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A B S T R A C T

Marine plastic debris often undergoes photooxidation through sunlight exposure, potentially releasing photo
oxidized products to the surrounding seawater that may impact ecosystem health and carbon cycling. However, 
the molecular size and composition of leached products as dissolved organic carbon (DOC) remain poorly un
derstood. In this study, we investigated photooxidation dynamics of two common plastic types — polyethylene 
(PE) and polycarbonate (PC) pellets, or nurdles, in seawater through 8-week laboratory simulations, representing 
3 years of natural sunlight exposure along the Texas coast. This exposure facilitated the leaching of photo
oxidized products as DOC to seawater, with PE nurdles releasing more DOC than PC nurdles by an 18-fold 
difference due to the difference in their molecular structure, which introduced further differences in their 
light and oxygen exposure during the incubation. No nano-sized plastic particles (1 nm-0.75 μm) were detected 
based on the analyses using ultrafiltration (3 k Da cut-off). High-resolution mass spectrometry analysis further 
revealed that sunlight exposure increased the number of molecular formulas in the plastic-derived DOC, with 
their stoichiometry reflecting the polymers' chemical compositions. The oxygen-to‑carbon ratio in PE-derived 
DOC increased over time, while the hydrogen-to‑carbon ratio in PC-derived DOC decreased, indicating an 
enrichment of oxygenated compounds, likely due to an increase in carboxyl groups on nurdle surface during the 
later stages of photooxidation. Collectively, these findings highlight the role of photooxidation in driving the 
release of small soluble organic molecules, not nano-sized particles from plastics, providing new insights into the 
photooxidation products and their impacts on marine ecosystems.
Synopsis: We systematically investigated the production and composition of dissolved organic carbon in seawater 
from polyethylene and polycarbonate nurdles by photooxidation. All the dissolved organic molecules produced 
were truly dissolved, and they became more oxygenated as photooxidation proceeded.

1. Introduction

The widespread presence of microplastics (< 5 mm) in the envi
ronment is a growing concern to the health of ecosystems and public. 
Microplastics in the environment are contributed by complex and 
diverse sources, including both primary and secondary. In addition, 
microplastics are made from a large variety of polymers and contain 
many different types of additives. These factors make it challenging to 
study environmental behaviors of microplastics, but plastic pellets, also 
known as nurdles (1–5 mm diameter), is a good model plastic because 
they contain little or no additive which makes data interpretation easy, 
and they are environmentally relevant. As pre-production building 
blocks, nurdles are manufactured to facilitate the transportation and 

molding for final plastic products (Hammer et al., 2012), and frequent 
spilled to the environment due to lack of regulation (de Vos et al., 2021; 
Sewwandi et al., 2023; Tunnell et al., 2020). Reports of nurdle pollution 
dated back to as early as 1970s (Carpenter and Smith, 1972). Once 
spilled, nurdles are readily transported by various environmental forces, 
such as wind and ocean currents, and accumulate in marine environ
ments due to their resistance to weathering (Acampora et al., 2017; 
Jiang et al., 2022). It is estimated that over 230,000 tons of nurdles enter 
the marine environment annually (de Vos et al., 2021).

Like any other microplastics, nurdles in the water not only present 
physical threat but also chemical hazard to marine life, with docu
mented ingestion by marine fish, birds, and turtles (Clukey et al., 2017; 
Gregory, 2009; Ryan, 1988). Moreover, analyses of nurdles collected 
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from the environment have revealed the presence of harmful contami
nants, including Polycyclic Aromatic Hydrocarbons (PAHs), Poly
chlorinated Biphenyls (PCBs), and mercury, further underscoring the 
complex risks they pose to marine ecosystems (Antunes et al., 2013; 
Endo et al., 2005; Jiang et al., 2022; Zhang et al., 2015).

Nurdles in marine environments are made of a variety of polymer 
types, with polyethylene (PE) and polypropylene (PP) as the most 
commonly reported (Jiang et al., 2021; Zhang et al., 2015). These pellets 
undergo weathering from different environmental stressors, such as 
sunlight, wave action, biofouling, and temperature shifts (Fotopoulou 
and Karapanagioti, 2012; Turner and Holmes, 2011). Environmental 
oxidation introduces oxygen into the polymer chains, leading to 
discoloration, fragmentation, and the release of degradation byproducts 
into the marine environment (Alimi et al., 2021; Andrady, 2022). For 
example, the photodegradation of disposable polystyrene lids releases 
numerous nano-sized plastic fragments (Biber et al., 2019; Kuzina and 
Mikhailov, 2001, 1998, 1993; Lambert and Wagner, 2016; Tang et al., 
2022). Moreover, sunlight exposure to various plastics, including PE, PP, 
and polystyrene (PS), leads to the release of dissolved organic matter 
(DOM) into the environment (Chen et al., 2019; Egea et al., 2024; 
Kuman et al., 2024; Lee et al., 2020; Romera-Castillo et al., 2022; Walsh 
et al., 2021; Ward et al., 2019; Zhu et al., 2020b). Despite these findings, 
inconsistencies remain regarding the kinetics and fluxes of plastic- 
derived DOM. Also, prior studies have predominantly focused on 
quantifying the concentration of DOM produced by small-sized micro
plastics (1 μm – 5 mm) manufactured through various processes, while 
overlooked larger-sized plastics (Chen et al., 2019; Ward et al., 2019). In 
addition, small-sized microplastics are often made by manually grinding 
and trimming, to ensure size uniformity (Zhu et al., 2020b). This pre
treatment, while ensuring size consistency, can cause physical damage 
to the plastics and expose fresh interiors, thereby complicating direct 
comparisons across different polymer types. Consequently, there exists a 
large variability in degradation rates and the fluxes of DOM produced by 
different polymers. The kinetics and molecular level information of 
DOM leached from plastics also remain poorly understood.

High resolution mass spectrometry (HRMS) has been used to analyze 
plastic-derived DOMs. For example, Li et al. (2022). identified hundreds 
of features from leachates across various plastic polymers using Liquid 
Chromatography Mass Spectrometer (LC/MS). However, despite these 
efforts, information regarding nanoplastic constituents within plastic- 
derived DOMs remains scarce, which may be due to challenges associ
ated with isolating nanoplastics for HRMS analysis, compounded by the 
inherent poor water solubility of nanoplastic particles. Thus, the char
acteristics and composition of DOM leached from plastics, spanning 
from nano to truly dissolved substances, remain largely unexplored. 
Meanwhile, evidence suggests that plastic-derived DOMs influence mi
crobial activities in the water (Zhu et al., 2020b). Given the increasing 
prevalence of plastic debris and the critical role of marine DOM in global 
carbon cycling as a reservoir of potentially bioactive carbon (Hansell 
and Carlson, 2014), it is of great importance to deepen our under
standing of how plastic degradation products affect the marine DOM 
dynamics.

