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Abstract. Benzotriazole ultraviolet stabilizers (BT-UVs) are ubiquitous in airborne particles due to continuous emissions
from widespread usage in plastic and rubber, with several congeners recognized as Persistent Organic Pollutants (POPs)
under the Stockholm Convention. While ‘OH-initiated heterogeneous oxidation is the primary atmospheric degradation
pathway for particle-associated organics, the degradation kinetics and fate of particulate BT-UVs remain poorly constrained.
Herein, an oxidation flow reactor (OFR) was utilized to systematically investigate the ‘OH-initiated heterogeneous oxidation
processes of eight commonly used BT-UVs. The results revealed that the intrinsic second-order rate constants ranged from
(4.12 £ 0.30) x 10 to (13.2 = 1.17) x 107"* cm® molecules™' s7!, corresponding to atmospheric lifetimes exceeding one
week and significant potential for long-range environmental transport (LRET). Furthermore, elevated ambient humidity
enhanced their degradation rates by approximately 30%, whereas coexisting soluble iron exhibited a marginal effect. The
oxidation proceeded mainly through alkyl-group and phenyl-ring reactions, yielding 30 tentatively identified transformation
products (TPs), 24 of which were subsequently confirmed in ambient PM>s. These findings quantitatively confirm the high
persistence of particulate BT-UVs and highlight the necessity of evaluating the environmental risks and human inhalation

hazards of their secondary transformation products.

1 Introduction

Benzotriazole ultraviolet stabilizers (BT-UVs) are a class of additives capable of absorbing ultraviolet (UV) radiation
and dissipating the absorbed energy as heat, thereby preventing photodegradation of materials (Parajulee et al., 2018; Chen
et al.,, 2024; Zhao et al., 2024; Ling et al., 2025). Owing to this property, BT-UVs (Figure 1) have been extensively

incorporated into industrial and consumer products such as plastics, textiles, and paints since the early 1960s (Castilloux et
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al., 2022; Zhao et al., 2024; Ling et al., 2025). Through manufacturing emissions, volatilization, and mechanical abrasion of
polymer materials (e.g., tire wear and plastic sports tracks), BT-UVs could be continuously released into the environment
(Zhao et al., 2024). Due to their relatively low vapor pressures (P < 1 x 107 pa), BT-UVs emitted into the atmosphere
partition predominantly into the particle phase (with a predicted fraction sorbed to airborne particles, @ > 0.9) rather than the
gas phase (Huang et al., 2026). Consequently, they have become ubiquitous components of ambient aerosols, with measured
concentrations reaching up to 30 ng m~ in urban ambient air, depending on local emission intensity and ventilation
conditions (Maceira et al., 2019; Zhao et al., 2024; Bai et al., 2025).

The inherent chemical stability that makes BT-UVs effective photo-protectors also raises profound concerns regarding
their atmospheric persistence (Shunthirasingham et al., 2025). Recently, several commonly used BT-UVs have drawn
intense regulatory scrutiny; for instance, UV-326, UV-327, and UV-328 have been listed as Substances of Very High
Concern (SVHC) by the European Chemicals Agency (ECHA). Notably, UV-328 has been classified as a persistent organic
pollutant (POP) under the Stockholm Convention. A critical criterion for this POP designation is the potential for long-range
environmental transport (LRET) through the atmosphere. While their widespread occurrence and bioaccumulation in diverse
environmental matrices (e.g., water, sediment, and biota) have been well documented (Nakata et al., 2009; Zhang et al., 2011;
Lu et al., 2017; Zhang et al., 2021), the atmospheric compartment, which acts as the primary vector for their global
distribution (Perala-Dewey and Hageman, 2024; Shunthirasingham et al., 2025), remains poorly characterized. Evaluating
the LRET potential of particle-associated BT-UVs is currently hindered by a severe lack of kinetic data governing their
atmospheric sinks.

In the atmosphere, the fate of particle-associated organic compounds is predominantly governed by heterogeneous
oxidation initiated by hydroxyl radicals ("OH) (Laversin et al., 2016; Liu et al., 2021). Since the direct photolysis of BT-UVs
on particles is highly inefficient with negligible degradation rates (Ling et al., 2025), ‘OH-induced multiphase oxidation
serves as their primary degradation pathway. However, this multiphase process is highly complex and can be modulated by
ambient conditions and particle chemical composition. For instance, ambient humidity governs aerosol liquid water content
and particle viscosity, while coexisting transition metals (e.g., soluble iron) can trigger Fenton-like reactions; both factors
can influence the uptake and diffusion of gas-phase 'OH into the particle phase (Liu et al., 2019a). Furthermore, the
atmospheric aging of BT-UVs yields a myriad of oxygenated transformation products (TPs). These TPs not only alter the
physicochemical properties of the host aerosols but may also exhibit enhanced toxicity compared to their parent compounds,
representing an unrecognized risk in atmospheric particulate matter (Li et al., 2009). Therefore, the lack of knowledge on
‘OH reactions, transformation products and thus persistence of particle-associated BT-UVs has severely constrained the
current understanding of them in the atmospheric environment.

