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eathering of polyurethane
microplastics produced complex and dynamic
mixtures of dissolved organic chemicals†

Vittorio Albergamo, *a Wendel Wohlleben bc and Desirée L. Plata a

Sunlight exposure can naturally mitigate microplastics pollution in the surface ocean, however it results in

emissions of dissolved organic carbon (DOC) whose characteristics and fate remain largely unknown. In

this work, we investigated the effects of solar radiation on polyether (TPU_Ether) and polyester

(TPU_Ester) thermoplastic polyurethane, and on a thermoset polyurethane (PU_Hardened). The

microplastics were irradiated with simulated solar light with a UV dose of 350 MJ m−2, which corresponds

to roughly 15 months outdoor exposure at 31° N latitude. The particles were characterized using ATR-

FTIR and elemental analysis. The DOC released to the aqueous phase was quantified by total organic

carbon analysis and characterized by nontarget liquid chromatography coupled to high-resolution mass

spectrometry. Polyurethane microplastics were degraded following mechanisms reconcilable with UV

photo-oxidation. The carbon mass fraction released to the aqueous phase was 8.5 ± 0.5%, 3.7 ± 0.2%,

and 2.8 ± 0.2% for TPU_Ether, TPU_Ester, and PU_Hardened, respectively. The corresponding DOC

release rates, expressed as mg carbon per UV dose were 0.023, 0.013, and 0.010 mg MJ−1 for TPU_Ether,

TPU_Ester and PU_Hardened, respectively. Roughly three thousand unique by-products were released

from photo-weathered TPUs, whereas 540 were detected in the DOC of PU_Hardened. This carbon pool

was highly complex and dynamic in terms of physicochemical properties and susceptibility to further

photodegradation after dissolution from the particles. Our results show that plastics photodegradation in

the ocean requires chemical assessment of the DOC emissions in addition to the analysis of aged

microplastics and that polymer chemistry influences the chain scission products.
Environmental signicance

The ubiquitous accumulation of plastic waste in the ocean is a widely acknowledged environmental issue. Despite being durable by design, most synthetic
polymers can degrade via photo-oxidative processes initiated by solar ultraviolet radiation, leading to formation of secondary microplastics and releasing chain
scission products to the surrounding aqueous environment. In particular, chain scission products can rearrange to complex mixtures of anthropogenic organic
chemicals whose bulk properties and fate remain largely unknown. By investigating a set of three different polyurethane microplastics, we showed that polymer
chemistry inuenced the photo-oxidation mechanisms that took place by the surface of the residual particles and also that the chain scission products in the
aqueous phase exhibited different physicochemical properties, rates of accumulation, and susceptibility to further photo-degradation.
1 Introduction

Approximately 5–13 million metric tons of plastic debris enter
the ocean each year as a result of waste mismanagement on
land.1–4 Even when designed to be chemically and biologically
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inert, synthetic polymers fragment into micro- (<5 mm) and
nano-size (<100 nm) particles under mechanical forces and
when exposed to (photo-)oxidizing agents.5–11 Direct sunlight,
particularly in the UV range, induces changes in polymer brit-
tleness, density, size, and surface charge, leading to loss of bulk
mechanical properties.12 These changes are the result of
oxidative processes initiated by free radicals activated by light in
the presence of oxygen,8 which compromise the polymer
structure by (i) incorporating oxygen-containing functionalities,
(ii) initiating chain scissions that reduce the number-average
molecular weight of plastics, and (iii) introducing cross-
links.9,12 Specically, reactive oxygen species activated by light
in the UV range initiate the photolytic cleavage of a C–H bond
on the polymer backbone to produce a polymer alkyl radical
This journal is © The Royal Society of Chemistry 2023
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(Pc). Reaction with molecular oxygen leads to formation of
unstable polymer peroxy radicals (POOc), which decompose in
hydroxyl radicals (OHc) and polymer oxy radicals (POc) that can
decay into chain scission products.13 The reaction terminates
when polymer radical species couple mutually or form cross-
links with polymer peroxy radicals.9,13 In particular, chain scis-
sions can release oligomers, monomers and additives to the
environment surrounding microplastics, contributing to the
pool of dissolved organic carbon (DOC) available to microor-
ganisms with potentially unaccounted consequences on marine
ecosystems.9,10,12,14,15 Figures from recent studies indicated that
the mass of marine DOC accounts for approximately 600 peta-
grams of carbon,16 while the contribution of microplastics-
derived DOC is estimated at around 57 000 metric tons per
year,17 i.e., a 9.5 × 10−9% annual contribution to the reservoir.

Polyurethane (PU) is a family of synthetic copolymers ob-
tained by a condensation reaction of polyisocyanates and pol-
yols to give a urethane linkage (–NH–COO–).18,19 PU is a versatile
polymer, as its properties can be easily tailored by changing the
polyol and isocyanate precursors and by introducing cross-
links.20,21 In 2015, PU ranked as the 7thmost produced synthetic
polymer with nearly 30 million metric tons fabricated.22 One
commercially important class of PUs are thermoplastic elasto-
mers that are not cross-linked and alternate exible segments,
based on long polyester or polyether polyols, and rigid
segments, consisting of urethane groups, the reaction products
of isocyanates, and hydroxyl functionalities, e.g., from poly-
ols.20,23 Despite the availability of promising recycling technol-
ogies,24 landlling remains the most common way to process an
ever-increasing amount of PU-containing waste.18 Although not
as abundant as major consumer plastics like polyethylene (PE),
polypropylene (PP), and polystyrene (PS), PU microplastics are
commonly detected in marine environments, including coastal
areas, seaoors and remote areas.10,25–28 If exposed to sunlight,
the urethane linkage will photo-oxidize.8,19 Following a charac-
teristic initial yellowing, the homolytic scission of the urethane
bond will form free radicals, whose decomposition and
recombination ultimately generate short polymer chains,
monomers, and low molecular weight photo-oxidized products
that partition to the surrounding environment.8,19,29

