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Abstract 

Polymers are omnipresent in our everyday lives. For specific applications, their properties can be extensively modified 
by various types of additives, e.g., processing stabilizers, antioxidants, UV-stabilizers, flame retardants, and plasticizers. 
While several additives are nowadays considered to be toxic or persistent in the environment, quantitative data char-
acterizing plastic fragmentation and microplastic formation have not yet been discussed in detail. Here, we present 
a long-term, laboratory-controlled accelerated weathering study on polypropylene (PP) particles with and without 
processing stabilizers. We were able to identify the stabilizers as  Irgafos® 168, and  Irganox® 1010. For both PP sam-
ple sets, we monitored the degradation using a combination of various analytical methods, such as gel permeation 
chromatography, particle size distributions, scanning electron microscopy, solid-state 13C magic-angle spinning NMR 
and liquid-state 1H, 13C, 31P NMR spectroscopy, differential scanning calorimetry and matrix-assisted laser desorption 
ionization time of flight mass spectrometry. The stabilizers prevent degradation by simulated solar radiation for about 
350 h. Then, degradation sets in rapidly, leading to an exponential decrease in molecular weight and particle size, 
accompanied by an increase in crystallinity and the formation of oxygen-containing functional groups. After 3200 h, 
representing approximately 2 years of outdoor weathering, both PP samples exhibit comparable characteristics and 
sizes, regardless if a stabilizer was initially present. During degradation, an extremely large number of 100,000 daugh-
ter particles (4 µm) are formed and released from one MP particle of 192 µm diameter. Their physical properties and 
chemical composition have largely changed, resulting in a very low molecular weight and a hydrophilic character. 
These particles no longer resemble pristine PP. We thus expect them to be more prone to biodegradation compared 
to the starting material.
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Introduction
Plastics are nowadays inevitably a part of our everyday 
life. They are cheap, lightweight, and durable, and their 
properties can be easily adapted, leading to a wide range 
of applications. In 2019, the global plastic production 
reached a total of 368 million tons, still increasing year 
by year [1]. The largest end-use market in Europe, with 
a contribution of 40%, is the packaging industry, where 
polypropylene (PP) is one of the dominating polymer 
types [1]. Materials made of PP are often single-use items 
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for wrappers, food packaging, containers and bottle caps. 
This leads to the generation of large amounts of PP waste, 
often exported to developing countries with poor waste 
management strategies [2, 3]. Ultimately, a large amount 
of the exported waste is expected to end up in environ-
mental compartments, where abiotic and biotic degrada-
tion mechanisms lead to fragmentation and break-down 
[2, 4, 5]. As a consequence, microplastic (MP) is formed, 
often defined as plastic fragments of all polymer types 
and shapes with the largest dimension ranging from 
1 µm to 1000 µm [6]. In recent years, MP has become a 
great concern and is seen as an emerging ecological risk 
[7–10].

Not only are large quantities of secondary MP formed 
from degradation and fragmentation, their chemical 
structure is also modified throughout the ageing process. 
The initially non-polar polymer chains turn gradually 
into increasingly polar oligomers [5, 11, 12]. As a con-
sequence of pronounced oxidation, aged MP particles 
become hydrophilic, enhancing biofilm formation [13, 
14] as well as the uptake by organisms [15, 16]. Recent 
studies have addressed the toxicity of small polymer MP 
particles [17] and negative effects on organisms [18, 19].

Toxicity may not only originate from the polymer itself 
or from changes in the chemical composition during 
weathering but can also result from leaching and degra-
dation of low molar mass compounds present in almost 
all polymers. Plastics for everyday products are opti-
mized to maintain their properties for a specific period of 
time. For this purpose, a variety of additives are used to 
stabilize the polymers a) during processing and b) during 
their service life. With regard to their application, differ-
ent classes of additives are distinguished such as process-
ing aids, antioxidants, thermo- and UV-stabilizers, flame 
retardants and plasticizers [20]. Some low molar mass 
compounds frequently present in consumer products 
and plastic packaging, are now considered environmen-
tally harmful or even toxic, such as phthalates, bisphenol 
A, biocides, certain flame retardants, and highly fluori-
nated substances [21]. Consumer goods and packaging 
products are very complex materials containing a vari-
ety of substances [22]. This complexity is maintained or 
even increases once polymer materials of any origin are 
released into natural compartments. The incorporated 
stabilizers and their degradation products can leach from 
the plastics, posing an environmental concern [20].

In recent years, multiple studies have addressed the 
environmental weathering of PP, polystyrene (PS), and 
polyethylene (PE), reporting changes in chemical com-
position, a decrease in molecular weight due to chain-
scission and the formation of degradation products 
such as peroxides, alcohols, and carboxylic acids [23–
29]. These changes are induced by photooxidation and 

typically accompanied by a modification of the physical 
properties, leading to embrittlement and fragmentation 
[5, 7, 30–32]. In natural compartments, physical stress 
factors such as mechanical impacts will additionally 
enhance fragmentation and break-down, leading to MP 
formation [33].

Photooxidation of polymers and the influence of pol-
ymer additives on polymer break-down has been thor-
oughly investigated for the past decades [34–36]. While 
the underlying mechanisms of photooxidative degrada-
tion are well understood, much less is known about the 
role of stabilizers and their degradation products  [20]. 
Quantitative data regarding fragmentation rates as 
well as secondary MP particle production and release 
remain scarce [32, 37–40], and are lacking for stabi-
lized polymer systems. Furthermore, numeric data for 
time scales in which the stabilizers avoid degradation, 
and the effect of the stabilizers on the fragmentation of 
macroplastic has only gained little attention up to date.

To bridge this knowledge gap, we combined labora-
tory weathering with extensive analytical investigations 
and calculation of fragmentation rates for a commer-
cially available stabilized PP. In order to monitor the 
influence of stabilizers on the polymer degradation, 
with special focus on the fragmentation into smaller 
particles, the stabilizers were removed from a second 
PP batch by Soxhlet extraction and identified. A mul-
titude of analytical methods, such as gel permeation 
chromatography (GPC), light scattering for particle size 
distributions, scanning electron microscopy (SEM), 
and differential scanning calorimetry (DSC) were com-
bined to trace the degradation and fragmentation of 
stabilized, and non-stabilized PP as a function of expo-
sure time.

