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ARTICLE INFO ABSTRACT

Keywords: Plastic pollution in the form of microplastics (MPs) poses a significant environmental threat, due to the wide-
Polymer photodegradation spread dispersion and persistence of these materials in aquatic ecosystems. This study investigates the reactivity
Photolysis

of polyethylene (PE), polypropylene (PP), and polyvinyl chloride (PVC) MPs with hydroxyl radicals (HO®)
through a kinetic competition method, using sodium benzoate (NaBz) as a reference compound with selective
HO?® reactivity. Photosensitization by NaNO3 under UV-B irradiation was employed as known HO® source. The
first-order reactivity constants for PE and PP MPs were (p + o) kpg = (6.58 + 4.99) x 10* s and kpp
= (6.24 + 2.98) x 10* 57!, respectively. On the other hand, the reactivity of PVC MPs was influenced by re-
actions with organic compounds leached from the plastic material. Long-term photodegradation experiments
revealed some small morphological changes in PE and PP MPs as a result of photoaging. The process also pro-
duced low molecular weight organic compounds, including short-chain carboxylic acids, and indicates that the
presence of anions such as acetate and (in the case of PVC) chloride is associated with the photodegradation
processes of the investigated MPs. FTIR spectroscopy suggested the presence of carbonyl groups, associated with
oxidation of the polymer chains and the possible presence of plastic additives. Transformation products (TPs)
were elucidated, indicating dechlorination processes for PVC MPs and/or the organic compounds they carried,
and hydrogen abstraction, primary oxidation, dehydrogenation, and oxidative cleavage for PE and PP MPs.

Microplastic aging
Degradation pathways

1. Introduction

Plastic pollution is one of the most important environmental chal-
lenges of our time, due to the vast amount of improperly discarded
plastic waste that pollutes oceans, rivers, soil, and even the atmosphere
[1,2]. Among the most concerning aspects of this pollution are micro-
plastics (MPs), i.e., plastic particles less than 5 mm in diameter, and
nanoplastics (NPs), which are even smaller, measuring less than 1 ym
[3]. MPs and NPs can be intentionally manufactured on a micro- or
nano-scale (primary micro- and nanoparticles), or they can originate
from the degradation of larger plastics, such as synthetic fabrics and
football pitches (secondary micro- and nanoparticles) [4]. Polyethylene
(PE), polypropylene (PP), polystyrene (PS), and polyvinyl chloride

* Corresponding authors.

(PVC) are some of the most commonly used plastic materials [5,6].
Once in surface waters, MPs may be subject to mechanical abrasion
caused by water flow dynamics and to hydrolysis, as well as to
biodegradation and photodegradation processes [7]. Due to the high
availability of solar energy in surface waters, photodegradation repre-
sents a key mechanism driving the breakdown of many micropollutants.
MPs may degrade through direct photolysis, which involves mechanisms
such as fragmentation, rearrangement, hydrogen and electron transfer
[8,9], or via indirect photochemistry, mediated by attacks from photo-
produced reactive intermediates (PPRIs), including hydroxyl radicals
(HO"), singlet oxygen (10y), triplet excited states of chromophoric dis-
solved organic matter (3CDOM*), and the carbonate radical anion
(CO37) [10]. Due to their rapid consumption in surface waters, PPRIs
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occur at low steady-state concentrations, which typically range between
1077 and 107'° mol L™ [11]. These reactive species are generated by
the absorption of solar energy by photosensitizing compounds such as
nitrate (NO3), nitrite (NO3), and chromophoric dissolved organic mat-
ter (CDOM) [12]. Among PPRIs, the hydroxyl radical is the most reactive
species in natural waters (Eg = 2.80 V vs SHE) and it is primarily pro-
duced through the photolysis of nitrate (NO3) and nitrite (NO3) ions.
Nitrate exhibits a peak absorption in the UV-B region, with a maximum
at 305 nm, while nitrite also absorbs UV-A sunlight [5]. Moreover,
CDOM is an important HO® source in organic-rich waters [9].

Plastics contain various substances that are not chemically bound to
the polymer matrix, including unreacted monomer units, chemical ad-
ditives such as antioxidants, plasticizers, and flame retardants, as well as
processing aids such as catalysts, solvents, and lubricants [13]. The
photodegradation of polymeric particles in the environment can lead to
changes in the physicochemical properties of materials and the release
of plastic additives and byproducts [14]. Depolymerization is one of the
main degradation mechanisms, involving the cleavage of polymer
chains that occurs more frequently at chain ends. Conversely, chain
scission occurs when atoms or side groups attached to the polymer
backbone are released [15]. Chromophoric functional groups and un-
saturated bonds accelerate photodegradation, and conjugated double
bonds additionally exhibit lower bond strength that allows them to be
readily broken into smaller fragments [7].

Photodegradation represents the most significant pathway for
abiotic oxidation in MP degradation [16,17], an oxidative process that
occurs naturally in surface waters. Most published studies aim to
investigate the harmful effects of rampant MP pollution or detect the
presence of MPs in various environmental compartments. However,
there is still a scarcity of research focused on evaluating the degradation
kinetics and mechanisms of these materials, which could contribute to
understanding the environmental fate of MPs through photoinitiated
reactions. Furthermore, there is a lack of knowledge concerning the
reactivity of the polymer backbone vs. additives and other compounds,
which could all be involved in the scavenging of PPRIs such as HO®.

To address this gap, the present study aimed to investigate the re-
action kinetics and pathways of MPs with hydroxyl radicals (HO®), using
a kinetic competition approach that allows for the determination of
reaction rate constants. Three MPs that would derive from materials
widely used in plastic packaging, i.e., PVC, PP, and PE, were selected.
They range from simple aliphatic polymers to structures with functional
groups directly attached to the polymer backbone, which enables the
comparison of variations associated with the polymeric structure. The
experimental procedures were also devised to distinguish between the
reactivity of the polymer itself and that of loosely bound compounds
such as the additives. In addition, long-term photochemical experiments
allowed for the identification of transformation products, derived from
the oxidative photo dissolution of MPs. The study further assessed ma-
terial aging indicators, offering valuable insights into the environmental
degradation mechanisms of MPs.