In this investigation, the effects of solar radiation on PU
microplastics were studied in a simulated marine environment.
We selected a polyester and a polyether thermoplastic poly-
urethane elastomer (TPU), both of which are devoid of cross-
links, and a cross-linked PU duromer. These polymers were
chosen not only because they allowed characterizing the pho-
todegradation behavior of microplastics of the same class in
relation to their different chemistries, but also for their
commercial and environmental relevance. Changes in micro-
plastics chemistry were investigated using infrared spectros-
copy and elemental analysis. The DOC released from polymer
photo-oxidation was quantied and subsequently character-
ized using liquid chromatography coupled to high-resolution
mass spectrometry (LC-HRMS) and cheminformatics tools. To
our knowledge, this is the rst time that PU microplastics
photodegradation has been investigated in seawater beyond
polymer characterization. Previous research was mainly
This journal is © The Royal Society of Chemistry 2023
conducted under dry conditions and heavily focused on the
chemistry of residual polymers.29–37 Recently, studies on the
characterization of the DOC produced from PP, PE, PS, and
polyethylene terephthalate (PET) have shown how nontarget
HRMS-based methods can lead to the identication of
unknown photo-oxidation products.11,38–41 Condent identi-
cation cannot be achieved without reference standards or
spectral library match,40,42 and the data reduction of HRMS
identication workows is such that only a minor fraction of
the many thousands of detectable signals can be structure-
annotated.42–44 While unequivocal identication of chemicals in
environmental samples may be crucial, hyphenated HRMS data
offer the potential to study bulk characterization parameters
that, even if lower on the identication condence scale,40 can
describe a much wider fraction of the carbon pool.45 Therefore,
we chose to characterize the DOC with respect to the evolution
of number of chemical species generated by photo-oxidation,
their masses, degree of saturation, oxidation, and concentra-
tion dynamics. Degrees of saturation and oxidation are typically
used to describe the bulk properties of DOC in HRMS studies,45

and characterizing their variations alongside changes in
number of chemical species, their size, and concentration
dynamics can reveal the effects of photo-oxidative processes
such as chain scission, oxygen incorporation, and introduction
of double bonds.8

2 Experimental

Unless otherwise stated, all data were processed within the R
statistical environment (version 4.0.3).46

2.1 Chemicals and reagents

The chemicals and reagents used for this study were of analyt-
ical grade and have been used as received without any further
purication. Detailed information about purity and manufac-
turers is provided in the ESI, Section S1.†

2.2 Test materials and sample preparation

Ether-based TPU (TPU_Ester), ester-based TPU (TPU_Ether),
and cross-linked PU (PU_Hardened) particles of 350 mm average
size were produced at BASF SE (Ludwigshafen, Germany) by
means of cryo-milling as described elsewhere.47 Further details
including polymer chemistry, density, particle size distribution,
and molecular weight distribution are provided in the ESI,
Section S2.† All glassware and quartzware were pre-combusted
at 450 °C for 10 h. All samples were prepared in triplicate and
consisted of 150 mg PU microplastics added to custom-made
cylindrical quartz cuvettes of 10.5 × 2 cm size (Technical
Glass Products, USA) lled with 30 mL articial seawater
prepared following standard methods,48 where high loadings
were used to increase the likelihood of detecting dissolved
products. Dark controls were prepared identically but wrapped
in three layers of aluminum foil. Blank samples consisted of
articial seawater only. Aer the irradiation experiments, since
PU microplastics were negatively buoyant, the particles were let
to settle for approximately 1 h, the supernatant was collected
Environ. Sci.: Processes Impacts, 2023, 25, 432–444 | 433
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with a 10 mL glass pipette and transferred to a 40 mL glass vial.
The microplastic particles were transferred to a 24-well plate
with a pre-cleaned, stainless-steel spatula and allowed to dry in
a desiccator between 7 and 10 days prior to characterization.
2.3 Photo-weathering reactor

Samples were irradiated at 25 °C for 60, 90, and 120 days total
using a custom-built solar reactor consisting of a chamber (L×H
× D: 120 × 35 × 60 cm) with anodized aluminum reector walls
(Lorin Industries, USA), equipped with a total of ten 40-Watt T12-
type light tubes, of which ve emitted UV-A (Q-Lab, USA) and ve
emitted uorescent light (General Electric, USA). The light tubes
were placed at a height of 25 cm from the samples. The peak
emission was at 340 nmwith a spectral irradiance of 25 mWcm−2

nm−1, as characterized by a Flame miniature spectrometer
(Ocean Insight, USA). Irradiance coverage and spectrum in the
reactor center are available in the ESI, Section S3 (Fig. S3.1 and
S3.2†). Aer 60, 90, and 120 days in the reactor, the cumulative
UV dose values integrated over 300–400 nm range were 175, 262,
and 350 MJm−2, respectively. These doses correspond to roughly
7.5, 11.2, and 15 months outdoor exposure at 31° N latitude. To
ensure homogeneous irradiation of the samples, the cuvettes
were laid at on the reactor surface (i.e., perpendicular to the
light source). Consequently, it was assumed that the vertical
distribution of the UV irradiance across the cuvettes would not
vary substantially between samples. All photo-weathered
microplastics-containing samples, which were 27 considering 3
polymer chemistries and three replicates per time point, were t
in the center area (60× 38 cm, highlighted with a red dashed line
in Fig. S3.1†) where the irradiance variation was lower than 10%.
The rst time point was 60 days, corresponding to a UV dose of
175 MJ cm−2, not only to ensure that detectable amounts of DOC
could be produced, but also to mimic environmentally relevant
conditions in marine environments, as photo-oxidation in
aqueous media is slower than under dry conditions.8
2.4 Attenuated total reectance-Fourier transform infrared
(ATR-FTIR) spectroscopy

