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Abstract

Plastic (P) and microplastic (MP) pollution in marine and freshwater environments is
an increasingly urgent issue that needs to be addressed at many levels. The Seabin (an
easily operated and cost-effective floating debris collection device) can help clean up
buoyant plastic debris in calm waters while monitoring water pollution. A Seabin was
used to conduct a comparative analysis of plastic and microplastic concentrations in
northern Lake Garda (Italy) during peak and low tourist seasons. The composition of
the litter was further investigated using Fourier-Transform Infrared (FTIR) spectroscopy.
The analysis showed a decreased mean amount of plastic from summer (32.5 mg/m?)
to autumn (17.6 mg/m?), with an average number of collected microplastics per day
of 45 £ 15 and 15 + 3, respectively. Packaging and foam accounted for 92.2% of the
recognized plastic waste products. The material composition of the plastic mass (442 pieces,
103.0 g) was mainly identified as polypropylene (PP, 47.1%) and polyethylene (PE, 21.8%).
Moreover, 313 microplastics (approximately 2.0 g) were counted with average weight
in the range of 1-16 mg. A case study of selected plastic debris was also conducted.
Spectroscopic, microscopic, and thermal analysis of specimens provided insights into how
aging affects plastics in this specific environment. The purpose of this study was to establish
a baseline for further research on the topic, to provide guidelines for similar analyses from
a multidisciplinary perspective, to monitor plastic pollution in Lake Garda, and to inform
policy makers, scientists, and the public.
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1. Introduction

Plastic (P) and microplastic (MP) pollution in the environment is rapidly becoming
an alarming ecological issue that is very well known and debated, both in the scientific
community and in civil society. It is therefore of paramount importance to evaluate their
diffusion and impact and to properly inform the public and the legislators. It was esti-
mated [1] that in 2021, the total amount of plastics produced in the world was 390.7 million
tons. The main applications for plastics are packaging (44%) and building and construction
(18%). Even though the increasing rates of recycling of plastic products are encouraging [1],
it was estimated that approximately 30% of plastic packaging waste is likely to leak into
the environment [2]. According to a 2017 study by Geyer et al. [3], most of the plastic waste
is constituted by polyethylene (PE, 32%), polypropylene (PP, 18%), polystyrene (PS, 6%),
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polyethylene terephthalate (PET, 11%), polyvinyl chloride (PVC, 5%), polyurethane (PU,
5%), and a group consisting of polyesters, polyamides, and acrylic fibers (PP&A, 14%).

Microplastics were first mentioned by Thompson et al. in 2004 [4]. Since then, many
efforts have been made to reach a consensus, at least on the definitions. MPs are defined in
ISO/TR 21960:2020 [5] as “any water-insoluble solid plastic particle with one of the dimen-
sions between 1 pm and 1000 um”. The standard also defines the same type of particles
to be “large MPs” when their dimension is between 1 mm and 5 mm and “nanoplastics”
when their dimension is lower than 1 pm. Plastic waste larger than 5 mm is defined by the
standard as “macroplastics” (P). A further classification of mesoplastics is sometimes pro-
posed for litter in the dimensional range of 5-25 mm [6,7]. Microplastics can be divided into
primary and secondary MPs. Primary MPs are constituted by polymeric elements that are
produced in small dimensions (<5 mm), such as pellets, fibers, and cosmetic constituents.
Secondary MPs, on the other hand, are formed by the effects of the environment on plastic
waste dispersed in seas, in rivers, in lakes, in the soil, or in other natural environments.

All the plastic waste leaking into the environment is being scrutinized by the scientific
community because of the correlated risks, notably to marine fauna [8], human health [9],
and ultimately to biological diversity [10]. Microplastic research has been focused mainly on
the marine environment because of the prevalence of the issue in this context. Nonetheless,
a growing urgency is rising for the study of P and MP pollution in other environments,
such as in freshwater [11-17]. It is argued [11] that lakes and rivers could be the main
source of land-based plastic pollution to the oceans but also a possible sink of MPs.

Plastic litter in water accumulates in different environments according to material
specific gravity (SG, i.e., the ratio between material density and water density). Low-
density plastics such as PE (SG = 0.91-0.95), PP (SG = 0.90-0.92), and expanded PS (EPS,
SG =0.02-0.64) [7] float on water and therefore affect mostly the water surface (i.e., pelagic
zone) and the beaches. Higher density plastics that do not float sink to the bottom (i.e., the
benthic zone). Some examples of this latter category are PS (SG = 1.04-1.09), polyamides
(PAs, SG = 1.13-1.15), PET (SG = 1.34-1.39), and PVC (SG = 1.16-1.30) [7]. For this reason,
the technique used for P and MP retrieval affects the type of plastic collected. Some
examples of methods for sampling the water surface are discussed in detail by the Joint
Group of Experts on the Scientific Aspects of Marine Environmental Protection (GESAMP)
in [7]: some examples are different types of nets (such as manta trawls or mega nets),
bulk water sampling, visual observations from ships, and photographic observations
from airplanes.

A relatively uncommon technique for buoyant plastic retrieval in water is the
Seabin [18]. The Seabin is a floating device consisting essentially of a basket with a 2 mm
mesh net that is connected to a pump. Material is pumped from the water surface into
the basket to trap debris larger than 2 mm. The nominal flow rate, as declared by the
producer, is approximately 25,000 L of water per hour and the estimated electrical power
consumption is approximately 500 W [19]. The producer also claims that the basket can
contain up to 20 kg of debris and that it can remove up to 1.5 tons of litter per year. Seabins
were used in some studies on plastic litter in marine environments [20-22] because of
their cost effectiveness [23] and their suitability in calm water conditions. An example is
presented in [20], where the authors studied P and MP pollution in Laucala Bay in the Fiji
Islands. They observed 0.091 g of plastic per m® of water filtered, corresponding to 0.07 P
and MP items per m®. Seabins were also used in lakes [24,25]; however, data on usage of
this type of device in freshwater is still scarce, and the scientific literature seems mainly
focused on the Great Lakes of North America.

