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Magnetic association of microplastics in urban road dust: Size distribution and ecological risk
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Highlights
· Microplastic amounts differ across all road dust size fractions.
· Fine road dust fractions contain the highest microplastic levels.
· Magnetic separation reveals hidden microplastic patterns in road dust.
· Polymer types change across different road-dust size categories.
· Microplastic pollution load index shows strong variation in road dust.

Abstract
[bookmark: _Hlk223908920]Urban road dust represents a complex reservoir of microplastics (MPs) and anthropogenic magnetic particles, reflecting diverse emission sources and environmental processes. This study investigates the distribution, magnetic properties, and polymer composition of MPs in road dust collected from seven urban sites in Vienna, focusing on particle size fractions (0.2–0.1 mm, 0.1–0.05 mm, and <0.05 mm) and magnetic separation. Magnetic susceptibility (χ), frequency-dependent susceptibility (χfd%), anhysteretic remanent magnetization (χARM), and hysteresis parameters were measured to characterize magnetic minerals, while MPs were quantified and identified by polymer type. The finest fraction was strongly magnetic, enriched in superparamagnetic and ferrimagnetic particles, whereas the intermediate and coarse fractions contained both magnetic and nonmagnetic components. The magnetic fraction contained up to seven times more MPs than the nonmagnetic fraction, with the highest concentration of 3500 particles g–1. Dominant MPs were polyurethane, polyvinyl chloride, and polyethylene, while <0.05 mm exhibited 100% magnetic share, leaving no nonmagnetic material for identification. Sankey diagrams revealed clear flows of polymers across particle sizes and magnetic subfractions. The MP pollution load index showed that magnetic fractions dominate overall contamination, particularly in coarser particles, whereas nonmagnetic fractions contribute primarily to intermediate sizes. Hierarchical cluster analysis highlighted co-varying patterns among MPs, magnetic parameters, and traffic intensity, suggesting that local environmental factors influence MP distribution beyond direct traffic load. These findings underscore the utility of combined granulometric and magnetic fractionation for tracing MPs in urban dust, providing insights into the sources, distribution, and potential risks of MP pollution in urban ecosystems.
1. Introduction
Plastic waste remains poorly managed in numerous regions worldwide, resulting in continuous leakage of discarded plastics into the environment (Blettler et al., 2026). Despite the potential impacts, actions targeting the 22–39 million metric tons of meso-, macro-, and microplastics (MPs) released annually remain scarce (Global Plastics Outlook, 2022). Projections indicate that by 2030, global plastic emissions may reach ~53 million metric tons per year (Borrelle et al., 2020).
Recently, the presence of MPs in stormwater has emerged as a significant environmental concern. Urban road dust has been identified as a major contributor to MP contamination in stormwater runoff. Cho et al. (2023) reported that road dust in stormwater runoff accounted for 99% of the MPs in Korea’s Han Cheon River, with most MPs transported during the early stage of runoff (first 40%). Similarly, stormwater runoff, including sewer overflows, has been estimated to contribute 62% of the MPs released into the Baltic Sea annually (Schernewski et al., 2021). These reports suggest that road dust represents a significant pathway for MPs to enter aquatic ecosystems.
Despite the recognition of MPs  as emerging environmental contaminants, their presence and behavior in urban road dust remain insufficiently explored, particularly regarding their environmental fate, interactions, and implications for human health (Li et al., 2023). Owing to their small size, low density, and large surface-area-to-volume ratio, MPs can readily become airborne, adhere to skin, or be ingested and inhaled, increasing the likelihood of human exposure (Abbasi et al., 2019; Dehghani et al., 2017). Moreover, MPs are not chemically inert; they often contain various chemical additives such as plasticizers (e.g., phthalates), stabilizers, flame retardants, and colorants. Additionally, MPs can adsorb toxic substances such as heavy metals and persistent organic pollutants from the environment, thereby elevating toxicological risks. Thus, owing to the presence of MPs and related chemical burden, road dust represents a complex and poorly understood exposure pathway that warrants further investigation.
Road dust predominantly comprises soil-derived minerals, accounting for ~60% of its content. Quartz constitutes approximately 40%–50%, while the remainder includes clay-forming minerals such as albite, microcline, chlorite, and muscovite, reflecting the influence of local soils. Organic material, mostly from plant sources, contributes ~2%. The remaining 30% consists of potentially hazardous pollutants, including particles generated by brake and tire abrasion, combustion by-products, and fly ash associated with asphalt surfaces (Gunawardana et al., 2012).
Limiting the release of MPs into the environment requires identifying and regulating their sources. Urban road dust serves as a critical reservoir and a major vector for the distribution of MPs and associated chemical additives (Monira et al., 2022; Morioka et al., 2023; Pramanik et al., 2020; Vogelsang et al., 2019). This intricate matrix arises from a combination of organic and inorganic matter (Abbasi et al., 2018, 2019). Four principal origins for MPs within road dust have been identified: degradation of roadside plastic debris, tire wear particles (TWPs), polymers incorporated in asphalt, and elastomer components from road markings (Myszka et al., 2023). MP contamination levels  in road dust exhibit marked spatial variability. For example, Dytłow et al. (2025) observed the highest concentration of MPs in Warsaw, Poland, reaching 68,524 particles g–1, with the majority (51,660 particles) located in the finest fraction (below 0.2 mm). O’Brien et al. (2021) reported that urban centers such as Brisbane, Australia, display MP concentrations of up to 6 mg g–1, surpassing those in rural areas by more than an order of magnitude. In Japan, Kitahara & Nakata (2020) reported MP abundances of 96 ± 85, 68 ± 77, and 230 ± 50 particles kg–1 (dry weight) in Kumamoto, Okinawa, and Tokyo, respectively. Tire wear is recognized as a dominant secondary source, with Danish researchers estimating that this process alone releases 4200–6600 t of MPs annually (Lassen et al., 2015).
