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ABBREVIATIONS

p-FTIR Micro-Fourier Transform Infrared Spectrometer
AAQD European Union's Ambient Air Quality Directive
APS Aerodynamic Particle Sizer

BC Black Carbon

BCe Equivalent Black Carbon

COPD Chronic Obstructive Pulmonary Disease
CPC Condensation Particle Counter

DMA Differential Mobility Analyzer

Dp Particle Diameter

DPF Diesel Particulate Filters

EC Elemental Carbon

ESP Electrostatic Precipitators

FTMC Centre for Physical Sciences and Technology
UGI Urban Green Infrastructure

GPF Gasoline Particulate Filters

HEPA High-efficiency Particulate Air

HVAC Heating, Ventilation, and Air Conditioning
MERV-13 Minimum Efficiency Reporting Value filters
VOCs Volatile organic compounds

WHO World Health Organization

MPs Microplastics

NAAQS National Ambient Air Quality Standards
NPF New Particle Formation

oC Organic Carbon

PAHs Polycyclic Aromatic Hydrocarbons

PM Particulate Matter

PNC Particle Number Concentration

SMPS™ Scanning Mobility Particle Sizer™

TEM Transmission Electron Microscopy Analysis
ToF Time-of-Flight

TWP Tire Wear Particle

TWRP Tire Wear Road Wear Particle
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U.S. EPA
UFPs
1AQ
MPPD
HRT
URT
TB
AL
IRI
TV
BF
GSD
MDD
IR

US Environmental Protection Agency
Ultrafine particles

Indoor Air Quality

Multiple Path Particle Dosimetry Model
Human Respiratory Tract

Upper Respiratory Tract
Tracheobronchial Region

Alveolar Region

Inhalation Risk Index

Tidal Volume

Breathing Frequency

Geometric Standard Deviation
Minute Deposition Dose

Inhalation Rate
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INTRODUCTION

Relevance

Air pollution is a leading environmental health threat, with
particulate matter (PM) a major contributor to respiratory and
cardiovascular diseases (de Bont et al., 2022). It is estimated that seven
million premature deaths occur each year due to air pollution (Chen et
al., 2024). A key driver of this global health burden is the deteriorating
air quality conditions in urban areas, where approximately 90 % of the
population is exposed to pollutant concentrations that exceed the air
quality guidelines set by the World Health Organization (WHO) (Chen
et al., 2024; Karthick Raja Namasivayam et al., 2024). In urban
environments, particulate pollution arises from various sources,
broadly categorized into exhaust and non-exhaust emissions. Exhaust
emissions like black carbon (BC) are primarily produced through the
incomplete combustion of fossil fuels and biomass burning, affecting
the global climate by absorbing solar radiation and having profound
health implications (Chowdhury et al., 2022; Sharma et al., 2024). In
contrast, non-exhaust emissions include particles generated from brake
wear, tire abrasion, road surface erosion, and the resuspension of road
dust (Baensch-Baltruschat et al., 2020). These particles are
increasingly recognized as airborne microplastics (MPs) due to their
synthetic polymer composition, smaller size, and environmental
durability (Sangkham et al., 2022). Airborne MPs are of particular
concern due to the potential inhalation, which can lead to serious health
issues like respiratory diseases and neurological symptoms (Winiarska
et al., 2024). It is estimated that approximately six million tons of MPs
from tire wear and road wear infiltrate the urban atmosphere annually,
positioning this source as one of the most significant contributors of
airborne MPs pollution in urban environments (Lee et al., 2024; Liao
et al., 2021).

Ambient air quality assessments rely on fixed-site or background
monitoring stations to estimate population exposure. However, fixed-
site measures often fail to capture the dynamics of personal exposure
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in different microenvironments. Because the air pollution levels in
these microenvironments can vary substantially over short temporal
and spatial distances. Therefore, individuals are not uniformly exposed
to ambient concentrations; instead, their inhaled dose is influenced by
proximity to emission sources, duration of exposure, and the time spent
in specific microenvironments. Urban residents typically spend almost
90 % of their daily time in indoor spaces, with an additional 4—7 % in
the vehicle microenvironments (Matz et al., 2018). Despite their
significance, these microenvironments are frequently
underrepresented in health risk exposure studies, which often rely on
background monitoring data or temporally averaged metrics that fail
to reflect the high variability in personal exposure.

Urban Green Infrastructure (UGI) has attracted considerable
attention as a promising tool for mitigating air pollution, especially in
densely populated urban areas with high traffic volumes (Kwak et al.,
2019). UGIs such as green walls, street trees, and roadside hedges are
advocated for their ability to improve air quality by trapping PM,
reducing pollutant dispersion, and enhancing microclimatic conditions
(Lafortezza et al., 2018). Despite increasing interest in UGI, its
effectiveness in lowering individual exposure to PM remains
underrepresented, particularly from non-exhaust sources. Moreover,
the ability of UGI to filter or disperse PM of varying sizes and shapes
is still insufficiently studied, with some evidence suggesting that its
benefits may be limited or context-dependent. Given the growing
significance of non-exhaust emissions in urban environments,
evaluating the effectiveness of UGI in addressing both exhaust and
non-exhaust particulate exposure represents a critical gap for further
research.

Problem formulation
Substantial research has been conducted on PM exposure in
urban environments, and several critical gaps remain in the current
understanding of personal exposure dynamics. First, there is limited
integration of the dual contributions of exhaust and non-exhaust
13



emissions to urban particulate pollution. Many studies focus on
exhaust emissions, neglecting non-exhaust emission sources such as
brake wear, tire wear, and road dust. Which is becoming an
increasingly significant source as vehicle fleets transition to cleaner
technologies. Second, most exposure assessments continue to rely on
ambient air quality monitoring or broad-scale exposure estimates,
which fail to account for the spatial and temporal variability in personal
exposure due to factors such as proximity to roadside hotspots and
individual mobility patterns through different microenvironments.
Third, the effectiveness of UGI in mitigating PM exposure, especially
in the context of non-exhaust emissions, is still under-explored, despite
its potential to reduce pollution from exhaust emissions. This study
seeks to bridge these gaps by considering both exhaust and non-
exhaust emission sources, integrating personal exposure data across
various urban microenvironments, and evaluating the role of UGI as a
sustainable, nature-based pollution mitigation strategy.

The Main Study Aim

This study aims to investigate personal exposure to particulate
pollution from traffic-related exhaust and non-exhaust sources in urban
environments.

It will focus on roadside emission hotspots, the mitigation role
of UGI, and daily activity patterns, specifically during commuting and
office hours.

Tasks

1. To evaluate the abundance and characteristics of MPs near the
busy street, identifying potential sources that contribute to non-
exhaust particulate pollution.

2. To evaluate the effectiveness of UGI in mitigating airborne MP
pollution and reducing personal exposure.

3. To assess personal exposure to exhaust-derived BC and PM
during daily activities, focusing on commuting and time spent
in a mechanically ventilated, energy-efficient office building.

14



Scientific Novelty

This is the first study to provide direct, seasonally and spatially

resolved field evidence of traffic-related airborne MP capture by UGI
in Northern Europe. By evaluating a Thuja occidentalis hedge near a
busy street, the study quantifies the real-time mitigation potential of

non-exhaust MPs—an overlooked but critical aspect of urban air
pollution management.

1.

3.

4,

Defensive Statements

The airborne MPs near urban roads are mainly fragment-
shaped, black, and primarily composed of polyethylene.
Seasonal factors and proximity to non-exhaust traffic
emissions significantly affect their abundance and distribution.
The effectiveness of Thuja occidentalis in mitigating non-
exhaust airborne MPs is seasonally dependent and size-
selective, with higher removal efficiencies observed for
fragment-shaped particles and MPs in the 50—-100 um range.
In urban environments, commuting, which usually accounts for
less than 10 % of daily time, contributes up to 80 % of an
individual's total daily exposure to PMs.

Vehicular exhaust is recognized as the primary source of BC
during commuting, representing 66 % of the total BC mass and
significantly contributing to increased pulmonary deposition
doses, especially during peak morning traffic hours.

Author Contribution

The author of this work actively took part in the mobile

measurement campaign in Vilnius. The author handled data
processing, formal analysis, validation, and visualization, preparing
the original manuscript, submitting the findings to a scientific journal,
and presenting the scientific results at national and international
conferences.
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1. LITERATURE REVIEW

The literature review examines current knowledge on the
sources, characteristics, and health impacts of both exhaust and non-
exhaust particulate pollution. Atmospheric aerosols are complex
mixtures of solid and liquid particles suspended in the air, originating
from a range of natural and anthropogenic sources. Among these, BC
and airborne MPs have emerged as significant contributors to urban
particulate pollution, representing two distinct yet complementary
facets of aerosol science.

1.1 Airborne particulate matter

Airborne PM constitutes a substantial portion of the atmospheric
aerosol particles, which differ in size, composition, sources, and can
arise from both exhaust and non-exhaust emissions (Fussell et al.,
2022). Exhaust emissions primarily result from the incomplete
combustion of fossil fuels in transportation and industrial processes,
generating fine particles such as BC, which are strongly associated
with adverse health and climate effects (Nawab et al., 2024). In
contrast, non-exhaust emissions are generated from mechanical
processes, including tire wear, brake wear, and the resuspension of
road dust. These particles are identified as airborne MPs—synthetic
polymer particles produced from the friction between the road surface
and the tire (Z. Gao et al., 2022). Airborne MPs fall under the category
of non-exhaust PM, contribute to the complexity of urban aerosols, and
pose a growing concern due to their persistence, inhalation potential,
and uncertain long-term health effects (Gehrke et al., 2023).

BC represents a significant portion of fine PM (PM35) and poses
serious health risks, including premature mortality, alongside
environmental effects such as global climate warming (Chowdhury et
al., 2022; Eklund et al., 2014; Sharma et al., 2024). BC is a collective
term encompassing a wider range of carbonaceous aerosols produced
by incomplete combustion, ranging from charred plant residues
(CPRS) to well-graphitized soot. Unlike carbon black (CB), BC lacks
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a universally accepted chemical definition and may be referred to as
soot, elemental carbon, or graphitic carbon. Different definitions are
employed, some based on chemical and physical properties (e.g., light
absorption) and others on measurement techniques (Janssen et al.,
2011). In 2001, (Watson & Valberg, 2001) define BC as "soot carbon"
and "an impure form of near-elemental carbon with a graphite-like
structure, produced in flaming combustion and internal combustion
engines". Equivalent black carbon (eBC) is "the quantity of strongly
light-absorbing carbon with the exact optical properties of soot carbon
that would produce the same signal in an optical instrument (e.g., the
aethalometer) as the sample". In its recently published report to
Congress on BC, BC is the "carbonaceous fraction of PM that absorbs
all wavelengths of solar radiation" (and hence the appropriateness of
the name "black") (Watson & Valberg, 2001).

MPs have been recognized as emerging pollutants in recent years
due to their widespread presence in various environmental
compartments. These synthetic polymer particles of 1 pm to 5 mm
sizes are released into the environment through multiple pathways
(Sridharan et al., 2021). MP can be found in various ecosystems like
water, soil, and air. However, their occurrence in urban environments
has severe public health implications, especially where there are
extensive traffic emissions. TWPs are among the prime sources of MPs
in the atmosphere and contribute significantly to urban pollution.
TWPs are typically dark or black rod-like particles with a diameter of
less than 1 pm to over 100 um, and therefore can be suspended in the
atmosphere for a longer time (Wagner et al., 2018).

Understanding the relationship between exhaust and non-
exhaust contributions to airborne particulate pollution is essential for
comprehensive air quality assessment and mitigation strategies. As
climate change, wurbanization, and industrialization increased,
particulate pollution has become a primary environmental and health
concern with worldwide implications (Khomenko et al., 2021). While
some PM, such as sulfate particles, cool the air, others, such as BC,
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add to global warming as they absorb solar radiation (Cai et al., 2019).
Nonetheless, apart from their role in the earth's energy balance,
aerosols pose a risk to human health. Fine and ultrafine particles enter
the respiratory tract, depositing along airways and even entering the
bloodstream, where they cause inflammatory responses linked to
respiratory disease, cardiovascular disease, and systemic oxidative
stress (Schraufnagel, 2020). In densely urban areas with high pollution
burdens, exposure to PM exacerbates morbidity and mortality,
particularly affecting vulnerable populations. While scientists and
policymakers turn to sustainable solutions in air regulation,
understanding the complex relationship between aerosol dynamics and
human exposure is the priority. In a time defined by environmental
health crises, particulate pollution response is a scientific and global
obligation.

1.1.1. Definition and classification of PM

The U.S. Environmental Protection Agency (EPA) classifies PM
among the six criteria air pollutants that are regulated under the Clean
Air Act's National Ambient Air Quality Standards (NAAQS) (Johnson
& Graham, 2005). PM is a heterogeneous mixture of solid particles
and liquid droplets that can be suspended in the air for long periods,
affecting the global and regional climate patterns, and is a major
contributor to the global disease burden (Khomenko et al., 2021).

PM is primarily classified based on its aerodynamic diameter
into several classes: nanoparticles (<50 nm), ultrafine particles (<100
nm), fine particles (<1.0 um), and coarse particles (1.0 pum —100 pm).
Ultrafine particles are further classified into nucleation mode (below
30 nm) and Aitken mode (30 nm to 100 nm) (Toledano et al., 2009).
PM can further be classified based on chemical makeup, i.e., a wide
range of organic (e.g., polycyclic aromatic hydrocarbons (PAHs),
volatile organic compounds (VOCs), e.g., metals, nitrates, sulfates,
carbonaceous particles, and biological (e.g., pollen, bacteria, fungal)
matter (Toledano et al., 2009). Based on the source composition, e.g.,
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anthropogenic and natural. Anthropogenic sources are primarily due to
human activities, such as transportation emissions (e.g., automobiles),
industrial activities (e.g., manufacturing, construction), power
generation, biomass burning (e.g., wood, agricultural residues), and
waste burning. Emissions from anthropogenic sources significantly
contribute to urban air pollution (Wong et al., 2022). On the other hand,
natural sources consist of wildfires, which release a great deal of PM
into the atmosphere; dust storms, common in arid regions; and volcanic
eruptions, which release fine ash particles into the atmosphere. Even
though natural sources contribute to periodic air pollution events,
anthropogenic sources are the main contributors to high and persistent
PM levels in urban areas (Zhang et al., 2021). PMs are released into
the air in two ways: they may be directly emitted (primary) or formed
from gas-to-particle conversion processes (secondary). Secondary
particles form from processes involving nucleation, condensation, and
chemical processes on surfaces or in liquid phases. Nucleation mode
aerosols are most likely to form through homogeneous nucleation,
when gases condense onto tiny particles (Calvo et al., 2013; Nie et al.,
2025). In contrast, Aitken and accumulation mode particles develop as
these freshly formed particles collide, merge (coagulate), and grow
further through condensation. Ultrafine particles can also enter the
atmosphere directly from combustion sources like fossil fuel and
biomass burning, coal combustion (Yli-Juuti et al., 2011). Secondary
formation processes involving sulfur and nitrogen oxides produce
ammonium nitrate and sulfate in the particle phase. At the same time,
oxidation of organic gaseous precursors also contributes to particle
formation. Coarse particles are primarily produced by mechanical
processes like the resuspension of particles due to winds blowing over
the surface, sea spray, volcanic eruptions, and other natural emissions
(Nie et al., 2025).

PM lifetime and size distribution depend on the meteorological
conditions lasting from a few days to weeks in the atmospheric
boundary layer. PM undergoes various physical and chemical
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processes during dispersion in the atmosphere, where it comes into
contact with atmospheric gases, water vapor, and other particles. The
process is called aerosol aging. Aging of aerosols can influence particle
size distribution, chemical composition, and characteristics, which will
impact their transport, deposition, and possible health impacts (Riemer
et al., 2010). There are two main removal mechanisms of PM from the
air: wet and dry deposition. Wet deposition is the most significant sink
for atmospheric aerosol particles, where particles are washed out by
precipitation and removed by clouds, while larger particles settle and
deposit under the effect of gravity, called dry deposition, which is less
significant on a global scale (Liu et al., 2024). Particles in larger sizes
sink more quickly, while finer particles can remain suspended
for longer time frames, even days to weeks. Wet removal mechanisms
(e.g., precipitation) and dry deposition (e.g., gravity settling) purify the
air but will not remove fine and ultrafine particles from the atmosphere
completely (Speak et al., 2012) (Fig. 1).
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Fig. 1. Schematic representation of atmospheric aerosol size
distribution, sources, formation mechanisms, and removal processes
across different modes.
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1.1.2. Overview of exhaust and non-exhaust emission sources
of PM

1.1.2.1. Exhaust emission sources

Exhaust emission sources are primarily the result of combustion
processes in engines, power plants, and industrial facilities. These
sources release fine PM that includes BC, organic carbon (OC), heavy
metals, and other pollutants (Palle et al., 2021). The main exhaust
sources include vehicular emissions: road traffic, particularly diesel
vehicles, is a major source of fine particles. Industrial combustion:
power plants, industrial boilers, and factories release fine PM while
burning fossil fuels. Residential heating: wood stoves, fireplaces, and
coal furnaces in homes contribute to particulate pollution, especially in
colder months. Exhaust emissions tend to produce fine particles (PM2 5
and PMy.1) that are small enough to be inhaled deeply into the lungs,
contributing to significant health risks, including respiratory diseases,
cardiovascular diseases, and cancer (Sharma et al., 2024).

Among the exhaust emission sources, BC is one of the most
significant pollutants because of its smaller size and potential for
negative health impacts. BC in rural and urban ambient air originates
from various anthropogenic and natural sources, often forming a
complex mixture of materials. Anthropogenic sources include
(stationary and mobile) diesel and gasoline engines (especially older
diesel engines), fossil fuel-based power plants, industrial and
commercial boilers, and residential heating systems such as oil
furnaces, fireplaces, and woodstoves in developed countries. In
developing countries, simple cookstoves and open fires contribute
significantly. Additionally, biomass burning from agricultural
activities and forest fires also releases BC into the atmosphere (Janssen
et al.,, 2011; Long et al., 2013). In many developed countries, BC
emissions from both mobile and stationary sources are declining due
to stricter engine emission standards, the use of cleaner fuels, and
PM 5 control technologies like fabric filters, electrostatic precipitators,
and diesel particulate filters (Butt et al., 2017).
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1.1.2.2. Non-exhaust emission sources

Non-exhaust emission sources of particulate pollution are
primarily generated from the abrasion between tires and road surfaces
(Ly & El-Sayegh, 2023). Non-exhaust emissions, especially traffic-
related MPs, contribute significantly to urban air pollution. While
emission regulations have reduced exhaust pollutants, non-exhaust
sources remain a significant challenge. Other sources, like urban
construction activities, also contribute to non-exhaust particulate
emissions (Luo et al., 2022). Primary MPs are manufactured for
commerce in cosmetics, personal care products, and biomedical
applications. These include microbeads found in exfoliating products
and MP additives in industrial operations. Secondary MPs are derived
from the fragmentation and breakdown of bigger plastic materials via
mechanical abrasion, photodegradation, oxidative processes, and
biological degradation (Sridharan et al., 2021).

The degradation of vehicle tires through friction between the
road surface and vehicle tires generates smaller particles called tire
wear particles (TWPs), which contribute significantly to urban PM
pollution. The most prevalent airborne MP source in urban
environments is tire and road wear particles (TRWPs), which result
from tire wear and roadside dust. Tire wear particles (TWPs), a sub-
fraction of TRWPs, are made of synthetic rubber and other polymer
additives. TWPs are dispersed in the environment through wind
activities, traffic behaviors, and deposition processes in the atmosphere
(Ly & El-Sayegh, 2023; Sommer et al., 2018). The global road traffic
has been estimated to contribute approximately 6 million metric tons
of TRWPs annually. The United States accounted for about 1.120
million metric tons of TWPs in 2010, and Europe accounted for an
estimated 1.327 million metric tons in 2014. Current studies have
indicated that TRWPs contribute 0.8 % to 8.5 % of PM2s and around
10 % of PMio in the atmosphere, making them one of the major
contributors to PM (Gehrke et al., 2023; Gonzélez-Florez et al., 2023).
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1.2. Health and environmental impacts of particulate pollution

1.2.1. Health effects of BC and MPs

Air pollution is responsible for approximately 7 million deaths
annually from both indoor and outdoor (Khomenko et al., 2021). Poor
air in urban environments is a major contributor to these deaths, where
nearly 9 out of every 10 people living in areas that fail to meet WHO
air quality guidelines (Shaddick et al., 2020). Particulate air pollution
is a critical public health concern, particularly in enclosed
environments like buildings and transport. Fine particle exposure,
particularly with a diameter less than 2.5 pm, permeates our blood,
lungs, and even organs and triggers a series of long-term illnesses from
COPD and asthma to heart disease and premature death (Oliveira et
al., 2019). With every breath we inhale, in bad air, polluted by
transportation and industrial emissions, we expose ourselves to the
harmful effects of toxic pollutants in the air (Salma et al., 2015).

BC particles occur predominantly in the fine and ultrafine
fractions, which average between the PMa2s (<2.5 um) and the PMoy.
(<100 nm) size fractions and therefore are inhalable and penetrate deep
within the human respiratory system. BC's particle size distribution
and chemical composition are influenced by combustion and fuel;
ultrafine particles of BC are produced during biomass burning and
diesel combustion, and larger aggregates are produced via industrial
processing and coal combustion (Chauhan et al., 2024). In addition,
BC distribution can also be affected by its ability to coagulate with
other aerosols. BC is purely composed of elemental carbon (EC); in
rare cases, it may also have organic carbon (OC), ions, and trace metals
such as lead, arsenic, and cadmium (Abdel-Shaty & Mansour, 2016;
Johansson et al., 2016). Since the structure is porous and the surface
area is larger, BC is an efficient carrier of toxic chemicals such as
polycyclic aromatic hydrocarbons (PAHs) and heavy metals, which are
adsorbed at the surface of BC. Their presence in BC is of concern in
particular, since these compounds are mutagenic and carcinogenic, and
can additionally increase the toxicity of BC (Niranjan & Thakur,
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2017). Studies have indicated that BC can adsorb enormous amounts
of up to 80 %—90 % of PAHs and PCBs from the atmosphere, leading
to prolonged environmental and health effects (Brugge et al., 2007).
BC is not just a single pollutant but also a carrier of toxic materials,
which adds to its overall toxicity. Exposure to BC is well established
in  epidemiological research, contributing to respiratory,
cardiovascular, and systemic impacts. Given its nanometer size, BC
can penetrate the alveolar region of the lungs and induce oxidative
stress and inflammatory processes by forming reactive oxygen species
(ROS) (Bouza et al., 2022; Brugge et al., 2007). Chronic exposure has
been implicated in asthma, bronchitis, lung cancer, and the risk of
cardiovascular disease (Faria et al., 2022). To determine such risks, the
WHO classified diesel exhaust as carcinogenic in 2012, and the
European Union has subsequently advocated an airborne BC public
health standard. Research has established that BC reduction could
provide more significant health benefits than PM> s reduction, with the
evidence suggesting that a reduction in BC by one unit would extend
life by four to nine times more than a similar reduction in PMa5 (Oxley
et al., 2015). BC remains a global concern, combining public health
risks with environmental and global climate concerns. Its ability to
infiltrate deep into the respiratory system and carry harmful pollutants
enhances its impact, disproportionately affecting urban populations
and vulnerable subgroups. While control technologies and
technologies have reduced emissions in some sectors, biomass
combustion, wildfires, and incomplete combustion persist. Reduction
of BC pollution must occur synergistically—coupling air quality
improvement, public health interventions, and climate change
mitigation efforts—to derive lasting benefits for humans and the
environment.