To address these gaps, this study systematically investigated the ‘OH-initiated heterogeneous oxidation chemistry of
eight commonly used BT-UVs (including UV-P, UV-234, UV-326, UV-327, UV-328, UV-329, UV-360 and UV-928)
coated onto simulated atmospheric particles. Specifically, our objectives were to: (1) determine the heterogeneous oxidation

kinetics of particle-associated BT-UVs by gas-phase "OH; (2) quantitatively evaluate their atmospheric persistence and
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LRET potential; (3) evaluate the impact of RH and coexisting soluble iron on their degradation kinetics; (4) identify the *OH
heterogeneous oxidation pathways and structurally characterize the resulting TPs, followed by their screening in ambient
PMzs; and (5) conduct a preliminary toxicity assessment of the parent BT-UVs and their atmospheric TPs. By linking
fundamental multiphase kinetics with field observations, this study would provide quantitative constraints on the

atmospheric fate of BT-UVs and fundamental data for future environmental risk assessments.

(a) UVv-P UVv-234 (c) UV-326
OH
N
0
\N/
CAS: 2440-22-4 CAS: 70321-86-7 CAS: 3896-11-5
Uv-327 UV-328 ] UV-329
CAS: 3864-99-1 CAS: 25973-55-1 CAS: 3147-75-9
UV-360 UVv-928
EROSE I e,
&
N
9
\N/
CAS: 103597-45-1 CAS: 73936-91-1

Figure 1. Chemical structures of target BT-UVs.

2 Materials and Methods
2.1 Chemicals and Reagents

Reference standards of eight target BT-UVs, including UV-P, UV-234, UV-326, UV-327, UV-328, UV-329, UV-360
and UV-928 were purchased from Macklin Biochemical Co., Ltd. (Shanghai, China) with purities higher than 99%. Detailed
information regarding these compounds is provided in Table S1 in the Supplement. Ammonium sulfate, ferrous sulfate
heptahydrate, and ammonium acetate were also obtained from the same supplier (purities > 98%). In this study, (NH4)2SO4
(AS) particles were used as a proxy for preexisting ambient aerosols, serving as inert seeds for the heterogeneous

condensation. Additionally, FeSO4 (FS) particles were used to examine the impacts of coexisting soluble iron on the
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degradation kinetics of BT-UVs. Analytical grade hexane, acetone, and methanol, along with HPLC-grade methanol and
formic acid were purchased from Merck KGaA (Darmstadt, Germany). Ultra-pure water was prepared using the Milli-Q
system (Bedford, MA, United States). Pure N2, O2, and a gas mixture containing 5 ppm SO: in a N> matrix were purchased

from Air Liquide (Shanghai, China).

2.2 Coating Particles

Seed aerosol particles were generated by atomizing a 5.3 mM (NH4)2SO4 (or FeSOa, depending on the experimental
objectives) aqueous solution by an aerosol generator (TSI, Model 3079A) with a carrier flow rate of 1.5 L min~!. A diffusion
dryer (TSI, Model 3062) was employed to produce dry, polydisperse particles with a geometric mean diameter of
approximately 50 nm, as characterized by a scanning mobility particle sizer (TSI, Model 3938). Pure BT-UVs were heated to
373-403 K in a heated chamber installed downstream of the diffusion dryer. Consistent with heterogeneous condensation
principles, organic vapor could rapidly condense onto cold particles. These core-shell particles displayed organic—inorganic
phase separation, where the BT-UVs constituted an outer shell surrounding the inorganic core (Reid et al., 2011; Song et al.,
2013; Wang et al., 2024). The coating thickness of each individual BT-UV coating on seed particle surface was determined
to be approximately 10 nm (Figures S2 and S3). Additionally, an activated carbon trap was used to remove any uncondensed

organic vapor prior to injecting the aerosols into the oxidation flow reactor (OFR).

2.3 Heterogeneous Oxidation

Heterogeneous oxidation experiments for particle-associated BT-UVs were conducted in a customized OFR (Figure S1),
which was operated under OFR-185 mode (Peng and Jimenez, 2020). N> and Oz were fully mixed with coated particles prior
to injection into the OFR, with a total flow rate of 2.5 L min~!. The number concentration of coated particles within the OFR
was stable at 1.4 x 10° particles cm, and the corresponding residence time was calculated to be approximately 100 s. Upon
UV irradiation in the OFR (light intensity of 2.0 mW cm™2), gas-phase ‘OH could be mainly generated via two pathways,
photolysis of H>O at 185 nm and photolysis of Oz at 254 nm (O('D) reacts with H,O). Temperature and relative humidity
(RH) in the OFR were monitored using an internal sensor (Huakong, Model HSTL-F107). During the experiment, the
temperature in the OFR was maintained at 298 K by circulating water in the outer jacket, while the RH was regulated by

bubbling N> through an aqueous solution.