The goals of this work were to (1) understand the effects of photo
oxidation on the quantity and composition of leached substances from 
plastics, and (2) determine whether the leached DOM exists as nano-size 
particles or truly dissolved compounds. We conducted photooxidation 
experiments using two types of nurdles as ideal model plastics to work 
with and commonly encountered in the environment: buoyant PE and 
non-buoyant polycarbonate (PC) nurdles, under simulated sunlight 
exposure. We employed Fourier-transform infrared spectroscopy (FTIR) 
to detect changes in the surface chemistry of the nurdles, focusing on the 
formation of oxygen-containing functional groups. We also assessed the 
molecular formula and elemental stoichiometry of plastic-derived DOM 
through high-resolution LC/MS. Although this work is focused on nur
dles, results offer insights into other types of plastics in the environment.

2. Materials and methods

2.1. Polymer materials

High-density polyethylene (HDPE) and polycarbonate (PC) plastic 
nurdles (~4 mm in diameter) were purchased from a commercial sup
plier (Polly Plastics), and their composition was confirmed via Fourier 
transform infrared spectroscopy (FTIR, Shimadzu). HDPE and PC were 
chosen due to their widespread global production and distinct densities, 
as HDPE nurdles are buoyant on seawater, while PC nurdles are denser 
and sink in seawater. Prior to experiments, the nurdles were cleaned in 
1% hydrogen peroxide solution followed by ultrasonication for 10 min, 
after which they were dried in a 60 ◦C oven for 24 h. Organic additives 
were not detectable by pyrolysis gas chromatography mass spectrometry 
(Jiang et al., 2024), which is not unexpected considering that nurdles 
are virgin plastics.

2.2. Photooxidation experiment

Photooxidation experiments were conducted in a solar simulator (Q- 
SUN Xe-1) with nurdles immersed in artificial seawater. All exposure 
experiments were conducted in upright quartz bottles under top-down 
illumination, but the walls are covered with built-in mirrors, thus the 
irradiation should be relatively uniform within the chamber. The arti
ficial seawater (salinity: 33 ppt) was prepared by dissolving pre- 
combusted artificial sea salt (Instant Ocean; 450 ◦C, 3 h) in pure 
water, to ensure there is no background DOC (below detection limit, <
30 ppb C) or biological activities in the incubation. Note that the sea 
salts used contain all the major ions but without nitrate and phosphate. 
For the light treatment, 1 g of cleaned nurdles (~30 PE or ~ 50 PC) was 
incubated in 110 mL of artificial seawater within pre-combusted 120 mL 
quartz bottles, leaving 10 mL of headspace. This recipe was selected to 
ensure enough DOC produced by photooxidation for later chemical 
characterization. The solar simulator (Q-SUN Xe-1) provided continuous 
artificial sunlight at 5000 μmol photons/m2/s without a light/dark 
cycle, maintaining a temperature of 33 ± 2 ◦C by a cooling system in the 
solar simulator. The total broadband UV (300-400 nm; 1.89 × 107 J/m2/ 
day) dose is about 19 times the daily outdoor total UV dose of Port 
Aransas, TX (0.9–1.1 × 106 J/m2/day; Wang et al., 2020), i.e., one light- 
incubation day equated to ~19 days of natural sunlight. The dark 
treatment followed the same procedure using pre-combusted amber 
glass bottles stored in a closed box at the same temperature. Triplicate 
bottles were used for each experiment group. The bottles were manually 
shaken for 10 s daily and briefly opened (5 s) to balance pressure.

At each sampling point (day 1, weeks 1, 2, 4, 6, and 8), nurdles were 
recovered by filtration through a pre-combusted 0.7 μm glass fiber filter, 
rinsed with pure water, and air-dried under a fume hood. Filtrates were 
divided for analysis, with 20 mL used for bulk DOC measurement via a 
Shimadzu TOC-V analyzer and the remaining portion stored for further 
characterization.

The consumption of dissolved oxygen (DO) during the photooxida
tion was also evaluated in a separate set of experiments but with the 
same protocol, except that the pre-combusted quartz bottles were filled 
without headspace to prevent gas exchange. For the dark treatment, the 
same setup was used, but the quartz bottles were wrapped in aluminum 
foil to block light. DO was measured in weeks 1 and 2.

2.3. Nurdle characterizations

The weight of nurdles was measured through balance, and the color 
of nurdles was recorded via a phone camera at each sampling timepoint. 
FTIR (IRTracer-100, Shimadzu) equipped with an attenuated total 
reflectance (ATR) accessory was used to assess the photooxidation 
extent of nurdles. The FTIR spectra were recorded in the range of 4000 
to 700 cm− 1 at a resolution of 8 cm− 1, averaging 32 scans. The oxidation 
degree of a given nurdle was quantified using the FTIR spectrum 
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according to published methods (Brandon et al., 2016; Jiang et al., 
2022). Specifically, oxidation was assessed by quantifying characteristic 
absorption bands associated with oxygen-containing functional groups, 
including O–H (hydroxyl), C–O (ether), C––O (carbonyl), and C––C 
(vinyl). The oxidation index represents the combined contribution of 
these functional group indices, each calculated by normalizing the 
maximum absorbance of the corresponding band to a polymer-specific 
reference peak.

Scanning electron microscopy (SEM, JEOL 6490) was applied to 
measure the surface morphology of the nurdles. Two nurdles were 
randomly selected from the samples at each time point and then placed 
on double-sided carbon tape and coated with 2 nm of carbon powder to 
enhance conductivity. The SEM was operated at 17 kV under high 
vacuum, with magnifications ranging from 25× to 300×, recording a 
detailed examination of the surface appearance with a resolution about 
0.5–1 μm. For each individual sample, four images were captured, and 
the image with the best resolution for each magnification was selected 
and reported.

2.4. Identification of nanoplastics

To quantify nanoplastics in the solution, 50 mL of the filtrated water 
sample after photooxidation was ultrafiltered using centrifugal filter 
(Centricon® Plus, 3 kDa). The cut-off of 3 kDa translates to a globular 
diameter of about 1–3 nm for an organic molecule (Stolpe et al., 2010). 
The DOC concentrations of the permeate (< 1 nm) and concentrate (1 
nm – 0.75 μm) were measured by a TOC analyzer (Shimadzu TOC-V). 
The concentration difference between the concentrate and permeate 
was used to calculate the amount of nanoplastics in the solution. Ul
trafiltration was only performed on samples with high DOC concentra
tions, i.e., PE nurdles of 4, 6, 8 weeks, and PC nurdles of 8 weeks of 
photooxidation. The detection limit of nanoplastics is constrained by the 
DOC analyzer, with about 30 µg/L. It should be noted that, in the 
absence of nanoplastic calibration standards, the ultrafiltration–TOC 
approach provides a qualitative assessment of nanoplastic presence 
rather than an absolute quantification.