Additionally, solid-state 13C magic-angle spinning 
(MAS) NMR spectroscopy was performed for identifica-
tion and quantification of photooxidative defects accu-
mulating with proceeding degradation. As previously 
reported [5, 41] quantification is enabled by a  multiple 
cross polarization (multiCP) pulse sequence [42, 43]. 
Although solid-state NMR spectroscopy has rarely been 
considered for investigation of degradation products, it 
serves as a complementary method to other commonly 
used techniques, such as Fourier transform infrared 
(FTIR) or Raman spectroscopy, and pyrolysis–gas chro-
matography-mass spectrometry (Py-GC–MS) [23, 24, 28, 
29, 44–46]. NMR spectroscopy provides volume-aver-
aged results and can give information on the dynamics 
of the system, e.g., details on the distribution and varia-
tions of crystalline and amorphous regions. It is a non-
destructive method however, it does require relatively 
large amounts of sample material, which can pose a prob-
lem for environmental samples.
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The data presented in this study deliver a profound 
understanding of fragmentation rates resulting from 
photooxidative degradation, also considering the influ-
ence of stabilizers. The derived numbers give an approxi-
mation for how many micro- and nanoplastic particles 
can potentially be released, when PP is exposed to solar 
radiation and mechanical stress in an aqueous environ-
mental setting. Experimentally determined numeri-
cal fragmentation rates have not yet been reported in 
the literature. Thus, this study fills a knowledge gap and 
delivers important information concerning micro- and 
nanoplastic formation.

Experimental
Material and methods
Polypropylene (PP, Moplen HP526J) in pellet form was 
provided by LyondellBasell Industries (Basell Polyole-
fine GmbH, Wesseling, Germany). As stated in the data 
sheet, this PP grade is supplemented with a standard 
processing stabilizer. Particles were produced from PP 
pellets by cryo-milling with an ultra centrifugal Mill 
ZM-200 (Retsch GmbH, Haan, Germany). Particles were 
then separated into several fractions using an Alpine 
air jet sieve E200 LS (Hosokawa Alpine AG, Augsburg, 
Germany). For the experiments from this study, the 
fractions < 125  µm and 125–200  µm were used. Refer-
ence compounds  Irgafos® 168 (Tris(2,4-di-tert-butyl-
phenyl)phosphate), and  Irganox® 1010 (Pentaerythritol 
tetrakis(3-(3,5-di-tert-butyl-4-hydroxyphenyl)propion-
ate)) were purchased from BASF (Ludwigshafen, Ger-
many). 500  mg  Irganox® 1010 was dissolved in 100  ml 
tetrahydrofuran (THF) and placed into the Q-Sun Xe-3 
for 100 h. THF was then evaporated to dryness and the 
compound, further referred to as  Irganox®  1010weathered, 
was analyzed via MALDI-TOF MS.

Soxhlet extraction
A Soxhlet extraction was performed on a PP frac-
tion < 125 µm in size. 24 g PP particles were placed into 
a glass thimble onto a cellulose filter and covered with 
glass wool. Extraction was performed in a Soxhlet appa-
ratus with 700  ml of boiling THF for 14  days. Particles 
were filtered off and dried under vacuum (40  °C) and 
subsequently weathered according to the procedure 
described below. The extraction solvent was evaporated, 
and the residue was dissolved in hexane and ethyl acetate 
(19:1) and passed over a silica column. The products were 
investigated via MALDI-TOF MS.

Matrix assisted laser desorption ionization‑time of flight 
mass spectrometry (MALDI‑TOF MS)
The residue of the stabilizer extraction, as well as 
 Irganox®  1010weathered, were analyzed via MALDI-TOF 

MS using the solvent-based dried droplet sample prepa-
ration procedure. Sample and matrix (DHB – 2,5-dihy-
droxybenzoic acid) were dissolved in THF with a 
concentration of 10 mg/ml, mixed with a ratio of 5:20 and 
a thin layer applied onto the target plate. Mass spectra 
were acquired with a Bruker  autoflex® maX TOF/TOF 
(Bruker Daltonics GmbH & Co. KG, Bremen, Germany) 
in positive ion reflector mode between 200–2000  Da. 
The instrumental settings were optimized for best reso-
lution and highest intensity. In total, 5000 shots were 
taken randomly across the dried-droplet sample spot. 
The obtained spectra were processed with the flexAnaly-
sis software.

Accelerated weathering
Both stabilized and  unstabilized  particle fractions were 
weighed to 20  g each and transferred into quartz glass 
beakers filled with 600  ml deionized water and covered 
with quartz glass lids. Stirring of the water-particle mix-
ture was enabled using magnetic stirrers and PTFE-
covered stirring devices. This setup was placed into a 
Q-SUN XE-3 test chamber (Q-LAB Corporation, West-
lake, OH, USA) and irradiated for a total of 3200 h. The 
test chamber is equipped with three xenon lamps, oper-
ating at 60  W/m2 each (at 300–400  nm), which corre-
sponds to a total irradiance of 594 W/m2 (300–800 nm) 
and a five-fold acceleration compared to mid-European 
conditions (Fig. S1, Tab. S1). This acceleration resembles 
approximately two years of outdoor weathering in cen-
tral Europe. Further, Daylight-Q filter systems, cutting 
off radiation with wavelengths < 295  nm, were installed. 
This assures an irradiation spectrum very similar to the 
spectrum of natural sunlight (Fig. S2). Additional settings 
were relative humidity at 50% and chamber temperature 
at 38 °C.

At each sampling time (24, 50, 100, 200, 400, 600, 800, 
1200, 1600, 2000, 2400, 2800 and 3200 h), 1–2 g of sam-
ple material were drawn from the water-sample mixture, 
filtered, and dried under vacuum at 40 °C. Samples were 
stored in a dark and dry place until further analysis.

