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Mehri Davtalab a, Vadimas Dudoitis a, Simonas Kecorius a,b,c, Mario Lovrić d,e
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A B S T R A C T

Airborne microplastics (MPs) poses a potential health risk, particularly in sensitive microenvi
ronments such as schools, where children are subject to prolonged exposure durations. This study 
investigates airborne MPs indoors and outdoors at an urban school from December 2023 to April 
2024, quantifying concentrations and characterizing morphology, polymer composition, and 
sources. Comparative analysis revealed distinct indoor-outdoor differences in chemical compo
sition, source attribution, and associated risks. Indoors were dominated by polyester (33.0 %) and 
acrylates (31.1 %), while outdoor were primarily composed of polyethylene (48.6 %) and poly
propylene (7.7 %). Source apportionment modeling identified textiles (31.0 %) and packaging 
(30.6 %) as the primary indoor contributors, whereas outdoor MPs were largely linked to 
packaging (46.3 %) and transport-related emissions (28.1 %). Morphologically, fibers pre
dominted indoors (66 %), reflecting synthetic textile shedding, whereas fragments dominated 
outdoors reaching (up to 94 %). Statistically significant correlations between indoor and outdoor 
MPs profiles (Mantel r ≥ 0.5, p ≤ 0.001) underscored the influence of air exchange and infil
tration processes. We present the first study in Northern Europe to characterize airborne 
microplastics in a school located near a high-traffic road, analyzing both outdoor and indoor air to 
determine particle morphology, chemical composition, dispersion patterns, and likely sources.

1. Introduction

Indoor air quality (IAQ) in schools is a critical factor influencing not only children’s health and well-being but also their academic 
performance (McCormack et al., 2018). Literature suggests that children spend 800–900 h per year in schools settings (Education at a 
Glance, 2023). Given this substantial indoor time, understanding and mitigating airborne microplastics (MPs) exposure is crucial for 
protecting health (Liu and Zheng, 2025). Schools are increasingly recognized as critical microenvironments where, due to developing 
physiology and longer indoor occupancy, children may encounter complex mixtures of airborne pollutants. Unlike better-known in
door air pollutants such as particulate matter (PM), airborne MPs are novel and an emerging concern. Their small size and diverse 
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physicochemical properties enable multiple exposure pathways, including inhalation, ingestion, and dermal contact, raising important 
questions about potential health implications (O’Leary, 2024). MPs and PM are distinct yet interconnected pollutants in indoor air, 
particularly within school environments. While differing in origin, composition, and morphology, both can coexist in the same air 
matrix, potentially interacting and contributing to cumulative exposure risks for children. Furthermore, both can act as vectors 
(Arvaniti et al., 2022; Pomata et al., 2024) or reservoirs for chemicals and microorganisms, transporting them deeply into the res
piratory tract upon inhalation. Once inhaled, these particles can deposit throughout the airways and may trigger inflammation and 
oxidative stress. Ingestion and dermal exposure may also produce systemic effects that require further investigation (Luo et al., 2025). 
Children’s higher breathing rates relative to body further increase susceptibility to inhaled contaminants. MPs can be inhaled and can 
accumulate in the respiratory tract and lungs (Jenner et al., 2022), leading to lung inflammation (Zarus et al., 2021), contribute to 
cardiovascular disease (Marfella et al., 2024) and potentially lead to other adverse health outcomeses (Nihart et al., 2025). This raises 
concerns regarding the association between the MPs intake and potential health risks in indoor residential environments.

Recent studies demonstrate that breathable microplastics (smaller than 5 μm) overlap the regulated particulate size ranges, 
underscoring the physical nexus between MPs and PM (Maurizi et al., 2024). Similarly, Morioka et al., (2024)) reported substantial 
quantities of airborne MPs within 0.43–11 μm range, indicating that a significant fraction falls within the PM₁₀ category. Nandi et al. 
(2024) further identified MPs ranging from less than 1 μm to 40 μm indoors and outdoors (Bhat, 2024a). It’s important to note that the 
shape of the MP particles also plays a role. Fibrous MPs may have considerable length but small aerodynamic diameter, so they can be 
classified as PM based on their diameter even if their length exceeds the PM size range. This adds another layer of complexity to the 
relationship between MP and PM (Maurizi et al., 2024). Mass-based estimates suggest that MPs typically constitute a small but 
non-negligible fraction of PM. For instance, studies reported that MPs accounted for approximately 0.1–0.4 % of PM₁₀ and 0.01–0.3 % 
of PM₂.₅ mass concentrations in urban and suburban environments in China (Chen et al., 2020; Liu et al., 2019a). Studies conducted in 
European cities have yielded comparable results, Allen et al. (2019) (Allen et al., 2019a) estimated that MPs may represent up to 1.5 % 
of total atmospheric PM, while (Materić et al., 2020) detected MPs in PM₂.₅ samples from remote and urban sites in the Netherlands, 
with mass contributions likely below 0.01 %. Although these values represent a minor fraction of total PM mass, potentially high 
number concentrations, especially in fibrous form, and the capacity of MPs to carry additives or adsorbed pollutants elevate their 
relevance in air quality and health assessments. Cross-study comparisons should be interpreted with care, as differences in size 
thresholds, sampling approaches and analytical confirmation may influence results.

Research on MPs in school air is still in its early stages, yet initial findings raise concerns about children’s exposure. MPs can 
infiltrate classrooms through multiple pathways, including tracked-in dust, airborne deposition, and the fragmentation from indoor 
materials (Abbasi et al., 2022). Routine activities such as cleaning or ventilation can resuspend settled particles, increasing the 
inhalation potential for students and staff. Abbasi et al., (2022) (Abbasi et al., 2022) reported substantial MP loads, predominantly 
fibers, in settled classroom dust, highlighting schools as important indoor exposure environments. Complementary findings by (Nandi 
et al., 2024) characterized MPs in both indoor and outdoor air across seasons in a school setting. Their results showed higher indoor MP 
levels in winter and summer, while outdoor deposition rates were significantly greater in PM₂.₅ fractions compared to PM₁₀, partic
ularly in winter. Indoors, deposition rates were lower than outdoors, but still substantial, increasing from 8.3 × 10⁴ particles/m²/day 
(post-monsoon) to 1.03 × 10⁵ particles/m²/day (winter). In both settings, fibers dominated MP morphology. These findings underscore 
the need assessi and mitigate MP exposure in schools, particularly given the vulnerability of children.

The detection of MPs in human tissues organs, as reported in some studies (Sharma et al., 2024; Zhu et al., 2024; Zhang et al., 2025; 
Zipeng et al., 2025), is a significant finding. Although the direct health consequences of MP accumulation remain under investigation, 
growing evidence suggests potential biological effects, including inflammation and oxidative stress in various cell types and tissues 
(Chakraborty et al., 2024; K C et al., 2023; Kumar et al., 2025). Emerging studies also suggest potential disruption of hormonal, 
immune, and reproductive functions (Wang et al., 2024; Pathak, 2025). Nevertheless, interdisciplinary studies are needed to clarify 
mechanisms of interaction (e.g., particle size/shape, polymer and additive profiles), dose–response relationships, and the long-term 
health implications of exposure across diverse environmental contexts (Cui et al., 2025).