2.4 *OH Exposure

To achieve reliable quantification of ‘OH exposure ("OHexp) for particle-associated BT-UVs in the OFR, ‘OHcxp
(molecules cm™ s) was determined by monitoring the decay of SO, in offline calibrations (Li et al., 2015; Peng et al., 2018),

as described by Eq (1):

. —_ 1 . [SO2]t
OHEXp_ sozln[sozlo 1
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where kg, was the second-order rate constant for the reaction of SO; with "OH at 298 K, with a literature value of 9.5 x 10
13 ¢m?® molecules™ s7! (Li et al., 2015); [SO2]o was the initial SO2 concentration at the OFR inlet; [SO2]: represented the final
concentration at the OFR outlet. The decay of SO» in offline calibrations were determined by a SO; analyzer (Thermo
Scientific, Model 431). The determined *OHeyp in the OFR ranged from 3.5 x 10! to 6.6 x 10'! molecules cm™ s at 25% RH
and from 4.1 x 10" to 8.9 x 10'! molecules cm™ s at 50% RH (Table S2).

2.5 Impacts of Photolysis and Ozonolysis

Potential loss of each individual BT-UV induced by photolysis and ozonolysis in the OFR was assessed through
supplementary control experiments. To quantify photolysis loss, BT-UVs film with a thickness of 10 nm was prepared, with
detailed procedures provided in Text S2 in the Supplement. The coated films were irradiated with UV lamp for 100 s and
subsequently extracted ultrasonically with acetone. For the ozonolysis experiments, O3 was generated via the photolysis of
O at 185 nm in an ozone generator (Tonglin, Model UV-PRO), and mixed with coated particles prior to injection into the
OFR. The concentration of O3 in the OFR was determined to be 15 ppm (representing the maximum concentration during the

heterogeneous oxidation experiments), yielding an O3 exposure of 3.7 x 10'® molecules cm™ s over a 100 s residence time.

2.6 Air Sampling

To screen the TPs of BT-UVs in ambient PM3 5, a total of 18 ambient PM; s samples were collected in Shanghai, China
(31°N, 121°E), during December 19 to 27, 2025 using a high-volume active air sampler (Tianhong, Model TH-1000). Prior
to sampling, quartz filters were pre-baked in a muffle furnace at 500 °C for 4 h to eliminate background organic
contaminants. During each sampling event, PM2s was collected on a quartz filter for 12 h at a flow rate of 1000 L min,
corresponding to a total sampled air volume of 720 m?. After collection, all filters were wrapped in aluminium foil and

stored at —20 °C until further analysis.

2.7 Sample Extraction

In this study, PM2s samples were extracted with an acetone—hexane mixture (1:1, v/v). The extracts were ultrasonicated
for 1 h in an ice-water bath under dark conditions, followed by 5 min of centrifugation at 4000 rpm to collect the supernatant.
The supernatant was then evaporated to dryness under a gentle nitrogen stream and reconstituted in 1 mL of methanol. The
resulting solution was filtered through a 0.22 um polytetrafluoroethylene (PTFE) membrane and stored at —20 °C prior to

instrumental analysis.

2.8 Instrumental Analysis

Quantification of the target BT-UVs was performed using an ultra-performance liquid chromatograph (ExionLC™,

SCIEX) coupled to a quadrupole mass spectrometer (QTRAP® 6500+, SCIEX) operated in multiple reaction monitoring
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(MRM) mode. Chromatographic separation was achieved on an ACQUITY Premier BEH C18 column (1.7 pm, 100 x 2.1
mm), with an injection volume of 3.0 puL. Suspect screening of oxidation products was performed using an ultra-performance
liquid chromatograph (ExionLC™, SCIEX) coupled to a time-of-flight mass spectrometer (X500B QTOF, SCIEX) in the
information-dependent acquisition (IDA) mode. The mass defect filter was enabled during HRMS acquisition to improve the
signal quality of MS? spectra. Chromatographic separation was achieved on a Kinetex® C18 column (2.6 pm, 100 x 2.1 mm),
with an injection volume of 5.0 pL. Details of the gradient elution program and instrument parameters are provided in Texts

S3 and S4 in the Supplement.

