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The trans-Pacific atmospheric transport of particulate matter (PM)-bound
polycyclic aromatic hydrocarbons (PAHs) to remote sites in western North America has
been well documented and has triggered research questions regarding to atmospheric
transformation of PM-bound PAHs and the potential impacts on human health from their
inhalation exposure. In this dissertation, field measurements, theoretical studies,
laboratory experiments, and mutagenicity studies were used to begin the address the
questions as to whether PM-bound PAHs undergo atmospheric transformation into
mutagenic nitro-PAHs (NPAHs) during trans-Pacific atmospheric transport. PM extracts
were tested in the Salmonella mutagenicity assay, using Salmonella typhimurium strain
TA98 (with and without metabolic activation), to determine the mutagenic activities in

relation to the chemical composition of the extracts.



The sampling of atmospheric PM with diameter < 2.5 pm (PM, s) before, during,
and after the Olympic Games 2008 in Beijing provided some insights into the
concentrations, chemical composition, photochemistry, and mutagenicity at the source of
emission. The PAH, NPAH and OPAH composition of the PM, s was similar throughout
the sampling periods, which included the period when a wide range of combustion
sources were controlled. In addition, it showed that PAHs were associated with both local
and regional emissions, while the NPAH and OPAH concentrations were only correlated
with the NO concentrations, indicating that the NPAH and OPAH were primarily
associated with local emissions. The characteristic NPAH ratios suggested a
predominance of photochemical formation of NPAHs through OH radical-initiated

reactions in the atmosphere.

Subsequently, the heterogeneous reactions of PAHs bound to Beijing ambient PM
with various oxidants, including NO3/N,Os, OH radical and O3, were studied using an
environmental reaction chamber under simulated trans-Pacific transport conditions. In
addition, PM collected from Riverside, CA was simultaneously exposed along with the
Beijing PM in order to allow us to compare the reactivity between two different sites. In
general, O; was most effective in degrading PM-bound PAHs with more than five rings,
except for benzo[a]pyrene which was degraded by Os; and NO3;/N,Os equally well.
However, the NPAHs were most effectively formed during the NO3/N,Os exposure. The
reactivity of the PM could be explained by the degree to which the PM had been
photochemically aged because the accumulation of degradation products on the surface

of PM appeared to inhibit further atmospheric degradation of parent PAHs. For the



NO3/N,Os exposure, the increase in direct-acting mutagenicity was associated with the

formation of mutagenic NPAHs.

Additional laboratory experiments were carried out in order to identify
NPAH products of 5- to 6-ring PAHs through the heterogeneous reactions of surface-
bound PAHs with NO,, NO3/N,Os, O3, and OH radicals. Five PAHs, benzo[a]pyrene-d;»,
benzo[k]fluoranthene-d;,,  benzo[g,h,i]perylene-d;,,  dibenzo(a,i)pyrene-d;4, and
dibenzola,l]pyrene, were spiked onto quartz fiber filters and exposed in the chamber.
Some of the identified NPAH products have not yet been measured in the environment. In
parallel to the laboratory experiments, a theoretical study was conducted to assist in
predicting the formation of NPAH isomers based on the gas-phase OH radical-initiated
reaction. This study has shown that NO, and NO3/N,Os were effective oxidizing agents
in transforming PAHs deposited on filters to NPAHs, under these experimental
conditions. The lighter of the PAHs studied, including benzo[a]pyrene-d;,,
benzo[k]fluoranthene-d;, and benzo[ghi]perylene-d;,, yielded more than one mono-nitro
isomer product, whereas dibenzo[a,l]pyrene and dibenzo|[a,i]pyrene-d;4 resulted in the
formation of only one mono-nitro isomer product. The direct-acting mutagenicity
increased the most after NO3/N,Os exposure, particularly for benzo[k]fluoranthene-d;, in

which dinitro PAHs were observed.
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THE ATMOSPHERIC CHEMISTRY OF PARTICULATE-BOUND
POLYCYCLIC AROMATIC HYDROCARBONS: CONCENTRATION,
PREDICTION, LABORATORY STUDEIS, AND MUTAGENICITY

CHAPTER 1. INTRODUCTION
1.1 Sources of Polycyclic Aromatic Hydrocarbons (PAHs), Nitrated PAHs and

Oxygenated PAHs

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in the environment and
have been studied for decades. PAHs largely originate from two sources — petrogenic and
pyrogenic sources. The petrogenic source is a direct contribution of fossil fuel, while
pyrogenic source includes the combustion of carbon containing fuels. Petrogenic and
pyrogenic sources of PAHs give distinctive chemical fingerprints. The petroleum-based
fingerprint predominantly contain low molecular weight and alkylated PAHs'. In the past
two decades, PAHs, especially lower-ring PAHs, were found to be released from

biological sources including plants and termites™>.

In the atmosphere, PAHs partition between the gas and particulate phases
depending on their vapor pressure and ambient temperature. In general, PAHs with more
than four rings are measured primarily in the particulate-phase® and are less likely to

degrade in the atmosphere, allowing them to undergo long range transport.

Similar to PAHs, nitrated-PAHs (NPAHs) are released from incomplete
combustion but are also formed by atmospheric reactions of gas- and particulate-phase
PAHs with oxidants, including OH radicals, NO; radicals and N,Os. NPAHs have been

primarily detected in airborne particles”™, but their presence in other environmental



compartments, including, soils'®, sediments'', water'?, biota’ and foods'* has been
observed. In general, NPAH concentrations are higher in urban areas. However, their
concentrations are significantly lower than PAH concentrations™ * * '°. The PAH and
NPAH concentrations measured in the same area, generally differ by an order of
magnitude. The NPAH distribution in the particulate phase is primarily dominated by the

NPAH:s formed by atmospheric gas-phase reactions®.

Similar to NPAHs, oxygenated-PAHs (OPAHSs), defined as PAHs containing one
or more carbonylic oxygen(s), are emitted as products of incomplete combustion and
formed by the secondary emission through oxidation of PAHs. In the atmosphere, they
can be formed by photooxidation of PAHs'®, including reactions of PAHs with OH
radicals, NOs; radicals or 0317. Moreover, they have been recognized as dead-end
products of soil remediation processes and biological transformations'®?’. In general, the
OPAH concentrations measured, in atmospheric particulate matter and soils, are
generally comparable to those of PAHs in the same samples. The significant OPAH
concentrations in soils may contribute to the total toxicity of some PAH-contaminated

sites?! 2.

1.2 Nitration Reactions of Gas-phase PAHs in the Atmosphere

The atmospheric chemistry of PAH gas-phase nitration reactions have been
investigated intensively and the mechanisms of gas-phase radical-initiated reactions of
PAHs were well understood* ** %°. Gas-phase nitration reactions occur in multiple steps
illustrated in Scheme 1.1%. Initially, OH radicals or NO; radicals attack an aromatic
carbon  forming  hydroxycyclohexadienyl radical (OH-PAH  adduct) or

nitratocyclohexadienyl radical (NOs-PAH adduct) intermediates. Studies on naphthalene



have showed that the OH-naphthalene adduct is thermally stable®®. In contrast, the NO3-
naphthalene adduct undergoes competition between reaction with NO, and
decomposition to the starting material®®. The reaction of these intermediates with NO,
(ortho addition of NO,) yields the nitroaromatic intermediates, followed by the

subsequent loss of H,O or HNO:s.

H X H X
X N+ NO, om0 NO,
—> —> NO;, —»
or -HNO;

X-PAH adduct Nitroaromatic NPAH
intermediate

Scheme 1.1 General mechanism for the nitration of PAHs via gas-phase reaction with
OH radical (X represents OH or NO; radical).

Even for the simplest PAH compound like naphthalene, the complete set of
degradation products have yet to be identified. A study by Sasaki et al. determined total
yields of ~0.67 for gas-phase OH radical and > 0.40 for NO; radical-initiated reactions of
naphthalene®. In the same study, it should be noted that the reported product formation
yields were corrected for secondary reactions of observed products. However, the total
yield of NO; radical-initiated reaction included an expected highly reactive product that
could be not be quantified. A more recent study attempted to identify 23 products, mostly
OPAHs, from the reaction of naphthalene with OH radicals; however, no percent yields
were given®’. This shows that NPAHs were minor products of the reaction of PAHs with
OH radicals. Other products may form by reaction of OH-PAH adduct or NO;-PAH
adduct with O,. Nonetheless, future studies are needed to identify unknown PAH

degradation products that may pose a threat to humans and/or the environment.



1.3 Heterogeneous Nitration Reactions of Particle-bound PAHs

Although the kinetics and product identification regarding heterogeneous
reactions of surface-bound PAHs with N0228'35, OH radicals®® ** 36, N20537, N0338, 0;*>
39:40"and NO® have been previously studied to some degree using various substances as
atmospheric particle models. It has been shown that the NPAH isomer distribution
resulting from the reactions of fluoranthene and pyrene with N,Os in the gas phase is
different from that in the adsorbed state® *'***. Such isomer distribution differences were
thought to be caused by the state of N,Os, whether N,Os exists as ionic or covalent

forms*’. Zielinska et al.*?

, showed that in the gas phase, when covalent N,Os exists in
equilibrium with NO; and NO,, NOs radicals initiate the reaction with unsubstituted
PAHs, followed by ortho addition of NO,. On the other hand, the NPAH isomer
distribution resulting from the reaction of surface-adsorbed fluoranthene with gaseous
N,Os resembled that resulting from the reaction of fluoranthene with N,Os in CCly at low
temperature and in a polar solvent. The nitration mechanism in the solution was believed
to occur by NO," through electrophilic nitration, implying that the mechanism of
heterogeneous reaction was ionic.

In the study by Ghigo et al., two nitration pathways of benzene with N,Os were
studied theoretically which were 1) the syn-1,2-addition of NO; and NO, moieties
(partially connected) and 2) the hydrogen abstraction by NOj;, followed by the NO,
addition on the same carbon. The authors noted that N,Os was not likely to be an

important gas-phase nitrating agent, at least for benzene, due to the high energy barriers

corresponding to both pathways.



The heterogeneous nitration reaction of PAHs with NO, was also found to give

28,44 The mechanism

the same major nitro isomers as the nitration reaction with N>Os
was thought to involve the HNO;s because no NPAHs were observed when HNO; was
removed from the system45. But the reaction with HNOjs alone did not yield NPAHs*,
1.4 Toxicity of PAHs, NPAHs and OPAHs

The summary of the International Agency for Research on Cancer (IARC)
classification of the toxicity of PAHs, NPAHs and OPAHs are listed in Appendix A.1 In
the recent monographs, benzo[a]pyrene was upgraded to Group 1 (carcinogenic to
humans) and cyclopenta[cd]pyrene, dibenz[a,h]anthracene, dibenzo[a,l]pyrene, 1-
nitropyrene and 6-nitrochrysene were upgraded to Group 2A (probably carcinogenic to
humans). In addition, a number of PAHs, NPAHs and OPAHs are classified as probably
and possibly carcinogenic to humans.

The widely accepted short-term assay, the Salmonella mutagenicity assay, uses
bacteria as an indicator for DNA damage leading to gene mutation which could be linked
to cancer. Parent PAHs are indirect-acting mutagens, requiring metabolic activation

system to convert them into active forms*®

. The most commonly used system is
“S9”enzyme, prepared from the livers of rodents. Most NPAHs are direct-acting
mutagens, independent of metabolic activation, with an exception of 6-
nitrobenz[a]pyrene and 1-nitrocoronene’’. Some NPAHs were found to be more toxic
than their parent PAHs* *°. For example, dinitropyrenes were found to be very powerful
direct-acting mutagens, with mutagenic activities (revertants per nmol) greatly exceeding

that of pyrene®. Therefore, only small concentrations of some NPAHs in the

environment are needed to make a large contribution to total mutagenicity. Although the



mutagenic activity of dinitropyrenes were found to be greater than that of
benzo[a]pyrene48, which is classified as ‘“carcinogenic to humans”, the lack of
dinitropyrene carcinogenicity studies on humans resulted in dinitropyrenes being
classified as “possibly carcinogenic to humans” by IARC. There is a need for additional
toxicological studies on NPAHs and the results may affect cancer risk assessment.
Although OPAHs have been determined to be the dominant degradation products
of PAHs in various environmental media, the mutagenicity of OPAHs have been much
less reported. The mutagenicity of OPAHs was found to be both dependent and
independent of metabolic activation. A mutagenicity study of Salmonella TA97 strain
with lower-ring OPAHs (napthoquinone, anthraquinone , and 2-methylanthraquinone)
showed they were mutagenic in the presence of S9°°. However, the highly mutagenic
quinones containing more than 4 rings (1,6-pyrenequinone and 1,8-pyrenequinone) gave
similar responses in the presence or absence of S9°°. It was reported that quinones may
undergo redox cycling, catalyzed by NADPH-cytochrome P-450 reductase, generating

oxygen radicals which can lead to oxidative stress’

. A study of the mutagenicity of
quinones found that the metabolic pathways could be complex when cytochrome P-450
converted phenanthrenequinone to a non-mutagenic metabolite, whereas it converted
danthron to a powerful mutagenic metabolite™'.
1.5 Scope and Significance

The significance of research was essentially built on the trans-Pacific atmospheric
transport of PAHs which hypothesizes that PAHs undergo long range atmospheric

transport to North America on PM, affecting the mutagenicity of PM in the Western U.S.

The evidence of long range transport across Pacific was first documented by Jaffe et al.*®



and has since been documented by our laboratory for PAHs and other semivolatile

: 53, 54
organic compounds™”

. These studies indicate that the trans-Pacific transport can occur
in 5-7 days during the spring. The consequences of the trans-Pacific transport of Asian
PM, and atmospheric transformation of particulate-bound PAHs, are our main focus of
this research. This research spans from field measurements of PAHs in China during the
2008 Beijing Olympic Games to chamber studies of the atmospheric heterogeneous
reactions of particle-bound PAHs with NO3/N,Os, NO,, Oz and OH radicals to the
mutagenicity of PM extracts to the computational chemistry of PAHs.

Based on 2004 data, China is the world’s largest emitter atmospheric PAHs (114
Gg y-1)>. Biomass was ranked first in PAH emission sources in China, followed by coke
production. Coal combustion is a major source of energy, and accounts for 60% of the
energy consumption in China>. In 2011, China was the second largest oil consumer, with

1°°. In contrast, the

more than a twofold increase in the consumption compared to 200
same reports show that the trends of oil consumption in North America and Europe have
been declining for the past few years. This implies that PAH emissions in China will
continue to increase. Not only will an increase in PAH emissions in China have a
significant impact on human health in China from the inhalation exposure of carcinogenic
PAHs, but may also, to a lesser extent, affect human health in the countries downwind of
China.

In this research, atmospheric particulate matter with diameter < 2.5 um (PMz5s)
was collected during a series of sampling campaigns in China in order to 1) characterize

the chemical composition of Chinese PM, 2) be tested in subsequent heterogeneous

reaction studies using an indoor reaction chamber, and 3) assess the change in



mutagenicity of the PM. Chapter 2 describes the first sampling campaign conducted
during the 2008 Olympic Games, when stringent combustion source control measures
were implemented. The objectives were to 1) measure PAH, NPAH and OPAH
concentrations and the associated mutagenicity, using the Salmonella assay and human
lung cell-based Comet assays, 2) use ratios of NPAHs to characterize the influence of
photochemistry on the formation of PAH derivatives, and 3) assess the influence of
source control measures on chemical concentrations and toxicity.

Subsequently, heterogeneous reactions of surface-bound PAHs with atmospheric
oxidants, including OH radicals, NO3/N,Os, O3 and NO,, were studied under a simulated
environment. The experiments were carried out at the Air Pollution Research Center at
University of California, Riverside which houses an indoor reaction chamber. The
experiments were divided into two parts which consisted of exposures of 1) surface-
bound PAHs (Part 1) and 2) PM-bound PAHs (Part 2). Described in Chapter 3, Part 1
aimed to identify nitro derivatives of relatively higher molecular weight PAHs by
exposing quartz fiber filters spiked with PAHs to NO,, NO3/N,Os, Os, and OH radicals.
Five PAHs, including benzo[a]pyrene-d;, (BaP-d,,), benzo[k]fluoranthene-d,, (BkF-d;,),
benzo[ghi]perylene-d;, (BghiP-d,»), dibenzo[a,i]pyrene-d;4 (DaiP-d,4), and
dibenzo[a,l]pyrene (DalP) were selected for testing in order to identify nitrated products
after exposure to atmospheric oxidants. To compensate for several NPAH standards not
being commercially available, a computational method, using Gaussian03, was used to
predict which NPAH isomers were likely to form. The computational approach was
based on the gas-phase OH radical-initiated reaction to find the most thermodynamically

stable OH-PAH adducts which determine the position for NO, addition through the



heterogeneous reaction. The preliminary calculations were carried out on selected PAHs
(not shown in Chapter 3). A comparison between the theoretical and experimental
(chamber studies) NPAH products for the OH-radical initiated reaction is shown in Table
1.1. There was good agreement between the theoretical and experimental result for
anthracene, phenanthrene, pyrene and fluoranthene. The other products could not be
confirmed because of the lack of laboratory studies for these PAHs. The agreement
between the theoretical and experimental results showed that our computational method
was reliable for predicting the dominant nitro-products formed by gas-phase and
heterogeneous nitration of PAHs. In Chapter 3, nitro products could be identified in the
chamber studies after NO3;/N,Os and NO, exposures for the studied PAHs. The
heterogeneous  reaction of benzo[a]pyrene-d;,, benzo[ghi]perylene-d;;, and
benzo[k]fluoranthene-d;,  yielded multiple nitro isomers, while that of
dibenzo[a,i]pyrene-d;4 (DaiP-d,4) and dibenzo[a,l]pyrene (DalP) resulted in a single nitro
product. Moreover, the extracts were tested for mutagenicity activity in the Salmonella
assay. The results may potentially bring to light the presence of the NPAHs in the
environment and the evaluation of their health risk.

Chapter 4 describes Part 2 of the chamber studies which aimed at measuring
changes in the chemical composition and mutagenicity due to atmospheric transformation
of PM-bound PAHs. The PM, collected at two sites with different dominant emission
sources (Beijing, China and Riverside, CA), was exposed to NO3/N,Os, OH radicals, and

O3 in order to simulate heterogeneous reactions that may occur during trans-Pacific



Table 1.1. Free energies (Kcal/mol) of OH-PAH adduct and predicted dominant NPAHs formed via gas-phase OH radical-

initiated reactions.

Parent PAH OH-PAH-Adduct Theoretical Chamber NPAH measured’
AGyxn (Kcal/mol) NPAH formed
1.Anthracene -18.8
-11.7 NO, . .
OOO : 1-nitroanthracene (low yield)
Sss 2-nitroanthrance (low yield)
2.Phenanthrene
-12.3 Two isomers (not 9-
O -10.3 O nitrophenanthrene) in trace
Oe | OQ
-12.6 -10.0 NO,
3.Triphenylene 88 NO,

-11.5

No data available

01



Parent PAH OH-PAH-Adduct Theoretical Chamber NPAH measured’
AGyxn (Kcal/mol) NPAH formed
4.Pyrene 27

-18.4
‘O -15‘4

NO,

2-nitropyrene (~0.5%)
4-nitropyrene (~0.06%)

5.Fluoranthene

-11.6

O ) 0.3
i 123
7.5

-16.7

()
(P

l NO,

2-nitrofluoranthene (~3%)
7-nitrofluoranthene (~1%)

8-nitrofluoranthene (~0.3%)

6.Benzo[a]anthracene

02N

No data available

7.Chrysene

“ NO,

No data available

Il



Parent PAH OH-PAH-Adduct Theoretical Chamber NPAH measured’
AGyxn (Kcal/mol) NPAH formed
8.Benzo[b]fluoranthene
-9.7

-10.6 -19.7 -13.2

NO,

No data available

9.Dibenzo[a,h]anthnracene

No data available

10.Dibenzo[a,e]pyrene

No data available

Cl
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atmospheric transport. Black carbon and organic carbon concentrations were measured in
atmospheric PM filters. The changes in unexposed and exposed filters were measured for
PAH, NPAH and OPAH concentrations. Chapter 4 discusses changes in NPAH and
OPAH distributions and changes in associated mutagenic activity of the PM after
NO3/N,Os, OH radical, and O3 exposures. The significance of the transformation PM-
bound PAHs during long range atmospheric transport is also discussed in Chapter 4 of
the thesis. This research will increase our understanding of the impact of trans-Pacific
atmospheric transport of particle-bound PAH on human health. The information will be
relevant to our ongoing field studies at Mt. Bachelor, Oregon, where the influence of
Asian air masses continues to be monitored. In addition, the newly identified NPAHs
from the chamber studies may initiate additional research regarding their presence in the

environment and their associated toxicity and potential impact on human health.
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ABSTRACT

Atmospheric particulate matter with diameter <2.5 um (PM,s) was collected at
Peking University (PKU) in Beijing, China before, during, and after the 2008 Olympics
and analyzed for black carbon (BC), organic carbon (OC), lower molecular weight
(MW<300) and MW302 Polycyclic Aromatic Hydrocarbons (PAHs), nitrated PAHs
(NPAHs) and oxygenated PAHs (OPAHs). In addition, the direct and indirect acting
mutagenicity of the PM; s and the potential for DNA damage to human lung cells were
also measured. Significant reductions in BC (45%), OC (31%), MW< 300 PAH (26% -
73%), MW 302 PAH (22% - 77%), NPAH (15% - 68%) and OPAH (25% - 53%)
concentrations were measured during the source control and Olympic periods. However,
the mutagenicity of the PM, s was significantly reduced only during the Olympic period.
The PAH, NPAH, and OPAH composition of the PM; s was similar throughout the study,
suggesting similar sources during the different periods. During the source control period,
the parent PAH concentrations were correlated with NO, CO, and SO, concentrations,
indicating that these PAHs were associated with both local and regional emissions.
However, the NPAH and OPAH concentrations were only correlated with the NO
concentrations, indicating that the NPAH and OPAH were primarily associated with local
emissions. The relatively high 2-nitrofluoranthene/1-nitropyrene ratio (25 - 46) and 2-
nitrofluoranthene/2-nitropyrene ratio (3.4 - 4.8), suggested a predominance of
photochemical formation of NPAHs through OH-radical-initiated reactions in the
atmosphere. On average, the XNPAH and ZOPAH concentrations were 8% of the parent
PAH concentrations, while the direct-acting mutagenicity (due to the NPAH and OPAH)

was 200% higher than the indirect-acting mutagenicity (due to the PAH). This suggests
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that NPAH and OPAH make up a significant portion of the overall mutagenicity of PM; s
in Beijing.
2.1 Introduction

There was an unprecedented effort by the Beijing municipal government to
improve air quality for the 2008 Beijing Olympics. A wide range of combustion sources,
including vehicles, trucks, factories, and coal combustion for power generation, were
controlled leading up to the Olympics, with the most stringent combustion source control
measures occurring during the Olympic period (August 8-24, 2008)'*. From July 20-
August 7, 2008, traffic was reduced, with license plates ending in even (odd) numbers
allowed on the roads on even (odd) numbered calendar days, construction sites were
closed, and the operation of coal fired power plants were strictly limited'”. From August
8-24, 2008 (the Olympic period), additional restrictions on coal-combustion were
implemented'™. It has been estimated that the traffic volume of typical roads in Beijing
was reduced by ~32% during the Olympic period*®. From August 25-September 20,
2008 the source control measures were less strictly implemented'. As a result, significant
reductions in carbon monoxide (CO), nitrogen oxide (NOy), sulfur dioxide (SO,), ozone
(O3), volatile organic compound (VOC), and particulate matter (PM) emissions and
concentrations have been reported in Beijing, particularly during August 8-24, 2008'"".
In addition to source control measures, the fluctuations in Beijing PM concentration
during the source control period have also been attributed to regional transport and
meteorology' 7% 1°,

Black carbon (BC) and organic carbon (OC) are emitted into the atmosphere on
fine, respirable PM, including PM; s, during incomplete combustion and contribute to

19

climate change, decreased visibility, and health effects'™ Polycyclic aromatic
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hydrocarbons (PAHs) are components of OC on PM;s and are mutagenic products of

20, 21

incomplete combustion®” *'. China is currently the world’s largest emitter of BC'’, OC"

and PAHs*® and human exposure to these air pollutants has been predicted to be a major
health concern in China now and in the future'”'® 2!,

The significant effort to reduce combustion emissions in Beijing during the
Olympic period provided a unique opportunity to study the PM, s-bound PAH, NPAH and
OPAH concentrations, as well as the associated toxicity, in correspondence with the
implementation and removal of source control measures. The objectives of this study
were to: 1) measure the PM, s-bound PAH, NPAH, and OPAH concentrations and toxicity
in Beijing before, during, and after the Olympics; 2) characterize the influence of
photochemistry on the formation of NPAH and OPAH; and 3) assess the influence of
sources and source control measures on the PM;s-bound PAH, NPAH, and OPAH
concentrations and, in turn, mutagenicity and potential for DNA damage.

2.2 Materials and Methods
2.2.1 Sampling

The sampling site and sample collection have been previously described in detail .
In brief, the sampling site was located on the roof of the 7-story Geology Building on the
PKU campus, about 25 meters above ground. PKU is located in a primarily residential
and commercial area in Northwestern Beijing. Local BC and PAH emission sources,
within 1 km of PKU, include vehicular traffic and fuel combustion for cooking. Several
2008 Olympic events took place on or near the PKU campus.

PM, s was collected using a High Volume Cascade Impactor (Series 230, Tisch

Environmental, Cleves, OH) that operated in accordance with procedures established by
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USEPA (CFR40, Part 50.11, Appendix B, July 1, 1975, pages 12-16) and ASTM
Specification D2009’. Sixty-three PM, s samples were collected over 24 h periods
(~1500 m® of air) from July 28 to September 3, 2008 and from September 13 to October
7, 2008. The source control period includes samples from July 28-September 20, 2008,
while the non-source control period includes samples from September 21-October 7,
2008”. The Olympic period includes samples from August 8-August 24, 2008, while the
non-Olympic period includes samples from July 28-August 7, 2008 and August 26-
October 7, 2008,

Six field blanks were also collected during these periods. Samples were not
collected from September 4 to 12, 2008 because of sampler motor failure. Pre-baked
(350°C) quartz fiber filters (No.1851-865, Tisch Environmental, Cleves, OH) were used
for sample collection. The filters were weighed before and after sample collection for
PM, 5 mass’.

