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Abstract
Depending on the environmental compartment, plastics are subjected to various stressors, including UV light, 
water, microbial exudates (enzymes), and temperature. Among these, stress on plastics from photo-chemical 
processes was identified as a leading exposure pathway of plastics, e.g., in the atmosphere or on the water surface. 
While the focus of earlier studies mainly was on deterioration of the chemical and mechanical properties, more 
recent studies demonstrate how photo-oxidation leads to fragmentation and release of secondary micro- and 
nanoplastic fragments, as well as low-molecular weight species. These studies tend to focus on a single exposure 
condition and a limited number of polymer types. Therefore, this study focuses on systematically evaluating 
the influence of temperature and relative humidity during simulated UV exposure on the fragmentation and 
degradation of five types of pristine microplastic powders: polypropylene, low density polyethylene, polyamide 
6, high impact polystyrene and thermoplastic polyurethane. We quantified the dose-dependent release of water-
soluble organics, as well as secondary micro- and nanoplastics (including their particle size distributions) and found 
that the polymer identity dictated the type and quantity of species released rather than the aging protocol. With 
this systematic assessment the generated data can be used in mechanistic microplastic fragmentation models to 
determine fragmentation rates and fragment size distributions.
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Introduction
The presence of microplastics in the environment has 
been clearly proven by the large number of field studies 
conducted in recent years [1–4]. Still, the fate and behav-
ior of microplastics, once released into the environment, 
remains unclear [5–7]. Researchers are currently trying 
to fill knowledge gaps regarding their persistency [8, 9] 
and further degradation and fragmentation to poten-
tially harmful nanoplastics or other species [10–13]. 
However, long-term field experiments come with several 
challenges, e.g. appropriate sampling [14, 15],, cross-
contamination [16, 17], understanding the complexity of 
environmental impacts [18, 19], and micro- and nano-
plastic extraction from complex environmental media 
[20, 21]. The assumption that microplastics can persist 
for several decades requires additional accelerated lab-
experiments to simulate and understand environmental 
fragmentation and degradation mechanisms of micro-
plastics, thereby providing data for the parameterization 
of environmental fate and exposure models [22, 23]. 

Environmental degradation of microplastics is based on 
several complex mechanisms that depend on the combi-
nation of stresses dominant in a particular environmental 
compartment. The polymer composition of microplastic 
particles is of high importance for several environmental 
processes like hydrolysis [24, 25], photolysis [26, 27], and 
enzyme-mediated reactions [28, 29], which can induce 
chemical degradation such as oxidation, crosslink-
ing and chain cleavage [30, 31]. This chemical degrada-
tion directly impacts the susceptibility to fragmentation 
under mechanical stress [32–34]. Literature indicates 

the importance of environmental stressors for second-
ary micro- and nanoplastic release and also highlights 
dissolved organic carbon (DOC) as an additional release 
pathway (Fig. 1) [7, 35–39]. Stress on plastics from ultra-
violet (UV) exposure is commonly evaluated due to its 
potential to degrade plastics at faster rates than other 
environmental stresses [40]. Earlier studies looked at the 
mechanism of chain scissions in polymers due to photo-
oxidation and photolysis, providing insight into molecu-
lar changes that promote the deterioration of useful 
properties of macroscopic plastic parts [41, 42]. In turn, 
more recent studies demonstrate how photo-oxidation 
leads to fragmentation and degradation of microplastics 
[43–45]. These studies tend to focus on one exposure 
condition (a single stress) and a limited number of poly-
mers, but in reality combinations of the aforementioned 
stressors contribute to degradation and fragmentation of 
microplastics in the environment. Overall, there is a lack 
of harmonized methods to obtain microplastic fragmen-
tation and degradation rates under various environmen-
tal conditions, since up to now few studies addressed this 
issue [8, 32, 46, 47]. Environmentally realistic fragmenta-
tion modelling requires release rates of fragmented parti-
cles for single and combined stresses, as well as extensive 
characterization and size distribution analysis for a large 
range of polymers.

Therefore, this study focuses on systematically evalu-
ating the influence of temperature and relative humidity 
during UV exposure on five pristine microplastic pow-
ders and characterizing the powders and their release 
products at specific time intervals. We recently reported 

