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Abstract

Particulate matter (PM) continues to be a significant contributor to the deterioration of
air quality and is known to cause both acute and chronic health effects in exposed
populations. The health effects associated with PM depend on their size, chemical
composition, and sources. For instance, the chemical composition of PM, including
polycyclic aromatic hydrocarbons (PAHS), are recognized for their highly carcinogenic
properties. The assessment of health risks associated with PM is increasingly focused on
measuring oxidative potential (OP) rather than mass concentration. OP has emerged as a
highly promising metric in this regard. The study focuses on two specific aspects: the cancer
risk associated with PAHs and the OP induced by the chemical compositions of PM. The
study commenced with a comprehensive year-round field campaign for aerosol sampling in
Ningbo, a coastal city in China. The field campaign focused on PM with an aerodynamic
diameter of <2.5 um (PM2s), 2.5-10 um (PMyo), and size fractionated PM. The study
involved detailed chemical characterization, analysis of source contributions to PAHSs lung
cancer risk and OP, and modeling the deposition of OP in various regions of the human
respiratory tract.

The risk assessment of PAHs documented in the literature has predominantly
concentrated on the 16 priority PAHSs, inadvertently neglecting other PAHs that possess a
high cancer risk. Consequently, there is a risk of underestimating the overall risk level.
Additionally, in this study, we utilized the World Health Organization (WHO) and
Environmental Protection Agency (EPA) unit risk methods to estimate the Lifetime Excess

Cancer Risk (LECR) and address the errors frequently reported in the literature regarding



these methods. The results of the lung cancer risk assessment conducted in this study
revealed that the inclusion of highly carcinogenic PAHSs, such as 7H-benzo|[c]fluorene and
various dibenzopyrene derivatives (e.g., dibenzo[a,h]pyrene, dibenzo[a,l]pyrene, and
dibenzo[a,e]pyrene), increased the risk of lung cancer by four-fold. This significant increase
in LECR suggests that future investigations should consider incorporating more highly
carcinogenic PAHSs into the risk assessment framework to accurately estimate the lung
cancer risk posed by PAHSs. The traditional approach for estimating the lung cancer risk
associated with PAHSs is the use of the component-based potency factor, as adopted by the
EPA. In contrast, the WHO approach requires the use of benzo[a]pyrene (BaP) as a marker
for the complex mixture. Consequently, employing the WHO unit risk and component-based
potency factor approach resulted in significant overestimation of the lung cancer risk. In our
study, we utilized the EPA unit risk and component-based potency factor approach to
estimate the LECR of 16 and 20 PAHSs, resulting in values of 5.1x107 and 2.23x10°,
respectively. However, when employing the WHO unit risk and component-based potency
factor approach, we observed a 14-fold increase in the LECR estimates for the same set of
16 and 20 PAHSs (7.45x10° and 32.4x10°®, respectively). By adopting the appropriate WHO
approach, we estimated the LECR to be 3.11x10, which closely aligns with the LECR
estimated for the 20 PAHs using the EPA approach. Our findings revealed that incorporating
additional PAHs in the component-based potency factor approach enhanced the
comparability of EPA estimations with those of the WHO. This, in turn, led to a more precise
assessment of the lung cancer risk associated with PAH exposure. Moreover, in our study,

we identified five sources associated with PAHSs in our study domain. These sources include



natural gas combustion, vehicular exhaust, coal combustion, biomass burning, and the
volatilization of urban fuel. Among these sources, our finding indicated that natural gas
combustion, coal combustion, and vehicular exhaust emissions make significant
contributions to the LECR. Therefore, implementing measures to reduce the levels of PAHs
from these three sources would significantly impact the reduction of LECR and improve the
overall public health of the population in Ningbo, China.

The investigation of the OP induced by the water- and methanol-soluble fractions of
PM25s was conducted using a comprehensive year-round field campaign. Two acellular
assays, namely Dithiothreitol (DTT) and Ascorbic acid (AA), were employed in this
investigation. This study took into account diurnal and seasonal variations, focusing on
identifying the key factors that drive the OP, such as chemical species and sources. The OP
induced by water-soluble fractions of PMas in both DTT and AA assays were higher at
nighttime (0.39 + 0.10 nmol min*m= and 0.31 + 0.22 nmol min"*m™3, respectively) than
during the day (0.25 + 0.13 nmol min™m= and 0.23 + 0.09 nmol min*m3, respectively). The
OP induced by methanol-soluble fractions were consistently higher during nighttime
compared to daytime. The higher OP induced by PM. s during the night can be explained by
the fact that aerosols during this time were more photochemically aged, as evidenced by low
BaA/Chr and LMW-PAHSs ratios. Moreover, the bivariate polar plots revealed a strong
association between nighttime OP and marine/sea spray from the Ningbo-Zhoushan port and
East China Sea, which is in line with our findings that nighttime aerosols are more acidic
compared to daytime aerosols. The elevated aerosol acidity at night contributed to high

levels of OP, as it enhanced the dissolution of trace metals in the aerosols. However, we



reached the conclusion that photochemically aged aerosols were the primary contributor to
the elevated levels of OP at night, based on the weak-to-moderate correlation found between
nighttime OP and trace metals. The OP induced by water- and methanol-soluble fractions of
PM: s exhibited seasonal variations. The water-soluble fractions in the DTT assay showed
higher OP in winter (1.31 % 0.49 nmol min™* m), followed by summer (1.22 + 0.19 nmol
mint m3), autumn (1.19 + 0.26 nmol min* m), and spring (1.00 + 0.37 nmol mint m).
The higher OP in winter was attributed to a strong correlation with trace metals, specifically
Fe and Cu. During the summer, the AA assay detected higher OP in both the water- and
methanol-soluble fractions. This was attributed to the photochemical aging process and the
high aerosol acidity levels observed in the summer aerosols. The Positive Matrix
Factorization (PMF) model was employed to identify six sources of PM2sin Ningbo. These
sources encompass industrial emissions, biomass burning, secondary aerosols, sea
spray/marine emissions, vehicular emissions, and road dust. During the field campaign, the
three dominant sources contributing to the mass concentration of PM.s were industrial
emissions, secondary aerosols, and vehicular emissions. The bivariate polar plots clearly
demonstrated that the primary local sources of industrial emissions, which have a significant
impact on PM2 s pollution in Ningbo, are the industrial facilities situated in the Wangchun
industrial zone, as well as the Zhenhai and Beilun industrial parks. The plots indicated that
vehicular emissions originated from the freeways and highways that surrounded our study
area. In addition, the plots demonstrated that the precursor gases of secondary aerosol -
namely SO2, NO», and VOC:s - originate from local industrial facilities and vehicular traffic.

The analysis of air mass trajectories revealed that long-range transport from Inner Mongolia,



the East China Sea, Northern China, and Taiwan contributed to the levels of PM.sin Ningbo.
To estimate the contribution of six sources to PM2s-induced OP, this study used Multiple
Linear Regression (MLR) analysis. The findings emphasize the variability in source
contributions to both PM2s mass concentration and OP, depending on the assay and
extraction solvent used for OP measurement. Targeting mass concentration alone, as
currently done in PM2 s pollution regulation, would not suffuciently reduce health risks. Thus,
future regulatory efforts should incorporate both the source contributions of mass
concentration and OP to effectively mitigate risks associated with PM_s.

The health risk of six size-fractionated PM (ultrafine: <0.49, 0.49—0.95 um, accumulation:
0.95-1.5, 1.5-3 um, coarse: 3—7.2, >7.2 um), and PM2s5 and PMio were compared by
modeling their OP deposition in the various regions of the human respiratory tract. This
began with a comparative OP assessment of water- and methanol-soluble fractions of these
particles in DTT and AA assays. The OP induced by water-and-methanol-soluble PM size
fractions measured by DTT assay exhibited unimodal size distribution with peak
concentration in accumulation particles (0.95-1.5 um). The high OP induced by water-and
methanol-soluble fraction of 0.95-1.5 um was dominated by industrial emissions and
vehicular traffic. In contrast, in AA assay, the OP exhibited trimodal size distribution with
the concentration peaked in coarse particles, followed by ultrafine particles, and
accumulation particles. The high OP of coarse particles in AA assay was attributed to
industrial emissions, vehicular traffic, and marine/sea spray. The OP induced by water- and
methanol-soluble fractions of PM1g was consistently higher than that of PMsin both DTT

and AA assay. The OP induced by PMyo exhibited a strong correlation with Cu, Fe, WSOC,



and quinones. The high concentration of Cu and Fe in the presence of quinones causes the
synergistic effect, thereby elevating the OP levels of PM1o. The bivariate polar plots revealed
vehicular traffic, and road dust are potential sources contributing to the high OP induced by
water-and methanol-soluble fractions of PMio. In all OP measurements, the DTT assay
consistently demonstrated high OP in the water-soluble fractions, indicating its higher
responsiveness to a wide range of water-soluble chemical species, including trace metals,
high molecular weight (HMW) quinones, and humic-like substances (HULIS). In contrast,
the AA assay exhibited higher OP in the methanol-soluble fractions, suggesting its high
sensitivity to water-insoluble chemical species that were extracted in methanol. This study
has demonstrated, for the first time, that the DTT assay is the most effective method for
assessing the OP of water-soluble fractions, while the AA assay is best suited for evaluating
the OP of methanol-soluble fractions. The Multiple-path particle dosimetry (MPPD) model
was employed to simulate the deposition of OP in the Extrathoracic (ET), Tracheobronchial
(TB), and Pulmonary (PL) regions of the respiratory tract. The patterns of OP deposition in
the DTT and AA assays showed similarities. Both assays measured similar levels of OP
deposition for ultrafine particles. However, the DTT assay demonstrated higher values for
accumulation particles, whereas the AA assay exhibited higher levels for coarse particles.
These findings hold significant implications for assessing the health risks associated with
ambient particles across various size ranges. Moreover, this study investigated for the first
time a potential link between OP and the particle deposition dose in various regions of the
respiratory tract. The results indicated that this relationship varies depending on the type of

assay used. In the case of the DTT assay, a weak correlation was observed. The DTT assay
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is sensitive to a broader range of water-soluble chemical species present in particle doses
within our study area. Conversely, no correlation was observed in the AA assay, suggesting
that the substances causing OP, as detected by AA, may not significantly contribute to the
dose of each PM size fraction collected in our study domain. These findings indicated that
the particle deposition dose, which depends on the particle concentration in the ambient air
and exposure conditions, is not a suitable metric for predicting OP or the potential health
risk posed by ambient particles.

Keywords: oxidative potential, cancer risk, ambient particles, source apportionment,

respiratory deposition
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Chapter 1 Introduction

1.1. Background

For a considerable period, air pollution in China has resulted in significant health
impairments and other kinds of detrimental impacts on society (Liu et al., 2018). The issue
of air pollution in China stems from elevated levels of pollutants, including PM, nitrogen
oxides (NOx = NO + NO3), and sulfur dioxide (SO.), carbon monoxide (CO), volatile
organic compounds (VOCs), and ozone (Os), caused mainly by high levels of
industrialization and energy consumption (Lihong and Jingyuan, 2011; Zhang et al., 2021).
Air pollution cause serious health hazards, including chronic respiratory disease (Lakey et
al., 2016), cardiovascular disease (Consensus et al., 2022), and cancer (Alemayehu et al.,
2020). Moreover, air pollution can negatively affect wildlife (Honda and Suzuki, 2020),
cause acid rain (Prakash et al., 2023), reduce visibility (Tian et al., 2016), cause climate
change (Burr and Zhang, 2011), and lead to a reduction in the ozone layer (Womack et al.,
2023). Air pollution can also pose economic consequences, such as increased healthcare
expenditures and decreased productivity due to missed workdays caused by illness (Hopke
and Hill, 2021).

Air pollution in China was initially attributed to coal combustion and industrial processes
during the early stages of economic growth (Jin et al., 2016). However, with the rise in
urbanization, vehicle emissions have become a significant contributor, particularly in
megacities (Huang et al., 2018). In response to the heightened problem of air pollution, the
Chinese Government established the Air Pollution Control Action Plan (APCAP) in 2013

(Cai et al., 2017), which aims to reduce air pollution in specific regions by 25% in Beijing-
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Tianjin-Hebei, 20% in the Yangtze River Delta, and 15% in the Pear River Delta (Zhang et
al., 2022). The Chinese Government has taken various steps to decrease air pollution, such
as setting strict regulations for automobile, industrial, and coal-fired power plant emissions,
advancing the usage of clean energy like wind and solar power, increasing investment in
electric vehicles, developing public transportation like the metro, buses, and trains, creating
a network of air quality monitoring stations throughout the country, and promoting eco-
friendly behaviors and community-based initiatives (He et al., 2017).

The aforementioned actions have led to significant improvements in air quality in recent
years, but there is still a problem with the emergence of fine particles (PM2s) at a regional
level (Wang et al., 2023; Xu et al., 2023). Consequently, PM.s pollution has garnered
significant attention nationwide in China, leading to its inclusion in the National Ambient
Air Quality Standards (NAAQS, GB 3095-2012) (Zhao et al., 2016). The problem of air
pollution, particularly PM2s pollution, has received urgent attention due to research
indicating that it causes approximately 4 million deaths globally every year, before
individuals reach their average life expectancies (Thangavel et al., 2022). Studies have
estimated that more than 1.36 million premature deaths occur annually due to human
exposure to PMzs pollution in the Western Pacific, with China being the largest contributor
(Huang et al., 2021; Lelieveld et al., 2015).

In China, extensive nationwide monitoring stations are currently in place to measure the
mass concentrations of PMas particles for regulatory purposes. However, it has been
demonstrated through careful research that relying solely on mass concentration as a

regulatory criterion may not effectively mitigate the health risks associated with fine



particles (Daellenbach et al., 2020; Wang et al., 2022). Given the significant differences in
the chemical composition of PM arising from various emission sources, it is apparent that
the mass concentration alone may not adequately reflect the toxicity levels (Farahani et al.,
2022). This highlights the importance of using a more comprehensive and accurate metric
that can effectively capture and evaluate the actual health risks presented by PM (Famiyeh
etal., 2021). One such metric that has emerged as a promising alternative is the measurement
of OP (Abrams et al., 2017; Campbell et al., 2021; Luo et al., 2023).

The OP of PM represents its ability to cause cellular damage through the generation of
reactive oxygen species (ROS) (Wen et al., 2023), which can lead to inflammation and cell
death (Ahmad et al., 2021; Li et al., 2022). Additionally, PM can also carry ROS that can
adversely cause oxidative stress upon inhalation (Stevanovic et al., 2019). The high
reactivity of ROS (such hydroxyl radical ("OH), hydrogen peroxide (H203), organic peroxyl
radicals (ROO), and superoxide radical (O2") primarily stems from the presence of
unpaired electrons (Rao et al., 2020).

Numerous studies have indicated that particle size, chemical compositions, and sources of
PM affects its ability to cause oxidative stress (An et al., 2022; Bates et al., 2019; Nishita-
Hara et al., 2019), which can subsequently lead to varous health endpoints. For example,
previous research has consistently shown a significant correlation between OP of PM_ s and
emergency hospital visits for various cardiorespiratory conditions (Abrams et al., 2017).
Moreover, several studies have established a causal link between OP and various health
endpoints, such as asthma and congestive heart failure (Bates et al., 2015; Fang et al., 2016;

Yang et al., 2016). Therefore, utilizing OP as a regulatory parameter could significantly



enhance our ability to accurately assess the toxicity of ambient particles and effectively
safeguard public health (Calas et al., 2019; Yu et al., 2022). However, since the OP method
is still in the developmental stage, the aim of this study is to contribute to its improvement
by considering the effects of particle size, chemical compositions, and sources.

The chemical compositions of PM, particularly polycyclic aromatic hydrocarbons
(PAHSs), have been extensively established to cause lung cancer (Famiyeh et al., 2021).
These compounds possess well-documented carcinogenic properties and tend to accumulate
in the respiratory system upon inhalation (Famiyeh et al., 2021). Once inhaled, PAHs
undergo metabolic activation facilitated by enzymes like cytochrome P450s (CYPs),
consequently leading to DNA damage and the subsequent development of lung cancer
(Famiyeh et al., 2021; Moorthy et al., 2015). PAHSs have been found to be strongly associated
with OP (Janssen et al., 2014), but it remains unclear whether the OP could directly
contributes to the risk of developing lung cancer. This study contributes to existing
knowledge by examining the correlation between specific PAHs and OP, and their
association with the risk of lung cancer.

1.2. Statement of the problem

The research was conducted in the coastal hotspot city of Ningbo, China, which faces
significant challenges with pollution originating from various sources such as vehicular
traffic, commercial activities, industrial activities, and sea spray/marine emissions.
Moreover, previous studies conducted in Ningbo have identified the influence of long-range
transportation on the levels of aerosol pollution in the city (Chen et al., 2022; Xu et al.,
2019). Morever, most of the studies conducted in the city have primarily focused on

analyzing the chemical composition of PM, including inorganic ions, trace metals, and
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carbonaceous species (Liu et al., 2018; Tu et al., 2019). However, there is a significant gap
in comprehensive research regarding the investigation of the effects of particle size, chemical
composition, and sources on OP of PM (Wang et al., 2018). A previous study conducted by
Chen et al. (2022) had a limited scope as it primarily focused on fine particles, had a small
sample size, and utilized only one method for measuring OP. Moreover, the existing
literature lacks clarity regarding the variation of OP in PM2s during both daytime and
nighttime periods (Ahmad et al., 2021; Ainur et al., 2023). This is primarily due to the fact
that most studies have been focused solely on 24-hour aerosol sampling, which does not
provide specific insights into diurnal fluctuations. Understanding these distinctions could
aid in the formulation of improved public health policies and provide individuals with better
guidance on reducing their exposure to PM2 s particles.

The current lung cancer risk assessment framework for PAHs fails to consider a wider
range of highly carcinogenic PAHSs, which may result in an underestimation of the actual
level of risk (lakovides et al., 2021). There is a significant lack of research specifically
focused on examining this particular aspect.

The primary aim of this study is to identify areas in the research that have not been
sufficiently addressed regarding the measurement of OP and the risk of lung cancer
associated with particulate-PAHSs.

The identified key research gaps were summarized as follows:

(1) Lung cancer risk of PAH exposure
(a) There are hundreds of different types of PAHSs present in the air we breathe (Famiyeh et

al.,, 2023). However, researchers have primarily focused their attention on the



Environmental Protection Agency (EPA) 16 priority PAHs that are known for their
persistence, prevalence, and potential to harm a larger portion of the population
(Famiyeh et al., 2021; Kiumal et al., 2013; Lee et al., 2022; Wang et al., 2011). The
assessment of lung cancer risk has disregarded the impact of high carcinogenic PAHSs,
including 7H-benzo[c]fluorene and various dibenzopyrene derivatives. Their potential
contribution has been neglected due to their low concentrations in the ambient
environment (Famiyeh, Xu, et al., 2023). This can lead to an underestimation of the
actual cancer risk associated with PAH exposure. Therefore, it is imperative to consider
a broader range of PAHSs to obtain a more accurate evaluation of the health risks.

(b) A commonly observed error in the literature is the inappropriate estimation of cancer
risk by multiplying the concentration of B[a]Peq (equivalent concentration of
benzo[a]pyrene) by the unit risk recommended by the World Health Organization
(WHO) (Pongpiachan et al., 2015). This approach can lead to a significant
overestimation of risk. The correct procedure, as outlined by WHO, is to use the
concentration of B[a]P (benzo[a]pyrene) alone as a surrogate for the entire mixture when
estimating cancer risk. It is important to note that the WHO unit risk can only be applied
when utilizing B[a]P as a marker for complex mixtures (Aquilina and Harrison, 2023).
On the other hand, if the approach involves the use of B[a]Peq (such as the component-
based potency factor approach), the appropriate unit risk to be used is the one

recommended by the EPA.



(2) Effect of extraction solvents and acellular assays on OP measurement
To determine the OP of PM, efficiently extracting its chemical compositions is crucial.
The choice of extraction solvent is significant in obtaining accurate OP values. Water is a
widely employed extraction medium for the isolation of hydrophilic chemical compounds
present in PM when conducting OP measurement (Cui et al., 2023; Molina et al., 2023,
Secrest et al., 2016). However, methanol can be used to extract both hydrophilic and
hydrophobic chemicals, enabling the measurement of the OP of these chemical species
(Chenetal., 2022; Famiyeh et al., 2023). While the impact of extracted chemicals on the OP
of PM is acknowledged, the exact influence of specific chemicals remains uncertain. Given
the potential variation in the effects of the extracted chemicals, it is imperative to assess OP
using multiple assays, including dithiothreitol (DTT) and ascorbic acid (AA) assays with
varying sensitivities to these chemicals (Famiyeh, Jia, et al., 2023). This approach will
provide a more comprehensive understanding of the effects of these chemicals on OP.
Moreover, this approach will determine the appropriate assay to be used for measuring the
OP induced by water-soluble and methanol-soluble fractions of ambient particles.
(3) Efect of particle size on OP
(@) The mass concentration is a commonly used metric for regulating PM2s pollution.
However, research has demonstrated that PM2 s toxicity might not be best evaluated
through this approach. For example, even though fine and ultrafine particles are typically
more dangerous than coarse particles, some research have suggested that coarse particles
may also have a severe impact on health (Deng et al., 2019; Famiyeh et al., 2023). The

aforementioned discrepancy highlights the need to use OP as an effective metric for



providing comparative assessment of the toxicity of ultrafine, accumulation, and coarse
particles. Furthermore, most previous investigations of OP have primarily focused on
fine particles (PM2s), and the relationship between particle size and OP remains unclear
(Famiyeh, Jia, et al., 2023; Shang et al., 2022; Simonetti et al., 2018). There is limited
literature comparing the OP induced by ultrafine (< 1.0 um), fine (< 2.5 um), and coarse
(2.5-10 pm) particles using both DTT and AA assays.

(b) The assessment of OP deposition in specific regions of the human respiratory tract is
considered a more accurate indicator of the health impacts related to exposure to PM,
which can vary depending on particle size. However, there is limited research available
that focuses on simulating OP deposition within the respiratory tract. For instance, Lyu
et al. (2018) conducted a study in which they simulated OP deposition using the DTT
assay and the MPPD model in the human respiratory tract. Since only one assay has been
utilized for these investigations, it remains unclear whether different assays could
measure similar levels of OP deposition of ultrafine, accumulation, and coarse particles.

(4) The relationship between OP and doses of PM in human respiratory tract

The degree to which PM exposure adversely impacts human health hinges on the particle's
ability to trigger oxidative stress by consuming the antioxidants in the epithelial lining fluid

(ELF) (Famiyeh, Jia, et al., 2023). When we breathe in PM particles, they can settle in

different regions of human respiratory tract with different deposition efficiency and doses.

However, the relationship between the deposition dose of the inhaled particle and OP in

specific regions of the respiratory tract remain unclear (Famiyeh, Jia, et al., 2023). To

accurately establish the relationship between OP and particle deposition dose, it is



insufficient to solely rely on acellular assays that only consider particles outside of cells.
Such assays do not provide a precise estimation of the amount of PM present in the
respiratory tract and its impact on human health. Therefore, in order to accurately predict the
actual particle deposition dose in the human respiratory system and its association with OP,
it is imperative to estimate the particle deposition dose using a realistic exposure scenarios.

(5) The reduction of OP of PMz2s

Due to the significant global health concerns linked to PM2 s pollution, it is of paramount
importance to precisely estimate the contributions of various sources to its OP. This is
indispensable for developing effective strategies aimed at mitigating the adverse impacts of
PM on public health. Merely focusing on sources related to the mass concentration of
ambient particles may prove insufficient in effectively reducing OP levels, as many studies
have shown that the sources contributing to the PM2s mass concentration and the OP can
vary significantly (Daellenbach et al., 2020; Yixiang Wang et al., 2022). This assertion
requires further investigation of the contributions of each source to both the mass
concentration and OP of PM2s.

1.3. Aims of the study
The aims of the study were as follows:

1) investigating the effect of extraction solvents and acellular assays on the OP of PM;

2) investigating the effect of particle size, chemical composition, and sources on the OP

levels of PM;

3) establishing the link between the deposition dose and OP of PM in the respiratory

tract;



4) identifying the primary sources associated with the OP of PM25s and lung caner risk
of PAHs.

1.4. Specific objectives

This study aimed to systematically investigate PM ability to induce oxidative stress
through ROS generation in Ningbo city. This study considered aerosols of varying sizes,
ensuring a comprehensive assessment of OP using two assays. To achieve this, two acellular
assays, DTT and AA, were employed to accurately measure OP levels and its respiratory
depositions. Additionally, a thorough chemical characterization aimed to identify chemical
species that OP was conducted, along with source apportionment analysis. Furthermore, the
study assessed the lung cancer risk associated with particulate-bound PAHSs, allowing for
the identification of specific sources that can contribute to the risk level at our study domain.
The specific objectives investigated in this study were as follows:

1) analyzing the concentrations, diurnal and seasonal variations, and size distribution
of chemical compositions of PM such as water-soluble inorganic ions, water-soluble
trace metals, PAHs, quinones, levoglucosan, and homohopanes;

2) evaluating the lung cancer risk of particulate-bound PAHs, investigating the source
dispersion characteristics, and estimating the source contributions;

3) assessing the source profiles, source dispersion, and estimating the source
contribution to OP induced by water-and methanol—soluble fractions of PM2.s during
daytime, nighttime, and by seasons;

4) investigating weather there is a link between OP and lung cancer risk cause by

particulate-PAHs;
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5) identifying the sources of PMa s during the day, night, and seasons, and estimating
the source contribution to the OP;

6) comparing OP induced by water-and methanol-soluble fractions of ultrafine (<0.49
and 0.49-0.95 pum), accumulation (0.95-1.5, 1.5-3 um), and coarse particles (3—7.2,
>7.2 um);

7) comparing the OP induced by water-and methanol-soluble fractions of PM; s and
PM o;

8) estimating the particle deposition fractions and doses, and OP respiratory deposition;

9) identifying the dominant redox-active chemical species that induce OP of PM with
varying size ranges.

1.5. Research methodology

The flowchart presented in Figure 1-1 outlines the experimental methodology employed
in this research project. The study commenced with the collection of PM samples, which
spanned approximately one year. The chemical compositions of these PM samples,
including water-soluble trace metals, inorganic ions, PAHs, water-soluble organic carbons,
homohopanes, and levoglucosan were analyzed. This analysis was conducted using various
techniques, namely Inductively Coupled Plasma-Mass Spectrometry (ICP-MS), lon
chromatography (IC), Gas Chromatography-Mass Selective Detector (GC-MSD), Thermal
Optical Carbon (TOC) Analyzer, and High-Performance Liquid Chromatograph-Mass
Spectrometry/Mass Spectrometry (HPLC-MS/MS). The OP induced by water and methanol-
soluble fraction of the PM samples was assessed using DTT and AA assays. The dose of PM

deposited in human respiratory tract was modeled using the MPPD model. Additionally, the
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positive matrix factorization (PMF) model and bivariate polar plots (BPPs) were utilized to
identify the sources of PAHs, PM2s, and OP induced by PM with varying size ranges in
ultrafine, accumulation, and coarse modes. The contribution of these source to lung cancer

risk and OP was estimated using the multiple linear regression (MLR) model.
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Figure 1-1 Flowchart of the experimental work conducted in this study

1.6. Thesis outline

Chapter 1 Introduction. This chapter provides background information on air pollution in
China, with a specific focus on PM. The chapter introduces the concept of OP as a valuable
metric for assessing the health risks associated with ambient particles. Additionally, the

chapter outlines the research gaps, aims, objectives, and methodology used in this study.
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Chapter 2 Literature Review. This chapter focuses on cell-free methods for measuring OP,
specifically focusing more on DTT and AA assays that was employ in this study. It provides
background information on the chemical species that induce OP and includes a literature
review of studies conducted both within and outside of China. Additionally, it introduces a
theoretical framework for utilizing the MPPD model to predict particle deposition fraction,
doses, and OP deposition in the human respiratory tract. The chapter also presents
information on the assessment of lung cancer risk associated with PAHs. Finally, it offers
background information on the PMF model, MLR, and BPPs for source apportionment.
Chapter 3 Materials and Methods. This chapter presents the detailed experimental
procedures used in the study, including aerosol sampling, chemical extraction and pre-
treatment, and chemical analysis of inorganic ions, trace metals, PAHs, and quinones. The
methods for measuring OP using the DTT and AA assays are described, and the statistical
methods used for data analysis and source apportionment techniques, such as the PMF
model, BPPs, and MLR, are provided.

Chapter 4 Particulate-Bound Polycyclic Aromatic Hydrocarbons: Diurnal and
Seasonal Variations, Size Distribution, Sources Apportionment, amd Lung Cancer
Risk. This chapter focuses primarily on the diurnal and seasonal variations, and size
distribution of particulate-PAHSs, and estimate the lifetime excess lung cancer risk (LECR)
by comparing the WHO and EPA methodologies. PMF model was applied to identify
sources of PAHSs. The sources derived from PMF model was subjected to BPPs analysis to

investigate the dispersion patterns and transport of PAHs to our monitoring station. MLR

14



was applied to identify the source contributions to the LECR of PAH exposure in PM2s
particles.

Chapter 5 OP induced by Water and Methanol-Soluble Fractions of PMz2s: Diurnal
and Seasonal Variations, Chemical Characterization, and Source Apportionment. This
chapter aimed to explore the daytime, nighttime, and seasonal patterns in the OP of PM2s
particles. The marine source contributions and aerosol acidity was investigated during the
daytime, night, and seasons. Chemical species associated with OP were identified through
Pearson’s correlation analysis. By utilizing PMF-BPPs model, we successfully identified the
sources and dispersion characteristics associated with PM2s particles. Additionally, we
employed MLR analysis to estimate the contributions of each source to the OP. We
conducted a correlation analysis to investigate the existence of a link between OP and the
risk of lung cancer caused by PAH exposure.

