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Abstract: Microplastics pose a significant environmental threat, and understanding their
sources and generation mechanisms is crucial for mitigation efforts. This study investigates
the effects of ultraviolet intensity, temperature, and relative humidity on the degradation
of polyethylene terephthalate (PET) plastics and the subsequent formation of microplastic
particles. PET samples were exposed to ultraviolet (UV) radiation under various envi-
ronmental conditions using the SPHERE (Simulated Photodegradation via High Energy
Radiant Exposure) accelerated weathering device at the National Institute of Standards and
Technology (NIST). Attenuated total reflectance—Fourier transform infrared spectroscopy
(ATR-FTIR) and laser confocal scanning microscopy (LSCM)/atomic force microscopy
(AFM) were employed to characterize the chemical and morphological changes on the
weathered surfaces. This study’s findings reveal that temperature and relative humidity
significantly influence the rate of photodegradation and the characteristics of the generated
microplastics. Higher temperatures and increased humidity accelerated the degradation
process, leading to a higher abundance of microplastic particles. However, larger particles
were observed at higher temperatures due to aggregation. These results underscore the
importance of considering environmental factors when assessing the fate and transport
of microplastics in the environment. Developing strategies to reduce plastic pollution
and mitigate the generation of microplastics is essential for protecting ecosystems and
human health.

Keywords: accelerated weathering; atom force microscopy; confocal laser scanning
microscopy (LSCM); photodegradation; microplastics (MPs); morphological change;
polyethylene terephthalate (PET); surface roughness; UV radiation

1. Introduction

Plastic has become a ubiquitous material in contemporary society, permeating nearly
every aspect of our daily lives, and it is estimated to reach a total of 33 billion tons by
2050 [1]. Over the past few decades, polyethylene terephthalate (PET) has been widely
used in various plastic products [2]. PET is a thermoplastic polymer widely employed in
food packaging applications, particularly bottles, and engineering plastics. Its popularity is
attributed to its cost-effectiveness, low weight, resistance to carbon dioxide permeation,
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and optical transparency [3-5]. Each year, an estimated 300 million tons of plastic waste
are generated worldwide, with around 12.7 million tons reaching the oceans. Plastic waste
can linger and accumulate as hazardous environmental contamination for centuries [6,7].
Photodegradation rate depends on factors like polymer type, shape, and intended use. En-
vironmental factors such as exposure to sunlight, humidity, and temperature can accelerate
the breakdown of plastics, leading to the formation of microplastics [8,9].

Microplastics found in water bodies can be categorized into two main groups: primary
microplastics and secondary microplastics [8]. The size of both primary and secondary
microplastics ranges from 1 pm to 5 mm. Primary microplastics (from consumer products
like cosmetics, personal care items, cleaning agents, and paints) are a major source of
marine pollution when released into sewage effluent [10]. Secondary microplastics are pro-
duced through the weathering and degradation of larger plastic pieces, leading to adverse
effects on ecosystems and human health [11-13]. The accumulation of non-degradable
microplastics has been identified as a toxic threat to aquatic life [14-16]. The accidental
consumption of microplastics by animals can pose serious health risks, and plants growing
in microplastic-contaminated soil may also suffer physiological consequences [17]. Also,
microplastics in agricultural soils originate from various sources, including air deposition,
agricultural practices, and irrigation, and can potentially affect agricultural products [18].
Secondary microplastics have been detected in the digestive systems of various aquatic
organisms, ranging from benthic invertebrates to larger mammals. As these microplastics
are transferred through the food web, and growing concerns about their detrimental effects
on marine life have emerged [19,20]. Both direct and indirect evidence supports the adverse
impacts of microplastics, including interference with reproduction, increased mortality,
and a dose-dependent relationship with physiological stress. These effects manifest in
behavioral changes, immune system disruptions, metabolic abnormalities, and altered
energy balance [1,21-23]. Moreover, recently discovered microplastics in commonly used
sea salts raise concerns about potential health implications for human consumption [8]. Mi-
croplastics, with their potential to harm both human health and the environment, represent
a particularly severe form of plastic pollution [24].

