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HIGHLIGHTS

o In-field burial tests of starch/polyester
mulch films carried out for 478 days.

e Surface of mulch film decreases by 57
%, and microplastics are found in soil.
e Complex composition of biodegradable
mulch films influences degradation

behaviour.

e Photooxidation of mulch films reduces
polyester  degradability = due to
crosslinking.

e Burial results in an enrichment of ter-
ephthalic units in mulch film.
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ABSTRACT

The fate of black biodegradable mulch film (MF) based on starch and poly(butylene-adipate-co-terephthalate)
(PBAT) in agricultural soil is investigated herein. Pristine (BIO-0) and UV-aged film samples (BIO-A192) were
buried for 16 months at an experimental field in southern Italy. Visual, physical, chemical, morphological, and
mechanical analyses were carried out before and after samples burial. Film residues in the form of macro- and
microplastics in soil were analyzed at the end of the trial.

Progressive deterioration of both pristine and UV-aged samples, with surface loss and alterations in me-
chanical properties, occurred from 42 days of burial. After 478 days, the apparent surface of BIO-0 and BIO-A192
films decreased by 57 % and 66 %, respectively. Burial determined a rapid depletion of starch from the polymeric
blend, especially for the BIO-A192, while the degradation of the polyester phase was slower. Upon burial, an
enrichment of aromatic moieties of PBAT in the film residues was observed, as well as microplastics release to
soil. The analysis of the MF degradation products extracted from soil (0.006-0.008 % by mass in the soil samples)
revealed the predominant presence of adipate moieties. After 478 days of burial, about 23 % and 17 % of the
initial amount of BIO-0 and BIO-A192, respectively, were extracted from the soil. This comprehensive study
underscores the complexity of biodegradation phenomena that involve the new generation of mulch films in the
field. The different biodegradability of the polymeric components, the climate, and the soil conditions that did
not strictly meet the parameters required for the standard test method devised for MFs, have significantly
influenced their degradation rate. This finding further emphasizes the importance of implementing field ex-
periments to accurately assess the real effects of biodegradable MFs on soil health and overall agroecosystem
sustainability.

1. Introduction

environment, indicating that microplastic contamination may mainly
derive from commonly used PE MFs. The constant use of PE mulches

Plastic pollution in the atmosphere, soil, and water represents an
important present-day environmental issue (Li et al., 2023; Zhou et al.,
2023; Qi et al., 2023). Most of the research carried out so far has been
mainly focused on microplastic pollution in marine and aquatic eco-
systems (Kim et al., 2021). Nowadays, there is an increasing interest in
plastic pollution in terrestrial ecosystems due to the pressure posed to
plant-soil health, animals, and humans (Ng et al., 2018). In this frame,
agricultural plastic mulch films (MFs) have been recognized as an
important source of microplastics entering agricultural soil (Qiang et al.,
2023). Plastic MFs have several positive effects, for example, reducing
water evaporation from the soil, weed growth, and soil erosion. On the
other hand, a plastic MF can generate microplastics depending on
chemical composition, film type, aging in the field, and agricultural
practices performed such as tillage (Qi et al., 2023). Also, climatic and
environmental conditions, such as ultraviolet (UV) irradiation, tem-
perature of air and soil, and wind, can induce fragmentation of the
plastic material into smaller particles (Liu et al., 2023). Several authors
(Qiang et al., 2023; Kim et al., 2021; Serrano-Ruiz et al., 2021) reported
the presence of polyethylene (PE) microplastics in agricultural soil

causes plastic fragments and chemicals to accumulate year after year in
agricultural soils, compromising soil health, food security, and envi-
ronmental sustainability (Serrano-Ruiz et al., 2021; Fan et al., 2023).

Research centers and industries are being actively involved in the
development of biodegradable films for mulching applications to ach-
ieve behaviour, functionality, and agronomic performance like those of
conventional plastic films, while offering an option for farmers to avoid
dealing with the problem of waste from conventional MFs. To this aim,
biodegradable MFs have been developed, made of blends of natural
polymers (e.g., starch) and synthetic polyesters, which also contain a
range of additives to improve their properties.

Biodegradation in soil is generally assessed by laboratory respiro-
metric tests able to measure CO2 production at a constant temperature
between 20 °C and 28 °C, in accordance with the ASTM D 5988e18 or
ISO 17556 test methods (Tosin et al., 2020; Degli Innocenti et al., 2022;
Chinaglia et al., 2024). A mineralization percentage threshold of 90 %
(absolute or relative to the reference material) in a laboratory test period
of up to 24 months is considered an indicator of total biodegradation and
lack of remaining chemical residues (Tosin et al., 2020). However,
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laboratory tests are performed under constant moisture and temperature
conditions, while remarkable seasonal changes in soil temperature and
moisture characterize in-field conditions. Consequently, the standard
method adopted in the laboratory test does not fully guarantee the
reproduction of a real case of materials biodegradation (Griffin-LaHue
et al., 2022).

A suitable biodegradable MF in contact with soil should undergo a
biodegradation process that finally leads to its complete macroscopical
and microscopical disappearance, whereby, during such degradation, its
residues do not negatively affect soil health. However, biodegradable
MFs comprise a mix of chemicals, including fillers, additives, and
polymers, characterized by different biodegradability rate and extent.
As a result, residues of non- or slowly biodegradable substances could
persist in the soil (or be transported to water or atmosphere) at a micro
and nanoparticle scale or as low molecular weight compounds (e.g. in
the case of chemical additives with a longer persistence than the poly-
meric matrix) (Zhang et al., 2024). The effect of such residues and the
associated possible pollution derived from microplastics on soil remains
uncertain, and it is still largely unknown how these compounds interact
once broken down (Serrano-Ruiz et al., 2021; Huang et al., 2023).
Biodegradable mulches will undergo fragmentation, and fragment
accumulation may have some effects as found for PE (Zhang et al.,
2024). To overcome this literature gap, more studies are required to
assess in-situ degradation in different climate areas and over long tem-
poral periods. Since the degradation process is influenced by the char-
acteristics of soil, as well as the climatic and environmental conditions,
such as microbial community, temperature, and moisture content
(Sintim et al., 2020; Huang et al., 2023), there are several uncertainties
regarding the long-term impacts on human and plant-soil health, and
ecosystem multifunctionality in agroecosystems (Zhou et al., 2023;
Serrano-Ruiz et al., 2021; Huang et al., 2023).

Based on these considerations, the aim of this paper is to investigate
the fate of a biodegradable MF in agricultural soil by evaluating nature
and quantity of both macroscopic film residues and related microplastics
released from the film after burial through chemical-physical, structural,
and mechanical characterization. Pristine and artificially aged films,
which simulate the behaviour of the material during and after use,
respectively, were buried for 16 months in the field in Mediterranean
climate conditions. This investigation aims to gain insight into the
degradation over time of biodegradable films under real conditions,
providing new data useful to refine their formulation for safe use in
agriculture.

2. Materials and methods
2.1. Tested materials

A roll of a 0.015 mm-thick black biodegradable film for soil mulching
(coded as BIO-0) complying with the EN 17033 European standard was
purchased from a local supplier. To avoid any bias due to knowledge of
material and film composition, the authors decided to buy the film in a
blind way.

From BIO-0 film, specimens of 8.2 cm x 32.2 cm were cut and
artificially aged by thermal and UV-light irradiation. Aging was per-
formed by a Q Lab accelerated chamber equipped with UVA lamps with
a maximum emission at 340 nm. The irradiance at the wavelength peak
was set at 0.68 W/m?/nm at 60 °C. Film specimens were irradiated for
192 h (coded as BIO-A192), which corresponds to 850 MJm 2 of
exposure to solar radiation in an open field (Escobedo et al., 2009),
approximately 2 spring months in Southern Italy. Then, pristine and
irradiated film specimens were subjected to planned analyses and burial
tests.

BIO-0 and BIO-A192 were buried at the experimental field of the
University of Bari and withdrawn after different time intervals. Labo-
ratory tests were carried out on film specimens before burial in the
experimental field and at different burial time intervals.
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Solvents, tetrahydrofuran (THF) and chloroform (CHCl3), and 2-(4-
hydroxyphenylazo)benzoic acid (HABA) matrix for mass spectrometry
analysis, were purchased from Sigma Aldrich (Merck Spa, Milan, Italy).

