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ARTICLE INFO ABSTRACT
Keywords: Plastic pollution in marine environments has become a global concern, emphasizing the need for innovative
Plastic pollution analytical approaches to trace sources and assess degradation processes. In this study, an integrated analytical

Polyethylene pellets
Carbonyl Index

Stable isotope analysis
Source attribution

approach, combining carbonyl index (CI) and stable isotope analysis (5'°C and §'®0), was applied to compare
polyethylene (PE) pellets retrieved from coastal environments with the corresponding industrial reference ma-
terial. The study takes advantage of the PE pellet spill from the container ship Toconao, which provided both
reference pellets from the original industrial batch and pellets exposed to natural marine conditions for three
months, enabling a direct comparison between pristine and environmentally aged material. CI was determined
using the SAUB (Specified Area Under Band) method through FTIR-ATR (Fourier Transform InfraRed - Atten-
uated Total Reflectance) spectroscopy, revealing an average increase of 12.4% after three months of natural
exposure, consistent with the formation of new carbonyl groups due to environmental degradation. Carbon
isotope analysis showed minimal variation between the standard and exposed samples, indicating preservation of
the original isotopic signature during early degradation stages, thus confirming its reliability for tracing plastic
sources. In contrast, oxygen isotope analysis report a linkage with CI, highlighting that photooxidative degra-
dation affects the oxygen isotopic composition of the macromolecule, concurrently with the formation of new
carbonyl groups. These results demonstrate that the combined spectroscopic-isotopic approach enables
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simultaneous assessment of source and degradation of plastics in the environment, providing a promising tool for
large-scale monitoring of plastic origin and aging processes.

1. Introduction

Plastic pollution in marine environments represents one of the most
pressing global environmental challenges, with significant impacts on
ecosystems, biodiversity and human health [1-6]. Among the various
polymers that accumulate in marine and coastal environments, poly-
ethylene (PE) is one of the most abundant and pervasive components
[7-14]. Although numerous studies have investigated plastic aging
under controlled laboratory conditions, understanding of natural
degradation in complex environments, hardly reproducible in the lab-
oratory, remains limited [15-19].

In the perspective of monitoring the residence time and the disper-
sion of plastic debris, understanding both source and fate is therefore
essential. These two dimensions are closely interconnected: assessing
the degradation state of a plastic item may constrain its environmental
history while identifying its origin can provide information on the initial
stage of its dispersion. However, most studies have addressed these
questions separately, either focusing on degradation processes or on
source apportionment. A comprehensive approach capable of inte-
grating both aspects within a unified analytical framework is still
lacking.

With respect to degradation assessment of PE, the Carbonyl Index
(CI), measured via FTIR-ATR spectroscopy, has emerged as a valuable
proxy [20]. This parameter reflects the accumulation of
oxygen-containing functional groups generated during polymer oxida-
tion and is widely used as an indicator of polymer degradation [20,21].

To date, the scientific literature on the study of environmental aging
of plastics, with respect to the CI, has predominantly focused on ex-
periments conducted under controlled laboratory conditions, in which
plastic degradation is artificially induced through exposure to UV radi-
ation, elevated temperatures, oxidizing chemical agents, or simulated
environments, ensuring a direct correspondence with unexposed control
samples [19,20]. Its application to field-collected samples, however,
remains challenging: the same polymer may undergo heterogeneous
degradation depending on exposure conditions, and reference values for
“zero-age” materials are rarely available, making it difficult to
discriminate between intrinsic production-related variability and true
environmental alteration.

In parallel, several approaches have been developed to trace the
origin of plastics, including morphological characterization, additive
fingerprinting and polymer-specific chemical markers [22,23]. Within
this framework, stable isotope analysis, already a widely applied tool for
source tracking of chemicals and contaminants [24-29], has recently
been proposed for plastic materials. For polymers, the carbon isotopic
signature of PE results from both the type and origin of the feedstock and
the fractionation processes involved in polymer production. Previous
studies have demonstrated the potential of isotopic analysis to differ-
entiate polymer types, distinguish petroleum-based from bio-based
plastics and identify plastics from different geographical regions or
intended applications [30-33].