The morphology of the plastic surface changes and evolves as it is exposed to environ-
mental factors. While standard plastics have a smooth flat surface, weathered plastics often
exhibit a rough and uneven texture, characterized by cracks, fractures, pits, and numerous
small fragments. A study conducted on Hawaii’s beaches revealed that polyethylene
(PE) exposed in the natural environment exhibits a higher frequency of pits and fractures
compared to polypropylene (PP), suggesting that PE is more prone to oxidation [25]. An
accelerated exposure study found that the surface appearance of low-density polyethylene
(LDPE) underwent significant changes after 375 h and 500 h of exposure, characterized
by the formation of surface cracks and increased roughness [26]. Scanning electron mi-
croscope (SEM) images of the LDPE bar surface revealed the development of microcracks
during the initial 800 h of exposure. A more pronounced crack pattern became evident
after a prolonged UV exposure of 3200 h [27]. Surface pits and erosion began to appear in
polyvinyl chloride (PVC) after approximately 400 h of UV exposure, with their frequency
and size increasing noticeably over time [28].

PET, a thermoplastic semicrystalline material, undergoes degradation that affects both
its chemical and physical properties, including chain conformation, crosslinking, branching,
crystallinity, and color [29]. While fresh PET surfaces are typically smooth and transparent,
degraded PET often exhibits roughness, brittleness, yellowing, and irregular cracks and pits.
These physical changes, including cracking, embrittlement, yellowing, and flaking, are common
signs of PET degradation PET [30,31]. An accelerated study found that exposure to UV light
and water led to significant surface damage on the PET samples, including cracking and surface
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ruptures [32]. The photo-oxidation of PET involves the oxidation of CH; groups near the
ester linkages, forming hydroperoxide species. These species can then decompose to produce
photodegradation products like carboxylic acids through different chemical reactions [33].

Several investigations have explored how factors such as temperature, humidity, and
the intensity of UV exposure influence PET’s degradation rates and mechanisms [34-37].
While PET can degrade through thermal oxidation, hydrolytic cleavage and photo-
oxidation induced by UV light are more prevalent in typical environmental conditions [34].
The photolytic cleavage of the ester bond in PET triggers degradation, releasing carbon
monoxide (CO), carbon dioxide (CO,), terephthalic acid, anhydrides, carboxylic acids,
and esters [38]. The environmental aging of PET results in both chemical changes and
morphological alterations, characterized by the emergence of a microcrack network in
the surface layer of the degraded polymer, ultimately leading to plastic fracture [39]. At
high UV irradiance, PET exhibits a non-linear relationship between irradiation and yellow-
ing, with increased irradiation leading to more intense yellowing. This diffusion-limited
oxidation allows for the accumulation of yellow products primarily generated through
photochemical reactions [40]. A study found that degradation was most significant at 100%
relative humidity, followed by moist soil (45% RH) and dry soil at 70 °C. However, this
trend was reversed at higher temperatures (80 °C and 90 °C), where degradation rates were
faster in wet soil compared to 100% relative humidity [6].

The impact of UV radiation on weathering processes can be intricate, often interacting
with other elements like temperature and humidity. Many prior studies on the photodegra-
dation of PET have focused on investigating chemical changes in PET properties. This
leaves gaps in our knowledge of how these environmental factors collectively influence
the molecular structure and physical appearance of PET. To fully understand microplastic
formation, new questions about how polymer degradation and fracturing processes are
influenced by environmental aging need to be explored. The chemical, previously shown to
destabilize the amorphous regions of the polymer in our earlier work [34], induced morpho-
logical changes on the PET surface. This study aims to systematically examine the effects of
UV exposure duration, humidity, and temperature on the morphological structure of PET
under simulated environmental conditions. Laser scanning confocal microscopy (LSCM)
and atomic force microscopy (AFM) were employed to identify morphological changes in
the PET surface during UV irradiation. This study’s findings reveal how PET degrades
in different environments, leading to the formation of microplastics. By understanding
the factors that contribute to microplastic formation, strategies can be developed to reduce
plastic pollution and protect ecosystems.

