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ABSTRACT: The photodegradation of macroplastics in the
marine environment remains poorly understood. Here, we
investigated the weathering of commercially available plastics
(tabs 1.3 × 4.4 × 0.16 cm), including high-density polyethylene,
low-density polyethylene, polypropylene, polystyrene, and poly-
carbonate, in seawater under laboratory-simulated ultraviolet A
radiation for 3−9 months, equivalent to 25−75 years of natural
sunlight exposure without considering other confounding factors.
After the exposure, the physical integrity and thermal stability of
the tabs remained relatively intact, suggesting that the bulk
polymer chains were not severely altered despite strong irradiation,
likely due to their low specific surface area. In contrast, the surface
layer (∼1 μm) of the tabs was highly oxidized and eroded after 9
months of accelerated weathering. Several antioxidant additives were identified in the plastics through low temperature pyrolysis
coupled with gas chromatography/mass spectrometry (Pyr-GC/MS) analysis. The Pyr-GC/MS results also revealed many new
oxygen-containing compounds formed during photodegradation, and these compounds indicated the dominance of chain scission
reactions during weathering. These findings highlight the strong resistance of industrial macroplastics to weathering, emphasizing the
need for a broader range of plastics with varying properties and sizes to accurately estimate plastic degradation in the marine
environment.
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■ INTRODUCTION
Due to a substantial rise in global plastic production annually,
plastic pollution has become a major environmental concern.
More than 40% of plastic waste is not properly managed,
leading to an annual influx of approximately 8 million metric
tons of plastic into the world’s oceans,1 although the exact
influx is still under debate.2 When exposed to various
environmental stressors such as ultraviolet (UV) irradiation
and mechanical forces, plastic debris undergoes degradation
and thus breaks down into smaller pieces, often following a
degradation path from macro- to micro- and nanosized
particles.3−5 The detrimental effects of micro- or nanosized
plastics on marine organisms have been relatively well
documented, including the obstruction of digestive tracks,6

organ inflammation,7−9 the transfer of organic pollutants,10

and the accumulation within food chains.11,12 These effects
have potential implications for human health. Consequently,
there is an urgent need to comprehend the environmental
behavior of plastic debris, including its degradation and fate in
marine waters.

The weathering of plastics has been studied under various
environmental conditions, with evidence gathered from both
field observation and laboratory simulation experiments.13−16

For example, the increase in oxygen content or oxygen-
containing functional groups of plastic particles has been
reported following UV exposure, typically in a few months,17

while deterioration of plastic surface properties, such as
discoloration, cracks, and fragments, is often observed from
plastic debris collected in the field.18 The processes of plastic
weathering under different environmental conditions have
been categorized and summarized.3,4,19 As a key process in
plastic weathering, photodegradation involves reactions
between free radicals and plastic carbon chains, leading to
oxidation, chain scission, and/or cross-linking of the carbon
chains, which alter the molecular structure of polymers.20−23

The presence of molecular oxygen during photodegradation
fosters the formation of peroxides and carbonyl compounds,
resulting in changes in material properties and possible
fragmentation with mechanical forces.24−26 Understanding
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these processes is crucial for comprehending the environ-
mental degradation of plastics and their potential impacts.

Currently, research on the weathering process of plastics has
been directed more toward polyolefins and polystyrene,4

primarily through examining micro- and nanosized plastic
particles or thin films, due to their widespread production and
ease of synthesis, with less studies using other materials.27

While many earlier studies used pure polymer materials to
ensure controlled and reproducible conditions, an increasing
number of recent studies have started investigating the
weathering of commercial plastics commonly used in daily
life.28 Commercial plastic products are environmentally
realistic, although their higher complexity concerning polymer
type, shape, size, thickness, and the presence of additives can
influence the weathering processes.29,30 Moreover, different
environmental conditions, including UV exposure, intensity,
abrasion, wave action, dissolved organic matter concentrations,
and fluctuations in temperature, can significantly impact the
rate of plastic weathering. Furthermore, the quantification of
plastic weathering rates has received limited attention, with
carbonyl moieties measured through spectral instruments
being the primary metric, which has limitations, particularly
regarding plastic size and flatness.29,31

To address these knowledge gaps, we conducted photo-
degradation experiments using commercially available macro-
plastics under laboratory-simulated coastal conditions. The
surface chemistry, morphology, thermal stability, and additive
composition of the plastics were characterized using a suite of
analytical tools, including conventional characterization instru-
ments such as Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), thermogravimetric
analysis (TGA), chemical characterization techniques, and
pyrolysis gas chromatography−mass spectrometry (Pyr-GC/
MS). Our overall goal was to gain a thorough understanding of
how commercial macroplastics are photo- and mechanically
degraded in seawater under long-term UV exposure.