Chapter 6 Particle Size Distribution of OP induced by Water and Methanol-Soluble
Fractions: Chemical characterization, and Respiratory Depositions. The level of
chemical species such as trace metals, WSOC, and quinones were introduced. We utilized
the MPPD model to estimate particle deposition efficiency and doses in the human
respiratory system, as well as to investigate the size distribution of OP in ambient particles.
Additionally, we studied the deposition of OP in various regions of the human respiratory
tract . Lastly, we establish the link of the deposition dose and OP of PM with varying size
ranges.

Chapter 7 Contributions, Conclusions and recommendation for future works. This

chapter presents our contributions to the evaluation of the risk of lung cancer associated with
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PAHs, OP measurement, and OP deposition in human respiratory tract. We have presented
conclusions that focus on our key findings. In addition, we offer suggestions for future

research, taking into consideration the limitations of the study.
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Chapter 2 Literature Review

2.1 OP for PM toxicological assessment

Many studies in the fields of epidemiology and toxicology have presented compelling
evidence that establishes a strong link between the inhalation of ambient particles and the
occurrence of respiratory and cardiopulmonary diseases, such as asthma, heart disease, and
lung cancer (Kelly and Fussell, 2020; Thangavel et al., 2022). However, the precise
mechanisms by which exposure to PM leads to the manifestation of diseases in humans are
still not fully understood (Kobos and Shannahan, 2021). Recent research has used human
biomarkers (such as 8-hydroxy-2'-deoxyguanosine, NOXx, Uric acid, and Dopamine) (Kim et
al., 2023), animal models (e.g., rat, rodent, etc.) (Ferreira et al., 2022; Mu et al., 2022), and
DNA methylation (Ferrari et al.,, 2019) to gain valuable insights into the potential
mechanisms underlying the toxicity of PM.

The exposure to PM can initiate oxidative stress in the body (Gangwar et al., 2020),
which in turn may contribute to the initiation and progression of various diseases. This
occurs when ROS in the body exceeds the natural antioxidant defenses, thereby disrupting
the biochemical equilibrium (Mudway et al., 2020). OP describes how PM consumes
antioxidants in the human ELF and produces ROS in the lungs (Shahpoury et al., 2022), and
can be explored to understand the mechanism with which ambient particles can lead to

diseases.
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2.2 Acellular assays for OP measurement
Acellular assays are advantageous over cellular assays for measuring the OP of ambient
particles due to several reasons. They are simpler and easier to perform as they do not require
live cells. The cellular assays can become saturated when exposed to high concentrations of
ambient particles and their chemical compositions (Wang et al., 2022). Acellular assays are
cost-effective as they eliminate the need for expensive culture media and equipment. Cell-
free assays can be designed to measure specific OPs of PM, which may not be measurable
using cellular assays. They offer greater reproducibility by avoiding biological variability
with live cells. Lastly, cell-free assays are more sensitive and can detect very low
concentrations of oxidizing agents in PM (Shahpoury et al., 2022). In summary cell-free
assays offer a simpler, cost-effective, automation-friendly, and more sensitive approach for
measuring the OP of PM (Frezzini et al., 2022; Rao et al., 2020; Xiong et al., 2017).
Cell-free assays can be categorized into two main types based on the OP methodology:
antioxidant depletion assays and ROS generation assays. Antioxidant depletion assays
measure the consumption of antioxidants over time when exposed to ambient particles, while
ROS assays measure the levels of ROS generated. Commonly used antioxidant depletion
assays for measuring OP include DTT and AA (Nishita-Hara et al., 2019; Perrone et al.,
2019). The depletion of DTT and AA during OP measurement is presumed to correlate with
the production of ROS (Fang et al., 2019). In contrast, assays such as the dichlorofluorescin
diacetate (DCFH-DA) assay and electron paramagnetic resonance (EPR) directly measure
ROS (Hedayat et al., 2015). In this study, both DTT and AA assays were employed to

comparatively evaluate the OP of ambient particles. The selection of these two assays was
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based on their user-friendliness, speed, high repeatability, and cost-effectiveness (Famiyeh,
Jia, et al., 2023; Frezzini et al., 2022). Although AA assay has been utilized to determine the
OP of PM, it has received less attention compared to the DTT assay. In Section 2.4, a
comprehensive review of the literature on the comparison of OP measurement using DTT
and AA assays is provided. The lack of consensus or comprehensive inter-laboratory
comparison to validate this method impedes its progress and hinders its application as a more
health-relevant metric for assessing human exposure to PM.

2.2.1 Dithiothreitol (DTT) assay

Dithiothreitol, which is a strong reducing agent, frequently used as a surrogate for
biological reducing agents to examine the rate at which antioxidants are consumed in human
ELF upon exposure to chemical compositions of ambient particles. The DTT method
established by Cho et al. (2005) remained the most widely employed assay to evaluate the
OP of ambient particles (Chen et al., 2022; Cheng et al., 2021; Jiang et al., 2019; Molina et
al., 2020; Nishita-Hara et al., 2019; Xiong et al., 2017).

The detailed procedures of DTT assay for OP measurement are described in section 3.4.2.
Briefly, the oxidation of DTT involves electrons transfer from DTT to molecular oxygen
(02), which generates superoxide (O2") and DTT-disulphide. The chemical composition of
PM, especially trace metals and quinones facilitates the electron transfer process, resulting
in the formation of H>O,. Xiong et al. (2017) conducted thorough research that demonstrated
a significant correlation (r = 0.91) between the oxidation of DTT and the production of H20,.
To determine the remaining DTT, a thiol reagent such as 5,5'-ditiobis-2-nitrobenzoic acid

(DTNB) is added, resulting in the formation of 2-nitro-5-thiobenzoic acid (TNB) (Hedayat
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et al., 2015; Visentin et al., 2016). The detailed mechamism of DTT depletion and H20>

formation is shown in Figure 2-1.
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Figure 2-1 Mechanism of DTT oxidation by PM (Cho et al., 2005)

DTT is highly sensitive to a wide range of chemical species in ambient particles including
trace metals (e.g., Fe, Cu, Mn, etc.) (Charrier and Anastasio, 2012; Fang et al., 2016), and
carbonaceous species (e.g., WSOC, EC, OC) (Liu etal., 2018; Vreeland et al., 2017), Humic-
like Substances (HULIS) (Cheng et al., 2021; Fang et al., 2019; Lyu et al., 2018; Yu et al.,
2022), and quinones (H. Jiang et al., 2019; Rao et al., 2020), and black carbon (Rao et al.,

2020). A strong positive correlation has been found between chemical species (such as PAH,
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NH4*, SO4%, K*) and OP measured in the DTT assay (Kurihara et al., 2022; Ntziachristos et
al., 2007; Xiong et al., 2017).

2.2.2 Ascorbic acid (AA) assay

In the ELF of the human lungs, AA serves as a natural antioxidant. Studies have reported
that individuals with asthma have lower levels of ascorbic acid compared to individuals
without the condition (Fang et al., 2019; Lin and Yu, 2020). The presence of certain chemical
species, such as trace metals, in ambient particles can cause AA oxidation, generating
dehydroascorbate (Rao et al., 2020). This oxidation process results in the formation of
superoxide, which is further converted into H20.. The generated H20> then participates in
the Fenton reaction. This ultimately leads to the production of OH, which then react with
salicylic acid, resulting in the formation of 2, 3- and 2, 5-dihydroxybenzoates (DHBAS)
(Hedayat et al., 2015). The summary of the mechanism of AA oxidation by PM is presented
in Figure 2-2. The OP of PM can be quantified over time by measuring the absorbance of
ascorbate at 265 nm. The detailed experimental procedure for measuring OP using the AA
assay is presented in Section 3.7.2.

The depletion rate of AA is strongly influenced by water-soluble trace metals (e.g., Fe,
Cu) (Rao et al., 2020). For example, AA has been found to exhibit a strong positive
correlation with various metals emitted from non-exhaust traffic, such as Cu, Zn, Cr, Fe, Ni,
Mn, Sn, Cd, and Pb (Bates et al., 2019; Pietrogrande et al., 2019). AA has been reported to
be less sensitive to organic species (Fang et al., 2016). However, research has indicated that
the addition of quinones into the reaction mixture containing AA can result in its depletion

(Fang et al., 2016; Visentin et al., 2016).
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Figure 2-2 Mechanism of AA oxidation by PM (Hedayat et al., 2015)
2.3 OP induced by PM chemical compositions

The soluble fractions of trace metals influence the redox activity of ambient particles,
subsequently leading to various health endpoints. For instance, trace elements such as Cu,
Fe, Zn, and Mn contribute to immune system dysfunction and the development of
inflammatory responses due to their ability to induce oxidative stress (Mahmoud et al., 2023;
Mitra et al., 2022; Zheng et al., 2023). Moreover, elevated concentrations of these trace
metals significantly impact the oxidative capacity of ambient aerosols. Cu stands out as
having the highest OP in DTT assay among the trace metals, followed by Mn, Co, V, Ni, Pb,
and Fe (Charrier and Anastasio, 2012). In urban environments with elevated levels of Fe in
the ambient air, there is a significant depletion of DTT. This is due to the ability of Fe to
oxidize H>O, to form "OH radicals via Fenton (reaction 1) and Haber-Weiss reactions

(reactions 2 and 3) (Cuypers et al., 2010; Fang et al., 2019), which enhance the OP activity.
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Furthermore, other metals such as Cu, Mn, Co, Ni, and V can also exhibit OP activity

through similar mechanisms.

M™ + H,0,—»M""'+ ‘OH + OH 1)
Ml’l+1 + 02 = N Ml’1+ + 02 (2)
M™ +H,0,—»M""'+ "OH + OH 3)

A strong correlation between WSOC and DTT-measured OP has been reported in
previous studies (Fang et al., 2016; Verma et al., 2012). The OP induced by WSOC has been
linked to catalytic oxidizers, such as humic-like substances (HULIS) (Fang et al., 2019;
Verma et al., 2015). Previous studies have shown a correlation between PAH concentrations
and OP induced by ambient particles in DTT assay (Charrier and Anastasio, 2012; Cho et
al., 2005; Famiyeh et al., 2023; Xiong et al., 2017). This correlation is influenced by the
variability of emission sources and the ability of PAHs to undergo oxidation (Cho et al.,
2005).

Quinones are also generated through the photochemical oxidation of parent PAHSs,
specifically those with LMW, such as naphthalene (McWhinney et al., 2013). They chemical
species possess high redox activity (Cho et al., 2004; Pei et al., 2018; Vreeland et al., 2017).
Examples of quinones known for their high redox activity include 1, 2-naphthoquinone (1,
2-NQ), 1, 4-naphthoquinone (1, 4-NQ), and 1, 4-anthraquinone (1, 4-AQ) (Gao et al., 2020;
Lyu et al., 2018; Xiong et al., 2017). The chemical structure of these quinones is depicted in

Figure 2-3.
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Figure 2-3 Chemical structure of quinones: 1, 2-naphthoquinone, 1, 4-naphthoquinone, and
1, 4-anthraquinone

Although inorganic ions in ambient particles do not directly produce ROS or display redox
activity, they are positively correlated with OP, especially with SO4%> and NO3™ (Daellenbach
et al., 2020; Fang et al., 2015). Specifically, SO4> increase aerosol hygroscopicity and
promotes the generation of H* ions through aqueous phase reactions (Fang et al., 2017). The
rise in aerosol acidity enhances the process of trace metal dissolution, ultimately leading to
the formation of soluble metal sulfates (Fang et al., 2017). Consequently, this contributes to
elevated levels of OP of PM.

The question of whether the summation of OP values for individual chemical components

accurately represents the total OP is subject to ongoing debate. To address this, considerable
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research has shown that the OP of ambient particle chemical compositions can have either
an synergistic or a antagonistic effect on OP. Specifically, transition metals such as Cu, Fe,
Mn, V, and Ni, as well as organic compounds such as WSOC, HULIS, and various quinones
(such as 1, 2-NQ, 1, 4-NQ, and 1, 4-AQ), have the potential to interact with each other and
induce either synergistic or antagonistic effects on OP. According to Yu et al. (2018), the
interaction between Mn and quinones can have a synergistic effect on OP. However, this
same interaction can result in an antagonistic effect on the production of ‘OH radical. In
contrast, when Mn interacts with HULIS, it produces an antagonistic effect. The presence of
Cu, together with high concentrations of quinones and HULIS, leads to an antagonistic effect
on OP (Pietrogrande et al., 2022). Fe shows a synergistic effect on OP when it interacts with
quinones and HULIS (Pietrogrande et al., 2022; Yu et al., 2018), potentially due to the
generation of ‘OH radicals. According to a study by Yan et al. (2022), it was found that
WSOC can form complexes with Cu or Mn, leading to synergistic effects on the generation
of ROS. The complex interactions between chemical compositions and their associated OP
pose a challenge in establishing a direct correlation between OP and specific chemical
species in PM.
2.4 Size distribution of PM chemical compositions

The mechanism of the size distribution of chemical compositions on the surfaces of the
particles also plays a role in influencing the OP. One common approach used to study this
mechanism involves plotting log (total C/PM) versus logDp, where C represents the mass
concentration of the chemical species, PM represents the mass concentration of the ambient

particle, and Dp represents the aerodynamic particle size. This method has been widely used
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to investigate how chemical species including PAHs are distributed on the surfaces of
ambient particles (Insian et al., 2022; Lv et al., 2016; Ray et al., 2019). When the slope of
the regression line is near -1, it indicates adsorption. Conversely, if the slope value is greater
than -1, it suggests multilayer adsorption, whereas a slope value less than -1 signifies
absorption (Insian et al., 2022). The deposition of chemical species via adsorption is more
prevalent on ultrafine and fine particles (Lv et al., 2016). However, multi-layer adsorption
occurs when multiple layers of particles are deposited on the surface of ambient particles,
particularly on coarse particles (Insian et al., 2022). The presence of multiple layers on
particle surfaces increases the surface area available for chemical reactions, resulting in a
higher production of ROS. Consequently, multi-layer adsorption can significantly contribute
to an elevated OP of coarse particles compared to single-layer adsorption on fine partcles.
No studies have yet established a link between the size distribution of ambient particles
chemical composition and their OP.
2.5 Occurrence of PM-induced OP in China and outside China

Extensive research has been conducted globally to investigate the OP induced by water-
soluble fractions of ambient particles, with a specific emphasis on PM2s (Cheng et al., 2021;
Liu et al., 2020; Xing et al., 2023). The majority of the PM2s-related OP studies were
conducted in urban areas of China (Cheng et al., 2021; Liu et al., 2020; Ma et al., 2021,
Secrest et al., 2016; Wang et al., 2019). Table 2.1 provides a comprehensive review of field
studies conducted to assess the OP of PM. The OP values presented in the table are expressed
as volume-normalized (OPv, in nmol mint m) and mass-normalized (OPm, in pmol min*

ug™) units. The table presents the assays used to assess OP, namely DTT and AA, as well as
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a list of the chemical species that may potentially correlate with OP. The literature review
indicates that the DTT assay is the most widely used for measuring OPs of PM.

Several studies have indicated that both OPv and OPm exhibit distinct seasonal
variability. In a study conducted by Ma et al. (2021), they found a strong seasonality of DTT-
measured OP of PM2s in Nanjing. The study revealed that the highest OPv concentration
occurred during winter (1.21 nmol min™t m2). This was followed by spring (1.17 nmol min-
' m?), autumn (1.16 nmol min* m3), and summer (1.11 nmol min* m=). Molina et al.
(2023) reported the OPv induced by water-soluble fraction of PM2s in Santiago, Chile. The
highest OPv was observed in winter (0.51 nmol min™ m), followed by autumn (0.43 nmol
min't m?), spring (0.27 nmol min* m®), and summer (0.23 nmol mintm). In contrast, Yu
et al. (2019) reported a high OPv of PM2 s during the summer months in Beijing. Moreover,
it has been consistently reported that OPm is higher during the summer months (Wang, et
al., 2020). This increase in OP of PM during summer has been attributed to the generation
of OP-active chemicals through photochemical aging processes (Famiyeh et al., 2023; Gao,
et al., 2020; Hsiao et al., 2021). The aerosol generated through photochemical aging during
summer is more OP active than aerosol that is freshly generated (Hsiao et al., 2021).
Photochemical aged aerosols result from the oxidation of volatile and semivolatile organic
compounds by oxidants such as *OH and NOg radicals, leading to the generation of organic
peroxy radicals (RO2). These organic peroxy radicals then react with Oz under intense solar
radiation, resulting in the formation of hydroperoxides and organic peroxides. In the

presence of sunlight, these compounds further decompose, giving rise to highly reactive
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oxygen radicals, which react with VOCs to generate SOAs (Chen et al., 2021). These
secondary chemicals, generated through photochemical reactions, exhibit high OP activity.

As shown in Table 2.1, the OPv induced by the water-soluble fraction of PM2s varied
across different locations. Specifically, Beijing, Wuhan, Inner Mongolia, and Lahore
(Pakistan) exhibited higher OPv levels compared to Hangzhou, Xi'an, Santiago (Chile), Los
Angeles (USA), and Yokohama (Italy). The observed differences in OPv can be attributed
to variations in source types as well as chemical compositions.

The existing body of research on OP studies has primarily focused on examining OP
derived from the water-soluble fraction of ambient particles. However, it is of utmost
importance to acknowledge that PM also consist of water-insoluble hydrophobic
components. These hydrophobic constituents have the potential to significantly contribute
to the increased OP activity of PM. Therefore, it might be beneficial to consider employing
alternative extraction solvents, such as methanol, to extract the hydrophobic fractions and
investigate their OP levels (Chen et al., 2022). However, it is crucial to emphasize that the
methanol extract will contain both hydrophilic and hydrophobic fractions (Verma et al.,
2012). Therefore, the OP induced by the water-soluble and methanol-soluble fractions is not
mutually exclusive, as both fractions contain hydrophilic chemical species (Famiyeh, Jia, et

al., 2023).
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Table 2.1 OP induced by water and methanol-soluble fraction of PM.s5in DTT and AA assays

Location Study period Dp OPv  OPm Assays Extraction Chemicals associated with Reference
(site description) (um) OP
Santiago, Chille June 2018- <2.5 0.38 15.0 DTT  Water S, K, Fe, Br, As, Zn, Ca®*, (Molina et al.,,
(urban) October Mn, Ba, Cu 2023)

2019
Bern-Bollwerk, June 2018- <2.5 110 N/A DTT  Water Cu, Zn, Sn, Sb, K*, (Grange et al.,
Switzerland May 2019 Levoglucosan 2022)
(urban traffic)
Changzhou, March- <25 100 168 DTT  Water Mn, Cu, Zn, Fe, V, Ni, Ca?*,  (Cui et al., 2023)
China August 2021 NH4*, OC, WSOC
(urban)
Beijing, China May 2015- <2.5 12.3 130.0 DTT  Water Cr, Fe, Zn, Sb, WSOC (Yuetal., 2019)
(urban) April 2016
Wuhan, China October <2.5 6.40 415 DTT  Water EC, OC, NOg, SO4%, K* (Liu et al., 2020)
(urban) 2011-July

2012
Inner Mongolia, September- <2.5 532 155 DTT  Water BC, Ca?*, As, NH4*, Fe, Sb,  (Secrest et al,,
China December Ce, Cu, Pb, Sn, Zn, K* 2016)
(rural) 2012
Lahore, Pakistan ~ Febrauary <25 890 189 DTT  Water Mg?*, Ca?*, Na*, K*, NHs*,  (Ahmad et al,
(urban) 2019 NOgz", Cu, Fe, Mn, Sr, Mg, 2021)

Al, Ti, V, OC, EC, WSOC

Xi’an, China May- <2.5 0.53 10 DTT  Water WSOC, SOz, NO., EC, K* (Wang et al,
(urban) December 2020)

2017
Shanghai, China November  0.056- 0.07- 40.0- DTT  Water Quinones, Fe, Mn, Cu, V, Pb, (Guo et al., 2019)
(urban) 2015-June 18 0.19 60.0 Ni, Co

2016
Hong Kong, September <25 056 203 DTT  Water Fe, Mn, OC, EC, WSOC, (Cheng et al,
China 2011-August HULIS, SO4* 2021)
(urban) 2012
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Milan, Italy
(Milano Pascal:
urban)

Milan, Italy
(Milano Pascal:
urban)

Milan, Italy
(Milano Pascal:
urban)

Milan, Italy
(Milano Pascal:
urban)

Atlanta, USA
(urban)

Nanjing, China
(urban)

Thessaloniki,
Greece (urban
traffic)
Shenzhen, China
(urban)

Los Angeles,
USA
(urban)

January-
February
2020
January-
February
2020
January-
February
2020

January-
February
2020
November
2012-August
2013
March-
December
2016
January-July
2013

November
2020-
October
2021
September
2019-
February
2020

<2.5

<25

2.5-10

2.5-10

<25

<25

<0.49

<25

<25

0.62

1.08

0.65

2.08

0.93

1.16

1.13

0.99

1.09

13.0

29

12

42

60.0

20.0

24.5

30.2

61.5

DTT

AA

DTT

AA

DTT

DTT

DTT

DTT

DTT

Water

Water

Water

Water

Water

Water

Water

Water

Water

N/A

N/A

NH4*, OC, EC,
Levoglucosan, Mannosan,
Cl, K*, Cr, Mn, Fe, Cu, Zn,
Pb

K*, Mg2+, OC, EC, Cr, Cu,
Levoglucosan, Mannosan

WSOC

V, Mn, Ni, Cu, As, Se, Cd,
Ba, Pb, OC, EC, WSOC
EC, NaP, Acy, Ace,

HULIS, WSOC, OC, Na*,
Ca?*, Mg*

BC, Ba, Sb, Cd, Ag, Cd, Na*,
Mg®, V

(Pietrogrande et
al., 2022)

(Pietrogrande et
al., 2022)

(Pietrogrande et
al., 2022)
(Pietrogrande et

al., 2022)

(Vreeland et al.,
2017)

(Ma et al., 2021)
(Argyropoulos et
al., 2016)

(Xing et al., 2023)

(Shen et al., 2022)
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Yokohama, Italy

(Urban)

Hangzhou,
China
(urban)

Salento's
peninsula
(suburban)

Salento's
peninsula
(suburban)

Salento's
peninsula
(suburban)

Salento's
peninsula
(suburban)

September
2020-Jun
2021
December
2016-
November
2017
December
2014-
October
2015
December
2014-
October
2015
December
2014-
October
2015
December
2014-
October
2015

<2.5

<25

<25

<25

2.5-10

2.5-10

0.15

0.62

0.24

0.15

0.23

0.29

14.9

6.39

10.5

6.5

7.5

9.0

DTT

DTT

DTT

AA

DTT

AA

Water

Water

Water

Water

Water

Water

K*, Mn, Pb, NH4*, SO4*~, OC

NH4*, NOg", SO4%, Ca?*,

Mg?*

K*, NOs, Cd, Cu, Fe, Mn, V,
OC, EC, POC, SOC

NOs3, Ba, Cd, Ce, Cu, Fe,
Mn, V, Zn, OC, EC, POC,

SOC

K* NHs*, Cu, Ba, Cd, Fe,
OC, EC, POC,

K*, NH4*, Ca®**, NOs", SO4%,
Ba, Cd, Cr, Ni, Cu, Fe, Mn,

V, OC, EC,

(Kurihara et

2022)
(Wang
2019)

(Perrone
2019)

(Perrone
2019)

(Perrone
2019)

(Perrone
2019)

et

et

et

et

et

al.,

al.,

al.,

al.,

OPv: nmol min® m=, OPm: pmol min*ug?, N/A: Not Available, BC: black carbon, SOC: secondary organic carbon, POC: primary

organic carbon
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The existing literature primarily focuses on 24-hour sampling campaigns when studying
OP induced by PM> s chemical compositions, resulting in a lack of understanding regarding
its variations during the day and night (Ahmad et al., 2021; Ainur et al., 2023). Gaining a
better understanding of these distinctions is crucial to support the development of improved
public health policies and provide individuals with enhanced guidance to reduce their
exposure to PM2 s particles. This present study conducted a comprehensive analysis of OP
induced by the water- and methanol-soluble fractions of ambient particles. It employed both
the DTT and AA assays, and considers OP variations during the day, and night, and across
different seasons. This study compared the OP induced by ultrafine, accumulation, and
coarse particles.

2.6  Multiple-path particle dosimetry (MPPD) model

The MPPD model (also called whole lung model) is a mathematical model used to
estimate the deposition fraction and doses of ambient particles in different regions of the
respiratory system in humans and animals (Manojkumar et al., 2019). The MPPD model can
make predictions of the particle depositited in the entire human respiratory system and in
three different regions: the extrathoracic (ET), tracheobronchial (TB), and the pulmonary
(PL) (Madureira et al., 2020). The model is designed to account for the complex structure of
the respiratory tract and how airflow fluctuates during breathing in and out.

The model takes into consideration:
1) characteristics of the particles (size, shape, and density);
2) aerodynamic behaviors of the particle (inertia impaction, diffusion, and

sedimentation);
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3) anatomical structure (symmetric and asymmetric) of the respiratory tract. The model
takes into account: functional residual capacity (FRC), and upper respiratory tract
volume (URT) of the respiratory system;

4) exposure scenarios (aerosol concentration, exposure time, breathing frequency, tidal
volume).

The MPPD model utilizes mathematical equations and computational algorithms to account
for the interaction among particle characteristics, aerodynamic behavior, and anatomical
factors in order to estimate particle deposition fraction in the ET, TB, and PL regions of the
respiratory system (Manojkumar et al., 2019).

The MPDD model operates on the following assumptions:

1) ambient particles have a uniform spherical shape, making calculations and analysis
easier;

2) ambient particles are uniformly distributed throughout the human respiratory system;

3) asteady-state condition is assumed, indicating that particle concentrations and other
parameters remain constant as they pass through the respiratory system over time;

4) ambient particle interactions, including agglomeration or coagulation, are considered
to be negligible and have no significant impact on particle behavior.

The accuracy of the results obtained from this model relies on the relevance of these
assumptions (Ginsberg et al., 2007; Kuempel et al., 2015) for the particular system being
examined. Furthermore, when comparing the MPDD model to other models such as the
International Commission on Radiological Protection (ICRP) and the National Council on

Radiation Protection (NCRP), it is worth noting that the MPDD model takes into account
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both symmetric and asymmetric structures of the respiratory system (Asgharian, 2019). In
contrast, the ICRP and NCRP models only consider the symmetric structure of the
respiratory system.

The MPPD model offers several advantages (Hussein et al., 2013; Utembe and Sanabria,
2022). Firstly, it incorporates realistic breathing patterns, allowing for a more accurate
representation of inhalation behavior. Secondly, it simulates the complex behavior of inhaled
particles, providing a thorough understanding of particle dynamics within the respiratory
system. Thirdly, it enables the prediction of region-specific dose, enhancing the evaluation
of particle exposure on specific area of the human respiratory tract. Lastly, the model has
undergone extensive validation against human data for various exposure scenarios and
particle types, further attesting to its reliability and accuracy (Hofmann, 2011).

To validate the results of the MPPD model, several investigations have relied on
experimental data from studies conducted by by Heyder et al. (1986) and Kim and Fisher
(1999), and Schiller et al. (1988). Hofmann (2011) provides extensively review of the
validation of the MPPD model in the regional and the entire respiratory tract. The experiment
conducted by Heyder et al. (1986) involves inhalation of a mixture of monodispered aerosols
with diameter in the range of 0.005—15 um through both their nose and mouth. Heyder et al.
(1986) monitored the total and regional deposition fraction of the aerosol particles within
the respiratory tract.

Both the experimental and modeled deposition fractions of aerosol particles in the human
respiratory tract have demonstrated strong agreement, as shown by (Hofmann, 2011). This

indicates the robustness of the MPPD model in predicting the deposition fractions and doses
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of aerosol particles in the human respiratory tract. In the present study, the MPPD model
was used to model the total deposition fraction of aerosol particles. The accuracy of these
modeled results was validated by comparing them to the experimental data obtained from
Heyder et al. (1986)

2.7 Respiratory deposition of ambient particles OP

Multiple research studies have indicated that the ambient particle deposition dose in the
human respiratory tract is a more relevant factor to investigate the health-related risks,
compared to the ambient concentration (Fang et al., 2019). The deposition dose of the
particle is influenced by various factors, including the deposition fraction in different parts
of the respiratory system, ambient concentration, and exposure conditions including
exposure time, breathing frequency, and tidal volume. More information on how to estimate
the deposition dose and related discussions is provided in Section 3.5 and 6.2.2.

The deposition fraction of coarse particles (2.5-10 um) in the respiratory tract dominates
in the upper airways, specifically in the ET region. Fine particles (<2.5 pm) tend to deposit
more in both the tracheobronchial (TB) and pulmonary (PL) regions. Ultrafine particles
(0.1-0.5 um) exhibit a higher deposition fraction in the PL region and are subsequently
transported into the bloodstream (Andrade et al., 2021). Elevated levels of oxidative stress
in the upper airway, potentially caused by increased levels of ROS resulting from high doses
of coarse particles, have a significant impact on the exacerbation of inflammation associated
with neurodegenerative and nasal disorders (Fang et al., 2019). On the other hand, oxidative

stress in the lower respiratory tract, likely resulting from higher levels of ROS induced by
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high doses of smaller particles, contributes to the development of systemic or pulmonary
diseases.

