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Abstract

In an accelerated aging experiment involving a wide range of cumulative UV-B radiant
exposures (up to approximately 9.46 x 103 J cm~2), the degradation state of microplas-
tics was assessed using SEM, FTIR, Raman spectroscopy, and DSC, and correlated with
the cumulative UV-B dose. Sunlight-induced photooxidation is a significant weather-
ing mechanism for microplastics. In this study, high-density polyethylene (HDPE), low-
density polyethylene (LDPE), polypropylene (PP), polyvinyl chloride (PVC), nylon, and
polystyrene (PS) were exposed to UV-B radiation under controlled dry conditions at two
irradiance levels (0.06 and 0.6 mW cm~2), covering cumulative UV-B radiant exposures
of up to approximately 9.47 x 10° J cm~2. Degradation was evaluated using SEM, FTIR,
Raman spectroscopy, and DSC, and was related to the cumulative UV-B dose (H). The
extent and progression of degradation varied significantly among the polymers. Overall,
FTIR provided the most sensitive assessment of photooxidative surface changes for HDPE,
LDPE, PP, and PS, Raman spectroscopy was most diagnostic for PVC (particularly for
dechlorination-related changes), and DSC-derived crystallinity was most informative for
nylon. These dose-resolved datasets establish a reproducible reference framework (“degra-
dation library”) to facilitate the comparative assessment of the relative photooxidative
aging stage of microplastics under comparable surface UV-driven conditions. Outdoor
“sunlight-equivalent” times are reported solely as order-of-magnitude contextualization
due to environmental variability.
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1. Introduction

Plastics constitute a category of materials that significantly contribute to contemporary
society due to their exceptional properties, including moldability, chemical resistance,
flexibility, low weight, and effective electrical and thermal insulation, as well as their cost-
effectiveness. The most prevalent plastic polymers utilized in daily life include high-density
polyethylene (HDPE), low-density polyethylene (LDPE), polypropylene (PP), polystyrene
(PS), polyvinyl chloride (PVC), nylon, polyurethane (PU), and polyethylene terephthalate
(PET) [1]. Their extensive application is evidenced by projections indicating that global
production will reach 30,000 million tons by 2050 [2]. Nevertheless, it is estimated that
40% of these plastics will ultimately be deposited in landfills or discarded directly into the
environment as litter [2-4].

Due to the hydrophobic nature and substantial molecular weight of the polymeric
chains that comprise these materials, their degradation occurs at a notably slow pace.
This degradation transpires through various mechanisms, including biodegradation, pho-
todegradation, thermal degradation, and environmental erosion [5-8]. It is generally
posited that exposure of plastic waste to sunlight initiates photochemical weathering [9,10].
Although the body of research on this subject has expanded considerably in recent years,
the majority of studies have focused on relatively brief exposure durations, which may not
be sufficient for a comprehensive investigation of this inherently slow kinetic process. For
instance, Moezzi et al. [11] examined the degradation of Nylon 66 over a period of 20 h,
while Wu et al. [12] investigated the photodegradation of polypropylene for 160 h.

Numerous researchers have utilized specific promoters, such as temperature, to ac-
celerate the degradation effects of irradiation [13-18]. Notably, Gardette et al. [14] con-
ducted an investigation into the photodegradation of PP over a duration of merely 10 h
at 60 °C, successfully identifying alterations in the photocatalysts attributable to pho-
todegradation. Other researchers have examined the influence of various promoters. For
example, Daniloska et al. [17] explored the impact of bioactive compounds, specifically
2-aminopyridine and benzocaine, on the photodegradation of HDPE. Grigoriadou et al. [18]
observed that certain nanomaterials, such as carbon nanotubes, whether pristine or con-
taining SiO,, possess the capacity to expedite polymer degradation by acting as catalysts in
HDPE photooxidation processes. However, despite the successful acceleration of degrada-
tion and the consequent reduction in time due to these promoters, such conditions are not
typically encountered in natural environments, even though nanomaterials may coexist
with plastics in future scenarios. Therefore, it is imperative to conduct appropriate studies
to ascertain the actual degradation of plastic polymers under prolonged UV radiation in
the absence of any artificial promoters.

The investigation of plastic photodegradation processes offers the potential to ascer-
tain the duration of exposure of specific polymer waste to sunlight-induced degradation.
While the characteristics such as shape, color, and size of microplastics and nanoplastics
subjected to various environmental factors have been examined in contexts such as water,
air, sediments, and biological tissues [19], it is noteworthy that, to the best of our knowl-
edge, the literature does not yet provide a definitive technique for determining the precise
duration that specific plastic items have been subjected to environmental weathering.

In this study, we investigated the degradation of microplastics (MPs) under UV-B
radiation over a six-month period. The research focused on commonly utilized poly-
mer types, including HDPE, LDPE, PP, PVC, nylon, and PS. The extent of degradation
was evaluated using various techniques: Scanning Electron Microscopy (SEM), Fourier
Transform Infrared Spectroscopy (FTIR), Raman Spectroscopy, and Differential Scanning
Calorimetry (DSC). The study aimed to achieve two objectives: firstly, to compare the
degradation duration of these prevalent polymer types over an extended period; secondly,
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to identify the most effective method for determining the degradation changes occurring in
each polymer type tested. The data obtained from this study facilitated the creation of a
library that could potentially determine the duration of environmental plastic exposure
to sunlight-induced degradation. In this study, we developed a dose-resolved reference
framework (“degradation library”) for six common polymers exposed to controlled UV-B
irradiation. The library comprises (i) FTIR and Raman spectra acquired at defined cumula-
tive UV-B doses (H), (ii) SEM-based morphological documentation of surface damage, and
(iii) degradation trajectories (e.g., oxidation metrics vs. H) that relate analytical markers to
aging progression. This resource is intended to support the comparative assessment of
the relative photooxidative aging stage of unknown particles under comparable surface
UV-driven conditions.

2. Materials and Methods
2.1. Materials and Sample Preparation

HDPE, LDPE, PP, PVC, nylon, and PS sheets, each with a thickness of 2 mm, were
procured from Sigma-Aldrich and subsequently cut into disks with a diameter of 5 mm.
The use of disks was intended to standardize geometry, ensuring consistent diameter and
thickness, thereby minimizing variability in surface area and diffusion length scales across
the different polymers. This approach facilitated a reproducible comparison of degradation
markers along the UV-B dose series. The design aimed to produce a controlled reference
dataset rather than replicate the full morphological diversity of environmental microplastics.
According to the supplier’s documentation, the polymer sheets were provided as unfilled
and without the addition of UV stabilizers.