High temperature gel permeation chromatography 
(HT‑GPC)
Molecular weight distributions (MWD) as well as  Mn, 
 Mw, and Ð values were measured via GPC using an Agi-
lent (Polymer Laboratories Ltd.) PL-GPC 220 high-tem-
perature chromatographic unit. This set is equipped with 
RI and PD detectors as well as three linear mixed bed 
and guard columns (Olexis). Analysis was performed at 
150 °C (Pasch, 2001) using 1,2,4-trichlorobenzene (TCB) 
as the mobile phase. All samples were prepared by dis-
solving 2–3 mg of PP particles (0.1 wt.-%) in 1.5 ml of the 
mobile phase solvent (TBC) in an external oven at 150 °C 
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upon continuously stirring. The solutions were run with-
out filtration. The determined molecular weights were 
referenced to linear HDPE standards  (Mw = 142,000 – 
701,000 g/mol, K = 40,600, and Alpha = 0.725) and were 
corrected with K and Alpha values for i-PP (K = 19,000 
and Alpha = 0.725).

Scanning electron microscopy (SEM)
Field-emission scanning electron microscopy (FESEM) 
was performed on particles with a Zeiss ULTRA PLUS 
(Carl Zeiss Microscopy GmbH, Jena, Germany) at an 
acceleration voltage of 3 kV and a FEI Quanta 250 (Field 
Electron and Ion Company, Thermo Fisher Scientific, 
Hillsboro, USA) high resolution field emission gun (FEG) 
scanning electron microscope at 10 kV, operating at low 
vacuum. Particles were coated with a thin layer of plati-
num by a Cressington 208 HR sputter coater prior to 
investigation.

Particle size analysis
Particle size distributions and the average particle size 
were determined with a Microtrac FlowSync Particle Size 
Analyzer (Microtrac Retsch GmbH, Haan, Germany) 
having a lower detection limit of 10 nm. Measurements 
were performed in deionized water with 2–5 mg of par-
ticles. 2  ml of 5 wt.-%  Na4P2O7, and a few drops of a 2 
wt.-%  C20H37NaO7S (dioctyl sulfosuccinate sodium salt) 
detergent were added and 60  s of ultrasound at 40  kHz 
were applied to avoid aggregation. Average values from 
three measurements were calculated by the Microtrac 
software.

Differential scanning calorimetry (DSC)
DSC measurements were performed on 8–10 mg sample 
material using a Mettler Toledo DSC 3+ (Mettler-Toledo 
GmbH, Gießen, Germany). The samples were heated with 
10 K per minute under  N2-atmosphere from 25–200  °C 
and cooled to 25  °C. An isothermal stage of 5  min was 
applied between the heating and the cooling cycle. The 
degree of crystallinity χc in the first heating cycle was 
determined using ΔHm

0  = 207.1  J/g for a hypothetically 
100% crystalline PP [29]. Determination of χc and  Tm was 
performed using the STARe software.

NMR spectroscopy
Liquid-state 1H, 13C and 31P NMR spectroscopic experi-
ments were recorded on a Bruker Avance-III HD spec-
trometer with 5  mm CryoProbe™ Prodigy BBO 500 S2 
head operating at a  B0 field of 11.7 T (1H: ʋ0 = 500.1 MHz, 
13C: ʋ0 = 125.8  MHz, 31P: ʋ0 = 242.9  MHz). Deuter-
ated chloroform  (CDCl3) was used as solvent. Via 
the residual solvent resonance all 1H and 13C spec-
tra were referenced to tetrametylsilane. For the 31P 

spectra, triphenylphosphine oxide was used as secondary 
standard.

Solid-state 13C MAS NMR spectroscopic experiments 
were recorded on a Bruker Avance-III HD spectrometer 
operating at a  B0 field of 9.4 T (1H: ʋ0 = 400.1 MHz, 13C: 
ʋ0 = 100.6 MHz) using a 3.2 mm triple resonance probe 
(Bruker) with zirconia rotors (approx. 25 mg sample). A 
spinning frequency of 20 kHz was applied which is suf-
ficiently fast to avoid the occurrence of spinning side-
bands as the chemical shift anisotropies (20–40  ppm) 
of aliphatic carbons are averaged [47]. 13C CP experi-
ments were performed for a series of PP samples with 
different weathering times. The contact time was set to 
2.0 ms, and the same Hartmann-Hahn conditions as for 
the multiCP experiments were used. MultiCP measure-
ments [43] were conducted for the longest weathered 
sample. The parameters for the multi-pulse CP measure-
ments [42] were optimized for the PP samples. Seven CP 
blocks with a contact time of 400 µs (υnut (13C) = 47 kHz, 
39 kHz ≤ υnut (1H) ≤ 55 kHz), separated by a time  tz of 3 s, 
were applied. At the end and the beginning of each CP 
block (90°)-x pulses with pulse lengths of 2.5 µs (1H) and 
3.8  µs (13C) were used. Proton decoupling was applied 
during acquisition using the spinal-64 sequence at a  B1 
field of 70 kHz.

For defect quantification, all spectra were deconvoluted 
with pseudo-Voigt profiles using the SOLA program 
included in TopSpin 3.2 (Bruker). To account for the 
small defect proportions, a serial refinement procedure 
was applied. For the two spectra with longest weathering 
times and thus highest defect proportions, simultane-
ous, free refinements with one set of isotropic chemical 
shift, line broadening and Gauss/Lorentz ratio, for each 
defect resonance, were performed. The corresponding 
intensities were refined separately. For shorter weather-
ing times, the obtained fitting parameters were applied 
in subsequent refinements, and only the intensity was 
varied. This reduces the degrees of freedom sufficiently, 
allowing to derive meaningful intensities for spectra with 
lower signal-to-noise ratios. In contrast, for the more 
intense backbone signals, a free refinement of all param-
eters was possible. All refinement parameters are given in 
Table S5.

