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From cracks to secondary microplastics - surface characterization of 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Three types of PET were exposed to UV 
and water for three months: pellets, 
films, fibers. 

• The different types exhibited very 
different kinetics and development of 
surface defects. 

• Marked differences were also observed 
for samples exposed to air or water. 

• Delamination from the surface of films 
produced microplastics with fiber shape. 

• 1 cm2 of film or pellets could produce 
millions of microplastics.  
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A B S T R A C T   

Secondary microplastics are a product of the fragmentation of plastic debris. Despite concerns regarding the 
omnipresence of microplastics in the environment, knowledge about the mechanics of their actual formation is 
still limited. Fragmentation is usually linked to weathering, which alters the properties of the plastic and allows 
fragmentation to occur. Therefore, in this study, polyethylene terephthalate (PET) samples were exposed to 
artificial UV light or a combination of UV light and water for a total of three months to simulate natural 
weathering. The samples included three forms of PET with different production histories: pellets, yarns, and 
films. The surface alterations to the samples during weathering were characterized using scanning electron 
microscopy and Raman spectroscopy. Results indicated that the three different types of PET developed markedly 
different surface defects and also exhibited signs of weathering within different time frames. Differences were 
also found between samples exposed only to UV and those exposed to UV and submerged in water. In water, the 
first surface changes were spotted within 30 days of initial submersion and later developed into an organized 
crack network. Upon the introduction of mild mechanical forces, pieces of the weathered surface started to 
delaminate. The fragments from films had an elongated shape with a median size of 16.1 × 2.1 × 1.8 μm, 
resembling a fibre. If the weathered surface of a film were to detach completely, it could create 1.4–7.9 million 
microplastic fragments/cm2. For pellets, this number would range between 0.4 and 2.2 million microplastics/ 
cm2. In addition to particle formation by surface delamination, particles also emerged on the weathered surfaces 
of all studied samples, presenting another possible source of micro-sized particles during weathering. Overall, the 
results of this work show that the weathering of plastics and the formation of microplastics are heavily influenced 
not only by the weathering mechanism but also by the type and production history of the polymers.  
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1. Introduction 

The ubiquitous pollution of the environment by microplastic parti-
cles (MP, defined as plastic particles < 5 mm) has been well established 
(Hale et al., 2020; Akdogan and Guven, 2019). Microplastics are divided 
into primary and secondary microplastics based on their origin. Primary 
microplastics are produced directly in the micro-sized range and can be 
targeted at the source by reducing their leakage into the environment 
such as during the transport of pellets (Essel et al., 2015), or by banning 
their use completely (Guerranti et al., 2019). Secondary microplastics 
result from the fragmentation of larger plastic pieces, often as a result of 
weathering. Such deterioration can occur during the use phase or after 
release of larger plastics into the environment. It is the secondary 
microplastics which predominate in the environment (Barnes et al., 
2009; Duis and Coors, 2016). 

In the environment, the plastics are exposed to a combination of 
weathering processes. The importance and impact of each depend on the 
environmental compartment, as well as the properties of the plastic 
object (Gewert et al., 2015). Weathering is strongly correlated to poly-
mer degradation. The most potent type of degradation for common 
polymers is considered to be photo-oxidative degradation (Singh and 
Sharma, 2008). Another degradation pathway includes hydrolysis, 
though many polymers are resistant to it under ambient conditions (Ng 
et al., 2018). However, in combination with other weathering factors 
such as UV radiation, the potency of hydrolysis can increase (Edge et al., 
1991; Chamas et al., 2020; Julienne et al., 2019). Mechanical force is not 
a direct degradation pathway but plays an important role in the frag-
mentation of plastics into microplastics (Andrady, 2022; Sipe et al., 
2022). 

The various degradation pathways of polymers have been studied 
since the sixties and many aspects of the process have been thoroughly 
described (Day and Wiles, 1971; Fechine et al., 2004; Grossetête et al., 
2000; Singh and Sharma, 2008). However, the influence of weathering 
on the generation of microplastics still needs to be elucidated in more 
detail. Many microplastic studies show that most of the microplastics 
found in the environment form by fragmentation of weathered plastics 
due to an increase in the brittleness of the material (ter Halle et al., 
2017). This concept is repeated throughout the literature but little is 
known about the actual mechanisms and the kinetics of the process 
(Chamas et al., 2020). Furthermore, the importance of mechanical stress 
in the process is frequently highlighted but further description of its 
form or extent has not been systematically studied. 

One fragmentation model proposes that the microplastics form via 
surface ablation, specifically by the disintegration of a weathered sur-
face layer of the plastic into many micro-sized fragments (Andrady, 
2017, 2022). The generation of microplastics and nanoplastics from 
plastics after exposure to UV was reported by many studies (Lambert and 
Wagner, 2016b; Gigault et al., 2016; Sait et al., 2021; Sørensen et al., 
2021; Julienne et al., 2019; Song et al., 2022; Kalogerakis et al., 2017). 
Aside from reporting the released particles, surface changes and 
cracking of the weathered material were noted in many of these studies 
(Aslanzadeh and Kish, 2010; Schoolenberg and Vink, 1991; Deng et al., 
2022). However, the relationship between the cracks and the fragments 
was scarcely investigated. A rare example can be found in the work of 
Julienne et al. who studied the progress of weathering of polyethylene 
films and how it leads to crack initiation and propagation and further to 
fragment generation (Julienne et al., 2019). 

Although microplastics are often considered a single form of a 
pollutant, the term covers a range of particles which may behave 
differently based on their size, shape, polymer type, and other charac-
teristics. This is also true for the formation of microplastics. Details like 
the chemical composition, physical structure and shape of the plastics 
are expected to play a role in the process. There are weathering studies 
available that focus on specific plastic categories such as films (Julienne 
et al., 2019; Hurley et al., 2018), fibres (Nguyen-Tri and Prud’homme, 
2019; Sait et al., 2021), or bottles (Ioakeimidis et al., 2016). However, 

due to the different setups, experimental procedures, as well as the 
motivation of the studies, it is difficult to compare the results. 