2. Materials and methods
2.1. Chemicals

Sodium benzoate (> 99.0%, Sigma-Aldrich) was used as the refer-
ence compound to measure reaction rate constants with HO®, while
sodium nitrate (> 99.0%, Sigma-Aldrich) was used to generate HO®
radicals. Polyvinyl chloride (PVC, GuanBu-Tech, Shanghai, China),
polypropylene (PP, generated by cryogenic grinding of PP fragments)
and polyethylene (PE, Cospheric, CA, USA) were used as model MPs for
HO?® reactivity studies. For analysis (elution) with HPLC-DAD (high-
performance liquid chromatography interfaced with diode-array
detection), methanol and phosphoric acid (H3PO4, 85%) were pur-
chased from Sigma-Aldrich. All solutions were prepared using ultrapure
water with a resistivity of 18.2 MQ cm and TOC < 3 ppb, obtained from a
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Milli-Q® system.
2.2. Kinetic competition experiments

The experimental conditions were designed to balance environ-
mental relevance and experimental control. The potential aggregation of
MP particles can influence their dispersion in the medium and affect
photochemical processes. In the present study, experimental strategies
were employed to minimize particle aggregation. MP suspensions were
prepared with 16.5 mg of plastic powder in 100 mL of ultrapure water.
The suspensions were first ultrasonicated for 4 min to promote disag-
gregation, and then magnetically stirred for 3 h at 80 rpm. Due to the
intrinsic hydrophobicity of MPs, the dispersions were manually stirred
vertically every hour to further maintain homogeneity. The MPs load
used was higher than that typically found in surface waters. This
approach was intended to ensure the applicability of the kinetic
competition method and to minimize uncertainties associated with the
heterogeneity of the system. Additionally, the MP load was kept con-
stant in all kinetic experiments, to consider possible light scattering
effects.

A Kkinetic competition method, well described by Zhou and Mopper
[18], was used to predict the reactivity of the selected MPs with HO®.
Sodium benzoate (NaBz) was employed as the reference compound with
known HO® reactivity and its initial concentration was varied in
different experiments (2.5, 5.0, 15, 40, and 70 umol L_l), while the MP
loading was always kept at 165 mg L™!. In this way, the possible scat-
tering of radiation by the MPs would be the same in all the irradiation
experiments and would not affect significantly the measurement of the
reaction rate constant between MPs and HO®. Furthermore, the use of a
relatively high MP load was required by the need to scavenge HO®
significantly in comparison with the benzoate reference, thereby
allowing for a proper kinetic competition between MPs and the refer-
ence compound. The use of lower MP loads would cause insignificant
scavenging of HO® and prevent a proper measurement of the reaction
rate constant between MPs and HO®. For similar reasons, the initial NaBz
concentration was varied in a range that enables quantification by liquid
chromatography and encompasses conditions where benzoate is either a
minor or the main HO® scavenger in the system.

Hydroxyl radicals were generated photochemically from sodium
nitrate (NaNOs, 10 mmol L) and their steady-state concentration was
estimated by the pseudo-first-order degradation rate constant of sodium
benzoate, using its known second-order rate constant with HO® (kp,_ Hoe
=5.9 x10° L mol~! s7%; [19]). The result was [HO®]ss = 10~ 14-10715
mol L1, This is in the upper range of the typical steady-state [HO"]
values in surface waters (Vione et al., 2014). Nitrate was selected as HO®
source because it is an environmentally relevant photosensitizer com-
pound in surface waters, in which NOg3 ions absorb solar radiation in the
UV-B region and generate HO® [19]. Note that MPs can act as both
scavengers and sources of HO® radicals under irradiation [20]; however,
regardless of how MPs affect the HO® balance, the overall effect is
accounted for in [HO®]¢. Moreover, the kinetic model (see Section 6 in
the Supplementary Material) considers the total formation rate of HO®,
regardless if these are produced by nitrate alone or by additional sources
as well.

The aliquots of the suspensions to be irradiated (total volume of
15 mL each) were placed in four cylindrical Pyrex glass cells (2.4 cm in
height, 4.0 cm in diameter, cut-off wavelength of 280 nm). These cells
have a side neck for inserting and removing liquids, which was securely
sealed with a screw cap and kept in the same position during all irra-
diation experiments, which lasted for up to 2 h. The experiments were
conducted under magnetic stirring at 80 rpm,; irradiation was provided
by a UV-B lamp (Philips TL 20 W/01) with maximum emission at
313 nm, a wavelength that corresponds to the most effective spectral
range for NO3 absorption. Thus, the choice of a specific wavelength aims
to reproduce the portion of the solar spectrum that is mainly responsible
for triggering photochemical reactions by nitrate in surface waters. The
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irradiance was 4.0 + 0.2 W m™2 in the 300-400 nm range and
T = 21.0 £ 3.0 °C. Samples withdrawn over a period of 2 h were filtered
through 0.22 pm nylon membranes (Sartorius®), and NaBz concentra-
tions were quantified by HPLC-DAD (see Section 4.1, Supplementary
Material).

The kinetic competition experiments were carried out in the pres-
ence of MPs in ultrapure water and with the wash water from the MPs.
The latter experiments were carried out to investigate the potential
reactivity of the HO® radical with compounds leached from MPs, which
could interfere with the measurement of the HO® reactivity attributed to
the polymer backbone. To prepare the MPs wash water, 16.5 mg of MPs
were suspended in 100 mL of ultrapure water and subjected to ultra-
sound pre-treatment for four minutes, followed by stirring at 80 rpm for
three hours under identical conditions to those used in the kinetic
competition experiments in the presence of MPs. The resulting suspen-
sion was then filtered via vacuum filtration using a cellulose acetate
membrane (0.22 um pore size). The filtrate, referred to as wash water,
contains only the compounds released from the MPs. This wash water
was subsequently used to evaluate potential interactions of these com-
pounds with HO® radicals.

