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Abstract

:

This research, focusing on the environmental impact of tire and brake disc pad wear, constitutes a significant area of transport-related studies. These two key vehicle components are not only the most frequently worn but also generate micro- and nano-pollutants (i.e., rubber, metal oxides) that potentially harm the environment. Over half of the globally produced natural and synthetic rubbers, which amounted to about 30 million tons in 2022, are used for tire production. This work focuses on the study of roadside snow, sand, and standing water deposits from various locations in the urban agglomeration (Poznań, Poland) during the winter season, determining their qualitative composition and the quantitative content of pollutants originating from tire abrasion. In addition, the method of washing nano- and micro-rubber particles and their full characteristics was also presented. Fourier-transform infrared (FT-IR) and nuclear magnetic resonance (NMR) spectroscopic studies, optical and scanning electron microscopy (SEM-EDS), particle size studies using a dynamic light scattering (DLS) particle analyzer, and thermogravimetric analysis (TGA) were conducted for a detailed characterization of the pollutants in the environment. The conducted particle separation methods allowed for the extraction of a fraction mainly containing gum residues with particle sizes less than 2 µm. The results of these tests make it possible to estimate the level of contamination with rubber and metal residues during the abrasion of tires, pads, and brake discs while driving, which is crucial for understanding the impact of vehicle part exploitation on the environment.
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1. Introduction


Tire abrasion occurs during the power transfer where the tire makes contact with the road, engaging with diverse elements such as leftover leaves, soil fragments, sand, and water. Consequently, the abrasion is not solely attributed to tire degradation but rather to a combination of various substances. In the literature, the term “tire road and wear particle” (TRWP) is often used, even when referring to a mixture of particles originating from tire wear and road surfaces. In addition to larger particles that settle on the road or are transported to roadside soils or surface waters, there is also a fraction of smaller particles that can be carried by the air. This fraction plays a significant role in public health hazards and accounts for a maximum of 10% of the total mass emission associated with tire wear [1]. Non-exhaust particle emissions arise from abrasion of the brakes and tires and wear of the road surface, as well as from resuspension of road dust. These particles exhibit a diverse morphology, manifesting in various shapes. They are characterized by significant porosity, which contributes to their unique physical properties [2]. Furthermore, their qualitative composition may differ from the original material, indicating a chemical transformation during the formation process [3].



The tire manufacturing industry utilizes approximately 60% of produced natural and synthetic rubbers. Tires have varying compositions depending on their intended application but most commonly consist of natural rubber, styrene-butadiene, and butadiene. During wear, they undergo abrasion, leading to the formation of so-called Tire Wear Particles, which contaminate the environment along with concurrently abraded road materials (i.e., bitumen, aggregate) [4]. In the research conducted by Stalnaker et al., it was demonstrated that the degree of tire wear, which is associated with the release of a larger amount of pollutants, is several times higher in urban agglomerations than during highway driving [5]. This is related to more dynamic driving, frequent braking, and maneuvering. This phenomenon can be attributed to the complex driving conditions in urban areas, characterized by frequent starts and stops, as well as the need for constant maneuvering due to traffic congestion. These factors contribute to accelerated tire wear and, subsequently, an increased release of pollutants [6].



The emissions of these particles can be categorized as non-airborne, which constitute over 90% of total emissions, and airborne [7]. It is assumed that the primary source of metals released into the environment are particles resulting from tire friction and brake disc and pad wear [8], such as iron, lead, chromium, copper, titanium, and many others [9,10,11,12,13]. Additionally, it is estimated that as a result of the abrasion of these materials, up to 1,327,000 tons of tire wear particles are produced annually within the European Union alone [8]. Reports are available presenting various tire brands with the amount of worn material during driving. In 2021, ADAC (Allgemeiner Deutscher Automobil-Club) presented a report in which the mass of particles generated as a result of winter tire abrasion while driving was determined for selected tire models, these data are presented in Table 1 [14].



These particles are one of the main sources of microplastic pollution in both aquatic and terrestrial environments [6,15,16,17]. It is important to note that the majority of pollutant emissions come from tires rather than brakes. In combustion engine vehicles, over 45% of emissions stem from tire wear, while only 25% are derived from brakes. Furthermore, conducted studies have revealed that due to the increased weight of electric motor vehicles, this emission escalates to 61%. This highlights the significant role of tire wear in vehicular pollution, a factor that warrants further investigation, particularly in the context of the growing prevalence of electric vehicles [18,19,20].