The size and surface area of particles have a significant impact on their OP (Fang et al.,
2017). Decreasing particle size and increasing surface area facilitate chemical reactions on
the particle surfaces to generate OP active chemicals. This, in turn, leads to an elevation of
the OP. Moreover, a larger surface area provides more sites for chemical interactions with
oxidants, resulting in the production of ROS. Extensive research has been conducted to
investigate the effect of particle size on their associated health risk, and divergence findings
have been reported. Some studies suggest that smaller-sized PM carries a higher risk to
respiratory health due to its ability to penetrate deeper into the respiratory system compared
to larger particles (Andrade et al., 2021). On the contrary, it has been suggested that larger
particles may lead to higher levels of DNA degradation, hemolysis, and the release of pro-
inflammatory cytokines. These particles could have more pronounced inhibitory effects on
cell proliferation (Osornio-Vargas et al., 2011). Consequently, these larger particles may
potentially contribute to a higher prevalence of respiratory health problems (Deng et al.,
2019; Famiyeh et al., 2023). These divergent perspectives underscore the necessity for
further research in order to comprehensively understand the precise health risks linked to the
various sizes of PM.

2.8 Casual link OP and health endpoints

Numerous health endpoints have been linked to OP induced by ambient particles (Bates

etal., 2019; Charrier and Anastasio, 2012; Fang et al., 2019; Lyu et al., 2018). For example,

previous studies have provided compelling evidence of a strong association between
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exposure to OP of PM and various health endpoints that include asthma, congestive heart
failure, ischemic health filure, and chronic obstructive pulmonary diseases (COPD) (Bates
et al., 2019; Corral et al., 2020). These studies indicate that OP represents a more reliable
metric for assessing the health risk of PM exposure than the bulk mass concentration
(Andrade et al., 2021; Bates et al., 2019). The generation of oxidative stress resulting from
the excessive production of ROS is believed to be the mechanism by which PM induces OP,
leading deterioration of human health. This oxidative stress can trigger inflammation and
disrupt cellular balance (Delfino et al., 2011).

Table 2.2 Association of OP and respiratory and cardiovascular health endpoints

OP in cellular Assay Health endpoints Reference

DTT FeNO (Delfino et al., 2013; Janssen
et al., 2015; Yang et al,
2016)

DTT asthma/wheeze (Fang et al., 2016; Yang et
al., 2016)

AA asthma/wheeze (Janssen et al., 2015)

DTT congestive health failure  (Bates et al., 2015; Fang et
al., 2016)

DTT ischemic health failure (Abrams et al., 2017)

DTT microvascular function (Zhang et al., 2016)

According to a comprehensive literature review conducted by Bates et al. (2019), DTT-
measured OP has demonstrated a stronger association with various health endpoints
compared to other acellular assays. Table 2.2 shows studies reported in the literature that
have linked OP measured in both DTT and AA assays to respiratory and cardiovascular

diseases. Several biological endpoints such as as fraction of nitric oxide (FeNO), asthma,
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and congestive health failure have specifically been found to be associated with DTT-
measured OP (Bates et al., 2019; Rao et al., 2020). Yang et al. (2016) conducted a 14-year
long-term study to establish the association between OP, measured via the DTT assay, and
respiratory health in children. The study revealed a strong correlation between OP and
asthma as well as rhinitis among children aged 14. The study also reported a strong
association between OP and decline of lung function among children aged 12.

2.9 Methods for pollution source apportionment

2.9.1 Receptor modeling

Source apportionment methods, such as Positive Matrix Factorization (PMF) (Feng et al.,
2022; Zong et al., 2018), Chemical Mass Balance (CMB) (Snyder et al., 2009; Tian et al.,
2020), and Principal Component Analysis (PCA) (Campbell et al., 2021; Wang et al., 2015),
are valuable for identifying the sources of air pollution (Famiyeh et al., 2021). These
methods assist in reducing the complexity of a data set by minimizing the number of
variables involved. We plan to use the PMF model to identify the sources of PAHs and PM2 5
in Ningbo, as it offers advantages over the CMB and PCA models. In recent years, PMF
has become a popular choice in studies because of its ability to provide reliable source
profiles, allow for analysis of time series source emissions, and not require any prior
knowledge of the emission sources of pollutants (Comero et al., 2009; Famiyeh et al., 2021,
Liu et al., 2017). The PMF model can directly generate the contributions of each source to
the mass concentrations when applied for the source apportionment of air pollutants,
including PM2s and PAHs (Feng et al., 2022). The CMB model requires a source profile
database and prior knowledge of potential sources of air pollution (Clarke et al., 2012; Yang

et al., 2013). The CMB model may generate incorrect source profiles when the chemical
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compositions of the emission sources do not match those included in the database (Hopke,
2016). When the chemical compositions of the sources are similar, both the CMB and PCA
models can encounter collinearity issues (Famiyeh et al., 2021).

The PMF model assumes that concentrations and sources of both pollutants must be non-
negative and additive (Famiyeh et al., 2021; Lang et al., 2015). Although a specific sample
size is not mandatory for conducting PMF analysis, it is advisable to increase the sample
size to obtain reliable and accurate results. The sample data loaded in PMF model is
decomposed into matrices consisting of the source profile and contributions, as represented
in equation (2-1) (US-EPA, 2014; Yang et al., 2014). The values of Xij and Fkj are
determined by PMF to find the best fit for the concentration of ith chemical composition in
the jth sample and the kth source contribution to the jth, respectively. Similarly, Gik
represents the concentration of the species of kth source, while Eij represents the residual of
the ith chemical composition in the jth sample. The base model runs generate the objective
function (Q), with the minimized value determined by the weight least-squares method, as
shown in equation (2-2) (Chen et al., 2021). The quality of input data depends on the signal-
to-noise (S/N) of the PAHSs. Species with S/N>2.0 and <0.2 are labeled as "strong" and

"weak", respectively (Chen et al., 2021).

a (2-1)
le: Z le ij +Elj
k=1
n m 2
X.. — VP o Fu
L S
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The PMF model addresses the negative constraints by accounting for the uncertainty in
the concentration profiles of the pollutants. To determine the uncertainty, equations (2-3)
can be applied for chemical compositions with concentrations equal to or less than the
method detection limit (MDL) (US-EPA, 2014), while equation (2-4) can be utilized for
concentrations exceeding MDL (Zong et al., 2018). The error fraction in concentrations of
each chemical species is represented by the coefficient of variation (CV, standard deviation
divided by mean) in replicate analysis (Haque et al., 2019).

5 -
Unc= E xMDL (2-3)

(2-4)

Unc= J (concentration x error fraction)2+(0.5 ><MDL)2

2.9.2 Molecular biomarkers
2.9.2.1 Levoglucosan

Levoglucosan (1,6-anhydro-B-D-glucopyranos, chemical structure shown in Figure 2-4)
is a component of biomass burning emissions that can be employed to trace pollution
resulting from such burning (Massimi et al., 2020). The combustion of biomass results in
the production of levoglucosan, which has the potential to be transported over extended
distances and deposited on the surfaces of ambient particles and other environmental media.
Scientists can collect samples from these media and measure the concentration of
levoglucosan to determine the extent of biomass burning in the area of interest (Liu et al.,
2013). In this way, levoglucosan can be used as a reliable chemical marker for tracing the
impact of biomass burning on air quality and the environment (Zdrahal et al., 2002).

Levoglucosan is a more reliable tracer of biomass burning than elemental potassium for

several reasons. First, levoglucosan is only produced during biomass burning, whereas
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potassium can be present in other sources of PM, such as soil dust, sea spray, and coal
combustion (Giannoni et al., 2012; Yu et al., 2018). Moreover, it is worth noting that
levoglucosan exhibits higher stability during atmospheric transport in comparison to
potassium, as the latter tends to be easily scavenged from the air through both dry and wet
deposition processes. Thus, for these reasons, levoglucosan is considered a better tracer for

biomass burning compared to elemental potassium.

HO™"

Figure 2-4 Chemical structure of levoglucosan (1,6-anhydro-f-D-glucopyranos)
2.9.2.2 Homohopanes
Homohopanes are organic compounds that are formed during the process of diagenesis,

which is the transformation of buried organic matter into petroleum (Peters and Moldowan,
1991). Homohopanes are chemically stable compounds that can be used as molecular
markers to identify and distinguish between different sources of organic matter. Recent
studies have shown that the specific ratios of homohopanes in atmospheric samples can be
used to differentiate between emissions from vehicular exhaust and coal combustion (Oros
and Simoneit, 2000). This is because the ratios of specific homohopane compounds in
vehicular exhaust emissions are significantly different from those in coal combustion

emissions. For example, the ratio of C31 to C32 homohopanes is higher in coal combustion
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emissions compared to vehicular exhaust emissions. Similarly, the ratio of C29af to C30af3
homohopanes is less than 1 in vehicular exhaust emissions compared to coal combustion
emissions, which is greater than 1 (Tian et al., 2021).

The homohopane index was employed in this study to gain insights into the emissions
from vehicular exhaust and coal combustion. It is calculated as the ratio of C31afS
(17a0(H),21B(H)-22S-Homohopane) to the sum of C310fS and C31afR (17a(H),21B(H)-
22R-Homohopane) isomers (chemical structure of homohopane is shown in Figure 2-5). A
higher homohopane index ratio (0.4-0.6) indicates a vehicular exhaust source, while a lower
ratio (<0.4) suggests a coal combustion source (Kitmal et al., 2013; Tian et al., 2021; Wang

et al., 2009).

Figure 2-5 Chemical structure of homohopane (17a(H),21 B (H)-22RS-Homohopane)

2.9.2.3 PAHs

Certain types of PAHs can serve as source indicators. For example, PAHSs, including
naphthalene (NaP), fluorene (Flu), fluorene (FIt), pyrene (Pyr), anthracene (Ant), and
phenanthrene  (Phe), benzo[a]anthracene (BaA), benzo[k]fluoranthene (BkF),
benzo[b]fluoranthene (BbF), and benzo[a]pyrene (BaP) are typically released into the

atmosphere through combustion of coal and wood (Bai et al., 2020; Fan et al., 2019; Jamhari
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et al., 2014). Chrysene (Chr), benzo[a]anthracene (BaA), benzo[a]pyrene (BaP), Pyr, and
Flu can be emitted from natural gas combustion (Callén et al., 2014). PAHSs containing 3-4
aromatic rings, such as acenaphthylene (Acy), acenaphthene (Ace), and Flu, are indicative
of diesel engine emissions. PAHs with 5-6 aromatic rings, including BbF, BKF,
benzo[g,h,i]perylene (BghiP), indeno[1,2,3-c,d]pyrene (IPyr), and dibenz[a,h]anthracene
(DBahA), serve as tracers for gasoline exhaust engine emissions (Galvéo et al., 2023; Wang
et al., 2020).

In identifying the sources of PAHSs, diagnostic ratios (DRs) such as Flt/(FIt+Pyr),
IcdPyr/(lcdPyr+BghiP), BaA/(BaA+Chr), and Ant/(Ant+Phe) are still regularly used
(Byambaa et al., 2019; Elzein et al., 2019). However, it is important to recognize that these
ratios solely provide qualitative source information and are influenced by weather conditions
(Bosch et al., 2015). For example, the rate at which PAHSs are removed from the atmosphere
can alter their concentrations, affecting isomeric ratios in gaseous and particulate phases
(Famiyeh et al., 2021). The photochemical reactions occurring between LMW PAHSs and
atmospheric oxidants, such as the ‘OH radical, have the potential to significantly impact the
accuracy and credibility of utilizing this method for PAH source apportionment (Masri et
al., 2018; WHO, 2003). These reactions occur at varied rates depending on the individual
LMW-PAHSs (Tobiszewski and Namiesnik, 2012). Therefore, it is recommended to utilize
diagnostic ratios of HMW-PAHs for source apportionment, as they possess greater
atmospheric stability (Famiyeh et al., 2021). Specifically, HMW-PAHSs like IcdPyr and
BghiP are relatively resistant to photochemical degradation. Therefore, the utilization of

isomeric ratios of IcdPyr/(IcdPyr+BghiP), provides a more precise and accurate approach
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for identifying the sources of PAHs. As an example, Kubo et al. (2020) employed the
diagnostic ratio of IcdPyr/(IcdPyr+BghiP) for PAH source apportionment during a seven-
day continuous field sampling period.

2.10 Source dispersion characteristics and transport to receptor site

Bivariate polar plots (BPPs) can serve as valuable tools for thorough examination and
analysis of the geographical origins and dispersion characteristics of the concentration and
OP induced by ambient particles. They offer information regarding the contribution of local
sources to both PM concentration and the occurrence of OP. Bivariate polar plots can
effectively illustrate the dispersion patterns of air pollutants to the receptor site by plotting
the pollutant concentration at different wind directions and speeds (Carslaw and Beevers,
2013). This enables the identification of potential sources, spatial distribution, and transport
of pollutants (Sooktawee et al., 2020).

The utilization of BPPs, in conjunction with the PMF model, offers a valuable and
effective tool for the detailed analysis of air pollution sources (Palmisani et al., 2020). The
precise location of the pollutant source, as well as its dispersion and transport to the receptor
location, can be determined by applying BPPs to the sources derived from the PMF model
(Khuzestani et al., 2018). In this study, the dispersion patterns of PM2sand PAH sources
obtained from the PMF model were examined using BPPs. Furthermore, BPPs were
employed to investigate the dispersion characteristics of OP induced by the water- and
methanol-soluble fractions induced by ultrafine, accumulation, and coarse particles.

The analysis of air mass backward trajectories has been extensively studied to identify

the long-range transport of pollutants (Huang et al., 2017; Xu et al., 2016). When combined
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with fire spot analysis, it provides valuable information on the transport of biomass burning
emissions to specific locations. In our study domain, extensive research has been conducted
on air mass trajectories and fire spot analysis (Chen, 2022; Chen et al., 2022; Xu et al., 2019).
The results consistently indicate the occurrence of regional transport of air pollution to our
study domain.
2.11 Lung cancer risk of particulate-bound PAHs

Humans get exposed to PAHSs through inhalation, ingestion, and dermal contact (Bai et
al., 2020; Idowu et al., 2019). The choice of the PAH exposure pathway for evaluating the
cancer risk depends on the medium tainted (Famiyeh et al., 2021). Exposure to airborne
PAHs is mainly due to inhalation. In this study, we evaluated the cancer risk posed by
particulate-bound PAHs through inhalation (Famiyeh, Xu, et al., 2023). Assessing the cancer
risk of airborne PAHs through all three exposure routes may result in an overestimation (Liu
etal., 2018).

The estimation of lung cancer risks from PAHSs relies on the established effectiveness of
the Toxicity Equivalent Factor (TEF) approach, which is a crucial component within the
EPA-developed component-based potency factor approach (Mo et al., 2019). The use of TEF
to estimate the risk of lung cancer has been extensively utilized (Bai et al., 2020; lakovides
etal., 2019; Ma et al., 2017). Numerous authors have carried out a critical evaluation of the
TEF of PAHSs, and among all, the one proposed by Nisbet and LaGoy, (1992) is the most
widely used for cancer risk assessment. The TEF of each PAH congener is expressed relative

to BaP (1.0 ng m?). For example, the TEF of Pyr, Chr, and BghiP is 1/1000th, 1/100th,
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and1/10" of BaP, which shows their carcinogenic potency of 0.001, 0.01, and 0.1,
respectively.

The current literature on PAH cancer risk assessment highlights a recurring error in
estimating cancer risk (Aquilina and Harrison, 2023). Many studies improperly calculate the
risk by multiplying the concentration of BaPeq (equivalent concentration of benzo[a]pyrene)
by the unit risk (8.70x10 per pg m™) recommended by the World Health Organization
(WHO) (Zhu et al., 2022). This approach could leads to a significant overestimation of the
actual risk. However, the correct procedure, as outlined by the WHO, involves using the
concentration of BaP (benzo[a]pyrene) alone as a surrogate for the entire mixture when
estimating cancer risk (Aquilina and Harrison, 2023). It is essential to note that the WHO
unit risk can only be appropriately applied when BaP serves as a marker for complex
mixtures. Conversely, if the approach entails using BaPeq, such as in the component-based
potency factor approach, the appropriate unit risk (6.0x10* per ug m-) recommended by the
Environmental Protection Agency (EPA) in their recent report should be utilized (US EPA,
2017). Adhering to these guidelines could improve the accuracy of PAH cancer risk
assessments and enhance the validity of the results.

Researchers have primarily concentrated on studying the lung cancer risk associated with
only 16 out of the more than hundreds of PAHSs present in the air. Highly carcinogenic PAHs
like 7H-benzo[c]fluorene and several dibenzopyrene derivatives are not considered in
calculating the risk of lung cancer (lakovides et al., 2021), which could result in an
underestimation. Including these PAHs might significantly increase the risk assessment of

lung cancer (Famiyeh et al., 2021). Therefore, a wider range of PAHSs should be considered
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for accurate risk evaluation. In this study, we employed the WHO and EPA unit risk to
estimate the lifetime excess cancer risk (LECR) of 16 priority PAHs. LECR describes the
increased risk of developing cancer during a person's lifetime as a result of being exposed to
PAHSs. In this study, we improved the current risk assessment framework by including
additional PAHs with high carcinogenic potential. The PAHs investigated are shown in
Appendix (Table 8.1)
2.12 Source contribution to OP induced by PM2sand lung cancer risk of PAHs

The use of MLR has been widely reported for estimating the contribution of different
sources to the OP induced by PM2s (Liu et al., 2018; Ma et al., 2021; Yu et al., 2022). This
approach can also be employed to estimate the source contribution to PAH lung cancer risk
(Masiol et al., 2012). The mass concentration of the chemical compositions in PM2 s, along
with their associated uncertainties, can be initially utilized as input variables in the PMF
model for source apportionment (as described in Section 2.9.1). A MLR analysis is
performed using the dependent variables OP and LECR, and the independent variables
consist of the sources derived from the PMF model. The relationships between the
contributions of each source and the regression coefficient can be illustrated by Equation
(2-5) (Liu et al., 2018).

y =B, X1+ B, X+ B, X5+.. .+ B.X; (2-5)

where y = OP (or LECR), 1-i = different emission sources, B1- Bi = regression coefficients,

X1-Xi = contribution of each source
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In this study, both the PMF model and MLR were employed jointly to estimate the
contribution of various sources to both OP induced by water- and methanol-soluble fractions

of PM25, as well as the lung cancer risk associated with PAHSs.
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Chapter 3 Materials and Methods

3.1 Study area

The study was conducted in Ningbo, a coastal city located in the eastern region of China.
Ningbo is the second-largest city in Zhejiang province, positioned in the southern part of the
Yangtze River Delta (YRD) region. Ningbo is well-known for its world-class port, which is
one of the busiest in China and serves as a major hub for international trade. The annual
cargo capacity of Ningbo-Zhoushan port is about 1.22 billion (Chen et al., 2022). Ningbo is
home to approximately eight million people and covers an area of around 10,000 square
kilometers.

The climate of the city is hot and humid during summers while cool and dry during winters
(Liu et al., 2014; Tang et al., 2015). Ningbo exhibits a sub-tropical monsoon climate with
dominant winds blowing from the northwest and southeast during the winter and summer
seasons respectively (Chen et al., 2022). Ningbo has an average annual temperature of 18.1
°C with a relative humidity of 73%. The highest temperature is often observed in summer,
reaching 28.9 °C, while the lowest temperature is experienced during winter, dropping to
5.35 °C. In winter, the relative humidity often reaches 69%, while in autumn, spring, and
summer it reaches 70.6%, 71.9%, and 80.8%, respectively.

The city occasionally experiences episodes of heavy aerosol pollution, particularly during
winter. These episodes are attributed to local emissions from commercial, industrial,
residential, and rural activities, combined with long-range transport (Chen et al., 2022; Wang

et al.,, 2018). The impact of long-range transport of aerosol pollution at our monitoring
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station has been extensively studied (Chen et al., 2022; Xu et al., 2019). According to Xu et
al. (2016), during times of severe pollution, aerosols travel from the northern region of China
and Inner Mongolia to Ningbo. Chen et al. (2022) indicated that ship emissions from the
East China Sea to Ningbo city contribute to aerosol pollution. Furthermore, a study
conducted by Chen et al. (2022) revealed that aerosols have the potential to be transported
from the northwest, specifically originating from mainland China. Approximately 80% of
the air parcels observed were found to pass through Hangzhou Bay, which is situated in the
northwest region. These air parcels transport pollutants emitted from biomass burning,
thereby exacerbating the air quality. The city is home to various industries situated in its
northern region, including photochemical, metallurgical, smelting, dyeing, and power plants.
Furthermore, Ningbo boasts over five thousand firms engaged in metal smelting and
processing (Chen et al., 2022).

The present study employed BPPs and long-range transport to analyze the dispersion
characteristics and pollution transport to our study domain. The study area is classified as an
intermediate transition zone that is affected by pollution from both natural and human
activities. The selection of our study site was based on its predominantly residential and
commercial characteristics, as well as the presence of pollution from various sources
including industrial emissions, vehicular exhaust, biomass burning, marine emissions,
secondary aerosol formation, and road dust.

In addition, the location of the site is situated 10 kilometers from the Central Business
District (CBD) and less than 10 kilometers from the Wangchun industrial zone (WI2Z) in the

northwest (Chen et al., 2022). It is also 37 kilometers away from the two industrial hubs,
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Zhenhai District (ZD) and Beilun District (BD) in the northeast, and 33 and 35 km from
Ningbo-Zhoushan port and the East China Sea, respectively. Figure 3-lillustrates the
location of Ningbo (29.86° N, 121.54° E) within the Zhejiang province (a), as well as the
location of UNNC, Zhenhai District, and Beilun District, and Wangchun industrial zone
within Ningbo (b).

190N

.thjiang province

Figure 3-1 Location of the sampling site: (a) Ningbo city in Zhejiang province, (b) UNNC
in Ningbo
3.2 Aerosol particle sample collection

To monitor aerosol levels, multiple aerosol samplers were set up on top of a four-story
building (15 m above the ground) located at the campus of the University of Nottingham
Ningbo China (UNNC, 29.80° N, 121.56° E). To prepare for sampling, the quartz filters
were covered with aluminum foil, and prebaked at 550 °C for six hours to remove impurities.
The filters were then placed in a chamber to equilibrate at a temperature of 23 + 2 °C and
relative humidity of 30 + 6% for 24 hour. Fine particles (<2.5 um) were collected on quartz
filters (8%10 inches) using a high-volume aerosol sampler (TH-150C111, Tianhong

Instrument Co. Ltd, Wuhan, China). The sampler operated at a flow rate of 1.05 m3 min!

for 12 and 24-hour sampling events. Over the course of November 2020 to July 2021, a
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sampling campaign was conducted for 12 hours each day and night (6:00 to 18:00 and 18:00
to 6:00, respectively). In each sampling event, 40 samples were collected, with an equal and
representative 20 samples taken during both cold and warmer seasons. In addition, 120
samples were taken during the 24-hour integrated sampling campaign between October 2020
and August 2021. Out of these 120 samples, 30 samples were collected in each of the four
seasons. On average, samples were collected every three days during each season.
Furthermore, out of the 120 samples collected, 80 were gathered on weekdays and 40 were
gathered on weekends. For each season, ten field blanks and five laboratory blanks were
collected.

To collect both fine particles (FP, <2.5 um) and coarse particles (CP, 2.5-10 pm)
simultaneously, a universal air sampler (310 UAS™, MSP Corporation, MN, USA) was
used. The particles were collected onto quartz filters for 24 hours with a flow rate of 285 L
mint. During the field campaign, which spanned from June 2021 to January 2022, a total of
30 fine particles and 30 coarse particles were collected. Specifically, 15 samples of each
particle size were obtained during both the summer and winter seasons.

A high impactor aerosol sampler (Model 230, Tisch Environmental Inc., Ohio, USA) was
used to collect six different sizes of PM simultaneously. Air was sucked in at a rate of 1.12
m® mint and collected on quartz filters of dimensions 5.6 x 5.4 inches. In winter, during the
time period of January 2021 to February 2, 2021, and in summer, from June 2021 to August
2021, a total of 30 samples of PM of six different sizes were collected. For each PM size

range in both winter and summer, 15 samples were collected within 24 hours.
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3.3 Mass concentration measurement

To measure the masses of the aerosol samples, an electronic balance (Model: AL 104,
Mettler Toledo, precision 0.1 mg) was employed. The weight of each sample was determined
by taking the difference between the pre-collection weight of the filters and the post-
collection weight. Mass concentration was calculated by dividing the sample mass by the
corresponding air volume. After collection at the sampling site, the aerosol samples were
immediately placed in zip-lock bags, wrapped in aluminum foil, and then transported to the
analytical lab. To prevent volatilization, the samples were stored at -20°C until chemical
analysis. Notably, both the sampling site and the analytical lab are located within the same
building at the University of Nottingham Ningbo China, minimizing the potential impact of
volatile fraction loss during transportation.
3.4 Acquisition of meteorological and gaseous polluntants data

Meteorological data, including wind speed and direction, temperature, and relative
humidity, were collected from a nearby air quality monitoring station (29.83°N, 121.56°E),
located less than 500 meters away from our sampling site (29.80°N, 121.56°E). The
concentrations of gaseous pollutants, such as SO2, NO,, and Oz were obtained from the
monitoring station. We excluded rainfall data from the analysis because the majority of our

sampling was conducted on non-rainy days.
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3.5 Summary of aerosol sampling and online data collection

Table 3.1 provides a summary of the aerosol sampling conducted in this study, as well

as the online data collection from a nearby air monitoring station, which is discussed in

Sections 3.2 and 3.4, respectively.

Table 3.1 Summary of aerosol sampling field campaign and online data collection

Sampler Sampling Period Sample Purpose
Size
High volume Oct 2020- Aug 1208 To collect PM2s on pretreated quartz
sampler 2021 filter in a year-round field campaign
during four seasons
High volume Nov-Dec 2020 80° To collect PM2s on pretreated quartz
sampler Jun-Jul 2021 filter in a field campaign during
during the day and at night
Universal Air Jun-Aug 2021 60 © To collect simultaneously PM2 s and
Sampler Dec 2021-Jan PMz1o on pretreated quartz filter in a
2022 field campaign
Six-Stage High  Jan-Feb 2021, 180 ¢ To collect PM size fractions in

Volume Jun-Aug 2021 ultrafine (<0.49, 0.49-0.95 um), fine
Cascade Air (0.95-1.5, 1.5-3 um) and coarse (3—
Sampler 7.2,>7.2 pm) modes

Ningbo Online data To record meteorological data
Meteorological  collection occurred (relative humidity, wind

Bureau throughout the speed/direction, temperature) and
(Weather aerosol  sampling concentrations of gaseous pollutants
Station) period (SO2, NO2, O3)

a Sampling was conducted approximately for 2-3 months in each season. 1 sample collected in every three days (Autumn:
Oct-Dec 2020, Winter: Dec 2020-Mar 2021, Spring: Mar-Jul 2021, Summer: Jul-Aug 2021)
b Fourty samples were collected during the day and 40 samples at night (Nov-Dec 2020, Jun-Jul 2021)

¢Thirty PM2sand 30 PMz1o samples were conducted simultaneously for 4 weeks (Dec-Jan 2021, Jun-Aug 2021)

dThirty samples of each of the six fractionated particle were collected in 4 weeks (Jan-Feb 2021, Jun-Aug 2021)
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3.6 Chemical analysis

3.6.1 Water-soluble inorganic ions (WSIIs)

A small part of the filter sample (3x3 cm®) was chopped into pieces and put in an
ultrasonic bath with 20mL of very clean water (18.2M Qcm) for 90 minutes. After that, the
solution was filtered using a 0.45 pm microporous membrane made of PTFE and kept in a
refrigerator at 4.0 °C until it was examined through WSIIs. lon Chromatograph (1CS-1600,
Dionex, USA) was employed to identify five different anions (F, CI", NO2", NOs", and SO4*
) and five cations (Na*, NH4*, K*, Mg?*, and Ca?*). The lon Chromatograph included several
components, such as an Autosampler (Dionex AS-DV), an Analytical column (Dionex,
lonPacTM AS23 for anions, lonPacTM CS12A for cations, 4 x 250 mm), a Guard column
(Dionex, lonPacTM AG23 for anions, lonPacTM CG12A for cations, 4 x 50 mm), and a
self-regenerating Suppressor (Dionex, ASRSTM 300 for anions, Dionex, CSRSTM 300 for
cations). The anions were detected using a constant eluent (4.5 mM NaxCOz + 0.8 mM
NaHCOs3) at a flow rate of 1 mL min, and the applied current of suppressor was 25 mA.
The cations were tested using 20 mM Methanesulfonic acid (MSA) as an eluent at a flow
rate of 1 mL min, and the applied current was 59 mA.

Five blank filters spiked with 200 pL of 200 ppb of WSII were allowed to dry in a
fumehood for four hours, then extracted and analyzed WSIIs to determine their recovery,
which ranged from 85.8 to 107.3%. Five replicate analysis of WSIIs resulted in a precision
<3%. The method detection limit of WSIIs (MDL, three times the standard deviation of the
blank). The MDLs of F-, CI, NO2, NO3z", SO+*, Na*, K*, Mg?*, Ca?*, and NH4" were 0.05,

0.09, 0.04, 0.11, 0.09, 0.03, 0.012, 0.01, 0.02, and 0.05 pg m=3, respectively. Finally, the
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concentrations of the WSIIs in the filter sample were calculated based on the calibration
curve (r> > 0.98) of the authentic standards of WSIIs. The concentration of the field blank
filters was subtracted from the sample filters.
3.6.2 Water-soluble trace metals (WSTMs)

The small filter with a size of 3x3 cm? was cut and submerged in a bath of 20 ml ultrapure
water which was extracted at 25 °C for 1-hour using ultrasonicator. The extracts were
subjected to filtration using a microporous membrane made of 0.45 um PTFE, and then kept
at 4 °C until the analysis of trace metals soluble in water was performed. Nitric acid (HNOs,
2% w/v) was added to the extracts to make them acidic, and using ICP-MS
(NexION™300X), the concentration of eighteen water-soluble trace metals (Cu, Mn, Fe,
Co, Ni, Cd, Zn, Ba, Cr, Al, As, Pb, V, Ag, Bi, Ce, Sr, and Sh) was quantified. The precision
of the replicate analysis was <5% and the MDL of WSIIs was less than 0.04 pgm=.