Fig. 1 Schematic representation of fragmentation and degradation steps during the aging of microplastics in the environment. Due to chemical deg-
radation, microplastic particles are more prone to mechanical stress, leading to surface abrasion or bulk fragmentation and secondary micro- and nano-
plastic release, which might tend to form agglomerates. In parallel, dissolved organic carbon constitutes an additional release pathway forming its own 
degradation network [35–38]. 
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how to measure fragmentation rates to secondary micro- 
and nanoplastic fragments and their dissociation into 
dissolved organics [36], by specifically adapting the 
NanoRelease protocol [48, 49] to determine release rates 
from polyamides (PA) and thermoplastic polyurethanes 
(TPU), but we only applied one dry UV aging protocol. 
Here, we additionally varied humidity and temperature 
conditions, and investigated microplastics from a single 
grade of each of the following materials: low-density 
polyethylene (LDPE), polypropylene (PP), and high 
impact polystyrene (HIPS) artificially aged with three 
different protocols. The goal was to cover a broad range 
of different types of polymers. Polyolefins are the most 
largely used plastic types (approx. 50% of the European 
plastics consumption) [50]. HIPS and TPU have a more 
complex chemical composition (including phase separa-
tion) and therefore a higher potential for fragmentation 
[51]. One TPU and one PA that were already investigated 
in our previous study were included as benchmark mate-
rials [36]. We determined the chemical degradation, as 
well as release rates for secondary micro- and nanoplastic 
fragments, and for low-molecular-weight water-soluble 
organics. The generated data can be used for the parame-
terization of environmental fate models, such as the new 
open-source plastic fragmentation model FRAGMENT-
MNP [52]. 

Materials
An injection-molding grade polyamide-6 (PA-6) acquired 
from BASF SE with intended use in carpets or in com-
pounding, an aromatic thermoplastic polyurethane 
containing ether bonds in the polyol phase (TPU: TPU_
ether_arom in our previous study [36]) with intended 
use in cable sheathing, hoses, and films acquired from 
BASF Polyurethanes, polypropylene (PP; reactor elasto-
mer modified) for application as an automotive coating 
acquired from Borealis, low density polyethylene (LDPE) 
acquired from LyondellBasell (relatively low molar mass) 
with intended use in toys, caps and closures, engineering 
parts, and sports and leisure equipment, and high impact 
polystyrene (HIPS) acquired from Formosa Chemicals 
& Fibre Corporation with intended use in 3D filament 
printing were used. PA-6, TPU and LDPE are specified 
as containing no additives. With the UV stabilizing addi-
tives contained, this PP grade is quite stress resistant 
and therefore serves as a negative control for UV stress. 
As described in our previous publication [36], the PA-6 
powder (< 80 μm) was produced for Selective Laser Sin-
tering by BASF SE. Cryo-milling and sieving of granules 
from TPU (< 315  μm) [36], PP (< 500  μm), and LDPE 
(< 500 μm) as well as HIPS filament (< 500 μm) generated 
polydisperse polymer powders. Selected particle proper-
ties and images are provided in the Supporting Informa-
tion (SI Fig. 1, SI Table 1 and in our previous study [36]).

Methods
Artificial UV aging following ISO 4892 (relative 
humidity = 50% or 75%) and Kalahari protocol
Three aging conditions, with varied UV intensity, tem-
perature, and humidity, were applied for the investi-
gations in this study (SI Table  2). Artificial aging was 
performed using an Atlas SUNTEST XXL 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, Black Standard Tem-
perature (BST) of 65 °C) [36, 53]. Complementary to our 
previous study the relative humidity (RH) was varied 
(50% vs. 75%) and monitored. The third UV aging pro-
tocol was applied in an Atlas SUNTEST XLS + and is 
known as the “Kalahari protocol”, which is more aggres-
sive (BST of 90 °C, RH = 28%, measured, similar to condi-
tions in the Kalahari desert) and is the preferred testing 
method for automotive coatings [54]. The same sample 
preparation in each of the aging protocols was applied 
as described before [36]. In short, thin powder layers 
(0.7 mm height, duplicates of each polymer) were artifi-
cially aged in a petri dish for 1000, 1500 and 2000 h (216, 
324, 432 MJ/m2 for ISO4892 and for Kalahari) and par-
tially covered with quartz glasses. The aged microplas-
tics were analyzed regarding their surface chemistry via 
attenuated total reflectance Fourier-transform infrared 
spectroscopy (ATR FT-IR), their surface texture via scan-
ning electron microscopy (SEM), and their molar mass 
distribution via gel permeation chromatography (GPC). 
Additionally, their thermal properties were analyzed via 
differential scanning calorimetry (DSC) and their particle 
size distributions via Fraunhofer light scattering.