■ MATERIALS AND METHODS
Materials. High-density polyethylene (HDPE), low-density

polyethylene (LDPE), polypropylene (PP), polystyrene (PS),
and polycarbonate (PC) plastic sheets, as the primary plastic
without weathering previously, were obtained from McMaster-
Carr Supply Company (USA). These polymers were chosen
because of their large-scale global production and their
widespread presence in the marine environment.32 The plastic
sheets (122 cm × 61 cm) had a thickness of 1.6 mm. The exact
formula and additive information were not provided by the
vendor. However, plastic additives in various concentrations
were confirmed in different plastics through Pyr-GC/MS
(details in Supporting Information and Figure S1). Plastic
sheets were cut into small tabs (1.3 cm × 4.4 cm) and then
cleaned with DI water and dried in a laminar-flow hood before
further use.

Weathering Experiment. To simulate long-term weath-
ering conditions in the marine environment, plastic tabs
underwent a controlled experimental setup. Four plastic tabs of
each polymer type were placed within a 10 cm Pyrex
crystallizing dish filled with 200 mL of filtered natural seawater
(1 μm spiral wound cartridge filter, Pall, USA, salinity 32 psu)
and maintained at 55 °C with three replicates. Additionally,
approximately 10,000 glass beads (1 mm diameter) were
introduced to the dish, covering 80% of the dish’s bottom
surface area, with continuous agitation provided by a rotary

table (stroke length 10 cm, speed 60 rpm) to simulate the
effects of physical contact with sediment particles in coastal
water. UVA lighting (315−400 nm) was applied using three
overhead LED UV lamps (Isuerfy, 120 W, F120W-UV-US),
positioned 3 cm above the dishes, with an intensity of 230 W/
m2 each, verified by a UV light meter (UV513AB, General
Tools). UVA was selected due to its prevalence and deeper
penetration depth over the other UV bands.33,34 On average,
the simulated UVA irradiance was approximately 50 times that
of natural UVA strength, estimated at 4.5 W/m2 reaching the
earth on a global average,35 i.e., 3 months of continuous light
exposure in this experiment equals approximately 25 years of
natural diel UVA exposure in the ocean. To maintain constant
salinity and water levels, distilled water was replenished every
other day.

The plastic tabs were subsampled at four different time
points: T0 (before weathering), T1 (3 months ≈ 25 years), T2
(6 months ≈ 50 years), and T3 (9 months ≈ 75 years). These
time points were chosen to capture the progressive changes in
the plastic tabs over the course of the weathering process. The
experimental design, involving the coincubation of plastic tabs
of the same polymer with agitation, posed challenges for
tracking the weight change of a specific tab at a given time
point. Additionally, due to incubation in seawater, effectively
removing all sea salt adhered to the plastic surface through
water rinsing was difficult. Thus, we did not measure the
weight loss of the tabs with the exposure time.

Measurements. FTIR. The extent of weathering on the
surface of plastic tabs was assessed by an FTIR instrument
(IRTracer-100, Shimadzu) equipped with an attenuated total
reflectance (ATR) accessory. The FTIR spectra were recorded
in the range of 4000 to 700 cm−1 at a resolution of 8 cm−1,
averaging 32 scans. To scale the spectra within a similar range,
the obtained spectra were first baseline corrected and then
normalized using LabSolution software (Shimadzu) by setting
the minimum value to zero and scaling the maximum
absorption value to 100%. For each plastic tab, six replicate
measurements were performed on randomly selected areas (on
both sides of the tab).