The observed seasonal increase in indoor MP concentrations is attributed to reduced ventilation during winter, when windows and 
doors are typically remain closed, leading to the accumulation of indoor sources. This period also coincides with greater use of 
synthetic textiles and packaging, which may elevate indoor MP levels. Notably, a predominance of smaller MPs (1–50 µm) was re
ported in classroom air, highlighting the potential for inhalation exposure among students and staff. A recent review by Kek et al., 
(2024) (Kek et al., 2024) provides a broader view of airborne MPS in indoor environments, including schools, and emphasizes the 
health risks particularly from particles from < 1 µm to several hundred micrometers. Complementing this, (Zhai et al., 2023)char
acterized and quantified airborne MPs across indoor settings, reporting concentrations ranging from 0.27 to 4.99 particles/m³ . Despite 
these advances, size-resolved, standardized measurements in child-centric environments remains limited, reinforcing the need for 
expanded datasets. Beyond basic occurrence and composition, studies seldom integrate multiple particle attributes (polymer, 
morphology, color, size) into a single, transparent source apportionment and rarely evaluate robustness of the resulting inferences. 
Accordingly, this study pursued two objectives: (i) to quantify airborne MPs in indoor and outdoor areas of a school and examine the 
relationship between indoor and outdoor MP characteristics; and (ii) to characterize MP attributes, including size distribution, color, 
and predominant polymer types. This work advances the field by integrating a time-resolved indoor-outdoor dataset with a 
robustness-tested, multi-attribute source apportionment (polymer, morphology, color, size), and by introducing a unitless, compar
ative Inhalation Hazard-Weighted Abundance Index (IHWAI) calculated by REACH/CLP heuristics and morphology to rank samples by 
hazard-weighted composition. To our knowledge, this combination has not previously been reported for airborne microplastics in 
school environments. Additionally, we investigated rubber sources to identify and distinguish black MPs originating from 
rubber-based materials such as tires, footwear, and industrial components. This knowledge is essential for identifying key factors 
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influencing MP presence, distribution, and properties, ultimately informing the development of effective mitigation strategies to 
reduce exposure and safeguard children’s health.

2. Methods

2.1. Study area, sampling and preparation

This study, which is part of a broader undertaking in the Horizon Europe EDIAQI project (EDIAQI Project - Evidence Driven Indoor Air 
Quality Improvement) which monitors indoor air quality across Europe, was conducted in an indoor environment of a school located in 
downtown Vilnius, Lithuania. The region experiences a humid continental climate with warm summers and cold, snowy winters. The 
school is near traffic, with roads approximately 60 m to the west, 20 m to the north, and 10 m the south of the buiding. Sampling was 
conducted from December 2023 to April 2024, encompassing the winter and early spring seasons. During each sampling period, three 
individual samples were collected and combined into a single composite sample, resulting in a total of 11 indoor and 15 outdoor 
composite samples. This window was selected to capture conditions typical of the heating season, when indoor ventilation is reduced 
and resuspension/textile shedding may be enhanced in occupied classrooms.

Passive indoor air sampling was conducted in a second-floor classroom using glass fiber filters mounted ~ 1.6 m above the floor 
level and positioned away from doors to minimize disturbance from occupant movement. This placement corresponds to the typical 
human breathing zone (~1.5 m), in accordance with established indoor air quality monitoring guidelines, ensuring that the mea
surements accurately reflect occupant exposure. Outdoor sampling was performed at a monitoring container adjusted to the school, 
with the inlet set at ~3 m above ground level, consistent with ambient air quality monitoring practice representative ambient con
ditions (EPA, 2025). This method was chosen as it offers several advantages in the school setting, it operates silently and 
non-intrusively during the learning process, is easy to deploy, cost-effective, and allows integration of exposure assessment. Never
theless, future studies should complement passive approaches with active air sampling techniques (e.g., cascade impactors, pumps 
with size-selective inlets) to provide a more comprehensive characterization. It should be noted that passive deposition primarily 
reflects the settled fraction of airborne particles and therefore may underrepresent the suspended fine fraction (<10 μm) most relevant 
for direct inhalation exposure.

Indoors, temperature remained stable throughout the campaign (mean ~26.9 ± 0.4 ◦C), reflecting regulated heating conditions, 
while RH was consistently low (mean ~21.4 ± 3.4 %), particularly during cold months. Elevated CO₂ concentrations (mean 
~790 ± 359 ppm, up to 1034 ppm in January) indicated limited ventilation and high occupancy, conditions that favor the accu
mulation of suspended particles and MPs and secondary fiber resuspension. Mean indoor PM₂.₅ levels (4.3 ± 2.5 µg m⁻³) were mod
erate, with episodic increases coinciding with elevated CO₂ and MPs deposition, suggesting reduced air exchange efficiency during cold 
periods. By contrast, outdoor temperature displayed strong seasonal variability (mean ~3.7 ± 3.6 ◦C, range –9–15 ◦C), while relative 
humidity remained high (mean ~71 ± 11 %). Outdoor PM₂.₅ concentrations (15.8 ± 10.2 µg m⁻³) were typically higher than indoors, 
particularly in winter, consistent with regional heating emissions and atmospheric stability that limit dispersion. CO₂ levels outdoors 
(mean ~453 ± 18 ppm) were near background values and showed minimal variation. The lowest outdoor temperatures and highest 
PM₂.₅ values were recorded in January–February, reflecting winter inversion conditions conducive to pollutant accumulation. Overall, 
these contrasts demonstrate that the indoor environment is thermally stable but poorly ventilated, leading to enhanced retention and 
resuspension of microplastics, while outdoor air is more dynamic, dominated by temperature-driven dispersion and seasonal emission 
cycles. The simultaneous peaks in indoor CO₂, PM₂.₅, and MP concentrations highlight the influence of human activity and ventilation 
on indoor particle dynamics, whereas outdoor MP levels were more closely linked to traffic-related sources, resuspended road dust, and 
meteorological variability.

The indoor sampling device consists of a Glass Petri dish with filter paper. To ensure data reliability, two parallel experiments were 
conducted at each sampling point. The sampler was positioned 1.20 m above the ground, corresponding to breathing height, and fully 
exposed to the atmosphere during sampling.The sampling device for outdoor samples remained the same, with the only variation being 
that it was shielded from precipitation while still allowing for air flow. Upon arrival at the laboratory, particles collected on glass fiber 
filters were carefully transferred to pre-cleaned glass beakers containing distilled water. To remove organic matter, each sample was 
treated with a 30 % hydrogen peroxide (H₂O₂) solution (Sigma-Aldrich, Germany) and left to react for 24 h. Afterward, a saturated zinc 
chloride (ZnCl₂) solution, with a density ranging from 1.6 to 1.8 g/cm³ , was used to separate MPs particles from other particulates. 
Samples were transferred to a separating funnel containing the ZnCl₂ solution and left for several hours to allow for stratification. 
During this flotation process, MPs, being less dense, rose to the surface, while denser non-plastic materials settled at the bottom. The 
supernatant containing the MPs was then filtered through glass fiber filters ("Branchia" filters, 50 mm diameter, 1.6 µm pore size). The 
filters were subsequently dried at 60 ◦C for 24 h. After drying, the filters were examined under a digital optical microscope equipped 
with a 200 × objective lens for preliminary identification and characterization of MP particles. During the analysis of microplastic 
particles the blank glass fiber filter were exposed to laboratory air.

