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Abstract 

In this work, we studied the hydrolytic and photochemical degradation of three low-density polyethylene (LDPE) 
materials, within the size range of microplastics (MP). The MPs were exposed to mechanical agitation and UV 
irradiation equivalent to one year of solar UVB + UVA in a stirred photoreactor. Flow cytometry was used to track the 
formation of small (1-25 µm) MPs by applying Mie’s theory to derive the size of MP particles from scattering 
intensity readings. The calculation was based on a calibration with polystyrene (PS) beads. The results showed that the 
generation of 1-5 µm MPs reached 104-105 MPs in the 1-25 µm range per gram of LDPE. ATR-FTIR and micro-FTIR 
measurements evidenced the formation of oxygenated moieties, namely hydroxyl, carbonyl, and carbon-oxygen 
bonds, which increased with irradiation time. We also found evidence of the production of a high number of 
nanoplastics (< 1 µm, NPs). The Dynamic Light Scattering size of secondary NPs was in the hundreds of nm range 
and might represent up to 1010 NPs per gram of LDPE. Our results allowed the unambiguous spectroscopic assessment 
of the generation of NPs from LDPE under conditions simulating environmental exposure to UV irradiation and used 
flow cytometry for the first-time to track the formation of secondary MPs. 
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1. Introduction 

Plastics are part of our lives since the middle of the last 
century. The worldwide plastic production in 2019 
amounted to 368 million tonnes and the main end-use 
markets for plastics were packaging and building & 
construction representing 39.6 % and 20.4 % 
respectively of the plastic demand in the European 
Union (EU28 plus Norway and Switzerland) according 
to PlasticsEurope (PlasticsEurope, 2020). Their 
versatility, lightness, resistance, and low cost made 
them unique for the production of a huge variety of 
goods (Thompson et al., 2009). However, and despite 
of the efforts made to decarbonize plastic production, 
most plastics are produced from fossil sources and a 
circular economy of plastics is still far. The sector is 
expected to account for one fifth of the total oil 
consumption by 2050, representing 15 % of the global 
annual carbon budget (WEF, 2016). In Europe, only 
29.1 million tonnes post-consumer plastic waste was 
collected in 2018, 57.4 % of the total plastic demand, 
and from that amount, still 7.2 million tonnes were sent 
to landfill. The plastic waste that ends up disseminated 
in the environment is difficult to estimate because of 
the complexity of trade flows along the life cycle of 
plastics (Barrowclough et al., 2020).  

When dispersed into the environment, plastics undergo 
ageing and transformation processes due to biotic and 

abiotic processes. Abiotic degradation mechanisms are 
the consequence of physical factors leading to cracking 
and fragmentation and chemical changes associated to 
the leaking of stabilizers and bond cleavage due to 
hydrolysis, oxidation, or photochemical reactions 
(Chamas et al., 2020). Biotic transformations are the 
consequence of the action of microorganisms able to 
use synthetic polymers as carbon source (Ru et al., 
2020). The main parameter governing the 
environmental fate of plastics is particle size. Plastics 
are defined as microplastics (MPs) if their largest 
dimension is smaller than 5 mm (GESAMP, 2019). 
This boundary is clearly arbitrary and even inconsistent 
with the prefix “micro”. However, it has been widely 
accepted because of the need of preserving the existing 
body of information on the occurrence and fate of MPs 
in many studies published with the 5 mm cut-off 
(GESAMP, 2015, 2016). The lower size limit of MPs is 
generally taken as 1 µm below which, the particles are 
referred to as nanoplastics (NPs) if they display 
colloidal behaviour and come from the degradation of 
larger plastics (Gigault et al., 2018). Ageing processes 
lead to the fragmentation of plastic materials into 
smaller particles generating the so-called secondary 
MPs, as opposed to some plastics specifically produced 
in small sizes, which are referred to as primary MPs 
(Koelmans et al., 2017). There are few experimental 
studies on the alteration of polymers in natural 
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environments. Julienne et al. studied the artificial 
photodegradation of low-density polyethylene (LDPE) 
films and found that fragmentation was not correlated 
with the oxidation level, hydrolytic reactions being the 
main driver for cracking propagation (Julienne et al., 
2019). The fragmentation of high-density polyethylene 
(HDPE) was studied by Kalogerakis et al. who found 
higher fragmentation rates on beach sand than in 
seawater, which was attributed to the combination of 
higher temperature, ultraviolet radiation, and 
mechanical stress due to sand abrasion (Kalogerakis et 
al., 2017). The weathering of plastics is usually 
addressed by spectroscopic techniques that identify the 
fingerprint of the typical moieties that appear upon 
hydrolysis and (photo)oxidation like hydroxyl, 
carbonyl, and carbon-oxygen groups. Fourier 
Transform Infrared (FTIR) or Raman spectroscopy 
have been used to identify the chemical changes 
produced during plastic ageing. Brandon et al. studied 
the changes in hydroxyl and carbon-oxygen bonds and 
correlated them with the time the plastics were exposed 
to degradation (Brandon et al., 2016). During the 
photodegradation of low-density polyethylene (LDPE), 
Hiejima et al. used Raman spectroscopy to assess an 
increase in crystallinity due to changes in the 
amorphous phase that accompanied the shrinkage and 
cracking of specimens (Hiejima et al., 2018).  

