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ABSTRACT OF THE DISSERTATION

Characterization of particulate matter from non-exhaust traffic emissions

by
Farzan Oroumiyeh
Doctor of Philosophy in Environmental Health Sciences
University of California, Los Angeles, 2021

Professor Yifang Zhu, Chair

Ambient air pollution has been one of the leading risk factors in the global burden of disease,
whose contribution to mortality as well as various adverse health outcomes has been well-
documented. Among the various sources of air pollution, urban traffic emissions have been
reported to be among the largest contributors to various criteria pollutants, including particulate
matter (PM). A large body of research has linked traffic-related PM with various health outcomes
in metropolitan areas. Therefore, the governments have used their legislative power to reduce
vehicle exhaust emissions for the benefit of public health. On the other hand, vehicular non-
exhaust emissions from abrasion of auto parts (e.g., brake and tire) have been less investigated,
and their impact on public health has not been clearly identified. The current dissertation aimed to
provide insight on vehicular non-exhaust emissions, including factors affecting them, their spatial

variation, health effects, and contributing sources. The dissertation is divided into the following



chapters: Chapter 1 discusses the background and significance of vehicular non-exhaust emissions,
chapter 2 presents the literature review, chapters 3 and 4 summarize the original research, and

chapter 5 presents the conclusions and future directions.

Chapter 2 summarizes the conducted literature review on vehicular non-exhaust emissions. The
majority of the literature review was focused on the brake and tire wear particles, which are the
most significant vehicular non-exhaust emission sources. Based on the literature review, brake and
tire wear particles were both found to have a unimodal mass-based particle size distribution, while
their reported particle number distributions were reported to be more variable with mode diameters
in different size ranges. The reported brake and tire wear PM2s (particulate matter with
aerodynamic diameter <2.5 um) and PM1o (particulate matter with aerodynamic diameter < 10
wum) emission factors were found to be largely variable, indicating the need for updating the non-
exhaust emission inventories in future. The inorganic elements associated with brake (Ba, Cr, Cu,
Fe, Mn, Sb, Sn, Zr) and tire (Zn), as well as their organic content (e.g., Polycyclic aromatic
hydrocarbons (PAHs) and phenolic compounds) have been reported to be associated with
oxidative stress and various health effects. Further, the effects of transportation electrification on
non-exhaust emissions and the potential contribution of electric vehicle (EV) Li-ion batteries to

non-exhaust emissions were investigated.

In Chapter 3, we evaluated the impact of braking deceleration rate and vehicle’s mass on the
generated brake and tire wear particles during real-world driving cycles for three test vehicles with
different masses (2800 — 5800 Ibs.). Regardless of the braking intensity, the brake and tire wear
PM25 and PMyo concentrations of the heaviest vehicle were significantly higher than the lightest
vehicle. Moreover, a positive association was observed between the braking deceleration rate and

the peak values in brake and tire wear PMzs and PMio concentrations of all test vehicles,



underscoring the important role of driving style and braking intensity on the generated brake and

tire wear particles.

In Chapter 4, we analyzed the spatial variation of ambient PM2sand PMa2s.10 (particulate matter
with 2.5 < aerodynamic diameter <10 um) elemental composition across the greater Los Angeles
area. Traffic-related elements associated with brake wear (e.g., Ba, Cu, Mo, Sb, Zr), tire wear (Zn),
and exhaust (Pd) particles were shown to be 3-5 times higher at the locations with high traffic
intensity than the background sites. With respect to the previous findings in Los Angeles area, the
PM2s elemental concentrations have generally increased, despite the reduction in PMazs
concentration. The significant increase in Li concentration in this region could be linked to the EV
Li-ion battery degradation, while the reduction in Ni and V concentrations was potentially due to
the regulations on marine fuel composition. Using principal component analysis, four and three
source factors were extracted for PM2s and PM:s.10, respectively, whose relative contributions
were further quantified based on multiple linear regression analysis. For PM2s, traffic was the
dominant source with 27% contribution, while mineral dust had the largest contribution (45%) to

PM25.10.
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1. Background and introduction
Particulate matter (PM) exposure has been one of the significant contributors to mortality and
disability-adjusted life years (DALYS). The estimation of the global burden of disease (GBD)
attributed 4.2 and 4.6 million deaths to PM exposure in 2015 and 2017, respectively (Bu et al.,
2021; Forouzanfar et al., 2015). A further analysis based on the global exposure mortality model
(GEMM) has linked a higher number of 8.9 million premature deaths to PM exposure (Burnett et
al., 2018). Moreover, both PM.s (fine particles, aerodynamic diameter < 2.5 um) and PMio
(aerodynamic diameter <10 um) have been associated with various health outcomes, including
cardiovascular and respiratory diseases (Shiraiwa et al., 2017; Sicard et al., 2019). Due to the
significant contribution of PM exposure to adverse health outcomes and mortality, a large body of

research has focused on understanding PM emission sources.

In urban environments, PM2s and PMzo can be generated by various emission sources, including
industrial sources, biomass burning, and traffic (Fulvio Amato et al., 2016). Traffic is one of the
major sources of PM in urban environments, with an average contribution of 25% to PM2s and
PM1o emissions in major cities (Karagulian et al., 2015). Traffic-related PM has been linked to
various health outcomes, including cardiovascular diseases and cardiopulmonary health effects
(Bai et al., 2018; Fan et al., 2009; X. Yang et al., 2018). Therefore, traffic-related PM can impose
substantial costs on the governments due to their contribution to mortality and adverse health

effects (Cakmak et al., 2019; Owusu and Sarkodie, 2020).

Due to the negative impact of traffic-related emissions on public health, the governments and
environmental organizations have enforced various emission control policies to reduce traffic

emissions through different strategies focused on vehicle usage (vehicle operation restriction, low



emission zone, air pollution charging fee), or vehicle and fuel technology (vehicle emission
regulation, public transportation regulation, and alternative fuel technology) (Sanchez et al., 2020).
In response to these efforts, the contribution of traffic emissions to PM.s and PMzio has been
continuously decreasing in the past few decades (Farrow and Oueslati, 2020). For instance, a meta-
analysis of PM source apportionment results in 169 cities worldwide has shown that the
contribution of traffic emissions to PM2s has decreased by 28% since 2005 (Heydari et al., 2020).
Heydari et al. (2020) reported that the largest reductions in traffic emission contributions were in
Europe, North America, and Oceania due to the strict environmental legislation on vehicle exhaust

emissions.

Despite the consistent legislative efforts that resulted in successful control of vehicles exhaust
emissions on the global and local scale, non-exhaust emissions have not received enough attention
in the past. Non-exhaust emissions are a major subcategory of traffic emissions that encompass
vehicular abrasion particles (e.g., brake and tire wear particles) as well as resuspended road dust.
With the continuous downward trend of exhaust emissions, non-exhaust emissions are expected to
become the dominant source of traffic-related PM (Altuwayjiri et al., 2021; Farrow and Oueslati,
2020; Jeong et al., 2020). Non-exhaust emissions are predicted to become even more important
with the fast-paced changes in the auto fleet composition worldwide (Rexeis and Hausberger,
2009). Since electric vehicles (EVs) with zero exhaust emissions are expected to form
approximately 40% of the global auto fleet composition by 2035 (Rietmann et al., 2020), the
relative importance of non-exhaust emissions, which can be generated by both EVs and internal

combustion engine vehicles (ICEVS) is expected to increase.

Non-exhaust particles have been reported to have a considerable metallic content (Piscitello et al.,

2021). Brake and tire wear particles, as well as resuspended dust are rich in many inorganic



elements, including Ba, Cr, Cu, Fe, Zn, and Zr that have been reported to contribute to adverse
health outcomes by inducing oxidative stress (Gao et al., 2020b; Weichenthal et al., 2019).
Moreover, the abundance of several toxic organic compounds (i.e., Polycyclic aromatic
hydrocarbons (PAHs) and phenolic compounds) in brake and tire wear particles has been
documented in more recent studies (Alves et al., 2021, 2020). Therefore, the impact of non-exhaust

particles on public health can be serious and should be investigated.

Despite the ongoing research that emphasizes the role of non-exhaust particles in contributing to
overall traffic emissions and PM health effects, there is a lack of relevant environmental policies
for mitigating non-exhaust emissions. In the United States, while several states have launched a
few initiatives for controlling the chemical composition of brake pads, brake and tire emissions
have not been systematically regulated on the federal level (Grigoratos, 2018). The limited
knowledge on non-exhaust particles and their specific health effects is presumably one of the

reasons for this clear policy gap.

The current dissertation aimed to achieve a comprehensive understanding of vehicular non-exhaust
emissions. First, we conducted a literature review on the vehicular non-exhaust emissions and
summarized the information on the brake and tire wear particle size distribution, chemical
composition, and emission factors. We also discussed the effect of auto electrification on non-
exhaust emissions in the future and explored the potential health effects of non-exhaust particles
based on their inorganic and organic chemical composition. Chapter 3 investigated the effect of
driving behavior and vehicle mass on the brake and tire wear particles during braking, based on
real-world braking conditions. In chapter 4, we studied the elemental composition of ambient
PM25 and PM2s.10 in the greater Los Angeles area, identified the elements associated with exhaust

and non-exhaust emissions, and estimated the contribution of various sources to PM2s and PM2 .



10. We also compared the PM2s and PM2 .10 elemental concentrations with previous studies in this

area and identified the elements that substantially increased.



2. Vehicular non-exhaust emissions: a review

2.1. Introduction

Traffic is one of the most important sources of air pollution in urban environments. Traffic-related
air pollution has been associated with a wide range of adverse health effects such as asthma and
respiratory symptoms (Jerrett et al., 2008), cardiovascular diseases (Le Tertre et al., 2002), birth
defects (Brauer et al., 2008), and increased mortality (Beelen et al., 2008). The large body of
literature on health effects linked to traffic-related air pollution exposures has led to the
implementation of various regulations and policies to mitigate vehicle exhaust emissions. On the
other hand, the significance of non-exhaust emission sources has remained underestimated, and

these emission sources have not been directly targeted by the previous emission control policies.

Non-exhaust emissions include both non-vehicular and vehicular sources. The vehicular non-
exhaust emissions are generated from the abrasion of auto parts, mainly from brake and tire wear,
while non-vehicular emission sources include mineral dust and resuspended road dust (Pant and
Harrison, 2013). Non-exhaust particulate matter (PM) emissions are among the major
anthropogenic sources of metals and trace elements (Grieshop et al., 2006; Lawrence et al., 2013).
PM metals can increase PM toxicological effects by facilitating the generation of free radicals and
contributing to oxidative stress (Bates et al., 2019; Gao et al., 2020b; Padoan and Amato, 2018;

Ronkko et al., 2018).

Source apportionment studies have shown that non-exhaust emissions contribute to both PMas
(aerodynamic diameter < 2.5 um) (Habre et al., 2020; Mousavi et al., 2018) and PMyo
(aerodynamic diameter < 10 pm) (Fulvio Amato et al., 2016; Lawrence et al., 2013).
Environmental organizations in Europe and the United States have reported a gradual increase in

the relative contribution of non-exhaust emission sources to overall PMyg traffic emissions in



recent years, reporting a relative contribution in the range 75-95% in 2015 (Farrow and Oueslati,
2020). In addition, it has been shown that the contribution of non-exhaust emission sources to
PM2s in metropolitan areas has increased by 21%-27% per year between 2011 to 2016 (Jeong et

al., 2020).

Despite the growing body of research that emphasizes the important role PM-metals in
contributing to overall PM health effects, the knowledge on vehicular non-exhaust emission
sources as one of the major contributors to PM-metals is limited. Moreover, with the rapid growth
in the hybrid and electric vehicles (EVs) market, more emerging sources of non-exhaust emissions
such as Li-ion batteries are introduced, whose contributions to non-exhaust PM emissions have
not been studied in the past. The knowledge gap in this area prevents an organized effort for
regulating vehicular non-exhaust emissions in the future. The goal of this work is to provide insight
into the vehicular non-exhaust emission sources and identify the most influential factors affecting
them by reviewing the current state of knowledge in this area to facilitate future regulatory efforts

for mitigating these emerging traffic sources.

2.2. Research approaches for studying vehicular non-exhaust emissions

Based on the literature review, it has been found that vehicular non-exhaust emissions have been
studied through various study designs, including ambient measurements, laboratory simulation,
and on-road sampling. Each of these study approaches can investigate different aspects of non-
exhaust emissions. In ambient measurement studies, the overall contribution of vehicular non-
exhaust emission sources, including brake and tire wear particles, to traffic emissions are
quantified by source apportionment techniques, including receptor modeling. However, studies
based on ambient measurements and source apportionment cannot address the effects of individual

vehicle properties on brake and tire wear particles. Therefore, laboratory studies that can better



control experimental variables are necessary for understanding the role of different variables on

brake and tire wear emissions.

Laboratory studies can simulate the behavior of brake and tire wear particles while parts are
detached from the vehicle and studied separately. The brake wear particles have been studied using
different brake dynamometers (Alemani et al., 2018; Farwick zum Hagen et al., 2019a; Garg et al.,
2000; Hagino et al., 2015; Kukutschova et al., 2011; Sanders et al., 2003) and pin-on-disc
tribometers (Nosko and Olofsson, 2017; Wahlstrom, 2015; Wahlstrom et al., 2010b). In addition,
tire wear particles have been studied in laboratory settings using road and tire simulators (Dahl et

al., 2006; Gustafsson and Eriksson, 2015; Kim and Lee, 2018).

Laboratory studies on the brake and tire wear particles have also been performed while driving
vehicles under different emission test cycles using chassis dynamometers (Kwak et al., 2013;
Mathissen et al., 2019). While studies based on sampling on chassis dynamometers are limited,
these studies can provide valuable information about the effect of driving conditions on brake and
tire wear particles and their chemical composition. On-road sampling studies are required for
understanding the behavior of brake and tire wear particles under more realistic driving conditions,
which cannot be simulated in the laboratory studies (Beji et al., 2020; Farwick zum Hagen et al.,
2019b; Kwak et al., 2013; Mathissen et al., 2019, 2018, 2012; Oroumiyeh and Zhu, 2021). The on-
road studies have investigated the effects of various factors, including brake temperature (Farwick
zum Hagen et al., 2019b; Mathissen et al., 2018), vehicle velocity (Beji et al., 2020; Mathissen et
al., 2012), road condition (Mathissen et al., 2012), driving condition, and lateral acceleration
(Kwak et al., 2013), as well as vehicle mass and braking intensity (Oroumiyeh and Zhu, 2021) on
the generated brake and tire wear particles. In the following sections, vehicular non-exhaust

emission sources and their physical and chemical characteristics are discussed in detail.



2.3. Characterization of vehicular non-exhaust emission sources

2.3.1. Brake wear emissions

Light-duty vehicle (LDV) brake systems are categorized into two general groups of drum and disc
brakes. The disc brake technology has been introduced more recently compared to drum brake
system that has been used in the auto industry for a longer period. While some of the LDVs are
still equipped with rear-wheel drum brakes, front-wheel brakes, responsible for more than 70% of
total vehicle braking force, are increasingly equipped with disc brakes due to their superior

performance (Grigoratos and Martini, 2015).

Disc brakes generally consist of a rotor, a brake caliper assembly, and brake pads. During a braking
event, the applied hydraulic force generated by brake pedals moves the piston inside the caliper
assembly and presses the brake pads to the rotor, which is connected to the wheel hub. As a result
of this procedure, the required friction force for stopping the vehicle is supplied. The mechanical
interaction between the brake pad and brake rotor can produce brake wear particles in different

sizes (Wahlstrom et al., 2009).

While cast iron has been reported as the most common brake rotor material, steel, ceramic, carbon-
carbon, and Al, Si, and Ti have also been used as the base material for brake rotors (Kukutschova
and Filip, 2018; Qu et al., 2009; Sadagopan et al., 2018). Other elements, including Mn, P, and
minor amounts of other alloying elements, including Cr, have been used to improve the wear
properties of brake rotors (Filip, 2013). In contrast, the chemical composition of brake pads is
largely variable, and it has improved over time. The brake lining friction components, their
function, and their material are summarized in Table 2.1 (Eriksson et al., 2002; Grigoratos and

Martini, 2015; Thorpe and Harrison, 2008):



Table 2.1: Brake lining components and materials

Brake lining component Function Material

Adhering the brake
Binders lining material
together

Mostly phenolic resins (high resistance against
temperature and strong wear properties)

Structural fibers and

oarticulates mechanical strength ~ Metallic, mineral, carbon, and ceramic material

Minimizing Inert or active materials, including minerals (i.e.,
Fillers _produc_tion costs; stone p_owders, mi_ca, silicates, glass, an_d
improving thermal vermiculite) and antimony sulfate, chromium
properties oxides, and barium sulfate
Improving frictional Include lubricant (Graphite, organic materials
Erictional additives properti_es while such as nut powders, as well as meta! sulfides
reducing the and rubber) and abrasives (metal oxides and
wearability minerals such as silica and zircon)

While the brake lining materials have been generally classified into four classes of non-asbestos
organic (NAO), low-metallic (10-30% metals), semi-metallic (metals <65%) brakes in older brake
lining material classifications (Thorpe and Harrison, 2008), newer brake lining materials including
ceramic brake pads were developed more recently, which should also be considered as a major

type of brake lining materials (Kumar and Kumaran, 2019).

Ceramic brake pads have been developed more recently compared to other brake lining materials.
Despite their substantial price, ceramic brakes have been increasingly used in passenger cars with
the expansion of ceramic technology in the auto industry over the past few years (Li et al., 2020).
The high frictional properties and reliable thermal resistance at a wide range of operating
temperatures up to 1000 °C are the advantages of ceramic brake pads (Kumar and Kumaran, 2019;

Lietal., 2021).



2.3.1.1. Chemical composition

The chemical compositions of brake components, including brake pads, discs, and rotors, have
been changing by brake manufacturers in the past few decades to improve braking capacity while
providing optimized frictional, mechanical, and wear properties. The elemental compositions of
brake components have been analyzed through multiple laboratory measurement studies (Chandra
Verma et al., 2015; Hagino et al., 2016; Hulskotte et al., 2014; lijima et al., 2007; Kukutschova et
al., 2011; Liati et al., 2019; Schauer et al., 2006; Verma et al., 2016; Von Uexkill et al., 2005;
Wahlstrém et al., 2010a). For instance, the elemental compositions of conventional low-metallic
and semi-metallic European brake pads and brake rotors have been investigated by X-ray
fluorescence (XRF) spectroscopy, and it has been found that Cu and Fe, as the primary brake
elements, as well as a few other elements, including Sb, Sn, and Zn contribute to up to 90% of the
weight of the brake elements (Hulskotte et al., 2014). Elemental speciation of Low-metallic and
NAO brakes has been reported to be dominated by oxygen and metals such as Ba, Cu, Fe, Mn, Ti,
and Zn (Wahlstrom et al., 2010a), while other elements, including Al, Ca, Cd, Cr, K, Mo, Ni, Pb,
Si, and Zr have also been observed in different brake pads (Figi et al., 2010; Hjortenkrans et al.,
2008; Kukutschova et al., 2011; Sethupathi et al., 2021; Vontorova et al., 2017). While previously
rare-earth elements (REEsS) were reported to be predominantly associated with mineral dust
(Fulvio Amato et al., 2016; Pakbin et al., 2011), a group of RREs, including Gd, Ho, Lu, Pr, and
Tb has been recently reported in brake pads (Mleczek et al., 2021). On the other hand, Fe has been
reported to be the most dominant element in the brake discs, while a few other elements, including
Al, Cd, Cu, Mn, Mo, Ni, P, Sb, Sn, Ti, and Zn had lower mass concentrations in brake discs

(Hulskotte et al., 2014).
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While the majority of the previous studies have focused on the elemental composition of brake
components, fewer studies have investigated the organic constituents of brake pads (Gadd and
Kennedy, 2000; Hagino et al., 2016; Placha et al., 2015; Rogge et al., 1993; Zhao et al., 2015).
The total carbonaceous fraction of brake wear PMio has been reported to be largely variable (5%-
76%) depending on the brake pad material, braking velocity, and brake temperature (Alves et al.,
2021; Hussain et al., 2014; Malachova et al., 2016). More recently, approximately 150 organic
compounds have been identified in brake wear PM1o, including n-alkanes, n-alkenes, n-alkanols,
glycerol compounds, phenolic compounds, and polycyclic aromatic hydrocarbons (PAHSs) (Alves
et al., 2021). The concentrations of organic compounds were shown to be higher during light
braking than heavy braking events, indicating the potential degradation of organic compounds
during heavy braking conditions (e.g., high temperature and pressure), which shows the effect of
driving style on the chemical composition of the generated brake wear particles (Alves et al., 2021;

Menapace et al., 2019).

Various elements have been used as brake wear tracers for source apportionment of fine and coarse
particles. Ba, Cu, Sh, and Sn have been most frequently used as brake wear tracers (Almeida et
al., 2020; Gietl et al., 2010; Hagino et al., 2016; lijima et al., 2008; Jeong et al., 2020; Lawrence
et al., 2013; Oroumiyeh et al., 2022; Schauer et al., 2006; Sternbeck et al., 2002). In addition, a
few other elements, including As, Cr, Fe, Mn, Mo, Sr, Ti, Zn, and Zr have been recommended as
brake wear tracers in some of the previous studies (Bukowiecki et al., 2009; Duong and Lee, 2011,
Jeong et al., 2019; Wang et al., 2021). However, many of the elements from the second group have
been associated with other emission sources. For instance, Zn has been associated with tire wear
emissions and industrial emissions (Jeong et al., 2019), and Fe, Ti, Mn, and Sr have been associated

with various sources, including road dust and industrial emissions (Cesari et al., 2016; Pakbin et
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al., 2011; Querol et al., 2007). Since Ba, Cu, Sh, and Sn are more specific to brake wear emissions,

they are expected to be the most suitable brake wear tracers.

Due to the potential contribution of brake wear emissions to adverse health effects, brake wear
materials have been subject to various environmental regulations in different parts of the world,
which have been previously discussed in detail (Grigoratos, 2018). In Europe, Pb, Cd, Cr, and Hg
have been eliminated from brakes since 2003 under the End of Life Vehicle Directive. In the
United States, brake wear emissions have not been directly regulated through federal legislation
to this date. However, some of the states, including California, New York, Rhode Island, and
Washington have enforced various legislations to gradually reduce toxic species, including Cu
from auto brakes by 2025, while monitoring Ni, Sb, and Zn for the potential further regulations
(Grigoratos, 2018). These states have also specified maximum concentration limits of 0.1% weight
for Cr, Pb, Hg, and 0.01% weight for Cd in the manufactured brake pads. With the continuous
changes in brake wear chemical composition by the brake manufacturers, as well as the
enforcement of new regulations on brake materials, the chemical composition of brake wear
particles is expected to alter in the next decade. Therefore, continuous analysis of the chemical
speciation of the brake components is crucial for understanding the physiochemical characteristics

of brake wear particles and their associated health effects.

