water system and in previous studies (Gao et al., 2020; Niu
et al., 2025), were detected in the marine experiments (Fig. S3). This
indicates a distinct transformation pathway in seawater, dominated by
nitration rather than hydroxylation.

The absence of OH-EPB during EPB transformation in seawater is
most likely due to the high photoreactivity of the hydroxylated products,
resulting in their further photodegradation following formation (Ge
et al. 2016; Niu et al. 2025). Additionally, major marine constituents
such as bicarbonate, carbonate, and natural organic matter can scavenge
of eOH, further suppressing the accumulation of hydroxylated products
(Bu et al., 2020; Li et al., 2021). Under such conditions, the photo-
chemically generated eNOj, which originates directly from nitrate
photolysis and from the reaction of nitrite with ¢OH, becomes the pre-
dominant reactive species, selectively inducing electrophilic substitu-
tion on the phenolic ring of EPB to yield NO,-EPB. This mechanistic shift
exemplifies the coupled nitrogen—pollutant photochemistry, where ni-
trogen species actively redirect the transformation pathway toward
nitration-dominated reactions.

Further kinetic analysis demonstrated that NO2-EPB formation
occurred exclusively under light irradiation and ceased during dark
periods (Fig. 4), confirming its photochemical origin. During the first 12
h of light exposure, the formation rate of NO2-EPB was 0.062 mg L'n,
and the yield increased from 0 % to 13.1 %. During the second light

EIC MS MS/MS
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210.0405 [M-H] 138.0197 °
100 o
SRS
,ojij Ho 182.0098 o
50 ON. 0N
S " 210.0405
29 A | 1 I
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F
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= 210.0405
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182.0089
-CIHJ
-COOC,H,
1 210.0406 138.0194
} [M-H| ) —— Product
18 19 20 21207 210 213100 125 150 175 200 225
Retention Time (min) m/z m/z

Fig. 3. Extracted ion chromatograms (EIC), Mass Spectrum (MS), and Tandem
Mass Spectrum (MS/MS) of nitrated product (NO,-EPB) and its correspond-
ing standard.
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Fig. 4. The yields of NO,-EPB formed under simulated diurnal solar irradiation
in marine, estuarine, and ultrapure water environments.

cycle, the rate increased to 0.089 mg 1! h™! with the yield reaching 30.6
% (Fig. 4). In contrast, degradation in dark periods was negligible (<3.5
%), suggesting that light is the primary driver of NO2-EPB formation and
that nitration represents an important pathway in EPB photochemical
transformation. This observation further indicates that NO,-EPB is
relative stable under the tested dark conditions, although its persistence
under natural environmental factors remains to be investigated. In
addition, compared to the estuarine system, the open marine system
favors coupled nitrogen-pollutant photochemistry, resulting in higher
absolute concentrations of nitro-products (Fig. 4). Notably, quantum
chemical calculations supported an electrophilic substitution nitration
mechanism as the most favorable pathway, involving an exothermic
direct attack of eNO, on EPB. These findings confirm that marine
photochemistry facilitates the nitration of EPB through RNS-mediated
processes, generating a stable and potentially more hazardous nitro-
product that does not occur in ultrapure waters.

3.3. Mechanistic insights into coupled nitrogen—pollutant photochemistry

NO,-EPB forms as a detectable product in marine systems, indicating
that nitration is an important transformation pathway of EPB, whereas
more photolabile intermediates, such as OH-EPB, rapidly degrade before
accumulating to appreciable levels. This transformation is driven by
RNS generated through the photolysis of NO3 and NO3 (Wang et al.,
2022; Wu et al., 2020). Under solar irradiation, NO3 and NO3 absorb
ultraviolet light and undergo photochemical reactions, producing radi-
cals such as eOH and eNO,. While eOH contributes to nonspecific
oxidation, eNOy acts as an electrophilic nitrating agent with high
selectivity toward aromatic compounds containing electron-donating
groups, such as phenolic moieties in EPB (Li et al., 2021; Rayaroth
et al., 2022).

