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Abstract

Ambient aerosolspne of the components tteteriorag air quality, havdeenassociated
with chronic and acute effects on human healthe oxidative potential (OP) of ambient
particles has been applied as a new metric for aerosol toxicity rather than mass concentration.
A comprehensive yeaound field campaign was conducted in a coastal city of Ningbo, China

to examine OP of P (particulde matter with aerodynamic diametér2 . 5 e m)- and

fractioned PM, as well as their chemical characterisation, source contribution and respiratory
deposition.

Using dithiothreitol (DTT) ceHfree assay, OP of watspluble component (G® and OP
of methanotsoluble component (OP") of PMysbased samples were measured. Extrinsic
(volumenormalised) OP*" (OR,™™) exhibited stronger seasonal variability than that 0f<OP
(OR"9). Different seasonal trends were observed fof©d&hd OR™", with highest averaged
levels in autumn (4.09 +2.02 nmol mtnm™3) and winter (11.51 +2.56 nmol mihm?3),
respectively, and lowest in summer (¥®3.24 +1.39 nmol mirt m3, OR™" 0.79 +0.83
nmol mirit m®). In contrast, the intrinsic (mass normaliz&#, OR"s and OR™" exhibited
highest in summer, with 0.21 +0.16 and 0.17 +0.21 nmol g2, respectively. The analysis
of major chemical components of aerosol samples, including carbonaceous species (organic
carbon (OC), elemental carbon (EC),teresoluble organic carbon (WSOC)), wasaluble
inorganic ions (WSIIs), trace elements, polycyclic aromatic hydrocarbons (PAHs) and
guinones, were used for source apportionment analysis via chemical mass balance (CMB)
model. Seven emission sources of BNhass weredentified including secondary aerosol

(SA), coal combustion (CC), industry emission (IE), vehicle emission (VE), biomass burning
X



(BB), fugitive dust (FD), and sea salts (SS). Using multiple linear regression (MLR), the
dominantcontributions from IE and SS to @®and IE, BB, and CC to QP*"were identified.

We believe this is the first study to report DTT oxidation for SS and the reason for that is also
explained. VE and FDderived OR exhibited nodinearity due to antagortis and/or
synergistic interactions with SS and CC sources. Based onapé&ctiemical composition

data obtained from CMB model, we further compared OP values amongadPBimilar mass

concentrations with ranges of-30 and 3640 pg ni3. For Ningbo iself, we observethat IE

emitted PM s presents the highest intrinsic OP, while SS aerosol is radide in the coastal
area.Our results showed that aerosols of similar mass concentrations exhibited remarkably
different OP valuegjepending oitheir chemical compositions and source contributions.

For sizeresolved particles, both concentrations of PM and its related QPS@E@ie OR™e™)
were substantially higher during haze period (2218®7ug mi® and 0.563.22 nmol mint m
3 of OR™ and 29.764097ug m® and 0.402.43 nmol min* m3 of OR™™) than norhaze
period (9.1522.20pg m® and 0.190.95 nmol min* m= of ORYS and 9.1522.20ug nT® and
0.21-0.88nmol mir* m3) for all size ranges. The maximum of Rcentred in ultrafinenode
PM while OR™" centred in coarse mode. Ultrafine particles contributed increasingly to the
OR/"* deposition when penetrating into deeper regions of the respiratory tract, from 1.22 nmol
mintin head airway to 1.80 nmol mirin pulmonary region, however, the deposited doses of
PM and their DTT oxidation in coarsand accumulatiomodes were highest in respective
head and pulmonary regions during both periods. Th&®&sided in ultrafine particles was
driven by SS and Cu, desited mainly in pulmonary region in the two scenarios. However,

SNA and soluble transition metals of Fe and Cr dominated th&*@®m coarsemode

Xl



particles, which had largest depositions in head airway during the two periods. JH& OP
resided in coae particles was driven by Acy and -INB) during haze period and Acy during
nonthaze period. Nap, BbF and Ind dominated the™®Pof accumulatiormode PM in
polluted days while Acy and Flt in clear days. The deposited*OR TB region had a
combined ontribution from ultrafine (SS, Cu) and coarse patrticles (SNA, Fe, Cr) in polluted
days, while deposited QF"level in the TB region was highest in coarse mode during haze
period and ultrafine mode during nbaze period.

In conclusion, this study haemonstrated the temporal variations and potential sources of
OP induced from ambient PM. Investigations have revealed that the health effects of
atmospheric aerosols are associated with PM OP and deposition efficiency of OP in different
respiratory tractsOverall, this study, based on a combination of field studies, laboratory
experiments and statistical models, has provided essential susighthemechanisms about
how PM impact respiratory health from the perspective ofrfO¥ingbo, China.

Keywords: Oxidative potential (OP), Pp4, sizefractionatedPM, catalytic oxidiser, source

apportionment, lung deposition.
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Chapter 1 Introduction

1.1 Research Background

Poor a quality linked to high mass concentrations of ambient particles has posed one of
the greatest health risks worldwi(leates et al., 2019a, Fang et al., 2019, Gao et al., 2020a)
As t he wor | ddpisg couatry,gGhisat hasdegpereenced dramatic progress in
economy over the past four decades and surpa
economy in 201QDong et al., 2019, Ma et al., 2020) the meanwhile, severe environmental
deterioration owing to the large consumption of energy fuels has been a serious challenge in
China. The increase in the number of hazy days, the reduction in atmospheric visibility and
increase in public health effts are major concerns for national policy maKéret al., 2018,
Wang et al., 2018b)t has shown that concentration levels of fine particles>@@Mirectly
contribute to the formation of atmospheric hé&ehera et al., 2015, Shen et al., 2017, Xu et
al., 2017, Zhang et al., 201&igher levels of fine particles (P emitted from primary
sources and formed viasondary transformation have drawn the attention of scientific bodies,
and local and central governments. Consequently, sRis included as one of the criteria
pollutants in the National Ambient Air Quality Standards (NAAQS, GB 32@%52) in China,

with the acceptable daily average mass concentration (Grade Il NAAQS) g m3 (You,

2014)
The atmosperic PM.s was governed by various anthropogenic sources. Mounting studies
in apportioning the Pkk sources have been conducted in different areas of China, with

investigations of source identification, as well as the temporal and spatial variatioosas s



(BTH), Yangtze River Delta (YRD) area and Pearl River Delta (PRD). According to the current
analytical results, coal combustion, vehicular exhausts, industtinaty, biomass burning and

road dust have been identified as the major primary sources ©f iIRNChina(Zhang et al.,

2017, Zheng et al., 2016Yloreover, additional source of sea salt aerosol and ship emissions
are included when the studiesis in the coastal area or in vicinity of port (e.g., Guangzhou,
Nanjing, Shanghai, Ningbo, Hong Kong). Source contributions tesfivass concentration
exhibit obvious spatial variations. The traffic emissions and secondary inorganic aerosols (SIA)
were reported to higher contributions to P#Mn the southern China, while coal combustion
contributed more in the nor{iYan et al., 2017)The PM s contribution from coal combustion

also exhibited seasonal variations, with lower in spring and summer and higher in autumn and
winter, owing to the heating supply in the northern Clfiffaao et al., 2013)in addition, a
significant amount of coal is also applied in industrial activity and power plant, as well as the
residential area, particulg in rural areas of northern China. For biomass burning sources, the
residential biomass burning used for heating and cooking purposes is dominant in the north of
China during winter, while the agriculture open fires are densely distributed in theQthamén

Plain, along with a few provinces of southern and northern China. In most cities of southern
China, SIA is the predominant contributor to £#mass, such as Chengdu {88%),
Chongging (2462%), Wuhan (2311%) and Haikou (1:26%), etc(Tao et al., 2017)For
secondary aerosols, SIA is commonly identified through SNA (sulphaté)B@itrate (NQ))

i ammonia (NH")), the chemical compound$ which are formed via atmospheric reactions

involving the primary emissions of gaseous precursors, suchazsn8MQ (NO, NO&,). The
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spatial variation of SIA presents the trend of higher percentage ofiRNhe south, but higher

mass concentration ithe north(Zheng et al., 2017)In contrast, aromatic compounds are
characterised as the main precursors of secondary organic aerosols (SOA) in the urban areas of
China.

Because of a rapid inease in industrialization, fast growth in vehicle numbers and
accelerated economic growth in the YRD area, which is one of the most developed areas in
China comprising of northern Zhejiang Province, Shanghai and southern Jiangsu Province, an
undesirableise in levels of Pls has occurred. Such an increase in.Bkbncentration links
directly to an increase in the occurrence of haze epigbtiest al., 2018)For example, there
were only 12 hazy days observed during 2001, however, the number of hazy days increased to
239 during 2013Wang et al., 2018aNingbo, a viceprovincial city located in the northeast
of Zhejiang Province, isne of the famous economic and industrial centres of YRD regions.
Ningbo is an important coastal city and possesses large industrial zones in Beilun and Zhenhai
districts, being a major exporter of textiles, electrical products, food and industriala®ols,
well as the Ningb&houshan port, handling highest throughput quantities of total cargo
worldwide (Li et al., 2018, Wang et al., 2018)ingbo is densely populated in the urban
residemt i al areas, with 8 million people and
National GDP report in 2018.i et al., 2018) Due to these urban characteristics, Ningbo is
affected by corplicated air pollution from combined local emissions (i.e., industrial activity,
vehicular exhausts, road dust, maritime activity and sea salts) andalogg transport (i.e.,
secondary aerosols). Previous study reported an obviously annual decreasgs ohd3s|

concentration in recent five years, from 49 to |8 m® in Ningbo, however, it was still
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exceeding the air quality guideline (annual mean:P®@ 1 0 3Daf Wonld Health
Organisation (WHO). Severe episode of haze pollution frequently ocauried) cold seasons
(autumn and winter) in Ningb&/ang et al. (2018bdndXu et al. (2016)captured a serious
haze episode in Ningbo during cold seasons and revealed thatatoye transport of air
parcels from northern China, with densely distributed fire spotsrahusirial zones, bringing
about substantial pollutants from biomass burning and industry emissions to Niinging;. et

al. (2014)carried out a joint observation in YRD and reported a dominant contribution of local
biomass burning (37%p the severe air pollution in Ningbo via the simulation of Weather
Research and Forecasting and Community Multiscale Air Quality (WRF/CMAQ). Most
studies of air pollution analysis in Ningbo focused on the chemical characterisation and source
apportionmenodf PMz s, however, few evaluates their health effects to human by investigating
the particle toxicity rather than mass concentration.

Epidemiological studies have linked loteym PMs exposure to detrimental heath
endpoint, including asthma occurrenceatdiopulmonary diseases, lung cancer and chronic
obstructive pulmonary disease (COPD), leading to increased morbidity and mortality. However,
the pathogenesis of diseases associated with PM exposure remain unclear. Growing evidence
proposed that the redeactive chemical components of PMcan stimulate the generation of
excessive reactive oxygen species (ROS) and induce oxidative stress in the cell, eventually
cause systemic inflammation. The ROS comprises of hydroxyl radica),(&igeroxide (&),
and hydrogen peroxide @) etc. The capacity of PMs to generate ROS by consuming
antioxidants in human epithelial lining fluid (ELF) is known as oxidative potential (OP)

(Campbell et al., 2021, Cheng et al., 2020, Lin and Yu, 2@@gnsive studies carried out in
4



China and developed countriesNlorthern America, Europe, explored specific PM species
and their emission sources responsible for the OP initiation. Study in Los Angeles firstly
applied OP measurement of PM via dithiothreitol (DTT) assay, pointing out the strong
correlations between DToxidation and organic matters, including organic carbon (OC),
polycyclic aromatic hydrocarbons (PAHs) and quinof@so et al., 2005)PAHs correlated
well with DTT consumption, with correlation coefficierftof 0.41 of total PAHs (between
0.32 of Ind (hdeno[1,2,3cd]pyrene) and 0.82 of BgP (benzo[g]perylene)), but are not redox
active in DTT assay. Such correlations are attributed to the oxidation of PAHs to polar
compounds (i.e., quinones, ntRAHS), which can directly induce DTT decay. Moreover,
Cheng et al. (2021also reported a DTT response watersoluble humidike substances
(HULIS). Further studies reported that trace metals resided in PM can cause oxidative damage
both in vivo and vitroCharrier and Anastasio (2012mnducted a laboratory measurement
and denoted that particulate metals initiated approximately 80% of DTT consaonwaith the
most redox active metal ion of copper (Cu), followed by manganese (Mn), cobalt (Co),
vanadium (V), nickel (Ni), lead (Pb), iron (Fe), zinc (Zn), cadmium (Cd) and chromium (Cr).
In this case, the vehicular exhausts marked by particulate orfyaniions such as PAHs
and quinones, and inorganic fractions of transition metals is strongly correlated with PM
induced ORCho et al., 2004, Gasser et al., 2009ace elements like Cu, Mma Fe released
from industrial activity make it exhibiting high intrinsic oxidative potency, while HULIS
contribute to the enhancement of biomass burning relate@.iORt al., 2018a, Verma et al.,
2015a) Cu and Fe are also abundant in tyre wear and road dust, leading to the great intrinsic

generation ability of RO%Liu et al., 2014a) The coastahreas also are affected by marine
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sources, including diesel and petrol consumption within ship emissions, which can induce
considerable oxidative capacities of ambient partifllas et al., 2018a)However, study in
Atlanta observed that the OP induced from biogenic sources and crustal materials
relatively low (Verma et al.,, 2015a)in general, anthropogenic emissions have a higher
oxidative potency per mass unit of the aerosol relative to biogenic emissions.

Since most studgein investigating OP of ambient aerosol focused more on fine particles
(PMz5), due to its higher adverse health effects than PM with larger sizes to human. However,
as the deposition of inhaled PM in human respiratory tracts is strongly size dependent,
understanding the size distributions of ambient PM, characterisation of particulate catalytic
oxidisers and partickeound OP are essential. A substantial fraction of ceasde PM
(PM25s10, particles with aerodynamic diameter between 2.5 anqurh) compments are
hydrophobic, most of which are associated with tire and brake wear, construction activities and
road dust in urban area. Organic oxidisers, such as quinoneg(fititaquinone (1;RQ), 1,4
napthaquinone (1;MQ), 1,4anthraquinone (1;4AQ)) adsobed on solid particles can induce
OP either via engulfment of cells or binding to a cell surface, or act as a carrier of toxic
components such as PABchoonen et al., 2008n contrast, the oxidative stress generated
from organic fraction of PM with smaller sizes was dominantly affected by traffic emissions
(i.e., tailpipe emissions, petroleum sgifSaffari et al., 2014a&5hirmohammadi et al., 2016)

Coarse particles are inclidg¢o deposit in the extrlnoracic airway, such as head airway
and nasal areas. Although they are possibly restrained by rhinothrix through impaction
processes, the metals resided in coarse particles can cross synapses in the olfactory bulb and

traverse \a secondary olfactory neurons to the distant nuclei of the brain, leading to the
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olfactory deficits and brain lesiorf€alderdr+Garcidueras et al., 2010a, Maher et al., 2016,
Sunderman, 2001)n contrast, the fine particles are likely to penetrate into the deeper tract
(tracheobronchial and pulmonary regions) and may contribute to the inflammation relevant to
pulmonary and even systemic diseades Jong et al., 2008, Li et al., 201 Prior studies
manifested the higher toxic power and more harmful of small particles to human, owing to their
difficulties in clearance but easy access to blood, especially the ultpafitieles, they can

avoid phagocytosis via alveolar macrophages to enter the pulmonary interstitial sites and
remain deposited for long periods, consequently introducing pulmonary inflamriatioet

al., 2018, Sioutas et al., 2005)



1.2 Research Objectives
In this study, to systematically explore the ROS generation capacity of arabresbl in
Ningbo city, DTT assay will be applied to measure to-Bdind OP, as well as the analysis of
chemical characterisation of redagtive species, source apportionment and contribution to
OP and respiratory deposition of PM and OP. Regarding ttiesspecific objectives of this
study are summarised as follow:
1) assessment of source dispersions okt P&hd sizeresolved PM and their OP in the
study domain;
2) assessment of source profiles of Mnd estimation of source contributions to both
PMz.s-bound OP*® and OP®™"in the study domain;
3) estimation of the respiratory deposited doses offsasioned PM and their GPand
Qpreth
4) identification of the dominant redeactive species of sizesolved PM to oxidative
potency and compare their &Rand O contributions in haze and ndwaze days;
5) finding scientific reasons on why OP increases-inwgarly with the increased source
contributions, and investigating the interaction within and between sderosed OP;
6) exploring the driving factorsf OP*s and OP""thatareinduced from PMs of similar
mass concentrations;

7) exploring the driving factors of deposited ®Bnd OP'®™in different respiratory tracts.



Chapter 2 Literature Review

2.10P as a Toxicological Metric of Ambi@t Aerosols

Exposure to severe air pollution associated with higher level of particulate matter (PM) has
posed a severe threat to the world population due to its adverse global health impacts on humans
(Bates et al., 2019a, Cho et al., 2005, Gao et al., 2017, Gao et al.,. H}fi6ajniological and
toxicological studies emphasised the caeffect links between inhalation of ambient particles
and a series of respirayoand cardiopulmonary disead€xampbell et al., 2021, Daellenbach
et al.,, 2020, Weber «l., 2021) However, pathogenesis of diseases associated with PM
exposure through humans are not completely understood indteuite. Mburting evidence
in human biomarker studies, rat models, and DNA methylation observations deciphered that
PM exposure would induce oxidative stress in the body, providing a potential pathway of
particulate toxicityAbrams et al., 2017, Baulig et al., 2003, Liu et al., 201@=ajdative stress
occurs due to generation of reactive oxygen species (R@Shsuas hydr oxyl rad
superoxide (@%), hydrogen peroxide (@), and many others in the human body to
overwhelm natural antioxidant defences, thus giving rise to biochemical imbalance. The
excessive ROS can also initiate inflammation and cytoityxin nose, lung and cardiovascular
systems through chemical alterations of DNA, lipids, and proteins, leading to tissue and cell
damages or ultimately deatAbrams et al., 2017, Bates et al., 2019a, Prahalad et al.,.2001)
The capacity of PM to generate ROS by consuming antioxidants in human epithelial lining

fluid (ELF) is known as oxidative potential (Ofheng et al., 2020, Lin and Yu, 2020)



2.2 Measurement of Particlerelated OP
2.2.1 OP Measurement

Various approaches have been applied to measure the ROS genBitlmyund ROS can
either be produced by particulate components in vivo or within the particles itself, chemically
interacting in cells and fluids through particle inhalation. Current acellular assays estimate PM
induced OP under simulated lung fluids axgressed in units of time rabé-consumption of
volumenormalised (% or nmol mih m3) or massnormalised (% or nmol mih pg?)
concentration. The volurdgased OP is more associated with human exposure andassess
OP is a useful metric to displayethntrinsic oxidative stres®f ambient PM. The common
acellular assays, including dithiothreitol (DTT) assay, ascorbate acid (AA) assay and
glutathione (GSH) assay, measure the consumption rates of the surrogates of cellular reductants
(DTT) and/or antiodants (AA and GSH), while electron span or paramagnetic resonance

(ESR or EPR) measures the generation of OHA.

2.2.1.1 DTT Assay

DTT is a strong reductant, which forms of six membered ring and an internal disulphate
bond under oxidative reaction. DTT is oxidised by PM redox reactive components to its
disulphate form, during which DTT donates an electron to dissolved oxygen to tgenera

superoxide, as presented in equaticd (@ 25) (Cho et al., 2005)

10



HO HO
SH S*
PM  + E PM*™ + H* + jC (2-1)
SH SH
HO HO
HO HO
S* S
PM + PM™™ + H* + |
SH S
HO HO

2PMT + 20,

(2-2)

2PM  + 20,7 (2-3)

2HY  + 205"

0; +  Hy02 (2-4)

HO HO S
S* PM
HY + Oy + J\/v\ H0p  + :Cl (2-5)
SH S
HO HO

This acellular assay is one of the most commonly applied assays for quantifyiredeedd

OP, as well as in epidemiological analyses, due to its sensitivity to maximum koatalgfic
oxidisers in ambient PM, including soluble trace elements, vgaleble inorganic ions
(WSIIs), carbonaceous species and polycyclic aromatic sp@&teset al., 2005, Fang et al.,
2015, Fang et al., 2017a, Gao et al., 2020b, Liu et al4l£@hang et al., 2012) herefore,
this assay is selected for OP measurement in thdy.sRetailed procedures of DTT assay are

described in Section 3.5.2.

2.2.1.2 AA Assay

Similar with the protocol of DTT assay, AA is a typical antioxidant and used to estimate
the PM induced OP by reducing the redmtive species (i.e., transition mejalshich finally

forms OHA, as presentéao21l):n f ol l owing equatio
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Asc + 2PM —— Ascox + 2PM*° (2-6)
20, + 2PM'T ————~ 2PM + 20, (2-7)
20" —— 02  + H03 (2-8)
2Fe* &+ Asc ——— 2Fe?* + Asco (2-9)
2Fe”* + H0 ——— *OH + Fe** + H0 (2-10)

O 0 O

CH Ho OH

+ *OH —— of 4 (2-11)

OH OH OH

OH
Salicylate 2,5-DHBA 2,3-DHBA

The resultant reactive radicals can react with a substrate of salicylic acid to produce 2,5
and 2,3dihydrobenzoates (DHBAS), which can be measured via liquid chromatogtaphy
(DiStefano et al., 2009)The depletion rate of AA has strong correlation with watduble

trace metals, especially copper (Cu), however, is insensitive to organic gferigset al.,

2016)

2.2.1.3ESR

ESR (or EPR) can measure theBblnd persistent radical species directly (i.e., quinones)
andQAhand OHA i ndi r e hahgtaly2008)The abiity of RM tb geaegpate
ROS indicates as thelectron paramagnetic resonance signals of spin tragif&thyt1-
pyrroline-N-oxide byproduct zhydroxy-5,5dimethyt1-pyrrolidinyloxy (DMPO-OH) quartet
as the average of overall amplitudgtellack et al., 2014, Shi et al., 2003}his method,
however, is not suitable for real time ROS measurements, ascribing to that it can only detect

the components with relatively long hiife (Khan et al., 2003)
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2.2.2 Measurement of Particulate ROS

The ROS withinambient PM is measured via various fluorescence techniques, which is
modified from intracellular assays. The principle of such measurements for quantifying PM
bound ROS is to dilute particles in a prepared oxidant and measure the spectra of the resultant
oxidation productgBates et al., 2019a) i n c | u-dichlorafluostindiadetate (DCFH
DA) assay and 91,1,3,3,tetramethylisoindoli-yloxyl-5-ethynyl)-10-(phenylethynyl)

anthracene (BPEAIt) assay, etc.

2.2.2.1 DCFHDA Assay

One of t he most commonly used probes for
dichlorofluorescirdiacetate (DCFHDA), which is not fluorescent originally, can convertto
fluor escent -dicolongflworestid, DCF} ance béing oxidised in the presence of
ROS (Bates et al., 2019aYhe proposed acellular mechani®f DCFHDA is presented in

following equation of 212 (Hedayat et al2015)
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DCFH-DA

Chemical
activation

DCFH (2_1 2)

DCF

DCFH-DA probe is sensitive to multiple ROS, including &H.0.Hoeroxyl radicals and
peroxynitrite, owing to the ease of abstract
of DCFH moleculgVenkatachari and Hopke, 2008uch properties of DCFBA make it
extensively applied for measuring the particulate intrinsic OP of diesel er{@ineang et al.,

2011)and cigarette smoke derived RQBuang et al., 2005, Zhao and Hopke, 2012)

2.2.2.1 BPEAnit Assay

BPEA-nit is the prefluorescent nitroxide probe to detect particle exerted ROS, which i
formed from 9,16bis-(phenylethynyl) anthracene (BPEA). BPEHK traps sulphucentred
and carborcentred radicals, hydroxyl and peroxyl radicals under the dimethyl sulphoxide

(DMSO) environment. The application of DMSO as a solvent in this assay dispéag
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mediator during the reactions between BP&®and different ROS. The detailed reaction
produces of BPEAt and ROS are presented in Fig. 2.1. This probe has been utilised to
guantify the ROS stemmed from combustion sources such as logwood stbwesrass
burning (Miljevic et al., 2010h)diesel and biodiesel exhaugiStevanovic et al., 2013,

Surawski et al., 2012nd cigarette smok@liljevic et al., 2010a)
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Figure 2.1 The reaction processes of BRttand ROS in the presence of DMSO

2.3 Effects, Mechanisms and Occurrences of PM Characteristics on OP

2.3.1 Transition Elements

Airborne trace elements exist in a variety of species and exhibit different physical and
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chemical properties, having been reported to have diverse detrimental health outcomes on
humangJin et al., 2019a, Zhao et al., 202Dhe of the most widely acknowledged pathogenic
mechanisms of trace metals related toxicity is addressing oxygen radical for(@éuooet al.,
2005, Daellenbach et al., 2020)race elements occur in toxic source emiss) including
industrial activitieqQuit&io et al., 2004) traffic emission (vehicular exhaust atytde wear)
(Lough et al., 2005and road dustBirmili et al., 2006)and ship engineMoldanovaet al.,
2009) which are released majorly in an insoluble form. Only the soluble fractions of trace
metals participate in redox reactions. The trace elements such as Cu, Fe, @layMasentia
roles in immune regulation anare indispensable for controlling inflammatory response,
however, become the dominant species responsible for oxidative capacity generation of
ambient aerosolsvhen exposure to the polluted environment with abnormal traeglm
accumulationlHaMai and Bondy, 2004, Liu et al., 2020b, Mattioli et al., 2019, Vignesh and
Deepe, 2016)Excessive inhalation of these PM bound trace metals could disturb the original
delicate homeostasis of bodybés trace metals
response and injured ability to repair inflammatory danfageet al., 2020b, Wallenborn et
al., 2009)

Cu is the most redox active trace element in DTT oxidation, followed by Mn, Co, V, Ni,
Pb and FéCharrier and Anastasio, 20128pth Cu and Mn appear ndinear doseesponses
of Cu- and Mn induced DTT deplgons, respectively, while the concentration responses for
others are lineafCharrier and Anastasio, 2012a, Charrier et2fl1,6a) Unlike other metals
having measurable DTT consumption rates, the intrinsic DTT oxidation by solufil &l

Fe (111) is substantially slow. Givethat the ambient concentration of particulate Fe is relatively
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high in urban areas, it is still significant for DTT loss and commonly considered as the
dominant catalytic oxidiser of PCharrier et al., 2015, Xiong et al., 2017)

One of the most significant mechanisras OP inducement from transition metals,
including Cu, Mn, Co, Ni and V, is through the Fentile reaction, in which the metals are
oxidised by HO,t o f o rradicai®uAéio et al., 2004, Shi et al., 1999s present in

following equation:

me " %H,0,Y me t" B4 OHA+OH (2.13)
HaberWeiss reactions are another important mechanism for ROS generation from metals,
involving Cu, Cr, Co and V. In these reactions, metals accept an elecnomeductant (i.e.,
02, functioning as a catalyst, then donate an electron to dissolved oxygen ADg).,td1
generate OHradical (Shi et al., 1999, Shi and Dalal, 1993, Shakt 1998) as present in

following equation:
me " BHOE Y me " & D, (2.14)

me " %H,0,Y me " BHOH+OH (2.15)