The degradation of plastic polymers is known to 
produce low molecular weight fragments due to chain 
scission, including monomers and short-chain 
oligomers that would be classified as NPs, if their larger 
dimension is below 1 µm (Gewert et al., 2015). The 
occurrence and impact of NPs in natural environments 
have been largely discussed, but the methodological 
difficulties associated to their sampling make it difficult 
to draw conclusions on the real risk posed by NPs. 
Gigault et al. provided the first data indicating that PE 
could be source of NPs due to the effect of UV 
irradiation (Gigault et al., 2016). The same group 
studied the presence of NPs in soil by combining 
separation by asymmetric flow-field flow fractionation 
with pyrolysis coupled to gas chromatography/mass 
spectrometry to demonstrate the presence of NPs from 
several polymers in soil (Wahl et al., 2021). The 
presence of NPs from the fragmentation of the 
microbeads used in cosmetics has also been recently 
assessed (Hernandez et al., 2017). Although still very 
incomplete, the available data confirm that NPs are part 
of the anthropogenic plastic litter discharged to the 
environment or produced during the degradation of 
larger particles in environmental compartments. 
Compared to their non-polar larger counterparts, NPs 
are expected to be relatively polar and more prone to 
interact with the biota. The toxic effect of NPs on 
different organisms has been reported elsewhere 
(Gonçalves and Bebianno, 2021; González-Pleiter et 
al., 2019). The higher mobility of colloidal NPs 
facilitates their migration through porous media and 
makes it possible their uptake by plants and even their 

internalization in tissues if they are small enough to 
cross epithelial barriers. Plastic leachates also contain 
the additives included in the formulation of commercial 
goods, some of which are a source of toxicity that can 
spread through the trophic chains (Larue et al., 2021). 
Finally, NPs, more than MPs due to their higher 
specific surface, may interact with co-contaminants like 
heavy metals, emerging pollutants, polycyclic aromatic 
hydrocarbons, and other nanoparticles, among others. 
Such pollutants may adsorb onto or become 
transformed upon interaction with NPs influencing the 
toxicity of their mixtures (Bhagat et al., 2021). 

In this work, we studied the degradation of three LDPE 
materials when exposed in aqueous media to the UV 
radiation equivalent to one year of solar irradiance 
combined with mechanical agitation. The irradiation 
was applied using a mercury lamp covering the solar 
wavelength with UVA+UVB irradiance (280 to 400 
nm) of 1060 W m-2. We used flow cytometry to 
quantify the small MPs (1-25 µm) formed during the 
degradation of MP pellets. Besides, we obtained direct 
evidence for the generation of NPs during the ageing of 
PE materials. 

2. Experimental section 

2.1. Materials 

The PE (CAS 9002-88-4) materials used for this 
research were: (1) LDPE 5 mm pellets, injection 
moulding grade, ET316305, supplied by Goodfellow 
(Coraopolis, USA); (2) laboratory LDPE flasks, 
manually cut into small pieces of 4-5 mm; and (3) 
recycled LDPE pellets (5 x 2 mm) produced from 
residual greenhouse film kindly supplied by Green 
World Compounding (Alhama de Murcia, Spain). The 
reason for choosing three materials was to cover all the 
lifecycle of LDPE, from virgin pellets to recycled 
LDPE coming through plastic from commercial goods. 
Chemical differences are expected in the presence of 
different additives in commercial and recycled pellets, 
supposedly absent in virgin pellets, marketed as 
additive-free. In what follows these three LDPE 
microplastics are referred to as LDPE-1, LDPE-2, and 
LDPE-3 respectively. The average weight of pellets 
was 0.0257 g for LDPE-1, 0.0240 g for LDPE-1 and 
0.0378 for LDPE-3. Prior to the experiments, MP 
pellets and fragments were washed twice with HPLC 
grade methanol (CAS 67-56-1), and with ultrapure 
water (Milli-Q Q-POD® Ultrapure Water System), 
after which they were dried, their weight recorded, and 
some specimens reserved for analyses. 

2.2. Experimental procedure 

The irradiation was provided by a 150 W medium-
pressure mercury lamp (Novalight TQ150) emitting in 
the 297-579 nm range. The emission spectrum is given 
in Fig. S1, Supplementary Material, SM. The 
irradiation experiments were conducted to mimic one 
year of solar radiation. The equivalence was calculated 
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using the NASA Surface meteorology and Solar Energy 
database recording the monthly averaged insolation for 
the latitude of Madrid, which is in average 4.4 kWh m-2 
day-1 (183 W m-2). The average irradiance in middle 
point of the liquid exposed was 1060 W m-2 (UVB + 
UVA or 280-400 nm). Considering 5 % of the solar 
irradiance corresponds to UVA + UVB, 1 year was 
equivalent to approximately 3 days or 72 h of 
irradiation in our device. The irradiance was measured 
using a Modular Spectrometer System UV-Vis 
(StellarNet) equipped with SpectraWiz Spectrometer 
OS v5.33 software.  