Each MP particle was categorized according to its size, shape, and color. The longest dimension of each MP was measured using the 
Motic Images Plus 3.0 software. Particles were then grouped into six size classes: < 50 µm, 50–100 µm, 100–250 µm, 250–500 µm, 
500–1000 µm, and > 1000 µm. Morphological classification distinguished particles as either fibers or fragments. Color was recorded 
visually under microscope, with particles categorized as black, brown, white, blue, red, yellow, or other discernible colors. To 
determine the polymer composition, selected particles were transferred onto Al₂O₃ filters and analyzed using micro-Fourier transform 
infrared (μ-FTIR) spectroscopy (LUMOS II, Bruker, Germany) in the 4000–1200 cm⁻¹ spectral range. The size detection limit of the 
µ-FTIR analysis was > 5 µm, and thus only MPs larger than this threshold were identified. Each measurement consisted of four scans, 
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and the resulting spectra were compared to the instrument’s internal reference library. A particle was identified as a MP if the spectral 
match with a known polymer exceeded 70 % similarity. The identified polimers included acrylates (ACR), alkyd (ALK), nitrile 
butadiene rubber (NBR), polyamide (PA), polyimide (PI), polyester (PES), polyethylene (PE), polyisoprene (PIR), polypropylene (PP), 
polystyrene (PS), polytetrafluoroethylene (PTFE), polyurethane (PU), polyvinyl chloride (PVC), and rubber (see Table 1 for full 
details).

2.2. Quality assurance and quality control

Strict contamination control protocols were implemented throughout the sampling and analytical procedures to ensure data ac
curacy and minimize the risk of airborne MPs contamination. Following each 24-hour sampling period, Petri dishes were immediately 
sealed and covered with aluminum foil to prevent exposure to airborne particles. All extraction steps were performed within a laminar- 
flow hood to maintain a particle-free working environment. Prior to use, all glassware was thoroughly rinsed with Milli-Q water to 
eliminate potential residual contaminants. To minimize the introduction of synthetic fibers, laboratory personnel wore 100 % cotton 
lab coats and sterile nitrile gloves during all stages of sample handling and analysis. Additionally, laboratory blanks were processed in 
parallel with environmental samples to monitor and account for any potential background contamination. Collectively, these measures 
ensured the reliability, consistency, and validity of the analytical results. Quality control procedures during the processing of 
microplastic particles from air samples followed the guidelines outlined in the literature (Dewika et al., 2025; Ferraz et al., 2024).

2.3. Microplastic source apportionment model

To estimate the relative contribution of different indoor sources to airborne MPs, a semi-quantitative source attribution model was 
developed based on particle composition and physical characteristics. The approach aimed to differentiate MPs originating from major 
indoor categories: Textiles, Packaging, Flooring, and Outdoors inputs (outdoor specific subclasses, i.e., tire wear). The model utilized 
measured parameters including particle polymer type, shape (fibers or fragments), color, and size distribution. These features were 
selected due to their established associations with specific material types and environmental behaviors. For example, PES and PA are 
typically linked to textile shedding (Dris et al., 2016a), (Vianello et al., 2019a), while PP and PE are widely used in packaging ma
terials. Polymers such as PVC, rubber compounds, and PS were linked to flooring, insulation, and building materials (Wright and Kelly, 
2017). Black and red particles, which are frequently associated with tire wear and other outdoor sources, were used as indicators of 
outdoor MPs contributions (Zhang et al., 2020; Allen et al., 2019b). Each feature was assigned a set of relative weightings (ranging 
from 0 to 1) indicating its likelihood of originating from each of the four source categories. These weightings reflected the probability 
that a given feature originated from a particular source and were based on empirical data and material usage patterns reported in 
previous studies (Wright and Kelly, 2017), (Liu et al., 2019b). For each sampling date, the measured relative abundance of each feature 
was multiplied by its corresponding source-specific weights. The resulting values were aggregated per source category to produce a 
raw source contribution score. These scores were subsequently normalized so that the total contribution across all sources equaled 
100 %, yielding an estimated percentage contribution of each source category for every sample (Table 1).

This approach enabled the identification of both background emissions (e.g., persistent textile shedding) and episodic inputs, such 

Table 1 
Normalized feature–source weight matrix by material, morphology, color, and size.

Feature Textiles Packaging Flooring Outdoors

Polyester 1.0 0.1 0.0 0.0
Polyamide 0.1 0.3 0.3 0.3
Polypropylene 0.2 1.0 0.2 0.1
Polyimide 0.1 0.2 0.3 0.4
Polyethylene 0.1 1.0 0.1 0.2
Polyvinylchloride 0.0 0.2 1.0 0.2
Polystyrene 0.0 0.5 0.3 0.2
Rubbers 0.0 0.1 0.4 1.0
Polyisoprene 0.0 0.1 0.3 1.0
Nitrile butadiene rubber 0.0 0.2 0.5 0.3
Acrylates 0.3 0.5 0.2 0.0
Fibers 1.0 0.0 0.0 0.0
Fragments 0.0 1.0 0.3 0.3
Black* 0.0 0.2 0.2 1.0
Red 0.1 0.3 0.2 0.4
Blue 0.3 0.4 0.2 0.1
Green 0.2 0.3 0.3 0.2
< 50 μm 0.6 0.3 0.2 0.3
50–100 μm 0.5 0.4 0.2 0.3
100–250 μm 0.4 0.5 0.3 0.2
250–500 μm 0.3 0.5 0.4 0.2
500–1000 μm 0.2 0.5 0.5 0.3
> 1000 μm 0.1 0.4 0.6 0.4

* Black for flooring and tires
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as packaging- or flooring-related fragments, as well as periods potentially influenced by outdoor infiltration. The source apportion
ment results are semi-quantitative, representing indicative trends rather than precise quantitative estimates, as the weighting matrix 
was derived from literature-based proxies and the authors’ expert judgment. Therefore, the results should be interpreted as 
comparative rather than absolute values. Certain features (e.g., color categories or larger size bins) may overlap across multiple 
sources, potentially leading to misclassification. Although sensitivity analysis indicated that the main findings (e.g., textiles identified 
as the dominant indoor source) are robust to reasonable variations in the weighting matrix, the outcomes should nevertheless be 
regarded as indicative trends rather than exact quantitative estimates.

2.4. Inhalation hazard-weighted abundance index (IHWAI)

To compare samples on a common scale, a unitless, comparative index that weights the relative abundance of observed features by 
REACH/CLP-informed hazard heuristics (monomer/additive profiles) and by morphology relevance for inhalation was calculated. The 
IHWAI is a hazard-weighted abundance metric, not a quantitative risk assessment. It does not integrate inhaled dose, deposition 
fractions by size, or dose–response. Additive leaching and degradation kinetics were not modeled. Each polymer type identified was 
assigned a toxicity weighting on a scale from 0 (low concern) to 1 (high concern), based on the regulation on the registration, eval
uation, authorization and restriction of chemicals (REACH) databases by EU law to protect human health and the environment from 
the risks that can be posed by chemicals.