In addition, stable isotope analysis can also be used to investigate
degradation processes on plastic materials. Recent studies have shown
that carbon stable isotopes can be successfully applied to monitor
biodegradation processes [30,34]. Although not directly focused on
marine-released plastics, Birch et al. (2021) [33] reported that a
one-week aging experiment of plastic packaging (not composed of PE) in
water under UV exposure did not produce a significant shift in carbon
isotopic ratios. In contrast, Berto et al. (2017) [32] observed a shift in
carbon isotope composition from PE plastics aged in the Po lagoon
(Northern Italy) for 60 days. However, since studies specifically
addressing photooxidation remain scarce and the results from literature

are not aligned, the carbon isotopic approach may not provide infor-
mation regarding the photooxidation degradation of the polymer. In
fact, since no carbon mass is expected to be lost during photooxidative
early stage process, isotopic fractionation should not be significative;
photooxidative degradation mainly involves polymer chain scission,
likely leaving the initial carbon isotope ratio largely unchanged. In
contrast, oxygen isotope ratios could provide more specific insights into
degradation processes. External oxygen atoms enter the degraded plas-
tics by binding to the free radicals formed by the breakage [20,21]. In
this case, in addition to increasing the percentage composition of oxygen
in the pellet, the incoming oxygen could modify the original isotopic
composition of the pellet, since it will be mixed with the oxygen already
present in the original macromolecule, usually additives [21]. Based on
these assumptions, not yet tested in the literature, oxygen stable isotope
analysis could be used not only to trace the source of plastics but also to
investigate the occurrence and extent of degradation processes.

Within this context, this study proposes and evaluates an integrated
analytical framework with three main objectives: i) to test the applica-
bility of the CI as a reliable indicator of in situ degradation when
reference material is available, ii) to assess the potential of stable isotope
analysis (613C and 6180) for source attribution and degradation assess-
ment, respectively and iii) to evaluate the complementarity of these
methods in view of developing a standardized approach for monitoring
plastic source and degradation.

in the environment. To this end, the study takes advantage of a rare
field-based sampling condition following the December 2023 plastic
pellet spill from the container ship Toconao, in which pristine reference
pellets from the original industrial batch were available alongside
samples exposed to a well-constrained period of marine exposure of
approximately 3 months [14,35]. This unique configuration enables a
direct comparison between “time-zero” and environmentally aged ma-
terials, overcoming a key limitation of field-based degradation studies.

2. Material and methods
2.1. Plastic pellet sampling and laboratory selection

The samples used in this study were collected as part of the sampling
campaign described by Cocozza et al. [14], conducted in March 2024
along the coasts of Galicia and northern Portugal, following the spill of
approximately 25,000 kg of plastic pellets from the container ship
Toconao (December 8, 2023). Among the collected samples, a subset of
pellets from Playa do Rostro, considered the focal area of the beaching
event, was selected. At this site, a significant portion of the granules
exhibited morphological, chemical, and physical characteristics consis-
tent with those attributed to the pellets released from the Toconao, while
other pellets were clearly not related to the spill.

In this study among the pellet samples collected on the beach, only
those composed of PE were selected for further analysis. This macro-
group was then subdivided into three distinct categories based on vi-
sual and physical characteristics and compared with a group consisting
of standard reference pellets. Specifically (Table 1 and Fig. 1):

(1) Toconao Standard (TS): reference PE pellets from the original
Toconao batch, characterized by uniform color, weight, shape,
and intact surface condition, used as the unexposed time-zero
control;

(2) Toconao Degraded (TD): pellets similar to the Toconao standard
batch in color, weight and shape, and show minimal signs of
environmental degradation;
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(3) Not Toconao (NT): pellets that also differ from the Toconao
standard in color, weight, and/or shape, but exhibit no visible
degradation or only minimal signs of it;

(4) Not Toconao Degraded (NTD): pellets that differ from the Toco-
nao standard in terms of color, weight, and/or shape, and show
clear signs of advanced degradation.

The samples were analyzed using the following techniques: FTIR, CI
determination and stable isotope analysis (5'%C and 5'%0). The
description of sample categories and the number of pellets analyzed for
each analytical technique are reported in Table 1. CI and 8'80 analysis
were not performed for NT and NTD due to the lack of corresponding
pristine reference pellets. Additionally, stable isotope analysis was
conducted on a smaller subset of pellets compared to CI, in order to
ensure a balanced and representative sampling design while maintain-
ing analytical feasibility. The subset was selected to capture the vari-
ability across the defined pellet categories, thereby preserving the
representativeness of the isotopic dataset despite the reduced sample
size.

Pellets not attributable to the Toconao incident were included in the
analysis in order to increase the robustness of the interpretation. Pellets
originating from different sources may contain different additives,
which can be reflected not only in distinct physical characteristics but
also in different spectral profiles [36]. In contrast, the Toconao pellets
(TS and TD) are expected to exhibit very similar spectral signatures,
providing additional confirmation of their common origin beyond the
observed morphological similarities. Furthermore, pellets not attribut-
able to the Toconao (NTD and NT) were considered in the isotopic
analysis in order to validate the results obtained by the physical-visual
characterization.