Airborne MPs are an emerging contaminant and have various
pathways of entering the human body, including inhalation, oral
consumption of MPs through food and water, and dermal exposure.
Among these direct exposure pathways, inhalation can be harmful to
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our lung health (Nawab et al., 2024). The toxicological potential of
airborne MPs relies on their physicochemical properties, such as size,
shape, and polymer type. Due to their increased surface area-to-volume
ratio, nanoparticles are more reactive and thus impose a larger impact
on biological systems as they can penetrate deeper into our lungs
(Salma et al., 2015). The biological activity of MPs also mainly
depends on their shape. Microfibers, which are typically found in
synthetic textiles and tire tread wear, can be deposited in the human
respiratory or gastrointestinal tract for a long time and can even lead to
inflammation (Ozdemir, 2019). Research has determined that chronic
exposure to airborne MPs via inhalation has been linked with lung
inflammation, oxidative stress, and cellular damage. Besides, MPs
have also been suggested as possible vectors of heavy metals, harmful
chemicals, and POPs that have the capability of increasing the potential
for causing damage to human health (Abdel-Shafy & Mansour, 2016;
Nawab et al., 2024). People who live in urban centers, especially near
busy roads, are more vulnerable to the high concentration of MPs.
Chronic respiratory exposure to airborne MPs has been linked to most
of the studies with adverse respiratory effects, such as impaired lung
function and increased susceptibility to respiratory infections (Torres-
Agullo et al., 2021).

Despite the improvements brought about by technology in
emission control devices and initiatives to restrict ambient air
pollution, the fight against PM is far from over. Stricter air quality
regulations, global environmental policies, and public health policies
are required, but they must be complemented by strong enforcement
and mutual commitment to cleaner air.

1.3. Personal exposure in urban microenvironments

A microenvironment is generally defined as a small, relatively
homogenous area where human activities occur. This includes indoor
environments (homes, offices), transportation (cars, buses, subways),
and specific outdoor locations (near busy roads, parks). Personal
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exposure to PM in these microenvironments does not occur uniformly
across all spaces and times; instead, it is strongly influenced by the
specific microenvironments individuals occupy throughout the day
(Davuliene et al., 2022). Recognizing and quantifying exposure at the
microenvironmental level is crucial, as these exposures can dominate
an individual's daily particle dose and contribute significantly to health
risks (J. Gao et al., 2022).

Studies have shown that people spend approximately 90 % of
their time indoors, with 4-6 % of that time in vehicles, making these
microenvironments significant contributors to overall exposure (Pruss-
Ustun et al., 2017). Due to factors such as poor ventilation systems,
indoor pollution sources, and the infiltration of outdoor pollutants, the
concentration of fine particles (PMz5) and ultrafine particles (UFPs,
<100 nm) in these environments can be substantially elevated (Rawat
& Kumar, 2023). Similarly, enclosed buildings designed for energy
efficiency may reduce ventilation rates to below 0.5 air changes per
hour (ACH), increasing indoor pollutant accumulation and
exacerbating exposure risks (Rawat & Kumar, 2023).

The widespread adoption of energy-efficient buildings, designed
with close structures and advanced insulation, has significantly
improved energy conservation but also reduced natural ventilation,
contributing to the accumulation of indoor pollutants. Maintaining
indoor air quality (IAQ) in these environments is largely dependent on
Heating, Ventilation, and Air Conditioning (HVAC) systems equipped
with high-efficiency filters, which can achieve up to 90 % removal
efficiency for fine PM (PM2s) (Jones et al.,, 2021). Indoor PM
primarily originates from two sources: indoor-generated pollutants and
outdoor-penetrating particles. Indoor sources, such as cooking
activities (particularly frying and grilling), release significant amounts
of ultrafine particles (UFPs), with concentrations reaching 1-10
million particles/cm® in unventilated kitchens (Manigrasso et al.,
2015). Similarly, tobacco smoke in poorly ventilated spaces can
generate PM> 5 concentrations exceeding 300 pg/m?, which poses a

30



substantial health risk. Indoor activities like vacuuming and sweeping
can also resuspend settled dust, increasing PMio concentrations by 50—
100 pg/m* (Manigrasso et al., 2015). Outdoor pollutants, such as
vehicle emissions and industrial pollution, infiltrate buildings,
although modern enclosed buildings can reduce PM; 5 infiltration by
30-50 % compared to conventional structures, minimizing exposure to
outdoor air pollution (Jones et al., 2021).

In vehicles, the enclosed cabin environment, combined with
external pollution sources, results in significant exposure to air
pollution, with ventilation mode playing a critical role in determining
exposure levels. Recirculation mode, which reuses indoor air, can
reduce the infiltration of PM2 s by 40—60 %, offering protection from
outdoor pollutant exposure, but it can also lead to the accumulation of
carbon dioxide (CO3) and indoor pollution if not periodically refreshed
(Wang et al., 2024). In contrast, fresh air intake mode helps dilute
indoor pollution concentrations but brings in traffic-related aerosol
particles, increasing PMa s concentrations by 70 % from nearby traffic
(Wang et al., 2024). The duration of exposure is also critical, with
commuters potentially inhaling 10-20 % of their daily PMas intake
while inside the vehicle, especially during long commutes or heavy
traffic, where indoor-vehicle concentrations can reach 50-100 pg/m?
(Deevi & Lu, 2024).

1.3.1. Importance of microenvironmental exposure

Traditional exposure assessments often rely on background
ambient monitoring stations, and numerous studies have demonstrated
that these monitors poorly represent personal exposures, especially for
short-lived pollutants like BC. However, microenvironmental
measurements capture the variability in particle concentrations that
individuals experience, leading to a more accurate estimation of
exposure doses. Understanding particle exposure within specific
microenvironments enables better identification of major sources of
pollution. For example, indoor microenvironments are often
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dominated by indoor-generated particles (cooking, smoking, candles),
whereas vehicular emissions heavily influence near-road outdoor
microenvironments. This knowledge is essential for targeted
intervention strategies (e.g., improved ventilation, air purification,
behavioral changes) that are more effective than broad ambient-level
regulations alone. Microenvironmental settings often expose
individuals to high short-term particle concentrations (peaks) that
might not be captured in daily or weekly averages (Kousis et al., 2022).
Acute exposure to high particle loads, even for short durations, has
been linked to adverse cardiovascular and respiratory outcomes. Thus,
understanding temporal spikes in particle concentrations within
microenvironments is important for linking exposure events to acute
health effects, an area increasingly emphasized in epidemiological
research (Sadrizadeh et al., 2022).

Children, the elderly, and people in certain professions—
vulnerable groups—spend more time in potentially highly polluting
microenvironments (e.g., schools near traffic, industrial workplaces,
underground metro systems). To safeguard vulnerable populations
from disproportionately high particle doses, it is essential to evaluate
microenvironmental exposure (Faria et al., 2022). Microenvironmental
exposure assessment is crucial for accurately characterizing individual
exposures to particle pollution. It bridges the gap between ambient
measurements and personal health risks, highlighting the crucial role
of pollutant sources and short-term concentration spikes.

1.3.2. Time—activity patterns of urban residents

Unlike ambient air quality data, which provides general pollution
levels in specific locations, time—activity patterns offer insight into
how people move through and interact with various
microenvironments throughout the day, each with distinct air quality
characteristics (Dias & Tchepel, 2018). In urban settings, residents
often transition between indoor environments (homes, offices, transit
systems) and outdoor spaces (streets, parks, commercial areas). These
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environments differ significantly in pollutant concentrations,
especially in the case of traffic-related pollutants such as BC and
PM..s. For example, individuals who spend a large portion of their day
commuting, particularly by walking, cycling, or using public transport,
are more likely to be exposed to higher levels of black carbon, as these
routes often run alongside high-traffic roads where exhaust emissions
are concentrated.

Moreover, certain groups such as outdoor workers, street
vendors, delivery personnel, and school children (during commutes or
outdoor play) may experience disproportionately high exposure due to
their specific time—activity profiles (Faria et al., 2022). On the other
hand, individuals spending most of their time indoors in well-
ventilated or filtered environments might encounter lower pollution
levels. However, indoor air quality can also be compromised by
infiltration of outdoor pollutants and indoor sources.

Therefore, understanding urban residents' time—activity patterns
is essential in personal exposure assessment. Incorporating these
patterns allows for a more accurate estimation of personal exposure. It
helps identify vulnerable populations, ultimately supporting targeted
interventions to mitigate health risks associated with urban air
pollution.

1.3.3. Challenges in assessing real-world exposure levels

Evaluation of personal exposure to urban air pollution in
different microenvironments is confronted with several practical
challenges. First, concentrations can vary widely spatially and
temporally because of traffic patterns, climatic conditions, and urban
infrastructure. Fixed site monitoring stations cannot record these
microenvironmental patterns and may misrepresent individual
exposure levels. Secondly, individuals move through various
microenvironments (e.g., in homes and outdoors, and in cars) and other
enclosed spaces (e.g., office buildings, dwellings, and schools) with
pollution levels and emission sources. Reliable assessment thus
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demands complete tracking of activity patterns and duration of time in
particular microenvironments. Finally, indoor exposures that account
for a significant portion of total exposure are neglected because of
outdoor measurements, even though there may be indoor sources of
pollution. Personal monitor use presents additional challenges. While
portable or body-mounted sensors give more reliable data than
stationary monitors, they are costly and may operate for only a limited
duration of time. Low-cost monitoring sensors may not be precise
enough and lack enough sensitivity, particularly in various
environments. Integrating information from various sources (including
personal and background monitor stations) requires modeling and
considerable computational power. These are some of the complexities
in assessing the real-world exposure level in urban microenvironments.

1.4. PM deposition in the human respiratory system

The respiratory system is particularly vulnerable to fine and
ultrafine particles, which can penetrate deep into the lungs and even
translocate to other organs in the human biological system.
Understanding the mechanisms, influencing factors, and modeling of
PM deposition is essential for risk assessment. Several factors that
involve size, shape, density of particles, and individual breathing
patterns are important in assessing the deposition mechanism
(Pichelstorfer et al., 2013). Other physiological properties, such as age
and sex, also influence deposition patterns. Generally, women tend to
have increased particle deposition in the conducting airways compared
to men, whereas men experience deeper penetration of particles into
the lung's air spaces, which are the most sensitive regions of the human
lungs. Similarly, children and older adults are more vulnerable to
inhaled aerosols because their airway and lung structure and function
differ from those of healthy, normal lungs (Sturm, 2012).

The human respiratory tract is commonly divided into three
regions for deposition analysis: the nasopharyngeal (head),
tracheobronchial (TB region), and alveolar (AL) regions (Fig. 2).
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Particle size is an important parameter in deposition mechanism,
coarse particles (PMio) tend to settle in the upper respiratory tract
(URT) compared to finer particles (PM2.s) and ultrafine particles
(UFPs) that penetrate deeper into the lungs (Lindén et al., 2023).

Larger particles in the size range of 5 pm to 20 um deposit in the
upper respiratory airway via inertial impaction, largely in regions such
as the nasal areas or at bifurcations where there is a rapid change in
airflow direction. These particles do not lose velocity because of their
increased inertia and thereby directly impact the airway interfaces
(Lindén et al., 2023; Londahl et al., 2014). Sedimentation is largely
responsible for depositing smaller particles (PM2s5 um) in the lower
respiratory airway, the bronchioles, and the alveoli. Gravitational
settling disengages particles from the air stream in regions where the
airflow is slower (Darquenne, 2014). Deposition through diffusion is
dominant for ultrafine particles (usually less than 0.1 um). These
particles experience random motion (Brownian motion) that facilitates
them to hit and settle on the airway and alveolar surfaces (Sturm,
2012).

The deposited aerosol dose in the respiratory system is usually
assessed through mathematical modeling, experimental methods, and
complex computer simulations. Various tools are used to calculate
deposited aerosol dose in the respiratory system, such as the ICRP
model (International Commission on Radiological Protection), the
MPPD (Multiple-Path Particle Dosimetry) model, and computational
fluid dynamics (CFD) simulations (Corley et al., 2021; Darquenne,
2014; Davuliene et al., 2022). However, the use of specific
methodologies depends on the aim of the study and available
resources. The present study favored the MPPD model since it
simulates aerosol transport and deposition in multiple airway
generations. This model considers various variables, including
breathing mode (oral and nasal breathing modes), anatomical
differences (age and gender), and deposition mechanisms such as
impaction, sedimentation, and diffusion. The use of the MPPD model
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is common in inhalation toxicology, therapeutic aerosol studies, and
risk assessments of air exposure (Miller et al., 2016).
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Fig. 2. Personal exposure and deposition of PM in the human
respiratory system.

1.5. Role of urban green infrastructure in air pollution
mitigation

1.5.1. Concept and types of urban green infrastructure

UGlI refers to a network of natural and semi-natural spaces within
urban areas designed to provide environmental, social, and economic
benefits (Fig. 3). It is a green strategy to make cities more sustainable
and resilient by integrating nature into urban spaces. UGI is a novel
planning concept widely accepted as a green strategy in sustainable
climate-risk management (SCRM) for improving urban environmental
health (Lafortezza et al., 2018). The UGI is receiving more attention
due to its importance for cities' life, whether developed, developing, or
soon to be developed (Lafortezza et al., 2018). Urban parks and green
spaces offer social, mental, and environmental benefits. Examples
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include city parks, community gardens, and nature reserves. Green
walls covered with plants can improve air quality, enhance insulation,
and add aesthetic value to urban spaces. Green roofs are covered with
vegetation and soil, often used to reduce heat islands, manage
stormwater, and improve air quality. Urban forest areas within cities
or urban fringes provide biodiversity, recreational opportunities, and
carbon sequestration. Ecological corridors and green networks connect
natural areas within and between urban areas, enabling wildlife
movement and helping conserve biodiversity. Trees and green streets
provide shade, improve air quality, and reduce the heat island effect.
Green streets may also include permeable pavement and other
sustainable design elements. Rain gardens and bioswales are designed
to manage rainwater runoff by allowing water to soak into the ground,
often planted with native vegetation. Green walls and fences provide
aesthetic and functional benefits by enhancing privacy, soundproofing,
and biodiversity (Redondo-Bermudez et al., 2021).

1.5.2. Mechanisms of particle capture and dispersion reduction

Urban vegetation captures airborne particles through dry
deposition, where particles settle on leaves and surfaces due to
gravitational settling and physical interception (Capotorti et al., 2020).
UGI primarily removes PM through stomatal uptake and deposition on
leaf surfaces. Several factors influence the effectiveness of PM
removal: Leaf morphology, density, and surface roughness
significantly affect PM capture. Plants with coarse-textured leaves and
large surface areas are more efficient in trapping PM. The most
extensively studied UGI type, with evidence showing that dense tree
canopies significantly reduce PM concentrations. Trees with high leaf
density and multi-layered canopies, such as needle-leaved species,
capture more pollutants. To maximize PM removal, vegetation should
be strategically placed near pollution sources like roads and industrial
zones. The green roofs and walls concept is an effective alternative,
particularly for reducing pollution levels near roads. Roadside plants,

37



hedges, and bushes also filter motor vehicle emissions, reducing the
amount of PM that pedestrians are exposed to, specifically in hotspot
areas (Sebastiani et al., 2021; Selmi et al., 2016).
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Fig. 3. Effectiveness of urban green infrastructure in mitigating traffic-
related MPs pollution.

1.5.3. Urban green infrastructure in the context of traffic-related
air pollution control

UGI acts as a natural air filter, capturing airborne PM, gases
(e.g., NO2), and volatile organic compounds (VOCs) through leaf
surfaces and plant canopies. Tall trees with low-hanging branches can
improve vertical dispersion of pollutants away from pedestrian level
near busy roads. Strategically placed green barriers (e.g., hedgerows)
effectively intercept emissions at the source, particularly from traffic-
related emissions. Vehicle exhaust emissions, including BC and PM,
are significantly mitigated by vegetation with high leaf surface area
and waxy or hairy texture. Non-exhaust emissions—such as brake
dust, tire wear particles, road surface abrasion, and resuspended road
dust—are increasingly dominant in PM pollution. UGI can trap non-
exhaust PM at ground level, particularly through low-height vegetation
like grasses, shrubs, and roadside hedges.
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Recently, many studies have shown significant evidence on the
effectiveness of UGI in removing particle pollution from the air for a
healthier environment. In this regard, several studies have been
reported in the United Kingdom where vegetation has reduced PMo
levels in 25 % of UK cities by 2 % to 10 % (McDonald et al., 2007).
PM, s dropped from 35.54 pg/m’ to 28.81 ng/m* when Mediterranean
cypress dense planting was implemented (Ozdemir, 2019). Silver birch
trees in Lancaster reduced particle pollution from commuter traffic by
as much as 50 % (Maher et al., 2013). The UGI in the municipality of
Ferrara (Italy) removed about 19.8 Mg of PM ¢ from the air (Muresan
et al., 2022). Strasbourg's public trees eliminate about 7 % of the PM
particulate released into the city's environment (Selmi et al., 2016). In
Naples, southern Italy, the UGI annually removed 1,148 Mg of PMio
(Sebastiani et al., 2021). Based on the evidence, UGI is a potential tool
for mitigating traffic-related pollution from exhaust and non-exhaust
emission sources.

1.5.4. Knowledge gaps: limited understanding of urban green
infrastructure effectiveness for MPs

Research on UGI's role in mitigating airborne MPs is limited,
with most studies concentrating on its effectiveness in capturing PM,
leaving a significant gap in understanding its capacity to intercept MPs
specifically in roadside environments. The potential for resuspension
of captured MPs from plant surfaces back into the atmosphere under
varying environmental conditions, such as wind and rain, is poorly
understood, posing questions about the long-term effectiveness of UGI
in MP retention. There is insufficient data on the seasonal variability
of UGI's effectiveness in capturing MPs. There is a lack of
standardized methodologies for measuring the deposition of MPs on
vegetation, making it challenging to compare results across different
studies and to develop best practices for UGI design aimed at MP
mitigation. The interaction between UGI and other urban elements,
such as non-exhaust traffic emissions, in influencing the distribution
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and deposition of airborne MPs has not been comprehensively
analyzed. Finally, integrating UGI strategies into urban planning for
airborne MP mitigation lacks a robust evidence base.
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1.6 Chapter conclusions

Rapid urbanization and population growth have intensified
pressure on urban air quality. Mitigating air pollution has proven to be
more challenging because air quality levels have worsened in major
cities across the globe. Exposure to harmful exhaust-related pollutants,
particularly BC, has not reduced uniformly and remains elevated in
densely populated urban areas. In parallel, a new class of non-exhaust
emissions, such as MPs from tire wear, brake wear, and road dust
resuspension, has emerged as an additional and poorly understood
threat to urban air quality. Short-term pollution peaks and continuous
exposure in indoor and transport-related microenvironments—where
exhaust and non-exhaust particles frequently accumulate—remain
significant yet inadequately addressed health concerns, particularly for
vulnerable populations and low-income communities.

Existing monitoring networks focus on ambient concentrations
at fixed sites, neglecting individual-level exposure variability. Many
epidemiological studies assume exposure based on general outdoor
levels, ignoring different microenvironments. There is a major
research gap in understanding BC exposure in different environments,
due to limited measurements, technical challenges with portable
sensors, lack of standard protocols, and poor integration of personal
mobility and exposure data. This leads to exposure misrepresentation
and potentially underestimates health risks, especially for individuals
commuting through heavily polluted corridors.

UGI offers a promising, nature-based, sustainable approach to
mitigating airborne particulate pollution. Vegetation barriers can
capture airborne particulate pollution from traffic-related exhaust and
non-exhaust emissions near busy streets in urban areas. Besides
improving air quality, UGI provides co-benefits such as cooling urban
heat islands, enhancing biodiversity, and improving social well-being.

Addressing future air quality challenges requires a shift toward a
holistic approach that simultaneously targets traditional exhaust and
newly recognized non-exhaust pollutants.
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2. MATERIALS AND METHODS

2.1. Microplastics in roadside environments and the role of
urban green infrastructure

2.1.1 Site selection

Kaunas (54.8985°N, 23.9036°E), Lithuania’s second-largest
city, is situated at the confluence of the Nemunas and Neris rivers (Fig.
4). The city functions as a key center for scientific research, cultural
activities, transportation, and industrial development. As of 2023,
Kaunas had an estimated population of approximately 319,800
residents, with a population density of 1,938 inhabitants per square
kilometer, according to the official Lithuanian State Data Agency
(2023), which provides data on population size and composition
(accessed March 7, 2025, from https://osp.stat.gov.It/en/lietuvos-

gyventojai-2023/salies-gyventojai/gyventoju-skaicius-ir sudetis).

Forested areas represent the dominant component of the semi-natural
landscape, accounting for 51 % of land cover. However, within a 3 km
radius of the city, urban infrastructure—including buildings, roads,
and other impermeable surfaces—covers approximately 96 % of the
land. Broadening the scope to a 15-km radius, the land use pattern
shifts, with cropland occupying 44 % and forests 28 % of the area. At
a larger spatial scale of 80 km, croplands dominate with 57 %
coverage, while forested areas comprise around 30 % of the landscape
(Grazuleviciute-Vileniske et al., 2015). Primary sources of ambient air
pollution in Kaunas include vehicular emissions, particularly from tire
and brake wear, degradation of road markings, resuspended road dust,
and emissions from industrial activities. The city experiences a humid
continental climate, marked by distinct seasonal fluctuations. Annual
temperature ranges typically span from -6.7°C in winter to 23.3°C in
summer, with occasional extremes falling below -17.2°C or exceeding
28.9°C (retrieved March 7, 2025, from https://www.meteo.lt/en/).
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Fig. 4. Study area map located in Kaunas, Lithuania.