Solid particles in road dust can be classified according to their magnetic properties, enabling the use of magnetic separation techniques for fractionation and analysis. Using a handheld magnetic separator, particles exhibiting strongly magnetic behavior (typically ferromagnetic or strongly paramagnetic) can be efficiently extracted from bulk dust samples. These particles are attracted to regions of higher magnetic field intensity and are physically retained on the magnet surface. During this process, smaller nonmagnetic or weakly magnetic particles often adhere to the surface of larger magnetic grains. This attachment is attributable to physical entrapment, surface roughness, or electrostatic interactions, resulting in the co-extraction of complex particle aggregates. These magnetically enriched fractions may serve as carriers of not only metallic particles but also fine particulate contaminants, including MPs or organic pollutants adhered to magnetic substrates (Grbic et al., 2019; Ren et al., 2022). Magnetic separation has also been applied to industrial particulate matter; for instance, magnetic fractions isolated from coal fly ash have been found to contain specific mineral phases and exhibit varying degrees of heavy metal leachability (Lu et al., 2009).
Despite the growing research on MPs in urban environments and the increasing use of magnetic methods in the analysis of mineral and industrial particles, the associations between MPs and magnetic fractions of road dust remain poorly understood. Therefore, the objectives of this study are as follows:
1. Investigate the “magnetic sequestration” of MPs, the physical binding of MPs within magnetic hetero-agglomerates, in urban road dust and determine whether they are predominantly associated with magnetic or nonmagnetic fractions across different size classes.
2. Evaluate the effectiveness of neodymium magnetic separation as a diagnostic tool for MP contamination in urban environments.
3. Analyze the influence of particle size distribution on MP accumulation and magnetic behavior.
4. Quantify environmental risk using the MP contamination factor (MCF) and MP pollution load index (MPLI), focusing on comparing risk levels between magnetic and bulk samples.
The significance of this study arises from the dual threat of urban road dust: as a source of respirable airborne particles and a major contaminant in surface runoff entering aquatic systems. Methods to isolate MPs within this complex matrix must be identified to safeguard the urban environment and public health. The novelty of this research lies in the partitioning of road dust into strongly and weakly magnetic subfractions across various grain sizes to evaluate the influence of differentiated magnetic properties on the effectiveness of MP segregation. This approach enables the detection of magnetic sequestration, providing a new technical perspective on how pollutant distribution depends on particle size and the potential for magnetic-based environmental remediation.
2. Study area, methodology, and analytical procedures
2.1. Study area
Sampling was conducted in Vienna, Austria (415 km2), the country’s primary administrative and cultural center. As of January 1, 2024, the city had a population of approximately 2,005,760, with a high density of 4000 inhabitants per km2 (Stadt Wien, 2025). Vienna is characterized by a dense urban structure with extensive transportation infrastructure, encompassing major roads and highways, as well as numerous green spaces and forested parks. The local climate is temperate oceanic (Köppen-Geiger: Cfb), with an average annual temperature of 10.9 °C and mean annual precipitation of 703 mm (Climate Data, 2025). Owing to the high vehicle volume and dense road network, traffic-related emissions are the primary source of air and surface pollution in the city.
2.2. Road dust sampling and initial sample preparation
Road dust samples were collected in Vienna (Figure S1) from April 28 to April 30, 2025, under stable weather conditions (air temperature of 17–20 °C and minimal wind). The material was gathered from street surfaces using a broom and a dustpan made of natural materials (wood and natural bristles) to minimize potential MP contamination during collection. Sampling was performed on dry street surfaces following a minimum of seven consecutive rain-free days. At each location, approximately 500–800 g of road dust was collected and transferred into pre-labeled, coded glass containers to avoid cross-contamination during transport. The samples were then transported to a laboratory in Warsaw, where they were dried under ambient conditions (~25 °C, 20% relative humidity) for seven days to reduce moisture and stabilize the material before analyses.
The samples were dry-sieved using a laboratory shaker (LPzE-2e; MULTISERW-Morek, Poland) equipped with a certified set of stainless-steel sieves with apertures of 200, 100, and 50 µm. The mesh sizes were selected based on preliminary assessments of the particle size distribution characteristic of urban road dust. This procedure resulted in three granulometric fractions: 200–100 µm, 100–50 µm, and <50 µm.
Table S1 presents an overview of the sampling sites, listing the sample ID, geographic coordinates, a brief description of each location, estimated daily traffic, and site classification. Traffic volume data were obtained from the Verkehrsverbund Ost-Region (VOR, 2022).
[bookmark: _Hlk215157103][bookmark: _Hlk201839844]2.3. Magnetic susceptibility (χ) and frequency-dependent magnetic susceptibility (χfd%)
[bookmark: _Hlk215157019]Magnetic susceptibility (χ) describes the extent to which a material becomes magnetized when exposed to an external magnetic field. This property depends on several factors, including the concentration of magnetic particles, their mineralogical composition, and the proportion of fine-grained magnetic minerals (Thompson & Oldfield, 1986). In environmental applications, χ is often used as an indirect indicator of anthropogenic MPs (AMPs), such as ferromagnetic and ferrimagnetic iron-containing compounds, commonly linked to various pollution sources.
In this study, road dust samples were placed in standard plastic containers with a volume of 8 cm³. χ was measured using a multifunctional Kappabridge MFK1-FA system (AGICO, Czech Republic), operating at 976 Hz (low frequency) and 15,616 Hz (high frequency). The instrument operated with a sensitivity of 2 × 10−⁸ SI units and a magnetic field intensity of 200 A m−1. This intensity is commonly used to suppress the signal from paramagnetic minerals while enhancing the detection of ferromagnetic particles, which tend to reach saturation at lower field strengths (Evans & Heller, 2003; Thompson & Oldfield, 1986). The mass-specific magnetic susceptibility (χ, m³ kg−¹) was determined using Equation (1):

