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The widespread use and durability of plastics have led to significant global environmental challenges, with
microplastics (MPs) recognized as contaminants of emerging concern due to their persistence,
accumulation, and potential threats to human health. Photodegradation from ultraviolet (UV) radiation is
a critical factor in modifying the physicochemical properties of microplastics through polymer chain
scission and the incorporation of oxygen-containing functional groups. These changes can be
quantitatively assessed using Fourier transform infrared (FTIR) spectroscopy through the carbonyl index
and hydroxyl index. This study addressed the limited understanding of how irradiation from specific UV
light-emitting diode (LED) and far-UVC wavelengths distinctly influence the degradation pathways of
major polymers, including polyethylene terephthalate (PET), polypropylene (PP), and polyethylene (PE),
within environmentally relevant size ranges (300-500 pm). Three additive-free microplastic polymers
(PET, PP and PE) were exposed to six discrete UV LED (252, 268, 278, 290, 300, 363 nm) and far-UvC
(222 nm) wavelengths, across increasing doses (500-10 000 mJ cm™2). The results demonstrated that
UV-induced photo-oxidation of PET, PP, and PE is strongly wavelength-selective, polymer-specific, and
frequently non-linear with UV dose. Carbonyl and hydroxyl indices provide complementary, non-
interchangeable views of oxidation, while their relationship is polymer-dependent. These results provide
quantitative inputs for environmental fate modeling and treatment-relevant weathering assessments of
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Environmental significance

Microplastic pollution represents a critical environmental challenge due to their prevalence and persistence in aquatic systems. As UV technologies are
commonly used in water, wastewater and surface treatment processes, and offer precise wavelength-selectivity, particularly with the emergence of UV light
emitting diodes and far-UVC sources, it is critical to understand how individual wavelengths may degrade microplastic polymers. This research demonstrates
that photodegradation is strongly wavelength-selective and polymer-specific rather than following universal patterns. By quantifying discrete wavelength and
UV-dose effects, these findings enable understanding of microplastics weathering in natural and human made environments and inform development of
mechanistic fate models, which directly supports improved environmental risk assessments, optimization of UV treatment applications, and targeted strategies
for microplastic pollution control.

Microplastics, defined as plastic particles smaller than 5
mm, originate from both primary sources, which are deliber-

1. Introduction

Plastics have revolutionized everyday life due to their afford-
ability, durability, and versatility, yet their enormous produc-
tion and pervasive use have resulted in significant global
environmental challenges. Since plastics are typically derived
from fossil fuel hydrocarbons and engineered to resist degra-
dation, they accumulate in both terrestrial and aquatic envi-
ronments. This persistence results in significant long-term
ecological impacts.' Recent analysis shows that in 2022, global
plastic production reached 400 million metric tons, generating
around 267.7 million metric tons of plastic waste, with the
recycling rate remaining as low as 9%.>
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ately manufactured for industrial or consumer use, and
secondary sources, which are formed by the breakdown of
larger plastics.>* Microplastics are now recognized as contam-
inants of emerging concern, capable of being transported
through air, water, and soil, and readily entering various
ecological compartments and food webs.>® Their primary
sources include consumer product usage and disposal, waste-
water effluents, stormwater runoff, and atmospheric deposi-
tion.”® Once in the environment, microplastics can be ingested
by organisms at various trophic levels and transferred through
the food chain, leading to adverse biological effects. These
include physiological disruptions in exposed organisms and
pose potential threats to human health through contaminated
food and water supplies.”*® Moreover, microplastics serve as
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vectors for hazardous chemicals, including additives and
adsorbed pollutants, such as heavy metals and persistent
organic compounds, thus compounding their environmental
and health risks.'»** Microplastic pollution presents a multi-
faceted environmental challenge driven by the diversity of
polymer types, particle sizes, and their interactions with
a variety of environmental factors.

A fundamental factor explaining the persistence and hazards
associated with microplastics is their limited degradation
potential under natural environmental conditions. Plastics are
manufactured with stabilizers, plasticizers, and antioxidants
that slow down their breakdown. Over time, both biotic (i.e.,
biodegradation, bio-disintegration) and abiotic factors
contribute to aging of these materials."** Among these factors,
photodegradation induced by ultraviolet (UV) radiation plays
a critical role in abiotic degradation, causing polymer chain
scission, cross-linking, and the incorporation of oxygen-
containing functional groups such as carbonyls and hydroxyls.
These chemical modifications result in significant changes to
the physicochemical properties of microplastics, including
increased polarity, hydrophilicity, surface area, and reactivity.
Such changes affect interactions with environmental
contaminants.® UV-induced photodegradation also acceler-
ates fragmentation, increasing the abundance of smaller, more
biologically accessible particles, potentially augmenting
bioavailability, which is the accessibility and uptake of micro-
plastic particles and their associated chemicals by organisms."”

UV LEDs are increasingly being used for water and waste-
water treatment and air and surface disinfection given their
precise wavelength selectivity, low power consumption, robust
operation and longer lifespans in the absence of hazardous
materials like mercury.”® Similarly, far-UVC irradiation is of
interest for pandemic mitigation as well as water and waste-
water treatment, given its ability to damage proteins as well as
nucleic acids, which can inactivate microorganisms without
photoreactivation.’®?' Despite these increased applications,
understanding remains limited regarding how irradiation from
specific UV LED wavelengths and far-UVC irradiation would
distinctly influence degradation pathways of major polymers
within environmentally relevant size ranges, particularly 300-
500 pm. The detailed transformations of functional groups that
characterize microplastic aging under controlled UV exposure
are also not completely understood. Investigating how func-
tional group development correlates with UV exposure condi-
tions across specific polymer types and particle sizes is essential
to form a comprehensive understanding of microplastic pho-
todegradation. Previous studies have focused narrowly on
single wavelengths. For example, studies with UV-C at 254 nm
demonstrated the formation of microplastic particles and
changes in chemical structures,* whereas a recent study with
UV-A LEDs at 365 nm revealed morphological changes (e.g.
surface cracks and pits) as well as the formation of oxygen-
containing functional groups.>