2.2. Laboratory tests

2.2.1. Gel permeation chromatography

The molar masses (MMs) and their distribution were measured using
a Knauer AZURA® SEC Lab system in THF anhydrous solution at 40 °C
(>99.9 %, for gel permeation chromatography (GPC), stabilized with
250 ppm of butylated hydroxytoluene as inhibitor). The flow rate was
set at 0.6 mL/min using an AZURA P 6.1 L isocratic pump system with
four TSK gel Super columns in series (H2500, H3000, H4000, and
H5000, respectively), and an AZURA RID 2.1 L refractive index detector.
A volume of 50 pL of THF sample solution at a concentration of 2.0 mg/
mL was injected into the system using an AZURA AS 6.1 L autosampler.
Polystyrene standards were used to build up the calibration curve.

2.2.2. Mass spectrometry characterization

To identify the nature of the polymeric matrices constituting the MF,
Thermal Desorption (TD) or pyrolyzer/gas—chromatography Mass
Spectrometry (Py-GC-MS) and Matrix-Assisted Laser Desorption/Ioni-
zation Time-of-Flight MS (MALDI-TOF) analyses were performed. A
4800 MALDI TOF/TOF™ analyzer (Applied Biosystems, Framingham,
MA, USA) was used to acquire MALDI-TOF spectra. The instrument was
equipped with a Nd:YAG laser with 355 nm wavelength of <500 ps pulse
and 200 Hz repetition rate. MALDI-TOF mass spectra were recorded in
reflectron and positive ion mode. HABA (0.1 M in CHCl3/THF 20:80)
was used as a matrix. The MF was treated with CHCl3, and the soluble
polymer fraction was filtered and concentrated. Appropriate polymer
and matrix solution volumes were mixed to obtain 2:1, 1:1, and 1:2
ratios (sample/matrix v/v). 1 mL of each sample/matrix mixture was
spotted on the MALDI-TOF sample holder and slowly dried to allow
matrix crystallization. At least three separate film portions were
analyzed. The resolution of the MALDI-TOF spectra reported in the text
is about 7000-8000 FWHM, and the accuracy of mass determination
ranges from 19 to 30 ppm in the mass range of 1000-3000 Da.

TD, Py-GC-MS analyses were carried out on 0.1 mg of film sample.
Pyrolysis was performed in a Multi-Shot Pyrolyzer (EGA/PY-3030D,
Frontier Labs), connected to a GC system GC-2020 (Shimadzu Corpo-
ration), coupled with triple quadrupole MS detector and electronic
ionization (70 eV) Mass Detector TQ8040 (Shimadzu Corporation). The
GC instrument was equipped with Ultra Alloy® Metal Capillary Column
(Frontier Labs, stationary phase 5 % di-phenyl-methyl poly siloxane,
with an inner diameter of 250 pm, a film thickness of 0.25 pm and a
length of 30 m). Interfaces of Py-GC and GC-MS were kept at 300 °C and
250 °C, respectively. To simplify the chromatogram, three steps in
temperature were performed to analyze the sample. Specifically, the
analyses were carried out at 300 °C and 400 °C. The GC oven temper-
ature was held at 50 °C for 1 min, increased to 100 °C at 30 °C/min, then
held at 100 °C for 5 min, from 100 °C to 300 °C at 10 °C/min, and finally,
it was stabilized at 300 °C for 10 min. Helium was used as carrier gas at a
controlled flow of 1.78 mL/min. The split ratio was 1/50 of the total
flux. Blanks were performed before each measurement by placing an
empty crucible in the furnace and performing pyrolysis in the same
conditions mentioned above. Chemical structures were determined by
matching experimental spectra with those collected in the MS libraries
(NIST11.Lib.; NIST11s.Lib.; WILEY8.LIB).

Inductively coupled plasma mass spectrometry (ICP-MS). Film
samples were mineralized with an Anton-Paar Multiwave 3000 Micro-
wave digestion system in polytetrafluoroethylene vessels. Then, ac-
cording to EPA Method 3052, 3.5 mL of HNO3 and 1.5 mL of HoO; were
added to the digestion mixture. After that, the content of vessel was
diluted with 5 mL of water and filtered using Whatman 40 filters. An
aliquot of 1 mL, taken from the filtrate, was diluted to 50 mL and then
subjected to the ICP-MS analysis by using a Perkin Elmer ICP-MS model
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Nexion 300x (Perkin Elmer Inc. Waltham, MA, USA) device, according
to EPA Method 6020. The results were normalized with blanks of
mineralization (which includes filtration) and measurement, so the
values are reported in mg/kg. Each determination was performed three
times.

2.2.3. Thermal properties

Thermogravimetry (TG) measurements were performed using a
Perkin Elmer Pyris 1 thermo-balance (Perkin Elmer, Milan, Italy). An
amount of 4.5 + 0.5 mg of sample was placed in open crucibles and
heated from 25 °C to 650 °C at a 10 °C/min rate. The tests were per-
formed in an inert atmosphere with a 40 mL/min nitrogen flow rate.
Differential scanning calorimetry (DSC) on MFs was carried out by using
a Q2000 Ty, differential scanning calorimeter (TA Instrument, New
Castle, DE, USA), equipped with a Refrigerated Cooling System (RCS)
accessory for fast cooling. The calorimeter was calibrated in temperature
and energy using indium. Dry nitrogen was used as purge gas at a rate of
30 mL/min. DSC measurements of the film samples were performed in a
double heating run; the first one, from 20 °C to 200 °C, at 20 °C/min,
was followed by an isothermal step of 1 min and a cooling step from
200 °C to -80 °C at a rate of 20 °C/min. Afterward, an isothermal step of
1 min and, finally, a second heating ramp up to 250 °C at 20 °C/min
were performed.

2.2.4. Mechanical characterization

The tensile properties of the MFs were measured by an Instron series
4505 dynamometer at 23 + 1 °C and 50 % RH. The sample thickness was
measured using a digital micrometer (IP65 Mitutoyo, Kawasaki, Japan),
and the tensile data were reported as average value of three different
measurements. The tensile properties of the films were measured in
accordance with ISO 527-1:2019 standard test.

2.2.5. Morphological analysis: Scanning electron microscopy

Morphological analysis of the film surfaces was performed by means
of a Quanta 200 FEG scanning electron microscope (SEM) (FEI, Eind-
hoven, The Netherlands). Film surfaces were coated with a homoge-
neous layer (18 + 0.2 nm) of Au and Pd alloy by means of a sputtering
device (MED 020, Bal-Tec AG, Tucson, AZ, USA). The micrographs were
taken at room temperature, in high vacuum mode.

2.2.6. Film wettability: Water contact angle and swelling ratio tests

Before testing, the samples were subjected to different washing cy-
cles to eliminate the residues of soil firmly attached to their surface after
burial. The samples were repeatedly immersed in 20 mL of deionized
water, then blotted with absorbent paper, until no soil residues were
spotted on the paper. Before testing, the samples were then dried in an
oven at 40 °C for 24 h. Water contact angle (WCA) measurements were
performed by a First Ten Angstroms FTA1000 instrument (Portsmouth,
VA, USA), equipped with a high-resolution video camera (752 x 582
pixels, image acquisition speed of 25 frames per second), and the data
were analyzed by KRUSS software (RTA 32). The static WCA (60, deg)
was measured at room temperature by a sessile drop method by
dispensing 2 pL drops of distilled water onto the film surface using an
automatic pipette. The droplet was released from 0.5 cm above the
polymer surface to ensure consistency of the measurements. The WCA
was calculated immediately after droplet deposition as the angle be-
tween the baseline of the drop and the tangent. For each sample, 5 WCA
measurements were taken and averaged. The detections were performed
at a stabilized condition of 25 °C and 50 wt% relative humidity.

To calculate swelling, a square strip of MF sample (1 cm x 1 cm) was
weighed at zero time (m;) and immersed into 20 mL deionized water for
different times (0, 1, 2, 3, and 5 h). The residual water on the sample
surface was carefully wiped off, and the sample was then weighed (my).
The swelling ratio was calculated using the following equation:
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M*IOO 1

Swelling ratio (%) =
m
2.2.7. Radiometric characterization

Radiometric laboratory tests were performed on BIO-0 and BIO-A192
MFs before burial at the experimental field.

