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Abstract

Plastic debris in coastal environments usually undergoes weathering due to various
environmental conditions. However, the weathering effects on exposed and shaded sides of the
same plastics are underexplored. In this study, 1573 plastic fragments were collected from 15
coastal sites worldwide between December 2021 and December 2022, and weathering
experiments were conducted outdoors. The field investigation showed significant two-sided
weathering differences of plastic fragments. The weathering morphology included biota, cracks,
delamination, discoloration, etc. The weathering degree was assessed with three metrics, i.e., line
density (0 to 58 mm/mm?), surface loss (0 to 92%), and texture index (0 to 2). The 3D magnitudes
of these three metrics revealed the two-sided weathering differences of plastic fragments.
Specifically, 43% of the samples had magnitudes > 5, indicating significant differences. Outdoor
simulations suggested that sun-exposed sides developed more cracks, pores, and bubbles, while
shaded sides remained smoother. After 12 months, the line density increased from 2.85 to 9.23
mm/mm? for polyethylene (PE) and 4.16 to 8.47 mm/mm? for polypropylene (PP) (p <0.05). The
carbonyl index increased from 0.50 to 1.70 (PE), from 0.18 to 1.10 (PP), and from 0.45 to 1.57
(polyvinyl chloride). This increase indicated oxidative degradation on sun-exposed sides. Our
results highlighted the uneven degree of weathering on both sides of the same plastic fragment
due to different environmental factors. The study provided critical insights for creating more
accurate models to predict plastic degradation, which will help inform global strategies to reduce

plastic pollution.

Keywords: Plastic fragments, coastal environment, surface aging features, weathering

differences



1. Introduction

Plastic pollution has become a critical environmental issue due to the prolonged rise in
global plastic production and consumption. Approximately 8-12 million metric tons of plastic
enter the oceans annually, contributing significantly to marine debris [1]. When mismanaged and
discarded plastic debris accumulates in the environment, it usually undergoes weathering and
breaks into smaller fragments due to environmental stress [2,3]. Moreover, these plastic products
typically break into small pieces of 5 mm to 25 cm [4]. The widespread distribution of plastic
debris on beaches causes damage to marine ecosystems and poses potential risks to human health
[5,6]. Plastic fragments serve as transitional forms between larger plastic debris and
micro/nanoplastics (MNPs) to understand the release of smaller particles into the environment
[4,7]. Therefore, it is crucial to study the weathering and fragmentation of plastic fragments to
assess their broader environmental impact.

The weathering process of plastic fragments in beach environments is primarily driven by
ultraviolet (UV) radiation, mechanical abrasion, and biodegradation [8,9]. When plastic fragments
undergo natural aging, their surface weathering features become increasingly complex [10].
Generally, plastics develop cracks, pits, holes, and other surface aging morphology [11]. Previous
studies revealed a strong correlation between UV exposure and surface morphology in plastics.
For example, polystyrene fragments exhibit surface cracks after 8 weeks of weathering, but UV
exposure causes comparable damage to polyethylene terephthalate and polyvinyl chloride (PVC)
in just 7 days [12,13]. In our previous works, crack line density has been proven to be a valuable

metric for assessing the weathering of plastic fragments [ 14]. Furthermore, the structure of plastic



changes under various environmental conditions, which may result in distinct morphological and
chemical alterations, such as a reduction in crystallinity [15,16]. For instance, foam floating on
the sea surface is often in a state that one side exposed to the irradiation of the sun and the other
is immersed in seawater. This state is likely to lead to significant differences of the changes
between the sides of the foam foams [17].

So far, it is still unclear if there is a surface difference in the weathering degree of the same
sample of the hard plastic fragments. More research focuses solely on the surface changes of one
side of plastic fragments and overlooks the other side. This one-sided approach restricts the
understanding of plastic aging and degradation processes. It largely neglects the influence of
different environmental conditions (e.g., the periodic variation of waves) on the opposite surfaces
of the fragments. A comprehensive study of the differences between both sides of plastic fragments
is crucial for uncovering the natural mechanisms of aging and fragmentation.