where K is the volume-specific magnetic susceptibility (dimensionless) and V0​ is the sample volume (m³).
The frequency-dependent magnetic susceptibility (χfd%) was evaluated to estimate the proportion of susceptibility change between the low- (χlf) and high-frequency (χhf) measurements (Dearing et al., 1996). The difference between the two values was first determined as χfd = χlf − χhf and then expressed as a percentage using Equation (2):

The parameter χfd%, derived from Equation (2), assumes a frequency ratio of 1:10, corresponding to the operational settings of the Bartington MS2 instrument (465 and 4650 Hz; Bartington Ltd., UK). As the MFK1-FA Kappabridge employed in this study operates at a different frequency ratio of 1:15 (976 and 15,616 Hz), a correction was applied following the approach proposed by Hrouda (2011), as given by Equation (3):

where fmLF and fmHF are the low and high operating frequencies of the magnetic field,
respectively.

2.4. Measurements of hysteresis loops and anhysteretic remanent susceptibility (χARM)
Samples for anhysteretic remanent magnetization (ARM) and hysteresis loop measurements were prepared using cylindrical gelatin capsules approximately 12 mm in length and 6 mm in diameter, each filled with 200 mg of dust material.
Hysteresis loops were measured using a vibrating sample magnetometer (Molspin, Great Britain) with a maximum applied magnetic field of 1 T. From the loops, saturation magnetization (Ms), saturation remanent magnetization (Mrs), and magnetic coercivity (Hc) were determined after removing the linear paramagnetic component. DC back-field measurements of isothermal remanent magnetization were also obtained to determine the remanent coercivity (Hcr).
ARM was induced using an alternating magnetic field of 100 mT combined with a 100 μT DC bias field, applied using an LDA-5 demagnetizer (AGICO, Czech Republic). The resulting magnetization was measured using a JR-6 Dual Speed Spinner Magnetometer (AGICO). The ARM susceptibility (χARM) was determined by normalizing the ARM values to the DC bias field strength (H = 79.62 A m−1).
Magnetic measurements were performed for three grain-size fractions of road dust: 200–100 µm, 100–50 µm, and <50 µm. For every fraction, samples from all seven sampling sites (V1–V7) were analyzed for three material types: (1) bulk road dust before magnetic separation, (2) fraction attracted to and retained by the neodymium magnet (strongly magnetic fraction), and (3) residual material not attracted by the magnet (weakly magnetic fraction). For the finest fraction (<50 µm), the entire material was strongly magnetic; accordingly, separation into strongly and weakly magnetic components was not conducted.
2.5. Magnetic separation using a handheld magnetic separator
Magnetic separation (Figure S2) was performed using a hand-operated neodymium magnetic separator (Enes Magnetics, model 32 × 200 mm; Enes, Poland, 2025), designed for manual extraction of ferromagnetic particles from fine particulate materials. The device comprises a neodymium magnet with a maximum magnetic induction of 0.30 T (3000 G ±5%) housed within a sealed cylindrical stainless-steel casing (AISI 304). The separator is equipped with a mechanical plunger system and an ergonomic handle that vertically retracts the internal magnet, enabling clean release of the material without direct contact, thereby minimizing contamination. A 10 g granulometric fraction for each size class (200–100 µm, 100–50 µm, and <50 µm) was air-dried and spread as a thin layer on a clean nonmagnetic surface (glass, thick cardboard, or cellulose) to minimize mechanical interlocking. The magnetic bar was moved systematically in sweeping motions 20–30 times until the stainless-steel separator became saturated and no additional material adhered to it. This high-precision manual process required 2–3 h per sample to ensure that all anthropogenic magnetic carriers, including those forming hetero-aggregates with MPs, were effectively captured. The isolated particles were designated as the strongly magnetic subfraction, while the residue was classified as the weakly magnetic subfraction. Both fractions were stored in sealed glass containers for subsequent magnetic and chemical analysis.
2.6. Estimation of strongly and weakly magnetic road dust fraction loading 
The relative mass loading (ML; %) of the strongly magnetic (MLS; %) and weakly magnetic (MLW; %) road dust fraction was determined as

MLS (%) = 

where WS and WW are the masses of the strongly and weakly magnetic particles, respectively, separated from each road dust sample.
2.7. Laser direct infrared
MPs were identified and quantified using the Agilent 8700 LDIR Chemical Imaging System. This system utilizes laser direct infrared imaging based on a quantum cascade laser source, capable of scanning the spectral range from 1800 to 975 cm−¹. According to the manufacturer’s specifications, the instrument can detect and classify MP particles ≥20 µm in size, offering polymer-specific resolution.
2.8. MCF and MPLI
MCF and MPLI were determined for each granulometric fraction of road dust based on the abundance of MP particles. The approach followed the methodology originally proposed by Tomlinson et al. (1980) and Hakanson (1980), later adapted for MP pollution assessment. MCF quantifies the level of MP contamination at a given site relative to a background or baseline concentration, allowing comparison of pollution intensity across locations. MPLI was computed using the MCF to provide an integrated measure of overall MP pollution for each fraction. The MCF for each site and fraction was calculated as