3.6.3 Water-soluble organic carbon (WSOC)

To conduct WSOC analysis, a small filter sample (3 x 3 cm?) was taken and soaked in
ultrapure water and extracted for 45 minutes at 25 °C in an ultrasonic bath. The sample was
then filtered using a 0.45 um PTFE microporous membrane and stored at 4 °C until further
analysis. The WSOC in the extracts was analyzed using a Vario TOC analyzer (Vario TOC
Cube, Elementar, Germany). The precision of the replicate analysis was < 3.5%, and the
MDL recorded was 0.03 pg m,

3.6.4 Levoglucosan
The method used by Xu et al. (2018) was followed to extract and analyze the sample

filters for biomass burning tracers. In short, the sample filters (3x3 cm?) were extracted with
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4 ml of ultrapure water in an ultrasonic bath for 45 min at 25 °C. The extracts were then
filtered using 0.45 um PTFE syringe filters to eliminate insoluble contaminations and
preserved at 4.0 °C. A High-Performance Liquid Chromatograph-Mass Spectrometry/Mass
Spectrometry (HPLC-MS/MS) (Shimadzu 30A- ABSciex 3200 Q trap) that was equipped
with Electrospray lonization (ESI), an anion-exchange analytical column (Dionex, Carbopac
MAL, 250 mm 4 mm), and a guard column (Dionex, Carbopac MA1, 50 mm 4 mm) was
utilized to analyzed levoglucosan (levo) in aerosol particles. The MDL of levoglucosan was
0.04 pg m. The precision of the replicate analysis was determined to be less than 5%.
3.6.5 Polycyclic aromatic hydrocarbons and homohopanes

A small part of the sample filter was cut to extract PAH and hopanes via accelerated
solvent extraction method by using a blend of hexane and dichloromethane (1:1, v/v). The
extracts were then concentrated to 1 ml using a rotatory evaporator (Biotage TurboVap II).
The analysis was conducted for 20 PAHs (Naphthalene (Nap), Acenaphthylene (Acy),
Acenaphthene (Ace), Fluorene (Flu), Phenanthrene (Phe), Anthracene (Ant), Fluoranthene
(FIt), 7H-benzo [c]fluorene (7H-BcF), Pyrene (Pyr), Benzo [a]anthracene (BaA), Chrysene
(Chr), Benzo [b]fluoranthene (BbF), Benzo [K]fluoranthene (BKF), Benzo [a]pyrene (BaP),
indeno [1,2,3-cd]pyrene (InPyr), Dibenzo [a, h]anthracene (DBahA), and Benzo [g, h,
i]pyrene (BghiP), Dibenzo [a, h]pyrene (DBahPyr), Dibenzo [a, I] pyrene (DBalPyr),
Dibenzo [a,e]pyrene (DBaePyr)) and homohopanes (C31aBS and C31apR) using a gas
chromatography-mass selector detector (Agilent 7890B and 5977A respectively). The
samples obtained from the filters and the standard PAH were enriched with dio-pyrene and

dio-phenanthrene. The capillary column (HP-5MS, 0.25 pmx30 m x 0.25 mm) helped in the
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separation of PAHs with a flow rate of 1 mL min using helium gas as a carrier gas. After
injecting samples of 1ul into the column in splitless mode, the temperature was set to 290°C.
Then, a temperature program was followed, starting at 80°C for 1 min and increasing to
240°C at a rate of 10°C min™. It was then held for 10 mins, following which the temperature
was increased to 300°C at a rate of 5°C min! and held for 2 mins. Selected ion monitoring
(SIM) mode was used to monitor the parent and daughter ions. The identification of PAHs
was based on m/z and retention time and their quantification through internal calibration of
authentic standards.

For the purpose of quality control and assurance, the field blanks were analyzed in the
same way as the PAHs in PM2s samples. The laboratory blank filters, which were spiked
with a 20 pL mixed standard solution containing 20 PAHSs, were analyzed. The field blanks
were analyzed in the same way as the PM..s samples for PAHs. The laboratory blank filters,
spiked with a 20 pL mixed standard solution containing 20 PAHSs, were also analyzed. To
correct for potential background contamination in the field, the results from the field samples
were adjusted by subtracting the values obtained from the field blank samples. The recovery
rates of all 20 PAHs were determined by analyzing the laboratory blank samples, which
varied from 87.3% for Ant and BKF to 105.8%. These recovery rates are within the
acceptable range (85-115%) established by the Association of Analytical Communities
(AOAC) (He and Balasubramanian, 2009). The limit of detection (LOD) was determined as
thrice the mean standard deviation of the blank sample values, which varied between 0.001

and 0.009 ng m™. To account for potential variations or changes in the instrument response,
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internal standards (dio-pyrene and dio-phenanthrene) were introduced to both the PAH
standards and samples.

Table 3.2 Categorizing ions for 20 PAHs and homohopanes for selected ion monitoring
(SIM)

Time lon Group  Number Reference lons Targetted PAHS

interval of lons (m/z)

min

3.8 Group 1 1 128 NaP

7.2 Group 2 3 152; 153; 166; Ace, Acy, Flu

9.5 Group 3 2 176; 178, Phe, Ant

12.2 Group 4 2 200; 202; Fit, Pyr

15.5 Group 5 4 216, 226; 228; 234; TH-BcF, BaA, Chr

18.5 Group 6 2 250; 252; BbF, BKkF, BaP

22.5 Group 7 2 276; 278; IPyr, DBahA BghiP

30.4 Group 8 3 302 DBahPyr, DBalPyr,
DBaePyr

35.7 Group 9 2 426 C31apS, C31apR

3.6.6 Quinones

The process of extracting and analyzing quinones was carried out using the method
previously published by Chen et al. (2021). To summarize, filter samples (8x8 cm?) were
cut and soaked in a mixture of pure dichloromethane and methanol (1:1 v/v) in an ultrasonic
bath for 90 minutes at 25 °C. The extracted solution was then filtered through a 0.2 um PTFE
syringe filter and concentrated to about 1 ml under a gentle flow of nitrogen gas at 35 °C
using a rotatory evaporator (Biotage TurboVap Il). The extracted residues and standards
dissolved in methanol (1 ml) were subsequently heated in air at 65 °C for 27 hours for

derivatization.
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The presence of quinones (1, 2-naphthoquinone (1, 2-NQ), 1,4-naphthoquinone (1, 4-
NQ), 1, 4-anthraquinone (1, 4-AQ) in the samples was measured using a Shimadzu 30A
high-performance liquid chromatograph (HPLC) tandem mass spectrometer (MS/MS)
equipped with electrospray ionization (ESI). The LC system used consisted of a binary
pump, an auto-sampler and a separation column (Agilent Zorbax Eclipse Plus C18 Column,
50x2.1mm i.d., 1.8um), and the mobile phase consisted of 30% methanol (A) and 70%
ammonium acetate (5 mmol/L) and formic acid (0.1%) in deionized water (B). The gradient
was initially at 30% A followed by a linear gradient to 90% A in 3 minutes, an isocratic
elution for 2.5 minutes, and then 30% A for 0.5 minutes. The tandem MS was utilized for
analysis with multiple reaction monitoring (MRM), where the ionization mode used was
positive.

The study focused on examining specific quinone derivatives suc has 1, 2-NQ, 1, 4-NQ,
and 1, 4-AQ, and the optimized parameters of the ionization source can be found in Table
3.3. The quinones in field blanks were subtracted from the that in field samples. Blanks
filters were spiked with these three quinones and analyzed the same way as the sample to

check for the recovery, which were in the range of 88.4 to 102.1%.
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Table 3.3 The experimental conditions for the MRM applied in the HPLC-MS/MS analysis of aquinone derivatives

Quinone Quinone Parent Product De-clustering EP Collison Cell Collision  Collision Cell
Derivative lon lon Potential (DP) Entrance Energy Exit Potential
Potential (CE) (CXP)
(CEP)
\% \% \% \% \
1, 2-NQ 1,2-NQ-OCHs  189*  77* 55.4 8.8 16.144 45.6 2.3
189 161 55.4 8.8 16.144 45.6 2.3
1, 4-NQ 1, 4-NQ-OCHg3 189 77 55.0 8.8 16.144 45.6 2.3
189 161 55.0 8.8 16.144 45.6 2.3
1,4-AQ 1,4-AQ-OCHs 239 211 55.0 8.8 18.203 45.6 2.3
239 127 55.0 8.8 18.203 45.6 2.3

* The labelled ion pairs were selected for quantifying the compound.
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3.7 Oxidative potential

3.7.1 Extraction and pre-treatment

A small part of the sample and blank filters (3x3 cm?) was cut and then exposed to
ultrasonic treatment with 20 ml of water and methanol at 25 °C for 55 minutes. To prepare
the water and methanol extracts for OP analysis, they were filtered through 0.45 um PTFE
syringe filter. The methanol extract was reduced to approximately 1 ml using a Biotage
TurboVap Il rotatory evaporator by blowing with nitrogen at 35 °C. The final extract was
then and reconstituted with methanol and stored at 4 °C until OP measurement.
3.7.2  OP measurement

The concentration of OP in each sample was determined using DTT and AA tests
following the procedures outlined by Wang et al. (2019) and Pietrogrande et al. (2018),
respectively. The OP via DTT method was measured by adding 1.0 ml of PM extract
(positive controls: Cu) to a ChelexTM 100 treated 0.1 M phosphate buffer solution (pH =
7.4, 4.5 ml) in an amber vial and incubating at 37 °C for 10 minutes. Next, 1.0 mM DTT
assay (0.5 ml) was added and allowed to react for a specific period (10, 15, 20, 30, 35 min).
After that, the reaction mixture (0.5 ml) was transferred to a clean centrifuged vial and mixed
with 10% wi/v TCA solution (0.5 ml) to stop the reaction. Then, DTNB (10.0 mM, 50 pul)
was added to the reaction mixture and allowed to react with the excess DTT for 5 minutes.
The final product, TNB, was formed by adding TE-buffer (2.0 ml). To measure the
absorbance of TNB, the solution was analyzed using a UV/VIS double beam
spectrophotometer (4802, Unico Instrument Co., Ltd, Shanghai) at a wavelength of 412 nm.

The OP value was calculated using equation (3-1) (Cheng et al., 2021; Famiyeh et al., 2023;
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Lin and Yu, 2011; Yu et al., 2022). The OP of the samples were then corrected with the OP

of the blank filters (<0.5 pM min).

A -A 3-1
OpPTT= ﬁ DTT, (3-1)
where OPP™T = consumption rate of DTTT (UM min), A, = absorbance of the blank (i.e.,
without sample), A = absorbance of DTT + sample, t = reaction time (min), DTT, = initial
DTT concentration (UM).

In order to determine the OP via AA method, the final sample extract (1.0 ml) (positive
controls: phenanthrenequinone (PQ) in a phosphate buffer solution (0.1 M, pH = 7.4,
ChelexTM 100 treated, 4.5 ml) was mixed with ascorbic acid (1.0 mM, 0.5 ml) and then left
to mix for five minutes. The absorbance of ascorbate was then measured at 265 nm (¢ =
14,500 M~tcm™ at pH = 7.4) using a UV/VIS double beam spectrophotometer (4802, Unico
Instrument Co., Ltd., Shanghai) at time intervals of 0, 5, 10, 15, and 20 min. The OP was
calculated by determining the slope of the linear plot of the blank corrected absorbance of
the sample extract against the reaction time. The r? value obtained from the linear plot was
>0.95, indicating an excellent linear AA consumption rate. The extrinsic and intrinsic OP
were obtained by dividing the measured DTT and AA loss rate by the air volume and PM
mass, respectively. Throughout the thesis, the extrinsic OP in the DTT and AA assays is
represented as DTTv and AAv, respectively. Conversely, the intrinsic OP is represented as

DTTm and AAm, respectively.
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3.8 MPPD model

To predict the doses and OP deposition in human lungs, we first employed the Multiple-
Path Particle Dosimetry Model (MPPD, v. 3.04) to predict the deposition fraction (DF) of
the particles in the ET, TB, and PL regions. The OP deposition was calculated by multiplying
the particle deposition fraction by the extrinsic OP frequency (shown in equation (3-2), as
defined in Andrade et al. (2021) and Fang et al. (2017). The approach used to estimate the
deposition of OP in the human respiratory system was employed in our recent study
(Famiyeh, Jia, et al., 2023).

The geometric standard deviation (GSD) of PM size fractions in accumulation (<0.49,
0.49-0.95, 0.95-1.5, 1.5-3.0 um) and coarse (3—7.2 and >7.2 um) particles were greater than
or equal to 1.05 ug m3, indicating that they are polydisperse.

OP per m? (3-2)
total OP per m?

OP deposition = Deposition fraction x

The deposition dose of the particles of varying size ranges was estimated according to
equation (3-3). The doses in the respiratory system can depend on either the concentration
of particles present in the air or the efficiency of their deposition, or both for the same age
group. The present study used the same parameters as a study conducted in Beijing, China
(Li et al., 2016) to determine the amount of inhaled particles in the lungs of adults. These
parameters include a functional residual capacity (FRC, ml) of 2,950, upper respiratory tract
volume (URT, ml) of 44.7, breathing frequency (BF, breath min™) of 16, and tidal volume
(TV, ml) of 537.5. Because the PM levels were lower in Ningbo compared to Shanghai and
Beijing, the present study employed slightly lower effective particle density of 1.13 g cm3

and 1.36 g cm 2 for accumulation and coarse mode particles (Li et al., 2016; Yin et al., 2015).
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In the MPPD model, we considered a constant value for TV, BF, and ET. Hence, the key
factors that determine the lung deposition dose for individuals of the same age group are the
particle deposition efficiency and the concentration in the ambient air. The exposure time
used in the MPPD is based on data provided in the Chinese Exposure Handbook (Duan et
al., 2015), that recommends an average ET value of 221 minutes per day for adult population
in China.

Dose (D, pg day ') = DEXCXTVXBFXET (3-3)
where DF, C, TV, BF, and ET are variables that represent the deposition fraction,
concentration of the particle in ambient air, tidal volume, breathing frequency, and exposure
time, respectively.
3.9 Source apportionment techniques
3.9.1 Positive Matrix Factorization model

The PMF model was utilized in this study to determine the sources of PAHs and PM2s
in a year-round field campaign. In the study of PMas source apportionment, samples
collected both during the daytime and at night were also taken into consideration. The PMF
model requires two datasets - one for the concentration of the chemical species and another
for their uncertainty. The dataset for the source apportionment of PAHs comprised the
concentrations of 20 specific PAH congeners (Nap, Acy, Ace, Flu, Phe, Ant, Flt, 7H-BcF,
Pyr, BaA, Chr, BbF, BKF, BaP, InPyr, DBahA, BghiP, DBahPyr, DBalPyr, DBaePyr). For
PM_5 source apportionment, the dataset consisted of concentrations of F-, CI', NOs", SO4,
Na*, K*, Mg?*, Ca?*, NH4*, Cu, Mn, Fe, Co, Ni, Cd, Zn, Ba, Cr, As, Pb, V, Ag, Bi, Ce, Sr,

Sh, WSOC, Levoglucosan, PAHSs, and quinones. The uncertainties of these chemical species
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were calculated using the procedure outlined in Section 2.9.1, and also in our recent review
publication (Famiyeh et al., 2021).

The selection of the number of factors derived from the PMF model was based on
prioritizing the analysis with strong bootstrap mappings and avoiding any instances of
unmapped bootstrap results. We performed PMF analysis using a range of factors, varying
from two to eight. After examining the bootstrap summary, we were able to determine the
optimal factors for source apportionment of PAHs and PM2s. Further information on the
selection of the number of factors has been provided in Sections 4.2.5.2 and 5.2.4.9 for
source apportionment of PAHs and PM2 s, respectively.

3.9.2 Bivariate polar plots, air mass backward trajectories, and fire spot

In this study, BPPs were used to analyze the day and night variations, as well as seasonal
changes, in the geographical origins, dispersion characteristics, and identification of local
sources contributing to OP of ambient particles. The plots shows the trends in the variation
of concentration of OP relative to wind speed and wind direction. In this study, the BPPs
were generated using R statistical software and the openair package (www.openair-
project.org). The detailed description of BPPs can be found elsewhere (Carslaw & Beevers,
2013).

The air mass trajectories and fire spot analysis presented in this thesis were obtained from
our recent study conducted at the same sampling domain (Chen et al., 2022). Briefly, the air
masses were traced back 48 hours to assess their trajectories. These trajectories arrived at

the sampling site every 6 hours throughout the entire sampling period, at an altitude of 500
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meters above ground level. The fire spot data were obtained from the MODIS Collection 6

FIRMS Fire Archive data (https://firms.modaps.eosdis.nasa.gov/download/).

3.10 Statistical analysis

To compare the mean concentrations of chemical compositions and OP between daytime
and nighttime, as well as between PM_s and PM1o, we performed a z-test. Furthermore, we
compared the mean values across four seasons using an analysis of variance (ANOVA).
These statistical analyses were conducted with a significance level set at p = 0.05. A Pearson
correlation analysis was conducted to identify potential chemical species that can induce OP.
The significance level for the correlation coefficient (r) was set at p = 0.05 and 0.01 to
determine the statistically significant r values.

The MLR analysis was conducted to estimate the contributions of the various sources to
LECR of PAHs and OP induced by PM2s. The MLR was conducted using origin software
(OriginLab Corporation, 2019). In MLR analysis, the sources derived from the PMF model
were considered as independent variables, while the LECR and OP were considered as
dependent variables. The sources with p-values greater than 0.05 were ignored in the MLR
analysis. The source contribution to OP was determined by multiplying the absolute value
of the standardized regression coefficient and OP, a method that has been employed in

various studies (Liu et al., 2018; Ma et al., 2021; Wang et al., 2020).
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Chapter 4 Particulate-Bound Polycyclic Aromatic Hydrocarbons: Diurnal
and Seasonal Variations, Size Distribution, Source Apportionment, and

Lung Cancer Risk

4.1. Introduction

The presence of PAHSs in airborne particles can have harmful impacts on human health,
including mutagenic and carcinogenic effects (Abdel-Shafy and Mansour, 2016). For
example, about 1.6% of the documented lung cancer cases in China have been attributed to
human exposure to PAHs (Wang et al., 2018; Zhang et al., 2009). In addition to that, multiple
studies have provided evidence of a substantial link between the exposure to PAHs and a
heightened likelihood of developing lung cancer (Zhang et al., 2019; Zhou et al., 2021).
Therefore, effective collaboration among researchers, local, and regional authorities is
crucial for developing methods to reduce both PAH exposure and the risk of developing lung
cancer.

There are hundreds of PAHSs present in the ambient environment, primarily emitted from
vehicle exhaust, industrial processes, coal combustion, the burning of natural gas, and
biomass burning (Famiyeh et al., 2021; Li et al., 2021). Nevertheless, researchers have
primarily directed their attention towards the 16 priority PAHs due to their established
toxicity, elevated concentrations, extended lifespan, and increased likelihood of exposure
among the general population (Mo et al., 2019; Wang et al., 2020; Yadav et al., 2020).
Within this group of priority PAHSs, the biomarker most commonly utilized to assess PAH

exposure is benzo[a]pyrene, which is known for its high cancer risk. Nonetheless, other
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PAHSs, such as 7H-benzo|[c]fluorene and various dibenzopyrene derivatives (e.g., dibenzo
[a, h]pyrene, dibenzo [a, 1] pyrene, and dibenzo [a,e]pyrene), which exhibit even greater
carcinogenic potential, have been predominantly excluded from assessments of lung cancer
risk (lakovides et al., 2021). Even though the ambient concentrations of these PAHs may be
low, they can still pose a higher risk of lung cancer than BaP. Recent research conducted by
lakovides et al. (2021) has revealed that including these highly carcinogenic PAHSs in the
risk assessment model can lead to a significant increase in the risk of lung cancer. Therefore,
it is essential for researchers to incorporate a wider range of PAHSs into the framework of
health risk assessment.

PAHs are found in both particulate and vapor phases, and their concentrations can vary
throughout the day and across seasons, influenced by sources and meteorological conditions.
However, the vapor phase predominantly contains low molecular weight PAHs (LMW-
PAHSs), which are generally less carcinogenic, with the exception of naphthalene (Famiyeh
et al., 2021). In contrast, the particulate phase is composed of high molecular weight PAHs
(HMW-PAHSs) that carry a higher cancer risk. Furthermore, LMW-PAHs have reduced
lipophilicity, which facilitates their absorption into the lower respiratory system and
subsequent elimination from the body (Famiyeh et al., 2021). However, HMW-PAHSs
possess high lipophilicity, leading to their prolonged retention in the body (Ewing et al.,
2006; Famiyeh et al., 2021). It is important to note that the presence of carcinogenic LMW-
PAHSs in the vapor phase may potentially lead to a slight underestimation of the actual risk
levels when assessing lung cancer risk solely based on the particulate phase (Famiyeh et al.,

2021).
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An error commonly found in the literature is the incorrect estimation of cancer risk by
multiplying the concentration of BaP-toxicity equivalent (BaPeq) with the unit risk (8.7x10
2 per g m) suggested by the World Health Organization (WHO) (Callén et al., 2014; Duan
et al., 2023; Hong et al., 2016; Pongpiachan et al., 2015). This approach often leads to a
significant overestimation of the risk. The proper method, according to the WHO, is to use
the concentration of BaP alone as a surrogate for the entire mixture when estimating cancer
risk. It is important to note that the WHO unit risk can only be applied when BaP is
representative of complex mixtures (Aquilina and Harrison, 2023). However, if the
component-based potency factor approach is utilized, specifically by considering BaPeq
(equivalent concentration of benzo[a]pyrene), it is recommended to use the unit risk value
(6.0x10 per pug m3) as recommended by the EPA in their recent report (US EPA, 2017).

The aim of this study was to improve the current method of assessing the risk of lung
cancer caused by PAHSs. This was achieved by incorporating highly carcinogenic PAHSs into
the assessment process. Furthermore, the study aimed to compare the risk assessment
approaches adopted by the WHO and the EPA. This comparison aimed to identify the
strengths and weaknesses of each approach, with the ultimate aim of advancing and refining
PAH lung cancer risk assessment methodologies. Identifying potential sources of PAHs and
accurately estimating the risk of lung cancer could provide valuable information for
developing more effective control strategies to reduce the risk of lung cancer associated with
PAHs. The methods utilized in this study possess substantial potential for evaluating the
adverse impacts of PAH exposure across diverse urban areas, encompassing a wide range of

highly carcinogenic PAHS.
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The specific objectives were as follows:

1) comparing PAH concentrations during daytime, nighttime, and across seasons;

2) identifying PAH sources through the use of source apportionment methods such as
diagnostic ratio and PMF model;

3) investigating source dispersion characteristic of PAHs derived from PMF model in
our study domain;

4) evaluating the lifetime excess cancer risk (LECR) associated with PAH exposure
using the unit risk values recommended by the WHO) and EPA;

5) comparing the LECR associated with exposure to 16 priority PAHSs versus 20 PAHS,
including four PAHs with a high cancer risk.

6) estimation of the contributions of different sources to the LECR associated with
PAHSs

4.2. Results and discussions
4.2.1. Day and night concentrations of PAHs
The results depicted in Table 4.1 showcase the concentrations of 20 PAHSs (16 priority

PAHs and 4 HMW-PAHSs (7H-BcF, DBahPyr, DBalPy, and DBaePyr) during daytime and
at night. The comparison of the mean concetrations of individual PAHs was achieved
through paired z-statistics, with a significance level of p = 0.05. This study found that the
concentration of most PAHs varied significantly between day and night (p < 0.05), except
for Chr, IPyr, 7H-BcF, and DBalPyr (p > 0.05). There was no significant difference in the
total concentration of 20 PAH between daytime and nighttime. However, the concentration

during the day was slightly higher, which can be attributed to increased human activities.
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The total concentration of the six LMW-PAHs exhibited significant variability (p < 0.05)
between day and night and were found to be more concentrated in PM2 s during the day. This
is supported by a higher day/night ratio of 3.59. It was observed that the proportion of LMW-
PAH:s to the total PAH concentration was much higher during the day (23.5%) than at night
(7.44%). The high levels of low LMW-PAHs observed during the daytime can be partially
attributed to the volatilization of unburnt fuel under high temperature and solar radiation
conditions. For instance, the concentration of NaP significantly increased during the day
(0.67 + 0.54 ng m?) compared to nighttime levels (0.15 + 0.08 ng m™), possibly due to
volatilization from petroleum products (Galvdo et al., 2023). Evaporation of petroleum
product at gas filling station could potential increase the level of NaP during the daytime
(Galvéo et al., 2023). Additionally, NaP has been identified as a significant component of
crude oil (Duan et al., 2023). The concentrations of NaP during the nighttime could be
attributed to the extensive use of electricity generated from coal-fired plants for heating
households, particularly in winter (Ravindra et al., 2008). The comparatively low
concentration of LMW-PAHSs at night can be explained by the absence of volatilization.
Therefore, it is plausible that the concentration of NaP at nighttime could be potentially due
to emissions from coal combustion for domestic heating (Ravindra et al., 2008). Moreover,
the decreased concentration of LMW-PAHSs at night may be partially attributed to nitrate
radical oxidation, which is known to occur during this period (Ye et al., 2017). Furthermore,
it was proposed by us that evaporation of LMW-PAHSs from heavy fuel used in marine
vessels operating in the Ningbo-Zhoushan port could potentially contribute to the level of

LMW-PAHSs.
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Table 4.1 Day and night averaged mass concentration of PAHS in PM2 s

Concentrations Day Night Day/Night
PM2s 31.7+15.7 229+13.1 1.38
Napthalene (NaP)* 0.67 +0.54 0.15+0.08 4.47
Acenaphthylene (Acy)* 0.11+£0.01 0.01£0.02 11.0
Acenaphthene (Ace) 0.02+£0.01 0.02 £0.02 0.50
Fluorene (Flu) 0.03+£0.02 0.02£0.01 15
Phenanthrene (Phe)* 0.16 £ 0.09 0.07 £ 0.04 2.29
Anthracene (Ant)* 0.07+0.01 0.03+0.03 2.33
Fluoranthene (FIt)* 0.15+£0.15 0.09+£0.12 1.67
Pyrene (Pyr)* 0.17 £0.09 0.06 £ 0.06 2.83
Benz[a]anthracene (BaA)* 0.23+£0.10 0.03+£0.02 7.67
Chrysene (Chr) 0.54 £ 0.47 0.53+£0.48 1.02
Benzo[b]fluoranthene (BbF)* 0.34+£0.22 0.52 £0.48 0.65
Benzo[k]fluoranthene (BkF)* 0.38 £0.24 0.59 £ 0.65 0.64
Benzo[a]pyrene (BaP)" 0.18£0.12 0.12£0.10 15
Indeno[1,2,3-c,d]pyrene (IPyr) 0.37+0.24 0.36 £ 0.41 1.03
Dibenz[a,h]anthracene (DBahA)" 0.07 + 0.03 0.11£0.08 0.64
Benzo[g,h,i]perylene (BghiP)* 0.66 £ 0.42 1.01 +0.87 0.65
7H-benzo[c]fluorene (7H-BcF) 0.04 £0.04 0.03+£0.03 1.33
Dibenzo[a,h]pyrene (DBahPyr)*  0.17 £ 0.08 0.09 £0.09 1.89
Dibenzo[a,l]pyrene (DBalPyr) 0.06 £ 0.05 0.06 £ 0.06 1.00
Dibenzo[a,e]pyrene (DBaePyr)*  0.11 +0.02 0.01+£0.01 11.0
Y 6sPAHs" 1.04 +0.63 0.29+£0.12 3.59
> 14PAHs 3.37+2.10 3.60 £2.89 0.94
> 16PAHSs 4.03+231 3.71+2.83 1.09
Y 4PAHs" 0.38+0.14 0.19+0.12 2.00
> 20PAHS 441 +243 3.90+£2.92 1.13
> 20PAHS/PM2 5 * 0.14 £0.10 0.17+0.12 0.82

PMzs: ug m3, PAHs: ng m3, LMW = Y¢PAHs = NaP, Acy, Ace, Flu, Phe, Ant, Y 10PAHSs = Flt, Pyr, BaA,
Chr, BbF, BbF, BaP, IPyr, DahA, BghiP, HMW = > 1s.PAHs = > 10PAHs + > 4PAHSs = Flt, Pyr, BaA, Chr, BbF,
BbF, BaP, IPyr, DahA, BghiP, 7H-BcF, DBahPyr, DBalPyr, DBaePyr, Y.PAHs = 7H-BcF, DBahPyr,
DBalPyr, DBaePyr, >16PAHs = EPA 16 priority PAHs, Y 20PAHs = > 4PAHs+Y 16PAHS, * p < 0.05: (z-
statistics, mean concentration between day and night statistically significant)

There was no significant variation (p > 0.05) in the concentration of HMW-PAHSs like

Chr, IPyr, 7TH-BcF, and DBalPyr during the day and night periods, which is probably because
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they are resistant to atmospheric changes and could have identical sources of emission both
during the day and night. Furthermore, there was no noticeable difference in the total
concentration of HMW-PAHSs and 16 priority PAHSs between daytime and nighttime. This is
supported by the day-to-night ratio, which is approximately equal to 1. During the day,
HMW-PAHs made up 76.4% of the total PAH concentration, which increased to 92.3% at
night. BbK, BbF, DahA, and BghiP were the most dominant contributors to PAH
concentration levels during both daytime and nighttime, indicating persistent emissions from
petroleum combustion (Elzein et al., 2020).