The aim of this study was to observe weathering of one polymer type 
(polyethylene terephthalate, PET) in different forms. The properties of 
the different forms are expected to be dependent on the production 
history, which is related to the manufacturing of the specific forms. 
Polyesters, especially PET, are one of the most extensively used poly-
mers (PlasticsEurope, 2018), as well as one of the most commonly found 
in the environment (Gasperi et al., 2014; Akdogan and Guven, 2019). Its 
primary application is in the textile industry (67%) and blow-molded 
bottles (24%), but it has also found its use in films (MacDonald, 
2002). The variety in applications of PET enabled the selection of three 
different product forms for this study: pellets, yarns, and films. The 
weathering was performed either by exposure to UV light or in combi-
nation with exposure to water. The focus was placed on the observation 
of surface changes, specifically investigating crack propagation. The 
findings were then used to predict the features of the microplastics 
generated from weathered surfaces. 

2. Materials and methods 

2.1. Sample preparation 

Three different forms of PET were selected: white spherical pellets 
about 3 mm in diameter (Neo Group, Lithuania, additional information 
in SI), black, ring-spun yarns 0.6 mm in diameter made of 11 μm fibres 
(Rieter AG, Switzerland), and a clear, biaxially oriented film of 13 μm 
thickness (Goodfellow Cambridge Limited, UK). Supplementary exper-
iments were run on additional yarns: a white variation of the same yarn 
used in the main experiment (Rieter AG, Winterthur), and a yarn dis-
entangled from a black interlock fabric (sourced from a manufacturer in 
China). The samples were selected to represent different categories of 
PET products found on the market with different production histories. 
The composition of the samples was confirmed with FTIR. The FTIR did 
not show any presence of additives, nor it is expected for the samples to 
contain any uncommon additives as the products were not targeted for 
any special use. Samples from the different categories were placed into 
quartz Petri dishes (Huberlab. AG, lower shell size: ø 35 mm × 15 mm). 
One Petri dish was prepared for every time point and each PET form. 
Two additional samples for each form were stored in a dark cabinet as a 
control for the whole duration of the weathering experiment. For pellets 
and yarns, multiple pieces were placed in the same Petri dish, while only 
one piece of film fit into a Petri dish. Therefore, two Petri dishes with 
films were prepared for each time point. 

A second identical series was prepared with 5 mL of water added to 
the dish. The second series of Petri dishes was sealed with a parafilm and 
aluminium tape (type 425, 3 M Gmbh). Details of the sample prepara-
tion can be found in the SI. 

Blanks were prepared and placed into the weathering chamber 
together with the other samples. Those included four empty Petri dishes 
and four sealed Petri dishes with deionized water (5 mL). 

2.2. Weathering 

The weathering was performed in a weathering chamber equipped 
with a xenon-arc lamp and a Daylight-Q filter (QLab). The program was 
set up based on ISO 4892-2, a standard for UV testing of plastic materials 
with xenon-arc exposure. The settings were altered to meet the condi-
tions needed for this experiment. The irradiance was set to 60 W/m2 

(total UV), while the temperature at the black panel was lowered to 
55 ◦C to reduce the impact of elevated temperature on the ageing pro-
cess (Bastioli et al., 1990). Details about the experimental procedures 
can be found in the SI. 

Every 15 days, a set of samples was taken out (15, 30, 45, 60, 75, and 
90 days). The set included one Petri dish with pellets with water and one 
without water, one Petri dish with yarns with water and one without 
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water, two Petri dishes with a piece of film in water and two without 
water. Additionally, after 30, 60 and 90 days a pair of blanks (with and 
without water) were taken out. For pellets and yarns, the samples from 
the Petri dishes were split equally into two different glass vials. Upon 
opening the sealed Petri dishes, extra attention was paid to removing the 
lid without contaminating the content of the lower dish with the po-
tential debris from the sealant. 

One vial with the samples was left untreated, while the other was 
filled with deionized water (5 mL), closed with a plastic (PE) lid and 
shaken on a vortex mixer three times for the count of five. After that, the 
solid sample was removed and moved to a new glass vial. The liquid 
which remained after the shaking procedure was kept and stored in the 
vial. Water in which half of the samples were weathered was also stored 
in the same manner. The same procedure was performed for the films 
except for separating the samples in the first step. With the progressing 
weathering, the films became brittle and could not always be fully 
transported from the Petri dish or the vial after shaking therefore the 
remaining pieces of the film were stored in the vials together with the 
liquid. 

The blanks were treated the same way. After taking them out from 
the weathering chamber, the Petri dishes were rinsed and the water was 
stored in glass vials for further analysis. An additional blank was pre-
pared by adding deionized water (5 mL) into a glass vial and shaking it 
with the vortex. The same procedure was followed for experiments with 
the other two types of yarn. However, the samples were collected only at 
one time point, specifically after 30 days of weathering. 

An additional experiment was run with the black yarns. Three pieces 
of yarn were placed in a special metal holder (Fig. S1), allowing samples 
to be exposed to UV light, as well as allowing water from sprinklers to 
pass through. The adjusted weathering conditions of ISO 4892-2 were 
applied as described above but this time, the sprinkler was also included. 
A 2-h cycle was used consisting of 102 min of UV light and 18 min of the 
combination of UV light and DI water sprinkler. Every 15 days a piece of 
yarn was removed from the chamber, resulting in yarns weathered for 
15, 30, and 45 days. 