In the scientific literature, there are known examples of studies aimed at detecting and quantifying particulate matter resulting from tire and road wear. These particles have been identified in various environments, including soil, road tunnels, snow deposits, and aquatic ecosystems [8,15,21,22,23,24,25]. Simulative studies were also conducted under laboratory conditions to determine the content of tire wear particles. It was observed that the emission of particles varies depending on changes in driving conditions. Physicochemical analyses of these pollutants revealed a high content of carbon and silicon, heavy metals, sulfur, and mineral substances [26,27,28]. Research conducted by Tonegawa and Sasaki demonstrated that under such conditions, the release coefficient of airborne particles (PM10, PM2.5) is merely about 4% of the mass. Consequently, the majority of pollutants from tire residues remain on road surfaces [28,29]. The methodologies presented in these studies are comprehensive, encompassing sample preparation procedures for subsequent analysis. However, these studies underscore the absence of standardized methods, which impedes the uniformity of the results presented across different research efforts. Furthermore, scientists Mennekes and Nowack in their article highlight the fact that a significant majority of studies are based on the collection of already available data and the estimation of Tire Wear Particle quantities, rather than on an actual determination and conducting of an investigation [30].



There are many studies on the impact of these particles on the aquatic environment [31,32,33,34,35,36,37]. Research on the toxicity of these pollutants indicates that they have a detrimental effect on the photosynthesis of aquatic plants and exert toxic effects on certain filter-feeding species, such as Daphnia magna [15,38]. Given the potential environmental impact of these particles, it is crucial to determine local emissions in various environments. This will allow for more extensive data collection and enable a more accurate estimation of the pollution level in different regions.



Further research is needed to develop standardized methods for the detection and quantification of these particles. This will not only improve the consistency of the results across different studies but also contribute to a better understanding of the environmental impact of tire and road wear particles. Moreover, the development of mitigation strategies to reduce the emission of these particles and their subsequent environmental impact should be a priority for future research [4,6,39].



This study explores the characteristics of micro- and nano-pollutants collected from snow deposits, roadside sand, and standing water samples from various locations within an urban agglomeration (Poznań, Poland). Subsequently, fractions primarily composed of tire particles were isolated from the obtained sediments using a washing method involving organic solvents such as isopropanol and dichloromethane. Subsequently, to identify and characterize the obtained materials, spectroscopic studies (X-ray Diffraction (XRD), Fourier-Transform Infrared Spectroscopy (FT-IR), and Nuclear Magnetic Resonance (NMR)), particle size measurement (Dynamic Light Scattering (DLS)), optical and scanning electron microscopy (SEM-EDS), and thermogravimetric analysis (TGA) were conducted.




2. Materials and Methods


2.1. Materials


The chemicals were purchased from the following sources: dichloromethane (DCM) and isopropanol (iPrOH) from Chempur, Piekary Slaskie, Poland; chloroform-d from Deutero, Gdansk, Poland. The filtering process was carried out on filter paper with a 5–13 μm pore size.




2.2. Preparation of Samples for Testing


Samples for analysis were collected during the winter from various points located in Poznań, Poland, as indicated on the map (Figure 1, Table 2). The samples were in the form of snow, precipitation water, or sand. This city is situated in the western region of Poland, on the Greater Poland Lake District, along the Warta River, and has a population of over 540,000 (as of 2023).



Snow, along with contaminants, was dissolved on a filter (and the remaining sediment was rinsed with iPrOH (extract 1); then, the same sediment was washed with DCM (extract 2). The obtained fractions were concentrated in order to determine the concentrations of dissolved particles, and then solutions of equal concentrations were prepared from them (Figure 2).



For each extract, spectroscopic characterization (FT-IR and NMR) and microscopic analysis (SEM-EDS) were conducted, particle sizes were determined (DLS), and thermogravimetric analysis (TGA) was performed under nitrogen and air atmospheres.



The residue remaining after extraction was sieved using a vibratory sieve, separating fractions >1 mm, 250 μm–1 mm, 100–250 μm, 40–100 μm, 25–40 μm, and <25 μm, which were then characterized using spectroscopic methods (FT-IR), microscopic techniques (optical, SEM-EDS), and thermogravimetric analysis (TGA). Particle size measurement was conducted for selected fractions, namely 40–100 μm, 25–40 μm, and <25 μm (DLS).