Newly formed functional groups, including hydroxyls,
carbonyls, and vinyl (alkenes), were identified and used for
characterizing the weathering degree of plastic tabs.17,36 An
oxidation index was calculated to assess the surface oxidation
of the plastic tabs. The oxidation index for each polymer was
determined by summing four individual bonds: R−OH
(alcohol),17 C−O (ether),17 C�O (ketone),17,36 and C�C
(vinyl).17 The indices were calculated by comparing the
maximum absorbance value of the corresponding peak to the
value of a reference peak specific to each polymer. The specific
equations used to calculate the indices are as follows:

A A

A A

A A

A A

R OH index (3300 3400)/ plastic

C O index (1100 1200)/ plastic

C O index (1690 1730)/ plastic

C C index (1620 1650)/ plastic

= _ _

= _ _

= _ _

= _ _

where A stands for maximum peak absorbance among different
wavelength ranges. The reference plastic peaks were 2908−
2920 cm−1 for PE, 2885−2940 cm−1 for PP, 1771 cm−1 for PC,
and 2851 cm−1 for PS.4,19,37

SEM. The surface morphology of the plastic tabs was
examined using a JEOL SEM. Plastic tabs were cut to a size of
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0.6 × 0.6 cm using rinsed stainless-steel scissors. The samples
were then placed on double-sided carbon tape and coated with
15 nm of gold powder to enhance conductivity. The SEM was
operated at 12 kV under high vacuum, with magnifications
ranging from 25 to 500×, which allowed for a detailed
examination of the surface appearance and any possible
changes resulting from weathering. For each individual sample,
four images were captured, and the image with the best
resolution for each magnification was selected and reported.
TGA. TGA was performed using a thermogravimetric

analyzer (Shimadzu TGA-50) under a nitrogen atmosphere
(50 mL/min flow rate) with three replicates for each polymer
type. Briefly, the plastic tabs were cut into small pieces, and a
sample weighing 5−10 mg was analyzed. The sample in a
platinum pan was heated from 30 to 650 °C at a rate of 5 °C/
min. TG and derivative TG (DTG) curves were recorded to
assess the thermal behavior of the sample. The TG onset

temperatures (Tonset), defined as a 3% (w/w) loss, and the
DTG maximum temperatures (Tmax) were calculated from the
curve to determine the thermal stability of the plastic,
following the method described by Yamada et al.38

Pyr-GC/MS. Pyrolysis analysis was conducted using a
multishot pyrrolyzer (EGA/Py-3030D, Frontier Laboratories
Ltd.) coupled with a GC/MS system (Shimadzu GCMS-
TQ8040). To monitor potential cross-contamination, sample
carryover, and instrument-related contamination, each sample
run was followed by three blank runs before the next sample. A
tab subsample, weighing 2−5 mg, was randomly cut by rinsed
metal scissors and placed in a pyrolyzer cup. Two temperature
modes were applied: high temperature (600 °C for 0.3 min, as
detailed in Supporting Information) and low temperature (350
°C for 0.3 min) pyrolysis modes. For the low temperature
mode, the GC inlet temperature was set at 300 °C, and the
split ratio was 5:1. An Ultra ALLOY Capillary Column UA+-5

Figure 1. Oxidation indices of HDPE (A), LDPE (B), PP (C), PS (D), and PC (E) from laboratory weathering experiments. T0−T3 represents 0−
9 months of weathering, and indices of different functional groups were from the FTIR analysis. Data are the averages of six replicate
measurements; error bars represent the standard deviations.
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(30 m length, 0.25 mm I.D., and 0.25 μm film thickness
consisting of 95% polydimethylsiloxane and 5% polydiphe-
nyldimethylsiloxane stationary phase, Frontier Laboratories
Ltd.) was employed, with helium as the carrier gas at a flow
rate of 1 mL/min. The GC oven program was set as follows:
50 °C (hold 1 min) → 8 °C/min →130 °C (hold 4 min) →
50 °C/min →320 °C (hold 5 min). Pyrolyzate chemical
structures were identified by comparing them with the NIST17
library via LabSolution software (Shimadzu). Triplicate
samples for each plastic type were analyzed.

■ RESULTS AND DISCUSSION
Photodegradation of the Plastic Surface: Insights

from FTIR and SEM. The weathering of plastics typically
initiates at the surface; thus, the plastic tabs in this study are
ideal to interrogate the surface photodegradation processes of
different plastic polymers both quantitatively and mechanisti-
cally. The insights into surface processes were gained through
two techniques, FTIR and SEM. The FTIR used for this work
was ATR, where total reflection occurs at the interface between
germanium (Ge) and the plastic surface. The penetration
depth for Ge is approximately 0.57 μm,39 which is considerably

less than the thickness of the plastic tabs (1.6 mm) used in this
study. Even when analyzing both sides of the plastic tab, the
information obtained was limited to the very surface layer,
representing <1‰ of the entire polymer volume. Con-
sequently, the FTIR results reflect the processes occurring in
the extremely thin surface layer of the plastic tabs.