The same experimental setup used in the kinetic competition ex-
periments was employed to conduct long-term photochemical experi-
ments (14 days) to promote the aging of MPs (see Section 3,
Supplementary Material). At the end of the exposure, aliquots were
collected and filtered (0.22 pm nylon filters) for total organic carbon
(TOC) analysis, anions analysis by ion chromatography (IC), and iden-
tification of by-products by liquid chromatography — high resolution
mass spectrometry (LC-HRMS); all analytical methods are described in
Section 4 of the Supplementary Material. In addition, the liquid phase
was vacuum-filtered using a cellulose acetate membrane (0.22 pm) and
the MPs were recovered and dried at room temperature, for character-
ization by scanning electron microscopy (SEM) and by attenuated total
reflectance — Fourier transform infrared spectroscopy (ATR-FTIR), to
assess potential signs of aging of the material surface.

The competition model used does not explicitly account for effects
associated with particle heterogeneity or light scattering in systems
containing MPs. However, to evaluate possible light scattering effects
caused by MPs in the system, experiments were performed using 2-nitro-
benzaldehyde (2-NB), based on the methodology described by Allen
et al. [21]. The experiments were carried out under UV-B irradiation,
comparing two conditions: (i) 2-NB solution (100 pmol LD in the
absence of MPs and (ii) 2-NB solution in the presence of MPs
(0.165 g L1). The degradation of 2-NB was monitored by HPLC and
described by pseudo-first order kinetics, allowing the reaction constants
(k) to be determined. The comparison between the values of k obtained
in the absence and presence of MPs was used as an indirect metric of
photon availability in the system, expressed by an attenuation factor
(kii/ky), where k; is the pseudo-first order kinetic constant of 2-NB in the
absence of MPs and k;; refers to the kinetic constant obtained for 2-NB in
the presence of MPs.

2.3. Characterization of microplastics

The morphology of PVC, PP, and PE was analyzed using SEM with an
electron gun (FEG Schottky). Secondary electron images were obtained
using a FEI microscope (Inspect F50) operating at 5 kV. The particle size
of microplastics (MPs) was assessed by examining scanning electron
microscopy (SEM) images utilizing ImageJ software. A randomly
selected subset of particles served as the basis for analysis, with equiv-
alent diameter employed as the standard metric for size determination.
All MPs had a particle size in the range of 1.0-4.0 um (Table S1).

To characterize the functional groups on the surface of the MPs, ATR-
FTIR analysis was performed using a Fourier transform infrared spec-
trometer (Alpha II, Bruker®) from 4000 to 400 cm~ ! for 64 scans, with a
resolution of 4 cm L. For each sample, 2-3 replicates were collected. The
spectral data was processed using Omnic® 8.0 and Origin® 8.0 software.
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The chemical state of the surface of the pristine MPs was analyzed
through X-ray photoelectron spectroscopy (XPS) using a conventional
XPS spectrometer (ScientaOmicron ESCA+) with a high-performance
hemispheric analyzer (EAC2000) with 128 channels and with mono-
chromatic Al Ka (hv = 1486.6 eV) radiation as the excitation source. The
operating pressure in the ultra-high vacuum (UHV) chamber during
analysis was 10~° Pa. The XPS high-resolution spectra were recorded at
a constant pass energy of 30 eV with a step size of 0.05 eV. An electron
flood gun (CN10) was used as a standard charge neutralizer. The binding
energies were measured in reference to the C 1 s peak at 284.8 eV. The
XPS spectra were analyzed using CASA_XPS software.

3. Results and discussion
3.1. Reactivity of MPs with HO® radicals

In the first place, regarding the possible scattering caused by the
incidence of light on the MPs, the results of the attenuation factor
(Table S2) were evaluated. No significant differences were observed
between the conditions applied for the different MPs (PE, PP, and PVC)
and the test conducted in the absence of MPs. Therefore, there is no
significant evidence of attenuation of incident radiation associated with
light scattering by the MPs in this case. These results suggest that optical
effects, such as scattering, do not play a dominant role when MPs are
added to the system. In any case, a constant MP load was used
throughout the experiments to minimize the effect of light scattering.

For each MP, photochemical experiments were performed with
different initial concentrations of the reference compound (NaBz) and
maintaining the MP loading constant, as mentioned before [22]. For
each initial concentration of Bz™, the pseudo-first-order kinetic con-
stants of the reference compound (kp,-) were obtained from the slope of
the —In [Bz"1/[Bz 1o vs. time graphs. Next, the degradation rates (Rg;")
(Table S3) were calculated from the product kg,~ x [Bz™ ]o. The exper-
imental results of the Bz~ degradation rate profiles in the presence of
Bz~ + NOj3 and of PE, PP, or PVC are shown in Fig. 1, together with the
fitting curves obtained using Eq. (10) in the Supplementary Material.
Such an equation was derived from a kinetic model that took into ac-
count HO® photogeneration by the irradiated solution (Ryo.) and the
HO® reaction kinetics with the polymer (kyps), with water-released
compounds (wash water, k), and with other solution components
including nitrate (k) (see Section 6 in the Supplementary Material).
Note that kyps is the first-order reaction rate constant of HO® and MPs,
while ky,, refers to the wash water experiments (without MPs), and ks to
the system in the absence of either wash water (ww) or MPs.