2.9 Kinetics and Lifetimes

The observed second-order rate constants (kobs, cm’> molecule™ s7!) for the reaction of particle-associated BT-UVs with

gas-phase "OH were fitted using the empirical equation (Pflieger et al., 2013; Chan et al., 2014):
c
Inc_; == ops[OH]t (2)

where Co was the initial concentration of BT-UVs; C; was the concentration of BT-UVs after “OH oxidation; [OH]
represented the steady-state (SS) concentration of "OH; and t was the residence time.

The "OH reactive uptake coefficient (yobs) Was calculated using the core—shell diffusion-reaction expression reported in the
literature (Smith et al., 2009):

_4 obsp(rp3_rc3)NA
Yobs = 3rp2<:_MW (3)

where p was the density of BT-UVs; 1, was the particles radius; r. represented the radius of the core; Na was the Avogadro’s
number; ¢ represented the mean speed of gas-phase *OH; and My was the molecular weight of BT-UVs.

To account for mass-transfer limitations caused by the gas-phase diffusion of "OH, the measured kobs values were corrected to
obtain the intrinsic experimental second-order rate constants (kexp, cm® molecule™ s7') of particle-associated BT-UVs, using

the Fuchs-Sutugin transitional regime correction framework (Fuks and Sutugin, 1970; Worsnop et al., 2002):

A
Kn=— 4
"p
1 _ 0.75+0.238Kn
F - Kn(1+Kn) (5)
1 1 1
= -4 — 6
Yobs I Yexp ( )
exp I
= 7
obs MYobs ( )

where Kn was the Knudsen number; A represented the gas-phase mean free path of "OH; I" was the diffusion-limited uptake
coefficient.
The atmospheric lifetimes (1) and half-lives (t12) for particle-associated BT-UVs in the troposphere were calculated using the

Eq (8) and Eq (9) (Cousins et al., 2019):
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exp[OHlem 3
0.693
typ =——
12 exp[OHlem ©)

where [OH]Jgm was the global mean concentration of gas-phase "OH, ranging from 6.5 x 10° to 1.6 x 10°® molecules cm™

(Lawrence et al., 2001).

2.10 AOPWIN Prediction.

To clarify the disparities between *OH-initiated oxidation of BT-UVs in the particle phase and in the gas phase, the US
EPA-developed Atmospheric Oxidation Program (AOPWIN) model was utilized to predict second-order rate constants
(kaopwin , cm® molecule™ s7!) for the reaction of gas-phase BT-UVs with ‘OH. This model employs a structure—activity
relationship (SAR) approach, wherein the kaopwin values are estimated by summing empirically derived reactivity
contributions from individual molecular fragments and functional groups identified from the input SMILES structure

(Meylan and Howard, 1993; Atkinson, 2002).

2.11 Long-range Environmental Transport (LRET) Potential

The LRET of BT-UVs was assessed using the OECD Overall Persistence and Long-Range Transport Potential
Screening Tool (Wegmann et al.,, 2009). The screening tool predicted the overall environmental persistence (Pov),
characteristic travel distance (CTD), and remotely transfer efficiency (¢2) of BT-UVs based on their partition coefficients
(e.g., log Kow and log Koa) and ti2. The ti2 values of BT-UVs in air were adopted from measured values determined in this
study, while those in water and soil were predicted using EPI Suite™ (Mackay et al., 1996). For benchmarking, the

calculated metrics were directly compared with those of reference persistent organic pollutants (POPs).

2.12 Toxicity Assessment

Predicted no-effect concentrations (PNEC) were employed to preliminarily assess the ecotoxicity of the target
environmental contaminants and their TPs (Yang et al., 2026). PNEC values was defined as the ratio of the acute median
lethal concentration (LCso) and an appropriate assessment factor (AF) (Van Leeuwen, 1996). For systemic toxicity
evaluation, human oral exposure can be considered equivalent to inhalation exposure when local respiratory tract effects are
negligible (U.S. EPA, 1994). In the absence of available experimental toxicity data, acute oral rat LCso values were predicted
with the U.S. EPA TEST model for subsequent PNEC derivation (Ccte, 2022). Considering the structural uncertainty of TPs,
a conservative assessment strategy was adopted, with the AF set to 1000 to avoid underestimating their toxic potential (Yang
et al., 2026). Toxicity variation coefficient (TVC) was calculated to quantify the toxicity variation between TPs and their

parent compounds:

PNECp

TVC = PNECTe: (10)
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where PNECp and PNECtps were the PNEC values of parent compounds and their corresponding TPs, respectively.

