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ARTICLE INFO ABSTRACT
Editor: Elodie PASSEPORT The understanding of microplastic degradation and its effects remains limited due to the absence of accurate
analytical techniques for detecting and quantifying micro- and nanoplastics. In this study, we investigated the
Keywords: release of nanoplastics and small microplastics in water from low-density polyethylene (LDPE) greenhouse cover
Za_mplas“cs films under simulated sunlight exposure for six months. Our analysis included both new and naturally aged
8ing

(used) cover films, enabling us to evaluate the impact of natural aging. Additionally, photooxidation effects were
assessed by comparing irradiated and non-irradiated conditions. Scanning electron microscopy (SEM) and
nanoparticle tracking analysis (NTA) confirmed the presence of particles below 1 pm in both irradiated and non-
irradiated cover films. NTA revealed a clear effect of natural aging, with used films releasing more particles than
new films but no impact of photooxidation, as irradiated and non-irradiated cover films released similar amounts
of particles at each time point. Raman spectroscopy demonstrated the lower crystallinity of the released PE
nanoplastics compared to the new films. Flow cytometry and total organic carbon data provided evidence of the
release of additional material besides PE, and a clear effect of both simulated and natural aging, with photo-
degradation effects observed only for the new cover films. Finally, our results underscore the importance of
studying the aging processes in both new and used plastic products using complementary techniques to assess the
environmental fate and safety risks posed by plastics used in agriculture.
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C. Sorasan et al.
1. Introduction

Greenhouse plastic cover films, typically composed of polyethylene
(PE), have been shown to release microplastics (MPLs) into the envi-
ronment during their usage (Giindogdu et al., 2022b) These MPLs can
subsequently enter the water environment through processes like
leaching and stormwater runoff, thereby exacerbating concerns related
to global climate change. (de Souza Machado et al., 2019; Giindogdu
et al., 2022a; Hitchcock, 2020; Owusu et al., 2024; Sharma et al., 2023)
Plastic products, plastic waste, and primary MPLs can undergo degra-
dation, forming small micro- and nanoplastics (NPLs) through a com-
bination of biotic and abiotic processes. (Chamas et al., 2020; Liu et al.,
2022) The definition of MPLs generally encompasses plastic particles
with sizes below 5 mm, while NPLs are typically considered to be those
with sizes below 1 pm. (Gigault et al., 2018; Hartmann et al., 2019) The
biotic degradation of plastics involves the enzymatic breakdown of
polymer chains by microorganisms such as bacteria, fungi, or algae,
producing short-chain oligomers or monomers. In contrast, abiotic
degradation of plastics occurs through mechanisms such as photo-
degradation, thermal degradation, and mechanical degradation, result-
ing in the formation of MPLs and NPLs, as well as short polymer chains,
gases, and other small molecules as byproducts. (Zhang et al., 2021).

Photodegradation leading to the formation of small MPLs and NPLs
has been documented in previous studies. (Gigault et al., 2016; Liu et al.,
2022; Tong et al., 2022; Zhang et al., 2021) These studies have included
the quantification of NPLs generated from MPLs of materials such as
polystyrene (PS), polypropylene (PP), and low-density polyethylene
(LDPE) under UV-light exposure, (Song et al., 2022) as well as the
production of MPLs from LDPE films with varying degrees of crystal-
linity. (Cui et al., 2022) Additionally, Sorasan et al. (Sorasan et al., 2021,
2022) observed the generation of NPLs during the photo-aging of LDPE
in water and marine plastic debris composed of PE, PP, and PS. At the
same time, Song et al. (Song et al., 2020) detected MPLs and NPLs in
weathered expanded PS boxes. Pfohl et al. (Pfohl et al., 2022) adapted
the standardized NanoRelease protocol to quantify small MPLs and NPLs
released from aged polyamide and polyurethane powders in water.
Furthermore, there have been investigations into the release of MPLs
and NPLs from various plastic products, including studies on MPLs
released from teabags, (Hernandez et al., 2019) clothing during
washing, (Wang et al., 2023) and coffee cups. (Ekvall et al., 2019)
However, many of these studies do not consider the differential effects of
aging on naturally aged (used) plastics compared to new ones.