2.2. FTIR-ATR spectra acquisition

Plastic samples were analyzed at the Raw Materials Laboratory
(RawMalLab) of the Department of Chemical Engineering, Materials and
Environment (DICMA), Sapienza University of Rome. Spectral analysis
of the pellets was performed using FTIR-ATR in the wavenumber range
of 4000-400 cm™!, with an IRAffinity—1S spectrophotometer (Shi-
madzu Corp., Kyoto, Japan) equipped with a Michelson interferometer
(incident angle 30°). Each pellet was analyzed using 40 scans, resulting
in a total acquisition time of approximately 40s per sample. The
resulting FT-IR spectra were automatically processed and compared
against the polymer database provided by Shimadzu for polymer type
identification.

2.3. Carbonyl index

The CI for TD and TS pellet samples was calculated at the Raw Ma-
terials Laboratory (RawMaLab) of the Department of Chemical Engi-
neering, Materials and Environment (DICMA), Sapienza University of
Rome. The acquired FTIR-ATR spectra were processed using the SAUB
method (Specified Area Under Band) [20], to determine the CI. Unlike
simpler approaches that rely on the maximum intensity of a spectral
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peak, the SAUB method integrates the area under specific absorption
bands in the IR spectrum, providing a more reliable and reproducible
quantification of carbonyl functional groups. The CI, which serves as a
quantitative parameter for monitoring the oxidative evolution of poly-
meric materials, was calculated as the ratio between the area of the
carbonyl absorption band (1850-1650 cm™!) and that of the methylene
reference band (1500-1420 cm™ 1), which is commonly used as an in-
ternal normalization band due to its relative stability during early stages
of polyethylene oxidation.

__ Area under band 1850 — 1650 cm !

= 1
Area under band 1500 — 1420 c¢m ! M

The CI calculation was performed exclusively on samples belonging
to the TS and TD groups, as a comparable analysis involving the NT and
NTD groups would have been methodologically invalid due to the
absence of a corresponding reference standard for the latter. The lack of
a confirmed origin would have compromised the significance of the
comparison, introducing uncontrollable variability related to differ-
ences in polymer origin and composition. Furthermore, the inner core of
five TS and five TD pellets, randomly selected from the overall dataset of
100 TS and 100 TD pellets analyzed for the Cl, was examined to assess
the variability between the external surface and the pellet interior.

2.4. Stable isotope analysis

Stable isotope analyses were carried out for carbon and oxygen
isotope ratio. The total number of samples prepared for carbon stable
isotope analysis (Table 1) was TS = 20, TD = 30, NT = 20, and NTD
= 20, whereas for oxygen stable isotope analysis the number of samples
was TS =6 and TD = 20. TS and TD samples were selected after CI
analyses to cover the full range of CI variability (low, medium, and high
values), including the extremes. The same criterion was applied to the
selection of the subset used for inner vs. outer comparisons. For these
analyses, approximately 3 mg of material were subsampled from the
outer surface of each pellet using a scalpel. However, for §' C, a random
subset of five TS and TD pellets, the inner core of the pellet was also
sampled and analyzed.

Carbon isotope measurements were performed at Sapienza LISST
(Stable Isotopes Laboratory for Earth Sciences — Department of Earth
Sciences) using a Flash Elemental Analyzer (Thermo Fisher Scientific,
Bremen, Germany) interfaced in continuous-flow mode with a Delta V
Advantage isotope ratio mass spectrometer (Thermo Fisher Scientific,
Bremen, Germany). Oxygen stable isotope analyses were conducted at
the EASIER facility (National Biodiversity Future Center, University of
Siena, Italy) and were obtained using a FlashSmart Elemental Analyzer
(EA IsoLink) connected through ConFlo IV to a Delta Q isotope ratio
mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Iso-
topic ratios were normalized against certified international reference
materials (IAEA-CH—-6 and IAEA-CH-7 for carbon; IAEA-601,
IAEA—-600 and USGS—54 for oxygen) and reported in conventional
S-notation (%o) relative to the Vienna Pee Dee Belemnite (V-PDB) stan-
dard for carbon and Vienna Standard Mean Ocean Water (V-SMOW) for

Table 1
Description of pellet categories and number of pellets analyzed for each type of analysis: CI, §' *C and &' ®O.
Pellet Category Origin Visual degradation  Physical characteristics FTIR CI s%¢ 8%
analysis
Toconao Standard (TS) Original industrial batch None Uniform white coloration, weight and 100 100 20 6
shape
Toconao Degraded (TD) Toconao container ship spill Minimal Uniform white coloration, weight and 100 100 30 20
shape
Not Toconao (NT) Industrial/maritime spill-derived None/minimal Different color, weight and/or shape 20 / 20 /
pellets
Not Toconao Degraded Industrial/maritime spill-derived Advanced Different color, weight and/or shape 20 / 20 /
(NTD) pellets degradation
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oxygen, according to Eqs. 2 and 3:

heavier isotope abundance
lighter isotope abundance

R= 2)

