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A B S T R A C T

Plastic production and consumption hubs are mainly concentrated in urban centers, causing the soil in these 
places to become sinks of plastic fragments. Adhesive vinyl polymers are widely used in various commercial 
sectors and, to the best of our knowledge, this is the first study to investigate the potential for this type of 
material to form microplastics in urban soils. This proof-of-concept work started by studying the soil around a 
sign made of adhesive vinyl that had been exposed to the weather for eight years and showed evident signs of 
degradation, like cracking and color fading. We separated the microplastics with a two-step density separation 
protocol and selected only the microplastics targeted by this research, finding up to 5,570 fragments produced 
from 1 cm2 of adhesive vinyl film. In the soil below the sign, we registered 5.6 × 104 fragments kg− 1 of dry soil 
on its topsoil layer (0–10 cm), 1.2 × 104 fragments kg− 1 in the 10–20 cm layer, and 1 × 104 fragments kg− 1 in the 
20–30 layer. At a distance of 1 and 2 m from the sign, the highest concentration of fragments was also in the 
topsoil, respectively 9.3 × 103 and 5.3 × 102 fragments kg− 1. We also observed that vertical and horizontal 
transport was not favored, causing the formation of hotspots near the source and that the area of the fragments 
did not influence vertical transport. Another important finding regarding the characterization technique is that 
degraded polyvinyl chloride is unlikely to be identified through FTIR without comparison to the source. Here, we 
presented a low-cost forensic assessment of the association between the presence of MPs and its source that can 
be used both for the development of public policies and for setting up quality controls for polluting companies. 
The results here presented reveal the need to rethink the use and types of materials used for visual identities and 
signage in urban environments.

1. Introduction

Microplastics (MPs) are emerging contaminants that have been 
increasingly gaining momentum in discussions surrounding anthropo
genic impacts. They can enter several environments in their primary 
form, when they are intentionally produced smaller than 5 mm, or in 
their secondary form, when they are generated from the degradation of 
larger plastics. As more studies show the presence of microplastics (MPs) 
in places far from the hubs of plastics production and consumption, such 
as the Antarctic (Cincinelli et al., 2017), deep-sea sediments (Van Cau
wenberghe et al., 2013), clouds (Wang et al., 2023), and caves 
(Hasenmueller et al., 2023; Balestra and Bellopede, 2022), more ques
tions are raised regarding the impact of these emerging contaminants on 

ecosystems (UNEP, 2014). For instance, microplastics can pose a phys
ical threat to the biota by obstructing gastrointestinal and respiratory 
tracts (Liza et al., 2024), a chemical threat through the release of ad
ditives (Luo et al., 2022) and transport of pollutants (Hu et al., 2022) and 
change the physical and chemical properties of ecosystems (Qiu et al., 
2022).

Despite being found in remote regions, MPs are likely to be more 
abundant in populational hubs, which makes urban centers primarily 
responsible for the production and fate of MPs in the environment 
(Österlund et al., 2023). Indeed, urban soils act as pathways for MPs to 
flow into groundwater while acting as sinks for MPs (Qi et al., 2020; Guo 
et al., 2020). Therefore, studies involving the dispersion dynamics of 
plastic pollution in urban areas are essential for understanding how MPs 
are dispersed in different environmental compartments, supporting the 
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development of mitigation strategies (Koutnik et al., 2021).
Characteristics like shape, size, formulation, and density determine 

the potential of MPs to disperse. Additionally, the pathway through 
which they flow—such as air mass, groundwater movement, soil runoff, 
and water flow—also plays a role in the dispersal of fragments (Alfonso 
et al., 2021).

MPs with low transport capacity in soil are more likely not to be 
detected in monitoring studies far from urban sites and more prone to 
form hotspots as they remain concentrated close to the source of 
dispersion. An example of this phenomenon was studied by Xu et al. 
(2022), who reported the highest concentration in the literature of MPs 
in soil nearest the Mauerpark graffiti wall in Berlin (Xu et al., 2022). The 

graffiti paint particles studied have a high density compared to other 
types of MPs, making them difficult to disperse and also to analyze using 
conventional density separation protocols, which demanded a custom
ized separation method.