MPLs and NPLs, resulting from the degradation of plastic products,
can persist in the environment for years, causing pollution and posing
risks to wildlife and humans. (Alimi et al., 2018) Their presence has been
reported in various ecosystems including soil, (Astner et al., 2023; Li
etal., 2024; Pérez-Reveron et al., 2023) as well as in food and beverages.
(EFSA CONTAM Panel (EFSA Panel on Contaminants in the Food Chain),
2016; Allen et al., 2022; Belz et al., 2021; Galvez-Blanca et al., 2023;
Ivleva et al., 2017; Science for the Environment Policy, 2023) MPLs and
NPLs differ from macro- and mesoplastics in their behavior and physi-
cochemical properties. (Gigault et al., 2018; Science for the Environ-
ment Policy, 2023) Smaller plastic particles can easily penetrate
biological barriers, translocate through different organs, and enter cells.
Additionally, the high surface area-to-volume ratio makes NPLs more
likely to adsorb significant amounts of other pollutants, release plastic
additives, and interact with other molecules or materials in their sur-
roundings. However, the detection and quantification of NPLs present
significant challenges due to the lack of precise and accurate analytical
approaches and techniques. (Caldwell et al., 2022; Ivleva, 2021) These
challenges stem from their polydispersity in size and shape, hydrophobic
nature, limited chemical reactivity, low predicted environmental con-
centrations and the complex matrices in which they are dispersed.
(Gigault et al., 2021; Mitrano et al., 2021; Science for the Environment
Policy, 2023) Separation and pre-concentration techniques such as
density separation, elutriation, filtering/sieving, asymmetric flow field-
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flow fractionation, and cloud point extraction are commonly employed
for MPLs and NPLs analysis. Raman spectroscopy, Fourier transform
infrared spectroscopy (FTIR), and pyrolysis gas chromatography-mass
spectrometry are the main techniques used for identification and
quantification. However, the spatial resolution limitations of FTIR (10
pm) and Raman (100 pm — 1 pm for conventional Raman and 500 nm for
confocal Raman), as well as the destructive nature of pyrolysis, restrict
their applicability. Surface-enhanced Raman spectroscopy (SERS) has
shown promise in overcoming these limitations, as it allows for the
detection of small NPLs (< 100 nm) using various plasmonic nano-
structures. (Caldwell et al., 2021; Kihara et al., 2022; Lv et al., 2020).

To obtain a comprehensive understanding of the quantity and size
distribution of particles that may be released into the water environment
from the photodegradation of greenhouse LDPE cover films, we studied
the degradation of both new and used LDPE greenhouse cover films over
six months using well-established nano techniques. The greenhouse
cover films were sourced from Almeria, Spain, where an area well over
30,000 ha is covered by greenhouses.(Castillo-Diaz et al., 2021) It is
important to know that most vegetables grown in these greenhouses are
sown and harvested within 6 months, underscoring the relevance of our
work. Raman spectroscopy, electron microscopy and nanoparticle
tracking analysis (NTA) were used to extract the chemical fingerprint,
size and shape distribution, and concentration of the released plastic
particles upon simulated sunlight exposure for six months. The results
demonstrate the release of nanoparticles at all investigated time points.
Of particular interest is the finding that the release of nanoparticles is
only affected by the natural aging of the films. In contrast, the release of
microplastics is influenced by both simulated and natural aging. Effects
of photodegradation were observed only for the new-MPLs, and Raman
results clearly showed that the smallest released LDPE particles exhibit a
low degree of crystallinity.