For each sample, the index was calculated as: 

IHWAI =
∑

p
ApWp+(AfibersWfibers+AfragmentsWfragments) (1) 

where:
Ap - the row-normalized polymer composition among identified polymers Wp - ∈[0,1] are heuristic hazard weightings
Afibers, Afragments are morphology fractions (fibers assigned higher weighting than fragments)
PVC received the highest toxicity weighting (1.0)A due to its chlorine content, the presence of phthalate plasticizers, and its po

tential to release hazardous combustion by-products. Rubber-based polymers, including PIR and nitrile rubber were similarly assigned 
high scores (0.9) due to their known content of carcinogenic polycyclic aromatic hydrocarbons (PAHs), heavy metals, and vulcani
zation agents. Moderate-risk polymers such as ACR and PS were assigned intermediate weightings (0.7), reflecting their potential to 
release harmful monomers and additives. In contrast, relatively inert polymers such as PE and PP were assigned lower toxicity scores 
(0.3–0.4) consistent with their widespread use and lower chemical reactivity. In addition to polymer identity, particle morphology was 
incorporated into the inhalation risk index by assigning higher risk values to fibrous particles (weight = 0.9) (Vianello et al., 2019b), 
which have a greater propensity for deep lung deposition, compared to fragmented particles (weight = 0.5). The final inhalation risk 
score for each sample was calculated as the sum of the abundance of MP particles, each weighted by their respective polymer toxicity 
and morphology scores. This value was then normalized to produce a unitless inhalation risk index, allowing for comparative 
assessment across indoor and outdoor environments.

2.5. Statistical approach

The Mantel test using the R programming language, originally developed for assessing the correlation between two distance or 

Fig. 1. The box and whiskers plot of indoor and outdoor MPs count. The medians and means (dot line) are indicated with horizontal lines dividing 
each box, and the whiskers are set to the lowest and the highest value when they are not outliers (the values above or below 1.5 × IQR, indicated as 
black crosses).
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similarity matrices, was applied here to quantify the statistical relationship between indoor and outdoor MPs profiles based on their 
polymer composition, morphology, and environmental variables. The statistical analyses and graphical visualizations were performed 
using OriginPro (OriginLab Corporation, Northampton, MA, USA), a licensed data analysis and graphing software widely used in 
environmental and aerosol research. The chemical composition of microplastic particles was determined with a LUMOS II micro- 
spectrometer and processed with the OPUS 9.1 software. The spectra and physical properties of the particles detected on the filter 
were determined by processing them with the artificial intelligence-based OPUS plugin MP-ID. The MP-ID software automatically 
analyzes whole FT-IR images of microplastic samples and yields comprehensive statistics of all particles present on the filter, classi
fying them by number, identity, and size.

3. Results and discussion

3.1. Total MPs abundance

Statistical analysis of MPs concentrations in indoor and outdoor environments revealed significant differences in their distribution 
and variability. On average, indoor MP levels were slightly higher than those observed outdoors levels. The mean and median con
centrations indoors were 4127 and 3851 MPs/m²/day, respectively, compared to 3533 and 3313 MPs/m²/day outdoors (Fig. 1). 
Outdoor MP levels exhibited a relatively narrower range (approximately 1352–6236 MPs/m²/day), whereas indoor concentrations 
spanned a substantially broader range (754–7933 MPs/m²/day). This disparity was further reflected in the standard deviations, which 
were σ = 1731 for outdoor samples and σ = 2556 for indoor samples. These findings underscore the greater variability and dynamic 
nature of MP presence in indoor environments, likely influenced by localized sources, occupant activities, and building-specific factors. 
In contrast, the more constrained variability outdoors may reflect more uniform environmental conditions and enhanced atmospheric 
dispersion. The lowest indoor MP concentration was observed during the period of December 11–25, 2023 (753 MP/m²/day). This 
period coincided with the winter holidays, characterized by reduced human occupancy and minimal indoor activity, which likely 
contributing to the lower MP levels. In contrast, the highest concentration was observed during March 4–11, 2024, reaching 7933 MP/ 
m²/day, suggesting a substantial short-term increase of MPs load, potentially associated with intensive indoor activity, particle 
resuspension, or external intrusion (e.g., open windows or cleaning events). These findings support the hypothesis of seasonal or 
occupancy-driven fluctuations in indoor microplastic pollution, highlighting the importance of temporal factors in exposure 
assessments.

The narrower range and lower standard deviation of outdoor MPs concentrations suggest that atmospheric dispersion mechanisms, 
such as wind and precipitation, play a key role in regulating ambient MP levels (Wright et al., 2020). In contrast, the greater variability 
observed indoors reflects the influence of localized sources, including human occupancy, ventilation dynamics, and material shedding 
from textiles and other plastic-containing item (Kek et al., 2024; Zhai et al., 2023; “EDIAQI Project - Evidence driven indoor air quality 
improvement, 2025; Dewika et al., 2025; Ferraz et al., 2024; Dris et al., 2016a; Vianello et al., 2019a; Wright and Kelly, 2017; Zhang 
et al., 2020). The outdoor MPs concentrations observed in this study largely exceeded most values reported in previous studies across 
various urban environments. For instance, reported urban MP deposition rates include 10 ± 8 MP/m²/day (5 – 5000 μm) in Gdynia, 
Poland (Szewc et al., 2021), 0.4 MP/m²/day Kusatsu, Japan, 4.0 MP/m²/day Da Nang, Vietnam, 12.5 MP/m²/day Kathmandu and 
Nepal (Yukioka et al., 2020), and 114 ± 40 MP/m²/day Guangzhou, China (Huang et al., 2021). Even in densely populated urban 
centers such as Central London, with reported deposition rates ranging from 575 to 1008 MPs/m²/day (mean: 771 ± 167 MPs/m²/day 
for particles >5 µm) (Wright et al., 2020), and Christchurch, New Zealand (80–1018 MP/m²/day) (Knobloch et al., 2021), the con
centrations were lower than those we observed in this study. Among the few studies reporting comparably high deposition rates, Paris, 
France stands out, with values ranging from 1586 to 11,130 MPs/m²/day (for particles >50 µm), making it one of the closest in 
magnitude to our findings (Niu et al., 2024).

These findings suggest that metropolitan environments characterized by high traffic density and diverse emission sources can 
exhibit substantially elevated MPs deposition rates. The consistently high outdoor MPs levels observed in this study are likely influ
enced by the sampling location proximity to multiple roads, leading to increased vehicular emissions and the resuspension of road- 
derived MPs. While outdoor MPs pollution has been relatively well studied, indoor MP concentrations, particularly in school envi
ronments, remain underexplored. Al-Hussayni et al. (2023) reported indoor MP concentrations of 4743 ± 427 MPs/m²/day in kin
dergartens and 2238 ± 309 MPs/m²/day in schools in Iraq, indicating substantial exposure levels (Al-Hussayni et al., 2023). In 
contrast, Bhat (2024) (Bhat, 2024a) reported lower concentrations in educational settings, ranging from 180 to 240 MPs/m²/day. 
These variations underscore the influence of local environmental conditions, building characteristics, and occupancy patterns on 
indoor MP pollution. Importantly, cross-study comparisons are only valid when particle size ranges are explicitly matched.