An example of a high-density polymer that fits in the previous 
description is polyvinyl chloride (PVC). In 2022, PVC accounted for 
12.7% of global plastic production, which reached 400.3 million tons, 

making it the third most produced type of plastic, only behind poly
propylene (PP) (18.9%) and polyethylene [both low-density (PE-LD) 
and linear low density (PE-LLD)] (14.1%) (Plastics Europe, 2023). 
Nevertheless, despite being among the most produced types of plastic, 
PVC was detected in 25% of types of soil and sediment analyzed in a 
review (Koutnik et al., 2021). Since its high density (~1.5 g/cm³) causes 
this material to deposit quickly into the sediment when released, it raises 
the alert to the potential for hotspot formation by PVC MPs. Further
more, it is worth noting that PVC is a type of plastic that carries a high 
load of additives in its composition, making PVC MPs a relevant vector 
of pollutants (Ye et al., 2020).

One common application of PVC is in adhesive vinyl. These 

Abbreviation

MP microplastic
PVC polyvinyl chloride

Fig. 1. Examples of everyday objects with visually degraded parts made of adhesive vinyl films: (A) No parking sign; (B) Parking banner; (C) Parking identification 
sign in a mall; (D) Traffic sign; (E) Sign made of adhesive vinyl that generated the MPs in the soil targeted in this study; (F) Magnification of E.

Fig. 2. Picture of the studied site, showing the location of the samples distant 0 m, 1 m, and 2 m from the MP source.
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adhesives can be used for visual communication, car adhesives, and 
interior decoration (a few examples in Fig. 1). Despite being common
place in urban centers, there is no record in the literature assessing the 
potential for MPs to form from these sources.

Studies investigating the fragmentation potential of plastic materials 
widely used in urban centers can aid in different ways in the context of 
the Sustainable Development Goals proposed by the United Nations, by 
contributing to the achievement of the following ones: SDG 11, “Sus
tainable cities and communities,” by showcasing the need to replace 
these materials if harmful, SDG 12, “Responsible consumption and 
production,” by indicating the pollution potential of sources widely used 
in urban contexts, and SDG 15, “Life on land,” by providing evidence for 
the development of further studies aimed at enhancing the well-being of 
organisms and terrestrial systems.”

Therefore, the aim of this study was to carry out an analysis on the 
soil exposed to a specific source—a sign coated with adhesive vinyl that 
was left outdoors for eight years—to see whether the fragmentation 
potential of this material could be contributing to plastic pollution on 
soil. Thus, the hypothesis of this study were: 1) the degradation of vinyl 
adhesive signs contributes to plastic pollution in the soil and 2) the 
protocol developed by Xu et al. (2022) (Xu et al., 2022) can be applied in 
forensic studies correlating the presence of microplastics and their 
origin.

2. Materials and methods

2.1. Collection of soil samples

Soil samples were collected in Sorocaba, São Paulo, Brazil 
(23◦34′59.20″S, 47◦31′31.94″W) around a sign containing an adhesive 
vinyl film that had been exposed to the weather for eight years. We 
noticed the whole blue area of the film was cracked, indicating that the 
polymer was highly degraded (Fig. 1E and F). To analyze horizontal 
transport, we collected samples from below the sign (0 m), 1 m, and 2 m 
distance from the back of the sign (Fig. 2). To analyze the vertical 
transport, we collected samples up to 30 cm deep, dividing the collection 
into three layers 10 cm deep (0–10 cm, 10–20 cm, and 20–30 cm). At 
each distance, the collection was carried out in triplicate with a soil 
sampler drill (Saci steel drill bit 1″ x 0–80 cm). Each site is identified in 
Fig. 2. Soil samples were dried in an oven at 50 ◦C for 48 h and then 
sieved through a 2 mm sieve. The sample code had the format LX.Y, with 
L standing for location, X standing for the distance from the sign in 
meters, and Y standing for the replicate number (Fig. 2).