2. Materials and methods
2.1. Sample preparation

Commercially available 5-sheet LDPE greenhouse cover films
(Naturmax® 3 A, average thickness of 200 pm, duration according to the
supplier: 3 years, Naturplas, El Ejido, Almeria) were cut in 5 mm x 5 mm
MPLs pieces using scissors and stored in sealed polystyrene storage
boxes before simulated sunlight exposure. LDPE MPLs (0.1 + 0.01 g/
mL) placed in a glass beaker were dispersed in 500 mL of ultrapure water
(Milli-Q System, Millipore) and irradiated using an LCS-100™ solar
simulator provided with a 100 W Xenon Lamp (Newport Corp, Model
94011 A) at ~ 18 cm from the output flange (corresponding to 1858 W
m~2 which is 10 times the solar irradiance). Under these conditions, 3
days of irradiation corresponds to ~ 1 month of average sunlight in the
Iberian Peninsula (4.4 kWh m 2 day’1 or 183.33 Wm ™ 2).(Sorasan et al.,
2021) Due to the close proximity of the samples to the lamp, water
evaporation was observed. Therefore, the beaker was refilled with Milli-
Q water on demand to keep the volume of water constant during the
exposure time. New and used LDPE MPLs were exposed to sunlight and
analyzed. Non-irradiated samples were kept in the dark for the same
time as the irradiated samples, i.e., up to 18 days and were used as
controls. An additional control was included in the study to evaluate the
release of particles, both from new and used LDPE MPLs (0.1 g/mL), at
an early time point of 2 h in Milli-Q without irradiation.

2.2. Nanoparticle tracking analysis (NTA)

The presence of nanoparticles with diameters below 1 pm was
evaluated by NTA using a Nanosight NS300 (Malvern) provided with a
488 nm CW laser (max. power < 55 mW). 1 mL of sample was analyzed
using a flow-cell top plate made of glass and sealed with a PDMS ring,
fluxed at a speed of 100, and imaged with a camera level and screen gain
set at 12 and 8 (Slider Shutter = 1200; Slider Gain = 125), respectively.



C. Sorasan et al.

The flow-cell top-plate was filled using 1 mL polypropylene syringes
(Fisher Scientific). Five videos of 60 s each were recorded (total frames
= 1498) and analyzed to obtain the size distribution and concentration
of particles/mL for the different samples at room temperature. Unless
otherwise specified, samples were analyzed without any pre-treatment
step. Controls and Milli-Q water were analyzed using the same above-
mentioned conditions. The chamber was cleaned thoroughly using Milli-
Q water between sample analyses.

It is worth nothing that NTA relies on the scattering properties of the
particles and their Brownian motion to determine their size (i.e. distri-
bution) by applying the Einstein-Stokes equation. Unlike dynamic light
scattering (DLS), which is commonly used to assess the size distribution
of nanoparticles, NTA provides size values that are number-weighted.
(Filipe et al., 2010) This characteristic reduces bias introduced by the
presence of larger particles in the analysis. Furthermore, NTA provides
information about the concentration of particles per mL and has been
reported as a promising tool for characterizing polydisperse nano-
particles (including NPLs) in complex matrices. (Mehrabi et al., 2017)
This capability is particularly relevant in the study of nanoparticles
released from natural samples, as it allows discrimination of undesirable
particles, and nanoparticles with different sizes in a polydisperse sample
can be visualized by simply adjusting the camera level and the screen
gain.

2.3. Flow Cytometry (FC)

The presence and concentration of particles with diameters in the 1
pm — 25 pm range were analyzed using a FACSCalibur flow cytometer
(Becton Dickinson) following the experimental procedure followed
elsewhere (Sorasan et al., 2021, 2022). Briefly, samples were filtered
using a 100 pm stainless steel filter (CISA) and injected in the instrument
previously calibrated using PS beads (Molecular Probes and Supelco) in
the 1-25 pm size range. Intensity values were converted into particle
size using scattering cross-sections derived from Mie's theory, as shown
elsewhere. (Sorasan et al., 2021).

2.4. Total organic carbon (TOC) determination

The TOC was determined as non-purgeable organic carbon (NPOC)
as described elsewhere using a Shimadzu TOC-VSCH apparatus equip-
ped with an ASI-V autosampler.(Gonzalez-Pleiter et al., 2019; Sorasan
et al., 2022, 2021) Briefly, samples were filtered using a 1 pm pore size
Puradisc 25 PTFE filter (Sigma-Aldrich) and injected into the
instrument.