3.1.1. Morphological properties

3.1.1.1. Color 
3.1.1.1.1. Indoor. Black MP particles were the most prevalent, comprising an average of 53 % of all detected particles. Their 

consistent dominance suggests a strong contribution from tire wear, soot, degraded synthetic rubber, and dark-colored textiles. The 
peak proportion of 62 % was observed during December 11–25, 2023 (Fig. 2). This finding aligns with previous studies reporting the 
predominance of black and dark-colored MPs in both indoor and outdoor environments (Abbasi et al., 2022); (Chenappan et al., 2024). 
Blue MPs represented the second most common color category, accounting for an average of 26 % of total particles, with a peak of 
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33 % recorded between February 26 and March 4, 2024. This observation is consistent with other studies where blue MPs are 
frequently reported as dominant or co-dominant in indoor air samples (Chenappan et al., 2024). In contrast, white MPs particles 
remained relatively low throughout the sampling period, comprising an average of 6 %, with a maximum of 11 % detected February 
5–12, 2024.

This observation aligned with findings from other studies (Nandi et al., 2024), where transparent or white particles, commonly 
linked with plastics like PP and PE are not the most abundant color. Yellow MPs exhibited fluctuating abundances, generally remaining 
at low levels (average 4 %), with a peak of 9 % observed between February 12–19, 2024. Brown MPs showed a similar pattern, also 
peaked during this period, suggesting a potencial common source or influencing factor for these colors. Red and green MPs constituted 
smaller proportions (averaging 5 % and 1 %, respectively), with peaks observed around December 25–January 8, 2024 (6 % red) and 
December 11–25, 2023 (4 % green), respectively. Color-based correlation analysis revealed a weak positive association between total 
MP concentrations and the abundance of blue particles (r = 0.23), suggesting that higher overall MP levels may be partially driven by 
sources contributing blue fibers or fragments. In contrast, black particles exhibited a slight negative correlation (r = –0.18) with total 
MP levels, indicating a potential decoupling from peak pollution events and possibly reflecting more stable or persistent sources.

3.1.1.2. Outdoor. Analysis of color distribution revealed that black and white MPs were the most prevalent in the outdoor environ
ment, consistently accounting for the largest proportions of total particles (Fig. 3). Black MPs emerged as the dominant category, 
comprising over 50 % of total MPs on multiple sampling dates, such as on December 18, 2023 (61 %) – January 1, 2023 (62 %), and 
February 1, 2024 (52.58 %). This consistent dominance suggests a strong contribution from common outdoor sources such as tire wear, 
degraded rubber materials, and industrial plastics, which frequently contain black pigments. The prevalence of black MPs in outdoor 
air underscores their role as a key component of urban microplastic pollution and a potential tracer for non-exhaust traffic emissions.

White MPs were also notable, though present in smaller proportions (approximately 10 %) compared to black MPs. They accounted 
for substantial shares of total MPs on specific dates, including 12 % on January 1, 2024, and 13 % on February 6, 2024. White MPs are 
typically derived from a variety of consumer products, such as packaging materials, plastic bottles, and plastic films. Their presence in 
the outdoor environment reflects the considerable contribution of everyday plastic waste, particularly from packaging debris and 
discarded plastic items.

3.1.2. Size and shape

3.1.2.1. Indoor. In terms of size distribution, the MPs were primarily dominated by medium-sized fractions. The 100–250 μm size 
range was the most abundant, contributing on average 32 % of the total particles (Fig. 4). This fraction reached its highest proportion 
of 57 % during February 26–March 4, 2024. Other notable fractions included the 250–500 μm range (25 %) and the 500–1000 μm 
range (19 %), both of which exhibited relatively stable proportions throughout the dataset. Notably, both fractions experienced 
moderate peaks, with the 250–500 μm range reaching 30 % during February 5–12, 2024, and again during March 25–April 1, 2024. 
Similarly, the 500–1000 μm range peaked at 28 % during February 19–26, 2024. The consistent presence of larger MPs fractions 
(250–1000 μm) indicated a continuous input of these sizes into the indoor environment. The largest observed MPs (>1000 μm) showed 
substantial fluctuations in their proportions, particularly on January 28–February 5, 2024 (6 %), and April 1, 2024 (16 %). This 
variability may be attributed to episodic changes in the sources of coarse plastic debris, such as the degradation or disturbance of larger 
plastic items through human activity. Although these larger MPs are less likely to remain airborne for extended periods, they may still 
pose a risk when resuspended.

The smallest MPs fraction (<50 μm) constituted only ~1 % of the total MPs on average, indicating that fine MPs were present but 

Fig. 2. Color distribution of MPs in the indoor environment.
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considerably less abundant than larger fractions. This may be attributed to methodological limitations in detecting and quantifying 
these smaller particles, which are often more difficult to capture or analyze accurately. Nevertheless, smaller MPs are more mobile and 
can be more readily inhaled, posing potential health risks if not effectively filtered or removed from indoor environments. This size 
distribution suggests that indoor MPs are generally larger, likely reflecting the types of activities, materials, and sources contributing to 
indoor contamination, such as dust, textiles, and plastic-based products. The relative stability in the proportions of specific size 
fractions, particularly the 100–250 μm, 250–500 μm, and 500–1000 μm ranges, may indicate the presence of persistent sources or 
limited degradation of these particles in indoor environments. Although these larger MPs are less susceptible to rapid degradation, they 
can remain suspended in air or accumulate on surfaces, thereby contributing to the long-term buildup of microplastic pollution 
indoors.

The morphological analysis of indoor airborne microplastics revealed a clear dominance of fibrous particles, which accounted for 
an average of 66 % of all identified microplastics, while fragments constituted approximately 34 %. The proportions of fibers and 
fragments fluctuated over time. For instance, during December 11–25, 2023, fragments represented 23 %, whereas fibers comprised 
77 %. These proportions varied across sampling periods, indicating temporal changes in MP types. For example, during February 
12–19, 2024, the fragment percentage increased to 42 %, while the fiber percentage decreased to 58 %.

3.1.2.2. Outdoor. The size distribution of MPs in the indoor environment also exhibited temporal variability across the analyzed 
periods (Fig. 5). For the smallest size category (<50 μm), the proportion of MPs remained consistently low, below 2 % on average, with 
the highest recorded value of 3 % observed on January 1, 2024. In contrast, MPs within the 50–100 μm range showed greater 

Fig. 3. Color distribution of MPs in the outdoor environment.

Fig. 4. Size distribution of microplastics collected in indoor air. The data are categorized into five size bins: < 50 µm, 50–100 µm, 100–250 µm, 
250–500 µm, and 500–1000 µm. The y–axis represents the percentage of total MPs falling within each size category.
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fluctuation but generally accounted for more than 30 %, reaching a peak of 54 % during February 12–19, 2024. The most dominant 
size class throughout the study was the 100–250 μm range, which consistently accounted for more than 40 % of the detected MPs and 
peaked at 54 % during March 18–25, 2024. Overall, these findings suggest that medium-sized particles are prevalent in outdoor 
environments and may originate from sources such as vehicle emissions, industrial activities, or the atmospheric transport of larger 
particles from distant regions. Particles within the 250–500 μm range in the outdoor environment represent a moderate fraction of the 
total MPs, consistently accounting for approximately 10–30 % of the overall particle count across the different sampling periods. While 
this size class exhibited relatively stable proportions, some fluctuations were noted. Notable peaks occurred on January 9, 2024, and 
during March 18–25, 2024, with both periods recording a maximum contribution of 30 %. These MPs are typically composed of 
particles large enough to be detected, yet small enough to be transported over long distances by wind or water currents. They likely 
originate from multiple sources, including the fragmentation of larger plastic debris, such as plastic packaging, plastic containers, and 
larger plastic products, as well as from industrial processes that produce plastic products in this size range. MPs in the 500–1000 μm 
size range showed relatively low percentages, with the highest observed value being 5 % during March 18–25, 2024. Similarly, MPs 
larger than 1000 μm consistently represented a very small fraction of the total, although occasional fluctuations occurred. For instance, 
during the same March 18–25 period, particles > 1000 μm accounted for 8 % of total MPs, the highest for this category. These larger 
particles are less likely to remain airborne due to their greater mass and are typically associated with local sources such as fragmented 
plastic waste. Nonetheless, these particles may become temporarily suspended under certain meteorological conditions, such as strong 
winds, or may be resuspended by mechanical disturbances. According to Hale et al. (2020), such variability in the occurrence of large 
airborne MPs may reflect episodic events or processes, including increased fragmentation of macroplastics, variations in source inputs, 
or environmental factors such as wind speed, direction, and surface roughness.