2. Materials and Methods
2.1. Sample Preparation and Weathering

Materials used for this study were PET films obtained from the top portion of post-
consumer water bottles. The film dimension (rectangular pieces) was approximately
(3 to 4) cm by (2 to 3) cm. PET samples were placed in a PIE (Photochemical Internal
Environment) sample holder within the SPHERE (Simulated Photodegradation via High
Energy Radiant Exposure) weathering device at the National Institute of Standards and
Technology (NIST)) chambers. The PIE sample holder (as shown in Figure 1) has four
individually sealed compartments that can accommodate individual PET film exposed
to a fixed humidity level or in a liquid environment. The saturated humidity condition
was achieved by injecting 0.2 mL of distilled water using a syringe to maintain saturated
humid air at 50 °C throughout the exposure period. The relative humidity (RH) level
was measured using a temperature/humidity sensor in the enclosure of the PIE sample
compartment. The daily UV dose was around 13.8 MJ/m? from 295 nm to 400 nm. Exposure
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conditions included three different temperatures (30 °C, 40 °C, and 50 °C) and two different
levels of humidity: dry (<5% RH) and saturated humidity (>95% RH, labeled as SH later
in the text). PET samples were exposed to UV radiation for up to 20 days, equivalent to
approximately one year of natural UV irradiation (annual UV dose is around 294 MJ/m?) in
Florida [41,42],and were retrieved every two days for characterization. There were at least
three replicates in each exposure condition. Attenuated total reflectance—Fourier transform
infrared spectroscopy (ATR-FTIR) and laser confocal scanning microscopy (LSCM)/atomic
force microscopy (AFM) were used for measuring the chemical and morphological changes
on the weathered surfaces, respectively.

Figure 1. Photo of PIE sample holder with four individually sealed compartments.

2.2. Characterizations

This paper focuses on surface morphological changes and microplastic particle forma-
tion. The surface morphology and surface roughness were characterized mainly by laser
scanning confocal microscopy (LSCM), while, for the high-resolution imaging of micro-
/nano-plastic particles (height and shape), atomic force microscopy (AFM) was used.

2.2.1. Laser Scanning Confocal Microscopy (LSCM)

A reflectance LSM 800 laser scanning confocal microscope (Carl Zeiss Microscopy
LLC, Thornwood, NY, USA) was used. Images were taken with laser wavelength at 561 nm
and 50x /0.5, 150x /0.95 air lens at scanning z-step of 0.1 um. The LSCM images presented
in this paper were in two-dimensional (2D) projection (an image formed by summing the
stack of images over the z-direction). Each frame consisted of 1024 pixels x 1024 pixels, or
255.56 um x 255.56 pm, in size. The root-mean-square (RMS) surface roughness (Sq) values
were calculated using Zeiss ConfoMap ST software (version 7.4.8341) using ISO 25178
standard analysis [43] within a scanning area of 255.56 pm x 255.56 pm. Five locations per
sample were randomly selected for imaging and topography data collection. A freeware
Image]J (version 1.46r, Wayne Rasband, NIH, Bethesda, MD, USA) was used to characterize
the quantity and size of the particles formed on the degraded surface of the PET. Five
images per sample and repeated analysis were conducted to ensure accurate and reliable
results. Measurement uncertainties were calculated using standard deviations (SDs) from
at least 15 images (n = 15).

2.2.2. Atomic Force Microscopy (AFM)

A Bruker Dimension Icon AFM microscope (Bruker, Billerica, MA, USA) was used in
the tapping mode. The phase differences reflect the tip-sample interaction and the properties
of individual components in heterogeneous materials. In this study, both height and phase
images were recorded simultaneously with a (512 x 512) pixel resolution at a scan rate of
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0.3 Hz by an antimony-doped silicon probe with a spring constant of ~40 N/m under ambient
conditions (24 °C, ~45% RH). The resonance frequency of the cantilever is approximately
300 kHz. The surface roughness (Sq) of AFM images were calculated within a scanning area
of 50 pm x 50 um from three nearby (70 um apart from the first images) locations.