5 %o = {M_

standard

1} x 1000 3

2.5. Statistical analysis

All statistical analyses were conducted in R (v4.4.1) using the stats
package. Descriptive statistics (mean and standard deviation) were
calculated for all datasets. For the CI, normality was tested using the
Shapiro-Wilk test and differences between TS and TD groups were
evaluated using Student’s t-test and the Wilcoxon signed-rank test. For
8! 3C, descriptive statistics were calculated and correlations with CI were
assessed using Pearson’s and Spearman’s correlation coefficients. For
8! ®0, descriptive statistics were calculated and a linear regression was
fitted against CI, to visually assess potential relationships, without per-
forming formal statistical inference.

3. Results and discussion
3.1. FTIR-ATR spectra analysis

The analysis conducted on the average FTIR spectra of the four pellet
groups (TS, TD, NT, NTD) (Fig. 2) showed a spectral pattern typical of
PE. In particular, the characteristic stretching bands of methylene
groups (-CHz-) are evident at approximately ~2915 and ~2848 cm™ ,
typical of the aliphatic chains of PE. Additional diagnostic signals are
observed in the CHz bending region at about ~1470-1460 cm™ and in
the CHz rocking band around 720 cm™ , generally associated with the
semicrystalline structure of polyethylene. At the same time, clear spec-
tral differences among the groups were observed in the region between
600 and 1800 cm™ .

The most marked differences emerged between Toconao pellets (TS
and TD) and NT/NTD pellets. A clear absorption band at
~1735 cm™ and ~1717 em™ , attributable to C=O stretching of ester
groups, was observed exclusively in the Toconao pellets (TS and TD).
This spectral region corresponds to the formation of oxygenated func-
tional groups, typically associated with polymer oxidation processes.
However, these groups should be interpreted as the result of a combined

5 mm

1 mm

Toconao standard Toconao degraded
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effect of additive content and degradation processes, rather than
degradation alone, as similarly strong absorption is also observed in TS
samples, which are expected to be less affected by environmental
degradation. This highlights the importance of reference values when
interpreting the CI, which is therefore expected to be significantly
different from zero for both TD and TS. Nonetheless, a difference be-
tween the TD and TS groups should still be observed, likely reflecting
degradation processes. Additional differences were evident in the
1400-1100 cm™ spectral region, associated with C-O-C and C-O
stretching vibrations. In particular, the bands at 1350, 1215 and
1159 cm™ show a clear similarity between TS and TD pellets, which
consistently display comparable transmittance values and stronger ab-
sorption compared to NT and NTD samples. This spectral similarity
likely reflects the presence of similar additive formulations within the
Toconao pellets. In contrast, such a comparison cannot be meaningfully
extended to the NT and NTD groups. In these cases, the averaged spectra
were calculated from pellets belonging to different sources and com-
positions, resulting in greater spectral variability and the absence of a
consistent pattern comparable to that observed between TS and TD
samples. Overall, the strong spectral similarity between TS and TD
pellets across multiple diagnostic bands further supports their common
origin and suggests that they likely derive from the same production
batch.

3.2. Carbonyl index

The FTIR-ATR analysis conducted on PE pellets from the Toconao
spill allowed a sensitive evaluation of the material's oxidative evolution
following natural environmental exposure. By applying the SAUB
method, the CI was calculated as a parameter to quantify the degree of
surface oxidation. The analytical precision of the CI measurements,
calculated as the standard deviation of ten samples repeated ten times,
was =+ 0.01.

The average CI values obtained from each sample (Fig. 3) are 2.58
=+ 0.06 for the TS samples and 2.90 + 0.27 for the TD samples, corre-
sponding to an increase of approximately 12.4% after environmental
exposure.