2.2. Controls and precautions to avoid contamination

As long as MPs are everywhere, including inside laboratories 
(Noonan et al., 2023), we have adopted a number of precautions. All 
reverse osmosis water used throughout the experiments was filtered 
three times using membranes with pores of 5 μm in a vacuum filtration 
system, as well as we have done with the NaCl and NaBr saturated so
lutions. In addition, every step of processing the samples was performed 
inside a laminar flow hood whenever the soil needed to be exposed to air 
(except for weighings). This laminar flow hood was located in a room 
with controlled access of people where only cotton coats were allowed, 
and every time it needed to be used, a wet membrane was placed inside 
the laminar flow hood workspace to monitor the MPs deposited from the 
air as a control. Another precaution was to wash the falcon tubes, 
glassware, and tools three times with the filtered water mentioned 
earlier.

To avoid contamination of MPs by the salts (Kutralam-Muniasamy 
et al., 2023), we dissolved them in distilled water and then filtered these 
solutions three times through a 5 μm pore membrane. We evaporated 
this solution by heating it at a temperature below the boiling point in a 
laminar flow hood to obtain the MP-free salt and then collected the 
precipitate.

We also adopted controls for saline solutions used in density sepa
ration. These consisted of adding the same amount of solution to a 
previously cleaned Falcon tube. After going through the same proced
ures as the other tubes (shaking and centrifuging), we filtered these 
solutions and analyzed them under a stereomicroscope. This control was 
carried out three times, each corresponding to the distance of the col
lections (0 m, 1 m, and 2 m). All these procedural blanks can help to 
avoid MPs, while air deposition blanks are essential to track the quality 
of the working environment (Prata et al., 2021).

All controls adopted throughout the procedural and atmospheric 
deposition controls registered the absence of contamination by blue 
MPs. All the steps and precautions taken were necessary for this result, 
especially when cleaning the reagents and solvent. When manufactured, 
these products lack MP quality control and are packaged in plastic, 
increasing the risk of contamination (Liu et al., 2024).

While optimizing the experiment conditions, we noticed the unex
pected presence of blue microplastics in the procedural controls, which 
could have come from the blue-capped Falcon tubes. To avoid this 
source of contamination, we replaced the original blue-capped Falcon 
tubes with orange-capped ones.

2.3. Separation and visualization of the microplastics

In order to separate the blue MPs from the soil, we adapted a 
customized two-step separation protocol developed by Xu et al. (2022)
(Xu et al., 2022), which takes advantage of the density of a specific 
plastic to separate it from the other MPs and organic matter. Shortly, we 
collected plastic pieces from the source of MPs and determined the 
density that makes them float and sink, respectively 1.5 g/cm³ (NaBr 
saturated solution) and 1.2 g/cm³ (NaCl saturated solution). Then, we 
carried out the first step of separation, mixing 7.5 mL of NaCl saturated 
solution and 2.5 g of dry soil in a 15 mL Falcon tube, placed the tubes in 
an orbital shaker for 15 min at 67 rpm, and centrifuged them for 10 min 
at 1,600 rpm. After centrifugation, the supernatant containing the most 
organic matter and less dense MPs was discarded. The separation of the 
blue MPs was carried out using the Falcon tube containing soil wetted 
with the remaining NaCl solution, added with filtered water enough to 
reach the mark of 12 mL in the tube and enough NaBr to allow the 
observation of non-dissolved NaBr crystals after the 15 min of orbital 
shaking, which is the evidence of the saturation. Centrifugation for 10 
min at 1,600 rpm was carried out and the supernatant separated. The 
whole protocol of the NaBr solution was repeated two more times to 
ensure the recovery of the blue MPs dragged along the soil during 
decantation. After the repetitions, the collected supernatants were 
transferred to a vacuum filtration system (membrane GVS, Nylon disk 
47 mm 0.45 μm), and the membrane, after drying at room temperature, 
was examined in a Leica S8APO stereomicroscope for further analysis 
and measurements in the software ImageJ.

3. Microplastics identification

3.1. Polymer type in the microplastics

To identify the chemical composition of the polymer in the sign and 
the soil, we first removed fragments directly from the sign (Fig. 1E and F, 
and 2), and analyzed them by ATR-FTIR. We identified a coating on the 
polymer, potentially leading to misinterpretation, so we placed a paint 
fragment in a glass flask—previously cleaned with 90% acetone
—immersed in ether in an ultrasound bath for 30 min. After the resin 
removal, it was possible to observe new bands and intensities, which 
were discussed later in the text. The same protocol with ether was 
applied to the particles found in the soil, and then we gathered the 
particles on the top of the reflective element for the measurement.