The trend of Rg;~ vs. [Bz™ ], with only Bz~ + NO3 (i.e., without MPs
or ww) was fitted with Eq. (10), with fixed kyps = kww = 0 and kg as the
fitting variable, the value of which could thus be obtained. The same
equation was used in the case of experiments with ww, keeping kyps = O,
ks = (1.33 + 0.34) x 10%s ' as per the previous fit, and with ky.y as the
fitting variable. Finally, in the case of the experiments with MPs, Eq.
(10) was used for data fitting with fixed values of kg and ky according
to the previous calculations, and with kyps as the fitting variable.

Benzoate was chosen as the reference compound because, under
nitrate irradiation, it reacts selectively with HO® [23]. This selectivity
primarily arises from the hydroxylation of the aromatic ring, as
demonstrated by Zhou and Mopper [18], who showed that the reaction
yields ortho-, meta-, and para-hydroxybenzoate isomers in characteristic
proportions. According to the authors, this product distribution
remained constant across diverse aqueous matrices (seawater and
freshwater) despite the presence of competing reactive species, con-
firming that the reaction is predominantly driven by HO®. Crucially, the
authors validated this method using methanol as an independent second
probe; despite entirely different reaction mechanisms, the convergence
of results confirms that benzoate accurately monitors hydroxyl radical
reactivity, establishing it as a highly specific probe. Thus, in the present
work, since the formation of hydroxylated products is closely linked to
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Fig. 1. Bz~ degradation rate profile (Rp,~) under UV-B irradiation, as a function of the initial concentration of Bz~ ([Bz™]o), with 10 mmol Lt NaNOs alone (H), in
the presence of 10 mmol Lt NaNOs spiked to the wash water (a), and in the presence of 10 mmol Lt NaNOs + 165 mg L~! MPs (@). (a) PE, (b) PP and (c) PVC.

HO°®, interference from reactive nitrogen species (RNS) generated during
nitrate irradiation is minimized, ensuring that the calculated reaction
rate constant reflects only HO®-mediated pathways. Importantly, the
selectivity of sodium benzoate (NaBz) for HO® does not imply that all
observed transformations in microplastics (MPs) are caused exclusively
by this radical. To delineate the individual contributions of other reac-
tive oxygen species (ROS) or RNS, complementary experiments using
selective scavengers alongside techniques such as electron paramagnetic
resonance (EPR/ESR) spectroscopy combined with spin-trapping agents
would be required to provide a more comprehensive mechanistic
understanding.

Interestingly, for both PP and PE, ky,, ~ 0 were obtained, which
means that the organic compounds released by the two polymers in
aqueous solution would not contribute significantly to the overall
scavenging of HO® in the systems under investigation. In contrast, there
is evidence that both PE and PP significantly scavenge HO® radicals. If it
is possible to exclude the role of released dissolved compounds, it is
likely that the scavenging process is carried out by the polymer back-
bone. Considering that both PP and PE have saturated aliphatic chains
on their surface, this finding is consistent with the fact that alkanes react
readily with HO® [19]. Qualitatively, the ability of both PP and PE to
scavenge HO® can be inferred by the fact that the relevant curves in
Fig. 1 are clearly detached from the curves of experiments with nitrate
alone and with the wash water. Quantitatively, from data fit, kyps values
of (6.58 + 4.99) x 10* 57! for PE and (6.24 + 2.98) x 10* s™* for PP

were obtained. Although PP and PE are both alkanes, they have different
molecular structures. PP contains tertiary C-H bonds which are intrin-
sically more susceptible to hydrogen abstraction by HO® [24]. However,
the presence of the lateral methyl group in PP can impose steric re-
strictions that limit the accessibility of radicals. In contrast, PE is
composed of linear chains with accessible methylene groups, favoring
exposure and radical attack. Also given the highly reactive and
non-selective nature of HO®, which tends to smooth structural differ-
ences as far as reactivity is concerned, these opposing effects likely offset
each other, resulting in comparable apparent rate constants under the
experimental conditions.

The results for PVC are shown in Fig. 1(c). In this case, the scav-
enging of HO® by plastic is mostly accounted for by the compounds
released in the solution (kyps ~ kww)- In the case of PVC, it is possible
that the polymer has chlorine atoms on its surface (see Fig. S1) that are
likely little prone to HO® attack. In addition, compared to other plastics,
PVC is one of the materials that uses the most additives in its production,
especially plasticizers, 80% of which are used in PVC formulation [15,
25]. Therefore, it is likely that there is a release of organic compounds
derived from plastic additives, which masks the reaction of the polymer
itself with HO® radicals.

The interaction of PPRIs and their role in promoting the oxidation of
polymer particle structures at the molecular level are not yet fully un-
derstood. Recent studies suggest that the photoaging process of NPs/
MPs caused by PPRIs is primarily related to the cleavage of chemical
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bonds and the subsequent formation of oxygen-containing functional
groups [26]. The HO® radical stands out as one of the main contributors
to plastic photoaging. In sunlit waters, spectral intensity, depth of irra-
diation, and water chemistry vary significantly, which can result in
formation rates of HO® lower than those observed in the experiments
with MPs. In addition, the presence of dissolved organic matter (DOM),
bicarbonate, carbonate, and other compounds can scavenge HO® [12].
Thus, the kinetic parameters obtained in this study should be interpreted
as upper limits of the reactivity of MPs with HO®, as is the case for the
estimated [HO®]s values compared to typical levels found in sunlit
natural waters, as observed previously. In aliphatic polymers such as PE
and PP, the main mechanism of photoaging is through hydrogen
abstraction, which is related to the stability of C—H bonds [14]. In
addition to reactions with pure polymer matrices, the weathering pro-
cess of MPs can release organic compounds into the environment, such
as plastic additives including phthalates, bisphenols, and even organotin
substances. Given that the hydroxyl radical is a highly reactive,
non-selective species with a high oxidation potential (E° = 2.8 V SHE), it
is known to trigger oxidation reactions with a variety of organic pol-
lutants, including substances used as plastic additives [26,27]. For this
reason, the organic compounds released by the three polymers under
irradiation were identified.