Sampling via ISO22293:2020 NanoRelease protocol
As described before, the NanoRelease protocol can be 
used for sampling and size-selective quantification of 
micro- and nanoplastic fragments released from poly-
mers after weathering [36, 48]. Similar to our previous 
study, 0.45  g of pristine or UV aged polymer powder 
were dispersed in 2 mL of ultrapure water with surfactant 
(sodium dodecyl sulfate, SDS, 1  g/L) and treated with 
1  h of ultrasonication (Sonorex Digital 10P, Bandelin, 
100%, 20  °C). For primary particle removal, the disper-
sion was then transferred to a centrifuge vial (Polypropyl-
ene 11 × 60 mm, Beckman Coulter) and left for 5 min for 
1-g-sedimentation. The supernatant containing second-
ary fragments was analyzed by analytical ultracentrifuga-
tion with a refractive index detector (AUC-RI, secondary 
nanoplastics from 0.01 μm to 1 μm) and a single particle 
counter (secondary microplastics from 1 μm to 139 μm) 
[36]. For the release rate assessment of low molecular 
weight organics, the same procedure was applied without 
adding surfactant and with an additional 0.02  μm filter 
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step (Anotop®, Whatman®) to measure the concentration 
of dissolved organic carbon (DOC).

Details of the experimental conditions for ATR FT-IR, 
GPC, DSC, SEM, Fraunhofer light scattering, AUC-RI, 
single particle counter and DOC are described in the 
Supporting Information (SI).

Results and discussion
The intensity of chemical degradation depends on the UV 
aging conditions and on the polymer type
Chemical degradation of polymers leads to polymer 
chain cleavage and consequently to a molar mass reduc-
tion or crosslinking and consequently to a molar mass 
increase depending on which mechanism is predominant 
[30, 55]. Very specifically for UV aging of polymers, the 
carbonyl index increases by autoxidation and Norrish 
reactions [56, 57]. According to literature, amorphous 
phases in polymers are more affected by UV degrada-
tion than crystalline phases, leading to the assumption 
that environmental aging of microplastics results in an 
enrichment of highly crystalline regions in microplas-
tics [35, 38, 58]. In this study we considered the carbonyl 
index, the molar mass, and the crystallinity of microplas-
tics to be the most relevant polymer properties to moni-
tor chemical degradation (Fig. 1, initiating event) induced 
by different UV aging protocols.

UV aging led to an increase of the carbonyl index for 
four of the five polymers investigated in this study, in 
all three aging protocols (Fig. 2a, SI Table 3). The nega-
tive control PP was the only exemption, showing no 

significant differences in the carbonyl index, neither by 
variations of the UV aging protocol nor by the exposure 
duration. This is to be expected due to the UV stabiliz-
ing additives used in this polymer [59]. The heat map plot 
(Fig. 2a) highlights the differences in the UV aging pro-
tocols and exposure duration for PA-6, HIPS, LDPE and 
TPU. In general, independent from the polymer type and 
the UV aging protocol, an increase of the carbonyl index 
was detected with increasing exposure duration. How-
ever, the resulting changes in the carbonyl index strongly 
depended on the polymer type. Although comparing 
absolute carbonyl index values across different polymers 
should be approached with care due to their dependence 
on the intensity of the reference peak [60], the different 
trends with increasing time of aging can still be observed 
and compared. The aromatic polymers HIPS and TPU 
showed the highest values, followed by PA-6 and LDPE 
with significantly lower values, but still higher than the 
negative control PP. HIPS and TPU were also the materi-
als with the most intense yellow discoloration, which can 
be explained by the generation of quinoid chromophore 
structures during UV irradiation [61]. The systematic 
increase of the carbonyl index of LDPE with increasing 
UV aging time depended on humidity during UV aging. 
Under 75% RH the carbonyl index was lower compared 
to the other UV aging protocols (Fig. 2a), indicating that 
the presence of water molecules slowed down the for-
mation of new carbonyl groups. Low molecular radi-
cals (such as hydroxyl radical formed in the presence of 
water) can induce termination reactions and hence stop 

Fig. 2 Changes in chemical properties observed after UV-humidity-temperature aging of different types of microplastics; (a) carbonyl index for all 
polymers, all UV aging protocols and all timepoints; (b) molar mass relative to pristine for all polymers after 2000 h UV aging for all aging protocols: left 
part are number based molar masses Mn, right part are mass based molar masses Mw; (c) melt point Tm decrease for PA-6, melting point Tm increase for 
LDPE with increasing UV irradiation time (2nd heating curve), and changes in melting enthalpy ∆Hm for PP and LDPE after 2000 h UV aging in all aging 
protocols (1st heating curve)
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the propagation) [62]. Temperature changes, tested in 
this study with the Kalahari protocol, seemed to have 
no influence on the formation of carbonyl groups on the 
surface of LDPE microplastics, but the Kalahari protocol 
was also the one with the lowest relative humidity of 28%. 
The carbonyl index of PA-6 was constant over almost 
all aging protocols and exposure duration (Fig.  2a). A 
slightly higher carbonyl index was only observed after 
1500 and 2000 h of UV aging with 75% RH, demonstrat-
ing that in the case of PA-6 the presence of water mol-
ecules supports the formation of new carbonyl groups. 
PA-6 is known for its high water uptake [36, 63]. Tem-
poral dependency was also observed for HIPS and TPU 
(Fig.  2a). However, for the aromatic microplastics the 
highest values for the carbonyl index were obtained 
with the ISO 4892 50% RH protocol, indicating that 
higher temperatures and water content together do not 
favor the formation of carbonyl groups. In summary, 
we observed that a higher temperature was not decisive 
for the increase in the carbonyl index, but the presence 
of water had a more severe impact on the formation of 
carbonyl groups, especially when the microplastic type is 
susceptible.