Results and discussion
We performed accelerated weathering laboratory experi-
ments under abiotic conditions, using particles of a 
standard PP grade. To elucidate the influence of stabiliz-
ers on the degradation, we used one batch with and one 
batch without stabilizers.

Using MALDI-TOF MS and 1H, 13C and 31P liquid-
state NMR spectroscopy, the Soxhlet extracted additives 
were analyzed and two stabilizers could be identified. 
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The MS spectra are shown in Figures S3A and S4A + B. 
Three peaks at m/z 663.2, m/z 685.2 and m/z 701.2 are 
dominant in Figure S3A. They match values for tris(2,4-
di-tert-butylphenyl)phosphate, the oxidized species of 
the well-known stabilizer  Irgafos® 168 [48, 49]. Tris(2,4-
di-tert-butylphenyl)phosphite  (Irgafos® 168) itself could 
not be detected. These findings were validated by the 
obtained NMR spectra (Fig. S5A-C) exhibiting the typi-
cal resonances for tris(2,4-di-tert-butylphenyl)phosphate. 
In particular, the 31P NMR spectrum (Fig. S5C) shows a 
single resonance at -19.9 ppm, demonstrating, that only 
the phosphate is present. Additionally,  Irganox® 1010 
could be identified as a second stabilizer by analysis of 
 Irganox® 1010 reference material, treated with simulated 
solar radiation in THF for 100 h  (Irganox®  1010weathered). 
The dominant peaks observed in the MALDI spectra 
of the extracted stabilizer (Fig. S4A) and in  Irganox® 
 1010weathered (Fig. S4B) are almost identical and represent 
fragments of the original  Irganox® 1010 molecule (Fig. 
S4C). These observations could be confirmed by 1H and 
13C liquid-state NMR spectra (Fig. S5D-E).

Since  Irgafos® 168 and  Irganox® 1010 are processing 
stabilizers, their main purpose is to assure stability of the 
respective polymer during melt processing, e.g. extrusion 
[48]. Temperature, shear strain, or other critical factors 
may lead to chemical degradation, reducing the molecu-
lar weight, and resulting in a decrease of the mechanical 
strength. To assure stability throughout melt processing, 
stabilizers, such as radical scavengers and hydroperoxide 
decomposers, are often added.  Irgafos® 168 is a hydro-
lytically stable phosphite processing stabilizer acting as a 
secondary antioxidant [50]. It is often used in combina-
tion with the primary antioxidant  Irganox® 1010, a steri-
cally hindered phenol. By deactivation of peroxy radicals 
and hydroperoxides, formed during autoxidation, degra-
dation of the polymer is prevented. The most important 

reactions during the decomposition of PP are shown in 
Figure S6 [49, 51]. The mechanism is very similar for 
both, thermal and photochemical decomposition. The 
major difference is, that the energy to create free radi-
cals by a homolytic cleavage of C-H bonds comes from 
heating, in the case of thermal oxidation, and from high 
energy photons of the sunlight, in the case of photooxi-
dation. In natural environments, photooxidation is the 
dominating mechanism to induce degradation. Following 
the initial formation of radicals, a multitude of reactions 
proceed via hydroperoxides, and peroxide and alkoxy 
radicals, leading to chain-scission and crosslinking (Fig. 
S6, top scheme). The chain-scissions are accompanied 
by the formation of oxygen-containing functional groups 
like alcohols, ketones and carboxylic acids. The stabilizer 
combination is able to prevent decomposition by reacting 
with all reactive intermediates marked in red in Figure S6 
(top scheme). Thereby, the stabilizer combination, which 
is usually added in quantities of ~ 0.1 to 0.2 wt.% [51], 
retards degradation up to the point where it is completely 
consumed. Afterwards, degradation sets in.

To study the degradation of PP, particles were irradi-
ated with simulated solar radiation, while being stirred in 
water and thus subjected to additional mechanical stress. 
Degradation of both sample sets, with a special view on 
the influence of the stabilizers, was monitored over a 
total experimental duration resembling approximately 
two years of outdoor weathering under mid-European 
conditions.

Particle size
Values for the average particle size are displayed in Fig-
ure  1 (Tab. S2) and particle size distributions in Figure 
S7. To ensure efficient extraction of the additives, a 
smaller particle fraction was chosen for unstabilized 
PP  (Ø = 119  µm)  compared  to the stabilized particle 

Fig. 1 Average particle size for A PP particles with stabilizer and B PP particles without stabilizer. The induction phase, characterized by the 
presence of  Irgafos® 168 and  Irganox® 1010, is highlighted in yellow. Degradation proceeds in an exponential manner with τ = 149 h for PP with 
and τ = 427 h for PP without stabilizer (∝ exp(− t/τ))
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fraction (Ø = 192 µm). The average size of the particles 
with stabilizer in Figure 1A remains constant up to 350 h, 
then rapidly decreases in an exponential manner. We 
attribute the linear trend between 0–350 h to the influence 
of the stabilizer, since it is absent for PP without addi-
tives (Fig. 1B). We refer to this phase as the induction 
phase, highlighted in yellow in Fig. 1. The exponential 
fit from 350  h onwards, reveals a lifetime τ of 149  h, 
in which the particles have reached half of the origi-
nal size. PP particles without stabilizer (B) start to 
decrease already from 50  h onwards, but decay slower, 
with τ = 427 h. After 800 h, both samples reach the same 
particle size of ~ 20  µm, which slowly decreases further 
to ~ 5  µm in the remaining 2400  h of experiment dura-
tion (Tab. S2). During weathering the particle size dis-
tribution broadens, as can be seen in Figure S7. Further 
details on the particle size at long irradiation times will 
be discussed in the upcoming sections.