Themicroplastics were analyzed by Attenuated Total Reectance-
Fourier Transform Infrared Spectroscopy (ATR-FTIR) with an
ALPHA II spectrophotometer equipped with a platinum ATR
module featuring a monolithic diamond crystal (Bruker Optics,
USA). The ATR diamond crystal was coated with approximately
1 mm thickness of test material, which corresponded to roughly
10 mg of microplastics. For each sample, two aliquots were
analyzed. Spectra in the region between 4000 and 400 cm−1 were
recorded with 32 scans at a resolution of 2 cm−1. Data acquisi-
tion, baseline correction and min–max normalization were per-
formed using the soware Opus, version 7.8 (Bruker Optics,
USA). The carbonyl index (CI), dened as the ratio between the
area below the carbonyl (1650–1850 cm−1) and methylene (1420–
1500 cm−1) bands, was derived to monitor the progress of photo-
oxidation.49 Area under curve values were obtained using the R
package pracma.50
434 | Environ. Sci.: Processes Impacts, 2023, 25, 432–444
2.5 Elemental analysis

For each sample, aliquots of 1.5–3 mg microplastics were
analyzed to determine C, H, O and N content using a Perki-
nElmer 2400 SERIES II CHNS/O Analyzer (PerkinElmer, USA) at
Intertek USA, Inc. (Whitehouse, NJ). The reporting limit was
0.1% mass for all elements.
2.6 Total organic carbon

Total Organic Carbon (TOC) analyses were performed using
a vario TOC cube congured in liquid mode (Elementar, Ger-
many). From each sample, 15 mL aliquots were transferred to
pre-washed (three-times with acidied Milli-Q water) 20 mL
polypropylene Luer syringes (VWR, USA), and collected in 40mL
glass vials. Prior to analysis, all samples, blanks and calibrants
were acidied with three drops of full-strength (12.1 M) hydro-
chloric acid and purged with ultrapure air to ensure elimination
of inorganic carbon. For quantication, eight calibrants of
concentration ranging between 1 and 500 mg L−1 were prepared
by diluting a potassium hydrogen phthalate carbon standard
(LabChem Inc., USA) in acidied Milli-Q water. The limit of
detection and quantication were 0.45 and 0.79 mg L−1,
respectively, and the calibration curve is provided in the ESI,
Section S4.† The data were used to extrapolate DOC release rates
per cumulative UV dose (mg MJ−1) by adapting an approach
published elsewhere.51 Details on the extrapolation are provided
in the ESI, Section S5.†
2.7 LC-HRMS analysis and data processing

Articial seawater samples from irradiated PU microplastic and
associated controls were analyzed by LC-HRMS via injection of
a 10 mL aliquot. Separation of the analytes was achieved with an
Agilent Innity 1260 HPLC system consisting of a vacuum
degasser, a temperature-controlled autosampler, a column
compartment, and a binary pump. The stationary phase was an
Agilent ZORBAX Eclipse Plus C18 column (3 × 50 mm, 1.8 mm).
The mobile phase consisted of water (A) and methanol (B), both
acidied with 0.1% formic acid; the gradient program expressed
as A : B was 90 : 10 at 0 min, 50 : 50 at 4 min, 5 : 95 from 17 to
25 min, and 90 : 10 from 25.1 to 29 min. The ow rate was 0.2
mL min−1. Due to the high salt content of the samples, the rst
1.5 min of the analytical run was diverted to waste. Detection
was achieved with an Agilent 6545 quadruple time-of-ight
HRMS equipped with a Jet Stream electrospray ion source
operated in positive mode, adopting an acquisition method
previously detailed by Ferrer et al. (2020).52 In brief, full-scan
HRMS data (MS1) were acquired for ions in the 100–1000 m/z
range at 2 GHz high dynamic range mode. High-resolution
tandem mass spectra (MS2) were recorded in data-dependent
acquisition in the range of 40–700 m/z in narrow mode with
a precursor isolation window of ±1.3 m/z. For each cycle, one
MS1 spectrum (0.5 s) over the range 100–1000 Da was recorded,
followed by acquisition of MS2 spectra of up to four precursors.
Each precursor was fragmented at low (15 eV) and high (30 eV)
collision energies. Stability of mass accuracy was guaranteed by
tuning prior to each analysis batch and by infusing a reference
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Carbonyl index of the residual polymer as a function of the
cumulative UV dose, integrated in the 300–400 nm range, in mega-
joule per square meter. Data points and error bars represent the mean
values and standard deviations, respectively, obtained from the repli-
cate measurements (n = 18 for dark controls and n = 6 for irradiated
samples). Invisible error bars are smaller than the data point markers.
ATR-FTIR spectra available in the ESI, Section S7.†
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mass calibration solution containing purine (m/z 121.0509 [M +
H]+) and HP-921 [hexakis(1H,1H,3H-tetrauoro-pentoxy)
phosphazene] (m/z 922.0098 [M + H]+). For the analysis, 900
mL aliquots were transferred to 3mL polypropylene syringes pre-
rinsed with acidied Milli-Q water and tted with 0.2 mm PTFE
lters (VWR, USA). Before ltration, 100 mL of a 5 mg L−1 stock
solution of adipic acid-13C6 and diethylene glycol-D8 (Cam-
bridge Isotope Laboratories, USA) were added, resulting in an
internal standard concentration of 500 mg L−1. The ltrate was
collected in 2 mL LC vials and kept at −15 °C prior to analysis.