Our study took advantage of the precise wavelength selec-
tivity of UV LEDs, to investigate the wavelength-dependent
effects, of six discrete UV LED wavelengths (252, 268, 278,
290, 300, 363 nm) as well as the far-UVC wavelength of 222 nm
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at increasing doses on the degradation of microplastics within
the 300-500 pm size range. Polyethylene terephthalate (PET),
polypropylene (PP), and polyethylene (PE) polymers were
chosen because of their widespread use and distinct chemical
and physical properties, which make them representative of
common environmental microplastics. FTIR is commonly
applied for the identification and characterization of micro-
plastics and is particularly useful in detecting chemical alter-
ations associated with weathering. The technique enables the
identification of characteristic functional groups and provides
a means to track degradation by quantifying indices such as the
carbonyl and hydroxyl indices, which increase as photo-
oxidation progresses in plastic polymers.******> FTIR spectros-
copy was employed to quantify functional group evolution in
microplastics. To the best of our knowledge, this is the first
study to comprehensively examine the effects of far-UVC and UV
LED wavelengths in the UV-A, UV-B, and UV-C ranges in
degrading environmentally relevant microplastics. The
outcomes of this work will enhance the mechanistic under-
standing of photo-induced chemical transformations in
microplastics, providing critical data for improving models of
microplastics’ environmental fate, persistence, and risks in
both freshwater ecosystems and engineered water systems.'**®

2. Materials and methods

Microplastic samples of polyethylene terephthalate (PET),
polypropylene (PP), and polyethylene (PE) suspended in water
were exposed to UV irradiation at weighted average wavelengths
of 222, 252, 268, 280, 290, 300, and 363 nm (UV-C to UV-A range)
at UV doses of 500, 1000, 1500, 2000, 2500, and 10 000 mJ cm 2
as described in detail below.

2.1 Microplastic samples

The study evaluated three types of microplastic polymers: PET,
PP, and PE, all of which were sourced as microspheres from Lab
261 (Palo Alto, CA, USA)*” and synthesized as additive-free, pure
polymers to ensure consistent physicochemical properties
relevant for environmental degradation studies. The PET
(catalog number PET350K) had a nominal mean diameter of
approximately 350 um, with an estimated mean diameter of
~355 um (coefficient of variation (CV) < 10%) and a polymer
density of 1.38 g cm™>. The PP (catalog number PP350K) had
a nominal and actual mean diameter of approximately 350-355
um (CV <10%) with a polymer density below 1 g cm . The PE
(catalog number PE350K) had a nominal diameter of 350 um, an
actual mean diameter of 339 um (CV 2.26%), and a polymer
density below 1 g cm™>. The particles were stored at 5 °C as
recommended by the manufacturer prior to UV exposures.

2.2 UV LED and far-UVC systems

Six discrete UV LED wavelengths and one far-UVC wavelength
were employed in this study. Three wavelengths (268 nm,
278 nm, and 363 nm) were generated using the PearlLab
Beam™ UV system (Fig. 1a, AquiSense Technologies, Erlanger,
KY, USA), with advanced thermal management through stand-

This journal is © The Royal Society of Chemistry 2026
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Fig.1 Schematic representation of the three custom UV irradiation setups: (a) PearlLab Beam™ UV-LED system (268, 278, and 363 nm); (b) UVX
far UV-C system (222 nm); and (c) Nichia UV-LED system (252, 290, and 300 nm).

alone cooling. The system provides precise irradiance control
with instantaneous on/off capability and maintains stable UV
output throughout extended exposure periods.>® Three addi-
tional UV LED wavelengths (252 nm, 290 nm, and 300 nm) were
produced using a custom water-cooled UV irradiant device
developed by Nichia Corporation (Fig. 1c, Tokushima, Japan)
specifically designed for UV sensitivity evaluation. This device
incorporates multiple UV LED wavelengths ranging from 250-
365 nm with optimized LED placement and irradiation distance
to achieve highly uniform collimated light with >95% irradiance
uniformity across the target area. The system features precise
wavelength selectivity, stable radiant flux control, and compre-
hensive temperature management for both light source and
sample stages.”®

Far-UVC irradiation at 222 nm was delivered using the Zener
desktop interface system (Fig. 1b, UVX Technologies, Vancou-
ver, BC, Canada), which allows for target dose setting with real-
time experiment tracking and automatic lamp shutdown upon
reaching predetermined exposure levels. The experimental
setups maintained consistent sample-to-source distances and
incorporated appropriate safety measures including UV-opaque
shielding and personal protective equipment during all irradi-
ation procedures.*

2.3 UV dose determination and exposure

Accurate UV dose determination was conducted to account for
variations in radiant power, radiation profile, and spectral
power distribution among different UV systems and their
respective wavelengths. UV LEDs were treated as polychromatic
light sources, and UV dose determination was performed using
radiometry. Since irradiance measurements exhibited peak
values at the center of the Petri dish, the Petri factor (PF) was
explicitly incorporated into the calculation of average irradi-
ance, E,. This calculation also included several correction
factors to ensure measurement accuracy, including the

This journal is © The Royal Society of Chemistry 2026

reflection factor (RF) to account for light reflected at interfaces,
the water factor (WF) to adjust for UV absorption by the aqueous
medium, the divergence factor (DF) to correct for beam spread
and geometry, and the sensor correction factor (SCF) to adjust
measured irradiance by the ratio of the detector's calibrated
sensitivity at the chosen wavelength to its nominal value. The
SCF ensures that wavelength-dependent sensor response vari-
ations are compensated for, yielding accurate and reproducible
UV dose measurements.”®**> These correction factors collec-
tively provided an accurate representation of the effective irra-
diance experienced by microplastic samples within the water
during irradiation (eqn (1)).

Ep = Ey x PF x RF x WF x DF x SCF (1)

Fig. 2 shows the normalized spectral output for all wave-
lengths tested. Corresponding Petri factors (PFs), representing
irradiance uniformity across the sample area, and the full width
at half maximum (FWHM) values for each source are summa-
rized in Table 1.

To account for WF, water absorbance was measured in the
sample using a Thermo Scientific NanoDrop One® UV-Vis
Spectrophotometer across the UV spectrum, from 200-
400 nm. Quality control protocols ensured that samples were
not allowed to settle, with vigorous mixing performed imme-
diately prior to each measurement to maintain sample homo-
geneity representative of stirred UV exposure conditions.
Triplicate measurements were performed for each wavelength
across all three polymers (PET, PP, PE). Measured absorbance
values (Table S1) were incorporated into the WF calculation and
applied to eqn (1) to correct average irradiance (E,) for wave-
length dependent water sample absorbance.