2.1.2 Airborne microplastic sampling design

A field study was conducted in Kaunas, Lithuania (coordinates:
54°51'00.7"N, 24°01'46.5"E), where a Thuja occidentalis hedge—
measuring approximately 0.6 meters in width, 1.5 meters in height, and
19 meters in length—was selected as a representative example of urban
green infrastructure for assessing airborne MP deposition (Fig. 5). The
hedge is located between a roadway and adjacent residential buildings
and was purposefully chosen to explore its effectiveness in mitigating
MP pollution originating from traffic emissions. To evaluate the spatial
distribution of deposited MPs, passive sampling was carried out using
8 cm diameter glass fiber filters housed in Petri dishes. These samplers
were deployed at four distinct distances relative to the hedge: (i) -1
meter, positioned directly adjacent to the road to capture the highest
expected MP concentrations from traffic; (ii)) 0 meters, placed at
ground level beneath the hedge canopy; (iii) +1 meter, located one
meter behind the hedge; and (iv) +2 meters, positioned two meters
behind the hedge, representing a zone further removed from the
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emission source. Each filter was exposed on the ground for 24 hours
during sampling campaigns, remaining undisturbed to allow the
deposition of airborne particulates.

Sampling was performed across four seasons to capture seasonal
variability: summer (June 2023), autumn (October 2023), winter
(February 2024), and spring (March 2024). A total of 22 samples were
collected during the study. Four samples were obtained at each
distance for each seasonal campaign, resulting in 16 samples collected
in the presence of the hedge. Additionally, four comparative samples
were collected in spring 2024 at the exact four distances, but in an open
area without the hedge, to serve as a reference for evaluating the
hedge’s impact on MP deposition.

To further investigate the vertical distribution of MP particles
within the hedge, two supplementary samples were taken from
different heights inside the hedge structure: one at mid-height (0.75 m)
and the other at the top (1.5 m). Upon completion of the sampling,
filters were carefully sealed to avoid contamination and particle loss,
then transported to the laboratory for detailed analysis.

Sidewalk

Fig. 5. Investigating MP deposition through passive sampling at four
locations along the street.
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2.1.3 Laboratory analysis

Particles captured on the glass fibers were washed gently into
separate pre-cleaned glass beakers using distilled water. Samples were
digested with chemicals to eliminate potential organic contaminants
through a solution of 30 % hydrogen peroxide (H20:) (Sigma-Aldrich,
Germany) for 24 hours. To isolate MPs from other waste, a density
separation method was used using a saturated zinc chloride (ZnCl>)
solution with a density of 1.6 to 1.8 g/cm?® (Crutchett & Bornt, 2024;
Konechnaya et al., 2020; Rodrigues et al., 2020). The samples were
positioned in a separation funnel containing the ZnCl: solution and left
undisturbed for hours so that particles with lower densities—typically
MPs—rose to the surface, while denser non-plastic garbage settled at
the bottom. Subsequently, the floating fraction was filtered through
glass fiber filters ("Branchia," diameter 50 mm, pore size 1.6 um). The
filters were then oven-dried at 60°C for 24 hours to condition them for
MP analysis. The samples were dried and characterized using a digital
optical microscope with a 200x magnification objective. Individual
particles were assessed and classified based on morphological
attributes, including size, shape, and color. The length of the longest
axis of each particle was measured through "Motic Images Plus 3.0"
image analysis software. Size categorizing was conducted through the
subsequent ranges: <20 pm, 20-50 pm, 50-100 pm, 100-250 pm,
250-500 pm, 500-2000 pm, and >2000 um. Based on structural
characteristics, particles were further categorized into two broad
morphological categories—fibers and fragments. Color was also
observed, with the particles grouped into black, brown, white, blue,
red, yellow, and others. For verification of the polymeric nature of the
suspected MP particles, a sub-sample was placed on an aluminum
oxide (Al20Os) filter for micro-Fourier transform infrared (u-FTIR)
spectroscopic analysis, performed on a LUMOS II spectrometer
(Bruker, Germany). Spectra were captured 4000—-1200 cm' using a
scan time of 4. Each particle's spectral signature was compared against
the instrument's reference library. Any particle was considered as MP
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when its similarity to a reference polymer in the spectrum was found
above a 70 % similarity level.

2.1.4. Quality control and assurance

To avoid any contamination, strict measures were followed in
the course of the study. After each 24 hours of passive sampling, Petri
dishes were airtight-sealed and covered with aluminum foil before
being transported to the laboratory for further investigation. Sample
preparation and extraction were all conducted under a laminar-flow
cabinet environment, with a sterile particle-free work environment. All
glassware was pre-washed before using ultrapure Milli-Q grade water
to prevent potential carryover contamination. The staff members
further restricted the addition of synthetic microfibers by maintaining
stringent handling techniques, for instance, wearing only lab coats
made entirely of pure cotton and sterile nitrile gloves during the
experimental procedure. Furthermore, procedural blanks were also
analyzed concurrently with the environmental samples to verify the
absence of background contamination and the reproducibility of the
analytical methods. These general steps were critical in verifying the
recovered MP concentration data's replicability, validity, and accuracy.

2.1.5. MPs removal efficiency by the hedge
The removal efficiency (RE) of each size and shape class was

estimated with equation (1);

C (pre hedge) - C (post hedge)
C (before hedge)

RE (%) = x 100 (1)

where RE is the percentage reduction in MP concentration; C
(pre-hedge) is the concentration at -1 meter (sited immediately
adjacent to the traffic source), and C (post-hedge) is the concentration
at +1 meter (sited immediately behind the hedge, i.e., the ambient
environment). This experimental design enabled direct spatial
comparison of MP concentrations so that the ability of the hedge to
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filter particles could be assessed based on particle shape and size
distribution.

2.1.6. Statistical analysis

MP concentration data were visualized across seasonal
variations using OriginPro 2025 (OriginLab  Corporation,
Northampton, MA, USA), generating precise and informative
graphical outputs. To evaluate the association between MP number
concentrations at varying distances from the roadway and their
corresponding physicochemical properties, a Mantel test was applied
via the Chiplot online platform (https://www.chiplot.online/).
Furthermore, Pearson correlation analysis was employed to investigate

the statistical relationships among key variables across the different
sampling locations.

2.1.7. Inhalation risk index of microplastics

This study wused the Inhalation Risk Index (IRI)
to predict health risks from inhaling MPs in an urban environment.
The IRI considers three factors: the airborne particle concentration, the
toxicity of polymers, and deposition fraction in the human respiratory
system. Since there are no established reference doses (RfDs) for
airborne MPs until now, using the IRI allows for an effective way to
place relative risks in different environments into context and to
contrast the effect of roadside vegetation like Thuja occidentalis to
reduce exposure. The IRI data were calculated from
two locations along aroad: -1 m (roadways) and +2m (behind
the hedge), across different seasons (summer, autumn, winter, spring).
The intention was to estimate the potential health risks of the MPs'
chemical composition (polymer types) and morphology (fragments
and fibers). Each polymer in the sample was also assigned a hazard
score (on a scale of 1 to 10) based
on the toxicity, derived from published research on the biological
effects of the polymers. A deposition factor was also used to represent
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how easily a particular polymer will likely be deposited in the human
respiratory tract. Deposition fraction was calculated using the MPPD
model. Higher deposition factors indicate a higher likelihood of
particles settling in the lungs or other areas of the respiratory system.
The IRI was calculated using the following formula 2:

IRI= (Particle Count)(Fragment and Fiber) X (Hazar d Score)( polymer) X
(Deposition Factor)p) (2)

Where particle count (particles/cm?/day), hazard score (varies
from polymer to polymer), and total deposition fraction in the human
respiratory tract. The risk reduction (RR) by the Thuja occidentalis
hedge was calculated by comparing the IRI values for the roadside (—
1 m) and behind the hedge (+2 m). This approach allows us to
understand how much the hedge has reduced the exposure to MPs.
Risk reduction was performed using the following equation 3:

IRI (Roadside) - IRI (Behind Hedge)

RR = IRI (Roadside) (3)

2.2. Black carbon in urban microenvironments

2.2.1 Study locations

The study examines personal exposure to PM and BC during
office hours and commuting to and from the office, aiming to
determine the deposition dose. The research was conducted in Vilnius,
Lithuania's capital city, with a population of approximately 600,000.
Vilnius, one of the biggest cities in the Baltic region, is home to
reputable universities and research facilities, giving it a significant
intellectual presence. Its membership in the EU makes access to
several European research networks and funding possibilities possible.
Vilnius has spatially varying air pollution, just like most capital cities.
The city has a medium continental climate with warm summers and
chilly winters. January is the coldest month (average temperature -4°C)
and July is the warmest (average temperature 17°C), with an average
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yearly temperature of 6.6°C. There is 688 mm of precipitation on
average every year. Lithuania experienced an average temperature of
1.5°C in March 2022, with a positive anomaly of 0.8°C. The
predominant wind direction was south. The measuring campaign had
a maximum temperature of 17.7°C and a minimum temperature of -
14.5°C. During the campaign, there was very little precipitation—an
average of about 1.9 mm. Predetermined routes were taken for mobile
measurements, traveling through residential and commercial districts
as well as locations close to main and local roadways, both from home
and between offices (Fig. 6). Three routes were selected for
commuting: FTMCI-Home, FTMCI1-FTMC2, and Home-FTMCI.
The average air pollution level for the measurement days was
calculated to assess whether the selected days represented typical
conditions for the cold season. On the roof of the Centre for Physical
Sciences and Technology (FTMCI1, http://vilniusair.ftme.lt,
www.ftme.lt, accessed on May 29, 2025), measurement equipment
was set up at the reference urban background site. The site is 6—7
kilometers northeast of the city center and is protected by a wooded
area from a busy street with 8400 daily traffic and a smaller street with
6200 daily traffic (https://portal.sisp.lt/portal/home/viewed on 29 May
2025).
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Fig. 6. Map of the study location in Vilnius, Lithuania, showing the
home site, sub-office (Center for Physical Sciences and Technology
FTMC2), fixed sample site (Center for Physical Sciences and
Technology FTMC1), and mobile monitoring route (light blue).

2.2.2. Mobile measurements

Measurements of PMs (10, 2.5, 1 um) and BC concentrations
were made comprehensively between March 17 and 18, 2022, during
the cold season. Around 8:00 AM and 6:00 PM (Lithuanian local time,
UTC +2), the 15-kilometer commuting route from home to FTMC1
and FTMC1 to home was completed simultaneously during rush hours.
While a 17.1 km commute between offices FTMCI1 and FTMC2 was
completed during midday. The URAD Monitor (A3 version 9, SC
MAGNASCI SRL, Dumbravita, Romania) was used to track the mass
concentrations of PMi, PM» s, and PM as well as the air temperature,
atmospheric pressure, and humidity along the routes. A mobile micro-
aethalometer (microAeth® MA200, AethLabs, San Francisco, CA,
USA) was used to measure BC mass concentration. The device's
viability was verified by comparing the micro-aethalometer's findings
with simultaneous BC measurements made at a fixed location
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(FTMC1). Next, reference data from the urban background location
(FTMC1) was combined with the verified mobile data. The spatial
distribution of BC concentrations was shown on a map after results
from each route were smoothed and transformed into shapefiles (point
vectors) using ArcGIS version 10.6 software. For each sampling
campaign, spatial interpolation was conducted using the Inverse
Distance Weighting (IDW) technique. This method operates on the
principle that data points closer to the location of interest exert a greater
influence on the estimated value than those farther away. IDW offers
two configuration modes: a fixed and variable search radius. In this
research, the interpolation was carried out using the variable search
radius approach, with the number of influencing points set to 12.
Consequently, the search radius is dynamically adjusted for each
interpolation point based on the distance required to include twelve
neighbouring data points. A 2020 VW Tiguan equipped with an
activated carbon cabin air filter (Valeo product code FP 26 009, part
number: 5Q0-819-669) was used for the field measurements. During
the measurement, the ventilation system was configured to draw air
from the outside.

2.2.3. Fixed-site measurements

An aethalometer draws aerosol-laden air through a spot on a
filter tape at a regulated flow rate to continually collect and analyze
aerosol particles. Sensitive detectors monitor the intensity of light
transmitted through an unexposed area of the tape, which serves as a
reference, while the tape is simultaneously lit by light. Light passing
through the filter spot gradually reduces as optically absorbing material
accumulates over it. The concentration is calculated by dividing the
amount of material collected by the drop in light intensity from one
measurement to the next by the known air-flow volume. A 7-
wavelength dual-spot Aethalometer® (Magee Scientific, model AE33,
A: 370, 450, 520, 590, 660, 880, 950 nm) was used to measure the BC
mass concentration in real time at an urban background location
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(FTMC1) between March 1 and March 31, 2022. A 2.5 um impactor
was used with the AE33 setup to account for variations in particle size
distributions. The flow rate was set at 1.9 L/min, and the sampling
time base was one minute. The light absorption coefficient at 880 nm
was used to quantify BC, the main light absorber at this wavelength
(Pauraite et al., 2021; Weingartner et al., 2003). The BC mass
concentration is determined automatically from the aethalometer's
output by utilizing the absorption coefficient and the mass absorption
cross-section (7.77 m?g) stated by the manufacturer. Shorter
wavelengths cause an increase in absorption, which suggests the
presence of "brown" carbonaceous material, usually from emissions
from burning biomass. A wide-range Scanning Mobility Particle Sizer
(SMPS, TSI model 3938W50) was used to measure the aerosol particle
size distribution, which ranged from 10 to 430 nm. The system
incorporates a Differential Mobility Analyzer (DMA, TSI Model
3083) to determine particle size and a Condensation Particle Counter
(CPC, TSI Model 3750) to quantify particle number concentrations.
Each scanning mobility particle sizer (SMPS) measurement cycle was
completed in 4 and 30 seconds, with measurements conducted at five-
minute intervals. Aerosol sampling and sheath air flow rates were 1.0
L/min and 10.0 L/min, respectively. Particle diffusion loss and
multiple charge corrections were made using aerosol instrument
manager software (SMPS version 11.3.0). The Aerodynamic Particle
Sizer (APS) model TSI 3321 was programmed to make 4- and 50-
second automatic sampling cycles every 5 minutes. This provided
continuous data collection and effective representation of particle
concentration with time. The APS was very reliable in solid particle
counting with efficiencies of between 85 % to 99 % for the particles
ranging from 0.8 um to 10 um. The AE33 and MA200 equipment
variability was examined using inter-comparison data from 14 hours
of simultaneous measurements (5-minute resolution) at the FTMC
urban background location. According to a regression analysis (shown
by the grey line), slope correction was insignificant, and the MA200
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data must be adjusted by an intercept value of -189 ng/m? to match the
reference line (Fig. 7). R Studio was used to do correlation analysis
[http://www.rstudio.com]. GPS and BC data were combined
throughout the journey to determine hotspot areas and calculate mean
personal exposure to BC.
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Fig. 7. Inter-comparison of the MA200 BC data with AE33 at urban
background site (FTMC1).

2.2.4. Source apportionment of black carbon

The Aethalometer model is a widely utilized method for source
apportionment of BC based on multi-wavelength optical absorption
measurements, typically distinguishing between fossil fuel (traffic)
and biomass burning sources. The source apportionment technique is
based on observing distinct absorption spectra across various
wavelengths of light for individual particles. A correction method was
developed by (Sandradewi et al., 2008) to minimize biases such as
“shadow”, multiple scattering, and other effects causing measurement
biases. Then, the Aethalometer model was applied to allocate BC mass
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concentrations between biomass burning (BCpp) and fossil fuel
combustion (BCy). This model relies on absorption measurements at
selected wavelengths (470 nm and 880 nm) and employs the
absorption Angstrém exponent (AAE) to distinguish between these
two sources:

Dabs, BCrr (880 nm) = bays (470 nm) - (470/880) * AAEm /((470/880) * AAEsp -

(470/880) * AAEx) @)
Babs, BCir (880 nm) = bays (470 nm) - (470/880) * AAE) /((470/880) * AAE -
(470/880) * AAE) )

In this study, the absorption Angstrom exponent (AAE) values
were determined based on findings from previous research conducted
by (Minderyté et al., 2022; Pauraite et al., 2021; Zotter et al., 2017).
Specifically, the values selected are as follows: the AAE for fossil fuels
(AAEg) 1s 0.9, the AAE for biomass burning (AAEw) is 1.68, and the
AAE for BC (AAEsc) is 1.43. Additionally, the Wavelength
Dependence Analysis (WDA) method proposed by (Wang et al., 2016)
was employed to assess the AAE of brown carbon (BrC):

babs, BC (370 nm) = bps(880 nm) - (880/370) * AAEgc)  (6)

This method assumes that light absorption at 370 nm could be
related to both BC and BrC light absorption, while light absorption at
880 nm represents only BC.

2.3. Personal exposure estimation methods

2.3.1. Multiple-path particle dosimetry model (MPPD v.3.04)

To calculate the risk of exposure to particulate pollution, the
Multiple-Path Particle Dosimetry (MPPD) model (version 3.04) was
applied. It simulates inhaled particle deposition within the regions of
the human respiratory system, i.e., the head, tracheobronchial (TB),
and pulmonary regions. Deposition fraction (DF) is the fraction of
deposited particles of a certain size to the total inhaled number. The
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DF is controlled by three primary deposition mechanisms: diffusion,
impaction, and sedimentation. The model applies three general inputs:
airway morphometry, breathing properties, and environmental
exposure parameters.

(i) Airway Morphometry:

The MPPD offers eight geometry choices for lung geometry
corresponding to anatomical development based on age. The lung is a
complex, asymmetrical branching structure; thus, air flow and
deposition patterns can drastically differ (Miller et al., 2016). The
"Yeh/Schum symmetric model" was used for the analysis because it
properly models the structure of the lung, which has three lobes on the
right and two on the left. Functional residual capacity (FRC) and upper
respiratory tract (URT) volume were also set accordingly.

(i1) Inhalation Properties:

Taking into consideration particle characteristics such as density,
shape (aspect ratio), and size, particle diameter was included here,
which was entered as either the Count Median Diameter (CMD) or the
Mass Median Aerodynamic Diameter (MMAD). Concerning a
monodisperse aerosol distribution, MMAD values of 1 um, 2.5 pm,
and 10 pm were used for PMi, PM..s, and PMo, respectively.

(111) Exposure Conditions

Two kinds of exposures are available in the software: constant
and variable. Due to the pattern of continuous exposure experienced
by residents in many everyday environments, the constant mode of
exposure was selected. Input in this type included body position, tidal
volume (TV), breathing frequency (BF), and other variables such as
inspiration and pause times. The posture was set as upright. Among
several patterns of breathing—nasal, oral, mixed oronasal, and
endotracheal—the nasal pathway was utilized for simulations.

In the present study, the model was used to calculate the DF of
PM and BC using the average mass concentrations presented in Table
1.
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Table 1. Mean size segregated PM mass concentration in-cabin during
trips in Vilnius used in model input.

Routes  Date and PM PM s PM, BC pg/m?
time pg/m’ pg/m’ pg/m?
FTMC1 17-03 5.2 3.9 2.6 1.67
FTMC midday
FTMCI1- 17-03 12.2 11.1 8.5 242
Home evening
Home- 18-03 21.6 19.4 15.3 7.14
FTMC1 morning
Office 18-03 1.7 1.6 1.3 0.08
FTMCI1 working
hours

The International Commission on Radiological Protection
(ICRP) has established specific guidelines to simulate the deposition
of particles in the human respiratory tract. These guidelines assume an
upright body orientation and standard gravitational acceleration of
981.0 cm/s?. Key respiratory parameters include a functional residual
capacity volume of 3300 mL and a tidal volume of 625 mL, with an
inspiratory fraction of 0.5. The model assumes no pause fraction
during breathing, indicating continuous airflow. The scenario focuses
on nasal breathing, which 1is typical for assessing respiratory
deposition. The breathing frequency was 19 L/min calculated for a 33
year old sedentary man (Fig. 8). Other parameters include a mass
median aerodynamic diameter (MMAD) of 10, 2.5, and 1 for (PMo,
PM; 5, and PM) and GSD values were used presented in (Table. 2) To
minimize error and bias in the deposition fraction measurements of
airborne MPs, a narrow size distribution is correctly represented by a
GSD value of 1.13, establishing a balance between theoretical
precision and practical feasibility. These parameters ensure accurate
simulation of particle behavior and deposition in the respiratory
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system, aiding in the assessment of inhalation risks and protective
measures (Londahl et al., 2014).

Table 2. Geometric standard deviation values for PM deposition in the
MPPD model.

PMio PM: s PM;

Routes Date and time  GSD values

FTMCI1- 17-03 1.5 1.44 1.21
FTMC2 midday

FTMCI1- 17-03 1.48 1.51 1.21
HOME evening

FTMCI1- 18-03 1.46 1.44 1.22
HOME* morning
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Fig. 8. Flow rate of exhaled air of a 33-year-old male during the
laboratory experiment.
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2.3.2. Measurement setup for deposition dose evaluation

The experimental arrangement used to assess the indoor
deposition of BC mass concentration within the human respiratory
tract is illustrated in Fig. 9. This configuration was developed at the
Department of Environmental Research (FTMC1) specifically for this
study, based on the design outlined by (Madueno et al., 2019). In this
investigation, a 3M 6200 respirator (Fig. 9B) was employed for both
inhalation and exhalation, featuring a customized modification that
connected the outlet valve to a tube leading to the mixing chamber
(Fig. 9C). The mixing chamber was implemented to prevent pressure
disturbances caused by air resistance and to maintain a stable airflow
required for BC measurements using a micro-aethalometer. A dryer
(Fig. 9E) filled with silica gel was employed to remove moisture from
the exhaled air before BC measurement with the AethLab MA200
micro-aethalometer (Fig. 9F). Additionally, a flowmeter (Fig. 9D, TSI
model 4000 series) was used to measure exhaled airflow. At the same
time, the Aethalometer Model AE33 (Fig. 9A) quantified BC
concentration in inhaled air. It was assumed that BC mass losses within
the experimental setup were negligible. However, due to the high
relative humidity (~100 %) within the respiratory tract, the optical
properties of BC particles may undergo restructuring, potentially
introducing measurement uncertainties even under dry conditions
(Radney et al., 2014). The volume of inhaled and exhaled air during a
breath cycle (V) was determined using the recorded exhaled airflow
rate (Fr, L/min) over the exhalation period (t: to t2, min) as described
by (Madueno et al., 2019). The inhaled volume of the 33-year-old
sedentary male was 1.2 + 0.1 L per breath cycle. Additionally,
concentrations of O2 and CO2 were monitored using a QED Geotech
G110 (UK) gas analyzer (Rostami et al., 2018). The inhaled air
contained 19.7 % O: and 0.0 % CO-, while the exhaled air contained
16.7 % Oz and 3.0 % CO..
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Fig. 9. The experimental setup for indoor respiratory tract deposition
of BC measurements.