Spectral direct transmissivity of the films in the solar wavelength
range, from 200 nm to 2500 nm, was measured by a double beam UV-
VIS-NIR spectrophotometer (Lambda 950, Perkin Elmer Instruments,
Norwalk, CT, USA). Measurements were performed in steps of 10 nm
using radiation with a direct perpendicular incidence. Spectral total and
diffuse transmissivity and reflectivity were measured by means of an
integrating sphere (diameter 100 mm) used as receiver of the spectro-
photometer, with a double beam comparative method. The spectral
transmissivity and reflectivity in the long wave infra-red (LWIR) range,
between 2500 nm and 25,000 nm, were measured by a FT-IR spectro-
photometer (1760 X, Perkin Elmer Instruments, Norwalk, CT, USA) in
steps of 4 cm™L. Spectral transmissivity was measured using radiation
with a direct perpendicular incidence; reflectivity was measured at near
normal incidence (10°).

The transmissivity and reflectivity tests were performed on five
samples (40 mm x 40 mm) both in the solar and in the LWIR range. The
radiometric coefficients in the solar wavelength range (200-2500 nm)
and in the photosynthetically active radiation (PAR) range (400-700
nm) were calculated as the weighted average value of the spectral
transmissivity using the spectral distribution of the solar radiation at
ground level as a weighting function (Vox et al., 2005; Schettini and
Vox, 2012). The transmissivity coefficients in the LWIR range were
calculated as average values of the spectral transmissivity in the wave-
length range from 7500 nm to 12,500 nm.

2.3. Experimental design and location

The field test was carried out at the experimental farm of the Uni-
versity of Bari, in Valenzano (Bari, Southern Italy). Latitude, longitude,
and elevation of the site are 41° 01’ N, 16° 54’ E, and 124 m a.s.l.,
respectively. The area is characterized by a Mediterranean climate, mild
temperate with humid and hot summer, defined as Cfa by Koppen-Gei-
ger climate classification (Kottek et al., 2006). The soil has a sandy clay
loam texture (54.31 % sand, 17.62 % silt, and 28.07 % clay), charac-
terized by a pH in HO equal to 8.09, an organic carbon content equal to
17.52 g/kg of the fine earth (Table S1). The experimental field test
lasted 478 days, from June 7, 2022, to September 28, 2023.

The experimental area was a rectangle of about 80 m?, divided into
smaller rectangles each with dimensions of 0.50 m x 0.80 m (Fig. S1).
Each rectangle was identified with a capital letter indicating the line and
a number indicating the column. Inside each rectangle, three samples of
the same material were buried and identified with a lowercase letter.

Specimen preparation and burial were performed similarly for both
pristine and artificially aged materials.

Before the burial, each specimen was cut, labeled, and measured
(thickness, dimension, weight). Film specimens had a mean dimension
of 10 cm x 20 cm. Film thickness was measured using a micrometer. A
precision balance with a maximum capacity of 200 g and 0.001 g ac-
curacy (WTC 200 Precision Balance, RADWAG, Poland) was used to
weigh the specimens. For the thickness and the weight, 5 measurements
were performed, and the mean was reported. The BIO-0 and BIO-A192
specimens were characterized by mean weight and thickness of 0.341
g and 11.14 pm, and 0.343 g and 12.36 pm, respectively. After charac-
terization, digital images of each specimen were taken.

Data loggers and sensors were used to monitor climatic and soil
parameters in the field. Air temperature and relative humidity were
measured by HygroClip-S3 sensors (Rotronic, Zurich, Switzerland),
wind speed, and direction by means of a Wind Sentry anemometer
(model 03002, R.M. Young Company, USA). Solar radiation on the
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horizontal plane was measured by means of a pyranometer (model 8-48,
Eppley Laboratory, Newport, RI, USA). Rain was monitored over time
from the beginning of the test (ARIF, 2024). Soil temperature and water
content sensors were placed at three different field points 10 cm deep.
Soil temperature and water content were measured by means of RT-1
sensors (METER Group, Inc., Pullman, WA, USA) and ECH20 10HS
sensors (METER Group, Inc., Pullman, WA, USA), respectively. The
recording of the measurements started in June 2022 for the external
environmental parameters and in July 2022 for the soil parameters.
Measures were taken every 60 s, averaged every 15 min, and stored in
the data logger.

Monthly mean values of the external air temperature recorded dur-
ing the test period are summarized in Table S2. The period from June
2022 to September 2023 was characterized by monthly maximum
values of the external air temperature ranging from 18.7 °C (recorded in
February 2023) to 45.3 °C (recorded in July 2023) and by monthly
minimum values of external air temperature ranging from 0.9 °C
(recorded in February 2023) to 18.4 °C (recorded in August 2023).

Before starting the field test, laboratory analyses were carried out on
soil samples taken from different spots in the field. The soil properties
evaluated in June 2022 are shown in Table S1.

The burial operations took place on 7 June 2022, burying the spec-
imens 10 cm deep. Each specimen was embedded in a natural white
high-density PE net (mesh of 2.7 mm x 7 mm; thread diameter of 0.29
mm) and then buried in the soil. The net was needed to collect the MF
samples subjected to the burial tests. The selected net’s mesh did not
prevent organisms from passing through, allowing the MF to degrade
similarly without it. External labels were applied to identify the
specimens.

No plant cultivation was carried out during the test; weeds were cut
periodically with a brush cutter.

An automatic irrigation system was set up. Only during summertime
watering was planned for 90 min, at 2.00 am once a week. About 30 L
per square meter of water were provided.

The unearthing procedure for collecting both types of MF specimens
from the field was the following. Three specimens of both MFs were
collected from three different rectangles, randomly chosen in the field,
each located far from each other. During the retrieval operation, the 10
cm of soil covering the specimen was carefully removed by hand. Once
the above soil was removed, the film specimen was carefully taken. Even
if irrigation was stopped some days before collection, the soil could not
be completely dry, and specimens were dirty with soil. As the weeks
passed, small weed roots were sometimes found on the film specimens.
To remove soil from the specimens, each specimen was gently dusted
both with a breath of air and using an artist’s brush with soft bristles.
The specimens which were not too much degraded were carefully and
gently washed to remove the soil. The washing water was poured into
the soil at the point where the specimen was taken; thus, residues were
not dispersed but added to the soil. After washing, the specimens were
left to dry to be used for subsequent measurements and analyses.

The unearthed specimens were coded adding a number indicating
the days of burial in the field; for example, BIO-A192-241 refers to a
specimen that was artificially aged for 192 h and buried in the field for
241 days.

For accurate visual analysis of the degradation status of the collected
film specimens, photos and scanned images were taken. Photos were
taken in the field; color, grayscale, and black/white images for both
sides of each specimen were acquired by the scanner.

The availability of each specimen’s pictures before and after the
burial was useful for their comparison by performing digital image an-
alyses based on the pixel recognition technique. To this aim, the free
graphic software GIMP (GNU Image Manipulation Program,
https://www.gimp.org) was used. The surface of an A4 sheet was used
as a calibration area. Based on the pixel and the surface in cm? of the
calibration area, the specimen’s surface pixels were correlated to the
calibration area to obtain the specimen’s surface in cm? Then, the
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specimen areas before and after burial were compared; the procedure
was repeated for each specimen.

At the end of the experimental test, 478 days after the burial, soil
samples (coded as SOIL-BIO-0 and SOIL-BIO-A192) were taken to
evaluate the presence of microplastics due to the burial of the materials.
An approximately 5 cm thick soil layer underneath the MF was taken as
a soil sample, weighing about 1000 g. In an area without buried speci-
mens, at a depth of 10 cm, a layer about 5 cm thick of soil was taken as
control and coded as SOIL-0.

2.4. Characterization of the microplastics released from MF to soil and
the MF degradation products in soil

Extraction of microplastics for qualitative analysis. In order to
isolate microplastics, possibly released from MF to soil, 50 g of soil, for
each sample, was mixed with 25 mL of canola oil and 375 mL of distilled
water in glass-necked flasks equipped with removable glass caps. The
flasks were capped and vigorously shaken to homogenize the sample.
After that, they were left to stand for 24 h to settle. Shaking and sedi-
mentation were repeated three times to allow the oil to intimately
contact the soil and plastic particles present in the soil sample. The oil
phase was removed and filtered through an 8 pm pore-size cellulose
nitrate filter (Sartorius Stedim Biotech, Gottingen, Germany). Addi-
tionally, ethanol (96 %) and hot water were used to clean the filter
during filtration to remove oil traces. To recover microparticles from
filter surfaces, filters were immersed in 10 mL of distilled water and
sonicated using an ultrasonic bath at 40 kHz for 30 min. The obtained
dispersions were filtered through a 5 pm pore-size silicon filter (Mak-
roPor, Thermo Fisher Scientific). Finally, filters were washed with
ethanol and dried at room temperature for 24 h.