In this study, we conducted a large investigation on the weathering features of plastic
fragments worldwide and outdoor weathering experiments. We aimed to determine whether
weathering differences existed between the two sides of plastic fragments and to explore the
underlying reasons for these differences. The results will improve our understanding of plastic
fragment aging and fragmentation mechanisms. It also provided valuable insights for mitigating

plastic pollution by presenting a more accurate pattern of plastic degradation in the environment.

2 Methods and materials
2.1 Sampling areas and sample collection

Between December 2021 and December 2022, massive visually identifiable plastic
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fragments were collected from 15 coastal sites (Fig. 1). These fragments typically have a width-
to-height ratio >10 and uniform thickness with no curling. Based on OSPAR [18], we did the
sampling work following the actual situation. Specifically, a 100-meter section of the coastline
was randomly selected at each site, and all visible plastic fragments within this area were collected.
This involved visually scanning the beach surface and carefully retrieving fragments directly from
the uppermost layer of sediment. In addition, fragments were sorted in aluminum foil bags and
labeled with the sample site information for later analysis. Several quality control measures were
employed to maintain sample integrity and prevent cross-contamination. Each fragment was

handled with clean stainless-steel forceps to avoid contamination between samples.
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Fig. 1. Map of sampling locations.
2.2 Preprocessing and image acquisition of plastic fragments samples

The plastic samples were categorized according to the presence or absence of visible

biological or unidentified material attachments. Plastic fragments with visible attachments were



stored separately in labeled zip-lock bags. The remainder of the samples were thoroughly cleaned
with anhydrous ethanol and 30% hydrogen peroxide before storage. Both sides of each plastic
fragment were photographed for overall appearance and microscopic images. For overall
appearance images, macro photography was taken using an 8.5-megapixel digital camera (Sony
FDR-AX60) to capture high-resolution images. According to these images, the dimensional
characteristics (i.e., thickness, Feret diameter, and color) of each plastic fragment were measured
and recorded. Thickness (mm) was measured using a vernier caliper, while the Feret. diameter
(Feret., mm?) was determined using Image] software (version 3.2.34). Microscopic images were
photographed using a Zeiss Discovery V8 microscope (Carl Zeiss Micro Imaging GmbH,
Gottingen, Germany) with CapStudio software with 5x magnification. Each fragment was
photographed on both sides, and the number of images per sample varied depending on the size
of the plastic fragment. These microscopic images facilitated the identification of weathering
features such as cracks, delamination, bio-adhesion, and discoloration on both sides of the

fragments.

2.3 Identification of polymer types in beach plastic fragments

A Fourier Transform Infrared Spectrometer (FTIR; Thermo Fisher Scientific, Nicolet iN10,
USA) and a micro-Fourier Transform Infrared Spectrometer (u-FTIR; Thermo Fisher Scientific,
Nicolet iN10, USA) were employed to determine the polymer composition of all plastic fragment
samples. Most samples were analyzed using the FTIR in Attenuated Total Reflectance (ATR)
mode, with an 8-second scanning time. ATR mode was selected for its ability to mitigate issues

with the carbonyl peak’s high extinction coefficient to ensure more precise polymer identification



[19]. Those samples smaller than 2.5 mm were analyzed using pu-FTIR. This method allowed for
a scanning time of 16 seconds at a resolution of 4 cm™1. Each sample was scanned at least three
times. All spectra was matched against Thermo Fisher's commercial spectral library, and a match

of 70% or higher was deemed sufficient for reliable polymer identification [20,21].