Artificial photooxidation experiments were conducted utilizing UV-B lamps (UVB-150),
with the irradiance at the sample plane set to either 0.06 mW cm 2 or 0.6 mW cm 2. These
experiments were performed in duplicate. Samples were exposed under dry conditions
at a constant distance of 20 cm from the lamps, resulting in polymer series exhibiting
progressive degradation at each irradiance level. The exposure durations ranged from
0 to 6 months, with subsamples collected at intervals of 1, 7, 14, and 28 days for the
0.06 mW cm 2 irradiance, and at 7, 14, and 28 days, as well as 2, 3, 4, 5, and 6 months for
the 0.6 mW cm~2 irradiance.

UV-B dose (radiant exposure) and “sunlight-equivalent” contextualization. To compare
chamber aging with outdoor exposure, we utilized the cumulative UV-B radiant exposure H
(J cm~2), calculated as H = [E(t)dt ~ E-tH = \int E(t)\,dt\approx E\cdot tH = [E(t)dt ~ E-t,
where E represents the UV-B irradiance at the sample plane and t denotes the exposure
time (continuous irradiation, 24 h day_l). This resulted in values of 5.18, 36.3, 72.6, and
145] cm~2 for 1,7, 14, and 28 days at 0.06 mW cm 2, and 363, 726, 1452, 3.16 x 103,4.73 x 10°,
6.31 x 103, 7.89 x 10%, and 9.47 x 10 ] cm~2 for 7, 14, and 28 days, and 2-6 months
at 0.6 mW cm~2 (1 month = 30.44 days). According to [20], the daily average solar UV-B
irradiance at the Earth’s surface is 0.0023 mW cm2; based on this, the aforementioned
chamber exposures correspond to dose-equivalent outdoor exposure times of approximately
0.86 months, 6.0 months, 1.0 year, and 2.0 years (for 1, 7, 14, and 28 days at 0.06 mW cm~2)
and 5.0, 10.0, 20.0, 43.5, 65.2, 86.9, 108.7, and 130.4 years (for 7, 14, and 28 days and 2-6 months
at 0.6 mW cm™2).

It is crucial to note that these “sunlight-equivalent” values are intended solely as an
order-of-magnitude contextualization and should not be construed as a direct replication
of natural environmental aging. Solar UV-B radiation exhibits significant variability based
on latitude, season, solar elevation, cloud and aerosol conditions, and shading, and it
is attenuated in environmental matrices such as water, dissolved or particulate matter,
biofilms, and sediment. Furthermore, co-stressors not replicated in this study, including
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temperature and humidity, wet-dry cycling, immersion, and surface biofouling, can influ-
ence oxidation kinetics and aging pathways. Consequently, throughout this manuscript,
we have prioritized the dose metric (H) and employed outdoor time comparisons solely as
a contextual reference. All samples were characterized both before and after UV exposure.

2.2. Characterization

Twenty Scanning Electron Microscopy (SEM) images were obtained for each sample type
and time point using an FEI Nova Nano SEM 450 microscope. Due to the non-conductive
nature of polymers, gold sputtering was applied prior to microscopic examination.

Fourier Transform Infrared (FTIR) spectra in transmission mode were acquired (five
per sample and time) using a Bruker Alpha System equipped with OPUS software 8.5. The
FTIR spectra were recorded within the range of 400 to 4000 cm~!. Sample preparation
involved mixing each polymer with KBr to form pellets. Quantitative data analysis was con-
ducted using Origin software 2025. Prior to analysis, all FTIR spectra underwent baseline
correction to mitigate the effects of surface roughness and physical changes in the polymer
specimens during degradation. Degradation indices were determined by integrating the
area under selected characteristic absorption bands. The oxidative degradation of HDPE,
LDPE, PP, and PVC was evaluated using the Carbonyl Index (CI), calculated as the ratio of
the integrated area of the carbonyl absorption band to that of a stable internal reference
band representative of the polymer backbone. The carbonyl band (C=0), associated with
the stretching vibrations of carboxylic acids, ketones, and esters, was integrated over the
spectral range of 1650-1820 cm~!. The reference bands for HDPE, LDPE, and PP corre-
sponded to the CH, /CHj3 bending vibrations in the 1420-1500 cm ! region. Conversely,
the degradation of nylon and PS primarily involves the loss of their characteristic func-
tional groups, specifically amide hydrolysis in nylon and aromatic ring disruption or chain
scission in PS. Consequently, a Structural Loss Index (SLI) was employed to quantify the
fraction of the original functional groups that were degraded. For nylon, the Amide II band
at 1545 cm 1, attributed to N-H bending and C-N stretching vibrations, was used as the
analytical signal and was normalized to the CH, stretching band at 2940 cm ™. For PS, the

-1

aromatic C-H bending vibration at 752 cm™" was integrated and normalized against the

asymmetric CH, stretching vibration at 2920 cm 1.

Raman spectroscopy was conducted using an NRS 5100 JASCO Spectrometer,
equipped with a Nd:YAG laser (532 nm), operating at 4.7 mW power with 10 s mea-
surement intervals. Five spectra were acquired for each sample and time point. An internal
normalization method was employed to ensure data comparability and to mitigate experi-
mental artifacts, such as laser fluctuations. Specific characteristic peaks (Ichar), which are
sensitive to molecular aging, including crystalline phases or specific functional groups,
were identified and normalized against stable reference bands (Iref) inherent to the polymer
backbone. The resulting Intensity Ratio (Ichar/Iref) was utilized to quantify the relative
chemical and structural changes. Additionally, the Full Width at Half Maximum (FWHM)
and Peak Position were extracted using peak-fitting algorithms to assess increases in
molecular disorder and changes in bond energy, respectively.

For the Differential Scanning Calorimetry (DSC) measurements, a heat-flux thermome-
chanical analyzer Q20 from TA Instruments Inc. was employed. Samples, each weighing
approximately 3-6 mg, of LDPE, PP, PVC, nylon, and PS were subjected to a heating rate of
10 °C/min, commencing at 40 °C and reaching maximum temperatures of 160, 190, 250,
300, and 350 °C, respectively. The maximum temperature for each polymer was determined
based on its specific melting temperature. HDPE was excluded from the DSC analysis
because the remaining irradiated mass per time point was below the minimum required
for reliable DSC measurements (minimum 10 mg; typical sample mass 15 mg in this study)
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after subsampling for SEM, FTIR, and Raman, and considering handling losses. Conse-
quently, DSC results were reported for LDPE, PP, PVC, nylon, and PS, while HDPE aging
was evaluated using SEM/FTIR /Raman. Additionally, the behaviors of both HDPE and
LDPE polymers were similar. All runs were conducted under a nitrogen gas atmosphere to
prevent thermo-oxidative degradation. The melting temperature (Tm), Enthalpy of Fusion
(AHm), and Degree of Crystallinity (Xc) were calculated for LDPE, PP, and nylon.