3 Results and Discussion
3.1 Oxidation Kinetics of Particle-associated BT-UVs

To eliminate the interference of background components, the inert (NH4)2SO4 particles were used as proxies for
preexisting ambient aerosols (Liu et al., 2021), and the pre-synthesized core shell particles were used to preliminarily explore
the heterogeneous oxidation kinetics for BT-UVs initiated by gas-phase "OH. Prior to determining the “OH oxidation rate
constants, potential loss of the target BT-UVs via direct photolysis and ozonolysis in the OFR were evaluated, as these
processes could result in kinetic overestimations (Liu et al., 2021). These control experiments revealed no evident photolysis
or ozonolysis (both less than 5%), which could be attributed to the short residence of the coated particles and relatively low
O; exposure. Additionally, the evaporation losses of BT-UVs in OFR were estimated to be less than 0.2% based on the
empirical equations for Fick's first law of diffusion (Jacobson, 2005), suggesting a minor effect on the *OH heterogeneous
oxidation kinetics.

The reaction kinetics between particle-associated BT-UVs and gas-phase “OH were initially investigated at 298 K under
25% RH (Figure 2a-h). As seen, derived second-order rate constants (kobs) ranged from 107!3 to 1072 cm® molecule™ s7!,
consistent with typical semi-volatile organic compounds (SVOCs) reaction in the solid phase. From an atmospheric
modeling perspective, the derived kobs can be constrained by the diffusion rate of *OH from the gas phase to the particle
surface (Davidovcits et al., 2006). In general, gas- phase diffusion did not limit the uptake of ‘OH by BT-UVs on nano- sized
aerosol particles, yet corrections were required. Accordingly, to assess whether gas-phase diffusion limited the present
measurements, the kobs values were recalculated using the empirical equations (Fuks and Sutugin, 1970; Worsnop et al.,
2002). Consequently, the resulting intrinsic experimental second-order rate constants (kexp) ranged from (4.12 £ 0.30) x 10713
to (13.2 £ 1.17) x 107!3 cm® molecules™! s7!, with corresponding ‘OH reactive uptake coefficients (yexp) between (7.41 + 0.53)
x 1072 to (7.01 £ 0.63) x 1072 (Table S4).

Specifically, the kexp values followed an increasing order, with UV-P < UV-326 < UV-327 < UV-328 <UV-928 <UV-
234 < UV-329 < UV-360 (Figure 2i). This kinetic variance is highly dependent on substituent effects. For instance, alkyl
groups with abstractable C-H bonds (e.g., tert-butyl and tert-amyl in UV-360) were proposed to provide additional active
sites for "OH abstraction (Huang et al., 2026). Conversely, chlorine substituents (e.g., UV-326) could decrease the © electron
density of the aromatic ring, thus rendering it less susceptible to electrophilic attack by "OH

In the absence of any reported "OH heterogeneous oxidation rate constants for particle-associated BT-UVs, their
reactivity toward “OH could only be inferred by comparison with other organic contaminants for which kinetic data are
available. Overall, the kexp values of particle-associated BT-UVs are slightly lower than those for liquid crystal monomers
(LCMs) (Liu et al., 2020), but higher than those of organophosphate flame retardants (OPFRs) and terbuthylazine (Liu et al.,
2014; Han et al., 2021), indicating moderate ‘OH reactivity in the atmospheric particle phase.

8
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Figure 2. Heterogeneous oxidation kinetics curves for eight target BT-UVs (a-h), and the derived intrinsic second-

order oxidation rate constants (kexp) (i) for particle-associated BT-UVs.

3.2 Atmospheric Persistence and LRET Potential

Numerous studies have verified that BT-UVs preferentially partition into atmospheric particles, with only a minor
proportion remaining in the gas phase (Zhao et al., 2024; Shunthirasingham et al., 2025; Huang et al., 2026). Consequently,
their atmospheric persistence is generally governed by the particle-phase lifetimes. However, due to the scarcity of available
data on the particle-phase persistence of BT-UVs, existing global regulatory frameworks rely heavily on gas-phase ‘OH
oxidation parameters, which might result in biased risk assessments. To quantify the persistence disparities, AOPWIN model
was initially employed to estimate the second-order rate constants (kaopwin) for the reaction of gas-phase BT-UVs with "OH

(Meylan and Howard, 1993; Atkinson, 2002). As seen in Figure 3a, the predicted kaopwin values ranged from 1.32 x 107! to
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3.32 x 10" cm® molecules! s!

, which were at least one order of magnitude higher than ke, (Figure 3b). This kinetic
disparity aligned with findings reported for OPFRs (Liu et al., 2019b), indicating that "OH oxidation rates of SVOCs were
universally inhibited in the particle phase. This significant inhibition could be primarily attributed to the slow diffusion of

‘OH in the particle-phase reaction system (Zhou et al., 2013; Huang et al., 2026).
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Figure 3. AOPWIN-predicted second-order oxidation rate constants (kaorwin) (a), inhibition factors (b), linear
regression analysis (c) and atmospheric persistence (d) of BT-UVs in the particle and gas phases, and their transport
distance (CTD) (e) and transferred fraction (¢2) (f) in the environment.