Furthermore, it is worth noting the possible re-adsorption of these
compounds onto the MPs surface, which can lead to the formation of an
organic layer, changing properties such as polarity, hydrophobicity, and
the availability of reactive sites. Such changes can affect the diffusion
and interaction of HO® radicals with the material surface. Furthermore,
dissolved organic compounds can absorb UV radiation (the “inner filter”
effect) or participate in secondary reactions, influencing the generation
and fate of reactive species (see Fig. 4(a)) [28]. In the present study,
these effects were partially accounted for through experiments with MP
wash water, allowing for the evaluation of the contribution of leached
species to the reaction system.

3.2. Impact of photodegradation on surface morphology

SEM analyses were performed to determine changes in the
morphology and surface details of MPs during the aging process, due to
photooxidation in the presence of NaNO3 over two weeks. Fig. S2 shows
micrographs of the MPs before and after treatment. Overall, the
morphology differences observed were rather small. As can be seen in
Fig. S2(a), the PP particles before treatment had the shape of an irreg-
ular fragment with a rough surface. Aging (Fig. S2(b)) may have slightly
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increased the occurrence of fissures and cracks on the surface, which
would also expose the pores inside the MPs as highlighted in the figure.
Similarly, the PE MPs had an irregularly rounded shape and oriented
wrinkles (Fig. S2(c)), which became more evident after aging (Fig. S2
(d)), suggesting that there might be a predominantly superficial oxida-
tion process of the polymer. For PVC (Fig. S2(e) and Fig. S2(f)), two
particle sizes can be identified, which are the result of the suspension
polymerization process, where the primary particles aggregate into
larger granules [29]. However, only a slight change in surface
morphology could be observed after the aging process.

3.3. Microplastic chemical transformations resulting from photoaging

The quantification of the chloride, acetate and formate anions was
carried out, along with the determination of the TOC concentration for
the samples before and after photoaging, performed over two weeks
(Fig. 2). The irradiation of nitrate would produce HO® at a rate that can
be assessed from the plateau reached by the degradation rate of ben-
zoate at elevated Bz~ concentration, when Bz~ scavenges about the to-
tality of photogenerated HO®. Indeed, from the kinetic competition
model (see Section 6 in the Supplementary Material) it is derived that

[Blj]m Rp;~ = Ryo.. From Fig. 1, it can be inferred that the plateau
Z |—00

reached by Rp,~ at high [Bz"] is around 2 x 107° mol L™ s71. Over a
period of two weeks, such a rate might translate into a cumulative HO®
dose that could reach the mmol L™! range as an order of magnitude.
Determining the ion concentrations before and after aging can pro-
vide insights into the degradation mechanisms of MPs. As shown in
Fig. 2(a), the PP MP suspension showed a significant increase in acetate
(CH3COO™) concentration after irradiation (443.31 pumol L’l), along
with the detection of formate (HCOO ™) at low concentrations (23.68
pmol L™1). In addition, a minimal presence of acetate was observed after
irradiation of the PE MP suspension (8.93 umol L’l). These same anions
were also detected by Bianco et al. [17], who evaluated the photo-
degradation of PS MP suspensions, showing a significant increase in
concentrations after 90-100 h irradiation. There are reports in the
literature that the photodegradation processes of MPs produce low
molecular weight (LMW) acids, such as short-chain carboxylic acids
(CH3COOH and HCOOH) [14,30]. The presence of tertiary carbon and
the subsequent branching with the methyl group (~CHs) in the PP chain
may facilitate the formation of acetate anions in the reaction medium
[31]. In addition, LMW acids could derive from the transformation of
polymer additives (vide infra). However, PVC MP suspensions showed

14 4
B Vili-Q

12 Susp.
e

Total organic carbon (mg L)

PP PE

PVC P(SDVB)

(b)

Fig. 2. (a) Ion concentrations and (b) TOC detected in MP suspensions (165 mg L) before (Susp.) and after two weeks of irradiation in the presence of 10 mmol Lt
NaNO;3; + 165 mg L~! MPs. The baseline TOC values in the ultrapure water used (Milli-Q) are also shown.
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the presence of chloride anions, with high concentration after the aging
process. This finding suggests that PVC MPs underwent a dechlorination
process [26,32]. If dechlorination involved only or predominantly the
smaller particles (see Fig. S2(e)), it is possible that the changes on the
surface went unnoticed in the SEM micrographs. As an alternative, the
release of chloride could take place upon transformation of polymer
additives and/or incomplete polymerization leftovers.

Interestingly, the concentrations of acetate deriving from irradiated
PP and of chloride from irradiated PVC, both in the sub-mmol L™} range
(Fig. 2(a)), are of the same order of magnitude as the cumulated HO®
dose produced by irradiated nitrate. This finding outlines the relation-
ship between the aging process and the release of dissolved compounds
by MPs.

When evaluating the variation in TOC concentration, Fig. 2(b), of the
MPs suspensions before and after aging, an increase in TOC was
observed in all cases when compared to the respective suspensions
before aging, suggesting that the rate of formation of organic products
exceeded their rate of degradation, thereby allowing for TOC accumu-
lation. In the case of PP, most of the TOC could be attributed to the
formation of LMW acids, predominantly acetate and, in smaller
amounts, formate, which together accounted for approximately 85% of
the total TOC. In contrast, for PE, LMW acids contributed only about 4%
of TOC, indicating that PE oxidation results mainly in more complex or
partially oxidized organic products (vide infra).

