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ABSTRACT: Understanding the environmental fate of microplastics
is essential for their risk assessment. It is essential to differentiate size
classes and degradation states. Still, insights into fragmentation and
degradation mechanisms of primary and secondary microplastics into
micro- and nanoplastic fragments and other degradation products are
limited. Here, we present an adapted NanoRelease protocol for a UV-
dose-dependent assessment and size-selective quantification of the
release of micro- and nanoplastic fragments down to 10 nm and
demonstrate its applicability for polyamide and thermoplastic
polyurethanes. The tested cryo-milled polymers do not originate
from actual consumer products but are handled in industry and are therefore representative of polydisperse microplastics occurring
in the environment. The protocol is suitable for various types of microplastic polymers, and the measured rates can serve to
parameterize mechanistic fragmentation models. We also found that primary microplastics matched the same ranking of weathering
stability as their corresponding macroplastics and that dissolved organics constitute a major rate of microplastic mass loss. The
results imply that previously formed micro- and nanoplastic fragments can further degrade into water-soluble organics with
measurable rates that enable modeling approaches for all environmental compartments accessible to UV light.
KEYWORDS: microplastics, nanoplastics, UV aging, fragmentation rates, dose-dependent, size-selective quantification,
degradation products

■ INTRODUCTION
In recent years, concerns about plastic pollution have raised,
especially when considering the potentially bioavailable
microplastics and nanoplastics with compatible particle sizes
for bio-uptake and membrane diffusion.1−3 While authorities
have introduced restrictions for products containing intention-
ally produced microplastics,4,5 the majority of microplastic
pollution originates from fragmentation of mismanaged waste
into secondary macroplastic fragments, then micro- and
nanoplastics, tire wear, or textile washing.6−8

Potential scenarios for the fate of microplastics are diverse.
After their emission into the environment, microplastics might
be transported through various environmental compartments,
for example, via wastewater treatment plants (where an
estimated 20% are not retained in the sludge)9 to rivers and
eventually into the sea. Surf might wash some fraction
ashore.10,11 Additionally, biotic (enzymatic processes of
microorganisms)12 and abiotic (photolysis, thermal stress,
hydrolysis, and mechanical stress)13,14 aging processes can lead
to changes in the chemical and physical properties of
microplastics,12−15 impacting among others their transport
behavior and contaminant sorption. Regarding the environ-

mental scenario of microplastics at a beach, ultraviolet (UV)
irradiation, which initiates autocatalytic photo-oxidation,16,17

and hydrolysis could be responsible for chemical
changes.16,18,19 Mechanical stress could lead to fragmentation
due to increased abrasion in the surf zone (Figure 1a).18,20,21

Secondary nanoplastics are a particular concern due to their
potentially higher bioavailability22−25 and size-specific inter-
action with living organisms.26,27 Aging of microplastics,
starting from the surface that is directly exposed to
environmental stress,7,28 can induce the generation of nano-
plastics via two pathways: cracks can penetrate into deeper
parts of the particle, resulting in the breakup of the bulk.7,29 On
the other hand, fragmentation of the degraded surface layer can
release micro- and nanoplastic fragments (Figure 1a).
Dissociation of polymer chains into low-molecular water-
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soluble organic molecules might also be possible (Figure 1a),
for example, due to hydrolysis-induced chain cleavage, if the
backbone contains bonds that are susceptible to hydrolytic
attack (e.g., ester).30,31 The multiple transformations require
additional efforts to assess aged particles and their degradation
products,32 before we can deduce fragmentation rates for
microplastics under environmental conditions.3,23,24 A mass-
specific method for a size-selective quantification of nano-
plastics <200 nm and dissolved species generated by
weathering is still missing. To fill this knowledge gap, we can
adapt methods developed in former research33,34 In 2017, the
NanoRelease protocol was developed originally to investigate
leaching of nanofillers from polymer nanocomposite plates
after weathering (UV irradiation, dry/wet).35−37 The recent
ISO TR-22293:2021 introduced the fundamental idea to
combine standardized aging stresses with a sampling step and
fragment-specific analytics. The specific NanoRelease weath-
ering protocol uses a standardized weathering process with
sampling by immersed sonication and size-selective quantifi-
cation of small fragments from 10 nm but was so far only
applied to macroplastic test bodies and did not quantify water-
soluble release products. In an interlab comparison, the release
of nanofillers and polymer fragments from polymer nano-
composite plates was successfully quantified.35−37 In further
studies, the researchers also quantified fragments of different
polymer matrices, which we designate as secondary nano-
plastics.36,38