where MPi is the number of MPs in sample i (items g−1), n is the total number of samples, and MPb is the minimum reported average MP concentration (items g−1). A background concentration of 2 items g−1 of MPs was used to calculate MPLI. O’Brien et al. (2021) conducted a bibliometric analysis of authorship prevalence and networks, reviewing articles from 114 authors who had published ≥2 articles. They analyzed studies reporting quantitative MP concentrations in road dust and found that concentrations ranged from 2 to 477 items g−1. Based on this approach, the lowest reported value (2 items g−1) was adopted as a conservative and scientifically justified background concentration for the present study. MCFi values were classified as follows: 0, no contamination; <1, low; 1–3, moderate; 3–6, considerable; and >6, extreme contamination.
MPLI is commonly used as a standardized metric to compare pollution intensity across different locations or, as in this study, across different granulometric fractions (Ferreira et al., 2022). For each granulometric fraction, MPLI was determined as the n-th root of the product of contamination factors for all sampling sites:


Based on the MPLI values, each sample was classified into one of four risk categories: low (MPLI <10), high (10–20), dangerous (20–30), and extremely dangerous (MPLI >30).
To derive an integrated PLI that reflects the overall MP pollution level of the study area or to generate a collective index representing a group of samples, the MPLI for all contributing fractions was calculated using Equation (7), combining individual MPLI values through n-th-root aggregation:
	​


An MPLIfraction value > 1 indicates the presence of pollution, whereas values below 1 suggest no significant pollution (Ferreira et al., 2022; Tomlinson et al., 1980).

2.9. Hierarchical cluster analysis
Hierarchical cluster analysis (HCA) was applied to explore the grouping of road dust samples based on the considered variables. HCA is an unsupervised clustering method that iteratively merges samples into clusters based on their similarity, creating a tree-like structure (dendrogram) that illustrates hierarchical relationships among samples. This method facilitates the identification of natural groupings in the data without requiring a predefined number of clusters.

2.10. Data processing and visualization
The dataset was initially processed and organized in Microsoft Excel. HCA was performed using STATISTICA 13.3. All variables were standardized (converted to z-scores: mean = 0, standard deviation = 1) before clustering. Graphs and plots were created in Origin Graph 2019 to support the interpretation and presentation of the results. Euclidean distance was used as the measure of dissimilarity between samples, and the single-linkage method was applied to construct the HCA dendrogram. Although Ward’s method (Ward, 1963) is commonly applied in environmental studies owing to its ability to produce compact clusters, single linkage was considered more appropriate for this dataset because of its higher robustness to variables containing many zero values and the small sample size (Kaufman & Rousseeuw, 1990).
2.11. Sankey diagram
A Sankey diagram was constructed to quantitatively visualize the mass flow of MP polymers extracted from road dust through sequential separation. This visualization tool, whose principles were first established by Sankey (1898) to map energy and mass transfers, was adapted to trace the connections between data in this study.
The diagram was created using Flourish Studio (2025), following the core principle of Sankey visualizations: the width of each flow segment is directly proportional to the magnitude of the data point it visualizes, enabling rapid assessment of relative contributions and transfers within the analyzed process.
3. Results
3.1. Size fraction analysis of bulk samples
As illustrated in Figure S3, the relative contribution of particle size fractions in road dust samples varies considerably across the investigated sites (V1–V7), reflecting differences in local conditions and potential emission sources. The coarsest fraction (0.2–0.1 mm) constitutes the largest share of the total sample mass at most locations, with particularly strong dominance at V4 (71.32%). This result suggests limited mechanical disintegration or the prevalence of larger debris sources, such as road surface wear or construction activities. Other sites, including V2, V5, and V7, also show a strong predominance of this size class (51.24–56.12%), indicating similar depositional or resuspension dynamics. By contrast, the share of finer particles (<0.05 mm), more commonly associated with exhaust emissions, brake and tire wear, or long-range atmospheric transport, is most pronounced at V6 (30.3%), followed by V3 (26.23%) and V7 (20.84%). These elevated proportions may imply increased traffic-related inputs or the accumulation of airborne particulates. The medium-size fraction (0.1–0.05 mm) remains stable across sites, typically ranging between 18.98% (V4) and 35.85% (V1), although it still contributes substantially to the overall mass. The observed spatial heterogeneity in particle size composition underscores the complexity of urban dust sources and the influence of site-specific factors, such as vehicular load, road surface characteristics, and surrounding land use, on the physical nature of deposited particulates.
3.2. Percentage contribution of magnetic subfractions
Figure S4 and Table S2 present the percentage distribution of strongly and weakly magnetic mineral fractions across three grain-size categories at seven sampling sites. For each site and grain size, the relative proportions of magnetic properties (strong vs. weak magnetism) are reported. In the coarsest fraction (0.2–0.1 mm), the share of strongly magnetic particles varies considerably across sites, ranging from 15.8% at site V5 to 63.7% at site V7. In the intermediate size fraction (0.1–0.05 mm), the proportion of strongly magnetic material decreases at most sites relative to the coarser fraction. For example, V3 exhibits a strongly magnetic content of only 24.1%, whereas V1 shows complete dominance of strongly magnetic particles (100%). For the finest fraction (<0.05 mm), all sites uniformly exhibit a 100% strongly magnetic component, indicating the absence of weakly magnetic minerals in this size class.