2.3.1.2. Size distributions

The brake wear particle size distribution has been investigated using various sampling approaches,
as discussed in section 2.2. As shown in Figure 2.1, while a mass-based particle size distribution
with mode diameter in fine and ultrafine size range has been reported in a previous brake
dynamometer study (Alemani et al., 2016), the majority of the previous studies have reported a

unimodal brake wear mass-based particle size distribution with mode diameters in the range of 1-
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10 um using various sampling approaches (Hagino et al., 2016; lijima et al., 2008, 2007,
Kukutschova et al., 2011; Oroumiyeh and Zhu, 2021; Sanders et al., 2003; Von Uexkill et al.,

2005).

The reported brake wear particle number distributions, however, are more variable than brake wear
mass-based particle size distributions (Figure 2.1). As shown in Figure 2.1, the mode diameter of
brake wear particle number distributions has been reported from nano-scale to coarse size range.
While a few studies observed a unimodal brake wear particle number distribution, the distributions

were reported to be bimodal and multimodal in the majority of the previous studies.

The brake wear particle number distribution has been shown to be affected by a few factors,
including brake lining material (Park et al., 2021; Sanders et al., 2003) and brake pad maintenance
history (Farwick zum Hagen et al., 2019b). As shown in Figure 2.1, the measurement instruments
and sampling approaches should also be considered while comparing the reported brake wear
particle size distributions. For instance, lijima et al., (2007) and lijima et al., (2008) measured
brake wear particles using Aerodynamic Particle Sizers (APS 3321, TSI Inc., Shoreview, MN) and
reported a unimodal brake wear particle number distribution, without reporting a second mode in
the ultrafine size range (diameter <0.1 um), due to the limited detection size range of APS (0.5-20
um). On the other hand, many studies reported multimodal brake wear particle size distributions
with mode diameters in the fine and ultrafine size ranges (Alemani et al., 2016; Farwick zum

Hagen et al., 2019b, 2019a; Nosko and Olofsson, 2017; Park et al., 2021).
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Figure 2.1: Overview of the reported mode diameters of size distributions in the previous studies based on different measurement
methods for (a) brake wear particle number distribution and (b) brake wear mass-based particle size distribution. The reported
numbers in the parentheses show the detection size range of the measurement instruments: Engine Exhaust Particle Sizer
(EEPS), Aerodynamic Particle Sizer (APS), Electrical Low Pressure Impactor (ELPI), Fast Mobility Particle Sizer (FMPS),
Optical Particle Counter (OPC), Laser Scattering Analyzer, Optical Particle Sizer (OPS), Scanning Mobility Particle Sizer
(SMPS)
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Previous on-road and laboratory studies have shown that beyond a specific brake temperature (140
°C <Tgit < 240 °C), ultrafine brake wear particles were generated, while at lower temperatures,
ultrafine particles were not observed (Alemani et al., 2018, 2016; Farwick zum Hagen et al., 2019b,
2019a; Garg et al., 2000; Niemann et al., 2020; Nosko and Olofsson, 2017). Tcrit has been shown
to increase during multiple runs of laboratory analysis of brake wear particles, presumably due to
the differences in the volatilization onset temperatures of the brake wear organic material (Farwick
zum Hagen et al., 2019a). For instance, Terit for brake pads with organic binder content (i.e.,
phenolic resin) has been shown to be 180 °C, while higher Tt of 240 °C has been reported for
brake pads with inorganic binder content, underscoring the effect of organic content of brakes on

reducing Terit (Alemani et al., 2018; Niemann et al., 2020).

2.3.1.3.Emission factors

Brake wear PM emission factors (EFs) have been estimated based on different sampling
approaches introduced in section 2.2. The brake wear PM..s EFs have been reported to be in the
range of 0.5 - 5.5 mg km™ Veh in previous dynamometer studies (Garg et al., 2000; Hagino et
al., 2016; lijima et al., 2008), while PM 10 EFs have been estimated to be 2.9 — 8.1 mg km™ Veh?
(Farwick zum Hagen et al., 2019a; Garg et al., 2000; Hagino et al., 2016; lijima et al., 2008;
Sanders et al., 2003). While previous source apportionment studies reported PM1o EFs of 8.0 —
80.0 mg km™ Veh (Abu-Allaban et al., 2003; Bukowiecki et al., 2010, 2009; Luhana et al., 2004),
a lower PM1o EFs of 1.4 — 2.1 mg km™ Veh™! have been reported in an on-road study based on Los
Angeles City Traffic cycle (Farwick zum Hagen et al., 2019b). The reported brake wear PM EFs
are largely variable and comparing them is challenging due to the differences in sampling

approaches and experimental variables. Therefore, the updated emission inventories, which take
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into account multiple factors, including braking activity and vehicle miles traveled, are required

for providing a more holistic insight into the emission factors of brake wear particles.

The environmental organizations and governmental agencies have provided various methods for
estimating the brake wear PM2s and PMzo EFs. United Kingdom National Atmospheric Emissions
Inventory (NAEI) reported the average brake wear PM2s and PMio EFs to be 3 and 7 mg km™?
Veh', respectively (NAEI, 2018). Moreover, the United States Environmental Protection Agency
(USEPA), under Motor Vehicle Emission Simulator (MOVES) program, provided the brake wear
emission factors for different vehicle classes (Figure 2.2) (USEPA, 2020). Various factors,
including vehicle braking activity, average deceleration rate, and vehicle weight have been
included for estimating the brake wear emission factors. According to MOVES emission
inventory, brake wear PM2s EFs are in the range of 1.0 - 9.6 mg km™ Veh, while brake wear
PMyo EFs are 7.8 — 77.0 mg km™ Veh™. As shown in Figure 2.2, intercity bus and refuse trucks
have the highest brake wear PM2s and PM1o emission factors, despite their lower weights
compared to vehicles in higher weight classes (e.g., combination trucks). This clearly shows the
effect of vehicle braking activity as both refuse trucks and intercity buses have more frequent

braking events compared to the vehicles in other weight classes.

European Environment Agency (EEA) has provided a more detailed method for calculating brake
wear PM2s and PMy EFs at different vehicle speeds as previously detailed (European
Environment Agency, 2019). In summary, brake wear PM EFs can be estimated based on EF
values of brake wear total suspended particles (TSP) using Egs (2.1) and (2.2) (European

Environment Agency, 2019):

EFPMZ.S = 039 * EFTSP,B * SB(V) (21)
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EFPMlO = 098 * EFTSP,B * SB (V) (22)

Where EFtspg is the EF of brake wear TSP, and Sg (V) is the correction factor for average
vehicle velocity and is calculated from Eq (2.3). Sg (V) is equal to 1.67 and 0.185 for vehicle
speeds below 40 km/h and above 95 km/h, respectively. For vehicle speeds in the range of 40-95

km/h, SB (V) is calculated using a linear equation:
Sg(V) = —0.027 *V + 2.75 (2.3)
Table 2.2 presents EFrsp g for LDVs for use in Egs (2.1) and (2.2):

Table 2.2. Brake wear TSP emission factors for different vehicle classes (European Environment

Agency, 2019)

Vehicle category Brake wear TSP emission factor (ng/km) Range
Two-wheel vehicles 3.7 22-50
Passenger cars 75 4.4-10.0
Light-duty trucks 11.7 8.8-14.5

EFrsp,s for heavy-duty vehicles (HDVs) can be calculated using adjusted values from Eq (2.4):
EFrsppupy = 3.13 * LCFg * EFrsp g pc (2.4)

Where EFtsp g Hpv and EFtspgpc are TSP EFs for HDV and passenger car, respectively, and

LCFg is the load correction factor for brake wear particles, and it is calculated using Eq (2.5):
LCF3 =1+ 0.79 % LF (1.5)

Where LF is the loading factor between zero (empty truck) to one (fully loaded truck).
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As shown in Figure 2.2, for a similar vehicle category, higher brake wear PM2s EFs have been
reported by EEA than USEPA, while EEA PM1o EFs were generally lower. For instance, the
reported brake wear PM2s EFs of passenger vehicles by EEA are 1.9 times higher than USEPA
brake wear EFs for passenger cars. On the other hand, USEPA brake wear PM1o EFs are 1.6 times
higher than EEA for passenger cars. Similar differences are observed between the reported brake
wear EFs for light-duty trucks (light commercial trucks in EEA), and different classes of heavy-
duty trucks by the two models. This is likely due to the fact that the reported brake wear EFs in
the MOVES model are estimated based on a limited number of older studies of brake wear
emissions, assuming brake wear PMyo EFs to be approximately 8.0 times higher than PMazs
(Sanders et al., 2003; USEPA, 2020). Since more recent studies have shown that a larger fraction
of brake wear particles is confined in fine PM, an updated MOVES model based on more recent
findings in the literature is crucial for improving the accuracy of vehicle brake wear PM emission

inventory in the US.
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States Environmental Protection Agency (USEPA) (vehicles sorted by weight for calendar
year 2017) and European Environment Agency (EEA). EEA brake wear PM EFs are
estimated for vehicle speed of 60 km/h. EEA heavy-duty truck brake wear PM EFs were

estimated for a half full truck with 4 axles.

2.3.2. Tire wear emissions

In real-life driving conditions, tire wear particles are generated through the contact and friction
between the tire and pavement material during different modes of driving as a result of mechanical
and thermomechanical processes. Tire treads are generally made of a mixture of rubbers, fillers,
vulcanizing agents, anti-degradants, and plasticizers (Grigoratos and Martini, 2014). The global

annual emissions of tire treads have been estimated to be approximately 5.9 million tons year™,
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with population-normalized values in the range of 0.2 to 5.5 kg year™ capita™ (Baensch-Baltruschat
et al., 2020). Since the physical and chemical characteristics of generated tire wear particles are
different from the original polymeric tread particles due to heat, pressure, and mixing with road
dust, tire and road wear particles (TRWP) is a more representative term for referring to the wear

products of tire and road interaction (Baensch-Baltruschat et al., 2020; Beji et al., 2020).

TRWPs can become airborne or deposit on the road and further be transported to aquatic
environments, based on their physical and chemical properties and local geographical features
(Gill et al., 2017; Jan Kole et al., 2017; Panko et al., 2018; Wagner et al., 2018). A recent study in
Germany has estimated that 66-76% of total tire wear emissions deposit on near-roadway soils,
while 12-20% of the emissions are directed to surface waters and aquatic environments (Baensch-
Baltruschat et al., 2021). On the other hand, a smaller fraction of tire wear emissions has been
previously reported to be airborne. While the average airborne fraction of TRWPs has been
reported to be less than 2% (Panko et al., 2013; I. Park et al., 2018), some studies have documented
a higher fraction of airborne TRWPs in the range of 5-7% (Gualtieri et al., 2008; Wik and Dave,

2009).

2.3.2.1. Chemical composition

A limited number of studies have investigated the chemical composition of tire tread particles. The
distinction between TRWPs and tread particles should be considered when comparing the results
of the previous studies. For instance, it has been shown that tread particles have a higher polymer
content than TRWPs, while the concentrations of minerals have been shown to be higher in
TRWPs, indicating the effect of road dust on TRWPs (Kreider et al., 2010; Piscitello et al., 2021).
Road simulator results from testing various studded and non-studded tires on different road

materials associated S and Zn to tread particles, while the presence of Al and Si was linked to
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pavement wear despite showing a high contribution to TRWPs (Alves et al., 2020; Beji et al.,
2020; Gustafsson et al., 2008). Alves et al. (2020) reported the abundance of other elements,
including Ca, Fe, K, Mg, Na, Ti in TRWPs and tire treads to be in the range of 1400 — 37700 and
48 — 4300 pg g, respectively. On the other hand, a few other elements, including rare-earth
elements As, Se, Sn, Cd, and Sb were only observed in TRWPs, indicating their association with

the road dust rather than tire tread (Alves et al., 2020).

Kreider et al. (2010) also showed that while TRWPs have higher Si and Al content due to the
mixing with road dust compared to tread particles, the concentration of Zn is higher in tread
particles, presumably due to the wide usage in tire production in the form of ZnO (Milani et al.,
2004). The association of Zn with tread particles was confirmed during sampling on a chassis
dynamometer (Kwak et al., 2013). Zn has been frequently used as a tracer for TRWPs for source
apportionment in many of the previous studies of ambient PM measurement (Harrison et al., 2012;
Lawrence etal., 2013; Lin et al., 2015; Querol et al., 2008; Srimuruganandam and Shiva Nagendra,
2012; Thorpe and Harrison, 2008; Yu and Park, 2021). However, since Zn has been linked to
sources, including brake wear emissions (Bukowiecki et al., 2009; Schauer et al., 2006),
lubrication oil (Sternbeck et al., 2002; Wang et al., 2021), and industrial emissions (Jeong et al.,

2019), it cannot be used an exclusive tracer for tire wear emissions.

Tires are manufactured from various organic materials. It has been reported that carbonaceous
species constitute 65-72% of total tire tread material (Aatmeeyata and Sharma, 2010a; Park et al.,
2017). EC and OC have been shown to account for 18-40% and 54% of tire material weight,
respectively (Jan Kole et al., 2017; Park et al., 2017). A recent study has found approximately 300
organic species in conventional tire treads and TRWPs, including phthalates, PAHSs, n-alkanols,

phenolic compounds, levoglucosan, steranes, and various aliphatic species (Alves et al., 2020).
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Alves et al. (2020) reported n-undecane as the dominant aliphatic compound, while naphthalene
was shown to have the highest concentration among the 22 extracted PAH compounds. On the
other hand, Pyrene and fluoranthene have been shown to be the dominant PAHs in TRWPs in other
studies (Boonyatumanond et al., 2007; Depaolini et al., 2017; Kreider et al., 2010; LIompart et al.,
2013; Markiewicz et al., 2017; Sadiktsis et al., 2012). While the abundance of PAHSs in tire tread
has been documented, the concentrations of PAHs have been found to be substantially higher in
road wear particles than tread particles (Alves et al., 2020; Kreider et al., 2010). Therefore, the

concentration of PAHSs is expected to be higher in TRWPs than tire tread particles.

Due to the documented toxicity of PAHs (Bortey-Sam et al., 2017; Marris et al., 2020; Ren et al.,
2011; Vardoulakis et al., 2020), European Union banned the usage of highly aromatic (HA) oils
in tire manufacturing for tires produced after 2010 under the REACH legislation, which has led to
a gradual decrease in PAH content of tires (Diekmann et al., 2019). In fact, a statistically significant
reduction in the PAH content of European-made tires has been observed between the tires
produced before and after 2010 (Depaolini et al., 2017). On the other hand, the PAH content of
tires manufactured outside Europe did not show a significant reduction during the same period
(Depaolini et al., 2017). An analysis of PAH emission factors from traffic sources has
demonstrated that tires are still one of the leading non-exhaust emission source of PAHs in Europe
(Markiewicz et al., 2017). Markiewicz et al. (2017) estimated the range of emission factors for 16
USEPA priority PAHSs from traffic sources to be 900-3900 ug km™ Veh in Sweden. While vehicle
exhaust (24-2300 pg km Veh) has been reported to be the dominant traffic-related PAH source,
tire wear (1.5-630 pg km™ Veh) was the most significant non-exhaust emission source of PAHs
(Markiewicz et al., 2017). The abundance of PAHs in tire particles have been reported to be largely

variable since tire particles can be impacted by various factors. For instance, the collected tire wear
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samples during studded tire season showed a higher correlation (r=0.96) with PAH than the
samples collected during non-studded tire season (r=0.88), due to the differences in tire material

and temperature (Jarlskog et al., 2021).

2.3.2.2. Size distributions

The reported tire wear particle sizes in the previous studies show a considerable variation from 1
nm to 1000 um (Kl6ckner et al., 2021; Park et al., 2017). While less than 10% of tire wear particles
have been reported to be airborne, many studies have focused on the airborne fraction of tire wear
particles due to its potential contribution to adverse health effects. Figure 2.3 shows the previously
reported mode diameters of tire particle size distributions in the airborne size range (Aatmeeyata
et al., 2009; Alves et al., 2020; Beji et al., 2020; Dahl et al., 2006; Dall’Osto et al., 2014; Foitzik
et al., 2018; Grigoratos et al., 2018; Gustafsson et al., 2008; Hussein et al., 2008; Kim and Lee,
2018; Mathissen et al., 2011; Olofsson et al., 2018; Oroumiyeh and Zhu, 2021; Panko et al., 2009;
Sjodin et al., 2010). The majority of these studies have reported unimodal mass-based particle size
distributions with mode diameters in the range of 1-10 um for tread wear particles and TRWPs
(Alves et al., 2020; Grigoratos et al., 2018; Hussein et al., 2008; Kim and Lee, 2018; Kupiainen et
al., 2005; Kwak et al., 2013; I. Park et al., 2018; Sjddin et al., 2010), while bimodal mass-based
particle size distributions have also been reported with a second mode in the fine and ultrafine size

ranges (Figure 2.3) (Beji et al., 2020; Olofsson et al., 2018).

As shown in Figure 2.3, the reported tire wear particle number distributions are largely variable.
The reported tire wear particle size distributions have been unimodal, bimodal, and multimodal,
with mode diameters in the range of 0.01 to 5 um. The majority of the studies have observed at
least one peak in the ultrafine size range. It has been reported that the generation of ultrafine tire

wear particles is enhanced at higher driving velocities and larger slip angles, as well as longitudinal

23



acceleration and deceleration (Foitzik et al., 2018). Other studies have reported the impact of tire
condition, including tire type, tire studding, tire tread rating, tire travel distance, and tire
temperature, as well as the vehicle mass and deceleration rate on the generated tire particles (Alves
et al., 2020; Grigoratos et al., 2018; Oroumiyeh and Zhu, 2021; Park et al., 2017). For instance,
Park et al. (2017) reported that at tire surface temperatures of 160 °C and above, the generation of

nanoparticles is initiated, and it is gradually enhanced at higher temperatures up to 400 °C.
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As mentioned in section 2.3.2, only a limited fraction of tread particles has been reported to be
airborne. Moreover, tire wear particles are one of the major sources of microplastics in the
environment with a wide range of particle diameters (1-1000 um) (Hartmann et al., 2019; Sommer
et al., 2018). A significant correlation (P < 0.05) has been observed between the microplastic
concentration in urban areas and traffic density (Kitahara and Nakata, 2020). In fact, tire wear
particles have been reported to be the dominant source of microplastics in the environment
contributing to 50-60% of annual microplastics emissions (Boucher and Friot, 2017; Huiffer et al.,
2019; Lassen et al., 2015). Therefore, many studies have investigated the tire particle size
distribution in the super-coarse (aerodynamic diameter > 10 um) size range to investigate the fate

and transport of tire wear particles in the soil, vegetation, and aquatic environments.

Both tread wear particles and TRWPs have been reported in a wide size range up to 1000 um
(Klockner et al., 2021). For instance, the size distribution of TRWPs has been reported to be
unimodal with a mode diameter of 25 um (Klockner et al., 2021; Kovochich et al., 2021). On the
other hand, Kreider et al. (2010) reported a bimodal TRWP size distribution with mode diameter
of 5 and 25 um while observing a unimodal distribution for tread wear particles with mode
diameter of 25 um. A few factors, including vehicle load, payment roughness, and temperature
been reported to affect the tire wear particle size distribution in the super-coarse size range
(Grigoratos et al., 2018; Gustafsson et al., 2008; Jéarlskog et al., 2021; Sjodin et al., 2010). For
instance, the wear mechanism during driving on a surface with higher roughness is dominated by
mechanical abrasion, which leads to the generation of larger particles, while lower particles are

generated due to fatigue wear at lower roughness conditions (Chang et al., 2020).
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2.3.2.3. Emission factors

Previous studies have estimated tire wear PM2s and PMzo EFs using various sampling approaches
discussed in section 2.2. Tire wear PM2s EFs have been reported to be in the range 0.3 — 11 mg
km? Veh? (Aatmeeyata et al., 2009; Kupiainen et al., 2005; Luhana et al., 2004; Panko et al.,
2013). While road simulator studies have observed a relatively wide range of 1.9-11 mg km™ Veh-
! for tire wear PM1o EFs (Aatmeeyata et al., 2009; Alves et al., 2020; Dahl et al., 2006; Kupiainen
et al., 2005; Sjodin et al., 2010), studies based on ambient measurements have reported tire wear
PM3o EFs to be in the range of 7-7.4 mg km™ Veh (Luhana et al., 2004; Panko et al., 2013). It is
important to note that tire wear concentrations and EFs are a function of road conditions, including
surface wetness and temperature (Gustafsson et al., 2008; Mathissen et al., 2011), as well as the
vehicle type and size (Beddows and Harrison, 2021; Kim and Lee, 2018; Oroumiyeh and Zhu,
2021; Salminen, 2014). Therefore, the reported EFs in the previous studies are not always
comparable. Instead, emission inventories can be used for a more comprehensive understanding

of the tire wear EFs.

UK NAEI has estimated tire wear PM25 and PM1o EFs to be 5 and 7 mg km™ Veh™, respectively
(NAEI, 2018). MOVES model by USEPA included a few factors, including vehicle speed and
number of axles to estimate the tire wear PM2s and PMio EFs (Figure 2.4). However, vehicle
weight which is an important variable in determining tire wear emissions has not been considered
in the MOVES model. As shown in Figure 2.4, tire wear PM2s EFs are in the range of 0.4 — 2.6
mg km? Veh?, while tire wear PMyo EFs are estimated to be 2.7-17.1 mg km™ Veh. The
combination long-haul and short-haul trucks, as well as intercity bus and refuse truck were shown

to have the highest tire wear PMz.sand PM1o EFs.
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The most comprehensive method for estimating tire wear PM2s and PM1o EFs has been proposed
by EEA (European Environment Agency, 2019). Tire wear PM EFs are estimated based on the
concentration of tire wear total suspended particles (TSPs) (European Environment Agency,

2019). In summary, tire wear PM EFs can be calculated using Eqgs (2.6) and (2.7):
EFPMZ.S = 0.42 * EFTSP,T * ST(V) (26)
EFPM10 = 060 * EFTSP,T * ST(V) (27)

Where EFtsp,t and St (V) are the tire wear TSP EF and average vehicle velocity correction
factor. St (V) is equal to 1.39 and 0.90 for vehicle speeds below 40 km/h and above 90 km/h,

respectively, while it is calculated from Eq (2.8) for velocities in the range of 40-90 km/h:
Sr(V) = —0.00974 *V + 1.78 (2.8)
Table 2.3 presents EFrsp,7 for LDVs for use in Eqs (2.6) and (2.7):

Table 2.3. Tire wear TSP emission factors for different vehicle classes (European Environment

Agency, 2019)

Vehicle category Tire wear TSP emission factor (ug/km) Range
Two-wheel vehicles 4.6 42-53
Passenger cars 10.7 6.6 —16.2
Light-duty trucks 16.9 9.0-21.7

For HDVs, EFtsp 7 is calculated by Eq (2.9):

N,
EFrsprupy = axle/z * LCFr * EFrsp p pc (2.9)
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Where EFtsp,1,Hpv and EFtsp 1 pc represent EFs for HDV and passenger car, respectively, and

LCFg is the load correction factor for tire wear particles from Eq (2.10):

LCF; = 1.41 + (1.38 * LF) (2.10)

Where LF is the loading factor is in the range of zero to one for empty to fully loaded HDVs.