Here, we simulated the beach and surf scenario exper-
imentally with the aid of a standardized UV aging experiment
and an adapted version of the already implemented Nano-
Release protocol (Figure 1b). Our adaptation of the Nano-
Release protocol allows a size-selective quantification of micro-

and nanoplastic fragments released from microplastic powders
after photolysis and mechanical stress and shall eventually
calibrate the assumptions on fragmentation rates in models
such as the Full Multi model by Domercq et al.39 We
investigated if the dissociation into water-soluble organics can
occur in parallel or instead of fragment release and analyzed
their release kinetics. We selected a range of polyamide (PA)
and thermoplastic polyurethane (TPU) powders with a
systematically varied polymer backbone to explore the options
of polymer synthesis in reducing fragmentation. Since some
were sourced directly from the industrial production of 3D-
printing plastic powders, our materials also represent a specific
class of intentionally produced primary microplastics that are
derogated from governmental restrictions due to the loss of
particle shape during processing.4,40

■ MATERIALS
Two PAs (PA-6, PA-12) and four TPUs (TPU_ester_arom,
TPU_ether_arom, TPU_ester_ali, and TPU_ether_ali) were
used to investigate the influence of UV aging on fragmentation
and degradation of primary microplastics. The chemical
composition of the TPUs was varied for a comparison between
ester- and ether-based polyols, as well as between aromatic and
aliphatic diisocyanate components.
PA powders were directly acquired from the industrial

production (BASF) of plastic powder needed for 3D-printing
by the selective laser sintering (SLS) process. 3D-printing fuses
the powder intermediate into the final plastic part, thereby
losing the particle nature.4,40 Cryo-milling of TPU granules
(BASF) and sieving (<315 μm) generated TPU powders,
representing polydisperse microplastics. The application of
primary microplastic TPU and PA powders in 3D-printing by
industrial users should ideally not allow any emission, but if
transport losses or spills should occur,6,41 an assessment of fate
and ultimately of sustainability of this version of additive
manufacturing is needed.42,43 In addition, polyurethane
constituted 7.8% of the European plastic demand in 2020
and is therefore one of the more common polymers.44 Selected
particle properties and images are provided in the Supporting
Information (SI Figure 1, SI Table 1).

■ METHODS
Artificial UV Aging Following ISO 4892 Dry. Dry UV

aging was performed using an Atlas SUNTEST XLS+
conforming to ISO 4892 standardized conditions [sunlight
spectrum, UV intensity of 60 W/m2 (max. deviation ±7.0%) in
the wavelength range of 300−400 nm, a black standard
temperature (BST) of 65 °C].45 Thin layers (0.7 mm height)
of the polymer powders were placed into clean petri dishes,
assuring that the powders were evenly distributed. This setup
was compared to monolayers (insufficient sample amount for
further analysis) and thicker layers (1.5 mm) with mixing
(every 200 h). Considering the concern that the uppermost
layer might be much more affected than the lower layers, this
would result in a mixture of pristine and aged particles. We
assessed that and found that with the current setup the molar
mass (SI Figure 2) was reduced for all particles (not resulting
in a bimodal distribution), independent from their position in
the petri dish. Afterwards, the petri dishes were partially
covered with quartz glasses (SI Figure 3), avoiding windblown
powder contamination but still providing oxygen for potential
radiation-induced auto-oxidation. The powders were artificially

Figure 1. Transfer of an environmental scenario to an experimental
simulation considering the chemical and physical treatments. (a) The
environmental scenario at the beach including UV aging (photolysis)
and mechanical stress due to surf leads to aging of a spherical
microplastic particle due to chemical and physical treatments. In some
cases, hydrolysis, especially for polymers containing ester bonds or
similar, can lead to the release of low-molecular water-soluble
organics. Cracks on the particle surface followed by surface ablation
(mechanism adopted from Andrady7) result in the release of
secondary micro- and nanoplastic fragments. (b) In an experimental
approach, polymer powders simulate primary microplastics treated
with UV irradiation and ultrasonication in ultrapure water to assess
their degradation products.
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aged for 1000, 2000, and 3000 h (216, 432, and 648 MJ/m2).
Each 1000 h step simulates the annual external mid-European
conditions.35 The aged microplastic particles were analyzed
regarding their surface chemistry via attenuated total
reflectance Fourier-transform infrared spectroscopy (ATR
FT-IR), their surface texture via scanning electron microscopy
(SEM), and their molar mass distribution via gel permeation
chromatography (GPC). Duplicates were prepared for each
polymer sample.
Adaptation of the ISO22293:2020 NanoRelease