UV aging also led to a reduction of the microplastic 
molar masses for all polymers except LDPE and TPU, 
but the differences between the applied UV aging pro-
tocols were less pronounced than for the carbonyl index 
(Fig. 2b, SI Table 4, SI Table 5). For PA-6, PP, and HIPS, 
no UV-induced crosslinking was observed, while for 
LDPE and TPU crosslinking was predominant and led 
to the formation of gel fractions. The presence of a gel 
fraction indicates that the polymer is crosslinked beyond 
the gel point. The weight-average molar mass of a sam-
ple crosslinked beyond the gel point is infinite while its 
number-average molar mass remains finite. With knowl-
edge of the weight fraction of gel, the weight fraction of 
sol, the molar mass distribution of sol, one can provide a 
conservative estimate of the molar mass averages of the 
whole sample by assuming the gel fraction molar mass 
must exceed the molar mass exclusion limit of the GPC 
column used (in reality, the weight-average molar mass 
of the gel is infinite). These estimates for LDPE and TPU 
are provided in SI Table 5; Fig. 2b. PP showed the lowest 
molar mass reduction of maximum 20%. For PA-6, the 
molar masses were reduced by over 80% (number Mn and 
mass-based Mw). For HIPS, Mn was reduced to a much 
higher extent (60–80%) than Mw (< 20%) and the poly-
dispersity was increased (SI Table 4), implying preferred 
formation of shorter chains (chain cleavage closer to their 
terminal chain ends) instead of statistic chain cleavage at 
any position in the polymer chain. Considering that HIPS 
is a rubber (butadiene) modified PS this could also mean 
that one of the two polymer types contained was more 
affected than the other. Analogous to the observations for 

the carbonyl index, the molar mass reduction for PA-6 
was more pronounced in the presence of water. For LDPE 
and TPU the molar masses and the weight-fractions of 
only the soluble polymer could be measured by GPC (SI 
Table  4), but as described above, molar mass averages 
of the whole samples were estimated conservatively (SI 
Table  5). The underlying crosslinking reaction mecha-
nisms for the investigated TPU were described in our 
previous publication and are based on the recombination 
of radicals or peroxide bridges in the polyether-polyol 
soft segments [36]. Similar crosslinking mechanisms are 
expected for LDPE, since crosslinks are usually formed 
by the recombination of radicals within the polymer 
chain (P-P or P-O-O-P crosslinks) [64]. 

For the comparison of the thermal properties, the melt-
ing points (Tm) of LDPE, PP and PA-6 were compared 
after treatment with the three UV exposure protocols 
(Fig.  2c, SI Fig.  2 and SI Table  6). For HIPS, the glass 
transition temperature (Tg) was in the focus (SI Fig. 2, SI 
Table 6). The DSC curves of TPU showed no pronounced 
Tg or Tm and will therefore not be discussed. The 1st 
heating curve shows the polymer state directly after the 
thermal pre-treatment (UV aging at specific tempera-
tures), while the 2nd heating curve (commonly used for 
DSC data evaluation and comparison) shows the polymer 
properties after deletion of the thermal prehistory and 
rearrangement of chains and crystallites but still provides 
information on changes in the polymer properties due to 
aging.