The EEA tire wear PMyo EFs for passenger vehicle and light-duty truck are 1.5 and 2.3 times
higher than MOVES tire wear EFs, respectively. In addition, tire wear PM2s EFs of passenger
vehicles and light-duty trucks are 6.0 and 10.6 times higher in EEA emission inventory than
MOVES, respectively. Similar to MOVES brake wear EFs, since the model has not been updated
in the past decade, a large discrepancy between the EEA and MOVES tire wear EFs is observed.
While the MOVES model has used a tire wear PM1o/PM2s ratio of 6.7, the MOVES report
discusses that more recent studies have shown a smaller tire wear PM1o/PMz25 ratio in the range of
2.0-2.5, which is expected to be applied in the next versions of the model (Grigoratos, 2018;

USEPA, 2020).
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Figure 2.4. Average tire wear PM emission factors based on MOVES 3 (vehicles sorted by
weight for calendar year 2017) and EEA. EEA tire wear PM EFs are estimated for vehicle
speed of 60 km/h. EEA heavy-duty truck tire wear PM EFs were estimated for a half full

truck with 4 axles.

2.4. Effect of auto electrification on the vehicular non-exhaust emissions

The global vehicle fleet has been changing in the past few years with the advancements in electric
vehicles (EV) technology. EVs are becoming more affordable, and the EV market has been
expanding at a higher rate. While the total share of EVs from the global vehicle market was only
2.5% in 2019 (Barkenbus, 2020), the global EV market is expected to reach 30% by 2030 and
42.5% by 2035 (Rietmann et al., 2020; Rietmann and Lieven, 2019). The expansion in the EV

market is occurring at a faster rate in some of the countries due to governmental policies and

30



significant national and local incentives to encourage auto shoppers (Zhou et al., 2015). For
instance, the EV market in Sweden is predicted to exceed 50% prior to 2035 (Rietmann et al.,
2020), while the EV sales in Norway exceeded 50% in 2021, according to the International Energy

Agency (IEA) (IEA, 2021).

EVs have an intrinsic environmental advantage over internal combustion engine vehicles (ICEVS)
due to their zero exhaust emissions. While the impact of auto electrification on reducing exhaust
emissions has been shown to be dependent on various factors such as electricity source (L. Wang
et al., 2020), EVs have the potential to mitigate traffic-related pollutants, including NOy, SO», and
COz, in the countries with more sustainable energy sources (Buekers et al., 2014; Burchart-Korol

et al., 2018; de Souza et al., 2018).

Despite the advantage of EVs over ICEVs in reducing exhaust emissions, EVs can still contribute
to non-exhaust emissions. EVs have been reported to be 24-56% heavier than ICEVs in an equal
class, due to the application of heavy EV batteries for achieving a longer range per charge
(Moawad et al., 2011; Timmers and Achten, 2018, 2016). Therefore, EVs have been reported to
have higher brake and tire wear EFs than ICEVs in an equal output power level due to the extra
weight of the batteries (Beddows and Harrison, 2021). However, it is important to note that brake
wear EFs of EVs could decrease with the application of regenerative braking system, which
minimizes the vehicle’s frictional braking force and converts the wheels’ kinetic energy into
electricity to power the vehicle (Beddows and Harrison, 2021; Hall, 2017). Moreover,
advancements in battery technology to produce high-capacity EV batteries as well as other
lightweight design strategies, including the application of lightweight composite material, carbon
fiber, and aluminum alloys in vehicle manufacturing, can reduce EV non-exhaust emissions in the

future (Delogu et al., 2017; Xu et al., 2020).
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The battery is one of the most important components of an EV because of its crucial role in
generating power for the vehicle. With the substantial rate of auto electrification, emerging battery
emissions are expected to be introduced to the environment, which have been rarely investigated,
and their contribution to airborne traffic emissions has never been estimated. In this section, the

potential contribution of EV batteries to non-exhaust emissions is briefly discussed.

Lithium-ion batteries (LIBs) are currently the most common energy source of EVs. They are
categorized into various types based on their positive and negative electrode components (i.e.,
Lithium Nickel Manganese Cobalt Oxide (NMC), Lithium Manganese Oxide (LMO), and Lithium
Nickel Cobalt Aluminum Oxide (NCA)) (Miao et al., 2019). The most common LIB electrolytes
include Lithium salts such as LiPFe, organic carbonates such as dimethyl carbonate (DEC), as well
as polymer and ceramic electrolytes (Essl et al., 2020; Miao et al., 2019; Que et al., 2016). In
addition, a porous membrane is integrated inside the battery to prevent a short circuit between the

electrodes while allowing for the permeation of Li ions (Hannan et al., 2018).

Upon the first usage of the battery, a layer (solid-electrolyte interface (SEI)) formed by the
dissociation of battery electrolytes covers the separating membrane, which can affect the battery
performance and battery aging over time (Wang et al., 2018; F. Yang et al., 2018). At elevated
temperatures, SEI undergoes a series of chain reactions, which can eventually lead to the emission
of flammable gasses and toxic materials from LIBs and thermal runaway (Essl et al., 2020;

Golubkov et al., 2018; Huang et al., 2015).

The majority of the previous studies on hazard analysis of LIBs are based on extreme or abnormal
conditions associated with the battery failure, including overheating and thermal runaway
conditions. Particle measurements during extreme conditions such as thermal runaway are
logistically challenging due to the high battery temperature of up to 1000 °C (Golubkov et al.,
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2015). The limited number of studies on the battery emissions were not focused on airborne
fraction of PM due to the extreme battery temperature and safety concerns for aerosol sampling.
Instead, deposited PM samples were collected upon returning the battery to normal temperature
and further analyzed for size distribution and chemical speciation. Therefore, the collected PM has
been reported to be in the size range of 0.1-8.0 mm, without accounting for airborne battery
particles (Zhang et al., 2019b). Approximately 44% and 36% of the collected battery PM has been
reported in the size range of 0.1-0.8 mm and 0.8-1.7 mm, respectively (Zhang et al., 2019b).
Moreover, it has been reported that 11-29% of the cell mass can be lost in the form of particles
and gas, depending on the battery charging level and battery material (Lai et al., 2021; Zhang et

al., 2019a, 2019b).

The chemical composition of the generated PM depends on different factors, including the battery
type, electrolyte material, and state-of-charge (SOC) (Essl et al., 2020). It has been reported that
the major elemental components of the emitted particles from an NMC/LMO battery are C, Li,
Co, Ni, Mn, and Al (Lai et al., 2021). Other elements including Cu, Fe, K, S, as well as trace
amounts of Ba, Ca, Cr, Mg, Mo, Na, Sb, Sn, Sr, Si, Ti, V, Zn, and Zr, have also been reported in
chemical speciation of the emitted particles during the thermal runaway of NMC batteries (Zhang
et al., 2019b). Metallic elements have been reported to constitute 43% of the total emitted PM
mass, indicating that EV LIBs could be among the important contributors of traffic-related PM

metals (Zhang et al., 2019b).

At the lower temperatures, as a result of SEI decomposition, the reaction between electrolyte and
lithium generates heat and produces gaseous compounds, which are continuously produced
through the thermal runaway conditions (Essl et al., 2020). The primary gaseous compounds

produced during this process are CHa, C2H4, CO, CO», Hz, and HF, depending on the LI1B material
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(Fernandes et al., 2018; Larsson et al., 2016; Sturk et al., 2019). During this stage of LIB
degradation, solid materials including LiF, Li.COs, and LiPFs can also be generated, which can
contribute to particle generation upon venting from the battery (Fernandes et al., 2018; Wang et

al., 2006; Wilken et al., 2013).

The results of the previous studies clearly show that EV batteries could generate large particles
with high metallic content during battery failure conditions. However, none of the previous studies
have investigated the contribution of battery emissions to airborne PM. Moreover, there is a
significant lack of knowledge about the potential battery emissions during normal operating
conditions of the batteries. Therefore, future research is necessary to (i) investigate and quantify
airborne EV battery PM emissions in temperatures below the thermal runaway, and (ii) investigate
the potential contribution of evaporation/condensation processes in generating particles from the

emitted gaseous compounds from the batteries.

2.5. Health effects associated with vehicular non-exhaust emissions

The chemical composition of fine and coarse particles has been shown to affect PM toxicity
(ROnkKO et al., 2018; Weichenthal et al., 2019). Non-exhaust PM metals have been associated with
various health outcomes, including cancer (Chen et al., 2021; Raaschou-Nielsen et al., 2016),
reduced lung function (Huang et al., 2018), cardiovascular and cardiopulmonary diseases (Magari
et al., 2002; Samoli et al., 2016; Ye et al., 2018), birth defects (Basu et al., 2014; Pedersen et al.,
2013), and increased mortality (Basagarfia et al., 2015; Ostro et al., 2015, 2010, 2007; Valdés et
al.,, 2012; Wang et al., 2017). These metals can trigger oxidative stress by inducing the
disproportionate generation and consumption of reactive oxygen species (ROS), including
hydroxyl radicals, oxygen radicals, peroxides, and oxygen superoxide (André Nel, 2005; Bates et

al., 2019; Hadei and Naddafi, 2020; J. Park et al., 2018; Wei et al., 2009). The oxidative potential
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is defined as PM capacity for producing ROS, which is substantially dependent on PM chemical
composition, and has been used for determining PM toxicity (Fang et al., 2019; Weichenthal et al.,

2019; Yadav and Phuleria, 2020).

Oxidative potential can be measured by various cellular and acellular assays and has been
associated with different health outcomes, including asthma (Yang et al., 2016), diabetes (Strak et
al., 2017), and hospital admissions for cardiovascular and respiratory causes (Abrams et al., 2017;
Bates et al., 2015; Gao et al., 2020b). Among the transition metals, Cu and Fe, which are both
associated with brake wear emissions, have been frequently reported to be correlated with
oxidative potential in different studies based on various acellular assays (Gao et al., 2020a, 2020b;
Hakimzadeh et al., 2020; Mousavi et al., 2019; Perrone et al., 2019; Rao et al., 2020;
Shirmohammadi et al., 2017; Weichenthal et al., 2019; Yang et al., 2015). Other metals associated
with brake and tire wear emissions, including Ba (Mousavi et al., 2019; Perrone et al., 2019;
Shirmohammadi et al., 2017; Weichenthal et al., 2019; Yang et al., 2015), Cr (Crobeddu et al.,
2017; Liu et al., 2018), Mn (Gao et al., 2020a; Perrone et al., 2019), Mo (Calas et al., 2018), Sb
(Crobeddu et al., 2017; Shirmohammadi et al., 2017), Sn (Calas et al., 2018), Zn (Liu et al., 2018;
Shirmohammadi et al., 2017), and Zr (Calas et al., 2018) have also been reported to be associated
with oxidative potential. While some studies reported the association of total metals with oxidative
potential, other studies documented the association of water-soluble (WS) fraction of metals with
oxidative potential as it has been reported that solubility of metals can enhance their bioavailability
(Mukhtar and Limbeck, 2013). The association of the WS fraction of some of the brake and tire
wear metals, including WS-Ba, WS-Cr, WS-Cu, WS-Fe, WS-Mo, and WS-Zn has been
documented in a number of studies (Cheung et al., 2012; Hu et al., 2008; Pietrogrande et al., 2018;

Shirmohammadi et al., 2015; Strak et al., 2012).
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The impact of organic content of vehicular non-exhaust emissions on PM health effects should
also be considered. In general, exhaust and non-exhaust traffic emissions both contribute to organic
carbon (OC) in urban areas (F. Amato et al., 2016; Gianini et al., 2013; Hasheminassab et al.,
2014; Taghvaee et al., 2019; Veld et al., 2021; von Schneidemesser et al., 2010). In Los Angeles,
the relative contribution of non-exhaust emissions to OC has been reported to increase from 14%
in 2005 to 28% in 2015, while the contribution of exhaust emissions to OC has decreased
(Altuwayjiri et al., 2021). A considerable fraction of OC has been attributed to road dust, which
can also be linked to non-exhaust emissions (Mousavi et al., 2018). As mentioned in previous
sections, organic materials have been shown to constitute both brake and tire wear particles
(Aatmeeyata and Sharma, 2010b; Alves et al., 2021, 2020; Dall’Osto et al., 2014; Gadd and
Kennedy, 2000; Jan Kole et al., 2017; Park et al., 2017; Placha et al., 2015). OC, water-soluble
OC (WSOC), and volatile organic compounds, including PAHs have been reported to be
associated with oxidative potential (Calas et al., 2018; Hakimzadeh et al., 2020; Janssen et al.,
2015; Kramer et al., 2021; Liu et al., 2020; Lovett et al., 2018; Mousavi et al., 2019; Perrone et
al., 2019; Pietrogrande et al., 2018; Strak et al., 2012, 2017; Taghvaee et al., 2019; Zhang et al.,
2016). Some of the organic constituents of brake and tire wear particles, including PAHSs, glycerol
compounds, heavy alkanes, and phenolic compounds are toxic and contribute to overall PM health
effects (Alves et al., 2021, 2020; Markiewicz et al., 2017). For instance, PAHs have been
associated with various health outcomes, including birth defects (Ren et al., 2011), cancer
(Armstrong et al., 2004; Vardoulakis et al., 2020), and cardiovascular diseases (Marris et al., 2020;
Xu et al., 2010) and respiratory diseases (Bortey-Sam et al., 2017). Moreover, it has been shown
that the presence of organic material can increase the toxicity of transition metals by increasing

the solubility of metals (Gao et al., 2020b; Tapparo et al., 2020).
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The majority of previous studies have not apportioned the contribution of exhaust and non-exhaust
emissions to oxidative potential, and they have estimated the overall contribution of vehicular
emissions, including gasoline and diesel vehicles (Bates et al., 2015; Hakimzadeh et al., 2020; Liu
et al., 2018; Mousavi et al., 2019; Taghvaee et al., 2019). Only a few studies have distinguished
the contribution of exhaust and non-exhaust emission sources through source apportionment
techniques (Jeong et al., 2020; Shirmohammadi et al., 2016, 2015). Jeong et al. (2020) reported a
higher correlation between the PM2 s oxidative potential and non-exhaust emissions than exhaust
emissions in Toronto, highlighting the role of non-exhaust emissions in contributing to PM2s
oxidative potential. Shirmohammadi et al. (2016) estimated the contribution of various sources to
PM2s and PMo.1g oxidative potential in southern California and reported that while exhaust
emissions were a significant source of PMo.1g oxidative potential, vehicular abrasion source,
including brake and tire wear particles was a significant source of PM2s oxidative potential.
Shirmohammadi et al. (2015) studied the contribution of water-soluble and water-insoluble metals
to PM2s.10 Oxidative potential and reported vehicular abrasion and resuspended dust as the primary
contributors to PM25.10 oxidative potential in southern California. Future ambient measurement
studies can better understand the relative contribution of exhaust and non-exhaust emissions to

PM25 and PM2s.10 and their oxidative potential.

2.6. Conclusions

Exhaust emissions have significantly decreased in different parts of the world, due to the
prohibitive environmental policies, as well as scientific improvements in the auto industry that
have led to the manufacturing of fuel-efficient vehicles with low exhaust emissions. On the other
hand, the role of non-exhaust emissions has been underestimated in the emission inventories, while

their relative contribution to traffic-related emissions is on the rise.
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Brake components have been reported to have a high metallic content. While Fe has been shown
to be the dominant element in brake rotors and brake pads, many other elements, including Al, Ca,
Cd, Cr, K, Mn, Mo, Ni, Pb, Si, Ti, Zn, and Zr have also been observed in brake wear particles in
fine and coarse PM. Overall, Ba, Cu, Sh, and Sn were found to be the most appropriate brake wear
tracers. Moreover, carbonaceous species have been reported to have a considerable contribution
to the total weight of brake wear particles. Approximately 150 organic compounds, including n-
alkanes, n-alkenes, n-alkanols, glycerol compounds, phenolic compounds, and polycyclic aromatic

hydrocarbons (PAHS) have been observed in brake wear particles.

The mass-based particle size distribution of brake wear particles has been reported to be unimodal
with mode diameter in the range of 1-10 um. The reported brake wear particle size distributions
have been reported to be variable, depending on the sampling approach and instrumentation. A
unimodal, bimodal, and multimodal brake wear particle size distribution with mode diameters in
the ultrafine and fine size ranges has been reported in the previous studies. Brake temperature,
brake lining material, and brake maintenance history have been shown to have a significant impact

on the brake wear particle size distribution.

It has been shown that approximately 2-7% of the tire tread particles are airborne, while the
remainder transport to the aquatic environment or deposit on the roads. Many elements, including
Al, Si, Zn, Ca, Fe, K, Mg, Na, K, S, and Ti have been reported to be abundant in tire-road wear
particles (TRWPs). Zn and S have been shown to be highly associated with tire treads, while some
of the reported elements in TRWPs, including Al, Si, and Ti have been associated with other
emission sources, including road dust. Despite the association of Zn with tire tread particles,
selecting Zn as a tire wear tracer should be taken with caution due to the association of Zn with

other emission sources. Carbonaceous species constitute up to 72% of tire tread weight, and
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various organic species, including PAHSs, n-alkanols, phenolic compounds, levoglucosan, steranes,
and aliphatic species have been reported in TRWPs. Overall, TRWPs were shown to be the leading
non-exhaust emission source of PAHs. Among the reported PAHSs, pyrene, fluoranthene, and

naphthalene have been reported to have the highest concentrations.

The airborne tire wear particle size distributions have been reported to be unimodal, bimodal, and
multimodal, with mode diameters in the range of 0.01 to 5 um. Moreover, the majority of the
studies reported a minimum of one peak in the ultrafine size range. Tire wear particles can
contribute to up to 60% of the microplastics with diameters in the range of 1-1000 um. The mass-
based particle size distribution of larger tire tread particles has been reported to be unimodal with

mode diameters of 25 um, while a bimodal TRWP size distribution has been documented.

Various studies have reported the brake wear PM2.s and PM1o emission factors (EFs) to be in the
range of 0.5-5.5 and 1.4-80.0 mg km™ Veh? | respectively. In addition, tire wear PM2s EFs have
been shown to be 0.3-11.0 mg km™ Veh, while tire wear PM1o EFs were 1.9 — 11.0. Due to the
large variation in PM2s and PM1g EFs, emission inventories can be used for comparing the brake
and tire wear PM EFs of vehicles. USEPA estimated lower brake wear PM2s EFs and tire wear
PM2s and PMyo EFs than European Environment Agency (EEA), while reporting a higher brake
wear PMzo EFs for the vehicles in different size classes. Moreover, a lower PM2s/PM1g EF ratio
is reported by USEPA than EEA, which can have significant policy implications since most of the

PM health effects have been documented in the fine size.

Non-exhaust emissions are an important source of PM metals with various health effects. Metals
associated with the brake and tire wear emissions could induce various health outcomes, including
cancer, reduced lung function, cardiovascular and cardiopulmonary diseases, birth defects,
increased mortality, and oxidative potential. Moreover, the brake and tire wear organic content
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includes toxic organic compounds such PAHs, phenolic compounds, and glycerol compounds that

can contribute to overall PM health effects.

The current work aimed to provide a comprehensive understanding of the vehicular non-exhaust
emissions, their physical and chemical characteristics, and their associated health effects. This
literature review study also provided insight into the future trend of non-exhaust emissions with

the growth of auto electrification.
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3. Brake and tire particles measured from on-road vehicles: effects of vehicle mass and
braking intensity

Published in Atmospheric Environment: X (2021, Volume 12)
DOI: 10.1016/j.aea0a.2021.100121

3.1. Abstract

Vehicle exhaust emissions have been decreasing due to stricter regulations and advancements in
control strategies. However, non-exhaust emissions from brake and tire wear have not been
extensively regulated in the past, and their relative contribution to particulate matter (PM) in urban
areas is increasing. We examined the effect of a vehicle’s mass and braking intensity on brake and
tire particles based on on-road data collected from three different types of vehicles under real-
world driving conditions. PM2s and PM1o concentrations and particle size distributions were
measured near the center and rear of the right front wheel, respectively. During the braking, the
highest peaks in brake PM2s (520-4280 pg/m3) and PMo (950-8420 pg/m?®) concentrations were
observed from the heaviest vehicle, while the lowest peaks in brake PM2 s (250-2440 pg/m?) and
PM1o (430-3890 pg/m®) concentrations were observed from the lightest vehicle. Similarly, the
observed peaks in tire PM2s (340-4750 pug/m?) and PM1o (810-8290 pg/m?®) concentrations of the
heaviest vehicle were shown to be the highest among the test vehicles, while the peaks in tire PM2 s
(220-2150 pg/m®) and PM1o (370-3840 pg/m?®) concentrations of the lightest vehicle were lower
than other vehicles. A statistically significant difference in the peak values of PM2s and PM1o
concentrations was observed between the heaviest and lightest vehicles for both brake and tire
particles. The braking deceleration rate was found to be an important factor in predicting the peaks
in PM25s and PM1o concentrations during major braking events for all three test vehicles. Brake

particles showed a unimodal mass size distribution with a mode diameter of 3-4 um, while tire
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particles showed a slightly larger mode diameter of 4-5 um. The finding of this study provides

insight into the effects of driving conditions and vehicle mass on brake and tire emissions.

3.2. Introduction

During the past decades, remarkable efforts have been made to reduce vehicle exhaust emissions,
which are one of the major sources of particulate matter (PM) in urban environments. These efforts
were based on a large body of research that has been focused on exhaust emissions such as particle
size distribution, spatiotemporal distribution, and associated health effects (Beelen et al., 2008;
Wang et al., 2016; Zhu et al., 2006). As a result, governments have gradually increased regulations
to reduce exhaust emissions. In contrast, non-exhaust emission sources, including brake and tire
wear, have not been investigated comprehensively, and therefore, have not been extensively

regulated.