Chemical identification. Silicon filters were analyzed using a
Fourier transform infra-red (FTIR) micro spectrometer Nicolet iMX10
(Thermo Fisher Scientific). FTIR spectra were acquired using 64 scans
and 4 cm™! resolution in the range 4000-650 cm ™' using an aperture
size of 50 pm x 50 pm.

Quantification of the MF degradation products in soil. For the
quantitative analysis of MF residues in soil, the latter was subject to
solvent extraction to dissolve the MF degradation products released
upon burial. To this aim, 200 g of soil was mixed with 300 mL of CHCl3
and stirred overnight with an orbital shaker at room temperature at 300
rpm. The solution was recovered and concentrated by vacuum distilla-
tion with a rotary evaporator, until a volume of 4 mL. Then, TG was used
to further concentrate it using the Perkin Elmer Pyris 1 analyzer. To this
purpose, 100 pL of each solution was placed in a platinum open pan, and
high-purity nitrogen was fluxed through the furnace at a flow rate of 40
mL/min at 70 °C for about 20 min to remove the solvent. After weight
equilibration, the sample was then heated from 70 °C to 650 °C at 10 °C/
min. FTIR analysis was performed on the dissolved components after
casting the solutions on KBr disks. For comparison, a known amount of
BIO-0 and BIO-A192 was dissolved in 4 mL of CHCl; and analyzed by
TGA and FTIR using the same procedure.

2.5. Statistical analysis

One-way ANOVA test was performed using OriginPro 8.5 software,
to assess significant differences (significance level p < 0.05) in mean
values of buried films (both pristine and artificially aged samples).

2.6. Quality control and assurance

In field, attention was paid to the clothes and gloves worn, which
were in cotton. Only the boots were made of plastic. Field equipment
was washed with water and hexane/acetone to remove plastic residues
or additive contamination. To prevent contamination in laboratory,
cotton lab coats and nitrile gloves were worn during handling samples.
All the work surfaces and apparatus were cleaned with distilled water
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and/or appropriate solvent before usage. Glass containers and beakers
were rinsed with distilled water and fluxed with compressed air. The
samples were covered with aluminum foil or closed in glass containers
during stirring, decantation and filtration steps. During the microscop-
ical observation and FTIR analyses, cotton lab coats and nitrile gloves
were worn.

3. Results and discussion
3.1. Characterization of the pristine mulching film

3.1.1. Radiometric properties

Table S3 shows the radiometric coefficients obtained from the lab-
oratory tests. To reduce weed growth, a black MF must be opaque to PAR
radiation, i.e., it must have a very low PAR transmissivity coefficient
(Malinconico et al., 2008; Vox and Schettini, 2007). BIO-0 showed a
very low PAR transmissivity coefficient equal to 0.12 %. MFs charac-
terized by a low LWIR transmissivity coefficient have a high capacity to
reduce LWIR losses from the mulched soil (Vox et al., 2005). The lower
the LWIR transmissivity coefficient of the MF, the higher the soil tem-
perature under the MF. BIO-0 film showed a rather low LWIR trans-
missivity coefficient equal to 15.87 %.
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3.1.2. Chemical characterization

The samples were characterized by mass spectrometry (MALDI-TOF,
Py-GC-MS, and ICP-MS) and thermal analysis (TG and DSC) to deter-
mine the polymeric nature and inorganic matter content. In addition,
the MMs and their distribution were also assessed to evaluate the extent
of chain cleavage during sample irradiation.

To determine the identity of the polymeric part of the MF, the latter
was extracted with CHCl3 and analyzed by MALDI-TOF. As shown in
Fig. §2, the MALDI-TOF spectrum of BIO-0 revealed the presence of the
poly(butylene-adipate-co-terephtalate) (PBAT) copolyester. The mass
peaks belong to sodium adducts of cyclic copolymeric species and
oligomers with acid/alcoholic end groups. Their structure, co-monomer
ratio (A/T), and mass/charge (m/z) are reported in Table S4. It is worth
noticing that MALDI-TOF detects preferentially macromolecules at low
mass range when applied to polydisperse polymers (Montaudo et al.,
2004; Montaudo et al., 2005). Thus, these assignments are related to the
PBAT oligomers within the polymeric bulk. Nevertheless, as reported
below, relevant information can be achieved by recognizing polymeric
structure, especially compared to aged samples.

To gather further information on the material composition, TD and
Py-GC-MS analyses were performed at different temperatures, allowing
the identification of both additives and polymeric pyrolysis products
(Fig. 1a and Fig. S3). Table 1 reports the degradation products identified
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Fig. 1. a) TD-GC-MS of: BIO-0 sample (blue profile), BIO-0-353 (orange profile) and BIO-A192-353 (green profile) collected at 300 °C. b) TG curves of BIO-0 and
BIO-A192, neat and after 42, 196 and 478 days of burial. ¢) DSC thermograms of the second heating scan of BIO-0, BIO-A192, BIO-0-478, and BIO-A192-478. Change
in: d) melting enthalpies and temperatures of the PBAT fraction, e) tensile strength (TS), and f) elongation at break (EB), of BIO-0 and BIO-A192 upon soil burial.
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Table 1
BIO-0 pyrolysis products identified at 300 °C and 400 °C by TD and Py-GC-MS.

TD-GC-MS
Temperature
[°cl

Compound Formula RT Mw

3,6-Dimethyl-1,4-dioxane-2,5-
dione (meso-form) (polymer
thermal degradation
product_PLA)
3,6-Dimethyl-1,4-dioxane-2,5-
dione (DL-form)
(polymer thermal degradation
product PLA)
Levoglucosan
(degradation compound of
300 starch)
1,6-Dioxacyclododecane-7,12-
dione
(Adipic thermal degradation
product)
1-Propene-1,2,3-tricarboxylic
acid, tributyl ester
(hydrolysis product of Tributyl
acetyl citrate)
Tributyl acetyl citrate
(plasticizer)
THF C4HgO 2.0 72.11
Adipic ketone CsHgO 4.2 84.12
1,6-Dioxacyclododecane-7,12-
dione
(polymer thermal degradation
product)
Adipic acid, dicyclobutyl ester
(polymer thermal degradation
product)
Monobut-3-enyl phthalate
(polymer thermal degradation
product)
Terephthalic acid, di(but-2-enyl)
ester
Terephthalic degradation product
(polymer thermal degradation 27.2
product)
Adipic degradation product
(polymer thermal degradation 32.3
product)
Adipic degradation product 333
Terephthalic degradation product
(polymer thermal degradation 37.0
product)

CeHgO4 9.8 144.13

CeHgO4 10.8  144.13

CeH1o0s  17.2  162.14

CioH160s 183  200.23

CigH3006 25.3 34242

CyoH3408  26.2  402.48

CioH1604 183  200.23

C14H2204 207  254.32

Ci2H1204 218 220.22

400

Ci6H1804 24.0 27431

at 300 °C and 400 °C.

At 300 °C, several peaks deriving from the thermal degradation of
PBAT were present (Fig. 1a). Specifically, the peak at retention time
(RT) equal to 18 min was assigned to 1,6-dioxacyclododecane-7,12-
dione formed by the degradation of the butylene adipate chains (De
Falco et al., 2023). The peak at RT 26.2 min was assigned to tributyl
acetyl citrate used as a biodegradable plasticizer (Table 1). At 400 °C,
the chromatogram showed peaks mostly deriving from the decomposi-
tion of the butylene terephthalic chains of PBAT copolymer, further
corroborating MALDI-TOF data (Fig. S$3).

Interestingly, in addition to the presence of PBAT, signals deriving
from the degradation of polylactic acid (PLA) at RT of 9.8 and 10.8 min
were unambiguously detected (Fig. 1a). The lack of such information in
MALDI-TOF often occurs for PLA-based blends (Puglisi et al., 2023),
since the MALDI-TOF process suffers from polymer preferential
desorption depending on the blend formulation. As it turns out, Py-
GC-MS resulted more suitable for the whole qualitative characterization
of such polymer blends. Finally, a broad peak ranging from 15 to 16.5
min was assigned to levoglucosan (Table 1). The latter indicated the
presence of starch within the material formulation (Zhang et al., 2013;
Yu et al., 2019).
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The BIO-0 MF was then subjected to acid digestion, and ICP-MS
analysis was performed to identify and quantify the metal ions con-
tent. As it is noticed from Table S5, about 8000 mg/kg of Ca were found,
likely due to the presence of CaCOs3 used as filler. The sample did not
contain relevant content of toxic metal ions, whereas 101 mg/kg of Zn
was present. The latter might derive from the phenylphosphonic acid
zinc salt, used for manufacturing plastic products due to its ability to
improve crystallization, mechanical properties, and biodegradation in
various polymers (Wang et al., 2020).