2.3.2Inorganic lons

Watersoluble inorganic ions (WSIIs), as the main constituents in ambient PM, account for
more than 30% of annual RM|(particulate matters with aerodynamic diam@gr5um) mass,
which even increase to 50D% during polluted day€ao et al., 2012, Yang et al., 2020)
Sulphate (S@¥), nitrate (NQ") and ammonium (NH) (SNA) are mostly treated as secondary
inorganic aerosols (SIA), form through e¢fasparticle conversion from chemical
transformations of precursor gases including nitrogen oxideg)(N@phur dioxid¢SQ,) and
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ammonia (NH) contribute significantly (2048%) to PM s mass(Weijers et al., 2011 High
level of SNA contributes to reducing atmospheric visibility and exacerbate the haze formation
(Ji et al., 2020, Song et al., 2019ther WSIIs including lithium (L), sodium (Na),
potassium (K), magnesium (M), calcium (C4&"), fluoride (F), chloride (Cl), bromide (B
and phosphate (R®) have sveral significant roles in terms identifications of emission sources
and catalytic effects on formation of SIA and secondary organic aerosol (SOA) because of
several reasons including aerosol acidity and existing particle su(facest al., 2013)

Chloride (Cl), a typical indicator of sea salt aerosol, is an essential trace reactanechvol
in the processes of oxidation chemistry in the-tatdudes(Chi et al., 2015, Osthoff et al.,
2008) For sea alt particles, active Cinstead of chloride bound in atmospheric particles is
considered to be released through heterogeneous reaction with dinitrogen pentgigl@tN
the surface of sea spray particle, which produces nitryl chloride (§}INFOr thog aerosol
particles that do not initially contain Cthe yield of CINQ is from gaseous CI (mainly HCI)
uptake by NOs through heterogeneous processes, where the HCI ultimately stems from SS

particles through acid displacemdrmbn Glasow, 2008)The reaction equation is shown as

follow:
het
HC§,+NZO5g Cl NQ@+HNQ@,q (2.16)
Cl®y | i gowB84MmY CI1+NQ (2.17)

Accumulation of CINQ is stable at nightime, and photolysed rapidly to active chlorine
radical and NQafter sunrise under deficiencies of other oxidant and radicals@&i8.NOs).
Reactive chlorine radical is the domwhdnant ox
oxidises volatile organic compounds (VOCSs) that do not react withdi@ectly (Osthoff et
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al., 2008) This reaction produces peroxy radicals, which results #do@nation in the
existence of NQ

ParticulateéSNA, while not redox active or directly produce ROS, are positively correlated
with OP responsg®aellenbach et al., 2020, Fang et al., 2015, Longo et al., ZDA€)SNA,
especially SG, can enhance the PM oxidative capacity through acidifying the ambient
aerosols. There was a historical record of linkage between particle strong acidity Gir8i0
aerosol toxicityto detrimental health outcomé@soutrakis et al., 1992, Koutrakis et al., 1988,
Spengler et al., 1989%ince SNA are high hygroscopicity, they contributes to the foomafi
aqueous drops and providé ta dissolve metals, facilitating the solubilities of metals and thus

inducing an indirect influence on ROS generafieang et al., 2017a)

2.3.3 Organic Carbon
2.3.3.1Carbonaceous$pecies

Organic carbon (OC) and elemtal carbon (EC), known as carbonaceous aerosols having
significant contributions (2®0%) to PMs mass are associated with many urban
environmental impacts including local human health effects, reductions in atmospheric
visibility and regional to globatlimate changgTiwari et al., 2013) The emission of
particulate EC occurs mostly from primary combustion processes of fossil fuels, whereas OC
is generated through both primary combustion sources and secondary transformation (SOC,
secondary organic carbon) through-¢@particle conversio processes of organic precursor
gases like volatile organic compounds (VOCAHaNg et al., 2015)

Evidence shows significant positive correlations between OC, EC and/orssatble OC
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(WSOC) and volum@ormalisedDTT oxidation(Liu et al., 2014b, Patel and Rastogi, 2018,
Vreeland et al., 2017he OP induced from OC and WSOC is mainly ascribed to their large
fraction of watersoluble organic catalytioxidisers, including the humidke substances
(HULIS) from biomass burning and secondary adr@g8erma et al. 2009a, Verma et al.,
2009b, Verma et al., 2012%ome studies also revealed the DTT decay from water insoluble
OC (WIOC), such as quinonéSaffari et al., 2014a, Verma et al., 2013B¢ is redox inaove

and primary in nature. Its positive correlation with OP of particles is often attributed to other

chemicals adsorbed to its surfd&affari et al., 2014a)

2.3.3.2 PolycyclidromaticHydrocarbons (PAHS)

Particulate OC comprised of mostly organic compounds having substantial components of
mutagens and/or carcinogens include polycyclic aromatic hydrocarbons (PAHs) and many
other groups of chemical compoun@hou et al., 2017)PAHs distribute widelyn particles
and are originated mainly from anthropogenic sources, including coal burning for domestic
heating and cooking, industrial activities, biomass fuel burning, vehicle exhausts and road dust
in urban environmentéHan and Naeher, 2006, Kim et al., 2011, Maertens et al., 2004)
Particulate PAHs are classified into two groups based on their molecular weightiVMVé.,

(low molecular weight) with two to three rings, and HMW (high molecular weight) with four
to seven rings. LMW PAHs arermally gaseous in nature, whereas HMW PAHs are mostly
in particulate phase due to their low water vapour pressuoen health implication point of

view HMW PAHs have more potential to bamcumulate in human body to cause serious

implication and damage®mpared to that of LMW PAH8Vei et al., 2015)
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PAHs are not redox reactive for DTT oxidation. However, the concentrations of PAHs were
found to be correlated with DTT consumption rate, the correlation coefficient of which was
from medium ( = 0.32) to strong ¢r= 0.82), depending on the variability of emission sources
(Charrier and Anastasio, 2012a, Cho et al., 2086¢h phenomena are explained by a variety
of atmospheric reactions, transport and degradatiar B#Hs releasing, which then may
produce polar components such as ARAHS and quinones onto particles, which are redox
active and more mutagenic and carcinogenic than parent ¢ et al., 2018Nonetheless,
PAHSs play pivotal role in PMelated OP since they are the typical tracerstierdcommon

sources of organic components like quinones.

2.3.3.3 Quinones

Airborne quinones are the oxygenated derivatives of P@Hang et al., 2014, Walgraeve
et al., 2010) They are emitted from either incomplete combustion (i.e., vehicular exhausts,
biomass fuel burning), or forrhitough atmospheric photochemical transformation from parent
PAHSs. They can also be formed via enzymes in YWalgraeve et al., 2010Quinones and
their reduction products, hydigquinones and serguinones are of interests due to their overt
toxicity to health endpointsncluding formation of covalent bonds with tissue macromolecules
(Cadenas et al., 1992, Henry and Wallace, 19Bi6¢ quinoneelicited OP measured by DTT
assay has been welbcumented by pioneer studies, includingdnaphthoquinone (1;RQ),
1,4-napthoquinone (1;MQ), phenanthrenequinone (PQ) and-amhraquinone (1;4Q),
providing direct evidence that quinones can generate ROS by initiating redox cycling reactions

(Lietal., 2012, Shang et al., 2012)ften the PQ was used as thsipwe control in DTT assay
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(Cho et al., 2005, Fang et al., 2014, Saffari et al., 20JM#)ough quinones exhibit high
intrinsic OP values, the low concentrations of quino iig m°) in the ambient PM make
emerges as the nalominant drivers to induce PM oxidative burd@iarrier and Anastasio,

2012a)

2.3.4 Interactions between Particulate Compounds

Particle species such as transition metals (Cu, Fe, Mn, V, Ni), \saleble organic carbon
(WSOC), humiclike substances (HULIS) and quinones ({fgbhthoquinone, 154
napthoquinone, phenanthrenequinone) have been typically examined and found to be
responsible for OP activity by dithiothreitol (DTT) asg@yo et al., 2004 Nonetheless, there
is still debatable about whether or not a simple summation of relative contribution of chemical
components could represent the overall OP of ambient PM.

Growing studies have confirmed the synergistic and/or antagonistic interactions among PM
species and antioxaahts which could alter the redox properties. The interaction effects among
PM chemical species are varied via the measurements of different ackitubard Yu (2020)
found that Mn in PM exhibits synergistic and antagonistic effects in DTT oxidation when
mixed with quinones and HULIS, respectively. The mixtures of @b ®2NQ or HULIS
antagonistically oxidises DTT with a consumption rate lower than the sum of individual redox
active specieqLin and Yu, 2020) Fe interacts additively with quinones and HULIS
compounds in DTT consumption, but synergistically in-@tduction(Charrier et al., 2015,

Yu et al., 2018)In contrastyWang et al. (2020andGuo et al. (2020eported the antagonistic

interactions in the mixtures of M@u, Mn-Fe and 1,NQ-PQ in both DTT assay and a Chinese
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hamster ovary cells assay, while Fe andNG exhibited strongest synergistic interactions
with other components (i.e., Cu, Mn, INQ). Therefore, owing to a wide variety of complex
interactions of PM species, it becomes a difficult and challenging task to deduce the key drivers

of OP through focusg just on those generally recognized redotive components.

2.4 Occurrence of PMinduced OP in China

The concentrations of OP induced from ambient particles in China have been reported in
recent years, most of which are focused on the PM elicitech@#eiurban aregtiu et al.,
2014b, Liu et al., 2018b, Lyu et al., 2018, Wang et al., 2009 summary of field studies on
PM-related OP, normalised in volume (@ unit of nmol mint m?®) and mass (QR in unit
of nmol mint pug?), of various cities in China has been presented in Table 2.1.

There is growing evidence that Pidlated OP, including QRand OR,, exhibit distinctive
temporal variationgLiu et al., 2020a, Yue et al., 2018Yang et al. (2020keported a strong
seasonalityof ® i n Xi 6an, ShaanxiydiimgevmterfObenmolwint h  hi
1 m3), followed by spring (0.53 nmol mithm3), summer (0.50 nmol mihm) and autumn
(0.40 nmol mint m3). The OR, however, the was highest during summer (151! mirnt
ug?l). Similar observation of highest @®as also reported by another study in Beiji¥g et
al., 2019) Spatial variation of OPFis also invegated by recent studies. The Piliciting
OR; is obviously high in urban area of Beijing and coastal areas of Bohai Sea, the yearly
average of which is from 6.8 to 12.26 nmol thin3, while the ORis much lower in Hangzhou
(0.62 nmol mitm3) andXi 6 an ( 0. 5n8%. Suchdifferendesiare also explained by

the different source types and chemical compositionset al. (2020agompared the oxidative
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capacities of Pl¥sin urban site, industrial area and botanical garden in Wuharei Rubvince,
and observed that the highest\@® PM.s in summer was emitted from industrial activity
(4.50nmol mint m3), followed by botanical garde@.0nmol mirt m3) and urban ared (80
nmol mirtt m3).

All the studies mentioned above have been based on the OP induced froraohaddker
fraction of ambient particles. Since particles contain a large variety of hydrophobic components
(i.e., quinones, HULIS), most of which are organic and can contribuketerthancement of
oxidative burden of PMCao et al., 2021a)Therefore, more attention should be paid to
exploring the measurements of OP induced from particulate organic fraction andotigex

organic species.
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Table 2.1 Overview of field studies on OP of ambient particles via DTT assay from different areas of China

Sampling

Location Paticle Size  20R, ®OPn Environment Extraction solvent Period Study
Beijing PMzs 12.26+6.82  0.13+0.10 Urban Water 4 _seasons (Yu et al,
' e T 20152016 2019)
Tianjin; Yantai, 3. 4 seasons (Liu et al.,
Jinzhou PMzs 6.8+3.4 1.70x 10°-0.08  Urban Water 20152016 2018b)

. 4 seasons (Wang et al.,
Xi 6an PMz.s 0.53 0.01 Urban Water 2017 2020b)
Wuhan PMzs 1.80£0.20  0.02+0.00 Urban Water summer,  (Liu_et al,

' T T 2012 2020a)
Industrial Summer anc (Liu et al.,

Wuhan PMz.s 4.508.30 0.030.05 area Water spring, 2012 2020a)
Botanical Summer anc (Liu et al.,

Wuhan PMz.s 2.202.50 0.030.05 garden Water spring, 2012 2020a)
. Winter, 2015; (Lyu et al.,

Shanghai PMo.os618 0.07-0.19 0.040.06 Urban Water Spring. 2016 2018)

Hangzhou PM2.s 0.62 6.39x 10° Urban Water 4  seasons (Wang et al.,

20162017  2019a)

2 The unit for ORis nmol mint m3;

b The unit for OR: is nmol min® ug*.



2.5 Respiratory Deposition of Particleinduced OP

Numerous studies have revealed that the toxic metric of lung deposited dose is more
relevant than ambient concentrations of Fng et al. 2019, Schmid and Cassee, 2017)
Coarse patrticles (i.e., P primarily deposit in the upper reaches of respiratory system (head
or nasal airway), the fine particles (Rb4.2, PM with aerodynamic diameter ranged from 2.5
to 3.2um) are mainly retained in tracheobronchiagiom, and ultrafine particles (RiMs1) can
penetrate into deeper area of pulmonary re(fordrade et al., 2020, Falcddodriguez et al.,
2016) The oxidative stressgenerated in the extrathoracic airway would give rise to
exacerbating the inflammation associated with neurodegenerative or nasal diseases, while
those in deeper respiratory traatsuld lead to systematic or pulmonatigeasegFang et al.,
2019, Schmid and Cassee, 2Q1Harticle size is associated with varied toxic effects. Some
studies considered the PM with smaller sizes is considered to exhibit a stronger toxicity and
pose a higher risk to health endpoint owing to their easier accessibility to deeper respiratory
tracts compared to larger particl@sndrade et al., 2020, Kumar et al., 201@jhers, however,
suggested that coarse particles are more potent in addressing DNA degradation, hemolysis and
pro-inflammatory cytokines, and even have stronger effects in inhibiting cell proliferation than
smaller particle{Hetland et al., 2004, OsornMargas et al., 2011a)hose inflammation
caused by inhalation of ambient PM are generally related to a cellular imbalance toward an
excessive ROS production, the capability which is defined as OP of pai@tieg al., 2005)

There is mounting evidence that chemical composition and their potential sources bear
most responsibility for OP induced from ambient PM, which is-deggenden(Birmili et al.,

2006, Fang et al., 2019, Verma, 2015, Wu et al., 20Z@grse particles tend to be emitted
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from natural sources, including volcanic emission, sea salts and road dust resuspension, which
may release substantial amount of tlerse tracers of Cu, Fe, Ba, Na&CI, PAHs, and
minerals (e.g., silicates, metal oxides, clay minerals or calcium carbonates), etc. Most of them
are insoluble forms, leading to ROS generation through entering the cell by engulfment or
binding to a cell sdace(Fang et b, 2017a, Schoonen et al., 200B6ine and ultrafie particles

are produced from anthropogenic sources (i.e., biomass burning, traffic emission, industrial
activities) and secondary processes. They are likely to penetrate into lower respiratory regions
(i.e., pulmonary region). The ability to address @i these PM is relevant to SNA, SOA

(i.e., quinones) and transition metals (Cu, Fe, Mn, Zn, N{Aviirade et al., 2020, Gao et al.,
2020c) Since the mutagenic activity and redox activity varied dependently with particle size,
thedeposited dose of OP induced from ssegregated PM may act as a pivotally determining
factor in the respiratory deposited behaviour of -ifMuced OP, which controls the
toxicological mechanism from particulate redox active spg¢em et al., 2019, Wu et al.,
2021a)

Currently, growing studies start to concern simgributions of PM related OP and OP
depositions in different respiratory regigq@sdrade et al., 2020, Fang et al., 2019, Fang et al.,
2017b, Guo et al., 2019, Wu et al., 2021dpwever, few of them considered the potential
source contributions to the OP, as well as the deposited doses of the dominant particulate
catalytic oxidisers rad their induced Ofh different size modes. In this study, | will fill this
research gap by estimating the size distributions of contributions from sources and specific

redox cycling catalysts to OP of ambient particles.
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2.6 Causal Links between Respirary Health Effects and OP

Exposure to ambient particles is associated with adverse health endparade et al.,

2020, Bates et al., 2019b, Charrier and Anastasio, 2012a, Fang et al., 2019, Guo et al., 2019,
Liu et al., 2020b, Lyu et al., 2018 revious studies have provided evidence that OP of ambient
aerosols is strong indicator to offer more information about health risks of PM beyond the
risks captured by mass concentratiPhsdrade et al., 2020, Bates et al., 2019b, He et al., 2021)
The mechanism of PM related diseases is considered as the inflammatiod iindionceellular
imbalance via excessive production of ROS.

Positive correlations between PM induced DTT oxidation and cardiorespiratory diseases
have been reported. Hospital admissions, emergency department visits and mortality are
considered most ofterutcomes for respiratory or cardiovascular ca@€e® et al., 2020cA
14-year study conducted in Netherlands revealedtbi@aDTT oxidation by Pis had strong
correlations with respiratory health markers, including forced respiratory volume, rhinitis and
asthma, which was estimated through laisé regression modgfang et al., 2016He et al.

(2021) measured the lung function, airway mechanics, airway inflammation and asthma
symptom score of 43 asthmatic children and concluded that the increase in personal daily
exposure to OP of PM have great influences on enhancementstaf airway resistance and
airway impedance, as well as the reduction of lung function and worsened scores of individual
asthma symptoms and total symptoms. In addition, a-sexdonal study also suggested a
relationship between DTT decay and diabetevglence(Gao et al., 2020cHowever, the
conclusions that can be drawn about the relationship between OP and healéhstidikienited

without considering the effect of lung deposition of OP to human health.
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The deposited dose of particulate oxidative burden varies distinctively with different
deposition efficiencies and particle sizes into differespiratory tract§Guo et al., 2019, Lyu
et al., 2018, Wu et al., 2021&oarse particles are likely to retain in head or nasal airways. A
fraction of them is possibly hindered by rhinothrix through impaction processes and thus has a
limited impact on health effedLyu et al., 2018) In contrast, the PM with smaller sg,
including fine and ultrafine particles, along with various particulate catalytic oxidisamns,
penetrate into deeper regions of tracheobronchial region and pulmonary region. These patrticles
are believed to be more harmful to human health since thmgnoaly contain higher intrinsic
oxidative capacities compared to coarse particles, especially for the ultrafine particles, the
harmfulness of which is also due to their easy access to blood and difficult to eliminate via
inhibiting the phagocytosis by alekar macrophages and thus inducing pulmonary
inflammation by entering the pulmonary interstitial sig8sutas et al., 2005However, all
studies mentioned above have been based on the overall and size distributioris df¢dd
OP along with the chemical characterisation, limited effort has been devoted to exploring the
dominant redoactive species or source contributionsimedependent OP and their deposited

doses in human lungs.
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Chapter 3 Methodology

3.1 Location of Sampling Sites

Ningbo (285 1180’3 3 6 NJ,55162 P U ), #sé@ tyical coastal city, lies in the south
of Yangtze River Delta (YRD) and faces the East China Sea. The climate conditions in Ningbo
are featured by the stilopical monsoon, with northwest and southeast winds prevailing during
winter and summer. hannual average ambient temperature and relative humidity (RH) are
18.08€ and 76%, respectively. The ambient temperature reaches its maximum in August
(28.98 €) and minimum in January (5.35 €). Lower RH is usually observed in winter (73%)
as well aspring (73%), due to the influences of cold dry air from Siberian in winter, while the
higher occurs in summer and autumn (78% and 80%, respectively) is ascribed to dominant
southeast winds and even typhoons bringing about humid warm air from the EasS€ain
The annual mean wind speed (WS) is betweed 2 st in the study site.

In this project, aerosol samples were collected on the rooftop of Sir Peter Mansfield
Building (PMB) in University of Nottingham Ningbo China (UNNC, 2980 121.56 E),
which is about 10 m above the ground. The sampling site is located in the south of Ningbo city,
approximately 10 km away from the central business district (CBD). As the sampling site is
away from the immediate impacts of local sources (e.g. industrial emgssiaffic exhausts,
coal combustions), it can be characterised as an intermediate transition zone that is affected by
the mixed pollutions from both natural and anthropogenic sou@@sprevious monitoring
program showed small spatial variability of Rigncentrations in this regioandthus UNNC
can represent the overall air pollution level in Ningb¢éu et al.,, 2019) The location of
sampling site is shown in Fig. 3.1.
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3.2 Sampling Instrument

Two instruments have been used for field sampling (Table 3.1).

Table 3.1 Summary of samplers dse this study

Instrumentation Purpose

_ _ To collect PMs in the field by using pre
Universal Air Sampler . .
combusted quartz fibre filters.

To collect TSP (total suspended particule

_ _ _ with  six different ranges of particl
Six-Stage High Volume Cascade Air Samp o

aerodynamic sizes (0i00.49, 0.49 0.95, 0.95

i 1.50, 1.50° 3.00, 3.00' 7.20, 7.20 D).

To record all the relevant meteorologic
parameters and online monitoring gase
Weather Station in Ningbo Meteorological pollutants (air temperature, relative humid
Bureau (RH), wind speed, wind direction, sol
radiation, sunshine duration; B§¥ SQ, NO,
CO, ) during sampling period.

3.2.1 Universal Air Sampler

The Model 310 Universal Air Samplér (UAS™) is ageneralpurposeair sampler for
atmospheric aerosol. Air is sampled at 285 L hifior PM. s collection. The pre&ombusted
quartz filters(Pallflex Tissuquartz, Life Science, 8 x10 inohere placed on the clean gasket
to capture atmospheric particles for 23 h. Field blank samples were obtained twice for each
season. Fresh filters were grakedat 550°C for 4 h to remove residual impurities and

wrapped in the aluminium foil papers. Before and after sampling, the quartz filter was
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equilibrated at temperature 251 °C and RH of 3& 5% for 24 h, and weighed to obtain the
particle mass. After sgoling and weighing, filters were stored-20 °C in the fridge until

experimental analysis. The sampling period is listed in Table 3.2.

3.2.2 Sixi Stage High Volume Cascade Air Sampler

The SixStage High Volume Cascade Air Sampler (Model:Z3D, TischEnvironmental,
Inc. USA) was used for sampling the TSP with six different ranges of particle aerodynamic
sizes (0.G 0.49, 0.49 0.95,0.95 1.50, 1.5@ 3.00, 3.00 7.20, 7.206 ). For each sampling,
five »5F. H£a 6adndl olnCkod odafimm(Pallflek Tidgsuquartz, Life Scienge
were used to capture ambient particles simultaneatisiflow rate of D3m® min and lasted
for 23 h. Field blank filters were obtained twice for respective high and low pollution periods.
Processes of rp-cleaning, weighing and storing filters were the same as the processes

mentioned in Section 3.2.1.
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Table3.2 Sampling schedule of this study

Sampling Site Sampling
Period

Amount of

Sample

Purpose

On the rooftop of Oct 2017-
PMB (UNNC)  Aug 2018

On the rooftop of Oct 2017-
PMB (UNNC)  May 2018

582

138P

To obtain the PMs samples for season
variation analysis;

To investigate the ROS generation induc
from ambient PMs;

To obtain the sizsegregated TSP {&age);
To compare thechemical species of TS
between different aerodynamic size range
To conduct the OP values of sigegregatec

particles for toxicological study;

aSampling was conducted continuously for approximately 2 weeks for each season (Autuiday Séfinter:

DecFeb; Spring: MaMay; Summer: JuAug), the sampling periodsere selected randomaxcluding the

rainy days. No replicate sample was collectethis study.

b The sampling frequency for sifeactionated PM was the samethat forPM,s, however, the 20 samplin

days with respective highe@ti=10) and lowes{N=10) TSP concentrations were selected to better com

the PM differences in variouspects.

3.3 Materials

3.3.1 Reagents

All the chemical reagents used for DTT assay were from Sigrakdrich (Shanghai,

China): DL:-Dithiothreitol (DTT) (99.0%, CAS 34832-3), ethylenediaminetetraacetic acid

(EDTA) (99.995%, CAS 6M0-4), 5,5 -@lithiobis (2nitrobenzoic acid) (DTNB) (98.0%, CAS

69-78-3), trichloroacetic acid (TCA) (99.0%, CAS-D3-9), Trizm& Base (TrisBase) (99.9%,

CAS 7%86-1), chelex resin 100 sodium form (chelex resin) (CAS 118%28), potassium

phosphate monobasic (KPQs) (99.0%, CAS 77787-0), potassium phosphate dibasic

(K2HPQy) (99.0%, CAS 77581-4).
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The authentic standards for wasaluble inorganic ions (WSII) including 6 cations
(lithium (Li*), sodium (N&), potassium (K), magnesium (M), calcium (C&"), anmonia
(NH4") and 5 anions (fluorine (F; chloride (Ci), nitrate (NQ), phosphate (P£), sulphate
(SQ?)), were obtained from SigniaAldrich (St. Louis, MO, USA). Eluent used for cation
measurements was methanesulphonic acid (MSA) (99.0%, TBAR-2, SigmaAldrich,
Shanghai, China), and for anions was a mixture of sodium carbonat@@N499.0%, CAS
497-19-8, Sigma’ Aldrich, Shanghai, China) and sodium bicarbonate (Nak)(¥9.7%, CAS
14455-8, Sigmai Aldrich, Shanghai, China).

The standafs for water soluble 18 trace elements were used as follow: copper (Cu),
plumbum (Pb), ferrum (Fe), alumium (Al), manganese (Mn), vanadium (V), chromium (Cr),
cerium (Ce), cadmium (Cd), zinc (Zn), cobalt (Co), nickel (Ni), silver (Ag), arsenic (As),
strontum (Sr), bismuth (Bi), stibium (Sb), barium (Ba) (Sigimaldrich, St. Louis, MO, USA).
Concentrated nitric acid (HN(65% GR grade, Sinopharm Chemical Reagent Co., Ltd.) was
for acidifying the aqueous trace element samples that were extracted froemipiés

The 0.2 mg mt standard mixture USEPA 610 including 16 priority PAHs in
dichloromethane (DCM): methanol (MeOH) (1:1) was obtained from AccuStandard (USA):
naphthalene (Nap), acenaphthene (Ace), acenaphthylene (Acy), fluorene (Flu), phenanthrene
(Phe), anthracene (Ant), fluoranthene (Flt), pyrene (Pyr), benzo[a]lanthracene (BaA), chrysene
(Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP),
indeno[1,2,3cd]pyrene (Ind), dibenzo[a,h]anthracene (DBA) and bdghdperylene (Bpe).
Solvent used for extraction of PM related PAHs was@}#{99.9% pesticide grade, CAS-75

09-2, ANPEL Laboratory Technologies (Shanghai) Inc.).
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Standard for quinone measurement wastaghthoquinone (1,-RQ) (95.0%, CAS 542
42-5, Tokyo Chemiclndustry, Japan). Solvents used in these experiments were DCM (HPLC
grade, CAS 7992, ANPEL Laboratory Technologies (Shanghai) Inc.), MeOH (HPLC grade,
CAS 67%56-1, ANPEL Laboratory Technologies (Shanghai) Inc.), ammonium acetate
(NH4COOCH) (99.0% HPIC, CAS 63161-8, Macklin, Shanghai, Chipaand formic acid

(HCOOH) (96.0%, CAS 648-6, Sigmai' Aldrich, Shanghai, China).