Protocol. The NanoRelease protocol concerns a size-selective
quantification of nano-fragments released from polymer
nanocomposite plates after weathering,35 and pre-validation
by pilot interlaboratory testing provides a suitable basis for an
adaptation to the release of nano- and microplastics from

primary microplastics (Figure 2). For this purpose, 0.45 g of
UV-aged polymer powder was dispersed in 2 mL of ultrapure
water with the surfactant (sodium dodecyl sulfate, SDS, 1 g/L)
and treated with 1 h of ultrasonication (Sonorex Digital 10P,
Bandelin, 100%, 20 °C). In the next step, to remove the
primary particles, the dispersion was transferred to (a) a
centrifuge vial (polypropylene 11 × 60 mm, Beckman Coulter)
and left for 5 min for 1-g-sedimentation (TPU samples) or (b)
a 5 mL syringe equipped with a 10 μm syringe filter (Acrodisc
PSF 10 μm Versapor, Pall Corporation) and a three-way
stopcock (Discofix C, B.Braun) (PA samples).
Another 2 mL of ultrapure water with the surfactant was

used to rinse the remaining particles from the vials. In the case
of the TPU, the supernatant after sedimentation was analyzed,
while for PA, the filtrate was used. Analysis included the

Figure 2. Adaptation of the NanoRelease protocol for the assessment of secondary fragments released from primary microplastics. Since polymer
powders are used instead of nanocomposite plates, the larger particles need to be removed with the aid of 1-g-sedimentation or a 10 μm syringe
filter. The dispersion containing micro- and nanoplastic fragments was analyzed via analytical ultracentrifugation, UV−vis, and SEM.

Figure 3. Characterization of primary microplastic powders before and after UV aging. Exemplary results for both of the TPU_ethers show a
reduction in the molar mass distribution (more intense for the TPU aromatic), an increase of carbonyl- and hydroxyl functional groups (only for
the TPU aromatic), and an affected surface texture (more intense for the TPU aromatic) with increasing duration of UV aging. More results are
contained in SI Table 2 and SI Figure 5.
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particle size distribution (analytical ultracentrifugation with a
refractive index detector (AUC-RI), a single-particle counter)
and concentration of micro- and nanoplastic fragments (AUC-
RI), the particle shape (SEM), and the content of released
water-soluble organics (total organic carbon, TOC, and
ultraviolet−visible spectroscopy, UV−vis). Blank samples
without polymer powders were prepared for the 1-g-
sedimentation as well as for the filtration pathway.
Detailed descriptions of the experimental conditions for

ATR FT-IR, SEM, GPC, AUC-RI, single-particle counter,
TOC, and UV−vis are given in the Supporting Information.

■ RESULTS AND DISCUSSION
Depending on the Polymer Nature, UV Aging of

Primary Microplastics Leads to Different Aging.
Following artificial UV aging, the investigated polymer types
showed different molar mass distributions, surface chemistry,
and texture (Figure 3, SI Figure 5). The mass (Mw) and
number (Mn)-average molecular weight of the TPU ethers
(aromatic, aliphatic) were reduced with increasing UV aging
(Figure 3a,b, SI Table 2). The effect was more pronounced for
the aromatic TPU_ether, resulting in broad peaks (poly-
dispersity, PDI3000h = 17.7 vs PDI0h = 4.2) with low molecular
masses (Mw,3000h = 12,000 g/mol compared to Mw,0h = 137,000
g/mol). An increasing crosslinking degree (SI Table 2) was
observed for TPU_ether_arom but not for TPU_ether_ali.
UV aging impacted the surface chemistry of TPU_ether_ar-
om: the O−H/N−H stretch vibrations (3660−2990
cm−1)46,47 broadened, and the carbonyl (1780 cm−1, 1725
cm−1)46,48,49 peaks gained intensity over the UV aging time.
The C−N (1530 cm−1)47 and the CH2 stretching vibration
peaks (2940 cm−1, 2850 cm−1)50,51 showed an intensity
decrease (Figure 3a). No spectral changes occurred for the
aliphatic TPU_ether. The surface texture of the aromatic
TPU_ether was more affected (rough structures, irregularities,
brittleness, yellowish discoloration) than the surface texture of
the aliphatic TPU_ether (slightly rough, no discoloration)
(Figure 3a,b). The described trends of UV aging effects on
aromatic/aliphatic TPU_ethers reappeared for the aromatic/
aliphatic TPU_esters (SI Figure 5a,b, SI Table 2). This
revealed that UV aging generally affected the TPU_ethers in a
larger extent (compare to SI Table 2), leading to a
subsumption of the four TPUs regarding UV durability:

TPU ester ali TPU ether ali TPU ester arom

TPU ether arom

_ _ > _ _ > _ _
> _ _

Aromatic moieties absorb the photon energy due to their
delocalized electron system,46,52 leading to radical formation,
auto-oxidation (reflected in Figure 3a: increasing carbonyl and
hydroxyl signals at 3660−2990 cm−1, 1780 cm−1, and 1725
cm−1), chain cleavage, and thus degradation.16,17,53,54 A
possible chain scission occurs at the C−N chemical bond
located in the urethane group (intensity decrease in Figure 3a
at 1530 cm−1), initiating the so-called photo-Fries rearrange-
ment and carboxylic acids, as well as primary amines (Figure
3a: intensity increase at 3660−2990 cm−1, NH stretch
vibration) result as degradation products.47,54 If a free radical
originates at the methylene group CH2, located between two
aromatic rings in the diisocyanate component, the resonance
stability promotes a favorable energetic state.48,49,55,56 The
following auto-oxidation (hydroperoxidation confirmed in
Figure 3a at 3450 cm−1)57 generates quinoid chromophore

structures, causing yellowish discoloration.46,48,50,58 Cross-
linking in aromatic TPUs occurs by recombination of radicals
or peroxide bridges.59,60 The decrease of the CH2 stretching
vibrations (2940 cm−1, 2850 cm−1, Figure 3a) may hint to the
occurrence of crosslinking and oxidation of the polymer
chains.50,51 Aliphatic TPUs are slowly UV degraded since the
degradation mechanism is predominantly based on the Norrish
reactions next to the urethane bonds after auto-oxida-
tion.46,48,49,59

The comparison between ether and ester-based TPUs
revealed that polyether soft segments are more likely to
abstract hydrogen than polyester soft segments, leading to free
radical formation, oxidation, and chain scission.47−49 This
assumption is supported by the decrease in signal intensity of
the C−O−C vibration of the ether groups (1110 cm−1) over
the UV aging time (Figure 3a),47 which is not the case in the
ester-based TPU (SI Figure 5a). UV degradation predom-
inantly occurs in the polyol soft segments, and if aromatic hard
segments are contained, crosslinking and chain cleavage act as
competing mechanisms.48

UV aging of PAs decreased molar masses with increasing
duration of UV aging (SI Figure 5c,d, SI Table 2). For
example, the Mw of PA-6 was 15,000 g/mol after 2000 h
compared to Mw = 57,900 g/mol before aging. In contrast to
the aromatic TPUs, crosslinking did not occur during UV
aging. The change in polydispersity was also less intense than
for the aromatic TPUs (PDI2000h = 7.5 vs PDI0h = 3.5). FT-IR
spectra (SI Figure 5c) of PA-6 showed a broadened signal in
the area of O−H and N−H stretch vibrations (3500−3000
cm−1)61,62 as well as an increasing intensity of the carbonyl
signal at 1730 cm−1, which was also present in PA-12 (SI
Figure 5d).61,63 We observed differences in the surface texture
of the aged TPU surfaces. While the TPUs mainly showed
irregularities and brittleness after aging, PA-6 showed nano-
sized fragments on top of the surface (SI Figure 5c) and the
formation of holes after 2000 h of UV aging. The latter were
even more pronounced after 3000 h of UV aging (SI Figure 6).
PA-12 was already covered with nano-sized structures before
UV aging (SI Figure 5d) that were still present after UV aging
and attributed to an inorganic anticaking agent. Discoloration
was less intense than for the aromatic TPUs, leading only to a
slight beige of the formerly white particles.
The main degradation mechanism for PA is also based on

auto-oxidation (reflected in increasing signals at 3500−3000
cm−1 and 1730 cm−1), C−N chain scission (reduced molar
masses), and photo-Fries rearrangement without crosslinking
mechanisms.61,63,64 The hydroperoxides generated on the
polymer surface are unable to initiate further reactions but
are likely to decompose into hydroxyl groups, thus forming
primary amines (3400 cm−1) and imide groups (1730
cm−1).61,65 Pyrrole degradation products or unsaturated
oligoenimines in PA can show chromophoric properties,63,66,67