2.2.2 Black and Organic Carbon Measurement

The black carbon (BC) and organic carbon (OC) concentrations were measured
using a Sunset EC/OC analyzer (Sunset Lab, USA)*. There is debate as to whether
thermal-optically measured elemental carbon (EC) should be referred to as BC.

19, 23, 24 .
% 23, , we refer to the measured EC concentration as

However, based on previous studies
BC concentration.
2.2.3 Chemicals
All of the MW<300 parent PAHs, MW 302 PAHs, NPAHs and OPAHs are listed
in Table 2.1. Deuterium-labeled PAHs and NPAHs were purchased from CDN Isotopes

(Point-Claire, Quebec, Canada) and Cambridge Isotope Laboratories (Andover, MA).
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The isotopically labeled recovery PAH and NPAH surrogates included djo-fluorene, d;o-
phenanthrene, djp-pyrene, d,-triphenylene, dj>-benzo[a]pyrene, dj»-benzo[ghi]perylene,
d;-1-nitronaphthalene, do-5-nitroacenaphthene, do-9-nitroanthracene, do-3-
nitrofluoranthene, do-1-nitropyrene and d,;-6-nitrochrysene. The labeled PAH and NPAH
internal standards included d;o-acenaphthene, d;o-fluoranthene, d,,-benzo[k]fluoranthene,
dy-2-nitrobiphenyl and do-2-nitrofluorene.
2.2.4 Sample extraction and Analysis

Using the extraction method previously described in detail®?’, the PMs, s filters
were extracted twice using pressurized liquid extraction with dichloromethane. The
extracts were combined and divided into two halves by weight. One half of the extract
was prepared for toxicity testing by evaporating the extract to dryness under a stream of
N, with a Turbovap II (Caliper Life Sciences, MA). The residue was dissolved in 500 pl
of dimethyl sulfoxide (DMSO). For chemical analysis, the other half of the extract was
spiked with perdeuterated PAH and NPAH surrogates. It should be noted that the
surrogates were spiked after extraction to avoid any interference of the surrogates with
the subsequent toxicological testing of the extracts. For chemical analysis, the extracts
were then purified using 20-g silica columns (Mega BE-SI, Agilent Technologies, New
Castle, DE), eluted with dichloromethane, and spiked with perdeuterated PAH and NPAH
internal standards. The analysis of parent PAHs was conducted using gas
chromatographic mass spectrometry (Agilent 6890 GC coupled with an Agilent 5973N
MSD) in selected ion monitoring mode using electron impact ionization® ">, while the
analysis of NPAH and OPAHs was conducted using electron capture negative ionization

(ECNI) with a programmed temperature vaporization (PTV) inlet (Gerstel, Germany).



24

Table 2.1 List of MW<300 parent PAHs, MW 302 PAHs, NPAHs and OPAHs (and their
abbreviations) measured in this study.

# | Compound | Abbreviation | # Compound Abbreviation
MW<300 PAHs'
1 naphthalene NAP 12 benzo[b]perylene BbPer
2 2-methylnaphthalene 2-MNAP 13 dibenzo[a,i]pyrene DBaiP
3 I-methylnaphthalene 1-MNAP 14 dibenzo[a,e]pyrene DBaeP
4 2,6-dimethylnaphthalene 2,6-DMNAP | 15 dibenzo[a,l]pyrene DBalP
5 1,3-dimethylnaphthalene 1,3-DMNAP | 16 dibenzo[a,h]pyrene DBahP
6 acenaphthylene ACY
7 fluorene FLO NPAHs’
8 phenanthrene PHE 1 1-nitronaphthalene 1-NN
9 anthracene ANT 2 2-nitronaphthalene 2-NN
10 2-methylphenanthrene 2-MPHE 3 2-nitrobiphenyl 2-NBP
11 2-methylanthracene 2-MANT 4 3-nitrobiphenyl 3-NBP
12 1-methylphenanthrene 1-MPHE 5 4-nitrobiphenyl 4-NBP
13 3,6-dimethylphenanthrene 3,6-DMPHE 6 3-nitrodibenzofuran 3-NBF
14 dibenzothiophene DBT 7 S-nitroacenaphthalene 5-NAC
15 fluoranthene FLA 8 2-nitrofluorene 2-NFL
16 pyrene PYR 9 9-nitroanthracene 9-NAN
17 retene RET 10 9-nitrophenanthrene 9-NPH
18 1-methylpyrene I-MPYR 11 2-nitrodibenzothiophene 2-NDB
19 benz[a]anthracene BaA 12 3-nitrophenanthrene 3-NPH
20 chrysene + triphylene CHR+TRI 13 2-nitroanthracene 2-NAN
21 6-methylchrysene 6-MCHR 14 2-nitrofluoranthene 2-NF
22 benzo(b)fluoranthene BbF 15 3-nitrofluoranthene 3-NF
23 benzo(k)fluoranthene BKF 16 1-nitropyrene 1-NP
24 benzo[e]pyrene BeP 17 2-nitropyrene 2-NP
25 benzo[a]pyrene BaP 18 7-nitrobenz(a)anthracene 7-NBaA
26 indeno[1,2,3-cd]pyrene IcdP 19 | 2,8-dinitrodibenzothiophene 2,8-DNDB
27 dibenz[a,h]anthracene DahA 20 6-nitrochrysene 6-NCH
28 benzo[g,h,i]perylene BghiP 21 3-nitrobenzathrone 3-NBENZ
22 1,3-dinitropyrene 1,3-DNP
MW 302 PAH * 23 1,6-dinitropyrene 1,6-DNP
1 naphtho[2,3-a]pyrene N23aP 24 1,8-dinitropyrene 1,8-DNP
2 naphtho[2,3-e]pyrene N23eP 25 6-nitrobenzo[a]pyrene 6-NBaP
3 | naphtho[1,2-b]fluoranthene NI12bF
4 dibenzo[a,e]fluoranthene DBaeF OPAHS’
5 dibenzo[b,k]fluoranthene DBbkF 1 9-fluorenone 9-FLU
6 dibenzo[e,l]pyrene DBelP 2 9,10-anthraquinone ANQ
7 dibenzo[a,k]fluoranthene DBakF 3 2-methyl-9,10-anthraquinone 2-MANQ
8 dibenzo[j,l]fluoranthene DB;jIF 4 benzanthrone BEN
9 naphtho[2,3-j]fluoranthene N23jF 5 | benz[a]anthracene-7,12-dione BaAD
10 | naphtho[2,3-b]fluoranthene N23bF
11 | naphtho[2,3-k]fluoranthene N23kF

'Purchased from AccuStandard (New Haven, CT) and Chem Service (West Chester, PA)

’Purchased from Chiron AS (Trondheim, Norway)

and AccuStandard (New Haven,

CT)

*Purchased from Chiron AS (Norway), AccuStandard (New Haven, CT), Chem Service (West Chester, PA)
and Sigma-Aldrich Corp.
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A 5% phenyl substituted methylpolysiloxane GC column (DB-5MS, 30mx0.25mm L.D.,
0.25 pm film thickness, J&W Scientific, USA) was used to measure the MW<300 parent
PAHs and the majority of NPAHs and OPAHs. A 50% phenyl substituted
methylpolysiloxane GC column (DB-17MS, 30mx0.25mm 1.D., 0.25 um film thickness,
J&W Scientific, USA) was used to resolve 2-NF and 3-NF, and a similar column (DB-
17MS, 60mx0.25mm L.D., 0.25 um film thickness, J&W Scientific, USA) was used to
measure the MW 302 parent PAHs'”.  Additional information on the analysis and method
recovery of MW 302 parent PAH, NPAH, and OPAH is given in the Appendix B.1 to

Appendix B.5.

The MW<300 parent PAH concentrations are reported as individual PAH
concentrations as well as the sum of NAP, 2-MNAP, 1-MNAP, 2,6-DMNAP, and 1,3-
DMNAP, ACY, FLO and DBT concentrations (XPAHjin), the sum of PHE, ANT, 2-
MPHE, 2-MANT, 1-MPHE, and 3,6-DMPHE concentrations (XPAH3yin,), the sum of
FLA, PYR, RET, I-MPYR, BaA, CHR+TRI, and 6-MCHR concentrations (XPAH4sin,),
the sum of BbF, BkF, BeP, BaP, IcdP, DahA, and BghiP concentrations (XPAHs5gring), the
sum of NAP, ACY, FLO, PHE, ANT, FLA, PYR, BaA, CHR, BbF, BkF, BaP, IcdP, DahA,
and BghiP concentrations (XPAHuys.priority), and the sum of all 28 individual MW<300
parent PAH concentrations (£ZPAH,s). The MW 302 parent PAH concentrations are
reported as individual PAH concentrations as well as the sum of DBaeP, DBaiP, DBalP,
and DBahP (ZDBP), the sum of N12kF, N23bF, DBaeF/DBbkF, DBakF, DBalP, N23eP,
DBaeP, DBelP, N23aP, DBaiP, DBahP, DBbeF, and N21aP that have been reported as
human mutagens in literature®”! (Z302PAH,,,), and the sum of all individual MW 302

PAHs (£302PAH). The NPAH and OPAH concentrations are reported as individual PAH
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concentration as well as the sum of all individual NPAH concentrations (XNPAH) and the
sum of all individual OPAH concentrations (XOPAH). The sum of XPAH,g and £302PAH
are reported as XPAHs;.
2.2.5 Toxicology Studies

Bacteria for Ames Assays The basic method follows that reported by Maron and
Ames™. Salmonella strains TA98 were used in the study. Salmonella tester strain TA98
was originally purchased from Xenometrix, Inc.

Ames Assays Briefly, 2 ml molten top agar (45°C), 30 ul samples in DMSO, 0.5
ml of phosphate buffered saline or rat S9 mix (an exogenous metabolic activation system
based on rat liver enzymes), and 0.1 ml of bacteria were quickly mixed in a sterile
disposable tube and the mixture was poured onto a Vogel-Bonner minimal agar plate.
After the bacteria-containing agar was solidified, the plates were incubated at 37°C in
inverse position for 48 hr. The histidine revertant colonies were counted with a Sorcerer
Colony Counter (Perceptive Instruments, Haverhill, Suffolk, UK). All air samples were
tested in triplicate. The positive control (4-nitro-1,2-phenylenediamine) and negative
control (DMSO) doses were 20 nug and 50 pl, respectively. With respect to cytotoxicity,
no adverse effects were seen on the background lawn.

Human A549 lung carcinoma cells and treatment for Comet Assays Human
A549 lung carcinoma cells were originally purchased from American Type Culture
Collection (ATCC, Manassas, VA). ATCC protocols were followed for cell culture and
maintenance. The cell line was maintained in F-12K medium supplemented with 10%
fetal bovine serum in a 5% CO; incubator at 37°C. On the day of Comet treatment, cells

in a T25 flask (~90% confluence) were trysinized and re-suspended in growth medium.
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Approximately 20,000 cells were treated with the 10 pl air sample extract in DMSO and
with 990 pl growth medium for 1 hr at 37°C.

Comet Assays The single cell gel electrophoresis (‘comet’) assay was used to
assess levels of DNA damage in A549 cells. The assay was modified based on the
protocol of Singh et al® Briefly, cells in 60 pl of 0.5% low melting point agarose
(LMPA) were spread onto a dry, pre-coated slide (with 1% normal melting point agarose)
with a coverglass, and then placed onto a 4°C surface for 20 min. The coverglass was
removed and another layer of cell-free LMPA (70-ul) was spread over the cell-containing
layer using a second coverglass. After the layer of agarose had hardened for 15 min, the
coverglass was removed and the slide was immersed overnight in cold lysing solution
(2.5 M Na(Cl, 100 mM EDTA disodium salt, 10 mM Tris, pH 10, containing 1% Triton X-
100 and 10% DMSO, added just before use). Slides were rinsed in cold deionized water
and placed in a horizontal gel electrophoresis tank containing fresh cold electrophoresis
solution (300 mM NaOH and 1 mM Na EDTA, pH >13) for 30 min, followed by
electrophoresis at 0.8 V/cm for 30 min. Upon completion of the electrophoresis, slides
were rinsed briefly in deionized water and neutralized using 0.4 M Tris-HCl buffer, pH
7.4. The slide was stained with 60 pl of 10 pg/ml ethidium bromide, covered with a
coverglass, and 25 randomly chosen nuclei per duplicate slide were analyzed using a
Nikon E400 fluorescence microscope linked to Comet Assay Il software (Perspective
Instruments, Suffolk, UK), as reported elsewhere™. Statistical analyses were performed
for ‘Percent DNA in the Tail’ (the percentage of DNA in the “Comet” tail area in the
assay and an indicator of the degree of DNA damage in the cells). With regard to

cytotoxicity, none of the treatments reduced cell viability below 90%, as measured by the
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trypan blue exclusion assay.

2.2.6 Gas Pollutant Data The NO, NO,, NO,, SO,, CO and Os concentrations were
measured by Zhang et al' at the China Meteorological Administration (CMA) in Beijing.
This site was at approximately 20 m above ground and 5 km south of Peking University

where the PAH samples were collected.
2.3 Results and Discussion

2.3.1 Effect of Source Control Measures on BC, OC, and Parent PAH
Concentrations
Because PAHs are an important part of the OC, it is useful to understand the
relationship between BC, OC and PAH concentrations. The mean + standard deviation of
the BC, OC, MW<300 parent PAH, and MW 302 parent PAH concentrations during the
non-source control and source control periods are given in Appendix B.6, while their
concentrations during the non-Olympic and Olympic periods are given in Appendix B.7.
In addition, Figure 2.1A shows the temporal variation in the PM;s, OC, and BC
concentrations, as well as the OC/BC ratio, while Figure 2.1B shows the variation in
YPAHs; concentration. The mean BC and OC concentrations were statistically different
(p<0.05) during the non-source control and source control periods and the non-Olympic
and Olympic periods (Appendix B.6 and Appendix B.7). The BC and OC concentrations
ranged from 0.8-6.4pug/m® and 4.9-25.6 pg/m’, respectively, during the non-source
control period and from 0.7-3.7pg/m’ and 4.9-16.3 pg/m’, respectively, during the source
control period, with a mean reduction in concentrations of 1.4 pg/m’ (45.5%) and 4.5
ng/m’ (31.1%), respectively. During the non-Olympic and Olympic periods, the mean BC

and OC concentrations were reduced by 1.1 pg/m® (44.8%) and 3.8 pg/m’® (31.5%),



Figure 2.1 Temporal variation of the (A) PM; s, OC, BC, OC/BC and (B) XPAHj5,,

2NPAH, and XOPAH concentrations. The source control, non-source control, and the

Olympic periods are indicated by labels and lines.
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respectively. Other authors have reported BC concentrations in the range of 2-6 pg/m’
and a reduction of 12-50% during the Olympic period (Appendix B.8)'”. In addition, we
measured relatively high OC to BC ratios (up to 9) during all periods, with a mean ratio
of 5.88 & 1.28 for all periods (Appendix B.8).

Twenty-five of the 28 individual MW<300 parent PAH concentrations were
significantly different between non-source control and source control periods, with
concentration reductions of 26.6% to 77.9% (p<0.05) during the source control period
(Appendix B.6). Only 1-MNAP, 2,6-DMNAP, and 1,3-DMNAP concentrations were not
significantly different. Similarly, 22 of the 28 individual PAH concentrations were
statistically different between the non-Olympic and Olympic periods, with concentration
(ng/m’) reductions of 26.0% to 72.4% (p<0.05) during the Olympic period (Appendix
B.7). In addition to 1-MNAP, 2,6-DMNAP, and 1,3-DMNAP concentrations, NAP, 2-
MNAP, and ANT concentrations were not significantly different. This is likely because
naphthalenes are emitted from a wide variety of consumer products (including personal
care products, household products, adhesives, sealants, pesticides, and coatings)zo, as well
as incomplete combustion, and emissions from consumer products were not controlled in
Beijing during this time period. In addition, the lower molecular weight PAHs, including
naphthalenes, exist primarily in the atmospheric gas phase. Because only the particulate-
phase was sampled, their total concentration in the atmosphere was significantly (but
consistently) underestimated. Like the majority of the individual PAHs, ) PAHys,
Y PAHing, > PAH3ring, > PAH4sing, ) PAHs6ring and Y PAH 6.us priority cOncentrations were all
significantly different between non-source control and source control periods and

between non-Olympic and Olympic periods, with concentration reductions of 32.4% to
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60.0% and 22.8% to 58.3% (p<0.05), respectively.

Significant reductions were also observed for all measured MW 302 PAH isomers
during the source control period compared to the non-source control period, ranging from
22% to 77% (Appendix B.6 and Appendix B.7) (p <0.05). Concentrations of X302PAH,
¥302PAH .y, and EDBP were reduced by 32% (4.6 + 2.3 to 3.2 + 1.2 ng/m’, p <0.001),
31% (2.9 + 1.4 t0 2.0 + 0.8 ng/m’, p =0.001), and 39% (0.44 + 0.22 to 0.27 + 0.11 ng/m’,
p <0.001), respectively. Similar and further reductions were observed during the
Olympic period compared to the non-Olympic period, with individual MW302 PAH
isomers reduced by 32% to 67%, and £302PAH, X302PAH,,y, and ZDBP reduced by 43-
44% (p <0.001). The significant reductions in the MW 302 PAH concentrations were
consistent with our findings for the majority of the lower molecular weight parent PAHs.

In general, for the MW<300 parent PAHs, the individual PAH concentrations
were strongly positively correlated with the concentrations of other individual PAHs and
with the XPAH»g and ZPAH 6.us priority cOncentrations (p<0.01) (Appendix B.9). However,
1-MNAP, 2,6-DMNAP, and 1,3-DMNAP concentrations had less or no correlation with
the other individual PAH, XPAHs, and XPAH 6.us priority cOncentrations. However, these
individual NAP concentrations were highly correlated with each other. This suggests that
the naphthalenes are coming from a different source than the other individual PAHs,
including consumer products™. Concentrations of ANT, one of the most photoreactive
PAHs, were not as highly correlated with other individual PAH, ZPAHys, or XPAH 6.us
priority concentrations. This may suggest that PAHs, especially ANT, undergo

photodegradation enroute from regional and local sources to our sampling site.
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2.3.2 Effect of Source Control Measures on NPAH and OPAH Concentrations

The mean + standard deviation of the individual NPAHs and OPAHs detected
during the non-source control and source control periods, and during the non-Olympic
and Olympic periods, are given in Appendix B.6 and Appendix B.7, respectively. Figure
2.1B shows the temporal variation in the XNPAH and ZOPAH concentrations. Five of
the 11 individual NPAH concentrations, and 2 of the 5 OPAH concentrations were
significantly different between the source control and non-source control periods, with
concentration reductions of 15.1% to 56.6% and 24.8% to 46.6%, respectively. During
the Olympic period, 3-NBP, 3-NBF, 5-NAc and 1-NP concentrations were detectable, but
below the limit of quantitation. Excluding these compounds, six of the 11 individual
NPAH and all of the individual OPAH concentrations were statistically different between
the Olympic and non-Olympic periods, with concentration reductions of 28.0% to 68.1%
and 36.5% to 49.7%, respectively.

Except for 3-NBP, 3-NBF and 5-NAC, the individual NPAH and OPAH
concentrations were strongly positively correlated to other NPAH and OPAH
concentrations (Appendix B.11 and Appendix B.12).

2.3.3 Parent PAH, NPAH and OPAH Sources

Appendix B.13 shows the correlation of individual parent PAH, NPAH, OPAH,
YPAH28, XPAH2ring, XPAH3ring, XPAH4ring, XPAHS56ring, XPAH16-US priority,
2302PAH, £302PAHmut, XNPAH and XOPAH with NO, NO,, NOy, CO, SO,, and O3
concentrations measured on the same days, during the source control period, when the
PAH and gas-phase pollutant sampling overlapped'. Most of the individual parent PAH,

NPAH and OPAH concentrations were positively correlated with NO and NO;
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concentrations. NO is a short-lived species, with atmospheric residence time of 1 day™,
and is an effective tracer for local traffic emissions®®. However, only the individual
parent PAH concentrations, and not the NPAH and OPAH concentrations, were correlated
with CO and SO, concentrations. CO has an atmospheric residence time of 37 days>, and
has been reported to undergo long-range transport’’. This suggests that the parent PAHs
are associated with both regional and local emissions, while the NPAH and OPAHs are
primarily associated with local emissions and local photochemical formation. In
addition, the CO and PM, s mass concentrations were correlated with air masses from the
south of Beijing (p<0.001)’, where there are significant regional combustion sources,
while the NO, NO, and NOy concentrations were not.

Figure 2.2A shows the mean (+ standard deviation) profile of the 28 individual
MW<300 parent PAHs (percent of total 28 MW<300 parent PAH concentration) during
the source control, non-source control, Olympic, and non-Olympic periods. For all
periods, the general trend in concentrations was: BbF > BeP ~ IcdP ~ BghiP > FLA >
PYR ~ BkF ~ BaP > CHR+TRI ~ BaA. The lower molecular weight PAHs, those with 2
or 3 rings, had lower concentrations on PM,s because they exist primarily in the
atmospheric gas phase. However, the 4-ring PAHs, such as fluoranthene and pyrene, are
distributed between the gas- and particulate-phases and the 5-ring (and higher) PAHs
exist primarily in the particulate-phase. Because only the particulate-phase was measured
in this study, the 5-ring PAHs, such as BbF and BeP were most abundant. Most
individual MW<300 parent PAHs made up a similar percentage of the total MW<300
parent PAH concentration during the different periods. However, the 1-MNAP, 2,6-

DMNAP, 1,3- DMNAP, 3,6-DMPHE, and DahA concentrations were slightly enhanced
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Figure 2.2 Mean (+ standard deviation) of the percent of (A) total MW<300 PAHs, (B) total
MW 302 PAHs, and (C) sum of NPAH and OPAH concentrations during the source control, non-
source control, Olympic and non-Olympic periods. Red asterisks indicate a significant difference
(p<0.05) between the source control and non-source control periods and blue asterisks indicate a
significant difference (p<0.05) between the Olympic and non-Olympic periods.
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in both the source control and Olympic periods, relative to the other MW<300 parent
PAHs. In contrast, the CHR+TRI, BkF, and BaP concentrations were slightly enhanced
in both the non-source control and non-Olympic periods. Furthermore, the FLA/ (FLA +
PYR); IcdP/ (IcdP + BghiP); BeP/(BeP + BaP); and IcdP/ (IcdP + BeP) concentration
ratios are consistent with local traffic emissions (Appendix B.14)*.

The mean profile of the MW 302 parent PAHs, NPAHs, and OPAHs was similar
between the source control and non-source control periods and between the Olympic and
non-Olympic periods (Figure 2.2B and 2.2C). This indicates that the combustion sources
of these PAHs were similar among the different periods. For the MW 302 parent PAHs,
N12bF, N23jF/N12kF, DBaeF/DBbkF, and DBelP were the most abundant species,
accounting for 34% to 57% of the total measured MW 302 parent PAH concentration.
Together, 2-NF and 9-NAN were the most abundant NPAHs, accounting for 74% to 80%
of the total NPAH concentration, while ANQ and BaAD were the most abundant

OPAHSs, accounting for 63% - 68% of the total OPAH concentration.
2.3.4 Role of PAH Photochemistry

To assess the contribution of primary emission (direct emission) and secondary
emission (photochemical formation) of NPAH and OPAH, the 2-NF/1-NP concentration
ratio was calculated. 2-NF is formed photochemically from the reaction of FLA with OH
radical and NOjs radical, while 1-NP is emitted from primary emissions®” **. A 2-NF/1-
NP ratio of 5 or greater indicates a dominance of photochemical formation, while a ratio
of less than 5 indicates a dominance of direct emissions*" **. The mean 2-NF/1-NP ratios
during the source control, non-source control, non-Olympic periods were greater than 5

and ranged from 25-46 (Appendix B.6 and Appendix B.7). This suggests that there was a
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dominance of photochemical formation during all periods. There was also a statistical
difference in the 2-NF/1-NP ratio between the source control and non-source control
periods and Olympic and non-Olympic periods, with lower ratios measured during the
source control (38.7 + 15.2) and Olympic periods (25.2). 1-NP was near the limit of
quantitation on some of the source control and Olympic days because of the reduced
direct emissions. Combined, these ratios indicate that there was greater photochemical
formation of NPAHs during the non-source control and non-Olympic periods. This was

the result of both meteorological conditions’ and increased traffic emissions.

The 2-NF/2-NP concentration ratio has been used to estimate the relative
importance of OH radical initiated reaction vs. NOj; radical initiated reaction in the
photochemical formation of NPAHs in the atmosphere*"” **. During daytime, fluoranthene
and pyrene react with OH radical in the presence of NO, to form 2-NF and 2-NP,

4.4 During nighttime, fluoranthene and pyrene react with NOjs radicals to

respectively
form predominantly 2-NF and negligible amounts of 2-NP*" *. A 2-NF/2-NP
concentration ratio close to 10 indicates the OH radical-initiated reaction is dominant,
while a ratio closer to 100 indicates the NO; radical-initiated reaction is dominant™®.
During all periods, the mean 2-NF/2-NP concentration ratio was consistently below 10
(Appendix B.6 and Appendix B.7), ranging from 3.4 to 4.8, suggesting a dominance of
daytime OH radical-initiated reaction for NPAH formation. This observation is consistent

with previous ambient measurements*" **.

2.3.5 Toxicity of the PM extracts
We have previously reported the estimated reduction in PAH-related inhalation

cancer risk due to source control measures during the Beijing Olympics using a point-
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estimate approach based on relative potency factors'’. In this study, the PM,s crude
extracts were assayed by the Ames test using the Salmonella typhimurium TA98 strain
with and without S9 mix. The mutagen density (revertants per volume of air) and the
corresponding PAH,g, £302PAH, XNPAH, and ZOPAH concentrations are reported in
Appendix B.15. Because the crude extracts were not fractionated, the direct-acting
NPAH mutagenicity may have been suppressed by the presence of indirect-acting parent
PAHs*. Nonetheless, the crude extracts are representative of the PAH, NPAH, and OPAH
mixture that Beijing residents are exposed to in ambient air.