2.4 Outdoor weathering experiment for plastic fragments

For the outdoor weathering experiment, we selected three common blue plastic materials
frequently found in plastic debris, i.e. polyethylene (PE), polypropylene (PP), and PVC. All
materials were sourced from Pepe Plastic Material Company (China) to ensure consistency in
quality and shade across the samples. Each material was cut into sheets measuring 12 cm by 4 cm
and 1 mm thick. Three replicates were set up for each plastic type, and the materials were mounted
on stainless steel frames by clips (Fig. S1). The setup positioned one side of each plastic piece
toward the sun while the other faced the shade. It simulated the uneven solar intensity experienced
on both sides in a natural environment. The mean annual solar radiation intensity was 4.47 = 1.04
kWh in the experimental area. This value closely matched the solar intensities at field sample sites
S8 and S9, where the intensities were 4.55 kWh and 4.94 kWh, respectively (Table S1). Samples
were collected for imaging analysis at 8 and 10 months. In addition, we examined the infrared
spectra using FTIR and calculated the carbonyl index (CI) using SpectraGryph 1.2 software. Data
extraction and calculation methods for weathering experiments were performed similarly in plastic

fragments from beach environments.



2.5 Quantitative metrics for texture characteristics of plastic fragments

Three key metrics were employed to quantify the surface weathering features of plastic
fragments. (1) Crack line density (mm/mm?) referred to the total crack length within a specified
area. Original color images were converted into 8-bit grayscale and then binarized using an
appropriate threshold to distinguish cracks from intact areas. (2) Surface loss (%) referred to the
proportion of the damaged or lost area of the plastic fragments relative to the total sample area. (3)
The texture index quantifies irregular surface wvariations that extended beyond visible
morphological features such as cracks, delaminations, and pits. It was difficult to capture these
subtle variations with standard segmentation methods, so they were analyzed using the gray-level
co-occurrence matrix (GLCM) in MATLAB. First, the images were imported and converted to an
8-bit format. Then, the "graycomatrix" and "graycoprops" functions were used to generate the
matrix and extract feature vectors. While GLCM was used to calculate multiple texture parameters,
the focus was on “entropy” and “contrast”, which best capture surface irregularities. The GLCM
method is robust across different images, and the algorithm was simple and easy to implement.
Therefore, the texture index was calculated by multiplying “entropy” and “contrast”. Compared
to traditional methods, this metric precisely measured complex surface features. Using the image
textures of plastic fragments to quantify the physical degradation characteristics of different
polymers offered a comprehensive perspective on natural aging properties. We could compare
weathering characteristics across scales and establish a meaningful connection between
morphological and chemical change (Text S1).

It is important to note that not all plastic fragments in the sample exhibited cracks or



surface loss. It meant that the sole index could not be enough to represent all surface morphologies.
To solve this problem, this study conducted a comprehensive 3D analysis, with line density,
surface loss, and texture index assigned to the X, y, and z axes, respectively. The overall surface
complexity of the plastic fragments was quantified by calculating the “Magnitude”, and the

distance from each (X, y, z) coordinate to the origin (0, 0, 0). The equation is as follows (1):

Magnitude = ./Line density? + Surface loss? + Texture index? (1)
Equation (1) consolidates the three metrics into a single value, providing an overall
measure of surface texture complexity. This study presented these metrics in a multidimensional

space, a common approach to better capture the intricacies of surface features [22,23].

2.6 Data analysis

Statistical analyses and graph generation were performed using SPSS Statistics 20 (IBM
Corp., Armonk, NY, USA), MATLAB R2020b, and Origin2024 (OriginLab, Massachusetts, USA).
The normality of the metric data for crack line density, surface loss, and texture index was assessed
using the Shapiro—Wilk test. The Kruskal-Wallis non-parametric test was applied to examine for

non-normally distributed data.