Incident irradiance (E,) was measured using an ILT 2400
radiometer equipped with wavelength-specific sensors: the
SED240 sensor for wavelengths = 300 nm and the SEDO005
sensor for the 363 nm wavelength. Sensors were calibrated and

Environ. Sci.. Processes Impacts, 2026, 28, 1015-1029 | 1017
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Fig. 2 Normalized spectral emission profiles of the UV sources,
emitting within the UV-C to UV-A range.
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Table 1 PF and FWHM values for each weighted average UV wave-
length used in microplastics irradiation experiments

Wavelength (nm) 222 252 268 278 290 300 363
PF 0.98 0.98 0.98 0.98 0.97 0.97 0.95
FWHM (nm) 3.77 11.59 13.62 12.68 9.26 9.60 10.73

positioned at the same height as the microplastic samples
relative to the UV LED surface, with measurements weighted at
their respective weighted average wavelengths. The total UV
doses (mJ cm™?) applied in each experiment were determined
by multiplying the average irradiance (E,) by the irradiation
time, ¢ (sec).

Three mg of microplastic samples suspended in 5 mL of
MilliQ water were placed in 35 mm diameter Petri dishes and
continuously stirred using magnetic stir bars to ensure uniform
exposure. Sample depth was maintained at 0.7 em throughout
all experiments. Irradiation distances were optimized for each
system: 7 cm from the UV LED to the sample surface for the
PearlLab Beam™ UV system, and 10 cm for both Nichia and
UVX systems.

UV doses of 500, 1000, 1500, 2000, 2500, and 10 000 mJ cm ™
were selected to capture the progression of polymer photo-
oxidation across treatment-relevant exposures. UV-AOPs in
potable reuse and advanced treatment operate in the k] cm ™2
range, with practical applications typically occurring between
600-2000 mJ cm 2,* and recent pilot/full-scale implementa-
tions using around 1100 mJ cm™>, depending on water matrix
and treatment targets.*® These values are higher than the
commonly referenced 40 mJ cm > UV dose used for well-
maintained drinking water UV reactors and for NSF/ANSI 55
Class A systems.* The initial UV dose of 500 mJ cm™ > represents
a moderate exposure positioned just below the midpoint of
typical UV-AOP operating ranges, allowing detection of early
oxidative changes without degradation. The

2
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incremental increases (1,00, 1,00, 2,00, 2500 m] cm™?) enable
systematic tracking of oxidative functional group formation
through intermediate stages of degradation. The highest UV
dose (10000 mJ cm ?) corresponds to levels employed in
accelerated polymer degradation research,* providing insight
into advanced photo-oxidative aging, chain scission, and
oxidative functional group formation under intensified UV
exposure.

2.4 Analysis of UV-induced photodegradation

Oxidation was quantified using Carbonyl Index (CI) and
Hydroxyl Index (HI) derived from FTIR spectra. Control samples
of non-exposed microplastics were processed identically to UV-
treated samples but without irradiation. These blanks main-
tained stable CI and HI throughout the experimental period,
confirming baseline stability and validating UV-induced oxida-
tion responses. For each treatment combination, 3 mg of
microplastic material was prepared to enable triplicate FTIR
measurements. Each UV-exposed sample was analyzed in trip-
licate using separate analytical subsamples drawn from the
same exposed sample. For each replicate, an independent
aliquot of microplastics was withdrawn from the exposed
sample and analyzed with FTIR. This triplicate analytical
approach accounts for analytical measurement variability,
providing robust spectral precision for determining CI and HI.
To evaluate between-exposure variability and justify focusing on
analytical triplicates rather than replicate UV exposures, dupli-
cate UV exposures were performed for PET at 363 nm across all
UV doses. For CI, differences between duplicate exposures were
small, with standard deviations ranging from 0.03 to 1.54 and
corresponding coefficients of variation between 0.09% and
4.83% over all the UV doses. For HI, standard deviations were
0.03-0.07 with coefficients of variation of 1.95-4.84%. These
lower variations indicate that photodegradation conditions
were highly reproducible; therefore, experimental effort was
directed toward analytical triplicates of independent sample of
microplastics from a single well-mixed exposure for each
treatment. This methodology provides robust analytical repli-
cation while maintaining consistent photodegradation condi-
tions, following established protocols in polymer degradation
research where measurement precision is prioritized through
analytical replication.?>*”

Fourier-transform infrared (FTIR) spectroscopy was used to
characterize chemical changes and photo-oxidative degradation
in microplastic samples following UV exposure. Spectra were
collected using a Nicolet iS50 FTIR spectrometer (ThermoFisher
Scientific) equipped with a diamond ATR accessory. Measure-
ments were performed over 350-4000 cm ™' at 4 cm ™~ resolution
with 100 scans per spectrum. Instrument control and spectral
acquisition were conducted using OMNIC software (version
9.12.928). All spectra were baseline and ATR corrected using
OMNIC 9 prior to analysis. Further peak integration and anal-
ysis of spectral data were conducted in OriginPro 2024 software.
The Carbonyl Index (CI) and Hydroxyl Index (HI) were deter-
mined to assess oxidative changes in microplastics following
UV exposure. Both indices were calculated using the integrated

This journal is © The Royal Society of Chemistry 2026
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peak area under the curve for the relevant absorption bands,
normalized to a reference band, following established
approaches in microplastics degradation studies.*®* Indices
were calculated as,

Cl = Areacarbonyl (2)
Arearel‘erenoe
Areah d 1

HI = ydroxy! (3)
Areareference

For PET microplastics, the CI was calculated as the ratio of
the integrated peak area of the carbonyl region at 1625-
1770 cm™ ' (encompassing the carbonyl C=O stretch with
a peak at 1713 cm ')* to the reference peak area at 1490-
1515 cm™ ' (aromatic ring vibration, peaking at 1505 cm™*).**?
The HI was calculated by integrating the peak area in the 3125-
3575 cm™ ! range (O-H stretch) and normalizing to the reference
peak area at 1400-1425 cm ™" (aromatic ring vibration, peaking
at 1410 cm ™ 1).*

For PP microplastics, the CI was calculated as the ratio of the
integrated peak area of the carbonyl region at 1650-1850 cm "
(encompassing the carbonyl C=O stretch with a peak at
1727 em™ ") to the reference peak area at 1417-1560 cm™ ' (CH;
bending vibrations, peaking at 1456 cm™").* The Hydroxyl Index
(HI) was calculated by integrating the peak area in the 3300-
3400 cm ! range (O-H stretch with a peak at 3391 cm %) and
normalizing to the reference peak area at 960-985 cm™" (CH;
rocking and C-C stretching vibration, peaking at 973 cm™").*