3. Results and Discussion
3.1. Chemical Changes

Our prior study [34] investigated the chemical degradation of PET when exposed to
different environmental factors, including 100% UV radiation, three temperatures (30 °C, 40 °C,
and 50 °C), and two humidity levels (dry and saturated humidity). UV radiation can initiate
photochemical reactions in PET, causing chain scission in PET to occur in the vinyl-ester bond
at 1713 cm~! and form new functional groups including carboxylic acid, which is confirmed
by its presence at 1685 cm . The chemical changes are evident on the surface exposed to
UV radiation but are not observed on the unexposed or inner surface, as shown in Figure 2.
As evidenced by the decrease in the intensity of the ester bond peak at 1713 cm~! and the
concurrent increase in the carboxylic acid peak at 1685 cm ™! in the FTIR spectra, the hydrolysis
reaction is markedly more prevalent in SH environments (Figure 2a). Therefore, humidity
and UV radiation have a synergistic effect on PET degradation. UV radiation can cause
chain scission, and humidity can promote hydrolysis. The ester bond was found to decrease
more rapidly in humid conditions with UV radiation than in dry conditions, suggesting that
humidity is crucial for chain scission. In addition, temperature is a key factor affecting the
chemical changes in PET, including the breakdown of the ester bond and the formation of
carboxylic acid. The carbonyl index is slightly lower at 50 °C than at 30 °C under both dry and
SH conditions (Figure 2b). Note that the carbonyl index is the indicator for quantifying the
extent of PET degradation over time, and it was calculated by measuring the absorbance at the
peak of 1713 cm~! divided by the absorbance at the peak of 1685 cm ™! (ester/acid ratio) for
the analysis of hydrolysis characterization. This means that PET undergoes thermal treatment
and leads to the initiation breakdown of vinyl esters and the formation of a specific chemical
compound, carboxylic acid, at a peak of 1685 cm ™!, which is higher at 50 °C compared
to a lower temperature of 30 °C. The experimental results consistently demonstrated that
PET undergoes significantly faster degradation when exposed to SH conditions (>95% RH)
compared to dry conditions (<5% RH). This accelerated degradation can be attributed to the
enhanced hydrolysis process, which involves the breakdown of the ester linkages within the

PET polymer chains.
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Figure 2. (a) FTIR spectra for PET under different exposure conditions. (b) Carbonyl index as a function
of exposure time at different temperatures and humidities, as indicated in the legend. Measurement
uncertainties were calculated using standard deviations (SDs) from 33 data points (1 = 33). SDs were
approximately 6%. Symbols represent the mean, and error bars indicate standard deviation (1 = 33).
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3.2. Surface Appearance and Morphological Changes

Figure 3 displays the photos of PET films after being exposed to SH (>95% RH) and
dry conditions (<5% RH) at two different temperatures after 20 days of exposure. PET
films became cloudy and brittle (Figure 3a), and the opaqueness increased with increasing
temperature (e.g., Figure 3c) and exposure time. In contrast, PET films under dry conditions
(i.e., <5% RH) remained transparent and smooth (Figure 3b) and became slightly more
yellow (Figure 3d) with increasing temperature and exposure time.

(a) 30°C (SH)

lcm

1cm 1cm lcm

(b) 30°C (Dry) (c) 50°C (SH) (d) 50°C (Dry)

Figure 3. Photos of PET specimens after 20 days’ exposure to UV /30 °C in (a) SH, (b) dry and
UV/50 °C, (c) SH, and (d) dry conditions. Scale bar is 1 cm.

To investigate the appearance difference on the weathered surfaces, LSCM and AFM
were carried out to characterize the surface morphology. Figure 4 displays PET specimens’
surface morphology (LSCM images) after 20 days’ exposure to UV /50 °C in SH and
dry conditions. The weathered PET surfaces exhibited a significant increase in particle
formation under SH conditions (Figure 4a). In contrast, dry conditions resulted in a minimal
presence of particles, with a few exhibiting noticeable pits or indentations (Figure 4b).
Furthermore, despite the notable transformation of the PET surfaces on the exposed side,
the unexposed side (Figure 4c) remained smooth and free of particles. This result confirmed
that water (moisture) plays a significant role in the formation of microplastic particles in
plastic materials. To determine the chemical composition of the particles generated on the
degraded surface (Figure 5a), the surface was scraped under both dry (not shown here)
and SH (Figure 5b) conditions. These surface particles were associated with degradation
products, for example, carboxylic acid. This was confirmed by the disappearance of the
1685 cm ™! peak after scraping the surface (Figure 5¢c). UV radiation primarily degrades
PET through photo-oxidation, where the surface is most susceptible due to direct exposure.
The degradation process, facilitated by the increased concentration of carboxylic acid, is a
contributing factor to the formation of surface defects. Indeed, water trapped within the
polymer acts as a plasticizer, reducing its mechanical strength and facilitating chemical
degradation through hydrolysis reactions [44]. The findings indicate a correlation between
the formation of carboxylic acid groups on the PET surface and the formation of microplastic
particles in SH environments.
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(b)

Figure 4. Surface morphology (LSCM images) of PET specimens after 20 days’ exposure to UV /50 °C
in (a) SH and (b) dry conditions. The unexposed surface is presented in (c) for comparison. The scale
bar is 50 um.
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Figure 5. The surface morphology (a) at 20 days under 40 °C/SH conditions, (b) after scraping, and
(c) the corresponding FTIR spectra. The scale bar is 50 um.