Library structure and intended use: For each polymer and dose state (H), we have
provided the corresponding FTIR/Raman spectra and representative SEM micrographs.
Where applicable, we have summarized the spectral evolution using straightforward
quantitative markers (e.g., oxidation indices) as a function of H. In practice, an unknown
sample can be compared with the library by matching the polymer identity (FTIR/Raman)
and subsequently identifying the closest degradation state using the selected spectral
markers (and morphology when available). The output is a relative degradation stage
within the controlled UV-B dose series rather than an absolute environmental exposure age.

3. Results
3.1. SEM Analysis

Scanning electron microscopy (SEM) was employed to assess surface degradation
at the morphological level. For all microplastics (MPs) examined, degradation increased
with prolonged UV irradiation; however, the pattern and intensity of degradation varied
according to the polymer type (Figures 1 and S1). Polyethylene (PE) exhibited the least
surface degradation, consistent with existing literature [21]. Furthermore, Cai et al. [22]
investigated the UV degradation of PE, polypropylene (PP), and polystyrene (PS) over
a three-month exposure period, revealing that PE pellets did not exhibit surface cracks,
whereas PP and PS pellets did. In our study, even after extended exposure, no cracks were
observed in PE pellets. The high-density polyethylene (HDPE) pellets (Figure 1) displayed
a rough surface prior to irradiation, likely due to the polymer’s manufacturing process.
After approximately 100 years, folds developed, evolving into bumps after approximately
130 years. In the case of low-density polyethylene (LDPE), several folds appeared after
5 years, transforming into bumps after 40 years, which persisted on the pellet surfaces
for approximately 130 years. The degradation of nylon and PS was comparable, while
the degradation patterns of polyvinyl chloride (PVC) and PP were similar. PP (Figure S1)
exhibited folds and bumps after 6 months of exposure. After 80 years, the folds enlarged,
and cracks emerged after 100 years. By approximately 130 years, the cracks had widened
to over 100 microns, corroborating findings from other studies [22,23]. Dong et al. exam-
ined the texture of MPs collected from a region with longstanding plastic processing and
recycling industries, suggesting prolonged environmental exposure. Similarly to PP, PVC
also developed cracks; however, its degradation pattern differed: after 5 years, bumps were
observed, and after 10 years, pits appeared, aligning with other reports [13]. In the afore-
mentioned studies, no cracks were observed, likely due to the shorter degradation times
considered. Literature suggests that spherical defects may result from gases generated
during macromolecular degradation, indicating extensive polymer decomposition [18].
The dechlorination of PVC, with the formation of HCIl, may have contributed to these
spherical defects, as discussed below. Additionally, after 80 years of exposure, debris was
detected on the surface of PVC pellets.

Nylon and PS exhibited analogous degradation patterns, characterized by the pres-
ence of flakes and adhering particles following brief exposure to ultraviolet (UV) radiation.
This degradation pattern persisted with prolonged exposure. Similar findings have been
documented in the literature for PS, particularly after three months of UV radiation ex-
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posure [22]. Both nylon and PS consistently demonstrated the same degradation pattern

throughout the exposure period, irrespective of the duration of radiation exposure.

HDPE 1 month

HDPE 10 years

HDPE 40 years\ HDPE 60 years

HDPE 80 years

LDPE 1month |

LDPE 6 months ie LDPE 1 year

i

LDPE 2 years

LDPE 20 years

LDPE4Oyears © & .- ¢ LDPE 60 years

LDPE 80 years LDPE 100 years

&
X

LDPE 130 years

Figure 1. SEM images of non-irradiated HDPE, LDPE and photooxidized polymers after different

exposure times.

3.2. FTIR Analysis

The morphological alterations observed through scanning electron microscopy (SEM)

during the photooxidation process were correlated with specific chemical modifications

identified via infrared spectroscopy. These modifications included the formation of polar

oxidative functional groups, such as hydroxyl and carbonyl groups. The FTIR bands for

the non-irradiated polymers were selected based on their characteristic bands, as detailed

in Table 1.

Table 1. Main adsorption FTIR bands and their assignments.

Polymer Band (cm~1) Assignment
2915 Asymmetric stretching vibration CH,
2848 Symmetric stretching vibration CH;
HDPE [20] 1462 Bending vibrations CH,
713 Rocking vibrations CH,
2900 Asymmetric stretching vibration CH;
2820 Symmetric stretching vibration CH,
LDPE [23] 1462 Bending vibration CH,
1365 Bending mode CHj3 terminal groups
722 Rocking vibration CH;
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Table 1. Cont.

Polymer Band (cm~1) Assignment
Asymmetric stretching vibration CH3; asymmetric
3000-2800 stretching vibration CHj; symmetric stretching
vibration CHs; symmetric stretching vibration CH,
PP [24] 1470 Asymmetric bending vibration CHj
1370 Symmetric bending vibration CHj
1162 Rotation vibration C-H
985 Rocking vibration CH3
970, 835 Deformation C-C bonding
2972 Asymmetric stretching vibration CH,
2910 Symmetric stretching vibration CH;
1440 Bending vibrations CH
PVC[25] 1250 Bending vibrations CH (near Cl)
1100-930 C-H stretching bond backbone chain
680-600 Bending vibration C-Cl
3026 Aromatic CH stretching vibration
2920 Asymmetric stretching vibration CH,
PS [26] 2850 Symmetric stretching vibration CH,
1598 Aromatic C=C vinyl group stretching
1492 Bending vibration benzene ring
752 Bending vibration substituted benzene derivative
3420 NHj stretching vibration
3300 N-H stretching vibration
2940 Asymmetric stretching vibration CH,
Nylon [27] 2865 Symmetric stretching vibration CH;
1640 Amidel
1545, 1455 AmideII
1265 Amide III

Figure 2 illustrates the vibration bands (Table 1) of the CH, group in non-irradiated
HDPE. The SEM analysis indicates that photodegraded HDPE exhibited minimal structural
alterations. The modification of the HDPE spectra during photooxidation suggests the
formation of esters (1735 cm™~!) after 20 years. However, by 60 years, this peak shifted
to 1713 cm ™!, attributed to the formation of carboxylic acids. After 100 years, this peak
broadened to 1640 cm ™!, indicating the formation of double bonds. In the hydroxyl

—1 was associated with

frequency range, after 100 years of exposure, a band at 3420 cm
hydrogen-bonded alcohols and hydroperoxides [14]. Although degradation was observed
after 20 years of exposure, the new peaks exhibited a relatively small area, indicating a
low degree of degradation [28]. The photodegradation of HDPE follows a Norrish type I
mechanism, resulting in the formation of carbonyl groups. However, at advanced stages of
degradation, a Norrish type Il mechanism, characterized by the formation of hydroperoxide
species, has been observed [21].