2.3. Determining the Concentrations of Tire Wear Particles


Samples of snow and street sediments, collected from various locations, underwent a multi-step extraction process using isopropanol and dichloromethane. This multi-stage procedure aimed to effectively remove contaminants and concentrate the particles present in the samples (Table 3). Subsequently, the solvents were evaporated using a laboratory evaporator, and the particle content was determined. Depending on the sampling location, such as roadside or parking areas, the concentration of extracted particles varied. The multi-step washing process and subsequent particle content analysis allowed for the determination of the chemical composition and morphology of particles from different locations.




2.4. Methods


Thermogravimetry (TGA) was performed using a NETZSCH 209 F1 Libra gravimetric analyzer (Selb, Germany). Samples of 5 ± 0.2 mg were placed in Al2O3 crucibles. Measurements were conducted under nitrogen and air (flow of 20 mL/min) in the range of 30–800 °C and 10 °C/min heating rate.



1H and 29Si nuclear magnetic resonance (NMR) spectra were recorded at 25 °C on Bruker Ascend 400 and Ultra Shield 300 (Billerica, MA, USA) spectrometers using CDCl3 as a solvent. Chemical shifts are reported in ppm regarding the residual solvent (CHCl3) peak for 1H and 13C.



Fourier-transform infrared (FT-IR) spectra were recorded on a Nicolet iS50 Fourier-transform spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a diamond ATR unit with a resolution of 0.09 cm−1.



Particle size distribution of pollution particles was determined by a Mastersizer 3000 (Malvern Instruments Co. Ltd., Malvern, UK) using the laser diffraction method for powder substances using the Aero-S dry dispersion system and, for liquids, Hydro-UV wet dispersion. The analyses were conducted in isopropyl alcohol at room temperature. Five independent measurements in three series were taken for each sample.



A digital light microscope Keyence VHX 7000 (Keyence International, Mechelen, Belgium) with 100–×1000 VH-Z100T lens was used to examine the obtained material. All images were recorded with a VHX 7020 camera.



Sample surface morphology and chemical composition (SEM-EDS) were analyzed using a Phenom XL (Thermo Fisher Scientific) scanning electron microscope with resolution <20 nm.



X-ray diffraction studies were carried out on a Bruker D8 Eco Advance X-ray (Mannheim, Germany) diffractometer to determine the phase structure of the samples. The diffractometer works in geometry θ–2θ with a Cu-Kα lamp (λ = 0.15406 nm). The following parameters were used for measurements: radiation 40 kV and 25 mA, angular range 2θ 15–70°, step width 0.01°, and step time 3 s.





3. Results and Discussion


3.1. Microscopic Analysis


3.1.1. Optical Microscopic Analysis


To preliminarily ascertain the composition of individual fractions post-extraction, microscopic images of the acquired sediments were captured using an optical microscope (Figure 3). The analysis revealed that sand was predominant in all fractions. Fractions containing particles within the range >40 μm (Figure 3C–E) exhibited the presence of organic matter (such as plant fragments, etc.). Additionally, dark artifacts observed in the microscopic images were identified as iron particles.



This hypothesis was experimentally validated through SEM-EDS. Leveraging the magnetic properties of iron, its particles were isolated from the systems using a magnet. The presence of iron in the samples is most likely associated with the abrasion of brake pads during their usage (Figure 4).




3.1.2. SEM-EDS Analysis


Figure 5 and Figure 6 illustrate the morphology of the fractionated sediment samples and products of extraction with organic solvents. The samples under consideration display irregular geometry and shape, with their dimensions correlating with the implemented fractionation procedure. The powders within a fraction of less than 25 μm exhibit a flake-like morphology, while particles exceeding 25 μm demonstrate angular characteristics. Particles of smaller size also present an acicular morphology. It is noteworthy that the particles within the fraction of less than 25 μm encompass a range of sizes, including very small particles (less than 10 μm) and larger particles (greater than 10 μm). In contrast, larger fractions are characterized by particles of more uniform sizes and consistent shapes. Predominantly, these particles display a combination of rounded and angular shapes. Additionally, EDS was performed, and the results are compiled in Table 4. Depending on the samples’ origin, they display diverse chemical compositions.