3.3.2 Acquisition of Monitoring Online Data

The meteorological parameters (air temperature, RH, wind speed, wind direction, solar
radiation and sunshine duration) and ambient concentrations of online monitoring gaseous
pollutants (S@ NGO, CO, Q) and PMs applied in this study were obtained from Ningbo
Meteorological Bureau (WanMonitoring Station), which is less than 500 m awagmh the

sampling site.

3.4 Buffer Preparation and Treatment
3.4.1 Tris-Base and EDTA Buffer (TE-Buffer) Preparation
TE-buffer was used for DTNB solution preparation in this study. It contained 0.4 M Tris

base and 20 mM EDTA, with concentrated HCI adjusthe pH value of T#uffer to 8.9.

3.4.2 Potassium Phosphate Buffer Preparation and Treatment
Potassium phosphate buffer solution (0.1 M) was prepared with 77.8 mNM®ldnd 22.2

mM KoHPGs in deionised water, at a pH value of 7.4. FollowiGdarrier and Anastasio
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(2012b)andHolmén et al. (2017) the prepared potassium phosphate buffer waslpesmed

with Chelexresin, which is a cation exchange resin, to eliminate trace metals and therefore
reduce background oxidation. New Chelex resin was poured into arriresed glass
chromatography column (3 cm diameter, 50 cm height) and washed withQMithter until

thepH value of the effluent is 7. Then the Chelex resin was first rinsed with one column volume
of potassium phosphate buffer and discarded. The remaining potassium phosphate buffer was
treated by the Chelex column at a rate of around one drop per seabrd)laoted in an acid

washed Teflon bottle.

3.5 Sample Preparation and Chemical Analysis
3.5.1 Filter Extraction and Preparation

Designatedfractiors of quartz filter sample ere ultrasonically extracted by different
solvents for various experimental analysis. We considered that the particles collected on the
fraction of filter can represent the overall filteincethe aerosols collected by the samplers are
evenly distributed othe filter.
3.5.1.1 Water Extraction

For the extraction of PNelated watesoluble fractions, all extractions were conducted
using quartz fibre filters were extracted by 20 mL of deionised water anesatireated for
45 min. Aqueous Pk extracts werdiltered using polytetrafluoroethylene (PTFE) 0.45 um
pore syringe filters and stored at 4 € for further OP measurement via DTT assay, analysis of
watersolubleinorganic ions (WSH), water soluble trace elemergadwatersolubleorganic

carbongWSOC)
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3.5.1.2Methanol Extraction

Methanol extraction was applied for the analysis of organic components related OP, aerosol
samples were ultraonically extracted using 20 mL of methanol for 45 min, filtered with PTFE
0.45 pm pore symge filters. The extracts were collected in the sealed polypropylene bottles

and stored at 4 € for further concentration (Section 3.5.1.5).

3.5.1.3 Accelerated Solvent Extraction (ASE)

ASE (Dionex, Model ASE 350) was conducted for PAHs extraction froamtzdilters.
The filters were cut into pieces and well mixed with diatomaceous earth in 34 mL stainless
steel cells of Dionex (ASE 350). The diatomaceous earth applied in this study had been pre
tested to make sure there was no PAHs contained. Extractieres performed with the
increasing heat and pressure to 100 € and 1500 psi within 5 min. The static extraction was
held for 5 min, followed by the solvent rinsing with DCM (60% of rinse volume) and purging
with nitrogen for 90s. All extractions were camded in duplicates (2 cycles). The total
extraction run time was approximately 25 min for each sample. All extracted analytes were

collected in vessels for further concentration (Section 3.5.1.5).

3.5.1.4 Extraction of Quinones
Quinones were extractedofn filters with a mixture of pure DCM and MeOH (v/v, 1:1)
and ultrasonicated for 1 h at 25 €. After filtered with PTFE 0.45 pm pore syringe filters, the

extracted analytes were collected in the sealed polypropylene bottles for further concentration

38



(Secton 3.5.1.5).

3.5.1.5 Rotary Evaporator

The extracted analytes of PAHSs, quinones and the organic fractions (for OP measurement)
were concentrated by rotary evaporator (Biotage TurboVap II). For the measurements of PAHs
and organic fractions, the extragiere blown by gentle nitrogen stream at€3and reduced
to 1 mL, then stored in sealed vials-20 € for analysis through gas chromatograpmass
selective detector (GCMS) and DTT assay, respectively. As for the quinone measurement,
after the extrets concentrated to near dryness under a gentle nitrogen gas at 35 C, the residues
were dissolved in 1 mL MeOH and transferred into a brown-samapler vial for further

derivatisation reaction (Section 3.5.1.6).

3.5.1.6 MeOH Derivatisation

MeOH derivatsation was used for further quinone measurementidly performance
liquid chromatographi electrospray ionisatiofi tandem mass spectrometry (LCESI 1
MS/MS). The extracted analytes of quinones reconstituted in MeOH were subjected to air

heating at 65C for 27 h, and kept a0 C.

3.5.2 DTT Assay
The consumption of 100 pM of DTT in 0.1 M potassium phosphate buffer (pH 7.4) was
measured over time at 37 € in water bath. An aliquot of the Pétract (1 mL) was incubated

along with 4.5 mL of potassm phosphate buffer in a brown polypropylene bottle at 37 € for
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5 min. Then at time zero, 0.5 mL, 1 mM of DTT solution that prepared in 0.1 M potassium
phosphate buffer was added into the incubation mixture and shaken continuously in a water
bath. After racting for 10 min, 0.5 mL of the reaction mixture was removed and transferred
into 0.5 mL of 10% (v/v) TCA to quench the redox reaction. Then 50 L of 10 mM DTNB
(prepared in 0.1 M potassium phosphate buffer) was added allowing to react for 5 min, 2 mL
TE-buffer was added. It was noted that DTNB should be added befebaffdt to ensure the
redox reaction was quenched when DTNB reacted with remaining DTT. The concentration of
formed 2nitro-5-thiobenzoic acid (TNB) was quantified by its optical densityogttson at

412 nm (EVOLUTION 201 UW/isible Spectrophotometer, Thermofisher). In this study, a
total of five standard DTT concentration gradients were prepared (0, 25, 50, 75, 100 M). The
linear regression line derived from DTT standard solutions was fesechlculating DTT
consumption in aerosol samples. Each sample extract was run in duplicate or triplicate with

coefficient of variation (CV) less than 3.5%, blank samples were used for results correction.

3.5.2 Inorganic lons

We totally characteriseddhions and 6 cations, including EI, Br, NOs, SO/, Li*, Na',
K*, NH4*, C&*, Mg?" through lon Chromatography (I€B500, Dionex, US). The system
consists of an autosampler (Dionex-BY), an analytical column (Dionex, lonPdcAS23
for anions; Diong, lonPaéM CS12A for cations), a guard column (Dionex, lon®asG23
and lonPat" CG12A for anions and cations, respectively) and arsgénerating suppressor
(Dionex, ASRSM 300 and CSRY' 300 for anions and cations, respectively). A constant eluent

(4.5 mM NaC0s + 0.8 mM NaHCQ for anions, suppressor current: 25mA; 20 mM MSA,
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suppressor current: 59mA) with flow rate of 1 mL rhiwas conducted for inorganic ions

detection.

3.5.3 Trace Elements

Each filtered extract was acidified by addmgic acid (2% wi/v final solution, Sinopharm
Chemical Reagent Co., Ltd.), and stored in fridge at 4C before analysis. Measurements of 18
total metal concentrations (Cu, Pb, Fe, Al, Mn, V, Cr, Ce, Cd, Zn, Co, Ni, Ag, As, Sr, Bi, Sb,
Ba) were then carriedut by Inductively Coupled PlasaMass Spectrophotometry (GRS,

iICAP Q, Thermofisher).

3.5.4Carbonaceous Species

Theorganic carbon@C) andelemental carborEC) in ambient particles were analysed on
a thermal/optical carbon analyser (Model 2001A | CfBllowing the Interagency Monitoring
of Protected Visual Environmen#s (IMPROVE_A) temperature protocdDRI, 2005) The
thermaloptical reflectance correction scheme was used for the determination of optically
detected pyrolysed carbon (OPQ)atson et al., 2004)A 0.502 cni filter punch was
progressively heated from room temperature to 840 €, and OC and EC fractions were
determined based on their preferential oxidation at different temperatures in a pure helium (He)
atmosphere and 2% of oxygenGcontained He taosphere, respectively. Due to the
liberating time of the temperature, OC is volatised at the temperature at 140 € (OC1), 280 C
(OC2), 480 € (OC3) and 580 € (OC4 + OPC). EC is not evolved until the introductiorpof O

under higher temperatures at 5& (EC1i OPC), 740 € (EC2) and 840 € (EC3). OPC is
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generated in an inert environment during heating when 2%s nhtroduced and a laser
monitors the surface reflectance and transmittance of a filter during thermal analysis. The
concentrations of OC arlC were calculated as OC = OC1 + OCQ&3 + OC4 +OPCand

EC = EC1 + EC2 + ECB OPC, respectively, and total carbon was reported as the sum of OC
and EC concentration®Vatersoluble organic carbonNSOQ was measured using a total

organic carbon (TOC)malyser (Vario TOC Cube, Elementar, Germany).

3.56 Polycyclic Aromatic Hydrocarbons (PAHS)

In this study, 16 EPA priority PAHs were investigated, including Nap, Ace, Acy, Flu, Phe,
Ant, Flt, Pyr, BaA, Chr, BbF, BKF, BaP, Ind, BDA and Bpe. The analysis of PAHs was
conducted using a GC (Agilent Technologies 7890BJIS (Agilent Technologies 5977A)
equipped with a capillary column (HP5MS, film thickness 0.2%m, 30 mx 0.25 mm i.d.,

Agilent J&W.) with carrier gas of He. [lL of sample was injected into the @S in split

less mode with 5.5 min of solvent delay and the®56f injector temperate. PAHs standards

as well as extracted samples were analysed in selective ion monitoring (SIM) mode. The most
abundant ions were regarded as the reference ions for confirmation of each analyte. 16
reference ions were selected and identified based onsipecific m/z at different retention

time. To obtain the maximum sensitivity, the 16 reference ions were divided into 7 groups,
only those ions selected in same group were monitored during the specific interval of retention
time. GC temperature program ad& monitoring ions for target PAHs were shown in Table

3.3.
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3.5.7 Quinones

The advanced instrument applied for-N@, 1,4NQ and 1,4AQ derivative (1,2NQ-
OCHs, 1,4NQ-OCHs, 1,4AQ-OCHs) measurement in this study was High Performance
Liquid Chromatograp (Shimadzu 30A) tandem Mass Spectrometry (ABsciex 3200 Q trap)
(HPLC-MS/MS) equipped with Electrospray lonisation (ESI). The LC system consists of a
binary pump and an aukampler with an analytical column (Zorbax RRHD Eclipse Plus 95A
C18, 2.1x 50 mm 1.8 um; Agilent Technologies, USA) and a guard column (UHPLC Grd,
Ecl. Plus C18, 2.1 mm, 1}8n; Agilent Technologies, USA) used for LC separation &£35
The programs of mobile phase was set as follow: initially 30% of A (MeOH) and 70% of B (5
mmol L' ammonium acetate and 0.1% FA inidaised water), followed by a linear gradient
to 90% of A in 3 min, then kept isocratic for 2.5 min, and finally back to 30% of A for 0.5 min
(Pei et al., 2018)The tandem MS was operated in the positive ionisation mode withpfaulti
reaction monitoring (MRM). The quinone derivatives and optimised ionisation source

parameters were presented in Table 3.4.
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Table 3.3 GC temperature program and MS monitoring ions for analysis of PAHs

Time Interval lon Group lon Amount Reference lons Target PAHs GC Temperature
min m/z &
5.5 Group 1 128 Nap
9.0 Group 2 152, 153,166 Ace, Acy, Flu
70 € for 2 min;
12.0 Group 3 176, 178 Phe, Ant 15 € min! to 200 € for 4
min;
15.6 Group 4 200, 202 Flt, Pyr 5 € min-1to 220 € for 5 min:
2 € minto 250 € for 5 min;
23.5 Group 5 226, 228, 234 BaA, Chr
2 € mintto 270 € for 5 min
32.0 Group 6 250, 252 BbF, BkF, BaP
46.0 Group 7 276, 278 Ind, DBA, Bpe
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Table 3.4 Conditions of MRM mode ustmt HPLC-MS/MS analysis of quinone derivatives

_ _ Collision Cell o o _
_ Quinone De-clustering ~ Collision Collision Cell Exit
Quinone o Parent lon Product lon ) EP Entrance Potentia _
Derivative Potential (DP) Energy (CE) Potential (CXP)
(CEP)
\% Vv Vv \% Vv
1,2NQ  1,2NQ-OCHs 189 77 554 8.8 16.144 45.6 2.3
189 161 55.4 8.8 16.144 45.6 2.3
1,4NQ 1,4NQ-OCHs 189 77 55.0 8.8 16.144 45.6 2.3
189 161 55.0 8.8 16.144 45.6 2.3
14AQ 1,4AQ-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.



Chapter 4 OP of Watersoluble Fraction of Ambient PMxs Chemical
Characterisation, Seasonal Variation and Source Apportionment

4.1Introduction

The correlation of OP and watsoluble chemical constituents of PM in urban cities has
been widely investigated by many studi@Sharrier et al., 2016b, Cho et al., 2005)
Accordingly, theparticle species such as soluble transition metals (Cu, Fe, Mn, V, Ni); water
soluble inorganic ions (WSIIs), wateoluble organic carbon (WSOC), and wateluble
humiclike substances (HULIS) have been typically examined and found to be responsible for
OP activity by dithiothreitol (DTT) assayCho et al., 2004)Nonetheless, such findings are
still debatable about whether or not a simple summation of relative contribution of chemical
components could represent the overall OP of ambient PM. A veitedirstudies in the
literature investigated synergistic and/or antagonistic interactions among PM species and
antioxidants which could alter the redox properties. For example, Mn in PM exhibits
synergistic and antagonistic effects in DTT oxidation whereohiwith quinones and HULIS,
respectively(Lin and Yu, 2020) The mixtures of Cwith quinones or HULIS antagonistically
oxidise DTT with a consumption rate lower than the sum of individual redox active species
(Lin and Yu, 2020) Fe interacts additively with quinones and HULIS compounds in DTT
consumption, but synergistically in Gdroduction(Charrier and Anastasio, 2015, Yu et al.,
2018) Therefore, owing to a wide variety of complex interactions of PM species, it becomes a
difficult and challenging task to deduce the key drivers of OP through focusing just on those

generally recognized redeactive components.
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Several studies quantified sowsegecific contributions to PNhduced OP by applying
receptor models such as Chemical MassBadCMB) Positive Matrix Factorisation (PMF),
and Principal Component Analysis (PCA) coupled with Multiple Linear Regression (MLR)
(Bates et al., 2015, Weber et al., 2018, Yu et al., 2@¥ng et al. (2021gbserved that the
metatrelated factor dominated the source contribution to OP while marine vessels exhibited
the highest intrinsic oxative activity in Hong Kong. Howevedpe tovarious factors affecting
OP and potential nelinear increase of OP induced from souspecific PM, the traditional
analytical methods without considering synergistic and/or antagonistic effects from multi
souces and multspecies could be limited to some extent in previous reported literature.

Knowing the scientific facts that PM redox activity can be induced from vgatable, the
analysis of source contributions to ORan well represent the toxicity ofrdoient PM s to
human health owing to its more bioavailability. However, biased OP contribution can be
estimated by directly using linear regression model of individual particulate catalytic oxidisers
generated due to potential interactions among PM spedie provide more clarity in
understanding on characterization of OP, its driving factors and apportionment of responsible
sources, this unique study has aimed to achieve the following objectives: 1) a thorough
investigations on seasonal variationsmbéent concentrations of PAdmass and its chemical
constituents along with the overall ORalue ; 2) assessment of source profiles of Pahd
its OP**in the study domain; 3) estimation of source contributions t,@J finding scientific
reasos on why OP increases ntinearly with the increased source contributions, and
investigating the interaction within and between soureeved OP; 5) exploring the driving

factors of OP*thatareinduced from PM; of similar mass concentrations.
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4.2 Methods

4.2.1 Sampling

The ambient PMs was captured by quartz filters using the Model 310 Universal Air
SampletM (UAS™) at PMB (Sir Peter Mansfield Building) of UNNC (University of
Nottingham Ningbo China) between October 2017 and August 2018. The padtsampling
procedure has been described in Section 3.2.1. After samplifijeeslwere stored a0 €

in the fridge until experimental analysis.

4.2.2 Sample Analysis

For individual aerosol sample preparation, a fraction of filter was extralttadamically
by 20 mL Milli-Q water for 45 min at room temperature, as described in Section 3.5.1.1. All
the aqueous extracts were stored in sealed PTFE bottlé€airibr to analysis. The analysis
of WSIIs and WSOC were conducted by using IC$1600, Dionex, Upand TOC analyser
(Vario TOC Cube, Elementar, Germanyespectively. For analysis of watsnluble trace
elements, the aqueous extracts were acidified by nitric acid (2% wi/v final solution) before
measurement in IGRIS (ICAP Q, Thermdisher). The OP was measured by DTT assay.
Detailed descriptions of WSIIs, trace elements, WSOC analysis and DTT assay are presented
in Section 3.5.2 3.5.4.The OP measured from water and methanol extracts are expressed as
OP" and OP®™" respectivelyBoth of the OP indicators were normalised by volume/\€)P
OR, ™" and mass of Ph (OPn"s, OR.™"), where the volumetric OP is considered to be
more relevant to human exposumhile the massiormalised OP is a useful metric that

displays the intringi ROS generation abilitfdethanol is less polar than water and dissolves a
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large proportion of wateinsoluble organic components in addition to some of the water
soluble speciefverma et al., 2012)Although methanol and water may dissolve a few same
components, it is reasonable to assume that components in methanol extracts and water extracts
are mutually exclusi. OP*s and OP**""were then measured using the DTT ag€hyo et al.,

2005, Verma et al., 2012Measuring OP from both water and methanol extracts candgrovi

more complete ROS generation ability of P\

4.2.3 Quality Control

The analytical quality of the measured data was determined by recovery and linearity and limit
of detection (LOD). The concentrations of WSIIs and trace elementsesgneated via the
external calibration, the linearity of calibration standards calculated through linear regression
with values between 0.99 and 1.09) for all ions and trace elements. The mean recoveries
obtained were greater than 96.70Pke detectiotimits for WSIIs ranged from 0.02 ng #rof

NOs to 25.65 ng if of SO, for WSOC is 0.02 g C m, and for watessoluble trace elements

ranged from 0.09 pg thof Bi to 351.42 pg M of Mg.

4.2.4 Analysis of Air Mass Backward Trajectory

Model ofair mass backward trajectories was conducted to identify the impact of pollutants
originating from medium and loaginge transport of aerosols rather than local emissions, via
Hybrid SingleParticle Lagrangian Integrated Trajectory model version 4.9 (HYSRL9)
from the National Oceanic and Atmospheric Administration (NOAA) Air Resources

Laboratory from Oct 2017 to May 20{Braxler and Rolph, 2013The air masses were traced
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back 48 h to assess the trajectories, which arrived at the sampling site every 6 h over the whole
sampling period at 500 m height above ground IéMak atmospheric leat is frequently used

in previous studiegChen et al., 2021, Xu et al., 2016, Xu et ab1?), as it ensures that the
trajectory startsvithin the limits of atmospheric boundary layAil the calculated trajectces

were subject to cluster analysis through an assessment tool, Trajstat 1.2.1.0, a geographic
information system (GIS) based technique used for estimating the pollutant pathway from a
large number of trajectories with high measuren{@iten et al., 2021, Wang et al., 2009)

Euclidean distance model was applied for both distance and direction analysis in this study.

4.2.5 Graphical Analysis of Source Dispersion

To determine the seasonal variations of geographical origins and dispersion characteristics
of PMzs-induced ORand local source contributions to @Bivariate polar plots (BPPs) were
applied in this study. The plots illustrate variation trends of @fues (OR"s and OR™™)
versus hourly wind speed and wind direction in polar coordinates. The detailed description of
BPPs construction can be found elsewHhérarslaw and Beevers, 2013, Chen et al., 2021)
Briefly, wind speed, wd direction and concentrations of O¥Walues were partitioned into
wind speeed i recti on O6binsd with <calculated mean
direction intervals at 10°and wind speed of 30 rhwere set, respectively. For each PM
sample, the parameters obtained for 23 h sampling were distributed in previous 23
corresponding hourly wind direction and wind sp@ddufarrej et al., 2020)This model was

made 1 n computational t ool of Rswwwopepnair 6 0 pena

project.org
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4.2.6 Chemical Mass Balance (CMB) Model

Considering the limited number of samples collected per season, chemical mass balance
model (US EPA CMB8.2) was applied in this study to apportion emission sourcés,ef P
during four seasons of this sampling campaign. In this model, the sample concentrations and
source profile abundances with corresponding estimated uncertainties were used as input data.
To obtain reliable fitting statistics, the essential criteribganet for acceptable CMB results
including R > 0.85, Cht < 4, Tstat values 2, and percent mass (% mass, ratio of the sum of
modeltcalculated source contribution estimates to measured mass concentration) ranged from
80-120%. The source profiles applied herein were obtained from previous studies in China and
it was believed to wetepresent the source characteristics including coal combyBiienal.,
2019) industy emission(Liu et al., 2018¢)vehicle enssion(Liu et al., 2018¢)fugitive dust
(Bi et al., 2019)biomass burnindLiu et al., 2018¢)sea salts and secondary aer¢gbhng et
al., 2016) The fitting species should be the major componentandicators of sources,
including OC, EC, sulphate nitrate and ammonium (SNA),@&*, Na', Al, As, Ba, Cd, Cr,
Co, Cu, Fe, Pb, Mn, Zn, Ni, V, Nap, Ace, Flu, Phe, BbF, BkF, DBA, Bpe, and their

concentrations are provided in Table drid Table 5.1
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Table 41 Mass concentrations of BMand its chemical components during the four seasons

Component’s Autumn Winter Spring Summer
PM2.s 43.87 +18.09 87.60+35.63 36.54 +25.55 28.60 +12.31
oC 10.22 £4.47 14.07 £5.59 6.38 £4.32 4.62 +2.30
EC 4.14 +1.69 9.51 £5.87 1.92 +2.27 0.99 +0.70
WSOC 3.01 £1.35 5.83 £3.26 1.91 +£2.10 1.91+1.18
NH4" 3.57 £1.22 8.58 £4.97 4,78 £2.97 3.11+£1.75
NOs 7.71 +4.34 33.31+4460 7.22+7.35 2.33 £0.87
SQ# 5.24 £1.72 14.60 £16.86 7.11 £3.59 8.42 £4.11
F 0.03 £0.05 0.73 £1.29 0.05 £0.04 0.61 £0.67
Cr 1.06 £0.76 3.52 +£1.94 0.32 £0.22 0.17 £0.29
K* 0.43 £0.20 0.83+0.71 0.28 +0.22 0.16 £0.07
ca* 0.19 +0.09 0.24 +0.24 0.18 +0.13  0.44 +0.41
Mg?* 0.07 £0.03 0.05 +0.08 0.05 +£0.02 0.05 +£0.02
Na* 0.25 +0.08 0.73 £0.65 0.24 £0.10 0.29 £0.12
Br 0.03 £0.03 0.19+0.44 0.06 £0.04 0.05 +£0.04
Al 1.42 £0.94 5.38 £11.81 12.21 £22.96 1.13 +0.93
As 0.20 £0.10 0.33+0.31 0.29 +0.23 0.12 £0.07
Ba 0.60 +£0.33 1.25+1.75 0.65 +0.60 0.57 £0.85
Bi 0.07 £0.10 0.06 £0.10 0.04 £0.04 0.02 £0.02
Ca 9.85 £5.77 13.33£13.44 16.34 £11.88 29.07 £21.61
Cd 0.11 +0.07 0.16 £0.16 0.13 +0.09 0.05 +£0.03
Cr 0.28 £0.20 0.15+0.11 0.73 £0.15 0.37 £0.59
Co 0.02 £0.01 0.18 £0.27 0.04 +£0.02 0.02 £0.02
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Cu 1.02 £0.41 0.99 +£0.89 1.21 +0.81 1.57 £4.78
Fe 3.66 +2.08 4.92 +4.35 8.97 £7.97 3.51 +5.94
Pb 1.08 £0.57 2.24 £2.65 1.91 +2.03 0.65 +0.75
Sb 0.22 +0.25 0.31+0.35 0.23 +£0.23 0.10 £0.05
Mn 1.69 +0.68 3.80 £3.48 3.93 +2.36 2.66 +4.48
Ni 0.29 +0.16 10.01 +17.17 1.13*1.21 0.47 £0.66
Vv 0.34 +0.25 0.27 +£0.62 1.44 +1.63 0.55+0.35
Zn 16.62 +12.47  19.30 +27.77 19.09 £12.34 10.88 +5.63
Os 54.63 +26.04 30.72+10.35 92.62 +27.11 62.32 +21.03

2 The unit is pg m® for PMzs, OC, EC WSOC, WSIIs andsQand ng ¥ for water
soluble transition metals;
b Mean +standard deviation (SD).

4.2.7 Multivariate Regression Models

The ROS generation potential frapecific sources of Phdwas estimated throughMLR
analytical mode(Bates et al., 2015)n this study, OF°was defined as the dependent variable
and source contributions (SC) to PMS ¢ g m™3) as the independent variables, expressed
in Eq. (1)(Daellenbach et al., 2020)
ORBORIS G U 1)
whereO B, %is the parameter of source contribution and represents DTT activity per mass of
respective aerosol (nmol ming ™) from the speific emission sourcel is the constant,
representing OHnduced from other sourceBhe overall sample size (N) is 55.