The oxidation index of different plastic types and their FTIR
spectra at various UVA weathering durations are summarized
in Figure 1 and Supporting Information Figure S2. All types of
plastics were oxidized by irradiation, resulting in notable new
peaks in their FTIR spectra at 3300−3400, 1690−1720, 1620−
1650, and 1100−1200 cm−1, which were assigned as ketone,
ester, alcohol, and vinyl groups, respectively. In HDPE, LDPE,
and PS, the oxidation indices continuously increased from 0 to
6 months of UVA exposure and then showed a steep increase
after 9 months. The oxidation index of HDPE increased from
0.03 ± 0.00 at T0 to 0.06 ± 0.02, 0.08 ± 0.02, and finally 9.40
± 0.88 (ANOVA, n = 6, p = 0.0001) at T1, T2, and T3,
respectively; along the same time frame, that of LDPE
increased from 0.03 ± 0.01 to 0.18 ± 0.17, 0.46 ± 0.25, and
1.80 ± 0.97 (ANOVA, n = 6, p = 0.0001), respectively. The
indices of PS showed the greatest changes among all of the

Figure 2. SEM images of surface morphology with magnification of 250× by increasing weathering exposure days for HDPE (A,B,C,D at T0, T1, T2,
and T3, respectively), LDPE (E,F,G,H at T0, T1, T2, and T3, respectively), PC (I,J,K,L at T0, T1, T2, and T3, respectively), PP (M,N,O,P at T0, T1,
T2, and T3, respectively), and PS (Q,R,S,T at T0, T1, T2, and T3, respectively).
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plastics, ranging from 1.98 ± 0.13 at T0 to 2.50 ± 1.00, 6.20 ±
1.64, and 16.90 ± 9.93 (ANOVA, n = 6, p = 0.0004) at T1, T2,
and T3, respectively. This pronounced increase of PS indices is
likely due to its aromatic ring structure, which absorbs UV
light, thus leading to more extensive photodegradation. In
contrast, the changes in PC oxidation indices were not
significant during the first 6 months of weathering (ANOVA, n
= 6, p = 0.885), followed by a slight increase at 9 months
(ANOVA, n = 6, p = 0.008) (from 2.41 ± 0.09 at T0 to 2.50 ±
0.20, 2.48 ± 0.23, and 2.78 ± 0.09 at T1, T2, and T3,
respectively). The oxidation indices of PP increased slightly
from 0 to 3 months, followed by a significant increase at 6
months (ANOVA, n = 6, p = 0.0001) but dropped at 9 months
(from 0.22 ± 0.01 at T0 to 0.22 ± 0.04, 3.57 ± 1.71, and 0.38
± 0.12 at T1, T2, and T3, respectively). This pattern suggests
that the oxidized components on the PP surface were lost to
and/or dissolved in the seawater after 6 months and thus
exposed the fresher interior. This process may have been
enhanced by constant agitation in the weathering chamber.
Consistent with our findings, it has been often reported that
the oxidation (carbonyl) index of PP shows a plateau or drop-
off after a certain duration of UV exposure in photo-
degradation experiments.40 This phenomenon has been
attributed to the fragmentation or peeling off of the oxidized
surface caused by mechanical forces or the loss of volatile
oxidation products through diffusion to the ambient air or
water.41 As a result, the virgin inner part of the PP plastic is
newly exposed to oxidation. However, the peeling-off or
dissolution seemed to have significantly occurred only to PP
but not to other types of plastics, suggesting that photo-
degradation products from the branch-chain PP structures are
more soluble or fragile.

The changes of specific oxidation indices with time were
similar among LDPE, HDPE, PP, and PS. From 0 to 3 months,
the increase in the oxidation index was primarily driven by C−
O and C�O bonds. However, from 3 to 9 months, the
oxidation index was mainly contributed by the R−OH, while
C�C played a role throughout the entire weathering process.
This pattern suggests that the same oxidation mechanisms
were at play for these 4 types of plastics, although the
mechanisms changed with time. In contrast, only the increase
in the R−OH index was pronounced for PC, while the small
fluctuations in the C�O and C−O indices were not indicative
of the oxidation status of the plastic since PC itself contains
carbonyls.