Samples collected from roadside sand contained a higher concentration of mineral components, such as calcium, aluminum, sodium, and metals like iron, likely originating from the wear and tear of brake pads. Furthermore, tellurium was detected in these samples. The sources and confirmation of its presence in the surface layer of soil at the sampling site have been extensively described in the work by Filella et al. [40].



EDS analysis of materials obtained from melted snow did not reveal the presence of calcium, which is consistent with the information provided in the section discussing thermogravimetric analysis (Section 3.3).



SEM images of organic-solvent-extracted and concentrated rubber particles are depicted in Figure 6. These particles exhibit a spherical shape and tend to agglomerate, leading to the formation of larger clusters with sizes smaller than 2 µm. The precise sizes of these particles were further examined using the DLS technique, which is described below.



The EDS analysis of all samples (Figure 6A–F) revealed only the presence of carbon. This further confirms that the organic fractions extracted contain rubber particles originating from car tires.





3.2. Determination of Particle Distribution


For post-extraction samples containing significant amounts of dry sediment, DLS particle size studies were conducted (Table 5). The homogeneity of the distribution, the surface area of the particles, and the Dx (10, 50, 90) values were established (Dx represents the appropriate threshold value, where 10%, 50%, and 90% of particles are less than or equal to this value). These studies, like sieve size measurements from optical microscopy and SEM, confirmed the effective separation of the material into individual fractions. Depending on the source of the samples, there are differences in their specific surface area and homogeneity; for example, the CZT2 sample from snow deposits is characterized by less homogeneity and also the largest specific surface area of the 25–40 μm fraction.



The particle size distribution obtained by extraction with isopropanol and dichloromethane is presented in Figure 7. The size of the majority of samples falls within the range of 0.01–0.5 µm for the isopropanol fraction and 0.01–0.3 µm for the dichloromethane fraction. Depending on the source of the material, particles of varying sizes are washed out. The extraction of sands with isopropanol (SZY, UMU, BIS) resulted in the acquisition of particles with sizes predominantly between 0.04 and 0.05 µm. However, when the starting material was snow, the sizes were CZT2 0.055 µm, CZT1 1.0 µm, and DK11 0.1 µm, respectively. Subsequent washing with dichloromethane leads to the extraction of smaller particles, with their sizes being more similar to each other.




3.3. Thermogravimetric Analysis (TGA)


TGA of the dry extracts (DCM, iPr) was performed to analyze the content of the components of the nano rubber particles. Furthermore, experiments were performed for selected sediments with fractions <25 µm, 25–40 µm, 40–100 µm, 100–250 µm, and 250 µm–1 mm to ascertain the presence of organic and other compounds, which were washed with both dichloromethane and isopropanol. The analysis was conducted under inert gas and air atmospheres. From the TGA data, the residue mass and temperatures corresponding to the maximum decomposition rates (Tmax) were determined.



In Figure 8, thermograms of dry extracts for analysis conducted in the nitrogen atmosphere (Figure 8A) and air atmosphere (Figure 8B) are presented. In the nitrogen atmosphere, a one-step decomposition of the dichloromethane extract is observed with a Tmax = 445.8 °C, corresponding to the thermal degradation of polymers (nano rubber). Thermal analysis results indicate that washing with dichloromethane effectively enabled the extraction of nanoparticles. Based on the literature analysis, it was determined that Tmax for SBR rubbers is approximately 449 °C [41] and, for EPDM rubbers, Tmax = 409 °C [42]. In the conducted analyses in this article, it is not possible to unequivocally determine the qualitative composition of the rubber due to the diverse composition of the collected samples. The residual residue mainly consists of black carbon and other fillers. A multi-step curve profile is observed for the isopropanol extract, resulting from the extraction of a wide range of compounds. In the initial stage, the elimination of volatile substances such as organic solvents is observed. In the temperature range of 200–500 °C, the greatest mass loss, exceeding 55%, is observed, which is attributed to the overlapping thermal processes occurring in the tested samples. Degradation of polymers and medium-volatile materials such as elastomers and curing agents is observed within this temperature range [43]. Additives present in the tire composition, such as oils (including naphthenic oil, paraffinic oil, and highly aromatic oil), plasticizers, low molecular weight oligomers, emulsifiers, waxes, and antioxidants, undergo a process of evaporation due to the elevated temperature. Above the temperature of 550 °C, decomposition of remaining inorganic compounds (non-volatile materials, metal oxides, etc.) occurs. In the range of 720–820 °C (Tmax = 769.6 °C), a peak is observed, likely originating from the decomposition of calcium carbonate to calcium oxide, indicating the presence of carbonate material [44]. In some cases, calcium carbonate is used as an additive in rubber mixtures. During thermal analysis in an oxidizing atmosphere for chloromethane extract, initially, desorption of volatile compounds is observed. Subsequently, similar to what occurred in an inert atmosphere, polymer degradation is observed. Additionally, in the air atmosphere, an additional peak was observed on the DTG curve at Tmax = 538.8 °C originating from the combustion of carbon black, extracted solely using DCM [45]. It has been observed that in the case of extracts obtained using dichloromethane, a high content of carbon black is observed, whereas in the case of extracts obtained solely using isopropanol, lighter molecules present in the rubber composition, such as plasticizers, oils, etc., are washed away.