Fig. 3 shows the FTIR spectra of (I) pristine MPs, (II) MPs after UV
irradiation in the absence of NaNOg, and (III) MPs after UV irradiation in
the presence of NaNO3 (photoaging involving HO® in the latter case). As
can be seen in Fig. 3(a), the FTIR spectrum of pristine PP MPs shows
typical bands in the range of 2838-2953 cm ™ related to asymmetric
and symmetric stretching of CHy and CHs [33], and others at
1455-1375 cm ™ relating to CHs symmetrical bending [34]. The strong
band at 1713 cm ™! and the shoulders at 1740 cm ™! and 1768 cm™! are
not attributable to the polymer structure of PP and may be associated
with the carbonyl (C=O0) vibration, possibly indicating the presence of
one or more additives, which is consistent with the released TOC value
shown in Fig. 2(b). Upon irradiation, a decrease in the intensity of the
band at 1713 ecm ™! can be observed for both conditions IT and III (Fig. 3
(b)). Simultaneously, for condition III, a small new band appeared
around 1630 cm™ !, which could be related to the oxidation of the
polymer skeleton. In addition, it was possible to identify bands not
attributed to PP between 1000 and 1200 cm ™!, which may be related to
the presence of -CF and -CF5 groups. Fluorinated bands may appear in PP
and are related to surface modification performed to improve dye
adhesion [35,36].

Fig. 3(c) shows the FTIR spectra of pristine PE MPs, and of irradiated
PE MPs in the presence and absence of NaNO3. The main FTIR bands
related to pristine and aged PE MPs are located at 2914, 2847, 1472,
1462, 730, and 718 cm ™!, which were assigned to CHy, C-H, and C-C
vibrations [37,38]. As can be seen in Fig. 3(d), a new signal at
1715 cm™? appeared in the case of irradiated PE, and it was particularly
high in the presence of NaNOs. This band is associated with the vibration
of the carbonyl group. According to the literature, the increase in signal
intensity is related to the oxidative degradation that occurs during the
weathering process under UV radiation and, more notably, exposure to
HO"® radicals, reflecting the oxidation of the polymer skeleton [39]. At
the same time, a decrease in signal intensity at 1560 cm ™' was observed.
This band is not related to PE, but could be assigned to the presence of an
additive containing amide groups, such as a hindered amine light sta-
bilizer (HALS) [40], which is likely to be present at low concentration.

Regarding the FTIR analysis of PVC MPs, Fig. 3(e) shows the main
bands identified at 2967, 2911, 1426, 1332-1253, 960, and
689-610 cm *, related to the C-H stretching neighboring C-Cl groups, C-
H stretching, CH,-Cl vibrations, C-H stretching or deformation, CHy
rocking, and C-Cl stretching vibration, respectively [41-43]. When
comparing the FTIR spectra of pristine and irradiated PVC MPs, no
significant variations were observed. This indicates that aging did not
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lead to sufficient oxidation and did not cause major changes in the
molecular structure of PVC, a result that is in line with the poor reac-
tivity of the PVC skeleton towards the HO® radical, as can be seen in
Fig. 1(c). A small band at 1735 cm’l, related to C=O0 group vibrations,
and some shoulders located at 1385 cm™! and 758 cm™! were not
attributable to pristine PVC MPs. According to the literature, they can be
associated with plasticizer additives, such as phthalates [44,45] or
avobenzone (vide infra), indicating that the carbonyl signatures
observed are predominantly derived from additives, rather than from
oxidation processes of the PVC backbone.

The carbonyl index (CI), shown in Table S4, is a commonly used
indicator of MP aging, particularly under photooxidative conditions.
The CI is calculated as the ratio of the absorbance of the carbonyl (C=0)
band, typically formed during oxidative degradation, to a reference peak
corresponding to a stable functional group in the polymer matrix. The
appearance of carbonyl groups is a hallmark of polymer oxidation, often
resulting from exposure to UV radiation or reactions with oxidizing
agents such as the HO® radicals.

However, the presence of plastic additives containing oxygenated
groups can interfere with this measurement, leading to mis-
interpretations about the actual state of degradation of the material.
This effect can be observed in the CI values obtained for PP MPs, which
showed a high initial value (CI = 2.137), even before artificial aging.
This result suggests that pre-existing additives in the matrix may be
responsible for the decrease in CI (0.467) during aging with nitrate, due
to the degradation and leaching of carbonyl-containing additives. In
contrast, PE MPs showed a low initial CI (0.036), with a slight increase
after exposure to UV-B radiation (0.042) and, especially, in the presence
of nitrate (0.083), evidencing the accumulation of carbonyl groups
during photochemical aging. For PVC MPs, the initial CI was 0.121,
which decreased to 0.080 in the presence of nitrate, although it was not
possible to determine the value in the presence of UV-B alone. This
behavior may indicate either a differentiated degradation of PVC, or
analytical interferences associated with its structure or additive
composition. In addition, both synchronous and asynchronous 2D-COS
analyses may offer robust spectroscopic insight into the sequential
evolution of functional groups during MP photoaging, thereby sub-
stantially strengthening the mechanistic elucidation of the underlying
transformation pathways.

XPS analyses of the pristine MP samples revealed differences in
surface chemical composition and in the functional groups present in
each polymer. The survey spectra (Fig. S3) confirmed the predominance
of characteristic C (1 s) signals at approximately 284.6 eV, as well as the
presence of surface oxygen identified by the O (1 s) signal, in all MPs.
For PP, an F (1 s) peak was also observed at 689.5 eV, while PVC
exhibited characteristic Cl (2p) signals at 199.7 eV (Cl 2p3/2) and
201.3 eV (Cl 2p1/2), consistent with the chlorinated structure of the
polymer. The high-resolution XPS spectra (Fig. S4) showed a predomi-
nance of C-C/C-H bonds for both PE and PP. However, both materials
exhibited surface oxygenated groups, such as C-O, C-OH, and C=0,
indicating a level of prior oxidation likely associated with industrial
processing, storage, or the presence of additives incorporated into the
polymer matrix. This behavior was even more evident in PP, which
exhibited a greater diversity of oxygenated groups and higher surface
chemical heterogeneity. In addition, PP presented signals attributed to
fluorinated groups (-CF2CF2— and —CF3), confirmed by the F (1 s) peak at
689.5 eV. The presence of these species may be related to surface fluo-
rination treatments applied industrially to increase the wettability,
adhesion, and affinity of the material for dyes and coatings [35,36].