2.5. DOC extraction and characterization

DOC was extracted using solid-phase extraction (SPE) with PPL 
cartridges following established protocols (Dittmar et al., 2008; Lu et al., 
2018; Lu and Liu, 2019a). Briefly, 50 mL of filtered water samples were 
first acidified with HCl to a pH of 2, and DOC was subsequently extracted 
using PPL cartridges (Agilent Bond Elut Priority Pollutant PPL cartridge, 
500 mg). DOC extracts were eluted with four cartridge volumes of LC/ 
MS grade methanol (ca. 10 mL), dried and re-constituted to a final 
volume of 1 mL with pure water and stored at 4 ◦C before further 
analysis. The recovery rates ranged from 30 to 90% depending on when 
the sample was collected.

The extracted DOC was analyzed using an Ion Mobility Quadrupole 
Time of Flight LC/MS (IM Q-TOF LC/MS, Agilent 6560) equipped with 
an orthogonal electrospray ionization (ESI) source, operating in both 
ESI+ and ESI− modes. Briefly, in ESI+ mode, the mobile phase consisted 
of water with 0.1% (v/v) formic acid as phase A, and acetonitrile as 
phase B. DOC samples (5–50 μL) were eluted through a StableBond C18 
column (Poroshell 120 SB-C18; 2.7 μm, 2.1 × 100 mm; Agilent P/N 
685775–902) at a flow rate of 0.5 mL/min. The gradient elution profile 
involved a gradual increase of mobile phase B from 3% to 90% over the 
first 15 min, followed by a constant hold at 90% from 15 to 20 min, and a 
return to 3% at 21 min. A post-run period of 4 min ensured column 
equilibration before the subsequent injection. For ESI− mode, the mo
bile phases included water with 10 mmol/L ammonium acetate as phase 
A, and acetonitrile as phase B. DOC solutions (5–50 μL) went through a 
HILIC column (2.7 μm, 15 cm × 4.6 mm SUPELCO) at a flow rate of 0.5 
mL/min. The elution profile involved maintaining mobile phase B at 
98% for the initial minute, followed by a decrease to 95% over the 

subsequent 9 min. A post-run period of 15 min was allocated for column 
equilibration before the next injection. Approximately 0.5–2 μg C of 
DOC samples were injected per analysis, and each sample was analyzed 
in duplicate to ensure reliability and reproducibility of results.

The mass spectrum data were collected using MassHunter LC/MS 
Data Acquisition software (Version B.07.00 and B.09.00) in both ESI−
and ESI+ modes. Specific settings of the instrument can be found in the 
Supporting Information (SI).

Data analysis was performed using MassHunter Qualitative Analysis 
software (Version B.07.00, Service Pack 2) based on established 
methods (Lu et al., 2018, 2021, 2023; Lu and Liu, 2019a). The software's 
“Find by Molecular Feature” function facilitated the identification of 
potential compounds detected in the samples. To enhance accuracy, MS 
spectra were converted into centroid format, with noise thresholds set at 
500 and 2000 for ESI+ and ESI− modes, respectively, while signal 
thresholds were set at 4000 and 9000 for ESI+ and ESI− modes, 
respectively. A blank subtraction was further performed by comparing 
the features found in experimental groups and blanks (including both 
experimental blanks and analytical blanks) prior to formula assignment. 
A mass inaccuracy tolerance of ≤1.5 ppm was applied for formula 
assignment. Given the absence of nitrogen and phosphorus in the 
experiment setups (including the artificial sea salt, pure water, and 
plastic formulations), compound formulas were exclusively analyzed 
based on carbon (C), hydrogen (H), and oxygen (O) composition. The 
software's “Generate Formulas” function was employed, considering 
exact mass and 13C isotope abundance and spacing. Subsequently, the 
generated formulas underwent screening using custom R scripts, 
adhering to these fundamental criteria: (1) Double Bond Equivalent 
(DBE) = 1 + 1/2(2C – H) ≥ 0; (2) O:C ≤ 1; (3) 0.333 ≤ H/C ≤ 2.25; and 
(4) isotopic spacing and abundance. Carbon-normalized DBE, or DBE/C, 
was calculated as: 

DBE
/

C =
1 + C − 0.5H

C 

For each molecular formula, the aromaticity index (AI) was calcu
lated using the equation: 

AI =
1 + C − 0.5O − 0.5H

C − 0.5O 

with values falling between 0.5 and 0.67 designated as aromatic, and 
those exceeding 0.67 categorized as condensed aromatic structures 
(Koch and Dittmar, 2006). In addition, DOM molecules can be further 
assigned to different categories based with their different elemental 
stoichiometries (e.g., Kim et al., 2003; Lu et al., 2023; Lu and Liu, 2019b; 
Mangal et al., 2017, 2016; Ohno and Ohno, 2013): (I) lipid-like struc
tures with elemental ratios of: 0.01 ≤ O/C ≤ 0.1; 1.5 ≤ H/ C ≤ 2.0; (II) 
carbohydrate-like structures: 0.65 < O/C ≤ 1.0; 1.5 < H/C ≤ 2.25; and 
(III) carboxyl-rich alicyclic molecules (CRAM)-like compounds: (0.30 ≤
DBE/C ≤ 0.68; 0.2 ≤ DBE/H ≤ 0.95; 0.77 ≤ DBE/O ≤ 1.75).

All statistical analyses were performed using OriginPro 2025. Dif
ferences among groups were evaluated using one-way analysis of vari
ance (ANOVA), followed by Tukey's post hoc test for multiple 
comparisons. A significant level of p < 0.05 was applied throughout.

3. Results

3.1. Photooxidation of nurdles

The weight of both PE and PC nurdles did not change significantly 
after the 8 weeks of incubation under either light or dark conditions (p =
0.28 for PE, p = 0.32 for PC, ANOVA). In addition, the appearance of PE 
nurdles remained largely unchanged after the sunlight exposure, 
whereas the PC nurdles became more yellowish with the light exposure 
time (Fig. S1). Consistently, previous studies have documented instances 
where plastic materials exhibited darkening or yellowing after exposure 
to sunlight/ultraviolet (UV) radiation (Jiang et al., 2021; Turner and 
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Holmes, 2011). This phenomenon is commonly attributed to photooxi
dation, whereby oxygen is integrated into the polymer backbone chain, 
resulting in the formation of chromophores and thus enhancing the 
polymer's coloration (Martí et al., 2020; Turner et al., 2020). In addition, 
photo-Fries rearrangement may have contributed to the coloration of PC 
(Collin et al., 2012; Factor and Chu, 1980).

FTIR spectra of nurdles at different exposure timepoints were ob
tained to monitor the extent of the photochemical reactions (Fig. S2). As 
expected, the spectra of nurdles incubated under dark remained largely 
unaltered (Fig. S2, B). In contrast, under light exposure, new peaks or 
functional groups were generated for both PE and PC nurdles, including 
hydroxyls (3300–3400 cm− 1), carbonyls (1690–1730 cm− 1), vinyl (al
kenes, 1620–1650 cm− 1), and ethers (1100–1200 cm− 1).