2.3.3. Deposition dose of PM and BC

A general approach to estimate the dose of aerosol particle
deposition in the human respiratory system involves utilizing
measured aerosol mass concentrations in the ambient air. This method
has seen increasing application in research focused on aerosol-
associated contaminants, including BC (Radney et al., 2014). One
technique for calculating the respiratory minute deposition dose
(MDD) of BC and PM, as proposed by (Londahl et al., 2014), is
outlined below:

MDDewm) = DF x MV X 3 (PM; x At;) (7)
MDD@gc) = DF x MV x Y5 (BC; % At;) 8)

Here, MV denotes the minute ventilation, representing the
volumetric airflow in the lungs (L/min), BCi refers to the measured BC
mass concentration, PM; refers to the measured PM mass
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concentration, and Ati corresponds to the duration of that interval (in
minutes). The minute deposition dose (MDD) was determined by
incorporating the exposure duration (in minutes), following the
methodology proposed by (Londahl et al, 2014) to facilitate
comparisons across varying exposure scenarios. In this study, the DF
from the MPPD model was used to calculate the total deposition dose.
Using a deposition fraction (DF) of 1 in calculating the deposition dose
implies that 100 % of the inhaled particles are deposited in the
respiratory tract. While this approach provides a conservative upper-
bound estimate, it is generally unrealistic for most practical scenarios
because not all inhaled particles are retained; many are exhaled. In
practical applications and scientific research, employing a DF of 1
might be appropriate under specific conditions, such as worst-case
scenario modelling to estimate the maximum potential exposure dose,
or for particles that are highly adhesive or reactive and thus have a high
likelihood of depositing upon contact with respiratory surfaces.
However, omitting DF from dose-rate calculations or assuming DF =
1 introduces significant uncertainty. Actual DF values can vary widely,
typically ranging from less than 0.1 to nearly 1, depending on the
particle size and density (Londahl et al., 2014).

2.4. Lithuanian ambient air quality data

Lithuania, the southernmost and most populous among the three
Baltic States, is notable for having been the first former Soviet republic
to re-establish its independence, doing so on March 11, 1990. The
country’s major urban centers include the capital Vilnius
(approximately 553,000 inhabitants), Kaunas (around 298,000), and
Klaipéda (about 152,000 residents), with Siauliai and Panevézys also
serving as key economic hubs. Lithuania experiences a humid climate
influenced by maritime and continental systems, with average daytime
temperatures ranging from -5°C in January to 20°C in July. Despite
Lithuania being recognized as one of the European countries with
relatively high air quality, ambient air pollution remains a concern
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across national, municipal, and local scales. The European Union
Directive 2008/50/EC emphasizes the critical need to address pollutant
emissions directly at their sources and implement effective mitigation
strategies at all governance levels to safeguard public health and the
environment. The directive also underscores the necessity of
establishing ambient air quality objectives per the latest World Health
Organization (WHO) guidelines issued in 2021, alongside other
relevant standards and programs. Access to reliable and objective data
on pollutant concentrations and their temporal variations is essential to
effectively regulate air pollutant emissions and support informed air
quality management. In Lithuania, the Environmental Protection
Agency (EPA) operates 15 automated air quality monitoring stations
that measure the mass concentrations of fine (PM2.5) and coarse (PM1o)
particles. The data collected at these monitoring sites, accessible via
the national environmental portal (www.gamta.lt), covers the period
from 2005 to 2020 and provides a foundational basis for long-term air
quality assessments (Fig. 10).

N B e = S e

S~ oy ~ \
fN\l:xuhnlA AN SRR \
// \ YN, \meu‘ ‘;f ~7 \
- . o~ < i e k w5 SN
o "‘,Zemaitij,,:— il o & \ = -
| 7 @ = Siauliai o 4 Za "
{{ 4 X = K ) 5 o S 2
Vv o PPN s o e P SO § g~y & i .
s 4 O ORB o 2 \
A]{lllpﬂh &y ) 3 B4
# Preila
—— \
e
\e.
™\
™
)
3
NI 22
(_g A Urban background
: ‘) ¢ A Industry
LS B s I p o ~4 A Transport
KAU NO AGLOMERACLIA \/~3 Ny R s
Vel 2 o ¢ i Ty
*«J i % NS e i ',J-/"\T '-}
g = B - " Dzakija Aas L
g P \ C 2 e
SN AT ) (e 3
LW N } 5 ] P 1:1.500.000
e ¢ g e N

Fig. 10. EPA site network depicting traffic (blue), industry (red), and
urban background (green).
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Table 3. Summary of data sources, collection techniques, and their

application in the research.

Data Type Acquisition Source Tool/Mode Purpose in
Method 1 Used Study
BC microAeth Personal
concentration Field MA200 - exposure
+ measurements + assessment
PM uRADMonito during
concentration r A4 commuting
s
Acthalometer
Model AE33 -
BC Background + Personal
concentration measurements APS (TSI exposure
+ 3321) assessment in
PM + the office
concentration SMPS (TSI
s model
3938W50)
BC Background  Aecthalometer  AE model Source
concentration measurements Model AE33 apportionment
of BC
Respiratory Derived from Deposition
Deposition Modelling BC and PM MPPD dose and
Estimates data model deposition
fraction on the
lungs
Commuting Location GPS logging, - Identifying the
Route tracker + Google Maps hotspot
Distance & Google Maps location during
Time commuting
Microplastic Field Roadside Optical Non-exhaust
Particle sampling + passive microscope emissions
Counts, Size, lab analysis samples Characterizatio
Shape, and n
Color
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Microplastic Field Roadside pFTIR Non-exhaust
Chemical sampling + passive emissions
Composition lab analysis samples Characterizatio

n
Ambient PM National EPA - Lithuanian
and BC mass Environmenta  monitoring emission
concentration 1 Portal stations inventory
s 2005-2020

Given the variety of data sources and acquisition methods used
in this study, Table 3 provides a structured overview. This table details
the type of data collected, the acquisition method (e.g., field
measurement, modeling, or publicly available sources), the original
data source, any tools or models employed, and the specific purpose of
each dataset in the research. This summary aims to clarify the
methodological approach and improve transparency regarding the

origin and application of the data used in the study.
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3. RESULTS
3.1. Mitigation of microplastics by urban green infrastructure

3.1.1. Microplastic number concentration: an overview

A detailed overview of MP concentrations throughout the study
campaign is presented in Fig. 11. During the experimental campaign
(left panel), MPs were detected at all sampling points (-1, 0, +1, +2
meters) along the urban street environment across all seasons, with
total MP concentrations ranging from 0.20 to 5.95 particles cm™ day .
The highest MP concentration, 5.95 particles cm? day’, was observed
in spring at (- 1 m), followed by the same season inside the hedge (0
m), with 4.84 particles cm? day'. In contrast, the lowest MP
concentration was recorded in summer at a location behind the hedge
(+2 m), with 0.20 particles cm? day'. The seasonal variation in MP
concentrations reflects the combined influence of meteorological
conditions, emission sources activity, and atmospheric dynamics on
MP dispersion (Hee et al., 2023; Lee et al., 2024). Specifically, during
summer, a higher planetary boundary layer and enhanced vertical
atmospheric mixing may facilitate greater vertical dispersion and
dilution of airborne particles, leading to lower concentrations (Su et
al., 2018). Additionally, reduced vehicle activity during holidays may
reduce emissions, further influencing MP levels during the summer
sampling campaign.

To understand the role of UGI in mitigating airborne MP
pollution, the results from the spring season have been analyzed from
both experimental (with hedge) and control (without hedge)
environments (Fig. 11). For comparison purposes, we assume the (+1
meter) distance as a reference point to evaluate the hedge’s ability in
reducing MP pollution. This comparative approach provides valuable
insights into the effectiveness of UG, such as the Thuja occidentalis ,
in reducing the concentration of traffic-related MPs in urban street
environments. The results from the spring season reveal distinct
differences in MP concentration between experimental and control
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environments. A pronounced difference was observed at (+1 m) behind
the hedge, where the MP concentration in the experimental
environment was recorded as 4.59 particles cm? day’', significantly
lower than the 9.2 particles cm? day' in the control environment. The
50.11 % reduction in the overall MP concentrations demonstrates the
hedge's ability to limit the dispersion of MPs over a longer distance,
clearly indicating its potential to improve air quality in areas
downwind of traffic emissions. MP levels were higher, especially
closer to the roadside (-1 m) than (+2 m), indicating that the hedge
serves as an effective barrier in intercepting and trapping airborne MPs
(Blanusa et al., 2020; Kumar et al., 2022; Redondo-Bermudez et al.,
2021). The most notable reductions occurred further behind the hedge,
suggesting that its impact extends beyond the immediate vicinity,
providing a cleaner air quality buffer for surrounding areas. These
findings reinforce the importance of integrating green infrastructure
into urban planning as a sustainable solution for reducing traffic-
related MP pollution and improving public health, especially in areas
directly impacted by high vehicular emissions. A detailed explanation
of the hedge's removal efficiency for MP size and shape throughout the
entire campaign is provided in Section 3.1.2.6.
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Fig. 11. MP concentration at varying distances from the road in the
experimental environment (left panel) across all seasons and the
control environment (right panel) during spring.
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3.1.2. Physiochemical characteristics of MPs

3.1.2.1. Shape distribution

The shapes of MPs observed in the present study by optical
microscopy were fragments and fibers. MP shapes distribution across
different seasons and distances from a busy street throughout the study
campaign reveals a total dominance of fragment particles. The highest
average concentration of fragments was recorded in spring (98.25 %),
while fibers were in the winter season (12.75 %) (Table 4).
Furthermore, in spring, the fragment particles were dominant at all
distances. At the same time, fibers were negligible (1-3 %) (Fig. 12).
Winter exhibits a notable shift across all distances, with the highest
concentration of fibers (22 %) observed at 0 meters. This observation
suggests that colder temperatures and specific atmospheric conditions
may influence the deposition behavior of fibers. Fibers can typically
travel longer distances given their relatively larger aerodynamic
diameter. However, their transport may be inhibited under particular
environmental conditions, such as reduced turbulence and low
dispersion of particles due to a lower atmospheric boundary layer
associated with colder temperatures, leading to enhanced deposition in
the local environment (Liu et al., 2022). These findings align with the
previous study by (Xie et al., 2022), who reported that fragments were
the dominant MP shape in urban environments, typically exceeding 85
% of the detected particles. Another study (Jiang et al., 2022) reported
fragments constituting 99 % of the total MP in urban environments,
while (Liao et al., 2021) found them to account for 83.5-94.2 %. This
distribution is a characteristic of road surface and tire abrasion, where
the wear and tear of tires against the road surface predominantly
generates fragment-shaped particles. These particles are typically
fragmented due to the continuous friction between tires and the road
surface, producing smaller, more fragmented (irregular shape, hard,
thick particles with sharp curved edges) than fibers (Tanaka & Takada,
2016). Fragments are more prevalent than fibers in road environments
due to their primary sources, such as tire and road surface abrasion,
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which generate abundant fragment particles (Jarlskog et al., 2021;
Knight et al., 2020; Kole et al., 2017; Sommer et al., 2018).

Table 4. Average values of MP shape (fragment and fiber) in
respective seasons.

Seasons Fragment % Fiber %
Summer 92.75 7.25
Autumn 94.25 5.75
Winter 87.25 12.75
Spring 98.25 1.75

(I Fragment
B Fiver

SUMMER

WINTER

Particle shape distribution (%) Particle shape distribution (%)

Fig. 12. Seasonal variation of MP shape distribution (fragments and
fibers) at different distances from the street.
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3.1.2.2. Color distribution

Color is a qualitative indicator of MPs' age and origin. During
manufacturing, various colors are added to plastics to meet specific
requirements and aesthetic needs, resulting in the diverse range of
colors observed in urban environments (Khalid et al., 2020). The
colored MP identified in roadside dust near urban streets likely
originates from traffic-related activities and urban plastic waste. Other
potential sources include atmospheric deposition, surface runoff, and
human activities (Jahandari, 2023). Using an optical microscope, MP
colors were identified in the filter samples and categorized into seven
groups: white, yellow, red, brown, blue, black, and a mixed class
labelled "other". The seasonal distribution of MP colors showed
considerable variations across all distances (Fig. 13). Black was the
most dominant color across all seasons, with the highest average
concentration in spring (55.35 %), followed by white (42.16 %) in
winter, and brown 26.98 % in spring. Blue, yellow, and red were less
abundant in the study area (Table 5). During summer, the highest
concentration of black color (71 %) was recorded inside the hedge (0
m) (Fig. 13). Winter showed a decline in black color (37.88 %). In
contrast, white color peaked at 42.16 %, making it the most prevalent
color in that season with the highest concentration (52 %) at +2 meters.
Brown color reached its highest average concentration (26.98 %) in
spring. Other colors, such as blue (4.92 %) and red (2.13 %), were most
abundant in winter, while yellow peaked in spring at 6.98 % (Table 4).
One of the major sources of black color in an urban environment is
likely the wear and tear of vehicle tires. These particles often appear
black due to the carbon black additives used in tire production, which
provide strength, durability, and black color. Carbon black makes up
between 22 % and 40 % of the weight of tires for light-duty vehicles
(Kole et al., 2017). Consequently, the black color MP observed in the
study area is likely a direct result of tire wear abrasion, a significant
source of MP pollution in urban environments, particularly near
roadways (Ballent et al., 2016). White and yellow are common colors
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in thermoplastic road markings (TRMs), often selected for their high
visibility and durability. TRMs are extensively used in highway and
road construction, where the binder systems usually consist of a
thermoplastic resin and a plasticizer or toughening agent, forming a
solid, durable layer when applied to road surfaces (Mirabedini et al.,
2020). Over time, traffic abrasion, weathering, and environmental
exposure degrade these markings, releasing small MP particles into the
surrounding environment. The seasonal variation in the color
distribution of MPs highlights the dynamic and multifaceted nature of
MP pollution sources in urban environments. The presence of other
colors suggests the contribution of additional sources (e.g., roadside
dust, textiles), environmental factors (weathering, resuspension,
precipitation), and human activities (Zhang et al., 2021). These
findings emphasize the complex relationship of multiple sources—
traffic-related wear, plastic waste, and the degradation of urban
infrastructure—driving MP contamination in urban areas.

Table 5. Average values of MP color distribution ( %) in respective
seasons.

Seasons Black White Brown  Blue Red Yellow  Other
Summer 54.55 20.64 13.88 2.63 2.00 6.31 0.00
Autumn  53.40 30.46 9.94 0.91 1.30 0.15 3.83
Winter  37.88 42.16 7.67 4.92 2.13 4.40 0.85
Spring 55.35 8.37 26.98 0.93 0.00 6.98 1.40
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Fig. 13. Seasonal distribution of MPs colors at different distances from
the street.

3.1.2.3. Size distribution

The size distribution of MPs consistently showed a
predominance of particles in the 50-100 pm size range across all
seasons, with the highest average concentration observed in spring
(55.26 %), followed by the 100-250 um size range (39.82 %) in winter
(Table 6). However, for the 50-100 um size range across the distance,
a high concentration of 67 % at +1 m during summer and a low
concentration of 31 % at +2 m in winter were observed. The 100-250
um size range exhibited greater variability, peaking at 50 % at +2 m in
winter (Fig. 14). Notably, the 250-500 pum size range was only
significant in autumn with an average of 7.33 %, whereas 500-2000
pum size range in winter (9.62 %). These results highlight the
significant contribution of the 50-250 pum size range to the total MP
load in the study area. While some seasonal and spatial fluctuations
occur in other size ranges, the ongoing prevalence of particles within
this range underscores its significance in MP pollution near roadsides.
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The most significant proportion in this size range results from the
fragmentation of large particles, specifically from tire wear, road
surface, and other urban debris. Previous studies on tire wear particles
(TWPs) reported that approximately 85 % of TWPs fall between 50
and 350 um, with smaller particles (<50 um) accounting for only 15 %
(Z. Gao et al., 2022; Klockner et al., 2021; Kovochich et al., 2021;
Kreider et al., 2010). This is consistent with the present study, where
particles smaller than 50 pm made a relatively small contribution to
the total MP load, with the highest average concentration (9.91 %) for
the 20-50 um size range observed in spring. These observations
highlight vehicular emissions localized and significant effect on the
size distribution of MPs in urban areas.

Table 6. Average values of MP size distribution ( %) in respective
seasons.

Seasons <20 20-50 50-100  100-250 250-500 500-200 >2000
pm pm pm pm pm pm pm
Summer 1.61 4.29 50.76 3545 5.09 2.79 0.00
Autumn  0.38 3.44 46.72 39.81 7.33 2.17 0.15
Winter  0.50 3.59 40.31 39.82 5.92 9.62 0.25
Spring 0.40 9.91 55.26 26.93 2.52 2.17 0.10
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Fig. 14. Seasonal distribution of MPs size at different distances from
the street.

3.1.2.4. Chemical composition of MP

The micro-FTIR spectroscopy analysis identified 10 distinct
polymers in the collected MP samples: polyethylene (PE), synthetic
rubber (SR), polyester (PES), polystyrene (PS), polysulfone (PSF),
acrylates (ACRs), polyisoprene (PIR), polyamide (PA), polypropylene
(PP), and polyvinyl chloride (PVC). The annual average analysis of
MPs polymer composition revealed that PE was the most prevalent,
constituting 43.13 % of the total MPs. This was followed by PIR at
18.37 %, ACRs at 17.94 %, and PES at 17.74 %. Other notable
polymers included PVC at 15.80 %, PP at 14.82 %, PA at 14.45 %, SR
at 13.59 %, and PS at 11.69 % (Table 7).

Table 7. Different polymers were observed in individual seasons and

across all four seasons.
MPs

Average (all Seasons

season), %

Seasonal highest
average, %
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PE 43.13 69.05 Spring

PIR 18.37 35.96 winter
ACRs 17.94 28.52 summer
PES 17.74 19.50 Summer
PVC 15.80 15.80 Winter
PP 14.82 16.67 Spring
PA 14.45 21.43 Summer
SR 13.59 19.84 Summer
PS 11.69 14.29 Winter
PSF - 9.09 Summer

The detailed seasonal and spatial distribution trends in the
chemical composition of MP throughout the study campaign are
presented in Fig. 15. PE is a versatile polymer frequently found in
plastic bags, bottles, containers, and packing goods (Hahladakis &
lacovidou, 2018), with the highest seasonal average in spring (69.05
%), followed by PIR (35.96 %) in winter. ACRs had their highest
recorded average value in summer (28.52 %), while PA, SR, PES, PP,
PVC, and PS showed seasonal peaks between 21.43 % and 14.29 %
across different seasons. The lowest average value was for PSF, with
its highest seasonal average in summer (9.09 %) (Table 7). In summer,
ACRs particles (54.55 %) dominated near the roadside (-1 m), likely
from road markings and coatings that degrade under UV exposure and
high temperatures (Lee et al., 2024). PE became more abundant as the
distance from the street increased, reaching 33.3 % at (+2 m), followed
by PES and SR (16.67 % each). PE consistently dominated in autumn
and spring, where its proportion notably increased, especially in spring

73



(85.71 % at 0 m). The widespread presence of PE, particularly at
further distances from the street, highlights its persistence in urban
environments. In winter, PIR was the dominant polymer near the street
(66.67 % at -1 m), but its proportion decreased with distance, while PE
became more abundant at +2 m (53.33 %). PVC (17.31 %) also
contributed notably at (+1 m), frequently used in consumer items and
construction materials (Turner, 2019). Additionally, in spring, PES
concentration increased at -1 m (28.6 %), indicating seasonal
variations in polymer distribution. The highest PP concentration (22.2
%) occurred in winter near the roadside (-1 m), highlighting their
widespread use in packaging materials, plastic bags, bottles,
containers, disposable products, and textiles (Hahladakis & lacovidou,
2018). These findings align with previous studies reporting PE as a
dominant polymer in urban environments. For instance, (Ozen &
Mutuk, 2025) reported 73 % of PE of the total MP load, while (Yang
et al., 2023) found PE accounting for 30.08 % in urban environments.
Similar trends were also observed in other reports (He et al., 2023;
Sang et al., 2021). Other polymers also exhibited notable seasonal and
spatial patterns, reflecting the urban environment's multifaceted
sources of MP pollution.

TWPs are one of the significant sources of MPs, particularly PIR
and SR, which are key tire components. Year-round tire wear abrasion
increasingly infiltrates the urban environment, serving as a ubiquitous
and constant source of MP pollution. The winter surge in PIR points to
tire wear as a significant yet often overlooked contributor to MP
pollution, reshaping our understanding of non-exhaust emissions. The
seasonal dominance of PE, PIR, ACRs, and PES throughout the study
illustrates their persistent presence in the study area, with the presence
of other polymers reflecting the complex interaction between road
infrastructure, non-exhaust traffic emissions, and other sources of MP
pollution (Wang et al., 2024; Yang et al., 2023; Zhang et al., 2021).
These findings emphasize the need for innovative mitigation strategies
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for polymer-specific behaviors and seasonal variations in urban MP
dynamics.
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Fig. 15. Seasonal distribution of MP chemical composition (%): The
innermost ring denotes -1 meter, while the outermost ring indicates +2
meters.