which are less pronounced than the quinoid structures in the
TPUs. The hydroperoxides are more instable in PA-6 than in
PA-12, making this material less durable against UV aging,63

while imides in PA-6 are more susceptible to hydrolysis than
imides in PA-12.61

Fragmentation of Microplastics Down to Nano-
plastics and Water-Soluble Organics Can Be Revealed
by Adapting the NanoRelease Protocol. Aged particles
should be more susceptible to mechanical stress. We adapted
the NanoRelease protocol to quantify size-selective rates of
fragmentation. Gentle shaking or sonication induces very

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c01228
Environ. Sci. Technol. 2022, 56, 11323−11334

11326

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01228/suppl_file/es2c01228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01228/suppl_file/es2c01228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01228/suppl_file/es2c01228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01228/suppl_file/es2c01228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01228/suppl_file/es2c01228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01228/suppl_file/es2c01228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01228/suppl_file/es2c01228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01228/suppl_file/es2c01228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01228/suppl_file/es2c01228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01228/suppl_file/es2c01228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01228/suppl_file/es2c01228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01228/suppl_file/es2c01228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01228/suppl_file/es2c01228_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c01228/suppl_file/es2c01228_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c01228?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


similar release of nanoplastics from aged macroplastics,36 but
the reproducibility was enhanced with the sonication
protocol.35,62 We understand the sonication (mechanical
process) as a sampling tool to determine the UV-dose-
dependent rate of the formation of detachable fragments;
others have used shaking in sand for this sampling purpose.18

Since our experiments were performed in a clean and
controlled lab environment (dry UV aging, ultrasonication in
ultrapure water, low background), the AUC-RI and a single-
particle counter provided size-selective quantification of
released micro- and nanoplastic fragments following UV
aging. Pristine PA-6 already contained particles below 10 μm
(Figure 4a).
The dose-dependent evolution of micro- and nanoplastic

fragment release was recorded as a function of UV aging
(exemplary documented in Figure 4a,b). Differing from earlier
studies on macroplastic degradation, the release increased
roughly linearly with UV dose and did not show the lag time
before fragmentation, as observed on macroscopics.68 For PA-
6, there was an increase in released micro- and nanoplastic
fragments until 2000 h of aging. At 3000 h of aging, the release
of 1 μm particles reduced almost to the value of the pristine
material, which implies further transformation of the previously
formed detachable small particles in dissolved organics or
volatile species before sampling. TPU_ether_arom showed a
reduced release of nanoplastic fragments after 3000 h of UV
aging compared to 2000 h of UV aging.
The 2000 h aged samples serve as a comparison between the

polymers (Figure 5): After 2000 h of UV aging, we detected a
mass concentration of micro- (∼1 μm) and nanoplastic (10−
150 nm) fragments for PA-6 (0.89 mg nanoparticles released
per gram aged PA-6, 37.8 × 106 particle counts with a size of 1
μm) and for the aromatic TPUs (0.49 mg nanoparticles per
gram aged TPU_ether_arom, 13.1 × 106 particle counts with a
size of 1 μm) compared to the lower release of the pristine PA-
6 (no detectable mass of nanoparticles, 15.9 × 106 particle
counts with a size of 1 μm) and TPU_ether_arom (0.05 mg
nanoparticles per gram TPU, 0.4 × 106 particle counts with a
size of 1 μm). Both aliphatic TPUs showed no detectable
fragment release after UV aging. Even though a concentration
of 0.36 mg/g nanoplastic fragments was detected for 2000 h
aged TPU_ester_arom by AUC, no increase in the particle
counts <1 μm was obtained by the particle counter. For PA-12,
we could only detect a small increase of 1 μm particle counts
(Figure 5a,c, compare also to raw data in SI Tables 3 and 4).
The release per primary microplastic mass was higher from

PA-6 than from TPU, but after rescaling to release per surface
(Figure 5b,d), the release from PA-6 (2.38 mg/m2) was lower
than from the aromatic TPUs (e.g., 19.6 mg/m2 for
TPU_ether_arom), whereas consistently all tested aliphatic
TPUs remained compatible with zero micro- and nanoplastic
fragment release in either metric.
The size distribution of the detected nanoplastic fragments