It has been shown that the contribution of the non-exhaust emission sources to PM1o (PM with
aerodynamic diameters less than or equal to 10 um) is at a comparable level to the exhaust
emissions (Bukowiecki et al., 2010). Moreover, the contribution of non-exhaust emission sources
to PM2s (PM with aerodynamic diameters less than or equal to 2.5 pum) has increased in recent
years, while exhaust emissions have been continuously decreasing (Jeong et al., 2020). Given a
predicted increase in the sales of electric and hybrid vehicles with low or zero exhaust emissions
in the future (Axsen and Wolinetz, 2018), non-exhaust sources are likely to become more

important worldwide (Rexeis and Hausberger, 2009).

The key contributors to non-exhaust PM are road dust and brake and tire wear, with minor
contributions from the clutch and engine dust (Pant and Harrison, 2013). The contribution of brake
wear particles to non-exhaust PMyo varies depending on the sampling location and measurement
method. Previous studies have shown that brake wear particles could contribute to 55% of non-
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exhaust PMyo in areas with high braking frequency (Harrison et al., 2012). It has been shown that
the contribution of brake wear particles to PM2 s at highways is approximately three times higher
than the downtown sampling location (Jeong et al., 2019). In addition, the contribution of brake
wear particles to PM2s has been reported to increase during morning rush hours as a result of
congested traffic condition. Brake wear particles have been found in ultrafine, fine, and coarse size
ranges (Garg et al., 2000; Kwak et al., 2013; Sanders et al., 2003). More recently, brake wear
particles have been reported in the nanometer size range (Farwick zum Hagen et al., 2019b; Liati
et al., 2019; Puisney et al., 2018). A few factors, such as the driving style and braking intensity
(Kwak et al., 2013), brake temperature (Gramstat et al., 2020; Kukutschova et al., 2011), and
maintenance condition of the brakes (Grigoratos and Martini, 2015), have been reported to affect

brake wear emissions.

On the other hand, fewer studies have focused on investigating tire wear emissions. Previous
studies have shown that tire wear particles could contribute to 11% of total PMio (Baensch-
Baltruschat et al., 2020). While tire wear particles were mostly reported in the coarse size range
(Gustafsson et al., 2008; Mathissen et al., 2011; Sommer et al., 2018) ), ultrafine particles have
been observed in a few studies (Kim and Lee, 2018; Kumar et al., 2013), which are presumably
generated during the evaporation and condensation processes of volatile tire compounds (Baensch-
Baltruschat et al., 2020). The physical and chemical characteristics of the tire wear particles were
shown to be a function of road features (Gustafsson et al., 2008), tire characteristics (Gustafsson
and Eriksson, 2015), driving conditions and inertia load (Kim and Lee, 2018) based on different

experimental setups.

A number of methods have been used for the measurement of brake and tire wear particles. Aside

from the studies based on source apportionment, a large number of the previous studies on brake
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and tire wear emissions were performed in laboratory settings. Brake dynamometers were used for
measuring brake wear particles where the brake pads were tested under different conditions inside
a chamber without being attached to any vehicle (Garg et al., 2000; lijima et al., 2008;
Kukutschova et al., 2011). Moreover, road simulator systems have been used for modeling the
interaction between the road surface and tire, and studying tire wear particles under different road
conditions (Gustafsson et al., 2008; Gustafsson and Eriksson, 2015). While laboratory
measurements provide consistency across different tests, they cannot adequately represent real-
world driving conditions. A few studies have been carried out on brake and tire wear emissions
using on-road sampling (Farwick zum Hagen et al., 2019b; Kwak et al., 2013; Mathissen et al.,
2011; Pirjola et al., 2010; Sanders et al., 2003). While these previous studies have discovered
valuable information on the brake and tire wear particles, each study only focused on one vehicle,

thus could not address the differences of brake and tire wear emissions across different vehicles.

In this study, we measured the brake and tire mass concentrations and size distributions from three
test vehicles under real-world driving and braking conditions and investigated the effects of the
vehicle mass and braking intensity on the brake and tire particles. To the best of our knowledge,
this is the first study to investigate the effect of these factors on brake and tire particles using on-

road measurements.

3.3. Methods

3.3.1. Experimental design

A schematic of the sampling system is provided in Figure 3.1. The brake and tire particles were
sampled from the right front wheel of the test vehicles. This is because during the braking event,
the weight of the vehicle shifts forward; therefore, the front wheels experience more friction

(Grigoratos and Martini, 2015). Three sampling inlets were installed near the brake and tire of the
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right front wheel as well as on the roof of the test vehicle for ambient PM measurements. A custom-
made apparatus was used, which provided sufficient space between the sampling probe and the
wheel under both straight and cornering driving conditions. The brake sampling probe was located
5 cm from the center of the wheel, while the tire sampling inlet was installed 2.5 cm from the top
of the wheel. The brake and tire inlets were installed 30 cm apart from each other. Isokinetic
sampling probes (8 mm ID) were used. Particle losses due to settling and curvature as well as
aspiration efficiency were calculated based on classic aerosol theories (Hinds, 1999). The details

of the isokinetic sampling design are discussed in Section S1 of the Supplemental Information.

In this study, “brake particles” and “tire particles” refer to the particles collected from the brake
and tire sampling inlets, respectively. While these particles were collected near the brake and tire,
they could be mixed with other emission sources, whose relative contribution cannot be estimated
without chemical speciation analysis and source apportionment. The mixing between the brake
and tire particles at both inlets is also plausible. Therefore, the collected data should not be
interpreted as solely constitute the brake and tire wear particles. Nevertheless, we do expect brake
and tire wear emissions to have a great impact on the particles collected from their respective

sampling inlets.

Since adding substantial and balanced loading to a vehicle without changing its center of gravity
was not feasible, the on-road sampling was performed on three vehicles with different masses. A
full-sized SUV (2016 Chevrolet Suburban), a mid-sized sedan (2016 Honda Accord), and a
compact sedan (2017 Nissan Sentra) were tested on a predetermined route. The details of the test
vehicles are presented in Table 3.1. All of the test vehicles were equipped with all-season non-
studded tires as well as ceramic disc brakes. Ceramic brakes can provide a stable thermal

performance (Kumar and Kumaran, 2019; Sundarkrishnaa, 2015) and generate less PM compared
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to other types (Seo et al., 2021). While ceramic brake pads have been mostly popular in high-end
vehicles due to their high cost (Li et al., 2020), they have become more widespread in recent years

due to their durability and superior performance (Li et al., 2021).

The sampling route was a 5.5 km path in the Westwood neighborhood in Los Angeles. The
sampling route included a mildly downhill terrain, with fairly straight residential streets, multiple
stop signs, and low traffic. The instantaneous driving speed during the measurement did not exceed
75 km/h. On-road sampling took place between March and June 2019. Measurements generally
took place between 7 PM to 11 PM when traffic was minimal. For each vehicle, brake temperature
was measured before and after each round of sampling using a digital infrared thermometer
(1052D, Etekcity Corp., Anaheim, CA). There was a minimum of 30 minutes resting period
between two consecutive sampling sessions to ensure the brake temperature was less than 80 °C
before each experiment. Section S2 in the supplementary information summarizes the average
brake temperatures before and after sampling sessions for each vehicle. The average ambient
temperature and relative humidity during the sampling sessions were 21.2 °C and 73.7%,

respectively.
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Tire sampling

Brake sampling
line

Measurement
instruments

Figure 3.1. Schematic diagrams for the test vehicle with the sampling configuration. (a) Top view. lllustration of the sampling
instruments installed inside the vehicle, including APS (TSI APS 3321) and DT (TSI DustTrak 8532). (b) The test vehicle and
sampling apparatus. Arrows show the direction of the sampling flow from the brake and tire. (¢c) Front view. The tire particles

are measured from the rear side of the right front wheel. The brake particles are measured at the center of the right front wheel.
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Table 3.1: Specifications of the test vehicles

Mass Brake pad
Make/Model Year/Trim Vehicle type thickness Tire make/model
(Ibs)
(mm)
. Michelin Primacy
Nissan Sentra 2017/s Compact sedan 2857 6.2 MXV4
L Michelin Primacy
Honda Accord 2016/LX Midsize sedan 3543 8.8 MX V4
ChevroletSuburban ~ 2016/LS  Full size SUV 5808 75 M'Che'[‘&em”der

3.3.2. Instrument

Three DustTraks (8532, TSI Inc., Shoreview, MN) were used to concurrently measure PM2 s and
PM1o concentrations from the brake and tire as well as in the ambient air. The brake and tire particle
size distributions in the size range of 0.5-20 um were determined by two Aerodynamic Particle
Sizers (APS 3321, TSI Inc., Shoreview, MN) with a log interval of 1 s, respectively. Velocity and
GPS coordinates were logged using the GlobalSat data logger (DG-500, New Taipei City,
Taiwan). The total sampling flow rate was 8 liter per minute (LPM), which was provided by APS
(5 LPM) and DustTrak (3 LPM). The electric power for running APS inside the vehicle was
provided by a marine dual-purpose AGM Battery (AGM 105, West Marine, Watsonville, CA) and

a power inverter (TruePower 2000PS, Promariner, Menomonee Falls, WI).

3.3.3. Quality assurance and quality control

Before the sampling began, the DustTrak monitors were zero-calibrated in the laboratory, and the
GlobalSat data logger was synced to the global time. The DustTrak monitors were also collocated
for 10-minute before and after sampling on each vehicle. The resulting linear relationships were
applied to adjust DustTrak data. Section S3 of the supplemental information presents the

collocation test results.
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Previous studies have calibrated DustTrak data against gravimetric measurements for brake wear
particles and reported an underestimation. A calibration factor of 5.7+2.1 was reported during the
measurement of PM. s from brake wear particles (Hagino et al., 2015). While a calibration factor
for PMyo was found to be 2.3+0.2 during on-road brake wear sampling (Farwick zum Hagen et al.,
2019b), laboratory measurements reported a calibration factor of 6.4+0.7 for brake wear PM1o
(Farwick zum Hagen et al., 2019a). Based on these reported calibration factors in the literature,
the average calibration factors of 5.7 and 4.4 were used for correcting brake and tire PM2s and
PMyo data from DustTrak in this study. PM.s and PM1o DustTrak data collected at the roof of the
vehicles were corrected with previously reported ambient calibration factors of 0.52 and 0.33,

respectively (Chung et al., 2001; Rivas et al., 2017).

3.3.4. Data analysis

The correlation between the brake and tire PM concentrations and the average deceleration rates
for all three vehicles was determined by linear regression analysis. Shapiro-Wilk and Kolmogorov-
Smirnov tests were used to examine if the maximum brake and tire PM2s and PM1o datasets at
different braking intensity levels are normally distributed. Kruskal-Wallis ANOVA on ranks with
a Bonferroni-Dunn post hoc was used to determine the significant differences in the brake and tire
PM concentrations among different vehicles since some of the datasets did not pass the normality
tests. R 3.4.0 and Microsoft Excel 2016 (Microsoft, Seattle, WA, USA) were used to summarize
data and perform statistical analysis. All figures were generated with Sigmaplot 14.0 (Systat

Software Inc., San Jose, CA).
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3.4. Results and discussion

3.4.1. Determining major braking events

A decrease in the vehicle’s velocity can occur with or without braking. Previous studies reported
various ranges for the longitudinal deceleration rates during the braking events (Maurya and
Bokare, 2012; Smith et al., 2003). It has been shown that only 5% of braking events occur under
the deceleration rate of 0.5 m/s? and lower (Lee et al., 2007). In this study, deceleration events
with (a) continuous deceleration for more than 3 s and (b) instantaneous deceleration rates of 0.5
m/s? or greater in magnitude were selected as major braking events. For each braking event, the
arithmetic mean of the instantaneous deceleration rates was calculated to represent the braking

intensity.

Figure 3.2 shows a representative time series of the PM2s concentration measured at the brake
inlet of the Chevrolet Suburban and its instantaneous velocity. As shown in Figure 3.2, braking
leads to substantial increases in brake and tire PM concentrations and generates a peak in the PM
concentration profile. Peak values in brake and tire PM2s and PM1o concentrations during each
braking event were identified and further used for analysis on the effect of braking intensity and
mass. Figure 3.2 also shows that there could be a delay between the onset of the braking and the
observation of a peak in PM concentrations. This lag effect was taken into consideration when
identifying major braking events and their associated PM concentrations. A similar effect was
reported in a recent study, presumably due to the particle residence time in the sampling line

(Farwick zum Hagen et al., 2019b).
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Figure 3.2. A typical temporal profile of PM2s concentration and driving velocity of the Chevrolet Suburban (a) brake PMzs,

(b) tire PM2s
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3.4.2. Effect of the braking intensity and vehicle mass on PM mass concentration

Figure 3.3 shows that the deceleration rate was a statistically significant predictor of the brake and
tire PM25s and PMzyo concentrations during major braking events. The strength of the linear
regression (R?) varies across the vehicles. In general, the correlation improves as the vehicle’s
mass increases, except for the Accord’s brake PM25, which shows a slightly stronger correlation
compared to Chevrolet Suburban. For brake particles, PM1g shows a stronger positive correlation
with the deceleration rate (p<0.001, R? = 0.47-0.53) than PM2s (p<0.001, R? = 0.35-0.47). A
similar trend was observed for tire particles, where a stronger linear relationship existed between
the deceleration rate and PMio (p<0.001, R? = 0.26-0.50) than PM2s (p<0.001, R? = 0.22-0.33). In
comparison, the deceleration rate was a stronger predictor for brake PM2s (p<0.001, R? = 0.35-
0.47) than tire PM25 (p<0.001, R? = 0.22-0.33). For both PM2.5 and PM1o concentrations, the slope
of the regression for the brake PM concentrations was consistently greater than that for the tire.
Section S2 in the supplementary information summarizes the average ambient PMzs and PM1o

concentrations during the on-road sampling for each test vehicle.
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The braking intensity was defined based on the arithmetic mean of the vehicle’s instantaneous
deceleration rate during each braking event. A braking deceleration of 0.2 g (g=9.81 m/s?) has
been used as the comfortable braking index level (Wu et al., 2009). Moreover, while 50% of the
braking longitudinal declaration rates were reported to be under 0.2 g, only 15% of the braking
events were shown to have deceleration rates higher than 0.3 g (Lee et al., 2007). Therefore,
braking events with an average deceleration rate of 0.3 g and higher were marked as heavy brakes
(a>3.0 m/s?); braking events with an average deceleration rate of 0.2 g and lower were marked as

light brakes (0.5<a<2.0 m/s?); and those in between were categorized as moderate brakes.

As the braking becomes more intense, a more rapid decrease in the velocity of the vehicle and an
elevated deceleration rate occurs. During heavy braking, as the vehicle’s velocity decreases
quickly, the kinetic energy of the vehicle is absorbed and further transformed into heat through
abrasion processes. The required friction force is mainly generated by the abrasion between the
brake pad and the disc as well as the friction between the tire and the road pavement. The generated
thermal energy affects the friction surfaces and eventually produces wear particles in various sizes.
Since a stronger friction force is required for stopping heavier vehicles, a higher concentration of
brake and tire particles would be expected. To verify this, the distribution of the brake and tire
wear PM2s and PM1o concentrations for three vehicles during the major braking events with

respect to the braking intensity were compared.

Figure 3.4 demonstrates the distribution of the brake and tire PM2s and PM1o concentrations for
three test vehicles with respect to the braking intensity. For both brake and tire particles, the
differences in the median values of PM2s and PMz1o concentrations are statistically significant
among the three vehicles regardless of the braking intensity level (Kruskal-Wallis P <0.05),

suggesting that there is a statistical difference between at least one pair of vehicles. A multiple
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comparison procedure (Dunn’s Method) was then used to determine if the PM concentration
distribution of a vehicle or vehicles was statistically different from the others. The PM2s
concentrations were significantly different between the Chevrolet Suburban and Nissan Sentra,
regardless of the braking intensity level for both brake and tire particles (Dunn’s Method, p<0.05).
Likewise, a significant difference was observed in the PMzg concentration between the Chevrolet
Suburban and Nissan Sentra for both brake and tire particles regardless of the braking intensity
level (Dunn’s Method, p<0.05). The differences in the PM2s and PMzo concentrations between the
Chevrolet Suburban and Honda Accord were always significant during heavy and moderate brakes
for both brake and tire particles. However, for the light braking intensity, the difference between
the Chevrolet Suburban and Honda Accord was not significant. A statistically significant
difference was not observed between the Honda Accord and Nissan Sentra, presumably due to a

smaller difference in the mases of the two vehicles.

There are few studies that have discussed the effect of vehicle mass on non-exhaust PM emissions.
Computer modeling of tire wear properties has previously suggested that vehicle inertia load can
affect tire wear particle generation (Salminen, 2014). Moreover, studies on brake wear particles
have discussed that inertia load is likely to affect brake wear particles (Garg et al., 2000). In
addition, life cycle data have been used for estimating non-exhaust emissions based on the mass
of the vehicles, expressing the significance of inertia load on non-exhaust PM generation (Simons,
2016). Overall, the results of this study confirm the findings in the previous works and indicate
that vehicle mass can play a major role in predicting brake and tire PM concentrations during the

braking.
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Figure 3.4. Peak values in PM concentrations for the test vehicles at three deceleration rate (i.e., braking intensity) levels

(a) brake PMzs, (b) brake PMao, (c) tire PMzs, (d) tire PMio
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3.4.3. Particle size distribution

Mass-based particle size distributions of the brake and tire particles are shown as contour plots in
Figure 3.5. To obtain mass-based size distributions, we assume particles are perfect spheres with
a uniform density of 2.6 and 2.8 g/cm? for brake and tire wear particles, respectively (Alemani et
al., 2016; Hussein et al., 2008; Kwak et al., 2013). In Figure 3.5, the x and left y coordinates present
the sampling elapsed time in seconds and the aerodynamic particle diameter in the logarithmic
scale, respectively. The normalized mass concentration (dM/dlogd,) for the particle diameters in
the range of 0.5-20 pum at a given time is shown in different contour colors. The right y-axis shows
the average deceleration rate during the braking events. As shown in Figure 3.5, while not all
braking events increase PM mass concentration, high PM concentrations were observed for most
of them. Similar to Figure 3.4, for both the brake and tire particles, higher PM concentrations are
generated from the heavier vehicles during braking. This is more noticeable for the Chevrolet
Suburban, presumably because its mass is approximately twice as heavy as that of the Nissan
Sentra and approximately 60% heavier than that of the Honda Accord. A substantial difference

between the mass-based size distribution of the brake and tire particles was not observed.

Figure 3.6 plots the average mass-based particle size distributions for the three test vehicles. Both
brake and tire particles showed a unimodal mass size distribution with a mode diameter of 3-4 um
and 4-5 um, respectively. The reported brake particle size distributions in the previous studies vary
depending on the sampling setup and instrumentation. The brake particles have been reported in
various size ranges, including ultrafine, fine, and coarse sizes (Farwick zum Hagen et al., 2019a;
Kwak et al., 2013; Nosko and Olofsson, 2017). The results of this study are in agreement with the
findings of the previous study that reported a mass-based particle size distribution in the 1-10 um

size range (Kwak et al., 2013). Moreover, unimodal tire mass-based particle size distributions with
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mode diameters of 2—3 pum, 3—5 um, and 3—4 pm have been reported (Hussein et al., 2008; Kim
and Lee, 2018; Kwak et al., 2013). In general, our results on tire particle size distributions agree

with the findings of these studies.
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Figure 3.5. Mass-based particle size distributions for brake and tire particles with regard to
the braking deceleration rate during moderate and heavy braking events (a) Sentra brake,
(b) Sentra tire, (c) Accord brake, (d) Accord tire, (e) Suburban brake, (f) Suburban tire
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Figure 3.6. Average mass-based particle size distribution during braking events for (a) brake

particles and (b) tire particles (error bars: standard deviation)

3.5. Discussion

One of the goals of this work was to study the effect of braking intensity on brake and tire particles.
As shown in section 3.2, for each vehicle, higher brake and tire PM2s and PM1o concentrations are
observed during more intense braking events. However, it is important to note that at any given
initial and final speed, the braking events with higher deceleration rates take less time, and
therefore the particles are produced for a shorter period of time. Overall, the average durations of
light (0.5<a<2 m/s?) vs. heavy (a>3 m/s?) braking events for all test vehicles were 7.3+0.5 s and
5.2+ 0.4 s, respectively, showing an approximately 40% difference. This shorter braking time

offsets the total amount of generated brake and tire particles during heavy breaking events.

There are a few other factors that can affect the brake and tire particles. For instance, the
aerodynamic drag may affect the vehicle braking intensity and concentrations of brake and tire
particles. The aerodynamic drag has been reported to increase during windy conditions (Selvaraju
and Parammasivam, 2019; Windsor, 2014) and affect the stopping distance and stopping time at

higher driving speeds (V > 100 km/h) (Haggag and Mansouri, 2016). However, in this study, the
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effect of aerodynamic drag on braking intensity was expected to be negligible due to low to

medium driving speeds and low wind.

The brake temperature can also affect the brake wear particle size distribution. At a certain critical
brake temperature (Terit), particle number concentration has been shown to rapidly increase due to
the generation of ultrafine particles (Alemani et al., 2018; Farwick zum Hagen et al., 2019b). While
Terit has been shown to be a function of brake lining material, most studies reported Tt to be in
the range of 140-190 °C (Alemani et al., 2018; Farwick zum Hagen et al., 2019b, 2019a; Nosko
and Olofsson, 2017). A previous study using the Los Angeles City Traffic (LACT) cycle has
shown that temperature transition occurs gradually (Farwick zum Hagen et al., 2019b). In fact, the
brake temperature was reported to reach Tt after 1 hour of continuous driving (Farwick zum
Hagen et al., 2019b). In this study, the brake temperature was below 80 °C at the beginning of
each sampling session and reached up to 120 °C at the end of each 12-min session (Table S2).
Therefore, the range of brake temperature in this study was expected to be well below the Teit

(140-190 °C) which is required for excessive ultrafine particle generation.