2.3. Analysis 

Raman spectra were measured using a WITec Alpha 300 R confocal 
Raman microscope (WITec GmbH, Ulm, Germany). Detailed informa-
tion about the setup can be found in the SI. The measurements were 
done on the reference materials (pellet, film, yarn), the samples 
weathered for 75 days, and the particles in the solutions from the 
weathering experiments. The last was done by depositing the particles 
on a cellulose acetate membrane (13 mm diameter, 0.45 μm pore size; 
Sartorius GmbH) via vacuum filtration. The filters were placed in be-
tween two glass slides. The measured spectra were then processed with 
the WITec Project Five (version 5.1, WITec GmbH, Ulm, Germany) and 
Origin software(version 2022, OriginLab Corporation, Northampton, 
MA, USA). 

The reference and weathered materials were imaged with SEM (7 kV, 
Quanta FEI 650). The films and yarns were coated with an Au/Pd layer 
(7 nm, LEICA EM ACE600), and the pellets were kept uncoated. While 
capturing images of the pellets, the microscope was operated under low 
vacuum (0.6 mbar, voltage 100 kV, spot size 2.5). The remaining sam-
ples were studied in a high vacuum environment. Images with magni-
fication ranging between 70x and 20,000x were captured. 

Gel Permeation Chromatography (GPC) analysis was carried out on 
the films weathered for 45 and 75 days, and a reference film. However, 
the film weathered in the air for 75 days did not dissolve completely, 
therefore the results for the sample were not considered. 

Attenuated Total Fourier Transform Infrared (AT-FTIR) spectra were 
measured before and after weathering (Varian 640-IR FTIR, Agilent 
Technologies, USA) and the carbonyl index was calculated. Due to the 
inconclusiveness of the measurements, the results are reported only in 
the SI and are not further discussed (Fig. S13). 

2.4. Image analysis 

The SEM images were analyzed in ImageJ software (Schneider et al., 
2012). Firstly, the crack and pit area was calculated for samples which 
included such phenomena. The area calculations were done based on 
highlighting the contrast between the protrusion and the undamaged 
parts of the surface. In case the contrast was not clear enough, the fea-
tures were traced manually. The analysis was done for three pictures of 
each plastic type exposed for a given period. The specific locations on 
the samples covered by the selected pictures were in the damaged areas 
but otherwise selected randomly. The average value from the three 
measurements was reported, while the standard deviation was por-
trayed as error bars in the figures. 

Secondly, the particles found on the surface were counted with the 
particle analysis tool. Similarly as in the first case, if the low contrast did 
not allow for automatic detection, the particles were traced manually. 
The lower particle size limit was set as 0.05 μm2 but only particles above 
1 μm2 were used for further analysis. The number of particles per picture 
varied between 22 and 235. As the weathering progressed, the single 
particles had increasing tendencies to agglomerate. Due to the fineness 
of the single particles in the agglomerates, it was impossible to count the 
particles separately. Instead, an agglomerate was considered as one 
larger particle. As in the first case of the image analysis, three images 
portraying random locations on the samples were analyzed and the 
average value and the standard deviation were reported. 

3. Results 

3.1. General observations 

Yellow colouring and haze were spotted on one side of the pellets 
weathered in air from 45 days on (Fig. S2). The pellets weathered in 
water remained visually unchanged. The yarns remained black 
throughout the experiment and no colour fading was observed (Fig. S3). 
Films weathered in water lost their transparency after they were dried 
and yellow undertones were also observed. This applied to films after 45 
days of weathering and further (Fig. S4). Films weathered in the air 
stayed transparent. In both media, the films started to bend after 30 days 
of weathering and from 45 days on, they were curled up. In the case of 
films in water, they also turned brittle and were falling apart even when 
just gently touched with tweezers. 

3.2. Analysis of chemical and physical properties 

The comparison of the Raman spectra of reference samples and the 
samples weathered in air and water for 75 days showed no considerable 
differences (Fig. S5). Some changes were noted in the spectrum range 
between 950 and 1250 cm− 1 which relates to glycol conformation in the 
PET and is linked to crystallinity (Lin et al., 2016; Adar and Noether, 
1985) (Fig. S6). However, no trends were observed as both an increase 
(for a pellet and film in water) and a decrease (for a yarn in water and a 
film in air) in the value of the ratio were observed. 

Raman spectroscopy was also used to confirm the chemical footprint 
of the particles found in water from Petri dishes in which the samples 
were weathered. Out of 30 spectra taken from different samples (pellet, 
film, yarn, blank), only nine were confirmed to be PET. Contamination 
by parafilm, cotton and other unknown particles was observed (Fig. S7). 
Based on these results it was concluded not to quantify and further 
investigate the released particles. 

Molecular weight was determined for the reference film and selected 
weathered films. The weathering resulted in a clear overall decrease in 
molecular weight. Number average molecular weight Mn declined from 
13900 g/mol to 1000 g/mol and weight average molecular weight Mw 
changed from 29800 g/mol to 4000 g/mol after 75 days of exposure to 
UV and water. The polydispersity index PDI increased from 2 to 4. The 
respective values at a midpoint after 45 days of weathering were Mn of 

B. Pinlova and B. Nowack                                                                                                                                                                                                                    



Chemosphere 352 (2024) 141305

4

3300 g/mol, Mw of 33600 g/mol and PDI of 10. The film weathered for 
45 days but without water showed similar results (Mn equal to 4500 
gmol, Mw 33400 g/mol and PDI 7). 

3.3. Development of cracks 

Samples weathered in the air did not initially show any signs of 
weathering. Only after 75 or 90 days of exposure, depending on the 
sample form, some changes were observed (Fig. 1). 

For pellets, the first cracks were visible after 75 days and further 
developed after 90 days, creating a loose network of cracks mainly 
propagating in two perpendicular directions. The weathering of the 
yarns was observed only on selected fibres which formed the surface 
layer on the yarn that was directly exposed to UV weathering. The fibres 
in the core of the yarn, or on the bottom-facing side of the yarn did not 
experience direct UV. The exposed fibres in the yarns showed damage in 
the form of fibre flattening and tear. There were no deep indentations on 
the fiber surfaces as seen with pellets but there were grooves observable 
as well as the presence of small particles. These grooves followed the 
direction of the fibre and were filled with particles. Cracks were not seen 
on films either. Instead, only small pits and particles were observed on 
the surface of the film weathered for 90 days. 