3.1.2.5. Vertical distribution of MP characteristics within the
hedge

The concentration of fibers increases slightly at the upper part of
the hedge (0.72 %) compared to the middle part (0.23 %), while
fragments dominated at both levels of the hedge (Fig. 16a). Fibers are
more likely to deposit at higher elevations (upper edge), around 1.5
meters, this is consistent with the previous research by (Li et al., 2020),
which reported airborne fiber concentrations were higher at 1.5 meters
compared to the higher altitudes. This trend indicates that fibers exhibit
a slight tendency to upward transportation due to their aerodynamic
properties; however, further statistical analysis is required to confirm
this trend. Particles in the 50-100 um size range were dominant at both
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elevations, followed by 100-250 um (Fig. 16¢), a similar trend was
observed in the horizontal distribution (Fig. 15). Black particles were
abundant at both the middle and upper edges, accounting for 59.23 %
and 60.10 % of the total particles, respectively (Fig. 16b). Their
consistent presence, along with the dominance of the 50-100 pm size
range across vertical levels, indicates a high prevalence and stability of
these particles in the study area. PE was the most abundant polymer in
horizontal distribution; this trend of dominance continues in the
vertical distribution, with 66.66 % at the middle edge, emphasizing its
prevalence in the urban environment (Ozen & Mutuk, 2025; Yang et
al., 2023). Other polymers like PES 16.67 % at the middle edge and
SR 17.78 % at the upper edge also highlight the presence in vertical
distribution. The increase in PSF (from 0 % to 17.78 %), ACRs to
(13.33 %), and PIS to (37.8 %) at the upper edge suggests that these
polymers exhibit vertical transport tendencies and are deposited at
higher elevations (Fig.16d). Overall, these findings highlight the
relationship between particle characteristics—such as size, shape, and
aerodynamic behaviors in determining particle distribution both
vertically and horizontally.
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Fig. 16. Vertical profiling of MP characteristics: (a) shape, (b) color,
(c) size, and (d) chemical composition at two heights: middle and
upper part of the hedge.
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3.1.3. Effectiveness of Urban Green Infrastructure

Thuja occidentalis hedges have proven highly effective in
reducing traffic-related MP pollution, highlighting their potential as a
sustainable solution. By evaluating MP removal efficiency across
various particle size intervals and shapes, the study highlights the
hedge's role in reducing airborne MP pollution in urban environments,
where vehicular emissions and other anthropogenic activities
significantly contribute to air quality degradation. The hedge achieved
the highest MP removal efficiencies during summer, with 64.5 % for
total MPs, 64.3 % for fragments, and 71.4 % for fibers. In contrast, the
lowest efficiencies were observed in autumn, with 40.8 % for total
MPs, 23.4 % for fragments, and 11.5 % for fibers (Fig. 17a). The
average removal efficiencies were (54.29 % for total MPs, 50.41 % for
fragments, and 44.54 % for fibers throughout the study period, which
are presented in (Table 8). The hedge's ability to capture fragment
particles, which are predominantly associated with vehicular activities,
particularly wear and tear from tires, showcases their potential role in
reducing traffic-related MP pollution. Their dense arrangement and
needle-like leaves provide a large surface area favorable for trapping
these particles in the urban environment. The consistently high
removal efficiency for fragments and its notable performance in
capturing fiber position the hedge as a valuable green infrastructure
solution for reducing MP pollution. Fig. 17 b illustrates the seasonal
variation in hedge removal efficiency based on particle size range. The
overall mean removal efficiencies for the respective size ranges are
presented in Table 7. The highest average removal efficiency was
observed for the size range of (50-100 um) at 67.25 %, with a seasonal
high of 94.24 % in the spring. This was followed by 20-50 with an
average of 53.29 %, with the highest value in summer reaching 81.84
%. Furthermore, in winter, the 100-250 um size range recorded its
peak efficiency at 56.86 % and the 250-500 um range peaked at 75 %
(Fig. 17b). The hedge effectively captures MP across all size ranges,
with exceptionally high removal efficiency for (50-100 um) size range
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specifically in the spring season. This alignment between MP high
concentration and maximum removal efficiency in spring highlights
the hedge’s crucial role in mitigating traffic-related MP pollution,
particularly during high-emission periods. These results emphasize the
effectiveness of urban green barriers in reducing exposure to airborne
MPs, reinforcing the value of strategic vegetation placement in
pollution control strategies. The effectiveness of UGI in reducing air
pollution in the present study is further supported by the results
published by (Abhijith et al., 2022; Maher et al., 2013). This highlights
the hedge’s capacity to mitigate pollution from vehicular emissions
and its critical role in improving urban air quality, offering a powerful
means to combat MP pollution in the urban environment.

Table 8. The average removal efficiency of the hedge for microplastics
(MPs), as determined by their size and shape characteristics.

Size 20-50 pm 50-100pm 100-250 pm  250-500 pm
Mean value  53.29 % 67.25 % 53.18% 50.49 %
Shape Total MP Fragment Fiber

Mean value 54.29 % 50.41 % 44.54 %
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Fig. 17. Seasonal evaluation of MPs removal efficiency (%) of Thuja
occidentalis: (a) shape-based (fragment and Fiber, (b) size-based
(ranging from 20-50 pm to 250-500 pum).

3.1.4. Inhalation risk index of MPs

The MPs' inhalation risk index (IRI) was assessed at two
locations during the study period. At -1 m (Roadside), where MP
concentrations were higher, the IRI was also high, indicating a
significant inhalation risk due to elevated exposure, primarily from
vehicle emissions such as tire wear and brake dust. In contrast, at +2
m (Behind Hedge), a Thuja occidentalis reduced the MP exposure,
lowering the IRI and inhalation risk. Across all seasons, the highest
exposure to airborne MPs was observed in the spring, with an IRI of
831.1, indicating a severe inhalation risk at the roadside (Fig. 18). The
lowest exposure was observed in the summer, with an IRI of 83.7,
reflecting lower MP levels at the roadside. The Thuja occidentalis
consistently demonstrated its ability to reduce inhalation risk at both
locations. The degree of reduction varied from 28.8 % in autumn to
71.3 % in spring, with the highest reductions occurring in the winter
(68.6 %) and spring (71.3 %) seasons. These findings suggest that the
hedge 1is critical in filtering and trapping MPs, offering significant
protection against inhalation exposure. However, the extent of the
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reduction appears to be influenced by seasonal factors such as traffic
volume, weather conditions, and wind patterns. In conclusion, the IRI
values indicate varying levels of exposure to airborne MPs, with
roadside areas generally exhibiting higher risks. The Thuja
occidentalis effectively reduced these risks, with the most significant
reduction observed in spring, followed by winter, summer, and
autumn. The results emphasize the importance of urban green
infrastructure, such as the Thuja occidentalis, in mitigating MP
pollution and its associated health risks in roadside environments.
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Fig. 18. Inhalation risk index and risk reduction of MPs by Thuja
occidentalis hedge.
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3.1.5. Correlation analysis of MP characteristics with distances
from a street

A pairwise Pearson's correlation and a Mantel test were conducted
to examine the relationships between MP concentrations and their
physicochemical characteristics across different distances from the
street (Fig. 19). The results indicate a spatial variation in MP attributes,
which reflects both proximity to traffic sources and the influence of
vegetative barriers. The area closest to the road (-1 m) showed a strong
positive correlation with very small-sized MPs (<20 pm) (Mantel’s r >
0.5, p £0.001) and small-sized MPs (20—50 pm) (Mantel’s r > 0.5, p
< 0.05). This trend likely reflects direct influence from vehicular
emissions, including tire and brake wear, as well as the resuspension
of road dust (Sommer et al., 2018). Similar dominance of small-sized
particles near traffic sources has been observed in previous studies
(Ozen & Mutuk, 2025). Additionally, a significant correlation with PE
was observed at this location, showing the dominant presence and
resilience in the urban environment. Previous studies support these
results and confirm the dominant presence of PE in road environments
(Ozen & Mutuk, 2025; Yang et al., 2023). At the O-meter distance
(within the hedge), the hedge appears to be a physical barrier and a
temporary sink, capturing MPs from the roadside environment through
atmospheric deposition mechanisms such as interception (Kumar et al.,
2022). A statistically significant accumulation of small-sized MPs
(Mantel’s r> 0.5, p <0.05) here suggests the potential role of the Thuja
occidentalis hedge in trapping particles from the air. The area
immediately behind the hedge (+1 m) shows a strong correlation with
small size and a statistically significant presence of medium-sized MPs
(50100 pm and 100-250 um), further supporting the influence of
non-exhaust emissions in the roadside environment (Sommer et al.,
2018). While further beyond the hedge (+2 m), MP concentration
decreases, with no significant correlation to particle size (p > 0.05).
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Fig. 19. Correlation of MP concentrations and physicochemical
characteristics at different distances from a street.

However, significant correlations persist for MP colors,
particularly brown and yellow (Mantel’s r > 0.5, p < 0.05). Notably,
yellow remains a significant color factor at 0 m, +1 m, and +2m. The
consistent appearance of yellow MPs across multiple distances (0 m to
+2 m) might suggest these particles are likely to originate from
multiple sources (e.g., traffic signs and road paint) (Mirabedini et al.,
2020). Additionally, darker colors like brown could result from
weathered particles, indicating aging processes during atmospheric
transport (Schmidtmann et al., 2025). These findings highlight the
spatial variability of MP characteristics influenced by traffic emissions
and the mitigating role of the Thuja occidentalis hedge against MP
pollution.
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3.1.6. Chapter conclusions

Urban green infrastructure, such as Thuja occidentalis hedges,
can significantly reduce airborne microplastic concentrations near
roadways, particularly from traffic-related non-exhaust sources. The
average removal efficiencies were 50 % for MP fragments and 44 %
for fibers, with the highest efficiency (67 %) observed in the 50-100
um size range, the most abundant particle class identified in the study
area. A detailed size-resolved analysis demonstrated that removal
efficiency peaked within the 50—-100 um size range. In comparison,
particles in the 20-50 pm and 100-250 um ranges showed similar
efficiencies (53 %), while the lowest efficiency (50 %) was observed
for the 250-500 um fraction. These results suggest that mid-sized
particles are more effectively captured, likely due to their aerodynamic
properties and greater tendency to interact with leaf surfaces. In
contrast, smaller and larger particles are less efficiently removed,
possibly due to their higher mobility or lower deposition potential.

The inhalation risk index of microplastics was highest in spring,
reaching a value of 831, and lowest in summer, at 84. Notably, Thuja
occidentalis contributed to a 71 % reduction in inhalation risk during
the spring, underscoring its effectiveness in mitigating airborne
microplastic pollution in the urban environment. Spatial analysis
revealed that smaller MPs (<20 um) were predominantly concentrated
at the roadside (-1 m), confirming that vehicular activity is a significant
source of airborne MP emissions. Polymer types such as PE, PIR,
ACRs, and PES accounted for 43 %, 19 %, 18 %, and 18 % of the
collected samples, highlighting the complexity and diversity of MP
sources in the urban environment.
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3.2. Analysis of national exhaust emissions

3.2.1. Exhaust emissions trend of Lithuania from 2005 to 2020

Before investigating personal exposure to PMs and black carbon,
emissions from various sectors were analyzed to identify key sources
and trends. Figure 20 illustrates the total national emissions, measured
in gigagrams (Gg), from 2005 to 2020. While emissions slightly
declined throughout these 15 years, their trajectory remained largely
consistent. In 2020, the reported emissions of PMz.s, PMio, and BC
were 6.51 Gg, 17.75 Gg, and 1.90 Gg, respectively. Compared to the
baseline year 2005, these figures represent 1.26 %, 1.06 %, and 1.27
% reductions. The peak values recorded for PMio, PMa.s, and BC
occurred in 2015, 2006, and 2008, reaching 19.49 Gg, 8.53 Gg, and
2.53 Gg, respectively. A notable decline in emissions was observed in
2009, attributed mainly to the global financial and economic crisis,
which reduced industrial output. By 2020, the country recorded its
lowest emissions levels for the three pollutants over the past 15 years.
The rate of decline for PM:.s emissions was more pronounced,
averaging a reduction of 0.10 Gg per year, whereas PMio and BC each
reduced at an average rate of 0.03 Gg per year. This could be related
to BC being found in the PM; fraction. Moreover, PM 5 is formed
from anthropogenic emissions and secondary formation (Kuang et al.,
2022).

Between 2005 and 2020, PMjs emissions in Lithuania
experienced a notable reduction of approximately 17.2 %, declining
from 8.21 kilotons in 2005 to 6.51 kilotons in 2020. This downward
trend was primarily driven by a significant decrease in liquid fuel usage
within the energy production sector. In 2020, total national emissions
of PM2s reached 6.51 gigagrams, representing a 7.6 % decrease
compared to 2019 and a 20.7 % reduction relative to 2005 levels. The
energy sector, including transport, was the predominant source of PM
emissions, contributing 73 % of PMays. In contrast, this sector
accounted for only 30.1 % of PMio and 1.11 % of BC emissions.
Industrial Processes and Product Use (IPPU) accounted for 15.7 % of
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PM:s and 7.7 % of PMio emissions in 2020. These figures are closely
linked to the widespread combustion of biomass, particularly wood
burning, within the residential sector (classified as NFR 1.A.4.b).
Across the European Union (EU28), PM2s5, PMio, and BC emissions
decreased by 1.9 %, 2.2 %, and 4.4 %, respectively, between 2018 and
2019.
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Fig. 20. Lithuania's overall national emissions of PMs and BC from
2005 to 2020.

3.2.2. Exhaust emission trends by sector

Between 2005 and 2020, the energy sector emerged as the
dominant source of PM; 5 emissions, accounting for 61.33 %. Despite
this, emissions from the sector exhibited only slight reductions—0.7
% between 2010 and 2015, and 1.8 % from 2016 to 2020. Within the
energy sector, stationary combustion in residential areas was the
primary contributor, representing 42.33 % of emissions over the entire
period. The transport and industrial sectors demonstrated comparable
patterns, contributing 16 % and 11 % of PM: 5 emissions, respectively,
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without noticeable variation during the same timeframe. In contrast,
PMio emissions were primarily associated with industrial activities,
which contributed 37.67 % of the total, followed by the energy sector
at 27.67 %, over the period 2005-2020. The industrial sector has a
minimal 1 % decline in PMjo emissions between 2016 and 2020.
Meanwhile, emissions from the energy sector showed a gradual
decrease of 3 % from 2005 to 2010 and an additional 5 % from 2011
to 2016. The transport sector accounted for 8 % of PMio emissions.
BC emissions originating from the mobile segment of the
commercial and institutional sectors experienced notable reductions,
falling by 18 % from 2011 to 2015 and by a further 7 % between 2016
and 2020. However, emissions from stationary sources within the same
sector remained largely unchanged. Notably, BC emissions from the
public electricity and heat production sector increased by 11 % during
2016-2020, while a 13 % decline was observed in the petroleum
refining and distribution sector over the same period. Other sectors
reported a 16 % rise in BC emissions between 2016 and 2020 (Fig. 21).
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Fig. 21. Lithuania's national emissions (%) of PM and BC from
different sectors, 2005 to 2020.
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3.2.3. PM mass concentrations trend in major cities of
Lithuania

Both mobile and stationary sources of emissions primarily
influence air quality in urban environments. The PMio and PM> 5 mass
concentrations provided by the emission sources in Fig. 22 are also
available for the sampling locations shown in Figs. 23 and 24. Only
PM; 5 data is available for a single site from 2005 to 2020. Emissions
tend to be elevated in urban areas, specifically in high-traffic and
industrial zones, making them a key focus for analyzing annual mass
concentration trends, particularly in major cities and industrial hubs.
Monthly average time series of PMjo mass concentrations were
compiled for eight locations in the largest cities, and the trend is
represented by a linear regression with a 95 % confidence interval, as
illustrated in the figures. The trend analysis indicates a slight reduction
in PM¢ levels across all major cities, with a range of 0.38 to 0.74 pg/m?
per year, except for Klaipéda Silutés pl., where an increase of 0.53
pug/m? per year (representing a -0.3 % annual change) was observed.
For PM.s, a positive trend was found, except at the Kaunas
NoreikiSkes and PetraSiunai sites, where negative trends of -0.50 ug/m?
(3.1 % per year) and -0.6 pg/m* (2.7 % per year) were recorded,
respectively. These negative trends at these two sites align with the
observed trend in PMy levels.

In the capital city of Vilnius, the smallest decrease in PMio
concentration was observed in Vilnius Lazdynai, where the trend
showed a reduction of just 0.06 pg/m? per year (a 14 % decrease from
2005, equivalent to a 0.9 % annual reduction). In contrast, the sharp
decline was seen in Vilnius Savanoriy pr., with a decrease of 0.58
pg/m? per year (a 57 % drop from 2005, or -3.8 % annually), which
also exhibited the highest concentration and percentage decline (Fig.
18). The European Union’s air quality directives (2008/50/EC) and the
World Health Organization’s (WHO) Air Quality Guidelines (updated
in 2021) set limits on key air pollutants, with national ambient air
quality standards that must not be exceeded within a specified period.
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These standards apply on both daily and annual scales, with the EU
setting the annual PMo limit at 40 ug/m? and the WHO at 15 pg/m?.
As depicted in Figs. 16 and 17, all cities significantly exceed the WHO
standards for both PM>s and PMjo. The highest annual mean
concentrations were found at traffic-related sites, specifically in
Vilnius Zirmiinai and Klaipéda Silutés pl., where the levels are nearly
at the EU’s permissible limit for PM o, in contrast to other locations.
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Fig. 22. Annual average PMio mass concentration trends in major
cities of Lithuania.
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3.2.4. Correlation analysis of emission sources and mass
concentrations

An intercorrelation analysis was conducted to investigate the
associations between emissions and ambient PM mass concentrations.
Specifically, Pearson correlation coefficients were calculated to
evaluate the relationship between annual emission levels and observed
mass concentrations across all monitored sectors and locations from
2005 to 2020. In Lithuania, the dominant contributors to primary PMio
emissions are stationary and mobile combustion sources. As a result,
most urban monitoring stations—such as Vilnius Savanoriy pr.;
Kaunas Petrasiiinai, Noreikiskés, and Dainava; Klaipéda city center;
Siauliai; Paneveézys center; and Jonava—exhibited a positive
correlation between emissions and measured PMjo concentrations.
Surprisingly, road transport emissions demonstrated a weak negative
correlation with PM g at several sites. A notable example includes the
Vilnius Lazdynai station, which reflects an urban background
environment and shows a negative correlation of —0.65 between total
BC emissions and PMjo concentrations. Conversely, the Vilnius
Zirminai site, which is influenced by traffic emissions, exhibited a
positive correlation of 0.49. For PM:s, strong positive correlations
were identified with both road transport, known to emit fine particles,
and stationary combustion sources. Emissions from residential
stationary combustion were significantly correlated with PMoas
concentrations at the Kaunas Noreikiskés (r = 0.62) and PetraSitinai (r
= 0.82) sites. These locations, interestingly, also displayed declining
concentration trends, distinguishing them from other monitoring sites.

3.3. TEM and EDX analysis of BC particles during mobile
measurement

Particle samples were collected inside and outside the vehicle
(Fig. 25), and energy-dispersive X-ray (EDX) spectra were recorded
for individual particles and larger aggregated areas. To ensure
accuracy, the contribution of copper from the sampling equipment was
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excluded from the EDX weight percent calculations. A typical
agglomerate of BC particles was observed to consist of spherical
particles fused in a chain-like formation (Fig. 30), with an approximate
primary particle diameter of 30 nm. In contrast, BC agglomerates
sampled inside the vehicle had diameters ranging from 300 to 400 nm.
Transmission electron microscopy (TEM) images confirmed that the
particles collected from the external environment were significantly
larger than those found inside the vehicle, with the former reaching up
to 2 um in diameter. Additionally, the particles in the external samples
exhibited a more complex compositional profile. EDX spectrum
analysis revealed that carbon was the predominant element in both sets
of samples, comprising 88.22 % of the outside air sample and 97.05 %
of the inside air sample. However, the outside air sample also
contained small proportions of sulfur (1.54 %) and silicon (0.55 %),
which are typical soil constituents, as well as titanium dioxide (TiO2)
at 4.04 %, a substance commonly used in road paints.

In conclusion, the findings indicate that particles gathered from
the external environment were larger and exhibited a more varied
composition, including additional elements like sulfur, silicon, and
titanium dioxide. These characteristics suggest that a combination of
vehicle emissions, road dust, and materials such as road paint
influences external particles.
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Fig. 25. Displays transmission electron microscopy (TEM) imagery
and corresponding energy-dispersive X-ray spectroscopy (EDX)
analyses of individual BC particles collected both inside and outside
the vehicle.

3.3.1. Exposure to PMs mass concentration in urban
environments

Over 70 % of the European Union’s population lives in urban
environments (Zauli-Sajani et al., 2024), where approximately 96 %
are exposed to concentrations of fine PM (PMas) that exceed the
updated air quality guidelines established by the World Health
Organization in 2021 (Table 9) (Cichowicz & Bochenek, 2024). Urban
environments, characterized by dense populations and increased
economic activity, are commonly associated with elevated air pollution
levels, which are in turn linked to numerous adverse health outcomes,
including respiratory illnesses, cardiovascular diseases, and certain
forms of cancer. In Lithuania, PM concentrations have markedly
declined over the past two decades. Since joining the European Union
in 2004, the country has aligned with rigorous EU environmental
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policies. Adopting stricter emission controls and air quality regulations
has played a crucial role in reducing PM emissions across major
sectors, e.g., the energy sector, industrial, petrol refining and
distribution, and commercial/institutional — mobile sector. For
instance, PMo levels decreased from 51.1 pg/m? in 2000 to 10.8 pg/m?,
while PM2.s concentrations dropped from 20.9 pg/m? in 2006 to just
0.2 pg/m?® by 2020 (Fig. 26).

Table 9. Annual and 24-hour limit values for PMio and PM..s as
defined by the WHO and the EU.

PMio Protection Averaging Value Max Date to be
standard objective period number of achieved
exceedanc (by and
es maintaine
d
thereafter)
EU limit Human 1 day 50 pg/m? 35 1 January
value health 2005
WHO limit 1 day 45 pg/m? 22
value September
2021
EU limit human 1 year 40 pg/m? 1 January
value health 2005
WHO limit 1 year 15 pg/m? 22
value September
2021
PM:s Protection Averaging Value Max Date to be
standard objective period number of achieved
exceedanc (by and
es maintaine
d
thereafter)
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Fig. 26. Urban population exposed to PMs concentrations above
selected EU air quality standards, EU-27.
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3.3.2. Personal exposure to BC and PM in urban
microenvironments

3.3.3. BC measurement campaign summary

The results from (Figure 27) summarize BC mass
concentrations, their source-specific contributions, and aerosol particle
number and mass concentrations recorded in March 2022 at the urban
background monitoring site. The average monthly total acrosol particle
number concentration (Niotal), measured within the 10-430 nm size
range, was 9820 particles per cubic centimeter (SD: 6410 #/cm?). The
hourly concentrations ranged from a minimum of 740 #/cm? to a peak
of 38,370 #/cm?. The corresponding aerosol mass concentrations
(Miotar) exhibited substantial temporal variability, with values spanning
from 0.3 to 33.4 pg/m* and a mean of 6.2 pg/m?* (SD: 5.3 pg/m3).
During the targeted experimental period (17—-18 March), the average
Myotai concentrations reached 11.3 and 12.7 pg/m?, aligning with the
monthly distribution's upper quartile (Q3). Hourly BC mass
concentrations across March ranged between 0.30 and 9.01 pg/m?,
with a mean value of 1.94 pg/m?* (SD: 1.80 pg/m?), as illustrated in
(Fig. 27). The traffic-related fraction of BC (BCy) closely mirrored the
overall BC concentration (correlation coefficient r = 0.98) and
constituted approximately 66 % of the total BC mass. BCy was
predominantly observed during daytime hours (08:00-18:00 LT),
while the biomass-burning-related fraction (BCwpb) accounted for the
remaining 34 % and showed elevated contributions during the night,
peaking at 42 % around 04:00 LT. These diurnal variations in BC
concentrations reflected the combined influence of meteorological
conditions, vehicular activity patterns, and domestic biomass burning
for heating. A strong positive correlation (r = 0.83) was found between
BC mass concentrations and Niotal, suggesting a notable impact of BC
emission sources on the total particle number concentration within the
sub-430 nm range. In contrast, the correlation between Mol and BC
was moderate (r = 0.68), indicating that BC plays a comparatively
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minor role in contributing to PMi: mass than particle number
concentrations.