Molecular weight distributions
Molecular weight distributions (MWD) for both sample 
sets were obtained by HT GPC (Tab. S3, Fig. S8). Initially, 
MWDs from both experiments are broad (Fig.  2A, 2B) 
with dispersity (Ð) values of > 7, typical for commercial 
PP. Throughout the exposure to simulated solar radia-
tion, PP particles are highly affected by photooxidation, 
radical formation and chain scission. The  Mn decreases 

from  Mn,0 = 68,000  g/mol down to  Mn,3200 ~ 1000  g/
mol within 3200 h (Tab. S3). Major differences between 
the stabilized and non-stabilized PP are evident within 
the first 300 h of weathering. The PP sample with stabi-
lizer shows a uniform MWD (Fig. 2A) with curves from 
0–250  h overlapping. The  Mn-values (Fig.  2C) decrease 
very slowly in a linear trend until 300 h, then evolve in an 
exponential manner, revealing rapid decrease of the poly-
mer chain length. This linear trend represents the induc-
tion phase, which was also observed within the particle 
size data (Fig. 1). The PP sample without stabilizer shows 
an immediate shift of the MWD to lower values and 
a reduction of  Mn, starting with the first sample drawn 
after 24 h (Fig. 2B, 2D, S8).

Within both, the particle size measurements (Fig. 1A) 
and the MWD (Fig.  2A), PP with stabilizer shows only 
little effects from weathering with steady values in par-
ticle size and only slow decrease in molecular weight  Mn 
in the beginning. This is due to the deactivation of reac-
tive intermediates from autoxidation by  Irgafos® 168 and 
 Irganox® 1010. Once degradation starts, it proceeds rap-
idly and in an exponential manner, catching up with the 
non-stabilized PP within few sampling times.  Mn values 
are similar (~ 2000 g/mol) for both PP samples after 800 h 
of weathering (Tab. S3). Fragmentation however pro-
ceeds far faster for the stabilized PP from 350 h onwards, 
than what is observed for the non-stabilized PP, which 

Fig. 2 Molecular weight distributions for A PP with additive and B PP without additive for chosen exposure time intervals. C  Mn as a function of 
exposure time for PP with and D without stabilizer. The induction phase is highlighted in yellow
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degrades from 50 h on. This is a striking observation. The 
only difference between the two PP samples is the pres-
ence of stabilizers and predominantly their degradation 
products in the stabilized PP sample, in the time interval 
where particle size decreases in an exponential manner. 
Both, stabilizers and degradation products are absent in 
the non-stabilized PP sample. We speculate that the pres-
ence of the degradation products may be responsible for 
the faster fragmentation, and thus the lower value of τ 
determined for the exponential decay of the stabilized 
sample. After 3200  h, the average particle size, as well 
was the final MW, are almost equivalent for samples with 
and without stabilizer.

Crystallinity and melting temperature
The thermal characteristics of PP with and without sta-
bilizer were investigated via DSC and are shown in Fig. 3 
(Fig. S9). The melting temperature  Tm and degree of crys-
tallinity χc for the reference sample were determined to 
 Tm,0 = 165  °C; χc,0 =  ~ 50% (Tab. S4). Heating curves for 
both PP experiment  series, displayed in Fig.  3A, show 
similarities for PP with stabilizer (solid lines) at 0 and 

200 h, while PP without stabilizer (dashed lines) shifts to 
lower values. The influence of the stabilizer within the 
first 350 h becomes evident when looking at  Tm (Fig. 3B, 
3D) and trends for the degree of crystallinity χc (Fig. 3C, 
3E) for both PP experiments. No change in  Tm can be 
detected within the induction phase of stabilized PP, high-
lighted in yellow (Fig. 3B, 3C). The start of degradation is 
marked in green, with a prominent drop in  Tm by ~ 6 °C. 
The decrease in  Tm can be explained by increasing crystal 
defects occurring as a consequence of degradation [29]. 
As degradation continues (grey),  Tm decreases further 
from 156 °C to 120 °C (Tab. S4). This is accompanied by a 
broadening of the melting peak (Fig. 3A), and an increase 
in the melting enthalpy ∆Hm. From integration of the 
melting peak, χc  was determined, and a similar trend is 
observed (Fig. 3C): no change in χc within the induction 
phase, followed by a rapid increase by 17%, marking the 
beginning of degradation. For PP without stabilizer, the 
induction phase is absent, and degradation is initiated 
directly.  Tm decreases by 13  °C with a linear trend from 
0–200 h and χc increases by 17%. The long-term degrada-
tion proceeds similar for both PP experiments.

Fig. 3 A Melting curves of PP with (solid) and without stabilizer (dashed) for 0, 200, 350, 400 and 2000 h of weathering. Individual curves are shifted 
vertically for better comparability. B  Tm in °C and C crystallinity in % as a function of exposure time from 0 to 2400 h for PP with stabilizer. D  Tm 
and E crystallinity for PP without stabilizer. The induction phase is highlighted in yellow. Green marks the start of degradation while grey indicates 
on-going degradation with minor changes of  Tm and crystallinity
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The 13C CP MAS NMR spectra for both sets of weath-
ering experiments (with and without stabilizer combina-
tion) show the typical resonances for the amorphous and 
crystalline regions of PP [52] (Fig. S10, S11). The intensity 
of the crystalline region increases fast up to 200  h. For 
longer weathering times, the lineshape does not change 
significantly anymore. For stabilized PP, a similar trend 
is observed, which is delayed by roughly 200 h, marking 
the induction period where the stabilizers are consumed. 
These trends are in line with the conclusions drawn from 
the DSC measurements. For longer weathering times, the 
spectral overlap is, however, too strong to allow for quan-
titative analysis of the spectral intensities, and thus for 
calculation of the degree of crystallinity.