For PE microplastics, the CI was calculated as the ratio of the
integrated peak area of carbonyl groups at 1700-1770 cm™* (C=
O stretch with a peak at 1734 cm™')* to the reference peak area
at 1450-1468 cm ' (CH, scissoring vibration, peaking at
1462 cm™').* The Hydroxyl Index (HI) was calculated as the
peak area ratio of hydroxyl groups at 3021-3353 cm ™' to the
reference peak area at 1467-1504 cm ' (corresponding to

40+
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Cl- PET
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10 +
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methylene (CH,) scissoring vibration of the polymer backbone,
peaking at 1472 cm™ !).2544¢

Representative FTIR spectra for PET, PP and PE are pre-
sented in Fig. S7-S9. These spectra represent 252 nm UV
exposure across the complete dose range (0-10 000 mJ cm ™ ?)
and visually demonstrate the dose dependent spectral changes
underlying our quantitative analysis. While raw FTIR spectra
provide the complete spectral fingerprint, the calculated indices
deliver quantitative degradation metrics that enable direct
statistical comparison across wavelengths and polymers, which
is essential for the wavelength and dose-specific degradation
analysis presented in this study.

2.5 Data analysis and statistical methods

All statistical analyses and graphical presentations were per-
formed using OriginPro 2024. The analytical approach
comprised three main components: dose-response character-
ization, statistical significance testing, and correlation analysis.
CI and HI values were plotted as functions of UV dose for each
UV wavelength and polymer type to visualize oxidative trends
and identify wavelength-specific response patterns. One-way
analysis of variance (ANOVA) was conducted separately for
each polymer-wavelength-index combination to test whether
mean index values differed significantly across the six UV dose
levels (« = 0.05). Post hoc pairwise comparisons were per-
formed using Tukey's Honest Significant Difference (HSD) test
to identify which specific UV dose treatments produced signif-
icantly different oxidation indices. This analysis also assessed
whether the magnitude of change in CI and HI differed
considerably among the applied UV doses.

Pearson correlation analyses were performed to assess linear
relationships between UV dose and the indices for each wave-
length, with two-tailed p-values computed and significance
evaluated at & = 0.05. This analysis complemented the ANOVA/
Tukey HSD approach by explicitly testing for monotonic dose-
response trends across the experimental matrix.

\Irradiation Wavelength (nm) —#— 222 —e— 252 —A— 268 - <> - 278 - -0 -290- £ - 300 --*-- 363 |

T T
0 500 1000

T T T T
1500 2000 2500 10000

UV Dose (mJ/cm?)

Fig. 3 Wavelength-specific and dose dependent effects of UV on PET-carbonyl index.
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Fig. 4 Effect of UV wavelengths and doses on PET-hydroxyl index.

Additionally, Pearson correlation coefficients (r) were calcu-
lated between CI and HI values across all wavelength-dose
combinations for each polymer type to quantify the strength
and direction of their relationship. Correlation analyses incor-
porated all data points from the complete experimental matrix
(7 wavelengths x 6 doses x 3 replicates per polymer). All dose-
response curves included error bars representing standard
error, while ANOVA results were displayed with Tukey grouping
letters indicating statistical significance. This comprehensive
analytical framework enabled systematic characterization of
UV-induced oxidative changes and their dose, wavelength, and
polymer-dependent relationships across the three microplastic
types.

An important consideration for interpreting the statistical
significance reported herein is that the error bars in Fig. 3-8 and
the variance in ANOVA/Tukey HSD tests reflect analytical
measurement variability. This analytical replication design

0.8

Cl- PP

0.6

0.4+

prioritized spectral precision. Consequently, the reported p-
values and confidence intervals quantify the consistency and
magnitude of spectral changes within individual exposures.

3. Results and discussion
3.1 Polyethylene terephthalate (PET)

3.1.1 Carbonyl index (CI). UV irradiation of PET micro-
plastics resulted in significant dose-dependent increases in
carbonyl index (CI) across all tested wavelengths (ANOVA p <
0.001) above the control, demonstrating that UV exposure
universally drives oxidative degradation in PET (Fig. 3).
However, the rate and extent of oxidation varied significantly
with spectral characteristics, reflecting distinct photochemical
mechanisms.*” At wavelengths of 222, 268, and 363 nm, CI
increased rapidly from 5.36 (control) to plateau values of 22-35
by 500 mJ cm ™2, with Tukey's HSD grouping all UV treatments

:Irradiation Wavelength (nm) —&— 222 —e— 252 —— 268 - <- - 278 - O- 290~ £ -300 --*- 363

0.2

0.0 T

T
0 500

T T T
1500 2500 10000

UV Dose (mJ/cm?)

Fig. 5 Effect of UV wavelengths and doses on PP-carbonyl index.
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Fig. 6 Effect of UV wavelengths and doses on PP-hydroxyl index.

into a single statistical cluster distinct from controls (Table S2),
indicating rapid saturation of carbonyl formation.*®

Such rapid rise-and-plateau behavior is consistent with
direct photolysis of PET ester carbonyls via Norrish type I (a-
cleavage) and type II (y-H abstraction/B-scission), which
promptly yields radical end-groups and new carbonyls; as the
most UV-labile surface sites are exhausted, additional CI growth
slows toward a plateau.*®*>** Conversely, wavelengths 252, 278,
290, and 300 nm exhibited progressive, multi-tiered CI
increases across 4-5 distinct Tukey groups, with maximum
values at intermediate doses (1000-1500 mJ cm ) followed by
slight declines. The non-monotonic response observed at
290 nm, where CI peaked at 33.85 (group a) at 1000 mJ cm >
then declined to 22.12 (group c) at 2500 mJ] cm > before
rebounding, is consistent with prior PET weathering results
showing temporary CI decreases under extended UV exposure
and with in situ FTIR evidence of CO, evolution from PET

Cl- PE

0.6

0.4

0.2 4

0.0

during UV photodegradation, which can transiently lower net
carbonyl signal.*>**

The highest CI values were observed at 363 nm (=32.9),
exceeding those at other wavelengths. In aromatic polymers such
as PET, shorter-wavelength UV is strongly absorbed and therefore
drives mainly surface-limited damage, whereas longer wave-
lengths are more weakly absorbed and can affect bulk properties
when the sample is sufficiently thick; together with the fact that
aromatic polymers absorb strongly above ~290 nm and wave-
length sensitivity shifts toward longer UV as thickness increases
and source intensity rises with wavelength, this provides
a mechanistic basis for the higher CI at 363 nm®* (Fig. S1).