The experiments were performed in a 1 L 
photochemical reactor thermostated at 24 °C and 
magnetically stirred at 700 min-1 to provide 
homogenous exposure. The reactor was filled with 500 
mL ultrapure water (Milli-Q resistivity > 10 MΩ cm, 
filtered 0.22 μm) and loaded with 10 % (w/v) MPs. 
Non-irradiated runs provided the fragmentation pattern 
due to hydrolysis and mechanical stress, whereas 
irradiation gave combined information on hydrolysis, 
mechanical stress, and photooxidative degradation. 
Additional runs were performed in the darkness and in 
the absence of any agitation, to clarify the role of 
mechanical stress in the release of secondary particles. 
All runs were performed at least twice, and all analyses 
were replicated. During the runs, samples were taken 
every 24 h to assess the physicochemical properties of 
MPs, and the generation of secondary fragments 
consisting of smaller MPs and NPs. The liquid was 
sampled by taking 25 mL aliquots from the central part 
of the reactor without stopping the stirrer. Additionally, 
five pellet particles were removed to perform 
spectroscopic, imaging, and mechanical studies. The 
samples were identified with LDPE-Plastic type-
[Time]-Irradiation, where “Plastic type” was 1 
(Goodfellow pellet), 2 (commercial flasks) or 3 (pellets 
from recycled greenhouse film); “time” corresponds to 
the sample (0 or initial and taken after 24, 48 and 72 h); 
and “irradiation” differentiates between irradiated (I) 
and non-irradiated (NI) runs. Non-irradiated/non-stirred 
runs were denoted as NI/NS. Aliquots of the samples 
were filtered using 1 µm pore size Puradisc 25 TF 
filters to separate submicron particles and dissolved 
material from larger MPs. Other aliquots were reserved 
for analyses as indicated below. A part of the final 
reaction mixture was filtered using 25 µm stainless 
steel mesh in order to obtain samples from the 
secondary MPs > 25 µm generated from the original 
MPs. Additionally, irradiated runs were performed in 
two ways. In one set of runs, the pellets were put in 
water stirred and irradiated for the prescribed time (72 
h, Procedure I), while in another set, the liquid obtained 
at the end of stirred and non-irradiated runs was further 
irradiated under stirring for another 72 h after 
withdrawing the pellets, indicated below as Procedure 
II.  

2.3. Analytical procedures 

Infrared spectra were acquired by means of Attenuated 
Total Reflectance Fourier Transform Infrared (ATR-
FTIR) spectroscopy in a ThermoScientific Nicolet iS10 
apparatus with a Smart iTR-Diamond module and 
OMNIC software in the 4000–650 cm−1 range with a 
resolution of 4 cm−1. Micro-Fourier Transform Infrared 
Spectroscopy (micro-FTIR) was performed in a Perkin-
Elmer Spotlight 200 Spectrum Two apparatus with 
MCT detector operating in transmission mode. The 
measurement procedure required individually placing 
the particles on KBr discs using a zircon microneedle. 
The resolution and spectral range were 8 cm−1 and 
4000-550 cm−1 respectively. DLS measurements were 
performed using a Malvern Zetasizer Nano ZS 
instrument using backscatter detection and Non-
Negative Least Squares fitting algorithm. Total Organic 
Carbon (TOC) was determined as NPOC, using a 
Shimadzu TOC-VCSH apparatus equipped with ASI-V 
autosampler. Differential Scanning Calorimetry (DSC) 
analyses were performed using a DSC/DTA/TGA Q600 
module from TA Instruments with heating rate 10 
°C/min. Melting temperature, Tm, was obtained from 
the heating curve and crystallinity from the ratio of the 
melting enthalpy of the sample taken the melting 
enthalpy of fully crystalline PE as 290 kJ/kg. The 
morphology of pellets before and after treatments was 
studied using scanning electron microscopy on gold-
sputtered specimens (SEM, Zeiss DSM-950 operating 
at 25 kV).  

2.4. Flow cytometry measurements 

In flow cytometry, the laser light scattered from 
particles is recorded in forward or side scattering angles 
and can be used to quantify objects in the 0.5-40 µm 
(Primpke et al., 2020). However very few studies have 
used this technique to quantify MPs (Kaile et al., 2020). 
The main reason is that deriving size information from 
scatter intensities is not straightforward. Mie’s 
scattering theory allows calculating the angular 
distribution of scattered light by spherical particles, but 
several variables like laser intensity, quantum 
efficiency of the detector, and user-defined variables, 
make difficult to handle the scattering intensities 
obtained as output from flow cytometers (Welsh et al., 
2020). Besides, the intensity of light scattering depends 
not only on particle size but also on their refractive 
index, which is an issue if the nature of particles is 
unknown or if they have complex structure (Agagliate 
et al., 2018). 

Recently, a theoretical background using Mie’s theory 
has been provided to derive the size of extracellular 
vesicles from the scattering intensity based on a 
previous calibration with beads of known size and 
refractive index (de Rond et al., 2018). The calculation 
is based on relating forward-scattered light (FSC) or 
side-scattered light (SSC) to the scattering cross-section 
of the particle, σs, which represents the power scattered 
over the amount of power per unit area of the incident 
light. The procedure relates scattered intensities to 
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particle size and refractive index and allows 
interconverting the intensity scattered by particles with 
different refractive index. A set of particles of known 
size and refractive index were used to calibrate the 
scattering intensities as read by the instrument (FSC or 
SSC) as follows: 

1)  PS latex beads of 1, 3, 4, 6, 10, 15 and 25 µm were 
used to derive a relationship between FSC (or SSC) 
and particle size (Fig. S2A, SM). For intermediate 
sizes, an interpolation allowed calculating the 
scattered intensity, IFSC or ISSC. 

2)  Mie’s theory was used to derive scattering cross-
sections for PS (n = 1.6113 at 488 nm) and LDPE (n 
= 1.5075 at 488 mn) as a function of size. Therefore, 
(σs)PE and (σs)PS can be computed for every particle 
size (Fig. S2B, SM). 

3)  The scaling factor that relates the measured 
scattering intensity to the theoretical scattering 
cross-section is the same for particles with different 
refractive index (de Rond et al., 2018). Therefore, 
scattering intensities are proportional to the 
scattering cross-section as follows: 

 
 

 
 

FSC SSC sLDPE LDPE

FSC SSC sPS PS

I

I








    [1] 

(I)LDPE can be readily derived using Eq. 1 for any 
desired particle size. In other words, the scattering 
intensity (FSC or SSC) for LDPE can be obtained for 
any particle size within the calibration range. In this 
work we computed LDPE sizes in the 1-5 µm, and 5-25 
µm ranges (as well as particles > 25 µm, which were 
those with scattering intensities higher than that 
calculated for 25 µm LDPE particles) as shown in Fig. 
S2C (SM). An example in given in Fig. S3 (SM) 
showing the tree regions indicated before. It is also 
apparent that a high number of particles < 1 µm existed 
in the sample. 