Regarding the morphology of plastic tabs at different
weathering time points, the tabs did not present discoloration
based on unaided visual or microscopical observation.
However, SEM images revealed changes in surface morphology
with exposure duration (Figure 2). At T0, the plastic surfaces
all appeared to be smooth and uniform, except for some minor

scratches, likely resulting from shipping and handling. As
weathering progressed, the surfaces of HDPE, LDPE, and PS
showed cracks and rugged textures and the presence of small
fragments. In contrast, the surface deterioration of PC and PP
was more prominent after 6 months, with the most notable
“wear and tear”. Surprisingly, the surfaces of PC and PP
plastics appeared smoother at 9 months, indicating a possible
loss of oxidized plastic surface through embrittlement, flaking
off, or dissolution in seawater, consistent with the FTIR data
discussed above. However, PC did not fully follow these
oxidation index variations, possibly due to its oxygen-
containing backbone.

Photodegradation of Bulk Plastics as Indicated by
TGA and Pyr-GC/MS. The subsamples of plastic tabs for
TGA and Pyr-GC/MS analyses included both the surface and
inner parts of a tab; thus, the results reflect changes of the bulk
plastics. TG and DTG curves were recorded in Figure S3. The
thermal stability of all plastics remained relatively constant
throughout the weathering duration (Table 1), including both
the onset temperature (Tonset) and the maximum temperature
(Tmax). For example, the Tonset of HDPE varied from 439 ± 7
at T0 to 428 ± 2, 433 ± 6, and 438 ± 2 °C at T1, T2, and T3,
respectively (ANOVA, n = 3, p = 0.19); the Tmax of HDPE
fluctuated slightly from 478 ± 0 at T0 to 480 ± 3, 479 ± 2, and
475 ± 9 °C at T1, T2, and T3, respectively (ANOVA, n = 3, p =
0.82). Even though significant chemical and physical changes
occurred on the plastic surface from FTIR and SEM analyses,
the overall structure and thermal stability of the main
backbone chain remained relatively unchanged following the
intensive UVA exposure. In addition, the residues of all plastics
except PC were <4% by weight after the TGA analysis,
indicating a very small amount of inorganic additives, if any,
normally titanium dioxide or calcium carbonate.28 In contrast,
residues of PC after TGA accounted for 20% in coke form,
which may be due to its high oxygen and aromatic content,
facilitating the formation of graphite.42

Pyr-GC/MS was applied to evaluate the effects of weath-
ering on the chemical composition of the plastics at the
molecular level. Traditional high-temperature pyrolysis (e.g.,
600 °C, 0.3 min) was first applied to the plastic tabs at
different weathering stages (results in Supporting Informa-
tion). The pyrolyzates were dominated by cracking products
from the plastic backbone, while the oxidation products of
plastics were undetectable (Figure S4). However, there was a
clear difference in the overall GC chromatograms before and
after weathering, i.e., the proportion of certain peaks over the
total. For example, the percentage of n-alkane C13−23 from
HDPE increased with weathering time (from 48.9% at T0 to
50.4, 52.2, and 53.69% at T1, T2, and T3, respectively; Figure
S4F). This increase might be attributed to the photooxidation
of HDPE, which introduces oxygen into the polymer carbon

Table 1. Onset and Maximum Temperatures Calculated from TGA Results of HDPE, LDPE, PP, PS, and PC at Different
Laboratory Weathering Durationsa

Tonset Tmax

T0 T1 T2 T3 T0 T1 T2 T3

HDPE 439 ± 7 428 ± 2 433 ± 6 438 ± 2 478 ± 0 480 ± 3 479 ± 2 475 ± 9
LDPE 418 ± 3 415 ± 5 418 ± 3 418 ± 2 468 ± 5 470 ± 5 472 ± 4 474 ± 4
PP 394 ± 3 398 ± 7 397 ± 5 394 ± 11 449 ± 5 458 ± 1 455 ± 1 451 ± 5
PS 382 ± 6 384 ± 2 384 ± 4 384 ± 2 428 ± 10 432 ± 4 431 ± 3 433 ± 9
PC 443 ± 5 454 ± 4 442 ± 4 446 ± 8 474 ± 11 494 ± 14 478 ± 8 498 ± 4

aThe ± data represent standard deviations of three replicate analyses.
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chains, leading to chain scission and the formation of shorter,
more volatile chains that are more readily detected during
pyrolysis.43 Consistently, it has been observed that oxidized
polyethylene yields a higher proportion of lower molecular
weight hydrocarbons after simulated photooxidation,43