The thermal and NMR characteristics for both PP 
experiments correlate well with the observation previ-
ously made for MW and MWD (Fig.  2). For semi-crys-
talline polymers, chain-scission takes place mainly in the 
amorphous regions. The disassembled polymer chains 
then rearrange due to the high mobility of the chains 
within the temperature range of our experiments, which 
is well above the glass-transition temperature of PP. The 

chains rearrange in a preferably ordered way, which leads 
to an increase in crystallinity [53]. These chain dynam-
ics also influence the particle fragmentation and hinder 
crack-formation. In early weathering stages (0–350  h, 
Fig.  1A) the particle size thus remains constant, while 
molecular weight values already indicate a slow decrease 
in chain length from chain-scission (Fig.  2C). At late 
stages of degradation, the crystallinity for both PP sam-
ples slowly decreases again (Fig. 3C, 3E). We explain this 
saturation effect by an increasing amount of polar poly-
mer defects [29] hindering the alignment of the residual 
short polymer chains. Our observations match previous 
studies, investigating the environmental degradation of 
PP, where an increase in crystallinity is reported [54, 55] 
along with a decrease in the MW [55].

Development of chemical functional groups
To trace the continuous degradation by quantifying 
chain-scissions and formation of chemical functional 
groups, 13C CP MAS NMR spectra were recorded for 
both sets of weathering experiments (Fig. 4A, 4B). Com-
pared to the reference material, additional peaks develop, 

Fig. 4. 13C CP MAS NMR spectra of A PP with stabilizer and B without stabilizer for different weathering times. Upon irradiation, the generation 
of new signals assigned as signals I (ketone), II (carboxylic acid), III (peroxide) and IV (alcohol) is observed [56, 57]. No refinement of vinylidenes 
was performed between 100–150 ppm, since the resonances of the decomposition products of  Irgafos® 168 superimpose with the vinylidene 
resonances. The spectra are normalized to the intensity of the methyl sidechain carbon signal (at approx. 24 ppm). Individual spectra are shifted 
vertically for better comparability. Exemplarily, the individual fits for the peaks in the spectrum of the 3200 h weathered particles are shown as black 
lines; Derived proportions (SI Eq. 2 - Eq. 6) of alcohols, peroxides, carboxylic acids and ketones, as functions of the exposure time, for PP particles C 
with and D without stabilizer. Trend curves with exponential build-up and an induction period (PP with stabilizer) are included as guide for the eye
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gaining intensity with increasing exposure time. These 
peaks could be assigned to the degradation products of 
PP depicted in Figure S6, as ketones (215 ppm), carbox-
ylic acids (179  ppm), peroxides (85  ppm) and alcohols 
(74 ppm) [56, 57]. Due to the low intensity in the spectral 
range typical for ketones, end-chain and in-chain ketones 
[56] are handled as one broad resonance (Fig. S12). Fur-
ther details on the refinement procedure are given in 
the section “Experimental”. Quantification was achieved 
by calibrating the CP spectra to a quantitative multi CP 
experiment, as previously described [43]. The propor-
tions of the chemical groups are displayed in Fig. 4C and 
4D. The defect resonances of the stabilized PP (Fig. 4C) 
remain below the detection limit during the first 200 h of 
exposure, which is in accordance with the presence of the 
induction phase. Between 200 and 800 h, a rapid increase 
for the proportions of all defects occurs. For longer expo-
sure times, a turnover to an attenuated increase was 
observed. In the case of non-stabilized PP (Fig. 4D), pho-
tooxidation sets in with the start of the weathering exper-
iments. Nevertheless, also for this sample a turnover to 
a smaller photooxidation rate was found with an onset 
of 400  h exposure time. In both cases, the highest pro-
portions of the polar defects were observed for peroxide 
and alcohol groups, followed by carboxylic acids. Ketone 
defects play only a minor role and were observable only 
for larger weathering times. We attribute the high perox-
ide and alcohol proportions to the large number of ter-
tiary C-atoms, forming stable radicals and subsequently 
peroxides and alcohols [27].

Particle surface and degradation characteristics
The changes in particle size and shape during the deg-
radation of PP have been visualized by SEM. A selection 
of images from experiments with and without stabilizers 

are displayed in Fig.  5. More images are given in Fig-
ures S13 and S14. Aside from the difference in particle 
size between both fractions, surface characteristics for 
both particle fractions are very similar (Fig.  5, S13, and 
S14). The reference sample before irradiation consists of 
particles with rough shapes and harsh edges, resulting 
from cryo-grinding (Fig.  5A, 5E). Within the first stage 
of weathering, particle edges start to smoothen and are 
rounded off (Fig.  5B, 5F). With continuous exposure to 
simulated solar radiation and mechanical stress, particles 
start to disintegrate to average particle sizes < 10 µm for 
both experiments (Tab. S2). Dominant crack patterns are 
absent upon break-down, which can be attributed to the 
high flexibility of PP at ambient temperature, resulting 
in self-healing by surface rearrangement of the polymer 
chains [58]. This is in accordance with the interpreta-
tion of the thermal characteristics determined from DSC 
(Fig. 3C, 3E) and NMR spectroscopy (Fig. S11).

Recently, we developed a three-stage degradation 
model for semi-crystalline, non-stabilized polymers, 
using unstabilized LDPE as exemplary material [41]. 
Stage I represents surface abrasion, characterized by a 
roughly constant particle size, accompanied by a round-
ing of the particle surface. In stage II fragmentation 
starts, particle size decreases, the molecular weight is 
reduced and first chemical functional groups can be 
identified. The final stage III represents the formation of a 
large number of small microplastic and nanoplastic (NP) 
particles. They likely agglomerate, as a result of their high 
surface-to-volume ratios and an increasingly polar sur-
face, resulting from the large number of oxygen-contain-
ing functional groups.

Our three-stage model is also applicable to PP without 
stabilizer. However, the transition from stage I to stage 
II is very short, which is evident in the particle size and 

Fig. 5 A-D SEM images of PP with stabilizer and E-H without stabilizer. A&E Virgin particles, reference material, B&F smoothed particles after 200 h, 
C&G particle fragments after 800 h and D&H particle surfaces after 2000 h. Smaller particles in the nanometer-range are visible on the surfaces
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MW measurements (Fig.  1B, Fig.  2D). This behavior is 
related to the chemical structure of PP. Every second car-
bon in the PP backbone is a tertiary C-atom, making PP 
very susceptible to photooxidation. The single H-atoms 
of tertiary C-atoms are prone to abstraction, leading 
to the formation of a large number of stable radicals 
[27], which is also evident in the proportion of chemi-
cal groups developing (high proportion of peroxides and 
alcohols, Fig.  4C, 4D). Once degradation is initiated, it 
proceeds in an autocatalytic manner [59]. Consequently, 
solar radiation leads to a rapid polymer break-down in 
the absence of a stabilizer.