The assumptions made for this calculation are that 
particles are spherical and homogeneous with refractive 
index coincident with the one reported for bulk 
material. For PS beads these assumptions offer no 
issues, but the particles produced during the 
photooxidative ageing of MPs are not expected to be 
spherical or homogeneous. In that case, the obtained 
diameter would be that of the equivalent sphere with 
the same scattering behaviour and refractive index. The 
water used for suspending the MP materials was also 
analysed as contamination control and to subtract any 
possible background signal as explained below (Renner 
et al., 2021). 

2.5. Nanoplastic measurements 

Dynamic Light Scattering (DLS) measurements were 
performed to assess the presence of submicron particles 
in the liquid samples taken at different times and 
filtered using 1 µm pore size Puradisc 25 TF filters. For 

it, aliquots of 50 mL were taken from the liquid at the 
end of the runs after removing the pellets, filtered using 
1 µm pore size filters, concentrated in vacuum oven at 
60 °C, dissolved in xylene, and reprecipitated to obtain 
particles that could be inspected using micro-FTIR 
technique. Besides, pellets from LDPE-1, 2 & 3 were 
dissolved in xylene, filtrated using 1 µm pore filters, 
and concentrated using the same procedure until 
obtaining a solid deposit suitable for micro-FTIR 
analysis, which served to compare micro-FTIR signals 
from < 1 µm filtrates with spectra representative of the 
bulk composition of the pellets, not only the outer layer 
accessible to ATR-FTIR. 

3. Results and discussion 

3.1. Effects on microplastic fragments 

The ATR-FTIR spectra of LDPE pellets showing the 
typical peaks of PE spectrum are presented in Fig. S4 
(SM). The main peaks corresponded to the stretching 
vibrations of -CH2 at 2920 cm-1 and 2846 cm-1, the 
bending mode of the -CH2 between 1474 cm-1 and 1460 
cm-1 (in the lower range for LDPE). The bending of -
CH3 terminal groups appeared around 1370 cm-1 and is 
visible only in LDPE (absent in HDPE). The -CH2 
rocking vibration in amorphous and crystalline 
domains, respectively was clear at 719 cm-1 and 729 
cm-1 (Hamzah et al., 2018). Besides, the carbonyl 
stretching vibration visible in LDPE-2 & 3 at 1715-
1735 cm-1, reflected some degree of degradation of 
laboratory LDPE flasks and the pellets made from 
recycled LDPE. 

Degradation indexes quantifying the presence of 
hydroxyl (HO), carbonyl (C=O), and carbon-oxygen 
bonds (C-O) have been calculated as the ratio of 
peak(s) height, expressed as absorbance, to the height 
of a reference peak, both from corrected baseline. The 
reference taken in this work was the 2920 cm-1 main 
stretching vibration of -CH2, that has been shown to be 
relatively insensitive to polymer ageing (Brandon et al., 
2016). The bands generally selected for hydroxyl, 
carbonyl, and carbon-oxygen bonds are 3200-3500 cm-

1, 1550-1810 cm-1 and 1000-1200 cm-1 respectively. 
The presence of carbonyl bands is particularly relevant. 
The photochemical degradation of PE is known to 
proceed through various steps, beginning by the 
formation of ketones followed by carboxylic acids, 
esters, and lactones at wavenumbers in the 1713-1780 
cm-1 range (Gardette et al., 2013). We took for carbonyl 
index, the highest peak in that area. For the 
quantification of carbon-oxygen bonds, we used the 
peaks at 1160 cm-1 and 1230 cm-1 attributed to C-O-C 
and C-O stretching vibrations. 

Table 1 shows the evolution of the three degradation 
indexes (OH, C=O and C-O) for pellets taken at 
different times and for fragments recovered in 25 µm 
filters at the end of the runs. All indexes, calculated as 
average of at least three readings on different specimens 
from at least two experiments, displayed a tendency to 
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increase with the time in contact with water and with 
irradiation time. The highest values corresponded to 
irradiated samples and, especially, to the small MP 
fragments detached from pellets during the runs and 
recovered onto 25 µm filters. The presence of 
oxygenated moieties was clearly observed. These 
findings are in agreement with the well-known fact that 
the degradation of PE initiated by oxygen in 
combination with light, heat or mechanical stress is 
mediated by oxygen-containing radicals (Zhu et al., 
2018). The mechanism of photoinitiated degradation of 
PE is known to proceed when UV-light breaks bonds 
on the polymer backbone followed by propagation steps 
in which the newly formed radicals take oxygen to form 
peroxyl radicals. Propagation reactions take place via 
hydrogen transfer or after the formation of alkoxy 
radicals eventually leading to the generation of 

hydroxyl groups (Smith et al., 2018). Subsequent 
reactions result to chain scission or crosslinking with 
the production of oxygenated specific oxygen-
containing functional groups like aliphatic carboxylic 
acids, aldehydes, and ketones (Gewert et al., 2015). 
This scenario is consistent with the facts that all 
degradation indexes increased with time and that C-O 
index did not reach high values for some irradiated 
runs. In the absence of UV radiation, heat and 
mechanical also lead to the formation of oxygenated 
moieties that also increase the rate of hydrolysis like 
carbonyl bonds, which are hydrolytically susceptible. 
Besides, the initial formation of reactive moieties may 
take place during processing or manipulation and is 
most probably the reason for the relatively high 
oxidation indexes observed for LDPE-3-[0]. 