Oxidation indices of nurdles were calculated based on the FTIR 
spectra (Fig. 1). Generally, the oxidation indices for both PE and PC 
nurdles increased steadily with exposure time, reaching maximum 
values at 6 and 8 weeks. The oxidation indices of PE nurdles increased 
from 0.02 ± 0.01 to 0.03 ± 0.01, 0.04 ± 0.03, 0.09 ± 0.03, 0.15 ± 0.05 
(p = 0.01, t-test), and 0.21 ± 0.08 (p = 0.01, t-test), spanning from 1d to 
1 week, 2 weeks, 4 weeks, 6 and 8 weeks of sunlight exposure, respec
tively. Similarly, the oxidation index of PC nurdles also increased from 
1.58 ± 0.04 to 1.58 ± 0.03, 1.61 ± 0.05, 1.60 ± 0.06, 2.02 ± 0.12 (p =
0.03, t-test), and 2.11 ± 0.16 (p = 0.02, t-test), over the same exposure 
durations. The higher oxidation indices observed for PC nurdles pri
marily reflect their oxygen-containing polymer structure, which results 
in a higher baseline signal rather than enhanced photooxidation.

The individual indices of PE were dominated by the C––O bond 
throughout the exposure period, with a subsequent increase of the C–O 
bond after 4 weeks of exposure, indicating the presence of carbonyl and 
ether/ester groups, respectively. Conversely, for PC nurdles, the oxida
tion index was dominated by the C–O bond due to its inherent back
bone structure, with a notable increase of C––O bond between 2 and 4 
weeks. The oxidation indices for both PE and PC nurdles increased more 
greatly from 4 to 6 and 8 weeks, suggesting intensified oxidation re
actions (Brandon et al., 2016), albeit with distinct oxidation degrees for 
PE and PC. Notably, the prevalence of the C––O bond in the oxidation 
index implied the predominance of Norrish-type reactions (Alimi et al., 
2021), which might lead to the formation of carbonyl groups on the 
nurdle surface.

The DO concentration decreased over time in the light treatment but 
remained stable in the dark treatment (Fig. 2; note that this was a 
separate set of experiments from the nurdle photooxidation experiment 
in Figs. 1 & 3). The DO consumption in the dark treatment was minimal, 
with <1% depletion for both polymers over 2 weeks. However, under 

light exposure, oxygen concentrations for PE nurdles dropped from 
143.14 μM at the start of the experiment to 22.83 ± 10.37 μM at week 1 
and 2.30 ± 0.63 μM at week 2. Similarly, oxygen levels for PC nurdles 
decreased from 143.14 μM to 63.52 ± 3.74 μM at week 1 and 22.50 ±
6.19 μM at week 2. Over the 2-week period, 98% of the DO in the so
lution of PE nurdles and 84% in the solution of PC nurdles was 
consumed, indicating the heavy involvement of DO in photochemical 
reactions.

The amount of DO consumed is not directly comparable to the 
oxidation indices, DO consumption during photooxidation reflect mul
tiple oxygen sinks, including incorporation into oxygen-containing 
functional groups on the plastic surface, incorporation into released 
DOC, and conversion to inorganic carbon. Without quantitative con
straints on (i) the oxygen source (dissolved O₂ vs. water), (ii) the depth/ 
extent of oxidation within the nurdle surface, and (iii) the oxygen con
tent of the produced DOC, it is not feasible to construct a robust oxygen 
mass balance for the observed DO consumption.

3.2. Production of DOC

DOC was produced in both sunlight and dark incubations (Fig. 3, 
Tables 1 and 2). Under dark incubation, the concentrations of DOC 

Fig. 1. Oxidation indices of PE (A) and PC (B) nurdles after simulated sunlight exposure, calculated by summing four individual bonds: R-OH (alcohol), C–O (ether), 
C––O (ketone), and C––C (vinyl).

Fig. 2. Dissolved oxygen concentrations in artificial seawater during PE and PC 
nurdle incubation under light/dark treatment.
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remained low and relatively constant, with the highest concentration 
occurring at 8 weeks of incubation, but barely detectable after 1 day of 
incubation. The DOC concentrations of PE nurdles ranged from 0.17 ±
0.04 to 0.03 ± 0.02, 0.20 ± 0.06, 0.03 ± 0.00, 0.17 ± 0.09, and 0.48 ±
0.01 mg C/L from 1d to 1 week, 2 weeks, 4 weeks, 6 weeks, and 8 weeks 
of dark incubation, respectively. Similarly, the DOC concentrations of 
PC nurdles ranged from 0.20 ± 0.08 to 0.11 ± 0.01, 0.07 ± 0.01, 0.06 
± 0.03, 0.15 ± 0.02, and 0.53 ± 0.02 mg C/L over the same incubation 
duration.

In comparison to the dark controls, nurdles under sunlight exposure 
released much higher levels of DOC for both PE and PC nurdles over the 
same exposure period. The DOC concentrations of PE nurdles increased 
from 0.90 ± 0.02 to 9.73 ± 0.74, 7.21 ± 1.50, 24.59 ± 5.47, 39.27 ±
0.97, and 87.07 ± 5.67 mg C/L from 1d to 1 week, 2 weeks, 4 weeks, 6 
weeks, and 8 weeks of sunlight exposure, respectively. Similarly, the 
DOC concentrations of PC nurdles increased from 0.27 ± 0.00 to 0.15 ±
0.05, 0.44 ± 0.05, 1.13 ± 0.27, 2.91 ± 0.71, and 5.00 ± 0.67 mg C/L 
over the same exposure duration. The DOC concentration curves for 
both PE and PC nurdles show an exponentially increasing pattern 
(Fig. 3), indicating accelerating production of DOC without reaching 
plateau within 8 weeks.

The photooxidation of PE nurdles not only consumed more DO but 
also produced more DOC than PC nurdles, reaching approximately 90 
mg/L after 8 weeks of incubation — equivalent to 1% of the original PE 
nurdles by weight. In contrast, PC nurdles produced much less DOC, 
with only 5 mg/L after the 8 weeks. This disparity suggests the different 
environmental behaviors of PE and PC under sunlight exposure, likely 
due to their different chemical structures. The higher DO consumption 
and higher DOC release from PE nurdles indicate their more rapid 
photooxidation and thus the accelerated breakdown of the polymer 
chains.

Overall, sunlight exposure generated more DOC than dark incuba
tion for both nurdles, consistent with studies showing that UV-induced 
plastic degradation increases DOC production by breaking polymer 
chains (Tian et al., 2019; Ward et al., 2019; Zhu et al., 2020b), high
lighting the role of photochemical processes in accelerating plastic 
weathering and releasing plastic-derived compounds into marine 
environments.