A nontarget screening workow was applied to the LC-HRMS
data to characterize the DOC. The data les were converted to
mzML format using ProteoWizard (version 3.0)53 and imported
into R for pre-processing using the open source soware plat-
form patRoon.54 The settings used to extract the features,
grouping, aligning, ltering and formula annotation are
detailed in the ESI (S6†). Peaks detected in the blanks (cf. S6†),
in the dark controls and stable carbon isotopes were subtracted
from the dataset. Molecular formulae explicable by MS1 and
MS2 spectra were considered for further data analysis. When
feature annotation resulted in more than one formula, the
elemental composition with the lowest mass deviation was
selected. To characterize the DOC, formula data were plotted in
Van Krevelen (VK) diagrams,45,55 which were enhanced to
display variables of interests (e.g., chromatographic retention
time and m/z values). In VK diagrams, structural relationships
between formula-annotated features can be observed graphi-
cally. Vertical lines are representative of hydrogenation/
dehydrogenation reactions, where decreasing H/C values indi-
cate introduction of double bonds. Horizontal lines with
increasing O/C values indicate the substitution of hydrogen
with a hydroxyl group. Based on the linearity equation H/C =

−a(O/C) + b, lines with a slope of −1 are characteristic of
carboxylic acids, while lines with a slope of −2 indicate
a difference in methyl group or aldehyde/ketone group.45

Additionally, different slope values correspond to different
homologous alkylation series.39,45,55

Statistical analyses were performed using an unpaired t-test
considering a signicance level of p < 0.05. Correlation tests
were performed using the cor.test() function in R using the
Spearman method. Unless stated otherwise, all p-values
provided in the Results & discussion section refer to the output
of unpaired t-tests.

3 Results & discussion
3.1 Microplastic particles characterization

3.1.1 ATR-FTIR results. All irradiated PU microplastics
developed yellowing by receiving a UV dose of 175 MJ m−2

(Fig. S7.1†), an unambiguous indicator of photo-oxidation.
Most commonly, PU yellowing results from the oxidation of
aromatic isocyanate residues to monoquinone imide and
diquinone imide.8,19,32 Less commonly, yellowing can result
from photo-Fries rearrangement of the urethane linkage.19,56

Bothmechanisms are shown in Fig. S7.2.†Overall, the results of
the ATR-FTIR analysis aligned well with the scientic
literature.29,32,33,35,36,57–59 For all PU microplastics, yellowing via
This journal is © The Royal Society of Chemistry 2023
the quinonoid route was supported by the emergence of a band
at 814 cm−1 (out-of-plane C–H bending vibration in 1,4-disub-
stituted aromatic rings) that had decreased by receiving a UV
dose of 350 MJ m−2, indicating that aromatic rings were
degraded (Fig. S7.6†). Additionally, evidence of quinone
formation was found in the bands at 2856 cm−1 and 2941 cm−1,
which are characteristic of the methylene group bridging
diphenyl diisocyanate residues' asymmetrical and symmetrical
stretching vibrations, respectively. Decreases in these bands
were unambiguous for TPU_Ether, partial for PU_Hardened
(only band at 2856 cm−1) and not observed in TPU_Ester
(Fig. S7.7†). However, PU_Hardened and TPU_Ester also
showed a decreasing amide II band at 1527 cm−1 (Fig. S7.8†), an
indicator of photo-Fries rearrangement of the urethane
linkage.29 Finally, the increasing band at 1597 cm−1 was
assigned to quinonic C]C stretching vibrations, indicating
accumulation of quinone structures in all PU microplastics
(Fig. S7.8†). This result is in partial agreement with the litera-
ture,32,33,58 as other studies have reported a decreasing
1597 cm−1 band, attributing it to C]C stretching vibrations in
aromatic rings.29,59 Other notable changes in the irradiated
samples were the increasing carbonyl peak at 1704 cm−1

wavenumber in all PU microplastics (Fig. S7.8†), a strong indi-
cator of photo-oxidation;9,19,49 the increasing and broadening
3200–3600 cm−1 wavenumber region in all PU microplastics
(Fig. S7.9†), consistent with hydroxyl stretching vibration;35,57

and the decreasing band at 1100 cm−1 in TPU_Ether
(Fig. S7.10†), characteristic of C–O stretch in ethers, and
reecting the degradation of ether bonds.29,36,56

Polymer photo-oxidation corresponded to a consistent
increase in carbonyl index (Fig. 1), suggesting gradual
Environ. Sci.: Processes Impacts, 2023, 25, 432–444 | 435

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2em00415a


Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
  1

44
4.

 D
ow

nl
oa

de
d 

on
 1

2/
09

/4
7 

11
:1

5:
37

 . 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
accumulation of carbonyl groups on the surface of all PU
microplastics.29,49,57,60 In the dark controls, the index value of
TPU_Ester (9.8 ± 0.2) was higher than that of TPU_Ether (4.5 ±

0.2) by a factor of two, aligning well with the anticipated
chemistry of their respective exible segments. PU_Hardened
displayed the lowest carbonyl index value 3.7 ± 0.2 under dark
conditions, indicating a lower concentration of carbonyl oxygen
along its surface. Aer a UV dose of 350 MJ m−2, TPU_Ester,
TPU_Ether, and PU_Hardened showed mean index enhance-
ments of approximately 40%, 29%, and 46%, respectively,
compared to the dark controls. While TPU_Ester exhibited
a steady increase, the mean carbonyl index values of TPU_Ether
stabilized by receiving a UV dose of 262 MJ m−2. Presuming that
photochemical oxygen consumption did not progress suffi-
ciently to result in oxygen deciency in the aqueous samples,61

this stabilization could have resulted from a steady state in
which carbonyl group formation occurred at the same rate as
carbonyl group consumption. This could occur via chain scis-
sions in a process similar to that observed for hydroxyl groups
by Bottino et al.62