although further research is needed for the exact mechanism.
To focus on plastic weathering products and additives, we

applied the low temperature mode (350 °C for 0.3 min) of
Pyr-GC/MS. In this mode, samples were heated below the
Tonset of plastics, promoting the preferential release and/or
decomposition of additives and weathered products due to
their lower molecular weights and bonding energy. Since a
much higher temperature is needed to pyrolyze the plastic
backbones, this mode also allows a higher amount of sample to
be pyrolyzed, thus greatly enhancing the signal/noise ratios of
the weathering products and additives. Several additives were
identified from the fresh plastics tabs (Figure S1), including
bisphenol A in LDPE, butylated hydroxytoluene (BHT) in
HDPE, 2,4-ditert-butylphenol (2,4-DtBP) in PP, and plasti-
cizer diethyl phthalate in PS. However, these additives were
not detectable in every subsample of the same tab, indicating
that they were not homogeneously distributed in the plastic
polymers. This may explain why the relative intensities of the

additives were not constant across the weathering stages. For
instance, the intensity of BHT in HDPE samples remained
stable at T1 but decreased at T2 and T3, although this change
could also be due to the migration of additives during
weathering.44 The heterogeneous distribution or migration of
additives during photooxidation would have created different
concentrations of additives in plastics, and the absence and/or
loss of additives may result in the weakening of the protection
from weathering,44 as well as different physicochemical
properties of the plastic surface.

Newly formed compounds from the weathering of plastics
were also identified by low-temperature pyrolysis (Figure 3 and
Figure S5). To facilitate comparison, these compounds were
grouped based on their functional moieties, including alkane,
alkene, ketone, alcohol, aromatic, phenol, heterocyclic, acetic,
aldehyde, ester, ether groups, and CO2, based on established
protocols.45 In a semiquantitative way, the different compound
groups, excluding the additives aforementioned, were normal-
ized by the sample weight based on their peak heights.

The total intensity of plastic pyrolyzates varied between
polymer types and the weathering time. The pyrolyzates of PS
had the highest total intensity, while those of other types of
plastics shared similar intensities. PS contains a large fraction

Figure 3. Weight normalized composition of pyrolysis product groups identified through low-temperature pyrolysis of HDPE (A), LDPE (B), PP
(C), PS (D), and PC (E) from laboratory weathering experiments. The total peak areas of different chemical classes were normalized by the sample
weight. Data are the averages of triplicate normalized peak areas; error bars represent the standard deviations.
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of aromatics, which may have generated more photo-
degradation products due to their high sensitivity to light.
Additionally, given that PS has the lowest TG onset
temperatures among all the polymers, around 380 °C (Table
1), which is close to the pyrolysis temperature (350 °C), more
pyrolyzates are expected from PS and its weathered products.
For example, as much as 3% of PS underwent thermal
degradation at this temperature (Table 1). The total intensity
of pyrolyzates from HDPE remained constant with time, while
those of LDPE and PS increased and those of PC and PP
decreased. These trends may be related to a balance between
the production of new compounds and their loss to water. For
example, the decrease of the pyrolyzates from PC and PP may
be due to the loss of photodegradation products to the water
due to fragmentation or peeling off of the oxidized surface, an
observation consistent with the SEM results (Figure 2).

The pyrolysis of fresh plastic tabs mainly produced n-alkanes
(C10−C24 n-alkanes for HDPE, C14−C29 for LDPE, C10−C24
for PP, and C20−C32 for PC), with PS producing primarily a
styrene monomer and oligomers (dimer and trimer); these
compounds likely originated directly from the backbone
structures of the plastics. We also found unsaturated
compounds, such as alcohols for HDPE and PP, ethers for
LDPE, and phenols for PC, as well as CO2. With increasing
weathering time, the content of oxygen-containing compounds
increased, while the content of major pyrolyzates from the
backbone structure, such as n-alkanes, decreased. For example,
acetic compounds appeared at T3 for HDPE, LDPE, and PS,
and at T2 for PP and PC; alcohols in HDPE increased from T0
to T2, and in PS they increased from T0 to T3. These oxygen-
containing compounds likely originated mainly from photo-
oxidation products.