3.3. Identification of possible nanoplastics

Across all samples, including the incubation solution of PE nurdles 
after 4, 6, and 8 weeks of sunlight exposure, and PC nurdles after 8 
weeks of sunlight exposure, the DOC of the permeate, which passed 
through the ultrafiltration membrane (defined as ultrafiltered DOC), 
accounted for approximately 98.2–99.5% of the bulk (Table S1). This 
result showed that the leached compounds from PE and PC after sunlight 
exposure were truly dissolved (molecular weight < 3000 Da), or there 
was negligible production or < 0.2% of nanoplastics (> 3000 Da or > 1 
nm).

Surface morphology analysis revealed no significant changes to the 
nurdles in the dark treatment (data not shown). However, roughness and 
small cracks were observed on the PE nurdles after 6 and 8 weeks of 
sunlight exposure, respectively (Fig. 4). Similarly, cracks were observed 
on PC nurdles after 8 weeks of sunlight exposure. These alterations 
confirm mechanical changes to the plastic surface following photooxi
dation. This observation aligns with the notable increase in oxidation 
indices observed at 6 and 8 weeks of sunlight exposure for both PE and 
PC nurdles (Fig. 1). However, there were no fragments observed within 

Fig. 3. Total dissolved organic carbon (TDOC) production from polyethylene 
(PE, A), and polycarbonate (PC, B) nurdles in artificial seawater in both light 
and the dark. Note that the y-axis scales differ between panels to accommodate 
the different concentration ranges between PE and PC.

Table 1 
Element stoichiometry of CHO molecular formulas produced from PE during the photooxidation of nurdles in artificial seawater.

Incubation time 1d 1w 2w 4w 6w 8w

DOC-production (mg/L) 0.90 ± 0.02 9.73 ± 0.74 7.21 ± 1.50 24.59 ± 5.47 39.27 ± 0.97 87.07 ± 5.67
ESI+ Assigned formulas 93 328 335 372 77 97

Average molecular mass 232.11 ± 65.86 306.61 ± 133.01 315.45 ± 127.07 232.99 ± 69.75 280.32 ± 134.53 266.43 ± 106.21
Average H/C 1.59 ± 0.31 1.21 ± 0.41 1.08 ± 0.34 1.23 ± 0.42 1.23 ± 0.48 1.28 ± 0.50
Average O/C 0.26 ± 0.15 0.19 ± 0.15 0.17 ± 0.11 0.27 ± 0.18 0.28 ± 0.32 0.47 ± 0.32
Average AI 0.22 ± 0.17 0.39 ± 0.22 0.47 ± 0.19 0.39 ± 0.23 0.38 ± 0.29 0.30 ± 0.31
Average DBE/C 0.30 ± 0.17 0.45 ± 0.20 0.51 ± 0.17 0.47 ± 0.21 0.45 ± 0.23 0.44 ± 0.23

ESI− Assigned formulas 1 166 180 1596 2714 1863
Average molecular mass 274.18 275.03 ± 149.14 291.52 ± 165.75 324.90 ± 146.88 342.00 ± 154.98 330.41 ± 156.21
Average H/C 1.86 1.78 ± 0.18 1.67 ± 0.25 1.55 ± 0.32 1.46 ± 0.33 1.46 ± 0.41
Average O/C 0.36 0.36 ± 0.12 0.40 ± 0.11 0.37 ± 0.13 0.41 ± 0.17 0.42 ± 0.18
Average AI 0 0.04 ± 0.09 0.09 ± 0.14 0.15 ± 0.18 0.19 ± 0.19 0.20 ± 0.22
Average DBE/C 0.14 0.20 ± 0.09 0.26 ± 0.14 0.30 ± 0.16 0.35 ± 0.16 0.36 ± 0.20

X. Jiang et al.                                                                                                                                                                                                                                    Marine Pollution Bulletin 227 (2026) 119505 

5 



the cracks on PE or PC nurdles (Fig. 4), nor were detached particles in 
nanometer size range. This finding is consistent with the ultrafiltration 
results, where hardly any nanoplastics were detected in the leached 
DOC.

3.4. Extraction and molecular formulas of nurdle-derived DOC

The recovery rates of plastic-derived DOC through SPE varied 
greatly, ranging from 30% to 90%. Specifically, the recovery rates of PE- 

DOC after 2 weeks of incubation ranged from 30% to 40%, whereas after 
4 weeks, they increased notably to between 70% and 90%. However, at 
6 and 8 weeks of incubation, the recovery rates fluctuated between 50% 
and 70%. The recovery rate of DOC extraction is rather constant in 
natural waters, typically about 40–50%, depending on the water and 
specific laboratories (e.g., Dittmar et al., 2008). Since the exact same 
protocol was used for all the samples, the large variability observed is 
likely related to the compositional changes of plastic-derived DOC over 
time, with different compounds exhibiting varying affinities for the SPE 

Table 2 
Element stoichiometry of CHO molecular formulas produced from PC during the photooxidation of nurdles in artificial seawater.

Incubation time 1d 1w 2w 4w 6w 8w

DOC-production (mg/L) 0.27 ± 0.00 0.15 ± 0.05 0.44 ± 0.05 1.13 ± 0.27 2.91 ± 0.71 5.00 ± 0.67
ESI+ Assigned formulas 44 67 223 340 355 247

Average molecular mass 265.39 ± 86.07 292.12 ± 97.37 289.96 ± 91.65 278.61 ± 96.20 274.31 ± 99.52 325.60 ± 121.02
Average H/C 1.52 ± 0.38 1.48 ± 0.46 1.60 ± 0.40 1.51 ± 0.40 1.29 ± 0.38 1.23 ± 0.38
Average O/C 0.31 ± 0.17 0.35 ± 0.16 0.34 ± 0.17 0.27 ± 0.14 0.22 ± 0.13 0.36 ± 0.32
Average AI 0.24 ± 0.23 0.26 ± 0.24 0.19 ± 0.22 0.24 ± 0.23 0.36 ± 0.21 0.35 ± 0.23
Average DBE/C 0.33 ± 0.21 0.34 ± 0.23 0.29 ± 0.21 0.32 ± 0.21 0.43 ± 0.19 0.45 ± 0.18

ESI− Assigned formulas nd nd nd 3 306 313
Average molecular mass nd nd nd 517.62 ± 267.97 256.23 ± 111.59 349.93 ± 209.81
Average H/C nd nd nd 1.96 ± 0.05 1.07 ± 0.27 0.99 ± 0.24
Average O/C nd nd nd 0.31 ± 0.03 0.46 ± 0.19 0.32 ± 0.13
Average AI nd nd nd 0 0.41 ± 0.21 0.51 ± 0.14
Average DBE/C nd nd nd 0.07 ± 0.03 0.56 ± 0.14 0.59 ± 0.12

Fig. 4. SEM images of surface morphology with magnification of 25× by increasing sunlight exposure time for PE (A,B, C, D, E, F, G at 1d, 1w, 2w, 4w, 6w, 8w, 
respectively, with 300× magnification of 6w and 8w showing with red arrows) and PC (H, I, J, K, L, M, N at 1d, 1w, 2w, 4w, 6w, 8w, respectively, with 300×
magnification of 8w showing with red arrow) nurdles. No fragments were observed within the resolution limits.
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cartridges (PPL, Agilent). The PPL, made of a styrene-divinylbenzene 
polymer modified with a nonpolar surface, is designed to retain even 
the most polar classes of compounds, which may explain the higher 
recovery rates for the more polar DOC collected at the end of the incu
bation (details later).