Figure 9 and Figure 10 present thermogravimetric curves for the SZY, UMU, BIS, and CZT2 sediments. A multi-stage decomposition is observed, which is a result of the complex nature of the samples in terms of their varied compositions, types, and collection locations (Table 6 and Table 7). The analysis of the SZY and UMU samples, collected as sand from areas near busy streets, shows similar degradation mechanisms (five-stage sample decomposition). The first stage of decomposition, in the temperature range of 30–150 °C, corresponds to the phase of dehydration and desorption of volatile substances. The next stage, occurring in the temperature range of 190–540 °C, is characterized by the presence of two peaks and is associated with the decomposition of organic matter, as well as remaining rubber particles that were not extracted due to their larger particle sizes. Samples with the largest grain fraction (250 µm–1 mm) show the highest percentage content of organic matter among the studied sediments. Above a temperature of 600 °C, the thermal decomposition of carbonates begins. The residual mass consists of inorganic residues, which occur in soils and car pollutants.



The BIS and CZT2 samples, collected, respectively, as sand and snow, differ slightly in the range of higher temperatures from samples collected as sand occurring near busy streets. The first stage of decomposition, in the temperature range of 30–150 °C, is analogous to the SZY and UMU samples and corresponds to the phase of dehydration and desorption of volatile substances. The second stage (190–540 °C) is associated with the decomposition of organic matter, as well as remaining rubber particles that were not extracted due to their larger particle sizes. Above a temperature of 600 °C, one peak is observed, not two as in the case of UMU and SZY, which indicates a less diversified occurrence of inorganic compounds.




3.4. Spectroscopic Analysis


3.4.1. NMR Spectroscopy


1H NMR spectroscopy was employed to determine the qualitative composition of a mixture of substances contained in extracts obtained after washing with dichloromethane (DCM) and isopropanol (iPrOH) (Figure 11). The spectra showed significant similarities, but with differences in their intensity. All the spectra obtained exhibited intense signals from aliphatic chains in the range of 0–3 ppm.



Furthermore, the region from 3 to 8 ppm can be divided into distinct signal groups: (a) 3.4–4.4 ppm from oxygenated groups and oil components; (b) 4.6–5.6 ppm from butadiene derivatives; (c) 6.4–7.8 ppm from aromatic groups.



The qualitative composition indicates the presence of organic residues that contain substances that are part of the composition of tires. The data presented here are consistent with those available in the literature, suggesting a commonality in the composition of such extracts [23].




3.4.2. FT-IR Spectroscopy


The FT-IR spectra of TRWP obtained through iPr and DCM extraction are presented in Figure 12. Similar to the observations made by NMR spectroscopy, no significant differences in the qualitative composition of both samples are discernible. The spectra exhibit signals from aliphatic hydrocarbons at 2921 cm−1, 2852 cm−1 (C-H stretching), and 1456 cm−1 (C-H bending). Above 3000 cm−1, a weakly intense band from aromatic bonds can be observed. Unsaturated bonds (C=C) also appear in the band below 1600 cm−1. The band around 1700 cm−1 corresponds to carbonyl groups. These signals align with the anticipated content, primarily composed of residues of micro- and nanoparticles generated due to tire wear (i.e., polymers, such as the previously discussed butadiene, and process oils) [46].