3 Results and discussion
3.1 Divergent weathering changes on two sides of plastic fragments

In the current study, the plastic fragments were predominantly composed of PE (46%)
and PP (48%) (Fig. S2 A). Over half (52.4%) of samples had a thickness of 0.5—-1.5 mm and nearly

half (47.8%) measured 10-20 mm in size (Fig. S2 B, C). Blue and white fragments were the most



common (Fig. S2 D). The surface of these plastic fragments exhibited various morphological
features such as cracks, delamination, chalking, and wrinkles (Fig. S3). These weathering features
exhibited significant differences on both sides of the plastic fragments. Three typical types of two-
sided differences were observed, i.e., presence or absence of bio-adhesion (Fig. 2 A, B),
distribution of weathering features such as cracks and delamination (Fig. 2 C-F), and color
changes with one side showing noticeable discoloration (Fig. 2 G, H).

The uneven environmental stress contributed significantly to differences observed
between the two sides of plastic fragments. Typically, drifting and flipping caused by wind, water
currents, and biological attachment result in different levels of exposure on each side [24,25]. For
instance, wave action exerted mechanical and chemical erosion on the surface of plastic fragments,
making the surface rougher and gradual decomposition [26]. Moreover, nutrients, moisture, and
oxygen support the biofilms on plastic surfaces in marine environments [27,28]. The bacteria and
fungi enhance the growth of biofilms, especially in warm, humid conditions and appropriate
temperatures [29,30]. Prolonged exposure to UV radiation on plastic fragments made the polymer
chains broken on the exposed side and the surface rougher over time [31]. Salts and chemicals in
seawater reacted with the plastic and create a rougher texture on one side, while the other remains
smoother [32,33]. High salinity in marine environments led to salt crystallization, accelerate aging
and mechanical wear from waves [34,35]. Additionally, photo-oxidation and material stress
responses cause color changes on the plastic fragment surfaces and affect properties such as tensile

strength and fracture strain [36].
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The other side

Bio-adhesion

Crack

Surface loss

Color degradation

Fig. 2. Typical two-sided difference type of coastal plastic fragments. Biota samples (A, B), visible cracks
samples (C, D), delamination (E, F), degradation and discoloration (G, H). Scale bar = 0.5 mm.

3.2 Quantification of weathering differences between two sides of plastic

fragments

We used three key metrics to quantify the weathering features of plastic fragments. They
were line density, surface loss, and texture index, with values ranging from 0.00 to 58.00 mm/mm?,

0.00 to 92.12%, and 0.00 to 1.51, respectively (Fig. 3). After the data for each metric was sorted
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in ascending order, most samples fell within the lower range. Specifically, 69.36% of the samples
had a line density between 0—5 mm/mm? (Fig. 3A); 65.35% showed surface loss between 0-5%
(Fig. 3B); and 46.76% exhibited a texture index between 0-0.1 (Fig. 3C). The results showed that
most fragments had undergone very short environmental expose. This led to limited physical,
chemical, or biological degradation, and stable surface characteristics [37]. However, few samples
might have undergone prolonged environmental exposure and showed significant altering their
surface weathering features [38,39]. Under natural conditions, increased cracking and surface loss
caused the surfaces of plastic fragments to become more brittle [40]. This process generated
smaller microplastics and increased the risk of toxic substance release in marine life and coastal
ecosystems [41]. This observation contrasts with most laboratory studies, which predominantly
emphasize parameters such as contact angle, carbonyl index, and crystallinity. Historically,
methods for inspecting plastic surfaces have varied significantly, with differences in magnification
and examined area, making it challenging to achieve consistent, quantitative assessments. We
compared this study with other relevant research in quantitative descriptions of polymer
weathering (Table S2).

In addition, we analyzed the differences in value in each metric between the two sides to
examine the two-side difference. The results showed that about 50% of the plastic fragments had
a large two-sided difterence (Fig. 3D-F). The main cause of this difference was inconsistency in
environmental exposure, such as biological oxidation, soil adhesion, and seawater erosion [42-44].
Some samples, however, were supposed to be exposed in different orientations or positions for

extended periods, which resulted in one side undergoing more severe external erosion [37].
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Fig. 3. Distribution of line density, surface loss, and texture index of both surfaces of plastic fragments

from coastal environment. Left-hand plots show the sorted distribution of line density (A), surface loss (B),

and texture index (C) for both fragment surfaces. Right-hand plots present the sorted absolute differences for

the same metrics (D-F). “The sorted index values” refers to the sample numbers organized in ascending order
based on the data values.