The correlations of XPAH,s, X302PAH and sum of XNPAH and XOPAH
concentrations with direct-acting and indirect-acting mutagen densities are shown in
Figure 2.3. The parent PAHs, including XPAHs, £302PAH and the sum of XNPAH and
YOPAH were well correlated with the indirect-acting mutagen density, with R? values of
0.44, 0.61 and 0.57 (p-values < 0.0001), respectively. The correlation of the sum of
XNPAH and XOPAH concentrations with direct-acting mutagen density was less
significant (R? of 0.41, p-value < 0.001). This may be due to the presence of parent
PAHs in the crude extract'. On average, the SNPAH and SOPAH concentrations were
8% of the parent PAH concentrations, while the direct-acting mutagenicity (due to NPAH
and OPAH) was 200% higher than the indirect-acting mutagenicity (due to parent PAH).
This suggests that NPAH and OPAH make up a significant portion of the overall
mutagenicity of PM, s in Beijing. The lowest mean mutagen density was associated with
the Olympic period, which is consistent with statistically significant decreases in ZPAHys,
2302PAH, and sum of XNPAH and XOPAH concentrations.

Human cell assays were carried out on the PM; s crude extracts in order to



Figure 2.3 Correlation of ZPAHy3, £302PAH and sum of ZNPAH and XOPAH with direct-acting and indirect-acting mutagen
densities during the source control (O ) and non-source control periods (® ).
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associate the bacteria-based toxicity with human cell-based toxicity. Appendix B.15
shows the median percent DNA damage of human A549 lung carcinoma cells dosed with
the daily PM extracts in the Comet assay. The toxicity of PM, including direct and
indirect mutagenicities and percent DNA damage in the Comet assay, were not
statistically different between the source control and non-source control periods.
However, the mutagenicity of the PM,s was significantly reduced during the Olympic
period. This suggests that the source control measures did not result in as significant a
reduction in PM toxicity as ZPAHy3, £302PAH, XNPAH and ZOPAH concentrations. This
may be because pollutants other than those measured here contributed to the overall
toxicity of the PM; s crude extracts and may not have been reduced in concentration due
to the source control measures.

Appendix B.16 shows the Spearman correlation between mutagenic activities in
the Ames bacterial assays and levels of DNA damage in human cell assays for all of the
PM, 5 extracts. There was a strong correlation (r = 0.77, p < 0.0001) between the results
of the two different assays. Previous studies questioned the comparison of mutagenic
activities of unsubstituted and substituted PAHs in bacterial assays with human cell
assays, calling into question the relevance of bacterial assays'’). However, our results
suggest that there is a significant correlation between the bacterial assay results and the
human cell assay results.
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ABSTRACT

The heterogeneous reaction of benzo[a]pyrene-d;», benzo[k]fluoranthene-d;,,
benzo[ghi]perylene-d;,, dibenzo[a,i]pyrene-d;4, and dibenzo[a,l]pyrene, with atmospheric
oxidants, including NO,, NO3/N,Os, O3, and OH radicals, were investigated at room
temperature and atmospheric pressure in a Teflon chamber. Quartz fiber filters (QFF)
were used as a reaction surface and substrate. The analyses of parent polycyclic aromatic
hydrocarbons (PAHs) and nitro products in the analytical extracts were conducted using
gas chromatographic mass spectrometry. In addition, the filter extracts were tested in the
Salmonella mutagenicity assay, using Salmonella typhimurium strain TA98 (with and
without metabolic activation), to determine changes in mutagenic activities upon
exposures. In parallel to the laboratory experiments, a theoretical study was conducted to
assist in determining the formation of NPAH isomers based on the OH radical-initiated
reaction. The computed thermodynamic stability of OH-PAH intermediates was used to
predict the selectivity of OH radical addition. This study has shown that the NO, and
NO3/N,Os were effective oxidizing agents in transforming PAHs deposited on filters to
nitrated-PAHs (NPAHSs), under these experimental conditions with benzo[a]pyrene-d;»
being the most readily nitrated. The relatively lower molecular weight PAHs studied,
including benzo[a]pyrene-d;», benzo[k]fluoranthene-d;; and benzo[ghi]perylene-d;s,
yielded more than one mono-nitro isomer product, whereas the higher molecular weight
PAHs studied, dibenzo[a,i]pyrene-d;4 and dibenzo[a,l]pyrene, resulted in the formation of
only one mono-nitro isomer product. The direct-acting mutagenicity increased the most
after NO3/N,Os exposure, particularly for benzo[k]fluoranthene-d;; in which dinitro
PAHs were observed. Deuterium isotope effect study suggested that substitution of

deuterium for hydrogen lowered the mutagenicity. The magnitude of mutagencity could
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be underestimated because the nitro products were deuterated.
3.1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) have been intensively studied because
of their ubiquitous presence in the environment and toxicity. In the atmosphere, PAHs
with 2-4 rings partition primarily into the gas phase', while PAHs with more than four
rings are partitioned primarily to the particulate phase. Once emitted from combustion
sources, hydrophobic PAHs undergo atmospheric transformation reactions converting
them to the more hydrophilic compounds, such as nitro-PAHs (NPAHs) and oxy-PAHs
(OPAHSs). The gas-phase and particle-phase PAHs may undergo wet and dry deposition,
direct photolysis, reaction with ozone and radical-initiated reactions, such as OH-radical
and NOs-radical initiated reactions. Gas-phase radical initiated reactions are thought to be

a significant removal process for gas-phase PAHs'.

NPAHs are PAH derivatives emitted directly to the atmosphere from combustion
sources and/or formed from atmospheric transformation via gas-phase OH- and NOs-
radical initiated reactions of PAHs', and some NPAHs are more toxic than the parent
PAHs”>. Gas-phase reactions of PAHs to form NPAHs are initiated by either OH or NO;
radical attack at the position of highest electron density on the aromatic ring, followed by
NO, addition. In contrast, the heterogeneous nitration follows different mechanism as
previous studies have shown that heterogeneous reactions of pyrene and fluoranthene
with NO3/N,Os yield different dominant nitropyrene and nitrofluoranthene isomers than
the corresponding gas-phase reactions’®. The kinetics of heterogeneous reactions were
found to highly vary due to the inherent complexity of heterogeneous reactions caused

by the characteristics of substrates, surface chemistry and the substrate-specific kinetics
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of heterogeneous reactions’”. The formation of NPAHs from the heterogeneous reactions

of PAHs containing two to five rings have been studied with NO,, N,O5> & 8 1013

whereas a limited number of studies have investigated the formation of NPAHs from the
heterogeneous reaction of PAHs with greater than five rings'. In field studies,
nitrobenzopyrenes and nitroperylene (MW297) were the highest molecular weight

NPAHs detected in the atmosphere'™"’

. Deuterated PAHs were used, except for
dibenzo[a,l]pyrene, for which the deuterated analog was not commercially available.
Deuterated PAHs were chosen because they are not significantly abundant in the
environment, attributing the formation of deuterated nitro PAH products solely to
reactions in the chamber. Because mutagenicity of deuterated nitro PAH products may

differ from non-deuterated analogs, a deuterium isotope effect study was carried out to

investigate the effect on mutagenicity.

The objectives of this study were to 1) identify NPAHs formed from the
heterogeneous reaction of filter-adsorbed perdeuterated PAHs with NO,, NO3/N,Os, O3,
and OH radicals using laboratory experiments and theoretical calculations and 2)
associate NPAH formation in the laboratory experiments with the mutagenicity of the
extracts. Five higher molecular weight PAHs, including benzo[a]pyrene-d;, (BaP-d;,),
benzo[ghi]perylene-d;, (BghiP-d;,), benzo[k]fluoranthene-d,, (BkF-d;»),
dibenzo[a,i]pyrene-d;4 (DaiP-d;4), and dibenzo[a,l]pyrene (DalP) were selected for this
research because of their mutagenicity and the lack of data on their formation of NPAH
products during heterogeneous reactions. To our knowledge, the NPAH products of DalP

and DaiP have not been previously identified.
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3.2 Experimental
3.2.1 Chemicals and Materials

Perdeuterated BaP-d;,, BkF-d;,, BghiP-d,,, and DaiP-d;4 were purchased from
CDN Isotopes (Point-Claire, Quebec, Canada) and Cambridge Isotope Laboratories
(Andover, MA). Because perdeuterated DalP was not commercially available we
purchased the non-deuterated DalP from Cambridge Isotope Laboratories (Andover,
MA). Dichloromethane, ethyl acetate and dimethyl sulfoxide were purchased from Fisher
Scientific (Santa Clara, CA) and EMD Chemicals (Gibbstown, NJ). Salmonella tester
strain TA98 was originally purchased from Xenometrix, Inc. Of the mono-NO,-PAH and
di-NO,-PAH products identified in this study, only 6-NO;,-BaP-d;; was commercially

available and was purchased from Chiron AS (Trondheim, Norway).

Synthesis of standards that were not commercially available was accomplished

through direct nitration of the parent PAH with nitric acid in acetic anhydride following

118,

conditions provided by Cho et a Nitration of benzo[k]fluoranthene provided 7-

nitrobenzo[k]fluoranthene'” *°

and 3,7-dinitrobenzo[k]fluoranthene as major and minor
compounds  respectively. Nitration of benzo[ghi]perylene provided 7-
nitrobenzo[ghi]perylene and 5-nitrobenzo[ghi]perylene’’.  These compounds were
characterized by 1D '"H and >C NMR, 2D 'H-'H Correlation Spectroscopy (COSY), 2D
'H-C Heteronuclear Single-Quantam Correlation and Multiple-Bond Correlation
(HSQC and HMBC) NMR, Infrared, GCMS, and High Resolution Mass Spectrometry.

The structure of 3,7-dinitrobenzo[k]fluoranthene was elucidated using the techniques

described above along with 1D Nuclear Overhauser Effect (NOE) NMR spectroscopy.
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3.2.2 Spiked Filter Preparation and Exposures

The quartz fiber filters (QFFs) (8 in x 10 in, No.1851-865, Tisch Environmental,
Cleves, OH) were pre-baked (350°C) before use. Each clean QFF was divided into 4
quarters. Ten pg of the individual PAHs in ethyl acetate were deposited separately onto
each quarter of the QFFs with a pipette and placed in the laboratory fume hood, allowing
ethyl acetate to evaporate at room temperature for approximately 30 minutes. A quarter
of clean, unspiked QFF was also placed in the chamber during each experiment as a

negative control for toxicological and chemical studies.

Laboratory experiments were carried out in ~7000 L indoor collapsible Teflon
chamber equipped with two parallel banks of blacklamps and a Teflon-coated fan at room
temperature (~297 K) and ~740 Torr®. All the filters were placed on a standing, rotating

apparatus inside the Teflon chambers.

OH radical Exposure. OH radicals were generated by the photolysis of

methylnitrite (CH;ONO) at wavelength of > 300 nm in the presence of added NO** .
CH;0NO +hv _— CH;0 + NO
CH;0 + O, e HCHO + HO,
HO, + NO —_—> OH + NO,

Approximately 1 ppm of CH;0ONO and NO were flushed into the chamber every
hour, leading to average OH radical concentration in the chamber of 2 x 10’ molecule
cm™ (~0.8 ppt). The chamber was operated in the flush mode to avoid the build-up of

NO; and HNOj; in the chamber. However, a minor amount of HNO; was expected to
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form and could have nitrated the PAHs. Irradiations were carried out at 20% of the
maximum light intensity for 140 minutes. Two additions of 1 ppm CH3;ONO and NO
were made to maintain the OH radical concentration throughout the course of 140 minute

exposure.

NOj3/N>Os Exposure. The NO3/N,Os exposure was carried out in the dark and

NO; radicals were generated by the thermal decomposition of N20524’ 2.

N,Os —> NO; +NO; (1)

The generated NO; also reacts with NO; to form N,Os:

NO,+NO; ———>  NOs (2)

Under ambient conditions, NO,, NO; and N;Os are present at equilibrium
concentrations and the NO; concentration can be calculated based on the experimental
rate constants of reactions (1) and (2)*°. One addition of approximately 0.44 and 0.75
ppm of N,Os and NO,, respectively, were made every hour, with a total of two additions
over the entire 165 minutes of exposure, by flushing into the chamber with a stream of
N». The chamber was continually flushed. The amount of NO, added was proportional to
the N,Os concentration in order to control the NO; formation and ensure that the NOs-
PAH adduct reacted only with NO,*. This resulted in an average NOs concentration of ~
658 ppt over the course of exposure.

O3 and NO; Exposures. The O3 and NO, experiments were conducted in the dark
and operated in the flush-off mode. Ozone was generated using a Welsbach T-408 O;
generator and added to the chamber so that the concentration was ~945 ppb over the

entire 210 minutes of exposure. NO, was generated by oxidation of NO with O, and
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introduced to the chamber. The average NO, concentration was ~4.9 ppm over the entire

238 minutes of exposure.
3.2.3 Sample extraction and Analysis

Using the extraction method previously described in detail”’, the QFFs were
extracted twice (both extracts were combined) using pressurized liquid extraction with
dichloromethane. The extracts subjected to chemical analysis were evaporated and
solvent-exchanged to ethyl acetate under a purified N, stream with a Turbovap II (Caliper
Life Sciences, MA). The extracts subjected to the Salmonella assay were evaporated to
the dryness under a stream of N, and the residue was dissolved in 500 pl of
dimethylsulfoxide (DMSO). Only for the unexposed filters spiked with individual PAHs
tested, the extracts were divided into two halves by weight. One half of the extract was
prepared for mutagenicity testing and the other half was prepared for chemical analysis as

described.

The analyses of parent PAHs and NPAHs in the analytical extracts was conducted
using gas chromatographic mass spectrometry (GCMS, Agilent 6890 GC coupled with an
Agilent 5973N MSD) in selected ion monitoring (SIM) and scan modes using both
electron impact (EI) and negative chemical ionization (NCI) (using CH4), with a
programmed temperature vaporization (PTV) inlet (Gerstel, Germany). A 5% phenyl
substituted methylpolysiloxane GC column (DB-5MS, 30mx0.25mm [.D., 0.25 pm film

thickness, J&W Scientific, USA) was used to separate the parent PAHs and NPAHs.

3.2.4 Theoretical Study
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In parallel to the laboratory experiments, a theoretical study was conducted using
Density Functional Theory (DFT), with the B3LYP functional and the 6-31G(d) basis set,
as implemented in Gaussian03. The thermodynamic stability of the OH-PAH
intermediates was used to rationalize the formation of NPAH isomers. From our
computations, the positions of OH addition that gave the most thermodynamically stable
OH-PAH intermediates corresponded to the positions where the electrophilic nitration

would occur (see discussion below).

3.2.5 Salmonella Mutagenicity Assay
The basic method followed that reported by Maron and Ames™ and Salmonella
typhimurium strain TA98 was used in the study. The experimental details have been
described elsewhere®’. The positive control doses were 2 pg of 2-aminoanthracene (2-
AA) and 20 pg of 4-nitro-1,2-phenylenediamine (NPD) for assays with and without
metabolic activation (rat S9 mix), respectively. The negative control (DMSO) dose was
30 ul. All filter extracts were tested in triplicate.
3.3 Results and Discussion
3.3.1 Theoretical Studies
The mechanism of gas-phase OH radical-initiated reaction with PAHs to give
NPAH has been previously described””. Scheme 3.1 shows that, in the gas-phase, the
initial addition of OH radical to an aromatic ring leads to an OH-PAH adduct. This
radical further can further react with NO, to yield a nitrocyclohexadienyl radical
intermediate, which is followed by water elimination to form the NPAH. Alternatively, in
ambient atmospheres, the OH-PAH adduct can also react with O, to give other

degradation products™’.
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H OH H OH
-OH N: NO, e NO,
—> —> NO;, —»
OH-PAH adduct Nitroaromatic NPAH

intermediate

Scheme 3.1. General mechanism for the nitration of PAHs via gas-phase reaction with
OH radical.

To verify our computation strategy, computations for pyrene and fluoranthene
were carried out and compared with nitro products identified in a previous gas-phase OH-
radical chamber study 4 (Appendix C.1). Positions 1 and 3 on pyrene and fluoranthene,
respectively, were found to yield the most thermodynamically stable OH-PAH adduct
intermediates (pyrene:AG, = -18.4 Kcal/mol and fluoranthene: AGx, = -16.7 Kcal/mol)
(Appendix C.1). Followed by NO, addition to the ortho position, the reactions were
predicted to yield 2-nitropyrene and 2-nitrofluoranthene as major products from the OH
radical-initiated gas-phase reaction of pyrene and fluoranthene, respectively. Because
our theoretical results for pyrene and fluoranthene were in good agreement with the
experimental results®, this suggested that the thermodynamic stability of the OH-PAH
adducts in the first step of the gas-phase OH radical-initiated reaction, which involves
loss of aromaticity of the PAH system, could be used to predict the formation of NPAHs
in the gas-phase.

The strong thermodynamic stability of intermediates formed from addition to 1
and 3 positions on pyrene and fluoranthene, respectively, dictates all reactions.
Therefore, addition of NO; by direct nitration reactions should also occur at the same

positions. Unlike the gas-phase radical-initiated reactions, the heterogeneous nitration of
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' and NO,»' formed I-nitropyrene and 3-

pyrene and fluoranthene with N,Os> '
nitrofluoranthene as dominant isomers. Table 3.1 shows the calculated free energies of
the OH-PAH adducts for all possible OH radical attack positions at peripheral aromatic
carbons and predicts the NPAHs formed from heterogeneous reaction of BaP, BKF,
BghiP, DaiP, and DalP.
3.3.2 NPAH Product Identification

All major NPAH product isomers were identified based on the GC retention time,
full scan EI and/or NCI mass spectra of the standards when they were available. For
NPAH isomers without commercially available standards, a previously published method
was used to predict their GC retention time orders®>. White et al. found that the dipole
moment of mono-nitro PAH isomers predicted their GC retention time order on a non-
polar SE-52 GC column, a 5% phenyl substituted methylpolysiloxane stationary phase,
with the NPAH isomers eluting in order of increasing dipole moment™”. In this study, we
predicted the GC retention time orders of the most stable mono-nitro PAH isomers
products listed in Table 3.1 by calculating their dipole moments using Gaussian with
B3LYP/6-31G(d) (Appendix C.2) and predicted the molecular ion of the NCI mass
spectra based on their molecular weight.

Benzolapyrene Figures 3.1A-D show the NCI full scan chromatograms of BaP-
d;2 exposed to NO,, NO3/N,Os, O3 and OH radical overlaid with the chromatogram of the
unexposed BaP-d;;. The m/z 264 peak is the molecular ion of BaP-d;,. BaP-d;, reacted
with NO, and NO3/N,Os (Figures 3.1A and 3.1B) and yielded significant amounts of
mono NO;-BaPs. In contrast, after the O; and OH radical exposures, no apparent mono

NO;-BaP-d,; products and noticeably lower amounts of mono NO,-BaP-d,; products



Table 3.1. Free energies (AGyxn) of OH-PAH adducts calculated using density functional theory (B3LYP) and the 6-31G(d) basis set.
NPAH isomers are listed in order of predicted stability.

PAH Numbering Scheme OH-PAH-Adduct NPAH identified in this study Identified in Detected in
AG;x, (Kcal/mol) environment?
12 1 -17.0 -20.6
11 2 6-nitrobenzo[a]pyrene" NO,, NOs/N,0s, OH 1517, 33
Benzo[a]pyrene 9 10 3 1-nitrobenzo[a]pyrene NO,, NO;3;/N,05, OH v
X OO‘ . 3-nitrobenzo[a]pyrene NO,, NO3/N,05, OH v
7 6 5
3-nitrobenzo[k]fluoranthene NO,, NO3/N,0Os, OH NO,, N
2 7—nitrobenzo[k]ﬂuoranthenee NO3/N,0s, O; OH N
U 12 1 3 8-nitrobenzo[k]fluoranthene NO;/N,0s, OH N
Benzo[k]fluoranthene 10 4 1-nitrobenzo[k]fluoranthene NO5/N,0s, O3, OH N
OO‘O 9-nitrobenzo[k]fluoranthene NO3/N,0s5 N
9 - ¢ 5 3,7-dinitr0benzo[k]ﬂuoranthenee NO3/N,05 N
4 dinitrobenzo[k]fluoranthenes NO;/N,Os5 N
. 5-nitrobenzo[ghi]perlylene’ NO,/N,Os, OH N
Benzo[ghi]perylene 7-nitrobenzo[ghi]perlylene® NO3/N,O5 N
4-nitrobenzo[ghi]perlylene NO3/N,O5 N
Dibenzo|a,i]pyrene
S-nitrodibenzo[a,i]pyrene NO,, NO3/N,Os N

9¢




Table 3.1 (Continued)

Dibenzo[a,l]pyrene

-17.3 -25.9 -16.6

6-nitrodibenzo[a,l]pyrene

NO,, NO3/N,0s, OH

Vverified with deuterated standard. °verified with non-deuterated standard.

LS
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Figure 3.1. Overlaid full scan NCI chromatograms of unexposed BaP-d;; and
exposed BaP-d;; with A) NO, B) NO3/N,Os C) O; and D) OH radicals. Inset
chromatograms are zoomed in at full chromatograms. All chromatograms are NCI full
scan. A m/z ion in bold indicates a base peak.
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were formed, respectively (Figures 3.1C and 3.1D). Three mono NO,-BaP isomers
(Figure 3.1A, 3.1B and 3.1D, peaks 1-3) were identified from the reaction of BaP-d;,
with NO,, NO3/N,Os, and OH radicals. No dinitro PAH isomers were identified in the
exposures. Based on the AG values shown in Table 3.1, we predicted that the most
reactive position for OH attack of BaP is 6, followed by 1 and 3, respectively. This
prediction is consistent with a previous study which determined the distribution of
NO,-BaP isomers based on the calculated reactivity numbers®”. The calculated dipole
moments of these isomers suggested a GC retention time order of 6-, 1- and 3-NO»-
BaP-d;; (Appendix C.2) and this same retention order was previously observed for
these isomers using the same type of nonpolar GC column®. Therefore, the earliest
eluting peak with m/z 308 (Figure 3.1A-B, peak 1) was identified as 6-NO,-BaP-d;
and its retention time confirmed with a standard of 6-NO,-BaP-d;;. This peak also
had the highest intensity, corresponding to the highest stability of the calculated 6-
OH-BaP adduct. In addition, 6-NO,-BaP was recently identified as a major product
from the heterogeneous reaction of BaP coated soot particles with NO,". A slight
difference in dipole moments of 1- and 3-NO,-BaP-d;; (6.06 and 6.16 Debye,
respectively) predicts close GC retention times for these two isomers and peaks 2 and
3 (both with m/z 308) were tentatively assigned to 1- and 3-NO;-BaP-d,
respectively. 1- and 3-NO,-BaP were previously found to be minor products from a
study of heterogeneous reaction of BaP with NO, and N,O5” t
Benzo[k[fluoranthene Figures 3.2A-D show the NCI full scan chromatograms
of BkF-d;; exposed to NO,, NO3;/N,Os, O3 and OH radical overlaid with the
chromatogram of the unexposed BkF-d;,. The m/z 264 peak is the molecular ion of
BkF-d;;. Two mono NO,-BkF-d,; peaks (m/z 308), 3- and 7-NO,-BkF-d;;, were

identified from the reaction of BkF-d;, with NO, (Figure 3.2A) based on the AG



Figure 3.2. Overlaid full scan NCI chromatograms of unexposed BkF-d;, and
exposed BkF-d;; with A) NO; B) NO3/N,Os C) Oz and D) OH radicals. Inset
chromatograms are zoomed in at full chromatograms. All chromatograms are NCI full
scan. A m/z ion in bold indicates a base peak.
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values shown in Table 3.1. The weaker calculated dipole moment of 7-NO,-BkF-d;;,
relative to 3-NO,-BkF-d,;, suggested it would elute first, and comparison with the
synthesized standard confirmed this. Therefore, peaks 1 and 2 were identified as 7-
NO;- BkF-d,; and 3-NO,-BkF-d,;, respectively. The formation of 3-NO,-BkF-d;; was
expected to be more favorable than 7-NO,-BkF-d;; based on the stability of the
various OH-BkF adducts (Table 3.1). However, the intensity of the 3-NO,-BkF-d;;
peak was significantly lower than that of 7-NO,-BkF-d;;. The same observation was
made in the EI full scan chromatogram and may suggest that 3-NO,-BkF-d;; was
more prone to further nitration, yielding di-NO,-BkF-d;o, compared to 7-NO,-BkF-d;;.
The retention time of 7-NO,-BkF-d;; was confirmed with the non-deuterated 7-NO,-
BkF standard, noting a slight difference in retention times due to deuterium isotope
effect was observed.

BkF-d;; was nitrated during the NO3/N,Os exposure and five mono-NO,-BkF-
dy1 products (m/z 308) were identified in the NCI full scan chromatogram (Figure
3.2B). As shown in Table 3.1, the predicted order of product stability, based on the
thermodynamic stability of the OH-BKF adducts, was: 3, 7, 8, 1 and 9 positions of
mono-NO,-BkF-d;;. Based on the calculated dipole moments of these compounds, the
predicted GC retention time elution order was: 7-, 1-, 8-, 3- and 9-NO,-BkF-d;;
(Appendix C.2). In addition to the mono-NO,-BkF-d,; products, we also identified di-
NO;-BkF-d;o products (m/z 352) after the NO3/N,Os exposure (Figure 3.2B). Dinitro-
PAHs are believed to form from reaction of mono-nitro PAHs with the oxidizing
agentlz’ 37 and, therefore, the most stable mono-NO;-BkF-d;; product (3-NO,-BkF-
di) is likely to react further with an oxidizing agent. To predict the most likely di-
NO;-BkF-d; products, we calculated the thermodynamic stability of the OH-3-NO;-

BkF-d,o adducts. If 3-NO,-BkF-d;; were the only mono-NO,-BkF-d;; isomer that
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underwent further nitration, the five dominant di-NO,-BkF-d;y products were
predicted to be: 3,12-, 3,7-, 3,4-, 3,6- and 3,8-NO,-BkF-d;o (Appendix C.3). Because
3-NO,-BkF-d;; was not the only mono-NO,-BkF-d;; product formed, other di-nitro-
BkF-d;o isomers may also have been formed. The positive identification of the di-
NO,-BkF-d;y products would require authentic standards which are not currently
commercially avalable. Only 3,7-NO,-BkF-d,( (peak 11) was verified with the non-
deuterated 3,7-NO,-BKF standard.