3.4.3. XRD Analysis


Figure 13 shows the XRD analysis of the selected samples. The XRD results of the UMU and CZT2 samples are similar. There are peaks from the same phases: Si2O, Fe2O3, and CaSi2O6. They differ only in the intensity of the peaks. In the sample SZY, in addition to peaks from Si2O, CaSi2O6, and Fe2O3, there is also a reflection from SiC. Similar results were presented in the work of Guleria et al. [47], which analyzed tire chips with other additives. The XRD analysis presented in the work of Guleria et al. shows that the tires contain the same compounds as in the results presented in this paper. Moreover, in the work of Amir et al. [48] XRD of rubber from recycled tires was also examined. In the results of Amir et al. the occurrence of CaCO3 and CaSi2O6 compounds in the tested tires was shown; these compounds also appear in the XRD reflections in this work.






4. Conclusions


This research paper provides a comprehensive investigation into the characteristics of micro- and nano-pollutants, focusing on those originating from the degradation of tires and roads in winter season. The study was conducted in Poznań, Poland, characterized by transitional and temperate climatic conditions.



During this period, the streets are typically treated with salt to mitigate ice formation, and the majority of private vehicle users transition to softer tires. These factors contribute to an accelerated rate of tire degradation, leading to an increased generation of the pollutants under investigation.



The initial phase of the study involved the extraction of micro- and nano-pollutants from collected sediments, including snow, sand, and standing water, using organic solvents. The resulting solutions were then analyzed to determine their concentration, particle size, and qualitative composition, utilizing spectroscopic techniques for a comprehensive characterization. The residue, primarily composed of sand and residual organic matter, was left after the extraction process. This residue underwent extensive analysis to identify its composition.



The pollutants characterized in this study exhibited a diverse chemical composition and a broad size range, spanning from 1mm to as small as 1 nm. EDS mapping revealed that the primary fraction consisted of sand and organic compounds. Traces of iron were also detected, likely originating from the wear of brake pads and discs. Spectroscopic studies of the extracted particles confirmed the presence of tire rubber residues. DLS studies showed that a smaller particle size characterizes the extracts obtained during DCM washing. The EDS identified only carbon in these samples. Thermogravimetric analysis of the extracts allowed for the determination that the DCM fraction contains a high concentration of carbon black, while lighter particles such as oils and plasticizers transition to the iPr-OH fraction.



An intriguing observation made during the study was the role of snow in the collection of these pollutants. It was noted that the presence of snow near roads appeared to inhibit the migration of pollutants, thereby acting as a filter and capturing/agglomerating a larger quantity of particles.



A particularly surprising finding of the study was the primary source of the pollutants found in the accumulated snow sediment, as depicted in Figure 14. Contrary to initial expectations, the majority of these pollutants were traced back to worn tires and asphalt, rather than from exhaust gases and oils produced during driving. This finding underscores the significant environmental impact of tire and road wear, highlighting an area that warrants further investigation and action.



In conclusion, this study provides valuable insights into the nature and sources of micro- and nano-pollutants and underscores the need for more sustainable practices in road maintenance and vehicle usage. It is anticipated that these findings will stimulate further research in this field and inform decisions aimed at mitigating environmental pollution.
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Figure 1. Map with marked locations where samples were collected for research (map data from © OpenStreetMap). 
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Figure 2. Photo of standard solutions of particle fractions made in isopropanol and dichloromethane. 






Figure 2. Photo of standard solutions of particle fractions made in isopropanol and dichloromethane.



[image: Applsci 14 04235 g002]







[image: Applsci 14 04235 g003] 