Figure 2 presents the FTIR spectra for LDPE, which closely resembles that of HDPE,
although the band positions are not identical (Table 1). Notably, a new peak at 1365 cm~L,
corresponding to the bending mode of the -CHj terminal groups, is absent in the HDPE
FTIR spectra. In terms of LDPE photooxidation, while it follows the same degradation
mechanism as HDPE—Norrish type I—the degradation pattern differs. Degradation
becomes significant at 40 years, marked by a peak at 1713 cm~! due to the formation of
carboxylic acids. Although structural changes in LDPE occur later than in HDPE, this peak,
indicative of polymer degradation, is more pronounced, aligning with the degradation
pattern observed via SEM and corroborated by other studies [21]. The untreated PP
FTIR spectra exhibit absorption peaks corresponding to CHs, CH;, and C-C vibrations
(Table 1). From a photochemical oxidation perspective, PP demonstrates lower stability
than PE, as the tertiary carbon atoms in PP are more susceptible to free radical attacks [29].
The FTIR spectra of PP reveal a small peak at 1735 cm ™! after 6 months of exposure
(carbonyl groups), and this polymer also follows a Norrish Type I degradation mechanism.
Additionally, after two years of exposure, a small peak corresponding to a double bond
emerges (1640 cm 1) [21]. However, these peaks remain relatively small, only increasing
after 60 years of exposure. Unsaturation significantly influences chain scission [21], and
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the occurrence of chain scission is consistent with the SEM images of PP photodegradation
(Figure S1). The FTIR spectra of PVC display characteristic bands corresponding to CHy,
CH, and CH near the Cl and C-ClI groups (Table 1). From 40 years onward, a band around
1700 cm~! intensifies and broadens as double bonds and carbonyl groups form [30]. As
previously mentioned, the formation of double bonds may lead to chain scission, and in
the case of PVC, cracks are observable in the SEM images (Figure S1). Furthermore, the
formation of double bonds and carbonyl groups aligns with the degradation pathway
via photogenerated OH as described in the literature [30]. Additionally, after 40 years of
exposure, the samples exhibit a yellowish discoloration [31] (Figure S2).
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Figure 2. FTIR spectra of non-irradiated HDPE, LDPE, PP, PVC, nylon, PS and photooxidized
polymers after different exposure times. Shaded regions indicate the FTIR bands exhibiting the
greatest changes during aging.
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Table S1 and Figure 3 illustrate the temporal evolution of degradation indices for the
polymers under study. The progression of the Carbonyl Index (CI) reveals a clear hierar-
chy of susceptibility to oxidative degradation, ranked as follows: PP; LDPE; PVC; HDPE.
Among the materials analyzed, PP exhibited the most pronounced degradation kinetics,
reaching a maximum CI value of 24.22 after 130 years. This increased vulnerability is
attributed to the presence of tertiary carbon atoms, which promote rapid radical-mediated
auto-oxidation and chain scission. In contrast, HDPE demonstrated the greatest resistance
to oxidative degradation, with a significantly lower CI of 10.24 over the same exposure
period. The high degree of linearity and crystallinity in HDPE effectively restricts oxygen
diffusion, thereby limiting the rate of its chemical modification. LDPE displayed intermedi-
ate behavior, achieving a CI of 19.34 at 130 years, where branch points served as preferential
sites for oxidation initiation. PVC exhibited a comparatively moderate increase in CI
(13.5), primarily driven by dehydrochlorination reactions that generated reactive polyene
sequences, subsequently facilitating carbonyl group formation. Quantitative comparison
indicated that PP accumulated carbonyl-containing degradation products at a rate approxi-
mately 2.4 times higher than that of HDPE under identical stress conditions. Overall, these
findings underscore molecular architecture and chain branching as the dominant factors
governing polymer durability. While HDPE largely preserves its structural integrity over
extended timescales, PP reaches critical levels of chemical degradation within the first
15 years of exposure.

30
——HDPE
25
—o—[LDPE
® 20
“8 ])l)
=15 .
g 157 _e=PV(
=
S 10
5
0
0 20 40 60 80 100 120 140

Time (h)
Figure 3. Comparative evolution of the Carbonyl Index for HDPE, LDPE, PP, and PVC.

Among the polymers examined in this study, PS exhibited significant degradation
upon exposure to UV irradiation. This phenomenon can be attributed to its unique pos-
session of a chromophore group. The FTIR spectra of untreated PS revealed vibration
bands corresponding to benzene and aliphatic chains (Table 1). Following UV-induced
degradation, the FTIR spectra displayed new peaks at 1700 cm ! (C=0) and 3300 cm !
(OH) after 40 years of exposure. Furthermore, after approximately 130 years of exposure, a
new peak emerged, indicative of doublebond formation. A reduction in the intensity of
the characteristic peaks observed at 40 years was noted, and by 140 years, many of these
peaks had disappeared [22,32], consistent with degradation mechanisms documented in
the literature [33].

Nylon exhibited the highest degree of photodegradation among the polymer types
analyzed. The untreated nylon sample displayed peaks at 3420 cm~! and 3300 cm !,
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corresponding to the -NH; and N-H stretching modes, respectively. The peaks at 2940 and
2865 cm~! were attributed to the CH, symmetric and asymmetric stretching vibrations,
respectively. The band centered at 1640 cm ™! is associated with amide I, while the bands
at 1545 and 1455 cm ™! are linked to amide II, and the band at 1265 cm ™! corresponds to
amide III [34]. Following two years of exposure, the characteristic peaks of the secondary
and tertiary amines were no longer present in the spectra, accompanied by a reduction in
the intensity of the stretching vibration peaks [11]. After 20 years of exposure, the nylon
spectra remained unchanged, which may be attributed to the degradation mechanism
consistent with the 3-C-N hydrogen transfer [35]. The observation that nylon and PS
experienced the most significant degradation among the polymers tested aligns with their
similar degradation patterns at the morphological level (Figure S1).