The shape distribution of MPs showed a clear dominance of fragments over fibers throughout most of the sampling periods. 
Fragments consistently constituted the majority of detected MPs, with the highest proportion recorded during March 18–25, 2024, 
when they represented 94 % of the total particles. In contrast, fibers represented a smaller but persistent fraction of the total MPs 
count. The highest percentage of fibers was observed during the period of February 1–6, 2024, reaching their highest proportion of 
25 % during February 1–6, 2024.

Across all size categories, black MPs demonstrated a consistent presence; however, their relative proportion generally decreased 
with decreasing particle size, except in the smallest size class (<50 μm), where their presence remained notable. A strong correlation 
(r = 0.7) was observed between black MPs and the 100–250 μm size range, suggesting that black particles are more commonly 
associated with these larger size ranges. Brown MPs also exhibited a significant correlation across all size categories, indicating a 
widespread distribution pattern independent of particle size. These consistent associations may reflect the broad range of sources 
contributing to black and brown MPs, as well as their material properties that influence fragmentation behavior and atmospheric 
transport.

White MPs showed a notable correlation within the 50–100 μm size category, potentially reflecting distinct pollution pathways 
such as the fragmentation of consumer products, packaging materials, or lightweight synthetic polymers. In contrast, brown MPs 
exhibited a stronger correlation with the 250–500 μm range, which may indicate origins from agricultural materials, dyed textiles, or 
organic contamination associated with soil or plant debris. The occurrence of blue, green, and red MPs was relatively limited across all 
size categories, suggesting that these colors are either less prevalent in the studied environment or are indicative of specific, less 

Fig. 5. Size distribution of microplastics collected in outdoor air. The data are categorized into five size bins: < 50 µm, 50–100 µm, 100–250 µm, 
250–500 µm, and 500–1000 µm. The y-axis represents the percentage of total MPs falling within each size category.
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dominant sources. Their sporadic presence may be linked to isolated activities or materials (e.g., colored clothing fibers, decorative 
plastics) rather than continuous or widespread emission sources.

3.1.3. Chemical composition
The chemical characterization of MPs revealed a heterogeneous mixture of polymer types indoor, reflecting diverse material 

sources and usage patterns within enclosed spaces. Among the identified polymers, PES was consistently dominant indoors, comprising 
33.0 % of all analyzed particles. (Fig. 6). Acrylates followed closely at 31.1 %, together accounting for 64.1 % of indoor MPs. These 
polymers are commonly associated with synthetic textiles, furniture coatings, and household products, suggesting that indoor sources 
are largely driven by human activities, including fabric abrasion, material degradation, and the use of treated surfaces primary drive 
indoor sources. PE, although dominant outdoors, accounted for only 16,0 % indoors. The presence of nitrile rubber (6,7 %) further 
supports the influence of indoor-specific sources such as flooring materials, gloves, or sealants. The presence of PP (3.8 %), PS (4.7 %), 
and smaller amounts of polyisoprene (2.8 %) and PVC (1.9 %) further supports a range of indoor-specific sources including flooring 
materials, packaging, sealants, and textiles.

In contrast to indoor air, the outdoor environment was characterized by a strong dominance of PE, comprising ~48.6 % of the total 
detected MPs. This prevalence is likely attributable to the widespread environmental degradation of plastic packaging, bags, and other 
polyethylene-based debris. Other notable polymers identified in the outdoor air included polyester (PES, 11.9 %), acrylates (10.8 %), 
and nitrile rubber (10.4 %), suggesting additional contributions from airborne textile fibers, weathered paints or coatings, and traffic- 
related sources. Furthermore, polymers such as PP (7.7 %), PS (7.5 %), PA (1.4 %) and PVC (1.0 %) were observed in higher relative 
proportions in outdoor samples compared to indoor environment. These differences may reflect the impact of environmental 
weathering, atmospheric transport, and exposure conditions on polymer fragmentation and persistence. Of polymers

The presence of shared polymers, such as PE and PES in both environments suggests strong cross-contamination or shared emission 
sources, due to air exchange and the fragmentation potential of these polymers.

3.1.4. Microplastic source attribution
A comparison of airborne MP sources in indoor and outdoor environments reveals distinct profiles (Fig. 7). In the indoor 

Fig. 6. Chemical composition of MPs indoors and outdoors. Chord diagram showing how indoor (red) and outdoor (blue) environments contribute 
to the observed polymer types; ribbon width is proportional to contribution. Minor cross-links indicate polymers present in both environments but 
with different magnitudes. Numbers on arcs denote shares (%).
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environment, the largest share of MPs was attributed to textile-related sources, accounting for 31 % of the total. This predominance is 
consistent with the known shedding of synthetic fibers from clothing, upholstery, curtains, and carpets (Dris et al., 2017). Our 
indoor–outdoor contrast (fibers dominant indoors; PE/PP and fragments prevalent outdoors) aligns with classroom deposition studies 
in universities, which also report fiber dominance (average sizes ~120–2222 µm) and polymers linked to textiles/fixtures (e.g., 
PA6/PA12, PP) (Bhat, 2024b), The confined nature of indoor spaces facilitates the accumulation and suspension of textile fibers in the 
air. Packaging materials contributed 30.6 %, likely originating from the handling and degradation of plastic containers, bags, and 
wrappers frequently used and stored indoors. Notably, this category exhibited the greatest variability among all sources (range =
14.2 %), with peak contributions aligning temporally with elevated fragment abundance and higher proportions of PP and PE. This 
suggests that packaging-derived MPs are episodically released, likely influenced by daily activities such as handling or unpacking 
plastic materials. MPs derived from flooring materials represented 17.3 %, suggesting a significant contribution from abrasion of 
plastic-based floor coverings, composite panels, and sealants. Higher values in samples were enriched with PVC, rubber-based 
polymers, and larger particle size classes (>500 µm). This reflects potential inputs from surface abrasion of vinyl flooring, rubber 
mats, or foot traffic-induced resuspension of settled debris. While the average contribution was the lowest among all sources, the 
observed range (13.9 %–21.4 %) suggests that flooring may act as an episodic reservoir for MP release. Notably, outdoor-derived 
particles constituted 21.1 %, indicating the infiltration of microplastics from the external environment through ventilation systems, 
open windows, or via occupants.