2.5. Scanning electron microscopy (SEM)

A FEI Quanta 650 FEG-ESEM equipped with secondary electron and
backscatted electrons (SE/BSE) detectors (ThermoFisher) operating at 5
kV and high vacuum (spot size 3), was used to image the samples. 5 pL of
the sample were drop-cast on a silicon wafer previously cleaned with
isopropanol (ACS reagent, > 99.5 %, Sigma-Aldrich) and dried with a
nitrogen gun to avoid contamination. Samples were kept dry in a sealed
box and analyzed the same day. Control samples were subject to the
same procedure, and a plain silicon wafer was used as a procedural
blank. Fiji (ImageJ version 1.53t, USA) software was used to include the
scale bar in the SEM images and automatically calculate the size dis-
tribution of the particles.

2.6. Raman spectroscopy

Raman spectra of the new and used LDPE MPLs and their leachates
were acquired using a WITec Alpha300R confocal Raman microscope
(WITec) using a 532 nm laser line (5 mW, 5 s of time acquisition, 10
accumulations, 600 g/mm grating and using a 50x magnification air
objective). Raman spectral data was extracted from the WITec Control 5
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software provided by WITec and processed using GRAMS/AI™ spec-
troscopy software (ThermoFisher Scientific) to correct the baseline and
cosmic ray removal. MPLs were placed in glass slides coated with
aluminum foil due to the close-to-zero background of the foil, (Cui et al.,
2016) whereas 5 pL of the different leachates were drop-cast onto a
silicon wafer and analyzed when dried.

3. Results and discussion

To investigate the potential release of NPLs (particles <1 pm) into
water from LDPE greenhouse cover films, small pieces (5 mm x 5 mm) of
both new and used cover films (hereafter referred to as new-MPLs and
used-MPLs) were immersed in Milli-Q water and subjected to simulated
sunlight exposure for several days up to an equivalent of 6 months of real
sunlight exposure. This period covers approximately from February to
July, corresponding to the maturation of annual-cycle crops and the
entire season of short-cycle spring crops, coinciding with the maximum
hours of sunshine greenhouses receive. (Egea et al., 2021) The LDPE
cover films used in the study were in field use for 3 years before being
discarded for an unknown period and subsequently collected for anal-
ysis. It is worth noting that discarded plastics were obtained from the
waste management company in the month following their withdrawal.
Therefore, for comparative purposes, new-MPLs were exposed to simu-
lated sunlight (irradiation; I) for 1, 3, 4, and 6 months, while used-MPLs
were exposed for 4 and 6 months. Additionally, non-irradiated (NI) new-
MPLs and used-MPLs (referred to as NI-new-MPLs and NI-used-MPLs)
along with samples aged for 2 h in Milli-Q water without irradiation
were included in the study as a control. A schematic representation of
the experimental workflow is presented in Fig. 1.

After the simulated sunlight exposure, the leachates from both new-
MPLs and used-MPLs were visualized using SEM to determine the
presence of particles (Fig. 2A). Imaging was conducted at a low voltage
under high vacuum conditions to ensure high-quality imaging without
particle damage. In the irradiated new-MPLs (referred to as I-new-
MPLs), well-defined spherical particles with an approximate diameter of
~200 nm were observed (Fig. 2C). In contrast, the irradiated used-MPLs
(referred to as I-used-MPLs) exhibited particles with undefined shapes,
and their size distribution could not be precisely determined. However,
SEM images revealed particles smaller than 1 pm.

For the non-irradiated new-MPLs (NI-new-MPLs), particles with a
diameter of <306 nm were visualized. The size of particles in the NI-new-
MPLs-18d could not be measured due to challenging particle organization
on the silicon wafer and the presence of large material (Figs. S1A and
S1C). As well as for the I-used-MPLs, the size distribution of particles in
the NI-used-MPLs could not be determined. Larger particles were
observed in the control leachates, which were obtained from new-MPLs
and used-MPs aged for 2 h without irradiation. Importantly, no features
were observed in the silicon wafer used as a procedural blank, confirming
the absence of cross-contamination during the sample preparation process
(Fig. S2). Additional SEM images can be found in Fig. S2.