Only two small mono-NO,-BkF-d;; peaks, 1-NO,-BkF-d;; and 7-NO,-BkF-
d;;, were identified in the Oz exposure chromatograms (Figure 3.2C). However, the
OH radical exposure chromatograms indicated the presence of 7, 3, 8, and 1-NO,-
BkF-d,; but not 9-NO,-BkF-d,; (Figure 3.2D). The NCI full scan chromatograms for
both O3 and OH radical exposures showed traces of other degradation products,
possibly oxygenated PAHs, mostly eluting before the mono-NO,-BkF-d;; and di-NO;-
BkF-d,o isomers (Figures 3.2C and D).

Benzo[ghiJperylene Unlike the other PAHs, BghiP-d;, was not effectively
nitrated by NO, and only one small unidentified peak (m/z 483) was observed in the
NCI full scan chromatogram (Figure 3.3A). In contrast, after NO3/N,Os exposure,
three apparent mono-NO,-BghiP-d,; isomers (m/z 332) were identified (Figure 3.3B).
Based on the AG values shown in Table 3.1, we predicted that 5-, 7-, and 4-NO;-
BghiP-d;; would be the most stable mono-NO,-BghiP-d,; products. A previous study
also identified 5-NO,-BghiP as a dominant nitro product formed from the reaction of
BghiP adsorbed on silica gel particles with NO,'*. The calculated dipole moments for
these isomers suggested an elution order of 7-, 4-, and 5-NO,-BghiP-d;; (Appendix
C.2). No NO,-BghiP-d,; products were identified after O; exposure, however, other

unidentified products were formed (Figure 3.3C). After OH radical exposure, only 5-



Figure 3.3. Overlaid full scan NCI chromatograms of unexposed BghiP-d;, and
exposed BghiP-d;; with A) NO, B) NO3/N,Os C) O3 and D) OH radicals. Inset
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chromatograms are zoomed in at full chromatograms. All chromatograms are NCI full

scan. A m/z ion in bold indicates a base peak.
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NO;-BghiP-d,;, the most stable NO,-BghiP-d; isomer, was identified in the NCI full
scan chromatogram (Figure 3.3D).

Dibenzo[a,iJpyrene As shown in Figures 3.4A and B, the NO, and NO3/N;,Os
exposures resulted in only one mono-NO;-DaiP-d,; product (m/z 360). Based on the
AG values shown in Table 3.1, we predicted that 5-NO;-DaiP-d;3 would be the most
stable mono-NO;-DaiP-d,; product. The exposure of DaiP-d;4 to O3 and OH radicals
did not result in any mono-NO,-DaiP-d,; products (Figures 3.4C and D).

Dibenzola,l[pyrene Because a perdeuterated DalP standard was not

commercially available, we used a nondeuterated DalP standard for our experiments.
The presence of DalP in the purified air in the chamber was below the detection limit.
A single mono-NO,-
DalP peak (m/z 347) was observed after the NO, and NO3/N,Os exposures (Figure
3.5A and B). Based on the AG values shown in Table 3.1, we predicted that 6-NO,-
DalP would be the most stable mono-NO,-DalP product. Similarly, OH radical
exposure also resulted in the formation of 6-NO,-DalP, but to a much lesser extent
than the NO, and NO3/N,Os exposures (Figure 3.5D). Even though the DalP peak
(m/z 302) was significantly reduced after O3 exposure, no mono-NO,-DalP products
were formed (Figure 3.5C) and no other degradation products could be identified
from the EI or NCI full scan chromatograms. It should be noted that the GC oven
temperatures and run times were extended to look for additional DalP and DaiP-d;4
products. The absence of DalP degradation products upon O3 exposure in the GC
chromatograms may be the result of low vapor pressure of the DalP degradation
products and/or strong interaction with the GC stationary phase.

Overall, the mono-NO,-PAH products of these heterogeneous reactions could

be predicted based on free energies of the intermediates from radical initiated
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Figure 3.4. Overlaid full scan NCI chromatograms of unexposed DaiP-d;4 and
exposed DaiP-d;4 with A) NO; B) NO3/N,Os5 C) Oz and D) OH radicals. Inset
chromatograms are zoomed in at full chromatograms. All chromatograms are NCI full
scan. A m/z ion in bold indicates a base peak.
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Figure 3.5. Overlaid fullsean NCI chromatograms of unexposed DalP and exposed

DalP with A) NO, B) NO3/N,0Os C) O3 and D) OH radicals. Inset chromatograms are
zoomed in at full chromatograms. All chromatograms are NCI full scan. A m/z ion in
bold indicates a base peak. ( == Unexposed DalP, — Exposed DalP)
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reactions. These favorable OH radical attack sites are likely to be nitrated in
heterogeneous reactions and, in the case of pyrene and fluoranthene, result in different
nitro-isomer products that are formed by gas phase radical-initiated reactions. In this
study, more than one mono-nitro isomer product was measured after heterogeneous
reaction of the lower molecular weight PAHs, including BaP-d,,, BkF-d;, and BghiP-
d;». However, heterogeneous reaction of the higher molecular weight PAHs, DaiP-d;4
and DalP, resulted in the formation of only one mono-nitro isomer product. Larger
differences in the free energy of the first and the second favorable OH-attack
positions, 8.6 and 4.9 Kcal/mol for DalP and DaiP-d,4, respectively, may result in
nitration of only the most favorable position.

The estimated percent of NPAH product formation relative to the amount of
unexposed parent PAH was used to estimate the effectiveness of nitration for the
different PAHs tested under the various exposure conditions (Appendix C.4). It should
be noted that the objective of this study was to qualitatively identify nitro products.
Therefore, the extracts were not prepared for quantitative analysis and there was no
surrogate addition. However, we estimated the percent of nitro product formation
from the sum of identified NPAH product peak areas (in exposed extracts) to its
parent PAH peak area (in unexposed extracts) from the EI full scan chromatograms
(Appendix C.4). For NO,, NO3/N,Os and OH radical exposures, BaP-d;, was most
readily nitrated in comparison to the other PAHs (181%, 82%, and 40%, respectively),
while BghiP-d;, was the least effectively nitrated (Appendix C.4). Among the various
exposures, the percent NPAH product formation was highest for the NO, exposure.

3.3.3 Salmonella Mutagenicity Assay
Because the objective of the experiments was to study changes in

mutagenicity of extracts with respect to different oxidizing agent exposures,
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mutagenic activities determined do not represent the absolute mutagenic potency of
the selected PAHs or NPAHs. For the non-metabolic activation assays, the positive
control, 20 pg NPD, gave a mean revertant count of ~3500/plate. For the metabolic
activation assays, 2 ug of 2-AA was tested and gave a mean revertant counts of
~1000/plate. Spontaneous revertant counts of DMSO (30 pl) alone were ~25/plate for
both assays. The mutagenicity of chamber air system was tested by placing clean
filters in all chamber experiments. In the assays without S9, the revertant counts for
the blank filters were 27, 38, 28 and 23 revertants/plate for NO,, NO,/N,Os, OH and
O; exposures, respectively. In the assays with S9, the revertant counts for the blank
filters were 44, 42, 35, and 29 revertants/plate for NO,, NO,/N,Os, OH and O3
exposures, respectively. Overall, they were comparable to the spontaneous revertant
counts. This shows that the chamber environment and our sample preparation process
had no substantial effects on the toxicology studies. Mutagenic activities of the
unexposed extracts reflected responses to ~1 nmol of the PAHs tested (Figure 3.6).
Direct-acting mutagenicity Figure 3.6A shows the means and standard errors
of direct-acting mutagenicity of the various exposure extracts. Overall, the Os;
exposure did not change the direct-acting mutagenicity profiles of PAHs tested. Apart
from the small amounts or the absence of NPAH products after the O3 exposure, this
result suggests that other possible products that may have formed, such as oxygenated
PAHs, do not exhibit significant direct-acting mutagenicity or that their concentrations
were too low. The direct-acting mutagenicity increased the most after NO3/N,Os
exposure, particularly for BkF-d;,. For all of the PAHs tested, the NO3/N,Os exposure
resulted in 6- to 432-fold increase in direct-acting mutagenicity. The sharp increase in
the direct-acting mutagenicity of NO3/N,Os exposed BkF-d;; (432-fold) extract may

correspond to the formation of di-NO,-BkF-d;; products. Dose-response profiles of
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Figure 3.6. Mean (+ standard error) of A. direct-acting and B. indirect-acting
mutagenicities (revertants/plate) of filter extracts. All extracts were tested in triplicate
for mutagenicity activity.
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two non-deuterated NO,-BkF standards indicate that 3,7-NO,-BkF is a strong direct-
acting mutagen, whereas 7-NO,-BkF is not (Appendix C.5A). Higher mutagenic
activities of di-NO,-PAH-d;; products, in comparison to mono-nitro isomers, were
reported for dinitropyrenes in which their direct-acting mutagenicity, in TA9S8, was
272- to 467-fold higher than that of 1-nitropyrene™®.

The direct-acting mutagenicity of BaP-d;; was similar before and after
exposure to NO,, O3, and OH radical (Figure 3.6A). However, the direct-acting
mutagenicity of the BaP-d;, extract was 43 times higher after exposure to NO3/N,Os
than the unexposed extract (Figure 3.6A) due to the formation of 1- and 3-NO,-BaP-
d;; products, rather than the formation of 6-NO,-BaP-d;; which contains a nitro group
perpendicular to the aromatic moiety™. In a previous study, a mixture of 1-NO,-BaP
and 3-NO;-BaP was found to be 2.5 fold more mutagenic, with TA9S8, than 6-NO,-
BaP’. Some studies reported that 1- and 3-NO,-BaP were direct-acting mutagens, in a

Salmonella assay, but 6-NBaP was not*"*'

. In a more recent study, 1- and 3-NO2-BaP
were found to induce 713 and 1,931 revertants/nmol, respectively, in TA98, while 6-
NO2-BaP induced less than 1 revertant/nmol®®. However, the direct-acting
mutagenicity of the NO2 exposed BaP-d12 extract was surprisingly low given that the
same mono-NO2-BaP-d11 products were measured as in the NO3/N205 exposure
(Figure 3.1 and 3.6A) and the percent NPAH formation was the highest (Appendix
C.4). In addition, no cytotoxicity was found for the NO2-exposed BaP-d12 extract.
Therefore, the relatively high direct-acting mutagenicity of the NO3/N205 exposed
BaP-d12 extract may also have been caused by the formation of other products.

For BghiP-d;,, the direct-acting mutagenicity of the NO, and Os; exposed

extracts were not significantly different from the unexposed extracts. This finding was

consistent with the chemical analysis which showed insignificant NPAH formation
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after the NO;, and Os exposures. However, there were 97 and 12 times increases in the
direct-acting mutagenicity after BghiP-d;, was exposed to NO3;/N,Os and OH
radicals, respectively (Figure 3.6A), corresponding to the formation of mono-NO:-
BghiP-d;; products. Of the three identified mono-NO,-BghiP-d;; products, 7-NO,-
BghiP-d;; is expected to contribute the least to the direct-acting mutagenicity due to
the NO, orientation (Appendix C.6). Dose-response profiles of non-deuterated 5-
NO;-BghiP and 7-NO,-BghiP standards show that both are non-mutagenic (< 1
rev/nmol) (Appendix C.5).

Changes in direct-acting mutagenicity of DaiP-d;4 and DalP with the different
exposures were less pronounced after NO3/N,Os (Figure 3.6A), suggesting that the
single nitro product formed did not exhibit strong direct-acting mutagenicity.
Previous studies suggested that NPAHs with a perpendicular orientation, have a high
first half-wave reduction potential, which restricts the nitro-reduction process by

. 38, 39
bacteria®™ .

The orientation of nitro groups in both 5-NO;-DaiP-d;4 and 6-NO:-
DalP, identified as the major products from all exposures, are nearly perpendicular to
aromatic plane (Appendix C.6), causing these products to be less mutagenic. The 6-
and 10-fold increases in the direct-acting mutagenicity of DaiP-d;4 and DalP,
respectively, after NO3/N,Os exposure were due to the higher amounts of the nitro
products formed when compared to Os; and OH radical exposures. However, it
suggested the potential formation of other unidentified degradation products with
higher direct-acting mutagenicity when compared the direct-acting mutagenicity of
DaiP-d;4 and DalP after NO3/N,Os exposure to that after NO, exposure.
Indirect-acting mutagenicity Parent PAHs are known to be indirect-acting

mutagens, which require metabolic activation to express mutagenicity, and unreacted

parent PAHs may contribute to the indirect-acting mutagenicty of exposed extracts.
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In addition, not all NPAHs are direct-acting mutagens. For example, 6-NO,-BaP was

previously found to be an indirect-acting mutagen®"” **

and some NPAHs, including 1-
NO;-BaP and 3-NO,-BaP, exhibit both direct- and indirect-acting mutagenicity“. As
shown in Figure 3.6B, the overall indirect-acting mutagenicity profile was similar to
the directing-acting mutagenicity profile, with increased indirect-acting mutagenicity
after NO3/N,Os exposure. This shows that NO3/N,Os are not only strong oxidants in
transforming PAHs to NPAHs, but also in forming potential indirect-acting mutagens.
In particular, BaP-d;,, BkF-d,,, and BghiP-d;, appear to be degraded to both strong
direct-acting and strong indirect-acting products. BkF-d;, and BghiP-d;, were the only
two compounds that induced indirect-acting mutagenic activities significantly higher
than the background after OH radical exposure (Figure 3.6B and Appendix C.7).
Dose-response profiles of non-deuterated 7-NO,-BkF and 3,7-NO,-BkF standards
showed that the 3,7-NO,-BkF exhibits both direct- and indirect-acting mutagenicity
(96 and 513 rev/nmol, respectively), while 7-NO,-BkF are not mutagenic in both
assays (Appendix C.5). This implies that the presence of the five di-NO,-BkF-d;;
products in the NO3/N,Os exposed extract contributed significantly to the direct-
acting mutagenicity, as well as the indirect-acting mutagenicity. On the other hand, 5-
NO,-BghiP is mutagenic to TA98 with S9 (27 rev/nmol), while 7-NO,-BghiP is not
(Appendix C.5). For all PAHs tested, no significant increases in indirect-acting
mutagenicity were observed after O3 exposure, consistent with the absence of NPAH
formation.

Deuterium Isotope Effect The results from deuterium isotope effect
mutagenicity studies for BaP/BaP-d;,, 6-NO;,-BaP/6-NO,-BaPd;;, PYR/PYR-d,( and
1-NO;,-PYR/1-NO,-PYR-dy are shown in Figures 3.7 (A-D) and Figures 3.8 (A-D).

There was no statistically significant deuterium isotope effect (p > 0.05) for the parent
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BaP and BaP-d;; and PYR and PYR-djy in the assay without S9 (Figure 3.7A and
Figure 3.8A). However, a statistically significant deuterium isotope effect (p < 0.05)
was observed for 6-NO,-BaP and 6-NO,-BaP- d;; (Figures 3.7C). While 6-NO,-BaP
exhibited a weak direct-acting mutagenicity, the activity of 6-NO,-BaP-d;; was
comparable to the background response. In the case of 1-NO,-PYR and 1-NO,-PYR-
dy, the results were not conclusive because there was only one tested concentration
with a statistically significant p-value (p < 0.05), however both 1-NO,-PYR and 1-
NO,-PYR-dy were mutagenic. In the Salmonella assay without metabolic activation,
the metabolism of NPAHs proceeds through nitroreduction to form DNA adducts®.
Isomeric NPAHs with lower reduction potentials have been shown to be direct-acting
mutagens and their reduction potentials indicate the electron affinity of NPAHs™. A
study on unsubstituted PAHs found that the deuterated PAHs had higher reduction
potentials**. Therefore, the decreased mutagenicity of 6-NO,-BaP-d;;, compared to 6-
NO,-BaP, may be because of its higher reduction potential, inhibiting the
nitroreduction process.

In the Salmonella assay with metabolic activation, no statistically significant
deuterium isotope effect was observed for the parent BaP/BaP-d;; and PYR/PYR-d,
(Figure 3.7B and Figures 3.8B). The S9-mediated metabolism of aromatic compounds
were proposed to occur via 1) arene oxidation or 2) nonconcerted addition of an
iron(IV) oxyl species®. Both pathways are followed by the so-called “NIH shift”,
involving a shift of hydrogen or deuterium to an adjacent position during
hydroxylation reaction®’. Because the substitution of deuterium for hydrogen did not
result in different mutagenic activity for deuterated and non-deuterated pairs, it
suggested that a step prior to the ring oxidation may be the rate-limiting step.

However, a statistically significant deuterium isotope effect was observed for 6-



Figure 3.7: Mean (£95% confidence interval) direct- and indirect-acting mutagenic activities of BaP vs BaP-d;; and 6-NBaP vs 6-NBaP-d;;. P-

values are derived from the two sample t-test. A number in bold indicates statistically significant difference (p < 0.05).
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Figure 3.8: Mean (£95% confidence interval) direct- and indirect-acting mutagenic activities of PYR vs PYR-d;o and 1-NP vs 1-NP-dy. P-values
were derived from the two sample t-test. A number in bold indicates statistically significant difference (p < 0.05).
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NBaP/6-NBaPd;; and 1-NO,-PYR/1-NO,-PYR-dy and substitution of deuterium for
hydrogen lowered the mutagenicity (Figure 3.7D and Figure 3.8D). It should be noted
that, while 6-NO,-BaP-d;; was not mutagenic in the assays with S9, 1-NO,-PYR-dy was
mutagenic but induced lower colony counts than the non-deuterated analog. In the
presence of metabolic activation, more metabolic pathways, including nitroreduction,
ring-oxidation followed by nitroreduction, and a ring-oxidation followed by
nitroreduction and esterification, can be involved in metabolizing NPAHs in an S9-
mediated assay46. If the ring oxidation was the only metabolic pathway responsible for
converting 6-NO,-BaP/6-NO,-BaPd;;, and 1-NO,-PYR/1-NO,-PYR-dy to a mutagenic
form, the same result as the parent BaP/BaP-d;, and PYR/PYR-d;y would have been
expected. And if the nitroreduction alone was the major metabolic pathway, the
deuterium isotope effect would not be expected from 1-NO,-PYR/1-NO,-PYR-dy,
because the deuterium isotope effect was not apparent in the absence of metabolic
activation. However, in the case of 6-NBaP/6-NBaPd,;, the deuterium isotope effect was
observed in both assays (with and without metabolic activation). This suggested that
several co-metabolic pathways, possibly selective for each NPAH, may be involved in the
metabolism of nitro products when exogenous bioactivation is presence.

When considering the impact of the deuterium isotope effect on our mutagenicity
analysis, the results suggest that an increase in mutagenicity after exposure was expected.
However, the magnitude of mutagenicity could be underestimated because the nitro
products were deuterated. Future research should focus on the synthesis and testing of
individual NO,-PAH isomers where commercial standards are not currently available, as

well as the identification of oxy- and hydroxy-PAHs in the exposed extracts.
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ABSTRACT

The heterogeneous reactions of particulate matter (PM)-bound polycyclic
aromatic hydrocarbons (PAHSs) and nitro-PAHs (NPAHS) with NO3/N,Os, OH radicals,
and O3 were studied in a laboratory photochemical chamber. Ambient PM;s and PMjg
samples were collected from Beijing, China and Riverside, California and exposed under
simulated trans-Pacific atmospheric transport conditions. Changes in the masses of 30
PAHs and 27 NPAHSs, as well as the direct and indirect-acting mutagenicity of the PM
using the Salmonella mutagenicity assay with strain TA98 strain, were determined with
and without photochemical reaction. Although there was a general trend of decreasing
percent reactivity with increasing organic carbon or black carbon concentration in the
Beijing PM samples after exposure to NO3/N,Os and OH radical, the correlations were
not statistically significant. In general, O; was most effective in degrading PM-bound
PAHs with more than four rings, except for benzo[a]pyrene which was degraded by Os
and NO3/N,Os equally well. However, the NPAHs were most effectively formed during
the NO3/N,Os exposure. No significant formation of 2-nitrofluoranthene and 2-
nitropyrene was observed in any of the exposures, suggesting that the PM-bound PAHs
underwent heterogeneous reaction rather than gas-phase reaction.  For the NO3/N,Os
exposure, the increase in direct-acting mutagenicity was associated with the formation of
mutagenic NPAHSs. The reactivity, based on 1-nitropyrene formation, of Beijing PM after
NO3/N,Os and OH radical exposures was higher than that of the Riverside PM in which
no NPAH formation was observed in any of the exposures. The decreased reactivity of
the Riverside PM was likely due to the accumulation of degradation products on the

surface of PM decreasing the availability of PAHs for reaction.
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4.1 Introduction

The long range atmospheric transport of PM-bound PAHs and NPAHSs to remote
sites, including mountains in France®, Norway?, Sweden?, Czech Republic®, the Canadian
Arctic*, the Olympic Peninsula of Washington® ©, and mountains in Oregon® ’ has been
documented. Once emitted from combustion sources, some PAHs undergo reaction with
OH radicals, NO3 radicals, N,Os and Os, converting the parent PAHs to more polar
species, including NPAHs. The transformation of PAHs occurs locally, near emission
sources, and/or enroute to downwind receptor sites. Human exposure to PAH derivatives,
including NPAHSs, is of interest because some of them are more mutagenic than the
parent PAHs® ° and have been detected at many sites throughout the world™®**. A number

15 and have been

of NPAHs are classified as “probable or possible human carcinogens
identified as a major contributor to the overall mutagenicity of PM despite their relatively

low concentrations in the environment compared to parent PAHs®.

The reactivity of PM-bound PAHS varies, to some extent, with the composition of
the particles’” . The microenvironment of the particles, including the mineral content,
organic and black carbon concentrations, as well as the ambient humidity, physical state
of the organic layer surrounding the core of the particles and surface coverage all
influence the reactivity of PM-bound PAHs" %% Various artificial substrates, including
silica, graphite, diesel soot, fly ash, wood smoke and kerosene soot, have been used in
laboratory experiments to simulate PM-bound PAH reactions and resulted in different
heterogeneous rate constants*” % %% Kamens et al.”® reported larger rate constants for
|.21

the reaction of N,Os with PAHSs on diesel soot, compared to wood soot. Esteve et a

found that the reaction of PAHs adsorbed on graphite particles with OH radicals
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exhibited higher pseudo first-order rate constants than the reaction with PAHs adsorbed
on diesel particles. We previously reported that PAHs sorbed to a glass fiber filter were
effectively transformed to NPAHSs by reaction with NO3/N,Os (Chapter 3). However, few
laboratory studies have been conducted on the transformation of PAHs and NPAHSs on
ambient PM. Recently, the reactivity of PM-bound PAHs was studied using a fast flow

reactor using Oz, OH radicals and NO,/O3*".

The objectives of this research were to study the heterogeneous reactivity of PM-
bound PAHs and NPAHs with NO3/N,Os, OH radicals, and Oz under simulated long-
range atmospheric transport conditions and determine the effect of these reaction
products on the mutagenicity of the PM. Ambient PM samples tested were collected in
Beijing, China and Riverside, CA. Both sampling sites have distinct characteristics.
While Beijing PM is highly loaded with PAHSs, suggesting strong primary emissions®,
Riverside PM is dominated partly by chemically aged PM transported from Los Angeles,
in addition to local primary emissions'®. The PAH and NPAH measurements were carried
out using GC-MS and the Salmonella mutagenicity assay (with and without S9). Based
on these findings, the reactivity of the PM-bound PAHSs is discussed with respect to the
BC and OC concentration of the PM, as well as the significance of transformation

reactions for atmospheric long range transport of PM-bound PAHSs.

4.2 Experimental

4.2.1 Chemicals

All of the 30 parent PAHs and 27 NPAHs measured (and their abbreviations) are

listed in Appendix D.1. Deuterium-labeled PAHs and NPAHSs were purchased from CDN
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Isotopes (Point-Claire, Quebec, Canada) and Cambridge Isotope Laboratories (Andover,
MA). The isotopically labeled recovery PAH and NPAH surrogates included djo-
fluorene, djo-phenanthrene, djo-pyrene, dip-triphenylene, dj,-benzo[a]pyrene, dj»-
benzo[ghi]perylene, ds-1-nitronaphthalene, dq-5-nitroacenaphthene, ds-9-nitroanthracene,
de-3-nitrofluoranthene, do-1-nitropyrene and dii-6-nitrochrysene. The labeled PAH and
NPAH internal standards included djp-acenaphthene, djo-fluoranthene, dj,-

benzo[k]fluoranthene, dq-2-nitrobiphenyl and dg-2-nitrofluorene.
4.2.2 Sampling

Beijing, China The Beijing sampling site was located on the roof of the 7-story
(about 25 meters above ground) Geology Building on the Peking University Campus
(PKU)* 32 This site is located in Northwestern Beijing and is primarily a residential and
commercial area. Dominant PAH emission sources near the site include vehicular traffic
and fuel combustion for cooking. PM,s and PMyo were collected on pre-baked (350°C)
quartz fiber filters (N0.1851-865, Tisch Environmental, Cleves, OH) using a High
Volume Cascade Impactor (Series 230, Tisch Environmental, Cleves, OH). PM samples
were collected continuously over 24 h periods with the sampler being changed over in the
late morning. The average flow rate was ~1.0 m*® min™. PMyo and PMys samples were
collected from May 2009 to February 2010 and in April 2011, respectively (Appendix

D.2).

Riverside, California The Riverside sampling site was located at the University of
California Air Pollution Research Center on the University of California-Riverside

campus, approximately 90 km downwind of Los Angeles. PM, s samples were collected
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on a Teflon-impregnated glass fiber (TIGF) filters (Pallflex T60AZ20, 8 in x 10 in) using
high-volume (Hi-vol) sampling devices during May 1997* (Appendix D.2). The average

flow rate was ~0.6 m®min™.
4.2.3 Filter Preparation and Exposures

The PAH and NPAH concentrations on Beijing PM vary significantly day to

14

day™. In order to measure changes in the PAH and NPAH concentrations with and
without exposure in the chamber, in the chemical study, 20.4 cm x 25.5 cm filters were
cut into six equal portions of 8.5 cm x 10.2 cm (Appendix D.3). Three 8.5 cm x 10.2 cm
portions were exposed in the chamber and the remaining three 8.5 cm x 10.2 cm portions
were used as unexposed controls. In order to measure changes in the mutagenicity of the
PM with and without exposure in the chamber, in the mutagenicity study, 20.4 cm x 25.5
cm filters were cut into four equal portions of 10.2 cm x 12.7 cm because the Salmonella
assay did not adequately measure the mutagenicity of the 8.5 cm x 10.2 cm portions
(Appendix D.3). Two 10.2 cm x 12.7 cm portions were exposed in the chamber and the
remaining two 10.2 cm x 12.7 cm portions were used as unexposed controls. The PAH
and NPAH concentrations of the exposed and unexposed 10.2 cm x 12.7 cm portions
used in the mutagenicity study were also measured and directly compared to the results of
the Salmonella assay. The PM,s and PMy, filters were exposed to NO3/N,Os, OH
radicals, and Oz in a ~7000 L indoor collapsible Teflon chamber equipped with two
parallel banks of blacklamps and a Teflon-coated fan at room temperature (~296 K) and

~735 Torr** *. The filters were placed on a standing, rotating apparatus within the Teflon

chamber (Appendix D.4). For all exposure experiments, blank, clean filters were placed
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in the Teflon chamber to test for background contamination in the chemistry and

mutagenicity.