 

Table 1.  Hydroxyl (HO), carbonyl (C=O), and carbon-oxygen bond (C-O) indexes calculated 
from ATR-FTIR and micro-FTIR, melting temperature (Tm), and crystallinity (X) from DSC data. 
(Values are given with standard deviation; NS: Not significantly different from zero.) 

 HO index C=O index C-O index Tm (°C) X(%) 
Pellets (ATR-FTIR)   
LDPE-1-[0] - - - 117.8 ± 0.2  44.0 ± 0.8  
LDPE-1-[24]-NI NS NS 0.109 ± 0.018  117.1 ± 0.3 48.1 ± 0.6 
LDPE-1-[48]-NI NS NS 0.276 ± 0.022  115.5 ± 0.2 47.9 ± 0.5 
LDPE-1-[72]-NI NS 0.016 ± 0.009 0.452 ± 0.031  110.9 ± 0.4 44.6 ± 1.2 
LDPE-1-[24]-I NS NS 0.184 ± 0.014  116.3 ± 0.5 45.0 ± 0.9 
LDPE-1-[48]-I NS 0.017 ± 0.011 0.273 ± 0.023  116.0 ± 0.3 46.9 ± 1.4 
LDPE-1-[72]-I 0.010 ± 0.008 0.023 ± 0.014 0.289 ± 0.027  114.0 ± 0.4 49.7 ± 1.6 

 
LDPE-2-[0] 0.012 ± 0.007 NS 0.025 ± 0.016 110.9 ± 0.4 45.4 ± 0.8 
LDPE-2-[24]-NI 0.009 ± 0.005 NS 0.057 ± 0.021 110.2 ± 0.3 41.0 ± 1.1 
LDPE-2-[48]-NI NS 0.017 ± 0.011 0.173 ± 0.014 109.8 ± 0.3 40.2 ± 0.9 
LDPE-2-[72]-NI NS 0.026 ± 0.015 0.290 ± 0.023 107.9 ± 0.5 40.0 ± 1.3 
LDPE-2-[24]-I 0.018 ± 0.010 NS 0.146 ± 0.017 108.8 ± 0.1 39.8 ± 1.5 
LDPE-2-[48]-I 0.014 ± 0.008 0.016 ± 0.009 0.255 ± 0.020 108.0 ± 0.2 40.4 ± 1.4 
LDPE-2-[72]-I 0.015 ± 0.011 0.022 ± 0.012 0.289 ± 0.021 107.9 ± 0.4 40.7 ± 0.9 

 
LDPE-3-[0] NS 0.070 ± 0.017 0.093 ± 0.031 117.0 ± 0.2 40.1 ± 0.6 
LDPE-3-[24]-NI 0.016 ± 0.012 0.075 ± 0.032 0.166 ± 0.027 115.5 ± 0.3 40.6 ± 0.8 
LDPE-3-[48]-NI 0.025 ± 0.010 0.080 ± 0.012 0.411 ± 0.051 114.8 ± 0.2 39.6 ± 1.1 
LDPE-3-[72]-NI 0.038 ± 0.008 0.097 ± 0.016 0.462 ± 0.034 113.3 ± 0.4 39.1 ± 2.3 
LDPE-3-[24]-I 0.012 ± 0.009 0.067 ± 0.021 0.113 ± 0.022 115.5 ± 0.3 38.6 ± 1.8 
LDPE-3-[48]-I 0.022 ± 0.014 0.076 ± 0.008 0.141 ± 0.008 115.5 ± 0.3 39.5 ± 1.4 
LDPE-3-[72]-I 0.041 ± 0.018 0.092 ± 0.015 0.281 ± 0.016 113.3 ± 0.4 40.0 ± 1.9 

 
Small fragments (> 25 µm, micro-FTIR) 
LDPE-1-[72]-NI NS 0.009 ± 0.007 0.137 ± 0.029 - - 
LDPE-1-[72]-I 0.028 ± 0.008 0.031 ± 0.011 0.353 ± 0.024 - - 
   
LDPE-2-[72]-NI 0.039 ± 0.014 0.098 ± 0.026 0.115 ± 0.057 - - 
LDPE-2-[72]-I 0.124 ± 0.021 0.170 ± 0.032 0.308 ± 0.062 - - 
   
LDPE-3-[72]-NI 0.076 ± 0.024 0.118 ± 0.028 0.074 ± 0.025 - - 
LDPE-3-[72]-I 0.152 ± 0.038 0.312 ± 0.051 0.476 ± 0.054 - - 
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Fig. 1 shows the micro-FTIR spectra of small MPs 
detached from the pellets with all bands corresponding 
to oxygenated moieties clearly visible. Higher 
degradation was observed for small fragments in 
comparison with pellets because small MPs are more 
prone to undergo hydrolytic and photooxidative 
reactions and because the surface of pellets exposed 
after the detachment of secondary fragments should be 
less aged. Besides, the different technique used, 
transmittance micro-FTIR for small fragments, and 
ATR-FTIR for pellets needs to be considered. The 
penetration depth of ATR-FTIR depends on several 
factors, namely wavelength, angle of incidence, and the 
refractive indexes of the crystal used and the sample. 
Overall, the sampling depth of the method is 
approximately in the 2-15 µm range, higher for 
decreasing wavenumber (Larkin, 2011). Specifically, 
for the equipment used in this work, with angle of 
incidence 42°, diamond prism (refractive index 2.4) and 
for LDPE (refractive index 1.5), the penetration depth is 
in the range 0.5 µm (4000 cm-1) to 5.0 µm (400 cm-1). 
The relative protection of the inner parts of the plastic 
has been described before, as a factor to take into 
account when using oxidation indexes to assess the 
weathering of plastics taken from the environment 
(Brandon et al., 2016). Although the comparison with 
other works is difficult due to the use of different 
reference bands and peak area instead of peak height, 
the results reported here are in line with those found for 
PE materials aged under UV- or Xe-arc light (Gulmine 
et al., 2003; Stark and Matuana, 2004). Fig. S5 (SM) 
shows images of small MPs fragments recovered on 25 
μm filters from which micro-FTIR spectra were 
recorded. 