Correlation analysis between UV dose and CI at each wave-
length revealed only weak to moderate relationships (r = 0.06-
0.52, all p > 0.2), indicating that the dose-response curves are
not strictly linear. Instead, PET CI values exhibit non-
monotonic behavior, with early increases at low doses

:Irradiation Wavelength (nm) —#— 222 —e— 252 —— 268 - <- - 278 - O- 290~ £ -300 ---*-- 363 |

T T
0 500 1000

T
1500
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Fig. 7 Effect of UV wavelengths and doses on PE-carbonyl index.
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Fig. 8 Effect of UV wavelengths and doses on PE-hydroxyl index.

followed by saturation or variability at higher doses, consistent
with oxidative layer buildup and self-shielding effects. The dose-
wavelength response patterns of PET carbonyl index are visu-
alized as a heatmap (Fig. S1). CI values progressively increase
from baseline (5.36) at zero dose to peak intensities (>35, deep
red) at higher doses, particularly under UV-A (363 nm) and mid-
UV wavelengths (268-290 nm). In contrast, shorter UV-C wave-
lengths (222-252 nm) generally show lower CI intensities (blue
to pale red, <20) across most doses. This pattern highlights the
stronger oxidative responses concentrated in longer wave-
lengths despite their lower photon energy.

3.1.2 Hydroxyl index (HI). The systematic analysis of PET
microplastics exposed to varying UV wavelengths (222-363 nm)
and doses (0-10 000 mJ cm?) revealed significant wavelength
and dose-dependent effects on HI formation, often exhibiting
non-monotonic responses with dose and clear deviations from
linear dose-response relationships (Fig. 4). UV radiation at
300 nm demonstrated the highest degradation efficiency
(maximum HI = 9.41), followed by 252 nm (HI = 8.39) and
290 nm (HI = 6.17), consistent with previous findings that UV-B
wavelengths (280-315 nm) cause the highest degree of PET
degradation through chain scission of the ester bonds in the
PET backbone.*®

Notably, the 500 mJ cm™> dose produced the highest overall
mean hydroxyl index (5.36 & 2.45); although this response was
highly wavelength-dependent, with six wavelengths showing
increased degradation, 363 nm exhibited reduced hydroxyl
formation (HI = 1.80) below baseline levels (HI = 2.57), indi-
cating wavelength-specific photochemical mechanisms rather
than uniform UV effects. Higher doses consistently showed
diminished effectiveness across wavelengths, demonstrating
non-linear photochemical kinetics with dose-dependent satu-
ration effects rather than simple linear relationships. One-way
ANOVA with Tukey's HSD demonstrated statistically signifi-
cant differences among UV doses within each wavelength (p <
0.05) except at 363 nm (Table S3), yet no significant linear
correlations were observed between dose and HI formation (r =

1022 | Environ. Sci.. Processes Impacts, 2026, 28, 1015-1029

—0.42 to +0.54, p = 0.21-0.75), suggesting that PET degradation
involves threshold effects and competing photochemical
processes.

The dose-wavelength response patterns of PET hydroxyl
index are visualized as a heatmap (Fig. S2), showing heteroge-
neous and wavelength-dependent behavior. Weak and incon-
sistent correlations with dose (r = —0.42 to 0.54, all p > 0.2)
indicate that HI changes were non-linear and often non-
monotonic. Some wavelengths (e.g., 278 nm, r = 0.54) sug-
gested moderate dose dependence, while others (e.g., 268 nm, r
= —0.42) showed inverse or fluctuating trends. The highest HI
values (red, >7.0) occurred sporadically at 252 and 300 nm
under specific doses, while most other wavelengths, including
268-290 nm and 363 nm, exhibited lower intensities (blue to
light blue, <3.0). This indicates that hydroxyl formation in PET
is irregular and does not follow a uniform dose-dependent
trend across the UV spectrum. Overall, HI did not follow
a simple linear dose-response, consistent with competing,
wavelength-dependent oxidative pathways in PET. The patterns
likely reflect the formation and subsequent transformation of
O-H bearing oxidation products (e.g., alcohols/hydroperoxides)
rather than monotonic accumulation.

Sample temperature was monitored during the longest
irradiation condition (10 000 mJ em~?) for both UV-A and UV-C
exposures. No measurable temperature increase was observed,
and the aqueous suspension remained below 20 °C during
irradiation for both wavelengths. Therefore, the observed CI
and HI changes are attributed to UV-driven photochemical
oxidation rather than temperature-assisted hydrolytic
processes. Under room temperature and atmospheric pressure
conditions, neutral-pH aqueous conditions without heat or
catalysts, hydrolysis of PET is negligible. Substantial hydrolysis
rates are only achieved under severe processing conditions,
including temperatures between 190 to 400 °C and pressures
ranging from 1 to 35 MPa.>® Similarly, chemical hydrolysis of
polyesters at ambient conditions (20 to 37 °C) is extremely slow,
with meaningful hydrolysis only achieved at elevated

This journal is © The Royal Society of Chemistry 2026
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temperatures exceeding 50 to 60 °C.>* Furthermore, in our
methodology, the post-exposure sample preparation involved
drying for 48 hours in a desiccator at room temperature under
low relative humidity (<30%), which halts water mediated
hydrolytic reactions and ensures FTIR spectra represent
photochemically oxidized products. Collectively, these obser-
vations confirm that photochemical oxidation is the dominant
degradation pathway measured in this work.