3.1.2 Elemental analysis results. The elemental analysis
results are shown in the ESI, Section S8† and only the major
ndings are discussed here. Compared to the dark controls,
carbon mass (C) in TPU_Ether and TPU_Ester had gradually
decreased by 2% and 0.9%, respectively, by receiving a UV dose
of 350 MJ m−2. PU_Hardened gave ambiguous results due to
large deviations between measurements, even in dark controls.
As mass loss through hydrolysis should be ruled out for the
crosslinked PU, it was assumed that this material was chemi-
cally more heterogeneous. Overall, C loss was expected, as UV
irradiation can result in a reduction of polymer molar mass and
introduction of oxygen.9,19,36,38 In the present study, TPU_Ether
lost the most carbon mass, consistently with the higher insta-
bility of ether segments with respect to UV light.36,47,63 Zhu et al.
reported that diverse postconsumer microplastics including PE,
PP, and expanded PS, lost carbon mass aer UV irradiation in
seawater and suggested that oxygen may be incorporated into
Fig. 2 Carbon mass fraction released from TPU_Ester (a), TPU_Ether (b
cumulative UV dose in megajoule per square meter (MJ m−2). The dose
visualization. Data points and error bars represent the mean values and st
Invisible error bars are smaller than the data point markers.
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weathered polymers to replace the missing carbon mass frac-
tion.10 Our results only partially agree with their statement, as
an increase in oxygenmass fraction was observed for TPU_Ether
only. Therefore, we hypothesize that elements other than
oxygen were incorporated in the photo-weathered micro-
plastics. Under hydrolytic and oxidative conditions, degrada-
tion begins with the penetration of water into the polymer
structure.64 Therefore, it is plausible that elements from the
different salts that occur at high concentrations in the seawater
may became trapped in the weathered microplastics and
affected the mass balance.
3.2 Dissolved organic carbon characterization

3.2.1 TOC analysis results. In the dark controls, the
concentrations of dissolved organic carbon (DOC) were steady
and remained within the range quantied in the seawater
blanks (7.3 ± 1.8 mg C per L) except for TPU_Ester (18 ± 6 mg C
per L). This was expected, as ester-based TPUs can hydrolyze.33,35

TPU_Ether showed the most DOC accumulation, followed by
TPU_Ester, and PU_Hardened. By receiving a UV dose of 350 MJ
m−2, the concentrations were as high as 349 ± 28 mg C per L,
175 ± 24 mg C per L, and 138 ± 29 mg C per L for TPU_Ether,
TPU_Ester and PU_Hardened, respectively. Thus, the DOC
produced from TPU_Ether accumulated at double the rate of
TPU_Ester, aligning well with the carbon loss rate derived from
the elemental analysis. The deviation between measured values
might have resulted from slight variations in the UV dose
received by the samples, and particle interactions or shielding
effects in particular, but also from DOC photo-oxidation or from
bacterial growth in the aqueous medium. For each sample,
knowing the volume of seawater, the polymer mass added, and
the carbon content, we derived the carbon mass fraction
released to the seawater because of photo-oxidative chain scis-
sions (Fig. 2).

Aer a UV dose of 175 MJ m−2, TPU_Ester (Fig. 2a) released
2.0 ± 0.2% carbon mass, which increased gradually to 3.7 ±
), and PU_Hardened (c) microplastics to the seawater as a function of
values on the x-axis are plotted as factorial variables to improve data
andard deviations, respectively, obtained from three replicate samples.

This journal is © The Royal Society of Chemistry 2023
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0.2% with a UV dose of 350 MJ m−2. TPU_Ether (Fig. 2b)
released 3.3 ± 0.2% carbon mass with a UV dose of 175 MJ m−2,
increasing by nearly a factor of three with a dose of 262 MJ m−2,
and remaining substantially unchanged thereaer. The carbon
mass released by PU_Hardened (Fig. 2c) increased gradually to
2.8 ± 0.2% by receiving a UV dose of 350 MJ m−2. Overall, the
higher degree of carbon release of TPU_Ether aligned well with
the greater susceptibility of ether-based TPUs to oxidative
processes.19,36,37,47,63 Interestingly, the DOC release prole of
TPU_Ether not only stood out for its higher values at all UV
doses, but was also consistent with the carbonyl index (Fig. 1),
which indicated a stabilization of carbonyl oxygen aer a UV
dose of 262 MJ m−2. Theoretically, this stabilization could have
resulted from a steady state in which the rate of consumption
(e.g., via chain scission) equaled the rate of formation of
carbonyl oxygen. However, the DOC evidence refuted this
possibility, suggesting a prevalence of cross-linking. This was in
agreement with ndings by Scholz et al.,36 who observed that
the solubility of photo-weathered ether-based TPU decreased
due to cross-linking while observing a stabilization of molar
mass loss. Likewise, Dannoux et al. found that cross-linking
competed with chain scission in ether-based TPUs under
high-energy radiation.65 The lower release of DOC from
PU_Hardened was expected. Cross-linking reduces interchain
distances (e.g., via hydrogen or covalent bonds) preventing
oxygen diffusion and UV light penetration,66 conferring a de
facto resistance to photo-oxidation. Although a direct literature
reference on PU_Hardened photodegradation was not found,
our results agreed with Lehner et al.,67 who anticipated slow
degradation rates for this cross-linked PU. Studies on other
cross-linked PUs showed that chemical oxidation produced
short chain scission products that reorganized and cross-
linked,64 whereas UV photo-oxidation induced only minor chain
scissions.68