Measurements were recorded at room temperature using a FTIR 
spectrometer, model Alpha, in the region of 400–4000 cm− 1, with a 
DLATGS detector. The spectra were recorded with the ATR (attenuated 
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total reflection) module: ATR Platinum, equipped with a diamond 
crystal as a reflective element. The spectra were obtained through 64 
accumulations with a resolution of 4 cm− 1.

3.2. Pigment determination

Raman spectra were measured using the labRAM HR Evolution 
(HORIBA) with lasers of different wavelengths (473 nm, 532 nm, 633 
nm, and 785 nm) and a 50× long-range objective (NA = 0.55). The 
resistance of each material was tested for different power levels of each 
laser to obtain the best signal for the spectra without damaging the 
material. We used a starting position on the spectrometer to allow the 
peaks in the polymer identification region (fingerprint) to be observed 
around 1600 cm− 1. For the final spectrum measurement, we used the 
region from 200 cm− 1 to 3200 cm− 1, allowing the observation of the 
entire common polymer fingerprint region and the C-H stretching 
region.

The parameters were optimized to obtain the spectra of the samples, 
mainly by checking the appropriate laser wavelength and the maximum 
power that the sample could bear without damage. The chosen wave
length was 633 nm, with 10 mW power, 5 s integration time and 10 
accumulations, generating spectra with high signal-to-noise ratio and 
making identification possible. A filter was used, which automatically 
identified and removed any spikes due to cosmic rays by comparing the 
spectra from the different accumulations.

A baseline and a noise filter were applied using the tools in the micro- 
Raman software itself (Labspec) or a Matlab® code. The compounds in 
the spectra were identified using the Knowitall® database.

3.3. Data visualization

The graphs were made with OriginPro 2024 and designed using a 
color-blindness accessibility guide (Pereira, 2021), to represent color 
and patterns to provide readable material for color-blind people.

3.4. Statistical analysis

We performed a Kruskal-Wallis test (p < 0.05) in GraphPad Prism 8.0 
software for all MPs sizes comparisons, as the data did not satisfy the 
assumptions required for a parametric test (normality and 

homoscedasticity).

4. Results and discussion

4.1. Microplastics quantification

Adhesive vinyls are widely used for visual identification and, 
therefore, widely manufactured and applied everywhere, even in out
door spaces, where they degrade and break (Fig. 1). With this in mind, 
we decided to investigate the forensic tracking of this sort of MPs coming 
from a specific source. Setting a causal nexus between the source and the 
presence in the environment is essential in the framework of the current 

Fig. 3. Micrographs of blue fragments from the soil sampled below the adhesive vinyl film at the 0–10 cm depth, which are also examples of MPs with sharp edges 
(A–F). All the micrographs taken for this study are available in the Zenodo repository at the link: doi.org/10.5281/zenodo.10516559.

Fig. 4. A) Number of fragments in 1 kg of dry soil (triplicates combined for 
averaging) at each soil layer depth. The topsoil layer was the most contami
nated by blue MPs, with the soil below the sign (0 m) showing the highest 
number of MPs, demonstrating the ability of the fragments from adhesive vinyl 
films to form hotspots near the source. B) Magnification of graph A to better 
visualize the data at 1 and 2 m. The data is available in Supplementary Mate
rial, file all_data.pdf, tab “Number of Fragments”.
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discussions about plastic pollution, mainly to determine the problematic 
products because of the potential release of MPs (UNEP, 2023). Also, 
developing protocols to set a causal nexus between the MPs in the 
environment and the source from where they came from is a tool for 
future accountability in cases of environmental pollution investigation.