3.2 Polypropylene (PP)

3.2.1 Carbonyl index (CI). PP microplastics produced
significant, wavelength-dependent changes in the CI across 0-10
000 mJ cm > (ANOVA p < 0.001; Tukey HSD, Table S4). At 222 nm,
CI rose sharply from 0.38 (control) to 0.54 by 2500 mJ cm > and
0.68 at 10 000 mJ cm™?, forming a distinet cluster (group a) that
plateaued only at the highest dose. Similarly, 252 nm treatment
yielded CI values of 0.82 at 500 mJ cm™> and 1.21 at 10 000 m]
cm 2, demonstrating progressive oxidation with no clear satu-
ration. In contrast, intermediate wavelengths (268, 278, 290 nm)
exhibited multi-tiered CI increases, peaking at 1500 or 2000 m]
cm 2 before slight declines at higher doses (Fig. 5), similar to,*
indicative of non-monotonic behavior likely due to competing
cross-linking or radical termination processes. Wavelengths 300
and 363 nm showed minimal CI change (0.22-0.41 across all
doses), consistent with lower photon energy insufficient for
extensive ester oxidation. The dose-wavelength CI response
patterns are visualized as a heatmap (Fig. S3), clearly showing the
highest CI values (red, >1.0) concentrated at 252 nm across
intermediate to high doses, while shorter wavelengths (222 nm)
and longer wavelengths (300-363 nm) exhibited more moderate
responses (blue to light blue, <0.7).

Statistically significant positive correlations were observed at
222 nm (r = 0.91, p = 0.0045) and 252 nm (r = 0.82, p = 0.0227),
indicating strong linear relationships between UV dose and CI at
these wavelengths. In contrast, correlations at other wavelengths
were weak and non-significant: 268 nm (r = —0.13, p = 0.787),
278 nm (r = —0.17, p = 0.720), 290 nm (r = —0.28, p = 0.536),
300 nm (r = 0.38, p = 0.405), and 363 nm (r = —0.43, p = 0.333).
The variation in both magnitude and direction of correlation
coefficients across wavelengths suggests that dose-response
relationships are not uniform across the UV spectrum studied
(Table S8). Additionally, these findings demonstrate that wave-
length selection critically determines dose-response predict-
ability in PP photodegradation, with shorter UV wavelengths
promoting consistent carbonyl formation while longer wave-
lengths result in non-monotonic degradation patterns.

3.2.2 Hydroxyl index (HI). Pearson correlation analysis (n =
7 per wavelength) revealed a very strong, significant positive
dose-HI relationship at 222 nm (r = 0.983, p < 0.0001) and
a moderate, significant relationship at 278 nm (r = 0.828, p =
0.0215). All other wavelengths showed weak, non-significant
correlations (252 nm: r = 0.296, p = 0.519; 268 nm: r = 0.110,
p =0.814; 290 nm: r = —0.131, p = 0.780; 300 nm: r = 0.473, p =
0.284; 363 nm: r = —0.529, p = 0.222), indicating inconsistent or
non-monotonic HI responses (Fig. 6). In contrast Alavian Pet-
roody*® observed greater CI and HI formation under UV-A in
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polypropylene within biosolid suspensions, our study in a clean
aqueous medium demonstrates the opposite trend, with
a strong linear HI increase at 222 nm driven by efficient photon
absorption and chain scission. The dose-wavelength HI
response patterns are visualized as a heatmap (Fig. S4),
revealing peak HI values (red, >7.0) at 222 nm and 252 nm at
high doses (2500-10000 mJ cm™?), while 300 nm consistently
exhibited the lowest HI values (blue, <3.5) across all doses,
confirming wavelength-dependent hydroxyl formation in PP.

When limiting the UV dose range to 0-1500 mJ cm 2 (n = 4
per wavelength), Pearson correlations between dose and PP-
Hydroxyl Index (HI) were highly significant at 222 nm (r =
0.971, p = 0.029), 268 nm (r = 0.982, p = 0.018), and 290 nm (r =
0.969, p = 0.030). A positive but weaker correlation was observed
at 278 nm (r = 0.909, p = 0.091), while correlations at 252 nm,
300 nm, and 363 nm were weaker and non-significant (r =
0.522-0.870, p = 0.130-0.704), indicating more variable HI
responses in that dose window. Restricting analysis to <1500
mJ cm~” captures the initial, near-linear phase of hydroxyl
formation, revealing that UV wavelengths of 222 nm, 268 nm,
278 nm, 290 nm drive consistent HI increases (Table S5). This
focused range is thus appropriate for quantifying intrinsic
dose-response sensitivity, while higher doses are needed to
evaluate saturation or secondary photochemistry.

3.3 Polyethylene (PE)

3.3.1 Carbonyl index (CI). PE microplastics exhibited
pronounced, wavelength-dependent changes in CI across
0-10 000 mJ cm~> UV doses (ANOVA; Tukey HSD, Table S6). At
252 nm, PE-CI values rose sharply from 0.39 (control) to 1.33
by 1500 mJ cm 2, peaking at 1.48 at 2000 m] cm > before
plateauing (CI 1.38-1.40) at higher doses, forming a distinct
high-CI cluster (Group a, Table S6). This pronounced and
sustained increase at 252 nm reflected efficient photooxida-
tion, consistent with maximal photon energy absorption
leading to persistent carbonyl formation.

In contrast, irradiation at 222 nm produced less marked
increases (CI 0.39 to 0.68) with a modest plateau forming beyond
2000 mJ ecm 2 (CI ~0.6), suggesting surface passivation or effects
related to the penetration depth. Wavelengths 268, 278 nm
demonstrated multi-tiered CI increases, indicative of non-
monotonic oxidation (Fig. 7). These patterns mirror the
behavior seen in previous studies,* where limited chain mobility
or radical termination processes skate the balance between
carbonyl accrual and molecular rearrangement at moderate
energies. Wavelengths 290, 300, and 363 nm delivered consis-
tently lower CI values (0.39-0.70), with only marginal increases
across the entire dose range (Fig. S5 and Table S6), consistent
with insufficient photon energy to drive extensive carbonyl
formation via Norrish Type I or II processes.

Pearson correlation analysis (Table S8) revealed that dose-
dependent CI trends were not statistically significant across
any wavelength examined. Correlations were weak to moderate
but non-significant: 252 nm (r = 0.35, p = 0.44), 222 nm (r =
0.23, p =0.61),268 nm (r = 0.35, p = 0.45), 278 nm (r = —0.08, p
= 0.87), 290 nm (r = —0.39, p = 0.38), 300 nm (r = —0.29, p =
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0.53), and 363 nm (r = 0.55, p = 0.20). The diversity of corre-
lation coefficients—spanning weak positive to moderate nega-
tive values, combined with the lack of statistical significance
highlights the absence of clear linear dose-response relation-
ships across the UV spectrum for PE microplastics.