3.3. χ and χfd% of bulk samples, magnetic residue, and magnetic extract
[image: ]
Figure 1. Magnetic susceptibility (χ) of road dust samples from seven locations (V1–V7), measured for three granulometric fractions: 0.2–0.1 mm (magenta), 0.1–0.05 mm (cyan), and <0.05 mm (orange). The figure is divided into three parts: (top) bulk samples before magnetic separation, (middle) magnetic extracts obtained using a neodymium magnet, and (bottom) magnetic residues (nonmagnetic portion after extraction).

Figure 1 presents the χ values of road dust samples collected from seven urban sites, measured for three granulometric fractions and three sample types: bulk material, magnetic extract (isolated using a neodymium magnet), and magnetic residue. The figure reveals clear trends in the distribution of magnetic minerals across particle sizes and processing stages. In bulk samples, magnetic susceptibility exhibits a strong inverse relationship with particle size: the finest fraction (<0.05 mm) consistently shows the highest χ values across most locations, exceeding 800 × 10−⁸ m³ kg−1 at V6 and V7. This suggests significant accumulation of magnetic minerals in the fine dust fraction, consistent with previous findings indicating that anthropogenic ferromagnetic particles, particularly magnetite, are predominantly associated with ultrafine particles produced by vehicular sources such as brake wear, tire abrasion, and fuel combustion. The coarsest fraction (0.2–0.1 mm) shows the lowest χ, implying a greater proportion of lithogenic or weakly magnetic material. The intermediate fraction (0.1–0.05 mm) exhibits transitional values. Spatially, the highest magnetic susceptibilities are observed at V6 and V7, indicating enhanced anthropogenic input, likely attributable to elevated traffic volumes or industrial activity. Lower values at V1 and V4 suggest reduced magnetic loading or a stronger influence of background geogenic material. Magnetic extracts display a marked increase in χ compared to bulk samples, with values reaching up to ~3500 × 10−⁸ m³ kg−1, particularly in the 0.1–0.05 mm fraction (notably at V4). This confirms effective magnetic separation and enrichment of ferromagnetic phases. At most sites, the intermediate fraction shows the highest susceptibility, although the finest fraction occasionally exhibits lower χ, possibly due to limited extraction efficiency for ultrafine particles or variations in magnetic mineral content. High extract susceptibilities in V4 and V5 further support localized anthropogenic enrichment. Magnetic residues exhibit extremely low susceptibility values (typically 10–70 × 10−⁸ m³ kg−1), confirming that most magnetic material was removed and that the remaining dust is dominated by weakly magnetic or nonmagnetic minerals. Slightly elevated values in the finer residue fractions at V6 and V7 may reflect the presence of residual ultrafine magnetically dilute particles. The absence of the <0.05 mm fraction in the residue dataset is  consistent with the fact that this fraction consisted entirely of magnetic material, resulting in minimal residue mass.
The frequency-dependent magnetic susceptibility (χfd%) of road dust samples varied among the sampling sites and grain size fractions (Table S3). Specifically, χfd% values ranged from 2.0 to 9.3%, with the highest values generally observed in the finest fraction (< 0.05 mm), indicating enrichment of superparamagnetic (SP) particles in finer dust components. By contrast, coarser fractions (0.2–0.1 mm) showed lower χfd% values, suggesting a smaller contribution from ultrafine magnetic grains. The bulk samples exhibited intermediate χfd% values, reflecting a mixture of magnetic particle sizes. Differences among the “strong” and “weak” magnetic sub-fractions were also noticeable, with the weakly magnetic portions often displaying slightly higher χfd% values, possibly indicating the presence of finer, SP minerals associated with anthropogenic emissions. 
3.4. [bookmark: _Hlk217609373]Hysteresis loops and King plot[image: ]
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Figure 2. Top plot: Plot of the relationship between magnetic susceptibility (χ, in 10−⁸ m³ kg−¹) and ARM (χARM, in 10−⁶ Am² kg−¹) for bulk samples (purple stars), strongly magnetic fractions (pink circles), and weakly magnetic fractions (orange inverted triangles) . Reference lines indicate typical magnetic grain sizes. Bottom plot: Plot of Mrs/Ms versus Hcr/Hc based on the Day diagram (Day et al., 1977), as modified (Dunlop, 2002). The solid red line represents the theoretical trend for multidomain (MD) grains, dashed magenta lines indicate mixing trends between single-domain (SD) and MD grains, and the solid green line shows a calculated mixing curve for SD grains combined with ~10 nm SP particles.
Figure 2 (top plot) presents the relationship between magnetic susceptibility (χ, in 10−⁸ m³·kg−¹) and anhysteretic remanent magnetization (χARM, in 10−⁶ A·m²·kg−¹) for bulk samples (purple stars), strongly magnetic fractions (pink circles), and weakly magnetic fractions (orange inverted triangles) of fine road dust. The diagram includes reference lines for typical magnetic grain sizes, ranging from SP (<0.03 µm) to multidomain (MD) grains (>1 µm).
The data points representing strongly magnetic fractions exhibit the highest χ and χARM values, clustering toward the upper right of the plot. This indicates a high concentration of ferrimagnetic minerals, likely magnetite, with grain sizes predominantly in the pseudo-single-domain (PSD) to MD range. The elevated χARM/χ ratios suggest the presence of stable remanence carriers.
Bulk samples occupy the central region of the plot, reflecting intermediate values of both χ and χARM. This suggests a mixed composition comprising both magnetic and nonmagnetic particles. The spread of values indicates variability in magnetic mineral content and grain size across the bulk material.
By contrast, weakly magnetic fractions show low values of both χ and χARM, clustering near the plot origin. These samples likely consist of predominantly nonmagnetic or paramagnetic material, such as quartz or aluminosilicates, with negligible ferrimagnetic content.
Overall, the separation of the three sample types in the χ–χARM space confirms the effectiveness of magnetic fractionation and highlights the differences in magnetic mineral concentration and grain size distribution within urban road dust.
The magnetic-domain state characterization was assessed using a Day–Dunlop plot (Figure 2, bottom plot), which displays the ratio of saturation remanent magnetization to saturation magnetization (Mrs/Ms) versus the ratio of coercivity of remanence to coercive force (Hcr/Hc). The data points represent three fractions of road dust samples: bulk samples (pink triangles), magnetic residues (green stars), and magnetic extracts (blue open circles).
The Day–Dunlop plot reveals clear distinctions in magnetic behavior among these three sample types. The bulk samples represent untreated, homogenized road dust and generally fall within the PSD region of the plot. This result indicates a mixture of magnetic grain sizes, including both fine and coarse particles, reflecting the complex and heterogeneous composition of urban road dust, which includes particles from various sources such as vehicle emissions, brake wear, industrial activities, and resuspended soil.
Magnetic residues, representing the fraction that remains after magnetic separation, comprise heavier and more strongly magnetic particles. These samples tend to cluster closer to the single-domain region, suggesting a dominance of fine-grained, stable magnetic minerals. This behavior is typical of particles enriched in ferrimagnetic phases such as magnetite or maghemite, commonly derived from high-temperature processes such as brake and engine wear. Their elevated Mrs/Ms ratios and lower Hcr/Hc values are consistent with strongly remanent, fine-grained magnetic materials.
By contrast, magnetic extracts, representing the lighter magnetic particles separated from the bulk, display a more scattered distribution, with many points plotting toward the MD field. This implies a greater contribution of coarser or less magnetically stable particles, including altered or aggregated magnetic minerals, possibly subjected to weathering or secondary environmental transformations. This magnetic behavior reflects lower remanent stability and broader grain-size distribution compared to the residues.
The hysteresis loops measured for the isolated magnetic fractions reached saturation at an external magnetic field of ~300 mT. This rapid saturation indicates that the magnetic mineralogy is dominated by soft ferrimagnetic phases, specifically magnetite of anthropogenic origin (Evans & Heller, 2003). Table S4 reveals clear differences in magnetic parameters between the recovered fractions across all three size ranges. In the coarsest fraction (0.2–0.1 mm), Ms for the magnetic fractions ranges from 102.72 to 1548.92 mAm2 kg−1, while the weakly magnetic fractions exhibit considerably lower values between 3.89 and 15.32 mAm2 kg−1. A similar contrast is observed in Mrs, where the magnetic fractions reach up to 94.08 mAm2 kg–1 compared to values as low as 0.14 mAm2 kg−1 for the weakly magnetic residues.
In the intermediate fraction (0.1–0.05 mm), the magnetic extracts showed the highest absolute magnetization values, with Ms​ reaching a maximum of 2487.38 mAm2 kg−1 for V4. For this sample, the weakly magnetic fraction displayed an Ms​ of only 7.05 mAm2 kg−1, representing a difference of more than two orders of magnitude.
A unique trend was observed in the finest fractions. For the 0.1–0.05 mm range in V1 and for the entire <0.05 mm fraction across all locations (V1 to V7), no weakly magnetic subfraction was obtained. In these cases, 100% of the material was recovered as the strongly magnetic fraction. For the remaining samples where both fractions are present, the Ms​ values in the <0.05 mm magnetic fraction remain stable between 193.36 and 434.32 mAm2 kg–1. The Hc values for the magnetic fractions are consistently low across all fractions (typically 1.0 to 7.5 mT), while Hcr​for the weakly magnetic fractions reaches higher values, such as 43.00 mT for V7 in the 0.2–0.1 mm fraction.
3.5. Qualitative and quantitative analyses of MPs in road dust