When plotting the major pyrolysis products against the
oxidation index (Figures S5 and S6), the contents of major
products negatively correlated with their oxidation indices
except for PC (the Pearson correlation coefficients were −0.76,

−0.99, −0.46, and −0.70 for HDPE, LDPE, PP, and PS,
respectively; 0.20 for PC). This correlation indicates that as
photodegradation proceeded, more oxygen was incorporated
into the plastic structures, shifting the composition of major
pyrolyzates. The identification of acetic and ketone com-
pounds at the late weathering stages (T2 and T3) also indicated
the incorporation of oxygen into plastic structures, such as
through chain scission reactions.4,38 In addition, the pyrolysis
results of PC were consistent with the SEM findings, where PC
had the highest weathering signal on T2, indicating that PC
underwent a weathering process similar to that of PP. Notably,
a prominent weathering signal was observed in PC at T2,
followed by its disappearance, which can be attributed to the
loss of the weathered plastic surface. Overall, the low-
temperature pyrolysis results provide insights into the extent
of plastic weathering and show that pyrolysis can be used as a
semiquantitative approach for assessing plastic weathering.

Hypothetical Weathering Mechanisms in the Surface
Layers of Macroplastics. Building on the presented results,
we propose the following photooxidation pathways for surface
layers of different plastics (Figure 4) based on the oxygen-
containing compounds identified and oxygen indices from
FTIR, as well as on relevant studies.4,17,19,37,38 Plastic
weathering begins with the generation of alkyl radicals upon
UV exposure20 (Figure 4, reaction ①), and the alkyl radicals
further undergo β-scission, forming vinyl compounds, as
indicated by the increase of C�C index from the FTIR
results46 (Figure 4, reaction ②). Alkyl radicals can also react
with hydroxyl radicals in water, producing alcohol com-
pounds,19 as indicated by the increase of alcohol groups of
plastic pyrolyzates and R−OH index from the FTIR results
(Figure 4, reaction ③). Additionally, alkyl radicals react with
O2, forming peroxy radicals and alkoxy radicals47 (Figure 4,
reaction ④). The unstable peroxy radicals can be decomposed
by hydrogen abstraction from the water to form aldehyde and
hydroxyl radical48,49 (Figure 4, reaction ④) or from the

Figure 4. Hypothetical photochemical pathways of plastics under laboratory weathering conditions.
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adjacent chain (discussed in reaction 10). Alkoxy radicals
further undergo β-scission, generating alkyl radicals and ketone
compounds,50 as shown in the C�O index of FTIR results
and the ketone compounds in the plastic pyrolyzates (Figure 4,
reaction ⑤). The ketone compounds, following UV exposure,
can undergo two Norrish reactions:51,52 Norrish I reactions
produce acyl and alkyl radicals53 (Figure 4, reaction ⑥),
wherein the acyl radicals are oxidized by O2 and release CO2
after hydrogen abstraction and chain scission, as shown by the
increase of CO2 in the plastic pyrolyzates (Figure 4, reaction
⑦). Acyl radicals can also combine with hydroxyl radicals from
water, forming acetic compounds,4 which were observed from
the acetic groups in plastic pyrolyzates (Figure 4, reaction ⑧).
Norrish II reactions generate ketone and vinyl compounds
through hydrogen transfer and subsequent β-scission,54
matching with the FTIR and pyrolyzate results aforementioned
(Figure 4, reaction ⑨). Furthermore, peroxyl radicals combine
with alkyl radicals55 and oxidize to form ketone and ester
compounds, which was observed from the ketone and ester
groups in plastic pyrolyzates (Figure 4, reaction 10). Overall,
the increasing C�C and C�O signals during weathering
indicate the prevalence of chain scissions induced by Norrish II
reactions. The dominance of R−OH groups after weathering
suggests that water played an important role in plastic
weathering, providing hydroxyl radicals that fuel chain
reactions, different from plastic weathering in air environ-
ments.19 The diffusion of oxygen from water to plastics may
have also been more constrained than that in the air
environment, potentially inhibiting chain reactions that rely
on the availability of oxygen.