The UV treatment and especially the presence of water 
during UV aging had an influence on the Tm of PA-6. 
With increasing aging duration and humidity, the melting 
temperature was reduced by up to 23 °C. In addition, the 
increasing water content also led to a reduced melting 
enthalpy ∆Hm (SI Fig. 3). We interpret that shorter poly-
mer chains (confirmed by GPC measurements) and the 
presence of water molecules inside of PA-6 particles lead 
to higher chain mobility and therefore to a reduction of 
the Tm and the crystallinity [65, 66]. The Tm of LDPE was 
slightly increased by around 3  °C (Fig.  2c, 2nd heating 
curve) and by around 7 °C (1st heating curve) after 2000 h 
of UV aging. This change might indicate the degradation 
of the amorphous phases leading to a slight increase in 
crystallinity, in accord with findings in literature [67, 68]. 
This interpretation was also confirmed by the analysis of 
∆Hm in the 1st heating curve before and after UV treat-
ments (Fig. 2c), showing an enthalpy increase. However, a 
decrease of ∆Hm is observed in the 2nd heating curve (SI 
Table 6). Additionally, since UV aging was done at high 
temperature, chain rearrangement by tempering could 
also have led to the observed melting point increase [68, 
69]. Even though the molar mass reduction for PP was 
low, the Tm and ∆Hm of PP were reduced with increas-
ing UV aging time, indicating polymer chain cleavage 
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and consequently improved chain mobility (Fig.  2c, SI 
Figs. 2 and 3, SI Table 6). The investigation of the Tg in 
HIPS showed the same trend: higher chain mobility due 
to polymer chain cleavage results in a Tg reduction with 
increasing UV aging duration (SI Fig.  2, SI Table  6). In 
general, it is known, that degradation of the amorphous 
phases happens before the degradation of the crystalline 
phases, because of their lower compactness and therefore 
reduced stability [35]. The polymer degradation leads to 
DOC release and volume loss. But in the case of a fully 
amorphous or fully crystalline polymer, this theory would 
not lead to an enrichment of crystalline phases. The PA-6 
investigated here might be an example for a very crys-
talline polymer, while HIPS is completely amorphous. 
In both cases no crystallinity increase was observed. 
Changes of the ratio amorphous: crystalline therefore 
depend on the polymer type (and their chain properties, 
such as crystallinity, but also glass transition) and on the 
environmental conditions (improved chain mobility at 
higher temperature).

Qualitative SEM images of the investigated microplas-
tics and their surfaces before and after aging were taken 
to gain insights into possible fragmentation mechanisms 
(Fig. 1, surface ablation vs. bulk fragmentation) [35, 38]. 
SI Figs. 4 and 5 display all particles throughout the three 
aging protocols at 2000 h compared to the pristine parti-
cles. In general, the images show that the features in each 
of the microplastic types were similar across the three 
aging protocols. Statistical changes in the surface texture 
were observed for all polymer types (SI Fig. 5). PP exhib-
ited only minimal micro-cracks after 2000  h Kalahari 
aging, representing a negligible impact in comparison 
to the significant effects observed in all other polymer 
types across various conditions. Representative images 
(after 2000  h Kalahari) of HIPS, LDPE, PA-6 and TPU 
are shown in Fig. 3. Both HIPS and PA-6 had rough sur-
faces with nano-sized divots or cracks after aging, while 

the LDPE particles showed μm-sized cracks in aged par-
ticles. The SEM images of the TPU indicated fragment 
release via surface ablation. The aged LDPE particles in 
Fig. 3 and SI Figs. 4 and 5 show distinct cracks over the 
full particle dimension indicating substantial degradation 
and the potential for fragmentation. The cracks in LDPE 
are shown to be approximately 10 μm in width, which is 
consistent across all 2000 h aged LDPE samples imaged. 
Similar observations on the formation of such microme-
ter-sized cracks in rooftop-aged LDPE samples (with and 
without rainwater) were noted by Miranda et al. [68]

Additionally, UV aging of HIPS, LDPE, and PA-6 by the 
three different aging protocols led to a reduction of the 
particle sizes compared to the pristine powders, while 
for TPU an increase of the particle sizes was detected 
(SI Fig. 6). As described above, TPU does not have a dis-
tinct melting peak, but a broad melting area and addi-
tionally crosslinking was observed. Our results imply 
that the pristine TPU particles might have softened and 
crosslinked during the treatment, leading to chemically 
bonded TPU agglomerates [70, 71]. 

Release kinetics for secondary micro- and nanoplastics and 
dissolved organics
Since the impact of the different UV aging protocols on 
the various types of microplastics investigated influenced 
the release rates of the degradation species (Fig.  1, sec-
ondary micro- and nanoplastics, dissolved organic car-
bon, DOC), a screening method was needed to decide 
which samples should be analyzed by the advanced tech-
niques. In this study, we used the single particle coun-
ter to assess the release of secondary microplastics after 
all aging stresses were applied (SI Tables 7, 8, 9, 10 and 
11). The heat map in Fig. 4 shows the impact of the aging 
protocols on the fragmentation of the microplastic types 
investigated, comparing the total counts detected.