Figure 3. Microplastic content and polymer composition in road dust.
Upper plot: Abundance of microplastics expressed as the number of particles per gram of road dust across different granulometric and magnetic fractions. Magnetic and nonmagnetic subfractions (0.2–0.1 mm, 0.1–0.05 mm, and <0.05 mm) with variability in MP concentrations among sampling sites.
Bottom plot: Polymer composition (%) within each fraction. Polymer abbreviations: PE – polyethylene, PET – polyethylene terephthalate, PMMA – polymethyl methacrylate, POM – polyoxymethylene, PP – polypropylene, PU – polyurethane, PVC – polyvinyl chloride, ABS – acrylonitrile butadiene styrene, and PA – polyamide.
MPs present in road dust were assessed both qualitatively and quantitatively (Figure 3). Nine polymer types were identified in the samples: polyethylene (PE), polyethylene terephthalate (PET), polymethyl methacrylate (PMMA), polyoxymethylene (POM), polypropylene (PP), polyurethane (PU), polyvinyl chloride (PVC), polyamide (PA), and acrylonitrile butadiene styrene (ABS). The characteristics of the selected particles are presented in Table S5 and Figures S5–S13. The analyzed polymer particles showed a clear variation in morphological parameters, reflecting differences in origin, degree of degradation, and mechanical properties. The particle dimensions (width, height, and diameter) were dependent on the polymer, likely reflecting distinct fragmentation mechanisms. The variability in aspect ratio, circularity, and solidity underscores the influence of intrinsic material properties such as stiffness, tensile strength, and susceptibility to photodegradation on particle morphology.
The MP particles across the investigated sites (V1–V7) showed significant variations in the distributions of both magnetic properties and size fractions (Figure 3). In the magnetic fraction, site V7 exhibited the highest concentration of the coarsest particles (0.2–0.1 mm), reaching 2727 particles g−1, followed by V2 (2188 particles g−1), V4 (1053 particles g−1), V1 (874 particles g−1), V5 (800 particles g−1), and V6 (769 particles g−1). In the intermediate magnetic fraction (0.1–0.05 mm), peak abundances were recorded at sites V5 (3500 particles g−1) and V3 (3200 particles g−1), with large values observed at V4 (2222 particles g−1), V7 (1200 particles g−1), and V6 (1154 particles g−1). The finest magnetic particles (<0.05 mm) were most concentrated at V2 (3125 particles g−1), followed by V5 (1500 particles g−1) and V6 (1111 particles g−1).
In the nonmagnetic fraction, particle counts were generally lower. The largest nonmagnetic particles (0.2–0.1 mm) were detected only at sites V7 (952 particles g−1), V1 (508 particles g−1), and V6 (345 particles g−1), while sites V2, V3, V4, and V5 showed no particles in this size range. For the intermediate nonmagnetic fraction (0.1–0.05 mm), the highest concentration was found at site V3 (1923 particles g−1), followed by V4 (1111 particles g−1), V7 (769 particles g−1), and V5 (476 particles g−1). Notably, for the finest size class (<0.05 mm), the nonmagnetic fraction was not subject to further analysis, as the entire recovered material was captured during magnetic separation. This resulted in a 100% magnetic share for this size range across all sampling sites, leaving no residual nonmagnetic material for MP identification (Figure S4). Beyond this exclusive magnetic dominance in the finest particles, the most pronounced quantitative disparity in the remaining fractions was observed at site V5 (0.1–0.05 mm). At this location, the magnetic subfraction contained over seven times more MP particles than its nonmagnetic counterpart (3500 vs. 476 particles g−1, respectively), underscoring the high affinity of polymers for magnetic road-wear carriers. 
Overall, these results indicate that the magnetic fraction contained up to sevenfold more MPs per gram of road dust compared to the nonmagnetic fraction. Furthermore, the magnetic fraction exhibited the highest material diversity, indicating a more complex composition and a broader range of anthropogenic sources.
3.6. Sankey visualization of polymer flows in road dust
[image: ]Figure 4. Sankey diagram of polymer composition in road dust, segregated by particle size fraction and magnetic separation. Size fractions: 0.2–0.1 mm, 0.1–0.05 mm, and <0.05 mm. Magnetic separation: M (magnetic extract), N (nonmagnetic extract). The diagram was created using Flourish Studio (Fluorish Studio, 2025).
(Figure 4) illustrates the flow and mass distribution of 9 polymer types (ABS, MPLI, PA, PE, PET, PMMA, POM, PP, PU, and PVC) across the magnetic (M) and nonmagnetic (N) subfractions of three particle size fractions: 0.2–0.1 mm, 0.1–0.05 mm, and <0.05 mm. The most pronounced material flow originates from the 0.2–0.1 mm fraction, which is divided into magnetic (0.2–0.1M) and nonmagnetic (0.2–0.1N) extracts. The magnetic stream (0.2–0.1M) is dominated by PP, which constitutes the single largest flow in the entire system. PVC also shows a significant, albeit smaller, contribution to this magnetic extract. Conversely, the nonmagnetic stream (0.2–0.1N) exhibits a different polymer profile, strongly characterized by PET and PE, with a notable secondary contribution from POM.
A similar partitioning pattern is observed for the 0.1–0.05 mm fraction. Its magnetic extract (0.1–0.05M) is dominated by PP, with PVC as a secondary component, mirroring the composition of the magnetic extract of the coarser fraction. The corresponding nonmagnetic stream (0.1–0.05N) primarily comprises PET. The finest fraction (<0.05 mm), represented solely by its magnetic extract (<0.05M), exhibits a unique and more diverse polymer signature. While PP persists, this fraction is particularly enriched in PU and PMMA, distinguishing it from the magnetic extracts of the coarser fractions. Additionally, minor but consistent contributions of PA and MPLI are observed primarily within this fine magnetic fraction.
3.7. MPLI
[image: ]
Figure 5. MPLI across particle size fractions for magnetic and nonmagnetic road dust samples, with the MPLI fraction representing collective values for all samples within each fraction.
Figure 5 presents MPLI values for different particle size fractions (0.2–0.1 mm, 0.1–0.05 mm, and <0.05 mm) in both magnetic and nonmagnetic road dust samples. For magnetic samples, the largest fraction (0.2–0.1 mm) shows consistently high MPLI values across most sites, ranging from 19.6 (V6) to 36.9 (V7), indicating dangerous to extremely dangerous levels of MP contamination. The 0.1–0.05 mm fraction also exhibits high MPLI at several sites, particularly 40 (V3) and 41.8 (V5). The smallest fraction (<0.05 mm) exhibits negligible contamination, with values close to 0.03 (V1, V3, V4, V7), except for V5 (27.4), indicating an isolated hotspot. The collective MPLIfraction values for the magnetic samples support this pattern, with values of 9.55, 4.42, and 0.59 for the coarsest, intermediate, and finest fractions, respectively, highlighting the dominant contribution of larger particles to overall contamination.
In the nonmagnetic samples, the coarsest fraction (0.2–0.1 mm) exhibits moderate MPLI values (13.1 (V6)–21.8 (V7)), whereas the intermediate fraction (0.1–0.05 mm) shows elevated contamination at one site (31.0 (V3)) and low values elsewhere. The finest fraction remains largely uncontaminated, with MPLI values near 0.03. The collective MPLIfraction for nonmagnetic samples further confirms this observation, with values of 0.46 and 1.32 for the coarsest and intermediate fractions, respectively, indicating moderate overall contamination.