The outdoor microplastic source attribution analysis revealed a markedly different source profile compared to indoor environments 
(Fig. 7). The outdoor MP profile was dominated by packaging-related sources, which comprised 46.3 % (from 40.4 % to 66.0 %) of the 
total, primarily driven by high levels of PE and PP fragments (Dris et al., 2016b). This reflects the widespread environmental dispersion 
of fragmented plastic debris such as bags, films, and containers subjected to weathering, UV degradation, and mechanical breakdown. 
MPs of outdoor origin, including those from road dust, tire wear, and soil-bound fragments, represented 28.1 % (from 21.4 % to 
30.9 %), emphasizing the influence of urban infrastructure and vehicular activity. This category was strongly associated with black 
coloration, large fragments, and rubber-based polymers such as polyisoprene and synthetic rubbers. Flooring-related MPs, potentially 
arising from wear of outdoor surfaces or construction materials, accounted for 16 % (from 9.5 % to 20.0 %). Although indoor floors are 
unlikely to be a direct source of outdoor particles, urban analogs such as painted façades, outdoor linings, or degraded construction 
materials may contribute similar particles. Textile-derived MPs accounted for only 9.6 % (ranging from 3.1 % to 11.6 %) of the total, 
which is substantially lower than the indoor levels, supporting the hypothesis that textile fiber emissions are predominantly localized 
within enclosed environments. These values are consistent with expectations that synthetic textile fibers, while abundant indoors, are 
far less prevalent or persistent in the more turbulent and diluted outdoor air environment. The Linear discriminant analysis (LDA) 
model achieved a perfect classification accuracy of 100 % using cross-validation, successfully separating indoor and outdoor MPs 
profiles based solely on their estimated source contributions (Textiles, packaging, flooring, outdoors) (Fig. 8).

The LD1 axis clearly discriminates between the two environments. Indoor samples are characterized by higher textile-related input, 
while outdoor samples are dominated by packaging and environmental sources. This result confirms that source composition alone is 
sufficient to accurately distinguish environmental origin, validating the attribution model and its interpretive power.

Sensitivity tests indicate our indoor vs. outdoor apportionment results remain unchanged under ±20 % perturbations. Three 
complementary approaches were applied including one-at-a-time perturbations (±20 %) of individual weighting rows showed only 
modest shifts (<5–6 % on average) in source contributions. Leave-one-feature-out tests (removing morphology, size, or color) slightly 
altered the relative importance of packaging, but textiles consistently remained the dominant indoor source. Dirichlet Monte Carlo 
resampling (2000 simulations) generated 95 % confidence intervals and probabilities of source dominance. Indoors, Textile source 
were dominant in > 85 % of runs, while outdoors, Packaging and Outdoor categories alternated as top contributors. The sensitivity 
tests demonstrated that the apportionment results are robust to reasonable variations in the weighting scheme, supporting the validity 
of the observed trends.

Fig. 7. Microplastic Source Attribution Map.
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Fig. 8. Linear discriminant analysis.

Fig. 9. Mantel test heatmap network analysis of the relationship between indoor and outdoor MP concentrations, their physicochemical charac
teristics, and environmental parameters.
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3.2. Indoor - Outdoor relationship analysis

3.2.1. Mantel test
To evaluate the degree of similarity between indoor and outdoor MPs pollution profiles, a Mantel test was conducted comparing 

particle characteristics and environmental parameters. The results, visualized in a chord-like network diagram (Fig. 9), revealed 
statistically significant correlations between indoor and outdoor MP profiles.

The Mantel correlation coefficients demonstrated that many MPs variables, particularly polymer types and particle size fractions, 
exhibited moderate to strong similarity (r ≥ 0.5) between indoor and outdoor environments. A high number of green-colored con
nections (p ≤ 0.001) indicates robust statistical significance, suggesting that outdoor microplastic pollution is a major contributor to 
indoor MP presence. This supports the hypothesis of air exchange-driven transfer, particularly in investigated urban settings with high 
particulate loads and insufficient filtration. Notably, MP types such as fibers and fragments, as well as several size fractions 
(250–500 µm, 500–1000 µm, and >1000 µm), showed strong correlations (Mantel’s r ≥ 0.5), suggesting that outdoor air serves as a 
key source of indoor MPs. The results are consistent with other studies that have shown the presence of fibers and fragments in indoor 
environments, where synthetic fibers are easily torn and separated from indoor sources like clothing, carpets, and curtains 
(Nematollahi et al., 2022). High correlation coefficients were observed for polymers such as PP, PE, and PS, which are commonly found 
in urban air due to widespread use in textiles and packaging. These results indicate that both ambient infiltration and internal 
re-emission as key pathways for the presence of indoor MP. Specific particle types and polymers were significantly associated with 
environmental variables. Pearson correlation analysis showed no significant correlation between PM₂.₅ and Meanwhile, a weak cor
relation was observed between CO₂ levels and outdoor MP concentrations (r = 0.16, p < 0.05), which we interpret cautiously as not 
evidencing a causal link. CO₂ and PM₂.₅ concentrations were positively correlated with MP abundance, particularly for black and white 
MPs and polymers such as PP, PES, and PS, suggesting links to anthropogenic activity and traffic non-combustion-related emissions. 
The significant correlation between indoor MPs and acrylates highlights synthetic fibers as a key source of indoor microplastic 
pollution. In colder countries, where thicker, layered clothing is often worn to stay warm, the increased use of synthetic fabrics likely 
contributes to higher levels of microplastic shedding indoors. Relative humidity was moderately correlated with smaller MPs and 
fibers, possibly due to enhanced deposition and reduced resuspension under humid conditions. The findings emphasize the need for 
integrated air quality and microplastic mitigation strategies, particularly in public buildings where vulnerable populations (e.g., 
children) are present.

While both environments show morphological and polymer-based differentiation, indoor samples exhibit more variation in fiber- 
rich materials and mid-sized colored particles, reflecting textile wear and indoor activity. Conversely, outdoor samples are more 
strongly influenced by fragmented packaging and tire-derived particles, with fiber contributions appearing sporadically and at lower 
levels. This comparison underscores the distinct source regimes operating indoors and outdoors: indoors dominated by continuous 
textile shedding with episodic synthetic material inputs, and outdoors shaped by urban environmental fragmentation, resuspension, 
and outdoor air transport processes. PCA thus serves as a powerful tool to distinguish these overlapping but environmentally specific 
microplastic signatures.