This increase, although moderate, indicates the formation of new
carbonyl groups as a result of the interaction between the polymer and
environmental factors such as solar radiation, humidity, mechanical
action and microbial activity [15,17]. These results demonstrate the
sensitivity of the SAUB method in detecting chemical alterations even in
the absence of accelerated treatments, such as UV irradiation or

Not Toconao Not Toconao degraded

Fig. 1. Example of selected pellets based on the four identified categories.
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Fig. 2. Average FTIR-ATR spectra of the four pellet groups (TS, TD, NT and NTD). The most evident spectral differences occur in the region between 600

and 1800 cm ™.
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Fig. 3. Comparison between the FTIR-ATR spectra of TS and TD pellets. The highlighted regions correspond to the integration bands used for CI calculation: the
carbonyl region (1850-1650 cm ™) and the methylene reference region (1500-1420 cm ).

exposure to oxidizing agents. Furthermore, it should be noted that the
initial CI value measured in the TS samples is relatively high compared
with values typically reported for freshly extruded PE materials, which
are generally close to zero [20]. This difference may be attributed to the
presence of pre-existing carbonyl groups, potentially induced by in-
dustrial stabilization processes, storage conditions, presence of additives
and processing aids, or handling of the material prior to sampling [37].
Nevertheless, the validity of the comparison between TS and TD samples
is not compromised, as both pellet sets originated from the same pro-
duction batch and underwent the same logistical pathway prior to
environmental exposure, ensuring comparable initial conditions.

To the best of our knowledge this study represents the first direct
comparison between PE pellets of identical origin subjected to distinct
natural conditions (unexposed versus environmentally exposed),

without relying on artificial aging protocols. A comparison with existing
literature shows that in accelerated photooxidation tests commonly
conducted in laboratory settings (e.g., UV exposure at 340 nm for 28
days), CI values for PE pellets increase from approximately 0.03-0.05 to
about 0.10-0.14 [21]. The CI value of 2.90 + 0.27 observed in the TD
samples suggests that natural environmental exposure, over a compa-
rable timescale, can result in substantially more pronounced oxidation,
compared to the initial value of 2.58 + 0.06 observed in the TS samples.
Similar trends have been reported for PE films exposed directly to ma-
rine environments, where increases in carbonyl content were found to
be proportional to both the exposure duration and the intensity of
physical and biological processes [16]. These observations reinforce the
reliability of CI as a diagnostic indicator of oxidative aging in polymers
and highlight its potential application to large-scale monitoring of
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microplastic degradation programs.

The relatively low standard deviation observed in the TS samples
reflects the high homogeneity expected for a non-degraded material
originating from the same production batch. The TS mean was taken as
the baseline CI at to and subsequently subtracted from TD values. The
resulting normalized TD dataset yielded a mean CI of 0.32 + 0.27, with
values spanning from —0.05-1.42.

In contrast, the much higher standard deviation observed in the TD
samples indicates considerable heterogeneity in the degree of oxidation
among individual pellets.

Inferential statistical testing supported the distinction between TS
and TD groups. Shapiro-Wilk tests indicated significant departures from
normality for both TS (p = 7.52 x 104 and TD (p=1.46 x 10’10),
validating the use of non-parametric comparisons. The Wilcoxon signed-
rank test confirmed that CI values differed significantly between groups
(statistic = 10000, p = 2.56 x 10>%), while parametric t-test results
(t=82.31,df =108.33,p = 1.68 x 10~%%) corroborated these findings,
indicating a strong separation between TS and TD distributions. This
observed variability robustly validates the analytical approach adopted
so far, confirming its sensitivity in detecting even subtle and heteroge-
neous environmental impacts on the polymer matrix. Collectively, these
results suggest that TD samples underwent measurable alterations in
chemical and structural composition, and that such changes can be
reliably detected and quantified through CI analysis.

Regarding the analysis of the pellet inner core, the results showed no
marked differences between the TS and TD subsets. The CI values
measured in the inner portion of the five randomly selected TS and five
TD pellets remained comparable and were generally similar to those
observed in the TS outer surfaces (Table S1 e S2). In contrast, the outer
surfaces of the TD pellets exhibited higher CI values, consistent with the
oxidation trends discussed above. This pattern suggests that the oxida-
tive processes associated with environmental exposure were mainly
confined to the pellet surface and had not substantially penetrated the
polymer bulk. Considering the relatively short environmental exposure
period of approximately three months, these findings indicate that
degradation was predominantly a surface phenomenon, while the inner
core largely retained the chemical characteristics of the original
material.

3.3. Stable isotopes

3.3.1. §'3C as source tracer

The analytical dataset for carbon isotope analysis reported an
average cumulative error from standard and sample duplicate of 0.19%o.
The mean 8'3C values of the four groups were —28.76%o for TS,
—28.75%o for TD, —32.06%o for NT and —29.47%o for NTD. As shown in
Fig. 4, TS displayed very limited variability, with a standard deviation of
0.13%o and values ranging from —28.92%o to —28.46%o. In contrast, TD

-35

TS TD
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showed a wider spread (st. dev. = 0.26%o; max = —28.11%o; min =
—29.33%0), suggesting a greater internal heterogeneity despite having a
mean essentially identical to TS. NT and NTD samples, which originated
from unknown and heterogeneous sources, exhibited substantially
broader variability (NT st. dev. = 1.17%o, range —33.25 to —28.85%o;
NTD st. dev. = 3.15%o, range —37.91 to —22.29%o), with extreme out-
liers particularly evident in NTD group.