The elevated levels of HMW-PAHSs during nighttime may be attributed to the increased
energy demand from coal-fired power plants for residential heating, particularly during the
winter season. Moreover, the low wind speed (1.94 + 1.24 m s2), high humidity levels, and
low ambient temperature (15.9 £ 7.96 °C and 77.1 + 13.0%, respectively) (as shown in Table
4.2) during the night might have favored the accumulation and adsorption of PAHs on PM2s
surfaces. The occurrence of temperature inversion, resulting from the low mixing layer
height, could contribute to the nighttime levels of PAHs. However, the high wind speed
(2.69 + 1.04 m s1), high ambient temperature, and low humidity levels (18.7 + 8.71 °C and
64.8 £ 15.5%, respectively) (Table 4.2) during the day could have promoted the dispersion

and dilution of PAH concentrations (Elzein et al., 2020).
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Table 4.2 Day and night averages of meteorological parameters

Unit Day Night Day/Night
Temperature (Temp) °C 187 £+ 159 + 118
8.71 7.96
"Relative humidity (RH) % 648 + 771 £ 084
15.5 13.0
*Wind velocity (WV) mst 269 + 193 + 1.39
1.04 0.85

* p <0.05: (z-statistics, mean values statistically significant)

Figure 4-lillustrates a comparison of PAH concentrations based on the number of
aromatic rings present. PAHs with six, five, and four aromatic rings constitute a substantial
proportion of the total concentration both during daytime and nighttime. This indicates a
more significant contribution from pyrogenic sources (such as fossil fuel combustion) than
from petrogenic sources, which typically contain PAHs with 2-3 aromatic rings. The
dominant contribution of six-aromatic and five-aromatic ring PAHs implies emissions from
petroleum and fossil fuel combustion (Elzein et al., 2020), respectively. The presence of high
concentrations of four-aromatic ring PAHSs suggests emissions from diesel exhaust and coal
combustion (Callén et al., 2014; Ravindra et al., 2008). The higher levels of PAHs with 2-3
aromatic rings during daytime, compared to nighttime, suggest that petrogenic sources make
a greater contribution during daytime hours. In contrast, the increased levels of PAHs with
5-6 aromatic rings during nighttime (as shown in Figure 4-1) indicate a higher contribution

from fossil fuel combustion compared to daytime (Elzein et al., 2020).
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Figure 4-1 Comparison of averaged PAHs concentration based on aromatic rings: (a) Day,
(b) Night
4.2.2. Seasonal variability of concentrations of PAHS

The levels of individual PAHs exhibited significant seasonal variation (p < 0.05), as
determined by the analysis of variance (ANOVA). This seasonal variability was observed
across all 20 PAHs examined. Among the 16 priority PAHSs, the highest mean concentration
was recorded in autumn (9.43 + 4.67 ng m™3), followed closely by winter (9.26 + 6.02 ng m"
3 spring (4.35 + 2.10 ng m®), and summer (1.83 + 0.94 ng m?). A similar pattern was
observed for both LMW-and HMW-PAHSs, with autumn and winter concentrations
surpassing the annual average, whereas spring and summer concentrations were
comparatively lower. The seasonal pattern of PAH concentration is inconsistent with that
reported in Ashan city (Wang et al., 2020) and Nanjing (He et al., 2014), where winter
concentrations were highest, followed by spring, autumn, and summer. The PM2s samples
in autumn were collected in October to December 2020, shortly after the relaxation of Covid-

19 lockdown measures. During this period, it is plausible that the higher levels of PAHs
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observed in autumn can be attributed to the increase in traffic, industrial activities, and
commercial operations, which were intensified to meet the heightened demand following the
lockdown. Furthermore, the annual mean concentration of the 16 priority PAHs (6.21 £5.11
ng m) observed in our study was lower compared to other areas such as Anshan (Wang et
al., 2020), Wuhan (Zhang et al., 2019), Nanjing (He et al., 2014), Shanghai (Liu et al., 2018),
Taiwan (Chen et al., 2016), Hangzhou (Duan et al., 2023), and Beijing (Liu et al., 2019).
However, it was higher than the concentrations reported in Sdo Paulo, Brazil (Callén et al.,
2014), and Bangi, Malaysia (Khan et al., 2015).

The predominant PAHSs in PM2 s are the HMW-PAHS, with the exception of 7H-BcF and
dibenzopyrene derivatives (DBahPyr, DBalPy, and DBaePyr), and they exhibit distinct
seasonal variations. During the autumn and winter seasons, there is an increase in levels of
Chr, BbF, BKF, BaP, IPyr, and BghiP, suggesting significant contributions from the
combustion of coal (Fang et al., 2020) and gasoline exhaust emissions (Galvao et al., 2023).
Throughout the entire duration of the field campaign, the consistent presence of substantial
concentrations of BghiP indicates that vehicular emissions continuously contribute to PAH
pollution (Wang et al., 2020). Specifically, the levels of BaP were highest during autumn
(0.68 + 0.56 ng m), followed by winter (0.48 + 0.46 ng m), spring (0.19 + 0.15 ng m),
and summer (0.08 + 0.07 ng m™3). The annual concentration of BaP (0.36 + 0.44 ng m™%) was
found to be below the permissible threshold (1.0 ng m=) (Xing et al., 2020). There have been
significant reduction in BaP levels in China over the past two decades, which can be

attributed to the bans on open coal combustion for household heating and cooking purposes,
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advancements in both domestic and industrial heating systems, and the use of alternative
fuels that emit fewer PAHs (WHO, 2000).

The elevated levels of PAHSs during cold seasons (autumn and winter) can be partially
attributed to a lower mixing layer and periodic temperature inversion (Wang et al., 2020).
The colder weather during this time, with temperatures ranging from 9.83 = 4.99 °C in winter
to 14.8 = 4.77 °C in autumn (as shown in Table 4.3), promotes the accumulation and
adsorption of PAHs onto ambient particles. Conversely, PAH concentrations decrease in
summer, which is attributed to reduced fossil fuel usage (Yeetal., 2017). The warm seasons,
characterized by higher ambient temperatures of 19.7 £ 4.91 °C in spring and 27.9 £ 3.12 °C
in summer (as shown in Table 4.3), facilitate PAH degradation and increase the mixing layer
height, resulting in lower PAH concentrations. The high solar radiation experienced during
the summer season causes LMW-PAHSs to evaporate and degrade through photochemical
reactions (Famiyeh et al., 2021; Jiabao He et al., 2014), resulting in the production of
oxygenated and nitrated PAHs. Furthermore, elevated temperatures further facilitate the
degradation of LMW-PAHSs by accelerating the reaction rates. Consequently, the combined
influence of solar radiation and high temperatures during summer fosters favorable
conditions for the evaporation and degradation of LMW-PAHSs. The occurrence of regular
rainfall during the summer season additionally plays a role in reducing PAH concentration
(Chen et al., 2022). The significant levels of NaP, comprising 17.3% of the overall PAH
concentration during summer, is likely attributed to the presence of unburnt fuel that

vaporizes due to high temperatures and solar radiation (Roy et al., 2019).
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Table 4.3 Seasonal averages of meteorology parameters
Autumn  Winter  Spring Summer  Annual

*Temperature (Temp) 148 + 9.83+ 19.7 + 27.9 + 18.0 +
4.77 4.99 491 3.12 8.04

"Relative humidity 70.6 £ 69.0 £ 719+ 80.8 + 731+

(RH) 14.7 20.0 21.9 14.5 18.7

*Wind velocity (WV) 247+ 249+ 224+ 237+ 239+
1.37 1.68 1.48 1.85 1.61

*p <0.05 (ANOVA, mean values statistically significant)
During warmer seasons, elevated levels of atmospheric oxidants (such as Oz and "‘OH

radicals), along with higher ambient temperatures and solar radiation, have the potential to
induce the photochemical oxidation of NaP, leading to the formation of naphthoquinone
derivatives (McWhinney et al., 2013). As indicated in Table 4.4, the low ratio of PAHs to
PM25 during the warm season (spring and summer) suggests the photochemical aging of
PAHs (Lv et al., 2016), which may result in the generation of secondary PAHSs, such as
quinones.

The seasonal variability of PAH concentrations based on the number of aromatic rings is
depicted in Figure 4-2. Five-aromatic ring PAHs were found to be the most abundant during
autumn, four-aromatic ring PAHSs during winter, six-aromatic ring PAHs during spring, and
four and five-aromatic ring PAHs during summer. The predominance of five-aromatic ring
PAHSs implies a significant contribution from fossil fuel combustion (Elzein et al., 2020).
During the winter season, there was a noticeable increase in the concentration of four-ring
PAHs, which can be attributed to increase emissions from diesel exhaust and coal
combustion (Callén et al., 2014; Ravindra et al., 2008). Lower temperatures lead to increased

fuel consumption by the engine, which in turn leads to higher emissions of PAHSs.
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Table 4.4 Seasonal averaged concentrations (mean + standard deviation) of PM.s-bound PAHs

Concentration TEF® Autumn Winter Spring Summer Annual
PMz2s 53.7+19.4 64.6+17.8 53.4+16.6 349+17.0 51.7+20.5
Napthalene (NaP) 0.001 0.34%+0.15 0.32+0.16 0.33+0.12 0.43+0.22 0.36 +0.17
Acenaphthylene (Acy) * 0.001 0.03x0.02 0.05+0.05 0.04 £0.07 0.02 £0.02 0.04 £0.04
Acenaphthene (Ace) * 0.001 0.07+0.04 0.15+0.09 0.05+0.03 0.02 £0.02 0.07 +0.07
Fluorene (Flu) * 0.001 0.03+0.52 0.04 +£0.03 0.02 £0.01 0.03£0.01 0.03+0.01
Phenanthrene (Phe) * 0.001 0.24+0.11 0.35+0.31 0.13+0.04 0.11+0.03 0.21+0.19
Anthracene (Ant) * 0.01 0.26 £ 0.14 0.35+0.37 0.15+0.05 0.13+0.04 0.14+0.11
Fluoranthene (FIt) * 0.001 0.31+0.25 0.69 =+ 0.67 0.19+0.12 0.07 £0.03 0.32+0.43
Pyrene (Pyr) * 0.001 046+0.22  0.69+0.67 0.19+0.11 0.07+0.04  0.36+0.43
Benz[a]anthracene (BaA) * 0.1 0.44+0.51 0.33+0.33 0.09 £ 0.06 0.03+0.03 0.23+0.35
Chrysene (Chr) * 0.01 1.37+0.70 1.31+1.01 0.47 £0.24 0.19+0.12 0.83+0.81
Benzo[b]fluoranthene (BbF) * 0.1 1.12+0.70 1.02 £ 0.53 0.53+0.30 0.21+0.17 0.72+0.59
Benzo[k]fluoranthene (BkF) * 0.1 1.16 £ 0.79 1.35+0.88 0.42 +£0.27 0.16 £0.12 0.77+0.78
Benzo[a]pyrene (BaP) * 1.0 0.68 + 0.56 0.48 + 0.46 0.19+0.15 0.08 £ 0.07 0.36 £0.44
Indeno[1,2,3-c,d]pyrene (IPyr)* 0.1  0.83+0.41  0.69 + 0.48 0.42 +0.29 0.21+0.18  0.54+0.43
Dibenz[a,h]anthracene (DahA) * 1.0 0.19+0.09 0.14+0.09 0.13+0.05 0.08 £ 0.04 0.14+0.08
Benzo[g,h,i]perylene (BghiP) * 01 187+095  158+1.08 0.96 + 0.60 058+049  1.25+0.95
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7H-benzo[c]fluorene (7H-BcF) * 20 0.07 +0.03 0.09+0.13 0.02+0.01 0.01+0.01 0.05 +0.07
Dibenzo[a,h]pyrene (DBahPyr) * 10 0.19+0.13 0.17+£0.16 0.09 £ 0.07 0.04 +0.06 0.13+0.13
Dibenzo[a,I]pyrene (DBalPyr)* 10  0.13+0.11  0.04+0.05 0.06 + 0.04 0.03+0.02  0.06£0.07
Dibenzo[a,e]pyrene (DBaePyr) 1.0 0.01+0.01 0.01+£0.02 0.01 £0.02 0.01 +£0.02 0.01 £0.02
Y 6PAHs* 0.98 +0.39 0.96 +0.49 0.73+0.20 0.73%+0.25 0.85+0.37
Y 14PAHS* 8.83+4.68 8.61+5.89 3.80 £ 2.09 1.76 £1.34 5.75+4.97
> 16PAHs" 9.43 + 4.67 9.26 +6.02 4.35+210 1.83+0.94 6.21+£5.11
Y 4PAHs" 0.39+0.25 0.32+0.32 0.19+0.11 0.09 £ 0.08 0.25+0.24
> 20PAHs" 9.82+4.89 9.57+6.32 453+2.19 249+ 149 6.61 +£5.24
> 20PAHS/PM2 5 0.18+0.12 0.14 +0.08 0.08 £ 0.04 0.07 £0.05 0.13 +0.07

PM;s: ug m3, PAHs: ng m3, LMW = YsPAHs=NaP, Acy, Ace, Flu, Phe, Ant, Y10PAHs = Flt, Pyr, BaA, Chr, BbF, BbF, BaP, IPyr, DahA, BghiP, HMW =
Y1sPAHs =Y 10PAHs + Y4PAHs = Flt, Pyr, BaA, Chr, BbF, BbF, BaP, IPyr, DahA, BghiP, 7H-BcF, DBahPyr, DBalPyr, DBaePyr, Y 4PAHs = 7H-BcF, DBahPyr,
DBalPyr, DBaePyr, > 1sPAHs = EPA 16 priority PAHs, Y 20PAHs = Y saPAHs+) 16, PAHS, TEF: Toxicity Equivalent Factor (lakovides et al., 2021; Soleimani et al.,
2022), " p<0.05 (ANOVA, mean concentrations statistically significant)
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The persistent high concentrations of five and six-aromatic ring PAHs observed during the
entire field campaign indicate a significant contribution from vehicular exhaust emissions to
PAH pollution at the study site.

4.2.3. Size distribution of PAHSs in ambient particles

Analyzing the size distribution and peak concentration of PM and PAHs can help in
determining their impact on human health. For example, smaller particles with higher levels
of toxic chemicals, such as PAH, can be more dangerous to human health because they can
penetrate deeper into the alveoli. Moreover, the size distribution of PM chemical
compositions provides information about the potential sources and physicochemical
properties (Do et al., 2021).

A common method extensively used to show the size distribution of ambient PM and
chemical compositions involves plotting dC/dlogDp against the particle diameter (Dp) (Guo
et al., 2018). As shown in Figure 4-4, ultrafine, accumulation, and coarse particles collected
in Ningbo exhibited a bimodal size distribution with peak concentrations in accumulation
particles (0.49-0.95, 0.95-1.5 um) and coarse (3—7.2 pum) particles. In this plot, dC
represents the mean concentration of PM, dlogDp represents the logarithmic differences in
aerodynamic diameter (Dp).

The size distribution of both LMW- and HMW-PAHSs can be found in Figure 4-4 and
Figure 4-5, respectively. The concentrations of LMW-PAHs exhibited a bimodal
distribution, peaking either in ultrafine, accumulation, or coarse particles. However, Acy
displayed a unimodal distribution (Figure 4-4 b). Several PAHs such as NaP, Phe, Ant, and

Flu also have bimodal distribution patterns, with peak concentrations in both accumulation
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particles (0.95—-1.5 um) and coarse particles (= 0.72 um). The concentration of Ace peaks in

ultrafine particles (< 0.49 um) and accumulation particles (1.5-3 um) (Figure 4-4 c).
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Figure 4-3 Size distribution (dC = mean concentration (ng m=), dlogDp = logarithmic
difference of aerodynamic diameter (Dp, um)) of the mean mass concentration of PM size
fractions collected in a residential/commercial site of Ningbo, China

The majority of HMW-PAHs showed unimodal distribution and had higher peak
concentrations in ultrafine particles (0.49-0.95 um), except for DBalPyr which exhibited
bimodal distribution peaking in ultrafine particles (0.49-0.95 um), followed by coarse
particles (= 7.2 um). The results align with previous studies that indicate a greater
concentration of HMW-PAHS in accumulation particles compared to coarse particles (Insian
et al., 2022; Shen et al., 2019). Additionally, it was found that total PAH concentration
peaked in ultrafine particle (Figure 4-5 r), which is in line with a previous study (Jamhari et
al., 2021). The affinity of HMW-PAHS to associate with ultrafine particles facilitates their
long-range transport due to their low vapor pressure (Drotikova et al., 2020). However, the

peak concentration of LMW-PAHSs in coarse particles suggests that during extended
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transportation, they may undergo faster degradation through photochemical processes
(Zhang et al., 2020). The predominant concentration of NaP in coarse particles suggests that
they are susceptible to photochemical oxidation, leading to the formation of naphthoquinone
derivatives (McWhinney et al., 2013). This photochemical oxidation process is especially
pronounced during periods of warmer weather characterized by high levels of solar radiation,
ambient temperature, and oxidants.

The distinct size distributions of LMW- and HMW-PAHSs indicate that they may have
different sources, and the mechanism controlling their size distribution in ambient particles
may vary as well. Notably, PAHs like NaP, Flu, Phe, Ant, Flu, and FIt were present in the
highest concentration in accumulation particles (0.95-1.5 pum). These specific PAHs serve
as tracers of coal combustion, natural gas combustion, biomass burning, and diesel exhaust
engine emissions (Callén et al., 2014; Fang et al., 2020; Ouyang et al., 2020; Wang et al.,
2020), suggesting that these sources may be responsible for the origin of these particles.
Additionally, HMW-PAHSs come from sources such as gasoline exhaust, coal combustion,
and natural gas combustion. Therefore, the highest concentration of HMW-PAHS in particles
ranging from 0.49-0.95 um may indicate that gasoline exhaust, coal combustion, and natural
gas combustion are potential sources of these particles at our study site.

The size distribution of PAH based on the number of aromatic rings is depicted in Figure
4-6 (a-e). Bimodal size distribution was observed for PAHs with 2-aromatic rings, wherein
peak concentrations were found in both fine and coarse particles (Figure 4-6 a). Conversely,
PAHSs with 3-aromatic rings displayed bimodal distribution with peak concentrations only

in ultrafine and accumulation particles (as shown in Figure 4-6 b). However, PAHs with 4,
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5, and 6-aromatic rings exhibited unimodal distribution with highest concentrations in
ultrafine particles (0.49-0.95 pm). As the ring number of PAHSs increased, the peak
concentration of PAH in ultrafine particles also increased; however, a decrease in peak
concentration was observed in coarse particles. This trend is consistent with previous studies
(Lv et al., 2016; Zhang et al., 2020). The similarity in size distribution of PAHs with 4, 5,
and 6-aromatic rings suggests that they may possibly originate from the same sources and
have the same controlling mechanism for their size distribution. The higher concentration of
HMW-PAHs compared to LMW-PAHS in ultrafine (0.49-0.95 um) and accumulation
(0.95-1.5) particles demonstrate the "Kelvin effect" (Wang et al., 2018). This finding
suggests that less volatile HMW-PAHSs exhibit a greater tendency to condense onto finer
particles (Insian et al., 2022; Wang et al., 2018). Moreover, HMW-PAHs tend to partition
more in the particulate phase and adsorb more quickly onto smaller particles with larger
surface areas (Wang et al., 2018).

The mechanism of PAH size distribution is affected by particle size. PAH size
distribution in ultrafine particles is due to adsorption, while in accumulation particles, both
adsorption and absorption occur (Lv et al., 2016). In coarse particles, the size distribution is
through multilayer adsorption (Insian et al., 2022). Multiple studies have utilized the log
(PAHs/PM) versus logDp plot to investigate the mechanism of PAH size distribution in
ambient particles (Insian et al., 2022; Lv et al., 2016; Ray et al., 2019; Wang et al., 2018).
The PAH size distribution controlling mechanism can be inferred from the slope of the
regression line, wherein a slope value of approximately -1 indicates adsorption, while a slope

value greater than -1 suggests multilayer adsorption, and a slope value less than -1 signifies
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absorption (Insian et al., 2022). The plot for PAHs with 2-3 aromatic rings had regression
line with a slope exceeding -1 (Figure 4-7 a), indicating that multilayer adsorption
predominantly controls the size distribution of these LMW-PAHSs in coarse particles (=7.2
um). However, the high levels of 2 and 3-aromatic ring PAH found in ultrafine particles
could be a result of adsorption. The slopes of the regression line for the 4-6 aromatic ring
PAHs were near -1 (Figure 4-7 c-e). This indicates that the adsorption process predominantly
controls the peak concentration of these PAHSs in ultrafine particles. The high negative slopes
observed in the regression line for 4, 5, and 6-aromatic ring PAHs suggest that these
compounds have a significantly higher affinity for adsorption onto PM compared to 2 and
3-aromatic ring PAHSs. The size distribution mechanism of 2, 3, 5, and 6-aromatic ring PAHs
was consistent with previous studies (Insian et al., 2022), but the adsorption mechanism of
4-aromatic ring PAHSs reported in this study conflicted with multilayer adsorption reported
by Insian et al. (2022).

The adsorption was the primary mechanism controlling the size distribution of HMW-
PAH in ambient particles. The slow mass transfer of HMW-PAHSs increased their affinity to
particle surfaces during the adsorption process (Ray et al., 2019). Moreover, the primary
factor affecting the size distribution of HMW-PAHS is the adsorption mechanism, as they
have limited ability to adapt to multiple equilibria because of their lower volatility (Insian et

al., 2022).
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Figure 4-4 Size distribution (dC = mean concentration (ng m=), dlogDp = logarithmic difference of aerodynamic
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4.2.4. PAHs as indicators of aerosol photochemical aging

BaA has greater reactivity compared to Chr and may degrade quickly while being
transported. Therefore, BaA/Chr has been extensively utilized to investigate the aging
process of atmospheric aerosols(Esen et al., 2008; Wu et al., 2010). The high BaA/Chr ratio
indicates freshly generated PAH, while a lower ratio indicates that the PAHs have undergone
photochemical aging (Lv et al., 2016; Wu et al., 2010). The BaA/Chr ratio in daytime (0.29)
was about twice higher compared to the nighttime (0.11). This indicates that during the day,
sources including diesel exhaust vehicles emit fresh PAHs. Nevertheless, it is possible that
during the night, a larger proportion of PAHSs that have undergone aging as a result of
daytime photochemical reactions may have persisted. Furthermore, it was also observed that
summer have a lower BaA/Chr ratio (as shown in Table 4.6), indicating the occurrence of
photochemical aging process.

Lv et al. (2016) have indicated that total LMW-PAH/PM_5 ratio can discriminated
between freshly emitted and photochemically aged aerosols. A low total LMW-PAH/PM
ratio suggests the presence of PAHSs that have undergone photochemical aging, whereas a
higher ratio indicates the presence of freshly emitted aerosols. The LMW-PAHs/PM3 s ratio
was found to be three times lower at night (0.01) than during the day (0.03). This finding
confirms that there are more photochemically aged aerosols present at night compared to
during the day. The LMW-PAH/PM 5 ratios were lower in warmer seasons compared to
colder seasons (as shown in Table 4.1). This finding indicates that aerosols experienced

photochemical aging processes during the summer.
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4.2.5. Source apportionment of PAHs
4.2.5.1. PAH diagnostic ratios

The diagnostic ratios (DRs) of PAHSs in the atmospheric aerosol are often employed to
provide qualitative source apportionment of PAHs to discriminate between pyrogenic and
petrogenic sources (Cao et al., 2019; Famiyeh et al., 2021; Fang et al., 2020). While the
diagnostic ratios can aid in identifying potential PAH emission sources, they are insufficient
for quantifying the individual contributions of each source to overall PAH levels.

The mean DRs of PAH during the day, night, and different seasons are provided in
Table 4.5 and Table 4.6, respectively. The results of the paired z-statistics and analysis of
variance (ANOVA) for the mean diagnostic ratios indicate statistical significance, with a
significance level of p < 0.05. This finding suggests the potential existence of disparities in
the sources of PAH emissions during different times of the day and throughout various
seasons.

A ratio of the sum of LMW to HMW-PAHSs can differentiate between petrogenic and
pyrogenic sources (Thang et al., 2019). If the ratio is greater than 1, it indicates a petrogenic
source, while a ratio less than 1 indicates a pyrogenic source (Famiyeh et al., 2021). This
study found that ratios below 1 are predominant during both daytime and nighttime, as well
as in different seasons, suggesting a significant PAH emissions pyrogenic sources than
petrogenic sources (Elzein et al., 2019). Moreover, to distinguish between petrogenic and
pyrogenic sources, the BaA/(BaA + Chr) ratio was used, with a ratio of 0.2—0.35 indicating
a pyrogenic source and a ratio below 0.2 indicating a petrogenic source (Galvao et al., 2023;

Xing et al., 2020). The BaA/(BaA + Chr) ratio indicated that pyrogenic origin was the
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dominant source during the day, whereas petrogenic was the dominant source during the
night. Petrogenic sources are mainly release 2-3 aromatic ring PAHSs into the ambient air
through volatilization at high ambient temperatures and solar radiation. Volatilization of
PAHs at night is unlikely, and the presence of 2-3 aromatic ring PAHSs at night can be
attributed to wood combustion for domestic heating (Sakizadeh, 2020), particularly in the
rural areas of the city. The presence of 2-aromatic ring PAH such as NaP during nighttime
may have resulted from coal combustion (Ravindra et al., 2008).

Table 4.5 Day and night averaged diagnostic ratios of PAHs

DR Day Night Day/Night
BaA/(BaA + Chr)* 0.29 0.05 5.80
Ant/(An t+ Phe) 0.30 0.25 1.20
BaA/Chr* 0.29 0.11 2.64
Flu/(Flu + Pyr)* 0.16 0.27 0.59
Flt/(FIt + Pyr)* 0.40 0.52 0.77
IPyr/(IPyr + BghiP)* 0.35 0.26 1.35
BaP/BghiP* 0.30 0.14 2.14
BaP/(BaP + Chr) * 0.31 0.21 1.48
YLMW/YHMW * 0.26 0.12 2.17

*p <0.05 (z-statistics, mean ratios statistically significant)

To further differentiate between pyrogenic and petrogenic sources, the Ant/(Ant + Phe)
ratio was used. The ratio of Ant to (Ant + Phe) that was observed during the day, night, and
seasons were higher than 0.1. This indicates that there are greater levels of PAH emissions
from sources that are pyrogenic rather than petrogenic (Famiyeh et al., 2021). The Ant/(Ant
+ Phe) ratio being >0.1 through the field campaign suggest consistent PAH emission from

vehicular exhaust (Liu et al., 2015). The Ant/(Ant + Phe) ratio consistently indicated the

75



presence of pyrogenic sources during both daytime and nighttime. In contrast, the BaA/(BaA
+ Chr) ratio revealed that petrogenic sources were predominantly present during the
nighttime. This inconsistency emphasizes the need for a more robust techniques in
determining the origin of PAHSs.

Table 4.6 Seasonal average diagnostic ratios of PAHs

DR Autumn  Winter Spring Summer Annual
BaA/(BaA + Chr)* 0.20 0.19 0.16  0.15 0.17
Ant/(Ant + Phe) * 0.52 0.50 053 054 0.52
BaA/Chr* 0.28 0.22 019 017 0.21
Flu/(Flu + Pyr) * 0.08 0.09 011  0.32 0.15
FIt/(FIt + Pyr) * 0.42 050 049 047 0.45
IPyr/(IPyr + BghiP) * 0.30 0.30 030 0.27 0.29
BaP/BghiP* 0.34 0.27 019 015 0.24
BaP/(BaP + Chr) * 0.32 0.25 0.27  0.28 0.28
YLMW/Y HMW* 0.12 0.11 019 0.33 0.19

*p <0.05 (ANOV A, mean ratios statistically significant)
The ratio of FIt/(FIt + Pyr) can distinguish between different sources like biomass burning

(0.50), coal combustion (>0.50), and vehicular exhaust (0.40-0.50) (Fang et al., 2020;
Iakovides et al., 2019; Sofowote et al., 2010; Tobiszewski and Namiesnik, 2012). During
the daytime, the FIt/(FIt + Pyr) ratio of 0.40 suggest dominant contribution from vehicular
exhaust, while at night (0.52), coal and wood combustion dominate PAH emissions. The
FIt/(FIt + Pyr) ratio in each season, autumn (0.42), winter (0.50), spring (0.49), and summer
(0.47), suggests a consistent emissions of PAHs from vehicular exhaust throughout the study
period. However, the high FIt/(FIt + Pyr) ratio in winter indicates a significant contribution

from wood and coal combustion.

76



The ratio of BaP/BghiP was utilized to distinguish PAH emissions from diesel and
gasoline exhaust. A ratio below 0.4 suggests that diesel exhaust emits more dominant PAHs
than gasoline exhaust (Famiyeh et al., 2021; Gune et al., 2019). Diesel engines were found
to emit higher levels of PAHSs, characterized by ratios below 0.4, during different periods:
daytime (0.30), nighttime (0.14), autumn (0.34), winter (0.27), spring (0.19), and summer
(0.15). In order to differentiate further between PAH emissions from gasoline and diesel
engines, we utilized the Flu/(Flu + Pyr) and BaP/(BaP + Chr) ratios. When the ratio is less
than 0.5, it suggests that diesel engines emit more PAH than gasoline exhaust (Famiyeh et
al., 2021). The findings of this study demonstrated that the ratios observed during the
daytime, nighttime, autumn, winter, spring, and summer were all below 0.5. These findings
provide additional evidence supporting the predominance PAH emissions from diesel
exhaust over gasoline exhaust.