NTA, a non-destructive analytical technique, was employed to
confirm the presence of particles smaller than 1 pm in the leachates
(Figs. 2B and S1B), assess their size (i.e. distribution), and obtain the
concentration of particles per mL. Leachates were analyzed without any
pre-treatment step, except for those obtained from the used-MPLs and
the NI-new-MPLs-18d, which were filtered using a 1 pm nylon mem-
brane filter due to the presence of large-sized material. In line with SEM
results, NTA reveals particles with an average size <238 nm (D90 < 398
nm) for I-new-MPLs. Smaller particles were observed in leachates from
the [-used-MPLs (average size <143 nm; D90 < 198 nm, Fig. 2B and
Table S1).

When comparing the number of particles/mL released from the I-
MPLs (Fig. 2B and Table S1), it was interesting to observe that there was
not a significant increment of particles within the months (i.e., simu-
lated aging), neither in the I-new-MPLs nor in the I-used-MPLs, with the
I-used-MPLs releasing higher amounts of particles than the I-new-MPLs.
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A. Experimental setup
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*Used MPLs were used in the field for 3 years

B. Sample preparation for analysis

— v

Scanning electron microscopy (SEM)
Nanoparticle tracking analysis (NTA)
Flow cytometry (FC)

Total Organic Carbon (TOC)

Raman spectroscopy

Raman spectroscopy

Fig. 1. A. Experimental workflow to study the presence of secondary MPLs and NPLs from LDPE MPLs under simulated sunlight exposure. B. Leachates were
analyzed by SEM, NTA, FC, TOC, and Raman spectroscopy to characterize and quantify the presence of particles. Aged MPLs were also subject to Raman spec-

troscopy analysis.

However, the results confirm that greenhouse cover film releases
nanoplastics not only after being discarded and disposed of into the
environment but also during their everyday usage.

It is worth noting that the higher particle release from the I-used-
MPLs compared to the I-new-MPLs cannot be solely attributed to sec-
ondary plastic particles. According to the literature, multi-layered LDPE
greenhouse cover films contain various components such as mineral
fillers, vinyl acetates like polyvinyl acetate (PVA) used as anti-fogging
agents, or ethylene vinyl acetate (EVA) used as binders for the PE
layers, metal-based pigments as additives to block NIR light, and UV
absorbers, among others. (Dehbi et al., 2017) Therefore, additional
nanomaterial could have been released during the simulated aging in
both I-new-MPLs and I-used-MPLs, which is expected to be more pre-
dominant in the I-used-MPLs. Additionally, despite thoroughly cleaning
the MPLs with Milli-Q water before simulated aging, it is possible that
different materials remained attached to the MPLs and were subse-
quently released during the aging experiments.

Similar trends were observed for the NI-MPLs, with NI-used-MPLs
releasing more particles/mL than NI-new-MPLs (Fig. S1B and
Table S1). As for the I-MPLs, the particles released from the NI-used-
MPLs are smaller than those released from the NI-new-MPLs. Interest-
ingly, NTA shows no effect of photodegradation, i.e. irradiated vs non-
irradiated MPLs, on the size and concentration of particles released
from the new-MPLs and used-MPLs. Additionally, few particles in the
same size range as those found in the leachates were present in the 2-h
aged MPLs, confirming what was visualized in the SEM (Fig. S1B,
Fig. 2B, and Table S1).

In addition to NTA, Flow Cytometry (FC) was employed to assess the
presence of particles ranging from 1 pm up to 25 pm in the leachates

(Fig. 3A and Table S2). For all size ranges, but more notably for the size
fraction 1 pm — 5 pm, there was an increase in the number of particles
per gram of PE (particles/gPE) over the months for the I-new-MPLs. The
highest amount of particles was observed in the smallest size fraction,
specifically 1 pm — 5 pm at each time point. These observations align
with previous publications (Sorasan et al., 2021) that have demon-
strated the degradation of secondary particles into smaller particles
during aging leads to an increased quantity of particles in the smallest
size fraction. Furthermore, the total number of particles in the I-new-
MPLs, encompassing all particles with sizes <25 pm, increased over time
(Fig. 3B and Table S2). No significant aging effects on the particles/gPE
were observed by FC for the I-used-MPLs in all the size ranges (Fig. 3A
and B and Table S2).