(Figure 6, PA-6 and TPU_ether_arom) shows a maximum of
around 10−20 nm and hardly any components above 50 nm.
This may explain that such releases remained elusive in many
of the previous attempts to quantify nanoplastics because the
size is below detection limits of many techniques. It is also
tempting to compare the size of the nanoplastics to the size of
the spherulites or other crystalline domains in the original
polymer. This may have changed by degradation in the bulk
and at the surface of the particles and was not further
investigated here. The size of the nanoplastics around 5−50

Figure 4. Evolution of the (nano)fragment and dissolved organic
release from PA-6 and TPU_ether_arom over the UV aging time: (a)
particle counts of microplastic fragments, (b) concentration of
nanoplastic fragments, (c) signal intensity (UV−vis) of dissolved
organics. After 3000 h, the release of nanoplastic fragments is reduced
for TPU_ether_arom, while the release of 1 μm fragments is reduced
for PA-6. The release of water-soluble organics increases over time for
PA-6 but reached a plateau in the case of TPU_ether_arom.
Duplicate testing (n = 2).
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nm directly measured by an absolute technique is not directly
relatable to the area between the microcracks observed on the
surface of the aged polymer believed to preconfigure the
fragment sizes.69

SEM images of the released particles may indicate their
shapes and sizes (Figure 7). In the case of the PAs, particles

with rounded edges were released. The surface of these
particles showed lamella-like structures (SI Figure 7), which
could indicate a high percentage of crystallites.7 The surface of
the released TPU_ether_arom particles showed no irregu-
larities but instead sharp breaking edges. We also found a high
percentage of spherical particles (SI Figure 8). Based on these
observations and the evolution of the surface texture of the
microplastics (Figure 3 vs SI Figure 6), we assume different
fragmentation mechanisms for PA-6 and TPU_ether_arom:

(1) TPU_ether_arom fragmentation to nanoplastics
(fragmented surface, breaking edges in released
particles) is based on the surface ablation mechanism
due to microcracks.7,69

(2) PA-6 (holes and nano-sized structures on the
surface, rounded released particles) shows signs of
degradation, implying a decomposition of the surface,
leading to the release of shrinking particles (remains
after decomposition, possibly crystallites).7

The released particles from PA-12 induced electron
scattering during SEM. Their shapes and sizes showed
similarities with the nano-sized structures already present on
the pristine particle surface, attributed to inorganic anticaking
agents.
AUC-RI measurements of TPU_ester_arom revealed nano-

particle release, but the amount of 1 μm-sized particles was
low. On the corresponding SEM images, no released solid
particles were found but rather an organic residue with nano-
sized structures. According to the corresponding FT-IR

Figure 5. Size-selective quantification of micro- and nanoplastic fragments released prior to and after 2000 h of UV aging: (a) released nanoplastic
mass per gram (aged) polymer, (b) released nanoplastic mass per square meter of the polymer surface area, (c) particle counts of released
microplastic fragments (1 μm) per gram (aged) polymer, (d) particle counts of released microplastic fragments (1 μm) per square meter of the
polymer surface area. A significant amount of micro- and nanoplastic fragments was generated for PA-6 and aromatic TPU after 2000 h of UV
aging. Full kinetics are listed in SI Tables 3 and 4. Duplicate testing (n = 2).

Figure 6. Particle size distributions of released nanoplastic fragments
for selected polymer types after 2000 h of UV aging (size range only
at 10 k rcf, 10−150 nm). A broad and intense distribution occurs for
TPU_ether_arom and PA-6, while TPU_ether_ali and the blank
samples show a noisy signal, indicating the absence of particles.
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spectrum, the residue is mainly composed of the polyester-
polyol located in the TPU soft segments (SI Figure 9). The
intensity of polyurethane groups (hard segments, −C−N− at
1530 cm−1) is low compared to the original spectrum of
TPU_ester_arom. This observation leads to the assumption
that chain scission occurred in the TPU soft segments only,
leading to the release of the observed residue. AUC-RI
measurements monitored the sedimentation of this residue as
swollen macromolecules. After sedimentation, the released
product has no particulate structure. No evaluable amount of

particles was visible on the TEM grids of the aliphatic TPUs, as
well as on the blank samples after filtration or sedimentation
(SI Figure 10).
After observing the release of organic residue instead of

micro- and nanoplastic fragments following UV aging of
TPU_ester_arom, we wanted to gain deeper insights into the
possible type of released species. For this purpose, we exploited
the measured UV−vis spectra after 2000 h of UV aging (Figure
8a): The intensity at 500 nm describes the turbidity of light-
scattering particles, while the signal at 265 nm (after filtration)

Figure 7. Particle shapes and sizes of released products. The released particles of TPU_ether_arom showed sharp breaking edges, whereas rounded
particles were released from PA. In the case of TPU_ester_arom, no particles were visible, but instead a textured organic residue occurred, even
though the water-soluble organics were removed during the centrifugal washing steps.