The initial protocol used the plastic source to customize the sepa
ration of the MPs of interest using density. We determined that the 
pieces of plastic from the source sank in the NaCl saturated solution (1.2 
g/cm3) and floated in the NaBr saturated solution (1.5 g/cm3). Using the 
NaCl-saturated solution as a first step leads to removing the less dense 
MPs, like PP and LDPE, and most organic matter, cleaning the potential 
contamination of the MPs of interest with other MPs and organic matter 
in excess. In this particular study, this step also removed enough organic 
matter to avoid the digestion step, making the protocol simpler, faster, 
and less expensive. Additionally, the reagents used in the digestion step 
might affect the shape of polymers and their chemical composition 
(Pfeiffer and Fischer, 2020; Dehaut et al., 2016). Representative pictures 
of the visualization conditions of MPs found in this study are in 
Fig. 3A–F. Only the blue fragments, the color of the plastic in the source, 
were quantified.

The mean number of fragments at each depth and distance from the 
sign can be seen in Fig. 4. At the distance of 0 m, we registered 5.6 × 104 

fragments kg− 1 of dry soil on its topsoil layer (0–10 cm), 1.2 × 104 

fragments kg− 1 of dry soil in the 10–20 cm layer, and 1 × 104 fragments 
kg− 1 of dry soil in the 20–30 layer. At a distance of 1 and 2 m from the 
sign, the highest concentration of fragments was also in the topsoil, 
respectively 9.3 × 103 and 5.3 × 102 fragments kg− 1. To check this 
magnitude in contrast to the literature, we compared the highest con
centration of fragments found in this study—an average of 5.6 × 104 

kg− 1 of dry soil at 0 m in 0–10 cm depth—with the MPs concentrations 
in soil samples of urban soil and street dust as analyzed by the review of 
Koutnik et al. (2021) (Koutnik et al., 2021). We found that the con
centration encountered here is above the upper quartile of the gathered 

Fig. 5. Dispersion of areas as a function of depth for all triplicates at a distance of 0 m (A) and 1 m (B) from the sign. No significant differences were found between 
the triplicates within each distance by applying the Kruskal-Wallis test. The complete figure containing the information for 2 m is available in Supplementary 
Material, file auxiliary_figures.pdf, Fig. S1.

Fig. 6. Area (μm2) of blue fragments at each distance from the sign. The farther 
the source, the smaller the fragments. Different letters indicate significant dif
ferences between the area in fragments at 0 m and 1 m. Due to the small 
number of values, no comparisons were made for fragments at 2 m. The com
plete figure containing the information for 2 m is available in Supplementary 
Material, file auxiliary_figures.pdf, Fig. S2.
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literature. This concentration is even more significant if we consider that 
we are only quantifying one type of microplastic, discarding the most 
found microplastics in literature and also the most produced, like 
polypropylene and polyethylene (Koutnik et al., 2021; Plastics Europe, 
2023; Maharana et al., 2020; Liu et al., 2018), in the first step of sepa
ration using the NaCl-saturated solution.

The farther from the source, the fewer fragments are on the soil, 
which indicates that horizontal transport is not the leading cause of 
distribution. Density is one of the fundamental properties that determine 
MP transport (Koutnik et al., 2021), and the higher density of blue MPs 
makes them likely to settle vertically. Fragments far from the sign 
probably got there through the wind, surface water runoff in the soil, or 
even through bioturbation (Nie et al., 2022; Huerta Lwanga et al., 2017; 
Han et al., 2022).

To check if the MP size could play a role in the transport, we 
measured the area of every fragment observed on the membrane and 
compared them to check if the size varied according to the depth for all 
locations (Fig. 5). We first compared the same depths at each distance 
(triplicates). As no significant differences were found (Fig. 5A and B), we 
expanded the analysis by comparing the complete set of triplicates (9 
samples) for each distance. This also revealed no significant differences 
as a function of the depth at 0 m (Fig. 5A) and at 1 m (Fig. 5B), meaning 
that the size does not influence the vertical transport. This result con
tradicts what we would expect if we consider that the smaller MPs are 
reported as having stronger vertical transport (Liu et al., 2024). The 
results at 2 m were not considered for comparison and were not included 
in Figs. 5 and 6 since the sample size was small.