The appearance of surface raptures happened faster in water. First 
cracks were visible on pellets after 30 days of exposure. The crack 
network was not homogeneous. As expected, there were areas which 
showed no signs of cracking because not the whole surface of the round 
pellet was exposed to the UV irradiation. However, in the areas where 
cracking was present, the cracking patterns were not homogeneous but 
rather varied. Most cracks were straight and aligned but the spacing 
altered. Wavy cracks were also observed creating random patterns 
(Fig. 1 and Fig. S8). With the progressing weathering, the cracks seemed 

to elongate and the networks became more dense. 
The area covered by the cracks was calculated based on SEM images 

Fig. 1. SEM images showing the progress of the weathering. The number in the left corner of the images marks the weathering period in days. The first column, 
labelled 0, represents images of the unexposed materials. Examples of the weathering progress are shown for samples weathered under exposure to UV as well as in 
combination with water. The samples exposed only to UV for 15–60 days were not shown as the morphology of their surface is presented by the reference. 

Fig. 2. The development of crack formation during weathering, expressed as 
the area of the exposed surface sample covered by cracks. The calculated area 
covered by cracks reflects the density of the crack network as well as their 
width in the affected areas. Results for all three forms of samples weathered in 
water are shown. From samples weathered in air, only pellets are represented as 
it was the only sample type that developed cracks under the given conditions. 
The error bars represent the standard deviation between the three pictures 
analyzed for each data point. 
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of the cracked surface to get a quantitative insight into the extent of 
crack propagation (Fig. 2, Table S2). Only cracked (exposed to the 
weathering) areas were considered in the calculations. For pellets, the 
average crack coverage increased from 6% after 30 days to a maximum 
of 37% after 75 days. The large standard deviation resulting from the 
varied crack patterns needs to be noted, though the trend in increasing 
crack coverage is indisputable. The percentage area covered by cracks 
was also calculated for pellets weathered in air and reached a maximum 
of 5% at day 90. 

The exposed fibres from the yarns showed signs of weathering 
already at the first time point of 15 days. There were small pits and 
surface roughness observed. The number and size of the pits increased 
with progressed weathering. After 45 days, the surface of the fibres was 
covered not only by pits but also by thin cracks, perpendicular to the 
fibre length. With extended exposure, the cracks further propagated and 
the surface turned optically rougher, locally reassembling a crust. 
Despite the changes in the crack appearance between day 45 and days 
60–90, the average area the cracks covered did not increase, ranging 
between 10 and 14% (Fig. 2, Table S3). 

Small pits were also observed on the films after day 15. One of the 
films from day 30 had an additional feature of veins arising from the 
surface (Fig. S9). This feature was not observed on any other sample, 
including the film weathered under the same conditions. The film 
weathered for 45 days was covered on one side with a developed 
network of long cracks. The opposite side of the film did not show signs 
of cracking but some pits were observable. Upon further weathering, the 
cracks appeared to become wider, though areas with thinner cracks 
were also observed. The widest cracks were not observed with the most 
weathered film but already after 60 days of weathering (specific di-
mensions can be found in Table S4). The change in width affected the 
calculated area covered by the cracks as the highest value of 34% was 
observed in films at 60 days, while the value ranged between 13 and 
22% for the films with cracks at other time points. The average width of 
the film rod between cracks increased from 1.5 μm to 2.1 μm between 
days 45 and 60 and then stayed at the same value. When the weathered 
surface was observed from a side, it was noted that the cracks penetrated 
as well under the rod (Fig. S10). 

3.4. Potential for microplastic formation via surface delamination 

It was observed that the cracked surface of the weathered PET 
samples was susceptible to surface delamination after being introduced 

to a mild mechanical force (Fig. 3). There were pieces of the surface 
missing after a pellet weathered for 90 days was shaken with a vortex 
mixer. The broken-off pieces of the weathered film stripes were also 
observed under SEM. The weathered fibres did not appear to experience 
the same type of surface erosion from the surface but instead tearing of 
the fibres across the diameter was spotted. The films showcased 
delamination even when not shaken with a vortex mixer. The handling 
of the brittle films with tweezers likely provided strong enough stress to 
cause the delamination. The theoretical description of the formation of 
secondary microplastics from weathered surfaces used the term surface 
ablation (Andrady, 2011). However, we find the term delamination or 
surface erosion more fitting the process as it highlights the visual details 
observed in this study. Moreover, ablation is often linked to evaporation 
or melting (as in laser ablation), which may create a false notion of the 
microplastic formation process. 

The size of microplastic particles that can be formed from the 
breakdown of the weathered surface was calculated based on the SEM 
pictures as the shape was driven by the crack network. The dimension of 
the fragments was estimated either based on the size of the missing 
pieces or, in the case of a film, based on the detached fragments lying 
around. The median values for each dimension were based on 1 to 68 
measurements. The one dimension that was based only on one mea-
surement is the thickness of the microplastic detached from a film as 
there were no more available images from an appropriate angle 
(Fig. S10). The median size of a fragment detached from the film was 
16.1 × 2.1 × 1.8 μm. The size of the microplastics that could be detached 
from the weathered pellet was estimated to be larger than the one for 
films, specifically reaching the median values of 29.1 × 3.0 μm. The 
thickness was not determined. 

Based on the estimated sizes of the detached microplastic fragments, 
the potential number of microplastic fragments theoretically released 
from 1 cm2 of exposed surface was calculated. Based on the median size 
of the particles, it was concluded that 2.7 million microplastic fragments 
could be detached per cm2 of the weathered film surface. For a pellet, 
the value reaches 1.2 million microplastic fragments/cm2. Aside from 
giving a single value, a range in which the number is more likely to be 
found was calculated. This was done by using the 25th and 75th 
percentile values for the dimensions of the fragments. The ranges 
calculated were 1.4–7.9 million microplastic fragments/cm2 of a film 
and 0.4–2.2/cm2 of a pellet. 