Italian subalpine lakes are particularly interesting sites to conduct studies on microplas-
tics. They are located in highly populated areas that are also popular touristic attractions.
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This characteristic could be useful to understand the effect of tourism on P and MP pollution.
In 2013, Imhof et al. [26] studied the plastic litter in sediment samples from two beaches of
Lake Garda using a random grid sample technique. They considered a beach in the north of
the lake and a beach in the south. The northern shore was found to be much more polluted
(483 + 236 macroplastic particles/m?, 1108 + 983 microplastic particles/m?) than the
southern shore (8.3 macroplastic particles/m?, 108 + 55 microplastic particles/m?). In 2018,
Sighicelli et al. used a manta trawl to monitor the incidence of MP in three Italian lakes,
including Lake Garda. They computed approximately 0.0550 == 0.0290 particles/m? in the
northernmost part of the lake, a much larger amount with respect to the other two sampling
locations they selected (i.e., 0.0040 + 0.0027 and 0.0160 £ 0.0130 particles/m?). The mean
density of MP particles found in Lake Garda (0.025 particles/m?) was lower than those of
Lake Iseo and Lake Maggiore (0.040 and 0.039 particles/m?, respectively). These data were
collected during the summer of 2016.

Fambri et al. [27] performed a study on the collection of plastic waste in the shores
of Lake Garda after a severe storm occurred in the region in Autumn 2018 (Vaia). The
storm caused the accumulation of large amounts of plastic debris in the lake, which acted
as a waste sink from rivers and from surrounding areas. They manually collected P and
MPs from selected locations on the northern shores of the lake and counted them. Dur-
ing the first collection performed a few days after the storm, they observed a mean of
15.9 + 8.6 plastic pieces per m?, corresponding to approximately 7.4 £ 9.9 g/m?. During a
subsequent survey performed in March 2019, they found 25.3 == 23.9 pieces per m?, corre-
sponding to 6.2 4 5.4 g/m?2. They argued that the increased amount of litter found after
four months could be related to the cumulative settling of plastic during the winter season.
Finally, in July 2019, they retrieved a decreased amount of plastic, i.e., 5.1 & 2.5 items/m?,
corresponding to 0.7 = 0.6 g/m? (data adapted from the original). They also characterized
some selected plastic samples collected during the retrieval campaign to assess their aging
and weathering degree. It was shown that microplastic pollution can contribute to the loss
of biodiversity also in lakes such as Lake Garda, entering the food chain by ingestion, as
shown by Battistin et al. for Cryptorchestia garbinii in Lake Garda [28], but also in general as
vectors for pathogens [29] and toxic chemicals [30].

The aim of this study is to retrieve P and MP litter by means of a Seabin positioned in
the northern part of Lake Garda and to characterize the plastic material in terms of quantity,
dimension, chemical composition, and typology of product. A Seabin was installed in
this location in 2021 by Coop Italia and LifeGate PlasticLess project [31] with the aim of
reducing plastic pollution in the lake; it was also used to monitor plastic and MP pollution
in the present work. The waste collection campaigns were performed during tourist peak
season and off season. This is the first published study of plastic and microplastic pollution
in Lake Garda performed with a Seabin. A case study on the aging effect on some selected
plastic waste particles is also described. This study provides a baseline for future similar
analyses and serves as a study on the feasibility of plastic and microplastic monitoring via
Seabin in Lake Garda.

2. Materials and Methods
2.1. Study Area

The study area that was selected for the collection is in the northernmost part of Lake
Garda, in Fraglia della Vela Riva in Riva del Garda (Trento, Italy) (GPS data: 45.883455,
10.843897). This place was selected because the river Sarca flows into the lake close to this
area from the north, while a very regular wind (Ora del Garda) flows from the south [32].
This area is therefore ideal to capture floating lake debris, as also reported by Imhof et al. [26].
The area is densely populated (approximately 425 per km? as of 2024 [33] for the munici-
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pality of Riva del Garda) and it is very intensely visited by tourists. More than 1 million
visitors were estimated for 2024, with almost 4 million overnight stays [34], for the whole
area of the Lake Garda in the region of Trentino-Alto Adige. The peak season for tourism
in this area is from June to September [34].

2.2. Seabin

A Seabin V5 [18] was used to monitor plastic and MP pollution in the present work. A
map of the area with the approximate position of the Seabin is displayed in Figure 1a. The
Seabin was anchored to a floating platform attached to the wharf so to be easily accessible
for material retrieval. Its exact position was selected because the lake currents naturally
tend to collect floating material there. A picture of the Seabin during waste collection is
presented in Figure 1b. A detailed analysis of the Seabin is reported in Appendix A.

Trentino-Alto Adige Region

Y

<=7 RiverSarca &

(@ (b)

Figure 1. (a) A map of the area selected for the collection of debris from the lake water. Adapted
by the authors from OpenStreetMap under Open Database License (openstreetmap.org/copyright).
The approximate position of the Seabin is marked with a red circle. Wind Ora and River Sarca flow
direction are marked with black arrows; (b) a picture of the Seabin during plastic waste collection.