NO3/N,Os Exposure NO; radicals were generated in the dark by the thermal
decomposition of gaseous N,Os in the presence of added NO,** *". Because this reaction
is reversible, NO, was added in order to achieve the desired NO3 concentration and the
chamber was continuously flushed to avoid the build-up of NO,. One addition of ~0.40 —
0.46 ppm N,Os and ~1 ppm NO, were made every hour by flushing them into the
chamber with a stream of N, over the 8 h exposure period. The average NOj
concentration was ~420 ppt after adjusting for wall losses and flushing. The total
exposure period was equivalent to exposing the PM to an average ambient NOj
concentration of 45 ppt for seven 12-hour nights. Trans-Pacific atmospheric transport
from Asia to the West Coast has been shown to occur in as little as 6 days during the

Spring of the year®.

OH radical Exposure The photolysis of methylnitrite (CH3;ONO), at wavelength
> 300 nm in the presence of NO, was used to generate OH radicals®® *. Irradiations were
carried out at 20% of the maximum light intensity. Initial CH3ONO and NO
concentrations of 1 ppm were flushed with a stream of N, into the chamber. The chamber
was operated continuously in the flush mode to avoid the build-up of NO, and HNO:s.
However, a minor amount of HNO3 was expected to form and could have nitrated the
PAHSs. One addition of CH3ONO and NO was made every hour, leading to an hourly OH
radical concentration of 2 x 10" molecule cm™ (~0.8 ppt) for a total 8 h exposure time.

The total OH radical concentration was equivalent to exposing the PM to an average
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tropospheric OH radical concentration (1.0 x 10° molecule cm™) for ~6.7 days (24-hour
day) in order to simulate trans-Pacific atmospheric transport of PM-bound PAHSs during

the springtime® .

O3 Exposure Ozone was generated by a Welsbach T-408 O3 generator and
introduced into the chamber with a stream of N,. The exposure was conducted in the dark
and the chamber was not flushed. The average O3z concentration was ~800 ppb over the
9.5 h exposure period, which was equivalent to exposing the PM to an average ambient
O3 concentration of 40 ppb for 8 days (24-hour day). Ozone concentrations exceeding

100 ppb have been measured during trans-Pacific atmospheric transport events®.
4.2.4 Sample Extraction and Analysis

Details of the sample extraction and analysis have been previously described™. In
brief, prior to extraction, the ambient PM filters used in the chemical study were spiked
with perdeuterated PAH and NPAH surrogates. No perdeuterated surrogates were spiked
onto the PM filters that were used for the mutagenicity testing because we wanted to
eliminate a mutagenic response due to the surrogates. All PM filters were extracted at
100°C and 1500 psi twice with dichloromethane using pressurized liquid extraction and
the two fractions were combined. The extracts used for the Salmonella assay were
evaporated to dryness under a gentle N, stream. The residue was dissolved in 500 pl
dimethylsulfoxide (DMSO). The extracts used for the chemical analysis were purified
using 20-g silica columns prior to chemical analysis (Mega BE-SI, Agilent Technologies,
New Castle, DE). PAHs and NPAHs were eluted in the dichloromethane fraction and

spiked with perdeuterated PAH and NPAH internal standards. PAHs were analyzed by
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gas chromatographic mass spectrometry (Agilent 6890 GC coupled with an Agilent
5973N MSD) in selected ion monitoring using electron impact ionization, while NPAHs
were analyzed using negative chemical ionization (NCI) with a programmed temperature
vaporization (PTV) inlet (Gerstel, Germany)**. Both PAHs and NPAHSs were separated on
a 5% phenyl substituted methylpolysiloxane GC column (DB-5MS, 30mx0.25mm I.D.,
0.25 pm film thickness, J&W Scientific, USA). The separation of 2-NF and 3-NF was
achieved on a 50% phenyl substituted methylpolysiloxane GC column (DB-17MS,

30mx0.25mm 1.D., 0.25 um film thickness, J&W Scientific, USA).

4.2.5 Salmonella Mutagenicity Assay

The basic methodology followed that reported by Maron and Ames*! and used
Salmonella typhimurium strain TA98 was used in the study. The experimental details
have been described elsewhere'*. The positive control doses were 2 pg of 2-
aminoanthracene (2-AA) and 20 pg of 4-nitro-1,2-phenylenediamine (NPD) for assays
with and without metabolic activation (rat S9 mix), respectively. The negative control
(DMSO) dose was 30 pl. All filter extracts were tested in triplicate.

Based on preliminary studies and the limit of detection in the Salmonella assay,
only the Beijing PM samples were tested for mutagenic activity (Appendix D.2). Twenty
pg of NPD and two pg of 2-AA gave mean revertant counts of ~3500/plate and
~1000/plate, respectively. The average background revertant count (DMSO) was
~25/plate for both assays. The revertant counts for the control blanks were comparable to
the background revertant count, indicating no interference from the purified air in the
chamber. It should be noted that different sets of filters were used for the mutagenicity

and chemical studies (Appendix D.3) and that the PAH and NPAH concentrations of the
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PM samples used for the mutagenicity testing were measured and directly compared to

the results from the Salmonella assay.
4.3 Results and Discussion
4.3.1 Chemical Study

Beijing, China PM Using the paired cut-outs of the same PM filter (shown in
Appendix D.3), the measured mass of individual PAHs and NPAHSs on the exposed filter
(PAHexposed and NPAHexposed) Was divided by the measured mass of the individual PAHs
and NPAHSs on the unexposed filter (PAHunexposed @Nd NPAH nexposed) 1N order to determine
the amount of PAH or NPAH degraded or formed after exposure to NO3/N,Os, OH
radicals, and Os. A ratio close to 1 suggested limited net degradation or formation of a
given PAH or NPAH after exposure to the various oxidants. The PAHeyposed/ PAHunexposed
ratios and the NPAHeyposed/ NPAHunexposed ratios for the Beijing PM samples after exposure
to NO3/N,Os, OH radicals, and O3 are shown in Figures 4.1A and 4.1B, respectively. An
asterisk indicates the statistically significant difference in mass after exposure to the
various oxidants (p-value < 0.05). The means and standard errors of PAH and NPAH
masses measured in Beijing filters with and without exposure to the various oxidants are
given in Appendix D.5 to Appendix D.7. Because 2- to 4-ring PAHs exist in both the gas
and particulate phases in the atmosphere at ambient air temperatures*, it is possible that a
portion of the PAH sorbed to the PM desorbed from the PM into the gas phase of the
reactor during the experiment. However, because the air temperature in the reactor was
relatively constant during the different exposures (~296 K), the formation of NPAHs due

to gas-phase reactions was minimal (see below), and the blank filters installed in the
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reactor at the same time as the PM had PAH concentrations below the detection limit, we
believe that volatilization of these compounds from the PM was minimal during the

course of the experiment.

For the Beijing PM, changes in the mass of NAP, methylnaphthalenes (MNAPS),
and dimethylnapthalenes (DNAPs) during exposure to NOs/N,Os, OH radicals, and Os
were not statistically significant, except for the degradation of 2-MNAP during the
NO3/N,Os5 exposure (Figure 4.1 and Appendix D.5). The mass of 3- and 4-ring PAHs on
the Beijing PM were significantly reduced during exposure to NO3/N,Os, except for
ACE, FLU, DBT, 3,6-DPHE and 1-MPYR (Appendix D.5). Among the measured 3- and
4-ring PAHs, ANT was the most reactive toward NO3/N,Os reaction, followed by BcFLU
and PYR (Figure 4.1A). Similar to the NO3/N,Os exposure, most of the 3- and 4-ring
PAHSs on the Beijing PM were significantly degraded during exposure to OH radicals,
except for DBT, 3,6-DPHE, and CHR+TRI (Appendix D.5). ANT was not degraded
during the OH radical exposure (40%) as much as it was degraded in the NO3/N,Os
exposure (57%) (Appendix D.5 and Appendix D.6). During the OH radical exposure,
BcFLU was degraded the most (47%), followed by ANT and 1-MPYR (40% and 36%)

(Appendix D.6).

The exposure of Beijing PM to Oz also resulted in significant degradation of the
3- and 4-ring PAHSs, except for ACY, 2-MANT and 3,6-DPHE. PYR, BcFLU, 1-MPYR,
and BaA were all significantly degraded after exposure to O3 (Figure 4.1A and Appendix

D.7). After exposure to ~800 ppb O3 for 9.5 h, the remaining fractions of PYR (58%)



Figure 4.1 A. PAHcxposed/PAHunexposed N B. NPAH exposed/ NPAH ynexposed OF Beijing PM filters (n=3) used for the chemical study. An asterisk
denotes the statistically significant difference between the unexposed and exposed masses. (N.D. = Not detected)
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and BaA (61%) (Appendix D.7) on the Beijing PM were similar to a previous study
where ambient PM was exposed to ~4 ppm for 60 min®’. This previous study reported
that PYR and BaA concentrations plateaued at ~70% of the initial concentrations®
following exposure to O3, Combined, these data suggest that the degradation of PAHs
sorbed to ambient PM plateaus after a period of time. In contrast, a previous study found
that PYR coated on silica particles decayed completely after exposure to ~1.3 ppm of O3
within 10 minutes in a flow reactor?®. This suggests that the reactivity of particle-bound
PAHs is substrate-specific and is inhibited by the decreased availability of these PAHS on

the surface of ambient PM.

The PAHexposed /PAHunexposed ratios of the PAHs with more than four rings that
partition primarily to the particulate phase in the atmosphere, ranged from 0.54 to 0.86
(mean of 0.78), 0.78 to 0.95 (mean of 0.90), and 0.56 to 0.81 (mean of 0.67) for
NO3/N,Os, OH radical and O3 exposures, respectively (Figure 4.1A). These results show
that all of the PAHs with more than four rings sorbed to Beijing PM were at least partially
degraded during the OH radical exposure (Figure 4.1A and Appendix D.6). However, in
general, O3 was more effective in degrading these higher-ring PAHs than OH radicals and
NO3/N,Os (Figure 4.1A, Appendix D.6, and Appendix D.7). Only BaP was degraded to a
similar degree during exposure to O3z and NO3/N,Os (Figure 4.1A and Appendix D.5 and
Appendix D.7) and, of the higher-ring PAHs measured on the Beijing PM, BaP degraded
the most during exposure to NO3/N,Os, OH radicals, and O3 (Figure 4.1A). The high
photochemical reactivity of BaP has been previously reported, including reaction with
N,Os, Oz and NO,? ***°_ Abelic-Juretic et al. found that, among the five PAHs sorbed to

silica, perylene was the most reactive toward Os, followed by BaP*. On ambient PM,
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BaP was also identified to be the most reactive PAH toward Os;, OH radicals, and
NO,/Os*. Excluding BaP, the other higher-ring PAHs were degraded to a similar extent,
with average percent degradation ranging from 5% to 11% (Appendix D.6), during OH
radical exposure (Figure 4.1A). This suggests that higher-ring PAHs sorbed to ambient
PM were not significantly degraded during exposure to OH radicals. Comparable
heterogeneous pseudo-first-order rate constants, ranging from 0.010 to 0.016 s™, for
benzofluoranthenes, BaP, BeP and IcdP on diesel particles (NIST SRM 1650a) with OH

radicals were previously reported at OH radical concentration of 3.4 x 10'° molecule cm™

21

Figure 4.1B shows the NPAHexposed /NPAHunexposed ratios for the Beijing PM
samples. The means and standard errors of NPAH masses measured on the Beijing PM
samples, with and without exposure to the various oxidants, are given in Appendix D.5 to
Appendix D.7. 2-NF and 3-NF were chromatographically separated and quantified using
a 30 m DB-17 GC column for all NO3/N,Os unexposed and exposed Beijing PM samples
and for one-third of the OH radical and O3 unexposed and exposed Beijing PM samples
because the 3-NF concentrations in the OH radical and O3 unexposed and exposed PM
samples were below the detection limit. For all exposures, there was no significant
increase in the mass of 2-NF and 2-NP, which are products of gas-phase reactions®’.
This provides further evidence that there was no significant volatilization of 4-ring PAHs
from the ambient PM into the gas-phase of the reactor and implies that the increase in the
mass of other nitro-PAHs during the exposure experiments was likely due to

heterogeneous reactions.
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NPAHs were formed to a significant degree, with average percent formation
ranging from 91% to 4,878%, during the NO3/N,Os exposure (Figure 4.1B and Appendix
D.5). While 1-NP and 6-NBaP were formed in both NO3/N,Os and OH radical exposures,
9-NPH, 3-NF, 7-NBaA, 1-NTR, 6-NCH, 2-NTR and 1,8-DNP were only formed during
the NO3/N,Os exposure (Figure 4.1B). Our measured formation of 3-NF and 1-NP is
consistent with the results from previous studies on the reaction of PAHs adsorbed on
filters with gaseous N,Os** **. These previous studies found that 3-, 8-, 7- and 1-NF,
along with 1-NP, were the major NPAH products formed by the heterogeneous reaction
of FLA and PYR with N,Os.These isomers were indicative of heterogeneous reaction
with N,Os and not NOj3 radicals. NOs-radical initiated reactions with FLA and PYR have
been previously shown to form 2-NF and 2-NP as the major NPAH products via a
different mechanism®*. In the radical initiated reaction, NOs radical attacks FLA or PYR
at the highest electron density position, followed by NO, addition at the ortho position®.
In contrast, major NPAH isomers formed by heterogeneous reaction have the NO, group
added to the most thermodynamically stable position of OH-PAH adducts (see Chapter 3
of the thesis). Moreover, at equilibrium the N,Os concentration in the chamber was
significantly higher than the NO3 concentration (~420 ppt). In contrast to PYR and FLA,
the heterogeneous and gas-phase reactions of TRI were previously reported to both form
1- and 2-NTR*. In this study, 1-NTR and 2-NTR were equally formed after exposure to
NO3/N2Os (Figure 4.1B). Our measured formation of 7-NBaA, 6-NCH and 6-NBaP
(Figure 4.1B) was in agreement with previous results showing their formation when

PAHSs associated with diesel soot were reacted with N,Os?°.,
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High 1-NPeyposed /1-NPunexposea (Mmean of 4.8) and 6-NBaPexposed /6-NBaPynexposed
(mean of 6.5) ratios were also measured after the Beijing PM was exposed to OH radicals
(Figure 4.1B). However, it was unlikely that these NPAHs were formed by reaction of the
parent PAH with OH radical because OH radical reactions with PYR and BaP are
expected to form 2-NP*” and 2-NBaP (See Chapter 1 of the thesis) as major products,
respectively. It is more likely that 1-NP and 6-NBaP formed in the OH radical exposure
experiment by the heterogeneous nitration of parent PAHs by HNO3/NO,. The NO;
concentrations in the chamber during the OH radical exposure experiment ranged from
0.5-2.2 ppm and was the product of the photolysis of methylnitrite to form OH radical.
On the other hand, 3-NPH and 2+3-NF, and especially 9-NAN and 7-NBaA, were
degraded during the OH radical exposure (Figure 4.1B). Because these same NPAHs
were not as significantly degraded during the dark exposure with O3 (Figure 4.1B), it is
possible that the degradation observed during the OH radical exposure could be due, in
part, to direct photolysis. Previously, Pitts et al. observed the direct photolysis of 9-NAN
adsorbed on silica gel and identified quinones as the degradation products®. In another
study, the direct photolysis of 7-NBaA resulted in increased direct-acting mutagenicity to
TA98 in the Salmonella assay with increasing irradiation time*. The orientation of the
nitro group has been related to the photochemical stability of NPAH. Both 9-NAN and
7-NBaA have nitro group orientations that are out of the aromatic plane, reducing the
steric effects exerted by two peri hydrogens. This structure makes these PAHs less
photochemically stable and may explain their significant degradation during the OH
radical exposure (Figure 4.1B)*. However, 6-NBaP also has a structure where the nitro

group is out of the aromatic plane but showed significant net formation after exposure to
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OH radical (mean NPAHexposed /NPAHynexposea = 6.5) (Figure 4.1B). Exposure of the
Beijing PM to O3 did not lead to significant NPAH formation (Figure 4.1B and Appendix
D.7) and, except for the degradation of 7-NBaA, the NPAHs sorbed to Beijing PM were

not significantly degraded during O3z exposure (Table 1B).

Because 1-NP was consistently formed from heterogeneous reaction of PYR
adsorbed to a surface or particles™™ *2, 1-NP was used as a representative NPAH to
describe the reactivity of the Beijing PM to NPAH formation®. The percent reactivity of
each of the paired PM samples, used in both the chemical and mutagenicity studies, was

calculated as:

AP % 100 1)

% Reactivity = PYR
0

where A[1-NP] = 1-NPexposed — 1-NPunexposed @nd [PYR]o = [PYR]unexposed” - We also
calculated the 2-NF/BeP ratio of the unexposed samples as a measure of the degree to
which the PM had undergone atmospheric processing (or aging) prior to collection at the
Beijing sampling site®*. 2-NF is formed from the gas-phase reaction of FLA with OH
and NOj; radicals *’, while BeP is resistant to atmospheric chemical degradation®. The
correlation between percent reactivity and 2-NF/BeP ratio of Beijing PM samples
exposed to NO3/N,Os (Figure 4.2) shows the reactivity reduces exponentially when the 2-
NF/BeP ratio decreases (R? = 0.79, p-value < 0.0001). Beijing PM samples with reduced
reactivity had high 2-NF/BeP ratios, suggesting that the PAHs sorbed to Beijing PM that
had undergone significant aging in the atmosphere were less available for reaction with

NO3/N,Os. Although there was a general trend of decreasing percent reactivity with
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Figure 4.2 Correlation between percent reactivity of the Beijing and Riverside
PM samples exposed to NO3/N2Os t0 2-NFnexposed CONCENtrations normalized to
BePunexposed-

increasing OC or BC concentration in the Beijing PM samples after exposure to

NO3/N,Os and OH radical, the correlations were not statistically significant.

Riverside, California PM The PAHexposed/PAHunexposed  ratios and  the
NPAHexposed/ NPAHunexposed  ratios for the Riverside PM samples after exposure to
NO3/N,Os, OH radicals, and O3 are shown in Figures 4.3A and 4.3B, respectively. The
means and standard errors of PAH and NPAH masses measured in Riverside filters with
and without exposure to the various oxidants are given in Appendix D.8 to Appendix
D.10. Compared to the Beijing PM samples, a smaller number of individual PAH and
NPAH were measured in the Riverside PM samples above their detection limit (Figures
4.1 and 4.3). Small, but statistically significant, formation of 2-MPH, 1-MPH, FLA,

PYR, and CHR+TRI was measured after the exposure of Riverside PM to OH radicals,
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and to a larger degree, PHE was measured after the exposure to NO3/N,Os and OH
radicals (Figure 4.3A). However, these small changes in mass (Appendix D.8) may fall
within the experimental uncertainty. Compared to the Beijing PM samples, the higher-
ring PAHSs, including PYR and BaP, in the Riverside PM samples appeared to be more
resistant to degradation during the NO3/N,Os and OH radical exposures (Figures 4.1A
and 4.3A). Exposure of the Riverside PM samples to O3 did not result in significant
degradation of PAHSs, including the higher-ring PAHs (Figures 4.3A). Consistent with the
absence of significant degradation of PAHs sorbed to the Riverside PM, there was no
significant formation of NPAHSs in any of the exposures (Figure 4.3B). A small, but
statistically significant reduction in mass was measured for 2+3-NF after exposure to OH
radicals and for 3-NPH, 2+3-NF and 1-NP after exposure to O3 (Figure 4.3B). The
correlation between percent reactivity and ratio of 2-NF to BeP of the Riverside samples
exposed to NOs/N,Os exposure is shown in Figure 4.2. The low percent reactivity of the
Riverside samples was explained by high 2-NF/BeP ratio, indicating that the Riverside

PM had undergone more aging than the Beijing PM.

These results suggest that the PAHs and NPAHSs sorbed to the Riverside PM were
less available for reaction compared to the PAHs and NPAHSs sorbed to the Beijing PM.
The decreased reactivity of the Riverside PM, compared to the Beijing PM, may be
because the Riverside sampling site is located downwind of Los Angeles and receives
photochemically “aged” air masses from this major source region. In contrast, the Beijing
sampling site is surrounded by major PAH sources and receives air masses that are not as
photochemically aged, in comparison. The accumulation of degradation products on the

surface of Riverside PM could inhibit further atmospheric degradation of parent PAHSs.



Figure 4.3 A. PAHexposed/PAH ynexposed aNd B. NPAHeyposea/ NPAH nexposed OF Riverside PM filters (n=3) used for the chemical study. An asterisk

denotes the statistically significant difference between the unexposed and exposed masses. (N.D. = Not detected)
10

>

o { HEE NO,/N,O; Exposure
[ OH Radical Exposure
8 41 [ O; Exposure

PAHexposed/PAHunexposed
o

mmm NO//N,O, Exposure
[ OH Radical Exposure
[ O, Exposure

NPAHexposed/NPAHunexposed
N

I

1-NN 1
2-NN
9-NAN
3-NPH A
1-NP

3-NBENZ {ND.
2-NTR {ND.

T0T



102

4.3.2 Mutagenicity Study

Direct-acting Mutagenicity Most NPAHs are known to be direct-acting
mutagens, requiring no exogenous bioactivation to convert them into the active form>*.
The direct-acting mutagenic activity of the unexposed and exposed paired Beijing PM
samples is shown in Figure 4.4A, along with the percent reactivity of the PM tested.
Appendix  D.11  shows  the  PAHegposed/PAHunexposed  ratios  and  the
NPAHeyposed/ NPAH nexposed ratios for the Beijing PM samples used in the mutagenicity
assay after exposure to NO3/N,Os, OH radicals, and Os. In general, the results were
comparable to the Beijing PM samples used in the chemical study (Figures 4.1A and
4.1B) in that there was significant formation of NPAHSs via heterogeneous reaction of the

Beijing PM-bound PAHs with NO3/N,Os (Figure 4.1B and Appendix D.11).

Minimal direct-acting activity was determined in the two unexposed Beijing
extracts with lower NPAH concentrations (PKU-3 and PKU-4), compared to the
unexposed Beijing PM extract with higher NPAH concentrations (PKU-5) (Figure 4.4A
and Appendix D.12). This is consistent with a previous study from our laboratory that
showed significant daily variation in the direct-acting mutagenicity, and corresponding
NPAH concentrations, of Beijing PM*. After NO3/N,Os exposure, the direct-acting
mutagenicity of the Beijing PM increased 2- to 26-fold (Figure 4.4A). Of the Beijing PM
samples exposed to NO3/N,Os, the sharpest increase in direct-acting mutagenicity (26-
fold) was attributed to sample PKU-4 that had the highest increases in 1,3-, 1,6-, and 1,8-
DNP mass after exposure to NO3/N,Os (Appendix D.12). Among these DNPs, 1,8-DNP

resulted in the greatest percent increase in mass (10.2 ng) (Appendix D.12). The 1,8-DNP



Figure 4.4 Comparison of A. direct-acting mutagenicity, total NPAH concentration and B.

indirect-acting mutagenicity, total PAH and NPAH concentrations of exposed and unexposed
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Beijing PM samples. Percent reactivity is shown when the value is greater than zero (See text for
description of percent reactivity).
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concentrations measured in the other two mutagenicity study samples exposed to
NO3/N,Os5 (PKU-3 and PKU-5) were either below the detection limit or three times less
than that measured in the PKU-4 sample. In other mutagenicity assays, DNPs, especially
1,8-DNP, were found to be powerful direct-acting mutagens®. Small amounts of DNPs
have been shown to contribute significantly to the total direct-acting mutagenicity of

diesel particles'®.

For the OH radical exposure in the direct-acting mutagenicity study, two of the
Beijing PM samples had zero percent reactivity (PKU-8 and PKU-9) and one sample had
only 4.1% reactivity (PKU-7) (Figure 4.4A and Appendix D.13). This is consistent with
the results from the chemical study that showed that the OH radical exposure did not
result in the heterogeneous nitration of PM-bound PAHSs to a significant degree (Figure
4.1B and Appendix D.11). Overall, the enhancement in direct-acting mutagenicity after
OH radical exposure (mean of 1.7-fold) was lower than the enhancement in direct-acting
mutagenicity after NO3s/N,Os exposure (mean of 11-fold). The NPAHexposed /NPAHunexposed
profiles, from both the mutagenicity study and chemical study, showed the formation of
1-NP and 6-NBaP from OH radical exposure (Figure 4.1B and Appendix D.11). Given
the significant 6-NBaP formation in all of the Beijing PM samples from exposure to OH
radicals (Figure 4.1B and Appendix D.13), and the minimal corresponding increase in
direct-acting mutagenicity of these same samples, 6-NBaP does not appear to contribute
significantly to the overall direct-acting mutagenicity of the Beijing PM. This is
consistent with the structure of 6-NBaP, with a NO, group nearly perpendicular to the
aromatic ring that does not allow for favorable nitro-reduction®®. However, an increase in

direct-acting mutagenicity and a decrease in total NPAH mass, as well as a decrease in
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mutagenic 1-NP mass, was observed after PKU-8 and PKU-9 were exposed to OH
radicals (Figure 4.4A). This suggests that other mutagenic degradation products, not
measured in this study or below the detection limit of our analytical method, may have
contributed to the enhanced direct-acting mutagenicity of the Beijing PM after exposure

to OH radicals.