Fig. 3. SEM pictures showing potential sources of microplastics from weathered PET, A: fragmentation either of the surface layer of the material (pellet and film) or a 
fracture of a bigger piece of the starting material (yarn), B: emergence of particles during weathering. 
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3.5. Particles emerging on the surfaces 

With progressing weathering particles started appearing on samples 
weathered both in water as well as in air but the phenomenon was more 
prevalent with samples weathered in water (Fig. 3B). Even though the 
samples were rinsed and sonicated before they were placed in the 
weathering chamber, some particles remained attached to the surface of 
the references, especially on the yarn (Fig. 1). 

The particle formation was observed on all three types of samples but 
was best observed on the films and therefore, they were investigated in 
detail. In the samples weathered in air, most of the particles were below 
1 μm. Films weathered in the water started to develop clearly observable 
particles after 30 days of weathering (Fig. 1). Upon further weathering, 
agglomerates of needle-shaped particles were scattered on the surface. 
In some places, a build-up of the particles was observed (Fig. 3B). 

The appearance of these particles was quantified in terms of their 
count, as well as the area they covered (Fig. 4, Table S5). The particle 
number was growing with the progressed weathering up to 4.6 million 
particles/cm2 after 60 days of weathering and then decreasing again. 
Contrarily, the percentage of the area covered by the particles also 
increased up to 15.0% at 60 days but then the coverage remained 
stagnant. The trends are strongly affected by the formation of agglom-
erates of small particles. The method used to quantify the particles and 
the area did not allow to differentiate between the very fine particles. 
Instead, an agglomerate was counted as one particle. The agglomerate 
formation is then linked to the increase in the particle mean size from 
3.12 μm at day 60, to 8.77 μm at day 75 and 12.60 μm at day 90, while 
the particle count decreased (Table S6). 

The particles observed on pellets and films weathered in water did 
have different characteristics to those found on the films as they lacked 
the needle-like shape. Instead, a range of irregular particles were found. 

3.6. Impact of the type of yarn and the weathering conditions on surface 
alterations 

Two sets of additional shorter experiments were performed with 
yarns. Firstly, black yarns were weathered for 45 days, during which the 

yarns were regularly sprinkled with water (Fig. 5). Unlike with the yarns 
submerged in water constantly, there were no pits observed forming on 
the fibre surface. Instead grooves filled with particles were observed 
after 30 days, as well as the development of perpendicular cracks was 
already initiated. The first feature was already observed with yarns 
weathered in air, while the cracks were typical for yarns submerged in 
water for longer periods. By day 45, the perpendicular cracks further 
developed in length, width, as well as frequency. 

Secondly, two other types of yarn were exposed to weathering for 30 
days to understand whether the specific weathering behaviour is an 
outcome of the characteristic features and production of fibres and 
yarns, or whether the specific production history and composition of the 
selected yarns plays a greater role in the weathering process. After 30 
days, the white and the black yarn, produced by the same manufacturer, 
presented a similar level of pit formation for the samples submerged in 
water, while a combination of cracks and pits was observed on the yarn 
removed from a fabric (Fig. 5). The area covered by cracks and pits was 
similar, ranging between 1.8% and 3.3% (Table S3). There were no signs 
of surface weathering seen on any of the yarns weathered in the air 
(Fig. S11). 

4. Discussion 

This work investigated three different types of PET (pellets, films, 
fibres) under different weathering conditions (in air, submerged in 
water, sprinkled by water). We showed that although all materials were 
made of PET, the weathering did not manifest on all the sample surfaces 
in the same way but depended strongly on the type and the weathering 
conditions. Fig. 6 shows a schematic representation of the progression of 
the weathering. There were substantial differences between the type and 
magnitude of cracks and the particles that were observed on the sur-
faces. At the same time, there were some similarities such as the more 
rapid progress when the samples were submerged in water compared to 
samples weathered in air. Weathering in water resulted in well- 
developed crack patterns and particle build-up on the studied samples. 
In the following sections, we discuss the effects of weathering conditions 
and the type of PET on the crack and particle formation. 

4.1. Influence of exposure conditions 

All three types of PET showed much more pronounced cracking 
under submerged conditions than in air. Hydrolysis of PET does not 
occur on a substantial scale under ambient conditions (Ng et al., 2018). 
This was confirmed by not observing any changes with the dark controls 
stored in a cabinet (Fig. S12). However, the combination of hydrolysis 
and UV irradiation led to the promotion of degradation. This finding was 
already described in previous studies (Edge et al., 1991; Chamas et al., 
2020; Julienne et al., 2019). 

The samples weathered in air showed signs of weathering towards 
the end of the experiment in the form of pits and cracks and there were 
also particles observed on the surface but on a smaller scale (Figs. 1 and 
6). Also, those features could be the result of the combination of 
weathering factors as the samples were exposed not only to UV irradi-
ation but also to air humidity. However, the samples in the air did not 
only show signs of weathering with a delay but also varied in their 
appearance. 

The grooves seen on the fibres weathered in the air were also seen on 
the yarns, which got regularly wetted with a sprinkler. However, in this 
case, they already appeared after 30 days of weathering. It could be 
expected that the yarns that were soaked regularly would be an inter-
mediate between the other two scenarios. Such a hypothesis could be 
supported by the fact that fibres from yarns wetted by a sprinkler were 
showing signs of the already mentioned grooves, as well as perpendic-
ular cracks typical for yarns weathered in water. At the same time, the 
fibres from wetted yarns actually started to crack earlier than yarns 
submerged fulltime and the initial pit formation stage was skipped. The 

Fig. 4. Small particles were observed to emerge on films weathered in water. 
The figure shows the observed particle count, the area covered by the particles 
and the mean particle size. Error bars represent variations between calculations 
done on different parts of the weathered surface. If particles were agglomer-
ated, they were counted as one particle. While there was an initial increase in 
both the number of particles and the area covered, the latter stagnated from 60 
days on, while the particle count decreased. In comparison, the mean particle 
size increased in the period between 60 days and 90 days of weathering, sug-
gesting agglomeration of the particles in the later stage of the weathering. 