Fragmentation sets in together with a loss of MW 
(stage II), leading to embrittlement. This results in par-
ticle break-up and the formation of large quantities of 
secondary daughter MP particles and a rapid decrease 
in particle size (Fig. 1B). Due to surface-healing by rear-
rangement of the polymer chains above  Tg [58], no 
microcracks could be observed. With further weathering, 
decreasing particle size and accumulation of degradation 
products, the particle properties change. Stage III is ini-
tiated with the average particle size having decreased 10 
times. A multitude of daughter particles are formed from 
disintegration, reaching sizes < 10  µm, and even ranging 
down to the nanometer scale (Fig. 5D, 5H). They contain 
a high content of oxidation products and are highly polar. 
Due to their large surface-to-volume-ratio and polarity, 
MP and NP particles have a strong tendency to agglom-
erate (Fig. 5D, 5H) and almost no free NP particles with 
sizes < 1 m could be observed in our particle size meas-
urements (Fig. S7).

In PP with stabilizer, particle size and MW are not 
affected up to 300 h of weathering. Surface abrasion how-
ever is clearly traceable in the SEM images, where rough 
edges disappear from being rounded off (Fig.  5B). The 
induction period observed here is relatively short. We 
expect a much longer stability if an efficient UV-stabi-
lizer, e.g., a Hindered Amine Light Stabilizer (HALS), is 
added to the polymer, which is usually the case in poly-
mers for outdoor use. Once the stabilizer combination 
is consumed, degradation sets in rapidly, leading to an 
exponential decrease in molecular weight and particle 
size, and a high fragmentation rate, accompanied by an 
increase in crystallinity and the formation of functional 
groups resulting from degradation. Comparing stage 
III for both experiments, the influence of the stabilizer 
becomes negligible. While it suppresses degradation for 
the first 300 h, polymer break-down is accelerated from 
400–600 h.

The fragmentation rate of PP is extraordinarily high, 
and even faster for the stabilized, than for the non-sta-
bilized fraction. This is a striking observation, indicat-
ing that the stabilizers and their  degradation products 
accelerate fragmentation, even though they assure some 
stability in early stages of exposure. From one mother 
particle (~ 190  µm) 100,000 daughter particles are cre-
ated and released within ~ 2  years (3200  h accelerated 
weathering). Within the last stage however, the daughter 
particles from both experiments have almost the same 
size (~ 5  µm), low MW  (Mn = 1000  g/mol), a crystallin-
ity (χc) of 50–60%, and a similar proportion of functional 
groups (Fig.  1-4).

The small size of MP enables an easy distribution 
throughout multiple environmental compartments, 
ingestion by aquatic organisms and accumulation 
through the food chain [60]. A recent study has demon-
strated, that secondary PP MP particles, especially with 
sizes < 20 µm are cytotoxic to human cells [17]. In addi-
tion to their small size, sharp edges from fragmenta-
tion [61], the degree of weathering, and accumulation of 
oxygen-containing functional groups [62], as well as the 
leaching of additives [63] may further enhance the cyto-
toxicity to living organisms. This highlights not only the 
necessity to evaluate the effects of relevant, weathered 
samples in future studies, but also the urge for a further 
evaluation of the environmental behavior and the ecolog-
ical risks MP and NP particles may bear.

Conclusion
We conclude, that the stabilizer combination present in 
our PP sample prevents degradation for a time frame of 
300–350 h, while the non-stabilized PP starts to degrade 
immediately. The stability period of 350  h is very short 
and can be explained by the fact that the PP used in this 
study contains only a small amount of additives prevent-
ing thermal and photochemical oxidation.

The fragmentation rate of PP is particularly high. Com-
paring the time constants of particle disintegration, we 
estimate that PP degrades ~ 6 times faster than PS [5], 
and ~ 4 times faster than LDPE [41]. The average particle 
size of the reference (~ 190 µm) decreases down to 4 µm 
after 3200 h of irradiation with simulated solar radiation, 
which is comparable to ~ 2  years of outdoor weathering 
in Central Europe (Tab. S1). From one PP mother parti-
cle, 100,000 daughter particles are formed, and released 
into the environment. This value is extraordinarily high, 
and highlights the immense secondary PP MP-pollution 
from inadequate waste disposal.
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The degradation of polymers under environmen-
tal conditions is a complex process, whereas laboratory 
experiments, like the ones presented here, can be run 
with reduced complexity. In our case, the simultaneous 
influence of solar radiation, and mechanical stress was 
investigated. From such experiments, a large number 
of samples can be collected after freely selectable time 
intervals, thus aged MP particles become available in suf-
ficient amounts for detailed analysis. This allows investi-
gations with a multitude of analytical methods, including 
e.g., solid-state NMR spectroscopy. Despite the reduced 
number of experimental parameters, we believe that the 
major conclusions from laboratory weathering can be 
transferred to environmental conditions. In this context, 
our experiment resembles the degradation of PP on the 
surface of a river or the sea, neglecting the influence of 
biofilms. The experimental setup, with a permanent 
exposure of the MP to simulated solar radiation, in com-
bination with mechanical stress induced by stirring, pro-
vides optimum conditions for the degradation of MP. In 
natural environments, additional parameters control the 
time scales, in which degradation occurs. Exemplarily, 
biofilm formation may serve as a shield, and thus  may 
lower light exposure. If biofilm formation leads to an 
increase of the particle density, it may even sink to the 
ground, where the absence of sunlight combined with a 
very small amount of oxygen leads to an increase of the 
MP-lifetime by several orders of magnitude.