While 252 nm produced the highest CI values (1.48), the
absence of significant dose-response correlations across wave-
lengths indicates PE photodegradation follows complex, non-
linear pathways. The elevated CI at 252 nm reflects optimal
photon energy for C-H abstraction and carbonyl formation, but
competing processes (cross-linking, radical termination,
surface passivation) disrupt linear dose-dependence. All wave-
lengths showed non-significant correlations, suggesting simul-
taneous photochemical pathways and wavelength-dependent
magnitude differences without dose-predictability, indicating
non-linear degradation kinetics rather than straightforward
dose-response relationships.

3.3.2 Hydroxyl index (HI). UV irradiation produced a clear
wavelength- and dose-dependent increase in HI. By 500 m]
cm 2, HI rose modestly at most wavelengths but increased
markedly at 252 nm (3.60) and 278 nm (4.73). Peak HI occurred
at 1000, 1500 mJ cm~ > under high-energy UV (222, 252, 278 nm),
with 252 nm reaching a maximum HI of 6.51 at 1500 mJ cm >
before declining to 5.46 at 10 000 mJ cm™ . In contrast, wave-
lengths 290, 300 and 363 nm yielded minimal HI enhancements
(=4.06) across the entire dose range (Fig. 8 and Table S7). The
heatmap (Fig. S6) highlighted two hot spots of maximal HI at
252 nm/1500 mJ cm ™2 and 278 nm/2500 mJ cm™ 2, whereas
268 nm consistently delivered the lowest HI values at higher
doses. These findings indicate wavelength dependant HI
formation in PE. The observed plateau and subsequent HI
decrease at high doses likely reflect competing radical recom-
bination and crosslinking, which inhibit further
functionalization.

Only the 363 nm irradiation exhibited a statistically signifi-
cant positive correlation between UV dose and hydroxyl index (r
= 0.80, p = 0.032), indicating a clear, dose-dependent increase
in HI. In contrast, wavelengths 222 to 278 nm showed weak to
moderate but non-significant positive correlations (r = 0.03-
0.47), reflecting non-linear dose-response behavior, and UV 290
and 300 nm yielded negative correlations (r = —0.57 to —0.35),
suggesting competing processes such as crosslinking reduce
hydroxyl formation at higher doses.
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3.4 Correlation between CI and HI

Across all wavelengths and doses, PET exhibited a weak but
statistically significant inverse relationship between carbonyl
and hydroxyl indices (r = —0.197, p = 0.0166; n = 147), with
higher HI values tending to coincide with slightly lower CI
values (Fig. 9 and Table S9). This inverse association is consis-
tent with PET's stage-wise photo-oxidative conversion, wherein
early OH-/hydroperoxide-bearing intermediates accumulate
and subsequently undergo secondary reactions and chain
scission to carboxyl/carbonyl products, leading to HI stabiliza-
tion or decline as CI increases.***

A moderate positive correlation (r = 0.354, p < 0.0001, n =
147) between CI and HI in PP microplastics degradation, indi-
cates a significant linear relationship between these two
oxidative degradation indicators (Fig. 9 and Table S9). This
correlation aligns with established degradation mechanisms in
PP photooxidation, where both carbonyl (C=0) and hydroxyl
(O-H) functional groups are formed simultaneously through
free radical oxidation processes.”” The observed relationship
reflects the complex oxidative degradation pathway where
hydroperoxides (ROOH), formed during the initial stages of PP
degradation, decompose to generate both hydroxyl radicals and
alkoxy radicals, subsequently leading to the formation of
carbonyl groups through pB-scission reactions and hydroxyl
groups through hydrogen abstraction.*® The moderate correla-
tion coefficient (r = 0.354) suggests that while CI and HI
development follow similar oxidative pathways, they may be
influenced by different kinetic factors during the degradation
process. The significant positive correlation (p < 0.0001)
confirms that both functional groups serve as reliable indica-
tors of PP microplastic weathering, with their co-development
reflecting the extent of surface oxidation and polymer chain
scission occurring during environmental degradation
processes.

A strong positive correlation (r = 0.733, p < 0.0001, n = 147)
between CI and HI in PE microplastics degradation, indicates
a highly significant linear relationship between these two
oxidative degradation indicators (Fig. 9 and Table S9). This
strong correlation demonstrates that both carbonyl (C=0) and
hydroxyl (O-H) functional groups are formed simultaneously
during photooxidation processes.*® This strong positive corre-
lation reflects interconnected oxidative degradation pathways
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Fig. 9 Relationship between UV-induced changes to the Cl and HI in PET, PP, and PE microplastics.
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where hydroperoxides (ROOH), formed during PE degradation,
decompose through multiple parallel routes that simulta-
neously generate both carbonyl groups through B-scission and
ketone formation and hydroxyl groups through alcohol forma-
tion and hydroxyl radical reactions.>>*®

The correlation strength suggests that PE undergoes
comprehensive surface oxidation where multiple oxidative
processes occur simultaneously, with both CI and HI increasing
progressively through parallel degradation routes. The highly
significant positive correlation (p < 0.0001) confirms that both
functional groups serve as reliable and correlated indicators of
PE microplastic environmental degradation, with their strong
co-development pattern reflecting the extent of synchronized
surface oxidation processes occurring in PE microplastics
during aging.

3.5 Polymer intrinsic UV response: mechanistic baseline
and environmental context

This study employs a synthetic, additive-free microplastic
model designed to isolate the intrinsic photochemical behavior
of pure polymers under controlled UV wavelengths. The size
range (300-500 pm) is environmentally relevant, representing
the microplastic class most commonly encountered in aquatic
and wastewater systems. While this approach differs from
environmental microplastics, which are inherently heteroge-
neous and contain processing additives, the synthetic model
serves a critical mechanistic function. Environmental micro-
plastics are confounded by multiple overlapping factors: (1)
mixed polymer types with overlapping FTIR absorption bands;*
(2) processing aids (UV absorbers, antioxidants, plasticizers)
that directly alter photodegradation pathways;* (3) pigments
that affects the light absorption;** and (4) pre-existing
morphological weathering that affects reactivity.®® These con-
founding factors make wavelength and dose-specific UV effects
impossible to quantify in real environmental samples. Accord-
ingly, our research provides quantitative baseline data on
polymer-intrinsic photochemistry. The CI and HI reported
herein can be used to calibrate more sophisticated models of
microplastic degradation in complex environmental systems
where additives and heterogeneity are present. Future studies
should systematically investigate the modulatory effects of
processing aids, mixed polymers, and environmental aging on
the wavelength-specific degradation kinetics characterized in
this idealized system.