B. Pinlova and B. Nowack                                                                                                                                                                                                                    



Chemosphere 352 (2024) 141305

7

differences observed when the yarns were regularly sprinkled with 
water instead of being submerged may be related to the extent of 
exposure to water. However, it could also be related to the fibres in the 
yarns experiencing repeated swelling and shrinking resulting from water 
uptake and then again drying (Bastioli et al., 1990; Lott et al., 2022). 

4.2. Influence of the type of material 

Our results show that the weathering can manifest itself differently 
for the same polymer type. The different behavior was likely related to 
the specific production history of the sample forms. Preferential orien-
tation of the cracks was seen in samples weathered in water, especially 
in films. The cracks are likely linked to the crystalline structure order 
and the manufacturing history. Such reasoning would also explain why 
pellets did not show the same level of organization as the other samples. 
The crack formation may be ascribed to the formation of voids in the 
amorphous phase resulting from the weathering and build-up of internal 
stress overpowering cohesive forces (Thompson and Woods, 1955; 
Mcmahon et al., 1959; Aslanzadeh and Kish, 2005). The same effect was 
also seen in a study on weathering of a polyethylene film (Julienne et al., 
2019). Unsurprisingly, variation in the weathering processes was also 
seen in studies that compared different polymer types. Meides et al. 
(2021) and Menzel et al. (2022) performed weathering studies on 
polystyrene and low-density polyethylene and observed that while for 
polystyrene the mechanical embrittlement of the weathered particles 
was linked to the formation of microcracks on the surface, LDPE 

particles first broke apart into smaller particles and only later micro-
cracks appeared. 

The pellets also differed from the other two forms in the initial crack 
propagation step. While cracks were directly observed on pellets, yarns 
and films first displayed pits. It is unclear why in some plastics the 
weathering first initiates pit formation, while in others cracks are 
directly observed. This question is not only applicable to the findings of 
our study. Sait et al. (2021) exposed different synthetic fibres to UV and 
hydrolysis and while one type of PET fibres developed cracks, other PET 
fibres were covered in pits. In our study, all three types of yarns showed 
initial pit formation (Fig. 5). With the current information, it is not 
possible to estimate which sample property is the driving force in the pit 
formation. Moreover, the reason, whether samples would first form pits 
or directly propagate cracks may not only be dependent on the sample 
properties but also on the conditions of the weathering. Such a case was 
already described earlier for yarns exposed to different types of water 
exposure. One explanation of the pit formation is related to the presence 
of weak spots in the material on which the hydrolysis occurs faster. 
Weak spots could be formed in an area with a local build-up of frozen-in 
stresses or sites of impurities in the material. Films and yarns are likely 
to have such spots as they have a longer manufacturing history 
compared to the pellets. 

After the initial propagation of cracks, the area coverage by the 
cracks stagnated (for yarns) or even decreased (for films, Fig. 2). Also, 
Yakimets et al. (2004) saw that after the initial formation of the cracks 
during photo-oxidative degradation of PP, their number stagnated. This 

Fig. 5. Comparison of weathering of yarns weathered under different conditions (air, submerged in water, sprinkled with water) and different yarns weathered 
(black yarn, white yarn, yarn from a fabric). While weathering in air showed surface deformation in the form of grooves after 90 days of weathering, yarns which 
were in contact with water reacted to the weathering faster. Yarns submerged in water showed pits already after 15 days of weathering, which propagated into cracks 
after 45 days of weathering. In comparison, yarns regularly sprinkled with water never displayed pits, instead cracks and grooves were seen after 30 days of 
weathering. The comparison between the different yarns weathered for 30 days showed that the yarn taken from a fabric already developed cracks, while the other 
two yarns were in the “pit stage.” 
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behaviour was explained by complete photo-oxidation of the surface, 
inhibiting more oxygen to diffuse into the material. The changes in the 
crack networks in later stages may be related to the reorganization of 
polymer chains but a more likely scenario is that the cracks got smaller 
due to shrinking and curling of the material. Such a movement could be 
the result of weathering but also of the elevated temperatures in the 
weathering chamber resulting from the irradiation. 

The variation was not only studied across different types of PET 
products but also within the same category. This was done specifically 
for yarns but only for a shorter time frame. The black and white yarns 
from the same producer seemed to behave similarly, despite the differ-
ence in colour and the related UV absorbance. However, a third yarn, 
which was also black but from a different source, showed faster progress 
in the formation of weathering-induced damages. Even though the 
variability in the production is not as large within one type of sample 
category as among the different products, it seems that the small dif-
ferences play a large role in the process. The variation in the observed 
damages to weathered fibres or textiles has been previously reported 
(Sait et al., 2021; Pinlova and Nowack, 2023). 

An important feature of the studied samples is the typical shape of 
the product. It is difficult to separate the impact of the production his-
tory from the impact of the shape of the object. The shape plays an 
important role in terms of the ratio of exposed and unexposed parts of 
the sample to UV light. It was calculated that HDPE beads would 
degrade 400 times slower than a PE film of the same mass due to the 

variation in the surface area (Chamas et al., 2020). Although both films 
and pellets experienced in this study delamination of the surface layer, 
the impact of the weathering differed in terms of the whole sample: 
while the pellets remained intact, the properties of the film were altered 
to the extent that a mild mechanical force caused the whole film to break 
into pieces. Furthermore, the shape can impact the behaviour of the 
plastic in the environment including its buoyancy (Van Melkebeke et al., 
2020). While the crack patterns and specific types of surface damage 
observed in this study are likely a result of the variation in the pro-
duction history rather than the impact of the shape, the two character-
istics have to be considered simultaneously as they are interconnected. 