Table 1 also shows melting temperature, Tm, and the 
degree of crystallinity of pellets taken at different times 
from DSC measurements. Melting temperature showed 
a slight tendency to decrease with lowest values at the 
end of the runs, which could be explained by the 
increase in crystal defects that take place during 
oxidative degradation upon the incorporation of 
oxygenated moieties, chain ends, and branching sites, 
all of them originating smaller and less perfect crystals 
(Ojeda et al., 2011). Crystallinity, however displayed 
little changes with a certain tendency to increase upon 
irradiation.  It has been shown that UV irradiation 
generates bulkier oxygen-containing groups that 
increase interchain distance, therefore decreasing 
crystallinity. However, the structural modifications 
occurring during PE ageing are complex and some 
factors lead to a crystallinity increase and others to the 
opposite (Carrasco et al., 2001). The limited usefulness 
of crystallinity to assess PE ageing agrees with data 
reported elsewhere (Brandon et al., 2016). DSC plots 
are given in Fig. S6 (SM). 

 

 

 

 
Figure 1. Micro-FTIR spectra for the fragments retained by 
25 µm filters indicating the main peaks used for the 
calculations shown in Table 1. The spectra of the original 
materials LDPE-1 (A), 2 (B) & 3 (C) are also shown. 

3.2. Fragmentation into smaller microplastics 

In the environment, MPs undergo fragmentation 
processes that release smaller plastic fragments. While 
photodegradation has been considered the principal 
formation pathway for the degradation of plastics in the 
environment, other studies suggested that mechanical 
and even biological fragmentation may play a 
significant role. A recent evidence was provided that 
Antarctic krill, through their digestive system, could be 
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fragmentating PE microbeads into smaller fragments 
(Dawson et al., 2018). The combination of oxidative 
degradation with mechanical stress was studied for 
expanded polystyrene (EPS) in laboratory simulations 
that included the nanoplastic size fraction measured by 
nanoparticle tracking analysis. The study concluded 
that mechanical fragmentation is an important 
environmental process leading to the formation of 
secondary particles, even nanoparticles in the few 
hundred of nanometres range (Mattsson et al., 2021). It 
has also been shown that polyester synthetic fibres 
undergo degradation and fragmentation due to a 
combination of photooxidation and mechanical 
abrasion, possibly with degradation being UV-initiated 
(Sørensen et al., 2021). Overall, the fragmentation of 
MPs is a complex process that could be attributed to the 
combined action of tensile stresses and the loss of 
mechanical properties due to polymer hydrolysis and 
photodegradation (ter Halle et al., 2016). Wahl et al. 
demonstrated the plastic degradation including the 
generation of NPs can take place in soil suggesting the 
implication of mechanisms different from 
photooxidative processes (Wahl et al., 2021). 
Accelerated weathering experiments combining UV 
exposure with mechanical abrasion showed that 
polyolefins were fragmented mainly due to UV 
irradiation, which resulted in thousands of particles per 
pellet after prolonged exposure, while EPS was more 
affected by mechanical fragmentation (Song et al., 
2017).  

The ageing of polymers most probably begins by an 
alteration of the outer surface that leads to crack 
formation and propagation (Zhang et al., 2021). The 
SEM images of LDPE-1, 2 & 3 pellets in irradiated and 
non-irradiated runs showed the appearance of surface 
cracks and irregularities that most probably resulted in 
the detaching of fragments from the outer surface (Fig. 
S7, SM). Fig. 2 presents the number of particles in the 
1-5 µm, 5-25 µm and > 25 µm ranges obtained from 
flow cytometry measurements as explained before and 
expressed per unit mass of exposed LDPE. In all cases, 
the background from ultrapure water was subtracted to 
account for possible particles driven by the MilliQ 
water, which represented in all cases a very minor 
number of particles. The results showed a high number 
of particles in the lower size range, with values in the 
tens of secondary MPs per mg of PE. It is interesting to 
point out that this size range, as low as 1 µm, is lower 
than that reported in most studies. The limit for FTIR 
imaging, even improved by the focal plane array 
(FPA)-based technology is still in the 10 μm range, and 
the accuracy considerably decreases for particles < 
50 μm (Simon et al., 2018; Yang et al., 2021). Raman 
microscopy allows approaching the lower limit of MPs, 
in the few microns range, but the technique has 
important drawbacks like long measurement time and 
difficulty to process samples with fluorescence, which 
appears in most polymers (Araujo et al., 2018). As a 
consequence, there are very limited evidence on the 

occurrence of small MPs in the environment, although 
different studies demonstrated that small MPs are much 
more abundant than larger fragments (Eo et al., 2018; 
Missawi et al., 2020). 

 

 

 

 

 
Figure 2. Particle size distribution obtained from flow 
cytometry experiments with LDPE-1 (A), LDPE-2 (B) and 
LDPE-3 (C). One asterisk (*) means Procedure I: samples 
irradiated and stirred for 72 h in the presence of pellets; two 
asterisks (**) mean Procedure II: samples irradiated and 
stirred for 72 h without pellets after 72 h in water in darkness 
with pellets. NI/NS refers to non-irradiated/non-stirred 
samples. 