In contrast to the previously examined polymers, where degradation was evaluated
through carbonyl growth, the values reported for these two materials correspond to the
Structural Loss Index (SLI) (Figure 4). An SLI value of 0 signifies an intact material (control
condition), whereas values approaching 1 indicate an almost complete loss of the analyzed
functional band (Amide II in Nylon and aromaticity in polystyrene, PS). SLI analysis re-
vealed that nylon experienced more severe degradation than PS, primarily due to the high
sensitivity of its amide linkages. After 10 years of exposure, nylon exhibited an SLI of
0.34, compared to 0.29 for PS, corresponding to an initial degradation rate approximately
1.2 times higher. Nylon reached the critical threshold of 50% structural loss by year 20,
whereas PS maintained its structural integrity until approximately year 26. After 130 years,
the final SLI values reached 0.89 for nylon and 0.81 for PS, reflecting the superior stability
of the aromatic rings in PS relative to the progressive chain scission mechanisms dominant
in nylon. The FTIR-derived stability ranking (HDPE; LDPE; PVC; PP; PS; Nylon) aligns
with the known differences in photoreactivity among polymer backbones. Polyolefins
(HDPE/LDPE) possess saturated C-C backbones that absorb weakly in the UV-B region;
therefore, photooxidation is typically initiated by trace chromophores/defects (e.g., hy-
droperoxides, carbonyl impurities, catalyst residues, and unsaturations) formed during pro-
cessing or early aging, which then drive radical oxidation and carbonyl growth [14,36,37].
Among polyolefins, HDPE generally exhibits higher apparent photostability than LDPE
because its higher crystallinity and lower chain branching reduce oxygen permeability and
limit reactive amorphous domains, whereas LDPE contains more chain irregularities and
amorphous regions that facilitate oxidation [14,38]. PP tends to oxidize more readily than
PE because hydrogen abstraction at tertiary carbon sites yields relatively stable tertiary rad-
icals and hydroperoxides. Subsequent hydroperoxide photolysis forms alkoxy radicals that
undergo [3-scission, and the carbonyl products can further undergo Norrish type I/1I reac-
tions, accelerating chain scission and carbonyl accumulation [39,40]. For PVC, UV exposure
can trigger dehydrochlorination (HCI elimination), generating conjugated polyenes that
absorb more strongly and can undergo further oxidation, producing additional carbonyl-
containing species [41,42]. The lower stability observed for PS is expected because the
phenyl group acts as an intrinsic chromophore, enabling efficient light absorption and
radical formation, which promotes rapid oxidative functionalization (including carbonyl
formation) [37,43]. Polyamides (nylon) contain amide chromophores and can undergo
photooxidation near the amide functionality (often at x-CH sites), leading to changes in
hydroxyl/carbonyl-related features and chain scission/chemi-crystallization. However,
interpretation requires caution because the amide bands are intrinsic to the polymer and
can overlap with oxidation products [44—46].
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Figure 4. Comparative evolution of the Structure Loss Index for HDPE, LDPE, PP, and PVC.

3.3. Raman Analysis

Raman spectroscopy is employed to identify modifications in bulk MPs; however, it is
not the optimal method for obtaining information on surface modifications of polymers
that are associated with changes in their chemical composition. For instance, the formation
of polar oxidative functional groups is readily observable in FTIR spectra but not in Raman
spectra. The assignments of the Raman bands corresponding to each polymer type are
presented in Table 2.

Table 2. Main Raman bands and their assignments.

Polymer Band (cm~1) Assignment
2881, 2846 CH; asymmetric stretching, CH, symmetric stretching
HDPE, LDPE [35] 1438,1293 CH; bending
1127, 1060 C-C stretching
1454 CH; bending, CH3 asymmetric bending
1335 CH stretching, CH; bending
PP [47] 1155 C-C stretching, CH bending
977 C-C stretching
813 C-C stretching
1440 CH; bending
PVC[22] 700 C-Cl stretching
640 C-Cl stretching
1445 CH bending
1180 C-C asymmetric stretching
PS [48] 1154 C-C symmetric stretching
1028 C-C symmetric stretching in the benzene ring
999 benzene ring breathing
789 C-H bending (out of plane)
1630 N-H stretching amide I
1440 CH; bending
1380 CH, wagging
Nylon [49] 1300 CH, twisting
1213 N-H wagging
1125,1077, 1060 C-C stretching
930 C-CO sstretching

The bands corresponding to HDPE and LDPE (Figure 5) exhibited the stretching
vibration C-C and the bending/stretching vibration CHj; [47]. PE was the sole polymer
examined whose bulk form remained unchanged. No shifts in the position of the peaks
or changes in the relative intensities between the peaks were observed, consistent with
the literature [50]. HDPE was the only PE polymer whose relative intensities in the 1420,
1445, and 1465 cm ™! peaks exhibited slight changes with irradiation time, although no
discernible pattern was evident (Figure 5). The primary Raman peaks of PP indicate C-C
stretching, CH stretching, CH bending, CH3 bending, CH; bending, and CH3; asymmetric
bending [48]. Significant differences were noted in PP at extended degradation times, where
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the intensity of the Raman bands diminished. These findings align with those reported
by Guo et al. [48], where a reduction in the intensity of PP’s characteristic peaks was
observed following UV irradiation, attributed to chain rupture. This is also corroborated
by the cracks observed in the SEM images of the PP samples exposed to radiation for
approximately 130 years (orderofmagnitude) (Figure S1). Regarding nylon, the most
characteristic bands were attributed to the stretching vibrations of C-CO and C-C, the N-H
wagging vibration, twisting vibration CHj, wagging vibration CHj, bending vibration
CHy, and the stretching vibration of NH amide I [51]. Similarly to the PP samples, the
intensity of the spectral peaks decreased after photodegradation, with this reduction being
particularly pronounced after prolonged exposure times [52]. Finally, substantial variations
were observed in the PS and PVC. The most characteristic bands of PS appeared as a
result of the bending vibration of C-H out of plane, benzene ring breathing, symmetric
stretching vibration of C-C in the benzene ring, symmetric and asymmetric stretching
vibrations of C-C, and bending vibration of CH [49]. After 100 years of exposure, the peak
intensities decreased. This reduction was more pronounced after approximately 130 years
(order of magnitude) of exposure, when most of the peaks disappeared, leaving only the
peak associated with the aromatic ring. The findings align with the FTIR spectra of PS
(Figure 2). These results contrast with those reported by Cai et al. [22], who observed
only a slight reduction in peak intensity. However, the degradation periods examined in
that study were significantly shorter than those in the current investigation. The Raman
spectra of the PVC samples exhibited several peaks corresponding to the C-Cl stretching
vibration and CH; bending vibration [23]. After 10 years of exposure, the intensity of the
C-Cl bands diminished, and after 40 years, they disappeared entirely, likely due to the
dechlorination of the polymer during the degradation process, which imparts a yellowish
hue (Figure S2) [31]. This observation is consistent with the pits observed in the PVC
SEM images (Figure S1). Furthermore, the yellowish coloration of the degraded PVC
samples is attributed to the formation of polyene [53], which resulted in the emergence of a
band (1580 cm ') associated with -C=C~ stretching vibration after 20 years of exposure.
Additionally, throughout the degradation process, the intensity of the CH, band decreased,
indicating that the PVC degradation mechanism was intramolecular [53].

To facilitate a more precise comparison, a quantitative analysis of the spectra was
performed. The evolution of the intensity ratios allows for a quantitative evaluation of the
degradation of the polymer backbone over a 130-year period. Consistent with the FTIR
data, the findings reveal two contrasting kinetic profiles that are directly influenced by the
polymer structure: one group is characterized by an increase in unsaturation (polyolefins
and PVC), while the other group is marked by a loss of structural integrity (Nylon and PS).
The intensity ratios are presented in Figure 6 and Table S2.