Since there was no significant difference in the area of the particles at 
a given distance, we combined the area of all the fragments from the 
three triplicates within each distance and compared the areas between 
the distances, but only the most significant results are shown in Fig. 6
(complete figure is available in Supplementary Material, file auxiliar
y_figures.pdf, Fig. S2). We found that there was a difference between the 
area of the fragments obtained at 0 m and 1 m, indicating the area de
creases as a function of the distance from the source of contamination, 

which may indicate that smaller particles have a greater dispersion ca
pacity than the larger ones.

4.2. Potential of fragmentation

Since the framework under study here is the collection of MPs 
originated from a given source, we attempted to estimate the area of the 
source needed to produce the MPs quantified so far. Firstly, we chose the 
location with the highest concentration of MP, 0 m distance, and sum
med the area of all fragments found there. Then, we extrapolated the 
sum of the fragments found in 7.5 g (2.5 for each layer) to 1 kg (raw data 
available in Supplementary Material, file all_data.pdf, tab “Soil micro
plastics”) to allow comparison with the literature. Finally, the value 
obtained in μm2 is converted to cm2 to make it relatable. The final result 
is the 26,178 fragments generated from 4.7 cm2 (or 5,570 fragments 
from 1 cm2) of the plastic sign.

Adding to the above-mentioned approach, we found evidence in the 
MPs inclined or verticalized on the membrane (Fig. 7, taken from a more 
extensive set of pictures available in Supplementary Material, file aux
iliary_figures.pdf, Fig. S3) that the thickness varies from 20 to 40 μm, 
averaging 30 ± 7 μm. To check if the thickness is the same as in the sign, 
we measured the thickness of the most preserved film piece in the sign–a 
place shadowed by the metallic structure and still flexible, as opposed to 
the rest of the sign–and the average thickness was 60 ± 17 μm (pictures 
and measurements in Supplementary Material, file auxiliary_figures.pdf, 
Fig. S4). It shows that fragmentation can happen not only through the 
breakage of the film to the extension of the thickness but also through 
erosion of layers smaller than the thickness, as represented in Fig. 8.

Because of the difference between the thickness of the film in the sign 
and the MPs collected from the soil, the estimation of 4.7 cm2 producing 
26,178 microplastics is an overestimation. One central point to note is 
that we do not know the extent to which each of the processes illustrated 
in Fig. 8 occurs, still, the scenario is even more worrying since the area 
estimated earlier in the text generates a larger number of MPs.

4.3. Microplastics identification

Strategically, to establish a nexus between the MPs collected from 
the soil and their source, we carried out analysis using two types of 
vibrational spectroscopies: infrared for the polymer type characteriza
tion and degradation assessment and Raman for the analysis of the 
strong fluorescence of the blue pigment as a probe for matching the MP 
and its source by the presence of the same additive.

The FTIR analysis of the MP collected from the soil and the source in 
the sign led to the spectra in Fig. 9A and C, respectively. We cannot find 
a fit for the polymer identity there, mainly because there was no signal in 
the region between 2800 and 3100, attributed to the C-C and C-H bonds. 

Fig. 7. Examples of MPs inclined on the membrane that allowed its thickness to 
be measured. The complete set of pictures that were used for measuring 
thickness is available in Supplementary Material, file auxiliary_figures.pdf, 
Fig. S3, as well as the measurements, available in file all_data.pdf, 
tab “Thickness”.

Fig. 8. Scheme representing our hypothesis for two different fragmentation 
dynamics for forming MPs from adhesive vinyl films from a transverse plane. 
Here, we consider deep fragmentation as the complete breaking of the fragment 
from the surface to the substrate and fragmentation in layers as the partial 
breaking of the fragment’s extension. The white areas represent parts of the film 
that have detached.
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Since it is usual to have adhesives under or resins over the film, we 
processed the samples using ether to remove any potential interferents. 
Then, we could observe the bands that determined the polymer type in 
the MPs (Fig. 9B) and the sign (Fig. 9D).

By comparison with the work of Abu-Saied et al. (2019) (Abu-Saied 
et al., 2019), we identified the polymeric composition of the MP and its 
source as being made of Poly (vinyl chloride) and Polyacrylic Acid. 
Fig. 10 shows the spectra of MP and its source, and all the bands coin
ciding in both, including shoulders, are identified by a line, showing the 
similarity of composition between both.