Degradation indicators such as CI and HI derived from labo-
ratory weathering experiments should not be directly equated
with those measured in environmental samples, as laboratory
experiments are typically conducted under tightly controlled
conditions. This isolates the effects of a specific factor while
excluding other variables present in natural systems. Neverthe-
less, field observations also show differences in these indicators.
For example, when 2950 PE and PP microplastics collected from
coastal waters around Japan were analyzed, the mean CI values
were 0.69 £ 0.34 for PE and 0.70 £ 0.34 for PP. Overall, the
authors found no significant differences in CI across color or
shape, but CI was significantly lower for green PE and higher for
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white PE fibers compared to fragments. They also reported
a significant negative correlation between the station-averaged CI
and particle length for white PE fragments, indicating that
smaller particles tend to be more oxidized and therefore more
deteriorated after longer exposure in the marine environment.*®
Artificially UV-aged PE, PP, and Polystyrene (PS) were compared,
with environmental analysis focused on PE microplastics
collected from freshwater. FTIR-based degradation indices
increased with irradiation time during laboratory experiments
and show characteristics corresponding to greater degradation
with residence time in the environment.** Several plastic polymer
types were also aged in situ in marine surface waters for 12
months. Significant increases in HI and CI were reported for
certain weathered polymers such as polyaramid (PA), and the
ageing indices showed non-linear changes similar to those
observed in our study®

Thus, while both environmental and laboratory aged
microplastics exhibit similar trends in degradation indices,
values in aquatic environmental samples are additionally sha-
ped by factors such as polymer chemistry and the presence of
additives, alongside interacting environmental variables
including light intensity and UV radiation, exposure duration,
temperature, pH, oxygen availability and nutrient availability,
water depth, wave action, and biofilm formation.*® Laboratory
experiments conducted under controlled conditions are,
therefore best interpreted as mechanistic indicators of specific
effect rather than as directly comparable to field samples.

4. Conclusions

Using discrete UV LED (252, 268, 278, 290, 300, 363 nm) and far-
UVC (222 nm) wavelengths, multi-wavelength, dose-controlled
(500-10 000 mJ cm %) comparison across PET, PP, and PE
microplastics shows that photo-oxidation is strongly
wavelength-selective, polymer-specific, and frequently non-
linear with UV dose.

For PET, HI was heterogeneous and dose-non-monotonic,
with pronounced hotspots near 252 nm (8.39) 300 nm (9.41)
and, while 363 nm reduced HI below baseline, yet UV-A at
363 nm produced the highest CI (>32.9), consistent with deeper
UV-A penetration and bulk-biased oxidation in thicker aromatic
polymers. PET exhibited rapid CI saturation, reaching plateau
values by 500 mJ cm >, while wavelengths of 252 to 300 nm
showed multi-tiered, non-monotonic responses due to
competing photochemical pathways. Pooled PET data yielded
a weak but significant inverse CI-HI relationship (r = —0.197),
indicating stage-wise oxidation in which hydroxyl-type inter-
mediates do not rise proportionally as carbonyls accumulate.

For PP, dose response behavior depended on both wave-
length and the index. HI rose with dose at 222 nm (r = 0.983, p <
0.0001) and moderately at 278 nm (r = 0.828, p = 0.0215), while
HI-dose relationships were weak or non-significant at 252, 268,
290, 300, and 363 nm, indicating wavelength-dependent and
often inconsistent hydroxyl formation. For CI, significant posi-
tive dose correlations occurred at 222 nm (r = 0.91, p = 0.0045)
and 252 nm (r = 0.82, p = 0.0227) with maximum CI of 1.21 at
252 nm; other wavelengths showed weak, non-significant
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relationships with wavelengths 268 to 290 nm exhibiting multi-
tiered CI increases. Across all tested wavelengths and doses, CI
and HI were positively correlated in PP (r = 0.354, p < 0.0001; n
= 147), indicating a moderate co-evolution of carbonyl and
hydroxyl functional groups through concurrent free-radical
oxidation pathways.

For PE, HI was wavelength dependent. The UV dose and the
HI relationship was strong and significant at 363 nm (r = 0.796, p
= 0.032), but weak or non-significant at 222, 252, 268, 278, 290,
and 300 nm. For CI, correlations with dose were weak to
moderate and non-significant at all wavelengths. However, the
252 nm yielded the highest CI (1.48) and HI (6.51) values. When
aggregated over all wavelengths and doses, CI and HI were
strongly and positively correlated in PE (r = 0.733, p < 0.0001; n =
147), indicating synchronous growth of oxygenated functional-
ities under UV exposure through parallel degradation routes
forming both carbonyl and hydroxyl groups simultaneously.

Across all three polymers, UV exposure produced measurable
changes relative to unexposed controls as quantified by ATR-
FTIR spectroscopy using polymer-specific wavelength ranges
for CI and HI determination. PET showed CI increases across
wavelengths (highest at 363 nm) with within-wavelength HI
differences despite non-linearity; PP showed CI gains at 222 and
252 nm with HI strongest at 222 nm; and PE showed the highest
CI at 252 nm (followed by a plateau) with HI increases at several
wavelengths, notably 252-278 nm.

Together, these results demonstrate that (i) UV wavelength is
a prominent influence on oxidation pathways that interacts with
dose and polymer chemistry of PET, PP and PE (ii) CI and HI are
complementary, not interchangeable indicators; their relation-
ship depends on polymer chemistry (inverse for PET, moderate
positive for PP, strong positive for PE), and (iii) dose-response
behavior frequently deviates from linearity, especially for PET,
implying thresholds and competing kinetics. These findings
provide critical quantitative data for improving predictive models
of microplastic persistence, surface reactivity, and environmental
fate in aquatic systems and water treatment applications.

Compared with previous studies, we used six discrete UV
LED wavelengths (252, 268, 278, 290, 300, 363 nm) plus far-UvC
(222 nm) to quantify wavelength and dose-dependent degra-
dation in PET, PP, and PE microplastics; to our knowledge, this
is the first study to span this full set of wavelengths across these
polymers. Future work should integrate these wavelength-
specific degradation kinetics into environmental risk assess-
ments, quantify chemical leaching patterns associated with
wavelength-specific oxidative changes, and explore effects of UV
wavelengths on weathering.
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