New particle formation (NPF) events occurred predominantly in
two daily windows—between 07:00 and 08:00 and 18:00 and 20:00
LT—with peak particle concentrations reaching up to 49,200 #/cm?.
Daytime concentrations were lower, averaging around 3890 #/cm?,
likely due to enhanced atmospheric dispersion, reduced traffic
emissions, and a higher boundary layer, as noted by (Bycenkien¢ et al.,
2023). During the initial field experiment (FTMCI1-FTMC2), all size
modes exhibited their lowest number concentrations. However,
particle sizes below 100 nm showed distinctly different trends,
potentially influenced by a higher mixing layer during daytime. The
morning segment of the FTMC1-Home route displayed the highest
nucleation mode concentration, reaching 8960 #/cm?. In contrast, the
evening trip along the same route was characterized by a dominance of
particles around 70 nm in diameter, with concentrations up to 3000
#/cm®. Normalized distributions of particle number (dN) and mass
(dM), shown in Fig. 28, revealed a clear shift in morning profiles, with
increased dN values for particles smaller than 70 nm compared to
larger modes at other times of the day. These findings underscore the
frequent occurrence of NPF events in urban background environments.
The mobile measurement period, coinciding with NPF events on
March 17 and 18, is depicted in Fig. 28.
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Fig. 27. Temporal resolution of (Niota1) and (Miotal) for acrosol particles
within the 10430 nm size range, as measured by the (SMPS) at the
urban background monitoring site (FTMC1) during March 2022.
Black dashed lines mark periods corresponding to mobile
measurement campaigns.

The particle number size distribution was categorized into
distinct modes based on aerodynamic diameter: total particles (10—430
nm, represented by the blue line), accumulation mode (100430 nm,
red line), Aitken mode (25-100 nm, green line), and nucleation mode
(particles smaller than 25 nm, yellow line). As illustrated in Fig. 29,
the average particle number concentration exhibited considerable
temporal variation throughout the commuting periods, with values
during the morning trip reaching up to five times higher than those
recorded at midday. The most pronounced fluctuations were observed
in the nucleation mode, where concentrations varied by as much as a
factor of twelve ( Table 10). The particle distribution was
predominantly composed of Aitken mode particles, which accounted
for approximately 45-62 % of the total number concentration, in line

with findings from previous urban aerosol studies (Bycenkien¢ et al.,
2014).
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Fig. 28. Presents the particle number concentration and size
distribution of aerosol particles within the 10-430 nm range observed
during the March 17-18 event days. Black dashed lines indicate the
time intervals corresponding to mobile measurement activities.

Table 10. Particle number concentrations at the urban background
during field experiments for particle size modes.

Field Number
experiment concentratio
date and time n (SD),
#/cm?
Nucleation Aitken Accumulatio  Total

n

17/03/2022 700 (140) 3170 (180) 1210 (50) 5080 (310)
11:30-13:00

17/03/2022  3210(600)  5130(1330) 2210(550) 10550
18:00-20:00 (2360)
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18/03/2022 8700 (2310) 11020 4700 (600) 24420
7:30-8:30 (4120) (6800)

dM/dlogD

midday, March 17 \

2 evening, March 17
morning, March 18 \
1 monthly mean, March \

dN/dlogD

100 7 000
Mobility diameter, nm

Fig. 29. Normalized size distributions of particle number and mass
concentrations recorded during the field experiments conducted on
March 17-18, along with the corresponding distributions for March
2022.

3.3.4. PM measurement campaign summary

In March 2022, the mean daily air temperature was recorded at
1.4 °C, with an average relative humidity (RH) of 59.7 %. On the 17th
and 18th of March, the diurnal maximum temperatures ranged from
5.5°C to 7.0 °C during midday to early afternoon hours (2:00-5:00
p.m.), while the minimum values, between —4.5 °C and —4.0 °C, were
observed in the early morning (6:00—7:00 a.m.). During these two
days, RH fluctuated from 24 % to 66 % (Fig. 30). Average daily
concentrations of nitrogen oxides (NOx) during the field experiment
were measured at 33.2 pg/m? and 32.1 pg/m?, closely aligning with the
monthly mean for March, which was 33.3 pg/m?®. These NOx levels
indicate an absence of major pollution episodes (e.g., wildfires) on 17
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and 18 March. Moreover, NOx concentrations demonstrated strong
positive correlations with PM fractions—specifically PMi, PMz.s, and
PMio—with correlation coefficients of 0.72, 0.74, and 0.70,
respectively, throughout the measurement period. Regarding aerosol
particles within the 0.5-20 um size range, the highest observed daily
mean number concentration during the campaign reached 260 particles
per cm?, whereas the lowest was 30 particles per cm?. Throughout
March, particle number concentrations varied from 5 to 500 particles
per cm?, with a monthly mean total number concentration (Niota) of
85 + 80 particles per cm?.
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Fig. 30. Presents monitoring data for various meteorological and air
quality parameters in March 2022. Field experiment days are
highlighted in the blue rectangle.

The mean concentrations of PMi, PMaz.s, and PMio across the
entirce month were 4.7+4.2, 7.5+£5.6, and 14.5+10.4 pg/m?,
respectively. For the specific dates of the field measurements, the
corresponding daily mean concentrations were slightly elevated:
52+£29pg/m* for PMi, 7.8+40pg/m* for PM.s, and
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15.8 £8.9 pg/m? for PMio. These findings confirm that the fieldwork
was conducted under typical atmospheric conditions without
interfering with anomalous pollution events. Notably, PMo..s
concentrations in the urban background exceeded the World Health
Organization (WHO) annual guideline of 5pg/m*® during
approximately 50 % of the sampling period (Fig. 31). In comparison,
the WHO's 24-hour threshold of 15 pg/m? was surpassed on about 10
% of the measured days.
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Fig. 31. Distribution and cumulative frequency of PMoa.s
concentrations recorded in March 2022 at an urban monitoring station
in Vilnius.

Three mobile monitoring campaigns were conducted at different
times of the day and along two distinct travel routes to assess PM mass
concentrations within the vehicle cabin and the surrounding outdoor
environment. The initial monitoring route covered the distance
between the main premises of FTMC (FTMCI1) and its laboratory
facilities (FTMC2), while the subsequent two routes connected the
researcher’s residence and FTMCI1. During outbound trips, PM;,
PM..s, and PM1o mass concentrations were recorded inside the vehicle.
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In contrast, return trips were used to measure PM levels in the outdoor
air (Fig. 32). The highest recorded PM mass concentration occurred
during the morning commute, with PMio levels reaching 36.9 pg/m?,
likely attributable to increased vehicular traffic during rush hour. In
contrast, the lowest concentration of PMio, measured at 5.7 pg/m?, was
observed during the midday journey along the FTMCI1-FTMC2—
FTMCI route.
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Fig. 32. Schedule of mobile field measurements and the corresponding
PM..s concentrations measured both inside the vehicle and in the
ambient air outside the car.

3.3.5. Total and regional deposition dose of BC in the human
airways
To evaluate personal exposure and the associated deposition dose
BC and PM: in an individual's lungs during mobile monitoring and
while stationed at the urban background site (FTMC1), mean mass
concentrations of BC and PM: were analyzed. The temporal variation
in mass concentrations, both outside and within the vehicle cabin, is
presented in Fig. 33. During the three in-vehicle journeys, the mean BC
concentrations were recorded as 2.42+1.77, 1.67+0.66, and
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7.14+4.42 pg/m?, respectively. Corresponding PM: concentrations
were 3.36£1.32, 15.26 +£5.16, and 8.53 £4.78 ug/m?. In contrast, the
mean concentrations within the office environment were significantly
lower, with PM: at 1.3+£0.45 pg/m* and BC at 0.08 £0.4 pg/m?. A
strong positive correlation (r = 0.92) was observed between the mass
concentrations of BC and PM.: across all environments.
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Fig. 33. Mass concentrations of BC and PM: were recorded during
mobile measurements.

Deposition dose (DD) experiments were conducted on a
sedentary male participant. The average indoor BC concentration
during this phase was 1700 ng/m?. The DD corresponding to the five-
minute averaged inhaled BC concentration was estimated at 38 +5 %
(Fig. 9). The participant's minute ventilation (MV) rate was calculated
to be 19.1 L/min (Fig. 8), which exceeds the typical upper limit range
(8.8-16.1 L/min) reported for a seated male (Madueno et al., 2019).
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Using Equation (7), the modeled mass deposition dose of BC
(MDDBC) during commuting in Vilnius was found to vary between
19 and 53 ng/min inside the vehicle, with the highest values recorded
in suburban residential areas. For outdoor exposures, MDDBC ranged
from 74 to 125 ng/min, peaking near a central viaduct (Savanoriai
traffic ring). On average, in-vehicle MDDBC was two to four times
lower than that recorded outside. The lowest MDDBC values were
associated with the office/laboratory microenvironment.

When comparing BC levels measured during the commutes to
those recorded at the FTMC1 background station, concentrations were
generally higher throughout most commuting periods, with the lowest
values approaching background levels. Inside the vehicle, BC
concentrations typically ranged from background levels up to 9 pg/m?
(Q3), whereas outside measurements reached up to 20 pg/m?® (Q3)
(Fig. 34(D)). Notably, BC concentrations measured inside the vehicle
did not consistently correspond with those recorded outside, which is
attributed to the presence of a vehicular ventilation system that
effectively limits indoor particle penetration (Fig. 34(B), (D)). During
morning commutes, in-cabin BC levels were frequently equal to or
lower than those outside the vehicle (Fig. 34(B)). A comparison of
median BC concentrations inside and outside the vehicle during trips
1 and 2 revealed disparities of up to twofold and fivefold, respectively.
It is worth noting that elevated background BC levels during trip 2 may
have contributed to this variation. Compared to concentrations in the
vehicle and outdoors, background BC concentrations measured at the
FTMCI1 site were generally lower. As shown in Figures 34(A) and
34(C), the contribution of background levels to MDDBC was
estimated to constitute up to 25 % of the on-road dose and as much as
60 % of the in-cabin dose. Figure 34(C) illustrates the estimated BC
mass deposited in the respiratory tract across all microenvironments
throughout a workday, encompassing commuting and office hours.
The highest MDDBC values were observed during the morning
commute (53 ng/min) and evening (26 ng/min), reflecting significant
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exposure to traffic-derived ultrafine particles. Conversely, the lowest
MDDBC during commuting (13 ng/min) occurred during a midday trip
between FTMC1 and FTMC2, likely due to improved atmospheric
dispersion conditions and reduced traffic intensity. The distinction in
exposure doses between indoor and commuting environments was
substantial. During travel, individuals are typically exposed to
emissions from nearby vehicles, with influencing factors such as traffic
density, time of travel (rush vs. off-peak hours), and urban layout
(residential, commercial, or industrial zones). In contrast, indoor
settings, particularly offices with mechanical ventilation systems, can
significantly limit BC exposure. The MDDBC measured in the office
environment was 11 ng/min, approximately six times lower than the
morning in-vehicle dose (53 ng/min). This reduction is attributed to
efficient air filtration systems (e.g., F7-F9 filters), effectively
mitigating airborne particulate infiltration. Considering an average
commuting time of 40 minutes per day and an 8-hour workday, the
ratio of BC deposition doses between the office and commuting
environments was calculated as DDoffice / DDuip = (0.011 x8) /
(0.052 x 2/3) = 2.5. This suggests that commuting could contribute up
to one-third of a person's total daily BC exposure related to work
activities, contingent upon workplace air quality and travel duration.
Variations in modelled MDDBC across microenvironments reached
up to a fourfold difference. The regional deposition within the human
respiratory system peaked in the pulmonary region, ranging from 5.1
ng/min during office occupancy to 19.9 ng/min during the morning
commute (Fig. 34C).

The average BC mass concentration measured across all
commuting routes and within the office environment was utilized as
input for calculating the deposition fraction (DF) using the Multiple-
Path Particle Dosimetry (MPPD) model. Although DF is primarily
influenced by the aerodynamic diameter of inhaled particles rather than
their ambient concentration (J. Gao et al., 2022), the concentration
becomes relevant when DF is estimated across a spectrum of particle
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sizes. This is due to temporal variability in particle size distribution,
which ultimately affects the calculated deposition pattern. As a result,
the fractional deposition across different regions of the respiratory tract
can fluctuate. When DF was calculated for BC particles within the size
range of 10 to 1000 nm, the average distribution of deposited particles
across respiratory regions was as follows: 33.6 % in the upper
respiratory tract (URT), 26.8 % in the tracheobronchial (TB) region,
and 39.2 % in the alveolar or pulmonary (PU) region, as depicted in
Figure 33(A). Variations in deposition fraction across different
segments of the respiratory tract during the monitored trips ranged
between 2.5 % and 5 %, indicating modest shifts depending on the
exposure scenario.
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Fig. 34. BC concentrations and deposition doses from three
commuting scenarios: (A) time-resolved BC concentrations inside and
outside the vehicle, including urban background levels (in green); (B)
BC concentrations measured along travel routes; (C) cumulative
respiratory deposition dose; (D) statistical distribution of BC
concentrations.
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3.3.6. Total and regional deposition dose of PM in the human
airways

The results (Figs. 35-36) illustrate the estimated mass of PM
deposited in the respiratory tract during office hours and while driving
along various routes, as well as the minute deposition dose (MDD)
across different regions of the respiratory system. Based on model
simulations, the deposition fraction (DF) is influenced solely by the
aecrodynamic diameter of particles, rather than their ambient
concentration. Consequently, DF values for PM remain consistent
between indoor (office) and in-vehicle environments when comparing
particles of identical aerodynamic size. As shown in Figure 35, the
overall DFs for particles smaller than 1 pum (PM<1), between 1 and 2.5
pm (PMi—.s), and between 2.5 and 10 pum (PMa.s—w0) are
approximately 38 %, 90 %, and 98 %, respectively. Coarser particles
primarily deposit in the upper respiratory pathways (head region),
whereas finer fractions penetrate deeper, reaching the lower airways.
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Fig. 35. Subfigure (A) shows the minute deposition dose of black
carbon (BC) during various commuting scenarios in Vilnius, while
subfigure (B) illustrates the minute BC deposition dose throughout the
human respiratory tract.
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When applying equation 6 (refer to the Methods section), the
total DFs for PMi, PMa.s, and PMio were calculated as roughly 38 %,
56 %, and 65 %, respectively, with a slight inter-series variation of
about 3 %. The lowest MDD values were observed during the midday
route between FTMC1 and FTMC2, which coincided with the lowest
recorded urban background PM levels during the monitoring period.
In contrast, higher exposure levels during peak traffic hours are likely
due to increased emissions and possibly influenced by reduced
atmospheric mixing height and elevated vehicle density. This
assessment assumed normal respiratory parameters and nasal
breathing for estimating particle deposition, although DF can vary
substantially with different breathing patterns. For instance, research
conducted in Hungary demonstrated a decreasing trend in PM,
deposition in the extra-thoracic region (head) from 26 % during sleep
to 9.4 % during intense physical activity, accompanied by an increase
in alveolar deposition from 14.7 % to 34 % under the same conditions
(Salma et al.,, 2015). Other studies have revealed considerable
variability in deposition depending on demographic factors such as age
and gender, with adults typically showing deposition fractions ranging
from 17 % to 45 %, compared to 10 % to 23 % in children (Salma et
al., 2015). In our scenario, the modeled DF for a seated, middle-aged
male yielded 26 % in the head region and 8 % in the alveolar region.
The lower alveolar DF relative to the aforementioned Hungarian study
may be attributed to differences in particle size distribution.
Furthermore, our model might underestimate PM: deposition since
calculations were based on a fixed particle diameter of 1 pm rather
than a continuous size distribution.

Marked differences between deposition doses in indoor office
settings and those experienced while driving were identified. Indoor
PM levels were similar to in-vehicle concentrations observed during
midday travel, when urban background pollution is relatively low, but
were significantly lower than levels measured during rush hour.
Specifically, during rush hour, deposition doses for drivers were 8 to

108



14 times greater than those measured in the office for PM: and PMio,
respectively. This discrepancy likely reflects the more efficient air
filtration systems in FTMC1 office spaces, which help maintain lower
PM exposure for occupants compared to on-road conditions. When
accounting for time spent in each environment—approximately 40
minutes commuting and 8 hours in the office—the total PM: inhalation
dose (calculated as MDD multiplied by time spent) becomes
comparable:(0.006x8)/(0.072+0.039)x1/3=48/37~=1.3. This suggests
that under these conditions, daily PM: exposure indoors may slightly
exceed exposure while driving, depending on the proportion of time
spent commuting. Despite occupying less than 10 % of the total time
assessed, commuting can contribute up to 80 % of the total PM:
exposure, particularly during rush hour conditions. During periods
with high urban background concentrations (PMa.s = 10 ug/m?), the
MDD for drivers reached levels approximately 14 times higher than
those recorded in office environments. Conversely, during times of low
pollution, in-vehicle concentrations were observed to be roughly half
of the concurrent urban background levels. This unexpected result may
reflect the technical limitations of the mobile monitoring equipment.
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Fig. 37. Spatial distribution of the size-segregated mass deposition
rates of PM in the human respiratory tract for multiple scenarios: (A)
110




midday travel between FTMC1 and FTMC2, (B) evening commute
from FTMCI1 to home, (C) morning rush hour commute from home to
FTMCI1, and (D) indoor exposure in the FTMCI1 office building.

Finally, Fig. 37 visualizes the mass deposition rates of size-
segregated PM across the human respiratory tract for both office and
driving environments. The graphical representation emphasizes the
stark contrast in MDD distribution between these settings. Notably,
PM: exerts the most significant influence, with deposition
concentrated in the alveolar region—the deepest and most sensitive
part of the respiratory system.
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3.3.7. Chapter conclusions

Peak particle number and mass concentrations for BC, PM;, and
PMb s occur during morning commute hours (7:00—8:00 LT), which are
linked to high traffic intensity and specific meteorological conditions.
These factors lead to increased deposition doses on human lungs.
Personal exposure to PMi, PMzs, and black carbon is significantly
higher during commuting than in a well-ventilated office. On-road
PM; 5 concentrations were 4 to 10 times higher than those at urban
background stations, and in-vehicle PMs concentrations accounted for
up to 80 % of total daily exposure, despite driving representing less
than 10 % of total time. Similarly, BC deposition dose was
considerably higher in vehicles (53 ng/min) compared to offices (11
ng/min).

Office environments exhibited lower PM and BC concentrations
than outdoor and in-vehicle measurements due to an effective filtration
system. Nevertheless, particle infiltration still resulted in minimal
deposition doses over time. BC from transport (BCtr) accounted for 66
% of the total BC mass, whilst roadside PM3 s levels exceeded WHO
limits, confirming that vehicle emissions are the primary source during
commutes.

The prevalence of PM; particles in vehicles and on-road
environments further highlights the toxicity of exhaust-emitted
particles. Low-cost environmental sensors have proven useful for
assessing exposure in mobile and indoor spaces. However, certain
limitations exist, particularly under conditions of low background
pollution, which can lead to underestimations of actual in-vehicle
concentrations.
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MAIN CONCLUSIONS

Fragment-shaped microplastics dominate airborne non-exhaust
emissions near urban street environments, with the highest
seasonal proportion observed in spring (98 %). Microplastics
within the 50-100 um size range constituted the majority
across all seasons, accounting for up to 55 % of the total
microplastic load, indicating a consistent prevalence of
particles within the inhalable size fraction at breathing height.
Color and polymer composition analysis revealed that traffic-
related sources are the principal contributors, with black-
colored microplastics, primarily linked to tire wear, reaching
up to 71 % in summer. Polyethylene was the most abundant
polymer across all samples (43 % on average), peaking at 69 %
in spring, highlighting its widespread presence and persistence
in the urban atmosphere.

The Thuja occidentalis hedge significantly reduced airborne
non-exhaust microplastic pollution in an wurban street
environment. The hedge achieved an average microplastic
removal efficiency of 54 % throughout all seasons, with the
highest seasonal efficiency recorded in summer (65 % total
MPs, 71 % fibers). Size-specific removal efficiency was most
pronounced for particles in the 50-100 pm range, averaging 67
% and peaking at 94 % in spring. The hedge resulted in a 50 %
reduction in microplastic concentration at +1 meter behind the
hedge (4.59 particles cm™2 day ') compared to the control (9.2
particles cm 2 day'). Furthermore, Thuja occidentalis lowered
the exposure risk by 71 % in spring when the inhalation risk
index was highest, at 831, confirming the potential role of
urban green infrastructure in mitigating traffic-related airborne
MPs.

Personal exposure to PMi, PMs, and BC was significantly
higher during commuting than in indoor office environments.
PMs exposure accounted for up to 80 % of daily exposure,
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despite commuting comprising less than 10 % of daily time.
Although office environments with mechanical ventilation
reduced PM and BC exposure, infiltration still contributed to a
measurable deposition dose of BC (11 ng/min), which is 4.8
times lower than the deposition dose in the vehicle (53 ng/min).
Additionally, 39 % of the inhaled BC mass was deposited in
the lower part of the lung, the alveolar region.

Traffic-related black carbon is the primary source of personal
exposure during commuting in urban environments. During
this period, 66 % of the total BC mass concentration was
attributed to traffic-related emissions, significantly increasing
the deposition dose of inhaled particles in the human
respiratory tract. The most significant impact was observed
during morning rush hours, when the modelled BC deposition
dose in the alveolar region reached 19.9 ng/min, compared to
5.1 ng/min in the office environment. This indicates that,
despite shorter exposure durations, transport
microenvironments contribute disproportionately to the
respiratory deposition load, particularly in the lower regions of
the respiratory system, where fine particles are deposited most
efficiently.
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SANTRAUKA
IVADAS

Aktualumas

Aplinkos oro tarSa yra viena i§ pagrindiniy aplinkos sveikatos
grésmiy. Ypac reikSmingg poveikj visuomenés sveikatai daro kietosios
dalelés (KD), kurios prisideda prie kvépavimo ir Sirdies bei
kraujagysliy ligy paplitimo (de Bont ir kt., 2022). Pasaulio sveikatos
organizacijos (PSO) duomenimis, oro tarSa kasmet nulemia apie 7
milijonus prieslaikiniy mirciy visame pasaulyje (Chen ir kt., 2024).
Pagrindiniu Sios visuotinés sveikatos naStos veiksniu laikoma
blogéjanti oro kokybé urbanizuotose teritorijose, kuriose, kaip
teigiama, apie 99 % gyventojy gyvena esant oro terSaly
koncentracijoms, virSijan¢ioms PSO nustatytas gaires (Chen ir kt.,
2024; Karthick Raja Namasivayam ir kt., 2024).