The Seabin was emptied three times after filtering for 24-72 h in two separate sea-
sons (late summer and late autumn) for a total of six batches. The summer survey was
carried out between 28 August and 5 September 2024, while the autumn campaign was
performed between 29 November and 17 December 2024. The collected material was then
weighed after drying in environmental conditions. Dried material was then spread on a
surface (approximately 300 g on a square meter) and manually separated with the aid of
laboratory tweezers. Two types of tweezers with the following dimensions were employed:
(i) plastic tweezers with tips 1.35 mm thick and 2.60 mm wide; (ii) metal tweezers with
tips 0.73 mm thick and 0.90 mm wide. The first separation into (i) vegetal /animal residues;
(ii) macroplastics (P); and (iii) microplastics (MP) was followed by weighing of the three con-
stituents. Macroplastic and vegetation/animal residue were weighed with a KB 3600-2 N
scale by Kern & Sohn GmbH (Balingen, Germany) (0.01 g sensitivity). Microplastics were
weighed with an ABS 804 electronic balance from the same producer (0.1 mg sensitivity).
Microplastics were separated from plants and meso- and macroplastics by visual inspection.
The total volume of water filtered during each sampling was calculated with Equation
(1). A further manual sorting was then performed, and recognizable macroplastics were
separated and weighed according to their category (i.e., bottles, packaging, wires/ropes. . .).
An analysis of the size distribution of the MP particles was also performed. Photographs of
the microplastic samples were analyzed via the software Image]® (version 1.54d) with the
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“analyze particles” function. The measured area was approximated to that of a circle and
the particle diameter was then calculated.

Volume of water filtered (L) = time (h) x 25,000 (T) 1

Contamination of samples during plastic counting and weighing was prevented by
keeping them indoors. However, a small amount of airborne contaminants and insects may
have reached the samples, especially during drying and transportation. Contamination
and dispersion of meso- and macroplastics can be considered negligible.

2.3. Scanning Electron Microscopy (SEM)

Micrographs of the surface of some selected specimens were obtained with a Scanning
Electron Microscope (SEM). The surface was coated with platinum-palladium via sputter-
ing with a Q150T ES coater by Quorum Technologies Plc (Laughton, UK). The SEM images
of PE and PP specimens were taken with a JSM-IT300LV SEM by JEOL Ltd. (Tokyo, Japan).
SEM micrographs of EPS specimens were taken with a Zeiss SUPRA 40 FE-SEM by Carl
Zeiss SMT GmbH (Oberkochen, Germany). Micrograph magnifications ranged from 150 x
to 10,000 . Several replicates of micrograph were acquired for each sample for a total of
102; the most representative ones were selected.

2.4. Fourier-Transform Infrared Spectroscopy (FTIR)

Fourier-Transform Infrared Spectroscopy (FTIR) measurements were carried out on se-
lected unidentified plastic litter samples with a Spectrum Two " portable FTIR spectrometer
by PerkinElmer Inc. (Waltham, MA, USA) in Attenuated Total Reflectance (ATR) configura-
tion. The spectrometer was equipped with a synthetic diamond crystal, and spectra were
obtained from 4000 to 450 cm ™. Four spectra acquisitions were performed for each FTIR
analysis. FTIR was used to identify the chemical nature of all the waste analyzed. Spectra
of single items were compared to typical FTIR spectra of the most common polymers used
for single-use plastic products, reported in Figure 2, in order to identify the chemical nature
of the item and assign it to one category among PE, PP, PS, and other. Different material
categories were then separated, counted, and weighed. FTIR measurements were also
used in a case study in Section 3.2 to compare pristine polymeric materials and specimens
collected to assess the effect of aging. Peaks of polymers were assigned according to the
literature, as summarized in Table 1.

Table 1. The FTIR peak assignation of typical plastics retrieved in the environment.

Material ~ Wavenumber (cm 1) Peak Intensity * Peak Assignment
2915 vs —CHj stretching
2847 vs —CHj stretching
PE [35] 1462 m CH=CH stretching
719 m —CHj rocking
2952 s —CHj stretching
2917 s —CHj stretching
2839 m —CHj stretching
PP [35,36] 1455 m —-CH; bending
1375 s —-CH3 bending
997 w —~CHj3 rocking
972 w —-CHj3 rocking
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Table 1. Cont.

Material ~ Wavenumber (cm~1) Peak Intensity * Peak Assignment
3060 w C-H aromatic stretch
3026 w C-H aromatic stretch
1600 w C=C aromatic stretch
PS [35,37] 1492 m C=C aromatic stretch
1452 m C=C aromatic stretch
756 m C-H out-of-plane bending
698 s C-H out-of-plane bending
1715 Vs C=0 stretching
1470 w —-CH; bending
1370 \ —-CH,; gauche wagging
1340 m —CH, trans wagging
PET [38,39] 1250 Vs C-C-0O asymmetric stretching
1100 Vs C-O-C stretching
973 m Oxy-methylene bending
898 w Oxy-methylene bending
724 vs Aromatic ring C-H out-of
plane and C-C bending
*vs: very strong; s: strong; m: medium; w: weak.
100
80 4
1462 1o
60
2915 2847
40 T T T T I (a)
4000 3500 3000 2500 2000 1500 1000
100
90 1 or2
< 80 2839 -
2952
§ 2917 1375 (b)
S 70 . . r .
:‘E 4000 3500 3000 2500 2000 1500 1000
100
o 30607 V"
I 3026 1600
= 804 14921452
60
40 ———— (C)
4000 3500 3000 2500 2000 1500 1000
100
W I
80 4
60
40
1715 1250 1100|724 (q)
20 T T T T T T T

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2. Typical FTIR spectra of the most common plastics typically retrieved in the environment;
(a) PE; (b) PP; (c) PS; and (d) PET.
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2.5. Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) measurements were carried out on selected
plastic and microplastic residue samples with a Mettler DSC 30 by Mettler Toledo Inc.
(Columbus, OH, USA). Measurements were recorded under air (100 mL/min) with a single
heating scan from 25 °C to 300 °C at constant heating rate of 10 °C/min. This was used
to measure the Oxidation Onset Temperature (OOT), i.e., the temperature at which the
extended baseline of the DSC curve intersects the slope of the oxidation exotherm from the
inflection point under the described conditions [40]. One measurement was performed for
each sample.