Numerous formulas were assigned from the DOC of nurdles after 
incubation, from both dark and light treatments (Figs. S3, Tables 1, 2, 
and S2). In the dark treatment, due to low DOC concentrations, com
pounds were detected only at 1 day and 8 weeks of incubation. Most 
identified compounds from both PE and PC nurdles appeared in ESI+
mode, showing similar H/C and O/C ratios at both time points, sug
gesting gradual leaching of impurities or additives. However, some PE- 
derived compounds detected in ESI- mode after 8 weeks exhibited 
higher O/C ratios, indicating potential leaching of oxidized products, 
likely through radicals such as hydroxyls in natural waters (Zeng et al., 
2023).

Under sunlight exposure, in total 9720 compounds were detected in 
the nurdle-derived DOC. More formulas were assigned in negative mode 
than in positive mode. The molecular masses of nurdle-derived DOC 
were small, ranging from 102 to 716 Da for negative mode and from 102 
to 926 Da for positive mode. PE nurdles yielded more formulas than PC 
nurdles, consistent with the much higher levels of DOC production and 
thus more diverse DOC molecules (Fig. 5). From elemental stoichiom
etries, relatively low percentage of formulas (from all treatments) can be 
categorized into known biomolecules such as lipid- (2.1% under ESI+, 

0.3% under ESI-) and carbohydrate-like compounds (3.3% under ESI+; 
2.2% under ESI-), compared with CRAM-like compounds (11.6% under 
ESI+; 25.6% under ESI-), suggesting the leached out DOM was quite 
different from known biomolecules. Furthermore, while more com
pounds were detected in positive mode for both polymers at early 
exposure times (e.g., 1 day, 1 week, and 2 weeks of sunlight exposure, 
Tables 1 and 2), more compounds detected in negative mode occurred at 
4 weeks, 6 weeks, and 8 weeks of sunlight exposure. A same trend was 
also observed for CRAM-like compounds, with the majority detected in 
the later stage of the incubations. This shift suggests that the property of 
nurdle-derived DOCs changed significantly in the middle of sunlight 
exposure period, likely a potential increase in acidic compounds such as 
those with carboxylic groups (details later), which are more readily 
ionized under negative ionization mode during the LC/MS analysis.

The composition and quantity of nurdle-derived DOCs differed 
greatly between PE and PC nurdles during the sunlight exposure, but the 
DOCs shared similar trends from their H/C and O/C ratios. For PE- 
derived DOCs, in positive mode, the average O/C ratio and DBE/C 
significantly increased at 6 and 8 weeks of exposure (from 0.22 at day 1 
to 0.27 and 0.28 at 6 and 8 weeks, respectively, for O/C ratio, p < 0.01, 
ANOVA; from 0.3 to 0.45 and 0.44 for DBE/C, p < 0.01, ANOVA, 
respectively), accompanied by a decrease in the associated H/C ratios 
from 1.59 to 1.23 and 1.28 during the same period. In negative mode, 
this trend was more pronounced, with the average O/C ratio, AI, and 
DBE/C increasing over time (from 0.36 to 0.36, 0.40, 0.37, 0.41, and 

Fig. 5. van Krevelen diagrams for CHO molecular formulas produced during the photooxidation of nurdles in artificial seawater: (A) PE-derived DOCs under ESI+
mode; (B) PE-derived DOCs under ESI− mode; (C) PC-derived DOCs under ESI+ mode; (D) PC-derived DOCs under ESI− mode.
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0.42 from 1d to 1w, 2w, 4w, 6w, and 8w of exposure for O/C ratio, p <
0.01, ANOVA; from 0 to 0.04, 0.09, 0.15, 0.19, and 0.20 for AI, p < 0.01, 
ANOVA; and from 0.14 to 0.20, 0.26, 0.30, 0.35, and 0.36 for DBE/C, p 
< 0.01, ANOVA, respectively), while the H/C ratio decreased (from 1.86 
to 1.78, 1.67, 1.55, 1.46 and 1.46 from 1d to 1w, 2w, 4w, 6w, and 8w of 
exposure, p < 0.01, ANOVA, respectively). In contrast, for PC-derived 
DOCs, the high oxygen content in PC's backbone chain (various mono
mer formulas but all contain oxygen, e.g., C14H16O3 and C15H16O2) 
made it challenging to compare the O/C ratios. Nevertheless, in positive 
mode, the H/C ratio of PC-derived DOCs significantly decreased from 
1.52 at day 1 to 1.29 and 1.23 at weeks 6 and 8 (p < 0.01, ANOVA), and 
consistently, the associated AI and DBE/C significantly increased during 
the same period (from 0.24 at 1 day to 0.36 and 0.35 at 6 and 8 weeks, 
respectively, for AI, p < 0.01, ANOVA; from 0.33 at 1 day to 0.43 and 
0.45 at 6 and 8 weeks, respectively, for DBE/C, p < 0.01, ANOVA), 
indicating the increase of unsaturated bonds and aromatic-like struc
tures in the plastic-derived DOCs as the light exposure proceeded.

4. Discussion

4.1. Photooxidation of PE and PC nurdles: The role of oxygen

Photooxidation of plastics typically initiates with the absorption of 
photons by the polymer, leading to the formation of free radicals (Ainali 
et al., 2021; Andrady, 2022; Kuzina and Mikhailov, 2001, 1998, 1993; 
Rånby, 1989). These radicals then engage in reactions with oxygen, 
triggering a cascade of oxidative chain reactions (Alimi et al., 2021). 
While different polymers share similar photooxidation principles, they 
may form radicals in distinct ways. For example, aromatic polymers 
such as PS and PC can directly absorb photons by their aromatic struc
tures (Gewert et al., 2015). Conversely, aliphatic polyolefins like PP and 
PE lack functional moieties to absorb photons, thus impurities from the 
manufacturing process may serve as the source of the initial radicals for 
these types of polymers (Alimi et al., 2021).