Thermal characterization of BIO-0 was carried out by means of TG
and DSC. Fig. 1b presents the TG thermograms, while Fig. S4 shows the
corresponding differential thermograms (DTG). Furthermore, the ther-
mal parameters calculated from the curves are reported in Table S6. The
TG and DTG curve analysis of BIO-0 revealed four steps of degradation,
consistent with the findings reported by other researchers (Villegas
et al., 2023; Venkatesan and Rajeswari, 2016). From these data, initial
degradation temperature (temperature at 10 % weight loss, T1g),
weight loss (WL) and temperature of the maximum decomposition rate
of the observed degradation steps (Tmax), and the percent residue at
650 °C (Chargsp) were calculated (Table S6). The first step occurred
between 280 and 340 °C (Tmax1 = 324 °C), with an associated WL of
approximately 17 %, and is typically associated to the decomposition of
glucose rings in amylose and amylopectin, which are the components of
the starch macromolecules. The second step, with a T2 at 400 °C,
corresponds to the degradation of the PLA and the PBAT fractions, the
latter mainly involving the PBAT aliphatic portion. This step accounted
for about 53 % of WL. Two further minor degradation peaks at 470 °C
and 570 °C were also noted (about 14 % WL), which probably represent
the volatilization of the residues of aromatic co-polyester units (Pavon
et al., 2020). Finally, a residue of 14 % was noted, which accounted for
the presence of PBAT char, as well as carbon black and inorganic fillers
in the MF. Considering that the PBAT residue under nitrogen is typically
between 6 and 10 % (Xiang et al., 2019; Pavon et al., 2020), the amount
of carbon black and inorganics in the pristine MF could be roughly
estimated as 6-8 %.

The second heating scan of the DSC thermogram of the MFs is dis-
played in Fig. 1c, while the relevant thermal parameters calculated are
listed in Table S7. The first thermal event visible on the heating curve at
around —33 °C was the glass transition of PBAT. In addition, a thermal
transition at 55 °C was noted, likely due to the glass transition tem-
perature of PLA (Villegas et al., 2023; Aldas et al., 2020a). Finally, two
groups of melting peaks were noticed: a major one at about 120 °C,
corresponding to the melting of PBAT fraction, and a small one at
around 150 °C, where the melting of PLA or thermoplastic starch takes
place. The enthalpy of fusion associated with the PBAT fraction was
15.6 J/g. From the literature, the melting enthalpy (AH;,) of PBAT is
reported to be 21-23 J/g (Xiao et al., 2009; Pavon et al., 2020); there-
fore, DSC further confirmed that the amount of PBAT in the MF was
about 70 %.

3.2. Characterization of artificially aged mulch film

3.2.1. Radiometric properties

The radiometric coefficients obtained from the laboratory tests are
shown in Table S3. The artificially aged (BIO-A192) black MF showed a
very low PAR transmissivity coefficient equal to 0.01 %, which was
lower than that of the BIO-0 film (0.12 %). Therefore, artificial aging
decreased the transmissivity properties in the PAR range, improving the
ability of the film to reduce weed growth. The BIO-A192 film showed a
LWIR transmissivity coefficient of 16.55 %, close to the value recorded
by the BIO-0 film (15.87 %); artificial aging left the film properties in the
LWIR range basically unchanged.

3.2.2. Chemical characterization
The degradation of the photo-aged sample BIO-A192 was first
monitored by measuring the change in MM values. The sample was
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treated with CHCl3, and the soluble part was subjected to GPC analysis.
In Fig. S5 and Table S8, the collected MMs values are reported. Even
after 192 h of UV exposure, molecular weight (M,) of BIO-A192
decreased by only 3 % if compared to the pristine sample BIO-0. This
is reasonable because of the presence of stabilizing additives and carbon
black that protect the polymer from UV radiation during photoaging. In
addition, the presence of PLA confers high photo-durability to the MF
polymeric part.

The MALDI-TOF spectrum recorded for the sample BIO-A192 is re-
ported in Fig. S6. The peaks assigned (Table S4) belong to oligomers
with a copolymer ratio A/T similar to the original sample. Furthermore,
new peaks at a low intensity denote the initial occurrence of photo-
oxidation processes. Photo-oxidation products identified for BIO-A192
are reported in Table S4 and coloured in violet in the associated
spectra (Fig. S6b). Despite the complexity due to the utmost heteroge-
neity of the systems and the formation of isobaric structures, the new
peaks can be assigned to species derived from aH-abstraction and Nor-
rish reactions. Specifically, oligomers containing phenoxy acid were
recognized as terminal groups (m/z 1449.5253 and 1469.4403). In
addition, some unassigned peaks (m/z at 1454.0854, 1512.1266, and
1528.1050) with even masses were noted, suggesting the presence of
nitrogen within the chains. This can be reasonable due to the use of an
anti-hydrolytic agent such as carbodiimide that reacts with the car-
boxylic end group, inserting new functionalities (Qiao et al., 2021;
Rizzarelli and Carroccio, 2009; Carroccio et al., 2004).

The accelerated aging in the climatic chamber caused some changes
also in the TG and DTG curves of the MFs (Fig. 1b, Fig. $4, and
Table S6). Indeed, Tyax1 and Tpyaxe decreased to 305 °C and 390 °C,
respectively, suggesting that photo-oxidation caused the thermal sta-
bility of starch and PBAT to be reduced. This also affected the final
residue at 650 °C, which decreased to 10 %, compared with 14 % of the
pristine sample. No significant differences were noticed from the DSC
curve. However, a slight decrease in AHy, (14.2 J/g) was observed, likely
due to the cleavage and crosslinking of polymer chains, which could
hinder their rearrangement and crystallization (Mistretta et al., 2020;
Kijchavengkul et al., 2008).

Regarding the effect of accelerated weathering on the mechanical
properties of BIO-0, Fig. 1 displays the change in tensile stress (TS)
(Fig. 1e) and strain (EB) (Fig. 1f) of the film. It is noticed that photo-
oxidation dramatically affected the mechanical performance of the
film. EB dropped by about 55 %, whereas the TS decreased by >70 %.
This behaviour can be due to the complex composition of the MF. As
already reported, the starch fraction is mainly influenced by photo-
oxidation, which causes significant chain scission (Bajer et al., 2013;
Touchaleaume et al., 2018), resulting in a remarkable impact on the
mechanical strength of the film. On the other hand, irradiation can also
favor crosslinking of the PBAT fraction, thereby decreasing the material
ductility (Mistretta et al., 2020; Kijchavengkul et al., 2008).

3.3. Degradation in soil

3.3.1. Climatic parameters of the experimental site

The degradation process of the buried material is influenced by many
parameters, including external air temperature and soil temperature
variations, water content, solar radiation, rainfall, and soil microbial
community composition and activity.

The mean, minimum, and maximum values of external air temper-
ature from the start of the experiment are reported in Fig. S7. The
maximum air temperature recorded in the field was achieved at the final
phase of the experiment and experienced only by the last collected
specimens. The lowest temperature occurred after the fifth sampling
and, therefore, affected only the specimens of the last three samplings.

Soil temperature and water content values recorded during the test
are reported in Table S9. The monthly maximum values of soil tem-
perature ranged from 13.1 °C (recorded during January 2023) to 35.9 °C
(recorded during July 2022) and the monthly minimum values of soil
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temperature ranged from 4.8 °C (recorded during February 2023) to
22.9 °C (recorded during July 2023). The mean, minimum, and
maximum values of soil temperature from the burial to each sampling
day are reported in Fig. S8. Similarly, the maximum soil temperature
occurred when all the specimens were still buried, while the minimum
soil temperature was experienced only by the specimens collected dur-
ing the last three samplings. Concerning the soil water content, the
highest maximum and mean values (37.2 % and 33.7 %, respectively)
were recorded in May 2023. This is due to the high rainfall of the period;
in particular, May 2023 was the rainiest month (132.4 mm of rain)
during the test. The lowest values of soil water content were recorded
during the first months of the test, with July 2022 having the lowest
minimum, maximum, and mean values ever.