2.6. Statistical Analysis of Data

Data were presented as arithmetic mean =+ standard deviation. Statistical analyses
were carried out with the Mann-Whitney U test, performed with the software OriginPro
2018. The significance level was selected as 0.05.

3. Results and Discussion
3.1. Seabin

During the survey, a total of 442 pieces of plastic were retrieved, 309 in late summer
and 133 in late autumn. These corresponded to a total mass of 103.0 g, 69.0% of which
was collected during the summer campaign (71.1 g). Most of the MP was of a secondary
nature. 1459.0 g of vegetation and animal residues were also retrieved, 1153.4 g in summer
and 305.6 g in autumn. The total amount of animal residues was negligible with respect to
the vegetation. Table 2 reports the arithmetic mean values and standard deviations of P
and MP mass and numerical count per cubic meter of water filtered during sampling. A
comparison between the summer and the autumn campaigns is reported. The mass of the
vegetation retrieved per m3 of water filtered and the ratio between the mass of the MPs
collected and the total wet mass (i.e., wet vegetation and plastic debris, prior to sorting) are
also reported. More data are reported in Appendix B. A picture of some microplastics from
Sample 6 is reported in Figure 3a.

Summer Autumn
I 25%~75%
T Range within 1.51QR
15 4 — Median Line
= Mean
£
£
g
©
£ 10
£
©
2
@
o
a
2 5
2
i -
5mm %
0
H Sample 1|Sample 2 | Sample 3 | Sample HSample SISampIe 6
@ (b)

Figure 3. (a) A picture of some microplastics from Sample 6; (b) boxplots depicting the size distri-
butions of MPs during the two seasonal surveys. IQR is the interquartile range, i.e., the difference
between the 75th and the 25th percentiles of the data.
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Table 2. Mean values of plastic (P) and microplastic (MP) mass and numerical count divided by
the total amount of water filtered during sampling; the two seasonal surveys are compared. Mean
relative mass of vegetation and ratio of MP mass with respect to the total wet mass are also reported.

Summer Autumn

0.0319 £ 0.0383 0.0174 £ 0.0300
Mass of MP/water filtered (g/m?) 0.0006 =+ 0.0004 0.0002 £ 0.0002
Mass of P+ MP/water filtered (g/m?) 0.0325 £ 0.0386 0.0176 £ 0.0303
Number of P particles/water filtered (1/m%) 0.0319 £ 0.0175 0.0226 £ 0.0368
Number of MP particles/water filtered 0.0778 + 0.0262 0.0262 + 0.0064

Mass of P/water filtered (g/m?)

(1/m%)
Number of P+ MIzlp/eit;;leS/water filtered 0.1097 + 0.0421 0.0488 + 0.0430
Mass of vegetation and animal
residues/water filtered (g/m?3) 045+ 030 0.15+0.23
Ratio MP/total wet mass (ppm) 189 + 68 262 4 301

The great majority of the collected material is constituted by vegetation. Approxi-
mately 6.6% of the total mass is plastic. Only 1.9% of the plastic mass is constituted by
MPs (2.0 g). However, microplastics account for more than 70% of the items collected
(313 pieces). A difference in plastic pollution between the two seasons can be observed,
all the mean values for plastic collection during summer are higher. The average number
of collected microplastic per day are 44.8 & 14.9 and 14.8 + 2.8 for summer and autumn,
respectively. Also the rate of collection of vegetation is higher in summer. There is, however,
no statistically relevant difference between summer and autumn in any of the distributions
(according to the Mann-Whitney U test). The only parameter that increases during autumn
is the ratio between the mass of MPs and the total mass of the wet material collected.
Additionally, the microplastic mass remains approximately 1-2% of the total plastic mass
throughout the two seasons.

The image analysis on microplastics via Image]® shows a mean particle dimension of
5.08 & 2.93 mm. Approximately 9% of the particles are smaller than 2 mm. This indicates
that a non-negligible fraction of particles collected is actually smaller than the nominal mesh
size of the Seabin. Boxplots depicting the distributions of MP dimensions are presented in
Figure 3b. It should also be noted that part of the particles here considered to be MPs are
actually mesoplastics (>5 mm).

Figure 4a represents the relative amount of each type of material collected. A detail of
the composition of the plastic fraction is also presented in Figure 4b—e. The number of items
collected, divided by the typology of the product (Figure 4d,e), shows a predominance
of packaging and foamed products when considering the numerical count. The relative
amount of products by mass is more evenly distributed. The mass of recognized products
is constituted (see also Table A5) by the following:

Cups 15.0%;

Bottles 41.1%;
Ropes/wires/threads 18.3%;
Packaging 24.4%;

Cigarette filters 0.6%;

Foams 0.3%.

e o o o o o
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FTIR identification

Total mass (out of 1562.0 g)
I Vegetation
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Figure 4. The cumulative composition of the litter collected via a Seabin in Lake Garda during
summer and autumn seasons of 2024: (a) the total mass; (b) the material composition of plastic by
mass; (c) the material composition of plastic by the number of items; (d) the typology of plastic
products by mass; and (e) the typology of plastic products by number of items.

It should be noted, however, that the total mass of recognized plastic products is a
fraction of the total plastic mass (66.3%).

The relative amount of the most common polymeric materials collected is reported in
terms of mass and number of items in Figure 4b,c, respectively. A majority of PP in the total
mass is observed (47.1%). PE represents the most items collected (38.0%), while it is the
second most abundant recognized material in terms of mass (21.8%). The number of items
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retrieved is more evenly distributed than the mass. Approximately 20.1% of items collected
are (mostly expanded) PS fragments. Their cumulative mass is, however, very limited. The
category “other” only accounts for 30.5% of the mass, which is not negligible. It should be
noted, however, that 28.24 g out of 31.42 g (89.9%) of that mass is constituted by a single
large macroplastic, recognized as a PET bottle. Other types of plastics are retrieved as well;
some examples are PET, polyamides, and PLA. However, their relative amount is neglected
for simplicity in this work.