Fig. 3 Changes in the surface texture observed for HIPS, LDPE, PA-6 and TPU after 2000 h aging via Kalahari protocol
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For HIPS, LDPE, and TPU the total particle counts 
from the 1 to 139  μm range increased after UV aging, 
clearly showing the fragmentation of these materials and 
secondary microplastic release. HIPS showed the high-
est release of 7.3 ± 3.1∙108 counts per gram polymer after 
2000 h aging via ISO4892, RH 75%, but this also had the 
broadest scatter in the duplicate measurements. The 
effect of the high temperature in the Kalahari protocol to 
HIPS also led to a high release of 5.4 ± 0.2∙108 counts per 
gram polymer and even the lowest recorded release of 
2.8 ± 0.4∙108 counts per gram polymer (after 1000 h aging 
with ISO4892, RH 75% protocol) was still higher than any 
release from the other microplastic types in any proto-
col tested. In the case of LDPE, fragmentation was more 
pronounced at higher UV aging temperature (Kalahari 
2000 h: 1.8 ± 0.3∙108 counts per gram polymer) and with 
increasing duration of the UV treatment. This trend was 
not observed for HIPS treated by Kalahari and ISO4892, 
RH 50%. Here, the fragmentation was higher after 1000 h, 
then lower after 1500 h and higher again after 2000 h UV 
treatment. This might be supported by the published sur-
face ablation mechanism introduced by A. Andrady [35]: 

After 1000 h UV treatment, the HIPS surface fragments 
and secondary microplastics are released. Before the 
next surface layer can be affected, the previously formed 
fragments need to be removed from the particle surface 
or further degraded into nanoplastics and other spe-
cies. This assumption is supported by measurements of 
the carbonyl index before and after NanoRelease (HIPS, 
2000 h ISO4892, RH 50%) showing a reduction of the car-
bonyl index value by 3.5% after removal of the outermost 
aged layer. This observation was even more pronounced 
for LDPE (2000 h ISO4892, RH 50%), where the carbonyl 
index was reduced by 23.8% after the NanoRelease treat-
ment. Specifically for HIPS, the blend structure can also 
influence its fragmentation. While the matrix consists of 
polystyrene, the dispersed phase is based on butadiene 
rubber. The two polymer types are affected differently by 
UV aging stresses, which highlights the high potential for 
defect formation or release of the dispersed phase as sec-
ondary micro- or nanoplastics, as observed with Carbon 
Black or silica fillers [72–74]. The aromatic TPU showed 
low, albeit consistent and measurable, secondary frag-
ment release that increased as UV duration increased. 

Fig. 4 Total particle counts per gram of plastic. Counts are summed up across the range from 1 to 139 μm, and the graph compares counts before and 
after UV aging from 5 different microplastic types by 3 different UV aging protocols and 3 timepoints. The UV aging protocols (Kalahari, ISO4892 50% and 
75%) varied in temperature and relative humidity
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In this case, the release was higher in presence of water 
(both ISO4892 protocols). In the absence of water, the 
molecular weight reduction was more pronounced for 
the investigated TPU, while the carbonyl index was 
higher in the presence of water. This might indicate that 
higher temperatures and low humidity lead to the forma-
tion of low-molecular polymer chains that would not be 
released as solid particles [75], while conversely in this 
polymer the presence of water molecules favors fragmen-
tation. For PP and PA-6 no increase or decrease in the 
total particle counts between 1 and 139 μm were detected 
after all UV aging stresses applied. Since the molecular 
mass reduction was low for PP and no increase of the 
carbonyl index detected (Fig. 2a + b), we assume that the 
aging duration (and thus accumulated UV dose) was not 
sufficient to overcome the UV stabilizing additives and 
induce severe aging of this material. In case of the PA-6, 
however, the molar mass was drastically reduced and 
changes in the carbonyl index were detected (Fig. 2a + b). 
Furthermore, the size distribution of PA-6 was changed 
after treatment with both ISO4892 protocols (Fig.  5a). 

Specifically, after UV aging under ISO4892, RH = 50% 
conditions, we observed a notable increase in the number 
of particles measuring approximately 1 μm. This increase 
surpassed the total count of 1 μm particles found in the 
pristine powder, while simultaneously, the total counts 
of larger particles were significantly reduced. Treatment 
with ISO4892, RH 75% led exclusively to a reduction 
in the total particle counts of fragments sized between 
4 and 30  μm. In contrast, for HIPS, the total particle 
counts across all size categories increased following any 
UV treatment (Fig. 5b). Assuming spherical particles, we 
converted the total particle counts into a mass (separately 
for each size fraction). This allowed us to compare the 
various protocols and timepoints against the initial mass 
of fragments sized between 1 and 139 μm, as depicted in 
Fig. 5c. From this analysis, the difference in the fragmen-
tation and degradation mechanisms of PA-6 and HIPS 
becomes evident. Notably, PA-6 absorbs water during 
UV aging [63], facilitating bulk degradation. We interpret 
that this process results in shrinkage due to bulk volume 
loss with predominant release of DOC (Fig. 1), ultimately 