For HDPE, LDPE, PP, and PVC, the CH; bending band at 1440 cm ! was employed
as the internal standard, while the formation of C=C unsaturation at 1640 cm~! was
designated as the characteristic band (11640/11440). Due to its linear structure and high
crystallinity, HDPE is the most stable polymer in this group, achieving a final intensity ratio
of only 1.38. LDPE demonstrated a slightly higher susceptibility to unsaturation formation
due to the presence of chain branching, with an intensity ratio of 2.85 after 130 years. PVC
followed with a final ratio of 3.42. PP was identified as the most unstable material in this
group, with its ratio increasing sharply to 6.85. The presence of a methyl group in each
repeating unit generates highly reactive tertiary carbon atoms, significantly accelerating
carbon backbone fragmentation. For Nylon and PS, the intensity ratio reflects the survival
of their key functional groups under degradation conditions. Values approaching zero
indicate a loss of chemical identity of the material. Nylon was the most vulnerable polymer,
as its intensity ratio decreased from 1.00 to 0.11. Although undergoing a similar depletion
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process, PS exhibits higher stability than Nylon, retaining a ratio of 0.18 at the end of the
study. The thermodynamic stability of aromatic rings provides a protective “shield” that
slows down the main-chain scission.
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Figure 5. Raman spectra of non-irradiated polymers and photooxidized polymers after different
exposure times.
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Figure 6. Comparative evolution of the Intensity Ratio for HDPE, LDPE, PP, PVC, Nylon and PS.

The full width at half maximum (FWHM) of a spectral peak serves as a direct indi-
cator of the degree of order or disorder within the polymer network. Narrower peaks,
characterized by lower FWHM values, are indicative of more ordered materials with well-
defined crystalline structures. Conversely, as chain scission progresses, the local bonding
environment becomes increasingly heterogeneous, leading to peak broadening. Figure 7
illustrates the FWHM values for each polymer as a function of time, while Table S3 presents
the increase in peak width relative to the initial value.
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Figure 7. Comparative evolution of the A FWHM for HDPE, LDPE, PP, PVC, Nylon and PS.

The materials Nylon and PP demonstrated the most significant increases in full width
at half maximum (FWHM), indicating an almost complete transition to an amorphous state.
Specifically, the FWHM for Nylon increased from 12.8 to 35.2 cm ™!, while for PP, it rose
from 9.2 to 32.4 cm L. Other materials, such as PS, PVC, and LDPE, also exhibited a notable
reduction in molecular order, albeit at a slower pace. In PS, the peak width expanded
from 8.4 to 26.4 cm !, whereas PVC and LDPE attained final values of 23.5 and 19.4 cm ™!,
respectively. In contrast, HDPE is the sole material that retains an FWHM comparable to
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that of Nylon or PP in their original state after 130 years. Its linear structure and high density
provide physical protection that resists molecular disorder. This remarkable structural
stability accounts for the superior long-term durability of HDPE.

3.4. DSC Analysis

The previously described investigations into the structural alterations occurring during
MPs’ exposure to UV radiation were augmented by an analysis of their thermal properties
using differential scanning calorimetry (DSC). This analysis primarily aimed to identify
any modifications in the crystallinity of the samples. Figures 8 and S3 present the thermo-
graphs of the polymer samples subjected to varying durations of UV irradiation. These
thermographs facilitated the determination of the melting temperature (Tm) of LDPE, PP,
and nylon, as well as their enthalpy of fusion (AHm). Conversely, PVC and PS did not
exhibit a Tm within the examined temperature range, suggesting that they possess a more
amorphous structure compared to the other polymers studied.
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Figure 8. DSC of LDPE, PP and Nylon for different times of UV radiation.
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In reference to the results of the DSC tests on LDPE, as depicted in Table 3 and
Figure 8, no significant differences were observed between the Tm of virgin LDPE and aged
specimens. The Tm was found to fracture within the range of 110-114 °C, which aligns
with the literature [54,55]. The crystallinity of LDPE was determined using Equation (1):

Xc = AHm/AHm, (1)

where AHm represents the enthalpy of fusion of the aged sample, and AHmO denotes the
enthalpy of fusion of a 100% polyethylene sample, quantified as 294 J/g [18,56]. Analysis
of the data presented in Table 3 reveals that the crystallinity of LDPE increased following
100 years of UV irradiation, ultimately reaching 43% after approximately 130 years of exposure
(orderofmagnitude). This observed behavior aligns with findings reported in the literature.

Table 3. Melting temperature (Tm), Enthalpy of Fusion (AHm) and Degree of Crystallinity (Xc)
determined by DSC. Nylon samples simulating 40 years of irradiation were lost accidentally.

LDPE PP Nylon

Sample Tm AHm Xc Tm AHm Xc Tm AHm Xc

°C Jig % °C Jig % °C /g %
Reference 110.81 98.1 33.37 162.36 63.83 30.82 223.64 62.64 33.32
1 month 114.09 96.99 32.99 162.84 83.18 40.16 222.92 62.09 33.03
6 month 113.84 95.62 32.52 162.96 84.56 40.83 222.75 60.69 32.28
1 year 111.47 105.3 35.82 161.39 81.77 39.48 223.13 60.98 32.44
2 years 111.3 78.71 26.77 165.62 77.81 37.57 222.92 61.79 32.87
5 years 110.68 100.6 34.22 161.68 82.11 39.65 223.19 62.76 33.38
10 years 110.85 100.7 34.25 161.80 79.13 38.21 223.05 65.66 34.93
20 years 111.17 91.89 31.26 161.05 81.28 39.25 224.03 64.65 34.39

40 years 111.36 106.7 36.29 162.28 78.86 38.08 - - -

60 years 111.18 102.7 34.93 161.38 77.21 37.28 223.17 65.98 35.10
80 years 114.27 110.5 37.59 161.15 80.25 38.75 222.75 64.91 34.53
100 years 111.36 117.5 39.97 160.92 91.56 4421 223.36 66.35 35.29
130 years 114.14 126.4 42.99 157.49 102.3 49.40 222.38 66.00 35.11

In the case of PP, the melting temperature (Tm) remained relatively constant, ranging
from 161 to 162 °C, for up to 100 years of UV irradiation. However, after approximately
130 years (order of magnitude) of aging, a noticeable decrease in this parameter was ob-
served. This phenomenon can be attributed to the fracture of the PP molecular chains,
as previously documented in the literature [12]. The presence of smaller molecules and
defects led to a deterioration in the thermal properties of PP, as well as a reduction in its
characteristic melting temperature. This observation aligns with SEM images of PP corre-
sponding to approximately 130 years (order of magnitude) of exposure, where fractures
were evident (Figure S1).