Fig. S9 shows the rainfall measured during the test. Overall, 790 mm
of rain fell during the test period of 16 months, from June 2022 to
September 2023. ISTAT (2024) reported an average value of the total
annual precipitation in this area of 570 mm from 2006 to 2015 and 535
mm from 1981 to 2010. Considering the quantity of rain between
samplings, the driest period was between the first and the second sam-
pling, with a mean of 0.78 mm of rain per day. The rainiest period was
between the sixth and the seventh sampling (3.35 mm per day).

The solar radiative energy at the experimental field is shown in
Fig. $10. The total radiation was 8049.03 MJ m~2 in the test period,
with a mean of 16.84 MJ m~2 per day. The maximum was measured
between the burial and the first sampling (26.10 MJ m~2 per day), while
the minimum was between the fourth and the fifth samplings (6.75 MJ
m~2 per day).

3.3.2. Characterization of the buried mulching films

3.3.2.1. Structural characterization. The test ended after 478 days, on 28
September 2023. The pristine and artificially aged materials underwent
a visible degradation process in the soil, as shown in Fig. 2. The surface
area of each sample clearly presented gaps that increased in size over
time for both pristine and artificially aged MFs (Fig. 2a). The average
surface loss (%) (mean of 3 replicates) increased in both cases as shown
in Fig. 2b. For the pristine material, after 42 days of burial, the surface
loss was 1.30 % (2.51 cmz), reaching 56.70 % (116.0 crnz) on the last
sampling. Concerning the artificially aged material, after 42 days of
burial, an average surface loss of 4.55 % (9.1 cm?) was observed, while it
reached 65.90 % (132.9 cm?) at the end of the experiment.

The GPC measurements showed no remarkable differences in MMs
values of the copolyesters fraction during degradation (Table S8). The
residual polyester portion of both pristine and artificially aged films
appeared not to be significantly affected upon burial in terms of polymer
chain cleavage. However, it is worth noting that more reliable GPC
measurements would require an absolute detection method, especially
for copolymeric blends.

Considering the relatively fast deterioration of the films after 42 days
(Fig. 2), it was hypothesized that the degradation of starch played a key
role in this initial phase of the biodegradation process, while PLA and
PBAT components degraded slower than the carbohydrate part. TD-
GC-MS analysis corroborated this hypothesis. Indeed, the depletion of
the signal belonging to levoglucosan was observed after burial, with its
quasi-total disappearance from the chromatographic profile of the
sample BIO-A192-353 (Fig. la). As reported, artificial aging by UV
irradiation decreased the degree of crystallinity and M,, of corn, waxy
corn, and wheat starches (Bajer et al., 2013; Touchaleaume et al., 2018).
Within the same chromatographic profile, an opposite trend for the peak
corresponding to PBAT degradation product 1,6-Dioxacyclododecane-
7,12-dione (RT = 18.3 min) was recorded. Moving from BIO-0 to BIO-
0-353, as the starch signal dropped down, the PBAT signal increased
(Fig. 1a). The 3,6-dimethyl-1,4-dioxane-2,5-dione signals deriving from
PLA thermal decomposition were not significantly affected and were still
present at the end of the trial (RT = 9.8 min). In contrast, the peaks
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Fig. 2. a) Degradation in the soil of the pristine and artificially aged biodegradable MF specimens: comparison between the same specimen before burial (magenta
surface) and after the period in the soil (black surface); b) Surface loss, as percentage difference of areas over burial time, for both the pristine and artificially aged

specimens; asterisks indicate significantly different values (p < 0.05).

assigned to the plasticizer tributyl acetyl citrate at 25.3 and 26.2 min
completely disappeared from the chromatographic profiles of BIO-0-353
and BIO-A192-353. This finding indicated that after 353 days, the
organic part of the residual artificially aged film, consisting of fragments
ranging from 1.9 to 4.3 mm, is mainly composed by PBAT and PLA.
MALDI-TOF measurements performed on BIO samples provided
detailed information at the molecular level on the structural changes in
the polymer fraction at the lower MMs range. In Fig. S11, the enlarge-
ment of MALDI-TOF spectra of BIO-O (Fig. S1la) and BIO-0-353
(Fig. S11b) in the m/z 1400-1550 mass range is observed. As visible
in the spectrum of BIO-0-353, a shift in the adipate-to-terephthalate (A/
T) ratio towards higher terephthalic contents is revealed (Fig. S11b).
Indeed, the peak at m/z 1443.6494, belonging to oligomers rich in
adipate (6 A/1 T), was clearly detectable in the mass spectrum of the
pristine BIO-0 (Fig. S11a), while this peak had a very scarce intensity in
the spectrum of the specimens that have been buried (Fig. S11b).
Conversely, in BIO-0 the intensity of the peak at m/z 1543.5586 (ratio 1

A/6 T) was weak, becoming more abundant in BIO-0-353.

These data clearly suggest that although not detectable by tech-
niques such as TD, Py-GC-MS, and GPC, the PBAT composition of buried
samples was altered at the molecular level at this stage of burial expo-
sure. Specifically, biodegradation of the aliphatic part (butylene adipate
units) within the macromolecular chains was promoted, thus enriching
the aromatic content of the film residues remaining in the soil. This data
was better emphasized by plotting the relative abundance of the peak at
m/z 1443.6494 (Fig. S12). It was also observed that in BIO-A192-353
the selected peak presented a relative abundance higher than the pris-
tine (BIO-0-353). This behaviour might suggest a reduction of the
biodegradation rate in photo-exposed samples induced by the formation
of new terminal groups less prone to degrade.

3.3.2.2. Thermal properties. Burial did not change significantly Tpax1 of
BIO-0 (Table S6), however, WL associated to the relative degradation
step significantly decreased for BIO-0-196 and BIO-0-478, to 10 and 8 %,
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respectively, indicating that >50 % of starch had biodegraded or was
released in the soil (Fig. 1b, Table S6, Fig. S4). Similarly, WL at the end
of the second degradation step (70 %) was almost unchanged after 42
days of burial, then was found to be 47 % and 36 % after 196 and 478
days of burial due to the degradation of the PBAT phase. Finally, the
char amount at 650 °C significantly changed, reaching a value of 53 %
for the sample buried for the longest time, confirming that about 50 % of
the weight of the organic fraction of the MF was removed from the
buried sample.

The artificial aging affected the behaviour of the MF during burial.
Indeed, the initially rapid WL step associated with starch degradation
tended to vanish already after 42 days of burial, and completely dis-
appeared in BIO-A192-478 (Table S6), corroborating the evidence from
TD-GC-MS about the faster release of starch from the artificially aged
film compared to the pristine sample. The WL at day 42 of the experi-
ment was in fact about 60 %, confirming faster degradation in soil with
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respect to BIO-0. Rather interestingly, this value did not change after
196 days, and even the char value was remarkably lower (24 %)
compared to BIO-0 at the same time (40 %), indicating that at longer
burial times, the degradation trend of BIO-A192 was slower.
Altogether, this evidence suggests that photo-oxidation could play a
dual role. On the one hand, it facilitated the cleavage of the starch
chains, accelerating their uptake in the soil. On the other hand, it could
cause crosslinking of the macromolecules, particularly the PBAT phase,
leading to a retardation of its degradation. Indeed, the char values of the
two samples tended to converge only after 478 days. Fig. 1d summarizes
the changes in melting enthalpies and temperatures associated with the
peak related to the PBAT phase, which was the most abundant, upon the
burial of the MF. As shown, for both BIO-0 and BIO-A192, AH,,
decreased with increasing burial times. In particular, AHy, of BIO-
0 rapidly decreased by about 25 % after 241 days, due to the degrada-
tion of the PBAT phase, and finally by 35 % after 478 days. Considering
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that about 6-8 wt% of the MF was represented by inorganics, including
binders, CaCO3, and carbon black, and supposing that the ability of
PBAT to crystallize did not change upon burial, it can be stated that
around 40 % of the initial PBAT was released in the soil. This figure is
approximate due to the presence of soil particles firmly attached to the
film surface and to the fact that the starch fraction contained in the MF
degraded faster than PBAT. The enthalpy changes observed in the case
of BIO-A192 were slower (about 10 % after 241 days), since the photo-
oxidization process facilitated the release of starch, thereby increasing
the relative amount of PBAT in the sample recovered from the soil.
However, after a longer time, e.g. 241 days, degradation of PBAT
occurred, and the reduced AH, values of the two samples tended to
converge. Finally, no significant changes in melting temperature values
were observed, even for long burial times, confirming that the PBAT
fraction remaining in the MFs maintained its structural integrity, even
after 478 days.