Carbon release rates were extrapolated from DOC concen-
trations and UV dose as detailed in the ESI, Section S5.† The
corresponding rate values were 0.023, 0.013, and 0.010 mg MJ−1

for TPU_Ether, TPU_Ester and PU_Hardened, respectively.
Similar to carbon fraction release proles (Fig. 2), the release
rates aligned with the literature regarding PU chemistry-specic
susceptibility to (photo-)oxidative degradation,19,36,37,47,63 with
TPU_Ether and PU_Hardened being the polymers that released
the most and least DOC per UV dose, respectively. To our
knowledge, this is the rst time DOC release rates in units of mg
MJ−1 are reported for photo-weathered PU microplastics.
Wohlleben and Neubauer investigated the release of fragments
from (nano)composite at plates applying different photo-
weathering protocols.51 They found that fragments between
2 nm and 10 mm size were released from an ether-based TPU
and a crosslinked PU at a rate of 0.69 and 0.17 mg MJ−1,
respectively, and that the release from the TPU was slightly less-
than-linear. They concluded that while variations of weathering
protocol could shi the release rate values, the ranking was
mainly inuenced by polymer chemistry. It was challenging to
draw a thorough comparison between the values obtained by
Wohlleben and Neubauer and the present study due to differ-
ences in sample forms (at plates vs. microplastics), exact
This journal is © The Royal Society of Chemistry 2023
polymer chemistry, and weathering and sampling protocols.
Nevertheless, agreement was found between the rate ranking
observed in both studies.

There are limitations to the real-world applicability of the
DOC release rates in units of mg MJ−1. Firstly, the assumption
of constant particle surface area throughout the experiments
may not be appropriate. Chamas et al. incorporated shrinkage
of the radius and reduction of surface area in a recent model
that describes the degradation of spherical microplastic parti-
cles.69 They pointed out that samples with the same composi-
tion and mass, but different surface areas can show very
different degradation rates and claried that their model does
not account for fragmentation, which abruptly increases the
surface area. Secondly, the assumption of constant and homo-
geneous irradiation may not be appropriate too. In the envi-
ronment, natural organic matter competes for photons and acts
as a scavenger of reactive oxygen species, possibly slowing down
polymer photo-oxidation.70 Despite these limitations, we believe
that the DOC release rates in units of mg MJ−1 provide an
adequate metric to investigate the impact of polymer chemistry
on the degree of photodegradation under controlled laboratory
conditions.

3.2.2 LC-HRMS analysis results. A set of 6901 unique pairs
of m/z and retention time (RT) values, hereaer referred to as
features, was obtained by processing the LC-HRMS data (Fig. 3).
Because features in the blanks and dark controls were deleted
from the dataset, the chemicals characterized in the presented
study occurred in the samples because of microplastics photo-
oxidation. Furthermore, the algorithm used for peak picking
and grouping discards stable carbon isotopes from the feature
list.71 While other isotopes may have been picked, a signicant
contribution to the number of features presented here was
unlikely based on the elemental composition of the polymers
investigated in this study and the intensities of the prioritized
features. The TPU elastomers were highly comparable in terms
of total number of detected features, formula-annotated
features, and features that occurred at all UV doses. The
number of features exclusively detected aer irradiation with
a given UV dose slightly increased along with increasing
cumulative UV dose in TPU_Ester, whereas it uctuated for
TPU_Ether. PU_Hardened stood out for the signicantly lower
number of features, which was a factor of six less than those
detected for the TPUs. Moreover, mostly all features generated
from PU_Hardened occurred exclusively in samples irradiated
with a UV dose of 262 MJ m−2 and only 2 were shared among all
doses. To our knowledge, this is the rst time that the release of
thousands of chemicals originating from photo-weathered PU
microplastics is reported in the literature. A dataset similar to
ours was published by Gewert et al., who investigated photo-
weathering of PP, PE, expanded PS, and PET pellets in water
using nontarget screening with LC-HRMS.11 In that study, the
number of detected features that were unique to the samples
ranged from 31 for PP to 256 for PET. The large difference in
number, while attributable to polymer chemistry and irradiated
surface area, may also result from weathering and sampling
protocols, and analysis method.51
Environ. Sci.: Processes Impacts, 2023, 25, 432–444 | 437
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Fig. 3 Venn diagrams of feature distribution in TPU_Ester (left), TPU_Ether (center), and PU_Hardened (right) irradiated with a UV dose of 175,
262 and 350 megajoule per square meter (MJ m−2).
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The formula-annotated features were visualized in a Van
Krevelen (VK) diagram enhanced to display RT information
(Fig. 4; surface density plots to facilitate the identication of the
most populated regions of the VK diagram are provided in
Fig. S9.1†). VK diagrams have been used in recent literature
studies to ngerprint microplastic particles,41 and to charac-
terize DOC release from photo-weathered plastic bags.72

However, the visualization approach used for the present
investigation is advantageous, as it is coupled with additional
plots to visualize the most data-dense areas in the diagrams and
(ii) it is enhanced with hyphenated HRMS data of interest, e.g.,
m/z and RT values, so that DOC physicochemical properties
other than elemental ratios can be visually inferred.