The degree of crystallinity of the PP samples is detailed in Table 3. The calculations
were based on the melting enthalpy of a fully crystalline PP, reported in the literature as
207.1J/g [16]. Initially, the untreated PP exhibited a crystallinity of approximately 30%.
However, following one month of UV irradiation, this value increased significantly, reach-
ing between 37% and 40% and remained at this level until 80 years of aging. Subsequently,
the crystallinity (Xc) of the tested PP rose to 50%, indicating an increase of nearly 20%.
This phenomenon, commonly referred to as “chemi-crystallization,” has been extensively
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documented in the context of both thermally and photooxidized PP. It involves the release
of segments from the amorphous region, which were unable to crystallize during the initial
solidification process, due to chain scissions occurring within the polymer. These segments
subsequently reorganize into a crystalline phase during the degradation process [16,57].
In contrast, the melting temperature (Tm) of nylon remained relatively constant across all
aged samples, varying only between 222 °C and 224 °C, irrespective of exposure duration.
Nevertheless, as illustrated in Table 3 and Figure 4, an increase in exposure time beyond
10 years corresponded with an increase in its melting enthalpy. To ascertain the percentage
of crystallinity, the enthalpy of fusion for 100% crystalline nylon 6 is considered to be
188 J/g [58]. Consequently, polymer degradation resulted in an increased crystallinity
percentage after 10 years. Similar trends in melting enthalpy and crystallinity have been
reported in the literature [36,59].

A limitation of the current dataset is the inability to quantify thermal and crystallinity
changes in HDPE using DSC, due to insulfficient remaining mass at each irradiated time point.

3.5. Environmental Relevance

The limitations of “sunlight-equivalent” conversions are noteworthy. Natural UV-B
radiation at the Earth’s surface exhibits significant spatiotemporal variability, and plastics
located underwater or within sediments are subject to substantially reduced UV-B exposure
due to strong attenuation by water and dissolved or particulate matter. Reported daily
UV-B exposures at sea level can vary widely, even within a single location and season,
and decrease rapidly with depth in the water column. Consequently, the chamber expo-
sures utilized in this study should be interpreted as controlled, surface-irradiation aging
conditions designed to generate a reproducible degradation gradient, rather than a direct
replication of a specific environmental scenario. Furthermore, environmental co-stressors
not replicated in this study can alter aging pathways and kinetics. Temperature and hu-
midity influence oxidation rates, oxygen diffusion, and the stability or decomposition of
hydroperoxides, while wet-dry cycling and immersion modify UV exposure and mass
transport. Biofilms and surface fouling may further shield microplastics from UV-B and
alter local chemical conditions, potentially slowing photodegradation or shifting it toward
different mechanisms. Therefore, our UV-B dose series should be viewed as a controlled
reference for surface photooxidation, to be complemented by field-aged particles in future
validation studies. The present UV-B dose library was constructed using standardized
disks cut from polymer sheets to control geometry and composition, thereby enabling
reproducible, cross-polymer comparison of analytical degradation markers. In contrast,
environmental microplastics are irregular in shape and thickness and exhibit a wide range
of surface-to-volume ratios, which can strongly influence photooxidation kinetics through
UV penetration, oxygen diffusion, and the relative contribution of surface-limited reactions.
Additionally, many consumer plastics contain stabilizing additives (e.g., antioxidants, UV
absorbers, and hindered amine light stabilizers) that can delay radical propagation and shift
the relationship between UV dose and the appearance of oxidation bands in FTIR/Raman.
Consequently, the dose-to-degradation mapping reported here should be interpreted as a
controlled reference for surface UV-B aging of standardized materials.

Expanding the library to encompass irregular particles and materials containing
additives, while benchmarking against field-aged microplastics, represents a crucial ad-
vancement for enhancing environmental representativeness. The environmental relevance
and scope of the degradation library are significant. The library developed herein com-
prises a controlled, dose-resolved collection of UV-B aged polymers, designed to establish a
reproducible correlation between degradation state and cumulative UV-B radiant exposure
(H). It is important to note, however, that microplastics aged in natural environments may
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undergo aging pathways distinct from those induced by dry, surface UV-B irradiation, due
to additional stressors such as thermal cycling, mechanical abrasion, and environmental
matrix effects. In aquatic and sedimentary environments, UV-B radiation can be signif-
icantly attenuated by water and dissolved or particulate matter, and further altered by
surface biofilms, potentially decelerating photooxidation and fostering alternative surface
chemistries. Consequently, the current library should be regarded as a reference for sur-
face UV-driven aging under controlled conditions, rather than a direct replication of any
specific environmental scenario. Despite these differences, the progression captured by
our UV-B dose series aligns with widely reported signatures of environmental weathering
(Table S4; [60-65]).

Studies comparing artificially aged and environmentally weathered microplastics
underscore the emergence and growth of oxidation-related FTIR features, such as carbonyl
and hydroxyl bands, and pronounced surface roughening and cracking as common out-
comes of aging, although their relative contributions and kinetics are contingent upon
polymer type and exposure setting. Notably, previous research also highlights that weath-
ering can substantially alter IR/Raman spectra, and incorporating weathered spectra into
reference libraries enhances the identification and interpretation of environmental particles.
These observations underscore the utility of our dose-resolved dataset as a structured
framework to contextualize the degradation state of unknown samples. Future research
should explicitly validate the library by matching field-collected microplastics from defined
environments, such as beach strandlines, surface waters, and sediments, to the closest dose
state using combined FTIR/Raman markers and morphology [61-63,66].

Practical limitations exist under various environmental conditions. While a dose-
resolved library offers a reproducible reference for UV-induced aging, its application as
a universal “exposure clock” is constrained by the variability of real-world conditions.
Surface UV-B intensity and spectral distribution exhibit significant variation with latitude,
season, solar elevation, cloud/aerosol conditions, and shading. Additionally, environ-
mental matrices such as water, sediment, and biofilms can significantly attenuate UV-B
and alter surface chemistry. Factors such as temperature, humidity, wet-dry cycling, and
mechanical abrasion further influence oxidation kinetics and fragmentation pathways.
Moreover, environmental microplastics differ in shape/thickness, polymer formulation,
and additive packages (e.g., UV stabilizers/antioxidants), which can modify the rela-
tionship between dose and spectral change. Consequently, the current library should be
regarded as a controlled reference for surface UV-B photooxidation and as a framework
that can be extended and validated using field-aged particles and alternative aging sce-
narios (e.g., immersion, wet—dry cycling, additive-containing materials). The observed
stability order (HDPE; LDPE; PP; PVC; Nylon; PS) can be explained by considering (i) the
presence/absence of intrinsic chromophores, (ii) the availability of weak C-H bonds (par-
ticularly tertiary sites), (iii) morphology-controlled oxygen transport, and (iv) secondary
photochemistry of oxidation products (including Norrish reactions). For polyolefins, the
saturated backbone is largely transparent to UV-B; thus, degradation is driven by trace chro-
mophores (hydroperoxides/carbonyls/unsaturations and catalyst residues) that absorb
above ~290 nm and initiate radical oxidation [36]. The greater apparent stability of HDPE
compared to LDPE aligns with the role of semicrystalline morphology: HDPE typically
exhibits higher crystallinity and fewer branches, reducing the fraction of oxygen-accessible
amorphous material and potentially slowing oxidation kinetics, whereas LDPE contains
more chain irregularities and amorphous regions that facilitate oxygen diffusion and radical
propagation [14].