The use of IPyr/(IPyr + BghiP) in the study made it possible to distinguish between PAH
emission from coal combustion and petroleum combustion. Ratios of 0.52 indicated that coal
combustion had the predominant contribution, while ratios between 0.39 to 0.5 indicated
that petroleum combustion was dominant (Famiyeh et al., 2021; Ouyang et al., 2020). The
IPyr/(IPyr + BghiP) ratios reported in this study indicate a higher level of PAH emissions
from petroleum combustion, specifically vehicular exhaust, compared to coal combustion.

The results obtained from the diagnostic ratios indicate that the PAH emissions from
pyrogenic sources are higher than those of petrogenic sources. The increased levels of PAH
observed during winter and at night-time can be attributed more to the combustion of wood

and coal, combined with a lower planetary boundary layer during these periods. The PAH

77



diagnostic ratios suggest higher PAH emissions from vehicular exhaust than coal
combustion. The diagnostic ratios of PAHSs indicate that both pyrogenic sources, such as
vehicular exhaust, coal combustion, and biomass burning, and petrogenic sources, such as
the volatilization of unburned fuel, contribute to the levels of PAHSs in our study area.
4.2.5.2. Positive matrix factorization/Bivariate polar plots (PMF-BPPs)

The PMF model and BPPs were employed to identify the sources of PAHs. The PMF
model calculates the signal-to-noise (S/N) ratio for each PAH congener, with PAH
congeners having S/N ratios greater than 2.0 categorized as "strong" and those with ratios
lower than 0.2 as "weak."(Chen et al., 2021). In this study, all 20 PAHs were included in the
PMF analysis as their signal-to-noise (S/N) ratios ranged from 2.4 to 10. The model was
executed with a range of 2 to 8 factors. The most favorable result was obtained with 5 factors.
The Q (Robust) and Q (True) values were 1782.4 and 1792.5, respectively, consistently
converging in all 20 Base Model Runs. The Q (theoretical) was calculated according to
equation (4-1) (Callén et al., 2014). The minimum Q value was close to the theoretical value
of Q (1800). The theoretical value of Q is 1.08 times the minimum Q value. This suggest
acceptable level of uncertainty in the input data (Callén et al., 2014).

At the 5-factor level, the Q/Qexp ratio was approximately 1 (0.93), but this ratio
decreased as the number of factors exceeded 5. In addition, the bootstrap (BS) mapping
demonstrated strong associations among the factors when employing 5 factors and
conducting 100 runs. This is evidenced by all the bootstrap (BS) being unmapped, as shown

in the Appendix (Table 8.2).
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Q(Theoreﬁcal) = (sample x good species) + (4-1)
[(samples x weak species)/3]-(samples x factors estimated)

The PMF analysis revealed that vehicular exhaust, coal combustion, natural gas
combustion, biomass burning, and volatilization of unburnt fuel were found to be the five
sources associated with PAHs at our study domain. These five sources and their
contributions to the total PAH mass concentration are shown in Figure 4-8. Figure 4-9
displays the time-series contributions of these five sources, as determined through the PMF
model. Figure 4-10 showcases BPPs that visually depict the concentration profiles of these
sources. This representation provides valuable insights into the dispersion patterns and
transportation of PAHSs to our monitoring site.

Factor 1 consists of elevated levels of specific PAHSs, including Acy, Ace, and Flu (with
loadings of 70.4%, 23.7%, and 28.9%, respectively). These PAHSs are indicative of diesel
engine emissions. It also includes BbF, BKF, BghiP, IPyr, and DBahA (with loadings of
51.9%, 36.7%, 60.4%, 59.5%, and 75.3%, respectively), which indicates PAH emission from
gasoline exhaust (Galvéo et al., 2023; Wang et al., 2020). Therefore, vehicular exhaust is
identified as the source associated with factor 1 (as depicted in Figure 4-8 a). Vehicular
exhaust emissions contributed 25% of the total PAH. Analysis of the PAH source data over
a period of time consistently reveals the presence of vehicular exhaust emissions throughout
all seasons, with a notable decrease observed during the later part of the field campaign in
summer (as shown in Figure 4-9 a). The lower temperatures experienced during autumn and

winter cause the engine to consume more fuel, leading to higher emissions of PAHs during

these seasons. The analysis of the BPPs indicates the existence of PAH emissions originating
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from nearby vehicular traffic, particularly under low wind speed atmospheric conditions.
The transportation of high concentrations of PAHs from vehicular exhaust is observed from
both the southwest and northwest directions, while lower concentrations are transported
from the southeast direction, as represented in Figure 4-10 (a). There are freeways in close
proximity to our study domain in these three areas.

The second factor displayed significant loadings for Flt, Pyr, Phe, 7H-BcF, Chr, BkF,
and Ace. FIt, Pyr, Phe, Chr, and Ace are widely recognized as indicators of coal combustion
(Fang et al., 2020; Wang et al., 2013). Coal combustion was identified as the secondary
source of PAHSs, contributing approximately 21.1% to the total PAH concentration, as
depicted in Figure 4-8 (b). During winter, when coal-fired power plants experience a surge
in coal demand for electricity generation, the concentration of PAHs associated with coal
combustion reaches its peak, as depicted in Figure 4-9 (b). The BPPs in Figure 4-10 (b)
provide evidence that PAHSs resulting from coal combustion originate from northwest
industrial facilities and are transported to our monitoring station by strong winds (Chen et
al., 2022).

The high loadings of BaA, Chr, DBahPyr, BaP, BKF, DBaePyr, IPyr, and Ace in factor 3
strongly indicates the emission of PAHSs resulting from natural gas combustion. Among
these chemicals, BaA, BaP, and Chr are especially are key indicators to identify this
particular source (Callén et al., 2014). PAH emissions from natural gas combustion
contribute 33.6% to the overall PAH concentration. The highest concentration of PAHS
resulting from natural gas combustion was observed during winter (as shown in Figure 4-9

). The PAHSs derived from the combustion of natural gas were transported to our monitoring
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station from industrial facilities located in the northwest and southwest regions. The strong
winds played a significant role in carrying these PAHSs to our monitoring station (Figure 4-10
c). These industrial facilities use natural gas combustion for heat and power generation, as
well as a reducing agent in metallurgical processes. Furthermore, the presence of PAHs
associated with natural gas combustion at our monitoring station can be directly attributed
to the utilization of natural gas as a fuel for household heating and cooking purposes.
Factor 4 is characterized by significant loadings of Ant (71.3%), Phe (34.8%), Flu
(28.4%), Ace (25.1%), and Acy (22.7%). The high loadings of Ant, Phe, Flu, and Ace
strongly suggests that biomass burning is a likely source of PAH emissions (Sakizadeh,
2020). Biomass burning accounts for approximately 9.66% of the total PAH concentration.
The rise in PAH levels resulting from biomass burning during winter, as depicted in (Figure
4-9 d), suggests that wood is primarily used for residential heating, particularly in rural areas
of the city. This is supported by the transport of PAH from the northwest to our monitoring
station, observed during periods of both high and low wind speeds (as shown in Figure 4-10

d).
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Factor 5 exhibits high loadings of NaP, DBaePyr, and Flu, with percentages of 71.6%,
36.0%, and 28.8%, respectively. The high loadings of NaP with peak concentrations in
summer suggest vaporization of urbunrt fuel (as shown in Figure 4-9 ). The evaporation of
unburnt fuel accounted for 9.61% of the overall PAH concentration (Figure 4-8 d). Bivariate
polar plots demonstrate that the PAHs associated with this source originate from the
southeast. This suggests that these LMW-PAHS are transported from marine vessels located
at the East China Sea and Ningbo-Zhoushan port. They reached our monitoring station at
low wind speed, as evidenced in Figure 4-10 (e).

4.2.6. Health risk assessment of PAHs exposure
4.2.6.1. BaP-toxic equivalent concentrations (BaPeq)

To assess the relative toxic effects of different PAH congeners in comparison to BaP, we
calculated the BaP-toxicity equivalent (BaPeq) by multiplying the concentration of each
congener with its corresponding toxicity equivalent factor (TEF). The TEF for the 20 PAHs
analyzed in this study can be found in Table 4.4. The overall potency of PAHSs in terms of
BaPeg was determined by calculating the sum of the BaPeq values, which is commonly
referred to as the toxicity equivalent quotient (BaPteg). This is represented in Equation (4-2)

(Ali-Taleshi et al., 2021; Hong et al., 2016).

N N (4-2)
BaPTEQ: Z BaPeq = Z (Cl XTEFI)
i=1 i=1

where N = number of PAH congeners, Ci = concentration of ith PAH congener,
As shown in the Appendix (Figure 4-11 a), it is evident that the BaPeq values of the LMW-

PAHSs is dominated by Ant. However, the BaPeq of Ant is lower than those of the HMW-
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PAHSs, as shown in Appendix (Figure 4-11 b). The total BaPeq of the HMW-PAHS is
approximately 1725 times higher than that of the HMW-PAHSs. This difference in BaPeq
values can be attributed to the contrasting partitioning behavior of these two types of PAHs
in the particulate phase. LMW-PAHSs partition more into the gaseous phase due to their
higher vapor pressure, while HMW-PAHSs partition into the particulate phase due to their
lower vapor pressure (Famiyeh et al., 2021). Consequently, the BaPeq values of LMW-
PAHs are lower, while those of HMW-PAHSs remain high in the particulate phase. The
BaPeq of HMW-PAHSs is dominated by BaP, 7H-BcF, DBahPyr, and DBalPyr. HMW-
PAHSs, including DBahPyr, 7H-BcF, DBalPyr, BaP, DahA, and BghiP, dominate the total
BaPeq of the 20 PAHSs, accounting for 93.3%. The BaPeq values of the four additional PAHs
(7H-BcF, DBahPyr, DBalPyr, and DBaePyr) constitute about 76.9% of the total BaPeq. The
high BaPeq values of these four PAHSs can be attributed to their high TEF values compared
with other PAH congeners. This indicates that these four PAHs make a significant

contribution to the overall toxicity of the 20 PAHSs.
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Figure 4-11 Comparison of BaPeq of individual PAHs with (a) LMW, (b) HMW
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The BaPeq values of BaP and the 16 priority PAHSs respectively account for 9.62% and
23.1% of the total BaPeg. BaP exhibited higher annual BaPeq levels compared to most other
PAH congeners, with the exception of 7H-BcF, DBahPyr, and DBalPyr. The BaPeq of BaP
(0.36 ng m®) and the 16 PAHSs (0.86 ng m3) were lower than in Ashan (Wang et al., 2020),
Beijing (Liu et al., 2020), Nanjing (Sun et al., 2016), Tangshan (Fang et al., 2020), and
Hangzhou (Duan et al., 2023). However, the values reported in this study was higher than in
Kong (Hong et al., 2016) and Malaysia (Khan et al., 2015). The BaPeq of 20 PAHs (3.72 £
3.69 ng m™) is about four times the BaPeq of the 16 priority PAHs. This suggests a high

BaPeq for the four PAHSs investigated in this study.

3-rings:Acy, 2-rings: 4-rings: Flt,
Ace, Flu, Phe, NaP, 0.00036 Pyr, BaA,
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BcF, 0.99
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DBalPyr, 2.09

Figure 4-12 Annual averaged BaPeq (ng m) of 20 PAHs based on aromatic rings
The BaPeq of PAHSs based on the number of aromatic rings is presented in Figure 4-12.
The 6 aromatic ring PAHs dominated the total BaPeq constituting 56.2%, followed by 4-
aromatic rings (26.6%), 5-aromatic rings (17.2%), 3-aromatic rings at (0.05%), and 2-
aromatic rings (0.0097%). The high levels of BaPeq in PAHs with 4 to 6 rings suggest that
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these PAHSs could pose high health risk. Therefore, investigating their source-specific cancer
risk and developing methods for mitigation could be of great interest in improving public
health.
4.2.6.2. Lifetime excess cancer risk

Figure 4-13 (a, b, respectively) displays the estimated LECR derived from the application
of unit risk values for BaP based on the WHO and the EPA methods. The approach of the
WHO is to use the concentration of BaP alone to represent the entire PAH mixture. Using
this approach, we calculated LECR-BaP to be 3.11x10° (Figure 4-13 a). We employed
Equation (4-3) (Duan et al., 2023) to estimate LECR of 16 and 20 PAHSs by multiplying their
BaPteq by the WHO and EPA unit risk. The results are shown in Figure 4-13 (a) and (b),
respectively.

LECR;;,= BaPgoXURpyp (4-3)

The LECR calculated based on the WHO unit risk is approximately 14 times higher than
values obtained using the EPA unit risk. As discussed, the use of the WHO unit risk and
component-based potency approach leads to an overestimation of the LECR. The LECR-
BaP is approximately 6.09 and 1.39 times higher than the LECR of the 16 and 20 PAHS,
respectively, estimated based on the EPA unit risk. This suggests that incorporating four
additional PAHSs in the risk assessment model leads to a more accurate approximation of the
LECR between the EPA and WHO approaches. Therefore, to achieve a closer estimation of
the LECR between these approaches, it is advisable to include more highly carcinogenic
PAHSs in the component-based approach. We strongly advise future research to give priority

to incorporating a broader range of PAHSs in the risk assessment model. This will lead to
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accurate estimation the estimation of LECR based on the component-based potency factor

approach and the EPA unit risk.
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Figure 4-13 Comparison of average LECR of human exposure to 16 and 20 PAHSs: (a) WHO
unit risk, (b) EPA unit risk. Error bar present the standard deviation (level of variability of
the data)

The mean LECR for the 16 priority PAHs (5.1x107) estimated according to EPA unit
risk falls below the acceptable threshold of 1.00x107, indicating a negligible risk (Bai et
al., 2020; Famiyeh et al., 2021). The mean LECR for the 20 PAHSs estimated according to

EPA unit (2.23x10°) and according to the WHO approach (3.11x10°®) is between 1.00x10-
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6 and 1.00x10*. This suggest that exposure to the 20 PAHs could poses a moderate level of
risk to the population of Ningbo residing in our study domain (Gurkan Ayyildiz and Esen,
2020; US. EPA, 2004).
4.2.6.3. Source-specific LECR

The contribution of each source to the concentration of PAH and LECR was determined
through an MLR analysis. The PAH mass concentration and LECR were treated as the
dependent variables, while the sources were considered as the independent variables. The
summary of the MLR analysis is provided in the Appendix (Table 8.3 and Table 8.4).

Figure 4-14 provides an overview of the contributions of different sources to the
concentrations and LECR of 16 and 20 PAHSs. In terms of concentration, both sets of 16 and
20 PAHSs exhibit similar patterns, with natural gas combustion being the dominant source
contributor, followed by vehicular exhaust, coal combustion, biomass burning, and
volatilization of unburnt fuel. The contributions to LECR for both 16 and 20 PAHSs follow a
slightly different trend, with natural gas combustion being the dominant source, followed by
coal combustion, vehicular exhaust, biomass burning, and volatilization of unburnt fuel.
Even though vehicular exhaust emits (25%) a higher concentration of PAHs compared to
coal combustion (22.1%), the LECR associated with coal combustion is higher than that of
vehicular exhaust (as shown in Figure 4-14). The observed disparities in PAH concentration
and LECR between vehicular exhaust and coal combustion can be attributed to several
factors. Firstly, there are variations in the compositions of PAHs released from each source.

Additionally, differences in combustion conditions, emission control technologies, and
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factors such as fuel type, combustion efficiency, and vehicle technology also contribute to

these disparities (Shen et al., 2011).

There might be several points to support the fact that the LECR associated with coal

combustion was higher than that of vehicular exhaust:

1)

2)

3)

PAHSs from coal combustion consist of more HMW-PAHS, such as 7H-BcF, Chr,
BKF, etc., which have a higher cancer risk compared to vehicular exhaust. In contrast,
vehicular exhaust, particularly from vehicles with diesel engines, consists of LMW-
PAHSs, such as Acy, Ace, Flu, etc., which have a lower cancer risk.

PAHSs emitted from coal combustion were transported directly from an industrial
facility located in the northwest region of Ningbo to our monitoring site, as depicted
in Figure 4-10 (b). In contrast, PAH emissions from vehicular exhaust were more
dispersed, as illustrated in Figure 4-10 (a). This dispersion could result in lower
individual exposure.

The continuous generation of electricity from coal-fired plants for industrial
operation and heating purposes could results in prolonged exposure to PAHs emitted
during coal combustion. In contrast, the more intermittent emissions from vehicular

exhaust could lead to a lower level of exposure.

The contributions of various sources to the concentrations of both the 16 PAHs and 20

PAHs did not exhibit significant variability, likely due to the low concentrations of the

additional four PAHs. However, there was notable variation in the LECR for the 16 PAHs

and the 20 PAHSs across different sources. In particular, when comparing the LECR values

of the 20 PAHSs to the 16 priority PAHs, natural gas combustion, coal combustion, vehicular
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exhaust, biomass burning, and volatilization of unburnt fuel exhibited LECR values that
were respectively 4.03, 4.45, 5.71, 3.58, and 3.81 times higher. The predominance of
vehicular exhaust and coal combustion in contributing to the 20 PAHS, as opposed to the 16
PAHSs, suggests that these two sources emit these four PAHSs to a greater extent than other
sources. Coal combustion, vehicular exhaust, and tire wear contribute significantly to the
level of 7H-Benzo[c]fluorene and dibenzopyrene derivatives in the ambient air (Bergvall

and Westerholm, 2007; Richter-Brockmann and Achten, 2018; Sadiktsis et al., 2012).
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Figure 4-14 Source-specific contribution to PAH concentration (C) and LECR of 16 and 20

PAT|_c|>seffectively reduce PAH concentrations and mitigate the risk of lung cancer, it is crucial
to adopt a targeted strategy that addresses key sources. Specifically, this includes the
implementation of measures to minimize PAH emissions from natural gas combustion, coal
combustion, and vehicular emissions. When considering possible alternatives to natural gas

combustion, biofuels, hydrogen, methanol, propane, and electric power are recommended

due to their low emissions of PAHs (Osman et al., 2022). Biofuels provide a range of
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environmental, economic, and sustainable benefits (Jeswani et al., 2020). Hydrogen
combustion is considered a clean fuel option because it only produces water as a byproduct
(Falfari et al., 2023). Methanol is characterized by its affordability and environmental
friendliness (Araya et al., 2020). Propane is known for its cost-effectiveness, high energy
output, and widespread availability (Hashem et al., 2023) In addition, renewable power
sources like solar, wind, hydro, and geothermal do not produce PAH pollutants (Owusu and
Asumadu-Sarkodie, 2016).

Several strategies can be employed to mitigate PAH emissions from vehicle exhaust.
These strategies include adopting alternative fuels characterized by lower levels of PAHSs,
such as electric power, biofuels, and hydrogen (Sandaka and Kumar, 2023). Moreover,
several other effective measures can be taken to decrease PAH emissions from vehicle
exhaust. These measures encompass regular vehicle maintenance, the installation of three-
way catalytic converters (TWC), the optimization of combustion and fuel injection
processes, the promotion of sustainable transportation alternatives, and the reinforcement of
environmental regulations and policies (Famiyeh et al., 2021; IARC, 2010). Promotion and
advocacy of electric public transportation can play a crucial role in reducing PAH emissions.

Coal plays a pivotal role in China's electricity generation and industrial sectors. However,
urgent action is required to address the adverse consequences of PAH emissions resulting
from coal combustion. To effectively mitigate these emissions, a range of strategies can be
adopted. These encompass improving combustion technologies, imposing rigorous emission

standards, promoting the utilization of renewable energy sources, and making significant
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investments in cleaner coal technologies, such as dedusters, electrostatic precipitation, and
fabric filters (Scott et al., 2021).

4.3. Conclusions

The findings of this study provide evidence of significant seasonal variations in the
concentration and composition of PAHs. The highest levels of PAHs were observed during
autumn, followed by winter, spring, and summer. The dominant contribution of PAHs with
5- and 6-aromatic rings to the overall PAH levels during night and cold seasons (autumn and
winter) further suggests a significant impact from the combustion of fossil fuels, particularly
coal and natural gas, which are utilized for industrial activities, electricity generation, and
heating and cooking. The dominant contribution of 4-aromatic PAH rings during the day
and winter suggests a significant contribution from vehicular exhaust emissions, particularly
from diesel exhaust engines.

The size distribution patterns of PAHSs varied depending on their molecular weight. PAHs
with 2-3 aromatic rings showed a bimodal distribution, with high concentrations in
accumulation and coarse particles. On the other hand, PAHs with 4-6 aromatic rings
exhibited a unimodal distributions, with peak concentrations in ultrafine particles attributed
to adsorption processes. The multilayer adsorption of certain PAHSs in coarse particles also
facilitates their photochemical oxidation with atmospheric oxidants, potentially leading to
the formation of oxygenated and nitrated derivatives.

The diagnostic ratios of PAHs in our study area indicate that the levels of PAHs are
contributed by both pyrogenic sources, such as vehicular exhaust, coal combustion, and
biomass burning, as well as petrogenic sources, such as the volatilization of unburned fuel.

Diesel engines were found to contribute more to PAH emissions than gasoline engines.
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Moreover, the diurnal and seasonal variations in BaA/Chr and PAH/PM3 s ratios suggested
the presence of photochemically aged aerosols, particularly during nighttime and summer.

The results of the PMF analysis identified five major sources of PAHSs, including natural
gas combustion, vehicular exhaust, coal combustion, biomass burning, and the volatilization
of urban fuel. The BPPs analysis provided valuable information about the dispersion and
transport characteristics of these sources at our study domain. Notably, coal combustion
emissions were linked to an industrial facility in the northwest, while biomass burning
activities were associated with wood combustion for heating and the burning of crop residues
from rural areas. The PAHSs associated with the volatilization of burnt fuel originated from
the southeast of the East China Sea, indicating a significant contribution from marine vessel
emissions.

The assessment of LECR for 16 and 20 PAHs using the WHO and EPA unit risk
approaches revealed important findings. Initially, employing the WHO approach, which
solely considers BaP concentration as a representative marker for the entire PAH mixture,
the estimated LECR was 3.11x10°. However, when applying the component-based potency
factor approach along with the WHO unit risk, the calculated LECR for 16 and 20 PAHSs
was significantly overestimated (7.45x10® and 32.4x10°, respectively). These estimates
were approximately 14 times higher than LECR estimated for 16 and 20 PAHs based on
EPA unit risk (5.1x107 and 2.23x10®, respectively). However, the LECR of 20 PAHs
estimated based on the EPA unit risk closely aligned with the LECR estimated solely based
on BaP concentration, according to WHO approach. Thus, it is crucial to adhere to the

correct application of the EPA and WHO approaches. Furthermore, the inclusion of four
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additional PAHSs resulted in a moderate increase in the LECR, highlighting the importance
of considering a broader range of PAHSs in future research to more accurately assess the
potential risk of developing lung cancer due to PAH exposure.

The three primary sources contributing to LECR were identified as natural gas combustion,
coal combustion, and vehicular exhaust emissions. Therefore, the implementation of strict
measures targeting these sources has the potential to effectively reduce PAH exposure levels
and subsequently decrease the LECR, resulting in enhanced protection for the general
population. These findings demonstrate that this study has provided a comprehensive and
accurate assessment of PAH-related cancer risk by utilizing appropriate risk estimation
methods, considering a broader range of PAHs, and identifying key sources associated with
the risk. This research has made a significant contribution to the field of PAH cancer risk
assessment and the development of mitigation strategies aimed at improving public health.
The methods employed in this study can serve as a valuable framework for similar research

in other cities.
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Chapter 5 OP induced by Water and Methanol-Soluble Fractions of PM:s:
Diurnal and Seasonal Variations, Chemical Characterization, and Source

Apportionment

5.1. Introduction

The chemical composition of PM2s, which includes trace metals, inorganic ions, organic
carbons, PAHSs, and quinones, could exhibits significant variation throughout the day, night,
and across seasons. This observed variation in the chemical composition of PM2s can be
attributed to the presence of diverse emission sources and the influence of different
atmospheric conditions. Consequently, the OP induced by these chemicals is also likely to
exhibit diurnal (Ahmad et al., 2021; Ainur et al., 2023) and seasonal variations (Cui et al.,
2023; Molina et al., 2023). The extent of variability in OP within PM2 s particles throughout
both the day and night remains poorly investigated (Ahmad et al., 2021; Ainur et al., 2023).
The clarification of such differences could facilitate the development of more effective
public health policies and guidance for individuals seeking to reduce their exposure to PMa.5
particles. Thus, further research is necessary to determine potential discrepancies in the OP
of PM2 s particles between daytime and nighttime and to improve our understanding of the
associated health risks of exposure to PM2 s particles throughout the day.

To accurately measure OP, PM2 s chemical compositions must be extracted, and the choice
of solvent significantly affects the consistency of OP values. This is because the solubility
of the different chemical components of PM2s varies depending on the solvent used

(Famiyeh, Jia, et al., 2023). The use of water as the primary solvent for extracting
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hydrophobic chemical species to measure their OP has been commonly employed in
previous studies (Argyropoulos et al., 2016; Guo et al., 2019; Ma et al., 2021). The use of
methanol extract both hydrophilic and hydrophobic chemical compositions (Chen et al.,
2022; Pietrogrande et al., 2021). Therefore, the OP induced by the water- and methanol-
soluble fractions may vary significantly due to differences in their chemical compositions
(Famiyeh, Jia, et al., 2023). The exact impact of the chemicals extracted in these solvents on
OP, as measured by DTT and AA assays, is still not clearly understood. In this study, the
DTT and AA assays were chosen as OP measurement methods due to their capability to
detect a diverse range of chemical species that can induce OP. (Charrier and Anastasio, 2012;
Fang et al., 2016; Jiang et al., 2019; Visentin et al., 2016; Vreeland et al., 2017; Yu et al.,
2022). This allows for the detection of several chemical compositions in PM2 s that induce
OP.

The sources of these chemical species including fossil fuel combustion, vehicular
exhaust, industrial emissions, and biomass burning could contribute to OP induced by PM2 5
(Luo et al., 2023; Wen et al., 2023). Industries and vehicular exhaust are significant
contributors to PM2s, which can cause high OP due to their emission of redox-active
chemical species like quinones and transition metals (Wang et al., 2020). Secondary aerosol
formation through photochemical processes may lead to an increase in OP (Daellenbach et
al., 2020; Saffari et al., 2015). In contrast, PM2 s from natural sources like sea salt, and road
dust generally contain fewer redox-active chemical components (Liu et al., 2018; Park et al.,
2018). However, the presence of inorganic ions from these sources can contribute to an

increase aerosol acidity (Guo et al., 2023). This can leads to the dissolution of trace metals
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and subsequent elevation of OP levels. (Fang et al., 2017). Therefore, the strategic
positioning of our monitoring station near the Ningbo-Zhoushan port and the East China Sea
is significant. It highlights the role of sea spray in releasing inorganic ions into the
atmosphere, which can lead to an increase in aerosol acidity and subsequent elevation OP
induced by PM_s. The aim of this study is to compare the OP of PM_; particles during
daytime and nighttime and across different seasons using DTT and AA assays, while also
identifying the potential chemical species and sources that contribute to the observed OP
levels.

During this study, various molecular biomarkers including levoglucosan and
homohopanes (discussed in Sections 2.9.2.1 and 2.9.2.2, respectively) were used, alongside
the PMF model and BPPs analysis, to obtain a comprehensive source apportionment of PM2 s
during different times of the day, night, and seasons. Additionally, the MLR analysis was
applied to estimate the source contributions to the OP.

The specific objectives of the study were as follows:

1) comparing the diurnal and seasonal ambient concentrations of PM.s chemical
compositions such as water-soluble trace metals, inorganic ions, water-soluble organic
carbons, quinones, and molecular tracers such as levoglucosan, and homohopanes;

2) investigating aerosol acidity, and marine source contributions to PMzs pollution
during daytime, nighttime, and across seasons;

3) comparing daytime and nighttime, and seasonal OP induced by water-and methanol

soluble fraction of PM2 s and identifying their associated chemical species;
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4) investigating the source dispersion characteristic of OP during the daytime, nighttime,
and across seasons;

5) identifying the sources of PM2s during the daytime and at nighttime, and across
different seasons and estimate their contributions to the OP induced by water-and
methanol-soluble fraction.

The implementation of effective control measures by policymakers, specifically
targeting the primary sources identified in this study that significantly contribute to PM2s
concentration and its associated OP, holds great potential for substantial reduction of PM2 s
pollution and improvement of public health in Ningbo. Moreover, the methodologies utilized
in this study can be successfully applied in other cities to assess the potential health risks
associated with PM2 s pollution.

5.2. Results and discussions

5.2.1. Chemical characterizations: diurnal and seasonal variations

This Section focuses on the chemical compositions of PM2s, including inorganic ions,
water-soluble trace metals, water-soluble organic carbon, and quinones, and presents the
concentrations during the daytime, nighttime, and different seasons. The diurnal and
seasonal concentrations of PAHs have been discussed in Chapter 4 (Sections 4.2.1 and 4.2.2,
respectively). The main objective of analyzing these chemical species is to investigate their
OP activity. These chemical species were utilized for source apportionment of PM2 s using
the PMF model. The concentrations of source biomarkers such as levoglucosan and
homohopanes, as well as gaseous pollutants like SOz, NO2, and Os, during the daytime,
nighttime, and different seasons, have also been provided. The analysis of levoglucosan was

conducted to trace the contributions of biomass burning to PM2s, as outlined in Section
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2.9.2.1. Conversely, the analysis of homohopanes was performed to differentiate between
emissions from coal combustion and vehicular exhaust, as discussed in Section 2.9.2.2. The
concentrations of SO2, NO2, and Oz were analyzed because of their significant contributions
to the formation of secondary aerosols, particularly sulfates and nitrates.