Similar oxidative chain reactions have been observed in the photo
oxidation process of different polymers, resulting in the generation of 
same functional groups, such as carbonyl groups (Jiang et al., 2024). 
Consistently, our FTIR results showed the oxidation of both PE and PC 
nurdles after sunlight exposure (Fig. 1). The generation of C–O and 
C––O peaks are the typical reactive intermediates of Norrish-type re
actions through the cleavage of carbon‑carbon bonds upon exposure to 
light, leading to the incorporation of carbonyl groups into the polymer 
chains. However, PE nurdles were more oxidized than PC, evidenced by 
the increase in C–O moieties during later stages of exposure (e.g., 6 
weeks and 8 weeks of sunlight exposure; Fig. 1). Moreover, the amounts 
of DOC production and DO consumption from these two polymers are 
consistent with the oxidation degree of the nurdle surface (Figs. 2&3). 
PE nurdles generated more DOCs than PC nurdles, by an 18-fold dif
ference, and consumed more DO after the same duration of sunlight 
exposure. Note that the DO consumption experiment is an independent 
set of experiments from the DOC production ones, as the former was 
tightly sealed and without any headspace while the latter had extra DO 
input from the headspace and gentle shaking. Therefore, results from 
these two sets of experiments are not directly comparable quantitatively.

A slight increase in DOC at 8 weeks of incubation was observed under 
dark conditions (Fig. 3), which has been often attributed to the leaching 
of hydrophilic impurities and/or additives in the plastics (Romera-Cas
tillo et al., 2018). Thus, the slight increase in DOC has been attributed to 
the release of low–molecular-weight species, residual processing com
pounds, and/or trace additives inherently present in polymer materials 
(Gewert, 2018; Guo et al., 2019), albeit at a much slower rate when 
without sunlight exposure. Biodegradation may have also contributed to 
this rise in DOC, considering that the dark incubation systems were not 
strictly sterile. However, thorough cleaning of nurdles and incubation 
glassware (combusted) as well as the use of artificial seawater (com
busted sea salts) without inoculum minimizes the likelihood of 

significant microbial activity, if any.
It is often thought that aromatic plastics are more susceptible to 

photooxidation than pure aliphatic plastics, owing to their content of 
conjugated double bonds and aromatic rings (Gewert et al., 2015), 
facilitating the generation of reactive intermediates. However, our re
sults did not support this assumption, as PE exhibited greater oxidation 
than PC. Given that both PE and PC nurdles were under identical light 
intensity and temperature, and that they were unaltered pre-products 
devoid of common additives, we propose that the difference in buoy
ancy between the two polymers may have played a key role. The density 
of PE is much lighter than PC as compared to water, and PE floated on 
water surface while PC sunk to the bottom of the water. This spatial 
separation may have influenced the oxygen accessibility, with PE nur
dles at the air-water interface having greater access to atmospheric ox
ygen (i.e., O2 in the head space) compared to PC nurdles at the bottom. 
This is consistent with our observation that 98% of the DO was 
consumed within 2 weeks for PE nurdles, compared to 84% for PC 
nurdles (Fig. 2). The DO might be depleted in our incubation system 
after 2 weeks. Despite briefly opening the lids each day to balance 
pressure, oxygen replenishment may have been insufficient for the 
submerged PC nurdles. In contrast, PE nurdles floating at the surface had 
more consistent access to oxygen from the headspace, promoting more 
extensive photooxidation. Additionally, the rate of photooxidation is 
affected by the oxygen concentration (Andrady, 2022), thus the buoy
ancy difference may have resulted in varying exposure to both UV ra
diation and dissolved oxygen, with PE nurdles receiving much higher 
doses of each. As a result, even though PC is an aromatic polymer, its 
photooxidation was less pronounced than that of aliphatic PE. Further 
experiment involved with floating PC (e.g., using a mesh to hold PC 
pellets near the water-air interface) is needed to verify this hypothesis. 
In addition, the coloration of PC may have also inhibited further pho
todegradation due to the shielding effect (Chen et al., 2023). Although 
PC is an aromatic polymer, commonly used in sunglasses and sunshade 
materials, its engineered structural property may have contributed to its 
lower photooxidation.

While aromatic polymers are generally considered more prone to 
photooxidation, much of the evidence for this viewpoint comes from 
studies on PS rather than other aromatic plastics like PC. PS micro
plastics are frequently reported to be highly susceptible to weathering 
and produce more leachates or DOC than polyolefins under similar 
conditions (Song et al., 2017, 2020; Ward et al., 2019; Zhu et al., 2020b). 
For example, Song et al. (2020, 2017) found that expanded PS (EPS) 
experienced fragmentation easily when exposed to sunlight, and Zhu 
et al. (2020a, 2020b) found that EPS produced more DOCs than PE and 
PP under same simulated sunlight exposure. However, EPS has a distinct 
structure compared to regular PS, containing air-filled bubbles that 
make it lightweight and more prone to fragmentation. In this study, we 
selected polymers with similar size, shape, and manufacturing processes 
to reduce potential structural differences and ensure more comparable 
results. Further investigations comparing expanded versus non- 
expanded polymers or examining degradation in air versus water envi
ronments will be crucial to better understanding the different photo
degradation behaviors of aliphatic and aromatic plastics.

4.2. Little production of nanoplastics from the photooxidation of PE and 
PC

Sunlight exposure triggers oxidation reactions on plastics, poten
tially altering their mechanical integrity (Barnes et al., 2009; Menzel 
et al., 2022; Song et al., 2020). Previous studies have shown the pro
duction of nanoscale particles through fragmentation during the pho
todegradation of plastics such as PE, PP, and PS (Menzel et al., 2022; 
Song et al., 2020). Photooxidation leads to cross-linking and chain 
scission reactions on the plastic surface, gradually weakening and 
embrittling the material and potentially causing macro- and micro- 
fragmentation (Gewert et al., 2015; Karlsson et al., 2018). However, 
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after 8 weeks of accelerated sunlight exposure, we found that the pre
dominant photooxidation products from PE and PC nurdles were truly 
dissolved compounds (< 3000 Da), with a negligible amount of nano
plastics (> 1 nm) present. This outcome may be attributed to several 
factors, such as the use of intact large nurdles, the absence of mechanical 
forces during the photooxidation process, as well as the relatively short 
incubation time in the solar simulator, as compared to natural condi
tions (e.g., Tang et al., 2022).

In related studies focusing on microplastic photodegradation, plastic 
materials were often trimmed or ground, potentially deteriorating their 
physical properties and favoring fragmentation (Menzel et al., 2022; Zhu 
et al., 2020a; Zhu et al., 2020b). Moreover, to mimic natural conditions, 
mechanical forces such as abrasion with sand or stirring with bars were 
frequently applied during light exposure (Song et al., 2020, 2017). In 
contrast, our study applied minimal agitation, i.e., gentle shaking by 
hands, and intact nurdles, which have larger dimensions (5 mm in 
diameter) compared to typical microplastics used in similar studies. In 
this study, the oxidation of nurdles may have increased the hydrophi
licity of the surface based on the FTIR results, facilitating the dissolution 
of small, oxidized molecules into ambient solutions. However, this 
process relies solely on passive diffusion based on solubility, with small 
soluble compounds ending up in the solution. In contrast, nanoplastics, 
due to their larger size compared to the compounds, may have remained 
attached to the nurdles in the absence of necessary mechanical forces.