All the programming was conducted using SPSS (Statistics 23). The coefficients of

emission sources witk statistics p values) greatethan 0.05 were removed. However, a
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statistically significant negative value of intrinsic OP may be calculated for further analysis
and interpretation. Based on the nature of mass based intrinsic OP, negative value was
considered to be no gatemical seresas the air is known to be strong oxidant mi(M{eber

et al., 2018)Therefore, a stepwise method was selected in this study. If the calculated intrinsic
OP of the source is negative, then it was discarded, and the iteration was repeated until all
intrinsic OP values were found to be greater than zero. The coefficients of the predicted source
contribution values to QP* are summarised in Table 4.2. Sourcesetondary inorganic
aerosol, SIA (NH', NOs, SO?%), was not included in this modelling as the source contribution

to OR, due to that these components cannot directly induce OP in ambient é@ewdtEnbach

et al., 2020, Zhou et al., 2018)
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Table 4.2 Summary of the coefficients in the models of source contributionst® OP

Model R? Adjusted R Std. Error of the stimate Durbin-Watson
‘OR"® 0.22 0.19 1.54 1.59
a. Predictors: (Constant), industrial emission, sea salt;

55



4.3 Results and Discussion

4.3.1 Seasonal Variation of PMsand OP Activity

Seasonal variations of Pidand ORnduced by both watesoluble (hydrophilic) fractions
(ORMS, ORW"®) during the study period in Ningbo city are presented in Fig. 4.1. The averaged
PM..smass concentration was highest (87.60 +35.63 [£) in winter (Dec 2017 to Feb 2018)
and lowest (2&0 +12.31 pg nm®) in summer (Jun to Aug 2018). During the marine monsoon,
a subtropical climate, marked by a relatively warm humid summer and cold dry winter, prevails
in Ningbo. During the sampling campaign, highestBMvels occurred in the winter atow
wind speed (1.98 +1.01 nt, low ambient temperature (7.83 +2.57 €), and low relative
humidity (RH, 67.57 £9.46%). Such synoptic conditions would depress the planetary boundary
layer (PBL) and result in atmospheric inversion, then consequietliy M s levels increase.
Lower levels of PMsin summer could be partially ascribed to the higher temperature (29.54
+0.99 €) with the notable rainfall, which facilitate the dispersion and scavenging of aerosols
(Xu et al., 2016)

The DTT consumption rate normalised by volume [ORs considered to be more relevant
to human exposure, the seasonal variability of extrinsici®Ringbo city was pesented in
Fig. 4.1(b). In this study, we observed significant variability of than th&<@R the oneyear
basis. The annual average /$Rvas 3.65 +1.71 nmol mih m, which was comparable to
that in the Western Asian city of Tehran (2 ~10 nmoltmim®) (Al Hanai et al. (2019) but
slightly lower than those of other areas in China, such as the rural area in Inner Mongolia (5.32
nmol min* m?3) (Secrest et al. (2015)city centres of Tianjin (6.8 £3.4 nmol nmifnm) (Liu

et al. (20183)and Beijing (12.26 +6.82 nmol mihm™3) (Yu et al. (2019). The lower OP"®
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suggests a lower inhalation exposure risk okBM Ningbo. Previous studies have reported
the highest averaged UPin winter (heating season) and lowest in summer {reating
seaon)(Daellenkach et al., 2020, Saffari et al., 2014b, Verma et al., 2MHd\Wever, in this
study, there was no obvious seasonal variation af*ORith slightly higher during autumn
(median: 4.14 nmol mihm3, mean: 4.09 +2.02 nmol mihm) than other seasons. This result
embodied the availability of most atdant watesoluble catalytic PMs oxidisers (e.g.,
transition metals, WSOC) in the fine aerosols in Ningbo during autumn. As shown in Fig.
4.1(b), OR"s was more variable during spring relative to winter, while the median @f*OP
was higher in winter3.99 nmol mint m3) than spring (3.46 nmol mifrm®). These phenomena
signified that the Of**° values hover around the higher median consistently in winter than
spring, and further implies the relatively steady and stRO& generation abilitgf ambient
aerosols from watesoluble fractions during winter in Ningbo city.

The massiormalised DTT ativity (OPm™®) is a useful metric that displays the intrinsic
ROS generation ability of ambient BM The annual mean GQF* (0.12 +0.12 nmol min' g
1y obtained in this study was comparable with the data reported in the city centre of Beijing
(0.13 +£0.10 nmol mint pg 1, Yu et al. (2019), slightly higher than the suburban area of Beijing
(Huairou district, 0.09 nmol mihg?, Wang et al. (2020%)and cities of southeastern US
(0.0050.10 nmol mint g%, (Verma et al., 2014) but much higher than Hong Kong (0.022 +
0.011 nmol mirt pg %, Cheng et al. (202))and Bohai Sea area (0.002084 nmol mirt g 2,
Liu et al. (20183g)of China. The relatively high Qf?° suggested the greater intrinsic oxidative
stresson the basis per PM mass in Ningbo. The fine particles exhibited the highest mean

OPy"® during summer, with 0.21 +£0.16 nmol ming %, indicatingthat the highesbxidative
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stressassociated with wategoluble components per unit mass of ambient §iM summer,

although the PMs mass concentration is lowest.
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Table 4.3 Meteorological data and standdediation (SD) of temperatur€(), relative humidity (%), wind speed(s?), solar radiationNIJ nt

2) and sun duration (h) during autumn, winter, spring and summer seasons

Temperature (C) RH (%) Wind speed (m¥Y Solar radiation (MJ rf) Sun duratior(h)
Autumn 15.77 +2.34 74.01 +6.41 2.78 £1.47 0.12 £0.04 0.22 £0.13
Winter 7.83 £2.57 67.57 £9.46 1.98+1.01 0.10 +0.01 0.23 £0.07
Spring 19.94 +1.90 65.59 +9.19 2.80 £0.76 0.22 £0.05 0.32 £0.12
Summer 29.54 +0.99 75.57 +4.14 2.40 +0.63 0.23 £0.06 0.37 £0.11

60



4.3.2 Graphical Analysis of Potential Sources of QP

Bivariate polar plots of oxidative capacities and mass concentrationsf &\given in
Fig. 4.2, for graphical comparisons of their potential sources*Gind PM s exhibited
considerably different temporal trends regarding the changes in wind speed and wind direction
throughout the four seasons in Ningbo city.28howed ngrevalent sector for autumn (Fig.
4.2(e)), with the highest contribution was from all wind directions at low wind speed (€ 2 m s
1) in the vicinity of the study site. Unlike P the maximum O was obtained when wind
blow from the southeast (SE) dugi autumn, indicating the limited DTT oxidation induced
from the highly concentrated ambient particles. As our study domain is surrounded by freeways,
therefore we inferred that the high oxidative capacity(€)®vas dominant by traffic exhausts
from freavay source, where the nearest freeway lies from SE to NE of the UNNC (Fig. 3.1(c)).
The highest levels of PM and OR"® in winter were recorded when the wind came from the
northwest (NW), and both increases with increasing the wind sBeetl a pattern of increase
suggested a buoyant plume from a source like a chimney stack, from which the plumes are
brought down to ground level under unstable atmospheric conditions with the increasing wind
speedCarslaw et al., 2006, Chen et al., 20249cording to the analysis of back trajectories
(Fig. 4.3(b)), the aerosols from NW were significantly affected by thelange tansport of
air masses, which more than 80% of the air parcels were from NW, originating from inland
China with densely distributed fire spots in Anhui Province (37.3%) and passed through
Hangzhou Bay before arriving the study domain. Thus, the aerosoisrégional transport,
bringing the pollutants from BB and sea salt particles, may aggravate the air quality and

enhance the oxidative potency.
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4.3.3 Source Contributions to OR"s
4.3.3.1 Intrinsic OR"® of PMp.5 Source

We quantified the seasonal variations of source contributions ¥ Rdsed on a multiple
linear regression (MLR) model. The modelled WWRvas shown contributed by different
emission sources with dissimilar intrins@P for the same source. The WPactivity

substantially contributed from industry emission (IE) and sea salts (SS). As shown in Table 4.4
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that IE exhibited a higher OP per mass unit of the aerosolt®in nmol min' pg?) than
sea salt aerosol with.070 £0.021, suggesting the highiROS generation abilitpf ambient
PM:sreleased from IE in Ningbo. For the wasaiuble fractions of Plyk, we also observed
the higher intrinsic OP induced from-lelated PM:s in the northern cities of China (0.155
and 0.279 nmol mif g in Bohai Sea areas and Beijing, respectively), but lower in Hong
Kong (0.038 nmol mid g %) relative to Ningbo (Table. 4.5).

Sea salt aerosol (QP*S9), considered redox inactive previously, was shown to have the
intrinsic oxidative capacity but contributed substantially lower to overall DTT activity from

watersoluble fractions (OP) relative to OR"*'E, with 0.045 +0.022 nmol minh ug?. We

infer such phenomenon would be due to the mixed sources of minstalship emissions
within SS, explained partially by minerebntaining species with higher redactive potency
(e.g., Md*, Fe, and Zn)Cerro et al., 2020)Similarly, the observations of oxidative activity
from mixed SS emitted PM amsols with road dust and marine vessels were reported by

previous studies in France (0.14 +0.03 nmol tim?) and Hong Kong (0.129 nmol miug

1)_

Table 4.4Summary of regression coefficients (intrinsic {Qmmol min! £g') of source

contributionsto OR" (nmol mir* m3)

CC IE BB SS Intercept
0.070 +£0.02 0.045 £0.022 2.23+0.45

ORM™® N.AS N.A.
(0.002¥ (0.05) (< 0.001)

“ N.A. refers to not applicable that includes the exclusion during the regression exerc
#
p value
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4.3.3.2 Sea Salts (SS)

As depicted in Fig. 4.4, the source ofWRvas dominated by SS during this field campaign
and the highest average @Pnduced from SS aerosol (P9 occurred during winter with
a value of 0.26 +0.61 nmol mihm=. To the best of our knowledge, no study has yet reported
the potential of twicities of sea salt aerosol in China. To unravel the driving factors of such
high OR"SSS contribution, we plotted seasonal variations of chemical composition spectrum
for sea salt emission in Fig. 4.5 (a). It was noted that chemical composition aftsear@sol
was relatively constant, and high loadings ot5@.151 0.37ug nt3), CI (0.137 0.32ug nT
%), NOs (0.117 0.28ug ni3), Ca (0.08 0.21pug n®), Na (0.08 0.19ug nT®) and Fe (16.32
40.54 ng 1¥) were identified to SSelated particudtes among four seasons during the study
period. As widely reported, Cls an essential trace reactant involved in the processes of
oxidation chemistry in the mithtitudes(Chi et al., 2015, Osthoff et al., 200&or sea salt
particles, active Clinsteadof chloride bound in atmospheric particles is considered to be
released through heterogeneous reaction with dinitrogen pentoxiOs) @ the surface of sea
spray particle, which produces nitryl chloride (CINGCFor those aerosol particles that do not
initially contain CI, the yield of CINQ is from gaseous Cl (mainly HCI) uptake byQ4
through heterogeneous processes, where the HCI ultimately stems from SS particles through

acid displacemer{ivon Glasow, 2008)Thereaction equation (Eq.2) is shown as follow:
het

HC | +NyOs g Cl NQ+HNQ@,q (2)

Cl® | i gow8B84®mY CI1+NQ (3)

Accumulation of CINQ is stable at nightime, and photolysed rapidly to active chlorine

radical and NQ@after sunrise under deficiencies of other oxidant and radicals (e.§. NOb)
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(Eq.3). As reported by earlier studies, reactive chlorine radical is the dominant oxidant and
more react i v e swhitheoxidis€&Hdatilaarganic danpounds (VOdsit do

not react with N@directly (Osthoff et al., 2008)T his reaction produces peroxy radicals, which
results to @formation in the existence of NOimplying that ombination of anthropogenic
emissions and sea salt led to enhancement of particulate ROS generation, especially-in a VOC
rich area like Ningbo heavily affected by petrochemical industry and shipping emission. Air
masses were transported from the East CBee and passed through the Ninglhmushan

port during four seasons (shown in Fig. 4.3). Such transportation routes of air mass might have
made the sea salt particles more oxidizing before arriving at the study domain. Additionally, in
N20s formation thraigh the reactionf nitrogen dioxide (N@ and nitrate radical (N§), the
presence of regional CINGs usually accompanied by a higher level of NOsthoff et al.,

2008) It explains that the highest contribution of W3¥° occurred during winter when NO
concentration (72.84 +9.47 g M) was significantly higher than other seasons, i.e., 49.05 +
14.14 pg m%in autumn, 22.58 £9.75 g Min summer, and 49.05 +14.14 pg#in spring.

I[ron was one of the most abundant weateluble metal ions in sea salt aerosol, with an
average contribution of 2.40% duringsisampling campaign. The higher level of Fe in sea
salt aerosol would be due ®ther mixed sources from freight activities and/or vehicle
exhausts in the NingbBhoushan port, or the atmospheric deposition of mineral dust from
continental regions to the seawatearis and Desboeufs, 2018yevious studies showed that
Fe itself has low redox capacity, exhibiting weak and inconsistdationship with PM
catalysed DTT activitfCharrier and Anstasio, 2012c)However, the property of OP for Fe

could be highly enhanced when complexed with organic compounds such as WSOC, abundant
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in aromatic content with highly redeactivity as reported in recent studi@Sharrier and
Anastasio, 2011b, Xiong et al., 201 Mherefore, the cexistence of watesoluble Fe and

watersoluble fraction of atmospheric organispecies can cause the meaigdanic

complexation by forming a ligand with an organic species, possibly inducing a strong

synergistic effect on ROS generation in a typical antioxidant environment (including DTT

assay and surrogate lung fluid systef@)eng et al., 2020, Paciolla et al., 200preover, a
synergistic effect of Falso arises from Fenton reaction, wher®generated by organic
catalysed (e.g., WSOC, quinones, HULI S)

by Fe (I)(Yu et al., 2018)as shown in the following Eq.-@):

Fe(ll1) ¥ FREdRa&d winttant (4)
Fe (O,UFe¢lAD) + (5)
2A & H20 O, +H,0, (6)
Fe(IHLQUFe (Il OHH OHA (7)

As we observed astrongcoael i on bet ween Fe rahm79, Taue Q)

redo

(Pea

during winter, we inferred that the oxidative capacity could be induced through synergistic

effects of Fe and WSOC with either-lSOC complex or Fenton reaction under WSOC

catalysis, which is morefficient in producing ROS than Fe alor®esides,the highest

concentration of Sg&& (0.37 g n®) from sea salt source during winter could increase the

aerosol acidity and facilitate Fe dissolution, indirectly impacting OP levels ug@aatipoury

et al., 2021) Therefore, the effect of F&SOC mixture would be one of the principal drivers

for DTT activity induced from sesalt aerosol, and consequently the highest*& during
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Table 4.5. Comparisons of intrinsic @mol min? pg 1) induced from specific source emitted PM from different regions in the world

Marin Extraction
IE CcC BB VE FD SS Location Location type Reference
solvent
vesse
- Gamble + Chamonix, . Weber et al.
PMio -- -- 0.07 +£0.010.27 +0.0z 0.14 +0.03 -- -- DPPC* Erance City centre (2018)
Alpine
- Gamble + Weber et al.
_— _— C _— _—
PMuo 0.13 £0.070.23 £0.0€ 0.12 £0.11 DPPC Valley, Urban area (2021)
France
Gamble + Grenoble, . Borlaza et al
PMio 0.52 +0.18 -- -- -- -- -- -- DPPC Erance City centre (2021)
Gamble + Grenoble, Background Borlaza et al
PMwo 0.82£0.24 - - - - - - DPPC France station (2021)
Gamble + Grenoble, Borlaza et al
PMio 0.44 +0.17 -- -- -- -- -- -- DPPC Erance Suburban are (2021)
Bohai Sea Liu et al.
PMzs 0.16 0.36 0.29 0.086 -- -- -- Water areas, Chin Urban area (2018a)
B B B Beijing, Yu et al.
PMzs 0.28 0.24 0.48 0.21 Water China Urban area (2019)
. . . Hong Kong, Cheng et al.
PM2s 0.038 0.01 0.020 0.13 Water China Urban area (2020)
- 0.045 + Ningbo, .
PM250.070 +0.0z - - - -- 0.022 -- Water China Urban area This study

Note: *DPPC: dipalmitoylphosphatidylcholine
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Table 4.6Pearson sorrelation coefficient (r) between carbonaceous species andsufiibie trace elements

oC EC WwWsOC Al As Ba Ca Cd Cr Co Cu Fe Pb Sb Mn Ni \Y Zn
Autumn
oC 1.00
EC 0.91" 1.00
WSOC 0.80° 0.77° 1.00
Al 0.21 047 055 1.00
As 0.33 047 05" 0772 1.00 0.00
Ba 0.29 0.13 040 021 0.00 1.00
Ca 0.16 -0.12 0.11 -0.21 0.04 052 1.00
Cd 0.89" 0.87" 0.65 019 047 027 023 100
Cr -0.25 -0.38 -0.17 -0.10 0.21 -0.07 0.64 -0.12 1.00
Co 0.11 -0.11 0.24 0.07 021 040 0.69 0.01 051 1.00
Cu -0.13  -0.07 0.17 041 057 005 034 004 056 039 1.00
Fe 0.37 0.15 048 010 0.24 0.6 0.68 0.29 0.47 0.78 0.47 1.00
Pb 0.50 044 077 034 045 050 019 043 0.09 051 0.29 077 1.00
Sb 045 025 0.70° 0.07 023 012 015 020 015 034 0.09 045 0.60 1.00
Mn 055 0.39 0.66" 021 039 059 047 050 030 064 0.23 082" 0.88 054 1.00
Ni -0.14 -0.26 -0.14 0.03 023 020 063 -0.05 0.83 0.70° 041 057 026 000 042 1.00
Y -0.11 -0.16 -0.20 -0.02 -0.16 0.1 026 -015 051 019 0.18 042 0.07 -008 0.11 0.64 1.00
Zn 0.71" 042 075" -002 022 045 048 052 010 053 007 066 0.66 0.82° 0.68 0.13 -0.06 1.00
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1.00
0.92
0.91"
0.80"
0.86"

0.73
0.84"
0.94"

0.56

0.08
0.83"
0.78"
0.79"
0.91"

0.49

0.03
0.72
0.80"

1.00
0.93"
0.86"
0.86"
0.77"
0.94"
0.97"

0.53

0.07
0.83"
0.80"
0.86"
0.97"

0.54

0.02
0.79"
0.87"

1.00
0.84"
0.94"
0.81"
0.78"

0.96

0.44

-0.03
0.87"
0.79"
0.85"
0.93"

0.45

-0.07
0.74"
0.78"

1.00
0.88"
0.89"

0.31

0.27

0.32

0.18

0.15

0.16

0.23

0.20

0.38

0.20

0.05

0.17

1.00
0.82"
0.35
0.37
0.31
-0.08
0.17
0.17
0.23
0.32
0.27
-0.08
0.18
0.34

1.00
0.56
0.77
0.43
0.12
0.90"
0.89"
0.91"
0.83"
0.61
0.08
0.83"
0.81"

1.00
0.89
0.49
0.04
0.66
0.64
0.72
0.88"
0.46
0.00
0.65
0.76"

Winter

1.00

0.52
0.01
0.86"
0.78"
0.88"
0.97"
0.53
-0.04
0.80"
0.85"

1.00
0.63
0.70

0.75"
0.59
0.51
0.87"

0.60

0.48

0.56

1.00
0.20
0.39
0.03
-0.04
0.62
1.00"
-0.11
0.01

1.00
0.95"
0.95"
0.88"

0.70

0.15
0.86"
0.85"

1.00
0.87" 1.00
0.82" 0.93° 1.00
0.76" 0.70 0.56 1.00

0.35 -0.02 -0.09 0.59 1.00
0.78° 094" 0.90° 061 -0.16
0.82° 0.972° 094" 0.68 -0.04

1.00
0.96"
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-0.47
-0.51
0.40
0.60
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0.37
0.81"
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0.87"
0.85"
0.73"
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0.44

0.83"

1.00
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-0.57
-0.56
0.31
0.34
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0.47

0.27
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0.88
0.97"
0.71
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1.00
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0.46
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0.50

1.00
0.32
0.64
0.60
0.69
0.69
0.55
0.49
0.59
0.71
0.32

0.57

Spring

1.00

0.40 1.00

0.34 0.74 1.00
0.68 0.86" 0.64
0.72° 0.86" 0.69"
0.76" 0.79 0.48
0.79" 0.68 0.39

0.56 0.807 0.42

0.43 0.73 0.59
0.59 0.40 0.48
0.79" 0.70 0.53
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1.00
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0.94"
0.88"
0.83"

0.67

0.51

0.88"

1.00
0.94" 1.00
0.88" 0.94 1.00
0.83° 0.87 074" 1.00
0.76" 0.64 042 0.71 1.00
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* At 0.05 level (twotall), thecorrelation is significant.

** At 0.01 level (twotail), the correlation is significant.
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4.3.3.3 Industry Emissions (IE)

As a typical industrial city, Ningbo is comprised of intensive industrial zones in Zhenhai
and Beilun districtsn the north and northeast of our study domain, respectively, relating to a
power plant, dye industry, metallurgy, smelting and petrochemical industry. Fig. 4.4
demonstrates that @P'E (0.20 +0.12 nmol mint m?) was significantly higher during spring,
which was twice as much as that in winter (0.09 +0.21 nmot‘mir?) and summer (0.10 +
0.15 nmol mint m3), and almost five times that in autumn (0.04 +0.05 nmol-him®). As
presented in Fig. 4.5(b), the highest loadings ofdlatedtransition metals were observed
including Zn (61.54 ng ), Mn (34.85 ng i), Pb (3.84 ng m), Cr (1.29 ng %), Cu (0.85
ng m°) and V (0.45 ng M) during spring. The elements such as Zn, Mn, Cr, and Cu are the
main species featured in IE, indicatitige responsible sources as smelters and metallurgical

industries. As documented by the Ningbo Statistics Bure@p:{english.nbtjj.gov.c)) there

are approximately 5,028 enterprises associated with metalrsgnattd processing in Ningbo
(Wang et al., 2018b)Pb was almost three times higher during spring (3.8 Bgthan other
seasons (0.62 1.2 ng m?), and such a trend might be due to the abundance in particulate
matter generated from steelmaking processes and power plant operations. Previous studies
reported the declined emission of Pb from vehicle exhaust attributable to the widespread use
of unleackd petrol, and thus IE has now became a dominant contributor for this e{Zimemg

et al., 2020) Pb is also considered as an indicator of dye sources, the higher level of which
suggested a strong impact of textile mill and garment factory on the air quality in Ningbo. Pb
and Zn can cause oxidative stress through electrophilic reaction pat{¥vags al., 2019)

Cu and Mn were reported as the most redotive transition metals due to their highest DTT
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consumption rates and induced OP throagtalytic processes and ROS format{@marrier

and Anastasia2012c) The occurrence of V in the aerosol signified the mixed source of heavy
oil combustion for cargo ships and diesel vehicles, which was reported as one of the most
reactive metals with DTT asséZharrier and Anastasio, 2012@herefore, ambient levels of

PM:2 s derived from metal industry and dye intlyspossess prominent oxidative potential
compared to other industries, and became more significant for public k€hlihg et al.,

2021)

4.3.3.4 Norinearity of OR" Induced from Other Sources

The contributions of vehicle emissions (VE) and fugitive dust (FD) tedére identified
through source apportionment analysis in CMB model, but were excluded as the main
contributors to Ofby MLR analysis. Most regression analysis applied in estimating source
specific OP assumed that there were linear source contributiadhs tevels of OP with no
obvious interaction between independent variables (rsaltrces or mukcomponents). The
exclusion of VE and FD might be attributed to fiaential statistical limitationsncluding
low annual contribution of FD (0.43%) to BMmass or the small sample size for VE source,
although the VE contribution was significant (21.07%). Howevamtlinear oxidising
capacity induced from VEand FDemitted PM s could be considered as one of the dominant
reasos for exclusions of VE ané&D from MLR analysisSuch trend was in agreement with
several previous studies, showing the synergistic or antagonistic effects on the OP activity

between metal and organic compound interact{@ns and Yu, 2020, Yu et al., 2018Jhe

multcs our ce i nteractions c¢onf ificienebdtweerrGPactidtye ar s or
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and emission sources (Fig. 4.6).

A significant positive correlation was observed betweeg"& and VE during spring,
with correlation coefficient of (OR“$SYVE) = 0.709. Thus, such result signified either the
additive orsynergistic effects in ROS generation between SS andrdgted PMs. Fe
exhibited an additive effect in DTT consumption with quino(é®ng et al., 2017) The
abundant Fe content identified from SS sources (16:38@.535 ng r¥) mixed with VE
emittedquinones would be one of the driving factors for additive interactions between SS and
VE. Despite such trend, Mn content from VE sources was relatively higher during spring (0.150
ng m3) than autumn (0.015 ng#hand winter (0.000 ng ®), while 1,2-NQ during spring
(5.27 +1.75 ng ) was higher than autumn (4.37 +2.51 ngnand summer (2.70 +1.78 ng
m3). Based on observations of previous reported studies, the mixture of Mn-NQ1,2
appeared to have a largely synergistic effect in DTTaitod, which could play a dominant
role in causing the nelinear oxidising capacity induced from VEXiong et al., 2017, Yu et
al., 2018) FD correlated well with DTT activities induced from -8%ated PMs during
summerwith r (ORYSSYFD) = 0.564. The catalytic oxidiser of Mn (0.616 ng)roffered the
highest contributions from FD sources during spring. Therefore, we suggested that the
combination effects of synergistic effect of Mn and HULIS interaction essertaaityibuted
to nontlinear increase of DTT oxidation induced from¥&ated particulates. As discussed in
Section 4.3.3.2, SO plays an essential role in dissolving metal ions due to its higher
hygroscopic nature. Although, $Ofrom FD and SS were ndhe most abundant during
summer, the highest RH (75.57 +4.14%, Table 4.3) might have facilitated the refractory trace

metal conversions such as Cu, Fe, and Mn. Hence, forming soluble metal sulphates and
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possibly increasing tHROS generation abilitgf the redox metals in P4 (Fang et al., 2017a)
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Figure 4.6Pearson correlations among {Fsource contributions QROR,"*SS, OR“s'E)
and source contributions of VE, SA, FD to PdMiuring autumn (a), winter (b), spring (c) and
summer (d)* At the 0.05 level (tweail), the correlation is significant; At the 0.01 level

(two-tail), the correlation is significant)

4.3.4 Comparison of Driving Factors of OP of PMswith Similar Concentrations

Since variation of OP values of ambient levels of:BMas due to a cascade of reasons,

including  different  chemical

composition, emission
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synergistic/antagonistic/additive interactions among varioussR@mponents (e.g., rted 1
guinone, metal HULIS, and metal carboxylic acid mixtures), the particulates of similar
mass concentrations exhibited a significant difference in generation ability ofGr@8g et

al., 2020, Lin and Yu, 2020)n this study, the concentrations of most samples were centred
between 210 g m. To investigate further about intrinsic OP of ambientBM1 out of 55
PM..s samples with mass concentrations ranged from 20 to 409divided into 2Gi 30 g
m=and 30i 40 g m3, named as group 280 and group 3@0, respectively) were selected,
which was favourable for analysis and comparison of the representative dfiparsiculate
intrinsic OP. The OP* values ranged broadly from 0.99 to 6.10 nmol-fmm® in group 20

30, while 1.40 to 6.37 nmol minm for OR"S in group 3640 (Fig. 4.7) Moreover, OR"

also displayednsignificantcorrelation with PMs mass (R=0.037,p=0.66, Fig. 4.8).These
results signified that different factors might interplay in driving,CGfad PMs mass
concentrations. Therefore, the mitigation measures targeting to reduce particulate mass

coneentration alone could not be sufficient to decreasedifBctively.
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Figure 4.7 OP" of ambient levels of Pk with similar mass concentrations ranged from 20

30 g m3 (a) and 3040 g m3 (b) in Ningbo during the sampling campaign
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Figure 4.8 Caelation between QP° valuesand PM s mass concentratigmwith
concentrations ranged from-20 g m*

We observed higher levels of (#Pon dates of 21 April (4.57 nmol mirm™), 10 May
(6.10 nmol min* m3), 26 July (4.47 nmol mihm3), and 5August 2018 (4.82 nmol mihm’
%) from group 2630 Fig. 4.7(a)), implying the pivotal role of watoluble fractions in
inducing PM soxidative capacities during these days. Regardless of SA including SNA which
cannot directly produce OP response,.Bhass concentrations were governed by VE on 10
May and 26 Jul 2018, with source contributions of 41.50% and 61.31%, respectively (Fig.
4.9(b)). Given that traffieemitted particulates tend to induce high DTT oxidation reported by
previous studies, it is hgphesised that such high @Pvalues were mainly driven by VE
(Daellenbach et al., 2020, Weber et al., 2018, Weber et al., 2021, Yu2€X18l) To test such
a hypothesis, the chemical component spectrums of PM contributed by VE and other sources
(including CC, IE, FD, BB, SS) and their proportions wdadted for group 2680 and group
3040 (Fig. 410 & 4.12). Since particulate OC that was identified by CMB model contained
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PAHSs, the spectrums of PAH compositions contributed by CC and VE and their proportions
were presented in Fig. 4.& 4.13 for group 2030 and group 3@0, respectively. Fig. 40(c)

& (c1) showed a significant difference in VE associated particulate compositions between dates
of 10 May and 26 July, and the remaining days within grouB®0Ne observed that VE
related PM:swas composed of transition metals, particularly samples on 10 May and 26 July,
with particulate catalytic oxidisers of Cu (3.29 and 9.10 riy and Mn (0.78 and 3.32 ng'm

%) being predominant, and contributed to the higher levels ¢fSOR these two day However,

only EC and OC with redox inactive PAHs were identified from VE sources during remaining
days of group 20, which would have more impact on the OP induced from hydrophobic
fractions. The PMs mass of sample on 21 April was mainly apportioteetE (15.19%) and

VE (10.62%). Considering the limited QF induced from VE alone on 21 April, we inferred
that IE would be the chief factor for ®production, ascribing to its chemical composition

of transition metals with higher loadings of Zn 2185 ng i) and Mn (63.86 ng ) (Charrier

and Anastasio,@.2c) The higher OF* value would also be due to the synergistic interaction
between IErelated Mn and VElerived quinones (e.g., 2Q), as discussed in Section 4.3.3.6.
SS aerosol contributed distinctively to PMmass concentration (18.06%) onAmgust
together with 1IE (16.48%). The higher (YPobserved during this day could be due to large
loadings of Cl1(0.23ug n13), Fe (29.90 ng m), Ni (1.73 ng ¥), V (1.73 ng niv), and Zn (8.23

ng n®) from SS. The S&elated Clwas considered as moredox active than OHo oxidise

VOCs emitted from IE sources, making the aerosols more oxidant, as discussed in Section

4.3.3.2.
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Figure 4.8 Spectrum of particulate PAHs components (contained in OC) contributed by CC

and VE (ab) and their proportions (ail) for group 3&40

4.4 Conclusion

We successfully measured OP levels induced from veateble fraction & PMas
collected in a coastal hotspot at Ningbo through application of DTT assay. Seasonal variation
was observed for QF®, with the highest average values during autumn. There was a
redistribution of source contributions to QP compared to Pl mass. The higher
contribution to OR"* was derived from IE spring.