3.4. Transformation products (TPs)

To better understand the types of products released into water
following MPs degradation and to gain insight into potential trans-
formation pathways, MP samples exposed to light and NaNOgs for 14
days were analyzed using UHPLC coupled with a high-resolution mass
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spectrometer (Orbitrap HRMS). As control experiment, MP samples with
NaNOs were kept in the dark for 14 days following the same analytical
procedures to assess the leaching of additives and impurities not induced
by light. The TPs reported in this study were detected exclusively in
irradiated samples, after excluding common compounds to both irradi-
ated and non-irradiated controls. This comparative approach indicates
that the detected compounds arise as a consequence of photoirradiation
rather than the direct release of pre-existing additives or impurities.
Seventeen major TPs were identified, released into the aqueous phase.
Ten TPs were identified for PVC, six for PE, and three for PP (two TPs
were common to PVC and PE, see Table S5). The tentative structural
identification was based on the retention behavior, accurate mass, iso-
topic pattern, and the interpretation of the MS? spectrum of the data-
dependent tandem MS (ddMS) selected parent ion. Comparison with
authentic reference standards was not possible, as these compounds are

(a) Formation of TP5

Dehydrochlorination
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formed in situ and usually are not commercially available, which is a
common limitation in studies dealing with environmental-like photo-
oxidation, in particular with polymers and microplastic degradation.
Accordingly, following the confidence levels described by Schymanski
et al. [46], the proposed structures of the identified TPs should be
regarded as tentative to probable. The LC-HRMS analysis was therefore
intended to elucidate dominant transformation pathways and reaction
classes rather than to provide unambiguous structural confirmation of
individual compounds. In addition, structural isomers (e.g., hydroxyl-
ated products at different substitution sites) may form during photoox-
idative processes; their systematic discrimination was beyond the scope
of this study. While the precise distinction between TPs originating from
the polymer backbone and those derived from additive degradation
cannot be unequivocally established (considering also that the type and
amount of additives in plastics are often unknown), the observed
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irradiation-dependent formation confirms that these compounds are TPs
generated during the photooxidative process. The identified TPs and
their proposed structures are listed in Table S5.

Fig. S5 presents a schematic diagram illustrating the main TPs
identified for PVC. The molecular complexity of these compounds sug-
gests the occurrence of a series of reactions, such as dechlorination,
dehydrochlorination, hydroxylation, nitrosation, oxidation, dehydro-
genation, and chain scission, leading to several byproducts with distinct
molecular weights [32,47]. In addition to photoinduced reactions, the
differences between the identified TPs and the expected structure of the
PVC polymer might also originate from structural irregularities in the
polymer itself. During the polymerization process, chain transfer re-
actions involving the propagating radical formed from vinyl chloride
can lead to the formation of various isomeric structures and structural
defects [48]. Transformation of these defective sites would lead to TPs
that differ from the parent polymer. Moreover, given the poor HO®
reactivity of the PVC skeleton, it is also likely that these compounds
derive from additives or oligomerization leftovers that were not
included in the polymer structure.

The most common TPs observed in this study with PVC had fewer
chlorine atoms than expected from the PVC structure. This is evidenced
by partial dechlorination in TP5 (673.51 Da), TP6 (879.83 Da), and TP8
(512.13 Da), and by complete dechlorination of the remaining products,
except for TP7 (305.36 Da). The latter is a chlorinated nitrate ester, and
the high chlorine content in its structure may be due to reactivity with
free chlorine in solution (derived by the dechlorination reactions) or, as
an alternative, to original anomalies in the polymer structure [48]. PVC
dechlorination has already been reported in another study, where UV
light and hydroxyl radicals significantly accelerated the dechlorination
and oxidation of PVC plastics in aqueous environments [47]. In addition,
the dechlorination process is also supported by the release of chlorine
ions, as detected by ion chromatography (Fig. 2(a)).

A possible dechlorination pathway (Fig. 4(a)) could derive from the
heterolytic photocleavage of the C-Cl bond (intermediate i—1), followed
by dehydrogenation that could lead to the products TP5 and TP6 [49].
The formation of unsaturations in the structure, formed during the
dehydrochlorination process, could facilitate the oxidative addition of
HO°® radicals to the double bond, leading to the formation of dechlori-
nated and oxidized transformation products, such as TP3, TP4, and TP6.
Another possible dechlorination pathway (Fig. 4(a)) could be mediated
by triplet-state photosensitizers (*P*). For example, it has been observed
in paraffins that the presence of a triplet-state sensitizer (such as
acetone) significantly enhanced the dechlorination induced by homo-
lytic cleavage of the C-Cl bond [49,50]. In the case of PVC, it was
observed that the scavenging of HO® by plastic particles was accounted
for by the compounds released in the solution (Fig. 1(c)). These com-
pounds can also act as triplet-state photosensitizers.

Mass spectrometry analysis of the aqueous phase of the PVC sus-
pension at time zero revealed the presence of an aromatic diketone used
in polymers as an UV absorber and filter, avobenzone (CgoH2203,
311.16 Da). The identification of this compound is consistent with the
detection of C—=O groups by FTIR spectroscopy (see 3.3), and avo-
benzone is known to be responsible for the formation of a reactive triplet
state [51,52]. The presence of aromatic ketones (such as avobenzone) in
solution might induce triplet-state-mediated PVC dechlorination (Fig. 4
(a), intermediate i—3), contributing to the formation of products TP1-6,
TP9, and TP10. In contrast, the chlorine-rich compound TP7 could
derive from the presence in solution of Cl* radicals, which would act as
chlorinating agents, of chloride, detected by ion chromatography, and of
Cl3™ (generated by C1° + CI7) [53].