To examine the topographic characteristics of microplastic particles closely, AFM
measurements were conducted. Figure 6 displays the topography images of two samples
subjected to different weathering conditions (SH and dry). Figure 6a,b illustrates samples
exposed under SH conditions at different locations: (a) near the border (3 cm from the
center of the sample holder) area and (b) in the center area of the exposure PIE cell. Note
that the UV irradiance was higher in the center area (~ 276 MJ/ m?) than that near the
border (~ 259 MJ/m?). Figure 6a shows particles were not in the same plane. The height of
the particles near the border ranges from 2 um to 4 pum and particle size from 1 pm to 4 pum,
exhibiting relatively high roughness with Sq = (830 + 10) nm. In contrast, the particles
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at the center area, with an average height of approximately 2.7 um, display a relatively
flat profile with Sq = (499 + 8) nm. From Figure 6a-b, it appeared that particles began to
grow with increasing UV dose and particles formed agglomerated continuous granules.
However, unlike the topographic image, the phase image (not shown here) reveals low
contrast in the samples. The phase contrast in these samples arises from the variation in
hardness between the grown particles and the flat areas, while the particles that form on the
surface are slightly softer than other areas. Figure 5c displays the sample exposed under
dry conditions. The topography image of this sample shows fewer particle accumulations
(Sq =10.5nm + 1 nm) compared to that on the surface of the SH sample, and particles are
much smaller with no phase differences. The AFM results indicate that the growth and
formation of particle aggregation is sensitive to localized irradiance and moisture levels on
the surface, and this reflects the heterogeneous distribution on the microscopic level.

8 39.8nm

-1.7 um = -28.9nm

Height Sensor 10.0 ym

(a) (b) ()

Height Sensor 10.0 pm Height Sensor 10.0 pm

Figure 6. AFM height images of PET specimens after 20 days’ exposure to UV /50 °C in SH at
two different locations near (a) the border and (b) the center area of the PIE sample holder under SH
and (c) dry conditions. Images are 50 pm x 50 pm.

This heterogeneous formation of particle aggregation on the weathered surface became
more pronounced at a longer exposure time. As shown in Figure 6, for prolonged UV
exposure in SH conditions (100% UV at 50 °C, 30 days of exposure) at two different
locations, particles formed agglomerated continuous granules, and fragmentation occurred
after further degradation. It is clearly displayed in the LSCM images (Figure 7) that
surface morphologies (irregular cracks, fragmentation, surface roughness, etc.) are very
different. Note that uneven yellowing was also observed visually throughout the samples.
High temperatures can cause plastics to degrade thermally, breaking down their polymer
chains. This can lead to reactions with oxygen, like photodegradation, resulting in the
formation of radicals and other degradation products. Both chain scission and cross-linking
are possible during thermal degradation [45]. Additionally, UV irradiation absorbed
by polymer generates radicals, which then reacted with oxygen, forming chain scission
products and oxidized chain ends. Radicals can also combine, leading to crosslinking.
Extended exposure to humid conditions and elevated temperatures led to a progressive
modification of the surface structure, leading to a loss of gloss, increased roughness, and
the development of microcracks. Additionally, the plastics” chemical composition, physical
structure, and shape are also expected to play a role in microplastic formation. These
changes can accelerate the aging of the polymer, especially since the irregular cracks
can grow into deeper layers of the particle, providing a site for fragmentation. This
phenomenon could occur in the longer exposure time. A similar study also showed that
a few microcracks were observed in the PET bottles immersed in seawater for 150 days,
which may be caused by the combination of wind, waves, light, and other factors [30].
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50 pm 50 pm

Figure 7. LSCM images (different locations) of PET surfaces exposed to 100% UV under 50 °C and
SH conditions after 30 days of exposure. The scale bar is 50 um.