The observations that the ratio between MP and wet material increases in autumn and
that MP mass remains constant with respect to the total plastic mass could be related to the
physical attachment of MPs to the wet vegetation, as routinely observed in the collected
samples. It is argued that plants could act as an additional “filter” that helps with the
collection of MPs, even smaller than the nominal mesh size of the Seabin. The improper
dimensional assignment described in Figure 3b is related to the sorting technique employed.

Data from Table 2 can be compared to those reported by Paris et al. [20]. They collected
P and MP via a Seabin in Laucala Bay in the Fiji Islands for a period of 26 days in October
2020. They found 0.091 g/m?3 of plastic litter, corresponding to 0.07 pieces of plastic per
cubic meter. The mass values are comparable to those reported in the present work for
the summer season (0.033 g/m?). Also, the number of particles retrieved is comparable to
that obtained in the present work (0.110 particles/m? in summer and 0.049 particles/m>
in autumn). Maes et al. [41] report 0.14 MP particles/m? collected via manta trawl in
seawater around the United Kingdom. This value is comparable to the ones presented in
the present work for the summer campaign (0.078 particles/m3). This suggests that data
obtained with this method are reliable and reproducible both in seawater and freshwater.
However, care should be taken in these comparisons, especially when different techniques
or different environments are taken into consideration. For example, the manta trawl that
is often used for floating microplastic collection has usually a mesh size of approximately
330 um [7,41], which is significantly smaller than the one used in the present work. This
could lead to (i) an increased amount of microplastics collected with a manta trawl and
(ii) an underrepresentation of small microplastics with the Seabin and so a different size
distribution of the samples. This difference in the size distribution could also have an
impact on the type of plastics retrieved. On the other hand, it is worth noting that the typical
volume of water filtered with the manta trawl seems to be in the range of 3-300 m3, with
some outliers [42,43], which is relatively smaller than that of the Seabin (approximately 600—
1800 m? in the present study). Hence, the latter could be more representative in counting
larger-size microplastics.

The difference between the concentration of EPS in terms of the mass and number of
items is related to the fact that most retrieved EPS is constituted by very small particles
(often single beads) and to the very low apparent density of such expanded products. This
also explains the great difference between Figures 4d and 4e. On the other hand, the very
limited amount of non-expanded PS retrieved could be explained by the density of PS,
which is usually slightly higher than that of water and therefore tends to sink. The chemical
composition of the waste collected is likely related to the technique used, which is most
effective for the retrieval of buoyant plastic such as PE, PP, and PS. A complementary
analysis of the benthic zone via different collecting techniques could provide data on the
presence of such high-density plastic material in the lake.

The 41.2% of plastic packaging retrieved (Figure 4e) is in accordance with the global
data of 44% reported in [1]. The majority of the plastic litter collected has probably a
land-based origin. Packaging, beverage containers, and foamed products can come from
any land source, while ropes and wires could be either coming from sailing activities or
from textiles (also possibly land based). A possible origin of the large number of foamed
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items that were collected (more than 50%) could be construction sites. Single-use plastics
account for 81.4% of the plastic waste mass that was recognized (i.e., packaging, cigarette
filters, bottles, and cups), approximately 45% in terms of the number of items. However,
also, the foamed particles could come from single-use plastic products, so the real figure
could be even higher. Approximately 69.5% of the total weight is constituted by commodity
polymers (PE, PP, and PS). Single-use plastic and these low-cost materials are by far the
most abundant pollutants collected. Data reported in Figure 4d,e are not immediately
comparable to data reported in [3]; however, it can be taken as a baseline for future analysis
on Lake Garda or for other studies on freshwater.

The methodology shows its strengths in the ease of operation, in the simple acquisition
of data on the pollution of calm waters, and in the cost-effectiveness of the instrumentation.
The dual purpose of the Seabin, as both a litter removal tool and as an analysis tool, also
shows potential in applications like the one presented in this work. The simplicity of the
instrument makes it shine as a tool for scientific communication: it can be operated by the
general public in the context of educational demonstrations and, overall, in divulgation.
Another important benefit is that it can be used for long-term evaluations and cleaning.

The method has also some weaknesses; the manual sorting and the variable time for
collection and drying that originates from the irregular captured volume could be linked to
poor reproducibility of the experiment. This, however, does not seem to be the case since
the data (material per cubic meter of filtered water) are comparable to those reported in
the literature, as previously stated. The dependency of the results on the operator is also a
possible critical issue. The real plastic content could be underestimated due to the limited
precision of the manual sorting. This could also be related to the improper dimensional
assignment described in Figure 3b. The FTIR identification and separation of the plastic
litter is very effective and accurate, but its precision can decrease in large measurements
because of the repetitiveness of the procedure.

Bergmann et al. [44] also argue that the Seabin captures a possibly too large amount of
seaweed with respect to plastic and that its maintenance costs can be important. Being more
rarely used, Seabins could also raise concerns for the difficult comparisons with data from
more common collection techniques, such as the manta trawl. One last obvious drawback
of the Seabin is that it only gives information on floating plastic. A complementary analysis
of the lakebed could provide definitive statistics on plastic pollution in the lake.

3.2. Case Study

A case study of selected macroplastics retrieved from the lake during the survey is

presented. SEM micrographs of the surface of the specimens are displayed in Figure 5.

FTIR and OOT (via DSC) measurements on waste plastics are compared to those obtained

on a similar item in pristine (as-purchased) conditions. They are presented in Figure 6.