The main bands of the Polyacrylic Acid (Abu-Saied et al., 2019) are 
the ones at 1428 and 960 cm− 1, attributed respectively to the OH 
in-plane and out-of-plane deformations; at 1725 cm− 1 attributed to the 
carbonyl band; and the range between 3030 and 3700 cm− 1 attributed 
to the hydroxyl stretching. Regarding the PVC, the main bands for its 
identification are the ones at 1252 and 1328 cm− 1, attributed to the 
Hydrogen bonded to the group C-Cl, whereas the bands at 607, 639, and 
682 cm− 1 are the ones attributed to the bonding C-Cl (Beltrán and 
Marcilla, 1997).

The bands related to the C-Cl from PVC are particularly interesting 
when comparing the source and the microplastic. The former has the 
bands still clearly seen in the spectra of the source, the most preserved 
against degradation, and the latter has these same bands decreased to 
the point of prevention of the polymer identification. This happens 
because of the mechanism of dehydrochlorination, which occurs during 
PVC degradation, with the removal of HCl and the formation of a vinyl 
group (Beltrán and Marcilla, 1997). This result is particularly relevant 
because investigating the MPs close to the source allowed us to identify 
the polymer that originated the microplastics. Because of the identifi
cation of the polymer in the source, the least intense bands that could be 
mistaken as noise or contamination can make sense chemically as evi
dence of the residual C-Cl groups and the degradation level of the MPs. 
Notably, without knowing the source, the polymer would not have been 
identified only with the MP spectra.

Fig. 9. FTIR spectra of A) the MP collected from the soil; B) the same sample in A after treatment with ether to remove interferents; C) the plastic collected directly 
from the source; D) the same sample in C after treatment with ether to remove interferents. A is out of scale compared to the spectra B, C, and D to allow visualization 
of the peak absorption.

Fig. 10. FTIR spectra of the MPs collected in the soil (solid line) and a piece of 
the sign (dashed line). The spectra were displaced in the y-axis for a better 
visualization. All the lines crossing the graph show the bands occurring in both 
spectra. The gray highlight shows the bands attributed to the bond C-Cl.
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Because of the strong Raman signal emitted from the pigment, the 
identification of the polymer itself by Raman spectroscopy was not 
possible, although this phenomenon allowed a more interesting feature 
for the forensic approach: the identification of the pigment itself. The 
Raman analysis yielded the spectra of the MP (Fig. 11A) and the plastic 
piece from the sign (Fig. 11B), matching the same additive, the blue 
pigment cobalt phthalocyanine. This information, added to the FTIR 
spectra, led to the forensic match needed to confirm the nexus between 
the MPs and the source.

5. Conclusion

In the studied conditions, a single PVC sign contributed to 5.6 × 104 

fragments.kg− 1 of dry soil in the topsoil layer. Given the forensic asso
ciation, we could correlate for the first time the quantification of the 
fragments from a specific source: 5.57 × 103 from 1 cm2 of the source. 
Also, we could forensic prove, using vibrational spectroscopies, the 
forensic linkage between the contamination and the source. Regarding 
transport, for the specific context studied here, fragments size did not 
influence horizontal or vertical displacement. The development of a 
forensic approach from the tools already available can provide a tool for 
polluters accountability, parameters for environmental quality control 
in products for outdoor purposes and the lifespan determination for 
outdoor contexts.
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Supplementary material

File all_data.pdf: tab “Soil microplastics” contains the sizes of all 
microplastics measured; tab “Number of fragments” contains the 
quantification of fragments number for all the collection sites; tab 
“Thickness” contains all the thickness measured with the association to 
the pictures.

File auxiliary_figures.pdf: contains a figure for the dispersion of areas 
as a function of depth for all triplicates (S1); a figure for the area of blue 
fragments at each distance from the sign (S2); a figure for micrographs of 
particles that were facing upwards in the membrane (S3); and a figure 

Fig. 11. Raman spectra for A) the MP collected from the soil, and B) the piece of the film on the sign.
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for thickness of three portions of a preserved film piece in the sign.
All the pictures used for all the size measurements are available in 

the Zenodo repository at the link: https://doi.org/10.5281/zenodo.105 
16559.
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