3.3. Time Evolution of Microparticle Growth

The LSCM images in Figure 8 were selected from different exposure times and different
temperatures to demonstrate the possible sequence of microplastic particle formation. As
displayed in Figure 8, (a) small particles started to appear, (b) more particles appeared and
particle size increased, (c) particles grew (in size/area as well as in height), (d) particles
continued to grow and connect to adjacent particles, and (e) particles merged and formed
agglomerated continuous granules, and some microcracks appeared on the surfaces. Note
that some shallower microcracks were also observed in the earlier exposure time conditions;
the cause of the microcracks is currently under investigation. Similar crack behavior was
observed in Lin et al. [31] for photovoltaic backsheets under UV irradiations; however,
the causes of the microcracks under environmental stress (UV, T, RH, mechanical) are
very complex and highly dependent on the polymer type. To capture the accurate growth
pattern and understand the mechanism of microplastic generation, an ongoing study to
monitor the particles at the same locations is underway.

@ (b

lncreasing €Xposure time ‘

Figure 8. A series of LSCM images illustrates surface morphological changes and the growth of
microplastic particles with increasing exposure time: (a) small particles appeared, (b,c) more particles
appeared and particle size increased, (d,e) particles continued to grow, merge, and form agglomerates.
The scale bar is 10 um.

The dependence of surface morphological changes and the growth of microplastic
particles on environmental conditions such as UV radiation, humidity, and temperature is
shown in Figure 9. The particles generated at 50 °C are larger compared to those produced
at 40 °C and 30 °C at the same exposure time in the SH conditions (Figure 9). Higher
temperatures promoted carboxylic acid formation, particularly in the amorphous regions
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where particles initially nucleate. A study found that high temperatures can accelerate
the degradation of PET fibers, leading to brittleness and the formation of small cracks [29].
Additionally, elevated temperatures can induce thermal degradation and oxidation, resulting
in the formation of new chemical groups such as vinyl ester and carboxyl end groups [29,34].
Another study indicated that UV-treated PET films buried in soil degraded, forming holes
and microcracks. The material became brittle and fragmented into tiny particles [46]. As
previously discussed, the hydrolysis process on PET surfaces resulted in the generation
of particles, the size and quantity of which were significantly influenced by temperature.
With increasing temperatures, the particles produced became larger in size. Additionally,
the overall number of particles decreased due to the merging of smaller particles at higher
temperatures, as visually depicted in Figure 9. The combined effects of humidity and
temperature play a significant role in the formation and growth of particles on the PET
surface. While the formation of particles was observed under both dry and SH conditions,
the rate of particle growth and the final size of the particles were significantly different. In
dry conditions, the formation of particles was less pronounced, and the size of the particles
remained relatively constant over time. However, in SH conditions, the particles not only
formed more rapidly, but also grew (in size) at a noticeable rate.

4 days

30°C
(SH)

40°C
(SH)

50°C
(SH)

50°C
Dry

100 pm

Figure 9. LSCM images of surface morphologies at different exposure times for three temperatures
(30 °C, 40 °C, 50 °C) under SH conditions; the morphologies under 50 °C/dry conditions are also
shown in the bottom row. The scale bar is 100 um.
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Figure 10a illustrates the relationship between apparent particle diameter and temper-
ature for exposure times up to 12 days. Here, the apparent particle diameter was calculated
by 2 x SQRT (occupied connected pixel area/m), assuming a sphere-like particle. As the
particles continued to grow, merge, and form agglomerates (Figure 8d,e), the shape of
agglomerates was far from a sphere. Therefore, this image analysis method for character-
izing the quantity and size of the particles is only valid for sphere-like particles at earlier
exposure times (<12 days). Additionally, due to the heterogeneous formation of particle
aggregation at longer exposure times, the variance in particle size data becomes quite
large at higher temperatures (50 °C). At 50 °C, particles are larger than at 30 °C and 40 °C,
especially after 6 days of exposure. The particle diameter was around (1.70 + 1.1) pm
at 50 °C, (1.17 £ 0.53) um at 40 °C, and (0.97 =+ 0.44) um 40 °C for 8 days of exposure
time. This suggests that temperature strongly influences particle size over time. While the
particle counts (Figure 10b) at 30 °C are initially higher due to the smaller size of particles,
larger particles at 40 °C and 50 °C tend to agglomerate more readily, leading the software
to recognize them as large individual particles, which results in a lower count after 8 days
at 40 °C and 6 days at 50 °C, respectively.