Three specimens are considered, a PE film, a PP film, and an EPS fragment, all in severely
aged conditions. It is important to characterize naturally aged plastics retrieved in the

environment because they appear to have different properties than artificially aged samples.

These changes are detectable by FTIR [35], but information can be gathered also from other
techniques, here presented. This case study can be used as a reference for future analysis
on weathered plastic collected from both freshwater and seawater.
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50 um

Figure 5. SEM micrographs of the surface of the specimens selected for this case study: (a) PE surface
at 300x magnification; (b) PP surface at 500x magnification; (c) EPS surface at 1000 x magnification.
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Figure 6. FTIR (a,c,e) and OOT (via DSC) (b,d,f) measurements of pristine (as-purchased) and
naturally aged (retrieved from Lake Garda); (a,b) PE; (c,d) PP; and (e,f) EPS. Red curves represent
aged specimens, and blue curves represent pristine specimens.

SEM micrographs of the three specimens show a noticeable surface degradation under
the form of crevices and holes. The presence of crevices is observed in the PE and PP
specimens. Holes are visible in the PE specimen. The presence of microalgae, likely
identified as diatoms (Bacillariophyceae), can be observed on the surfaces of the PP and EPS
specimens. Such algae are observed in all specimens and seem to accumulate inside holes
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that form on the surface of these weathered plastics (see Figure A4). Other unidentified
residues are visible on the surface, particularly in Figure 5a. More SEM micrographs are
displayed in Appendix B.

FTIR measurements on PE do not show remarkable differences; however, one weak
peak is present in the aged specimen and not in the pristine one. This peak, at 1720 cm~!, is
likely associated with carbonyl C=O stretching [35]. Both pristine and aged PE are identified
as low-density polyethylene (LDPE) because of the presence of a peak at 1377 cm™! [45,46].
Aged PP, conversely, shows very distinctive IR peaks with respect to pristine reference.
The broad band around 3300 cm ! is likely associated with O-H stretching, while the
band with two main peaks around 1640 and 1541 is probably linked to C=O or C=C
stretching. The broad band with its main peak around 1073 cm ™~ is probably related to
C-O stretching [35]. Aged EPS spectra show a strong peak centered around 1020, likely
attributed to C-O stretching; the broad band centered around 3300 is again likely associated
with O-H stretching [35].

Oxidation onset temperature (OOT) measurements indicate the temperature at which
a hydrocarbon starts to oxidize. It is a relative measure of the stability of a polymer (in this
case) to oxidation and, indirectly, of its aging. A lower onset temperature indicates that
the plastic is in a more degraded state. From Figure 6b,d,f, it is possible to notice that all
retrieved plastics have lower OOT with respect to the pristine ones. Measured OOT values
are as follows:

190 °C for aged PE;
218 °C for pristine PE;
206 °C for aged PP;
223 °C for pristine PP;
198 °C for aged EPS;
258 °C for pristine EPS.

The differences in the IR spectra clearly show the effect of weathering on the specimens
collected during the survey. The prolonged residence in the environment caused oxidation
in all specimens and, possibly, water absorption. OOT measurements indicate that the
weathering decreased the oxidative stability of all three plastic materials (PE, PP, and EPS).
The OOT experimental results of PE are in agreement with [27], where the following OOT
decreases from pristine to aged samples are reported: (i) PE pluriball (from 215 °C to
198 °Q), (ii) PE sack bag (from 221 °C to 179 °C), and (iii) high-density polyethylene (HDPE)
pallet-box (from 260 °C to 217 °C).

It is therefore possible to use these measurements to study the aging of plastic waste.
It should be noted that OOT measurements can be used to assess only the relative aging of
plastic waste, while FTIR could be used to quantitatively estimate the degree of aging, as
reported by Campanale et al. [35]. Raman spectroscopy could be a further possible approach
for MP aging evaluation [47]. An in-depth and cross-disciplinary study on the diatoms
observed by microscopy could help in dating the microplastics [48]. The combination of
these techniques is proposed as a possible approach to obtain a mapping of the plastic
and microplastic litter in both space and time in aquatic environments. Information in
Section 2.4 can be used for future reference for polymer identification in this context.

In conclusion, this study should be considered as a reference for future analysis of Lake
Garda, and in general freshwater. It can be used to continue the survey of Lake Garda, but
it can be used as a blueprint for other research as well. Possible future developments could
broaden the study to the rest of the year to confirm the trends here indicated or to give new
insights. In addition, a survey with more frequent litter collection could provide interesting
information on plastic pollution in the lake in a very detailed way. The establishment of a
more rigid methodology, especially for plastic separation and collection and drying times,



Microplastics 2025, 4, 44

150f 24

could improve reproducibility. An automated technique for the separation of plastic from
vegetation and among the different polymeric materials could prove useful for long-term
research on this topic.

4. Conclusions

The results of a plastic and microplastic survey and collection in Lake Garda (Italy)
were presented in this study. A Seabin (floating waste collection device) was used as a
retrieval method. A comparative analysis of touristic peak and off-peak seasons showed
a difference in terms of plastic pollution, with an increase of approximately 123% of total
plastic collected in summer. It should be noted, however, that statistical analysis showed
no statistically relevant difference between the distributions of data in the two seasons.
A total mass of plastic per cubic meter of filtered water of 32.5 mg/m?, corresponding to
0.110 items/m3 on average in summer (with a total of 309 pieces collected in 5 days) and
17.6 mg/ m? and 0.049 items/m? in autumn (with a total of 133 pieces collected in 6 days)
were observed, and most of the microplastic was of a secondary nature. A sorting of plastic
litter revealed that 41.2% of the recognized items (by numerical count) were packaging, and
51.0% were foam. The relative mass of recognized products was more evenly distributed,
with a majority (41.4%) of PET bottles. A fine FTIR identification of all collected material
showed that 47.1% of the total mass of plastic waste was constituted by PP and 21.8% by
PE. PS (mainly expanded) accounted for 0.6% in terms of mass but 20.1% in terms of the
number of particles because of its low density. Statistical analysis showed no statistically
relevant differences in the quantity of collected plastic debris between the two seasons.
Consequently, human activity in its entirety has probably more statistical influence than a
single activity, such as tourism. The seasonal increase in the mean values of plastic collected,
however, should be still taken into consideration. Weather could also have an impact on
plastic collection rates.