NI-new-MPLs showed a similar trend to I-new-MPLs, with particle/
gPE increasing over the months, showing the highest significance for the
size fraction 1 pm - 5 pm. The effect of photodegradation was evident
and consistent, with I-new-MPLs releasing more particles than NI-new-
MPLs at each time point (Fig. 3, Fig. S3, and Table S2). A slight effect
of aging was observed for the NI-used-MPLs, which released a slightly
higher amount of particles/gPE at 18 days than at 12 days (Figs. S3A and
S3B). No effects of photodegradation were observed when comparing
the particles/gPE released from the I[-used-MPLs and NI-used-MPLs
(Fig. 3, Fig. S3, and Table S2).

Additional results obtained by FC and expressed as milligram parti-
cles per gram of PE (mgParticles/gPE) are consistent with the data
expressed as the number of particles/gPE, showing I-new-MPLs
releasing more mgParticles/gPE than I-used-MPLs (Fig. 3C), and a clear
effect of photodegradation only for new-MPLs (Fig. 3C, Fig. S3C, and
Table S2). Interestingly, the total number of particles/gPE and the
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the particles released from the I-new-MPLs and I-used-MPLs obtained by NTA at different aging times. Error bars represent the standard deviation obtained from
recording five videos of 60 s each. C. The Inset table summarizes the diameter of the particles calculated from SEM images using Fiji software for the I-new-MPLs.
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Fig. 3. A. Concentration of particles in the leachates obtained by FC expressed as the number of particles per gPE for I-new-MPLs and I-used-MPLs. B. Total
concentration of particles in the leachates obtained by FC expressed as the number of particles per gPE. C. Total carbon in the leachates for the new-MPLs and used-
MPLs measured by TOC analyzer and FC. The mg Particles/g PE was calculated following the procedure described elsewhere (Sorasan et al., 2021).
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mgParticles/gPE obtained by FC for the I-used-MPLs (Fig. 3C) at 4 and 6
months was comparable to the NI-used-MPLs and the NI-new-MPLs
(Fig. S3C) at 12 and 18 days. This result suggests that I-used-MPLs,
NI-used-MPLs, and NI-new-MPLs behave similarly in terms of the release
of secondary microparticles.

Complementary values corresponding to the total carbon present in
the leachates (Fig. 3C and Fig. S3C) demonstrated an influence of
simulated aging for both I-new-MPLs and [-used-MPLs, with the I-used-
MPLs releasing a higher amount of mgParticles/gPE compared to the I-
new-MPLs. When comparing the results from FC and TOC, TOC showed
higher values in mgParticles/gPE than those from FC at each time point,
indicating that material with a chemical composition different from PE
was released during the aging process.

Lastly, data obtained from FC regarding the release of secondary
microparticles (Fig. 3 and Fig. S3), along with data concerning the
release of secondary nanoparticles (NTA, Fig. 2B, and S1B), provide
evidence that the release of micro- and nanoparticles under irradiation
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follows distinct trends. In the case of nanoparticle release, no discernible
influence of simulated aging was observed for both new and used cover
films. In contrast, an effect of natural aging was apparent, with I-used-
MPLs releasing more nanoparticles than I-new-MPLs. Conversely, the
release of microparticles is influenced by both simulated and the natural
aging of the cover films.

Chemical analysis of the cover films and leachates was performed by
Raman spectroscopy using a 532 nm laser line to evaluate if the nano-
particles released from the MPLs correspond to nanoPE, i.e., NPLs of PE.
Control leachates were also analyzed. For clarity of comparison, the
Raman spectra of the as-received films were also included (Figs. 4, S4,
S5, and S6).