3.3.2.3. Scanning Electron Microscopy. Morphological analysis was
performed by SEM observation of the film surfaces. Both pristine and
artificially aged samples buried for different periods in soil were
examined, to evaluate the effect of artificial photo-oxidation and burial
on the morphological features of the MF surface (Fig. 3). Both BIO-
0 (Fig. 3a) and BIO-A192 (Fig. 3b) showed a homogeneously rough
surface, featuring many particles with sizes in a 2-10 mm range evenly
distributed throughout the film surface. The latter were likely due to
starch granules, carbon black, and inorganic fillers (mainly calcium
carbonate) introduced to improve the properties of the blend between
PBAT and thermoplastic starch (Lackner et al., 2021). No significant
effects were ascribed to the photo-oxidative aging, as before burial BIO-
A192 showed a morphology comparable to that of the pristine sample
BIO-0. During the field test (upon burial), formation of cracks and
tearing of the film surfaces were observed, indicating the progressive
loss of integrity of the material. Already after 42 days of burial, both
pristine and photo-oxidized samples exhibited the formation of large
cracks and voids due to the removal of particles from the surface. The
comparison of BIO-0-42 (Fig. 3c) and BIO-A192-42 (Fig. 3d) high-
lighted the pro-degradative effect of artificial aging, as the latter showed
a higher number of cavities and larger cracks. As already reported by
several authors (Malinconico et al., 2008) who studied the field-aging of
starch-based MFs, the disappearance of starch granules is the first step in
the degradation process of polyester-starch blends. These starch gran-
ules were initially regularly distributed within the synthetic polymeric
matrix, and their release and consumption by hydrolytic processes and
soil microorganisms resulted in the formation of defects at the surface of
the PBAT/starch film. As a matter of fact, the biodegradation process is
favoured by swelling due to water absorption of the hydrophilic starch
fraction. This surface deterioration is considered the first step of the
biodegradation mechanism, which modifies the mechanical, physical,
and chemical properties of the material (Lucas et al., 2008).

It was noticed that the polymer matrix surrounding these granules
degraded slower, however the formation of cracks confirmed that the
PBAT component was also involved in the film degradation. At longer
burial times (Fig. S13), the film surface exhibited massive colonization
by soil microorganisms, which could further accelerate polymer
biodegradation by metabolic or enzymatic action (Agustin-Salazar et al.,
2022). Indeed, BIO-0-353 (Fig. 3e) showed a massively eroded polymer
surface since, underneath the soil residues and the biofilm developed
upon burial, the visible cracks were larger and more numerous, ac-
counting for the progressive removal of a significant fraction of the
former surface. Similar features were also observed for BIO-A192-353,
where degradation even caused the formation of macroscopic holes
(Fig. 3f). However, rather surprisingly, several regions of this sample
exhibited a more homogeneous surface, with a lower number of
remarkable erosion features and an appearance comparable to that of
the samples retrieved from the soil after shorter time periods. This
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apparently odd outcome can be related to the impact of accelerated
weathering, which induces both main chain scission of starch and PBAT,
as well as crosslinking of the PBAT fraction (Kijchavengkul et al.,
2010a). In particular, as demonstrated by GC-MS analysis, photo-
oxidation of BIO-0 induced massive chain scission of starch, causing
its faster removal from the MF upon burial (La Mantia et al., 2020). Since
starch facilitates film degradation by favouring humidity absorption,
microorganism attachment, and micro-cracking, this entails that at
longer burial times, the composition of the BIO-A192 films was pro-
gressively enriched in a partially crosslinked PBAT fraction, richer in
aromatic moieties, which degraded slower and was less prone to the
microbial attachment.

3.3.2.4. Water Contact Angle and swelling ratio. WCA measurements
were performed on buried samples at different times to assess the
possible changes in hydrophilicity of the surface of BIO-0 and BIO-A192
films. The tests were carried out up to 196 days of burial (Fig. 3g), since
the surface of the samples retrieved at longer times was heavily
degraded, to the point that those specimens immediately absorbed the
water drop preventing the measurement. From Fig. 3g, it is noted that
for BIO-0, the WCA value constantly decreased with the soil burial time,
from an initial 78° to 32° after 196 days. That is, soil burial favoured the
wettability of the films, due to the hydrolysis of the substrate with the
consequent formation of polar functional groups (La Mantia et al., 2020;
Aldas et al., 2020b). Photodegradation during artificial aging induced a
dramatic decrease of WCA (45° for BIO-A192), which is related to the
chain scission-induced formation of carbonyl and hydroxyl groups.
Interestingly, in the latter case the WCA values did not vary significantly
with increasing burial times. Indeed, the relative increase of PBAT
content in the film due to the faster mineralization of the polar starch
fraction counterbalanced the rise in wettability observed in the buried
BIO-0 samples.

A more detailed insight into the degradative behaviour of buried
BIO-0 and BIO-A192 films was provided by the evaluation of their
swelling in water. Generally, water resistance determines the swelling
property of materials. It is closely related to the interactions (i.e.,
hydrogen bonding, covalent bonding, and ionic bonding) between the
molecule chains and water (Chen et al., 2021). Upon burial, a trend to
increased water absorption is generally expected, however in a complex
matrix such as a MF, swelling ratio variations reflect the occurrence of
specific changes in the film structure. In Fig. 3h, the average values of
the swelling ratio of the two samples are reported as a function of the
burial time. As regards BIO-0, a value of about 5 % weight gain was
recorded before burial (Mostafa and Sourell, 2009). Upon burial, hy-
drolytic reactions took place, resulting in the formation of hydroxyl and
carboxyl groups, which favoured water absorption, and attained a value
of 21 % after 98 days. At the same time, starch chains, which were
cleaved faster than PBAT, were progressively released from the matrix,
causing the swelling ratio to drop until a minimum of 4.4 % attained
after 196 days. From here onward, the combined hydrolytic/biotic
degradation of the PBAT phase proceeded, associated with a significant
increase of water absorption due to the formation of hydrophilic olig-
omer species (16.5 % after 353 days). In comparison, BIO-A192 showed
faster variations in swelling ratios. Before burial, a value of 6.3 % was
recorded due to the photo-oxidative chain scission. This pretreatment
strongly favoured moisture absorption of the buried film, which showed
a maximum value of about 22 % after 42 days of burial. The high-water
uptake further accelerated the release of the degraded starch chains, so
that the film reached the minimum swelling ratio of 4.4 % already after
98 days (compared with 196 days of pristine BIO-0). Subsequently,
degradation of PBAT took place, and swelling values increased, yet to a
lower extent compared to BIO-0, owing to the lower content of starch
remaining in the MF.

3.3.2.5. Mechanical characterization: tensile tests. EB and TS of BIO-
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0 and BIO-A192 films periodically removed from the experimental field
up to 274 days of burial are reported in Fig. 1e, f. It was not possible to
perform tensile tests for the samples buried for longer times as these
specimens were too brittle and failed after recovery from the soil. Both
samples displayed a dramatic decrease in ductility upon burial. For BIO-
0, EB decreased from 150 % to 7 % after 42 days, and it remained rather
constant, around 10 % until 274 days of burial. Lower values were
measured for BIO-A192, with EB averaging 2.5 % between day 42 and
day 274. Moreover, the samples failed prematurely compared to BIO-0,
and mechanical characterization could be carried out until 196 days of
burial. Interestingly, buried BIO-A192 retained the original value of TS
for a longer time than BIO-0. This evidence can be related to the
crosslinking of PBAT triggered by the UV irradiation which allowed BIO-
A192 to keep its mechanical properties to a certain extent even after
prolonged burial.