3.8. HCA


Figure 6. Dendrogram of hierarchical cluster analysis (HCA) of street dust samples.
HCA was performed to identify structural relationships and co-varying patterns among the considered variables (Figure 6). The analysis involved nine MP polymer contents (PE%, PET%, PMMA%, POM%, PP%, PU%, PVC%, ABS%, and PA%), eight magnetic/environmental parameters (χlf, χfd%, MPLI, Ms, Mrs, Hc, Hcr, and χARM), and traffic intensity (T). The analysis, performed using Ward’s method and Euclidean distance, revealed several significant groupings. The strongest association was observed at a linkage distance of ~1.8, forming a tight cluster between ABS% and PA%, suggesting congruent spatial distributions and potentially shared sources or pathways in the road dust. At intermediate distances (2.0–5.5), variables clustered into distinct groups. The magnetic parameters were divided into two main clusters: one representing the concentration-dependent properties (χARM, Ms, and Mrs) and the other including parameters related to magnetic grain size and mineralogy (Hc and Hcr). This distinction highlights the independent control of magnetic mineral concentration and physical state. A smaller cluster was formed by MPLI and PU%, indicating that the overall MPLI was strongly driven by the spatial variation of PU content in the studied dataset. The largest MP cluster (ABS%, PA%, and PE%) merged with other MP and magnetic clusters before the final stages. Notably, T was the last parameter to join the main hierarchy, at a distance of ~7.5. This late integration demonstrates that while traffic is an underlying environmental factor, the spatial distribution of the investigated MPs and magnetic/environmental parameters largely follows co-varying patterns independent of the direct spatial variation of T. Additional factors, such as wind dispersal, street cleaning, or local emission sources, may exert a stronger, more co-dependent influence on the measured road dust properties than the simple linear variation of T.
4. Discussion
The magnetic mineral distribution was analyzed across three grain-size categories at all sampling sites (Figure S4 and Table S2). The results showed a clear transition from variable magnetic properties in the coarser and intermediate fractions to a uniform dominance of strongly magnetic particles in the finest fraction. In Thessaloniki, Greece (Bourliva et al., 2016), the strongly magnetic fraction was noted to account for 2.2%–14.7% of road dust, with the nonmagnetic fraction constituting the remainder. In an industrial area (Jeong & Ra, 2022), the magnetic fraction represented 44.7% of the total road dust. The observed increase in the proportion of strongly magnetic particles in finer fractions likely results from multiple factors: magnetic minerals typically exhibit higher density and surface reactivity, which favor their accumulation in finer fractions. Moreover, anthropogenic inputs such as industrial or combustion-derived particles are typically fine-grained and strongly magnetic. Natural sorting during sediment transport may contribute to this pattern by separating minerals according to size and magnetic properties.
The results also confirm that magnetic susceptibility depends on grain size, with the finest fractions acting as key carriers of AMPs. The increase in susceptibility after magnetic separation underscores the diagnostic value of magnetic extracts in pollution tracing. Spatial variability across sites demonstrates that magnetic susceptibility, particularly when combined with granulometric and magnetic fractionation, represents a powerful proxy for assessing urban contamination gradients and identifying dominant pollution sources. Compared to reported data from other urban areas, the variability of χlf values in Warsaw is similar to or slightly higher than those measured in the West Midlands, UK (588.3 × 10−⁸ m³ kg−1) (Shilton et al., 2005) and Asaluye, Iran (550.9 × 10−⁸ m³ kg−1) (Abbasi et al., 2020) but higher than those reported in Sofia, Bulgaria (264.6 × 10−⁸ m³ kg−1) (Jordanova et al., 2014). The mean χ for Warsaw (≈674 × 10−⁸ m³ kg−1) is also comparable with those recorded in Lanzhou City, China (442.4 × 10−⁸ m³ kg−1) (Wang et al., 2011) and Thessaloniki, Greece (408.7 × 10−⁸ m³ kg−1) (Bourliva et al., 2018). These results suggest that the magnetic properties of Warsaw road dust fall within the typical range reported for urban environments worldwide.
χfd% can serve as an approximate indicator of the concentration of SP particles in soils or sediments. When χfd% exceeds 4%, the magnetic fraction is dominated by SP particles, whereas values below 4% indicate that SP particles constitute only a minor portion of the sample (Dearing et al., 1996). Low χfd% values have been reported in polluted atmospheric particulates (Liu et al., 2019), road-deposited sediments (Maity et al., 2021), and road dust samples (Li et al., 2014).
The analysis of hysteresis parameters and remanent coercivity (Hcr​) confirms that the magnetic signal in the studied road dust is concentrated in specific technogenic phases. Notably, a direct comparison of the obtained Ms​ and Mrs​ values with reported data is challenging because most studies focus on bulk samples, in which the magnetic signal is diluted by the diamagnetic mineral matrix. The analysis of isolated magnetic extracts allows the pure ferromagnetic signal to be captured, resulting in strong correlations between mass-specific magnetic susceptibility and the parameters Ms​ (r = 0.97) and Mrs​ (r = 0.95) at p < 0.001 (Table S6). These high correlation coefficients demonstrate that magnetic susceptibility is an excellent proxy for the concentration of technogenic magnetic particles, as also observed in other urban environments (Ma et al., 2023; Wang et al., 2011).
The complete recovery of the finest fraction (<0.05 mm) as a strongly magnetic subfraction highlights the dominance of anthropogenic magnetic carriers in the fine-grain-size range. This is consistent with recent findings linking magnetic enhancement in fine road dust fractions to the accumulation of iron oxide nanoparticles generated by vehicle wear (Bourliva et al., 2018; Zhang et al., 2024). Furthermore, the higher Hcr​ values observed in the weakly magnetic residues confirm that high-coercivity minerals such as hematite remain in the matrix after separation of the softer technogenic fraction. These findings highlight that the magnetic properties of road dust are attributable to complex mixing between soft anthropogenic iron oxides and harder geogenic minerals (Salazar-Rojas et al., 2024). The results of this study align with previously reported magnetic-domain characteristics for road dust from several Chinese cities, including Shanghai (Wang et al., 2019) and Loudi (Zhang et al., 2012). This approach demonstrates that susceptibility remains a robust tool for assessing technogenic load when the dominant magnetic phases are properly isolated and characterized.
The results of the present work indicate a clear differentiation in the composition of road dust polymers depending on the particle size and susceptibility to magnetic separation. The greater diversity and higher concentrations of MPs in the magnetic fraction suggest that particles associated with metal or metallic dust are more strongly linked to traffic sources, such as brake dust and vehicle wear. By contrast, nonmagnetic particles more often originate from lightweight consumer waste and materials used in daily life. In the work of Toha et al. (2024) in Dhaka (Bangladesh), very high concentrations of MPs were detected in road dust, with notable variation across particle sizes. The highest MP abundance was recorded in the coarsest fraction (300–150 μm), reaching 38,945 particles kg−1, while lower concentrations were observed in the finer fractions (16,720 and 5,945 particles kg−1, respectively). MP levels also varied across sampling locations. Twenty-two polymer types were identified, with fibers being the dominant form of MPs (70%), followed by fragments (26%). Similarly, Monira et al. (2022) reported clear differences in MP concentrations in road dust. Road dust from industrial areas contained significantly higher MP levels (1130 particles kg−1) compared to residential areas (520 particles kg−1). Fibers were the dominant particle type, accounting for 53% of MPs. The most frequently identified polymers included low-density PE, high-density PE, PP, PET, PS, polyester, and PA, with most particles measuring less than 2 mm. These findings confirm that road dust is a significant source of MPs, which are subsequently transported by stormwater into aquatic environments. Kang et al. (2022) and Feng et al. (2023) showed that MP concentrations in road dust from Goyang (South Korea) increased with longer drying periods, from 552 ± 39 MPs g−1 after 0 d to 1530 ± 602 MPs g−1 after 3 d. Black particles, identified as bitumen and TWPs, accounted for 72% of the total MP content, confirming the significant contribution of road traffic to MP emissions. In Victoria, Australia, levels ranged from 0.0206 to 0.5293 particles g−1 (Su et al., 2020). Values reported from Asia also differ widely: 19.7 ± 13.7 particles m−² in Kusatsu, Japan; 12.5 ± 10.1 particles m−² in Da Nang, Vietnam; and 2.0 ± 1.6 particles m−² in Kathmandu, Nepal (Patchaiyappan et al., 2021; Yukioka et al., 2020).