The three-dimensional comprehensive assessment system was used to quantify the surface
texture degree of plastic fragments across three metrics. Results showed that 46.73% of samples
had magnitudes between 0 and 5, with the remaining samples having a magnitude above (Fig. 4
A, B). The quantification of surface texture in plastic fragments directly reflected their aging

degree, i.e., the more complex the texture, the higher the degree of weathering [45]. Furthermore,

according to the analysis of two-sided differences, 43.04% of samples had weathering
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differences >5 (Fig. 4 C, D). It was likely due to environmental or physical disturbances. The
prevalence of these differences further demonstrated the uneven aging of the two sides of plastic
fragments [45]. Multidimensional analysis has been widely applied in neuroscience and big data
analytics to manage high-dimensional data efficiently and make intricate patterns more

comprehensible [46].
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Fig. 4. Three indicator 3D distributions of the quantified surface morphology of beach plastic
fragments. (A, B) Value of all indicators; (C, D) Absolute value of difference between two sides. The x, y, and
z axes represent line density, surface loss, and texture index, respectively, while the size of the spheres

represents a specific quantitative variable, indicating its magnitude in the dataset.

3.3 Outdoor simulation of the difference between two sides of plastic fragments

In outdoor simulation experiments, blue plastic sheets made of PE, PP, and PVC showed
distinct differences between the sun and shade sides after outdoor aging (Fig. 5). The surfaces of

PE and PP showed cracks and craze (Fig. 5C, I), and PVC showed bubble-like textures (Fig. 50).
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In contrast, the shaded side surfaces displayed only slight discoloration and retained smoother
textures (Fig. SF, L, R). Both sides of these materials' initial state were soft and flat with little
noticeable differences (Fig. S4). Our simulation experiments demonstrated that UV radiation
accelerated plastic weathering through photochemical reactions, leading to polymer degradation
and oxidation. These effects were especially evident in the color changes, with blue plastics
showing the most severe degradation [47]. Sun-exposed surfaces of plastic pieces were more
oxidized than shaded surfaces. Specifically, UV-exposed PP syringes became opaque and lost
tensile strength after prolonged exposure [48]. The minimal changes on shaded plastic pieces
confirm that UV radiation is the primary driver of degradation. UV exposure and high
temperatures led to surface cracking through polymer scission, cross-linking, and embrittlement
[14,49].

Different plastics showed distinct weathering patterns under sunlight. PE and PP are
polyolefins with long hydrocarbon chains and are susceptible to photochemical oxidation and
cracking under UV exposure. As observed in previous studies, the exposure leads to molecular
chain breakage and the formation of surface cracks and fissures [50]. As for PP, photooxidation of
hydrocarbon bonds generates oxidized products such as ketones and aldehydes that accelerate
aging [51]. On the contrary, chlorine atoms in the main chain of PVC are somewhat UV-stable.
However, they also initiate dehydrochlorination reactions, releasing hydrochloric acid and a
bubble-like texture [52]. This can further degrade the surface. Under the combined effects of UV
radiation and temperature fluctuations, PE and PP became brittle and developed cracks.

Meanwhile, PVC formed a typical bubble-like aging characteristic under similar conditions

15



[53,54]. Based on our simulation experiments, it can be inferred that the side of the field plastic

fragments with cracks, bubbles, or discoloration are more likely to be sun-exposed.
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Fig. 5. Surface texture changes of polyethylene (PE), polypropylene (PP), and polyvinyl chloride (PVC)

sheets after outdoor aging. The scale bar = 0.5 mm. Craze refers to early microcracks on the surface of

materials like plastics.