The goal of this work was to study the effect of vehicle mass on non-exhaust PM during different
braking intensity levels. The effects of vehicle mass on non-exhaust PM emissions have received
more attention in recent years with the global efforts for transportation electrification. Battery
electric vehicles have shown to be heavier than vehicles with internal combustion engines due to
the excessive battery weight (Timmers and Achten, 2018). While recent studies have shown the
frequency of braking in the battery electric vehicles can be eight times lower due to the application
of the regenerative braking system (Hall, 2017), more recent studies based on updated emission
inventories have discussed that excessive weight of battery electric vehicles can minimize the

positive effect of regenerative braking in reducing non-exhaust PM emissions (Beddows and
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Harrison, 2021). Therefore, future research is needed to better understand the overall impact of
vehicle electrification on brake and tire wear emissions. The findings from the current study can
provide insight into the effect of vehicle mass on brake and tire particles during various braking

intensity levels and alleviate the gap of knowledge in this area.

3.6. Study limitations and future work

Chemical speciation has been shown to be useful in the identification of brake and tire wear
particles (Lough et al., 2005). For instance, specific chemical elements have been used for tracing
brake and tire wear particles (Wang et al., 2021). However, chemical speciation analysis would
require collecting a large amount of PM samples during lengthy on-road sampling sessions, which

was logistically prohibitive in the current study.

Accurate calibration factors for correcting PM concentrations measured by DustTrak is important.
To the best of our knowledge, the DustTrak calibration factor for tire wear particles is not available
in the literature. While DustTrak calibration factors for brake wear particles have been reported,
they vary widely across different brake lining materials and sampling methods. Therefore, future
studies are needed to provide more details about the DustTrak calibration factors of brake and tire

wear particles.

Finally, the results of the current study showed that there could be a lag between the onset of the
braking and observation of an increase in the concentration of the brake and tire particles. A similar
observation has been reported previously during the on-road sampling of the brake wear particles
(Farwick zum Hagen et al., 2019b). Since the instrument response time can vary, future research
is needed to investigate the instrument response time during the real-time measurement of brake

and tire wear particles.
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3.7. Conclusion

In this study, three vehicles with different masses were tested to investigate their effects on brake
and tire particles under real-world driving conditions. On-road measurements were performed on
three test vehicles with masses ranging from 2800-5800 Ibs. A significant difference was observed
in the brake and tire PM25s and PMyo concentrations between the heaviest and lightest vehicles,
indicating that there is a positive association between the vehicles’ mass and the PM concentration
at the brake and tire inlets. This study also demonstrated that the braking intensity is a strong
predictor of the brake and tire PM2s and PM1o concentrations. The brake and tire particles were
measured in size range of 0.5-20 um. Brake particles showed a unimodal mass size distribution
with a mode diameter of 3-4 pum, while tire particles showed a slightly larger mode diameter of 4-
5 um. The findings of the current work provide novel information on the effect of vehicle and

driving conditions on brake and tire particles.
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4. Elemental composition of fine and coarse particles across the Greater Los Angeles area:
spatial variation and contributing sources

Published in Environmental Pollution (2022, Volume 292 Part A)

(DOI: 10.1016/j.envpol.2021.118356)

4.1. Abstract

The inorganic components of particulate matter (PM), especially transition metals, have been
shown to contribute to PM toxicity. In this study, the spatial distribution of PM elements and their
potential sources in the Greater Los Angeles area were studied. The mass concentration and
detailed elemental composition of fine (PM25) and coarse (PM2.10) particles were assessed at 46
locations, including urban traffic, urban community, urban background, and desert locations.
Crustal enrichment factors (EFs), roadside enrichments (REs), and bivariate correlation analysis
revealed that Ba, Cr, Cu, Mo, Pd, Sb, Zn, and Zr were associated with traffic emissions in both
PM2s and PM2s.10, While Fe, Li, Mn, and Ti were affected by traffic emissions mostly in PM2s.
The concentrations of Ba, Cu, Mo, Sh, Zr (brake wear tracers), Pd (tailpipe tracer), and Zn
(associated with tire wear) were higher at urban traffic sites than urban background locations by
factors of 2.6 to 4.6. Both PM2s and PM:.s.10 elements showed large spatial variations, indicating
the presence of diverse emission sources across sampling locations. Principal component analysis
extracted four source factors that explained 88% of the variance in the PMazs elemental
concentrations, and three sources that explained 86% of the variance in the PM2s.10 elemental
concentrations. Based on multiple linear regression analysis, the contribution of traffic emissions
(27%) to PM2s was found to be higher than mineral dust (23%), marine aerosol (18%), and
industrial emissions (8%). On the other hand, mineral dust was the dominant source of PMz2s5.10

with 45% contribution, followed by marine aerosol (22%), and traffic emissions (19%). This study
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provides novel insight into the spatial variation of traffic-related elements in a large metropolitan

area.

4.2. Introduction

Exposures to particulate matter (PM) have been linked to a wide range of chronic and acute health
conditions, including cardiovascular diseases, lung cancer, and adverse birth outcomes (Burnett et
al., 2018; Gharibvand et al., 2017; Orach et al., 2021; Sapkota et al., 2012). Both fine particles
(PM2s, aerodynamic diameter less than or equal to 2.5 pm) and coarse particles (PMas.10,
aerodynamic diameter ranging from 2.5 to 10 um) have been associated with increased mortality
(B. Wang et al., 2020; Zhang et al., 2017). While most studies addressing the health effects of PM
have focused on undifferentiated PM mass, there are a growing number of studies examining PM
chemical components, including metals (Franklin et al., 2008; Ronkkd et al., 2018). It has been
reported that the metal components are among the major contributors to the overall health effects
of PM (Badaloni et al., 2017; Wallenborn et al., 2009). Metals are known to induce oxidative stress
(Araujo and Nel, 2009; Gao et al., 2020b), which is one of the most significant physiological
mechanisms of PM toxicity (Bates et al., 2019; Miller, 2020). A better understanding of the major
sources of PM elements in the environment is required for mitigating their associated health

effects.

In Southern California, traffic emissions have been estimated to contribute to 32% and 18% of
ambient PM25s and PM2s.10, respectively (Habre et al., 2020), and they are one of the dominant
sources of PM elements (Mousavi et al., 2018). Significant steps have been taken to control traffic
emissions through technological advancements and restrictive policies, which have led to
remarkable reductions in exhaust emissions in the past few decades (Pitiranggon et al., 2021;

Thorpe and Harrison, 2008). With the continuous reductions in exhaust emissions in light of the
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previous emission control strategies, the relative importance of non-exhaust emission sources is

increasing in the metropolitan areas (Jeong et al., 2020; Oroumiyeh and Zhu, 2021).

Brake and tire wear particles and resuspended dust are among the primary contributors to non-
exhaust PM (Piscitello et al., 2021). Specific elements have been used as tracers for identifying
non-exhaust emission sources (Grigoratos and Martini, 2015; Pant and Harrison, 2013). For brake
wear particles, Ba, Cu, and Sb are the most common tracers (Gietl et al., 2010; Schauer et al.,
2006; Sternbeck et al., 2002), while Cr, Fe, Mo, Sn, Ti, and Zr have also been reported as brake
wear tracer (Amato et al., 2011a; Apeagyei et al., 2011). For tire wear particles, Zn has been widely
used as a tracer since zinc oxide can contribute up to 1% of tire mass (Farahani et al., 2021;
Harrison et al., 2012; Milani et al., 2004; Morillas et al., 2020a). However, Zn is not specific to
tire wear because high Zn concentrations have also been reported for other emission sources,
including brake wear particles (Lough et al., 2005) and industrial emissions (Jeong et al., 2019;
Morillas et al., 2019). In addition, platinum-group elements (PGESs), including Rh, Pd, and Pt, are
primarily generated by catalytic converters in light-duty vehicles (LDVs) and can be used as
tailpipe tracers (Bozlaker et al., 2014; Das and Chellam, 2020). Moreover, other elements,
including Bi, Ce, Ni, and V have been linked to marine fuel emissions (Auffan et al., 2017;
Crosignani et al., 2021; Morillas et al., 2019; Spada et al., 2018). On the other hand, using
elemental tracers for identifying resuspended road dust should be taken with caution since both

crustal and vehicle abrasion sources contribute to resuspended road dust (Denby et al., 2018).

Los Angeles is a megacity and one of the largest metropolitan regions in the United States. Due to
its sprawling landscape, Los Angeles is heavily impacted by traffic emissions (Jerrett et al., 2005;
Su et al., 2016). Chemical speciation in the Los Angeles area was first studied a few decades ago

(Chow et al., 1994). With advancements in analytical measurement technologies, more recent
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studies have investigated the spatial variation of a larger spectrum of PM elements in the Los
Angeles area (Arhami et al., 2009; Cheung et al., 2011; Habre et al., 2020; Hasheminassab et al.,
2020). While these studies provided valuable insights into the chemical speciation and spatial
variation of PM elements, they did not cover a large area with a spatial resolution high enough to
facilitate research on the association between PM elements and adverse health outcomes. The
current study aims to develop a spatially-resolved chemical speciation dataset for PM2.5 and PM2 s.
10 to investigate spatial variations of traffic-related elements in the Greater Los Angeles area to

enable future health effect studies.

4.3. Material and methods

4.3.1. Site selection

This study is part of a larger effort to evaluate the association between brake and tire wear
emissions and adverse birth outcomes in Los Angeles. The sampling sites were selected with the
goal of maximizing the variability in PM mass concentration and chemical speciation to facilitate
exposure modeling across the Los Angeles basin. While the effect of traffic intensity on the PM2s
and PM25.10 elemental concentrations was the main focus of the current study, other factors such
as road slope and intersection density which likely affect brake and tire wear particles were also
considered for sampling site selection (Abu-Allaban et al., 2003; Harrison et al., 2012). Overall,
PM samples were collected at 46 locations in the Greater Los Angeles region (Figure S1) during
two periods, in September 2019 and February 2020. In each field campaign, samples were
collected concurrently over a two-week integrated period with four replicate sampling locations
between the two periods. While most of the sampling sites were within Los Angeles County, the

study also covered the adjacent parts of Riverside, San Bernardino, and Ventura counties.
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The sampling sites can be categorized into four groups: (a) urban traffic, (b) urban community, (c)
urban background, and (d) desert (see Table S5 in the supplementary information (SI) for more
details). The annual average daily traffic (AADT) data from 2018 were collected from the Federal
Highway Administration to compare the traffic volume at different urban sampling sites (Table
S5). The mean AADT values for each sampling location were calculated based on the AADT
values of the major surrounding roads and highways following the buffering method proposed in

the previous studies (Henderson et al., 2007).

4.3.2. Sample collection and analytical methods

Ambient PM2s and PM2s.10 samples were collected using Harvard cascade impactors (Lee et al.,
2006). The cascade impactors were configured for 3-stage collections and were contained inside
custom-made pump boxes that operated at 5 LPM. The first stage of the impactor collected super-
coarse particles (aerodynamic diameter larger than 10 um) using pre-cleaned 3/4" diameter
Polyurethane foam (PUF) substrates, the second stage collected coarse particles using 3/8”
diameter pre-cleaned PUF, and the final stage was configured with pre-cleaned Teflon membrane
filters (Teflo, 2 um, Pall Life Sciences, 37 mm) to collect PM2s. The filters, PUF substrates, and
the components of the impactors were rigorously pre-cleaned in the trace element laboratory at the
University of Wisconsin-Madison State Laboratory of Hygiene (WSLH) prior to use, following
protocols established in previous studies (Dillner et al., 2007; Lough et al., 2005). The impactors

were pre-loaded in the laboratory to minimize potential field-handling contamination.

The PM mass loading on all three substrates was determined by micro-gravimetry (weighting
precision = 0.001 pg) at the WSLH. The substrates were equilibrated in the dedicated temperature
(21£1.5 °C) and humidity-controlled (40+3%) weighing room for 30 hours before taring and post-

weighing. Active ionization sources, including Po strips were installed on the microbalances to
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remove static charges during weighing. The concentrations of 55 chemical elements in PM.s and
PM25.10 were determined by Sector Field Inductively Coupled Plasma Mass Spectrometry (SF-
ICP-MS) (Thermo-Finnigan Element 2XR) as previously detailed (Dillner et al., 2007; Herner et
al., 2006; Lough et al., 2005; Pakbin et al., 2011) (For more information about the quality
assurance/quality control procedure and the effect of relative humidity on PM2s and PM25s-10
concentrations, please refer to section S4 in the Sl). The signal-to-noise (S/N) ratios were
calculated based on the previously suggested method (Norris et al., 2014). In this study, elements
with concentrations exceeding the method detection limit (MDL) in at least 80% of the samples
and S/N ratios greater than two were included in subsequent data analysis. Overall, 43 elements

were included for data analysis (see Table S6 in Sl).

4.3.3. Statistical analysis

Bivariate Spearman correlation analysis was performed to determine the associations between
measured elements. The elements with large anthropogenic and crustal contributions were
identified by the crustal enrichment factors (EFs) (Harrison et al., 2003; Salomons and Forstner,

1984), calculated using Eq (4.1):

( = )
C
ref Sample

( = >
C
ref Crust

Where C, is the concentration of the x element in the field sample, and C,.r represents the

EF, = (4.1)

concentration of the reference element. The elemental concentrations of the upper continental crust
(UCC) were used as the crustal concentrations in Eq (4.1) for estimating EFs (Taylor and

McLennan, 1985), and Al was used as the reference element (Birmili et al., 2006; Gao et al., 2002).
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In order to assess the impact of traffic emissions on PM2s and PMzs.10 elements, roadside

enrichments (REs) were calculated based on Eq (4.2):

H_ (L
_G -G

7
%

RE; (4.2)

Where Cfand CF, represent the concentration of the i element at high and low traffic sites,
respectively (Amato et al., 2011b; Oliveira et al., 2010). The calculated REs were based on
concentrations at three pairs of sampling locations: (a) urban community vs. urban background
sites, (b) urban traffic vs. urban background sites, and (c) urban traffic vs. urban community sites.
A similar approach was used in a previous study for identifying metals associated with traffic
emissions (Amato et al., 2011b). All elements were categorized into three different groups
representing strong, weak, and inconsistent roadside enrichment levels (i.e., Types I, Il, and 1I)

(see Table S7 for details).

Principal component analysis (PCA) was separately applied to the PM2s and PM2s.10 elemental
concentration datasets, each with 50 samples to identify the major sources of PM elements.
Overall, the standardized format of 43 elements was included in PCA. VVarimax orthogonal rotation
was used to optimize the variance between the components, and an eigenvalue of unity or larger
was used as a threshold for the inclusion of the extracted source factors in PCA. Based on the
resulting principal component loadings, the PM2s and PM2s-10 sources were identified using the

bivariate correlation analysis results, EFs, and REs.

Two separate linear regression models were further developed to compare the sources contributing
to PM25s and PM2s.10 based on methods suggested in a previous study (Larsen and Baker, 2003).
In each model, ambient PM2s and PM25.10 concentrations were treated as dependent variables, and

their corresponding principal component scores were the independent variables. The linear
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regression models were developed in a stepwise sequence with the aim of maximizing the
coefficient of determination (R? values) by including noncolinear and statistically significant

source factors (p<0.05).

Descriptive statistical analysis, PCA, multi-variable linear models, and significance tests were
performed using SPSS 27.0 (IBM, Armonk, NY). Sigmaplot 12.5 (Systat, San Jose, CA) was used

for plotting figures.

4.4. Results and Discussion

4.4.1. Spatial variation of PM mass concentrations

The PM2s and PM2s.10 mass concentrations at the urban traffic, urban community, urban
background, and desert sampling sites are presented in Figure 4.1. The average concentrations of
PMg_s at those sites were 10.9 pg/m?, 8.9 pug/md, 6.8 pg/m?, and 10.5 pg/m?3, respectively, while
the average concentrations of PMzs.10 at those sites were 9.6 pg/m?®, 8.3 pg/m®, 7.4 pg/m?, and
12.4 pg/m?, respectively. The PM2s/PMas.10 ratios were slightly higher at the urban traffic (0.53)
and urban community (0.52) sites than at the urban background (0.48) and desert (0.46) sites.
Overall, a statistically significant difference was observed between the PM..5/PM: .10 ratios across
various sampling locations (Kruskal-Wallis method (p < 0.05)). Higher PM25/PM2s5.10 ratios at the
urban traffic and urban community sites were presumably due to fresh emissions from traffic and
industrial sources. In Europe, lower PM2s/PM2s.10 ratios were reported at locations with dry
weather conditions or in close proximity to desert dust (Eeftens et al., 2012; Querol et al., 2008),
while higher PM2s/PM2s.10 ratios were reported at urban locations with high traffic volumes
(Fulvio Amato et al., 2016). Similar findings were reported in Southern California, showing that
desert sampling sites had the lowest PM2.s/PM2s.10 ratios, while urban sampling locations had

higher PM2s5/PM25.10 ratios (Kim et al., 2000; Motallebi et al., 2003).
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Figure 4.1. PM25s and PM2s.10 concentrations at different sampling locations. Denoted
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4.4.2. PMys and PM2s.10 elemental concentrations and their spatial variation

Figure 4.2 presents absolute average elemental concentrations in PM2s and PM2s.10 at different
sampling locations. The most abundant elements in both PM2s and PM2:s.10 were Na, S, Fe, Ca,
Al, Mg, K, Ba, and Ti. The majority of these elements are naturally abundant in the crust of the
earth, while S is also present in the secondary inorganic sulfate. As presented in Figure 4.2, while
the concentrations of crustal elements such as Al, Ca, Rb, K, Ti, and Fe were higher in coarse
particles, the levels of many of the brake and tire wear tracers (Mo, Cr, Sh, Zn), as well as S, Pb,
and Ni were higher in PM2s. The concentrations of Ba, Cu, and Zr in PMzs and PMz25.10 Were
comparable. These results are in agreement with findings of previous studies that reported crustal
elements such as Al, Ca, Mg, Na, and Si were more abundant in PM2.10 (Kim et al., 2000; Lough
et al., 2005). In addition, other trace elements, including Cd, Pb, and Ni were shown to have higher

concentrations in PM2 s than PM2 .10 in previous studies (Poulakis et al., 2015; Querol et al., 2008).
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Tables S8 and S9 in SI summarizes the absolute and normalized elemental concentrations in PM2 5
and PM2s.10, respectively. Figure S2 presents the relative contributions of PM2s elements to the

elemental concentrations in PMo.

Figure 4.3 represents concentration ratios (panels a and b) and crustal enrichment factor (EF) ratios
(panels c and d) of selected traffic (i.e., Ba, Cr, Cu, Mo, Pd, Sb, Zn, and Zr) and crustal (i.e., Ca,
Fe, K, Li, Mn, Rb, Ti) elements at the urban traffic, urban community, and desert sites for both
fine and coarse particles (Amato et al., 2011a; Apeagyei et al., 2011; Gietl et al., 2010; Pakbin et
al., 2011; Schauer et al., 2006; Sternbeck et al., 2002). To calculate the concentration and EF ratios,
elemental concentrations and EFs at different sampling sites were normalized by the average
concentrations and EFs at the urban background sites, respectively. As shown in Figure 4.3 (panels
a and b), urban traffic sites had higher levels of brake and tire wear tracers in comparison to other
sampling sites. At the urban traffic sites, the average concentrations of Ba, Cu, Mo, Sb, and Zr in
PM25 and PM2s.10 were 3.3-4.6 and 2.6-4.4 times higher than urban background sites, respectively.
In previous studies, the concentrations of traffic tracers such as Ba and Cu in PM25 were shown to
be 3.7 and 4.4 times higher at a freeway site compared to background downtown sites (Jeong et
al., 2019). Moreover, the concentrations of the heavy metals in PM2s.10 have been previously
reported to be up to 10 times higher at locations with high traffic intensity compared to rural sites
(Pakbin et al., 2011). The higher concentrations of Ba, Cu, Sh, and Zn at the urban locations have
been attributed to traffic sources, and particularly brake and tire wear emissions (Querol et al.,
2007). On the other hand, a large increase in the concentrations of crustal elements was not
observed at the urban traffic sites. In fact, average concentrations of crustal elements were only
increased by a factor of 1.1-2.1 for PM2s, and 1.1-1.5 for PM2s.10. In contrast, desert sites had the

highest concentrations of crustal elements.
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The elements with significant anthropogenic sources were identified by EF ratios. As shown in
Figure 4.3, in both PM25 and PM2s.10, the increase in concentrations of traffic tracers at the urban
traffic locations led to higher EF ratios, indicating a strong influence of traffic activity on these
elements. A similar effect was observed for EF ratios of traffic elements at the urban community
locations, while EF ratios of these elements were consistently lower than unity at the desert sites
with low traffic activity. On the other hand, while the concentrations of crustal elements at desert
sites were up to 3 times higher than those at the background locations, the normalized EFs
remained close to unity. Among crustal elements, Fe, Li, Mn, and Ti at the urban traffic sites
showed EF ratios greater than unity in PM2s, while their EF ratios were closer to unity in PMas.
10. This indicates that while Fe, Li, Mn, and Ti in PM2s.10 mostly originated from geogenic
activities, there were also anthropogenic sources for these elements in PM2s at the urban traffic

locations. Figure S3 in Sl presents the calculated EFs for PM2.s and PM25.10 elements.

Figure S4 presents the Spearman correlation coefficients between AADT values and selected
PM2s and PM2s.10 elemental concentrations. As shown in Figure S4, traffic elements showed a
moderate correlation (p> 0.5) with AADT, except for Zn in PM2s and Pd in PM2s.10. On the other
hand, the crustal elements were poorly correlated (p< 0.4) with AADT, except for Ti and Fe. It is
important to note that while AADT can affect the concentrations of traffic elements, other factors,
including wind direction and proximity to areas with high braking activity, including freeways exit
ramps, and locations with stop-and-go traffic can also affect the traffic-related elemental
concentrations (Abu-Allaban et al., 2003; Harrison et al., 2012). Table S10 in the Sl section
presents the PM.s and PM2s.10 elemental concentrations of the selected traffic elements in all of

the collected samples.
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4.4.3. Variability in the chemical composition of PM2s and PM2.5.10

Figure 4.4 shows the coefficient of variation (CV = standard deviation/mean) for PM2s and PMs.
10 elemental concentrations. In the literature, a CV > 20% has been used as a threshold to indicate
that an element is heterogeneous within an urban environment (Wilson et al., 2005). As shown in
Figure 4.4, the elemental concentrations showed a notably higher variation than PM2s and PM2s-
10 mass concentrations across different sampling sites. Overall, elemental concentrations were
more variable in fine particles than in coarse particles, except for a few elements such as Mo, La,

P, and Ta.