To the best of our knowledge, this is the first study to report the redox activity induced by
SS aerosol. A significant contribution from SS aerosol t¢"©Ras observed during winter,
due toits higher content of Fe, predominantly from IE sources. More OP investigation might
have to be conducted in the coastal cities of China to better understand the implications related

to theoxidative stressf SS aerosols. There were Aamear increasesdtween VE, FD derived
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OR, and PM: concentration, which can be ascribed to the prominent synergistic and/or
antagonistic interactions among VE and FD sources and their chemical components.

In addition, it has been observed thatslgnificantly different toxicities could occur to the
PM of similar mass concentrations (in the range of 200 &3 duento their distinctly
different chemical composition spectrums associated with varying emission sources. Therefore,
the mitigation ofPM. s emission sources alone may not be sufficient in reducing OP activity.
Thus, to decrease the BRMOP in this region, the emissions of BMand its redox active
components should be jointly controllsd as to reduce the PM oxidative potential. rl
particular, as IE exhibited higher intrinsic OP contribution t¢"®iR Ningbo, a more stringent
regulation ofmitigating the industriaPM2.s andnew technologies to lower the intrinsic ©OP
of IE-related PMs should be considered aspaority to improve the population health in
Ningbo city. The methods and approaches developed and used in this study could be applicable
in other regions to assess the discrepancy betweermRags concentration and its oxidative
potential in terms of imalation toxicity so that more informed policies can be formulated for

the mitigation of air pollution on local and regional scales.

87



Chapter 5 OP of Methanolsoluble Fraction of Ambient PM:s:
Chemical Characterisation, Seasonal Variation and Source
Apportionment

5.1 Introduction

Growing studies were focused on the correlation of OP and-selignle fractions
of PM because of the readily bioavailability of the chemical compositions compared to
waterinsoluble fractiongCharrier and Anastasio, 2012c, Chextal., 2021, Fang et
al., 2016, Gao et al.,, 2020b, Verma et al., 2014)fact, considerable field and
laboratory measurements have denoted that the insoluble fractions of PM may also play
an essential role in manifesting the oxidative actiy@@o et al., 2021b, Gao et al.,
2020Db, Li et al., 2021, Wong et al., 2018ccordingly, the particle species such as
polycyclic aromatic hydrocarbons (PAHs), hurile substances (HULIS) and
guinones (1,2xaphthoquinone, ,a-napthoquinone, phenanthrenequinone) have been
typically examined to be correlated with OP activity by dithiothreitol (DTT) a&Shg
et al., 2004, Cho et al., 2005, Douatt 2015, Gao et al., 2017, Gao et al., 2020b,
Paciolla et al., 2002, Wong et al., 2019)

As reported by prior studies, organic catalytic oxidisers resided in the ambient PM,
including HULIS and quinones, may parpate in the synergistic and/or antagonistic
interactions with other PM species and antioxidants, which could alter the redox
properties. For example, mixtures of Cu with quinones or HULIS antagonistically

oxidise DTT with a DTT consumption rate lowerththe sum of individual redox
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active speciegLin and Yu, 2020) Mn in PM exhilits synergistic and antagonistic
effects in DTT oxidation when mixed with quinones and HULIS, respectively. Fe
interacts additively with quinones and HULIS compounds in DTT consumption, but
synergistically in OH production(Charrier and Anastasio, 2015, Yu et al., 2018)
Therefore, it is difficult to deduce the key drivers of OFust focusing on the redex
active components.

A few studies estimated the sowsgeecific contributions to PNhduced OP by
applying the receptor models such as Positive Matrix Factorisation (PMF), Chemical
Mass Balance (CMB) and Principal Component Asaly(PCA) coupled with
Multivariate Regressio(Bates et al., 2015, Fang et al., 2016, Verma et al., 2014, Weber
etal., 2018, Yu et al., 2019cross Europe, the OP level is more affected by residential
biomass burning (BB) and vehicular nerhaust emission@Borlaza et al., 2021,
Daellenbach et al., 2020%imilarly, in Atlanta, the anthropogenic source of BB was
one of the key contributors to OP from wasetuble PM s fractions(Verma et al.,
2014) Liu et al. (2018a)eported a considerable intrinsic OP of coal combustion (CC)
derived OP in northerniina. Howeverdue tothe interaction effects between multi
species and/or mulsources, the traditional analytical methods considering the only
linear increase of OP along with the increases of chemical components or source
emissions could be to some ext limited.

As PM redox activity can be induced from waitesoluble fractions, analysis of
source contributions to QPalone cannot completely represent the toxicity of ambient

PM.s. Besides, due to the potential interactions among PM spduised OP
89



contribution would be estimated by directly using the linear regression model of
individual particulate matter catalytic oxidisers. Therefore, in this study, we aim to: 1)
analyse the seasonal variations of ambiens £ass concentrations, atite overall
OP™"Mvalues ; 2) assess the spatial distributions o £&hd its OP*"in the study
domain; 3) estimate the source contributions Q™8 4) explain the reason why OP
increased notinearly with the increased source contributions angestigate the
interaction within and between the soudsrived OP; 5) explore the driving factors of

OP™hthatareinduced from PMs with similar mass concentrations.

5.2 Methods
5.2.1 Sampling

The same sampling protodoir ambient PMs can befound in Section 4.2.1.

5.2.2 Sample Analysis
Collected filters were divided analyse through an array of experiments for

guantifying organic species including carbonaceous species, PAHs and quinones.
Organic carbon (OC) and elemental carbon (EC) wereysedlusing thermal/optical
carbon analyser (Model 2001A, DRI), as described in Section F.itdrs used for
measuring PAHs and quinones were extracted separately (as described in Section
3.5.1.3 and Section 3.5.1.4) and evaporated to 1 ml 4C35ndergentle nitrogen
stream (Section 3.5.1.5). Extracted analytes of quinones experienced derivatisation

process before measurement (Section 3.5.1.6). All extracts for PAHs and quinone
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measurements were then kept in seale@@tC prior to respective GMS (Agilent
Technologies 7890BYS (Agilent Technologies 5977A) and HPLC (Shimadzu 30A)
MS/MS (ABsciex 3200 Q trap) analysis, as described in Section 3.5.5 and Section 3.5.6,

respectively.

5.2.3 Quality Control

The analytical quality of the measured data wasermined by recovery and
linearity and limit of detection (LOD)Blank filters were analysed to correct field
aerosol samples for quality control and assurambe. concentrations of PAgHand
guinones were estimated via thgp&int external standard chfation, ranged from 0.1
to 1000 ng mti, the linearity of calibration standards calculated through linear
regression with values between 0.99 and 19)0dr all PAHs and quinones. The LOD
was ranged from 0.23 ng*hof BaA to 8.79 ng m of Acy for PAHs and 0.01 ng
of 1,2NQ, while the recovery ranged from 88.37% of Phe to 110.02% of BbF for PAHs
and 95.77% of 1;NQ.

For OC and EC, known concentration of standard solution was used for calibration
before each set of analysis, during which multipexternal calibration was conducted
by analyser via dripping the sucrose solution onto a punch digked blank filter.
The LOD was 0.651g ni3 of OC and 1.0Qug m of EC, while recovery was 101.92%
of OC and 89.02% of EC.

The concentrations of Phs and measure@rganic components are summarised in

Table 5.1.
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Table 5.1 Summary aghass concentrations of Bi¥land OC, EC, PAHs and quinones

during four seasons

Components  Autumn Winter Spring Summer
PM2s 43.87 +18.09 87.60 +35.63 36.54 +25.55 28.60 +12.31
oC 10.22 +4.47 14.07 £5.59 6.38 +4.32 4.62 £2.30
EC 4.14 +£1.69 9.51 +5.87 1.92 +2.27 0.99 £0.70
Nap 0.63 +0.69 0.75 +0.58 0.20 £0.14 0.16 £0.10
Ace 0.33+0.41 0.62 +0.61 0.09 £0.04 0.65 +£1.19
Acy 0.39 +0.12 1.00 +0.95 0.14 £0.20 0.22 £0.18
Flu 0.10 +0.09 0.26 +0.36 0.04 +0.02 0.03 £0.05
Phe 1.50 £1.96 2.06 +2.68 0.02 £0.02 0.04 £0.09
Ant 0.17 £0.19 0.40 +0.32 0.03 £0.03 0.04 £0.08
Flt 2.77 £3.47 5.47 £7.02 0.56 £0.34 0.11 £0.10
Pyr 6.88 +7.92 9.38 +10.10 0.73 +0.50 0.30 £0.24
BaA 1.70 £2.79 4.25 +6.78 0.14 +0.12 0.04 £0.03
Chr 2.59 +4.60 7.56 +8.35 0.05 +0.04 0.02 £0.01
BbF 7.40 +£9.07 13.47 £13.96 2.93 +3.61 0.77 £0.61
BkF 3.86 £5.27 7.80 £8.43 2.00 +5.88 0.25 +0.18
Bap 2.07 £3.80 5.37 £7.24 0.33+£0.38 0.11 +0.09
Ind 8.46 £13.35 16.73 £20.87 1.38 £2.03 0.43 £0.49
DBA 0.31 +0.37 1.04 +1.02 0.08 £0.04 0.06 £0.03
Bpe 5.31 £6.45 8.15 +9.14 1.35+1.13 0.41 +0.39
1,2NQ 4.74 £2.61 8.60 +3.23 5.27 £1.75 2.70+£1.78

a Concentration units for PM, OC, EC are g ¥, for PAHs and quinones are 1

m3.
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5.2.4 Analysis of Air Mass Backward Trajectory
The same protocol of modelling air mass back trajectory has been described in

Section4.2.4.

5.2.5 Graphical Analysis of Source Dispersion
Source dispersions of P mass concentration and Rdinduced OFP™" were
predicted via bivariate polar plots (BPPR)edetailedanalysis procedures are the same

as the description in Section 4&2.

5.2.6 CMB Model
The resultant source contributions to P\share the same data with the CMB
model applied in Chapter 4, and the detailed description of source apportionment

analysis has been presented in Section 4.2.6.

5.2.7 Multiple Linear Regressio (MLR)

The oxidative capacity from specific sources of BMN=55) was estimated
through aMILR analytical mode{Bates et al., 2015)n this study, OP**"was defined
as the dependent variable and source contdbst{SC) to PMs (S G g m™3) as the
independent variablesll the programming was conducted using SPSS (Statistics 23).
The detailed description of estimating source contributions tg"®Fhas been

presented in Section 4.2.7.
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5.3 Results and Discussion
5.3.1 Seasonal Variation of PMsand OP Activity

Seasonal variations of Pldand OP induced by watarsoluble (hydrophobic)
fractions (OR™", ORy™ ™ during this sampling campaign inrfgbo city are presented
in Fig. 5.1. Detailed discussion in seasonal variation of £ddncentration has been
described in Section 4.3.1. In this study, we observed significant variability 8£OP
on the basis of oRgear observations. The annual @® showed substantially high
level of mean values (4.46 +4.62 nmol tim3) but low level of median values (2.73
nmol min* m3), suggesting that QP was more influenced by the extreme higher
value occurring during winter. substantially higher, @ was observed during winter
(median:11.14 nmol mir* m3, mean: 11.51 +2.56 nmol mihm?), followed by
autumn (median: 3.41 nmol minm=3, mean: 3.83 +1.41 nmol mihm™), spring
(median: 1.07 nmol mihm3, mean: 1.28 +1.28 nmol mihm=), ard summer (median:
0.29 nmol mint m3, mean: 0.79 +0.83 nmol mihm=). Such seasonal trend was
consistent with that of Ph4 mass concentrations, implying that those organic catalytic
oxidisers were strongly associated with Rvhass accumulation. The median of our
OR,™" was almost 10 times higher than the mean and median values reported in
previous studies conducted in urban Atlanta, USA (0.32 +0.06 nmol mi#) (Gao
et al. (2017)and midwestern USA (0.23 nmol mihm=) (Yu et al. (2021)) indicating
the potentially more sevemxidative stres®f ambient fine particles could be from

organic fractions.
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The massormalised DTT activity (OF™") was shown in Figure 5.1(c)). The
annual median of Q" (0.12 +0.13 nmol mirt pg 1) was significantly higher than
mid-western USA (0.021 nmol nifnpg ™) (Yu et al. (2021) The relatively higher
OP»™" suggested that a greater intrinsic oxidafpe¢entialper unit mass of organic
fraction of PM s could occur in Ningbo. The fine particles exhibited the highest mean
OP»™" during summer, with 0.17 +£0.21 nmol ming *, indicatingthat the highest
intrinsic OPassociated with watensoluble components per unit mass of Rilespite

the lowest PMs mass concentration in this season.
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Figure 5.1 Seasonal variations of levels of (a) ambientsR¥ncentrations, (b) PM-induced OF™™"and (c) ORMe™"
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5.3.2 Graphical Analysis of Potential Source of OQeth

Bivariate polar plots of Of*"and mass concentrations of Pdére presented in
Fig. 5.2, and these plothi®wv the graphical comparisons of their potential sources.
OR™" and PM s exhibited considerably different temporal trends with respect to
changes in wind speed and wind direction throughout four seasons in Ningbo. Detailed
discussion of source dispersiof PM.s concentrations has been presented in Section
4.3.2.

Fig. 5.2(c) and Fig. 5.2(d) showed the most abundant sources:g@fifPifle section
between NW and NE, and the Rhtoncentrations could not reduce with the increase
in wind speed during spig and summer, which were very possibly affected by the
Zhenghai industry zone situated in the NE around 20 km away from the studysite.
increased values of @P" during spring could also be attributed to those catalytic
oxidisers on the particulateatter emitted from industrial activities (Fig. 5.2(g). This
finding was in agreement with the reported study conducted in the northern France,
showing that a higher oxidative capacity was induced from industrial sources related to
PM (Moufarrej et al., 2020)The highest levels of QP*"occurred when easterly wind
dominated with speed higher than 7 ™irs spring (Fig. 5.2(g)). It signified the P
contributed by those regional distant sources, such as the Beilun industry zone, Beilun
port, and sea salt from the East China Sea, alikin3away from the east of the study
site, would have significant oxidative potentyaddition, the backajectory analysis
and fire spot distributiofFig. 4.3(b)) show that oved0% of the air masses in winter

were originated from the NW of the regiandpassed through Hangzhou Bay before
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arriving at the study domain. Thus, aerosols from-raithe transpoytbringing
pollutants from regional BB might have aggravated the air pollution and enhanced the
related oxidative potencyrurther discussions on oxidative potentials of PM from

industry and BB sources are presented in and Section 5.3.3.3 and Sectidn 5.3.3.
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5.3.3 Source Contributions to Ot
5.3.3.1 Intrinsic OR™™Mof PM.s source

We estimated the seasonal variations of source contributions,f5'QRsed on a
multiple linear regression (MLR) model. The {¥"from coal combustion (CC), IE,
and biomass burning (BB). The highest,®P"E, compared to tier sources, possess
greatest capacity for the generation of ROS, suggesting a hiBlEstgeneration
ability of per unit mass oPMy s released from IE in the study s{@ao et al., 2021b)
The intrinsic OR: induced from BB (OR™"E8) was almost the same as that of CC
(OP,™eCO) "with the following order of OP*™"as: OR™™E (0.38 +0.07 nmol min
Yig™h > OR™e™™BB (0.24 +0.06 nmol mint pg ) > OR™eCC (0.24 +£0.05 nmol min
1 1ig1). However,Cao et al. (2021bjeported a lower intrinsic oxidae potency of
primary BB smoke (3.8 pmol mihpg™), which suggests that the differences of
particulate catalytic oxidisers in ambient aerosols could occur and implies the
atmospheric aging processes of BB particles in this study. The highgteti#®
obtained in this study was possibly driven by the higher content of oxygenated
secondary OC on PM, which could lead to stronger oxidative capacity as reported by
Daellenbach et al. (2020These findings are in general congruent withghevious
studies showing that the anthropogenic sources may have higher intrinsic OP than

crustal or biogenic sourcésiu et al., 2014a)
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Table 52 Summary of regression coefficients (intrinsic)Bmol min' eg) of source contributions to @F" (nmol mir* m*®) and annual

source ontributions (%) to OP*"and PM s

CcC IE BB SS Intercept
Op,meth 0.24 £0.05 0.38 £0.07 0.24 +£0.06 “NA. -3.30 £1.42
(< 0.001) (< 0.001) (0.001) (0.03)
Contribution to Op"e™" 24.01 12.51 29.36 "N.A. "N.A.
Contribution to PMs 9.52 3.11 11.54 8.68 “N.A.

" N.A. refers to not applicable that includes the exclusion during the regression exercise.
#
p value

5.0 c)F,meth-cc
N ) .op“:meth-IE
E OPJneth-BB
.FIE 4.0
£
2 3.0-
£
= ]
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Figure 5.3 Seasonal variations of Pjource contributions to @P*"in Ningbo
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5.3.3.2Industry Emissions (IE)

OR,™™E had a distinctive seasonal variation, with the highest value in spring (1.07
+0.64 nmol mir m3), followed by summer (0.53 +0.82 nmol mtm), winter (0.50
+1.13 nmol min! m3) and autumn (0.23 +0.30 nmol minm=). These findings
indicated that the organic fraction of ambient 2Mncluding quinones, oxygenated
PAHs (oxyPAHs) and HULIS, had a greater impact on DTT responses than water
soluble fraction. However, heavy industries, such as petrochemical yndstsel
plants, oil refineries, moulding machine industry, automobile industry and shipbuilding
industry are intensely clustered in Zhenhai and Beilun industrial zones. Even one of the
largest ethylene manufacturers in China is located in Zhenhai di$tnese industries
could be the predominant sources responsible for emission or anthropogenic organic
pollutants contributing to alkergch aerosols and VOC$(i0 et al., 2021; Fukusaki
et al., 2021)Regardless of the limited impacts of quinones andRids on OR™e™
IE it is speculated that such high OP values ot PiMduced from IErelated organic
species could be dominantly governed by DTT consumption of alkenes, since these IE
sources released the shared redattve species of alkenes. The ozysis of alkenes
at nighttime is capable of generating OH radicals under clean conditions or to some
extent the mildly polluted conditions, contributing to enhancement of atmospheric
oxidising ability (Guo et al., 2021)As the highest ©level was observed in spring
(92.62 +27.11ug M) in this study, alkene ozonolysis would be one of the dominant
drivers leathg to the highest QP°™E during spring. Furthermore, it is hypothesized

that a fraction of OP"*™E was also accounted for by the electdeficient alkenes
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particularly as they are the significant roatalytic oxidisers and can react with
sulfhydiyl group of DTT through a Michael addition, leading to the DTT consumption
(Jiang and Jang, 2018)E-related alkenes, whether in particle or gas phasesild be

paid more attention to by investigating further their redox activity and public health

implications.

5.3.3.3 Biomass Burning (BB)

The contribution of BB associated PM to OP (E8) was higher during in
winter with the value of 2.09 £#.12 nmol min* m?than other seasons. The highest
loadings of some transition metalereidentified during winter that included Zn (7.50
ng n°), Pb (3.47 ng mM), Sb (2.43 ng M), Cu (2.03 ng i), Mn (1.87 ng r¥), Fe (1.84
ng m®), Cd (0.18 ng m), and V (0.06 ng m). However, limited information pointed
out the contributions of metal ions to (JP" As explained byrang et al. (2017bjrace
metals may remain bound to particles and the majatribution to OR™" could
possibly be from jointly adsorbed quinones. Such a higher contribution SFH8
would not only be due to the primary aerosols emitted directly from local BB sources
but also aged particles imported from regional transggasted on recent reported
studies, the capacity of ROS generation would increase with ageing processes during
atmospheric transport at and beyond the regional @oalellenbach et al., 2020, Li et
al., 2021) As shavn in Fig. 4.3(b), more than 80% of air masses were originated from
inland China, with approximately half of which passed through the densely distributed

fire spots, very possibly bringing substantial aged aerosols emitted from BB to the study
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domain.

The 16 EPA PAHs were distinctively identified in winter, but the weak correlations
between the PAHs and @P™"E8 may imply the ageing of BB particlési et al., 2021)
Based on correlation analysis (Fig. 5.4), measuredrBuQ(45), Pyr ¢ = 0.55) and
Chr ¢ = 0.42) in ambient Pkk exhibited moderate correlations with @Pduring
autumn, while in summer Flu € 0.40) and BaAr(= 0.36) correlated with QFs.
Therefore, PMs captured in our study domain was from more fresh BB emission
during autumn and summer, as Flu, Pyr, Chr and BaA are the four most abundant PAH
congeners in freshly generated aerosols emitted from BB soflrices al., 2020)
However, no significant correlation was observed between DTT respong® &De
OR,/™" and any measured BB tracer {Kor aromatic compounds (pargPAHS)
during winter, reflecting the impact of more aged BB aerosol during this period. Such
results revealed that the relationship between £ikduced oxidative stress and BB
related chemical congunds becomes more complicated after atmospheric oxidation
ageing processesuet et al. (20173uggested that such as secondary organic aerosols
(SOA) generated from photaxidation of athropogenic precursors (isoprene,
pentadecane, naphthaletkpinene b-caryophyllene, etc.) have higher OP associated
with higher levels of ROS production. Therefore, enhancement of BB particles related
OR,™"in aged BB aerosols would be associated thighevolution of organic aerosols

in atmospheric chemistiii et al., 2021)
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5.3.3.4 Coal Combustion (CC)

As shown in Fig. 5.3, the ROS generation capacity induced from CC emitted PM
(OR,MeCO) exhibited seasonal variation, with the highest level during winter (2.22 +5.69 nmol
mint m3), followed by spring (1.25 +1.87 nmahin m), autumn (0.76 +1.74 nmol mih
m?3) and summer (0.25 +0.51 nmol minm®). It is noteworthy that higher loadings of
carbonaceous species (OC and EC, 3.78 anduly22%), secondary inorganic aerosols (SIA,
NH4" and SG%, 0.04 and 0.0%ig n®), PAHs (3.06 ng M) and Ci (0.16ug n3), and trace
elements, such as As (0.006 m?), Ba (0.026 ng m), Cu (0.004 ng n), Pb (0.002 ng m),

Mn (0.023 ng r¥), which were considered as catalytic oxidisers in particulate matter, were
even minimum during winter. It can be inferred that a significant fraction ¢P¥E° was
ascrbed to organic components and SA from aeddted industry (e.g., power plants) and
long-range transport from the northern China during heating period. The concentration of CC
emitted total PAHs during winter (3.06 ng3jralmost doubled that of spring.{2 ng nr’) and

more than tripled relative to that in autumn (0.92 n{) and summer (0.86 ng ™ (Fig. 4.5(d)).

Of sixteen PAH species investigated in this study, ten markers were identified with the highest
loadings during winter, including Flt (0.8 m®) > Pyr (0.715 ng ) > Acy (0.292 ng m

%) > BaA (0.243 ng ) > Chr (0.231 ng M) > InP (0.167 ng m) > BbF (0.157 ng M) > Bpe

(0.154 ng ) > BKF (0.149 ng i) > BaP (0.145 ng ). The dominance of higher molecular
weight (HMW) compounds46 ring) of total PAHs from C@mitted PM.s demonstrated the
influences of feed coal burning and fly ash in our study doifiReng et al., 20)6Although

PAHSs studies have shown that PAHs do not produce ROS directly, they can be used as markers

for identification of combustion sources of carbon containing organic compounds contributing
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to OP, which were contributing to their redox reactivity mafteing oxidised to polar
compounds, such as nitRPAHs and quinonefCho et al., 2005, Zhang et al., 202The
highest SG* level during winter may also facilitate metal dissolution to incarcendirect OP
responsé€Daellenbach et al., 2020, Fang et al., 2017a)

In contrast, CC was the dominant source contributing to PM oxidative potency, with 97.20%
contribution to total OP™" during spring. Concentrians of some trace elements from CC
emission were greater during spring than those of winter, with higher levels of Ba (0.123 ng
m3) > Mn (0.083 ng ) > V (0.024 ng 1Y) > As (0.010 ng mi) > Cu (0.008 ng m) > Pb
(0.005 ng 11¥) > Co (0.004 ng mM). The total PAHs level was lower during spring than that of
winter from CC sources, however, strong correlations (Fig. 5.4(c)) were observed between
OR,™"with BaA (r = 0.83), BbF (= 0.79), InP( = 0.76), BaPr(= 0.73), Bpe (= 0.66) and
BDA (r = 0.64). Such findings revealed a combined effect of particulate trace metal
compositions and polgromatic precursors on @P"CC suggesting more freshly emitted
aerosols from primary CC sources during spring than those in winter. We also olssealled
proportions of SNA of Ceémitted PM s during winter (2.00%) and spring (2.10%) relative to
those during autumn (6.85%) and summer (3.03%), which were in contrast to contributions of
OR,MeMCC (Fig. 4.5(h)). These results were consistent wittviptes studies in Europe by
Daellenbach et al. (2020Wwhich reported the differences of source inventories between PM
oxidative potential and PM mass concentrations. Thus, it implied that reducing specific
anthropogenic emission (e.goatrelated burning) would contribute to a substantial reduction

of OR..