Consistent with the observations of Yang et al. (2023), the diversity and size distribution of MPs in road dust reflect multiscale and complex mechanisms of emission, transport, and accumulation within the urban environment. Goßmann et al. (2021) emphasized the importance of TWPs as the dominant mass component of MPs in road dust. TWP concentrations in road dust exceeded those of other polymers by several times, reaching an average of 5 g of TWP per kg of road dust. The highest TWP concentrations were recorded near intersections with heavy traffic flow and highway on-ramps, where braking and acceleration are particularly intensive. By contrast, samples collected from roads with lower traffic volumes showed lower TWP levels (~4.3 g per kg of road dust). These data demonstrate the direct influence of traffic conditions, including vehicle dynamics, on TWP generation, aligning with the distribution patterns of fine polymers observed in road dust samples from Vienna. Yang et al. (2023) confirmed that road dust in urban areas is a key source of MPs, and their concentrations depend on local factors such as traffic volume, road surface type, and intensity of human activity.
[bookmark: _Hlk222486454]In the road dust samples from Vienna, PU is the most frequently occurring polymer, reaching up to 100% of the MP composition in some size fractions. The dominance of PU indicates sources related to road traffic, including tire wear, vehicle interior components, and road markings (Premarathna et al., 2025). The predominance of PU suggests that polymer composition in road dust is strongly influenced by local traffic intensity rather than diffuse consumer plastic inputs. While PU is often excluded from MP monitoring owing to its structural complexity, Coralli et al. (2023) justified its inclusion by highlighting its market demand and widespread application in high-wear sectors. The prevalence of PU in the studied matrices is likely linked to vehicle-derived and infrastructural pathways. According to de Souza et al. (2021), PU is commonly used as an engineering material in vehicle underbody components, such as suspension bushings, vibration dampers, and protective coatings for metallic parts, which can release microparticles via constant mechanical friction. This phenomenon is further exacerbated by the use of PU in road infrastructure, as demonstrated by Chen et al. (2023). PU-based pavement composite coatings are being increasingly employed owing to their superior mechanical properties. However, they may degrade under environmental stressors such as salt and gasoline, leading to surface wear. The continuous attrition of these high-performance elastomers, from vehicle chassis parts to specialized road coatings, explains the disproportionate dominance of PU in the analyzed urban dust compared to common packaging plastics.
The polymer composition identified in the road dust from Vienna reflects the complex synergy between traffic emissions and infrastructure degradation. PVC, detected in most samples, originates from technical applications such as electrical cable insulation, noise barriers, and degradation of truck tarpaulins (Prata, 2018; Sommer et al., 2018). By contrast, the presence of PMMA and ABS, particularly in the finer fractions (0.1–0.05 mm), is attributed to the mechanical abrasion of vehicle components, including lighting housings and decorative trims (Kovochich et al., 2021). PA detection in these fractions further indicates wear from automotive engineering parts and textiles. While larger fragments of PE and PP often originate from consumer waste, their presence in the road matrix may also be attributable to the degradation of plastic road infrastructure and polymer-modified bitumen used in asphalt (Goßmann et al., 2021; Rødland et al., 2022). Furthermore, the identification of PMMA and PVC in coarser fractions (0.2–0.1 mm) reflects the stripping of road markings and protective coatings under continuous tire shear. These results align with observations by Kang et al. (2022), confirming that road dust serves as a critical sink for hetero-aggregated tire and road wear particles generated by both vehicle attrition and breakdown of the urban built environment (Rødland et al., 2022). As highlighted by Premarathna et al. (2025), road dust acts as a primary environmental sink, where diverse MPs undergo continuous fragmentation and redistribution, further complicating the polymer matrix in urban areas. 
The quantitative results demonstrate a clear and consistent dominance of the magnetic fraction across all investigated sites. The peak value is observed in the intermediate fraction, with a sevenfold disparity (3500 vs. 476 particles g−1 at site V5), and culminates in a 100% magnetic share in the finest size class (<0.05 mm). This complete association in the finest range suggests that MPs do not exist as independent entities in the respirable fraction but are integrated into magnetic traffic-related debris. Such hybrid particles are formed through hetero-agglomeration driven by the high-energy conditions of the road environment. Grigoratos and Martini (2015) indicate that localized flash temperatures during braking often exceed 500 °C, causing the thermal softening of polymers such as PU, PE, and PVC and promoting their adherence. These sticky polymer fragments act as a mechanical trap, capturing ambient magnetic dust, primarily iron oxides from brake wear and vehicle corrosion, as described by Thorpe and Harrison (2008). This encrustation process is most efficient at the microscopic scale (<0.05 mm), where the high surface-to-volume ratio ensures that virtually every polymer fragment becomes fused with or embedded into a magnetic carrier, as also reported by Sommer et al. (2018). This observation is further reinforced by the experimental findings of Grbic et al. (2019), who demonstrated that small MP particles (<20 μm) exhibit high magnetic recovery rates when associated with magnetic nanoparticles. Kole et al. (2017) noted that tire and road wear particles represent a “stealthy source” of MPs because they do not exist as pure polymers but as heavy conglomerates. 
The correlation matrix presented in Table S6 highlights significant associations within the MP group, particularly among PA, ABS, and PP (r = 0.82–0.95). These high correlation values suggest a shared origin from the fragmentation of vehicle components and road infrastructure. This finding is consistent with the categorization framework proposed by Hartmann et al. (2019) and source identification studies in road environments by Sommer et al. (2018) and Vogelsang et al. (2019), who recognized these technical polymers as primary indicators of non-exhaust emissions.
The distribution of MPLI values across different subfractions of road dust from Vienna reveals a significant disparity in ecological risk that is often masked in bulk dust analysis. While  this study identifies extreme contamination levels within the magnetic extracts, particularly in the 0.1–0.05 mm and 0.2–0.1 mm fractions, the nonmagnetic residues show only moderate contamination. Direct comparison with reported data remains challenging, as no previous studies have performed risk assessment on magnetic extracts. For instance, Jaiswal et al. (2025)reported MPLI values (2.88–5.14) for bulk road dust representing different land uses from Jaipur (India). These values are significantly lower than the peaks observed in our magnetic subfractions.
While this study provides valuable insights into the magnetic association of MPs in road dust, several limitations remain to be addressed. First, the analysis was restricted to the urban environment of Vienna, which limits the applicability of the findings. Given that road dust acts as a primary land-based contributor to global MP pollution through stormwater runoff and atmospheric deposition (Jambeck et al., 2015), future investigations should encompass diverse industrial and residential landscapes. Such research can enable more accurate source identification and clarify how urban surface pollutants contribute to the MP load in aquatic systems (Qiu et al., 2020). Second, the finest fraction considered in the current analysis was 0.05 mm. Future work must focus on the PM10 and PM2.5 range, as these smaller particles exhibit higher environmental mobility in both air and surface runoff while posing severe risks to human health through inhalation (Prata, 2018). The third limitation is the lack of temporal data. As seasonal dynamics are known to alter MP abundance and sedimentation patterns in urban environments (Nel et al., 2018; Toha et al., 2024), future studies should integrate multiseasonal sampling. Combining chemical characterization with advanced magnetic separation across various particle sizes and seasons is expected to improve the assessment of MP fate from urban roads to the environment.
5. Conclusions
· Across all investigated locations and within every granulometric fraction in which MPs are detected, the MP concentration is significantly higher in the magnetic subfraction than in the nonmagnetic residue. This confirms that magnetic particles serve as the dominant transport medium for MP pollution in the urban environment.
· The association between MPs and magnetic components is maximized in the finest granulometric fraction (below 0.05 mm), with a 100% magnetic share. In other words, at this scale, MPs rarely exist as independent entities and are sequestered within magnetic hetero-agglomerates.
· The prevalence of PU and PVC in magnetic extracts suggests a notable contribution of high-energy traffic-related processes, such as brake and tire wear, to MP accumulation. By contrast, nonmagnetic fractions reflect diffuse urban littering sources.
· The assessment of ecological risk using the MPLI demonstrates that magnetic subfractions dominate overall contamination levels. Thus, the most significant environmental threat pertains to the magnetically associated particles, which are more mobile and hazardous.
· The results highlight the potential of magnetic separation in environmental protection, particularly for isolating the finest particles (below 0.05 mm). This strategy offers new avenues for the preemptive removal of MPs from surface runoff before they reach aquatic ecosystems. By implementing magnetic capture at the source, the discharge of these hazardous pollutants into the environment can be mitigated.
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