4.3. Emerging particles 

The second phenomenon observed was the appearance of particles 
on the surface of the weathered samples both in air and water. Flaking 
and particles attached to the surface were observed in a variety of pre-
vious studies but were so far not further investigated (Tong et al., 2022; 
Lestari et al., 2022). Meides et al. (2021) in a weathering study of PS 
reported the appearance of small fragments prior to crack propagation 
as products of surface ablation. However, based on the observations in 
our study, these particles are have to be understood rather as products of 
migration from the material or side products of the cracking. Surface 
ablation, as described by Andrady (2017), is linked to delamination of 
the weathered surface. The emergence of these particles was specific for 

Fig. 6. A) An overview of the surface defects seen on the weathered samples of PET. Black colour represents the surface raptures: pits and cracks; grooves seen on 
yarns weathered in the air are depicted in grey to highlight their shallowness. In purple particles are shown that have emerged on the surface. B) Scheme of the 
surface changes observed on films weathered in water. The black colour shows the initial pit formation and crack propagation. In purple particles are shown 
emerging and agglomerating on the surface. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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each sample and each exposure condition. In air, the particles appeared 
to be mostly below 1 μm in size and were not further investigated. In 
water samples, their emergence was most pronounced in films, where 
needle-like particles were observed. Moreover, those particles were 
aggregating, creating larger units with progressing weathering (Fig. 6). 

The question is whether these particles are micro- or nanoplastics at 
all. Some additives are water insoluble and can migrate to the surface 
(Cooper and Tice, 2009; Hahladakis et al., 2018). Oelschlägel et al. 
(2018) saw light spots on weathered LDPE samples and upon elemental 
analysis found the presence of sodium, chlorine and sulfur. Li et al. 
(2022) emphasized that frequently particles containing additives are 
falsely identified as microplastics and noted that the additives exhibited 
ball-like shapes, while microplastics were irregular. Detailed chemical 
analyses are needed to identify the chemical nature of these 
newly-formed particles and if they are additives, oligomers or indeed 
micro- or nanoplastics. However, in any case, these particles are insol-
uble in water and therefore contribute to the overall particle release 
from polymers even if they are not microplastics but another type of 
particle. 

4.4. Potential release of microplastics 

The potential release of microplastics from the weathered samples 
was calculated for two different scenarios. The first scenario was based 
on surface delamination and the second considered only the particles 
counted on the weathered surfaces. Both scenarios suggested that they 
have the potential to create millions of particles per cm2. These numbers 
were calculated based on the scenario of the whole surface area of the 
sample being evenly exposed to the weathering. In practice, the exposed 
surface may not be equivalent to the total surface area due to more 
complex shapes of plastic pieces. For example, the yarn made of fibres 
has a large surface area if each fibre is calculated separately. However, it 
is only the surface of the fibres on one side of the yarn which experienced 
UV weathering under lab conditions. Nonetheless, in the environment 
the plastics are likely to experience a more dynamic environment, 
resulting in the particles moving and therefore being exposed over 
different parts of their surface. 

The comparison to other studies which measured microplastic 
release from weathered plastics is hampered since the studies used 
different materials, weathering agents, and settings, as well as having 
different goals. One issue is related to the different size limits of the 
detection and identification methods used to characterize the particles. 
Some of the weathering studies for example focused only on nano-
particles (Lambert and Wagner, 2016a; Gigault et al., 2016). Another 
issue arises from the fact that in some studies the quantity was reported 
per volume of exposure medium, which does not take into consideration 
the mass, nor the weight of the starting material (Lambert and Wagner, 
2016a, 2016b; Liu et al., 2022). A final issue is that these types of studies 
usually lack any analytical confirmation of whether the found particles 
are actually plastic particles and usually only blank values are reported 
for validation of the results. The issues of contamination of samples were 
not only shown in this study but were also pointed out by others. Sco-
petani et al. (2020) for example studied the potential of contamination 
from attire worn during sample collection and estimated that up to 25% 
of the fibers in the samples could result from self-contamination. Li et al. 
(2022) also pointed out the problem of miss-determining leached ad-
ditives as microplastics. 

Nevertheless, results from two studies were chosen for comparison 
with our data. Song et al. (2022) studied the effect of degradation on 
polystyrene, polyethylene and polypropylene sheets. After exposure to 
UV irradiation, the sample surfaces were rinsed and particles were 
counted in the range of 0.8–500 μm. The particle count was estimated in 
the range of 103 − 105 particles/cm2 after 60–240 days of weathering. 
The particle count for unweathered samples was 102 − 103 parti-
cles/cm2. In the second study, Lambert and Wagner (2016b) weathered 
a piece of a PET bottle. It was estimated that 25,000 particles/ml were 

released after 112 days of combined exposure to UV irradiation and 
water. Based on the other provided information, we translated this result 
into 5 × 105 particles per cm2, when considering the exposure only on 
one side of the sample. The potential number of particles in our study 
was an order of magnitude higher. The higher values are likely related to 
the fact that the potential and not actual releases were predicted in our 
study. An important conclusion from this work is that the reporting of 
particle release or release potential should be harmonized and reported 
in surface-normalized units to make comparisons between studies 
possible. 

4.5. Changes in chemical properties 

The visible changes of the polymer also confirmed the effect of the 
weathering on the samples. While yellowing is linked with photo-
degradation products, the haze formation was explained by the crys-
tallite formation as a product of the combination of hydrolysis and 
photolysis (Sang et al., 2020). The coiling of the film can also explained 
in terms of changes resulting from weathering. As the properties of the 
surface layer changed upon weathering but the properties of the bulk 
remained the same, the combination of tensile stress and built stress 
from manufacturing resulted in the bending of the film (Choi et al., 
2005). 