107



5.3.3.5 Norlinearity of OR™"Induced from Other Sources

As demonstrated in Section 4.3.3the contributions of vehicle emissions (VE) and
fugitive dust (FD) to PMs were dentified through source apportionment analysis in CMB
model, but were excluded as the main contributors td®PRILR analysis. Such results could

be ascribed to synergistic or antagonistic effects on the OP activity between metal and organic

compound irgractiongLin and Yu, 2020, Yu et al., 201,8nd shown in Fig. 5.5.
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The negative correlations between °C and VE observed during four seasons in
Ningbo, with the strongest negative correlatio(@R,"“/VE) = -0.575) during winter,
denoting the antagonistic interaction of DTT consumption between CC and VE emitted
particles, especially during winter. Thece element, Cu contributing significant ability of
ROS generation through DTT assay was reported to show an antagonistic effect with the
existence of quinones in DTT oxidati@kiong et al., 2017, Yu et al., 2018)JE wasobserved
to one of the principal sources of quinones (e.g-NK@ with CC being the predominant
source of Cu loading throughout four seasons during sampling campaign (Fig. 5.3). Such
antagonistic interaction between two sources could be attributed tmtmgexation of Cu
with 1,2NQ, which oxidises free DTT without generating any significant ROS. Hence,
exhibiting a suppressing effect of ROS generation, but with high oxidative potential. As Cu
was also identified from VE in most of the study period {aut, spring, and summer), the
antagonistic effect of Cu and coal emitted HULIS on DTT oxidation can also explain the

counteractive effects between two oxidative species from two different sources.

5.3.4 Comparison of Driving Factors of OP of PMswith Similar Concentrations

As demonstrated in Fig. 5.6, the variations were prominent in oxidative capacity induced
from hydrophobic fractions of PM between ambient aerosols of similar mass concentrations,
of which 21 out of 55 Pl¥ls samples were selected twitnass concentrations ranged from 20
to 40 g n13 (divided into 200 30 pg m3and 3Gi 40 g m3, named as group 280 and group

30-40, respectively). The QP*"values ranged broadly from 0.004 to 6.25 nmol hrin® for
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OR,™™ in group 2630, while 0.08 to 11.00 nmol minm= for OR™™ in group 3640,
respectively Moreover, OR™" also displayed relatively weak correlation with PMnass
(R?=0.22,p = 0.0, Fig. 5.7).

OR,™"was significantly high from Pbk-derived organic fractions on 30 October 2017, 8
August 2018 within group 280 and 1¥, 19" Dec 2017 within group 3@0, with 5.62, 6.25,
10.12, 11.00 nmol mih m? of OR™™" respectively. Amonganthropogenic sources, BB
(53.98%) contributed substantially to PMmass on 30 October, while IE (18.53%)
contribution to PMs mass was considered as significant on 8 August 2017, with minor
influences from VE (10.27% and 7.55%, respectively). The highels of OR™" can be
attributed to the individual organic catalytic oxidisers emitted from BB and VE, such as HULIS
and quinones, and synergistic effects betweerel&ied transition metals and \MElated
quinones. In contrast, VE dominated P/mass on 12 and 19 December 2017, with
contributions of 55.04% and 71.38%, respectively (Fig. 4.11 (d) and (d1)). Since OC was the
major component from BB sources, we inferred that quinones might be the main contributor to
higher levels of OP™" Eventhough BB played a minor role in PNemission on both days
(1.05% and 0.35%, respectively), Berived transition metals (Cu, Fe, Mn, Ni, Zn) and SNA
might have facilitated ROS generation and further enhanced oxidative capacities of ambient
aerosols. Oufindings could imply that targeting the interactions of dources rather than

specific emission sources alone might become more critical for public health.
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5.4 Conclusion

We successfully measured OP levels indurem methanekoluble fractions of Pl

collected in a coastal hotspot at Ningbo through application of DTT assay. Seasonal variations

were observed for QP with the highest average values during winter. The highest
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contributions to OP*"were deived from CC and BB during winter, while IE contributed
most to OR™™ during spring There were notlinear increases between VE, FD derived, OP
and PM sconcentration, which can be ascribed to the prominent synergistic and/or antagonistic
interactionsamong VE and FD sources and their chemical components.

Significantly different oxidative capacitiescould occur to the PM of similar mass
concentrations (in the range of 204 0 £ duento their distinctly different chemical
compositionspectrums associated with varying emission sources. Thus, to decrease the PM
OPn this region, the emissions of BMand its redox active components should be jointly
controlledsoas to reduce the PM oxidative potential. In particular, as IE exitdal highest
intrinsic OP contributions to QP*™in Ningbo, a more stringent regulation and control actions
of PMzs and organic oxidative components emitted from industrial activities should be

considered as a priority to improve the population healtkingbo city.
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Chapter 6 Particle Size Distributions of Oxidative Potential Induced from
Water-Soluble PM Fractions and Their Lung Depositions during High and
Low Pollution Periods

6.1 Introduction

Mounting evidence indicates the asmtions between exposure to ambient particulate
matter (PM) and increased cardiorespiratory morbidity and mor{@uyninici et al., 2006,
Hoek et al., 2013, Pope et al., 2004)ne of the most commonly acknowledged
pathophysiological mechanisms to interpret such relationship is the oxidative stress, as
mediated by reactive oxygen species (ROS), dinly hydroxyl radicals (OH, superoxide
(O2) and hydrogen peroxide §8.) (Cho et al., 2005)These ROS could either be bonded to
the PM themselves or produce via interactions between particulate catalytic oxidisers and
antioxidants (i.e., reduced gltitdone, vitamin E, ascorbate and uric acid) or kotu et al.,
2018, Pdschl and Shiraiwa, 2018 xcess/e ROS can give rise to the biochemical imbalance
in oxidant redoxcycling reactions once the presence of ROS overwhelms the defences of
antioxidant, and cause resultant cell and tissue injuries in the respirato(iFaraget al., 2019,
Kumagai et al., 1997)he capability of PM to address ROS in vivo is defined as the oxidative
potential (OP) of ambient particles, which has been considered as a more integrative health
related measure of PM toxic power than its mass concentration. Thenapdoicles contain
a mix of chemical compounds with highly redox activities, such as black carbonsoktele
inorganic ions (WSIIs), watesoluble transition metals, watsoluble organic carbons

(WSOC), humiedike substances (HULIS) and environmdiytaersistent free radicals (EPFRS)

113



(Charrier and Anastasio, 2012a, Cho et al., 2004, Khachatryan et al., 2011, Verma et al., 2015c)
However, the oxidative stress elicited from wadeluble fractiorof PM gain more attention

as its more readily bioavailable than the water insoluble fra¢@rarrier and Anastasio,
2012a, Gao et al., 2020b)he solubility of particle species is one of the essential factors in
affecting the PM related OP.

Considerable field and laboratory measurements have been devoted to the investigation of
particle depositiorfFang et al., 2017a, Fang et al., 2019, Gao et al., 2020a, Guo et al., 2019,
Wu et al., 2021b)Coarse particles are inclined to deposit in the dkiveacic airway, such as
head airway and nasal areas. Although they are possibly restrained by rikittoibugh
impaction processes, the metals resided in coarse particles can cross synapses in the olfactory
bulb and traverse via secondary olfactory neurons to the distant nuclei of the brain, leading to
the olfactory deficits and brain lesiof@Galderdr+Garciduefas et al., 2010a, Maher et al., 2016,
Surderman, 2001)In contrast, the fine particles are likely to penetrate into the déeoe
(tracheobronchial and pulmonary regions) and may contribute to the inflammation relevant to
pulmonary and even systemic disead@s Jong et al., 2008, Li et al., 201 Pyor studies
manifested the higher toxic power and more harmful of small particles to human, owing to their
difficulties in clearance but easy access to blood, especially the ultrafine particles, they can
avoid phagocytosis via alveolar macrophages to @hterpulmonary interstitial sites and
remain deposited for long periods, consequently introducing pulmonary inflamr(iatioet
al., 2018, Sioutas et al., 2005)

Often the deposition of sizependent OP can better reflect the detrimental effects of

ambient aerosols. Accordingly, several studies modelled the respiratory deposition of OP via
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multiple-path particle dosimetry (MPPD.iu et al., 2021b, Lyu et al., 2018, Wu et al., 2021b)

or empirical expressions from human inhalation data (IGRRjrade et al., 2021, Fang et al.,
2019, Fang et al., 2017gnd estimated the correlations between OP and redox active species.
Fang et al. (2017keported a peak of watspluble OP (OF) from the PM withsize range
between 12.5 um in Atlanta, which was predominantly by transition metals in the upper
respiratory regions while organic species (i.e., quinones) in the deeper lung. However, the
oxidative stress of aerosols (OPin Shanghai and Santiago elxitéd maximum centred in
accumulation mode (0.18.2 um). The accumulatiomode PM in Shanghai posed a more
severe threat to the pulmonary region due to its abundance of metals (Cn and Mn), while the
PMz 2 dominated the OP lung deposition in different negpry regiongAndrade et al., 2021,

Lyu et al., 2018)

Given that the lung deposited OP varied with multiple factors, including the particulate
catalytic oxidisers, emission sources, particle acidity (pH value), atmospheric aging processes
and particle deposition efficiency, etc. Whereas, which respiratoiynrégmore affected by
the OP and which factor controls the concentration of OP that deposits in the specific
respiratory region remain still unknow at present. Here, we aim tdetBrmine the size
distribution of PM and its watesoluble fraction genated OP (OF) via DTT assay during
the haze and nenaze period; 2) assess the spatial dispersions of théraitiened PM and
their OP*®in the study domain; 3) estimate the respiratory deposited doses of PM antfits OP
via MPPD model; 4) identify thgoverned PM redoeactive species to oxidative potency and
compare their O contributions in haze and ndraze days; 5) explore the driving factors of

deposited O in different respiratory tracts.
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6.2 Methods
6.2.1 Sampling

To compare the ORctivities in different size range of PM in haze and-hare periods,
we selected 10 sets of sitactionated PM samples collected in autumn and winter with
highest mass concentrations, and 10 sets collected in summer with lowest concentrations,
togethemwith 2 sets of filter blanks for each group.

Sizesegregated particulate matter was collected between October 2017 and May 2018 at
PMB (Sir Peter Mansfield Building) of UNNC (University of Nottingham Ningbo China). The
aerosol samples were captured usangstage high volume cascade air sampler (Modet: TE
230, Tisch Environmental, Inc. USA) at £ min by the same protocol as described in Section

3.2.2.After sampling, filters were stored &0 € in the fridge until experimental analysis.

6.2.2 Sampé Analysis
The analysis of WSIIs and WSOC were conducted by usingd&-1600, Dionex, Uy
and TOC analyseMario TOC Cube, Elementar, Germangespectively. Watesoluble trace
elements were measured by KOFS (ICAP Q, Thermofishgr The OP was measd by DTT
assay. The same protocols of WSIlIs, trace elements, WSOC analysis and DTT assay are

presented in Section 4.2.2.

6.2.3 Quality Control
The analytical quality of the measured data was determined by reproducibility, recovery,

linearity and limit ofdetection (LOD). For each set of samples, field blank samples were
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included to correct the realorld samples by subtracting the mean blank values. The
concentrations of WSIIs and trace elements were estimated via the external calibration, the
linearity d calibration standards calculated through linear regression with values between 0.99
and 1.00 @) for all ions and trace elements. The mean recoveries obtained were greater than
95.00%. The average LOD of reproducibility ranged from 0.07% offd_5.33%o0f SQ,> for

WSills, and from 0.00% of Ag to 5.73% of Mn for trace elements, while the LOD were between
0.00ug nmv3 of Li* and 0.56ug n® of SQi* for WSlIs and between 0.0 n® of Al and 3.53

ng n2 of Ca for trace elements. The calibration of WSOC was conducted by using the standard
solution of sucrose, the linearity of which was greater than 0°9® .99 for each set of
samples. The recovery result of WSOC was 96.8%, with 2.53% andu@.143 for its
repeatability and LOD, respectively. Concentrations of WSIIs, wstilerble trace elements

and WSOC were summarised in Table 6.5. For OP analdgsiglicate or triplicate
measurements of each sample extract were conducted with coefficient abraiGY) less

than 3.5%. The OP measured was blank corrected for quality control and assurance purposes.

6.2.4 Analysis of Air Mass Backward Trajectory
Model of air mass backward trajectories was conducted to identify the impact of pollutants
originating from medium and longange transport of aerosols rather than local emissions.

Detailed description of modelling air mass back trajectory has been presented in Section 4.2.4.

6.2.5 Graphical Analysis of Source Dispersion

Bivariate polar plots (BPPs) weagplied in this study to compare the geographical sources
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and dispersion patterns of sifractioned PM and their related OP from watetuble fraction
(OR"* and OR"®) during haze and nemaze period in Ningbo. Detailed description of BPPs
constructiorcan be found in Section 4.2.5.
6.2.6 Modelling Deposition in Human Respiratory System

The deposition efficiency represents the average probability that inhaled particles could be
deposited into a specific region in the human respiratory tract. In thig, stiedconducted
MPPD model (version 3.04, Applied Research Associates Inc., Arlington, VA, USA) to obtain
the deposition fractions (DF) of sHeactioned PM in extrathoracic/head airway,
tracheobronchial (TB) region and alveolar/pulmonary region. To keifgp we chose a
stochastic lung model as it can better derive the realistic structure human lung than the
symmetric structuré_yu et al., 2018)The monodispersed particles with diameter ranged from
0.1 to 10.0um was selected as the deposition behaviour for an adult male at rest. The
correspondingparameters and settings were summarised in Table 6.1. The depositions of PM
and OR"Swere integrated over three particle modes: ultrafd@g5um), accumulation (0.95
3.0pm) and coarse3.0 um) (Andrade et al., 2021, Fang et al., 2017)e deposited doses
of 24-hour personal exposure to PM and its induced"@R the human respiratory tract was
further estimated by the following equation:

Deposited dosegi¢ or nmol min') = DF x personal PM or OFconcentrationi{g m or

nmol mirt m3) x TV (ml time!) x 10° x BF (time mint) x (24 x 60) min.

Table 6.1 The parameters in setting the respiratory deposition of monodispersed particles (0.1

10 um) in the MPPD model (version 3.04)
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Input categories Parameters Options/valus
Airway morphometry
Species Human
Model Stochastic lung model
FRC (ml)” 3300.0
URT volume (ml) 50.0
Particle properties
Density (g cr) 1
Aspect ratio 1
Diameter CMD”
Distribution Multiple particles (0.410 um)

Exposure scenario

Clearance settings

Acceleration of gravity (cm™

Body orientation
Aerosol concentration (mg &

BF (time mint) *
TV (ml)
Inspiratory fraction
Pause fraction
Breathing scenario

Tracheal mucous velocity
(mm mirt?)

Fast human clearance rate
(1 daysh)

Medium human clearance rate

(1 daysh)
Slow human clearance rate
(1 daysh)

981.0

Upright

Daily average PN during
each period (sum of eac
staged PM)

12
625.0
0.5

0
Nasal

5.5

0.02

0.001

0.0001

Lymph node human clearance r: 0.00002

(1 daysh)

Number of hours per day
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Number of days per week 5

Number of weeks 1

Max.postexposure days 0

*Abbreviations: FRC, functional residual capacity; URT, upper respiratory tract; CMD, count median di:
BF, breathing frequency; TV, tidal volume.

6.2.7 Multivariate Regression Models

The ROSgeneration ability from specific PM species was estimated by a multiple linear
regression (MLR) analysis and performed on SPSS (Statistics 23). In this chaptémv&x
defined as the dependent variable while the OP induced from individuaiseéubtechemical
component or emission source as the independent vadébéamples were applied for MLR
analysis for each PM size mode in each study peAbdcind Ca were considered as the
geographical mineralXu et al., 20213)which were excluded from the IR model as they
are redox inactive. Sea salt particles were estimated as the sum, ®faChand Md¢*
concentrations (SS = Na CI' + Mg?") (Hsu et al., 201Qwhile SNA referred to the sum of

SQO?, NOs and NH*. Detailed information for MLR analysis wassteibed in Section 4.2.7.

6.2.8 pH Calculation

The thermodynamic modelling approach eABM (Extended Aerosol Inorganics Model,
http://www.aim.env.uea.ac.uk/aim.aim.php) was employed to estimate the characteristics of
acidity of sizefractioned particlegDing et al., 2017)

Temperature and relative humidity (RH) byAEM 4.

(H] :%TS@'+NQ,+CI_NI-I;_N5
Tota® 96 62 35.88 23

Where the units for S&, NOs', CI, NHs" and Nd werepg mi3. According to the model

outputs, the irsitu particle pH value wasstimated as follow:

120



p H -l o(gl [H']-, ).

wherer is the activity coefficient based on mole fraction and]H: is H' fraction in
agueous phase, thus  ( represents the Hactivity in aqueous phase.
6.3 Results and Discussion
6.3.1 SizeDistribution of PM Concentration and OP%s

We compared the size distributions of PM mass concentrations and OP induced frem water
soluble fraction of PM (OP® and OR"®) during the haze and ndraze periods (Fig. 6.1).
Substantially higher concentrationf# was observed during haze period for all particle sizes
compared with those during the nbaze period. The PM concentration exhibited an overall
decreasing trend with the increase of particle size (Table 6.2, #B®4.3ug N> of PMo .49
t0 29.76+14.08 g nT3 of PMy.210), with a small peak between 3.0 and (ii2(37.67+13.17
ug M) during the haze episode, in stark contrast to thehaae period, it had a bimodal
distribution and was highest in the coarse mode of PIWI(22.20+6.38 ug n3). Both of them
had concentration peaks in ultrafine and coarse modes, such trends were also detected by
studies conducted in Beijing (concentration peaks in the diameter ranges-af@.66 and
3.25.6 ym) (Sun et al., 2015, Yue et al., 201&8nd Chicagodoncentration peaks in the

diameter ranges @1.0pum and > 2.5um) (Zeng et al., 2021)
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Figure 6.1 Size distribution of PM, QP and OR"* during haze and nehaze periods

Distribution of OR"®varied analogously during the two periods, but the overall levels were
higher during the haze period than Aware period, both of which had bimodal distribution
with the picks in ultrafine and coarse modes. The highest*@Bring the two periods were
induced from the PM with geometric mean diameter (GMD) ranged from 0.49 tqu.95
(PMo.4g0.95), with 3.22 +0.94 and.95+0.35 nmolmin’* m3 during haze and nehaze periods,
respectively. The predominance of ultrafine mode in the ROS activity-{0058n) was also
reported by a previous study in Shangheu et al., 2021b)Such higher OF* signifies more
oxidative stressnduced fromPMo.4s0.95, and could be due to the higher concentrations of
particulate catalytic oxidisers (e.g., Cu) or higher contributions from toxic emission sources
(e.g., traffic emission) within Pbheo.osrelative to other particle sizes, whichivae discussed
in Section 6.3.86.3.4.

The average intrinsic OP(OP»"®) of all particle sizes was slightly higher during the non
haze period (0.044 0.046 nmol mirt ug?) than haze period (0.03%.026 nmol mirt* pug?).

Distribution of OR"* exhibited different variation trends between haze andheaze periods.
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Higher averaged Gi®* were observed from Piso.95(0.068+0.033 nmol mirt* ug?), PMus.

3.0 (0.048+0.033 nmol min* pg?) and PM 210 (0.073+0.088 nmol min! pg?) in nonhaze
period than haze period (0.0580.031, 0.034 +0.018, 0.022 + 0.01%mol min! pg?,
respectively, suggesting the greater intrinogidative stresassociated with watesoluble
components per unit mass of ambientoRdd.os, PMis30 and PM 210 during warm season
(20.38+£2.10 € ). We also noted that QP generatedrom PM.490.95 (0.053+£0.031 nmol

min! pgt) was lowest during haze period while highest from;RM (0.073+0.088 nmol

min! ug?) during norhaze period among thesage sie-resolved PM. Such findings denoted
that the watesoluble catalytic oxidisers were inclined to accumulate on particles in ultrafine
and coarse modes during haze and-Inaze periods, respectively, suggesting the differences
in the cumulative processe$ ambient PM between the two periods. We infer that such
phenomena could be due to the varied particle acidity, chemical composition and source
contributions, detailed discussions are presented in Sectiori G32.

Table 6.2 Summary of the sizegrgated PM mass concentration, @Ffand OR"®

Concentration ORvs OPy"s
(ug m3) (nmol mint m3) (nmol mir ug?)
Haze Non-haze Haze Non-haze Haze Non-haze

PMo.49 40.94+37.13 11.06+6.77 1.25+0.31 0.19%+0.34 0.043+0.028 0.022+0.028
PMo.agogs 39.14+22.94 16.07+8.75 3.22+0.94 0.95+0.35 0.053+0.031 0.068+0.033
PMoa4g1s 38.89+20.67 13.05+4.59 1.14+0.63 0.41+0.32 0.034+0.018 0.030+0.015
PMiszo  33.18+17.23 14.37+6.54 0.71+0.29 0.52+0.16 0.028+0.023 0.048+0.033
PMso72  37.67+13.17 22.20+6.38 1.12+0.10 0.59+0.42 0.037+0.027 0.025+0.021

PMr210  29.76+14.08 9.15+5.86 0.50+0.14 0.33+0.09 0.022+0.015 0.073+0.088
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6.3.2 Graphical Analysis of Sizdistributions of Particulate OP"s

To graphically compare the potential source characteristics between different size ranges,
BPPs of PM mass concentrations,/ORnd OR"* during haze and nehaze periods were
plotted, as given in Fig. 6.2 and 6.3, regpety. During haze period, the highest PM
concentrations experienced with southerly winds when wind speeds were higher thadn 4 m s
(Fig. 6.2(bf)), except PM.4g (Fig. 6.2(a)). The PM concentrations increased with the
increasing wind speeds, which is iadicative pattern of buoyant plume such as road traffic
sources(Chen et al., 2021)Therefore, a consideration of potential sources highlighted the
traffic emissions from the freeway at approximately 600 m to the south of our study domain
(Fig. 3.1). Since the traffic sources had a relatively constant influence on the PM mass
concentrabns (0.9510 um), we infer that it would emerged as one of the dominant sources in
affecting the ambient particle accumulation and growth when the aerodynamic diameter larger
than 0.49um during haze period. Unlike the particles with larger sizes, theekidevel of
PMo4s (Fig. 6.2(a)) was recorded when the wind is from the northwest (NW). The
concentrations of PWko decreased with the increases of wind speeds from any directions,
which would be regarded as a ground level so(@aaslaw et al., 2006)This is entirely
expected because of the sources of Wangchun industrial zone (12 km) and Ningboashe ai
(10 km) to the northwest of our study site.

The similar distributions between (3Pand mass concentrations of PM were observed in
ultrafine mode (Fig. 6.2€Y)), suggesting their similar sources and further implying the strong

toxicities of the ultafine particles from the emissions of industries and transportation. In
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contrast to the accumulation and coarse modes, the PM indug&d(BEi§ 6.2(+)) exhibited
significant differences compared to PM concentrations. For the PM with diameters30® 1.5
(PM1530) and 3.87.2 um (PMso7.2), the maximum OP* values of both PMsz0and PM o
7.2 were obtained when wind blow from NW, where the PM levels were relatively low during
haze period, denoting the limited DTT activities induced from the higirigentrated particles.
According to the analysis of back trajectories (Fig. 6.4(a)) during haze period, 42.3% of the air
parcels originated from NW in Hebei Province while 17.3% came from inland China and
passed through Hangzhou Bay before arriving théysttomain. Both of the clusters travelled
through the areas with densely distributed fire spots, bringing the pollutants from biomass
burning (BB) from the NW, may enhance the oxidative potency of ambient particles.
Regardless, the industrial activitiesdaairport emissions to the NW of our sampling site, as
described above, could also be the major contributors to enhancettielGRrther explains
the highest values of QP of PM to the NW and north in accumulation and coarse modes
(Fig. 6.2(ar)), as well as the west and north in ultrafine mode (Fig. 6:2mWe infer that
such high intrinsic O values from these directions could be ascribing to the high
concentrations of particulate catalytic oxidisers from BB, IE and airport emissions. Further
discussions on OPand PM redoxactive species are presented in Section 6.3.3.

The dispersions of PM mass concentrations (Fig. 4)B(a nornthaze period exhibited
greater variability between different size ranges relative to the haze period. Fagh)eaBd
Fig. 6.3(ed) shown the presence of most abundant sources of PM to the NW and southeast
(SE) in ultrafine and accumulation modes, respectively, the PM concentrations in both modes

did not reduce with the wind speed increased. The NW sectorspmmrdes] to the Wangchun
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industrial zone and Ningbo Lishe airport, while in the SE direction is located the freeway. As
a typically coastal city of Ningbo, we speculate that the marine sources, such as the marine
vessels and sea salt (SS) aerosols, coubdbasnother significant source to the accumulation
mode PM, especially for PMas.o, as the Ningb&houshan Port, which is the busiest port and
handles the largest cargo throughput in the world, is located away from 33 km to the east of
our study domainThe coarse particles of Ry 2 (Fig 6.3(e)) and P10 (Fig 6.3(f)) did not

display exactly the same behaviour during h@ze period. Since the RN .2 distributed
similarly with ultrafinemode particles while Phbio had similar dispersion with
accumulatioamode PM, we inferred that the PM in coarse mode were affected by the emission
sources of both industrial activities and traffic exhausts mixed with marine sources.

The dispersed patterns of (JP and OR"® varied significantly compared to PM
concentrations during nemaze period, in the meanwhile, similar distributions were observed
between OF*and OR"*induced from PM in accumulation mode andf¥:in coarse mode.

For the accumulatiemode patrticles, the both highestraxgic (Fig. 6.3 (ij)) and intrinsic

OP" (Fig. 6.3 (op)) came from the NW and northeast (NE) for )Rbls and PM 3.,
respectively. It manifested that the PM from those directions may comprised of higher
concentrations of the particulate catalydadisers with stronger redox activities although the
mass concentrations of it were not the highest. The analysis of back trajectories (Fig. 6.4(b))
depicted that the two clusters from northern direction were evenly distributed, with 28.6% for
each duringnon-haze period. One of them (marked with pink) originated from Jiangsu
Province and passed through the area with densely distributed fire spots, may bring substantial

amount of BB pollutants before arriving Ningbo, another cluster (marked with blue)
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trarsported from the East China Sea, Ningllwushan port and Beilun industrial park in
succession would possibly give rise to the stron@érof PM during norhaze period.
Therefore, we infer that the dominant sources contributing to the sudative potencies

could be the BB source for Rl¥k15 and marine vessels, SS aerosols and industry emissions
(IE) or the mixtures involved in secondary processes for 836 The predominant aimass
trajectory (42.9%) travelled soutasterly from lie sea and changed to southern direction
before arriving Ningbo, would carried both marine or SS aerosols to our study domain, which
would explain the dominant source contribution to the highestoPMinduced OP* (Fig.