The results showed that mechanical stress played an 
important role in the detachment of secondary MP 
particles. The number of MPs produced in the absence 
of agitation (NI/NS runs) was very low, in the order of 
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units of MP/mg PE, that appeared at the beginning of 
the experiments and remained with little changes during 
the 72 h runs. These were most probably particles 
coming from an already altered surface that detached 
form larger pellets and fragments upon swelling after 
water immersion. The results also showed that the 
number of small MPs particles formed during the 
weathering of plastic pellets, decreased when exposed 
to UV light in the absence of the parent LDPE particles. 
This finding is clear observing the results from 
Procedure II, which is a continuation of non-irradiated 
runs for additional three-day periods after removing the 
pellets (Figure 2, experiments marked as Procedure II). 
This phenomenon affected all particle sizes and 
suggested that particles < 1 µm were produced during 
the irradiation of the MPs released during the previous 
72 h stirred in darkness (as suggested by flow 
cytometry plots like the one showed in Fig. S3, SM). 
Besides, in irradiated runs with pellets, the number of 
fragments in the 5-25 µm range and > 25 µm tended to 
increase with time. However, in runs for which pellets 
were removed before irradiation all size ranges 
decreased, suggesting that UV irradiation is key for the 
ripping of MP into smaller particles and NPs. It was 
also noticeable that many small MPs appeared during 
the first 24 h, showing that the onset of fragmentation is 

rapid and does not require extensive photooxidation of 
the polymer surface. This phenomenon is probably due 
to the plasticizer effect of water (Julienne et al., 2019). 
The higher number of small MPs produced from LDPE-
2 might be due to their higher external surface, 2210 
mm2/g, 15-20 % higher that LDPE-1/3 pellets. The 
higher generation of small MPs in the case of LDPE-2 
was in line with the reduction in the concentration of 1-
5 µm fragments when removing the pellets from the 
reactor. The reason is probably the ongoing degradation 
of larger particles, including those > 25 µm like those 
shown in Fig. S5. Overall, and considering all LDPE 
materials, the small MPs in the 1-25 µm range, 
quantified by flow cytometry were in the 106-107 
MPs/L range, or, expressed per unit mass of polymer, 
104-105 MPs/gPE, which represented in all cases < 0.01 
% of the exposed polymer.  

3.3. Generation of nanoplastics 

The fragmentation of plastic particles does not limit to 
micron size particles. Little is known about the lower 
sizes, because of the lack of established analytical 
methods able to detect them in the environment 
(Koelmans et al., 2015). In the absence of field data, 
laboratory studies showed that environmental factors 

 

Table 2. TOC of samples filtered through 1 µm pore size filters and non-filtered (the numbers in brackets represents 
the concentration of LDPE with the same carbon content); DLS particles size from samples filtered through 1 µm 
filters. 

  TOC (mg/L) 
non-filtered 

TOC < 1 µm 
(mg/L) 

DLS particle size, 
filtered < 1 µm (nm) 

Non-irradiated 
(darkness) 

LDPE-1-[24]-NI 1.9 (2.2) ± 0.2 - 258 ± 11 
LDPE-1-[48]-NI 2.1 (2.5) ± 0.3 - 231 ± 14 
LDPE-1-[72]-NI 2.3 (2.7) ± 0.2 1.7 (2.0) ± 0.2 220 ± 12 
    
LDPE-2-[24]-NI 5.5 (6.4) ± 2.1 - 244 ± 22 
LDPE-2-[48]-NI 7.4 (8.6) ± 2.2 - 242 ± 13 
LDPE-2-[72]-NI 9.2 (10.7) ± 2.4 5.0 (5.8) ± 2.2 142 ± 15 
    
LDPE-3-[24]-NI 2.4 (2.8) ± 0.5 - 200 ± 24 
LDPE-3-[48]-NI 3.2 (3.7) ± 0.7 - 165 ± 12 
LDPE-3-[72]-NI 3.6 (4.2) ± 0.5 2.7 (3.2) ± 0.7 158 ± 17 

     

Irradiated 

LDPE-1-[24]-I 16.2 (18.9) ± 2.1 - 416 ± 20 
LDPE-1-[48]-I 18.2 (21.2) ± 3.2 - 371 ± 16 
LDPE-1-[72]-I 20.5 (23.9) ± 2.2 18.9 (22.1) ± 2.5 328 ± 19 
    