The percent reactivity of Beijing PM samples exposed to O; was zero (Figure
4.4A). Appendix D.11 shows that 2-NN, 3-NBP, 9-NAN, 3-NPH, 2+3-NF, 1-NP and 2-
NP were degraded significantly during the Oz exposure for the mutagenicity study, while
only 7-NBaA was significantly degraded during the O3 exposure for the chemical study
(Figure 4.1B). Interestingly, only PKU-14 showed a significant decrease in direct-acting
mutagenicity of the Beijing PM after exposure to Os, consistent with the corresponding

decrease in the total NPAH mass (Figure 4.4A and Appendix D.14).

Indirect-acting Mutagenicity Some parent PAHs and NPAHS, including 6-NBaP
and 1-nitrocoronene, contribute to the indirect-acting mutagenicity of PM®®. On average,
there was a ~7-fold and ~1.4-fold increase in the indirect-acting mutagenicity of the
Beijing PM after exposure to NO3/N,Os and OH radicals, respectively (Figure 4.4B).
Because most parent PAHs were degraded after exposure to NO3/N,Os and OH radicals
(Figure 4.4B, Appendix D.11 to D.13), it is possible that the NPAHs formed contributed
to the increase in indirect-acting mutagenicity. Increased indirect-acting mutagenicity
after parent PAH exposure to NO3/N,Os and OH radicals was observed in our previous
studies (see Chapter 3 of the thesis). In addition, Kamens et al® found that the exposure of

wood soot NO;, and Ogs resulted in an increase in both direct- and indirect-acting
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mutagenicity of the NPAH fraction. In the same study, the most polar fraction made the
largest contribution to the total indirect-acting mutagenicity. This suggests that the other,
more polar, transformation products may also contribute significantly to the indirect-
acting mutagenicity of the crude extracts. Moreover, the high molecular weight PAHs
(MW 302), including dibenzo[a,|]pyrene which is 30 times more toxic than BaP*’, may
also play a significant role in the indirect-acting mutagenicity and they are a significant
contributor to inhalation cancer risk in Beijing air*®. The results of our previous study on
the heterogeneous nitration of dibenzo[a,l]pyrene adsorbed on filter showed that the
indirect-acting mutagenicity increased 2.5-fold after the NO3/N,Os exposure and 6-

nitrodibenzo[a,l]pyrene was the only nitro product identified (see Chapter 3).

For the O3z exposure, the PAHeyposed/PAHunexposed Profile of Beijing PM samples
were comparable for the mutagenicity and chemical studies (Figure 4.1A and Appendix
D.11). The reduction in mutagenicity (33%) of the two Beijing samples exposed to O
(PKU-12 and PKU-14) may be associated with the degradation of the total parent PAH
and NPAH masses (Figure 4.4B). However, there was no significant change in indirect-
acting mutagenicity in PKU-13 when total PAH and NPAH masses decreased (Figure

4.4B).

The extent of PAH transformation observed in this study may be limited by the
multilayer coverage of the ambient PM on the filters. In reality, the transformation of
PAHs on PM may be more significant in the atmosphere, where the PAHSs are present on
individual particles, than on the filters we exposed under the current laboratory

conditions. However, the resistance of the Riverside PM samples to chemical reaction
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suggests that secondary pollutant formation may also play an important role in shielding
PM-bound PAHs from transformation reactions, making them less available for chemical
reactions. Overall, these results suggest that PAH and NPAH degradation and formation
are likely to occur predominantly near emission sources where the concentrations of

oxidants are relatively high.
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CHAPTER 5. CONCLUSIONS

In Chapter 2 of the thesis, the concentrations of polycyclic aromatic hydrocarbons
(PAHs), nitrated-PAHs (NPAHs), and oxy-PAHs (OPAHs) and mutagenicity of Beijing
particulate matter with aerodynamic diameters < 2.5 um (PM;5) were investigated during
the 2008 Olympic Summer Games. The sampling period included the non-source control
period and the source control period. In general, local black carbon (BC) and PAH
emission sources, within 1 km of PKU, included vehicular traffic and fuel combustion for
cooking. During the non-source control period, daily averages of PAHs, 302PAHs,
NPAHs and OPAHs were 22.1, 4.6, 0.8 and 1.0 ng/m’, respectively. Significant
reductions in BC (45%), OC (31%), molecular weight (MW) < 300 PAH (26% - 73%),
MW 302 PAH (22% - 77%), NPAH (15% - 68%) and OPAH (25% - 53%) concentrations
were measured during the source control period.

The 2-nitrofluoranthene (2-NF)/1-nitropyrene (1-NP) and 2-NF/2-nitropyrene (2-
NP) in the Beijing PM suggested a predominance of photochemical formation of NPAHs
through OH-radical initiated reaction in the atmosphere. The correlations of PAH and
derivative concentrations, and gas pollutants (NO, CO, SO,) were used to determine the
origin of emission sources in Beijing. While PAH concentrations were associated with
both local and regional emissions, the concentration of their derivatives were associated
only with NO, a short-lived species, indicating that the PAH derivatives were primarily
associated with local emissions. The PM; 5 crude extracts were tested for mutagenicity by
the Salmonella mutagenicity assay using the Salmonella typhimurium strain TA98 with
and without S9 mix. The mutagenicity data showed a small mass percent of the XNPAH

and XOPAH potentially contributed to significant portion of the overall mutagenicity of
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PM; 5 in Beijing.

However, the PAH, NPAH, and OPAH composition of the PM,s was similar
throughout the sampling period, suggesting similar sources. For all periods, the general
trend in concentration was benzo[b]fluoranthene (BbF) > benzo[e]pyrene (BaP) ~
indeno[1,2,3-cd]pyrene (IcdP) ~ benzo[ghi]perylene (BghiP) > fluoranthene (FLA) >
pyrene (PYR) ~ benzo[k]fluoranthene (BkF) ~ benzo[a]pyrene (BaP) >
chrysene+triphenylene (CHR+TRI) ~ benzo[a]anthracene (BaA). Regardless of pollution
control measures, PAHs with 4-6 rings dominated the PAHs of PM,s. These PAHs are
primarily associated with the particulate phase, allowing them to effectively undergo long

range transport.

To further understand the heterogeneous nitration of the higher molecular weight
PAHs, five PAHs were tested in an indoor reaction chamber, as described in Chapter 3 of
the thesis. These PAHs were deposited onto the quartz fiber filters and exposed to NO,,
NO3/N,0Os, O3, and OH radicals. In parallel to the laboratory experiments, a theoretical
study was conducted to assist in determining the formation of NPAH isomers based on
the OH-radical initiated reaction. The thermodynamic stability of the OH-PAH
intermediates was used to rationalize the formation of NPAH isomers. As a consequence,
the distribution of the NPAH isomers formed by heterogeneous reaction was predicted.
Under the experimental conditions, exposures of NO, and NO;3/N,Os effectively
transformed surface-bound PAHs to NPAHs. Of the studied PAHs, the reaction of
relatively lower MW  PAHs, including benzo[a]pyrene-d;, (BaP- dj»),
benzo[k]fluoranthene-d;, (BkF-d;»), and benzo[ghi]perylene (BghiP-d,,), yielded more

than one mono-nitro isomer product after the NO, and NO3/N,Os exposures, except for
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the exposure of BghiP-d;, with NO, which did not form any nitro products. Dinitro
isomers were only detected after the exposure of surface-bound BkF-d;; to NO3/N,Os. In
contrast, only one mono-nitro isomer product was observed from the heterogeneous
nitration of dibenzo[a,i]pyrene (DaiP-d;4) and dibenzo[a,l]pyrene (DalP) with NO; and
NO3/N,Os. . These results may be because the differences in free energy between the first
and second most favorable OH-PAH adducts of the higher MW PAHs were larger. The
estimated percent of NPAH product formation relative to the amount of unexposed parent
PAH suggested that BaP-d;, was most readily nitrated in comparison to the other PAHs.
Among the various exposures, the percent NPAH product formation was highest for the

NO, exposure.

Changes in the indirect- and direct-acting mutagenicity, using the Salmonella
assay with and without S9, of the PAHs deposited on filters were determined with and
without photochemical reaction. Corresponding to the di-NO,-BkF-d;; formation, the
direct-acting mutagenicity sharply increased after the NO3;/N,Os exposure, suggesting
strong mutagenic potency of the di-NO,-BkF-d;; isomers. The changes in direct-acting
mutagenicity of higher MW PAH-exposed extracts were not as high as those of the lower
MW PAHs. This may be because of the structures of the nitro PAH products, 5-NO,-
DaiP-d;4 and 6-NO;-DalP, which contain a nitro group that is nearly perpendicular to the
aromatic moiety. Such NO, group orientation was previously shown to reduce the
mutagenic potency in the Salmonella assay testing. Because the deuterated parent PAHs
were used in this study, except DalP, deuterium isotope effect was expected to
underestimate the mutagenic activities of the exposed extracts, containing deuterated

nitro PAH products.
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Chamber experiments were also carried out to study the transformation of PM-
bound PAHs under simulated atmospheric transport and are described in Chapter 4 of the
thesis. Beijing, China and Riverside, California PM were exposed to various oxidants
including NO3/N,Os, OH radicals, and O;. While Beijing has strong local emission
sources, Riverside, a downwind receptor site of Los Angeles, receives photochemically-

aged air masses in addition to local emissions.

The chemical study showed that O; was more effective in degrading Beijing PM-
bound PAHs with more than four rings compared to OH radicals and NO3/N,Os, except
for BaP which was degraded equally by O3 and NO3/N,Os. Excluding BaP which was
reactive in all exposures, the other PAHs with more than four rings were degraded to a
similar extent during the OH radical exposure. Heterogeneous nitration only occurred
significantly after NO3;/N,Os exposure. Multiple nitro-products, including 9-
nitrophenanthrene (9-NPH), 3-nitrofluoranthene (3-NF), 7-nitrobenzo[a]anthracene (7-
NBaA), 1-nitrotriphenylene (1-NTR), 6-nitrochrysene (6-NCH), 2-nitrotriphenylene (2-
NTR), and 1,8-dinitropyrene (1,8-DNP), were only formed during the NO3;/N;Os
exposure, while 1-nitropyrene (1-NP) and 6-nitrobenzo[a]pyrene (6-NBaP) were formed
in both NO3/N,0Os and OH radical exposures. The dominant nitro PAH isomers formed by
the exposure of PM-bound PAHs to NO3/N,Os were consistent with previous studies on
the heterogeneous nitration by N,Os, indicating that N,Os was likely responsible for the
nitro PAH product formation in the reaction study. Besides the formation of 1-NP and 6-
NBaP, no other NPAHs were formed during OH radical exposure. Substantial
degradation of 9-nitroanthracene (9-NAN) and 7-NBaA was observed after the OH

radical exposure and was likely due to direct photolysis. Exposure of the Beijing PM to
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O3 did not lead to significant NPAH formation but NPAH degradation was measured

during the chemical and mutagenicity studies.

The effect of photochemical aging of the PM on the reactivity of the PM in the
chamber was investigated using the ratio of 2-NF, which is primarily formed by reaction
with OH radicals- and NO; radicals-initiated reactions, to benzo[e]pyrene (BeP), a
relatively stable PAH. The higher percent reactivity of PAHs on the Beijing PM
compared to the Riverside PM exposed to NO3/N,Os was attributed to the filters with
lower 2-NF/BeP ratios. In addition, the exposure of the Riverside PM, which had
relatively higher 2-NF/BeP ratio than Beijing PM, to NO3/N,Os did not result in
significant NPAH formation, or almost zero percent reactivity. This indicated that higher
degree of photochemical degradation the ambient PM had undergone, resulting in the
reduced availability of parent PAHs for further oxidation, prior to sampling affected the
reactivity of PAHs in the chamber. Riverside sampling site is located downwind of Los
Angeles and Riverside receives photochemically aged air masses from this major source

region.

Freshly-emitted PM is dominated by hydrophobic PAHs that more readily
undergo transformation reactions that result in more hydrophilic compounds. These
secondary pollutants are likely to partition into the particulate phase. A chamber study of
the gas-phase reaction of phenanthrene with OH radicals found that several products,
including NPAHs and OPAHs, existed primarily in the particle phase'.
Adsorption/absorption into the particle phase shields the parent PAHs from further
oxidation. The effect of degradation product formation was used to explain the plateau

observed in the decay profiles of particle-bound PAHs” *. Moreover, the physical state of
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the organic matter on PM was also found to affect the reactivity. A recent study on the
kinetics of heterogeneous reaction of BaP with Oz on liquid and solid organic coatings
showed that the solid coating could substantially suppress the heterogeneous reactivity of

particle-bound BaP compared to the liquid coating®.

The effects of exposure of Beijing PM to NO3/N,Os, O3 and OH radical on both
direct- and indirect-acting mutagenicity were explored. After NO3/N,Os exposure, the
direct-acting mutagenic activities increased proportionately with NPAH formation. The
sharpest increase in direct-acting mutagenicity occurred when the mass of dinitropyrenes
increased the most after the NO3/N,Os exposure. The indirect-acting mutagenicity of the
Beijing PM increased after exposure to NO3/N,Os and OH radical, consistent with the
results from Chapter 3 of the thesis. Besides some NPAHs that exhibit indirect-acting
mutagenicity (e.g. 6-NBaP and 6-nitrodibenzo[a,l]pyrene), other more polar degradation
products, not identified in this study, could significantly contribute to the increased
indirect-acting mutagenicity. After exposure to O3, two out of three Beijing PM samples
showed decreases in PAH and NPAH concentrations, and also indirect-acting

mutagenicity.

The relationship between the percent reactivity of Beijing PM and the black
carbon (BC) and organic carbon (OC) concentrations of Beijing PM was investigated.
Although there was a general trend of decreasing percent reactivity with increasing OC or
BC concentration in the Beijing PM samples after exposure to NO3/N,Os and OH radical,
the correlations were not statistically significant. High concentrations of BC and OC in

PM, s may serve to protect PAHs from reacting with photochemical oxidants.
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The results reported in Chapters 3 and 4 showed that N,Os was the most effective
oxidant in transforming the surface-bound PAHs to NPAHs in the reaction chamber.
However, these experimental results may not yield the same results during trans-Pacific
atmospheric transport of PAHs. In the ambient environment, many reactions are
occurring simultaneously including the formation of N,Os and competing reactions for

NO:s.

Generally, N,Os exists in equilibrium with NO; and NO;:

NO; + NO; + M

N,Os + M* (1)

where M is third body molecule that takes excess energy away in order for the reaction to
occur. N»Os is thermally unstable and hence the formation of N,Os increases at low
temperatures. The concentration of N»Os is dependent on the production of NOs and

NO,. NO;j radicals are slowly generated by
NO; + O3 ——» NO; )

The production of NOs is highly variable as it requires coexistence of two species’. At
the same time, the NOs removal processes, which decrease the formation of N,Os, are the

direct photolysis of NOs and the rapid reaction of NOs with NO;
NO; + hvuisipey —— > NO; + O 3)
NO; + NO —_— 2NO; (€))

Thus, N,Os is concentrated in polluted areas during the nighttime, when sunlight
is absent and sources of NO are reduced. The nighttime average continental NO;

concentration were reported to be ~15 ppt in Hefei, China® and ~20 ppt in Riverside,
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CA’. Variation of NO; concentration of several hundreds ppt have been measured in
some polluted areas’. NO; and N,Os concentrations were also measured in the marine
atmosphere in clean air masses. The NOs concentration was found to be as low as 1-5 ppt
over west coast of Ireland® and N>Os concentrations were below the detection limit of 2
ppt near Fairbanks, Alaska’. In addition to the lack of N,Os sources over the marine
boundary layer, the uptake coefficient of N,Os for continent aerosols was at least 10
times smaller than that for sea-salt particles. Moreover, the N,Os formation reaction has
to compete with a reaction between NOj; and dimethylsulfide, which has been reported to
account for 80% of NO; removal processes’. A more recent study of the reactive uptake
of NO;, N,Os, NO,, HNO; and O; on PAH surfaces suggested that heterogeneous
formation of NPAHs via reaction with N,Os was not important due to the extremely
small reactive uptake coefficient'’. In the same study, the reaction of NO; radicals with
PAHs coated on glass surface yielded a much larger reactive uptake coefficient, however,
the study did not include product identification. Consequently, air masses over the ocean
are not likely to form N,Os that will subsequently react with PAHs during trans-Pacific
transport. However, it is possible that NPAHs that are formed near major source regions

in Asia, such as Beijing, undergo trans-Pacific transport.

The fate of PM-bound PAHs would be mainly governed by transformation
occurring near emission sources. As shown in Chapter 2, there was a significantly
positive correlation between NPAH and OPAH concentrations of Beijing PM and NO
concentrations. This implied that PAH and NPAH degradation and formation occurs
predominantly near emission sources where the concentrations of gaseous oxidants are

sufficiently high. Similar to N,Os reaction, NO,, NO; radical, and OH radical reactions
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would be less important over the marine boundary layer due to a lack of sources.
Nitrogen oxide emissions are primarily associated with anthropogenic sources and oceans
are not a significant source''. On the other hand, the production of OH radicals is
dependent on photolysis of O3 and the presence of water vapor which exhibits a strong
vertical gradient'>. At higher altitudes, OH radical concentrations are expected to be
lower and therefore, PAH degradation via reaction with OH radical should decrease. As a
result, after PM undergoes atmospheric transport away from emission sources, the
photochemistry and reaction with Os; would become more important degradation
pathways for PAHs adsorbed on PM during the trans-Pacific transport. O3 concentrations
have been shown to be enhanced during the trans-Pacific transport events. At the top of
Mt.Bachelor (2763 m above sea level) in Oregon, USA, the average O3 concentrations
were 40 ppb and 54 ppb when the site received regional airflow and Asian outflow,
respectively'”. In the same study, the highest hourly average of O3 concentration was 78
ppb. Higher O; concentration (exceeding 100 ppb) has been reported in another Asian
long range transport campaign using a small aircraft'®. This implies that the results from
our O3 chamber exposure, in which the concentration was equivalent to exposing the PM
to an average ambient O3 concentration of 40 ppb for 8 days, could be realistic given that

the O3 concentration is fairly substantial in remote areas.

A number of studies were carried out to investigate the atmospheric degradation

14-18

and ozone® ' 20,

of particle-associated PAH derivatives as a function of sunlight
using single component substrate or combustion-derived soot. Results showed that

photodegradation was likely to be the dominant degradation pathway of particle

15, 22-24

NPAHs?'. Photodegradation studies of NPAHs dissolved in organic solvents and
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deposited on particles'” ' *" 2 have also been conducted and showed the main
breakdown products included hydroxy, quinone, nitrohydroxy and dihydroxy

18,21-23
compounds "~ 7.

Two major factors affecting the effectiveness of NPAH degradation are the
orientation of NO, group and the particle composition. The NPAH containing a
perpendicular NO, group readily undergoes nitro-nitrite rearrangement upon irradiation®,
making it more susceptible to photochemistry. The particle constituents were found to
either suppress or accelerate the degradation processes. The photochemical reaction of 1-
nitropyrene could be suppressed by the highly carbonaceous fraction of particles', while
certain methoxyphenols and OPAHs, present abundantly in wood combustion soot, were
found to accelerate PAH and NPAH photodegradation' ** *%. For OPAHs, only the
compounds with an nn* excited triplet state, for example anthraquinone and 9,10-
phenanthrenedione, were capable of accelerating the photolytic process, in organic
solution, through production of radical species. Fan et al. suggested the significance of
these factors were dependent on the physical properties of media; in solution, the
compound structure is the dominant factor while on PM, the chemical components have
more effect on photodegradation®’. However, the experimental results showed that

NPAHs were generally less reactive relatively to their parent PAHs> ' 2%-2% 30,

In contrast to NPAHs, degradation of OPAHs has been less studied and there was
experimental variation between different OPAHs. Grosjean et al. did not observe
significant loss of anthroquinone from the 24-hour exposure with ~10 ppm of Os’'.
Similarly, benzanthrone was relatively stable toward ozone reaction (0.16 to 0.25 ppm) in

the dark>*. Cope and Kalkwolf exposed pyrenequinones to Os at 0.16 ppm and found that
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in the presence of light the reaction rate was about 15 times the rate constant for the dark
reaction”. Also, cyclopenta[def]phenanthrone, benzanthrone, OH-fluorenone, and
anthraldehyde were found to be stable at mid-day and in low ozone concentration (<0.06
ppm)*>. However, a half-life of 80 to 200 min was determined for benzo[a]fluoranthene
(BaF), BKF, BaP and BghiP exposed to sunlight and 0.2 ppm of ozone®”. As mentioned
above, the photostability of OPAHs is, in part, dependent on the electronic configuration
of the excited triplet, attributing to the ability to abstract hydrogen. Nonetheless, the fact
that OPAHs can be dynamically formed and degraded upon photoreaction makes it
challenging to model the atmospheric fate of OPAHs during long range atmospheric

transport.

Next steps for this research should include the measurement of OPAHs formed by
the heterogeneous reaction of PM-bound PAHs with the respect to oxidants, along with
the associated mutagenicity. In addition, field measurements of NPAHs and OPAHs at
Mt. Bachelor Observatory during spring, when the trans-Pacific transport events occur,
will allow us to determine which NPAH and OPAH undergo trans-Pacific transport.
Combined, these data will help us understand if trans-Pacific atmospheric transport
results in an increase in the concentrations of mutagenic NPAHs and OPAHs in the

Western U.S.
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APPENDIX A



Appendix A.1: PAHs, NPAHs, OPAHs classified by the IARC monographs. Group 1
indicates “Carcinogenic to humans”, Group 2A indicates ‘“Probably carcinogenic to
humans”, Group 2B = “Possibly carcinogenic to humans”, Group 3 indicates “Not
classifiable as to its carcinogenicity to humans”.

PAH Group Reference”
Mutagenic
Naphthalene 2B 82
Benzo[c]phenanthrene 2B 92
Benz[a]anthracene 2B 3,32,92
Chrysene 2B 92
5-Methylchrysene 2B 32,92
Benz[j]aceanthrylene 2B 92
Benzo[b]fluoranthene 2B 3,32,92
Benzol[j]fluoranthene 2B 3,32,92
Benzo[k]fluoranthene 2B 32,92
Cyclopenta[cd]pyrene 2A 92
Benzo[a]pyrene 1 3,92, 100F
Dibenz[a,h]anthracene 2A 3,32,92
Indeno[1,2,3-cd]pyrene 2B 3,32,92
Dibenzo[a,h]pyrene 2B 3,32,92
Dibenzo[a,i]pyrene 2B 3,32,92
Dibenzol[a,l]pyrene 2A 92
5-Nitroacenaphthene 2B 16
2-Nitrofluorene 2B 46, 105
1-Nitropyrene 2A 46, 105
4-Nitropyrene 2B 46, 105
1,3-Dinitropyrene 2B 46, 105
1,6-Dinitropyrene 2B 46, 105
1,8-Dinitropyrene 2B 46, 105
3,7-Dinitrofluoranthene 2B 65, 105
3,9-Dinitrofluoranthene 2B 65, 105
6-Nitrochrysene 2A 46, 105
3-Nitrobenzanthrone 2B 105
Anthraquinone 2B 101
2-Methyl-1-nitroanthraquinone 2B 27

Non-Mutagenic (Group 3)

Acenapthene 92
Fluorene 32,92
Anthracene 32,92

Phenanthrene 32,92
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PAH

Group Reference”

1-Methylphenanthrene
1,4-Dimethylphenanthrene
Fluoranthene
2-Methylfluoranthene
3-Methylfluoranthene
Pyrene

Triphenylene

1-, 2-, 3-, 4-, and 6-Methylchrysenes
Benzo[a]fluorene
Benzo[b]fluorene
Benzo[c]fluorene
11H-benz[bc]aceanthrylene
Acepyrene
Benzo[a]fluoranthene
Benzo[ghi]fluoranthene
13H-Dibenzo[a,g]fluorene
4H-cyclopenta[def]chrysene
5,6-Cyclopenteno-1,2-benzanthracene
Perylene

Picene

Benzo[e]pyrene
Benzo[b]chrysene
Dibenz[a,c]anthracene
Dibenz[a,j]anthracene
Benzo[g]chrysene
Dibenzol[a,e]fluoranthene
Naphthol[2,1]fluoranthene
Anthanthrene
Benzo[ghi]perylene
Dibenzo[e,l]pyrene
Dibenzo[a,e]pyrene
Naphthol[1,2-a]fluoranthene
Naphthol[1,2-b]fluoranthene
Naphthol[2,3-e]pyrene
Coronene
Dibenzo(h,rst)pentaphene

1 —Nitronaphthalene

2 —Nitronaphthalene
4-nitrobiphenyl

32,92
92
32
92

32,92

32,92

32,92

32,92

32,92

32,92

32,92
92
92
92

32,92
92
92
92

32,92
92

3,32,92
92

32,92

32,92
92

32,92
92

32,92

32,92
92
92
92
92
92
32

3,92
46
46
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Appendix A.1 (continued)

PAH Group Reference”
9-nitroanthracene 33
3-nitrofluoranthene 33
2-nitropyrene 46
6-Nitrobenzo(a)pyrene 46
7-Nitrobenz(a)anthracene 46
3-Nitroperylene 46

*International Agency for Research on Cancer Monograph Vol.3 (1973), Vol.16(1987), Vol 27

(1987)Vol. 32 (1983), Vol.33(1984), 46 (1989), 65 (1996), 82 (2002), 92 (2010), 100F (2012), 101 (in
prep), and 105 (in prep).
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Appendix B.1: MW 302 PAH Analysis

The identification and quantification of 15 MW 302 PAHs (N23aP, N23eP,
N12bF, DBaeF, DBbkF, DBelP, DBakF, DBjIF, N23jF, N23bF, N23kF, BbPer, DBaiP,
DBaeP, DBalP, DBahP and coronene (MW 300) was based on authentic standards. The
identification of 7 other MW 302 isomers (DBbeF, N12eP, N12aP, N21aP, and three
unknown isomers) was based on the comparison with their mass spectra and retention
indices of the same isomers in NIST SRM 1597 by Schubert et al.' because there were no
commercially available standards (Appendix B.2). We used the retention index (RI)
method introduced by Lee et al.” and Bemgard et al.” which uses PAHs with an increasing
number of aromatic rings as retention markers to calculate the RIs of an unknown

chemical based on the following equation:

TR(unk) - TR(CZ)

RI =100 +100Z

R(Czy) ~ TR(Cy)

Where Treunk) 1S the retention time of the unknown, Tr(c,) and Tr(c,+1) are the retention
times of the PAH retention markers which bracket the unknown’s retention time, and Z is
the number of rings in the PAH that elutes just prior to the unknown. Picene and
coronene were used as retention markers for MW 302 PAHs and reference RI values were
assigned based on Schubert et al..