The fact that Raman spectra of the weathered particles did not show 
any prominent changes matched outcomes of other weathering studies 
(Cai et al., 2018; Lenz et al., 2015). Certain polymers may show stronger 
alterations in Raman spectra such as PVC (Lenz et al., 2015) but for most 
common polymers including PET, the changes are minimal. Addition-
ally, the interpretation of spectra is often complicated due to concurrent 
fluorescence interference which can be either intrinsic or a result of 
impurities, including degradation products (Nava et al., 2021). That was 
also the case in this study. The lack of alteration in the spectra suggests 
that the need to create a secondary library of aged polymers at least for 
PET is low despite such libraries being built up (Dong et al., 2020). 

The steep decrease in molecular weight after weathering for 75 days 
in water confirmed the occurrence of chain scission in the polymer 
during weathering. However, the results for the films weathered for only 
45 days showed high polydispersity and even an increase in Mw, which 
suggests that in the initial stage, the chain scission is accompanied by 
cross-linking. Moreover, this applied to the films which experienced 
hydrolysis as well as to those weathered in air. 

4.6. Environmental implications 

We have shown that there is a potential for the weathered PET ma-
terials to break into millions of pieces. Moreover, the estimated size of 
such fragments had a median length of 16 μm and 29 μm for film and 
pellet respectively. Such a size is below most of the currently used 
analytical techniques investigating environmental matrices for micro-
plastic contamination. Furthermore, the size and shape of the fragments 
delaminated from a film fit the definition of a microplastic fibre, as the 
ratio of length to diameter was more than three (ECHA, 2020). As 
microplastics are usually studied in 2D, the information that a film 
fragment is a rod and not a fibre could be lost and it could be mislabeled 
as a fibre. The disintegration of a film into stripes was also observed in 
another study (Julienne et al., 2019). 

Based on our results, we can estimate the potential of a PET bottle to 
produce microplastics upon weathering. The surface area of a 0.5 L PET 
bottle was estimated to be 400 cm2. If the whole surface of the bottle was 
considered and the bottle would weather like a pellet, one single bottle 
has the potential to form 480 million particles via ablation of the surface 
layer. There is further research needed to understand whether the static 
conditions of the laboratory weathering can be related to the environ-
mental conditions, or whether the conditions are too unreal. Ioakeimidis 
et al. (2016) collected PET bottles from a seafloor and based on the la-
bels on the bottles assessed the age of the bottles. It was shown that 
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bottles older than 15 years evinced higher levels of rough surface, 
including cracks but never to the extent as observed in this study. 
However, the conditions of the study did not match those found on a 
seafloor. Rather, the studied conditions would be relevant for shallow 
waters and terrestrial environments, where the plastics are frequently 
exposed to water, either in the form of rainfall, snow, or even morning 
dew. 

4.7. Study limitations 

The main intention of the study was to observe whether the different 
forms of PET plastic would behave differently when weathered and to 
what extent we can apply the knowledge we have about one specific 
sample to all samples from the same polymer. Three forms of PET were 
chosen to represent different products that could end up in the envi-
ronment and therefore experience weathering. These three forms 
differed in chemical and physical characteristics due to the different 
requirements of their specific use. However, these characteristics were 
not further studied or quantified. We confirmed that the different PET 
samples behaved differently but did not provide any correlation be-
tween the specific attributes of the samples and the observed weathering 
phenomena. There is a clear need for additional work which would look 
into the different chemical and physical characteristics that would 
further explain the observed specifics of the mechanism of the weath-
ering and the microplastic formation. This would also include the impact 
of the presence of different additives. 

Furthermore, there is also further work needed to explain the role of 
mechanical forces in the process. In this study, the vortex mixing was 
used to reproduce what was considered a mild force but the exact force 
was not quantified. However, most of the observations such as the cracks 
and pits were done on samples which did not experience any additional 
mechanical stress except the gentle handling of the samples during 
analysis. However, in the environment, plastics also come into contact 
with a range of other objects or forces. Therefore, if the cautious 
handling had an impact on the sample and caused the delamination, it 
would likely occur also in the environment upon interacting with some 
form of force (e.g. wind, rain, waves), if the samples would have pre-
viously undergone the same level of weathering. 

The study was also limited by the experimental setup. The black 
panel temperature, which defines the maximum temperature any 
exposed sample could reach, could not be lowered below 55 ◦C. The 
impact of the elevated temperatures could not be separated from the UV 
exposure. However, exposure to the sun in the environment could also 
result in the plastics experiencing elevated temperatures, depending on 
the location, season, and the environment. Regardless, further investi-
gation and the introduction of additional controls would benefit this 
type of experiment in the future. 

5. Conclusions 

This study confirms how complex the weathering process of plastics 
is. First, it was shown that the type of weathering conditions can greatly 
change the observed outcomes of the weathering. The combination of 
exposure to UV light and water resulted in changes in the surface layer of 
the weathered samples leading to raptures of the surface that further 
propagated into a network of cracks. The samples weathered in air 
experienced small changes on the surface only after an extended period 
but other signs of weathering were recognized earlier, including changes 
in molecular weight, yellowing, or curling. Moreover, it was indicated 
that the exact way the samples are exposed to water can alter the 
weathering process. This was shown by a comparison between constant 
submergence in water and wetting by sprinkling which resulted in a 
different weathering pattern compared to constant wetting. However, 
the length of the exposure was relatively short for the latter and further 
experiments are necessary for verification. Moreover, it was shown that 
the cracked surfaces of samples weathered in water started to detach and 

form microplastic particles on the ten μm scale. We estimated that 
millions of particles could be detached from the surface of weathered 
PET, but the magnitude depended on the type of materials and the 
weathering conditions. Our study highlights that samples of the same 
polymer but different production histories can react very differently 
during weathering due to specific properties determined by the different 
conditions the samples were exposed to during the manufacturing pro-
cess. However, we cannot conclude yet to what extent the findings can 
be applied to the typical properties of the sample category (e.g. yarn 
versus film) or whether they were an outcome of the specific properties 
of the samples selected in this study. Therefore, further research is 
needed to investigate the raised questions. 
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