Figure 5-1 and Figure 5-2 shows the summary of the daytime and nighttime, and seasonal
mass concentrations of inorganic ions in PMzs, respectively. The daytime and nighttime
concentrations of trace metals, levoglucosan, WSOC, and homohopanes (C310fS and
C310PR), quinones (1, 2-NQ, 1, 4-NQ, and 1, 4-AQ), and gaseous pollutants (SO2, NO,
and Oz) are shown in Table 5.1. The seasonal concentrations of these chemical compositions
is shown in Table 5.2. The concentrations of these chemical compositions were compared
between daytime and nighttime using z-statistics (p = 0.05), and seasonal variations were
assessed using analysis of variance (ANOVA, p = 0.05). The variation in concentrations of
these chemical species during both daytime and nighttime, as well as across seasons, is

considered significant when the p-value is less than or equal to 0.05.
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Figure 5-1 Day and night concentrations of WSIIs in PM2s particles collected residential

area of Ningbo, China. Error bar present the standard deviation (level of variability of the
data)
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Table 5.1 Summary of averaged mass concentration of WSTMs, WSOC, Levoglucosan,

quinones, homohopane, and gaseous pollutants during daytime and nighttime

Chemical compositions Day Night Day/Night
Trace metals (ng m)
Mn* 146.2 + 89.9 181.3 + 358.2 0.81
Co" 1.67 +1.34 0.86 £ 0.58 1.94
Ni 17.4 £ 8.51 14.2 + 8.82 1.23
Cd 4.95+5.23 6.27 £ 4.74 0.79
Zn* 655.9 + 457.7 970.4 £ 370.1 0.66
Ba 38.9.£72.2 41.7 +81.6 0.93
Cr 20.4 +10.8 19.4+£12.2 1.05
Cu 51.7+34.8 535744 0.97
As 16.3+£12.9 18.5+£12.9 0.88
Pb* 14.2 +13.6 23.0+£29.3 0.62
Fe' 612.1 + 388.3 369.1 + 316.6 1.66
Al* 442.8 £ 5415 284.4 +279.8 1.56
Al 93.4+84.6 112.3+153.1 0.83
Ag* 1.30+1.25 0.84 £ 0.61 1.55
Bi* 2.93 +5.67 4.60 +1.42 0.64
Ce* 0.74 £ 0.57 0.44 +0.33 1.68
Sr 9.05+12.38 7.85+11.1 1.15
Sb 2.51+0.78 2.49 +1.09 1.01
YWSTMs (ug m™) 2.32+1.74 211+1.72 1.09
Levoglucosan, WSOC, homohopanes
Levo (ng m3)* 122.8 +5.90 124.6 + 7.84 0.98
WSOC (ug m3)* 6.19 + 4.56 7.05 + 2.64 0.87
C310BS (ng m3)* 0.19 £ 0.56 0.06 + 0.04 3.17
C31afR (ng m3)* 0.32+0.85 0.17 £ 0.09 1.88
Quinones (ng m)
1, 2-NQ 0.29+0.14 0.24+0.12 1.21
1,4-NQ 0.06 £ 0.05 0.05£0.03 1.20
1, 4-AQ* 0.08 £ 0.01 0.01 +£0.02 8.00
Y Quinones” 0.43 £ 0.07 0.30 £ 0.04 1.43
Gaseous polluntant (ug m)
NO;* 29.4+154 35.0+£20.5 0.84
SO 9.44 £4.15 9.07+2.93 1.04
Os* 77.9+45.1 50.5+34.8 154

" p <0.05: (z-statistics, mean concentration between day and night statistically significant)
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Figure 5-2 Seasonal concentrations of WSIIs in PM2 s particles collected residential area of

Ningbo, China. Error bar present the standard deviation (level of variability of the data)
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Table 5.2 Summary of averaged mass concentration of WSTMs, WSOC, Levoglucosan, quinones, homohopane, and
gaseous pollutants during across four seaons

Chemical compositions Autumn Winter Spring Summer Annual
Trace metals (ng m=)
Mn* 94.6 £ 39.9 69.4 £50.7 29.6 £ 28.7 18.9 + 18.7 53.1+£345
Co* 0.54 £0.30 0.49+0.34 0.82+0.45 0.50 £ 0.36 0.59 £ 0.36
Ni* 6.67 £11.5 2591159 414 +£20.5 35.1+19.8 27.3+£16.9
Cd* 1.71+0.95 1.02+0.51 0.31+0.18 0.33+£0.22 0.84 £ 0.47
Zn* 851.1+575.2  769.9+5279 201.1+229.1  145.1+1432 216.8 £ 168.9
Ba* 32.1+13.0 98.6 £ 107.0 47.7+44.2 29.4 £ 22.7 51.9+46.7
Cr* 48.0 £20.2 525+24.1 16.3+19.1 27.9+13.9 36.2+19.3
Cu* 15.4 + 8.05 16.2+11.1 4.04 £3.17 241 +1.18 9.51+5.88
As* 51.8+2338 48.9 £29.5 209+£195 29.7 £ 23.8 37.8+24.2
Pb* 17.7+11.6 86.7 £ 56.3 45.3 £ 33.8 199+119 42.4 £28.4
Fe* 257.5 £ 86.6 161.9+149.8 200.9+174.5 164.8 £ 90.7 196.3+125.4
Al 264.9+131.8 199.0+1345  123.5+65.3 89.1+ 61.6 169.1 + 98.3
V* 151.7+77.8 198.2+ 1109 2024 +172.9 137.3+£99.9 172.4 £ 115.4
Ag* 1.38+1.00 2.58+1.79 2.82+£2.97 2.29+1.94 2.27+£1.93
Bi* 3.73+1.54 10.2+15.3 459 +1.24 3.78+1.12 5.58 £ 4.80
Ce* 0.31+£0.09 0.34 £0.77 0.39 £ 0.65 0.17+£0.15 0.30+£0.42
Sr* 90.5 +£127.7 233.6 £ 270.6 45.3+£50.1 27.7+£23.9 99.3+118.1
Sb* 5.07 £ 2.03 453 +2.20 3.11+£3.20 5.61+5.39 458 +3.21
Levoglucosan, WSOC, homohopanes
Levo (ng m3)* 132.4 £9.20 127.4 £6.70 123.9+4.38 124.1+£5.71 126.9 + 6.62
WSOC (ug m3)* 6.02 £ 2.84 9.25+2.89 5.89+2.75 3.95+1.89 6.28 £ 2.95
C31afS* (ngm3)+ 0.28£0.14 0.11£0.05 0.09 £0.07 0.06 £ 0.06 0.13+£0.13
C31afR* (ng m3) 0.04 £0.02 0.11 £ 0.09 0.03+0.01 0.07 £0.04 0.06 £ 0.04
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Quinones (ng m=)

1, 2-NQ* 0.53+0.23 0.69+0.34 0.59+£0.21 1.09 =+ 0.46 0.72+£0.39

1, 4-NQ* 0.06 £0.03 0.12+£0.06 0.06 £0.02 0.09 £0.05 0.08 £ 0.05

1, 4-AQ" 0.48+0.11 0.38+0.34 0.13+0.04 0.35+£0.10 0.34+£0.20
Gaseous pollutants (ug m)

NO,* 42.7+19.3 36.9+20.5 30.0 £ 15.7 13.5+9.12 34.6 £19.8

SO* 9.41+4.02 9.85+2.77 7.82 £ 3.88 7.35+1.67 8.88 = 3.59

Os* 51.3+37.2 58.2+ 325 86.1 +43.4 70.6 £40.8 65.3 £40.7

" <0.05 (ANOVA, mean concentrations statistically significant)
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5.2.2. Marine source contributions: diurnal and seasonal variations

Acknowledging the potential contributions of aerosols from marine sources at our
monitoring station, which is located in close proximity to the Ningbo-Zhoushan port and the
East China Sea, we conducted an investigation to evaluate the potential impact of marine
emissions. The non-sea salt (nss) content of WSIIs such as K*, Ca?*, Mg?*, and SO4> was
estimated using equation (5-1) (Guo et al., 2023). The assumption made is that the primary

source of Na* is the sea.

X > (5-1)

nss—XZXi—Na+i>< (
ap sea

where Xi and Na'i represent the concentration of the ion and Na* in aerosol samples,

respectively. (X/Na+)sea refers to the ratio of the ion and Na* in seawater. According to the

composition of seawater, the (X/Na:)sea ratios for Ca?*, K*, Mg?*, and SO4> are 0.0385,

0.037,0.12, and 0.2516, respectively (Guo et al., 2023; Nair et al., 2005).

Figure 5-3 illustrates the concentrations of nss-SO4%, nss-Mg?*, nss-K*, and nss-Ca?",
as well as the corresponding ratios of nss-S04%/S04%, nss-Mg?*/Mg?*, nss-K*/K*, and nss-
Ca?*/Ca?* during daytime and at night. The concentration of nss-SO42* was higher during the
day compared to at night, suggesting that secondary sulfate formation is more dominant
during the day. This finding demonstrates a consistent pattern of higher concentrations of
S04? during the daytime compared to nighttime. The observed increase can be attributed to

intensified emissions of SO, from anthropogenic activities, such as industrial sources and

vehicular traffic, during the day in contrast to the night (Wang et al., 2019). More the high
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temperatures and solar radiation, along with the presence of oxidants like H.O2, O3, and ‘OH,

facilitate the photochemical oxidation of SO to SO4? during the day.

Enss-Ca** Hnss-Mg? B nss-K* 1 nss-SO4*
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Figure 5-3 Day and night concentration of non-sea salts and their respective non-sea salt
ionic fractions in PM2; collected in a residential/commercial site of Ningbo, China. Error
bar present the standard deviation (level of variability of the data)

Higher ratios (> 0.94) of nss-S042/S04%, nss-K*/K* and nss-Ca?*/Ca®* were observed

during both day and night. This suggest a minor marine influence (< 6%) on these ions. A
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lower ratio of nss-Mg?*/Mg?* was observed compared to other ions with lower values during
the night than at day. This finding suggests that sea salt contribute more to Mg?* in

comparison to other ions during the day and at night.

20
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Figure 5-4 Seaosonal concentration of non-sea salts (a) and their respective non-sea salt ionic

fractions (b) in PM2s collected in a residential/commercial site of Ningbo, China. Error bar
present the standard deviation (level of variability of the data)
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The trends of nss-S04%/S04%, nss-Mg?*/Mg?*, nss-K*/K*, and nss-Ca?*/Ca?* are almost
similar across all seasons, as depicted in Figure 5-4. The nss-S042/S04%, nss-K*/K*, and
nss-Ca?*'Ca’* ratios were consistently >0.93 across all seasons, indicating a minor influence
(£ 7%). However, the nss-Mg?*/Mg?* ratio ranged from 0.78 to 0.89, suggesting a
significantly greater contribution of sea salt to Mg?* in comparison to other ions (Ca?*, SO4>
, and K*).

The presence of nss-K* has often been used as an indicator of biomass burning sources.
It was observed that concentrations of nss-K* were higher during nighttime and winter
periods. This suggests that biomass burning contributes more to the elevated levels of fine
particles during these nocturnal hours and in the winter season. Moreover, the relatively
higher concentrations of nss-K* in autumn and spring can also be attributed to biomass
burning, specifically the burning of straw during harvest periods in the region (Yang and
Zhao, 2019). The emissions of nss-K* can be linked to the transportation of air masses from
agricultural areas to our monitoring site. Additionally, the higher values of nss-Ca?*/Ca%*
ratios indicate that Ca?* primarily originates from suspended dust particles instead of marine
sources. Furthermore, during the sampling campaign, construction activities took place in
close proximity to our study area during the daytime. These activities potentially contributed
to higher levels of nss-Ca?* during the daytime compared to nighttime.

5.2.3. Aerosol acidity
5.2.3.1. lon balance
Water-soluble inorganic ions play a pivotal role in the regulation of aerosol acidity. In

this study, we employed ion balance analysis to comprehensively investigate aerosol acidity.
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This analysis necessitates the calculation of both the anion equivalence (AE) and cation

equivalence (CE) using the following equations (Meng et al., 2016; Yao et al., 2020):

4p = B O NOs™ S0,% (5-2)
19 355 62 48
CE = Na* NH," K* Mg?t cCa?* (5-3)

23 T8 39712 T 20

where, F, CI', NOz, SO4%, Na*, NHs*, K*, Mg?*, and Ca?" in equation (5-2) and (5-3)
represent to the mass concentrations (g m) of WSil|s.

Figure 5-5 shows the relationship between AE and CE calculated from WSIIs during
daytime and nighttime. During both daytime and nighttime, respectively, a strong and
moderate relationship with negligible intercept was observed between AE and CE. The slope
of the regression line represents the ratio of anion/cation equivalents. A ratio greater than 1
indicates that the aerosol is acidic (Meng et al., 2016). The ratio of AE/CE during the daytime
and nighttime were 0.99 and 1.54, respectively. The higher ratio observed at night suggests
a deficiency of cations to neutralize the anions in PMzs. This indicates that aerosols collected
at night were more acidic. In contrast, the ratio during the day is close to 1, indicating a
sufficient presence of cations to balance the anions. This suggests that the aerosol is less
acidic during the day compared to nighttime. The elevated relative humidity levels at night
(77.1 + 13.0%) than daytime (64.8 + 15.8%) can potentially result in the dissolution of
gaseous species (e.g., SOz, NO2, HCI, NOs, H2S04, etc.), leading to an increase in aerosol
acidity. Additionally, during nighttime, the water content of the aerosol increases, resulting

in a decrease in pH (Glasow and Sander, 2001; Wang et al., 2019). Furthermore, the
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nocturnal aerosols exhibit elevated levels of NOs", which are approximately twice as high as
the levels detected during daytime. This disparity in concentrations could potentially play a

role in the increased acidity observed in aerosols during nighttime.
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Figure 5-5 Plot of anion equivalents (AE) vs cation equivalent WSIIs in PM2s in daytime
and at night

The ratio of AE to CE consistently exceeds 1 throughout all seasons (as shown in Figure
5-6), indicating a deficiency of cations in the aerosols to balance the anions. This finding
suggests that the aerosols collected at our monitoring station during the year-long field
campaign are consistently acidic. Additionally, it is important to note that the ratios were
higher in warmer seasons compared to colder seasons, with summer showing the highest
level of acidity, followed by spring, winter, and autumn. The heightened aerosol acidity in
summer can be attributed to the combination of elevated relative humidity and solar radiation.
The increased water vapor in the atmosphere during summer leads to the absorption of water
by aerosol particles, resulting in their enhanced acidity (Zhou et al., 2012). This occurs

because water vapor reacts with SO, and NOy, forming H.SO4 and HNOs, respectively.
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Furthermore, solar radiation induces photochemical reactions, generating acidic species such
as H20> and organic acids (e.g., formic acids) in aerosol particles (Jiang et al., 2023). These

compounds further contribute to the overall acidity of the aerosols collected at our study

domain.
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Figure 5-6 Plot of anion equivalents (AE) vs cation equivalent (CE) of WSIIs in PMzsin

four seasons
To determine the acidity of aerosols during different times of the day and across seasons,

we investigated the ratio of [NH4*]/([NO3]+[SO+*]) (Do et al., 2021). A ratio of less than 1
implies an insufficient amount of NH4"present in the aerosol. This partial neutralization of
NOs" by NH4* suggests the potential formation of NHsHSO4, as NH4* tends to preferentially
neutralize SO4> over NO3z™ (Guo et al., 2020). In contrast, a ratio greater than 1 suggests an

alkaline aerosol, where NH4" entirely neutralizes SO4? and NO3™ to form all three secondary
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inorganic aerosols (SIAs): (NH4)2SO4 and NH4sNO3, and NH4HSO4) (Guo et al., 2023; Hong
etal., 2022).

The ratio of [NH4*] to ([NOs] + [SO4%]) during the day and night was 0.56 and 0.51,
respectively. This implies that the aerosols collected during these time periods were acidic.
The ratios in autumn, winter, spring, and summer were 0.22, 0.14, 0.07, and 0.06,
respectively. This finding confirms that the aerosols collected in our study domain were
consistently acidic throughout all seasons, with the highest levels of acidity observed during
the summer and spring.

5.2.3.2. Neutralization Factors (NFs)

To assess the ability of major cations to neutralize SO4* and NOs", we estimated the
neutralization factors (NFs) of NH4", nss-Ca?*, nss-Mg?*, and nss-K*. The netutralization
factors of these ions were estimated using the following equations (5-4 to (5-7) (Guo et al.,
2023). The assumption is that Na* and CI- predominantly exist in the form of sea salt.
However, the ratios of Na*/Cl- during daytime (0.2), nighttime (0.25), and across different
seasons (0.12—0.34) are lower than the ratio observed in seawater (1.1). This suggest that CI-
originate from other sources, including coal combustion (Xu et al., 2016).

[NH, "] (5-4)

NF (NH,)= (2[nss-8O,> [+[NO; ]+[CI'] — [Na']/1.1)

[nss — K*] (5-5)

NF (nss-K*)= (2[nss-SO,> J+[NO; T+[CIT — [Na']/1.1)

[nss — Ca?*] (5-6)

NF (s TS0, 12INO, Tr2[CT] — 2[Na ]/ 1)
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[nss — Mg?*] (5-7)
([nss-SO,* |+2[NO; ]+2[CI'] — 2[Na"]/1.1)
The estimated NFs of NH4", nss-K*, nss-Mg?*, and nss-Ca?* during the day and at

NF (nss-Mg?*)=

night are shown in Figure 5-7. The NF of NH." during the day (0.04) and night (0.02) is
extremely lower than 1, indicating a deficiency of NH4" to neutralize SO4?> and NOs".
The NFs of nss-K* is higher at night compared to during the day, while the NFs of nss-

Ca?* shows the opposite trend with higher values during the day than at night.

B NF (NH4") ®NF (nss-K*) ®NF (nss-Mg?") = NF (nss-Ca?")

=
o

5
S 1.2
LL
S
§ 0.8
S |
E:
Z 04 1 [
0 —— -
Day Night

Figure 5-7 Neutralization factors of NH4", nss-K*, nss-Mg?*, and nss-Ca?* during the day
and night. Error bar present the standard deviation (level of variability of the data)
This suggests that nss-K* exhibits relatively higher neutralization of aerosol acidity during

the night, whereas nss-Ca?* has a greater effect during the day. This indicates that the
monitoring station, which is surrounded by several construction activities during the day,
contributed to the higher neutralization factors (NFs) of Ca?*. The combustion of wood for
domestic heating, especially in rural areas of the city, could have contributed to the high

concentrations of K+ at night. Additionally, the long-range transport of K* from other cities
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and provinces could contribute to the high NFs observed at night. These factors potentially
contribute to the observed NFs of Ca?* and K* during both day and night, respectively.

The NFs of NH4*, nss-K*, nss-Mg?*, and nss-Ca?* in four seasons are shown in Figure
5-8. The NFs of NH4" consistently remained lower across all seasons. However, the NFs of
nss-K*, nss-Mg?*, and nss-Ca?* were higher in winter compared to other seasons. The higher
NFs of nss-K* in winter can be attributed to increase wood combustion for domestic heating,
while the considerably higher values in spring can be attributed to open burning of crop
residues (Zhang et al., 2016; Zhao et al., 2017). The highest nss-Ca?* levels in winter and
autumn may be due to the strong dust effect from nearby construction areas and the
proximity of freeways to our study domain. This is supported by slightly high wind speed in

autumn and winter than in summer and spring (as shown in Table 4.3).
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Figure 5-8 Neutralization factors of NH4*, nss-K*, nss-Mg?*, and nss-Ca?* in four seasons.

Error bar present the standard deviation (level of variability of the data
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5.2.4. Oxidative potential of PM2 5

The water-soluble fraction of PM2 s contained hydrophilic chemical species such as trace
metals, quinones, and WSOC, which are the main contributors to the OP in DTT assay (Xing
et al., 2023). The methanol-soluble fraction of PM2s comprises of both water-soluble and
water-insoluble components, owing to its lower polarity than water. Therefore, similar
chemical compositions may be extracted in both water and methanol PM fractions,
indicating that the OP of the water and methanol soluble fractions are not mutually exclusive
(Famiyeh, Jia, et al., 2023). However, as indicated by Verma et al., (2012), it is common
for methanol fractions to contain higher concentrations of organic compounds in comparison
to water-soluble fractions.

The OP induced by water and methanol extracts was expressed in terms of extrinsic
values (OP per air volume, nmol min"t m=) and intrinsic values (OP per PM mass, pmol min-
lug?). Extrinsic OP of PM pertains to the ROS generation in human cells, mediated by
chemical components, such as metal ions and organic compounds. The intrinsic OP of PM
refers to its inherent ability of the particle to induce oxidative stress in human cells through
ROS generation (Farahani et al., 2022). Measuring OP by air volume helps estimate human
exposure to PM and the associated health risks, while OP per PM mass quantifies the ability
of PM to generate OP (Borlaza et al., 2018; Verma et al., 2009).

5.2.4.1. OP induced by water-and methanol soluble PM3s: diurnal variations

The study assessed the OP induced by water-soluble and methanol-soluble fractions of
PM2 s during the day and at night using two methods-DTT and AA assays. Specifically, the
DTTv induced by water-soluble fractions showed values of 0.39 + 0.10 nmol min™*m= for

nighttime and 0.25 + 0.13 nmol min"tm for daytime (as shown in Figure 5-9 a), while AAv
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values were 0.31 + 0.22 nmol min™*m=2 for nighttime and 0.23 + 0.09 nmol min*m= for
daytime (as shown in Figure 5-9 b). The high nighttime DTTv induced by water-soluble
fraction of PM2s is consistent with the findings of a previous study carried out in Taiwan
(Hsiao et al., 2021). Similarly, Ainur et al. (2023) reported that PM2 s exhibited higher DTTv
values during nighttime compared to daytime. In contrast, Ahmad et al. (2021) reported
higher DTTv of PM2s during the daytime compared to nighttime in Lahore and Peshawar,
Pakistan. This discrepancy can be attributed to variations in the contributions from various
sources, differences in the duration of sample collection, and the diverse meteorological
impacts. For example, Ahmad et al. (2021) conducted day and night OP analysis of PM2s

particles collected only during cold seasons.
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Figure 5-9 Day and night extrinsic OP induced by water-soluble fractions of PM2s measured
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in DTT (a) and AA (b) assays. Median (line across the box), mean (square within the box),
first quartile (Q1) (bottom of the box), third quartile (Q3) (top of the box), outlier (square

shown outside the box), whiskers shows minimum and maximum values
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This study presents the levels of PM2s-induced OP during both daytime and nighttime,
determined through a 12-hour aerosol sampling campaign that included samples collected
during both the cold and warm seasons. Furthermore, it is worth noting that the scarcity of
literature on the OP of PM2 s during both daytime and nighttime poses a challenge for making
a comprehensive comparison of our results with previous studies.

The methanol-soluble fraction results indicated slightly higher DTTv at night than during
the day (0.23 + 0.12 nmol min"*m™ for nighttime versus 0.18 + 0.08 nmol min*m= for
daytime, as shown in Figure 5-10 a) and AAv (0.80 + 0.31 nmol min*m for nighttime
versus 0.74 + 0.24 nmol min™m for daytime, shown in Figure 5-10 b) assays. The intrinsic
OP induced by water-and methanol-soluble PMz s fractions measured in both DTT and AA
assays revealed higher values during the nighttime compared to the daytime, as illustrated
in Appendix (Figure 8-1). The observed increase in intrinsic OP of PM2sin DTT and AA
assays during the night could be linked to high OP and low concentration of PM2 5 particles
(Famiyeh, Jia, et al., 2023). To examine the potential chemical species that induce OP of
PMZ2.5 during daytime and nighttime, a Pearson correlation analysis was conducted (Section

5.2.4.2).
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Figure 5-10 Day and night extrinsic OP induced by methanol-soluble fractions of PMas
measured in DTT (a) and AA (b) assays. Median (line across the box), mean (square within
the box), first quartile (Q1) (bottom of the box), third quartile (Q3) (top of the box), outlier

(square shown outside the box), whiskers shows minimum and maximum values

5.2.4.2. Chemical species associated with OP: day and night variations

The total concentrations of water-soluble trace metals and quinones (such as 1, 2-NQ and
1, 4-NQ) indicated in Table 5.1, as well as the total PAHSs presented in Table 4.1, exhibited
similar levels during both daytime and nighttime periods. Although human activities are
generally lower at nighttime, the combination of a lower mixing layer height, low wind
speed, and high relative humidity contribute to poor diffusion and dispersion of these
chemicals species (Do et al., 2023). Therefore, these chemical species tend to accumulate
more in PMzs, thus contributing to their elevated levels during nighttime (Virgilio et al.,
2018). This could contribute to the increase in OP levels at night. For example, at night, AAv
induced by methanol-soluble fractions exhibit strong and moderate correlation with ambient

temperatures and relative humidity, respectively, as shown in the Appendix (Table 8.6).
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In Chapter 4 (Sections 4.2.4), we presented evidence demonstrating that the aerosols
collected at nighttime are photochemical aged, while those collected during the daytime
comprised of a higher proportion of freshly emitted aerosols from human activities,
including traffic emissions. This is supported by lower BaA/Chr, LMW-PAHs/PM25 (Lv et
al., 2016; Wu et al., 2010). The aerosols that undergo photochemical aging are produced
during the day and become more OP active during the night due to stable meteorological
conditions. For instance, when VOCs and LMW-PAHs are released, they experience
photochemical oxidation in response to intense solar radiation and the presence of oxidizing
agents during daytime hours (Jin et al., 2016). This indicates that secondary quinones are
generated during the photochemical oxidation of LMW-PAHs (Wang et al., 2018). The
reactive properties of these OP chemicals appeared to be more active during nighttime when
sunlight is not present. This provides an explanation for the high levels of OP observed in
the photochemically aged aerosols collected during nighttime. This is consistent with the
findings of Hsiao et al. (2021), which indicated that photochemically aged aerosols exhibit
high OP activity.

To identify specific chemical species that are responsible for the OP of PM2 s during both
daytime and nighttime, Pearson's correlation analysis was performed between OP and the
concentration of various chemical species. The analysis revealed that the DTTv induced by
water-soluble fraction of PM2s during the day exhibit a strong correlation with trace metals,
such as Co, Ni, Ba, Sr, and As, as well as a moderate correlation with Mn, Cu, Al, Fe, Ag,
V, Ce, and Sr, (as displayed in Table 5.3). Moreover, it correlated with Ca?*, Mg?*, Na*, K*,

1, 4-NQ, and 1, 4-AQ. Conversely, at night, DTTv exhibited a moderate correlation with Ni,
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V, 1, 2-NQ, WSOC, NOs’, and strongly correlated with F~ (as displayed in Table 5.4). The
correlation observed between nighttime DTTv and chemical species such as WSOC and
NOs™ indicates a substantial contribution of secondary aerosols to the elevated OP during
nighttime, which may not be as pronounced during the daytime. The reaction between NO3
radical and biogenic VOC:s at night could lead to SOA formation consisting of low-volatile
organic nitrates (Zaveri et al., 2010). This could potentially contribute to the high OP levels
at night. This reaction is particularly pronounced at night, where the oxidation of
volatile/semivolatile organics is primarily controlled by nitrate radicals instead of other
oxidants, such as ozone.

The AAv induced by water-soluble fraction of PM2s during the day exhibit moderate
correlation with Cu, Pb, Ag, Bi, Sh, Na*, and K* (as shown in Table 5.3). At nighttime, a
moderate correlation was observed with trace metals such as Ni, As, and Pb, and strong
correlation with quinone 1, 2-NQ (r = 0.82) (as represented Table 5.4). These findings
suggest that the presence of these elements, along with the quinone 1, 2-NQ, may have
played a role in the nighttime increase of AAv levels. However, it is possible that unanalyzed
chemical species, such as HULIS, and high molecular weight quinones, may contribute to
the observed discrepancies in daytime and nighttime DTTv and AAv induced by water-
soluble fractions of PM2s.

During the day, the DTTv of the methanol extract showed a strong correlation with As,
Cr, and CI, and a moderate correlation with Co and SO+, as shown in the Appendix (Table
8.5). At night, the DTTv induced by methanol-soluble fraction exhibited a strong correlation

with WSOC and Oz (as shown in Table 8.6). This finding suggests that secondary aerosols
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formed through the daytime oxidation of VOCs by ozone (Berezina et al., 2020) persist in
the ambient air at night and contribute to elevated OP levels.

The AAVv of the methanol-soluble fraction correlated strongly with Cu and moderately
with Fe, Zn, Ce, Sr, and SO+% during the day (as depicted in Table 8.5), whiles at night, it
correlated strongly with NOs, WSOC, and Ce, and moderately with Zn, Pb, Ag, and 7H-
BcF. There was no correlation observed between AAv and quinones during both daytime
and nighttime, which suggests that the AA assay exhibited greater sensitivity to trace metals
compared to quinones.