Quantification of the MW 302 PAHs was based on the relative response ratio of
the deuterated surrogate to the analyte standard with a nine point calibration curve (R-
square > 0.99). For the quantification of known MW 302 isomers without commercially
available standards (DBbeF, N12eP, N12aP, and N21aP) and unknown MW 302 isomers,

a response factor of 1.01 relative to N23eP was used because of the similar response
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among the MW 302 isomers (errors <5%)".

The average recovery of the benzo[ghi]perylene-d;; was 82%, with a standard
deviation of 10%. The detection limits of individual MW 302 PAHs and coronene ranged
from 3.4 to 33.3 pg/uL and all MW 302 PAHs were below the detection limit in the six
field blanks. For method validation, the NIST coal tar extract SRM 1597a was measured
and the concentrations of 15 MW 302 PAH isomers and coronene were within 30% of

both the certified and reference values (Appendix B.2).



Appendix B.2: Retention time (RT) and retention index (RI) of MW 302 PAHs measured in a standard and SRM 1597a.

This Study Schubert et al.(1)

Peak RT of Standards ~ Measured RT in ~ Calculated RIof  Calculated RIin  RIof Reference ~ RIin SRM
Compound No.” Abbreviation (min) SRM1597a (min) Standards SRM 1597a Standards 1597a
Retention markers
Picene (MW=278) - 71.76 71.68 500.0 500.0 500 500
Coronene (MW=300) Cor Cor 106.93 106.85 5329 532.6 5329 532.6
MW 302 isomers
Naphtho[1,2-b]fluoranthene 3 N12bF 92.13 92.11 519.1 518.9 519.1 518.9
Naphtho[2,3-j]fluoranthene/Naphtho[ 1,2-k]fluoranthene 4 N23jF/N12kF 93.2 92.85 520.1 519.6 520 519.8
Naphtho[2,3-b]fluoranthene 5 N23bF 93.93 93.82 520.7 520.5 520.6 520.5
Dibenzo[a,e]fluoranthene/Dibenzo[b,k]fluoranthene 6 DBaeF/DBbkF 94.45 94.4 521.2 521.1 521.1 521.1
Dibenzo[a,k]fluoranthene 7 DBakF 95.18 95.1 521.9 521.7 521.9 521.7
Dibenzol[j,1]fluoranthene 8 DB;jlIF 96.13 95.99 522.8 522.5 522.6 522.5
Dibenzo[a,l]pyrene 10 DBalP 97.08 96.96 523.7 523.4 523.5 523.5
Naphtho[2,3-k]fluoranthene 12 N23kF 98.6 98.52 525.1 524.9 525 524.9
Naphtho[2,3-e]pyrene 15 N23eP 102.32 102.21 528.6 528.3 528.5 528.3
Dibenzo[a,e]pyrene 16 DBaeP 105.8 105.72 531.8 531.6 531.8 531.5
Dibenzo[e,l]pyrene 18 DBelP 108.58 108.46 534.4 534.1 534.1 531.4
Naphtho[2,3-a]pyrene 19 N23aP 109.55 109.44 5354 535.0 535.1 535
Benzo[b]perylene 20 BbPer 110.65 110.6 536.4 536.1 536.2 536.1
Dibenzol[a,i]pyrene 21 DBaiP 111.41 111.27 537.1 536.7 536.9 536.7
Dibenzo[a,h]pyrene 22 DBahP 114.77 114.63 540.2 539.8 540.1 539.8
Dibenzo[b,e]fluoranthene* 1 DBbeF - 89.4 - 516.4 516.5 516.5
Unknown peak 1* 2 Ul - 90.44 - 517.4 517.5
Naphtho[1,2-e]pyrene* 9 N12eP - 96.35 - 5229 522.8 5229
Unknown peak2* 11 U2 - 97.6 - 524.0 524.1
Naphtho[1,2-a]pyrene* 13 N12aP - 99.1 - 525.4 525.3 5254
Unknown peak3* 14 U3 - 100.11 - 526.4 526.4
Naphtho[2,1-a]pyrene* 17 N21aP - 108.01 - 533.7 533.9 533.7

* Isomers without standards but identified according to Schubert et al.'

? Peak numbers based on elution order on DB-17MS

vel
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Appendix B.3: Concentrations of MW 302 PAH isomers and coronene (MW 300) in
SRM 1597a (coal tar extract) (mg/kg)

NIST® This Study (n=3) Schubert et al.(1) (n=3)

DBbkF 11.2+£0.8 11.19+0.19 11.4+0.3

DBaeP 9.08 +0.39 7.65+0.13 8.82+04

DBahP 2.57+0.3 3.19+£0.09 2.72 +£0.07
Cor 8.7+1.8 7.51+0.24 8.39£0.38
N12bF 8.6x£2.0 10.79 £ 0.26 104+£0.2

NleF/N23ij 10.7+1.2 13.14 £0.18 11.0+£0.3

N23bF 3.524+0.30 2.64 £0.08 3.11 £ 0.06
DBakF 3.21+£0.31 2.34+0.05 3.27+0.07
DB;jIF 6.5+1.4 5.82+0.16 7.72£0.23
DBalP 1.12+0.17 1.10£0.10 1.21+0.03
N23eP 431+0.44 4.84+0.16 432+0.12
DBelP 2.72+0.17 3.26 £0.27 2.76 £ 0.20
N23aP 429 +0.89 4.83+0.15 5.58+£0.17
BbPer 9.04£0.99 9.75+0.23 9.65+0.33
N23kF 2.07 £ 0.06 2.26+0.25 2.11£0.02
DBaiP 3.87 £0.34 4.97 +£0.03 4.28+0.13

# DBbkF, DBaeP, and DBahP are NIST certified concentrations, all others are NIST reference
concentrations.

® N'12kF and N23jF co-eluted. The NIST concentration was based on the identification of N12kF,
while in this study and Schuber et al.! it was based on both compounds.
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Appendix B.4: NPAH and OPAH Analysis and Method Validation

The DB-5 column GC oven temperature program was 60°C for 1 min, ramped
at 40°C/min to 150 °C (held 5 min), ramped at 4°C/min to 300 °C (held for 15 min),
for a total run time of 60.75 min, while the DB-17 column oven temperature program
was 50°C for 1 min, ramped at 45°C/min to 150 °C (held 10 min), ramped at 5°C/min
to 300 °C (held 15 min), for a total runtime of 58.22 min. The programmed
temperature vaporization (PTV) inlet temperature program was 40 °C, ramped at 600
°C/min to 350 °C. The selected ion monitoring programs are given in Appendix B.5.

The NPAH and OPAH recoveries over the entire analytical method were
determined in triplicate. A known concentration of the NPAHs and OPAHs were
spiked onto blank filters prior to extraction and the isotopically labeled surrogates
were spiked into the extract following silica solid phase extraction. Using the
difference between the spiked concentration and the measured concentration, the
recovery of the analyte was calculated and is shown in Appendix B.5. Excluding
BENZ, the mean recovery was 84.4%, with an average relative standard deviation
(%RSD) of 4.9%. The percent recoveries ranged from 51.1% of 1-NN to 105.0% of 2-
MANQ. The low recovery of 1-NN was likely due to its relatively high vapor
pressure and loss due to volatilization during extract concentration by evaporation. In
addition, the low BENZ recovery is due to its elution in both the DCM and ethyl
acetate fractions of the silica solid phase extraction.

The limit of quantitation (LOQ) was defined as a signal-to-noise ratio of 10:1.
Measured concentrations were only reported when the concentration was greater than
the LOQ, unless specified otherwise. The estimated detection limits (EDLs) are
reported in Appendix B.5 and were defined as a signal-to-noise ratio of 3:1 in the

sample matrix. The EDLs are reported in Appendix B.5 to allow comparison to
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previous NPAH and OPAH methods. However, the LOQs were used to report the

NPAH and OPAH concentrations in this study.



Appendix B.5: Selected ion monitoring (SIM), quantitation, method recovery and estimated detection limit [EDL] for OPAH and NPAH

measured by Electron Capture Ionization GC/MS.

Compound Abbrev.  Retention Retention Quantitation Confirma Quantitation
Time Time Ion (m/z) tion Ion Compound
DB-5 DB-17 (m/z) EDL
% Recovery % RSD  (pg/pL)

SIM Window 1
d7-1-Nitronaphthalene 9.19 17.71 180.20 181.20 Surrogate 102.9% 1.9% -
1-Nitronaphthalene 1-NN 9.25 17.85 173.10 174.10 d7-Nitronaphthalene 51.1% 17.1% 0.93
2-Nitronaphthalene 2-NN 10.26 18.99 173.10 174.10 d7-Nitronaphthalene 53.6% 14.7% 0.70
d9-2-Nitrobiphenyl 11.18 20.48 208.30 209.20 Internal Standard 100.0% 0.0% -
9-Fluorenone 9-FLU 12.50 21.80 180.10 181.10 d7-Nitronaphthalene 58.4% 10.5% 2.57
3-Nitrobiphenyl 3-NBP 14.64 23.63 199.10 200.10 d7-Nitronaphthalene 65.8% 6.1% 1.68
SIM Window 2
9,10-Anthraquinone ANQ 18.26 28.33 208.10 209.10 d7-Nitronaphthalene 85.7% 9.2% 92.43
3-Nitrodibenzofuran 3-NDF 18.63 27.89 213.10 214.10 d7-Nitronaphthalene 79.5% 3.4% 9.43
d9-5-Nitroacenaphthene 18.86 28.91 208.20 209.20 Surrogate 103.9% 2.3% -
5-Nitroacenaphthene 5-NAC 19.03 29.11 199.10 200.10 d9-Nitroacenaphthene 77.1% 3.5% 0.10
SIM Window 3
d9-2-Nitrofluorene 21.27 30.89 220.20 221.20 Internal Standard 100% 0% -
2-Methylanthraquinone 2-MANQ 21.44 30.83 222.10 223.10 d9-5-Nitroacenaphthene 101.6% 14.1% 14.00
d9-9-Nitroanthracene 21.86 31.61 232.20 233.20 Surrogate 105.3% 1.1% -
9-Nitroanthracene 9-NAN 21.95 31.71 223.10 224.10 d9-9-Nitroanthracene 78.3% 2.8% 3.83
3-Nitrophenanthrene 3-NPH 24.76 34.02 223.10 224.10 d9-9-Nitroanthracene 87.4% 1.1% 1.08
SIM Window 4
Benzanthrone BENZ 29.61 39.02 230.20 231.10 d9-9-Nitroanthracene 16.9% 31.7% 11.64
d9-3-Nitrofluoranthene 30.54 39.40 256.10 257.30 Surrogate 105.3% 0.8% -
2-Nitrofluoranthene 2-NF 30.60 39.04 247.10 248.20 d9-3-Nitrofluoranthene 98.8% 1.4% 14.29
Benz[a]anthracene-7,12-dione BaAD 31.48 40.18 258.10 259.10 d9-3-Nitrofluoranthene 92.3% 1.5% 8.00
d9-1-Nitropyrene 31.59 40.64 256.20 257.20 Surrogate 104.4% 0.5% -
I-Nitropyrene 1-NP 31.65 40.72 247.10 248.10 d9-1-Nitropyrene 93.9% 1.6% 3.14

8¢l



Appendix A.5 (continued):

Analyte Abbrev.  Retention Retention Quantitation Confirma Quantitation
Time Time Ion (m/z) tion Ion Compound
DB-5 DB-17 (m/z) EDL
% Recovery % RSD  (pg/uL)

SIM Window 4
2-Nitropyrene 2-NP 32.09 41.00 247.10 248.10 d9-1-Nitropyrene 94.1% 1.0% 28.47
7-Nitrobenzpa[a]anthracene 7-NBaA 35.22 43.26 273.10 274.20 d9-1-Nitropyrene 95.2% 0.4% 20.81
d11-6-Nitrochrysene 36.69 44.71 284.20 285.10 Surrogate 104.6% 1.1% -

6¢l



Appendix B.6: Parent PAH, NPAH, OPAH, OC, and BC concentration during source control and non-source control periods, t-test results, and

the reduction in concentration (pg/m’) (*: p<0.05).

Source control Period (n=46) Non-Source control Period (n=17) T-test (p_value) Reduction
Mean (+ sd) Min. Max. Mean (+ sd) Min. Max. Conc. (%)

MW<300 PAHs

Naphthalene 22.3+8.3 10.3 43.5 32.4+13.3 9.8 47.6 0.013" 10.1 31.2%
2-Methylnaphthalene 31.619.5 16.7 63.1 43.1£16.1 15.1 70.2 0.018" 11.5 26.6%
1-Methylnaphthalene 21.4+5.9 11.8 40.4 22.447.5 9.4 34.6 0.611 1.0 4.4%
12)’i6methylnaphthalene 16.0+3.9 9.0 29.5 17.546.6 7.5 27.9 0.397 1.6 9.0%
]1)’i3methylnaphthalene 23.5+6.5 12.8 45.8 24.1£7.9 11.0 352 0.769 0.6 2.5%
Acenaphthylene 13.744.6 6.8 26.5 29.0+15.1 11.4 58.0 <0.001" 15.4 53.0%
Fluorene 28.7+10.7 13.9 59.1 50.4421.1 16.8 85.9 <0.001" 21.8 43.2%
Dibenzothiophene 20.5+7.8 3.6 423 43.0+22.3 14.1 87.6 <0.001* 22.5 52.3%
Phenanthrene 259.6£83.5 143.4 515.5 536.1+275.4 150.9 1007.6 0.002" 276.5 51.6%
Anthracene 44.3+33.3 13.7 175.1 69.5£30.9 22.2 121.1 0.014" 25.2 36.3%
2-Methylphenanthrene 92.9+30.7 49.6 187.5 154.8167.6 50.8 262.1 0.003" 62.0 40.0%
2-Methylanthracene 19.4+8.0 7.7 57.5 31.5£12.2 11.1 50.2 0.002" 12.1 38.3%
1-Methylphenanthrene 51.2+19.4 25.6 113.3 94.7+40.5 25.0 165.4 <0.001" 43.6 46.0%
%ﬁnethylphenanthrene 8.0+2.0 32 13.5 11.4+4.0 4.1 19.5 0.006" 3.3 29.3%
Fluoranthene 854.7+4294.2 347.1 1552.1 1549.6+798.8 299.3 2931.5 0.005" 694.9 44.8%
Pyrene 578.7£187.1 255.1 1002.5 1065.5+536.2 185.5 1965.0 0.004" 486.9 45.7%
Retene 69.0+£19.6 18.8 119.2 138.0+66.4 31.6 252.5 <0.001" 68.9 50.0%
1-Methylpyrene 66.5+18.7 36.8 102.8 113.7+48.0 22.7 190.9 0.002" 47.2 41.5%
Benz(a)anthracene 374.2+140.5 175.8 800.3 956.5+565.2 220.3 1915.1 <0.001" 582.2 60.9%

ovl



Appendix B.6 (continued)

Source control Period (n=46) Non-Source control Period (n=17) T-test (p_value) Reduction

Mean (+ sd) Min. Max. Mean (+ sd) Min. Max. Conc. (%)
Chrysene +
Triphenylene 379.6£169.1 134.3 789.8 1106.9+747.1 201.4 2520.2 0.002" 727.3 65.7%
6-Methylchrysene 49.3421.5 19.3 110.5 118.1£62.5 28.9 223.0 <0.001" 68.8 58.3%
Benzo(b)fluoranthene 2224.7£1057.9  980.8 4784.9 4658.24+2960.1 1002.2 11019.3 0.007" 2433.5 52.2%
Benzo(k)fluoranthene 569.7+276.4 252.5 1388.5 2582.9£3152.7 261.1 9780.2 0.027" 2013.2 77.9%
Benzo(e)pyrene 1162.84526.9  507.5 2421.5 2286.91£1411.7 489.1 5096.9 0.009" 1124.1 49.2%
Benzo(a)pyrene 708.9+367.3 297.6 1874.7 1659.4£1028.7 397.9 3834.1 0.003" 950.4 57.3%
Indeno(1,2,3-cd)pyrene  1322.6+607.2  609.9 3051.7 2161.7£1249.5 587.1 4772.3 0.024" 839.0 38.8%
Dibenz(a,h)anthracene 210.3+83.0 103.4 439.0 334.0+180.7 96.4 704.4 0.021" 123.6 37.0%
Benzo(ghi)perylene 1320.4£623.0  588.6 3025.6 2180.8+£1244.6 579.1 4773.2 0.02" 860.4 39.5%
> PAHing 177.1£39.2 111.7 286.8 262.0+£92.8 114.2 394.8 0.003" 84.9 32.4%
> PAH3;ine 1399.1£428.4  682.8 2525.7 2585.6£1259.2 595.0 4681.3 0.003" 1186.5 45.9%
> PAHying 4242.6+1766.1 1911.5  8715.6 10601.7£7720.6  1922.0 275824 0.007" 6359.1 60.0%
> PAH:61ing 4725.1£2183.7 21559 108124 8622.6+5022.4 21729  19180.9 0.01" 3897.6 45.2%
S PAH 6.Us priority (N/m°) 8.913.6 4.3 18.5 19.0+12.2 4.1 45.5 0.007" 10.1 53.2%
Y PAH, (ng/m”) 10.5+4.2 5.1 21.6 22.1+13.9 4.9 51.8 0.006" 11.6 52.5%
BaP-15q’ (ng/m’) 1.4+0.7 0.7 3.4 3.1£2.0 0.7 7.4 <0.001" 1.7 54.7%
MW 302 PAHs
NI12bF 4084 +152.6 184.4 733.2 546.0 +281.6 174.9 1097.1 0.011* 137.6 25%
N23jF/N[12k]F 412.7+138.6  205.5 726.9 531.0+£242.2 199.1 991.4 0.013* 118.4 22%
DBaeF/DBbkF 352.0+ 1324  169.5 638.4 483.0 +£239.6 160.1 956.6 0.006* 131.0 27%

vl



Appendix B.6 (continued)

Source control Period (n=46) Non-Source control Period (n=17) T-test (p_value) Reduction

Mean (+ sd) Min. Max. Mean (+ sd) Min. Max. Conc. (%)
DBakF 324+13.8 13.2 70.2 56.1 +£28.2 17.5 1223 <0.001* 21.0 37%
DB;jIF 221.2 +88.9 102.8 423.9 312.3+£162.7 96.5 638.2 0.005* 91.1 29%
DBalP 30.5+11.1 BDL 54.8 48.6 +19.4 23.7 94.9 <0.001* 18.1 37%
N23bF 118.7+51.4 443 235.3 173.3+£87.6 533 341.9 0.003* 54.5 31%
N23kF 41.1 +£20.8 BDL 87.9 69.5+37.5 19.9 152.7 <0.001* 28.4 41%
N23eP 144.8 £ 60.5 66.6 287.9 197.5 £98.6 62.2 394.4 0.010* 52.6 27%
DBaeP 171.5 £ 68.5 86.6 316.9 255.0+£128.0 75.7 523.8 0.001* 83.6 33%
DBelP 326.0+122.3 140.8 571.7 441.8+238.3 128.6 924.2 0.010* 115.8 26%
N23aP 9.5+13.9 BDL 49.4 40.4 + 36.8 BDL 116.6 <0.001* 30.9 77%
BbPer 73.7+40.3 18.5 171.8 145.8 £78.3 30.1 309.5 <0.001* 72.2 49%
DBaiP 58.9+30.2 BDL 124.2 110.7 £ 58.3 26.5 244.8 <0.001* 51.8 47%
DBahP 59+8.2 BDL 31.6 24.8+19.9 BDL 64.6 <0.001* 18.8 76%
DBbeF* 64.2+24.6 29.1 116.4 95.3+50.7 24.8 184.3 0.002* 31.1 33%
Ul* 97.6 +38.8 46.6 184.2 147.4+£79.6 39.1 292.6 0.001* 49.8 34%
N12eP* 83.5+34.7 38.6 171.0 1149 +61.8 28.5 217.1 0.010* 314 27%
U2* 176.8 £70.7 75.5 340.1 257.8+£139.2 67.5 513.6 0.003* 81.0 31%
N12aP* 69.7+32.3 31.7 158.1 120.9 + 64.0 31.3 255.5 <0.001* 51.2 42%
U3* 19.2+9.9 BDL 451 36.0 +18.7 BDL 76.8 <0.001* 16.8 47%
N21aP* 256.0+116.3 113.5 540.5 440.6 £232.3 118.5 921.2 <0.001* 184.6 42%
~DBP 266.9 +108.7 88.6 500.9 439.1+£2174 125.9 928.1 <0.001* 172.2 39%
¥302PAH (ng/m3) 32+1.2 1.6 5.9 46+23 1.4 9.4 <0.001* 1.4 32%

ol



Appendix B.6 (continued)

Source control Period (n=46) Non-Source control Period (n=17) T-test (p_value) Reduction

Mean (+ sd) Min. Max. Mean (+ sd) Min. Max. Conc. (%)
2302PAH ¢ (ng/m3) 20+0.8 1.0 3.6 29+14 0.9 59 0.001* 0.9 31%
NPAHs
1-nitronaphthalene 5.843.1 2.1 16.0 4.7£1.6 2.9 8.5 0.952 -1.1 -24.5%
2-nitronaphthalene 3.240.5 1.8 4.1 3.840.5 33 4.8 0.010* 0.6 15.1%
3-nitrobiphenyl 2.540.0 2.5 2.5 3.440.7 2.6 4.4 n/a 0.9 27.6%
3-nitrobenzofuran 9.840.0 9.8 9.8 12.445.6 4.7 19.7 n/a 2.6 20.7%
S-nitroacenaphthene 3.6%1.0 2.8 5.0 4.812.4 2.8 9.0 0.170 1.1 24.1%
9-nitroanthracene 173.1£133.5 21.7 543.9 247.4£144.3 57.4 489.6 0.047* 74.4 30.1%
3-nitrophenanthrene 7.1£4.0 2.5 17.7 9.044.1 2.8 15.2 0.089 1.9 21.0%
2-nitrofluoranthene 145.9£108.7 30.6 4334 336.3+295.4 25.1 1,015.9 0.014* 190.4 56.6%
1-nitropyrene 8.310.7 7.8 8.8 10.2£1.5 7.4 11.9 0.029* 1.9 18.4%
2-nitropyrene 44.9+18.7 19.2 88.8 80.7£40.0 23.1 152.8 0.006* 35.8 44.4%
Zitrobenz[a]anthracene 78.94£70.1 11.4 267.6 115.3£87.3 17.4 314.2 0.085 36.4 31.6%
YNPAH 421.3+306.8 68.1 1,288.6 792.1+£552.4 135.8 1,721.1 0.012* 370.8 46.8%
OPAHs
9-fluorenone 68.8430.3 1.9 122.5 128.8+53.3 33.1 219.6 <0.001%* 60.0 46.6%
9,10-anthraquinone 267.5+90.1 75.1 476.1 355.7+105.2 96.7 503.8 0.004* 88.2 24.8%
2-methyl-9,10-
anthraquinone 120.8+49.2 45.9 240.2 236.61£264.8 36.3 1174.0 0.057 115.8 49.0%
Benzanthrone 31.5431.3 5.3 112.5 30.6124.5 11.5 73.2 0.527 -0.9 -3.0%
Benz[a]anthracene-
7,12-dione 221.6+£104.4 79.7 436.7 301.0+186.6 79.8 549.1 0.068 79.3 26.4%
YOPAH 694.9+250.1 205.3 1,241.1 1,032.3+466.9 245.9 2,198.1 0.008* 337.4 32.7%
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Appendix B.6 (continued)

Source control Period (n=46) Non-Source control Period (n=17) T-test (p_value) Reduction

Mean (+ sd) Min. Max. Mean (+ sd) Min. Max. Conc. (%)
PM, 5 (ng/m’) 81.3+43.2 28.2 205.9 97.2+59.8 28.7 2144 0.277 15.9 16.4%
OC (ng/m’) 9.9+2.9 4.9 16.3 14.447.5 4.9 25.6 0.038" 4.5 31.1%
BC (ug/m’) 1.740.7 0.7 3.7 3.1+1.7 0.8 6.4 0.008" 1.4 45.5%
OC/BC 6.2+1.2 3.9 9.3 4.9+0.9 39 6.9 <0.001" -1.3 -26.9%
OC/(OC+BC) 85.8%+2.4%  79.5% 90.3% 82.8%12.3% 79.5% 87.3% <0.001" -3.0% -3.7%
2-NF/1-NP 38.7+15.2 46.11£23.7 0.001* 16%
2-NF/2-NP 4.5+1.9 4.7+1.8 0.073 5%

* Including Naphthalene, Acenaphthylene, Fluorene, Phenanthrene, Anthracene, Fluoranthene, Pyrene, Benz(a)anthracene, Chrysene, Benzo(b)fluoranthene,
Benzo(k)fluoranthene, Benzo(a)pyrene, Indeno(1,2,3-cd)pyrene, Dibenz(a,h)anthracene, Benzo(ghi)perylene for BaP-rg( calculation.
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Appendix B.7: Parent PAH, NPAH, OPAH, OC, and BC concentration during Olympic and non-Olympic periods, t-test results, and the
reduction in concentration (pg/m’) (*: p<0.05).