Additionally, a linear regression analysis was performed between kexp and kaopwin (Figure 3c). Interestingly, most BT-
UVs exhibited an approximate linear correlation; however, UV-P deviated markedly from the regression line, acting as a
significant outlier. Although the ke, of UV-P was substantially lower than those of the other BT-UVs, its “OH uptake
coefficient (7.41 x 1072) was comparable to the others (ranging from 7.01 x 1072 to 13.5 x 1072). A plausible explanation was
the smaller molecular size of UV-P allowed it to form a highly dense coating on the particle surface, which sterically
restricts the inward diffusion of ‘OH, resulting in a significantly lower apparent oxidation rate. This substantial phase-
dependent disparity in “OH oxidation rates critically impacts their atmospheric lifetimes (t, Figure 3d). The estimated t for
BT-UVs ranged from 9.7 + 3.3 to 31 + 11 days in particle phase, compared to merely 0.38 £ 0.13 to 0.95 £+ 0.33 days in gas
phase (Table S5). Even when assessment models adopt relatively high global "“OH concentration parameters, the T values of

all particle-associated BT-UVs exceed five days, with most surpassing a full week.
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As can be expected, this prolonged resistance to degradation directly facilitated their LRET potential. To contextualize
this LRET potential against global regulatory criteria, the overall environmental persistence (Pov) and transport metrics of
BT-UVs were simulated using the OECD-endorsed screening tool and benchmarked against existing POPs (Tables S6 and
S7). As shown in Figure 3e-f, the modeling yielded Pov values ranged from 1.08 x 102 to 5.19 x 10% days, with
corresponding CTD spanning 1.43 x 103 to 2.86 x 10° km, and @2 of 5.23 x 10~ to 1.41 x 107. These metrics were highly
comparable to those of established POPs regulated under the Stockholm Convention, providing robust mechanistic evidence
that BT-UVs possessed substantial LRET capabilities. Furthermore, these modeling constraints were strongly corroborated
by recent field monitoring data, which documented the successful detection of UV-P in remote atmospheric environments

(Shunthirasingham, 2025).

3.3 Impact of Relative Humidity and Coexisting Soluble Iron

In the atmosphere, environmental humidity generally governed the water content and deliquescence properties of
aerosol particles, thereby influencing the mass transport and diffusion of gas-phase “OH within particles (Slade and Knopf,
2014). In addition, ubiquitous transition metals like iron, with concentrations up to 5.2 pg m=, and can trigger Fenton-like
reactions (He et al., 2001). Previous studies have confirmed that Fenton-like reactions initiated by the unique redox activity
of Fe(Il) modulated the multiphase oxidation behaviour of SVOCs on aerosol particles (Daumit et al., 2016; Liu et al.,
2019a). Given that the effects of environmental conditions and particle constituents on the atmospheric persistence of
particle-associated BT-UVs remain unclear, the impacts of RH and redox-active Fe(II) on their degradation kinetics were
systematically investigated in this study. To this end, gas-phase ‘OH diffusion corrections were applied to obtain the kexp
values of BT-UVs coated onto AS particles as well as FS particles at 25% and 50% RH, and their corresponding
atmospheric lifetimes were calculated (Tables S8 and S9).

As shown in Figure 4a, increasing RH from 25% to 50% significantly enhanced the *OH oxidation rate of most BT-UVs,
resulting in an average increase of ~30% in their corresponding kexp. This promotion can be attributed to the elevated particle
water content and reduced matrix viscosity, which facilitated the diffusion of "OH within the particle phase (Slade and Knopf,
2014; Liu et al., 2019a). Unlike the pronounced effects of RH, the presence of Fe(Il) in the aerosol particles did not
significantly enhance the "OH oxidation rate at either 25% or 50% RH, yielding only a marginal average increase of ~10% in
kexp. Consequently, these results indicated that potential Fenton-derived ‘OH played a minor role in the heterogeneous
oxidation processes under the moderate humidity conditions examined in this study. However, a previous study has
demonstrated that at higher RH levels (e.g., 68%), the deliquescence of FS particles may significantly promote the out-shell
oxidation of SVOCs (e.g., up to 53%) (Liu et al., 2019a). This discrepancy can be rationalized by phase transition threshold
effects, at relatively low-to-moderate RH (25-50 %), water uptake was substantially hindered by the hydrophobic BT-UV
outer shell, which suppressing the hygroscopicity of the internal FS core and thereby inhibiting the initiation of Fenton
reactions. Only when the RH exceeded the specific deliquescence threshold does the core undergo complete phase transition

to activate Fenton-driven chemistry.
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As illustrated in Figure 4b, at 50% RH, estimated t (Figure 4b) for BT-UVs ranged from 8.4 + 2.9 to 16 £+ 5.6 days on
AS particles, and from 7.6 + 2.6 to 16 £ 5.5 days on FS particles. These values were consistently shorter than those observed
at 25 % RH, which spanned from 9.7 + 3.3 to 31 + 11 days on AS and from 9.3 + 3.2 to 23 + 7.9 days on FS particles.
Notably, under actual atmospheric conditions, wet deposition and precipitation scavenging can further accelerate the removal

of these particle-associated contaminants from the atmosphere (Awonaike et al., 2021).
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Figure 4. Second-order oxidation rate constants (kexp) of particle-associated BT-UVs at different conditions (a), and

their corresponding lifetimes (b).