Figure S5 compares the concentrations of selected PM2.s and PMzs.10 elements in the current study
and other cities, including Barcelona, Florence, Lecce, and Taipei City (Fulvio Amato et al., 2016;
Hsu et al., 2019; Perrone et al., 2019). As shown in Figure S5, while the PM25 elemental
concentrations of Al, Ba, Cu, and Sb were higher in Los Angeles, the levels of Cr, Mo, V, and Zn
were relatively lower. In comparison, the PM2s.10 elemental concentrations in Los Angeles were
within the range of the reported concentrations in other cities. It should be noted that the
differences across the studies in terms of the type and number of the sampling locations, as well

as the sampling seasons, could also contribute to the observed differences.

Figure S6 presents the normalized concentrations of selected elements based on the mean
concentrations reported by a previous study of Southern California communities in 2008-2009
(Habre et al., 2020) (see the description of Figure S6 in the Sl section for more information about
the methodology comparison between the previous and current studies). With respect to the
concentrations reported by Habre et al. (2020), the average PM2.s concentration is approximately
35% lower while the majority of PM2s elemental concentrations present higher values. For

instance, at the urban traffic sites, PM- s elemental concentrations of Ba, Cr, Cu, Mo, Sb, and Pd
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were 3.2 to 6.8 times higher than previously reported concentrations. Moreover, concentrations of
Al, Ca, Dy, Fe, K, Li, Mn, Rb, and Ti in PM2swere 3.1 to 5.2 times higher at the desert locations
compared to the reported concentrations by Habre et al. (2020). In contrast to PM25, PM25s.10
elemental concentrations were not substantially different from the previously reported

concentrations.

At the urban traffic sites, the concentration of Li in PM2s was 3.7 times higher than the previous
findings, showing the largest concentration increase among the crustal elements. Moreover, crustal
enrichment factors (EFs) of Li were compared to the reported average EFs at industrial and near-
roadway sampling locations close to the Port of Los Angeles (Arhami et al., 2009). The EFs of Li
in PM2s and PM2s.10 have increased by factors of 5.3 and 3.0, respectively, compared to the
previously reported EFs (Arhami et al., 2009). In fact, Li had the largest increase in EFs among all
of the reported elements by Arhami et al. (2009). This suggests that new anthropogenic sources
for Li might be introduced in the Greater Los Angeles area during the past few years. The vehicle
fleet composition in Los Angele County shows that the number of electric vehicles has
substantially increased from approximately 600 vehicles in 2010 to 369,300 vehicles in 2020
(California Energy Commission, 2021). Therefore, one of the probable sources of Li at the urban
traffic locations could be emissions from the venting of Li-ion batteries used in electric vehicles.
Li-ion batteries could degrade over time and generate gaseous chemicals (e.g., HF, C2HsF) and
solid species (LiF) as decomposition byproducts (Sturk et al., 2019; Wilken et al., 2013). The
battery degradation can be accelerated at high temperatures or with battery aging (F. Yang et al.,
2018). Given the foreseeable surge in electric vehicle adoption, future studies are needed to focus

on Li emissions from Li-ion batteries.
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Figure 4.4. Coefficient of variation (CV) of PM2s5 and PMz225-10 elements based on absolute

elemental concentration

4.4.4. Associations between PMzs and PM2.s-10 chemical elements

Spearman correlation coefficients (p) for PM2s and PM25.10 elements are shown in Figure S7. The
majority of elements associated with exhaust (Pd) and non-exhaust roadway emissions (Ba, Cr,
Cu, Sb, Zn, Zr) showed relatively strong inter-element correlations (p >0.70) in PM25s and PM2s.
10. In particular, Ba, one of the common brake wear tracers, was strongly correlated (p >0.90) with
other brake wear tracers, including Cu, Sh, and Zr in PM25s and PM2.10. Similarly, Pd, a tailpipe
tracer, showed a strong correlation (p >0.90) with Ba in both PM25 and PM2s.10. In addition, Mo
showed moderate positive correlations with other traffic-related elements (p >0.50), except for Pd

in PM25.10 (p <0.50).

In general, crustal elements, including Al, Ca, and K, showed relatively strong inter-element
correlations (p >0.70) in both PM2s and PM2s.10. Relatively strong correlations (p >0.70) were
observed for Fe with most of the traffic-related elements in PM2s and PM2s.10. A few other

elements, including Li, Mn, and Ti showed moderate to strong correlations with traffic-related
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elements in PM2s except for Mo and Cr. However, the correlations of Li, Mn, and Ti with traffic-
related elements in PM2s.10 were generally weaker. This agrees with the findings in section 4.2,

which discussed the effect of traffic emissions on Li, Mn, and Ti in PMas.

Correlations among Mg, Na, and V were fairly strong in PM2s. While V has been attributed to
marine fuel emissions, especially near the ports, Na and Mg are associated with sea salt aerosol
(Fulvio Amato et al., 2016; Pakbin et al., 2011). The high correlation between Na, Mg, and V
likely indicates mixed marine aerosols with emissions from the ports of Long Beach and Los
Angeles. On the other hand, in PM25.10,, V was not correlated with Na, and both Mg and V showed

stronger correlations with crustal elements.

It should be noted that compared with the average concentrations reported by Habre et al. (2020),
the concentrations of Ni and V in PM2s were lower in the current study, except for Ni at the urban
traffic locations (Figure S6). During the past decade, a few regulations were implanted to control
sulfur in marine fuel, which led to a decrease in Ni and V content of the fuel oils (Spada et al.,
2018). These results show that while Ni and V concentrations have decreased during the past
decade as a result of the implemented regulations on fuel sulfur content, their concentrations near
the ports are still higher than other sampling locations. As shown in Figure S8, the majority of
locations with V concentrations of 1.0 ng/m?® and greater in fine particles were located within 8
miles of the Port of Long Beach. A similar effect was observed for Ni concentrations, which were

constantly above 0.6 ng/m®at the sampling sites near the ports.
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4.4.5. ldentification of traffic-related elements using roadside enrichments (RES)

Figure 4.5 and Table S11 present the estimated roadside enrichments (REs) of the PM25 and PM2s-
10€elemental concentrations. The influence of traffic on PM2s and PM:.s.10elemental concentrations
was determined by categorizing the elements into three different classes representing strong, weak,
and inconsistent REs (see Table S12). All traffic-related tracers, including Ba, Cr, Cu, Zn, Zr, Mo,
Pd, and Sb were categorized as Type | elements with strong RE (RE>20% for all pairs) in both
fine and coarse particles. Among traffic tracers in PM2s, the REs of Ba, Cu, Mo, and Zr were
higher than 40% for each pair of sampling location types. Type Il elements that showed weak RE
(positive RE with RE<20% for at least one pair) included elements associated with marine aerosol
(Na, Mg), as well as S, Pb, and some of the lanthanoid elements (Lu, Y, Eu) in fine and coarse
particles. Crustal elements such as Al, Ca, Rb, as well as some of the rare-earth elements such as
Nd, Sm, Dy, Ho were categorized as Type Ill elements with inconsistent RE (RE<O for at least

one pair).

While for PM2s most of the elements were categorized as Type |, for PM25.10 the majority of the
elements were classified as Type I1l. This indicates that while several elements are dominated by
traffic emissions in PM2s, they are likely from multiple sources in PM2s.10. For instance, Fe and
Li were assigned to Type | in PM2s due to their roadside enrichments, however in PMz2s.10 they

met the criteria for Type Il and Type 11l elements, respectively.

Analyses of crustal enrichment factor ratios, bivariate correlation, and roadside enrichments
revealed that Ba, Cr, Cu, Mo, Pd, Sb, Zn, and Zr were largely impacted by traffic emissions in
both PM25 and PM2s.10. Previously, Ba, Cr, Cu, Mo, Sh, and Zr have been associated with brake
wear particles (Amato et al., 2011a; Apeagyei et al., 2011; Gietl et al., 2010), while Zn has been

mostly used as a tracer of tire wear particles (Harrison et al., 2012; Wagner et al., 2018). In
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addition, Pd is used in catalytic converters in internal combustion engine vehicles and has been
used as a tracer for exhaust emission (Bozlaker et al., 2014; Das and Chellam, 2020). Moreover,
based on the findings of the previous sections, it is inferred that Fe, Mn, Li, and Ti show a different
behavior in fine and coarse particles. The previous studies have linked Mn to crustal (Cesari et al.,
2016), traffic (Lawrence et al., 2013; Schauer et al., 2006; Wang et al., 2021), and industrial
sources (Querol et al., 2007). While Fe has been linked to traffic (Amato et al., 2009; Schauer et
al., 2006) and road dust (Pakbin et al., 2011), Ti has also been associated with mineral dust (Amato
et al., 2011b) and non-exhaust traffic sources (Apeagyei et al., 2011). Therefore, these elements
are associated with traffic emissions in PM2s, while they can be generated by other emission

sources in PM2s.10.
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Figure 4.5. Roadside enrichments for different types of elements (a) PMz.s, (b) PM2s-10
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4.4.6. Source identification using principal component analysis (PCA)

The major sources of PM elements in the region were determined by applying PCA to PM_s and
PM2s.10 elemental concentration datasets. The analyses of Spearman correlation, EFs, and REs
were used to help assign sources to PCA factors, and elements with PCA loadings of 0.5 and higher
were used for source identification. Table S12a shows PCA results for PM2s chemical speciation
data. For PM2 s, four principal components explained 88% of the total variance. The first principal
component (PC1), responsible for 42% of the total variance, has substantial contributions from the
crustal elements such as Rb, Al, Ca, and K, and it potentially indicates mineral dust. Moreover,
this factor has robust loadings from the rare-earth elements such as Dy, Ho, Lu, Nd, Pr, Sm, Y,
and Yb that are typically found in mineral dust (Fulvio Amato et al., 2016; Pakbin et al., 2011).
The common traffic tracers, including brake wear tracers (Ba, Cu, Mo, Sh, and Zr), tire wear tracer
(Zn), and tailpipe tracer (Pd), largely contributed to PC2, which accounts for 31% of the total
variance. The elements associated with marine aerosol, including Na and Mg had a substantial
contribution to PC3. This factor also explains most of the variability for VV and S. While S can have
various sources, including marine aerosol, V is indicative of marine fuel emissions (Fulvio Amato
et al., 2016; Farahani et al., 2021; Morillas et al., 2020b; Spada et al., 2018), and therefore, PC3 is
a mixed source with contributions from marine aerosol and fuel combustion, accounting for 11%
of the total variance. The fourth principal component (PC4) accounts for 5% of the total variance,
and it has a high contribution from Cd with lower contributions from Pb, Ni, and Zn. The
association of Cd with combustion emissions and metal industries has been previously reported
(Liang et al., 2017; Pacyna and Pacyna, 2001; Rossini et al., 2005). In addition, Ni and Pb have
also been associated with steel production emissions and industrial fuel combustions (Querol et

al., 2007), suggesting that PC4 potentially represents industrial emissions.
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Table S12b presents the PCA results for PM2s.10 elements. Three components were extracted,
which accounted for 86% of the total variance. The majority of crustal elements such as Al, Rb,
Ca, as well as rare-earth elements are contained in PC1, presumably indicating mineral dust. The
brake, tire, and tailpipe tracers such as Ba, Cu, Mo, Pd, Sb, Zn, and Zr are included in PC2 , which
can be attributed to traffic emissions. The contribution of Na, S, and Mg to PC3 likely represents
marine aerosol with some contributions from fuel combustion. The mineral dust, traffic, and
marine aerosol source factors are responsible for 52%, 26%, and 8% of the total variance,

respectively.

While Fe, Li, Mn, and Ti, showed comparable loadings in the mineral dust and traffic source
factors in PM2s, they were largely attributed to the mineral dust source factor in PMzs.10. This
agrees with the findings in the previous sections, showing that Fe, Li, Mn, and Ti originated from
traffic emissions in PM2s, while their concentrations in PM2s.10 are associated with other sources.
Similarly, while V was largely attributed to marine aerosol in PM_ s, the mineral dust source factor

had the highest V loading in PM25.10.

4.4.7. Comparison of the major sources contributing to PM2s and PM2s5.10

To better understand the major sources of PM2s and PM2s.10, multiple linear regression analysis
was used to investigate the association of the extracted PCA source factors with PM2s and PM2s.
10 Mass concentrations. Using the extracted principal component scores as independent variables
and the mass concentrations of PM2s and PM2s.10 as dependent variables, two separate stepwise
linear regression models were examined. Eq (4.3) shows the resulting equation for predicting PM2s

concentrations:

7, = 0.49 FS, + 0.60 FS, + 0.39 FS; + 0.18 FS, (R? = 0.76) (4.3)
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Where Z; is the standardized format of PM2s mass concentration, and FS1 — FS4 represent the
factor scores for mineral dust, traffic, marine aerosol, and industrial emissions, respectively
(Tables S13a) (Larsen and Baker, 2003). Based on the standardized regression coefficients and
coefficients of determination (R?), the relative contribution of various sources to PMzs was
estimated (Larsen and Baker, 2003; Mousavi et al., 2019; Taghvaee et al., 2019). Traffic emissions
had the largest contribution (27%) to PM2s mass concentrations, followed by mineral dust (23%),
marine aerosol (18%), and industrial emissions (8%), while the source of 24% of PM25 mass was

undetermined.

Likewise, Eq (4.4) represents the linear relationship for PM2.s.10

A

7, =0.78 FS, + 0.33 FS, + 0.38 FS; (R? = 0.86) (4.4)

Where Z, represents the standardized format of PM2s.10 concentration, and FS1 — FS3 represent
the factor scores for mineral dust, traffic, and marine aerosol, respectively (Tables S13b). Mineral
dust was the dominant source of coarse particles with 45% contribution to PM2s.10, while the
contribution of marine aerosol and traffic emissions were 22% and 19%, respectively, and 14% of

PM25.10 mass had an undetermined source.

It is important to note that the presented source apportionment results are solely based on the PM2 s
and PM2s.10 elemental concentrations, and other important components of fine and coarse
particles, including carbonaceous species, have not been included in this model. Therefore, the
presented source apportionment results might not provide a comprehensive picture of the factors
contributing to PM25 and PM25.10 concentrations in the region. To assess the performance of the
model at different sampling locations, an analysis was performed on the model residual values. As

shown in Figure S9, the mean absolute percentage error (MAPE) values were lower at the urban
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traffic and desert locations, but higher at the urban background and urban community locations
(Bai et al., 2019). This finding indicates that the model has a better performance at locations with
high elemental concentrations (urban traffic and desert locations), while showing a reduced
prediction accuracy at locations with lower elemental concentrations. This could be due to the
contribution of other sources, including secondary aerosols, which have not been accounted for in

this model.

4.5. Conclusions

PM2s and PM2s.10 samples were collected at 46 locations in the Greater Los Angeles area
representing urban background, urban community, urban traffic, and desert sites. For PM2 s, traffic
emissions had the largest contribution (27%), followed by mineral dust (23%), marine aerosol
(18%), and industrial emissions (8%). For PM2s.10, mineral dust was the dominant source with
45% contribution followed by marine aerosol (22%) and traffic emissions (19%). For elements,
Ba, Cr, Cu, Mo, Pd, Sh, Zn, and Zr were affected by traffic emissions in both PM25 and PM25.10.
However, Fe, Li, Mn, and Ti were associated with traffic emissions mostly in PM2s. Comparison
of PM elemental concentrations to previously reported levels in the region showed a decrease in
Ni and V in PM25, presumably due to the regulations on fuel oil sulfur content. In contrast, large
increases in crustal enrichment factors of Li in PM2s and PM2s.10 were observed, which might be
associated with Li emissions from the degradation of electric vehicle Li-ion batteries. Overall,
these results provide insight into the spatial distribution of PM elements across a large metropolitan
area and underscore the role of both exhaust and non-exhaust traffic emissions in generating PM

elements.
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5. Conclusions and future directions

In the current dissertation, first, we explored the physical and chemical characteristics of vehicular
non-exhaust emissions based on the literature review. Both brake and tire wear particles were
shown to have a unimodal mass-based particle size distribution with mode diameters in the range
of 1-10 um. On the other hand, brake and tire wear particle number distributions have been
reported to be unimodal, bimodal, and multimodal, depending on the sampling approach and the
detection limit of the applied sampling instrument. Brake wear particle number distribution was
concluded to be substantially affected by brake disc temperature, brake material, and brake
maintenance history, while tire wear particle number distribution can be a function of driving
condition (velocity, acceleration, and deceleration rate) as well as tire condition (tire type, tread

rating, temperature).

The reported brake wear PMzs (0.5-5.5 mg km™? Veh?) and PMio (1.4-80.0 mg km™ Veh)
emission factors (EFs) have been largely variable in previous studies. Similarly, the tire wear PM2s
and PM1o EFs were reported to be 0.3-11.0 and 1.9-11.0 mg km Veh? indicating a large variation.
The reported brake and tire wear PM2s and PMyo EFs in the European and US emission inventories
also showed clear discrepancies. The variability of the reported brake and tire wear PM EFs in the
previous studies and emission inventories shows a clear need for a more systematic and universal

method for estimating the brake and tire wear PM EFs.

Due to the large variation in the brake and tire wear PM EFs, we hypothesized that other factors,
including driving style and vehicle size may also have an impact on the brake and tire wear
particles. To test this hypothesis, we measured the brake and tire wear particles from three test
vehicles with different masses on a predetermined driving route with multiple braking events. The

on-road sampling results showed that more intense braking events lead to substantially higher
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brake and tire wear PM2s and PMzg concentrations for all test vehicles, indicating the major role
of driving style on the generated brake and tire wear particles. In addition, heavier vehicles
generally produced higher concentrations of brake and tire wear particles. In fact, the differences
in the brake and tire wear PM2s and PM1o concentrations between the heaviest and lightest vehicle
were statistically significant, regardless of the braking intensity. The findings of this study warrant
the need for an updated and customized brake and tire wear emission inventory, which takes into

account various factors, including driving style, as well as vehicle weight and type.

Vehicular non-exhaust particles have been reported to be rich in metallic species. Non-exhaust PM
metals, including Ba, Cr, Cu, Fe, Mn, Mo, Sbh, Sn, Zn, and Zr, have been linked with oxidative
stress and different adverse health outcomes, including cardiovascular cardiopulmonary diseases,
cancer, and birth defects. Investigating the spatial distribution of traffic-related elements is
necessary for understanding the health effect of exhaust and non-exhaust particles. For this
purpose, we performed ambient measurements and collected 50 PM2s and PM25.10 Samples at 46
various locations with different traffic volumes and geographic characteristics in the Greater Los
Angeles area. Our results confirmed that the concentrations of brake wear tracers (e.g., Ba, Cr, Cu,
Mo, Sh, Zr), tire wear tracer (Zn), and exhaust tracer (Pd) in fine and coarse particles were
substantially higher at sampling locations with high traffic intensity than background sites. On the
other hand, the concentrations of Fe, Mn, and Ti, which have been previously used as brake and
tire wear tracers, were shown to be impacted by traffic emissions only in PM2s. In addition, the
source apportionment results based on the elemental concentrations showed that while traffic was
the dominant source of PM. s with 27% contribution, mineral dust had the highest contribution
(45%) to PM2s.10. Overall, the findings of this study showed that traffic-related elements, which

are mostly generated by non-exhaust particles, have a larger effect on PM2s than PMas.10.
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However, future studies are required for apportioning the contribution of exhaust and non-exhaust

particles to PM2s and PM2s.10 and their oxidative potential.

The vehicle fleet is expected to undergo a dramatic change in the upcoming decade with the fast
growth in the electric vehicle (EV) market. The previous studies have shown that under abnormal
battery conditions such as thermal runaway, LIBs generate toxic gases and large particles with
high metallic content, and therefore, LIBs can contribute to non-exhaust emissions. However,
previous studies have been limited to investigating battery emissions under abnormal conditions,
and they were only focused on super-coarse particles. Therefore, the potential contribution of LI1B
PM emissions to PM2s and PMz1o under normal operation should be estimated in future studies.
Our findings showed that Li concentration in Los Angeles has considerably increased with respect
to the elemental concentrations reported in previous studies. Since the temporal analysis of
regional vehicle fleet composition also showed a tremendous increase in the number of electric
vehicles (EVs) in the area, we concluded that the increase in Li concentration is likely associated
with the EV Li-ion battery degradation. Moreover, while the positive effect of auto electrification
in reducing exhaust emissions is undeniable, non-exhaust emissions of EVs should be taken into
consideration. The current EVs are equipped with relatively heavy lithium-ion batteries (LIBS),
which can increase the EV brake and tire wear emissions. While regenerative braking technology
can reduce the generation of brake wear particles, the decrease in the EV brake wear emissions
due to the regenerative braking should be quantified through laboratory or on-road experiments in

the future.

The environmental organizations have estimated the brake and tire wear PM EFs of the heavy-
duty vehicles (HDVs) to be considerably higher than light-duty vehicles (LDVs) based on their

developed emission inventories. It has been shown that vehicle load, number of axles, and vehicle
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speed can affect the brake and tire wear EFs. Moreover, larger HDVs are mostly equipped with air
brakes, which use compressed air instead of brake fluid. Air brakes are generally more
sophisticated, and their mechanical design is different from hydraulic brakes used in LDVs.
Finally, HDVs mostly use larger studded tires that are substantially different from the tires used in
LDVs. Therefore, the brake and tire wear particles from HDVs are expected to have different
physical and chemical characteristics. Despite the significant brake and tire wear EFs and the
potential differences in the characteristics of their tires and brakes, none of the previous studies
have directly investigated HDVs brake and tire wear emissions through on-road sampling or
laboratory measurements. This clear knowledge gap can prohibit building a more detailed emission
inventory for non-exhaust traffic emission sources, and it should be addressed in the forthcoming

studies in this area.