Figure 3. Microscopic images of all isolated sediment fractions obtained from BIS DCM. 
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Figure 4. Microscopic images of sediment samples of fractions below 25 μm and particles separated using a magnet. 
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Figure 5. SEM images of all isolated sediment fractions obtained from BIS DCM. 
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Figure 6. SEM images taken for extracts after washing with organic solvents: (A) UMU, (B) BIS, (C) BAT, (D) SZY, (E) CZT1, (F) DK11. 
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Figure 7. Particle size distribution in solutions after extraction with isopropanol and dichloromethane. 
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Figure 8. TGA results of extracts (A) in a nitrogen atmosphere, (B) in an air atmosphere. 
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Figure 9. TGA results in a nitrogen atmosphere. For the SZY sample: (A) mass change, (B) DTG curve. For the UMU sample: (C) mass change, (D) DTG curve. 
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Figure 10. TGA results in a nitrogen atmosphere. For the BIS sample: (A) mass change, (B) DTG curve. For the CZT2 sample: (C) mass change, (D) DTG curve. 
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Figure 11. NMR spectroscopy of extracts obtained from fractions extracted with DCM (red) and iPrOH (blue). 
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Figure 12. FT-IR spectroscopy of extracts obtained from fractions extracted with DCM and iPrOH. 
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Figure 13. X-ray diffraction of the analyzed samples. 
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Figure 14. Snow deposits accumulate while driving on road vehicles. 
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Table 1. Data based on the ADAC report of December 2021, München [14].
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	Trade Name of the Type of Winter Tire Tested
	Mass of Tires Wearing Out While Driving

[g/1000 km]
	Trade Name of the Type of Winter Tire Tested
	Mass of Tires Wearing Out While Driving

[g/1000 km]





	BF Goodrich G-Force Winter 2
	100
	Barum Polaris 5
	143



	Michelin Alpin 6
	105
	Continental Winter Contact TS860
	145



	Vredestein Wintrac
	109
	GT Radial Winter Pro 2
	149



	General Tire Altimax Winter 3
	124
	Laufenn i Fit+ LW31
	159



	Nokian WR Snowproof
	127
	Yokohama Bluearth*Winter V906
	163



	Dunlop Winter Response-2
	132
	Falken Eurowinter HS01
	164



	Goodyear Ultra Grip 9+
	134
	Maxxis Premitra Snow WP6
	167



	Kumho Wintercraft WP51
	137
	Bridgestone Blizzak LM005
	171










 





Table 2. List of collected samples along with their abbreviations and type.
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	No.
	Place of Sample Collection
	Abbreviation
	Sample Type





	1
	Szymanowskiego street
	SZY
	Roadside sand



	2
	Umultowska street
	UMU
	Roadside sand



	3
	Biskupińska street
	BIS
	Roadside sand



	4
	Parking on the Morasko campus
	CZT1
	Snow deposit



	5
	Parking on the Morasko campus
	CZT2
	Snow deposit



	6
	Parking lot at the Stefan Batory estate
	BAT
	Standing water



	7
	DK11 street
	DK11
	Snow deposit










 





Table 3. Comprehensive table of micro- and nano-pollutant concentrations in the sediments, recalculated to the dry mass of the sample (excluding water).
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Sample

	
Solvent

	
Concentration [mg/100 g]






	
SZY

	
DCM [a]

	
6.95




	
iPrOH [b]

	
16.27




	
UMU

	
DCM

	
11.54




	
iPrOH

	
16.39




	
BAT

	
DCM

	
37.84




	
iPrOH

	
48.65




	
CZT1

	
DCM

	
18.67




	
iPrOH

	
52.01




	
BIS

	
DCM

	
5.82




	
iPrOH

	
8.71




	
DK11

	
DCM

	
1.58




	
iPrOH

	
11.92




	
CZT2

	
DCM

	
22.78




	
iPrOH

	
23.23








[a] dichloromethane. [b] isopropanol.













 





Table 4. Elemental composition of selected materials obtained by EDS analysis.
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Sample Name

	
Element Symbol|Atomic Concentration [%]






	
BAT sediment

	
O

	
57.05

	
Ca

	
12.49

	
C

	
21.09

	
N

	
9.37

	

	

	

	




	
BAT sediment

	
O

	
59.77

	
Si

	
10.00

	
Al

	
10.04

	
Na

	
8.51

	
C

	
11.35

	

	

	




	
SZY sediment

	
O

	
57.17

	
Si

	
14.06

	
C

	
17.41

	
Al

	
5.47

	
Na

	
5.69

	
Te

	
0.16

	

	




	
SZY sediment

	
O

	
57.36

	
C

	
29.75

	
Ca

	
8.21

	
Na

	
1.85

	
Cl

	
1.04

	
Si

	
1.19

	
Al

	
0.51

	




	
BIS sediment

	
O

	
65.97

	
Si

	
12.39

	
Fe

	
5.12

	
Al

	
9.88

	
Mg

	
4.20

	
K

	
1.77

	

	

	




	
CZT2 sediment

	
O

	
65.84

	
Si

	
12.69

	
Al

	
8.84

	
C

	
12.63

	

	

	

	

	

	

	




	
UMU sediment

	
O

	
60.98

	
Si

	
9.67

	
Al

	
8.95

	
Fe

	
3.13

	
C

	
13.86

	
Na

	
1.39

	
Te

	
0.24

	
Cl

	
0.52




	
DCM extracts *

	
C

	
100

	

	

	

	

	

	

	








* In EDS observations it was noticed that all samples of DCM extracts contained only carbon.