The main weathering indices of PE, PP, and PVC on the sun-exposed side changed

significantly over time (Fig. 6). After 12 months, the line density increased from 2.85 to 9.23

mm/mm? for PE and 4.16 to 8.47 mm/mm? for PP (p < 0.05, Fig. 6A, D). Similarly, the texture

index on the sun-exposed side of PP increased from 0.096 to 0.31 (p < 0.05, Fig. 6E), whereas



there was no significant change on the shaded side. PVC showed visible bubbles and fluctuations
in the texture index after 8 month, but there was no noticeable change on the shaded side (Fig.
6H). Infrared spectroscopy showed pronounced changes in carbonyl groups on the surfaces of the
plastic fragments (Fig. S5). The carbonyl index (CI) increased significantly across all materials,
i.e., from 0.50 to 1.70 (PE), 0.18 to 1.10 (PP), and 0.45 to 1.57 (PVC) (p < 0.05, Fig. 6C, F, I).
This result confirmed the occurrence of oxidative degradation on the sun-exposed sides. The
formation of carbonyl groups and changes in the CI indicated photo-oxidation. Differences in
crack patterns between PP and PE were attributed to variations in polymer structure and
crystallinity [55]. For PVC, UV exposure led to discoloration and oxidation, producing a bubbly

due to the release of gases such as chlorine [56].
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Fig. 6. Quantitative analysis of surface texture and aging characteristics on the sun side and shaded
sides of polyethylene (PE), polypropylene (PP), and polyvinyl chloride (PVC) sheets after outdoor

weathering. (Different lowercase letters indicate significant differences, p < 0.05)
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3.4 The significance of exploring two-sided differences in plastic fragments

The two-sided weathering differences of beach plastic debris are common but often
overlooked in environmental studies. Much of the existing research on plastic aging and
fragmentation focused on one of the sides and neglects the potential impacts of the other side. This
one-sided approach may lead to an incomplete understanding of how plastic fragments interact
with the environment. A comprehensive study of both sides is necessary to fully reveal the
mechanisms of action of natural aging and fragmentation.

Exploring two-sided weathering differences in beach plastic fragments enhanced our
understanding of aging and fragmentation mechanisms. Firstly, the surface morphology of plastic
fragments reflects key factors regarding their environmental life cycle and exposure condition.
The formation of cracks and other weathering characteristics in plastic debris is caused by sunlight
and ultraviolet (UV) radiation. Secondly, the plastic fragments are usually affected by uneven
factors, leading to two-sided weathering differences. The side with rich texture characteristics was
more likely to face sunlight, while the side with biological attachment was more often exposed to
seawater. Thirdly, this study also provided critical insights for developing more accurate models
to predict plastic degradation as proposed for the United Nations Sustainable Development Goals
(SDGs) (Text S2) [57].

It is important to note that the real environmental conditions can’t be fully confirmed, so
most simulated studies have certain limitations. We suggest that multiple natural settings should
be considered in future research to deepen understanding of the degradation of plastic debris in

different environments.
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4 Conclusions

In this study, we systematically investigated the two-sided weathering differences of
plastic fragments through field investigations and outdoor experiments. The results showed
significant weathering differences between the two sides of plastic fragments through field
investigation and quantitative analysis. Moreover, the outdoor aging experiments showed that
sunlight and UV radiation primarily led to photo-oxidative degradation. From these results, we
can infer that the side with cracks or discoloration was more likely to face sunlight, while the side
with biological attachment was more often exposed to seawater. This study provided critical
insights for creating more accurate models to predict plastic degradation, aiding global strategies

for mitigating plastic pollution.
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Highlights:

® Plastic fragments exhibited divergent weathering changes on their two
sides.

® Quantification analysis further validated such weathering differences.

@ Ultraviolet radiation was supposed to accelerate aging and increase
weathering differences.

® Consideration of both sides is critical for understanding plastic
weathering.
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