The features of the TPUs (Fig. 4a and b) differed for: (i)
degree of saturation expressed as H/C ratio, which was lower in
TPU_Ester; and (ii) oxygen content, expressed as O/C ratio,
which was lower in TPU_Ether. These differences aligned with
the chemistry of TPU elastomers: ester-based segments contain
less hydrogen and more oxygen than ether-based segments of
the same chain length due to the carbon to oxygen double bond
of ester functional groups. The features in TPU_Ether (Fig. 4b)
Fig. 4 Van Krevelen plots of all formula-annotated features detected in
represents an annotated formula. The color scale represents chromatogra
oxygen–carbon ratio. Number of plotted features, mean and standard d

438 | Environ. Sci.: Processes Impacts, 2023, 25, 432–444
had the longest RTs of the dataset and populated the VK
diagram in an area with high H/C ratios ($1.5) and low O/C
ratios (#0.5), which is characteristic of aliphatic
compounds.39 This was also the most populated area of the VK
diagram of TPU_Ether, as shown by the surface density plots
(Fig. S9.1†). A dense cluster of 790 late eluting features had H/C
and O/C ratios in the range of 1.75–2.5 and 0.2–0.3, respectively,
and RT at or beyond 14.4 min. Considering that chromato-
graphic separation was achieved via a reversed-phase mecha-
nism with an octadecyl stationary phase, molecular structures
with saturated, long alkyl chains would explain the long reten-
tion. This hypothesis was corroborated by the double bond
equivalence (DBE) data of TPU_Ether (Fig. 5b), which showed
a negligible correlation (Spearman's r) between DBE and RT (r
= 0.041, p-value = 0.047), and a weak correlation between DBE
and number of carbon atoms (r = 0.29, p-value < 2.2 × 10−16).
In contrast, the features of TPU_Ester exhibited a moderate
positive correlation between DBE and number of carbon atoms
(r = 0.58, p-value < 2.2 × 10−16). Based on literature data, UV
photo-oxidation of ester-based exible segments can induce
decarboxylation to give alkene group-containing products.19,73
TPU_Ester (a), TPU_Ether (b), and PU_Hardened (c). Each data point
phic retention time (RT) in minutes. H/C: hydrogen–carbon ratio; O/C:
eviation of the m/z and RT values are provided in the subtitles.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Double-bond-equivalence (DBE) versus number of carbon atoms of all formula-annotated features detected in TPU_Ester (a), TPU_Ether
(b), and PU_Hardened (c). Each data point represents an annotated formula. Data pointmarker size represents feature size expressed asmass-to-
charge (m/z) value. The color scale represents feature retention time (RT) in minutes.
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This phenomenon supported the lower H/C (Fig. 4a) and higher
DBE values (Fig. 5a) observed in the features of TPU_Ester. The
dataset size difference did not allow for a meaningful compar-
ison between PU_Hardened and the TPU elastomers. Moreover,
it was challenging to reconcile the dramatically lower number of
features produced from the cross-linked PU with its DOC
concentrations. A possible explanation is that the chemical
species released from PU_Hardened, while fewer, occurred at
high concentrations. However, it cannot be excluded that
a fraction of the DOC was not detected by HRMS. This would be
the case for molecules lacking heteroatoms that could be
protonated (e.g., hydrocarbons) or molecules with no affinity for
the LC stationary phase that would elute earlier than 1.5 min.
The latter case is relevant for small and highly hydrophilic
compounds with negative logarithm octanol–water partition
coefficient values (log Kow). These analytes are typically
amenable for LC separation by either Hydrophilic Interaction
Liquid Chromatography (HILIC) or normal-phase chromatog-
raphy. The DBE data (Fig. 5c) showed that the features of
PU_Hardened had fewer number of carbon atoms, and, in line
with the literature on cross-linked PU degradation,64,68 this
indicated that only low molecular weight photo-oxidation
products were generated.

The literature indicated that the organic carbon leached
from weathered polymers can photodegrade to low molecular
weight by-products, partially oxidized DOC and CO2.74,75 To
verify whether the features in the DOC exhibited dynamics
trends, i.e., they were produced and subsequently photo-
degraded, the correlation (Spearman's r) between UV dose
and normalized feature intensities was derived. This exercise
was limited to the formula-annotated features that were detec-
ted at all UV dose values, and PU_Hardened was excluded as
only 2 features met this criterion. This analysis showed that
roughly 80% of features of TPU_Ester had been continuously
supplied to the seawater (Fig. S9.2a†), indicating that these
chemicals were either recalcitrant to photo-oxidation or their
rate of production was higher than their rate of consumption. A
different scenario was observed for TPU_Ether, as 61% of the
features exhibited a moderate to strong decreasing trend
This journal is © The Royal Society of Chemistry 2023
(Fig. S9.2b†). According to the literature, the so segments of
TPU_Ether are very sensitive to photo-oxidation, their degra-
dation is initiated by radical attacks followed by hydrogen
abstraction, forming alkoxy radicals and hydroperoxides, and
culminating in chain scissions.19,56 Thus, the decreasing inten-
sities of the features of TPU_Ether could be rationalized with
the high lability of ether segments to photodegradation, indi-
cating that the chemical species in the DOC pool were, in turn,
degraded. This was an interesting nding, as it suggested that
a polymer's susceptibility to photodegradation may be
conserved in its degradation by-products.