Urbanizuotose aplinkose kietyjy daleliy tarSa kyla i§ jvairiy
Saltiniy, kurie daZniausiai klasifikuojami ] iSmetamgsias ir
neiSmetamasias emisijy kategorijas. ISmetamosios kietosios dalelés,
tokios kaip aerozolio juodoji anglis (JA), daugiausia susidaro dél
nepilno iskastinio kuro ir biomasés deginimo. Sios aerozolio dalelés
daro reikSmingg poveikj klimatui absorbuodamos saulés spinduliuote,
taip pat kelia rimtg grésme zmoniy sveikatai (Chowdhury ir kt., 2022;
Sharma ir kt., 2024). PrieSingai, neiSmetamosios emisijos apima
daleles, atsirandancias dél transporto  priemoniy stabdZiy
nusidéveéjimo, padangy dilimo, kelio dangos erozijos ir pakartotinio
kelio dulkiy pakilimo. D¢l savo sintetinés polimerinés sudéties ir mazo
dydzio Sios dalelés vis dazniau klasifikuojamos kaip ore esantys
mikroplastikai (Sangkham irkt., 2022). Ore esantys MP kelia ypatinga
susirtipinimg dél galimo jkvépimo ir galimos Zalos sveikatai, jskaitant
kvépavimo sistemos ligas bei neurologinius sutrikimus (Winiarska ir
kt., 2024). Skai¢iuojama, kad kasmet j atmosferg patenka apie SeSis
milijonai tony MP, atsirandan¢iy dél padangy ir kelio dangos
nusidéveéjimo,, todél Sis Saltinis laikomas vienu reikSmingiausiy ore
esanciy MP tarSos Saltiniy mieste (Lee ir kt., 2024; Liao ir kt., 2021).
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Aplinkos oro kokybés vertinimas daZniausiai grindziamas
fiksuoty steb¢jimo stoCiy duomenimis. Taciau toks metodas daznai
neatskleidzia individualaus poveikio dinamikos skirtingose
mikroaplinkose, kuriose terSaly koncentracijos gali reikSmingai kisti
net per trumpus laiko ir erdvés intervalus. D¢l Sios priezasties asmenys
néra vienodai veikiami aplinkos oro tarSos — jy ikvépta terSaly doze
lemia artumas iki emisijos Saltiniy, poveikio trukmé bei laikas,
praleistas konkrecCiose mikroaplinkose. Urbanizuotose teritorijose
gyvenantys asmenys vidutiniSkai praleidzia beveik 90 % savo
kasdienio laiko patalpose, o dar 47 % — transporto priemonése (Matz
ir kt.,, 2018). Nepaisant Siy mikroaplinky svarbos, jos daznai
nejtraukiamos ] sveikatos rizikos vertinimus, kurie daznai remiasi
fiksuoty sto¢iy duomenimis, neatspindinciais individualaus poveikio
rizikos.
vis dazniau vertinama kaip perspektyvi priemoné maZzinant oro tarSos
mazinimui, ypa¢ tankiai apgyvendintose urbanizuotose teritorijose,
pasizyminciose intensyviu transporto srautu (Kwak ir kt., 2019). Tokie
MZI elementai kaip Zaliosios sienos, gatviy medziai ir kelkras¢io
gyvatvorés yra rekomenduojami de¢l jy gebéjimo gerinti oro kokybeg
sulaikant KD, mazinant terSaly sklaidg ir gerinant mikroklimato
salygas (Lafortezza ir kt., 2018). Nepaisant augancio susidoméjimo
MZI, jos veiksmingumas mazinant individualy KD poveikj vis dar
néra pakankamai iStirtas, ypa¢ kalbant apie terSalus, nesusijusius su
vidaus degimo proceso emisijomis. Be to, MZI gebéjimas filtruoti
jvairly dydziy ir formy KD taip pat iSlieka nepakankamai
1Sanalizuotas, o esami duomenys rodo, kad jos teikiama nauda gali biti
ribota arba priklausyti nuo specifiniy aplinkos sglygy. Atsizvelgiant |
didéjancig terSaly, atsirandanciy dél stabdymo, padangy ir kelio
dangos dévejimosi reikSme urbanizuotose aplinkose, tampa itin
aktualu kompleksiskai vertinti MZI veiksminguma mazinant tiek su
vidaus degimo proceso emisijomis susijusiy, tiek su jomis nesusijusiy
aerozolio daleliy poveiki.
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Problemos formulavimas

Nors urbanizuotose aplinkose buvo atlikta nemazai tyrimy apie
KD poveikj, dabartinis individualaus poveikio dinamikos supratimas
vis dar turi reikSmingy trukumy. Visy pirma, nepakankamas
integruojamas tiek iSmetamyjy ir neiSmetamyjy emisijy indélis |
bendrag KD tar$a miestuose. Daugelis tyrimy daugiausia démesio skiria
emisijoms, susijusioms su vidaus degimo varikliu veikla, daznai
nepakankamai jvertindami neiSmetamuosius Saltinius, tokius kaip
stabdziy nusidévéjimas, padangy dilimas ir kelio dangos dulkés. Siy
Saltiniy svarba iSlieka arba net didéja, transporto priemonéms pereinant
prie Svaresniy technologijy ir maZinant iSmetamyjy terSaly emisijas.
Antra, dauguma poveikio vertinimy vis dar grindziami aplinkos oro
kokybés stebésenos duomenimis arba apibendrintais poveikio
jverciais, kurie neatsizvelgia j individualaus poveikio erdvin;j ir laiking
kintamumg. Toks kintamumas gali biiti nulemtas tokiy veiksniy kaip
kelkraSc¢io tarSos zidiniai (karStosios vietos) bei individuallis judé€jimo
modeliai skirtingose mikroaplinkose. Tregia, MZI veiksmingumas
mazinant KD poveikj, ypa¢ neiSmetamyjy emisijy kontekste, vis dar
yra nepakankamai iStirtas, nepaisant jrodymy apie jos potencialg
mazinti i¥metamyjy emisijyjy terSaly skelta tar$a. Siame darbe
siekiama uzpildyti minétas Ziniy spragas, jvertinant tiek su variklio
emisijomis susijusiy kietyjy daleliy, tiek neiSmetamyjy mikroplastiko
daleliy Saltiniy jtakg individualiam poveikiui urbanizuotoje aplinkoje.
Tyrime integruojami asmens lygmens poveikio duomenys, apimantys
skirtingas mikroaplinkas, bei analizuojamas miesto Zaliosios
infrastruktiros veiksmingumas, vertinant jg kaip tvaria, gamta pagrista
oro tar§os mazinimo strategija.

Pagrindinis tyrimo tikslas

Sio tyrimo tikslas — istirti asmening ekspozicija kietyjy daleliy
tarSai, kylanciai tiek i§ iSmetamyjy, susijusiy su variklio degimo
procesais, tiek i§ neiSmetamuyjy, Saltiniy, tokiy kaip stabdZziy ir padangy
dévéjimasis bei kelio dangos dévéjimosi, mieste.
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Tyrimas bus sutelktas ] miesto Zaliosios infrastruktiiros vaidmen;j

mazinant oro tarSg mikroplastiku bei kasdienius Zmoniy veiklos
modelius, ypac kelionés j darbg ir darbo valandy metu.

1.

Uzdaviniai

[vertinti ore esan¢io mikroplastiko daleliy savybes ir sklaida
Salia intensyvaus eismo gatvés, nustatant morfologines (forma,
dydis, spalva) ir chemines (sudétis) charakteristikas.

Ivertinti miesto Zaliosios infrastruktiiros efektyvuma maZinant
mikroplastiko ore kiekj ir asmening ekspozicija.

Ivertinti asmenine ekspozicija iSmetamosioms juodosios
anglies ir kietyjy daleliy frakcijoms jvairiy kasdieniy veikly
metu, ypatingg démesj skiriant kelionéms j darba bei buvimui
mechaniSkai  ventiliuojamuose  energija  taupanciuose
pastatuose.

Mokslinis naujumas

Tyrimo mokslinis naujumas pasireiSkia keliomis kryptimis.

KompleksiSkai jvertinta transporto sukeltos mikroplastiko tarSos

apimtis ir miesto Zaliosios infrastruktiiros vaidmuo, siekiant sumazinti

jo koncentracija ore. Tyrimas iSsiskiria sisteminiu poZiiriu,
apjungianciu tarSos Saltiniy identifikavimg, mikroplastiko savybiy

analiz¢ ir gamta pagrjsty sprendimy taikyma oro kokybés gerinimui,

jgyvendinant ,,nuo tarSos iki sprendimo* paradigma.

1.

Ginamieji teiginiai

Salia intensyvaus eismo miesto keliy ore aptinkamos
mikroplastiko dalelés daugiausia yra polietileno sudéties,
juodos spalvos fragmentai, kuriy gausa ir pasiskirstymas
reik§mingai priklauso nuo sezoniniy veiksniy bei atstumo iki
neiSmetamyjy transporto tarSos Saltiniy, tokiy kaip stabdziy,
padangy ir kelio dangos nusidévéjimas.
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2. Thuja occidentalis efektyvumas mazZinant oro tarSg
mikroplastiku priklauso nuo sezono ir daleliy dydzio.
Fragmenty formos mikroplastiko dalelés 50-100 um dydzio
intervale pasizymi didesniu Salinimo efektyvumu.

3. Asmens ekspozicija PM; frakcijos kietosioms daleléms mieste
daugiausia susikaupia kasdieniy veikly metu, ypac kelionés i
darbg laikotarpiu, ir sudaro iki 80 % visos paros ekspozicijos.

4. Transporto kilmés juodoji anglis sudaro iki 66 % visos BC
masés koncentracijos kelioniy 1/i§ darbg metu ir yra pagrindinis
veiksnys, didinantis daleliy nusédimo dozes plauciuose, ypac
rytinio piko metu.

Autoriaus indélis

Aktyviai dalyvavo mobiliojo matavimo eksperimente Vilniuje.
Buvo atsakingas uz surinkty duomeny apdorojima, formalyjj
analizavima, validavimg ir vizualizavimg. Mokslinius rezultatus
pristaté nacionalinése bei tarptautinése konferencijose.

METODAI

Skyriuje pristatomi metodai, taikyti tiriant asmenine ekspozicijg
terSalams, susijusiems su variklio degimo procesais, ir, kylantiems dél
stabdziy, padangy bei kelio dangos dévéjimosi mieste. Tyrimas buvo
struktiiruotas dviem pagrindinémis kryptimis: (1) mikroplastiko
daleliy ore jvertinimg $alia intensyvaus eismo keliy, ypatinga démesj
skiriant miesto zaliosios infrastruktiiros vaidmeniui maZzinant tarsga, ir
(2) asmeninés ekspozicijos juodajai angliai, kuri yra viena pagrindiniy
su iSmetamaisiais terSalais susijusiy kietyjy daleliy sudedamoji dalis,
vertinimg skirtingose miesto mikroaplinkose.
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Ore sklandanciy mikroplastiko daleliy prie intensyvaus eismo
gatvés vertinimas

Tyrimas buvo atliktas Kauno mieste, Lietuvoje (geografinés
koordinatés: 54°51'00.7"N, 24°01'46.5"E), pasirinkus reprezentatyvy
miesto zaliosios infrastruktiros elementa — Thuja occidentalis
gyvatvore. Gyvatvores apie 0,6 m plocio, 1,5 m auksc¢io ir 19 m ilgio
(38 pav.), irengta tarp vaziuojamosios kelio dalies ir Salia esanciy
gyvenamyjy pastaty. Tyrimo vieta pasirinkta tikslingai, siekiant
jvertinti MZI potencialg mazinant mikroplastiko daleliy tara, kylan¢ia
dél transporto priemoniy judéjimo, ypa¢ padangy nusidevéjimo.
Mikroplastiko daleliy nusédimo tyrimui buvo taikytas pasyvus éminiy
surinkimo metodas, naudoti 8§ cm skersmens stiklo pluosto filtrus,
idétus j Petri leksteles. Sie émikliai buvo iddéstyti keturiose skirtingose
vietose, atsizvelgiant j atstuma nuo gyvatvores:

(1) -1 m — tiesiai prie kelio kraSto, tikintis uZfiksuoti
didziausig MP koncentracija;

(i) Om - tiesiai po gyvatvore, Zemes lygyje;

(1))  +1 m — vienas metras uZ gyvatvores;

(iv)  +2 m — du metrai uz gyvatvores, toliau nuo tiesioginio
emisijos Saltinio.

Kiekvienas filtras buvo laikomas nejudinant ant zemés 24
valandas, kad biity uztikrintas nattiralus ore esanciy daleliy nusédimas.

Tyrimas buvo vykdomas visais mety laikais siekiant jvertinti
sezoniSkumo poveiki MP nusédimui: vasarg (2023 m. birzelj), rudenj
(2023 m. spalj), ziemg (2024 m. vasarj) ir pavasarj (2024 m. kova). I§
viso surinkti 22 éminiai. Kiekvienos sezono metu kiekvienu atstumu
buvo surinkta po keturis éminius, 1§ viso gauta 16 éminiy. Papildomai,
2024 m. pavasarj buvo surinkti keturi lyginamieji €éminiai tose paciose
keturiose pozicijose, bet atviroje vietoje, kur nebuvo gyvatvores,
siekiant jvertinti gyvatvorés poveikj MP nusédimui.
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Siekiant papildomai jvertinti mikroplastiko daleliy vertikaly
pasiskirstymg gyvatvoré¢je, buvo surinkti du papildomi éminiai
skirtingame gyvatvorés aukstyje: vienas — viduringje dalyje (apie 0,75
m aukstyje), kitas — virSutingje dalyje (apie 1,5 m aukstyje). Pasibaigus
éminiy rinkimui, filtrai buvo kruopsciai uzdaryti, kad biity iSvengta
uzterSimo ir daleliy praradimo, ir transportuoti j laboratorija detaliai
analizei. Kiekvienas filtras buvo kruopsciai uzdarytas, siekiant
iSvengti antrinio uzterSimo bei daleliy praradimo, ir transportuotas |
laboratorijg analizei.

Mikroplastiko daleliy laboratoriné analize

Ant stiklo pluosto filtry susikaupusios dalelés buvo atsargiai
nuplautos | atskirus, i§ anksto iSvalytus stiklo indelius, naudojant
distiliuotg vandenj. Siekiant pasalinti organines priemaisas, méginiai
buvo veikiami 30 % vandenilio peroksido (H:0:) tirpalu (Sigma-
Aldrich, Vokietija), ir paliekami 24 valandoms. Siekiant atskirti
mikroplastiko daleles nuo kity likusiy daleliy buvo taikytas tankio
skirtumo metodas, panaudojant prisotinta cinko chlorido (ZnCl2)
tirpalg, kurio tankis sieké 1,6-1,8 g/cm?® (Crutchett & Bornt, 2024;
Konechnaya et al., 2020; Rodrigues et al., 2020). Méginiai buvo supilti
1 separavimo piltuvg su ZnCl tirpalu ir palikti kelioms valandoms, kad
mazesnio tankio dalelés, dazniausiai mikroplastiko, iSkily j pavirSiy, o
sunkesnés nusésty i dugng. Véliau pavirSiuje susikaupusios frakcijos
buvo filtruojamos per stiklo pluosto filtrus (,,Branchia®, 50 mm
skersmens, 1,6 um pory dydzio). Filtrai buvo dZiovinami orkaitéje
60 °C temperatiiroje 24 valandas, kad biity paruosti cheminei analizei.
Meéginiai buvo tiriami ir apibidinami naudojant skaitmeninj optinj
mikroskopg su 200x didinimo objektyvu. Kiekviena aptikta dalelé
buvo jvertinta ir klasifikuota pagal morfologinius poZymius, jskaitant
dydj, formg ir spalvg. Ilgiausias dalelés aSies ilgis buvo matuojamas
naudojant vaizdy analizés programing jranga ,,Motic Images Plus 3.0%.
Pagal dydi dalelés buvo suskirstytos j Siuos intervalus: <20 pm, 20-50
pm, 50-100 um, 100-250 pm, 250-500 pm, 500-2000 pm ir >2000
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um. Pagal struktiirinius ypatumus MP dalelés buvo toliau
klasifikuojamos j dvi pagrindines morfologines kategorijas — pluosta ir
fragmentus. Taip pat buvo jvertinta kiekvienos dalelés spalva, kuri
pagal vizualinius kriterijus buvo priskiriama vienai i§ spalvy grupiy:
juoda, ruda, balta, mélyna, raudona, geltona ir kita.

Siekiant nustatyti MP daleliy polimering sudétj, méginiai buvo
perkeliami ant aliuminio oksido (Al2Os) filtro ir tiriami mikro-Fourier
transformacijos infraraudonyjy spinduliy (u-FTIR) spektroskopijos
metodu, naudojant LUMOS II spektrometra (Bruker, Vokietija).
Spektrai buvo registruojami 4000-1200 cm™ intervale, naudojant 4
nuskaitymus vienam taSkui. Kiekvienos dalelés spektrinis signalas
buvo lyginamas su prietaiso referencine polimery biblioteka. Dalelé
buvo identifikuojama kaip mikroplastikas, jei jos spektrinis atitikimas
su referenciniu polimeru vir$ijo 70 %.

Juodosios anglies tyrimai miesto mikroaplinkose

Antrasis tyrimas skirtas asmeninés ekspozicijos kietosioms
daleléms ir juodajai angliai vertinimui darbo valandomis bei kelionése
1 darbg ir 1§ jo, siekiant nustatyti jkvépiamy terSaly nusédimo doze¢
kvépavimo takuose. Tyrimas buvo atliktas Vilniuje, Lietuvos
sostingje, turin¢ioje apie 600 000 gyventojy, kur urbanizacijos lygis,
transporto intensyvumas ir sezoniniai veiksniai lemia reik§minga oro
tarSos kintamumg. Kaip ir daugelyje sostiniy, oro tarSa Vilniuje
pasizymi reikSmingu erdviniu nevienodumu, priklausomai nuo
transporto intensyvumo, reljefo bei mikroklimato salygy. Miestui
biidingas vidutiniy platumy Zemyninis klimatas, pasiZymintis Siltomis
vasaromis ir Saltomis Ziemomis. Salliausias ménuo yra sausis
(vidutin¢ temperatira —4 °C), o S$ilCiausias — liepa (vidutiné
temperatiira 17 °C), metiné¢ vidutiné oro temperatiira siekia 6,6 °C.
Kasmet iSkrenta vidutiniSkai 688 mm krituliy. Eksperimento metu,
2022 m. kovo mén. Lietuvoje vidutiné oro temperatiira buvo 1,5 °C, t.
y. 0,8 °C aukstesné nei daugiametis vidurkis. Vyraujanti véjo kryptis
tuo laikotarpiu buvo piety. Matavimo metu uzfiksuota maksimali oro
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temperatiira sieké 17,7 °C, o minimali —14,5 °C. Krituliy kiekis buvo
labai mazas, vidutiniSkai apie 1,9 mm, todél meteorologinés salygos
buvo palankios daleliy akumuliacijai.

Mobiliesiems matavimams buvo pasirinkti i§ anksto nustatyti
marSrutai, apimantys skirtingo funkcinio pobiidzio miesto zonas —
gyvenamuosius ir komercinius rajonus, taip pat vietas prie centrinés ir
vietinés reikSmés keliy. Matavimai apémé keliones tiek i§ namy |
darba, tiek tarp darbo filialy (zr. 39 pav.). Kelionéms j darbg buvo
pasirinkti trys pagrindiniai marSrutai: FTMCl1-Namai, FTMCl1-
FTMC2 ir Namai-FTMCI, kurie atspindéjo tipiSkus kasdienius
judéjimo modelius urbanizuotoje aplinkoje.

Vidutinis oro tarSos lygis matavimo dienomis buvo
apskaiciuotas siekiant jvertinti, ar pasirinktos dienos atspindi tipiskas
Saltojo sezono salygas. Matavimai buvo atlikti referenciniame miesto
fono taske, jrengtame ant Fiziniy ir technologijos moksly centro
(FTMC1, www.ftmc.It, prieiga 2025 m. geguzés 29 d.) stogo. Sis
taskas yra nutolgs apie 6—7 km | Siaurés rytus nuo miesto centro ir yra
apsaugotas miSko masyvu nuo dviejy judriy gatviy. Viena juy,
pagrinding, pasiZymi apie 8400 transporto priemoniy eismu per diena,
kita mazesnio intensyvumo, su mazdaug 6200 transporto priemoniy
per dieng (https://portal.sisp.lt/portal’home/ Zitréta 2025 m. geguzes
29 d.).

REZULTATAI
Mikroplastiko daleliy maZinimas miesto zaligja infrastrukttra
Mikroplastiko daleliy koncentracijos apzvalga

ISsami MP daleliy koncentracijos analizé tyrimo laikotarpiu
pateikta 11 pav. Eksperimento metu MP dalelés buvo aptiktos visuose
méginiy émimo taskuose (-1, 0, +1 ir +2 metrai) palei miesto gatve
visais mety sezonais, o bendra jy koncentracija svyravo nuo 0,20 iki
5,95 daleliy cm™ per dieng. Didziausia MP koncentracija (5,95 dalelés
cm? per dieng) buvo nustatyta pavasar] —1 m atstumu nuo gyvatvorés
(1S gatvés puses). Antroji pagal kiekj koncentracija tuo paciu sezonu
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buvo uzfiksuota vidinéje (0 m) gyvatvorés puséje, ir sudaré 4,84
daleles cm? per dieng.

PrieSingai nei pavasarj, maziausia MP koncentracija buvo
uzfiksuota vasarg 2 m atstumu nuo gyvatvorés (+2 m) ir sieké 0,20
dalelés cm? per dieng. MP koncentracijy sezoniniai svyravimai
atspindi meteorologiniy salygy, tarSos Saltiniy intensyvumo bei
atmosferos dinamikos sgveika, lemiancig MP daleliy sklaida (Hee et
al., 2023; Lee et al., 2024). Vasarg, aukstesnis planetos ribinis
sluoksnis ir sustipréjes vertikalus atmosferos maiSymasis gali skatinti
daleliy iSsisklaidyma aukstesniuose atmosferos sluoksniuose, dél ko
sumazéja juy koncentracijos (Su et al., 2018). Be to, sumazéjgs
transporto intensyvumas vasaros atostogy laikotarpiu, taip pat gali
prisidéti prie emisijy maz¢jimo, o tai dar labiau veikia MP lygj vasaros
metu.