It is essential to consider, that the chemical structure of 
the small daughter MP particles, obtained at the end of 
our artificial ageing experiment, is very different from the 
starting material. The highly weathered and fragmented 
secondary daughter MP particles consist of hydrocarbon 
chains with a molecular weight of 1000 g/mol, and a large 
number of oxygen-containing functional groups, e.g., 
carboxylic acids. Their physical properties and chemi-
cal composition have largely changed, no longer resem-
bling pristine PP. We expect, that these particles could 
be much more prone to biodegradation compared to the 
hydrophobic, high molecular weight starting material. 
This question should be addressed in future studies.
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Additional file 1: Figure S1.  Global horizontal irradiation for Europe 
and for Germany in kWh/m2 for 2019. Source: SOLARGIS. Figure 
S2. Q-SUN daylight-Q filter compared to direct sunlight. Modified from 
Q-Lab Corporation, 2014, Technical Bulletin LX-5060, A Choice of Filters 
for Q-Sun Xenon Test Chambers. Figure S3.  (A) MALDI spectrum of the 
first processing stabilizer in PP HP526 J. The three prominent peaks could 
be assigned to the oxidized species of  Irgafos® 168 (Schwarzinger et al., 
2012). (B) Chemical structure of  Irgafos® 168 (Tris(2,4-di-tert-butylphenyl)
phosphite) and (C)Tris(2,4-di-tert-butylphenyl)phosphate) together with 
m/z values from the literature. Figure S4. (A) MALDI-TOF MS spectrum of 
the second processing stabilizer in PP HP526 J. The prominent peaks are 
identical to those arising from  Irganox® 1010 reference material, treated 
with simulated solar radiation in THF for 100 h in (B).The structure of 
 Irganox® 1010 is given in (C). Figure S5. Comparison of 1H (A), 13C 
(B), and 31P (C) NMR spectra of the first extracted additive, tris(2,4-di-
tert-butylphenyl)-phosphate and  Irgafos® 168 as well as 1H (D), 13C 
(E) spectra of the second extracted additive,  Irganox® 1010 and  Irganox® 
1010 reference material, treated with simulated solar radiation in THF 
for 100 h. The 1H and 13C spectra were normalised to the proton and 
carbon resonances of tert-butyl groups and the 31P spectra to the highest 
peak. Figure S6. Above: Scheme for the photooxidative degradation 
of PP explaining the formation of hydroperoxides, alcohols, ketones, 
olefins and carboxylic acids. Below: Reactions of the radical scavenger 
 Irgafos® 168 with reactive hydroperoxides and peroxy- and alkoxy radicals. 
The reactive intermediates marked in red (above) are deactivated by the 
phosphite  Irgafos® 168 which itself is oxidized to the phosphate [51]. Fig‑
ure S7. Average particle size distributions for (A) PP with stabilizer and (B) 
PP particles without stabilizer. Figure S8. Molecular weight distributions 
in g/mol of (A) PP with stabilizer and (B) PP without stabilizer for expo-
sure time intervals from 0 h to 3200 h. Figure S9. DSC measurements. 
Heat flow in W/g vs. temperature in °C for (A) PP particles with stabilizer 
and (B) PP particles without stabilizer. Figure S10. 13C CP MAS NMR 
spectrum of the PP particles with stabilizer prior to weathering with signal 
assignment. In the enlarged PP spectra (blue and orange rectangle) the 
differences of the resonances of the amorphous (signal a1 and b1) and 
crystalline (signal a2 and b2) phase become visible [52]. Figure S11. 13C 
CP MAS NMR spectra of the PP particles with (A) and without (B) stabilizer 
for 0, 400 and 3200 h weathering time. Upon irradiation, a shift of signal 
intensity fromthe amorphous phase resonances (30 ppm, 48 ppm) to the 
crystalline phase resonances (28 ppm, 46 ppm) is observed [52]. The spec-
tra are normalised to the integral of the backbone signal (35-20 ppm and 
55-35 ppm). Figure S12. 13C CP MAS NMR spectra of the PP particles with 
stabilizer for 0, 2800 and 3200 h weathering time. The spectra are normal-
ised to the intensity of the methyl side chain carbon signal (at approx. 
24 ppm). Individual spectra are shifted vertically for better comparability. 
Additionally, the baselines (green), individual refinements for the peaks 
(black) and the cumulative lineshape (orange) are shown in the spectra. 
No refinement of vinylidenes was performed between 100 – 150 ppm 
since the resonances of the decomposition products of  Irgafos® 168 
superimpose with the vinylidene resonances. Figure S13. SEM images 
of PP with stabilizer after irradiation for different time intervals. Figure 
S14. SEM images of PP without stabilizer after irradiation for different 
time intervals. Table S1.  Calculation of total irradiance in the Q-SUN Xe-3 
chamber. Table S2. Average particle sizes in µm for PP samples with and 
without stabilizer at exposure times from 0 h to 3200 h.Values display the 
average of three measurements. Table S3. Number-average  (Mn), weight-
average  (Mw), peak  (Mp) molecular weights in g/mol, and dispersity (Ð) 
values for PP samples with and without stabilizer for different exposure 
times. Table S4. Crystallinity and melting temperature measurements for 
PP with stabilizer and PP without stabilizer. Table S5.  Refinement param-
eters for the 13C CP NMR spectra of weathered PP samples with and with-
out stabilizer. Refinements were carried out with pseudo-Voigt lineshapes 
(Eq. 1) where δiso is the isotropic chemical shift, LB the line broadening, 
x the Gauss/Lorentz ratio and I the relative intensity. The latter is given in 
percent as fraction of the total spectral intensity. Refinement parameters 
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marked in grey were obtained by simultaneous free refinements of defect 
peaks in the two spectra with longest weathering times and were kept 
constant in the subsequent refinements. Table S6. Correction factors 
for PP with and without stabilizer determined with quantitative multi-CP 
spectra of the respective 3200 h weathered sample. Used to calibrate the 
defect intensities in the CP spectra [5].
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