Overall, despite the growing body of research that emphasizes the role of non-exhaust emissions
in contributing to traffic-related air pollution, non-exhaust emissions have not been directly
regulated in different parts of the world. While few attempts have been made in Europe and the
US to regulate the chemical composition of brake pads and tire treads, the lack of a comprehensive
regulatory strategy has prevented mitigation of these important traffic sources. We predict that the
material presented in the current dissertation, combined with previous and future studies in this
area, can promote the significance of non-exhaust particles and eventually provide enough

evidence for regulating these emerging emission sources.
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Appendix
Supplementary information for Chapter 3

S1. Isokinetic sampling

Isokinetic sampling was employed to ensure that samples accurately represent the brake and tire
particles. At both brake and tire inlets, the measurement probes were aligned horizontally in line
with the ambient air streamlines. The mathematical calculations for isokinetic sampling of brake
and tire particles have been previously discussed (Kwak et al., 2013). In summary, it has been
shown that air flow velocity behind the tire is not equal to the traveling speed of the vehicle. the
air flow velocity behind the vehicle’s wheel was estimated using the developed linear model
(Kwak et al., 2013). Particles aspiration efficiency () was calculated based on the incoming flow
velocity (U) and free stream flow velocity (Uo). Sampling loss due to settling, deposition loss due
to curvature in sampling line, and sampling penetration efficiencies (P:) were calculated based on
the classical aerosol theories (Hinds, 1999). The sampling penetration and aspiration efficiencies

at the brake and tire inlets for particles in the coarse size range are summarized in Table S1.
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Table S1 Aspiration and penetration efficiencies for particles in the coarse size range based

on driving speed

dp Driving Speed U Uo Pt Pt
(um) (km/h) (mis)  (mhs) T (Brake)  (Tire)
2.5 50 2.7 2.7 1.00 0.97 0.98
2.5 60 2.7 3.2 1.00 0.98 0.98
2.5 70 2.7 3.7 1.01 0.98 0.98
5 50 2.7 2.7 1.00 0.89 0.92
5 60 2.7 3.2 1.02 0.90 0.92
5 70 2.7 3.7 1.04 0.90 0.93
10 50 2.7 2.7 1.01 0.58 0.67
10 60 2.7 3.2 1.06 0.57 0.64
10 70 2.7 3.7 1.12 0.55 0.61

S2. Ambient PM concentrations and brake temperatures

Table S2. Average disc brake temperature before (T disc, before) and after (Tisc, after) €aCh round
of sampling and average PM2s and PM1o ambient concentrations during on-road sampling

for the test vehicles

Tdiscbefore(°C)  Tdiscafter(°C) Ambient PM2s (ng/m®) Ambient PMzo (ng/m?)
Sentra 77 115 6 11
Accord 75 117 7 14
Suburban 77 118 7 12
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S3. DustTrak collocation test results

Table S3. Results from DustTrak PMzs collocation tests before and after sampling

Vehicle Dataset R? Intercept  Slope p-S\I/OaﬁEe
Sentra Before 0.92 -0.21 1.07 <0.001
After  0.93 0.14 1.04 <0.001
Accord Before 0.89 0.32 1.08 <0.001
After  0.91 0.11 1.12 <0.001
suburban Before 0.95 0.12 1.06 <0.001
After  0.91 -0.03 1.09 <0.001

Table S4. Results from DustTrak PMao collocation tests before and after sampling

: Slope
Vehicle  Dataset R? Intercept  Slope p-VaFI)ue
Sentra Before 0.90 -0.12 1.10 <0.001

After 0.93 0.13 1.07 <0.001

Accord Before 0.94 0.14 1.11 <0.001
After 0.88 -0.08 1.04 <0.001

Suburban Before 0.92 0.18 1.05 <0.001
After 0.89 0.12 1.03 <0.001
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Supplementary information for Chapter 4

Table S5. Detailed description of the sampling sites including 24 locations in summer (September 2019) and 26 locations in
winter (February 2020)

Number of Annual average Average relative
Type Description Season sampling Cities included in sampling daily traffic hu?nidit
Locations* (AADT) y
Near—road\_/vay and Summer 6 Compton, Long Beach, Los Angeles
Urban urbaq locations near
Traffic ‘major rqads ar!d _ 50,400 £ 32,000 60%
intersections with Winter 7 Compton, Long Beach, Los Angeles
high traffic volume
Urban residential Summer 13 Chjno Hills, Hawthorne, Pasadena,.La
Urban locations and Miranda, Los Angeles, Santa Monica
. . Altadena, EI Monte, Gardena, Lakewood, 18,100 £ 17,700 61%
Community suburban areas with .
moderate traffic Winter 15 Los Angeles, Rancho_Pans V.er.des,
Torrance, West Covina, Whittier
Urban Residential sites far  Summer 3 Artesia, Bell Canyon, Los Angeles
Background from traffic in more _ 7,400 + 6,900 55%
secluded areas Winter 2 Los Angeles
I}ocate?] inland, far Summer 2 Riverside, San Bernardino
Desert dosert-dominated NIA 39%
Winter 2 Palmdale, Riverside

environment
*Four sites repeated between summer and winter

94



S4. Sample analysis

PM collected on PUF and Teflon filter substrates was completely solubilized using an automated
microwave-assisted acid digestion protocol (Milestone Ethos Easy with SK15 rotor), which has
been discussed in detail in the previous studies (Dillner et al., 2007; Herner et al., 2006; Lough et
al., 2005). For collected Teflon filter samples, a mixture of ultra-high purity acids (16 M HNOg,
1.50 mL; 12 M HCL, 0.50 mL; and 28 M HF, 0.20 mL) was used to solubilize the PM (Herner et
al., 2006). For the PUF samples (coarse fraction), the microwave chemistry used a mixture of acids
and hydrogen peroxide (16 M HNO3, 1.50 mL;12 M HCL, 0.38 mL;28M HF, 0.10; and 30% H20>,
0.50 mL) to bring PM and PUF into complete solution (Dillner et al., 2007). The microwave digests
were diluted to 15.0 ml (fine fraction) or 30.0 ml (coarse fraction) for SF-ICP-MS analysis.
Included in each digestion batch of 33 samples were five method blanks, five Certified Reference
Material (CRM) (National Institute of Standards and Technology (NIST); Urban Particulate
Material-2x, San Joaquin Soil, Marine Sediment, Auto Catalyst), and two spiked blanks as

previously detailed (Lough et al., 2005; Pakbin et al., 2011).

The overall uncertainty of each reported analytical measurement was estimated by error
propagation of the three primary sources of uncertainty: (a) SF-ICP-MS measurement - from the
standard deviation of quadruplicate measurements on each sample, (b) method blank subtraction
— from the standard deviation of multiple blanks, and (c) digestion recovery - long term running

precision of replicate measurements NIST CRMs (Lough et al., 2005; Pakbin et al., 2011).

The effect of relative humidity (RH) on PM2s and PM2s.10 concentrations have been previously
reported (Lou et al., 2017). As shown in Table S5, while RH at the urban traffic (60%), urban
community (61%), and urban background (55%) locations were generally similar, RH values at
the desert locations (39%) were lower than other sites. At the urban sites, the effect of RH on PM2 s

95



and PM25.10 mass concentrations is expected to be minimal due to the limited variation in RH.
While RH could have an impact on the measured concentrations at the desert sites, the PM2 s and
PM25.10 concentration values were not adjusted for RH since only a small fraction of the samples
(4 out of 50 samples) were collected at the desert locations. In addition, all samples were
conditioned at the RH of 40+3% and the temperature of 21+1.5 °C before the chemical speciation

analysis in the lab to minimize the effect of relative humidity.
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Table S6. Method detection limits (MDLs) for the measured elements

Symbol Element (rl:g?mlg) g/;gf,vvﬂlﬁei Symbol Element (rl:g/DmIE) ;/g Ig{NV:/IILé)eE
Li Lithium 3.5E-02 0 Mo Molybdenum 5.5E-02 2
Na Sodium 1.4E+00 0 Pd Palladium 2.5E-03 2
Mg Magnesium 3.5E-01 0 Cd Cadmium 3.0E-03 0
Al Aluminum 9.0E-01 0 Sb Antimony 8.5E-03 0
Phosphorus 2.9E-01 0 Cs Cesium 4.0E-04 0
S Sulfur 1.5E+00 0 Ba Barium 2.5E-02 0
Potassium 6.5E-01 0 La Lanthanum 5.5E-03 0
Ca Calcium 1.5E+00 0 Ce Cerium 5.5E-03 0
Ti Titanium 1.9E-01 0 Pr Praseodymium 1.5E-04 0
\% Vanadium 2.5E-03 0 Nd Neodymium 6.0E-04 0
Cr Chromium 7.0E-02 0 Sm Samarium 2.5E-04 0
Mn Manganese 3.0E-02 0 Eu Europium 4.0E-04 0
Fe Iron 2.0E-01 0 Dy Dysprosium 2.5E-04 0
Co Cobalt 2.5E-03 0 Ho Holmium 4.5E-04 6
Ni Nickel 2.2E-01 14 Yb Ytterbium 4.5E-04 0
Cu Copper 9.5E-02 0 Lu Lutetium 2.0E-04 6
Zn Zinc 4.8E-01 0 Hf Hafnium 5.0E-03 0
Rb Rubidium 7.5E-03 0 Ta Tantalum 2.0E-03 0
Sr Strontium 7.0E-02 0 Pb Lead 2.9E-03 0
Y Yttrium 2.5E-03 0 Th Thorium 7.5E-04 0
Zr Zirconium 1.6E-03 0 U Uranium 2.5E-03 2
Nb Niobium 2.0E-03 0
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Table S7 shows the criteria for classifying PM elements based on roadside enrichment (RE).

Elements that consistently showed strong roadside enrichments (REs>20%) with traffic volume

across different pairs of sampling locations were categorized as Type | elements. The RE for Type

Il elements were always positive, indicating an impact from traffic. However, the REs of Type Il

elements were not consistently strong (20% or higher), at least between one pair of the sampling

sites, and therefore, these elements may originate from other anthropogenic sources as well as

traffic. The RE for Type 11l elements were negative between at least one pair of the sampling sites,

and elements in this category were not consistently impacted by traffic.

Table S7. Criteria for classifying PM elements based on roadside enrichment (RE)

Enrichment with traffic

Urban Community vs.
Urban Background

Urban Traffic vs.
Urban Background

Urban Traffic vs.
Urban Community

Type |
Type Il

Type 111

Strong
Weak

Inconsistent

RE>20% for all pairs

Positive RE with RE<20% for at least one pair

RE<O for at least one pair
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Table S8. Average absolute concentrations of metals and trace elements in PMzs and PMz2s-

10 at different sampling sites (ng/m?3)

PM:s PM;5-10
Urban traffic Urban community Urban background Desert Urban traffic Urban community Urban background Desert
nﬁa'\gs 10.9+1.3 8.9+2.1 6.8+2.7 10.5+2.6 9.6+0.8 8.3+2.0 7.4437 12.4+3.8
Na 550.1+147.4 480.5+152.3 354.6+249.1 296.7+105.4 621.1+136 614.2+257 367+145.5 344.2+108.8
S 535.4+80.8 483.8+101.6 349.2+155.3 375.3+105.1 116+13.8 108.1+30.4 66.9+19.8 99+32.9
Fe 251.3+¢73.3 163.5£75.1 126.4+60 302+78.3 361.6+70.3 269.5+73.9 254.7+118.9 464.6+144.9
Ca 127.5+22 100.3+33.4 110.4+78.9 264.4+77.3 288.9+49.8 238.7458.9 264.9+155.8 521.4+150.4
Al 114.7426.1 93+38.8 104.8+57.4 240.7462.9 298.4+46.5 26663 307+172.1 541.9+136.2
Mg 90.2+13.1 73.3+22.1 64.7+42 91.6+27.7 144.7417.4 135.1£30 120+61.3 176.9+53.2
K 87.6+15.7 79.1+26.1 64.9+29 141.7419 126.2+16.4 114.8+22.9 118.3458.7 232.2474.9
Ba 25.7+9.4 14.9+8.3 7.8+3.6 16.5+4.6 26.2+9.3 16.5+7.3 10+3.7 17.1+6.5
Ti 18.4+5.8 12.6+4.9 10.7¢5.4 22.3+5.9 27.3+4 22.2+5.9 23£12.2 37.3+12.8
Cu 12.8+4.2 7.5+3.3 3.81.6 6.7+2.6 12.1+3.2 7.5+2.4 4112 5.5+2.3
Zn 11.5+3.6 8.7+4.4 46+2.1 11.8+4.9 9.242.1 6+2.2 4.6+2.3 7.843.1
P 7141 6.1+2.2 5.5+2.7 16+7.2 11.3+2.5 10.3+3.4 11.15.2 28.6+16
Zr 5.8+2.2 3.2£15 1.740.8 2.6£0.9 5.5+2 3312 1.8+0.8 2.4%1.1
Mn 4114 2.9£13 24+13 5.9+1.4 4.8+0.6 3.9+0.9 4.7+3.1 8.7+2.9
Sh 34411 2.3%1.1 1+0.4 2713 2.2+0.8 1.3+0.6 0.6+0.3 1.240.7
Sr 2.640.8 1.740.6 1.2+0.6 2.6+0.4 3.1+0.6 2.4+0.6 2.1+0.9 3.9+0.8
Cr 2.0£0.4 1.4+0.5 0.8+0.3 15+0.2 1.1+0.2 0.8+0.2 0.620.2 1.1+0.5
Pb 2.240.8 1.9£1.9 1.2+0.6 2.4+0.8 0.9+0.3 0.70.6 0.6x0.4 0.8+0.3
Co 0.09+0.03 0.03+0.06 0.060.03 0.03+0.05 0.11+0.02 0.02+0.09 0.090.02 0.02+0.09
Mo 0.9+0.4 0.5+0.2 0.2+0.1 0.3+0.1 0.5+0.2 0.2+0.1 0.1+0.1 0.240.1
\Y 0.7+0.4 0.5+0.2 0.4+0.3 0.7+0.3 0.60.1 0.5+0.1 0.5+0.3 0.9+0.3
Ni 0.7+0.2 0.5+0.3 0.3+0.1 0.5+0.2 0.60.2 0.4%0.2 0.3+0.2 0.4%0.2
Li 0.42+0.20 0.27+0.14 0.200.10 0.61+0.42 0.23+0.03 0.21+0.04 0.21+0.08 0.39+0.09
Ce 0.3+0.1 0.2+0.1 0.2+0.1 0.3+0.1 0.5+0.1 0.3+0.1 0.3+0.1 0.640.1
Rb 0.2+0.1 0.2+0.1 0.2+0.1 0.5+0.1 0.4+0.1 0.4+0.1 0.4+0.2 0.9+0.2
La 0.2+0.1 0.2+0.1 0.1+0.1 0.2+0.1 0.4+0.4 0.2+0.1 0.2+0.1 0.3£0.1
Hf 0.13+0.05 0.08+0.03 0.04+0.02 0.06+0.02 0.11+0.03 0.03+0.07 0.07+0.02 0.02+0.04
Cd 0.058+0.029 0.047+0.032 0.025+0.013 0.056+0.021 0.021+0.011 0.013+0.003 0.010+0.005 0.015+0.006
Y 0.064+0.012 0.045+0.016 0.040+0.024 0.079+0.024 0.123+0.017 0.101+0.023 0.098+0.051 0.172+0.054
Nd 0.059+0.014 0.045+0.019 0.046+0.024 0.096+0.026 0.124+0.020 0.106+0.029 0.116+0.061 0.193+0.052
Nb 0.041+0.010 0.029+0.011 0.025+0.011 0.056+0.016 0.082+0.019 0.064+0.020 0.062+0.029 0.113+0.019
Pd 0.030+0.009 0.019+0.008 0.012+0.005 0.022+0.005 0.029+0.011 0.021+0.010 0.016+0.008 0.027+0.013
Pr 0.018+0.004 0.013+0.006 0.013+0.007 0.027+0.008 0.036+0.006 0.030+0.008 0.031+0.016 0.054+0.015
Th 0.020+0.004 0.016+0.006 0.018+0.009 0.041+0.012 0.048+0.007 0.041+0.009 0.045+0.021 0.088+0.023
Cs 0.015+0.004 0.013+0.005 0.015+0.006 0.039+0.008 0.022+0.003 0.020+0.004 0.021+0.008 0.039+0.010
Sm 0.009+0.002 0.007+0.003 0.008+0.004 0.016+0.004 0.020+0.003 0.018+0.004 0.021+0.012 0.034+0.009
Eu 0.008+0.002 0.005+0.002 0.004+0.002 0.008+0.002 0.013+0.004 0.009+0.003 0.008+0.004 0.013+0.004
Dy 0.007+0.002 0.006+0.002 0.006+0.003 0.013+0.003 0.016+0.003 0.014+0.003 0.016+0.008 0.026+0.007
Ho 0.002+0.001 0.001+0.001 0.001+0.001 0.003+0.001 0.003+0.001 0.003+0.001 0.003+0.002 0.005+0.001
Yb 0.006+0.002 0.004+0.002 0.004+0.002 0.008+0.002 0.010+0.002 0.008+0.002 0.009+0.001 0.014+0.001
Lu 0.001+0.001 0.001+0.001 0.001+0.001 0.001+0.001 0.002+0.001 0.001+0.001 0.001+0.001 0.002:+0.001
Ta 0.003+0.001 0.002+0.001 0.002+0.001 0.004+0.001 0.006+0.002 0.005+0.002 0.004+0.001 0.009+0.002
u 0.011+0.002 0.009+0.003 0.008+0.004 0.019+0.007 0.017+0.003 0.015+0.004 0.015+0.006 0.027+0.009

Average concentration +s standard deviation (ng/m?®)
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Table S9. Average normalized concentrations of metals and trace elements in PM2s and
PMz2s-10 at different sampling sites (ng/g)
PM2s PM25.10
Urban traffic coﬁrrﬁjgi ty bacié?’?)?m d Desert Urban traffic cogrrl?str:ity baig:%?m d Desert
Na 28078.3+5774 48553.8+16616.5 57801.8+24526.8 51243.9+15915.5 27567.9+2491.3 52220.1+7323.9 78505.7+36421.8 64859.4+15190.3
S 35863.1+4092.3 51142+7268.3 58044.6+21031.4 49758.1+10163.9 8075.4+1514.8 9872.6£1912.5 13565.4+4006 12102.8+1569.1
Fe 28737.2+1256.2 17587.5+2661.7 18359.4+6861.2 22729.1+5151.1 37374.1+3106.2 34845.2+2703.2 34854.8+16272.6 37406.245712.7
Ca 25176.3+3059.3 14429.4+5054.8 11415.7+3169.1 11680.5+1586 42367.1+2950.4 34717.9+£5087 30801+13133.3 29915.1+4093.9
Al 23577.3+4511.8 14014.5+3709.5 10480.2+3619.4 10455.9+1881.5 45171.3+5767.1 40608.1+3846.9 35085.9+18712.9 30967.7+3955.9
Mg 8734+1193.2 8595+2604.9 8514.4+2689.2 8298+1118 14311.1+478.1 16209.3+891.9 17535.7+7482.4 15081+1826.4
K 14253.4+3159.9 9052.9+1520.1 9810.1+7589.9 8015.4+987 18743.4+886.1 15995.2+1053 15202.9+8309.6 13107.8+1366.1
Ba 1568.2+167.4 1102.8+265.2 1625.3+672.6 2318.4+£716.9 1387.5+333.5 1475.4+455 2099.2+1084.1 2695.1+887.5
Ti 2147.1+304.5 1485.4+234 1438.3+532.9 1665.3+412 2971.74337.2 3115.14353.3 2871.3+1290.7 2839.5+347.9
Cu 614.4+147.4 557.9+98.4 843.5+286.6 1165.3+330.9 426.5+120.6 625.4+196.7 968+484.3 1252.7+327.9
Zn 1081.8+293.6 647.5+125.7 964.2+374.2 1038.1+228.5 612.1+163.3 631.7£125.5 753.7x277 946.6+180.5
P 1480.3+417 781.8+157.2 703.8+267 652.8+100.3 2132.9+635 1546.4+379.4 1326.9+653.9 1187.4+286.5
Zr 242.7+44.2 238.4+73.7 368.3+156.1 525.1+184.4 187.9464.2 271.9£122.2 444 .4+308.6 569.9+202.1
Mn 569.1+46 334.7463.6 323.3+113.2 372.2490.2 699.9+94 605.5+100.1 505+223.9 495.2+52.7
Sh 245.3+86.7 146.6+28.7 247.9+84.6 310.3+80.1 91.9+42.7 99.7+43 169.6+92.3 229.1+79.2
Sr 255.3+38.1 165.5+30.8 211.7+158.6 232.3460.1 331.6+46.8 294+41.6 315.9+158.8 318.3+52
Pb 223.7436.9 170.1+48.8 211.6+162.3 196.6+65.8 65+20.1 79.8+24.3 82.5+50.3 91.2+26.7
Cr 147.4+21.8 128.5+15.8 183.1+175.8 184.7431.8 82.4+17.5 80.6+7.8 95.5+28.5 115.7+16.1
Mo 30.1+8.8 30+3.6 52.3+14.8 85+35.6 12.243.9 17.3¢5.4 28.6+11.8 50+24.4
Ni 48.7+6.1 41.7¢5.2 62.6+27.6 66.8+17.9 32.4+16.7 48.7+28.3 51.3+25.2 61.6+22.6
\% 69.1+19.3 66+27.4 58.1+19.9 66.4+34.1 71.1+9.7 72.5+14.2 62.3+24.6 59.5+14.3
Li 78.6+82.5 28.9+7.9 30.6+13.8 38.3+17.7 32.3+4.2 28.7+3.1 27.5%15.1 24.6%2.8
Ce 31.6+4.4 21.2+3.3 22.9+7.8 3149 47.1+7.8 43.2+2.4 45215 49.5+13.6
La 14.8+2.1 14.9+4.8 17.449 23.3+16.2 23+4.1 23.9+34 26.4+12.4 38.3+40.9
Rb 44+8.4 254453 214123 18.743.1 71.616.6 57.3+4.3 51.5+27.5 449455
Hf 5.5%1 5.7+1.4 8.4+3.3 12.143.8 4.3+0.8 5.5+2.1 8.8+5.5 115435
Co 10.5+0.4 6.9+1 7+2.6 7.9+15 12.441.2 124418 11.4+4.7 117418
Y 7.3+0.6 5.3+1.6 49+1.3 5.8+0.7 13.8+2 13.1+0.9 13.145.8 12.74#15
Nd 9.21+1.23 6.28+1.33 5.07+1.82 5.39+1.02 15.98+2.54 15.57+0.97 13.85+6.85 12.9+1.78
Cd 5.46+1.71 3.55+1.24 6.62+11.37 5.15+2.16 1.16+0.38 1.33+0.15 1.72+1.19 2.16+0.95
Nb 5.5+1.21 3.59+0.41 3.33+1.23 3.69+0.69 9.84+2.32 8.52+0.71 8.5445.19 8.43+1.6
Pd 2.08+0.09 1.6£0.3 22111 2.73+0.6 2.28+0.89 2.26+1.04 2.78+1.88 3.03+1.1
Th 3.96+0.68 2.43+0.72 1.7740.63 1.85+0.33 7.39+1.58 6.15+0.78 5.52+3.17 4.95+0.55
Pr 2.56+0.38 1.73+0.38 1.48+0.5 1.64+0.28 4.48+0.83 4.23+0.21 3.92+1.9 3.77+0.49
Cs 3.7740.28 2.18+0.52 1.54+0.81 1.36+0.37 3.21+0.29 3+0.41 2.77+1.88 2.32+0.31
U 1.83+0.52 1.1740.33 1+0.34 0.99+0.2 2.16+0.54 2.08+0.45 2+0.98 1.7740.3
Sm 1.58+0.22 1.0740.25 0.8+0.32 0.77+0.14 2.85+0.49 2.760.28 2.34+1.32 2.08+0.32
Eu 0.75+0.02 0.48+0.07 0.53+0.19 0.71+0.15 1.140.19 1.05+0.18 1.16+0.62 1.3+0.38
Dy 1.23+0.14 0.81+0.21 0.64+0.23 0.66+0.13 2.15+0.19 2.13+0.17 1.85+0.95 1.68+0.24
Yb 0.72+0.04 0.5+0.11 0.45+0.15 0.53+0.13 1.15+0.05 1.14+0.02 1.11+0.59 1.06+0.16
Ta 0.42+0.07 0.27+0.04 0.260.11 0.26+0.04 0.9+0.52 0.64+0.22 0.63+0.5 0.61+0.24
Ho 0.24+0.02 0.16+0.04 0.13+0.04 0.14+0.02 0.43+0.03 0.42+0.02 0.3740.19 0.35+0.04
Lu 0.11+0 0.07+0.02 0.07+0.02 0.09+0.02 0.17+0.01 0.17+0 0.19+0.2 0.17+0.03

Average concentration +s standard deviation (ug/g)
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Table S10. Elemental concentrations of selected traffic elements in the collected samples

Table S10a. Selected PMy s elemental concentrations (ng/m?)