3.4 Oxidation Pathway and Products of Particle-associated BT-UVs

Following the modified suspect screening workflow reported previously (Yang et al., 2026), a total of 30 TPs of BT-
UVs were tentatively identified via high-resolution mass spectrometry (HRMS) analysis, with more details are provided in
Table S10 in the Supplement. While the unambiguous structural resolution of certain isomers remains constrained by
collision-activated dissociation (CAD) limitations and low environmental extraction concentrations (Huang et al., 2026),
these robust qualitative findings still enabled a reliable preliminary deduction of the "OH multiphase oxidation pathways.
Generally, the degradation could be broadly classified into two categories: (I) alkyl group oxidation and (II) phenyl ring

oxidation. In this section, UV-328 and UV-234 was chosen as a representative case for further discussion (Figure 5).
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310 Specifically, in pathway I (Figure 5a), the reaction was initiated by "OH-mediated H-abstraction from the alkyl group of
UV-328, yielding alkylperoxy radicals. These radicals subsequently reacted with HO>" to generate a hydroperoxide product
(TP384, R.T. = 5.0 min). Alternatively, via the classical Russell mechanism (Russell, 1957; Miyamoto et al., 2003), the
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bimolecular reaction of alkylperoxy radicals with RO>" to produce an alcohol (TP368, R.T. = 5.0 min) and a carbonyl
(TP366, R.T. = 4.9 min). Such bimolecular path has recently been reported for H-abstraction reactions of UV-328 in nm-
thick films (Huang et al., 2026). Upon continued “OH oxidation, these intermediates could further undergo sequential
decomposition, giving rise to short-chain fragment (TP324(1), R.T. = 4.8 min, and TP298, R.T. = 4.6 min), a process
analogous to the previously proposed photooxidation mechanism for OPFRs (Liu et al., 2019b). In pathway II (Figure 5b),
‘OH can directly add to the phenyl ring of UV-328 to form a phenolic product isomeric to TP368 (R.T. = 4.6 min).
Additionally, ‘OH attack on the phenyl ring could also produce cyclic peroxy radicals (Birdsall et al., 2010), which further
reacted with ‘OH to afford a cyclic alcohol product isomeric to TP384 (R.T. = 4.6 min). Moreover, cyclic peroxy radicals
could experience Oz-induced isomerization to carbon-centered radicals (Figure 5c), triggering ring-opening reactions that
yield unsaturated dicarbonyls and carboxylic acids products (e.g., TP486). Interestingly, such extensive ring-opening was
exclusively observed for BT-UVs bearing additional independent phenyl moieties (e.g., UV-234). In contrast, the core
benzotriazole structure exhibited remarkable chemical stability, firmly resisting ring-cleavage under the current “OH

exposure conditions.

3.5 Occurrence and Toxicity of BT-UVs and TPs in Ambient PMz.s

To investigate the atmospheric occurrence of BT-UVs and their tentative TPs, target screening was further conducted in
PMaz5 samples collected in typical megacity (Shanghai, China). Briefly, all investigated BT-UVs were successfully detected
in the PM, s samples, with their total concentration ranging from 46.6 to 235 pg m™ during the collection period (Table S11),
which was comparable to those quantified in PM samples from Toronto (Shunthirasingham et al., 2025). The relative
abundances of BT-UVs (Figure 6a) in the PM> s samples followed an increasing in the order: UV-928 < UV-327 <UV-328 <
UV-360 < UV-P <UV-234 <UV-329 < UV-326. Notably, UV-234, UV-326, and UV-329 together accounted for more than
70% of the total BT-UV burden, establishing them as the predominant BT-UV components in Shanghai’s PMas.
Additionally, tentative TPs were also screened in these samples and semi-quantified based on chromatographic peak areas.
Of the 30 candidate TPs, 24 of them were successfully detected in the PMa.s samples, whereas the remaining 6 TPs were
below the detection limit. The quantification analysis results (Figure 6b) demonstrated that the concentrations of the TPs
derived from specific BT-UVs varied markedly in the PMa.s samples, for instance, TP298 emerged as the predominant
transformation product of UV-328.