The similarity between TS and TD suggests isotopic stability over
short environmental residence times, although the lack of independent
constraints on exposure duration prevents a quantitative link with
degradation. The strong isotopic overlap between TS and TD supports
the potential for distinguishing recently dispersed pellets within a
limited temporal window (~3 months in this dataset), at a confidence
level constrained by TD variability.

Within-group comparisons between TD inner and TD outer, results
revealed no significant differences (average shift between TD inner and
outer = 0.001%o), indicating spatial homogeneity within the single
pellet (Table S2). In contrast, FTIR-derived carbonyl index measure-
ments (Section 3.2) show that chemical alteration is confined to the
outer surface, while inner core values are comparable to those of TS
samples, confirming that oxidation processes primarily affect the pellet
surface. Taken together, these results indicate that photooxidative
degradation does not induce measurable changes in bulk &' *C, con-
firming that it is not measurably affected by this molecular alteration
process.

In contrast, NT and NTD (Table S3) differ markedly from TS and TD,
indicating that pellets of distinct origin can be isotopically discrimi-
nated. Notably, a subgroup of NT samples (NT 7-14) clustered tightly
around highly reproducible values (mean = —32.82%0 and st. dev. =
0.02%o), notably different from TS, suggesting that they may derive from
a single production source. Therefore, a second visual inspection, in
addition to the first one that led to the initial classification of the groups,
was carried out (Fig. 5).

A subgroup of NT samples (NT7-14) showed highly consistent &' C
values (mean = —32.82%o, SD = 0.02%o), clearly distinct from TS, sug-
gesting a common origin. A subsequent re-examination of morphology
(Fig. 5) confirmed that these pellets share similar features and indicated
that NT1, NT3, and NT5 may also belong to the same group. Based on
this combined evidence, these samples were reclassified as a single
subgroup (NTS), with an intra-group standard deviation of 0.18%o. FTIR-
ATR spectra further support this grouping, showing consistent band
patterns indicative of similar polymer composition.

Overall, these results highlight the potential of stable carbon isotopes
to support source attribution of environmental plastic pellets, even in
the absence of an a priori isotopic reference.

Conversely, the high variability of NTD, consistent with their
advanced state of degradation observed visually, precludes firm con-
clusions but underscores that heavily weathered pellets display large

0 Group

° o

v TS

L ° & TD

o 5 o NT

R E
NT NTD

Fig. 4. Boxplots of 5'3C values of the four pellet groups (TS, TD, NT and NTD). Horizontal distribution of the points in the boxplots is random.
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Fig. 5. Stereomicroscope image (x1.25, Leica MZ8) of the NT7—14 group on the left and the other pellets from the NT group on the right. The pellets appear cut
because the picture was taken after subsampling for stable isotope analysis. The similarities among pellets NT1, NT3, NT5 and NT7—14 are clearly recognizable in

their color, shape, size and the characteristic inward concavity on the surface.

isotopic heterogeneity.

By comparing our results with previous isotopic studies on PE ma-
terials, we found that the obtained values are consistent and fall within
the same isotopic range. Indeed, PE materials have been reported to
exhibit &' 3C values between approximately —32%o and —27%o [32,33],
which overlaps with the range observed in our dataset for non-degraded
pellets (from —33%o to —28%o).

Although these intervals are broad and largely comparable across
studies, this does not exclude the possibility of discriminating specific
sources within them. In fact, repeated measurements on standardized
material were performed only for the TS group and possibly for the NTS
group, providing preliminary evidence that source-level resolution may
be achievable.

The absence of a significant carbon isotope ratio shift between TS
and TD, despite the measurable increase in carbonyl index, indicates
that early oxidative degradation of PE does not measurably affect the
carbon isotopic composition of the polymer. This result supports the use
of 8! 3C as a robust tracer of pellet origin even after environmental
exposure.

3.3.2. Stable isotopes for degradation assessment

In addition to its successful application for source identification, 'C
was also tested as a potential tool for assessing the degradation state of
pellets, by relating 5!C values to the CI, which has likewise been suc-
cessfully employed as an oxidation indicator. Fig. 6 illustrates this dual
approach, showing no significant correlation between CI and §'3C
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Fig. 6. Scatterplot of 8'3C values versus CI values for TD (light blue) and TS
(red) pellets, with associated error bars. The ellipse represents the 95% confi-
dence interval for TD samples. CI values are normalized by subtracting TD
samples the mean TS as described in Section 3.2.