Sample  Sampling Location Ba Cr Cu Mo Pd Sb Zn Zr
1 Urban Traffic 19.105  1.493 8.067 0.563 0.027 2131 9.197 3.608
2 Urban Traffic 16.565  1.546 9.181 0.669 0.023 3.093 8.726 3.771
3 Urban Traffic 30.497 1959 15237 0646 0.031 3.690 11.530  7.838
4 Urban Traffic 13.347  2.383 7.890 0.488 0.017 2.686 6.624 3.060
5 Urban Traffic 32198 1955 17.050 0.811 0.036 3.467 12.801 8.224
6 Urban Traffic 27.276 2179 15009 0781 0.028 2910 11.159  7.342
7 Urban Traffic 30.085 2.881 14418 1382 0.039 4999 18671 5.254
8 Urban Traffic 40.339 2176 19516 1.462 0.037 4.663 16.293  8.896
9 Urban Traffic 40.656 2.681 17.033 1.780 0.051 5.685 16.246 7.574
10 Urban Traffic 33416 1815 16.152 0597 0.036 3.816 12.063 8.174
11 Urban Traffic 19.505 1.579 11.113 0.451 0.024 2.404 7.745 4.620
12 Urban Traffic 20.211 2.079 10.744 1121 0.025 3.529 11.525 4.166
13 Urban Traffic 11.127 1.517 5.473 1489 0.018 1563 7.340 2.567
14 Urban Community ~ 18.001  1.631 8.694 0.661 0.023 2740 10.559  3.932
15 Urban Community  12.730  1.358 6.193 0.453 0.018 2.637 10.461 2.528
16 Urban Community ~ 18.315  1.175 9.670 0.366  0.023 2.246 6.590 4.292
17 Urban Community ~ 10.585  1.318 6.497 0.400 0.014 1.866 5.120 2.729
18 Urban Community 8.944 1.462 5.323 0.457 0.013 1510 5.316 2.042
19 Urban Community ~ 28.317 1820 13376 0.874 0.031 3.745 17.894  5.602
20 Urban Community 7.689 0.916 5.044 0349 0.011 1.621 7.130 2.020
21 Urban Community 5.116 2.138 3.112 0.152 0.014 0.670 3.931 1.705
22 Urban Community 5.693 0.939 4.149 0.265 0.009 0.959 4.704 1.623
23 Urban Community  18.332  1.586 8.844 0.521 0.022 2.708 9.357 4.118
24 Urban Community ~ 12.804  1.856 6.821 0.593 0.019 2.366 8.731 2.609
25 Urban Community 2.918 0.212 2.691 0.278 0.006 0.793 2.703 0.792
26 Urban Community 15.281 1.456 8.747 0.375 0.021 2.348 7.626 4.104
27 Urban Community 15925  1.413 8.786 0.494 0.021 2.380 7.843 4.073
28 Urban Community  16.978  1.311 9.881 0.403 0.021  1.997 8.877 4.404
29 Urban Community  12.387  1.783 6.823 0.472 0.015 2.002 8.240 2.624
30 Urban Community 6.469 0.914 3.737 0.377 0.010 1.079 3.843 1.409
31 Urban Community  11.863  1.524 5.310 0.443 0.017 2.692 9.668 2.403
32 Urban Community  11.848  1.567 6.188 0.317 0.014 2.242 8.277 2.569
33 Urban Community ~ 31563 2.234  13.119 0.806 0.034 4757 19.701 5.392
34 Urban Community  30.995 1746 11568 0.735 0.034 3.489 14.285 5.255
35 Urban Community 1.579 0.220 1.776 0.087 0.003 0.356 1.466 0.555
36 Urban Community ~ 26.892 2143  12.057 0.695 0.031 4.203 15.726  4.709
37 Urban Community ~ 13.209  1.195 7.100 0.362 0.020 1.659 6.929 3.763
38 Urban Community 11526  1.115 5.609 0.334 0.016 1.564 7.638 2.533
39 Urban Community 8.286 1.010 4.869 0.408 0.013 1.212 4.129 2.042
40 Urban Community ~ 23.854  1.613 10962 0.816 0.029 4.247 12979 4.915
41 Urban Community ~ 29.081  2.173  14.017 0.646 0.035 3276 13.701  6.054
42 Urban Background ~ 10.125  1.099 4.761 0.273 0.017 1.154 6.764 1.754
43 Urban Background 5.866 0.801 3.212 0.175 0.009 0.833 3.072 1.239
44 Urban Background 1.736 0.340 1.058 0.061 0.002 0.289 1.222 0.396
45 Urban Background ~ 10.119  0.959 5.221 0.260 0.014 1.333 5.177 2.658
46 Urban Background  11.270  0.977 4.938 0.259 0.014 1.386 6.582 2.232
47 Desert 17.770  1.612 6.917 0.330 0.024 2739 11492 2.837
48 Desert 17.047  1.496 7.251 0.390 0.024 2690 12490 2.817
49 Desert 9.222 1.098 2.634 0.111 0.013 0.878 4.669 1.141
50 Desert 21.846  1.766 9.938 0.497 0.026 4540 18.364  3.679
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Table S10b. Selected PM; .10 elemental concentrations (ng/m?)

Sample  Sampling Location Ba Cr Cu Mo Pd Sb Zn Zr
1 Urban Traffic 17537  0.978 7.779 0.312 0.019 1.355 6.644 3.181
2 Urban Traffic 18.455 1.019 10.268 0544 0.020 1.667 8.108 3.920
3 Urban Traffic 31985 1.279 14524 0.380 0.032 2.831 9.184 7.690
4 Urban Traffic 15988 0905 10.516 0.354 0.014 1.407 6.534 4.176
5 Urban Traffic 32600 1190 15633 0474 0.038 2833 10.150 7.974
6 Urban Traffic 28.380 1.033 13916 0.497 0.032 2557 8.927 7.095
7 Urban Traffic 27802 1177 10.178 0.363 0.034  2.287 9.599 4.729
8 Urban Traffic 35466  1.255 15183 1.037 0.039 3.183  11.747 7.142
9 Urban Traffic 38.023 1504 13368 0.462 0.046 2978 12356  6.270
10 Urban Traffic 42559 1351 17.721 0381 0.053 3582 12521  8.670
11 Urban Traffic 19.188  0.930 10.808 0.274 0.019  1.450 8.015 3.879
12 Urban Traffic 20.632 1.161 11404 0.963 0.020 1.795 9.216 3.950
13 Urban Traffic 11.406  0.749 5.680 0.234 0.017 0.939 6.018 2.719
14 Urban Community ~ 23.658  0.902 9.099 0.285 0.030 1.997 7.204 4.547
15 Urban Community  11.385  0.713 5.501 0.181 0.014 0.926 5.235 2.200
16 Urban Community ~ 17.279  0.886 9.211 0.230 0.017 1.502 7.620 3.980
17 Urban Community  11.750  0.731 7.460 0.232 0.010 0.934 4,722 3.043
18 Urban Community  13.598  0.839 8.531 0351 0.015 1.129 5.990 3.350
19 Urban Community  36.286  1.160 14.220 0518 0.043 2.835 11469 6.541
20 Urban Community  15.344  0.756 6.090 0.155 0.022 1.201 5.740 3.053
21 Urban Community  6.639 0.231 3.225 0.072 0.011 0.553 1.894 1.930
22 Urban Community  16.499  0.904 8.895 0.367 0.017 1.393 7.745 3.160
23 Urban Community ~ 19.839 0.698 8.300 0.258 0.024 1.684 6.314 4.113
24 Urban Community 7.462 0.526 4.290 0.121  0.010 0.519 3.635 1.639
25 Urban Community 7.205 0.451 4.170 0.147 0.010 0.570 3.062 1521
26 Urban Community  24.252 0.801 9.290 0.234 0.031 1.909 6.772 4.739
27 Urban Community ~ 18.842  0.753 8.366 0.229 0.023 1.483 5.399 4121
28 Urban Community  13.721  0.747 8.062 0.222 0.014 1.161 6.009 3.390
29 Urban Community  14.330  0.762 7.822 0319 0.014 1.186 7.655 3.041
30 Urban Community  8.648 0.742 5.365 0.221 0.011 0.717 3.749 1.877
31 Urban Community  11.329  0.562 4.246 0.115 0.022 0.897 4.099 1.918
32 Urban Community  13.016  0.775 6.662 0.192 0.015 1.049 5.397 2.593
33 Urban Community 24541  1.167 8.332 0.228 0.034 1.843 9.426 3.659
34 Urban Community ~ 27.589  0.918 8.862 0.222 0.033 1.984 6.808 4.348
35 Urban Community 7.119 0.576 3.875 0.104 0.009 0.395 3.197 1.566
36 Urban Community ~ 23.119  1.071 7.907 0.207 0.035 1.599 9.520 3.450
37 Urban Community  14.695  0.652 7.081 0.181 0.022 1.125 4.591 3.644
38 Urban Community  13.685 0.570 5.978 0.150 0.021  1.029 5.121 2.619
39 Urban Community  10.231  0.658 6.299 0.237 0.013 0.904 4.300 2.363
40 Urban Community 23.833  0.880 10.109 0.253 0.038  2.150 7.738 4.645
41 Urban Community  26.662 0906 11588 0.335 0.036 2.524 8.581 5.727
42 Urban Background  12.380  0.979 4.191 0.111 0.020 0.567 8.679 1.462
43 Urban Background  6.874 0.504 3.332 0.098 0.009 0.400 2.874 1.193
44 Urban Background  4.542 0.276 2.197 0.069 0.005 0.325 2.193 0.831
45 Urban Background  11.642 0.507 5.394 0.140 0.022 0.993 3.611 2.925
46 Urban Background  14.728  0.592 5.159 0.133 0.025 0.932 5.640 2.356
47 Desert 17.957  1.560 6.467 0.171 0.022 1.030 8.864 2.470
48 Desert 15.607  1.095 5.989 0.175 0.021 1.136 9.925 2.347
49 Desert 8.334 0.340 1.673 0.046 0.016 0.347 2.549 0.810
50 Desert 26.651  1.328 7.989 0.242 0.050 2.217 10.015  3.998
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Table S11. Roadside enrichments (REs) of (a) PM2s elements, and (b) PM2.s-10 elements

Table S11a. PM,s RE

Type | UC vs. UB UT vs. UB UT vs. UC
Li 26% 52% 35%
Cr 41% 59% 30%
Fe 23% 50% 35%
Ni 49% 62% 26%
Cu 49% 70% 41%
Zn 48% 60% 25%
Sr 30% 53% 33%
Zr 49% 71% 44%
Mo 56% 78% 50%
Pd 40% 62% 37%
Cd 47% 58% 21%
Sh 56% 71% 34%
Ba 47% 70% 42%
La 31% 57% 38%
Ce 27% 55% 39%
Eu 28% 55% 38%
Hf 47% 70% 44%

Type Il UC vs UB. UT vs. UB UT vs. UC
Na 26% 36% 13%
Mg 12% 28% 19%
P 9% 22% 14%
S 28% 35% 10%
K 18% 26% 10%
Ti 15% 42% 32%
\% 12% 40% 31%
Mn 15% 41% 30%
Co 19% 44% 29%
Y 10% 37% 30%
Nb 12% 37% 29%
Pr 4% 30% 27%
Yb 7% 37% 32%
Lu 15% 45% 35%
Ta 16% 37% 25%
Pb 38% 44% 11%
U 8% 25% 19%

Type Il UC vs UB. UT vs. UB UT vs. UC
Al -13% 9% 19%
Ca -10% 13% 21%
Rb -4% 11% 15%
Cs -15% 0% 13%
Nd -2% 22% 24%
Sm -14% 6% 18%
Dy -1% 17% 23%
Ho -3% 23% 25%
Th -14% 12% 23%

REs> 40% are bolded
UT: Urban traffic, UC: Urban community, UB: Urban background
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Table S11b. PM25.10 RE

Type | UC vs UB. UT vs. UB UT vs. UC
Cr 25% 49% 32%
Cu 46% 66% 38%
Zn 24% 50% 34%
Zr 47% 68% 40%
Mo 52% 77% 53%
Pd 24% 45% 28%
Cd 24% 54% 39%
Sh 52% 71% 40%
Ba 39% 62% 37%
Hf 46% 68% 40%

Type Il UC vs UB. UT vs. UB UT vs. UC
Na 40% 41% 1%
Mg 11% 17% 7%

S 38% 42% 7%
Fe 5% 30% 25%
Ni 18% 44% 32%
Sr 12% 31% 21%
Y 3% 20% 18%
Nb 4% 24% 21%
La 17% 53% 43%
Ce 10% 34% 26%
Eu 13% 39% 29%
Lu 5% 24% 20%
Ta 9% 29% 22%
Pb 12% 31% 21%
U 4% 14% 10%
Type Il UC vs UB. UT vs. UB UT vs. UC
Li 0% 13% 13%
Al -15% -3% 11%
P -8% 2% 10%
K -3% 6% 9%
Ca -11% 8% 17%
Ti -4% 16% 19%
\ -13% 3% 15%
Mn -20% 2% 18%
Co -5% 17% 21%
Rb -9% 1% 9%
Cs -6% 4% 9%
Pr -4% 14% 17%
Nd -9% 7% 15%
Sm -19% -5% 12%
Dy -13% 2% 13%
Ho -11% 7% 16%
Yb -2% 16% 18%
Th -8% 6% 13%

REs> 40% are bolded
UT: Urban traffic, UC: Urban community, UB: Urban background
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Table S12. Varimax normalized principal component loadings (a) PM2s, and (b) PM25-10

Table S12a. Varimax normalized principal component loadings in PM: s

Principal component loadings

Mineral dust Traffic Marine aerosol Industrial
Rb 0.97 0.08 0.01 0.14
Th 0.97 0.17 0.07 0.02
Sm 0.97 0.21 0.03 0.07
Al 0.96 0.19 0.03 0.08
Ca 0.95 0.15 0.13 0.06
Dy 0.94 0.32 0.05 0.04
P 0.91 0.06 0.14 0.12
Nd 0.91 0.38 0.07 0.09
Ho 0.90 0.39 0.10 0.04
U 0.90 0.17 0.09 -0.11
Cs 0.90 0.14 -0.27 0.08
Pr 0.86 0.45 0.11 0.13
Nb 0.81 0.52 0.06 0.11
Ta 0.78 0.35 0.20 0.18
Yb 0.78 0.60 0.07 -0.01
Y 0.76 0.48 0.37 0.05
K 0.76 0.33 0.04 0.36
Mn 0.76 0.53 0.09 0.32
Ti 0.72 0.58 0.14 0.19
Fe 0.69 0.69 0.07 0.16
Co 0.62 0.42 0.23 0.40
Zr 0.15 0.97 0.01 -0.10
Hf 0.16 0.97 0.05 -0.12
Cu 0.20 0.97 0.09 0.00
Ba 0.29 0.94 0.06 0.09
Pd 0.34 0.88 0.17 0.18
Sh 0.32 0.82 0.16 0.33
Eu 0.58 0.78 0.13 0.07
Zn 0.43 0.74 0.09 0.41
Sr 0.49 0.74 0.15 0.23
Cr 0.21 0.74 0.25 0.35
Mo 0.00 0.73 0.44 0.30
Lu 0.68 0.72 0.06 -0.04
Cd 0.21 0.65 -0.22 0.61
Ce 0.51 0.63 0.30 0.19
Pb 0.27 0.53 -0.13 0.45
Li 0.35 0.51 -0.30 -0.13
Ni 0.15 0.50 0.41 0.41
Na -0.14 -0.01 0.94 -0.01
S -0.01 0.17 0.92 0.02
\V 0.33 -0.04 0.80 0.18
Mg 0.51 0.28 0.72 0.01
La 0.07 0.13 0.69 -0.13
% of variance 41.67 30.92 10.61 477
Cumulative % 41.67 72.59 83.20 87.97
Eigenvalue 17.92 13.30 4.56 2.05

Bold: loadings larger than 0.7, Underlined: loadings between 0.5 and 0.7
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Table S12b. Varimax normalized principal component loadings in PM3 .10

Principal component loadings

Mineral dust Traffic Marine aerosol
Al 0.99 0.05 0.08
Rb 0.98 0.10 0.00
Sm 0.98 0.04 0.08
Dy 0.98 0.12 0.09
Mn 0.96 0.07 0.15
Nd 0.96 0.21 0.07
Ho 0.96 0.24 0.07
Th 0.95 0.14 0.01
K 0.95 0.03 0.21
Cs 0.93 0.20 -0.05
Pr 0.93 0.29 0.07
Li 0.93 0.25 0.06
Ti 0.90 0.30 0.17
Yb 0.90 0.38 0.08
Y 0.89 0.37 0.16
Ca 0.89 0.30 0.03
P 0.88 -0.07 0.13
Co 0.87 0.25 0.29
U 0.87 0.08 0.16
\Y 0.86 -0.15 0.43
Lu 0.82 0.48 0.02
Fe 0.80 0.57 0.09
Nb 0.77 0.56 -0.12
Sr 0.72 0.62 0.11
Ce 0.70 0.50 0.15
Sh 0.06 0.99 0.03
Ba 0.18 0.97 -0.01
Zr -0.04 0.97 0.03
Cu 0.00 0.94 0.19
Hf -0.04 0.93 0.11
Pd 0.28 0.88 -0.18
Zn 0.48 0.83 0.18
Eu 0.54 0.82 -0.09
Cr 0.55 0.72 0.31
Mo -0.07 0.70 0.35
Cd 0.37 0.55 0.31
Pb 0.47 0.50 -0.01
Ta 0.43 0.45 -0.18
Na -0.22 0.02 0.89
S 0.04 0.34 0.78
Ni 0.30 0.11 0.73
Mg 0.61 0.07 0.72
La 0.25 -0.04 0.33
% of variance 51.68 25.60 8.27
Cumulative % 51.68 77.28 85.55
Eigenvalue 22.22 11.01 3.56

Bold: loadings larger than 0.7, Underlined: loadings between 0.5 and 0.7
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Table S13. Results of multiple linear regression analysis for mass concentrations of (a) PM2s
and (b) PM2s-10

(@) PM2s
Unstandardized coefficients  Standardized coefficients t Sig. R?
B Beta
Constant 9.35 33.71 <0.001 0.76
Traffic 1.44 0.60 8.53  <0.001
Mineral dust 1.19 0.49 7.07 <0.001
Marine aerosol 0.94 0.39 5,60 <0.001
Industrial 0.43 0.18 2.57 0.014
(b) PM25.10
Unstandardized coefficients Standardized coefficients t Sig. R?
B Beta
Constant 8.91 64.91 <0.001 0.86
Mineral dust 2.01 0.78 1450 <0.001
Marine aerosol 0.97 0.38 6.98 <0.001
Traffic 0.85 0.33 6.15 <0.001
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Figure S3 shows average crustal enrichment factors (EFs) for selected elements and trace metals
in both fine and coarse particles across the sampling sites. The calculated EFs were generally
higher in PM2 s than PM2.5.10, presumably because of the different physical and chemical processes
that selectively enhanced these elements in smaller particles. This is in agreement with the findings
of previous studies that reported higher EFs in PM2s compared to PM2s.10 (Arhami et al., 2009).
Pd, Sh, and S were shown to have the largest average EFs among PM.s and PM25.10 elements.
Some of the traffic tracers including Mo, and Zn as well elements such as Cd and Li also showed
substantial average EF values (EF>5) in PM25s and PM2s.10. Other traffic tracers such as Ba, Cr,
Pb, and Zr showed high EFs only in PM2. In contrast to traffic tracers, crustal elements such as
Ca, K, Mg were shown to have low EFs (EF<5) in fine and coarse particles, indicating a lack of

major anthropogenic sources for these elements.

Previously, Sh, S, Cd, Mo, and Zn were reported to have the largest EF values in PM2s and PM2s.
10 (Arhami et al., 2009). Other studies have reported high EF values for Cu and Zn (Birmili et al.,
2006; Cheung et al., 2011). More recent studies reported very high EF values for Pd (10 <average
EF< 10%) in PM2s and PM1o (Das and Chellam, 2020). While a wide range of sampling sites with
diverse local emission sources were covered in this study, our findings are in reasonable agreement

with the results of the previous studies.
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The normalized concentrations of selected elements based on the reported values by Habre et al.
(2020) are shown in Figure S6. In both the current and previous studies, two-week integrated
samples were collected in both warm and cold times of the year, and the chemical speciation
analysis was performed at Wisconsin State Laboratory of Hygiene (WSLH) through Sector Field
Inductively Coupled Plasma Mass Spectrometry (SF-ICP-MS) using similar filter and
Polyurethane foam (PUF) substrates. The sampling locations of the previous studies were also
bounded to a similar area in Southern California, covering coastal, urban, and suburban locations
with various emission sources, including traffic, industrial, and combustion sources. Therefore, we

expect the comparison between the elemental composition of the two studies to be meaningful.
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To assess the performance of the model at different sampling locations, an analysis was performed
on model residual values. Mean absolute percentage error (MAPE) was calculated based on Eq

(S1) (Bai et al., 2019):

MAPE = % yo (A

At

(S1)

Where n is the number of samples, and A, and F; are the observed and predicted values.
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Figure S9. Mean absolute percentage error (MAPE) at various sampling locations
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