As shown in Fig. S4, the new and used as-received films display
similar Raman fingerprint involving the characteristic peaks related to
PE: peaks centered at 1296 em™ Y, 1418 em ™!, 1442 cm ™, 1460 cm™ Y,
2848 cm ™ and 2881 em ™Y, being of more relevance for this study the
bands at 1296 cm ™! non-crystalline consecutive trans and at 1418 cm ™!

USED Irradiated

WM

6m-b

As received

M

1000 1100 1200 1300 1400

[
1500 2750 2850 2950 3050

Raman shift / cm™!

l NEW-MPLs-3m-b

Fig. 4. Raman spectra for the leachates from I-new-MPLs and I-used-MPLs were acquired using a 532 nm laser line at different aging times. Several spots were
analyzed for all the samples showing low-crystalline PE NPLs. Bright-field images showing the different spots where the Raman spectra were recorded in the leachates

for the new-MPLs and used-MPLs at different aging times. Scale bar: 40 pm.
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characteristic of the orthorhombic crystalline phase; 1442 cm™! and

1460 cm ™! characteristic of an amorphous phase. A broad band at 1083
cm ! associated with an amorphous phase was also found in both new
and used as-received films. (Jin et al., 2017; Sato et al., 2002) A table
summarizing all the Raman shift assignments was included in Table S3.

In all leachates from the new-MPLs, very low crystalline nanoPE was
found independent of the irradiation time. Particles with sizes above 1
pm (Fig. 4 spectra and bright-field images corresponding to I-new-I-1 m-
b, I-new-3 m-a, I-new-6 m-a), were found to be more crystalline than
nanoPE in both leachates from I-new-MPLs and NI-new-MPLs (Fig. S5,
NI-new-4 m-b, NI-new-6 m-b, [-used-6 m-a, NI-used-4 m-b). The loss in
crystallinity can be evaluated by the decrease in intensity of the Raman
peaks, especially the peak at 1296 cm ™, and the broadness of the peaks
in the regions 1400 em~'-1500 em~! and 2750 cm~'-2950 cm_l.(Jin
et al., 2017; Samuel et al., 2017; Sato et al., 2002) Similar results were
found for the I-used-MPLs (Fig. 4). The nanoPE found in the leachates
from I-used-MPLs and NI-used-MPLs shows a low degree of crystallinity
upon irradiation compared to new-MPLs. PE particles with low crys-
tallinity were also found in the control samples from new-MPLs and
used-MPLs.

The 5 mm x 5 mm new-MPLs and used-MPLs were also investigated
by Raman spectroscopy using a 532 nm laser line (Fig. S6), and the
spectra obtained correspond to LDPE. In this study, the effect of the
photooxidation on the crystallinity of the MPLs was not assessed as
degradation is expected not to be uniform, i.e., portions of the MPLs
might be more affected by the irradiation than others. However, few
authors have already reported the effects of aging on LDPE MPLs,
showing that upon weathering, the amorphous phase is preferentially
degraded over the crystalline phase resulting in more crystalline MPLs.
(Andrady, 2017; Hiejima et al., 2018; Phan et al., 2022) These studies
may also support our findings concerning the low-crystalline nanoPE
detected in the leachates.

4. Conclusions

In this study, we reported the presence of nanoPE (NPLs of PE)
released to water during the simulated aging of LDPE greenhouse cover
films as microplastics over a typical six-month vegetable growth period
in Almeria, Spain. Notably, the released nanoPE exhibited a lower de-
gree of crystallinity compared to the initial MPLs. Findings from FC,
NTA, and TOC analyses indicated that materials other than PE were
released during the aging process, with irradiation impacting only the
release of microplastics in the new cover films. Furthermore, our study
provides evidence that new and naturally aged plastics exhibit different
behaviors in terms of micro- and nanoplastic release. Importantly, our
data emphasize the significance of using multiple techniques to analyze
the presence of secondary MPLs and NPLs resulting from the degrada-
tion of larger plastics. The study also underscores the importance of
investigating the release of MPLs and NPLs in both new and naturally
aged (used) materials.
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