In seawater and estuarine systems, where the pH typically ranges
from 7.5 to 8.5, EPB (pKa = 8.31) is present predominantly in its neutral
form, with only limited deprotonation occurring under environmental
conditions (Fig. S4). Under these conditions, nitration reactions can be
initiated by eNO:, which is mainly derived from the photochemical
processes involving NO3 and NOs. To elucidate the molecular mecha-
nism, two parallel electrophilic substitution pathways between EPB
species and eNO, were investigated at the molecular level using quan-
tum chemical calculations, denoted as the EPB pathway (Ra) and the
EPB- pathway (Rp). These two mechanistic pathways were proposed
based on previous studies of nitration reactions involving phenolic
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species (Bedini et al. 2012). The corresponding free energy surfaces of
Ra and Rp are illustrated in Fig. 5.

In the Ry pathway, the neutral EPB undergoes a stepwise N-attack
addition—elimination mechanism. The addition step proceeds through a
transition state (TS,), in which the nitrogen atom of eNO, binds to the
ortho-carbon adjacent to the hydroxyl group in EPB, with an energy
barrier of 28.1 kcal-mol™, forming the nitrated intermediate (IMy).
Subsequently, IMj reacts with another eNO,, eliminating a hydrogen
atom and yielding nitration products NO,-EPB via an exothermic pro-
cess (-14.8 kcal-mol™). In comparison, the Ry pathway initiates with
hydrogen abstraction by eNO,, with a lower transition-state barrier of
19.5 keal-mol™! to form intermediate IMp;, Subsequently, the addition of
another eNO> to the generated intermediate IMpy produces NO»-EPB in
an exothermic step (-20.7 kcal-mol ™). Notably, the initial addition steps
via TS and TSg to form IM, and IMp are endothermic; however, solar
irradiation can supply sufficient energy to overcome these barriers,
facilitating the subsequent exothermic transformations that yield NO--
EPB as the thermodynamically stable nitration product. Both routes
produce thermodynamically stable NO5-EPB products, in agreement
with experimental observations.

These results demonstrate that the photochemical coupling between
marine nitrogen species and pollutants reshapes the transformation
pathways of emerging contaminants. The generation of eNOy under
environmentally relevant conditions establishes a self-sustaining
mechanism in which inorganic nitrogen cycling directly drives organic
nitration reactions. This coupling mechanism explains why nitrated
products are readily formed in marine matrices but are absent in ul-
trapure water systems lacking nitrogen donors. The findings highlight
the ocean’s unique role as both a sink and a reactive medium for
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anthropogenic pollutants, where nitrogen cycling and photochemistry
interact to form more persistent and potentially toxic transformation
products.

3.4. Ecotoxicological implications of marine nitration products

The formation of NO,-EPB in marine environments, a nitrated
transformation product showing relative persistence under the tested
conditions, raises important ecological and toxicological concerns.
Marine-mediated nitration markedly enhances the estrogenic activity of
EPB, increasing its potential to act as an endocrine disruptor. In the ERa
binding system, the predicted ICsy of NO3-EPB was 59.54 pM, substan-
tially lower than that of the parent compound EPB (76.51 pM),