The benefits of the use of the Seabin were shown. This device, although relatively
rarely used in the scientific literature, produced encouraging results. Its multi-purpose
nature of plastic waste removal, in pollution monitoring, and as a divulgation tool were
described. Energy efficiency and ease of use make this device very promising for global
action against plastic pollution in freshwater and seawater. Trapped vegetation was shown
to help with the retrieval of relatively small microplastic particles. A case study on selected
plastic residues and an analysis of their aging was described as a proof of concept. It can be
used for future reference and guideline for similar analyses for a deeper understanding
of plastic and microplastic pollution. A detailed methodology, especially in terms of FTIR
identification of both pristine and aged plastics, was presented for this purpose.

Overall, this study provides a baseline for future assessment of plastic and microplastic
pollution in Lake Garda as well as in other freshwater environments. As such, it should be
considered as a first step towards a more comprehensive study, which should be conducted
with a multidisciplinary approach. At the same time, this first publication is an attempt
to inform policy makers, the scientific community, and the general public on this crucial
issue. The presented results further confirm the well-known problem of single-use plastic
and plastic packaging being a widespread water pollutant, which is suspected to have
a great impact on aquatic life around the world. Coordinated action is necessary when
tackling the problem of plastic pollution. Cleanup projects, such as the one reported here,
can have a positive impact, but the results could be limited if they are not associated
with adequate regulatory measures by the policy makers. Nevertheless, dissemination,
especially among the younger generations, is of paramount importance when facing these
issues. The presented ongoing work is coupled with extensive divulgation activity [49] to
spread scientifically accurate information and, in cooperation with local organizations and

Microplastics 2025, 4, 44

16 of 24

institutions, to promote positive behaviors in the population, such as to avoid deliberate
release of plastic litter in the environment and to reduce the use of plastics. This type
of activity is an opportunity for both increasing awareness in the community and for
pollution monitoring.
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FTIR  Fourier-Transform InfraRed
HDPE High-density polyethylene
LDPE  Low-density polyethylene
MP Microplastic
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PA Polyamide

PE Polyethylene

PET Polyethylene Terephthalate
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PS Polystyrene

PVC Polyvinyl Chloride
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Volume of theoretical water filtered per hour [E] =

Appendix A
Seabin Geometrical Aspects

A geometrical representation of the Seabin and a picture of the net are presented in
Figure Al.

e
S

p (b)

(a)

Figure Al. (a) An approximation of the geometry of the Seabin used to calculate the total volume.
(b) A picture of the mesh size of the Seabin net.

The geometrical approximation presented in Figure Ala can be used to evaluate the
total volume of the Seabin with Equation (A1),

1 D? Dd d? d?
V= gnh (T + e + Z) + HZH' (A1)

where V is the total volume of the Seabin, D is the higher diameter of the truncated cone
(36 cm), d is the lower diameter of the truncated cone (28 cm), /1 is the height of the truncated
cone (5 cm), and H is the height of the cylinder (40 cm). The total volume V is approximately
28.66 L. This is compatible with the claim of the producer that the Seabin can contain up to
20 kg of waste material.

Considering a measured average cycle time of 3.5 s, the volume of theoretical wa-
ter filtered per hour if the Seabin fills completely at each cycle can be calculated with
Equation (A2).

Volume of basket [L] 99 500 L

h Cycle time [h] n (A2)

This evaluation seems less conservative than the evaluation of the total volume of water
filtered per hour provided by the producer (25,000 L/h), which was used in the present
work. A “safety factor” of 29,500/25,000 = 1.18 seems a reasonable assumption for the
purpose of the present evaluation. This might consider that the Seabin only partially fills at
each cycle.

The area of the single mesh of the net of the Seabin can be approximated to that of a
rectangle with height of 1.66 & 0.44 mm and base of 2.14 £ 0.26 mm. These values were
measured via image analysis with the software ImageJ® (version 1.54d). The approximate
nominal mesh size of 2 mm seems confirmed by the observation. The net is made of HDPE
(assessed via FTIR). Its filament is approximately 0.16-0.17 mm thick. A picture of the
Seabin position is displayed in Figure A2.
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Figure A2. A picture of the Seabin position.

Appendix B
Raw Data

In Tables A1 and A2, the collected raw data of the mass and numerical count of items
retrieved are reported for each sample. The working time of the Seabin for each batch
is reported along with the date; it is used for the normalization of the results in Chapter
3. The mean mass of the microplastics (in mg) and the ratio between the mass of MPs
and that of the total wet mass collected are also indicated. Tables A3 and A4 report the
raw data regarding material identification via FTIR divided by number of items and total
mass of the microplastics of the most common plastic materials (Table A3 refers to the
total number of P and MP, while Table A4 refers to MP only). Tables A5 and A6 report
the number and mass of items recognized for each selected product category, respectively.
These data are relative to both microplastics and macroplastics. In Figure A3, the relative
number of microplastic particles identified via FTIR are reported for each sample. The total
number of MPs collected and the Seabin working time are also reported for each chart.
The dimension (i.e., the radius) of the chart is proportional to the total number of items
retrieved in that sample. Figure A4 shows more SEM micrographs from the specimens of
the case study (Section 3.2). It is possible to notice that all the specimens show the presence
of diatoms (Bacillariophyceae) on the surface. A higher magnification micrograph of a diatom
is displayed in Figure A4c.
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Table A1. Raw data on the macroplastics of the summer and autumn survey. The number designation
of the sample, starting date of the Seabin, working time, total wet mass after retrieval (i.e., collective
mass of wet vegetation and plastic prior to sorting), numerical count of macroplastic (P) items, and
total mass of P are reported.