3.3.3. Microplastics isolation and identification in the soil

Besides the characterization of the macroscopic film residues
remaining in the soil after burial, the microplastics fraction contained in
the soil was also characterized, to get information on the possible
changes occurred in structure and composition of the material released
in the soil upon burial. To isolate microplastics from soils, the oil-based
separation approach applied by Crichton et al. (2017) was used. With
this approach, microplastics are extracted in the oil phase due to their
lipophilic properties. In general, the oleo-extraction has been proven to
be efficient, replicable, and accurate for several environmental matrices
(Corami et al., 2021; Rosso et al., 2023). In particular, microplastic
separation using canola oil has been reported to be an optimal method to
recover microplastics of different compositions (Radford et al., 2021).
The canola oil separation approach, the double filtration procedure, the
digestion of organic matter with hydrogen peroxide adopted in this work
were not an easy procedure and, in some case, these steps were not
optimal to identify the chemical composition of the recovered fragments
due to oil residue and to nitrocellulose contamination (due to the first
filtration step) hindering FTIR analysis. Notwithstanding these draw-
backs, the applied protocol allowed for the recovery of black fragments
from the soil, in which MF was buried, on silicon filter (Fig. 4a, d), and
enabled to identify their chemical composition, attributed to the buried
films with a high level of confidence, using FTIR microspectroscopy. No
interference with soil organic matter was observed, which could have
hindered their chemical identification using FTIR spectroscopy. FTIR
spectra were acquired on an area of 50 pm x 50 pm, which allowed to
analyze the microplastics present, having size ranging from 80 to 1500
pm, and to obtain spectra with an optimal signal/ratio. The analysis of
the isolated fragments (Fig. 4b, e) indeed presented the main absorption
bands of the starting polymer. The main functional groups of the
biodegradable polymers were easily identified and verified also by
matching the spectrum with FTIR spectral database by using Thermo
Scientific OMNIC™ Spectra™ software. In details, the FTIR spectra of
fragments isolated from the soil in which BIO-0 was buried (Fig. 4c),
coded as SOIL-BIO-0, were characterized by absorption bands centered
at 2920 cm ™! and 2850 cm™?, due to the asymmetric and symmetric
stretching vibration of CH, groups, respectively, at 1714 cm™?, assigned
to the stretching vibration of C=0 group, at 1504 cm ! and 1459 cm™!
due to the characteristic stretching of the C=C phenylene group, at 1410
cm ! and 1391 cm ™! due to CH; bending vibration. Absorptions at 1279
em™! and 1169 cm™! were assigned to the symmetric stretching vibra-
tion of C-0, at 1122 cm™! and 1106 cm ™! to C-O left-right symmetric
stretching vibration absorption, and at 1019 cm™! to in-plane bending
vibration, at 872 cm™! and 728 cm ™! to out-of-plane bending vibration
of the phenylene ring (Tavares et al., 2018). The same absorption bands
were identified in the FTIR spectra of fragments isolated from the soil in
which BIO-A192 was buried, coded as SOIL-BIO-A192 (Fig. 4f). No
fragments were isolated by applying the oil-based separation approach
on the control sample, SOIL-0, soil sampled in an area without buried
specimens.
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Fig. 4. Isolation and identification of microplastics(MPs): a) optical micro-
graph of silicon filter containing fragments isolated from SOIL-BIO-0; b) optical
micrograph of an isolated fragment on which the red square indicates the FTIR
acquisition area; c) FTIR spectrum of fragment isolated from SOIL-BIO-0; d)
optical micrograph of silicon filter containing fragments isolated from SOIL-
BIO-A192; e) optical micrograph of an isolated fragment on which the red
square indicates the FTIR acquisition area; f) FTIR spectrum of fragment iso-
lated from SOIL-BIO-A192.

Given the above mentioned drawbacks of the adopted oil-based
separation approach, the quantification of the MF degradation prod-
ucts released to soil during MF burial was performed by dispersing a
larger amount of soil in CHCl3, and analyzing the solution containing the
MF degradation products by means of TG.

The quantitative TG analysis of MF degradation products extracted
in CHCI3 from the soil in which the MFs were buried, coded as sSOIL-
BIO-0 and sSOIL-BIO-A192 (Fig. 5a, b), showed a thermal degradation
behaviour comparable to those obtained from neat polymers dissolved
in CHCls, sBIO-0 and sBIO-A192. A strong shift to lower temperature of
the degradation steps was however observed in the thermograms of
materials extracted from SOIL-BIO-0 and SOIL-BIO-A192, probably due
to the occurrence of degradation of the polymeric phase in the soil
samples. The amount of the extracted phase from soils was determined
by the WL occurring in the range 70-650 °C. The results indicate that it
was possible to extract 3.9 + 1.2 pg/pL and 3.0 & 0.2 pg/pL of polymeric
fractions from SOIL-BIO-0 and SOIL-BIO-A192, respectively. Reporting
these concentrations to the amount of soil samples it is possible to assess
that, depending on the MF used, the contamination could range from 79
=+ 25 to 60 + 4 mg of BIO-0 and BIO-A192 residues, respectively, per kg
of soil (i.e. 0.008 % and 0.006 % mass-based). However, these figures
should be considered as approximate due to the possible presence of soil
extractives and to the limited solubility of the crosslinked PBAT fraction.

FTIR spectra of sSOIL-BIO-0 and sSOIL-BIO-A192 (Fig. 5c, d) allowed
to identify that the components extracted from soil samples mainly
consisted of the aliphatic moieties of PBAT. With respect to sBIO-0 and
sBIO-A192 spectra, sSOIL-BIO-0 and sSOIL-BIO-A192 spectra were
indeed characterized by an increase in the absorbance of the bands at
2920 and 2850 cm™! due to stretching vibration of CH, groups due to
the aliphatic chains or other soil extractives, and a shift to higher
wavenumber of the absorption band due to carbonyl stretching. The
shift of the carbonyl band at 1730 cm™" could be ascribed to the for-
mation of free C=0, while the presence of a shoulder at 1717 cm™! could
be ascribed to the formation of lower molecular weight esters
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Fig. 5. TG curves of: a) BIO-0 solubilised in CHCl3, sBIO-0, and components extracted from SOIL-BIO-0, sSOIL-BIO-0; b) BIO-A192 solubilised in CHCl3, sBIO-A192
and components extracted from SOIL-BIO-A192, sSOIL-BIO-A192; c¢) FTIR spectra of sBIO-0 and sSOIL-BIO-0; d) FTIR spectra of sBIO-A192 and sSOIL-BIO-A192.

(Kijchavengkul et al., 2010b). This data confirms the occurrence of
Norrish I chain scission during PBAT degradation as also indicated by
MALDI-TOF analysis. The absorption bands related to the terephthalic
moieties due to the vibration of the phenylene ring were not visible in
the sSOIL-BIO-0 and sSOIL-BIO-A192 spectra.

Therefore, in agreement with MALDI-TOF results, FTIR spectra of the
extracted components indicated that soil samples were mainly
contaminated by MF degradation products rich in adipate while the
aromatic part of the copolymers was less abundant, and thus less visible,
in the FTIR spectra.

These results confirm that during burial the biodegradation of the
aliphatic counterpart (butylene adipate units) occurs in the MFs causing
the enrichment of underlying soil with oligomeric/polymeric aliphatic
phase. Moreover, the higher concentration of polymeric contamination
identified in SOIL-BIO-O suggests a higher degradation rate of BIO-
0 than BIO-A192.

4. Conclusions

In conclusion, the investigation into the degradation of biodegrad-
able MFs under burial conditions provided valuable insights into the
complex interplay of environmental factors influencing the fate of these
materials. The environmental parameters, such as air and soil temper-
atures, water content, solar radiation, and rainfall, were meticulously
recorded, as they impact significantly on the degradation of the buried
materials. Structural characterization of the buried MFs revealed a
progressive deterioration, with surface loss and changes in mechanical
properties over time. However, film degradation was not complete, and
macroscopic residues were still present in the soil even after 16 months
of burial. Interestingly, GPC measurements indicated no significant
changes in the polyester fraction of the film remaining in the soil,
however, TD-GC-MS, MALDI-TOF, and thermal property analysis un-
veiled molecular alterations at the polymer level, particularly in the
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aliphatic counterpart, indicating that the film fragments remaining in
the soil were progressively enriched in aromatic moieties. Artificial UV
irradiation prior to burial induced changes, particularly in starch
biodegradation, impacting the composition of the film residues. In
particular, accelerated aging could enhance cleavage of the starch
chains, facilitating their uptake in the soil. On the other hand, it could
cause crosslinking of the polyester phase of the MF, retarding the
degradation of PBAT.

One of the first attempts to isolate and characterize microscopic
residues of the films released to soil is presented here. Despite challenges
in isolation protocols, FTIR and thermogravimetric analysis revealed the
presence of MF degradation products, predominantly rich in adipate,
further confirming the differential degradation rate between the MFs.

This study provides a comprehensive investigation into the fate of
biodegradable MFs in agricultural soil. The results highlight the complex
nature of these films, with diverse components influencing their
behaviour during degradation. The accelerated aging process mimics
real-world conditions, shedding light on the potential environmental
impact of biodegradable MFs. Further research is needed to assess long-
term impacts on soil health, food security, and ecosystem multi-
functionality, considering the diverse factors influencing degradation in
real soil conditions.
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