EPB NO,-EPB
N
Y/ TYRI304
\\ = i\jﬁ' T RoLy3e
x/,ARG-SSI THR-305

GLU-290 J
- ASN-30¢ :
2 gws—zss

1C5=59.54 pM
Binding energy = -5.76 Kcal/mol

IC5y=76.51 uM
Binding energy = -5.62 Kcal/mol

Fig. 6. The binding interaction modes of EPB and its nitration product NOy-
EPB with the estrogen receptor o (ERa) of the Pacific oyster.
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Fig. 5. (a) Free energy surface for the nitration of EPB in seawater (energy in kcal mol’!, bond length in ;\): the Ry pathway for neutral EPB (blue) and the Ry pathway
for anionic EPB- (green). (b) Key steps include N-attack via TS5/TSp forming intermediates IM,/IMg, followed by exothermic formation of NO,-EPB. Both pathways
lead to thermodynamically stable NO,-EPB, consistent with experimental observations.
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indicating that nitration increases receptor-mediated estrogenic effects
(Fig. 6). Consistently, NO,-EPB displayed a lower docking score (-5.76
kcal mol™) than EPB (-5.62 kcal mol™?). Structural analysis further
demonstrated that NO2-EPB forms hydrogen bonds and hydrophobic
interactions with a greater number of amino acid residues in the re-
ceptor binding pocket (Fig. 6), suggesting improved binding stability
and enhanced endocrine-disrupting potential conferred by nitration.
These findings collectively highlight that photochemical nitration in
seawater not only transforms the chemical structure of EPB but also
generates more potent endocrine-disrupting products, emphasizing the
environmental significance posed by persistent nitrated contaminants in
marine systems.

From an environmental perspective, NO,-EPB exhibited minimal
degradation during the 12 h dark incubation (<3.5 %), implying relative
stability during nighttime or in aphotic seawater layers. To further
evaluate the environmental risk, the bioaccumulation and sorption po-
tential of NO,-EPB were evaluated. NO,-EPB has a BCF of 37 L/kg and a
Koc of 251 L/kg, both slightly higher than EPB (BCF 20 L/kg, Koc 162 L/
kg), suggesting a modest increase in accumulation potential in aquatic
organisms and sediments. Owing to its hydrophobic and nitroaromatic
nature, NOy-EPB may sorb to particulate matter, potentially reducing
freely dissolved concentrations and bioavailability. Consistent with the
general resistance of nitroaromatic compounds to aerobic biodegrada-
tion, microbial transformation of NO2-EPB under oxic conditions is ex-
pected to be limited, whereas reductive microbial pathways in anoxic or
sub-oxic environments may convert nitro groups to nitroso, hydroxyl-
amine, or amine derivatives. Together with its resistance to photo-
degradation, these characteristics suggest that NO,-EPB may persist in
coastal waters while undergoing slow, environment-dependent trans-
formations. In addition, Danish (Q)SAR predictions indicate that NOo-
EPB exhibits higher mutagenicity and potential carcinogenicity
compared to EPB (Table S3), consistent with previous observations that
nitrated aromatic compounds often display altered toxicological profiles
compared to their parent structures (Rayaroth et al., 2022; Scholes et al.,
2019). Taken together with its slightly higher BCF/Koc values, these
findings suggest that NO2-EPB may accumulate in marine organisms,
with mutagenic and carcinogenic effects potentially amplified along the
food chain, potentially impacting top predators and humans consuming
seafood.

Collectively, these findings emphasize that marine photochemical
environments—particularly those enriched in reactive nitrogen spe-
cies—can transform moderately toxic pollutants into more persistent
and hazardous products. This underscores the need for long-term envi-
ronmental monitoring of nitrated transformation products and evalua-
tion of their ecological implications in coastal ecosystems.

4. Conclusion

This study demonstrates that marine environments strongly promote
the photochemical degradation and nitration of EPB. The transformation
pathway in seawater differs fundamentally from that in ultrapure water,
where hydroxylation dominates. Here, nitrate and nitrite photolysis
generate reactive nitrogen species that drive electrophilic substitution to
form NO2-EPB. The nitration product exhibits higher persistence and
stronger estrogenic activity than its parent compound, indicating
elevated ecological risks. Given that all parabens contain a phenolic
ring, which can serve as a reactive site for photonitration, the observed
photochemical nitration mechanism may be extrapolated to other par-
abens. Future work should focus on monitoring the occurrence of
nitrated parabens in marine waters and effluent-receiving coastal envi-
ronments to better understand their environmental fate and potential
risks. These findings reveal that coupled nitrogen-pollutant photo-
chemistry can convert moderately toxic contaminants into more haz-
ardous products, underscoring the overlooked role of marine nitrogen
cycling in shaping the environmental fate and risk of emerging
pollutants.
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