Six products were identified in the case of PE (Fig. S6, TP9-14). The
products would mainly derive from nitrogen addition (organic nitrates
and nitro-derivatives) and dehydrogenation reactions. It is noteworthy
that TP9 (274.46 Da) and TP10 (217.35Da) are two common TPs
generated from PVC and PE [30,54,55]. TP11 (107.16 Da) is the only
product that contains an imine. It could be formed by transformation of
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an additive containing an amine group [56], the presence of which is
suggested by FTIR measurements (see 3.3).

For all the polymers used in this work, the formation of nitrogen-
containing TPs in different forms were observed, such as nitrate de-
rivatives, nitro, and nitroso products (this applies for instance to all the
TPs detected from PP, see Fig. S7). These products constitute the ma-
jority of the detected TPs, likely due to the nitrate concentration used in
the experiments and the good ionization efficiency under HRMS
experimental conditions applied in this work [57]. The formation of
these compounds can be explained by the involvement of reactive spe-
cies formed upon nitrate irradiation, such as *°NO, *NO,, and *NOj3 [58].
These radicals can be photogenerated according to the absorption
spectrum shown in Fig. S8 [19,58], following the reactions given in Eqs.
(1-3):

NO3 + hv — °NO + 0%~ @
NO3 + hv + H" - °NO, + HO® (2)
NO3 + HO® — *°NO3 + OH™ 3)

The possible mechanisms for the formation of N-derivatives are
shown in Fig. 4(b). After the interaction between polymer and HO®,
radical intermediates such as i—9 could be formed that would recombine
with *NO, *NO,, and *NOs. However, since the kinetic constant of the
reaction between NO3 and HO"® is relatively low (k < 1.0 x 10° L. mol !
sh [58], the formation of *NO3 can be minor. Indeed, the formation of
nitrate derivatives (TP7, TP12, TP15, and TP16) could also derive from
the addition of *NO, to intermediate i—10. Note that the reaction of
nitrogen-containing species with polymers and/or additives accounts for
several TPs but would not affect kinetic competition with Bz~, which
would involve reaction with HO® in the presence of nitrate under irra-
diation [23].

Moreover, the formation of carbonyl compounds and carboxylic
acids (see 3.3) could be triggered by hydrogen abstraction mediated by
HO?®, followed by reaction with oxygen and fragmentation (see Fig. 4(b),
i—5-8). It is noteworthy that the detected TPs are relatively massive
compounds with multiple functional groups. This complexity may be
due to several reactions occurring on the surface of the MPs, or to the
presence of anomalies in the polymers or additives. For example, the
possible presence of an amine-based additive (HALS), as highlighted in
the FTIR analyses (PE, Fig. 3(d)), may also lead to the formation of
nitrogenous transformation products or piperidine derivatives from
photoinduced oxidation by HO® [59]. Future studies, with different MS
ionization conditions and eventually using derivatization methods, may
allow for the identification of a larger number of TPs and for a better
understanding of the degradation pathways and transformation prod-
ucts of the MPs.

4. Conclusions

This study suggests that the reactivity of MPs (PP, PE, and PVC) with
HO?® radicals is directly related to the polymer structure and the possible
presence of plastic additives. PP and PE showed significant interaction
with HO®, indicating that their polymeric matrices can directly scavenge
HO?® radicals. In contrast, the PVC skeleton showed low reactivity with
HO°’ radicals, a result of their possible scavenging by organic compounds
released into the solution, such as plastic additives. The kinetic
competition method using NaBz is widely employed due to its high
selectivity as a probe for HO® radicals, since the reaction occurs pre-
dominantly via aromatic hydroxylation. Thus, the kinetic constant
determined by this method is primarily associated with the reactivity of
the HO® radicals present in the system. However, this does not imply that
the photodegradation process of MPs is controlled exclusively by HO®.
Other reactive species, such as ROS and RNS, may also mediate reactions
with the MPs. Therefore, assessing the individual contribution of each
reactive species requires quenching experiments with selective ROS/
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RNS probes, EPR/ESR spin-trapping spectroscopy, and/or the quantifi-
cation of HO® radicals. These approaches are important for validating
proposed mechanisms and establishing causal links between reactive
species and the physicochemical transformations observed in MPs.

FTIR analysis revealed the presence of carbonyl groups, which may
result from both the MPs aging process and the presence of plastic ad-
ditives such as avobenzone. The integrated use of synchronous and
asynchronous 2D-COS analyses can deliver high-resolution spectro-
scopic evidence of the sequential evolution of functional groups during
MPs photoaging, thereby providing a substantially more robust mech-
anistic framework for elucidating degradation pathways. Small
morphological changes upon irradiation could be detected by SEM,
especially in the case of PP and PE. Ions quantification confirmed the
formation of LMW compounds during the photodegradation of MPs,
such as carboxylic acids, with production of acetate and formate for PP
MPs, and of chloride for PVC MPs. The generation of chloride ions from
the photodegradation of PVC MPs and/or their additives and surface
impurities is supported by LC-HRMS analysis, as the detected trans-
formation products suggest the occurrence of dechlorination processes.
Nitro, nitroso, and nitrate derivatives in the TPs indicate the involve-
ment of photoinduced species arising from nitrate such as *NO, *NOo,
and possibly *NO3 in the transformation reactions, although further
studies are needed to better understand the related chemical trans-
formation pathways. Moreover, the relatively high concentration values
of nitrate used in the irradiation experiments might overemphasize the
involvement of RNS in the investigated processes.

In summary, this work provides important kinetic and reactivity
information for three widely used polymers, detailing the possible
transformations that these materials may undergo in sunlit waters as
they naturally suffer oxidation processes, such as attack by PPRIs and,
most notably, HO®. Investigation of the environmental fate of MPs serves
to support the development of predictive mathematical models, and to
inspire the development of actions to contain the negative impacts of
MPs dispersion in the environment.
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