Figure 8.Which species (plastic fragments/water-soluble organics) is generated after dry UV aging? After removing the plastic fragments from the
dispersion, a comparison of the signals at 265 nm (dissolved organics) and at 500 nm (particles) before and after filtration revealed the presence of
a significant amount of water-soluble organics for PA-6 and the aromatic TPUs, as well as the presence of a significant amount of light-scattering
particles for both PAs and TPU_ether_arom.
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stands for the released water-soluble organics. Comparing the
aged PAs with the aged TPUs (Figure 8b), it became obvious
that only aged PAs and TPU_ether_arom released nanoplastic
fragments, while both aromatic TPUs and PA-6 released water-
soluble organics. The released organics of these samples after
2000 h of UV aging ranged between 10 and 46 mg/g (TOC, SI
Table 6).
For all investigated microplastics, we observed an increase in

the signal at 265 nm with increasing duration of UV aging (SI
Figure 11, Figure 4c, SI Table 6), implying the formation of
dissolved organics. For TPU_ether_arom, the turbidity signal
became more pronounced with increasing UV aging (SI Figure
11e). This is in accordance with the results of the particle
counter since the release of microplastic fragments rises over
time. The turbidity signal of PA-12 shows the same intensity
for each aging step (SI Figure 11b). This supports the
assumption that only the inorganic anticaking agent is removed
from the surface of PA-12, causing the signal without
additional release of PA-12 fragments. UV aging of PA-6 up
to 2000 h leads to an increase of water-soluble organics and
particles (SI Figure 11a). After 3000 h of UV aging, the
turbidity signal disappeared, while the signal of the dissolved
organics was more intense than in the filtered sample after
2000 h of UV aging (Figure 4c). Considering the reduced
release of 1 μm fragments determined by the particle counter,
it seems that the first formed fragments are further degraded,
and after a specific UV aging duration, they are mainly
dissociated into water-soluble organics. Recent experiments
showed that only a surface layer with a depth of approx. 30 μm
is affected by photo-oxidation, which is already known to be
independent from the UV duration time.69,70 The rate of
photo-oxidation also depends on the possibility of oxygen
diffusion within the sample.70,71 This means that the first
surface layer needs to be degraded before the next surface layer
can be affected, starting a new degradation cycle. In the case of
PA-6, the influence of hydrolysis after UV aging should also be
considered: PA-6 is able to take up water up to 9.5%
(determined by ISO Test Method 62, standard conditions 23
°C), which favors hydrolysis. After dry UV aging, imide groups
are introduced on the particle surface, which are susceptible to
hydrolytic attack in particular.61 Increasing aging duration
increases imide groups, resulting in chain scission and
dissociation into dissolved organics when the material gets
into contact with water. The impact by hydrolysis might be low
in the conducted experiments because polymer powders were
added to water after UV aging. A combined exposure to UV
and rain on macroplastic plates led to less fragments released
because fragments were lost during rain events.72 Future
experiments could focus on the combined hydrolysis and UV
in submersed exposure or by controlled air humidity.
Environmental Implications: Relevance for Micro-

and Nanoplastic Fate Assessment. Experimental insights
into fragmentation pathways and measured fragmentation rates
parameterize environmental fate models, such as the recent
Full Multi model.39 Its first release assumed a consecutive
fragmentation from each size class to the next smaller one. This
assumption likely underestimates the formation of smaller (i.e.,
nanosized) fragments and the low degree of confidence in the
theoretical formulation and its parameterization.39 The
improved mechanistic understanding of formation of micro-
and nanoplastic fragments via surface ablation from larger
microplastics will be implemented in the next model version by
updating the fragmentation description to include direct