 





Table 5. Sediment particle size distribution based on DLS.
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Sample

	
Fraction

	
Homogenity

	
Surface Area [m2/kg]

	
Dx (10)

[μm]

	
Dx (50)

[μm]

	
Dx (90)

[μm]






	
SZY

	
<25 μm

	
0.901

	
1329

	
1.93

	
7.73

	
24.0




	
25–40 μm

	
0.765

	
553.2

	
4.01

	
42.3

	
109




	
40–100 μm

	
0.925

	
511.7

	
4.15

	
58.2

	
165




	
CZT2

	
<25 μm

	
0.871

	
1409

	
1.91

	
6.93

	
20.4




	
25–40 μm

	
1.569

	
909.4

	
2.60

	
15.54

	
83.5




	
40–100 μm

	
3.007

	
144.1

	
62.4

	
229

	
2230




	
UMU

	
<25 μm

	
0.733

	
1031

	
2.54

	
10.8

	
27.9




	
25–40 μm

	
0.567

	
321.6

	
10.6

	
48.4

	
105




	
40–100 μm

	
0.957

	
489.8

	
3.77

	
59

	
168




	
BIS

	
<25 μm

	
0.676

	
998

	
2.68

	
10.9

	
26.4




	
25–40 μm

	
0.702

	
367.8

	
8.4

	
46.3

	
113




	
40–100 μm

	
0.554

	
182.6

	
22.6

	
120

	
251











 





Table 6. TGA results data for the SZY and UMU samples.
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	SZY
	Tmax1 [°C]
	Tmax2 [°C]
	Tmax3 [°C]
	Tmax4 [°C]
	Tmax5 [°C]





	<25 μm
	64.7
	302.7
	437.9
	652.3
	939.1



	25–40 μm
	65.3
	308.6
	438.4
	642.2
	893.1



	40–100 μm
	65.9
	312.8
	435.3
	636.9
	883.8



	100–250 μm
	63.6
	335.7
	438.4
	624.3
	866.4



	250 μm–1 mm
	62.5
	319.9
	440.2
	630.1
	908.7



	UMU
	Tmax1 [°C]
	Tmax2 [°C]
	Tmax3 [°C]
	Tmax4 [°C]
	Tmax5 [°C]



	<25 μm
	64.7
	299.8
	437.7
	657.5
	871.6



	25–40 μm
	67.9
	308.5
	432.3
	646.5
	925.3



	40–100 μm
	74.8
	311.2
	430.8
	633.8
	-



	100–250 μm
	70.1
	316.9
	431.9
	641.9
	858.2



	250 μm–1 mm
	65.2
	322.7
	442.2
	639.1
	










 





Table 7. TGA results data for the CZT2 and BIS samples.
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	CZT2
	Tmax1 [°C]
	Tmax2 [°C]
	Tmax3 [°C]
	Tmax4 [°C]





	<25 μm
	67.9
	316.3
	435.0
	700.3



	25–40 μm
	69.8
	319.1
	438.2
	703.2



	40–100 μm
	72.6
	326.3
	442.3
	680.0



	100–250 μm
	66.5
	336.0
	448.0
	691.3



	250 μm–1 mm
	66.2
	335.9
	449.4
	686.4



	BIS
	Tmax1 [°C]
	Tmax2 [°C]
	Tmax3 [°C]
	Tmax4 [°C]



	<25 μm
	71.9
	310.6
	428.6
	670.6



	25–40 μm
	70.5
	317.0
	433.0
	668.4



	40–100 μm
	71.5
	323.0
	437.0
	669.5



	100–250 μm
	70.6
	327.3
	431.7
	669.7



	250 μm–1 mm
	69.3
	324.4
	433.7
	678.0
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