Overall Resistance of Macroplastics to Photodegra-
dation. Despite the pronounced oxidation observed in the
surface layer, the inner part of the plastics remained nearly
intact after an equivalent of 25−75 years of natural UVA
irradiation. This resistance could be attributed to the thickness
of the plastic tabs (1.6 mm) and the additives present. Oxygen
penetration is limited to a thin surface layer,3 typically a few
hundred micrometers, which varies by the polymer type.56−58

Given the thickness of our plastic tabs, oxygen diffusion into
the interior should be minimal. Most studies use plastic
powder or thin film to assess weathering impacts on plastics,
allowing for rapid detection of changes and shorter experiment
durations. However, in our study, the thicker plastic tabs with a
much lower specific surface area greatly limited the contact of
UV light and oxygen from the surface to the inner part of the
plastic. For example, when compared to 100 nm spherical
particles, the specific surface area of the plastic tabs in this
work was 4 orders of magnitude less. This translates to an
equivalent of just 1 day of exposure for 100 nm particles,
despite 75 years of UVA exposure for the plastic tabs based on
the calculation from the surface area and weight, assuming the
smooth surface and homogeneity of plastic. Thus, plastic tabs
or any macroplastics receive much less UV radiation in terms
of their surface area in natural environments.

Moreover, the rate and extent of weathering are influenced
by the concentration of oxygen.3 As the oxygen within the
plastic tabs is depleted through the aforementioned photo-
degradation reactions, additional oxygen needs to diffuse from
the surrounding environment for the oxidation to further
proceed. However, in our study, plastic tabs were immersed in
seawater, which may provide less oxygen compared with air
environments. This oxygen diffusion is a “bottleneck” in water
environments,3,58 with oxidation often limited to a thin surface

layer, typically on the order of hundreds of micrometers, e.g.,
for polyolefins.56,58 This may be particularly true in our study
because of the thickness of the plastic tabs. The oxygen
limitation appeared to be more pronounced in the later stages
of weathering (T2 and T3), where a prominent signal of vinyl
and alcohol compounds was observed in the FTIR results.
Notably, these reactions do not require the presence of oxygen.

Additives may have also contributed to this overall
resistance, as several types of antioxidants, including BHT
and 2,4-DtBP, were identified, which protect plastics against
oxidation. In addition, small amounts of titanium and
aluminum were also identified with energy dispersive spec-
troscopy (EDS) (unpublished data), which may serve as an
inorganic pigment or economic flame retardant,28,59 also
increased the opacity of plastic, hindering the penetration of
UV.

Consistently, the degradation process of plastic has been
generally demonstrated as unidirectional, from the surface
toward the center, with more characteristic changes on the
surface.60 Surface degradation makes the plastic more prone to
breakage and fragmentation and increases the chances of
microplastic generation, especially in the presence of
mechanical forces.3 In addition, the degradation processes of
plastics, from macro- to micro- and nanosized particles, are
likely an exponentially accelerating process based on the
change of the specific surface area with size. From both field
surveys and lab simulations, primary plastics shed secondary
microplastics exponentially into the surrounding environment,
with smaller primary plastics fragmenting faster.61−63 The
plastic tabs, as primary macroplastics, in this work, however,
remained nearly intact both physically and chemically after
exposure to UVA for up to an estimated equivalent of 75 years,
along with mechanical abrasion. Our results demonstrate a
much slower rate of photodegradation compared to many
other studies, where microsized plastic standards without
additives were used.17,19,64 Furthermore, many types of plastic
debris encountered in the coastal regions are single-use bottles,
caps, bags, and packaging boxes, which are similar to the
analyzed materials here.65,66 Despite experiencing natural
weathering, these macroplastics may exhibit an extended
residence time and a slow degradation process.

Environmental Implications. The results of this work
demonstrated that photodegradation in water environments
predominantly occurred in the surface layer of macroplastics,
with minimal impact on the bulk plastic properties after an
equivalent of 25−75 years of UVA irradiation. Different types
of plastic share similar radical chain reactions, such as Norrish
reactions and hydroxy formation. However, the plastic types
exhibited varying susceptibilities to weathering, which can be
attributed to their specific chemical composition. Weathering
resulted in the incorporation of oxygen into the plastic surface
and the loss of the weathered surface to ambient environments.
To our best knowledge, this study is the first to categorize
plastic pyrolyzates into different chemical groups and to further
use their relative quantities to indicate the weathering status of
plastics. Overall, this work highlights the importance of size,
morphology, and additives in determining the extent of
weathering, thus cautioning the generalized extrapolation of
laboratory results to the environment. Further research should
encompass a broader range of plastic types, including textiles,
with different properties and sizes, to accurately estimate
plastic weathering in the marine environment.
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