fragmentation from the largest to all smaller size classes. This
is demonstrated by the example of TPU_ether_arom (SI
Table 7) with size- selective fragmentation rates from the
initial 50-to-200-μm microplastic to only three receiving size
bins for simplicity. The resulting rates were 2.6 × 10−7/h, 9.4 ×
10−8/h, and 2.4 × 10−7/h to the size bins of 10-to-150 nm, 40-
to-800 nm, and 300-to-5000 nm, respectively, and additionally
a transfer rate of 6.3 × 10−6/h to dissolved organics. The same
approach with higher-resolved and well-separated size bins will
replace current “best guess” estimates in sophisticated fate
models. Alternatively, a simplistic approach only to the UV-
induced fragmentation rate finds the highest transformation of
the initial 50-to-200-μm microplastics into 10-to-5-μm micro-
and nanoplastic fragments with 0.951 mg/g/year for PA-6 and
0.589 mg/g/year for TPU_ether_arom (derived from SI Table
3, sum of AUC-detectable fragments at 2000 h). In parallel,
dissolved organics emerge with rates of 23.1 mg/g/year (PA-6)
and 7.8 mg/g/year (TPU_ether_arom). Converting the mass
rate to a yearly loss of a spherical surface layer gives 171 nm/
year (PA-6) or 346 nm/year (TPU_ether_arom) (SI Table 5).
Assuming constant rates, this implies a half-life of 147 years for
a PA-6 particle with 100 μm diameter in mid-European
conditions, respectively, 73 years for a TPU_ether_arom
particle of the same size until the mother particle is
transformed into water-soluble organics and fragments. Our
findings showed that dissolved organics are a major product of
plastic weathering, which was historically not considered in
plastic fate and ecological risk assessment, focusing on
fragmentation only. Identification and risk assessment of
such dissolved species are desirable for future work since
nontarget analysis is needed.73 Motivated by investigations on
additive release,74 researchers had started to investigate water-
soluble degradation byproducts as well.75−77 This study
compares release rates of dissolved species to those of small
nanoplastics with sizes from 10 to 20 nm, which has not been
addressed earlier. This significant loss term needs to be
included in plastic fate and degradation models.78−80 Our
present methods do not yet allow a conclusion if smaller
particles, which may be enriched in crystalline domains, might
have lower fragmentation rates and if chemical degradation
and release rates of all species are best expressed as rate per
surface. An integrated model of transport processes in different
environmental compartments and fragmentation/degradation
stresses is required to advance on that topic. The rates describe
the scenario of UV degradation only without transport to
compartments, where other stresses may dominate (e.g.,
enzymatic degradation, biofilm formation, and pH influence).
Depending on the actual environmental compartment, the

estimated rates might differ from those measured by the
present methods. For example, biofilm formation was reported
to impact the transmittance of UV light,81−83 but biofilms were
not possible to study in the present setup with dry aging under
intense UV light. Studies in natural marine waters would add
realism on biofilms but would prevent the sensitivity of
quantification in the detection range down to 2 nm, as
achieved here. The present approach might be most relevant
for particles experiencing UV aging on upper sand layers or for
those floating on the surface of the sea water. Still, similar
surface degradation, cracking, and attached fragments were
found in field experiments.84,85 As another example, the
applied sonication describes a worst-case scenario for
mechanical abrasion compared to environmental mechanical
stresses;86 here, it was used as a sampling step. Literature
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supports that dry UV aging leads to crack formation and in
consequence to fragment formation, before any mechanical
treatment is applied.69 These previously formed fragments can
be released (i.e., sampled) by any mechanical treatment, and in
fact earlier NanoRelease studies compared shear-free immer-
sion to gentle shaking to ultrasonication and found that
shaking or sonication induced comparable fragment release
rates, and also shear-free immersion was found to be in the
same order of magnitude.37,87 Other studies related mass loss
during UV aging to transformation into volatile species,80 but
this is very indirect and could not be applied in our case
because of the water uptake of PA-6 and TPU, which impacts
the final masses.
In the current study, the transformation of microplastics into

micro- and nanoplastic fragments and dissolved species was
determined by an improved method. The demonstration on
several grades of environmentally relevant polymers evidenced
no concerns on the application to further polymer types. Even
for floating polymers (e.g., polyolefines), all present methods
are applicable by simply using D2O instead of H2O as the
immersion medium. An alternative setup would however be
needed to determine transformation into volatile species
during UV aging. Since the availability of coherent datasets
enables improved model accuracy and specific assessment of
different types of polymers over time in different compart-
ments, the present method enables filling of these knowledge
gaps.
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