3.2.2. Rubber sources analysis
Fourier-transform infrared spectroscopy was employed to investigate the chemical composition of three rubber samples, revealing 

distinct spectral features that enable tentative source identification. The spectral features suggest that each rubber type may originate 
from different product categories, reflecting differences in polymer composition and the use of additives. Rubber 1 exhibited a strong 
absorption band at 1740 cm⁻¹ , attributed to C––O stretching vibrations of ester or carboxylic acid groups, along with a broad ab
sorption region between 1470 and 1300 cm⁻¹ , indicative of C–H bending and C–O stretching modes. The presence of pronounced polar 
functional groups indicates that the materials contain plasticizers or ester-modified polymers. This profile is consistent with synthetic 
rubbers used in consumer products where flexibility and water resistance are important. In addition to waterproof footwear such as 
rubber or PVC boots, potential sources may include synthetic leather goods, rubberized floor coverings, or automotive interior 
components (e.g., door seals or dashboard coatings). Rubber 2 displayed absorption bands at 1550, 1470, 1390, and 1250 cm⁻¹ , 
accompanied by weaker peaks at 1750 and 1650 cm⁻¹ . These features indicate a vulcanized rubber formulation with aromatic and 
weakly polar functionalities, suggesting the presence of additives or co-monomers such as nitrile, acrylonitrile, or aromatic ring 
structures. Such compositions are typical of technical rubbers used in both industrial and consumer applications. Potential sources 
therefore include the soles of work or hiking boots, industrial gloves, rubber gaskets, hoses, or belts, as well as internal tire components 
such as sidewalls or inner liners, where more chemically resistant rubber compounds are used. Rubber 3, in contrast, showed peaks at 
1550, 1470, and 1370 cm⁻¹ , without any significant carbonyl absorptions in the 1700–1750 cm⁻¹ region. The absence of polar groups, 
combined with vibrations consistent with aromatic C––C and aliphatic C–H modes, indicates a predominantly hydrocarbon-based 
material. This is characteristic of non-polar rubbers such as styrene-butadiene rubber (SBR), butadiene rubber (BR), or natural rub
ber (NR), which are extensively used in applications requiring mechanical durability and wear resistance. The most probable source of 
Rubber 3 is vehicle tire tread, although similar formulations may also be found in industrial conveyor belts, rubber bands, sports shoe 
outsoles, or anti-vibration components. Indoors in most samples nitrile butadiene rubber (a synthetic copolymer widely used for its oil 
and chemical resistance) was found. It may originate primarily from disposable gloves used by cleaning or food service staff, as well as 
from rubber soles of staff and student footwear. Additional sources include seals and gaskets in HVAC systems or maintenance 
equipment. Over time, mechanical wear and surface abrasion can lead to the release of NBR particles, contributing to indoor par
ticulate matter of synthetic origin.
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3.2.3. Inhalation hazard-weighted abundance risk
Analysis of the IHWAI revealed clear and quantifiable differences in MPs hazard potential between indoor and outdoor environ

ments. Indoor samples consistently exhibited higher IHWAI values, with a pronounced peak observed during the sampling period of 
February 26 – March 4, 2024, when the index reached 284.68. This high IHWAI score was driven by a fibrous particle proportion of 
59.86 %, alongside significant shares of PES (32.59 %), rubber (5.73 %), and polyamide (3.70 %), all polymers associated with 
elevated toxicological profiles and respiratory persistence. The episode likely reflects an acute indoor pollution event, potentially 
linked to the shedding of textiles or the resuspension of degraded synthetic materials. In contrast, outdoor samples displayed markedly 
lower and more stable IHWAI profiles, with values ranging from 229.41 to 246.83, and normalized scores between 0.10 and 0.20, 
compared to indoor peaks normalized to 1.00. Outdoor samples were overwhelmingly dominated by fragments (typically >85 %) and 
low-risk polymers such as PE and PP - reaching as high as 95.45 % PE (January 1–9, 2024) and 100 % PE (March 18–25, 2024). The 
low fiber content, often below 10 %, substantially reduced their shape-weighted risk contributions, even when the total microplastic 
deposition exceeded 6000 MP/m²/day, as observed on March 4–12, 2024. The maximum IRI observed across all samples was 383.81, 
recorded in the outdoor air on February 6–12, 2024. This unusually high outdoor value was driven by a combination of elevated fiber 
content (25.25 %) and substantial contributions from high-hazard polymers such as PES (33.33 %), PVC (11.11 %), PS (11.11 %), and 
PA (11.11 %). This indicates a rare outdoor pollution event involving multiple high-risk microplastic types, however, this difference 
should not be interpreted as a quantitative health risk as does not incorporate inhaled dose, size-dependent deposition, or 
dose–response.

4. Conclusions

This study provides a comprehensive assessment of airborne microplastics (MPs) in a school environment through an integrated 
framework combining quantitative measurements, multi-attribute source apportionment, and inhalation hazard-weighted abundance 
evaluation. The semi-quantitative source apportionment model identified four main indoor MP contributors - textiles (31.0 %), 
packaging (30.6 %), flooring (17.3 %), and outdoor infiltration (21.1 %). Textile fibers were consistently dominant indoors, high
lighting continuous shedding from synthetic clothing and soft furnishings. Packaging-related MPs occurred episodically, linked to 
occupant activity and material handling, while flooring-derived particles, particularly from PVC and rubber composites-originated 
both through abrasion and resuspension. In contrast, outdoor MP profiles were dominated by packaging-related sources (46.3 %) 
and transport-derived particles (28.1 %), particularly polyethylene and rubber fragments associated with urban pollution, tire wear, 
and degraded plastic litter. Textile-derived MPs were comparatively scarce outdoors, underscoring their limited persistence in tur
bulent and ventilated environments.

Color distribution revealed a dominance of black MPs both indoors (53 %) and outdoors (>50 %), associated with tire wear and 
dark-colored textiles. Blue MPs were the second most abundant indoors (26 %), while white MPs were more prevalent outdoors 
(~10 %), reflecting contributions from packaging and consumer plastic debris. Less frequent colors (yellow, brown, red, and green) 
occurred sporadically, indicating episodic or source-specific emissions.

Size and morphology analysis showed that medium-sized particles (100–250 μm) predominated in both environments, contributing 
over 30–40 % of total MPs. Indoors, larger fractions (250–1000 μm) were consistently present, indicating continuous inputs from 
textile abrasion, flooring materials, and dust resuspension. Smaller MPs (<50 μm) comprised less than 2 %, likely due to detection 
limits and filtration efficiency. Fibers dominated indoors (~66 %), while fragments prevailed outdoors (>90 %), reflecting differences 
in source types and atmospheric dynamics.

Chemical composition revealed distinct environmental signatures, with indoor air dominated by PES (33.0 %) and ACR (31.1 %), 
while outdoor samples were enriched in PE (48.6 %) and PP (7.7 %). Mantel test results (r ≥ 0.5, p ≤ 0.001) confirmed statistically 
significant correlations between indoor and outdoor MP profiles, especially for common polymers (PE, PP, PS) and coarser size 
fractions (250–500 μm, 500–1000 μm, >1000 μm), emphasizing strong indoor–outdoor exchange.

The inhalation hazard-weighted abundance index IHWAI, a unitless, comparative metric developed in this study by combining 
REACH/CLP-based polymer-weightings with MPs morphology, identified elevated index values in samples enriched in PVC, rubber- 
based polymers, and fibrous MPs. Indoor air was found to carry a more diverse and comparatively higher-weighted profile, reflecting 
the prevalence of fibrous particles and polymers used in flooring and treated textiles. Although unitless and non-dose-specific, the 
IHWAI framework offers a practical tool to rank samples by hazard-weighted composition using REACH/CLP-based polymer weighting 
and morphology. These findings suggest that indoor environments may pose a disproportionately higher inhalation hazard due to the 
dominance of fibrous and high-weighted polymer particles.

Mitigation should target both outdoor and indoor sources. Outdoors, actions should focus on reducing MPs emissions from tire wear 
and litter through improved street cleaning, dust management, and the adoption of low-wear materials. Indoors, mitigation requires 
replacing high-shedding synthetic materials with low-emission or natural alternatives and enhancing ventilation and filtration sys
tems. Standardized, size-resolved methods and multi-city datasets are essential to establish evidence-based benchmarks and guide 
policy development toward healthier school environments.
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