Siekiant jvertinti miesto zaliosios infrastrukturos, $iuo atveju —
gyvatvores, vaidmen] mazinant ore esan¢iy MP daleliy koncentracija,
pavasario sezono rezultatai buvo analizuojami tiek eksperimentinéje
aplinkoje (su gyvatvore), tiek kontrolinéje aplinkoje (be gyvatvores)
(40 pav.). Palyginimui buvo pasirinktas (+1 metro) atstumas kaip
atskaitos taskas, leidZiantis jvertinti gyvatvorés efektyvuma mazinant
MP tar§g artimoje aplinkoje.

Sis palyginimas suteikia vertingy jzvalgy apie Zaliosios
infrastruktiros, tokios kaip tujy gyvatvore, efektyvumg mazinant
transporto kilmés MP koncentracijas miesto gatvése. Pavasario sezono
rezultatai atskleidé rySkius skirtumus tarp eksperimentinés ir
kontrolinés aplinky. Ypac reikSmingas skirtumas nustatytas +1 m
atstumu uz gyvatvorés riby: eksperimentingje aplinkoje MP
koncentracija sieké 4,59 dalelés cm? per dieng, o kontrolingje — net
9,20 dalelés cm? per dieng. Tai atitinka 50,11 % sumaz¢jima ir pabréZia
gyvatvores gebé¢jima riboti MP daleliy sklaidg j tolimesnes zonas, ypac
véjo pus€je nuo tarSos Saltinio, taip prisidedant prie oro kokybés
gerinimo. Pastebéta, kad MP lygiai buvo aukstesni ar¢iau gatvés (—1
m) nei toliau nuo jos (+2 m), o tai rodo, gyvatvores veiksminguma kaip

124



fizinio barjero, gebancio sulaikyti ir kaupti ore esan¢ias MP daleles
(Blanusa et al., 2020; Kumar et al., 2022; Redondo-Bermudez et al.,
2021).

Didziausi mikroplastiko koncentracijos sumaZzéjimai buvo
nustatyti toliau nuo gyvatvorés, o tai rodo, kad jos poveikis oro
kokybei perzengia tiesioging aplinkos riba, sudarydamas efektyvia
apsauging zong, pasizyminciag mazesne oro tarSa. Toks rezultatas
leidzia daryti prielaida, kad Zalioji infrastruktiira, pavyzdziui, tankios
gyvatvores, gali veiksmingai sumazinti transporto emisijy sukeltg oro
tarSg ne tik artimoje aplinkoje, bet ir platesniuose miesto erdviy
kontekstuose. Sie rezultatai pabrézia Zaliosios infrastruktiiros
integravimo j miesto planavimg svarbg kaip tvary sprendima mazinti
eismo sukeliamg MP tarS$a ir gerinti visuomenés sveikatg, ypac
teritorijose, tiesiogiai paveiktose intensyvios transporto tarsos.

Miesto zeldiniy veiksmingumas mazinant tarSa

Thuja occidentalis gyvatvores pasirodé esancios itin efektyvios
maZinant transporto eismo sukelta mikroplastiko tar§a, pabréziant jy
potencialg kaip tvary sprendimg oro kokybés gerinimui. [vertinus MP
sulaikymo efektyvumg atsizvelgiant j skirtingus dydzio intervalus ir
morfologines formas, tyrimas atskleid¢ reikSmingg gyvatvores
vaidmen] mazinant ore esan¢iy MP daleliy koncentracijas miesto
aplinkoje. Tai ypa¢ aktualu teritorijose, kur transporto iSmetimai ir kiti
antropogeniniai Saltiniai daro didelj poveikj oro kokybei ir visuomenés
sveikatai.

Didziausias MP sulaikymo efektyvumas buvo nustatytas vasarg (64,5
% visy MP daleliy, i§ jy 64,3 % fragmenty ir 71,4 % pluosto.
PrieSingai, maziausias efektyvumas fiksuotas rudenj — atitinkamai 40,8
%, 23,4 % ir 11,5 % (zr. 41 pav. a). Apskai¢iuotas vidutinis MP daleliy
sulaikymo efektyvumas viso tyrimo laikotarpiu sudaré 54,29 % visy
MP daleliy, 18 jy 50,41 % fragmenty ir 44,54 % pluosto (Zr. 7 lentele).

Tanki augaly struktiira ir adatéliy formos lapai uZztikrina didelj

pavir$iaus plota, palanky ore esanc¢ioms daleléms kauptis ir sulaikyti.
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Nuosekliai aukstas MP daleliy sulaikymas pozicionuoja Thuja
occidentalis gyvatvorg kaip vertingg zaligja infrastruktiirg, galinCig
prisidéti prie tvaresnés oro tarSos valdymo strategijos. Miestuose.
Paveikslas 41 b iliustruoja sezoniskai kintantj MP daleliy sulaikymo
efektyvuma pagal skirtingus dydzio intervalus. Apibendrinti vidutiniai
sulaikymo efektyvumo rodikliai pagal dydzio intervalus pateikti 7
lenteléje. Auksciausias vidutinis MP sulaikymo efektyvumas buvo
nustatytas 50-100 um dydzio dalelems — 67,25 %, o pavasarj S§is
rodiklis pasieké net 94,24 %. Antroje vietoje pagal efektyvuma buvo
20-50 pm intervalas, kurio vidutinis sulaikymo lygis sieké 53,29 %, o
vasarg — net 81,84 %. Ziemos sezono metu didZiausias efektyvumas
pasiektas 100-250 pm dydziy intervale (56,86 %) bei 250-500 um
intervale (75 %) (41 pav. b). Miesto zeldiniy veiksmingumg mazinant
oro tarSg Siame tyrime taip pat patvirtina kity autoriy (Abhijith ir kt.,
2022; Mabher ir kt., 2013) rezultatai.

Asmeniné ekspozicija juodajai angliai ir kietosioms daleléms
miesto mikroaplinkose
Juodosios anglies matavimai

Rezultatai, pateikti 42 paveiksle, apibiidina juodajai angliai
budingas masés koncentracijas, jy Saltiniy indélius bei aerozolio
daleliy skaitines koncentracijas, fiksuotas 2022 m. kovo mén. miesto
fono stebéjimo vietoje. Vidutiné ménesiné bendro aerozoliy daleliy
skai¢iaus koncentracija (Niota1), matuota 10—430 nm dydzio diapazone,
sieké 9820 daleliy #/cm® (SD: 6410 #/cm®). Valandinés bendro
aerozolio daleliy skai¢iaus koncentracijos svyravo nuo 740 #/cm? iki
38 370 #/cm?. Atitinkamai, bendra aerozolio daleliy masés
koncentracija (Miota) rodé reikSmingg laiko kintamumag — nuo 0,3 iki
33,4 pg/m?, vidurkis , vidutiné reikSmé sieke 6,2 pg/m* (SD: 5,3
pg/m?). Eksperimento metu (kovo 17-18 d.) vidutinés Miotal
koncentracijos sieké¢ 11,3 ir 12,7 pg/m?, atitinkancios ménesio
pasiskirstymo aukstesnj kvartilj (Q3). Valandinés juodosios anglies
masés koncentracija 2022 m. kovo ménesj svyravo nuo 0,30 iki 9,01
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pg/m?, o vidutiné reikSmé sieké 1,94 pg/m* (SD: 1,80 pg/m?), kaip
parodyta 42 paveiksle. Su eismu susijusios juodosios anglies dalis
(BCy) labai stipriai koreliavo su bendra BC koncentracija (r = 0,98) ir
sudaré apie 66 % visos BC masés koncentracijos. Didziausiai
transporto  kilmés juodosios anglies indelis daugiausia buvo
fiksuojamas dienos metu (08:00—-18:00), o biomasés deginimo kilmés
juodosios anglies (BCwp) indélis sudarée likusius 34 % ir buvo ryskesnis
nakties valandomis, pasiekdamas pikg apie 04:00 vietos laiku — 42 %
visos koncentracijos. Paros BC koncentracijos kitimas atspindi bendra
meteorologiniy salygy, transporto srauty modeliy ir biomasés
deginimo namy Sildymui bendrg poveiki. Tarp BC masés
koncentracijos ir aerozolio daleliy skaitinés koncentraciios Niotal
nustatyta stipri teigiama koreliacija (r = 0,83), rodanti reikSminga BC
emisijos Saltiniy indélj bendram daleliy skai¢iui <430 nm dydzio
intervale. Tuo tarpu koreliacija tarp bendros aerozolio daleliy masés
koncentracijos Myotal it BC buvo vidutine (r = 0,68), kas rodo, kad BC
maziau prisideda prie PM: masés koncentracijos palyginti su indéliu
daleliy skaiciaus koncentracijai.

Juodosios anglies nusédimo dozés Zmogaus kvépavimo takuose
vertinimas

Norint jvertinti asmening¢ ekspozicija bei su tuo susijusig
juodosios anglies bei PM: nusédimo doze Zzmogaus kvépavimo takuose
mobiliyjy matavimy metu bei miesto fono salygomis (FTMC1), buvo
analizuojamos vidutinés BC ir PM: masés koncentracijos. Laikinasis
masés koncentracijy kitimas tiek lauke, tiek transporto priemonés
viduje pateikta 43 pav. Trijy kelioniy automobiliu metu vidutinés BC
koncentracijos sieké 2,42 +1,77, 1,67+0,66 ir 7,14+4,42 ng/m?,
atitinkamai, o PM: koncentracijos sieké 3,36+ 1,32, 15,26+5,16 ir
8,53 £4,78 ng/m?. Tuo tarpu patalpose vidutinés koncentracijos buvo
zenkliai mazesnés — PMi 1,3 +£0,45 pg/m? ir BC 0,08+0,4 pg/m?.
Visose aplinkose nustatyta stipri teigiama koreliacija (r = 0,92) tarp BC
ir PMi1 masés koncentracijy.
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Juodosios anglies nusédimo dozés (DD) vertinimas buvo atliktas
remiantis eksperimentu, kurio metu tiriamasis asmuo s€déjo patalpoje.
Sio eksperimento metu vidutiné juodosios anglies koncentracija
patalpoje sieké 1700 ng/m?3. Penkiy minuciy laikotarpiui apskai¢iuota
BC nusédimo dozé sudaré 38 +£5 % jkvéptos koncentracijos (9 pav.).
Tiriamojo minutinis ventiliacijos (MV) apskai€iuotas rodiklis 19,1
L/min (8 pav.), o tai vir$ijo jprasta sédin¢io vyro kvépavimo normos
virSuti¢ ribg (8,8-16,1 L/min) (Madueno ir kt., 2019). Remiantis
lygtimi [7], buvo sumodeliuota BC masés koncentracijos nusédimo
doze kelionés j/i§ darbo metu Vilniaus mieste. Gauti rezultatai svyravo
nuo 19 iki 53 ng/min automobilio viduje, didziausios reikSmés
uzfiksuotos vaziuojant priemiesCiy gyvenamosiose teritorijose. Tuo
tarpu lauke svyravo nuo 74 iki 125 ng/min, o didziausias pikas
fiksuotas prie centrinio viaduko (Savanoriy transporto ziedas).
Vidutiniskai nusédimo doz¢ automobilio viduje buvo 2-4 Kkartus
mazesn¢ nei lauke. Maziausios reikSmés buvo siejamos su
biuro/laboratorijos mikroaplinka.

Lyginamoji analizé tarp juodosios anglies koncentracijy,
matuoty mobiliosios stebésenos metu transporto priemonéje, ir miesto
fono reik§mémis atskleide, kad daugumos kelioniy laikotarpiais BC
koncentracijos buvo zZymiai aukstesnés. Automobilio salone fiksuotos
BC koncentracijos dazniausiai svyravo nuo fono reikSmiy iki 9 pg/m?
(Q3 kvantilis), o tuo tarpu lauke Sios koncentracijos sieke iki 20 pg/m?
(Q3) (44 pav. D). Sie rezultatai atskleidzia reik§minga transporto
aplinkos ind¢lj 1 asmening BC ekspozicija, vir§ijant] miesto fonines
salygas, ypac intensyvaus eismo ar riboto oro cirkuliavimo saglygomis.

Pastebéta, kad BC koncentracijos automobilyje ne visada atitiko
lauko vertes, kg lémé efektyvi ventiliacijos sistema, ribojanti daleliy
patekimg  vidy (44 pav. B, D). Ypac ryski §i tendencija buvo ryto
kelioniy metu, kai salone fiksuotos vidinés BC koncentracijos daZznai
buvo panaSios arba netgi mazesnés nei lauke (44 pav. B). Lyginant
vidutines BC koncentracijas automobilyje ir lauke pirmosios ir
antrosios kelioniy metu, nustatyti reikSmingi skirtumai, kurie sieke iki
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2 ir 5 karty, atitinkamai. Svarbu paminéti, kad padidéjes miesto fono
BC lygis antrosios kelionés metu galéjo reikSmingai prisidéti prie Siy
skirtumy. Palyginus automobilyje ir lauke fiksuotas koncentracijas su
miesto fono BC koncentracijomis, paaiskéjo, kad pastarosios
dazniausiai buvo zemesnés. Kaip parodyta 44 paveiksle (A ir C), fono
juodosios anglies koncentracijos indélis nusédimo dozei sudaré iki 25
% kelionés metu ir iki 60 % kabinoje gaunamos dozés. Be to, 44
paveiksle (C) pateiktas BC masés nusédimo vertinimas visuose
kvépavimo takuose jvairiose mikroaplinkose darbo dienos metu,
apimanciose tiek keliones, tiek darbo laikg biure. Didziausios
modeliuotos juodosios anglies masés nusédimo dozes reikSmes buvo
fiksuotos rytinés kelionés metu (53 ng/min) ir vakare (26 ng/min),
atspindincios reikSminga asmenine¢ ekspozicija transporto kilmes itin
smulkioms daleléms. Tuo tarpu maziausia nusédimo dozés reik§mé
kelionés metu (13 ng/min) nustatyta vidurdienio marsrute tarp FTMC1
ir FTMC2. Sj sumazéjima tikétina léme palankesnés issklaidymo
atmosferoje salygos bei sumazgjes transporto intensyvumoas.

T yrimo rezultatai atskleidé reikSmingg skirtumg tarp juodosios
anglies nusédimo doziy skirtingose mikroaplinkose — patalpose ir
kelioniy metu. Kelionés 1/i§ darbg metu asmenys dazniausiai yra
veikiami Salia esanciy transporto priemoniy iSmetamyjy terSaly, kuriy
jtaka lemia eismo intensyvumas, kelionés laikas (piko ar ne piko
valandos) ir miesto planavimas (gyvenamosios, komercinés ar
pramoninés zonos). PrieSingai, patalpose, ypa¢ biuruose su
mechaninémis ventiliacijos sistemomis, BC ekspozicija gali buti
reik§mingai maZesné¢. PavyzdZiui, biure apskaiCiuota vidutiné
nusédimo doz¢ sieké 11 ng/min, t. y. mazdaug SeSis kartus maziau nei
didZiausia nustatyta doze rytinés kelionés automobiliu metu (53
ng/min). Sis skirtumas daugiausia siejamas su efektyviu oro filtravimu,
kurj uztikrina auks$to efektyvumo filtrai (pvz., F7-F9 filtrams),
zenkliai mazinantys ore esanc¢iy smulkiyjy daleliy patekima j patalpas.

Ivertinus vidutinj dienos laika, praleidziamg kelionése (~40
min) ir standarting 8 valandy darbo dieng, juodosios anglies nusédimo
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doziy santykis tarp biuro ir kelionés aplinky sieké 2,5: DDoffice / DDurip
= (0,011 x 8) /(0,052 x 2/3) =2,5. Sis rezultatas rodo, kad keliongs,
nors ir trumpesnés trukmés gali lemti iki trecdalio bendros dienos
asmenings ekspozicijos, susijusios su darbo veikla. , priklausomai nuo
darbo vietos oro kokybés ir kelionés trukmés.

Modeliuotos juodosios anglies masés nusédimo dozés
kintamumas tarp skirtingy mikroaplinky sieké iki keturiy karty
skirtumg. Vertinant nusédimg Zmogaus kvépavimo takuose,
didziausias nusédimo intensyvumas buvo nustatytas plauciy
(alveoliniame) regione, kur doz¢ kito nuo 5,1 ng/min darbo metu biure
iki 19,9 ng/min rytinés kelionés metu (44 pav. C).

Vidutinés juodosios anglies masés koncentracijos, iSmatuotos
visuose kelioniy marSrutuose ir biure, buvo naudojamos kaip jvesties
duomenys nusédimo frakcijos (DF) skai¢iavimui, taikant daugiafazés
kvépavimo taky daleliy dozimetrijos modelj (MPPD). Nors DF
reik§meés daugiausiai priklauso nuo jkvépty daleliy aerodinaminio
skersmens, o ne nuo aplinkos koncentracijos (J. Gao ir kt., 2022),
koncentracija tampa svarbi jvertinant daleliy dydZiy pasiskirstyma,
kuris lemia realy Inusédimo efektyvuma. Laiko eigoje kintantis daleliy
dydZio pasiskirstymas tiesiogiai veikia skirtingy kvépavimo taky
regiony nusédimo modeliavimo rezultatus. Todé¢l depozicijos frakcijos
jvairiose kvépavimo taky dalyse (nosies, trachéjos—bronchy bei
alveoliniame regione) gali reikSmingai svyruoti priklausomai nuo
mikroaplinkos salygy ir aerodinaminiy parametry dinamikos.
Skaiciuojant nusédimo frakcija juodosios anglies daleléms 10—-1000
nm dydziy intervale, vidutinis modeliuotas daleliy paskirstymas
zmogaus kvépavimo taky regionuose pasiskirsté taip: 33,6 % nusédo
virSutiniuose kvépavimo takuose (URT), 26,8 % — tracheobronchy
(TB) regione ir 39,2 % — alveolin¢jee arba plauciy (PU) dalyje.
Stebétas nusédimo frakcijos kintamumas tarp kvépavimo taky
segmenty skirtingy kelioniy metu svyravo nuo 2,5 % iki 5 %, o tai rdo,
kad tik nezymius skirtumus, priklausanc¢ius nuo konkretaus nusédimo
scenarijaus. Tokie rezultatai leidzia teigti, kad, nepaisant
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mikroaplinkos pokyc¢iy, daleliy nusédimo proporcijos kvépavimo
sistemoje iSlieka palyginti pastovios, kai vertinamos panasaus dydzio
BC daleles.
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1.

ISVADOS

Miesto aplinkoje, Salia intensyvaus eismo keliy, oro
méginiuose vyrauja fragmentinés formos mikroplastiko
dalelés, o didziausias jy kiekis fiksuojamas pavasarj (iki 98 %).
Visais sezonais daugumg MP sudaro 50-100 pm dydzio
frakcija, kuri siekia iki 55 % viso aptikto kiekio, o tai rodo
ykvépuojamo dydzio daleliy paplitimg zmogaus kvépavimo
taky auksStyje. Spalviné analizé¢ parodé, kad juodos spalvos
dalelés, dazniausiai siejamos su padangy nusidévéjimu,
vasaros metu sudaré¢ iki 71 % visy MP, pabréziant keliy
transporto reikSme kaip pagrindini MP tarSos Saltinj.
Polimeriné¢ sudétis atskleidé, kad visuose méginiuose
vyraujantis polimeras yra polietilenas, vidutiniskai sudares 43
% visy aptikty MP, o pavasarij jo kiekis iSauga iki 69 %, kas
patvirtina Sio plastiko placig naudojimo srit] ir jo ilgalaikj
iSsilaikyma miesto atmosferoje.

Thuja  occidentalis ~ gyvatvoré, kaip Zaliyjy miesto
infrastruktiry elementas, yra veiksminga priemoné oro
mikroplastiko tarSai mazinti Salia intensyvaus eismo gatviy.
Visy mety sezony analiz¢ atskleide, kad bendras mikroplastiko
sulaikymo efektyvumas siekeé 54 %, o vasaros metu Sis rodiklis
padidéjo iki 65 %, kai kartu buvo fiksuotas ir didZiausias
pluosto formos daleliy sulaikymas (71 %). Pagal daleliy dydj,
didziausias sulaikymo efektyvumas buvo nustatytas 50—100
um dydzio frakcijai — vidutiniskai 67 %, o pavasarj pasieké net
94 %, atspindint sezoninj medziy pavirSiaus savybiy ir daleliy
sedimentacijos salygy poveiki. Erdviné analizé parod¢, kad MP
koncentracija Zenkliai sumaZzéjo jau 1 metro atstumu nuo
gyvatvorés — nuo 9,2 iki 4,59 dalelés cm™ per diena, t. y. 50 %
maziau nei kontroliniame taske be apsauginio barjero. Tai
patvirtina, kad fizin¢ augalo struktira efektyviai veikia kaip
daleliy kaupimo pavirSius, mazinantis MP sklaidg ore.
Sveikatos rizikos vertinimas parodé, kad gyvatvore taip pat
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mazina potencialig jkvépimo rizika, kuri pavasarj sumaz¢jo net
71 %, kai buvo nustatytas didZiausias rizikos indeksas — 831.
Asmeniné¢ ekspozicija PMi, PM..s daleléms ir juodajai angliai
(BC) buvo zymiai didesné kelioniy metu nei biuro vidaus
aplinkoje. Nors kelionés sudaré¢ maziau nei 10 % paros
trukmés, PM: ekspozicija Siuo laikotarpiu sudaré iki 80 %
bendros dienos ekspozicijos. Biuro aplinkos, apripintos
mechaninémis védinimo sistemomis, veiksmingai mazino PM
ir BC koncentracijas; taciau daleliy infiltracija vis tiek lémeé
reik§minga BC nusédimo doz¢ — 11 ng/min, kuri buvo 4,8 karto
mazesn¢ nei nusédimo doze transporto priemonéje (53
ng/min). Be to, modeliavimas parodé¢, kad 39 % jkvéptos
juodosios anglies masés nusédo alveoliniame regione,
pabréziant trumpalaikés, bet intensyvios ekspozicijos
transporto mikroaplinkose svarbg Zzmogaus sveikatai.
ISkastinio kuro (arba transporto) kilmés juodoji anglis yra
pagrindinis asmeninés ekspozicijos Saltinis kelioniy j/i§ darba
metu urbanizuotoje aplinkoje. Kelioniy laikotarpiu net 66 %
visos BC masés koncentracijos sudaro transporto kilmeés
juodoji anglis, o tai reikSmingai padidina jkvepiamy daleliy
nusédimo dozes Zzmogaus kvépavimo takuose. DidZiausias
poveikis nustatytas rytiniy piko valandy metu — tuomet
modeliuota BC nusédimo dozé alveoliniame regione sieké iki
19,9 ng/min, palyginti su vos 5,1 ng/min esant biure. Tai rodo,
kad nepaisant trumpesnés buvimo trukmés, transporto
mikroaplinkos lemia didesnj kvépavimo taky apkrovima, ypac
apatinése kveépavimo sistemos dalyse, kur smulkiosios dalelés
efektyviausiai nuséda.
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