Given the widespread occurrence of BT-UVs and their TPs in urban aerosols, it is essential to evaluate their potential
health risks. Therefore, PNEC values for both parent compounds and TPs were derived from acute oral toxicity predictions
combined with established assessment factors (Van Leeuwen, 1996; Ccte, 2022; Yang et al., 2026). For TPs with multiple
possible isomers, the highest PNEC value was conservatively adopted to avoid underestimating ecological or health hazards.
As shown in Figure 6¢, the PNEC values for BT-UVs and their TPs ranged from 1.4 x 10% to 3.0 x 10° pg kg™! (Table S12).
Specifically, UV-360 exhibited a lower PNEC than the other BT-UVs, indicating higher potential toxicity, despite its

relatively low abundance in PMas (<10%). In contrast, UV-329, with a relative abundance of 28%, showed the lowest
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toxicity among all investigated compounds. Apart from the intrinsic toxicity of BT-UVs, highly oxygenated products
exhibited amplified toxicological profiles, a phenomenon well-documented for other SVOC classes (Li et al., 2009; Antifiolo
et al., 2015). According to the prediction results, a total of 22 TPs were predicted to be more toxic than their parent
compounds, with toxicity variation coefficient (TVC) values ranging from 0.01 to 4.19, while only 8 TPs showed reduced
toxicity, with TVC values between —0.02 and —0.84. Although a substantial fraction of TPs exhibited elevated intrinsic
toxicity, their relatively low ambient abundances in PMz 5 suggested that the actual toxicity enhancement in the atmosphere

might be limited.
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Figure 6. Relative abundance (a-b) of BT-UVs and TPs in Shanghai’s PMa.s, and their predicted no-effect
concentrations (PNEC) (c-d).

4 Conclusion

This study systematically investigated the multiphase *OH-initiated heterogeneous oxidation kinetics and transformation
pathways of eight particle-associated BT-UVs, directly linking laboratory kinetics parameters to global atmospheric
persistence. Under idealized atmospheric conditions (298 K, 25% RH), the derived intrinsic second-order rate constants

ranged from (4.12 £ 0.30) x 103 to (13.2 £ 1.17) x 10713 cm® molecules™ s7!. These multiphase reaction rates correspond to
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extended atmospheric lifetimes of 9.7 + 3.3 to 31 + 11 days, which translated into characteristic travel distances spanning
1.43 x 10° to 2.86 x 10° km and overall persistence (Pov) values of 1.08 x 10? to 5.19 x 10? days in the environment.

Our findings revealed a significant phase-dependent kinetic inhibition; the determined kexp values in the particle phase
fall at least an order of magnitude below classical AOPWIN gas-phase estimates, highlighting that gas-phase models
severely underestimate the actual atmospheric lifetime of BT-UVs. Furthermore, increasing RH from 25% to 50% increased
kexp by approximately 30% and shortened their lifetimes on aerosol particles. In contrast, the co-presence soluble Fe(II)
yielded only a marginal increase in kexp under the tested conditions. Regarding transformation pathways, multiphase ‘OH
oxidation proceeded predominantly via alkyl-group and phenyl-ring reactions. Importantly, among the 30 tentatively
identified TPs in the OFR, 24 were successfully detected in authentic PMa; s samples from urban Shanghai, corroborating
that these heterogeneous aging mechanisms actively occur in the real atmosphere.

While this study provides foundational kinetic data, several considerations still remain when extrapolating these
findings to real atmospheric environments. Specifically, owing to the inherent limitations of the idealized core-shell particle
system and the specific RH/Fe constraints employed here, the derived oxidation rate constants and lifetimes may not fully
encompass the complexity of ambient aerosols. Real atmospheric aerosols exhibit immense diversity in chemical
composition, viscosity, and morphology. Additionally, the presence of other reactive oxygen species (ROS) or light-
absorbing organic matrices could further modulate their aging rates and transformation pathways. Therefore, future research
considering complex aerosol matrices, phase states, and multi-oxidant conditions is warranted.

Despite these uncertainties, sufficient evidence presented here fundamentally advances our understanding of the
atmospheric fate of particle-associated BT-UVs. Their extended chemical lifetimes (weeks) and calculated transport metrics
directly demonstrate that BT-UVs possess long-range environmental transport potential comparable to that of established
POPs governed by OECD criteria. Furthermore, the pervasive detection of oxygenated TPs with predicted enhanced
ecotoxicity highlights that atmospheric transformation acts not merely as a sink, but as a secondary source of novel
pollutants. Consequently, incorporating these multiphase kinetics and particulate TPs into global chemical transport models
is essential to accurately assess their global distribution, deposition fluxes, and potential human inhalation exposure risks in

the atmospheric environment.

Supplement

Detailed information is available in the Supplement.
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