Sample Date (Start)  Seabin Working Time (h)  Total Wet Mass (g) P Item Count (n) P Mass (g)

1 28/08/24 48 3385 37 19.45

2 01/09/24 24 2455 30 45.32

3 03/09/24 48 2865 18 4.71
Mean summer 2902 + 466 283 +9.6 23 +£21

4 29/11/24 24 440 39 31.27

5 30/11/24 48 275 0 0

6 14/12/24 72 350 5 0.25
Mean autumn 355 £ 83 14.7 £21.2 11+18

Table A2. Raw data on thee microplastics of the summer and autumn survey. The numerical count of
microplastic (MP) items, total mass of MP, mean mass of a single MP collected in that batch, and ratio
between the mass of MPs and that of the total wet mass are reported.

Sample Date (Start) Seabin Working MP Item MP Mass  Mean MP Mass Ratio MP/
P Time (h) Count (n) ® (mg) Total Wet Mass (ppm)
1 28/08/24 48 111 0.7233 6.5 213.7
2 01/09/24 24 56 0.5912 10.6 240.8
3 03/09/24 48 57 0.3214 5.6 1122
Mean summer 74.7 + 31.5 0.55 £ 0.20 7.6+26 188.9 4+ 67.8
4 29/11/24 24 20 0.2672 13.4 607.3
5 30/11/24 48 25 0.0165 0.7 60.0
6 14/12/24 72 44 0.0411 0.9 1174
Mean autumn 29.7 £12.7 0.11 £0.14 50£73 261.6 +300.8

Table A3. Total number of collected plastic and microplastics (442) and their mass (g) after FTIR
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Table A4. The details of the number of collected microplastics (313) and their mass (mg) after FTIR
recognition. The mean microplastic mass is reported for different materials.

Seabin
Sample Working PE() PEGmg PP() PP(mg EPS@m  ~o  Other  Other pi)
. (mg) (n) (mg)
Time (h)
1 48 69 609.5 20 69.9 21 40.0 1 39 111
2 24 20 240.5 11 31.6 7 25.8 18 293.3 56
3 48 15 70.0 36 248.0 1 1.6 5 1.8 57
4 24 13 215.7 1 242 3 1.7 3 25.6 20
5 48 0 0 0 0 25 16.5 0 0 25
6 72 9 14.6 1 0.6 26 15.5 8 10.4 44
Total 126 1150.3 69 3743 83 101.1 35 3342 313
Mean MP mass (mg) 8.7+59 7.6£95 15+12 6.1 +6.5
Table A5. Number of collected macroplastics and microplastics (165) after separation.
Ropes/ . .
Sampl Seabin Working Cups Bottles Wires/ Packaging Clg(zreltlt elFllters Foam
ample Time (h) (PP) (PET) Threads (mainly PE) e uose (EPS)
. Acetate)
(mainly PE)
1 48 1 - 1 15 - 2%
2 24 1 1 1 15 3 7
3 48 - - 5 20 - 1
4 24 - - - 16 - 3
5 48 - - - - - 25
6 72 - - - 2 - 26
Total 2 1 7 68 3 84
* One piece of foam retrieved was macroscopic in size so it was counted in this table but not in Table A4.
Table A6. Mass of collected macroplastics and microplastics after product typology recognition and
separation.
Ropes/
Sample Seabin Working  Cups (g) Bottles (g) Wires/ Packaging (g)  Cigarette Filters (g)  Foams (g)
P Time (h) (PP) (PET) Threads (g)  (Mainly PE)  (Cellulose Acetate) (EPS)
(Mainly PE)
1 48 2.56 - 7.39 4.35 - 0.12
2 24 7.69 28.24 293 5.99 0.44 0.03
3 48 - - 2.17 1.79 - 0.00
4 24 - - - 4.37 - 0.00
5 48 - - - - - 0.02
6 72 - - - 0.16 - 0.02
Total 10.25 28.24 12.49 16.66 0.44 0.19

identification.
Seabin
. . EPS and EPS Other Other
Sample Wl)l‘kl(]llﬁ Time PE (n) PE (g) PP (n) PP (g) PS * () and PS * (g) ) ® Total (n)
1 48 82 11.6262 38 6.5270 22 0.1239 6 1.8928 148
2 24 30 2.8394 28 13.9035 7 0.0258 21 29.1488 86
3 48 18 2.5894 45 1.9123 5 0.2288 7 0.3003 75
4 24 28 5.2957 24 26.0099 4 0.2065 3 0.0256 59
5 48 0 0 0 0 25 0.0165 0 0 25
6 72 10 0.0733 2 0.1532 26 0.0155 11 0.0497 49
Total 168 22.4240 137 48.5059 89 0.617 48 314172 442

*Some pieces of PS (Samples 3 and 4) retrieved were not expanded, so they were counted in this table but not in
Tables A4 and A5. One piece of foam retrieved was macroscopic in size (Sample 1), so it was counted in this table
but not in Table A4.
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Figure A3. Pie charts representing the relative number of microplastic particles recognized via FTIR
divided among the different samples: (a—c) summer campaign; (d-f) autumn campaign. The total
number of MP items for each sample is reported, and the dimension of the pie chart schematically
represents it (i.e., larger pies represent a higher number of recognized items). The working time of
the Seabin is also reported for each sample.
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Figure A4. SEM micrographs of specimens from the case study (Section 3.2). (a) PE, 500x magnifica-
tion; (b) PP, 150 x magnification; (c) EPS, 10,000 x magnification.
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