6.3(k) and Fig. 6.3(q)) of frorthe south. Similar distributions of QP were found between
PMo.49 (Fig. 6.3(g)) and PM210 (Fig. 6.3(1)), which had the highest concentrations from the
southeast and decreased with the wind speed increased from any directions, signifying a
distinctiveground level source such as vehicle emissions (VE). Consequently, the PM in both
ultrafine and coarse modes were affected seriously by VE source and produced substantial VE

relatedOP owing to their high DTT activities during ndraze period.
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Figure6.2 Bivariate polar plots of sizesolved PM concentration-tg OR"* (g-1) and OR"* (m-r) during the haze period
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Figure 6.3 Bivariate polar plots of sizesolved PM concentration-{g OR"* (g-I) and OR"* (m-r) during the norhaze period
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Figure 6.4 4& back trajectories of air masses during the haze (a) andaren(b) periods

6.3.3 Comparison of Compositiordependent OR"s in Different Size Mode

Given that the varied Q between different particle size modes wbbke governed by
different PM components, MLR analysis was conducted to identify the dominant particulate
catalytic oxidisers that contributed to ¢YPand provide a comparison of them between the
haze and nohaze periods. Geological minerals (Al, Ca) aveot included as one of the
predictors due to their natures of redox inactivijthough the small sample size for each
period may cause the potential uncertainty and limitation in regression analydisl_fhe
model well captured the QP variability asthe coefficients of determination YRbetween
measured and modelled Pwere greater than 0.4 for all six sets of the data of ultrafine,
accumulation and coarse PM modes during the two perilndisating more than 40% of the
variance in OP* could beexplained by the chemical species included in the m(&Gbed et al.,
2020a) The resulting linear relationships between®Bnd chemical species are summarised
in Table 6.3.

For the ultrafinemode PM, SS aerosols (NaCl, Mg®") and Cu were identified to
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contribute to OP* in both haze and nemaze periods, which was expected sinceirCES
aerosols and Clhiave been found to be redox actf@harrier and Anastasio, 2012a, Cho et al.,
2005, Osthoff et al., 2008, Yao and Zhang, 20BYth SS and Cu exhibited bimodal
distributions, with lower peaks in ultrafine mode during haze period (Fig. 6.5(a)) while
accumulation mode during ndraze period (Fig. 6.5(d)guch findings explain the noticeably
higher oxidative potency of ultrafine particles during haze period relative thammperiod,

which was possibly contributed from the relative high concentrations of SS aerosols and Cu.
As discussed in Section 4.3@; is a typical SS indicator as well as a significant trace reactant
that involved in the processes of oxidant chemistry in thelatiiides, which is more reactive

than hydroxyl radical (OHl to oxidise volatile organic compounds (VOCs) and consequently
produces peroxy radicals {8) (Osthoff et al., 2008, von Glasow, 2008)signifies that the
combiration of SS and anthropogenic emissions might accelerate particulate ROS generation
and thus aggravate the POP. As the close proximity to the freeway (~ 600 m) makes our
study site a VOG@ich area, the high levels of VOCs released from vehicular exhanirstsl

with SS aerosols would drove substantial ®Bf ultrafine particles during haze and Aoaize
periods. Despite these, we noted that Ningbo was affected by the fresh SS particles (Na/Cl =
0.19) during haze period while aged SS aerosols (Na/Cl 5 @#ing norhaze period in

terms of ultrafinemode PM, according to the Na/Cl ratio of 0.6, which is the threshold to
distinguish fresh and aged SS aerogGlsen et al., 2021, Qley et al., 2017) The aged SS
particles in norhaze period would be classified into partially and fully aged SS. Partially aged
SS aerosols are defined as the particles include NaCl core and coating with other redox active

species on their surfaces when transported frem t® inland areas, and hence induce
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significant DTT oxidation. In fully aged SS particles, the NaCl core was completely
transformed into Ng&5Qy and NaNQ via atmospheric heterogeneous chemical reactions with
acidic gase¢Chi et al., 2015)The increased particulate $Qand NQ concentrations could
indirectly produce an Qf° response and exacetk the ultrafine PMOP during nonhaze

period. Since the PM in ultrafine mode experienced strong secondary processes, which could
lead to the alteration of the particle properties such as the pH, we then estimated the pH values
of particles via EAIM modd and summarised in Table 6.4. The lower pH (1.62) resided in
ultrafine PM during haze period would decipher its higher oxidative capacity due to the
enhanced solubilities of transition metals relative to thehame period (pH = 2.46). The
soluble Cu prbably derived from industrial activities and rexhaust VE such as tyre wear.

The trend of Cu during haze period was in agreement with the previous study repdéraed) by

et al. (2017h)showing the pak Cu level in the small size of PM (~uin). The dominant
contribution of Cu to OF* would be attributed to the highly acidic ultrafine aerosols, which
facilitated the dissolution of Cu in insoluble form and thus induce an impact @t @P

ultrafine node(Daellenbach et al., 2020, Fang et al., 2017b)
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Table 6.3 Summary of regression Coefficieartsl major sourcesf OR/"* in ultrafine, accumulation and coarse mode

Major sources Ss? Cu K SNA Cr Fe Zn intercept R2d
SS,industry, non
Ultrafine ® exhaust vehicle 1.523 1.240 - ¢ -- -- -- -- 0.409 0.500
emission
Haze ) ) _
Accumulation Biomass burning -- -- 0.025 -- -- -- -- 0.589 0.456
Secondary aerosol,
Coarse _ _ -- -- -- 0.073 0.030 -0.005 -- 0.446 0.713
industry, vehicle
SS,industry, non
Ultrafine exhaust vehicle 1.182 1.363 - -- - -- -- 0.057 0.744
Non emission
haze Accumulation Secondary aerosols - - -- 0.047 -- - -- 0.304 0.437
Coarse SS, road dust 0.530 -- - -- - -- 0.071 0.021 0.867

2 The coefficient units of SS and SNA are nmol timy?, Cu, K, Cr, Fe and Zn are nmol rting?;

b As an example, the linear equation of @fduced from ultrafinanode PM is as follow: QP (ultrafine) = 1.523< SS + 1.240< Cu +0.409;

¢ Blank cells represent that the corresponding variable is not included in the equation.

d Coefficient of determination. Rs a statisticaparameteof how close the data are to the fitted regression line.
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Table 6.4 Summary of Na/Cl ratios and pH values of PM in ultrafine, accumulation and coarse modes during hazeaaedeand

Ultrafine Accumulation Coarse

Haze Non-haze Haze Non-haze Haze Non-haze
Na/Cl 0.19 0.81 0.51 1.84 0.71 1.49
pH 1.62 2.46 1.05 0.69 0.72 0.68
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The regression model of QP in accumulation mode captured the contributions from K
and SNA during haze and ntwaze periods, respective(Jable 6.3). Note that both K and
SNA are not redox active components, the contributions (¢ @#y indicate their common
emission sources suas BB and secondary processes, which also emit the-sdaitdile
components responsible for DTT activity. Such findings further confirm our previous
discussions in Section 6.3.2, suggesting that th¢"Q¥as dominated by BB source during
haze period whd secondary aerosols during Aueze period in accumulation mode. Both
particulate K and SNA varied bimodally and reached a valley point in accumulation mode (Fig
6.5 (b) and Fig. 6.5 (e)), agreeing with the variations af*©Buring cold seasons, BB was
main source of oxidative potency, which contained a high abundance ofkkersabstances
(HULIS) and played an essential role in DTT decay and ROS production (g)JF&hg et
al., 2019) The study in Atlanta revealed that the catalytic oxidisers of quinones resided in
HULIS could accounted for ~10% @fater soluble DTT activitfVerma et al., 2015c)By
considering that there was no fire spot in the northern Zhejiang Province during the haze period
(Fig. 6.4(a)), the BB particles might travel from the remote areas of inland China in the NW
and SW (a discussed in Section 6.3.2), and thus experienced the oxidation aging processes
during atmospheric transport before arriving Ningbo. Prior study formulated the higifér OP
induced from aged BB particle relative to freshly BB emitted PM, owing to thmoestgon of
non or less redox active semolatile organic compounds (SVOCSs) in aging processes,
including fatty acids, fatty alcohols;alkanes and stero{§Vong et al., 2019)it implies that
in this study the DTT response in accumulation mode was dominated by aged BB aerosols,

which had enhanced capacity of ROS generation and cause a higher adverse effect on public
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health during the haze peridly contrast, SNA contributed greater to the mass concentrations
of accumulatiormode particles during the ndraze period30.44%) relative to haze period
(23.83%), whereas G3howed an opposite trend, with lower contribution during thehaze

period (1.44%) thahaze periodl.69%). Since the particulate @las replaced by the stronger
acidic NQ and SG* via atmospheric aging procesggs et al., 2021) higher SNA levels
indicated the stronger secondary formation in-hare period compared with thaze period,
during which the secondary aerosol from BB also affected Ningbo city. Higher levels of SNA
contained in the secondary aerosols provided a highly acidic environment (pH = 0.69) to drive
metals dissolution (e.g., Cu, Mn, Cr and Zn) and thusdedwxidative capacities during the
northaze period. Overall, the atmospheric aging processes played a crucial role in inducing
DTT activities from accumulatiemode PM during both haze and Rloaze periods.

ORM*in the coarse mode was gty explained by SNA, Fe and Cr during haze period,
denoting the sources of IE, VE and secondary aerosols predominated the oxidative burden.
Particulate Fe and Cr exhibited similar bimodal patterns with peaks in the coarse mode (Fig.
6.5(c)). Interestingl, negative coefficient of Fe-Q.005 nmol mirt ng?, Table 6.3) was
estimated in the regression model, suggesting a suppressed effect of Fe on ROS generation.
However, some of the previous studies documented a low intrinsic DTT oxidation of individual
sduble Fe, while others revealed that Fe mixed with HULIS presented the additive effects in
DTT oxidation and synergistic effects in OgtnerationCharrier and Anastasio, 2012a, Yu
et al., 2018, Yue et al., 201&onsidering that the actual effect of soluble Fe may rupegtr
itself in the antioxidant responses but generatesviaHrentonlike reactions from Bz in the

surrogate lung fluid, the suppression in this study could be explained by that Fe in the PM water
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extracts might complex with organic ligands, which raite speciation and thus reduce the
oxidative capacitie€Charrier and Anastasio, 2011a, Shahpoury et al., 2@&Xhjlar negative
contribution to OR"® from soluble Fe was also reported Bgo et al. (2020dh Atlanta. Cr

was treated as neredox active transition metal as it cannot cause measurafdleo&dation
(Charrier and Anastasio, 2012&Jowever,Cr might be a surrogate measure of components
co-emitted with Cr from IE and VE, which have been identified as the major sources"6f OP

in coarse mode in Section 6.3.2, comprised of a large amount of partzatkstdic oxidisers
responsible for ROS formatiom contrast to the haze period, we noted that SS aerosols still
had an impact on coarse particles related"®Rs well as the contribution from Zn during
northaze period. The coarseode SS aerosols, vah had Na/Cl ratio of 1.49, would
experience higher aging processes during the warmer period owing to its high photochemical
activity. The aged SS particles become stronger acidic (pH = 0.68) and facilitate the transition
metal dissolution, then induce necoxidative burden in an indirect way. Zn was considered to

be emitted from tyre and road surface wear and resuspension of road dust. Such emission source
could represent a relatively low risk factor due to their natures of dominant compounds (e.g.,
Fe, Zn, Mg, Al, Ca). The fugitive dust typically appears as coarse atmospheric particles and is
known to have a relatively low deposition in the human lung. Similarly, the predominant
contributions of DTT oxidation resided in suparcron particles (Pl from resuspended

road dust was also observed in Can@lahpoury et al., 2021)
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Figure 6.5 Size distributions of QP and major catalytic oxidisers during the haze)and norhaze (df) periods in Ningbo
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6.3.4 Respiratory Deposition and Driving Factors of O

The deposition patterns of particles in the respiratory system depends stronglyae parti
size. Therefore, we quantified the deposition doses of ambient particles and thein@fad
airway, TB and pulmonary regions for both polluted and clean days (Fig. 6.6). The overall PM
and OR"® depositions during haze period were higher thanettthging norhaze period.
Similar patterns were observed for the PM and"©&eposited in head airways during haze
and nonhaze days, with the order of the size mode was: coarse > accumulation > ultrafine
particles, which was in line with previous resifltai et al., 2021b, Wang et al., 2019b, Wu et
al., 2021b) Such comparison revealed the significance of ceas#e particles in the
deposition levels and their contribut®to ROS generation. In TB region, the PM of three size
modes was almost evenly deposited during the haze ardazedays, as well as the JHn
nonhaze days. Whereas, the TB region yielded noticeable high&f @#position dose that
was induced fron ultrafine PM (1.38 nmol mi#), relative to coarse and accumulation PM
(0.64 and 0.63 nmol mih respectively) during haze period, suggesting that the smaller
particles in PM would tend to carry more toxic components to drop deeper in to lung. The
deposted OR"® (49.81%, 2.18 nmol mi) from ultrafine PM was also dominated in
pulmonary region during haze period, although the largest deposited dose of PM was in
accumulation mode (45.24%, 57.34)). Therefore, coarse particles became the largest
contribuor to the total OP deposited ddaeehead airway in both periodahile ultrafine PM
and accumulated PM induced @Pdominated pulmonary region in respective haze and non
haze periods. In TB region, however, ultrafine particles contributed most {6 @#posited

dose in haze period, and no PM of three different size modes govergédi€dsition Such
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result was plausible as the PM in ultrafine mode would be affected by severe industrial
emissions together with the atmospheric aging proceks@sy haze period, as discussed in
Section 6.3.3, which provided more highly redox active species (i.e., Cu) and led to their
enrichment in ultrafine mode patrticles.

The varied deposited doses of PM and its"©®ould be owing to the variations of size
distribution of ambient particles and clearance patterns in different regions of respiratory
system(Hussein et al., 2013, Kodros et al., 2018ince the pdiculate catalytic oxidisers
resided in PM varied with PM size, different chemical components inducg @éuld be
deposited in different regiorffang et al., 2017bHowever, it is still unknown which specific
chemical components and/or emission sources in Ningbo were responsible for the deposited
oxidative potency in different respiratory tracts. To unravel the size distributions of dominant
OR/Mscontributors in head airway, TB and pulmonary regions, we comfiz€aR"° between
measured and MLR modelled values and estimated the ROS generation rates of MLR variables,
including SS, Cu, K, SNA, Cr, Fe and Zn, which were depicted in Fig. 6.7. In general, the
deposited doses of the regression results foi*Qfette captured the diverse depositions of
measured OP° via MPPD estimation in different respiratory tracts, as the correlation
coefficient ¢) between them was ranged from 0.58 to 0.96, thus the MLR variables could

represent the dominant factors in drivihg tdeposited oxidative capacities.
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Figure 6.6 Deposited doses of PMbjgand OR" (c-d) of ultrafine, accumulation and coarse
modes in head airway, tracheobronchial and pulmonary regions during the haze-aadeon

periods

During the haz@eriod, the coarseiode PM generated @P (4.82 nmol mint) made the
largest contributions of the deposited doses in head airway, which was dominated by the ROS
generations of SNA, Fe and Cr (Fig. 6.7(a)), denoting the detrimental effects from secondary
aerosols, traffic emissions and industrial activities in the upper regions of respiratory tract. In
contrast, the deposited Plevels were almost the same in ultrafine and coarse modes in the
TB region, but much higher than that in accumulation mode (Fig. 6.7(b)). THedaDRitrafine

particles was governed by SS and Cu while SNA, Fe and Cr drove the coarse PM related
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oxidative capacity. It manifested that the ultrafine particles originated from SS aerosols,
especially the aged SS aerosols as discussed in Section 6.3.3, industry-exlkaush traffic
emissions would produce the similar toxic power as the coacsie PM from seondary
aerosols, road dust and industry emissions in the TB regions. Such similar deposited OP
doses between the two size modes could be attributed to the high redox activities of ultrafine
particles and high deposition efficiency of coamsede partites. The deposited dose of QP
exhibited a bimodal pattern in pulmonary region, with a peak appearing in ultrafine mode (Fig.
6.7(c)) during haze period, indicating that the deposite@”QBsided in ultrafine PM was
predominantly affected by aged SSa®ls, industry and neexhaust vehicle emissions.
These results further elucidated that the particles in ultrafine mode contributed increasingly to
the OR"® deposition when penetrating into deeper regions of the respiratory tract, from 1.22
nmol mir! in head airway to 1.80 nmol mtnin pulmonary region, which is agreed with
previous study in Santiag@ndrade et al., 2021)n the clean days, however, the deposited
OR/™*in the different respiratory tracts had similar variations of bimodal trends, with peaks in
the coarse mode. As depicted in Fig. 6-fj(dhe deposited OF° of coarse PM in different
respiratory regions were mainly driven from SS anddé&monstrating the essential roles in

the redox properties of aged SS aerosols and road dust duriigan®@meriod. Overalthe
ultrafine PM released fromSSand norexhaust vehicle emission would be the main drivers in
OR/"*enhancement in pulmonary region during both periods, while coarse PM from secondary

aerosols and road dust was the largest contributor gff@€position in head airway.
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Table 6.5Summary ofmassconcentratioa of WSOC,WSlIs and watersoluble trace elementsd sizeresolved PMduring haze and nehaze

periods

PMo.49 PMo.490.95 PMo.os15 PM153.0 PMzgo7.2 PM7 2+
Haze Nor- Haze Norr Haze Norr Haze Norr Haze Nore Haze Nore
haze haze haze haze haze haze
Carbonaceous speci¢gy m=)
AWSOC 256+ 162+ 7.08% 3.61+ 3.66 1.49 + 154 + 0.98 + 1.90 + 1.08 + 0.52 + 0.23
1.00 1.72 3.82 4 .98 3.50 2.23 0.75 0.84 1.11 0.51 0.58 0.15
Watersoluble inorganic iongg m=)
Lit 0.00+ 0.00+ 0.03+ 0.00 + 0.02 + 0.02 + 0.00 + 0.00 + 0.00 + 0.00 + 0.00 + 0.00 +
0.00 0.00 0.00 0.00 0.03 0.03 0.00 0.00 0.00 0.00 0.00 0.00
N& 0.07+ 0.03% 0.16+ 0.10 + 0.23 + 0.10 + 0.27 + 0.18 + 0.55 + 0.30 0.24 + 0.15 +
0.02 0.01 0.07 0.07 0.11 0.02 0.17 0.15 0.37 0.21 0.18 0.10
K+ 0.19+ 0.06+ 040+ 0.11 + 0.19 + 0.15 + 0.06 + 0.03 + 0.07 = 0.04 + 0.04 + 0.01 +
0.06 0.04 0.22 0.13 0.09 0.22 0.02 0.02 0.02 0.01 0.06 0.01
Ma2* 0.00+ 0.00+ 0.02+ 0.01 + 0.04 + 0.39 + 0.06 + 0.05 + 0.12 + 0.07 + 0.05 + 0.02 +
9 0.00 0.00 0.01 0.01 0.01 0.64 0.02 0.02 0.05 0.02 0.02 0.01
cat 0.02+ 0.02+ 0.05% 0.03 + 0.24 + 0.05 + 0.46 + 0.21 + 1.33+ 0.56 + 0.65 + 0.28 +
0.05 0.01 0.06 0.01 0.19 0.04 0.15 0.11 0.57 0.27 0.28 0.23
= 0.02+ 0.00+ 0.01+ 0.00 + 0.04 + 0.01 + 0.01 + 0.01 + 0.05 + 0.02 + 0.02 + 0.01 +
0.02 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.03 0.02 0.01 0.01
cr 0.44+ 0.03+ 0.82=+ 0.21 + 0.65 + 0.29 + 0.42 + 0.14 + 0.78 + 0.30 + 0.41 + 0.12 +
0.20 0.01 0.48 0.17 0.18 0.16 0.22 0.10 0.61 0.25 0.34 0.08
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B 005+ 001+ 006+ 001+ 001+ 001+ 002+ 002+ 0.00z% 0.01+ 0.00+ 0.00%
0.06 0.01 0.10 0.00 0.02 0.01 0.01 0.02 0.00 0.01 0.00 0.00
NH.* 281+ 158+ 494+ 305+ 197+ 031+ 070 033+ 030z 018+ 0.16+ 0.02z
0.69 0.80 2.48 2.56 1.53 0.29 0.63 0.37 0.27 0.19 0.45 0.03
NOs 364+ 119+ 839+ 389+ 550+ 225+ 273+ 172+ 335% 228+ 1.02+ 0.76z
1.66 0.91 6.15 5.30 4.60 2.75 1.53 0.99 1.66 1.03 0.54 0.78
so? 220+ 076+ 520+ 468+ 309+ 172+ 118+ 057+ 090z 021+ 050+ 0.15%
0.54 0.97 3.41 3.35 2.56 2.03 0.87 0.46 0.36 0.09 0.42 0.12
Watersoluble trace elementag m?®)
Cu 034+ 014+ 072+ 029+ 052+ 047+ 052+ 019+ 124+ 067+ 016+ 0.09%
0.31 0.16 0.25 0.28 0.46 0.85 0.66 0.20 1.09 0.42 0.15 0.06
Pb 075+ 049+ 133+ 119+ 083+ 059+ 013+ 010+ 0.10% 0.07+ 010+ 0.01%
0.23 0.37 0.51 0.79 0.56 0.68 0.10 0.11 0.10 0.04 0.30 0.02
Fe 364+ 078+ 2303+ 566+ 38.74+ 1087+ 3066+ 1149+ 103.83+ 3794+ 104+ 056+
8.45 1.03 14.60 5.09 27.01 11.58 35.36 12.90 134.18 31.45 0.60 0.50
Al 043+ 038+ 756+ 248+ 476+ 265+ 519+ 110+ 2856+ 687+ 078+ 0.36
0.17 0.39 3.86 1.64 5.50 1.91 5.59 0.88 67.43 6.48 0.64 0.29
Mn 070+ 045+ 180+ 146+ 128+ 102+ 095+ 043+ 287% 288+ 053+ 0.32%
0.39 0.25 0.79 0.81 1.00 0.78 1.03 0.35 2.75 1.09 0.15 0.17
Vv 0.19+ 032+ 020+ 038+ 0.07+ 005+ 005+ 002+ 0.10% 006+ 0.02+ 0.01%
0.14 0.12 0.12 0.19 0.05 0.02 0.04 0.02 0.12 0.05 0.01 0.01
Cr 012+ 0.06+ 496+ 098+ 7.72+ 312+ 855+ 094+ 38.04+ 710+ 0.02+ 0.05%
0.04 0.04 3.34 1.44 5.67 2.90 8.48 0.66 27.33 7.02 0.02 0.05
Ce 0.00+ 0.00+ 0.00+ 000+ O0.00+ 000+ 001+ 000+ 0.02% 0.02+ 0.00+ 0.00%
0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.02 0.01 0.01 0.00
cd 005+ 0.02+ 0.08+ 004+ 006+ 003+ 003+ 002+ 0.02% 001+ 001+ 0.00%
0.02 0.01 0.05 0.03 0.03 0.02 0.02 0.01 0.02 0.01 0.02 0.00
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Zn
Co
Ni
Ag
As
Sr
Bi
Sb
Mg
Ca
K

Ba

6.66 *
3.35

0.01+
0.01

0.14 +
0.08

0.00
0.00

0.12 +
0.04

0.05+
0.07

0.01 +
0.01
0.21
0.20

6.18 +
11.92

191+
1.19
21.69
6.97

0.54
0.52

2.07
1.39

0.00 +
0.01

0.10 +
0.04

0.00
0.00

0.05+
0.04

0.01+
0.01

0.00
0.00
0.07
0.07
1.98 +
3.90
1.48 +
1.29
5.18 +
4.54

0.48 +
0.45

16.25
11.13

0.06 +
0.04

3.13 +
2.16

0.00 *
0.00

0.23 +
0.12

0.20 +
0.25

0.05 *
0.07
0.26
0.22

2.09 +
1.44

7.98
2.97
46.68 +
20.53

0.40 +
0.51

6.09
4.85

0.01+
0.01

0.69
0.77

0.00
0.00

0.11 +
0.12

0.02 +
0.02

0.02 +
0.03
0.11 +
0.15

0.81+
0.71

3.56 +
1.64
14.40
15.15

0.12 +
0.07

13.73
7.48

0.10 +
0.10

4.28 +
3.64

0.00
0.00

0.12 +
0.08

0.22
0.22

0.03
0.05
0.12 +
0.08

415+
3.48

20.03 =
15.90
19.09
10.94

0.62 +
0.56

8.98 +
4.71

0.04 +
0.02

1.83 +
1.42

0.00
0.00

0.07 £
0.08

0.07 £
0.04

0.01 +
0.02
0.07
0.08

6.01 +
7.68

8.04 +
2.67
10.36
9.14

0.56
0.66

7.91 +
3.73

0.07 +
0.08
4.42 +
5.05
0.01 +
0.01
0.04 +
0.02

0.26 +
0.16

0.01 +
0.01
0.04 +
0.01
7.41 +
3.38
32.68 =
11.56
791+
2.81

0.67
0.23

9.09 +
2.29

0.01+
0.02

0.74
0.48

0.00
0.00

0.03 =
0.03

0.11 +
0.08

0.00
0.00
0.02 +
0.02
5.48 +
2.33
15.09
9.16
4.82 +
2.08

0.39+
0.30

3.99 +
2.75

0.24 +
0.29

27.30 +
18.33

0.02 +
0.03

0.07 +
0.04

0.88 +
0.63

0.03
0.04
0.06 *
0.03

16.10 +
5.75

95.80
54.25
7.13
2.92

0.68 +
0.41

417 +
2.39

0.23 +
0.07

6.53 +
7.51

0.02 +
0.01
0.05 +
0.02

0.61+
0.24

0.02 +
0.01
0.03
0.01
10.03 +
6.73
61.91 +
16.59
412 +
2.52

0.44 +
0.29

2.60 *
4.38

0.01+
0.01

0.03
0.02

0.00
0.01
0.02 +
0.02

0.22
0.09

0.04 =
0.05
0.03
0.04
6.32 +
3.07
48.58 +
20.45
6.24 +
7.86

0.72 =
0.19

2.05+
13.38

0.01+
0.01

0.08 +
0.07

0.00
0.00

0.01+
0.00

0.12 +
0.06

0.00
0.00
0.02 +
0.03

3.15+
1.41

29.44 +
14.59
2.10
1.00

0.26 +
0.10

2 Concentration unit fotvSOC andNSlIs are g n® and for trace elements are nggm
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6.4 Conclusion

This study presented tlseze distributions of PM and its watsoluble fraction generated
OP, and estimated their respiratory deposition during the haze afichremperiod in Ningbo.

The results showed that the concentrations of PM and its relatgt @éte substantially
higherduring haze period (29.740.97ug mi® and 0.563.22 nmol mint m?) than norhaze
period (9.1522.20pug n3 and 0.190.95 nmol mint m) for all size ranges, and maximum
centred in ultrafine mode.

Ultrafine particles contributed increasingly to the,URleposition when penetrating into
deeper regions of the respiratory tract, from 1.22 nmottinirnead airway to 1.80 nmol min
Lin pulmonary region. The Q™ resided in ultrafine particles was driven by SS and Cu,
deposited mainly in pulmonary regiom the two scenarios, implying the significance of SS
aerosols, industrial activities and rerhaust traffic emissions (road dust) in eliciting the ROS
generation and thus causing pulmonary inflammation. However, SNA and soluble transition
metals of Fe andCr dominated the QP from coarsemode particles, which had largest
depositions in head airway during the two periods. It can be attributed to the influences of
secondary aerosols, industry emissions and road dust.