Fig. 5 Total particle counts 1–139 μm detected for (a) PA-6 and (b) HIPS before and after 2000 h UV aging by three different UV aging protocols (Kalahari, 
ISO4892 RH = 50% and RH = 75%). (c) Conversion of the total particle counts (each size bin separately) into a total mass. PA-6 and HIPS were selected 
among all types of polymers investigated to emphasize the differences in potential fragmentation patterns
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leading to a reduction in both particle sizes and total 
particle counts. In contrast, we rationalize the findings 
on HIPS by fragmentation as the dominating mecha-
nism during UV treatment, attributed to surface ablation 
and release of daughter fragments (Fig. 1), thus explain-
ing that total particle counts, and mass of fragments 
increased compared to the pristine material. Notably, the 
total particle counts of released fragments from HIPS are 
higher than from PA-6, but the total mass is lower due to 
the smaller sizes of fragments released. Previous findings 
on PA-6 are explicable by the same mechanism [36], and 
are consistent with the observed increase in 1 μm counts 
and nanoplastic release from PA-6 after 2000 h UV aging 
without humidity control, followed by the disappearance 
of these fragments after 3000 h (Reference 36, Fig. 4).

Several authors concluded that the UV aging of micro-
plastics not only leads to the release of solid secondary 
micro- and nanoplastics, but also leads to the release of 
DOC (Fig. 1) [36, 37, 76–79]. It is important to note that 
DOC is only detectable in the closed laboratory envi-
ronment, not in environmental monitoring studies, due 
to filter sampling. The new data reported in this study 
shows how each polymer has distinct patterns of degra-
dation into secondary microplastics, secondary nano-
plastics, and DOC (Fig. 6, SI Table 12), and that pattern 
was additionally modulated by humidity and tempera-
ture (Fig.  6a, b,c and SI Table  12), but remained overall 
remarkably characteristic of each respective polymer. For 
PP, low releases of all species after all UV aging condi-
tions were detected, which also fits to the low changes in 
chemical degradation observed for this material. As men-
tioned before, the dominating transformation mecha-
nism of HIPS is fragmentation in all UV aging protocols, 
due to the high release of microplastic fragments and 
low release of DOC and is also the case for LDPE. For 
both materials the ISO4892 protocol with RH 50% led to 
higher DOC release and reduced secondary microplas-
tic release compared to the other protocols. Increased 

fragmentation of LDPE in presence of rainwater was 
also observed by Miranda et al. [68] For PA-6 and TPU, 
the dominating transformation mechanism is dissolu-
tion, due to the high release of DOC and low release of 
micro- and nanoplastic fragments. In the case of TPU, 
we observed that the presence of water favors fragmenta-
tion, while the DOC release remains stable. With PA-6, 
we detected that larger microplastic fragments disap-
pear with extended aging (Fig.  5a), in parallel to a low 
mass transfer to nanoplastics and high mass transfer to 
DOC: The observations suggest particle shrinkage with 
predominant dissolution and limited fragmentation. SI 
Fig. 6 in our previous publication [36] shows how nano-
plastics were formed on the surface of the larger PA-6 
particles (probably due to inhomogeneity in aging and 
non-uniformity of particles) after UV aging, but the half-
life of formed nanoplastics remains unclear. In the case of 
PA-6 the presence of water during UV aging (ISO4892 vs. 
Kalahari) led to higher release of DOC. Overall, we con-
clude that the polymer type was the main factor affecting 
micro- and nanoplastic or DOC release, with minimal 
variations within the aging protocols. Statistical tests 
could further confirm the significance of polymer types 
or aging protocols on degradation outcomes [80]. 

Conclusion
In this study, several environmental stressors (UV, 
humidity, temperature) were applied with varying time 
periods to assess the release products from different 
types of polymers due to environmental aging. While the 
variation of the aging protocols slightly influenced the 
release of DOC, micro- and nanoplastics, the polymer 
composition dictated the species and amount of release 
products. Comparing both ISO4892 protocols, the pres-
ence of water contributed to radical termination mecha-
nisms [62] which led for HIPS, LDPE and TPU to lower 
carbonyl indices and DOC release, but higher releases of 
micro- and nanoplastics. The aging and fragmentation 