(Pearson r = —0.042, p = 0.824; Spearman p = 0.046, p = 0.811).

Based on these results (Fig. 6), no clear isotopic evidence of degra-
dation can be identified for the TD group. As reported by Berto et al.
[32], aged plastic debris may exhibit '3C enrichments of up to + 2%
after exposure for as long as 60 days under both experimental and
natural conditions. In contrast, no comparable enrichment was observed
in the present study, despite evidence of degradation provided by the
carbonyl index. Although the shorter residence time of TD pellets may
have limited the development of measurable carbon isotope fraction-
ation, additional factors should also be considered. Notably, the degra-
dation process and the molecular alteration are not studied in Berto et al.
(2017), making it difficult to determine whether similar degradation
pathways were involved. Consequently, processes such as preferential
loss of 12C-enriched degradation products, chain scission followed by
selective removal of low-molecular-weight compounds, or
biodegradation-related fractionation may contribute to 8'3C enrichment
under specific conditions. Overall, the present results of our study sug-
gest that, during the early stages of degradation documented here, 5'3C
remained largely unaffected by photooxidation and therefore provided
limited information on weathering state, while remaining a robust tracer
of polymer origin.

Regarding oxygen isotope analyses for degradation assessment, the
results showed an error of 0.37%. and an average value of 12.58%o and
13.90% for TS and TD groups, respectively. The minimum and
maximum values observed within the analyzed dataset range between
11.90%o0 and 19.00%o. The results of these analyses were not subjected to
the same statistical control on correlation with CI (such as Pearson and
Spearman test), since the small population size could have produced
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Fig. 7. Scatterplot of CI versus 580 for TD (light blue) and TS (red) pellets,
with relative error bars. Linear regression lines are shown for each group. The
shaded bands represent the CI ranges encompassing all TS data (light red) and
all TD data (light blue). The R? values for each regression are shown close to the
lines. The black dashed line represents the regression line of the calculated
point with the isotopic mass balance.
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bias. Therefore, the results, showed in Fig. 7, are interpreted using a
simple linear regression analysis between CI and §'%0, aiming to a show
a possible goodness-of-fit rather than a statistical inference. In general,
the scarcity of data limits the strength of the findings, and the conclu-
sions should therefore be interpreted with caution.

Overall, oxygen isotope ratios show greater variability (st.dev. =
1.93) compared to §'3C. Fig. 7 illustrates the relationship between CI
and 8'%0 for both TD and TS pellets. Furthermore, the TS group shows
no significant correlation between 5'%0 and CI (R? = 0.15), and also
displays minimal variability in 5'80 (st.dev. = 0.89). In contrast, the TD
group exhibits a greater correlation between 580 and CI (R = 0.66)
and higher 580 variability (st.dev. = 2.03).

These observations confirm that, for the same range of CI, lower in
the TS group, the isotopic signature of oxygen remains constant, likely
reflecting the original isotopic composition. Theoretically, PE chain
should not contain oxygen atoms; therefore, the initial 5'80 signature
and the carbonyl groups already present in the pristine pellets may
originate from additives introduced during the manufacturing process,
consistent with the relatively high initial CI values discussed in Section
2.1.

The 5'80-CI observed trend in the TD group suggests a positive
correlation, highlighting an isotopic enrichment in heavy oxygen iso-
topes with increasing CI. This trend likely reflects photooxidation pro-
cesses involving multiple oxygen sources, the most probable of which,
given the increasing %0 values with increasing carbonyl index (CI),
appears to be atmospheric oxygen, characterized by higher 580 values
(~ 23.5%0) [38,39] than the pristine polymer (12.58%o) In order to
evaluate the role of atmospheric oxygen as the primary oxygen source,
theoretical ' 8O values were calculated using an isotopic mass balance
approach, in which the carbonyl index (CI) was used as quantitative
parameter for the extent of oxygen incorporation. The model assumes
atmospheric oxygen as the dominant source and is expressed as follows:

Clzp x 80 = Clys x 5'80rs + (Clip — Cl1s) X 6" Oagmosphere 4

In this formulation, the &' #0 values of the TD and TS groups are
weighted by their respective CI values, while the increase in CI between
the two groups is associated with the isotopic signature of atmospheric
oxygen (~23.5%o). This simplified framework is intended to estimate the
expected &' ®0 values under the assumption of a single dominant oxygen
source and to test the consistency of the proposed interpretation. As
shown in Fig. 7, the measured &' 8O values exhibit a steeper regression
slope (4.45) compared to the calculated values (2.84), indicating a de-
viation from the simplified model. Although this discrepancy may partly
reflect the limited size of the dataset and does not allow for definitive
conclusions, it suggests that the system is not fully described by a single-
source incorporation model. Among the possible explanations, the most
plausible relates to the limitations of the carbonyl index as a quantitative
proxy for total oxygen incorporation. The CI specifically accounts for
carbonyl-containing functional groups, whereas photooxidation of
polyethylene also produces a broader suite of oxygenated species,
including hydroperoxides, alcohols, and carboxylic acids. These addi-
tional functional groups are not captured by CI but contribute to the
total oxygen pool measured isotopically, potentially leading to an un-
derestimation of the true extent of oxygen incorporation in more
degraded samples. This effect becomes increasingly relevant at higher
degrees of degradation, where secondary oxidation pathways are more
pronounced. In addition, contributions from other oxygen reservoirs,
such as dissolved seawater oxygen (typically around 0% [40]), cannot
be completely excluded, although their involvement alone would not
readily explain the observed enrichment pattern. Kinetic isotope effects
associated with radical-driven oxidation may further modulate the iso-
topic distribution between oxygen sources and the polymer matrix.

Taken together, these factors may lead to an underestimation of the
total isotopic exchange when relying exclusively on Cl-based
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quantification, particularly in more degraded samples. Overall, while
multiple processes and oxygen reservoirs may contribute to isotopic
variability, the results of this preliminary analysis are consistent with
photooxidation processes primarily driven by incorporation of atmo-
spheric oxygen, with secondary modifications arising from incomplete
representation of oxygenated functional groups by the carbonyl index.

However, over the maximum experimental duration under natural
exposure conditions (approximately three months), the number of
highly degraded samples remains insufficient to support robust con-
clusions or to develop statistically meaningful degradation models.

Overall, both CI and 580 appear to trace different aspects of the
same degradation mechanism. However, the limited size of the oxygen
isotope dataset prevents the formulation of strong assumptions, and a
larger dataset will be required to confirm the observed correlation be-
tween CI and 5'%0.

4. Conclusions

This study demonstrates the potential of a combined FTIR-ATR
carbonyl index (CI) and stable isotope (§'°C and §'®0) approach to
investigate both the origin and environmental alteration of polyethylene
pellets in marine environments. CI values, determined using the SAUB
method, proved to be a sensitive indicator of early oxidative degrada-
tion, with environmentally exposed pellets (TD) showing a 12.4% in-
crease relative to reference samples (TS), consistent with carbonyl
formation.

Stable carbon isotope ratios (§'3C) remained effectively invariant
after approximately three months of marine exposure (—28.75%o for TD
vs. —28.76%o for TS), confirming their robustness as tracers of polymer
origin and enabling discrimination between Toconao-derived pellets
and those of unknown provenance.

Oxygen isotope data (5'®0), although based on a limited dataset,
show a preliminary association with CI variability, suggesting a poten-
tial link between oxygen incorporation and oxidation processes. How-
ever, further data are required to confirm this relationship.

Overall, the combined CI-8' *C-8' ®0 framework provides comple-
mentary information on polymer source and early-stage degradation,
although its current application remains constrained by limited tem-
poral coverage and sample size. To operationalize this approach for
addressing plastic pollution, further developments are required, both in
the lab and campaign scale. Future work should focus on controlled
laboratory aging experiments designed to quantify isotopic and chemi-
cal fractionation under well-defined environmental conditions. More-
over, additional sampling campaigns in the same geographical areas will
also be necessary to verify the robustness and reproducibility of the
proposed protocol under realistic environmental variability, thereby
strengthening confidence in its applicability across different spatial and
temporal contexts.

In conclusion, the integrated cl-5'%0-5'3C methodology represents a
promising tool for the environmental monitoring of plastics, capable of
addressing both source and fate of plastic contaminants in a comple-
mentary manner. The proposed developments will be crucial to trans-
form this approach from a proof-of-concept into an operational tool,
improving the quantification of microplastic environmental persistence
and supporting more effective mitigation strategies.

Environmental implication

This study provides rare field-based evidence of polyethylene pellet
degradation under real marine conditions, enabled by the availability of
both pristine and environmentally exposed materials from the same
production batch, following the Toconao spill. The integration of FTIR-
derived carbonyl index (CI) and stable isotope analysis (5'°C, §'¢0) al-
lows simultaneous assessment of degradation processes and source
attribution. While &' C remains stable and suitable for tracing origin, CI
and &' ®0 capture oxidative weathering. This combined approach
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improves discrimination between spill-related and background micro-
plastics and offers a robust tool for environmental forensics and large-
scale monitoring of plastic pollution.
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