6000

oc [ ]30°C
[_l40°C il [ Ja0°C
.| Es0C 5000 % [ ]50°C

4000 +

3000 +

Particle Number

2000

ﬁ_ﬁm ﬁ-ﬁ_m o
0 T T T 0
2 4 6

Particle Diameter (um)

8 10 12 2 4 6 8 10 12
Exposure Time (d) Exposure Time (d)

(a) (b)

Figure 10. The (a) apparent diameter and (b) estimated particle count of surface particles at different
exposure times for three temperatures (30 °C, 40 °C, 50 °C) under SH conditions. Measurement
uncertainties were calculated using standard deviations (SDs) from at least 15 images (n = 15).

In addition to the formation of particles, another significant change observed during
the degradation of PET in SH conditions is a marked increase in surface roughness. As
depicted in Figure 11, the root-mean-square surface roughness (Sq) values remain relatively
unchanged in dry conditions across different temperatures. However, in SH conditions,
roughness increases with increasing exposure time; however, the differences in root-mean-
square roughness (Sq) values were not statistically significant due to temperature variations.
This observation is similar to the weak temperature dependence on the chemical degrada-
tion rate in terms of carbonyl index (small differences between 30 °C and 50 °C, as shown in
Figure 2). The main reason can be attributed to the high glass transition temperature of the
PET film. The glass transition temperature of PET is around 80 °C, and the PET remains in a
similar glassy state between 30 °C and 50 °C. Other research found that LDPE films initially
exhibited a smooth, homogeneous, and compact texture. However, upon UV irradiation,
the surface developed roughness in the form of flakes, granular texture, and solution pits
due to oxidation [47]. Additionally, another study mentioned that the degradation process
led to morphological alterations at the macro/microscopic level, including discoloration,
crazing, surface roughness, (micro)cracking, debris formation, changes in crystallinity, and
cross-linking [42], which are consistent with the findings of this study. Another study
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focused on Poly (e-caprolactone) or PCL and found that, at 30% RH, completely smooth
fibers were produced. Both 50% and 70% RH resulted in slight surface wrinkling, while
90% RH led to moderate surface roughness [48].
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Figure 11. Surface roughness (Sq) at different exposure times for three temperatures (30 °C, 40 °C,
50 °C) under dry and SH conditions. Measurement uncertainties were calculated using standard
deviations (SDs) from at least 15 images (n = 15). Symbols represent the mean, and error bars indicate
standard deviation (n = 15).

4. Summary

This study investigated the interdependent effects of UV radiation, humidity, and
temperature on the degradation of PET, a widely used plastic material. The findings of this
study reveal that these environmental factors collectively contribute to the formation of
cracks and particles on the PET surface. UV irradiation absorbed by polymers generates
radicals which then react with oxygen, forming chain scission products and oxidized chain
ends. Radicals can also combine, leading to cross-linking. High humidity levels (>95% RH)
create a more conducive environment for degradation by increasing the moisture content of
the PET material, promoting chemical reactions, and leading to the growth of microplastic
particles and increasing surface roughness. Temperature significantly influences particle
size and aggregation behavior. Higher temperatures accelerate the degradation process,
leading to larger particles and a reduced particle count due to particle agglomeration.
The roughness of PET films was observed to increase in saturated humidity conditions
compared to dry conditions (<5% RH); however, the rate of changes in root-mean-square
roughness (Sq) values were not statistically significant for temperatures ranging from 30 °C
to 50 °C due to the high glass transition temperature (80 °C) of PET film. The in-depth
investigation of crack formation and particle growth is underway.

Additionally, the formation of cracks in PET under UV exposure is a complex process
influenced by photodegradation, hydrolysis, thermal degradation, and stress concen-
tration. These factors can interact in various ways to influence the rate and extent of
degradation. The further study of PET exposed to UV /temperature while immersed in the
water/seawater is ongoing. It is important to note that the findings of this study are specific
to the PET water bottles used and may not apply to other types of PET or other materials.
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