Limited fragmentation during photooxidation only process was also 
reported (Andrady, 2022; Tuttle et al., 2024), which is in line with our 
findings. For example, Svedin reported no fragmentation of low-density 
polyethylene (LDPE) and polypropylene (PP) under simulated sunlight 
exposure (Svedin, 2020). Similarly, Kalogerakis et al. (2017) found no 
fragmentation of PE and PP plastics after 6 months of natural solar 
weathering. Both experiments in these two studies were conducted 
without strong mechanical forces such as abrasions or continuous stir
ring. Consistently, our results show that without mechanical forces 
involved, there was essentially no nanoplastics produced from primary 
plastics under photooxidation. Further work applying different degrees 
of mechanical forces and on plastics on different weathering stages may 
be needed to gain a better understanding on how nanoplastics are 
formed in natural environments. It may also be important to explore 
how differences in natural sunlight exposure and accelerated irradiation 
affect mechanical degradation and nanoparticle formation under envi
ronmentally realistic conditions. Although only PE and PC were tested in 
this work, the results suggest that photooxidation alone does not 
necessarily lead to linear size transition from macro-, micro- to nano
plastics, rather from microplastics to truly dissolved organic matter in 
aquatic environments.

4.3. Molecular-level information of photooxidation products

HRMS analysis can elucidate the molecular information of plastic- 
derived DOCs, including their molecular weights and element compo
sitions (Gewert et al., 2018; Stubbins et al., 2023; Walsh et al., 2021). 
The stoichiometry of DOCs differed between PE and PC nurdles, with 
PC-DOCs exhibiting higher oxygen content due to the presence of oxy
gen in PC chains. Over exposure time, the assigned formulas of DOCs 
from both nurdles showed an increase in O/C ratios but a decrease in H/ 
C ratios, suggesting a progressive enrichment of oxygen in the DOC 
composition. This enrichment likely resulted from the incorporation of 
more oxygen into plastic chains, replacing hydrogen atoms through 
chain scission reactions induced by sunlight exposure (Jiang et al., 
2024). Additional evidence, such as tandem MS data, can further 
elucidate the oxygen-containing functional groups. Consistently, the 
FTIR results revealed a gradual addition of oxygen to plastic chains with 
exposure time (Fig. 1). Furthermore, an increase in the number of for
mulas assigned in negative mode at later exposure stages indicated a rise 
in carboxylic acid products of nurdle-derived DOCs, contributing to the 
elevated oxygen content. Consistently, Gewert et al. (2018) identified 

chain scission products, primarily dicarboxylic acids, from plastic pellets 
following UV exposure. It has also been demonstrated that carboxylic 
and dicarboxylic acids are among the most prevalent and stable products 
of PE photodegradation, as their structures exhibit greater resilience to 
sunlight exposure compared to ketones, aldehydes, and alcohols 
(Fachrul et al., 2021), and certainly these products are more soluble as 
well.

The stoichiometry of nurdle-derived DOCs offers insight into their 
bioavailability. Some studies suggested that molecules with low 
hydrogen content, indicated by a low H/C ratio, are less readily avail
able to microorganisms (Kim et al., 2006), with those possessing an H/C 
ratio ≤ 1.5 considered resistant to degradation (D'Andrilli et al., 2015). 
Therefore, the observed decrease in H/C ratio of nurdle-derived DOCs 
over the duration of sunlight exposure in both ESI modes may indicate 
an increase in their recalcitrance over time. Moreover, the concurrent 
increase of AI and DBE/C of the DOC formulas suggested the enrichment 
of CRAM-like compounds (Lu et al., 2021; Stubbins et al., 2023), which 
might affect the environmental behavior of nurdle-derived DOCs, 
including their residence time and bioavailability (Zhu et al., 2020b). 
Similar findings were reported by Stubbins et al. (2023), who identified 
CRAM-like formulas in PE, PP, and expanded polystyrene (EPS)-derived 
DOCs after sunlight exposure, highlighting their varying bio
availabilities for microbial degradation. The CRAM-like compounds are 
known to be refractory in aquatic environments (Hertkorn et al., 2006), 
suggesting that nurdle-derived DOCs may be less susceptible to 
biodegradation and more recalcitrant in nature. Further bioassay ex
periments are needed to evaluate the bioavailability of plastic-derived 
DOC.

4.4. Environmental implications

This study revealed the significant production of DOC from both PE 
and PC nurdles into the ambient water after sunlight exposure, with PE 
yielding 18 times more DOC than PC nurdles. Importantly, under the 
condition of minimal mechanical forces, the predominant form of 
nurdle-derived DOC from photooxidation was found to be truly dis
solved compounds (< 1 nm), rather than plastic particles in nanometer 
scales. It should be noted that the measurement of nanoplastics (>1 nm) 
was based on DOC mass balance following ultrafiltration and carbon 
quantification, thus we cannot rule out the presence of polymeric par
ticles below the detection threshold or those not retained effectively by 
ultrafiltration membranes. Molecular signatures of nurdle-derived DOCs 
were influenced by their polymer composition, yet displayed a shared 
trend characterized by an increase in CRAM-like and carboxylic acid 
structures with prolonged exposure time. This study also underscores 
the role of oxygen availability, influenced by plastic density, in shaping 
photodegradation pathways and highlights the efficacy of high- 
resolution mass spectrometry in analyzing plastic photodegradation 
products.

Even though the nurdles used in this work are environmentally 
relevant because of their widespread presence along the beaches 
worldwide, they contain little or no additives, different than most of the 
plastic debris in the environment which contain additives. Therefore, 
caution is needed when extrapolating the results to other types of plastic 
debris, although the fundamental processes should be generalizable. 
Also, artificial seawater was used in this work for a clean interpretation 
of the produced DOC from the nurdles. Natural seawater contains an 
appreciable amount of DOC, often in the levels of several to 10s of ppm 
in coastal waters, which would accelerate (with extra photosensitizer) or 
inhibit (shading or shielding) the photodegradation of nurdle-derived 
DOC. Nevertheless, the molecular characteristics of the plastics- 
derived DOC and their relationship with the type of polymer should 
remain robust.

Further research on photodegradation and environmental weath
ering products of plastics using raw plastic materials and complemen
tary analytical approaches is needed for a comprehensive understanding 
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of the fate and impacts of plastic pollution in natural environments. Also 
needed is to evaluate bioavailability of plastic-derived DOC to micro
organisms in marine environments.
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Mangal, V., Stock, N.L., Guéguen, C., 2016. Molecular characterization of phytoplankton 
dissolved organic matter (DOM) and sulfur components using high resolution 
Orbitrap mass spectrometry. Anal. Bioanal. Chem. 408, 1891–1900. https://doi.org/ 
10.1007/s00216-015-9295-9.
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of the ocean plastics. Environ. Sci. Technol. https://doi.org/10.1021/acs. 
est.9b06400 acs.est.9b06400. 

Menzel, T., Meides, N., Mauel, A., Mansfeld, U., Kretschmer, W., Kuhn, M., Herzig, E.M., 
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