Features that exclusively occurred at a given UV dose, here-
aer referred to as unique features, were inspected by plotting
the data in VK diagrams enhanced to visualize RT and m/z
values (Fig. 6). It is noteworthy that while the unique features
may have originated directly from the bulk polymer, these may
also be by-products of the (chromophoric fraction of) DOC that
were subsequently degraded to undetectable concentrations
between UV doses. In TPU_Ester, the number of unique features
increased gradually with increasing irradiation. This was
accompanied by a signicant reduction in mean m/z (p-value <
2.2 × 10−6) and H/C values (p-value = 5.6 × 10−7) at the end of
the irradiation experiments, as shown by an unpaired t-test.
These observations were in agreement with the literature on
photodegradation of ester-based polyurethane,19,29,76 as UV
radiation induces photo-oxidation of ester segments with chain
scissions through Norrish Type II reactions, which give prod-
ucts with unsaturated chain ends. Surprisingly, and despite the
smaller m/z values, the mean RT of the unique features in
samples irradiated with a UV dose of 262 MJ m−2 was signi-
cantly longer than that of the features detected aer a UV dose
of 175 MJ m−2 (p-value = 2.9 × 10−15). This indicated a higher
degree of hydrophobicity, which would result in longer RT in
reversed-phase chromatography.

The unique features in the DOC of TPU_Ether were 673, 59,
and 470 aer a cumulative UV dose of 175, 262, and 350MJm−2,
respectively. It remains unclear why the features uniquely
detected aer a 262 MJ m−2 UV dose were less abundant by one
order of magnitude. The effects of a possibly too aggressive data
Environ. Sci.: Processes Impacts, 2023, 25, 432–444 | 439
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Fig. 6 Van Krevelen plots of unique features detected in samples irradiated with a UV dose of 175 MJm−2 (left), 262 MJm−2 (middle) and 350MJ
m−2 (right) in TPU_Ester (top) and TPU_Ether (bottom). The data point marker size reflects the feature mass-to-charge (m/z) value, and the color
scale represents the feature retention time (RT) in minutes. H/C: hydrogen–carbon ratio; O/C: oxygen–carbon ratio.
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pre-processing, specically the replicate abundance lter (cf.
ESI Section S6†), were ruled out, as the results did not change
aer testing less strict lter values (data not shown). Despite the
inconsistent trend, it can't be excluded that additional unique
features occurred at levels that were below instrumental
detection limits, either due to low concentration or low ioni-
zation efficiency. Nevertheless, the unique features aer a UV
dose of 262 MJ m−2 were excluded from further statistical
analysis, as the small sample size did not allow for a meaningful
comparison with the rest of the TPU_Ether dataset. Signicant
m/z and RT value reductions (p-value < 2.2 × 10−16) were
observed between the unique features detected in the
TPU_Ether samples irradiated with a UV dose of 350 MJ m−2

and those detected with 175 MJ m−2. These were accompanied
by a moderately signicant increase in O/C value (p-value =

0.015), suggesting the introduction of oxygen-containing func-
tional groups such as carbonyl. This was in line with the liter-
ature on photodegradation of ether-based polyurethane,19,56 as
ether segments are degraded to low molecular weight products
with carboxylic end groups.

Considering the entire nontarget screening dataset of the
TPUs, it appeared that in TPU_Ester the number of unique
features increased along with the intensity trends of the
features detected at all UV doses. In TPU_Ether, decreasing
number of unique features corresponded to decreasing inten-
sity trends of the features detected at all UV doses. While shis
in m/z values, RT times, and degree of saturation and oxidation
were in line with mechanisms reported in the literature, more
research is necessary to assess whether the unique features were
440 | Environ. Sci.: Processes Impacts, 2023, 25, 432–444
produced from photo-oxidation of the DOC or from the bulk
polymer.

While the present study focused on microplastics' photo-
oxidation products, it is noteworthy that 508, 88, and 126
features were detected in the dark controls of TPU_Ester,
TPU_Ether, and PU_Hardened, respectively. These features
comprised both non-intentionally added substances (NIAS) and
additives (IAS) that can leach from polymers regardless of
photo-weathering,77 and hydrolytic breakdown products. The
substantially higher number of features in the dark controls of
TPU_Ester could be expected, as ester-based TPUs undergo
hydrolytic degradation.33,35 While these data are provided to the
reader, they are not discussed further as they don't fall within
the scope of the present work.
4 Conclusions

This investigation showed that (articial) sunlight can degrade
polyurethane microplastics in an aqueous environment via UV
photo-oxidation. While offering the potential to mitigate plastic
pollution, photo-weathering released an organic carbon pool
populated with thousands of degradation products, which were
dynamic in terms of accumulation behavior. The progress and
degree of photo-weathering, and DOC accumulation behavior
appeared to be inuenced by polymer chemistry. Our results
suggest that a specic polymer's susceptibility to photo-
oxidation is conserved in its degradation products, as shown
by decreasing intensity trends of the majority of the chemicals
detected in the DOC of TPU_Ether. For other polymers, as in the
This journal is © The Royal Society of Chemistry 2023
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case of TPU_Ester and PU_Hardened, more species of the DOC
seemed recalcitrant and thus might have the potential to
accumulate in ambient seawater. However, the present study
only simulated one specic combination of degradation
stresses; other stresses or transport processes contribute to the
actual environmental fate of the DOC released from aging
plastic. Initiatives such as the Alliance to End Plastic Waste,
supported by the recent UN resolution,78 will curb and eventu-
ally stop mismanagement of plastic waste. But even the degra-
dation of the plastic waste released to date has the potential to
generate more DOC that will at some point reach peak
concentration in the oceans, highlighting the need for robust
and harmonized analytical strategies to characterize environ-
mental persistence, mobility and ecotoxicology of this highly
complex carbon pool. Recent observations that the hazard of
aging microplastics may be predominantly attributed to the
released DOC add to the relevance of identifying recalcitrant
species in the DOC.79 This would extend our understanding of
microplastics' environmental fate beyond observations from
residual polymer and could support (i) the design of new
materials, e.g., exploiting physicochemical properties that allow
polymer and by-products to be (bio)degradable, and (ii) regu-
latory efforts, e.g., by limiting the production and application of
polymers that release persistent or toxic DOC.
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