The deposited Gf°in TB region had aombined contribution from ultrafine (SS, Cu) and
coarse particles (SNA, Fe, Cr) in polluted days, while coarsge OR"® (SNA, Fe, Cr)
dominated the TB region in clean days. The similay"®&bontributions between the two size
modes during haze period were explained by the high redox activities of ultrafine particles and
high deposition efficiency of coarseode particles. The PM in accumulation mode had less

contribution to the deposited doseOR,"S, compared to the other two size modes in different
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respiratory regions during haze and +i@ze periods.
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Chapter 7 Comparison of Particle Size Distributions of OP Induced from
Methanol-Soluble PM Fractions and Their Lung Depositions between High
and Low Pollution Periods

7.1 Introduction

Exposure to ambient particulate matter (PM) is deemed to be a severe concern of public
health, giving rise to the inflammation in respiratory tract and cardiovascular systems, yet the
mechamsms of these actions are not completely undersfGaa et al., 2020b, Lin and Yu,
2021, Wong et al., 2019Multiple factors are involved in toxicity of ambient PM, including
individual and interactional inductions from active chemical components. One of the most
acknowledged pathways to interpoasual links between PM exposure and health effects is
addressing the oxidative stress via generation of reactive oxygen specieqBRa@S)et al.,
2019a, Xiong et al., 2017The resultant oxidative stress caniaig a redox stage change in
cells and further lead to cell necrosis or apoptosis, and consequently cause acute or chronic
disease¢Bates et al., 2Ha, Gao et al., 2020bJhe ability of PM to produce ROS in vivo is
considered as the oxidative potential (OP) of ambient par{iCles et al., 2005)

Growing studies focused on watssluble species of PM for OP characterisation, as they
would be more readily available to interact with lung fluid owing to the wsikible nature
(Cheng et al., 2021, Fgret al., 2017a, Jin et al., 2019b, Lin and Yu, 20BIbwever, various
waterinsoluble particulate components have been demonstrated to bmowelbated with OP,
such as polycyclic aromatic hydrocarbons (PAHSs), quinones and dikmisubstances

(HULIS) (Kramer et al., 2021)PAHs, as semvolatile organic compands (SVOCs), are
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commonly released from traffic emissions and incomplete combustion. Although PAHs are
inactive in dithiothreitol (DTT) oxidation, they are treated as markers of the emission source
for redoxactive organic species (i.e., quinon@sho et al., 2004, Cho et al., 2008)uinones
are formed from PAHs through photochemical aging processes and can be bound to particle
surfaces, and hence significantly increase the imassalised OP (OR relative to fresh
particles. Strong evidence also revealed the crucial role of secondary organic aerosols (SOA)
in affecting OP responses, especially quindagved SOA and naphthalene SOA.

So far, efforts have been devoted to investigating the source contributionsaéperelent
OP induced from watansoluble fractions and their deposition efficiency. Focusing on
different size modes, previous studies revealed that PM in epmde is nore inclined to
exacerbate degradation of DNA and haemolysis relative to smalléOsiaenicVargas et b,
2011b) The ultrafine particles are commonly considered as strongly toxic, ascribing to its
highly linked to biomarkers of systemic iafhmation and enables penetration into deeper lung
region, and transferred to other organs or cell membranes, causing mitochondria damage
(Delfino et al., 2009, Li et al., 2003pince the deposition of sizkependent OP can better
reflect the detrimental effects of ambient aerosols, several studies modelled the respiratory
deposition ofOP via multiplepath particle dosimetry (MPPQ)iu et al., 204a, Lyu et al.,
2018)or empirical expressions from human inhalation data (IQRB)g et al., 2017bjand
estimated the correlations between OP and redox active species. A substantial fraction of
coarsemode PM (PMs10, particles with aerodynamic diameter between 2.5 angua
components are hydrophobic, masf which are associated with tire and brake wear,

construction activities and road dust in urban area. Organic oxidisers, such as quinenes (1,2
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napthaquinone (1;RQ), 1,4napthaquinone (1;8Q), 1,4anthraquinone (1;AQ)) adsorbed

on solid particles gainduce OP either via engulfment of cells or binding to a cell surface, or
act as a carrier of toxic components such as P@dboonen et al., 2006n contrast, the
oxidative stress generated from organic fraction of PM with smaller sizes was dominantly
affected by traffic emissions (i.e., tailpipe emissions, petroleum s(fi&fjari et al., 2014a,
Shirmohammadi et al., 26).

Given that the lung deposited OP varied with multiple factors, including the particulate
catalytic oxidisers, emission sources, mass loading of SOA, atmospheric aging processes and
particle deposition efficiency, etc, which respiratory region is more tefidoy the OP and
which factor controls the concentration of OP that deposits in the specific respiratory region
remain still unknow at present. Here, we aim toddfermine the size distribution of PM and
its methanokoluble fraction generated OP (®%®) via DTT assay during the haze and non
haze period; 2) assess the spatial dispersions of th&aitiened PM and their OB™"in the
study domain; 3) estimate the respiratory deposited doses of PM and™t§ vi®° MPPD
model; 4) identify the goverdePM redoxactive species to oxidative potency and compare
their OP"®""contributions in haze and ndraze days; 5) explore the driving factors of deposited

OP™"in different respiratory tracts.

7.2 Methods

7.2.1 Sampling
The sizeresolved aerosol sangd used for the analysis of particulate organic components

in this chapter shared the same samples of the study for-scdidale species in Chapter 6.

151



Detailed information for sampling procedures was presented in Section 6.2.1.

7.2.2 Sample Analysis

Collected filters were dividetb analyseéhrough an array of experiments for quantifying
organic species including carbonaceous spes EC and WSOC)PAHs and quinones.
The same protocols for these organic species measurements have been describieth in Sect

5.2.4.

7.2.3 Quality Control

The analytical quality of the measured data was determined by reproducibility, recovery,
linearity and limit of detection (LOD). For each set of samples, field blank samples were
included to correct the realorld samplesby subtracting the mean blank values. The
concentrations of PAsiand quinones were estimated via theodint external standard
calibration, ranged from 0.1 to 1000 ng Wlthe linearity of calibration standards calculated
through linear regression with luas between 0.99 and 1.06) (for all PAHs and quinones.
The LOD was ranged from 0.42 ng®raf Phe to 9.70 ng rhof Ace for PAHs and the between
0.00 ng n? of 1,22AQ and 0.04 ng mof 1,2NQ, while the recovery ranged from 89.25% of
Ant to 109.44% oBkF for PAHs and 92.13% of 1:XQ and 98.02% of 1;RIQ for quinones.
For OC and EC, known concentration of standard solution was used for calibration before each
set of analysis, during which multipoint external calibration was conducted by analyser via
dripping the sucrose solution onto a punch ofipaked blank filter. The LOD was 0.7@ m

3 of OC and 1.0Qug ni2 of EC, while recovery was 111.27% of OC and 86.91% of EC.
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7.2.4 EGtracer Method

The EC-tracer method was conducted to estimate the raempegsee (OC/ECyi during this
sampling campaign, and the detailed approach of this m¢8tcatler et al., 1999EC is
treated as a tracer for the prediction of concentration @f @@ler the hypothesis that EC and
OG,:i originate from the same sources, hence (OG/#&&)n be estimated for a given region of
study under consideratioWith this hypothesis, it has been assumed that if measured ambient
OC/EC values exceed estimated (OC/faQhe excess fraction of OC is believed to come from
secondary sources and termed assdodThe empirical expressions used in estimation of

conceitrations of OGecand secondary organic aerosol are given in the following equations,

OCyri = ECX(OC/EC)pii Eq. (1)
OCsec= OC- OCyyi Eq. (2)
SOA = fomioc XOCsec Eq- (3)

Based on previous reported studies, measured OC/EC values over 2.9 are treated as high
and represent the upper value of the range of (OG/ECYnkKlin et al., 1981Hence, we took
2.9 as the threshold value for ambient OC/EC and discarded samples with ambient OC/EC
values exceding 2.9. The remaining data were analysed with a-$epsire regression
technique, and in this process, (OC/EQ)f 1.29 was calculatedhe improved regression
coefficient (R = 0.93) estimated through using the remaining data indicate reasonable
confidence that 1.52 can represent (OCfz@nd values of mean mass concentrations gfiOC
OCsecand OGyi percentage to total OC were estimated (Table 7.4). According to ouoysev

study, SOA was estimated by multiplying 1.6 by&@mount(Chen et al., 2021)
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7.2.5 Analysis of Air Mass Backward Trajectory

Analysis of air mass backward trajectory was conducted for identifying the impact of
pollutants originating from medium and lengnge transport of aerosols rather than local
emissions. Detailed information of analysing air mass backward trajectory was guaranteed by

the same protocol as described in Section 6.2.4.

7.2.6 Graphical Analysis of Source Dispersion

Bivariate polar plots (BPPs) were applied in this study to comparetugaphical sources
and dispersion patterns of sifractioned PM and their related OP from methasalble
fraction (OR™™Mand OR™" during haze and neimaze period in Ningbo. Detailed description

of BPPs construction can be found in Section 4.2.5.

7.2.7 Modelling Deposition in Human Respiratory System

MPPD model (version 3.04, Applied Research Associates Inc., Arlington, VA, USA) was
conducted to obtain the deposition fractions (DF) of-Biaetioned PM in extrathoracic/head
airway, tracheobronchial (TB) region and alveolar/pulmonary region, whichetkmct the
ROS generation abilityof sizedependent PM in human respiratory system. Detailed

description of MPPD model application is presented in Section 6.2.6.

7.2.8 Multivariate Regression Models

A multiple linear regression (MLR) analysis was perfednto estimate the QP™
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contribution from individual hydrophobic PM component through SPSS (Statisticd@3).
samples were applied for MLR analysis for each PM size mode in each study Petabbd

information for MLR analysis was describedSection 6.2.7.

7.3 Results and Discussion

7.3.1 Comparison of Size Distribution of PM and Opsth

Figure 7.1 depicts the size distributions of OP normalised by air volum&{{pBnd mass
(OP»™™ elicited from methanol extracted PM fraction with ambigarticle concentrations
during the haze and ndraze periods. The QP*"varied similarly during the two periods,
which had trimodal trends with the highest peaks in the diameter range between 7.2 and 10.0
um (PMyz 210, 2.43+ 0.24 and 0.88:0.77 nmol mint m™ during haze and nehaze periods,
respectively, but the overall levels were obviously higher during the haze period-20130
nmol min* m®) relative to norhaze period (0.20.88nmol miri* m). Analogous results were
also reported b¥ang et al. (2017byshowing that the substantially higher oxidative capacity
induced from water insoluble fractions (extracted by methanol) of coarse particles (drameter
3.2um, 3.62+ 0.20 and 5.130.52 nmol miri* m?) relative to fine particlesd3.2 um, 0.22
+0.14 and 0.4%0.07 nmol min* m®) at both roassite and urban area in Atlanta. It signifies
the predominant role of coarse particles in addressing the oxidative stress from the hydrophobic
components in the atmospheric aerosols. The greatgP*®Buring haze period could be
attributed to the higher concentrations of the particulate catalytic oxidisers (i.e., quinones).
Although the other two peaks of oxidative potency occurred inddhd PM 530 during the

both periods, the QP*™"level in PM 53.0(1.17+0.27 nmol min® m®) was substantially higher
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than that in PMuao (0.73+ 0.30 nmol min* m?) during haze period, in contrast to Aeaze
period, the OP™" induced from the ecumulatioamode particles of PMss0 (0.47 + 0.38

nmol mirnt m3) showed slightly lower than it of Pds (0.57 = 0.32 nmol mir* m3). The
difference of OP™™" trends between haze and Humze periods reflects the different size
distributions of redoactive species and varied toxic emission sources (i.e., vehicular exhaust),

which will be discussed in Section 7.3.3.
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Figure 7.1 Size distribution of PM, @P"and OR™"during haze and nehaze periods

By comparison, the overall intrinsic OP (@P") of sizeresolved PM was less than one
half during the haze period (0.2D.11 nmol min? \g ) relative to the noiaze period (0.46
+ 0.38nmol mirtt g Y. Such higher level of QiP'*"in clean days was attributed to the higher
averaged OR™"of dl particle sizes, except P\ .2, suggesting the greater intrinsixidative
stresgelated to the hydrophobic fractions of ambient particles with most PM sizes during warm
season (20.382.10 € ). We also noted that the @P*"were pronouncedly higher from the
coarsest (7-40.0pm, 0.19+ 0.23nmol mir! pg1) and finest PM©0.49um, 0.13+ 0.23

nmol min? g 1) collected in this study than the PM with other sizes (0.06nmol min* 1g-
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1) during norhaze period, while highest @P*"was induced from coarse particle (PMo,

0.11+ 0.08nmol mirtt 1g ), followed by accumulatiomode PM (PMs3.0, 0.04+ 0.02nmol

min? g 1) and ultrafine PM (PNag, 0.03+ 0.02nmol min? 1g1). Such results denoted that

the hydrophobic redeactive compounds increased with the increase of particle size in
polluted days, whereas they tend toamulate to the finest and coarsest particles in clean days,
insinuating the different cumulative processes of particulate catalytic oxidisers on the ambient
particles in two periods. It is speculated that such difference would be ascribed to the
atmosphac secondary processes, varied chemical composition and emission sources, detailed

discussion is presented in Section 7-8.2.3.

Table 7.1 Summary of sifeactioned OF™"and OR™"during haze and nenaze periods

Opvmeth Opmmeth

(nmol mirtt m3) (nmol mirt* pg?)

Haze Non-haze Haze Non-haze
PMo.49 0.73+0.30 0.57+0.32 0.03%0.02 0.13+0.23
PMo.490.95 0.62+0.26 0.50%0.23 0.02+0.02 0.04+0.03
PMo.ag91.5 0.43+0.18 0.36%0.20 0.01+0.01 0.04+0.02
PMi53.0 1.17+£0.27 0.47+0.38 0.04%0.02 0.06%0.06
PMs.o7.2 0.40%0.15 0.21+0.15 0.02+0.02 0.01+0.01
PM7 210 2.43+0.24 0.88+0.77 0.11+0.08 0.19+0.23
EPM 5.68+0.71 2.92+0.99 0.22+0.11 0.46 £0.38
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Table 7.2 Summary of sizesolved PAHs and quinonésveragetSD) during haze and nehaze periods

PMo.49 PMo.490.95 PMo.491.5 PM153.0 PMso7.2 PMz7.2.10

Haze Non-haze Haze Non-haze Haze Non-haze Haze Non-haze Haze Non-haze Haze Non-haze

PAHs(concentration in ng rf)

Na 025 £+ 017 + 031+ 007 + 012 + 003 =+ 011 + 004 =+ 010 + 006 + 0.04 + 0.02 =
P 0.26 0.14 0.24 0.04 0.13 0.02 0.09 0.02 0.06 0.09 0.05 0.02
Ace 008 + 006 + 028 + 003 =+ 006 *+ 002 =+ 021 + 006 <+ 002 + 000 =+ 003+ 001 =
0.03 0.09 0.11 0.03 0.04 0.02 0.06 0.05 0.01 0.01 0.02 0.01

Ac 017 £+ 002 =+ 035+ 002 + 004 £+ 001 =+ 003 + 002 =+ 005+ 003 =+ 017+ 015 =
y 0.05 0.01 0.11 0.01 0.02 0.00 0.02 0.02 0.02 0.01 0.03 0.02

= 008 £+ 002 + 028 + 005 + 003 + 001 =+ 001+ 001 =+ 002+ 001 + 002+ 001 =
0.03 0.01 0.10 0.04 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.00

Phe 030 £+ 008 =+ 050+ 009 + 008 + 002 =+ 004 + 003 =+ 008 + 002 + 003+ 001 =
0.14 0.07 0.28 0.08 0.04 0.01 0.04 0.02 0.02 0.00 0.02 0.01

Ant 002 £+ 002 =+ 007+ 001 + 002 + 000 =+ 003 + 002 =+ 002+ 001 + 001+ 001 =+
0.01 0.03 0.03 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.00 0.01

Elt 040 + 016 + 077 + 008 =+ 020 =+ 001 =+ 009 =+ 004 <+ 008 £+ 0.03 =+ 0.06 £+ 0.03 =
0.32 0.17 0.31 0.05 0.15 0.01 0.07 0.03 0.01 0.01 0.04 0.01

Pvr 144 + 067 + 238 + 017 + 033 £ 007 =+ 016 + 011 + 023 + 012 + 023+ 016 =
y 0.67 0.42 1.52 0.08 0.10 0.06 0.10 0.09 0.10 0.04 0.12 0.02

BaA 039 £ 002 + 099 + 070 =+ 012 + 001 =+ 005+ 000 + 002 + 001 =+ 003+ 001 =
0.34 0.02 1.35 0.88 0.06 0.01 0.06 0.00 0.01 0.01 0.03 0.00
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Chr 0.81 + 0.08 <+ 0.90 £ 0.06 + 026 + 002 <+ 012 £ 002 <+ 006 £ 001 <+ 003 001 =«
0.51 0.05 0.55 0.08 0.16 0.03 0.07 0.01 0.03 0.00 0.06 0.00
BbE 129 £ 015 = 149 = 0.31 + 059 + 006 <+ 023 £ 002 <+ 004 £ 003 <+ 005 003 =
0.96 0.12 0.85 0.35 0.38 0.08 0.11 0.08 0.06 0.01 0.08 0.02
BKE 161 + 018 £ 150 £ 0.16 + 016 + 003 <+ 006 £ 004 <+ 007 £ 004 =« 007 004 =
1.03 0.23 1.12 0.20 0.06 0.02 0.04 0.01 0.01 0.01 0.05 0.02
Bap 108 + 014 =+ 1.39 = 0.07 + 022 + 004 <+ 009 £ 002 <+ 004 £ 001 = 0.07 £ 0.03
1.02 0.06 0.94 0.11 0.15 0.02 0.04 0.01 0.01 0.01 0.11 .01
Ind 208 £ 033 + 219 =+ 0.20 + 031 + 004 <+ 006 £ 002 <+ 002 £ 002 =+ 002+ 001 =
1.70 0.25 1.66 0.37 0.17 0.01 0.05 0.01 0.01 0.00 0.04 0.00
DBA 026 £ 010 =+ 036 = 0.22 + 018 + 007 <+ 010 002 <+ 002+ 001 =« 001+ 001 =
0.17 0.07 0.17 0.32 0.08 0.04 0.05 0.02 0.01 0.00 0.01 0.00
Bpe 166 + 030 + 1.36 £ 0.14 + 025 + 005 + 008 x 001 <+ 002+ 001 =+ 004+ 001 =
P 1.16 0.23 0.08 0.26 0.13 0.01 0.04 0.01 0.02 0.00 0.10 0.00
EPAH 1192+ 249 + 15.12+ 2.38 + 297 + 050 + 146 + 049 <+ 087 £ 049 =+ 090+ 055 =
0.68 0.16 0.71 0.17 0.15 0.02 0.06 0.03 0.05 0.03 0.06 0.05
Quinones (concentration in ngin
1,2NQ 071 £ 036 + 168 + 0.86 + 117 + 053 + 057 031 <+ 031+ 014 =+ 027 £ 007 =
’ 0.22 0.13 0.72 0.60 0.49 0.29 0.24 0.09 0.11 0.04 0.34 0.04
1,4NQ 074 £ 040 <+ 173 =+ 0.98 + 122 + 054 + 063 032 <+ 032+ 018 = 030+ 012 =
’ 0.24 0.15 0.65 0.67 0.57 0.33 0.24 0.09 0.12 0.05 0.42 0.03
1,4AQ 072 £ 018 <+ 187 = 0.28 + 070 + 011 + 027 x 008 <+ 011 £ 005 =+ 011+ 001 =
’ 0.32 0.11 1.34 0.25 0.48 0.10 0.24 0.04 0.05 0.01 0.22 0.01
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7.3.2 Graphical Analysis of O Induced from Sizeresolved PM

To graphically compare the @8 dispersions from the potential sources in different PM
size ranges, BPPs of @P"and OR™™"as well as PM mass concentrations during haze and
nonthaze periods were plotted, as given in Fig. 7.2 and 7.3, respectively. During the haze period,
the higheslevel of PM grelated OF™" (Fig. 7.2(g)) was recorded when the wind blew from
the west to the south. However, we observed the lowenrfass concentration (Fig. 7.2(a))
from these directions but higher from the northwest (NW), which indicatestriveger DTT
activities generated from the particles with limited mass concentration and further implied the
toxic emission sources (i.e., vehicular exhausts) from the western to southern directions,
releasing large number of redaktive organics. It atsexplains the highest value of intrinsic
oxidative stress (Fig. 7.2(m)) induced from £Nto the southwest (SW). The @™ level
increased with the increases of wind speed, which is an indicative trend of buoyant plume such
as road traffic sourcd€arslaw et al., 2006Yhis is entirely expected because of the source of
ring expressway of Ningbo city t® the SW and south with approximately 2 km away from
our study domain. Higher QP*"from the southern direction was also found inoRd4 ¢sand
accumulatiormode PM, thus we inferred that the traffic emission had a relatively constant
impact on the mbient particle growth and particulate ROS generation, which could be
considered as one of the dominant sources of both PM and its relat&d'@Pcontrast to the
OR,™"in ultrafine and accumulation modes having the common traffic source, the maximum
OR, ™" value of PMo72 (Fig. 7.2(k)) was obtained when wind blew from NW, while the
PM7 210 induced O™ (Fig. 7.2(1)) from the north. The P\ related OP™" increased

with the increasing wind speed. Therefore, a consideration of potential sources highlighted the
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traffic emissions from Ningbo Lishe airport at around 10 km to the NW of our study site.
According to the analysis of back trajectories (Fig. 6.44aj)ng haze period, almost half of

the air masses originated from NW in Hebei Province while 17.3% came from the western
areas of inland China and travelled through Hangzhou Bay before arriving in Ningbo. Both of
the clusters passed through the areas @etisely distributed fire spots, which may bring the
contaminants from biomass burning from the NW and enhanced the oxidative stress of ambient
aerosols. By contrast, the emission source of, AMinduced OF™" was regarded as a
distinctive ground levedource as the level of which decreased with the increase of wind speeds
from any directiongChen et al., 2021 5uch results signified a mixed source from the central
business district (CBD) of Ningbo, which is corresponded to the north sector with
approximately 7.4 km away from our study domain, might corapoisthe pollutants from
traffic emission, secondary aerosols and ‘oauge transport. Similar distributions of gJPe™"

were observed between the PM size ranged from 0.95pen1®ig. 6.2 (Ar)), the maximum
values of which were obtained from the NW. Wer that such high intrinsic O®"could be
ascribing to their similar sources, including airport emission and biomass burning, emitting the
high concentrations of particulate redastive organics. Further discussions on™eyPand
redoxactive orgargs are presented in Section 7.3.3.

The dispersed patterns of @P" and OR™™ varied significantly compared to PM
concentrations in ultrafine mode during the +#@ze period. The highest PM concentrations
experienced with nortwesterly winds when theind speeds were higher than 5 W(Big 7.3
(ab)). Whereas, the maximum @P" and OR™™ resided in PM49 and PM.490.95 were

recorded from diverse wind sectors (Fig. 7-Bfjgand (mn)). Such phenomenon reflected the
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contributions of mixed sources both OR™™ and ORM®™ of ultrafine particles. For the
accumulatioamode particles, both highest extrinsic (Fig. 7jB(iand intrinsic oxidative
potencies (Fig. 7.3¢p)) came from the NW and northeast (NE) for R3¥l.5s and PM 3.,
respectively manifesting that the emission sources from those directions emitted higher
concentrations of toxic PM, which was able to introduce stronger DTT activities. As the NW
direction is located the Ningbo Lishe airport while NE sectors corresponded to theoNingb
Zhoushan Port, we inferred that the dominant sources Bf'O®P accumulation mode would

be the airport emission and marine source. The Nitmushan Port is currently the busiest
port and possesses the largest cargo throughput in the world, whichtesd 33 km away to

the east of our study site. It suggested a significant impact on our study site by releasing oil fly
ash from marine vessels and exhausts from vehicle engines, as well as the mixed sea salt
aerosols. On local days, the nedasterlywinds brought those marine emissions from the East
China Sea into Ningbo and thus enhanced the DTT act®itgng et al., 2021For the coarse

mode particles, the QP*™"in PMso7.2 (Fig. 7.3(k)) and PMz10 (Fig. 7.3(l)) did not display
exactly the same behaviour during theaze period, while the GP*"patterns of them (Fig.
7.3(op)) shared similarities, with higher values recorded from the NE. The highest level of
OR,™" resided in PMo7.2 was obtained from the NW and increased with the increasing in
wind speed, demonstrating a potential sourdeadfic emissions from the Ningbo Lishe airport.

By comparison, the QP*"of PM; 210 was maximum from the southeast (SE) to the south, the
level of which decreased with increasing in wind speed from any directions, denoting a ground
level source such asaffic emissions from the adjacent freeway (600 m). Highesi"&fP

induced from PMo7.2was observed from the NE while the (" of PM 210 was affected
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by the sources from both NE and NW. Regardless of the abovementioned emissions from Lishe
airpat, NingboZhoushan port, the analysis of back trajectories (Fig. 6.4(b)) depicted the same
proportion (28.6%) of air parcels from the NE and NW, which were originated from the East
China Sea and Jiangsu Province during the-lreme period. One of the ctess (in pink)

passed through the densely distributed fire spots would carry substantial amount of pollutants
from biomass burning before arriving Ningbo. The other cluster (in blue) travelled from the
ocean would bring considerable sea salt aerosolsefdter the potential sources of traffic
related emissions (i.e., freeway proximity, Lishe airport), Ninghoushan port, biomass
burning, and sea salt aerosols could be the dominant contributors giving rise to the

enhancement of intrinsic oxidative str@asgoarse mode PM.

163



Mass Concentration (ug m>)

OP™*" (nmol min-tm3)

OPTt" (nmol min-tpg1)

Ultrafine Accumulation Coarse
1 I 1
PM1s-30 PMso72 PM7.2-10
) 3 1 L 10 ¥
55 2 o 50 ” P
50 &0 5
4 5 sws ™
: 2 e 45 2
e o 0w 3 s 3 :
35 &
30 - 3 y 40
L s 9
25
3%
2 25 20
% 2 5 £
(b) s (d) s (e) (f)
16 L 10 "
- 048 118 055
075 T 05
o 116 o
065 2
t : 115 1 £ By ¢
. 114 |
055
113 9%
05
sk 112 03
05 0s 0.3 gt 025
B (e) (h) s () s (k) ()
ooss| " p
: oz 0085
005 0.02
0.026 i 0.02
0045 Y
004 0.024 ws 0.0
0022 2 0.016 0.045 2
E 0035 |W 3 £ w £ - i 0015 ¢
003 0.02 ] 0.014
0025 o.me 0012 .05 001
0,016
002 o o1 003
0015 X
- 0.008 0.025 0005
(m) () s (o) s (o s (a) ()

Figure 7.2 Bivariate polar plots of sizesolved PM concentration-gg OR, ™" (g-) and OR™™" (m-r) during the haze period
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Figure 7.3 Bivariate polar plots of sizesolved PMconcentration (d), OR,™™" (g-I) and OR™™" (m-r) during the norhaze pend

165







































































































