Fig. 6 Comparison of releases in mg per gram polymer of different release species (secondary microplastics, secondary nanoplastics, dissolved organic 
carbon) after 2000 h aging with different UV aging protocols, values of pristine material subtracted; (a) Kalahari, (b) ISO4892, RH = 50%, (c) ISO4892, 
RH = 75%. For PA-6 the “microplastic release” was set to zero because only overall particle shrinkage (i.e., less mass) was detected after UV aging compared 
to the pristine material (compare to Fig. 5)
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mechanism of PA-6 differed from those of the other poly-
mers, probably due to its capability to take up water: [36] 
instead of fragmentation, we observed a particle shrink-
age mechanism, which is accelerated with increasing 
humidity, leading to higher DOC release. The Kalahari 
protocol operates at higher temperature, which should 
accelerate the aging [62], but at lower humidity than 
the ISO4892 protocols. In consequence, for LDPE and 
HIPS the amount of released fragments was in between 
the release of both ISO4892 protocols. The DOC release 
from PA-6 was lower after Kalahari, since its main deg-
radation mechanism is dictated by the presence of water. 
SI Fig. 7 shows the lack of a simple correlation between 
plastic degradation (here: carbonyl index) and fragmen-
tation (here: microplastic counts), and instead highlights 
polymer-specific trends. The selection of polymer types 
was guided by the objective of including a wide range of 
materials that were expected to behave differently dur-
ing aging and fragmentation. In this context, HIPS was 
chosen over PS due to the phase separation present in its 
original structure, which introduces a new aspect influ-
encing the fragmentation of this material. Additionally, a 
stabilized PP was included as negative control. By com-
paring our results with existing literature [59, 81], we 
can affirm the significant impact of stabilizing additives 
in preventing or at least slowing down the fragmentation 
and degradation of PP. In general, insights such as those 
from this study and others support Safe and Sustainable 
by Design strategies for new product developments by 
selecting material-additive combinations with low micro- 
and nanoplastic release or even low release of any spe-
cies due to high polymer stability enhanced by stabilizing 
additives.

In the context of environmental risk, it is important 
that the potential release of additives is also considered 
alongside release of the polymeric material [82]. This 
study did not consider additives, but it is worth not-
ing that our negative control, PP, had low releases of all 
species due to the addition of UV stabilizing additives. 
While low polymer particle release has to be considered 
as just one category of the overall environmental lifecycle 
impact, we did not assess additives contained or released 
from the microplastic particles in this study, nor did we 
assess the impact of UV stabilizing additives on the other 
polymer compositions studied here. Work is currently 
ongoing to build predictive tools for additive release, 
which when combined with degradation and fragmenta-
tion modeling enabled by this study, will provide a pow-
erful tool for assessing environmental risk.

Furthermore, it needs to be mentioned that this study 
was conducted in a controlled laboratory environment, 
and therefore cannot be directly compared to the com-
plex conditions found in the environment. However, such 
comparisons of polymer types are only possible under 

well-defined conditions. Consequently, a comprehensive 
understanding of the fate of micro- and nanoplastics in 
the environment requires a combination of harmonized 
and standardized laboratory studies, field testing, and 
modeling. This complex issue cannot be addressed by a 
single study. Rather, a collaborative and ongoing effort 
among various researchers is needed. Currently, plastic 
fate and exposure models treat fragmentation simplisti-
cally (for example, using a constant fragmentation rate 
across degradation state and polymer size), or not at all 
[22, 83–86]. Even models that include fragmentation 
often do so as a loss process, which ignores size-differ-
ential risk posed by smaller plastic particles, and ignores 
the loss of particle character for dissolved organics. This 
study, among others, clearly demonstrates the impor-
tance of a more refined approach to fragmentation mod-
eling that considers degradation stresses encountered by 
plastics in the environment. It emphasizes the impor-
tance of tracking the full size-distribution of second-
ary plastic particles and low-molecular-weight species, 
considering also different fragmentation patterns as e.g., 
particle shrinkage vs. bulk and surface fragmentation, as 
observed in this study. Depending on the fragmentation 
mechanism (surface ablation or bulk fragmentation), the 
preferred metric for expressing releases may differ, with 
normalization by mass or density being suitable for bulk 
fragmentation, and normalization by surface area for sur-
face ablation. The data presented herein provide an excel-
lent basis on which to build such a modeling approach 
for environments with intense UV stress, enabling the 
generation of fragmentation rates and fragment size dis-
tributions that are a function of polymer type, additives 
package, shape (particle, pellet, film, molded article…), 
the pristine polymer molar mass distribution, particle 
size and degradation state. A model for the mass transfer 
between different particle sizes and DOC (FRAGMENT-
MNP) is currently parameterized based on the data dis-
cussed in this study [52]. Further research should focus 
on generating additional datasets with similar techniques 
by e.g. comparing polymers with different additive pack-
ages or different environmental conditions. By linking the 
degradation state to stresses encountered in the environ-
ment, modelers can scale fragmentation rates according 
to which environmental compartment plastics are pres-
ent in, enabling predictive calculations of fragmenta-
tion in the environment. For example, in the context of 
UV aging, plastic particles present in the atmosphere or 
at the surface of waterbodies are likely to undergo UV 
aging, whilst particles buried deep in soils will see little 
UV light (where other stresses, such as biodegradation, 
are more important). Integrating these refined fragmen-
tation predictions into exposure models is crucial in 
enabling the environmental risk assessment of polymers 
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that considers the full heterogeneity of plastics in the 
environment.
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