PP exhibits lower FTIR stability compared to PE due to the presence of tertiary carbon
atoms, which facilitate hydrogen abstraction and the formation of tertiary peroxy radicals
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and hydroperoxides. The photolysis of hydroperoxides yields alkoxy radicals that readily
undergo 3-scission, resulting in chain scission and the formation of carbonyl-containing
fragments. Notably, the newly formed ketones and other carbonyl products can undergo
Norrish type I and Il reactions under UV exposure, thereby amplifying fragmentation and
oxidation [39]. This mechanistic amplification provides a chemical basis for the accelerated
accumulation of carbonyl groups in PP compared to PE under similar UV-B doses. The
low stability of PS is anticipated due to its aromatic structure; the phenyl ring acts as an
intrinsic chromophore capable of absorbing UV radiation and forming excited states and
benzyl-type radicals, which expedite oxygen uptake and the formation of oxidized func-
tionalities, including carbonyl groups, as observable by FTIR [37]. In the case of PVC, the
predominant early pathway under light and heat is dehydrochlorination, which generates
conjugated polyenes that absorb more strongly and can further react, including oxidation,
leading to discoloration and the growth of oxygenated groups. The released hydrogen
chloride may also promote autocatalytic dehydrochlorination, which helps explain its
relatively low apparent stability in FTIR oxidation markers [41]. For nylon (polyamides),
photodegradation is influenced by the amide chromophore (n—7* transitions) and by pref-
erential oxidation at positions adjacent to the amide functionality, with reported formation
of additional hydroxyl and carbonyl-containing species, along with concomitant chain
scission and chemi-crystallization [46]. Given that nylon contains strong intrinsic carbonyl
(amide I) and related bands, changes in FTIR should be interpreted in terms of band evo-
lution and the emergence of new oxidation features rather than merely the presence of
carbonyl absorption. Overall, these structure-reactivity considerations support the use
of FTIR-based ranking as a chemically meaningful descriptor of relative photooxidative
susceptibility within the controlled UV-B dose series employed here [37].

4. Conclusions

Six types of microplastics (MPs), specifically HDPE, LDPE, PP, PS, PVC, and nylon,
were subjected to degradation through ultraviolet (UV) exposure for a duration of seven
months under controlled conditions simulating approximately 130 years of solar irradi-
ation. The findings indicate that UV radiation induced degradation in all the polymers
examined, although the degree of degradation varied according to the type of polymer.
Based on the Fourier-transform infrared spectroscopy (FTIR) results, the susceptibility to
photodegradation of the polymers can be ranked in ascending order as follows: HDPE,
LDPE, PVC, PP, PS, and nylon.

In this study, a variety of techniques were employed to assess polymer degradation,
enabling the identification of the most appropriate methods for determining the degrada-
tion time specific to each polymer category. The data indicate that HDPE and LDPE are the
most stable polymers, as evidenced by their unchanged bulk structures in Raman spectra
and consistent melting temperatures measured by DSC, even after prolonged exposure.
SEM analysis further corroborated the stability of HDPE and LDPE. However, FTIR spectra
revealed surface modifications due to the formation of oxidative functional groups. Conse-
quently, FTIR emerged as the most suitable method for determining the degradation time
of PE in environmental conditions among the methods evaluated. For PP, the reduction
in intensity of its characteristic peaks in the Raman spectra suggested bulk changes only
after the longest exposure period tested, indicating that FTIR is also the most appropriate
method for determining its degradation time. Nylon exhibited significant surface alter-
ations, reflected in FTIR spectral changes after just one year of exposure, consistent with
morphological changes observed via SEM. Despite these alterations, the bulk structure of
nylon remained stable, with Raman spectral changes observable only after approximately
130 years of exposure. Therefore, the percentage of crystallinity appears to be the best
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indicator of nylon’s degradation time. Regarding PVC, although IR spectroscopy detected
some changes, Raman spectroscopy proved to be the most effective method for assessing
its degree of degradation, revealing significant changes, including dechlorination. This
photodegradation-induced dechlorination affected the polymer’s color, which can also
serve as a degradation time marker. Finally, IR spectroscopy was deemed the most appro-
priate technique for determining PS degradation, as FTIR detected the most significant
changes after the shortest exposure times.

The results obtained from this study contribute to the expanding body of literature on
the photodegradation of microplastics (MPs) and enhance our understanding of the fate
and potential environmental risks associated with MP pollution. Consequently, we have
developed a library that serves as a tool for estimating the degradation time of various MPs
present in the environment.

Supplementary Materials: The following supporting information is available for download at:
https:/ /www.mdpi.com/article/10.3390 / microplastics5020062/s1, Figure S1 presents SEM images
of non-irradiated PP, PVC, Nylon, PS, and photooxidized polymers after varying exposure durations.
Figure S2 illustrates the discoloration of PVC over different exposure periods. Figure S3 provides DSC
data for PVC and PS subjected to various durations of UV radiation. Table S1 details the evolution
of the Carbonyl Index and Structural Loss Index for the six polymers analyzed over a simulated
130-year period. Carbonyl Index values, monitored for HDPE, LDPE, PP, and PVC, were derived
from FTIR results by integrating the area of the carbonyl stretching vibration, normalized against the
stable CH, signal of the polymer backbone. Structural Loss Index values, monitored for Nylon and
PS, quantify the relative depletion of the Amide II and aromatic ring breathing signals, respectively.
Table S2 outlines the evolution of normalized Raman intensity ratios for the six polymers over a
simulated 130-year period. For polyolefins (HDPE, LDPE, PP) and PVC, the ratio (11640/11440) tracks
the increase in C=C unsaturation. For Nylon and PS, the ratio quantifies the relative depletion of
characteristic signals (amide and aromatic ring modes, respectively) relative to the initial structure.
All values were normalized using the CHj signal as a stable internal standard. Table S3 describes the
evolution of the Full Width at Half Maximum broadening (FWHM) for the six polymers over a simu-
lated 140-year period. To isolate the effect of degradation on structural order, all values represent the
net change relative to the control sample, calculated as AFWHM = FWHM tx — FWHM t0. Table S4:
Cumulative UV-B radiant exposure was calculated as H ~ E-tH\approx E\cdot tH =~ E-t assuming
continuous irradiation (24 h day~!). Outdoor “equivalent years” depend on the chosen reference
UV-B climatology and are intended only as order-of-magnitude contextualization.
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Abbreviations

The following abbreviations are used in this manuscript:

HDPE High-density polyethylene
LDPE Low-density polyethylene

PP Polypropylene
PVC Polyvinyl chloride
PS Polystyrene

SEM Scanning Electron Microscopy
FTIR Fourier Transform Infrared spectroscopy
DSC Differential Scanning Calorimetry
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