The correlation between OP and PM2 s concentration was found to be weak, as consistent
with a previous study by Xing et al., (2023). A moderate correlation was specifically
observed for the nighttime DTTv induced by water-soluble fraction of PM2s. However, a
consistently moderate-to-strong correlation was observed for the majority of chemical
compositions and intrinsic OP. Based on the correlation analysis, chemical species,
including PAHSs (such as DBalPyr and DBaePyr), WSOCs, trace metals (e.g., Cu, Mn, Ni,
Cd, Zn, Ce, Pb, Ag, Ba, Bi, and As), inorganic ions (Na*, Mg?*, Ca?*, K*, NO3’), and
quinones (e.g., 1, 4-NQ), may contribute to the intrinsic OP. For example, a strong
correlations were found between PAHSs (e.g., DBalPyr and DBaePyr) and DTTm, although
it remains unclear whether PAHs can directly exhibit OP effect through electron transfer
reactions. However, their correlation suggests that they may act as proxies for highly reactive
sources of specific quinones with high OP activity (Janssen et al., 2014). Consequently, the
co-occurrence of high concentrations of PAHs and quinones could potentially elevate the

OP levels induced by PM2 s particles.
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To sum up, the elevated OP at night can be attributed to photochemically generated
aerosols. These aerosols are generated during the day and persist at night, becoming more
OP active due to favorable atmospheric conditions. These conditions include low
temperature and high relative humidity, which promote their accumulation on pre-existing
particles (Do et al., 2023). During nighttime, the occurance of oxidation of biogenic VOCs
by NOs radical, lead to SOA formation, which could potentially contribute to the elevated
levels of OP during nighttime (Ng et al., 2017).

Aerosols collected during both daytime and nighttime have been demonstrated to exhibit
acidity, with nighttime aerosols being more acidic. The initial hypothesis was that the high
aerosol acidity at night would contribute to the levels of OP through the dissolution of
metals. However, the results of Pearson’s correlation analysis revealed only a moderate
correlation between nighttime OP and trace metals, while a strong correlation was observed
between daytime OP and trace metals. Specifically, nighttime OP exhibited a moderate
correlation with trace metals such as Ni, V, As, Pb, and As, as shown in Table 5.4. In
contrast, daytime OP showed a moderate to strong correlation with several trace metals
including Mn, Co, Ni, Ba, Cu, As, V, Ag, and Zn, as shown in Table 5.3. Therefore, it can
be concluded that the higher levels of OP observed at night are primarily attributed to the
secondary generation of aerosols through the photochemical aging process, rather than being

influenced by the dissolution of trace metals due to high aerosol acidity.
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Table 5.3 Pearson’s correlation (r) between OP induced by water-soluble fraction of PM..s and chemical compositions during daytime

DTTv _ DTTm  AAv AAmM _ PMys o NO;™  SOs*  NHa* Na* Mn Co C Ba cr Cu Al As Pb Fe v Ag Bi Ce Sr sb 1,4-NQ 1,2-NQ 1,4-AQ WSOC 0; Temp RH

DTTv 1
DTTm| 0.28 1
AAv| 0.14 051* 1
AAm| 0.15 0.89** 0.8* 1
PM,s| 031 -0.73 -0.21 -0.64 1
F7|-0.04 -0.17 -0.65 -0.32 0.28 1
cr|-039 -012 0 -0.05 034 0.18 1
NOs-| -0.02 -0.27 035 -0.06 0.65* -0.42 0.16 1
S0.| -0.11 -0.16 -0.02 -0.05 0.56* 0.52* 0.18 -0.19 1
NH,*| 0.31 -0.73 -0.21 -0.64 0.98** -0.08 -0.19 02 0.21 1
Na*| 0.54* 0.75** 0.67* 0.87** -04 -0.07 -001 -0.16 0.08 -0.4 1
K*| 0.6* 0.51* 0.59* 0.62* 046 -0.3 -054 -0.27 0.05 0.06 0.74* 1
Mg?*|0.75** -0.02 -0.28 -0.14 045 035 -0.29 -027 -0.14 031 025 038 1
Ca**| 0.67* -0.03 -0.41 -0.2 0.75** 0.56* -0.18 -0.38 0.02 024 021 026 097** 1
Mn|0.67* 0.21 0.18 02 044 -011 -059 -0.48 -001 0.31 042 0.86** 0.64* 0.55* 1
Co [0.74** 0.11 -0.13 0.03 0.87** 0.28 -0.39 -037 -0.04 03 043 059* 0.94** 0.9** 0.76** 1
Ni|0.79** -0.09 0.04 -0.15 0.61* -0.28 -044 03 -0.23 061* -001 033 0.55* 041 042 053* 1
cd| 025 0.1 021 007 039 -046 -055 -027 -031 0.12 -0.04 05* 014 0.01 066* 013 0.18 1
zn| 039 02 053* 021 032 -041 -039 -046 0.06 032 025 0.73** 0.17 0.08 0.82** 032 0.26 0.75** 1
Ba|0.76** -0.03 -0.02 -0.04 041 0.15 -039 -0.27 -0.04 041 0.32 0.62* 0.92** 0.84** 0.84** 0.9** 0.55* 0.41 0.46 1
cr| 021 -007 03 008 055 -041 -03 -0.29 0.2 0.55*% 0.19 0.63* 0.07 -0.03 0.67* 0.29 0.27 0.44 0.86** 0.34 1
Cu|0.55* 0.54* 0.63* 0.69* -0.01 -0.16 -0.34 -0.2 0.7 -0.01 0.88*0.94** 037 0.29 0.72** 0.6* 0.25 0.19 0.54* 0.55* 0.54* 1
Al| 0.6 -0.05 028 0.06 067* -037 -0.46 -0.12 0.08 0.67* 027 0.73** 041 027 0.79** 0.58* 0.65* 0.41 0.78** 0.62* 0.88** 0.65* 1
As [0.76%* 0.3 044 038 0.87** -0.22 -0.55 0.13 -0.18 0.16 0.59* 0.78** 0.59* 0.44 0.7** 0.66** 0.52* 0.34 0.34 0.71** 0.26 0.76** 0.58* 1
Pb| 045 033 0.58* 0.5* 0.77** -036 -046 -0.28 0.18 0.23 0.61* 0.94** 0.22 0.11 0.83** 046 0.26 0.5* 0.84** 0.52* 0.83** 0.88** 0.83** 0.64* 1
Fe|0.59* 0.17 0.27 021 041 -0.25 -056 -043 0.08 041 04 087*% 047 0.36 0.96** 0.64* 0.42 0.62* 0.9** 0.71* 0.84** 0.74** 0.9** 0.63* 0.92** 1
v| 0.5* 0.26 -0.08 005 -011 -0.17 -041 0.9 -0.64 -011 -0.03 006 044 034 011 031 061* 021 -013 03 -037 -006 -003 03 02 -004 1
Ag|0.63* 04 057* 0.51* 025 -039 -0.34 -0.23 0.06 0.25 0.67* 0.92** 035 0.23 0.82** 0.57* 0.43 0.4 0.81** 0.58* 0.79** 0.89** 0.87** 0.68* 0.94** 0.9** -0.05 1
Bi| 04 023 052* 04 033 -038 -045 -0.27 0.21 033 0.52* 0.89** 0.18 0.07 0.8** 0.44 0.28 0.47 0.85** 0.48 0.9** 0.83** 0.89** 0.58* 0.99** 0.92** -0.25 0.93** 1
Ce|0.69* 0.18 0.2 019 032 -005 -06 -041 007 032 043 0.86* 0.65* 0.56* 0.98** 0.75** 0.41 0.63* 0.76** 0.86** 0.61* 0.74** 0.76** 0.77** 0.82** 0.93** 0.08 0.79** 0.78** 1
Sr|0.74** 002 -025 -01 031 043 -029 -042 0.06 031 031 0.48 0.97**0.97** 0.63* 0.95** 0.46 0.17 029 0.93** 0.19 047 047 057* 035 058* 027 045 031 074** 1
Sb| 034 0.2 053* 036 036 -052 -035 -024 0.12 036 043 0.81* 0.09 -0.04 073* 033 03 049 0.89** 0.38 0.95** 0.72** 0.88** 0.44 0.94** 0.88** -0.25 0.92** 0.97** 0.68* 0.2 1
1,4-NQ| 0.66* 0.5* 038 044 -0.18 -032 -036 028 -053 -0.18 042 043 047 032 029 042 061* 023 002 043 -02 038 016 0.63* 0.16 0.17 0.86** 031 007 03 033 0.03 1
1,2-NQ| 031 -0.73 -021 -0.64 045 -008 -019 02 021 067 -04 006 031 024 031 03 068 012 032 041 055* -0.01 067* 0.16 023 041 -011 025 033 032 031 036 -0.18 1
1,4-AQ| 0.6* -021 -03 -026 043 03 -003 -018 -0.14 043 018 0.3 0.92**0.89** 0.5* 0.87** 0.5* -0.04 0.1 0.82** 015 029 043 044 015 038 025 032 015 049 088 011 028 043 1
wsoc|-0.34 0.19 001 013 05* -01 -015 -0.15 -028 -049 -0.06 -006 -033 -033 -007 -037 -06 034 -002 -029 -022 -0.16 -039 0.01 -0.07 -0.12 -019 -0.23 -0.12 -0.03 -033 -0.16 -0.21 -0.49 -0.45 1
O;| 034 051* 0.14 043 -027 0 -051 -0.66 -0.19 -0.27 0.47 0.69* 049 0.44 0.74** 0.58* 0.07 0.6* 0.54* 0.59* 0.27 0.54* 0.3 041 0.54* 061* 034 05* 046 0.69 054* 039 042 -027 027 0.07 1
Temp| 0.68* 036 0.26 029 -0.05 -03 -0.52 038 -0.54 -005 028 037 047 031 027 041 068* 021 -005 041 -022 03 0.18 069* 011 0.15 0.86* 038 004 03 031 -0.02 0.95* -0.05 026 -0.11 0.29 1
RH| 028 033 0.07 018 -0.17 -047 -057 -022 -0.79 -017 004 035 029 013 046 026 0.28 0.73** 039 033 01 011 019 033 021 036 0.66* 024 017 038 019 021 0.58* -017 0.12 0.28 0.68* 0.55* 1

*At 0.05 level (two-tailed), the correlation is significant
** At 0.01 level (two-tailed), the correlation is significant
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Table 5.4 Pearson’s correlation (r) between OP induced by water-soluble fraction of PM2sand chemical compositions during nightime

DTTv_ DTTm _ AAv  AAm  PMps  F C~ NOy SO  NHs'  Na* k' Mg*  Ca*  Mn Co Ni cd Zn Ba cr Cu Al As Pb Fe v Ag Bi Ce St Sb 1,4-NQ 1,2-NQ 1,4-AQ WSOC 0,  Temp
oty 1
DTTm| -0.02 1

A 026 -0.6 1
Aaml 069 -0.03 061* 1
Pvys[ 0.61% -0.71 031 -041 1
F|0.73** 0.11 -0.28 -0.26 0.52* 1
c|-022 0.04 -012 -003 -029 -026 1
Nos-| 0.62* 0.15 -0.17 -0.16 0.81** 0.07 -0.17 1
so.7| -0.16 -0.2 0.12 0.09 -0.09 013 0.34 013 1
NHs[ 006 -0.18 0.09 -038 0.61* -0.24 0.05 -038 0.04 1
Na*| -0.49 -0.13 0 033 -02 001 0 -002 006 -033 1
k[ 0.07 -0.29 0.17 0.04 042 -04 012 022 05* 0 -0.2 1
mMg*[ 002 -0.11 02 0.54* 051* -03 032 0.53* 0.62* -0.26 0.02 067* 1
C*l 0.2 -0.11 039 0.67* -0.14 -034 057* 0.1 063* -022 011 048 0.84** 1
mn|-0.23 026 -0.06 0.04 -025 003 -004 017 -015 -0.01 -021 -021 -0.04 -0.12 1
Cof 0.18 -0.06 0.12 0.03 0.69* 0.8* -028 01 033 -015 -0.09 -0.12 -0.15 -0.12 0.06 1
Ni| 0.54* -0.28 0.54* -0.04 05* 018 -043 016 -01 -0.04 -019 01 -014 -018 -01 056* 1
cd| 001 063* -049 -0.21 055* 05* 003 016 -024 -0.1 -0.14 -053 -034 -035 0.67* 036 -0.03 1
zm|-0.02 05* -037 -022 -031 0.18 -0.04 008 -025 0.21 -033 -0.18 -0.23 -0.31 0.65* 0.13 -0.06 0.77** 1
Ba| -0.12 0.25 -0.07 0.04 -027 -002 011 -019 -004 015 -003 012 0.2 013 -01 -002 -011 012 055* 1
cr| 008 -021 0.08 011 002 03 006 006 032 -039 022 -006 012 023 026 048 045 015 -014 -032 1
cul -0.14 -022 044 047 -0.04 007 022 0.04 053* -027 027 013 045 0.69* -0.16 035 024 -021 -0.19 029 054* 1
As| 026 -0.03 0.58* -0.13 0.14 0.83** -0.26 -0.15 029 0.09 -0.27 -0.21 -0.24 -0.17 0.05 0.89** 037 035 02 007 032 023 1
pb| -0.16 -0.15 0.67* 0.12 0.63* 03 -022 -013 -0.04 -015 -0.16 -0.17 -0.21 -0.17 0.73** 039 0.19 038 029 -021 0.59* 0.04 039 1
Fe| 029 005 -032 026 0 08* -02 007 006 -021 004 -034 -038 -039 0.2 0.79** 049* 057* 021 -0.22 0.62* 0.05 0.69** 0.45 1
v|0.58* -013 0 -0.17 0.72** -004 -02 -012 -033 -009 -014 0 -021 -0.13 -0.11 0.13 0.75** -0.06 -0.03 0.03 048 0.18 008 0.16 033 1
Ag|-0.16 -0.28 032 032 -0.07 039 014 0.06 067* -03 03 0.1 035 0.52* -0.05 0.62* 024 -0.05 -0.15 0.14 0.68* 0.89** 0.48* 0.28 0.36 0.06 1
8| -0.27 -0.17 0.49* 0.55* -0.12 -022 03 0.04 041 -026 034 0.2 056* 0.8** -011 005 0.08 -028 -0.18 035 039 093** -0.07 -0.04 -024 012 0.73** 1
ce| 0.09 053* -035 -0.19 -037 06 -0.16 -007 -0.19 -003 -0.1 -03 -036 -032 021 051* 013 0.71 0.71** 0.6* -0.04 -0.02 054* 0.7 048 009 011 -0.12 1
sr| 027 -0.02 035 044 -021 -0.18 028 -004 032 -013 025 021 046 0.68* -0.13 002 -002 -0.18 0.08 0.69* 0.15 0.84** 003 -0.13 -03 0.06 0.62* 0.92** 0.15 1
sb| 038 -0.11 -0.21 -037 0.64* 0.61* -036 O 001 003 -028 -019 -041 -051 034 065* 052 041 0.18 -041 055* -0.19 0.65* 0.64* 0.85** 036 0.13 -0.46 0.24 -055 1
1,4Naf 043 022 002 0.53* -039 014 -0.13 -008 -0.03 -023 0.53* -0.1 -008 0.3 -019 018 -002 0.12 018 0.51* -0.12 033 0.07 -028 006 -0.11 022 032 038 045 -031 1
1,2-Nq| 0.61* -0.71 0.82** -0.41 0.78** 0.02 -029 0.1 -009 031 -02 009 005 -0.14 -025 002 04 -043 -031 -027 002 -004 014 -004 O 032 -007 -0.12 -037 -0.21 022 -039 1
1,4-AQf -0.13 0.09 -0.05 005 -023 -025 025 -0.09 014 036 -011 -005 -0.15 003 003 -001 015 005 026 033 01 033 -009 -006 -0.04 017 02 029 0.02 036 -006 0.07 -0.23 1
wsoc| 0.65* 0.06 -0.19 -008 0.09 -005 -0.04 056* -001 -043 021 022 044 017 -041 031 -027 -03 -019 02 -036 006 -038 -0.54 -038 -023 -0.05 0.14 -013 0.22 -053 015 0.09 -0.2 1
0/ -0.24 025 -0.19 022 -0.08 004 -034 0.15 -023 -025 031 -029 -006 -0.23 -001 -031 -049 -002 -0.15 -027 -036 -0.33 -022 -0.21 -0.21 -047 -036 -0.28 -0.22 -032 -021 0.28 -0.08 -041 0.39 1
Temp| -0.44 0.8 008 035 -023 -04 -019 -048 -0.17 023 023 -022 -028 -011 -015 -05 -042 -033 -026 -005 -034 -017 -032 -018 -05 -02 -032 -005 -03 -0.05 -036 0.12 -023 0.11 -0.08 053* 1
RH| -0.08 -0.04 0.01 0.02 -008 -058 0.13 -042 -001 038 008 02 -005 015 -0.14 -041 0.07 -0.34 002 0.38 007 022 -035 -012 -034 045 0 034 -013 041 -025 0 008 0.61 -02 -036 042 1

*At 0.05 level (two-tailed), the correlation is significant
** At 0.01 level (two-tailed), the correlation is significant
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5.2.4.3. Graphical analysis of source dispersion of water-and methanol-soluble OP: diurnal
variations

The BPPs displayed in Figure 5-11show the diverse dispersion patterns of daytime and
nighttime OP induced by water-soluble fractions of PM2s. During the day, the DTTv levels
are primarily influenced by traffic emissions on freeways and road dust in the southwest
area, which is in close proximity to our study domain. Conversely, at night, industrial
emissions from the Wangchun industrial zone and Beilun industrial park become dominant
source contributing to the DTTv levels. In addition, marine aerosols and sea salt aerosols
also play a significant role in contributing to the DTTv levels during nighttime hours. The
DTTm in both daytime and nighttime is influence by industrial emissions from the
Wangchun industrial zone. During the daytime, AAv resulting from water-soluble fractions
is primarily driven by industrial and vehicular traffic in the Wangchun industrial zone and
on the freeway, respectively. Conversely, nighttime AAv is characterized by the dominance
of marine and sea salt aerosols, as well as vehicular traffic. Moreover, DTTm and AAm
exhibit a similar pattern, with industrial emissions in the Wangchun industrial zone being
the most dominant source during both day and night.

The source dispersion patterns of the methanol-soluble fractions are shown in Figure
5-12. This patterns varies with the OP induced by water-soluble fraction, suggesting
diversion emission sources. The DTTv induced by methanol-soluble fractions is dominated
by industrial emission in the northwest, which is Wangchun industrial zone, vehicular traffic
in the southwest, where there is close proximity of nearby freeway to our sampling domain.
The DTTv induced by methanol-soluble fractions at night is predominantly dominated by

industrial emissions in the northwest of the Wangchun industrial zone.
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Figure 5-11 Bivariate polar plots of extrinsic and intrinsic OP induced by water-soluble

fractions of PM2 s during the day (a-d) and night (e-h)

128



Day

DTTv fy

E U
80
75
70
65
DTTm
60
55
50
45
DTTm
o "
09
085
AAvV o
075
07 078
065 ’ bl
= ©@
Aly Al
e -
1000
300
800 280
260
AAM &0
240
400 220
200
200
180
()
AAm 2 AAm

Figure 5-12 Bivariate polar plots of extrinsic and intrinsic OP induced by methanol-soluble
fractions of PM2 s during the day (a-d) and night (e-h)
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Similarly, the corresponding DTTm during the day and night is predominated by industrial
emissions in the northwest. Industrial emissions from the Zhenhai industrial park and
vehicular traffic in the southeast also influence the DTTm during the day, whereas vehicular
traffic in the southeast dominates the DT Tm at night.

Table 5.5 Summary of potential sources associated with OP induced by water-and methanol-
soluble fractions of PM. s during the day and at night

Water-soluble fractions Day Night
DTTv vehicular traffic, industrial, vehicular traffic,
industrial marine, sea salt
AAvV industrial, vehicular industrial, marine, sea salt,
traffic

Methanol-soluble fractions

DTTv industrial, vehicular industrial
traffic

AAvV industrial, vehicular vehicular traffic, marine,
traffic sea salt, industrial

During the day, the AAv is dominated by two potential sources: industrial emissions
from the northwest and vehicular traffic from the southeast. In contrast, at night, the AAv is
dominated by vehicular traffic in the southeast and marine and sea salt aerosol from the
Ningbo-Zhoushan port and East China Sea, which are approximately 33 and 35 km away
from our study domain, respectively. Similar source dispersion patterns were observed for
both AAv and AAm during the night, with AAm being sourced at ground level during
periods of low wind speed (Figure 5-12 h). Table 5.5 presents a summary of potential sources
identified from the bivariate plots that are associated with the extrinsic OP measured in DTT
and AA assays. The findings consistently indicate the contribution of vehicular traffic and

industrial emissions to DTTv and AAv during the day. In contrast, during the night, DTTv
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and AAv are influenced by industrial emissions, vehicular traffic, marine sources, and sea
salt.

5.2.4.4. OP induced by water-and methanol soluble PM2s: seasonal variations
The DTTv induce by water-soluble fraction of PMas displayed significant seasonal

variations (ANOVA, p <0.05), as shown in Figure 5-13 (a). The mean DTTv in autumn was
1.19 + 0.26 nmol minm3, while it was 1.31+ 0.49 nmol mint m=in winter and 1.00 + 0.37
nmol mint m3in spring and 1.22 + 0.19 nmol min* m= in summer. The mean levels of
DTTv were found to be higher in winter, followed by summer, autumn, and spring. It is
noteworthy that several studies have reported elevated levels of DTTv during the winter
season (Campbell et al., 2021; Li et al., 2021; Molina et al., 2023; Shen et al., 2022; Xing et
al., 2023). In contrast, Yu et al. (2019) reported high DTTv in summer than other seaons.
These results emphasize the importance of exploring the factors that contribute to the
variations in the OP of PM_s during different seasons. Therefore, it is necessary to identify
the key chemical species that contribute to the seasonality of the OP of PM.

The annual mean DTTv induced by the water-soluble fraction of PM s was determined
to be 1.18 + 0.39 nmol min™t m™3, This value was compared to the results from similar studies
conducted both within and outside of China, as presented in the literature review chapter
(Table 2.1). The yearly DTTv of PM25s is less than those measured in Beijing (Yu et al.,
2019), Wuhan (Liu et al., 2020), Patiala (India) (Patel and Rastogi, 2018), and Inner
Mongolia (Secrest et al., 2016). However, it is higher than those in Santiago, Chille (Molina
et al., 2023), Hangzhou (Wang et al., 2019), Hong Kong (Cheng et al., 2021), Milan (Italy)
(Pietrogrande et al., 2022). The DTTV level is similar to that observed in Nanjing (Ma et al.,
2021), Shenzhen (Xing et al., 2023), Los Angeles (USA) (Shen et al., 2022), and Bern-

Bollwerk (Switzerland) (Grange et al., 2022). These comparisons suggest that the OP
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induced by water-soluble fraction of PM2 s in the present study falls within the range of OP
values observed in different geographical locations, highlighting the need for regional

context when assessing the OP of PM2s.

3 125
@ (®
100 R
£24 T 2 :
< . £ 75 .
£ E ¢ p
S S T
£ - 5
L o = 504
> . = B
E E .
a 5 .
I
- N T T
0 T T T T T 0 T T T T T
Autumn Winter Spring Summer Annual Autumn Winter Spring Summer Annual
1.0 80
(© . . (d)
08 T
_ H — 601 B
E g .
2061 IS
£ E H
5 B 40 .
£ £
£.0.4 =]
2 : T
2 204 . =
SEE S
0.0 0

T T T T T
Autumn Winter Spring Summer Annual

Figure 5-13 Extrinsic (a, ¢) and intrinsic (b, d) OP of water-soluble fraction of PM25in DTT
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The corresponding DTTm (as shown in Figure 5-13 b) exhibited significant seasonal
difference, with higher values reported in summer due to high levels of OP and a lower mass
concentration of PM. s during this season. The mean DTTm reported in this study was 28.5
+ 21.5 pmol min*tpg?, which is lower than the values in Beijing (Yu et al., 2019), Wuhan
(Liu etal., 2020), and Los Angeles (Shen et al., 2022). However, it is higher than the values
reported in Inner Mongolia (Secrest et al., 2016), Milan (Pietrogrande et al., 2022), Pakistand

(Ahmad et al., 2021), and Hangzhou (Wang et al., 2019) (as shown in Table 2.1).
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The AAv induced by water-soluble fraction of PM.s exhibited significant seasonal
variation. During autumn, winter, spring, and summer, the mean AAv ranged from 0.43 £
0.17 nmol min m= to 0.57 + 0.13 nmol min m3. The highest AAv was observed in
summer, which was higher than the annual mean AAv of 0.49 + 0.14 nmol min* m?3, as
represented in Figure 5-13 (c). Similary, Weichenthal et al. (2019) reported higher AAv of
PM2s in the summer compared to other seasons. The AAm values in this study exhibited
seasonal trends, with higher values observed during the summer, followed by autumn,
winter, and spring (as depicted in Figure 5-13 d).

The DTTv induced by methanol-soluble fraction of PM2 s exhibited significant seasonal
variability (p < 0.05). As per Figure 5-14 (a), the highest mean values were observed in
summer, followed by winter, spring, and autumn. The highest DTTv induced by the
methanol-soluble fraction during the summer season aligns with the findings of previous
studies (Weichenthal et al., 2019; Yu et al., 2021). However, Chen et al. (2021) reported a
contrasting results, as they found that the highest DTTv induced by the methanol-soluble
fraction occurred during the winter season.

Throughout the year, there was a significant seasonal variation observed in the AAv
levels (p < 0.05). The AAv was higher in summer (4.97 £+ 1.30 nmol min™ m), followed by
winter (4.88 + 1.11 nmol min"t m), autumn (4.29 + 1.55 nmol min"t m®), and spring (2.52
+ 0.95 nmol min m3) (as shown in Figure 5-14 ¢). Figure 5-14 illustrates the seasonal
variation of DTTm induced by methanol-soluble fraction, revealing higher values in
summer. Similarly, the AAm induced by methanol-soluble fraction was highest in summer
(as shown in Figure 5-14 d). Therefore, rthe study has demonstrated that OP induced by both

the water-soluble and methanol-soluble fractions of PM2 s exhibit varying levels of extrinsic
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and intrinsic OP across different seasons. In this study, Pearson's correlation analysis was
conducted to identify potential chemical species that could influence the seasonality of the

OP induced by both water-and methanol-soluble fractions of PM2s.
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Figure 5-14 Extrinsic (a, ¢) and intrinsic (b, d) OP of methanol-soluble fraction of PM2s in
DTT (a, b) and AA (c, d) assays. Median (line across the box), mean (square within the box),
first quartile (Q1) (bottom of the box), third quartile (Q3) (top of the box), outlier (square
shown outside the box), whiskers shows minimum and maximum values

5.2.4.5. Chemical species associated with OP: seasonal variations

The seasonal variation in the OP of PM.s can be attributed to multiple factors. Elevated
ambient temperatures and increased solar radiations can generally lead to the formation of
secondary chemicals (e.g., quinones) with significant redox activity, ultimately resulting in
an increase in OP values, especially in summer (Famiyeh, Jia, et al., 2023; Hsiao et al.,
2021). Furthermore, during the summer season, high relative humidity can promote the

accumulation of pollutants on pre-existing particles (Luo et al., 2023). The synergistic effects
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of high temperatures and solar radiations, and high relative humidity, and elevated levels of
NO:z and VOC:s, collectively contribute to the formation of SOAs with high OP activity (Zhai
etal., 2023). Moreover, in warmer seasons, the volatilization of organic compounds and their
subsequent oxidation by oxidants such as "OH, NOx, and Oz contribute to SOA formation
(Molina et al., 2023). As demonstrated in Chapter 4 (Sections 4.2.4), we present compelling
evidence indicating that the aerosols collected during the summer are photochemically aged.
These processes contribute to elevated levels of OP during the summer months (Famiyeh,
Jia, et al., 2023; Hsiao et al., 2021).

The correlation between the chemical composition of PM2sand OP varied throughout the
seasons. In the autumn season, DTTv correlated strongly with Cu, As, as well as a moderate
correlation with Cd, 1, 4-NQ, and NOz3™ (as presented in Table 5.6). In contrast, during the
winter season, a moderate-to-strong correlation between trace metals (Co, Cu, V, Cr, and
Fe) and DTTv was observed (shown in Table 5.7). During winter, the increased levels of
DTTv can be mainly attributed to the presence of Fe and Cu, which play a significant role
in the Fenton reaction (Campbell et al., 2021; Luo et al., 2023). These metals serve as
catalysts, facilitating the conversion of H20> to ‘OH, a highly reactive oxidative species that
plays a crucial role in the generation of SOA with high OP activity.

As demonstrated in Sections 5.2.3.1 (Figure 5-6), aerosols collected at our study domain
exhibited significant acidity in the summer season, followed by spring, winter, and autumn.
This acidity contribute to the dissolution of trace metals and subsequently increased the OP
activity of PM_ s throughout all seasons. This finding provides evidence of the moderate-to-

strong correlation between DTTv and trace metals across all seasons, particularly in winter,
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where Cu, Mn, Co, and V exhibited a moderate-to-strong correlation. This contribute to the
high DTTv induce by water-soluble fraction of PMzs in winter.

According to the results presented in Table 5.8, a strong correlation is observed between
WSOC and DTTv during the summer season. This finding suggests the possible contribution
of SOA to the elevated levels of DTTv observed during this time period (Cui et al., 2023).
Previous studies have also frequently employed WSOC as a tracer for SOA (Cui et al., 2023,
Farahani et al., 2022; Lovett et al., 2018), especially summer. The AAv induced by water-
soluble fraction of PM2sin summer exhibited moderate-to-strong correlation with Pb, Ag,
Ce, Sr (as shown in Table 5.9). The high AAv observed during the summer season can be
attributed to these non-exhaust trace metals. Additionally, the aging of summer aerosols
through photochemical proce