LDPE-2-[24]-I 24.3 (28.4) ± 5.2 
- 636 ± 92 

104 ± 17  
LDPE-2-[48]-I 34.6 (40.4) ± 6.1 - 307 ± 17 
LDPE-2-[72]-I 39.6 (46.2) ± 4.2 38.5 (44.9) ± 7.8 279 ± 14 
    
LDPE-3-[24]-I 6.2 (7.2) ± 1.3 - 192 ± 42 
LDPE-3-[48]-I 7.7 (9.0) ± 1.5 - 167 ± 23 
LDPE-3-[72]-I 8.8 (10.3) ± 1.8 5.0 (5.8) ± 1.5 160 ± 18 
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led to the production of nanosized plastic particles 
(Rios Mendoza et al., 2018; Song et al., 2020). Gigault 
et al. used a photoreactor emitting UVA + UVB with 
irradiance 1000 W m-2, essentially the same used in this 
work, to demonstrate de the formation of NPs from the 
degradation of marine microplastics. The results, 
obtained using DLS and TEM for particle 
characterization, suggested that the smaller NP particles 
were produced after the initial formation of larger 
plastic particles (Gigault et al., 2016). In our runs, DLS 
measurements in the liquid samples taken at different 
times showed the presence of colloidal submicron 
particles as indicated in Table 2. DLS plots for samples 
irradiated for 72 h are shown in Fig. S8 (SM). Clear 
peaks in the few hundreds of nm appeared in all DLS 
plots with a slight tendency to size decrease with time 
and larger nanoparticles in irradiated samples. This was 
probably due to the higher input of newly formed 
nanoparticles, but this assumption has to be handled 
with care because of the limited sensitivity of DLS in 
the case of polydisperse colloids. As in the case of 
larger secondary MPs, no aggregation pattern was 
observed, with stable DLS particle size even when 
repeating the measurement days after the run. Table 2 
also shows the TOC of samples, filtered through 1 µm 
filters, and without filtration. In all cases, the organic 
carbon content was higher in irradiated samples and 
increased with time as expected from the role of UV 
irradiation in the photodegradation of polymers. As for 
the generation of secondary MPs, the release of organic 
matter was not linear with time, reflecting an early 
generation of NPs, which is probably related to the 
presence of surface defects or reactive moieties 
originated during the processing of storage of pellets. 

The liquid concentrated form filtered aliquots taken at 
the end of runs was examined to assess the presence of 
LDPE. The extraction process described in the 
experimental section yielded small aggregates that 
could be inspected using micro-FTIR. The results are 
shown in Fig. 2 together with those of pellets dissolved 
and precipitated using the same procedure. In all cases 
the characteristics features of PE spectra were clearly 
observed, namely the peaks at 2920, 2846, 1465 and 
719 cm-1 as indicated before. Besides, the spectra from 
LDPE-1, 2 & 3 displayed additional bands most 
probably due to additives, which appeared magnified in 
< 1 µm filtrates in irradiated and, to a lesser extent, in 
non-irradiated runs. Noteworthy, the N-H tensile 
absorption usually observed as two broad peaks in the 
3300-3500 cm-1, the two peaks of C-N stretching at 
about 1250-1020 cm-1, and the N-H out of plane 
bending at 793 cm-1, are visible in most spectra, 
probably indicating the presence of light stabilizers, 
which are usually based on secondary and tertiary 
hindered amines and that protect polymers against 
degradation by acting as free radical scavengers and 
peroxide decomposers (Beißmann et al., 2014). The 
presence of additives could be one of the factors 
explaining the differences among the three LDPE 

materials observed in this work. Table S1 (SM) shows 
the TOC for NI/NS runs, which was very low compared 
to the values for stirred runs listed in Table 2, indicating 
that mechanical agitation is needed to release most of 
the carbon containing substances released by the MPs. 
The presence of plastic fragments < 1 µm could not be 
assessed by DLS or spectroscopic analyses in NI/NS 
samples, indicating that, if produced, they were in very 
low concentration. 

 

 

 
Figure 3. Micro-FTIR spectra for the fragments < 1 µm 
filters indicating the characteristic peaks of LDPE. The 
spectra of the original materials LDPE-1 (A), 2 (B) and 3 (C) 
are also shown. 
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If all organic matter consisted only of LDPE, 
considering the particle size given in Table 2 and using 
the density of PE, the concentration of NP particles 
would represent about 1010 NPs/gPE (⁓0.10 % of the 
original mass of the pellet; this calculation assumes 
spherical particles with the average density of LDPE). 
The presence of oxidized groups in LDPE-derived NPs 
was clear from the peaks of carbonyl stretching 
vibration and other peaks attributed to carbon-oxygen 
bonds as explained before. This is the first evidence of 
the formation of NPs from PE under photooxidative 
conditions. Our results suggest that PE debris are 
disseminating huge amounts of NPs which are still very 
difficult or impossible to assess in real environmental 
matrixes. 

4. Conclusions 

In this work, we studied the hydrolytic, 
mechanical, and photochemical degradation of 
three LDPE materials exposed to the UV radiation 
equivalent to one year of solar UVB + UVA 
irradiance (280-400 nm). Flow cytometry was used 
for the first time to quantify the small MPs (1-25 
µm) produced during the degradation of LDPE. 
The results showed the generation of a high 
number of small MPs with values reaching 104-105 
MPs per gram of PE pellets in the 1-25 µm range. 
Mechanical degradation led to a rapid production 
of secondary MPs, while photochemical ageing 
increased the concentration of NPs (< 1 µm). FTIR 
studies showed clear signs of oxygenated moieties, 
particularly in irradiated runs, which increased 
with exposure time. The presence of NPs was 
assessed using micro-FTIR after precipitating the 
colloidal fraction < 1 µm into larger particles. The 
size of NPs, measured by DLS, was in the 
hundreds of nm range, and their number could 
represent up to 1010 NPs per gram of LDPE. 
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Figure S4. ATR-FTIR spectra for the pellets recovered after 72 h from irradiated and non-irradiated 
experiments: LDPE-1 (A), LDPE-2 (B) and LDPE-3 (C). 
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Figure S5. Images of MPs fragments recovered on 25 µm stainless steel filters for samples taken 
after 72 h in irradiated and non-irradiated runs (LDPE-1/2/3-[72]-I/NI).  
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Figure S6. DSC plots of LDPE specimens recovered during the runs. 
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Figure S7. SEM images of the surface of pellets before treatment and after 72 h in irradiated and 
non-irradiated runs. 
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Figure S8. DLS plot for samples LDPE-1-[72]-I (A), LDPE-2-[72]-I (B), and LDPE-3-[72]-I (C). 
 
 
 
 