Olympic Period (n=17) Non-Olympic Period (n=46) T-test Reduction
Mean (+ sd) Min. Max.  Mean (+sd)  Min. Max. (p_value) ——¢o %)

MW<300 PAHs

Naphthalene 20.9+8.4 10.3 43.5 26.6£11.2 9.8 47.6 0.071 5.7 21.5%
2-Methylnaphthalene 33.049.8 21.7 63.1 35.4+13.6 15.1 70.2 0.452 2.5 7.0%
1-Methylnaphthalene 21.916.0 13.9 40.4 21.616.5 9.4 34.6 0.887 -0.3 -1.2%
2,6-Dimethylnaphthalene 16.314.2 10.5 29.5 16.4+5.0 7.5 27.9 0.937 0.1 0.7%
1,3-Dimethylnaphthalene 24.5¢7.1 14.4 45.8 23.416.8 11.0 352 0.595 -1.1 -4.6%
Acenaphthylene 11.242.3 6.8 15.8 20.4£12.0 6.8 58.0 <0.001" 9.2 45.0%
Fluorene 23.6£6.7 13.9 45.0 38.9+18.0 16.8 85.9 <0.001" 15.3 39.4%
Dibenzothiophene 14.7£5.6 3.6 25.8 31.1£17.1 14.1 87.6 <0.001" 16.4 52.7%
Phenanthrene 208.3154.8 143.4 3674  383.8£213.8 150.9 1007.6 <0.001" 175.5 45.7%
Anthracene 50.6150.5 13.7 175.1 51.2426.1 20.9 121.1 0.961 0.7 1.3%
2-Methylphenanthrene 74.5£19.3 49.6 120.6 123.4+53.3 50.8 262.1 <0.001" 48.9 39.6%
2-Methylanthracene 16.5t4.5 7.7 25.6 25.2£11.5 11.1 57.5 <0.001" 8.7 34.6%
1-Methylphenanthrene 39.749.3 25.6 57.5 72.14£34.2 25.0 165.4 <0.001" 32.4 45.0%
3,6-Dimethylphenanthrene 7.1£2.2 32 13.5 9.613.1 4.1 19.5 0.004" 2.5 26.0%
Fluoranthene 666.0£173.3 347.1 1009.6  1190.7£601.3  299.3 2931.5 <0.001" 524.7 44.1%
Pyrene 470.9£109.7 255.1 680.9  804.4+410.6 185.5 1965.0 <0.001" 3335 41.5%
Retene 63.5+20.9 18.8 112.2 97.1+53.1 31.6 252.5 <0.001" 33.6 34.6%
1-Methylpyrene 56.2+11.4 36.8 73.7 88.3£38.2 22.7 190.9 <0.001" 32.1 36.3%
Benz(a)anthracene 284+55.2 175.8 3724  628.7+440.9  203.7 1915.1 <0.001" 344.7 54.8%
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Appendix B.7 (continued)

Olympic Period (n=17) Non-Olympic Period (n=46) T-test Reduction
Mean (+ sd) Min. Max.  Mean (+sd)  Min. Max,  (P_value) ——ao %)
Chrysene + Triphenylene 260.8+63.3 134.3 3964  699.8+566.2 189.5 2520.2 <0.001" 439.0 62.7%
6-Methylchrysene 35.3£8.0 19.3 48.0 80.7£50.8 24.6 223.0 <0.001" 454 56.2%
3434.2+2185.
Benzo(b)fluoranthene 1482.44420.5 980.8 2492.9 5 1002.2 11019.3 <0.001" 1951.8 56.8%
Benzo(k)fluoranthene 386.4+120.2 252.5 674.1  1398+2117.1  261.1 9780.2 0.005" 1011.6 72.4%
1735.7£1035.
Benzo(e)pyrene 784.31£220.4 507.5 1319.2 4 489.1 5096.9 <0.001" 951.4 54.8%
Benzo(a)pyrene 459.6+133.8 297.6 742.1 1165.1£787.3  374.1 3834.1 <0.001" 705.5 60.6%
Indeno(1,2,3-cd)pyrene 930.7+239.9 609.9 1469.5 1794.01946.7 587.1 4772.3 <0.001" 863.3 48.1%
Dibenz(a,h)anthracene 157.0+40.5 103.4 254.1 278.0+£134.8 96.4 704.4 <0.001" 121.0 43.5%
Benzo(ghi)perylene 915.6+249.2 588.6 1481.8 1805+952.3 579.1 4773.2 <0.001" 889.4 49.3%
> PAHoine 165.0+38.8 111.7 286.8 213.8+73.6 112.7 394.8 0.002" 48.8 22.8%
> PAH3,ine 1126.2+281.4 682.8 1738.1 1953.2+960.7  595.0 4681.3 <0.001" 827.0 42.3%
> PAHying 2975.9+638.5 1911.5 4264.5 713445546.2 1922.0 275824 <0.001" 4158.1 58.3%
6777.8+£3780.
> PAH 5610 3247.24851.3 2155.9 5266.6 5 21729  19180.9 <0.001" 3530.6 52.1%
S PAH 16.us priority (Ng/m’) 6.3%+1.3 4.3 9.0 13.748.9 4.1 45.5 <0.001" 7.4 54.0%
Y PAH,4 (ng/m®) 7.5£1.6 5.1 10.8 16.1+10.1 4.9 51.8 <0.001" 8.6 53.4%
BaP-15o (ng/m’) 0.9£0.2 0.7 1.5 2.2+1.5 0.7 7.4 <0.001" 1.3 57.3%
MW 302 PAHs
NI12bF 296.4 + 64.6 184.4 4173 504.8+208.2 1749 1097.1 <0.001* 208.5 41%
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Appendix B.7 (continued)

Olympic Period (n=17) Non-Olympic Period (n=46) T-test Reduction
(p_value)

Mean (+ sd) Min. Max. Mean (+ sd) Min. Max. Con. (%)
N23jF/N[12Kk]F 311.0+62.3 205.5 425.0 497.7+181.6 199.1 991.4 <0.001* 186.7 38%
N23bF 86.2+23.8 52.8 1374  152.2+£69.3 443 341.9 <0.001* 66.1 43%
DBaeF/DBbkF 261.1 £60.3 169.5 3743 437.5+181.4 160.1 956.6 <0.001* 176.4 40%
DBakF 257+64 13.2 38.2 46.7+21.5 17.5 122.3 <0.001* 21.0 45%
DB;jIF 160.8 +35.7 102.8 2346 2795+123.7  96.5 638.2 <0.001* 118.8 42%
DBalP 26.5+ 8.1 BDL 39.2 38.9+16.8 BDL 94.9 0.003* 12.4 32%
N23kF 30.2+10.3 12.4 50.6 56.1 £30.7 BDL 152.7 0.001* 25.9 46%
N23eP 103.2 +£27.0 66.6 159.0 181.2+77.2 62.2 394.4 <0.001* 78.0 43%
DBaeP 123.8 £28.8 86.6 179.6  221.9+97.6 75.7 523.8 <0.001* 98.1 44%
DBelP 233.9+56.4 140.8 3147 4063 +172.0 128.6 924.2 <0.001* 172.3 42%
N23aP 84+£11.0 BDL 30.2 21.5+29.3 BDL 116.6 0.044* 13.1 61%
BbPer 52.5+22.4 18.5 91.1 109.2 = 64.7 21.6 309.5 0.001* 56.7 52%
DBaiP 444 +£172 15.9 73.5 84.1 +48.3 BDL 244.8 0.001* 39.7 47%
DBahP 45+58 BDL 16.2 13.6 £16.5 BDL 64.6 0.019* 9.1 67%
DBbeF* 46.2+9.6 29.1 63.8 83.0+37.2 24.8 184.3 <0.001* 36.8 44%
ul* 702 £13.6 46.6 93.3 127.2+£59.1 39.1 292.6 <0.001* 57.0 45%
N12eP* 59.2+11.7 38.6 79.9 105.0 £47.1 28.5 217.1 <0.001* 45.8 44%
u2* 126.0 £28.1 75.5 178.1 227.5+103.0 67.5 513.6 <0.001* 101.5 45%
N12aP* 48.5+13.3 31.7 76.6 97.4 £ 50.1 31.3 255.5 <0.001* 48.8 50%
U3* 13.2+£4.38 BDL 22.6 27.9+15.3 BDL 76.8 <0.001* 14.7 53%
N21aP* 178.0+49.9 113.5 279.8 356.4+180.4 1185 921.2 <0.001* 178.4 50%
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Appendix B.7 (continued)

Olympic Period (n=17) Non-Olympic Period (n=46) T-test Reduction
(p_value)

Mean (+ sd) Min. Max. Mean (+ sd) Min. Max. Con. (%)
>DBP 199.2 £50.3 130.6 301.8  358.5+170.3 88.6 928.1 <0.001* 159.3 44%
¥302PAH (ng/m3) 23+0.5 1.6 33 4.1+1.7 1.4 9.4 <0.001* 1.8 43%
¥302PAHmut a(ng/m3) 1.5£0.3 1.0 2.1 25+1.1 0.9 59 <0.001* 1.0 43%
NPAHs
1-nitronaphthalene 5.443.7 2.2 16.0 5.5+2.4 2.1 12.9 0.466 0.1 1.7%
2-nitronaphthalene 2.610.5 1.8 3.0 3.610.4 2.7 4.8 0.002* 1.0 28.0%
3-nitrobiphenyl 1.7° - - 3.3+0.7 2.5 4.4 n/a 33 57.6%
3-nitrodibenzofuran 9.4° - - 12.0£5.2 4.7 19.7 n/a 12.0 34.2%
5-nitroacenaphthene 1.0° - - 4.3£2.0 2.8 9.0 n/a 2.0 81.4%
9-nitroanthracene 130.6+113.2 21.7 414.0  217.9£142.0 51.4 543.9 0.011* 87.4 40.1%
3-nitrophenanthrene 4.7£2.1 2.5 10.0 8.7+4.2 2.8 17.7 <0.001* 4.0 45.7%
2-nitrofluoranthene 78.0+£34.7 30.6 152.5 244442123 25.1 1,015.9 <0.001* 166.4 68.1%
1-nitropyrene 3.1° - - 9.8%1.5 7.4 11.9 n/a 9.8 73.4%
2-nitropyrene 31.3+11.1 19.2 45.5 62+32.5 22.4 152.8 <0.001* 30.7 49.5%
7-nitrobenz[a]anthracene 45.4446.8 11.4 153.0 109.6+£79.8 12.4 314.2 <0.001* 64.2 58.5%
>NPAH 270.0£192.1 68.1 761.3  620.84441.0 94.7 1,721.1 <0.001* 350.8 56.5%
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Appendix B.7 (continued)

Olympic Period (n=17) Non-Olympic Period (n=46) T-test Reduction
(p_value)
Mean (+ sd) Min. Max. Mean (+ sd) Min. Max. Con. (%)

OPAHs

9-fluorenone 50.1£29.5 3.1 122.5 98.8+44.2 1.9 219.6 <0.001* 48.6 49.2%
9,10-anthraquinone 206.4182.2 75.1 365.5 325.0+88.1 96.7 503.8 <0.001* 118.6 36.5%
2-methyl-9,10-anthraquinone 14.7£5.6 3.6 25.8 31.1+17.1 14.1 87.6 <0.001* 16.4 52.7%
Benzanthrone 91.9+41.9 459 204.5 175.8+£169.4 36.3 1,174.0 0.003 83.9 47.7%
Benz[a]anthracene-7,12-dione 142.3£53.2 79.7 279.7  283.1£136.2 79.8 549.1 <0.001* 140.8 49.7%
YOPAH 504.6£195.4 205.3 882.1 897.5+£3384 2459 2,198.1 <0.001* 392.9 43.8%
PM, 5 (ug/m’) 64.7£36.3 28.2 147.4 93.94£50.2 28.7 2144 0.039" 29.2 31.1%
OC (ug/m’) 8.4+2.0 4.9 12.1 12.245.3 4.9 25.6 <0.001" 3.8 31.5%
BC (ug/m’) 1.3£0.4 0.7 1.9 2.4+1.3 0.8 6.4 <0.001" 1.1 44.8%
OC/BC 6.7£1.3 4.5 93 5.6x1.1 3.9 7.8 0.003" -1.1 -20.0%

90.33  84.32%+2.62  79.46
OC/(OC+BC) 86.58%12.42% 81.85% % % % 88.65% 0.004" -2.3% -2.7%
2-NF/1-NP 25.2 44.9+22.1 - -
2-NF/2-NP 3.4+1.1 4.8+1.8 <0.001* 30%
Including Naphthalene, Acenaphthylene, Fluorene, Phenanthrene, Anthracene, Fluoranthene, Pyrene, Benz(a)anthracene, Chrysene, Benzo(b)fluoranthene,

Benzo(k)fluoranthene, Benzo(a)pyrene, Indeno(1,2,3-cd)pyrene, Dibenz(a,h)anthracene, Benzo(ghi)perylene for BaP-rg( calculation.
°: Concentrations with S/N greater than LOD but less than LOQ.

4!



Appendix B.8: Comparison of mean OC and BC concentrations, OC/BC ratios, for the Beijing PM2.5 samples during the summer months.

*OC/BC ratio was calculated from the published concentrations. **p < 0.01.

ocC BC
Concentration Concentration
(ng/m?) (ng/m’) OC/BC

Sampling period Mean SD Mean SD Mean SD Rvalue R? Reference
Jul-Oct 2008 All periods 11.10 4.94 206 1.23 588 1.28 0.90** 0.89 This study

Source control period 990 293 1.68 0.68 623 1.22 0.88** 0.06

Non source control period 1438 7.47 3.09 1.75 491 091 097** 0.92

Olympic period 836 2.03 1.31 041 6.67 1.34 0.67** 049

Non-Olympic period 1220 534 236 1.32 556 1.12 0.89*%* 0.40
Jul-Sep 2008 Olympic period 2.3 Wang et al.*

Non Olympic period 3.5
Aug 2007 6.2 Wang et al.*
Aug 2003 19.7 6.7 3.0 Chan et al.”
Jun-Jul 2002 10.7 36 57 29 22 Dan et al.’
Summer 2002 Traffic site 1.5 37 52 24 22° Sun et al.”

Industrial site 9.3 3.2 6.6 32 14

Residential site 11.2 3.8 5.9 2.6 1.9°
Summer 1999-2000 13.42 6.27 2.14° He et al.®
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Appendix B.9: Cross-correlation matrix (r values) of individual MW<300 parent PAH, XPAH,s, and X PAH 6.us priority cOncentrations. * indicates
p<0.05. ** indicates p<0.01.

NAP 2-MNAP  I-MNAP  2,6-DMNAP 13-DMNAP ACY FLO DBT PHE ANT 2-MPHE 2-MANT I-MPHE 3,6-DMPHE FLA PYR
NAP 1
2-MNAP 0.90" 1
1-MNAP 0.75" 0.90" 1
2,6-DMNAP 0.83" 091" 0.93” 1
1,3-DMNAP 0.79" 0.90" 0.95" 0.95" 1
ACY 0.62" 0.52" 0.30" 0.39" 0.26 1
FLO 0.54" 0.39" 0.16 0.28" 0.17 090" 1
DBT 0.31° 0.19 0.04 0.11 0.04 0. 72** 0.78" 1
PHE 0.60" 0.48" 0.25 0.35" 0.24 091" 094" 0.85" 1
ANT 0. 47** 0.40" 0.21 031" 0.26 0. 73** 0. 71** 0. 51** 0.66”
2-MPHE 0.56" 0.44" 0.24 0. 32* 0.24 0.89" 093" 0.84"  0.98" 0 68" 1
2-MANT 0.47" 0.45" 0.30" 0.34" 0.28" 0.85"  0.79" 0.61" 076" 077"  0.80” 1
1-MPHE 0.48" 0.39" 0.18 0.24 0.16 0.90" 0. 92** 086" 096" 0. 72** 0.98" 0.84" 1
3,6-DMPHE 0.47" 0.43" 0.31" 0.34" 0.29" 0.83" 085" 0.68" 0.84" 068" 089" 0.83" 0.88" 1
FLA 0.42" 0.34" 0.16 0.24 0.15 0.77" 081" 0.83" 093" 058" 091" 0.66" 0.91" 0.76" 1
PYR 0.45" 0.38" 0.20 0. 28** 0.19 0.80" 0. 81** 0. 81** 0.93" 0. 62** 0. 91** 0. 71** 0. 92** 0.77" 0.98" 1
RET 0.54" 0.52" 0.35" 0.39" 0.33" 0. 78** 0.74" 047" 0. 75*" 0717 0.74™ 0.80" 0.77" 0. 83** 0. 65** 0.72"
1-MPYR 0.36" 0.32" 0.17 0.22 0.13 0.83"  0.79” 0.75" 085" 069" 085" 0.83" 0.90" 0.80" 0.88" 0.93"
BaA 0. 49** 041" 0.18 0.27" 0.15 0. 90** 0. 84** 0. 79** 0. 89** 0. 70** 0. 86** 0. 83** 0. 90** 0. 77** 0. 85** 0. 89**
CHR+TRI 0.57" 045" 0.21 0. 33* 0.19 0.90" 088" 0.83" 095" 063" 091" 0.74" 091" 0.76" 091" 0.93"
6-MCHR 0.50" 037" 0.16 0.28" 0.13 091" 086" 076" 086" 0.69” 083" 0.81" 0.87" 0.77" 0.75" 0.79"
BbF 0.53" 036" 0.17 0.32" 0.14 0.88" 085" 077"  0.88" 0.62" 084" 0.69” 0.83" 0.73" 0.81" 0.82"
BKF 0.53" 0.40" 0.20 0.32" 0.17 0.85" 0.80” 0.75" 0857 0627 0817 0.69" 0.80" 0.71" 0.77" 0.80"
BeP 0.53" 0.36" 0.17 0.32" 0.15 0.88"  0.84" 0.77" 0877 0.62" 084" 0.70" 0.83" 0.73" 0.80" 0.82"
BaP 0.53" 039" 0.19 0. 31* 0.16 0.89" 083" 077" 086" 0. 62** 0.83" 0.78" 0.85" 0.73" 0.79" 0. 82**
IcdP 0. 53** 0.34" 0.18 0.35" 0.17 0. 81** 0. 77** 0. 70** 0. 79*" 0.57" 0. 77*" 0. 63** 0. 75** 0. 64** 0. 72** 0.76"
DahA 0.50" 0.33" 0.17 0.33" 0.15 085" 081" 0.73" 081" 061" 080" 0.69” 0.79" 0.69” 0.73" 0.77"
BghiP 0. 53** 0. 33* 0.17 034" 0.16 0. 82** 0. 77** 0. 70** 0. 79** 0. 57** 0. 77** 0. 63** 0. 75** 0. 65** 0. 72** 0. 75**
Y PAH,4 0.55" 0.40” 0.20 0. 33* 0.17 090" 087" 0.79" 0917 065" 088" 0.73" 0.87" 0.76" 0.85" 0.87"
> PAH¢.us 0.55" 0.39" 0.20 0.33 0.17 090" 086" 0.79" 091 065" 0.88" 0.73" 0.87" 0.75" 0.85" 0.88"
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Appendix B.9 (continued)

RET I-MPYR BaA  CHR+TRI 6-MCHR BbF BKF BeP BaP IedP DahA BghiP
NAP
2-MNAP
1-MNAP
2,6-DMNAP
1,3-DMNAP
ACY
FLO
DBT
PHE
ANT
2-MPHE
2-MANT
1-MPHE
3,6-DMPHE
FLA
PYR
RET 1
1-MPYR 0.81" 1
BaA 0.82" 0.94"™ 1
CHR+TRI 0.75" 0.88" 0.96" 1
6-MCHR 0.82" 0.88" 096" 0917 1
BbF 0.71" 0.82" 0.90"  0.94™ 0.93" 1
BkF 0.73" 0.81" 091" 091" 0.90" 0.94" 1
BeP 0.70" 0.82" 0.89"  0.94” 0.93" 1.00” 0.93" 1
BaP 0.76" 0.87" 0.95" 094 0.96" 0.96" 0.92" 0.96" 1
IcdP 0.65" 0.76" 0.84™  0.88" 0.89" 0.98" 0.91" 0.98" 0.94" 1
DahA 0.67" 0.79" 086"  0.88" 091" 0.98" 0.92" 0.98" 0.94" 0.99" 1
BghiP 0.65" 0.76" 0.84"  0.87" 0.90" 0.98"” 091" 0.98" 0.94” 1.00” 0.99” 1
S PAHy 0.75" 0.87" 094" 0977 0.94™ 0.99™ 0.96” 0.99” 0.97" 0.96" 0.97" 0.96™
YPAH 6.us 0.75" 0.87" 094" 097" 0.94" 0.99” 0.96" 0.99" 0.97" 0.96" 0.97" 0.96"
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Appendix B.10: Cross-correlation matrix (r values) of individual MW 302 PAH concentrations. All p-value < 0.01 except for correlation
between N23aP and N12¢eP (p-value=0.03).

N23jF DBaeF

N12bF NI12kF N23bF DBbkF DBakF DBjIF  DBalP N23kF  N23eF DBaeP DBelP N23aP  BbPer DBaiP DBahP  DBbeF Ul N12eP U2  NIl2aP U3 N21aP
N12bF 1.00
N23jF/N12kF 1.00 1.00
N23bF 0.97 0.98 1.00
DBaeF/DBbkF 0.99 0.99 0.98 1.00
DBakF 0.90 0.91 0.94 0.91 1.00
DB;jIF 0.99 0.99 0.98 1.00 0.92 1.00
DBalP 0.81 0.82 0.89 0.85 0.90 0.86 1.00
N23kF 0.85 0.87 0.93 0.87 0.96 0.88 0.90 1.00
N23eF 0.98 0.99 0.99 0.99 0.93 0.99 0.86 0.91 1.00
DBaeP 0.97 0.98 0.98 0.98 0.96 0.99 0.89 0.92 0.98 1.00
DBelP 0.96 0.95 0.90 0.95 0.87 0.94 0.75 0.80 0.92 0.95 1.00
N23aP 0.40 0.43 0.52 0.44 0.72 0.45 0.65 0.75 0.48 0.56 0.44 1.00
BbPer 0.81 0.83 0.89 0.83 0.97 0.84 0.90 0.98 0.87 0.91 0.78 0.81 1.00
DBaiP 0.81 0.83 0.89 0.84 0.97 0.85 0.90 0.98 0.87 0.91 0.79 0.80 0.99 1.00
DBahP 0.47 0.50 0.58 0.50 0.76 0.51 0.70 0.79 0.54 0.62 0.50 0.98 0.85 0.85 1.00
DBbeF 0.93 0.92 0.89 0.92 0.84 0.92 0.76 0.78 0.90 0.90 0.88 0.37 0.74 0.75 0.43 1.00
Ul 0.93 0.92 0.90 0.93 0.84 0.93 0.77 0.79 0.91 0.90 0.88 0.37 0.75 0.75 0.43 1.00  1.00
N12eP 0.93 0.92 0.89 0.92 0.81 0.92 0.74 0.75 0.91 0.88 0.85 0.29 0.70 0.70 0.35 098 0.99 1.00
U2 0.94 0.94 0.91 0.94 0.85 0.94 0.76 0.80 0.92 0.91 0.90 0.38 0.76 0.77 0.44 099  0.99 0.98 1.00
N12aP 0.93 0.93 0.95 0.94 0.93 0.95 0.88 0.90 0.94 0.95 0.87 0.54 0.88 0.88 0.60 0.96 097 0.94 097 1.00
U3 0.84 0.86 0.91 0.86 0.94 0.87 0.88 0.93 0.89 0.91 0.79 0.68 0.93 0.93 0.72 0.89 0.89 0.86 0.89 097  1.00
N21aP 0.92 0.92 0.94 0.93 0.93 0.93 0.86 0.91 0.93 0.94 0.87 0.57 0.88 0.89 0.63 0.96 0.96 0.93 097 0.99 0.97 1.00
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Appendix B.11: Cross-correlation matrix (r values) of individual NPAH, XNPAH, OPAH and XOPAH concentrations. * indicates p<0.05. **
indicates p<0.01.

1-NN 2-NN 3-NBP 3-NBF 5-NAC 9-NAN 3-NPH 2-NF 1-NP 2-NP 7-NBaA 9-FLU ANQ 2-MANQ BENZ BaAD
1-NN 1
2-NN 0.09 1
3-NBP -0.18 0.36 1
3-NBF -0.43 0.71 0.66 1
5-NAC 0.30 0.93%* n/a n/a 1
9-NAN 0.64** 0.45% 0.21 0.21 0.37 1
3-NPH 0.64** 0.55%* 0.21 0.43 0.68* 0.72%* 1
2-NF 0.58%* 0.70%* 0.61 0.93%* 0.66* 0.74** 0.88%* 1
1-NP 0.33 0.27 0.46 0.37 0.66 0.51 0.56 0.63* 1
2-NP 0.27 0.50%* 0.39 0.29 0.54 0.67** 0.70%* 0.84%%* 0.59* 1
7-NBaA 0.53%* 0.55%* 0.07 0.25 0.62 0.91%* 0.78%* 0.80%* 0.23 0.73%* 1
XNPAH 0.64%* 0.59%* 0.43 0.32 0.56 0.94%** 0.83%* 0.91%* 0.66* 0.86 0.94 0.64** 0.59%* 0.72%%* 0.31 0.84%*
9-FLU 0.31%* 0.56** 0.86* 0.71 0.50 0.56%* 0.71%* 0.63%* 0.78%* 0.77%* 0.56%* 1
ANQ 0.34* 0.47* 0.61 0.36 0.08 0.70%* 0.66%* 0.51%* 0.43 0.74** 0.64** 0.83%* 1
2-MANQ 0.40%* 0.54*%* 0.07 0.25 0.09 0.80** 0.67** 0.59%* 0.27 0.81%* 0.72%* 0.76%* 0.93%* 1
BENZ 0.14 0.35 n/a n/a -0.40 0.25 0.32 0.32 0 0.20 0.46* 0.35 0.34 0.43%* 1
BaAD 0.52%%* 0.74%%* 0.61 0.93%%* 0.68* 0.76** 0.88%* 0.89%* 0.59%* 0.84%* 0.88%* 0.63%* 0.62 0.60 0.23 1
ZOPAH 0.47%%* 0.57** 0.32 0.61 0.62 0.82%* 0.80%* 0.77%%* 0.58%* 0.87%* 0.83%* 0.85%* 0.91%* 0.91%* 0.41%* 0.86%*
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Appendix B.12: Cross-correlation matrix (r values) of individual MW<300 parent PAH, ZPAH»g, XPAH;6.us priorityy NPAH, ZNPAH, OPAH and

>OPAH concentrations. * indicates p<0.05. ** indicates p<0.01.

1-NN 2-NN 3-NBP  3-NBF  5-NAC  9-NAN  3-NPH 2-NF 1-NP 2-NP 7-NBaA  9-FLU ANQ 2-MANQ  BENZ BaAD
NAP 0.37%* 0.47* 0.71 0.64 0.47 0.40%* 0.46**  (0.48** 0.87** 0.39% 0.43**  0.42%* 0.29* 0.37%* 0.12 0.42%*
2-MNAP 0.27 0.34 0.43 0.29 0.33 0.25 0.33* 0.33* 0.87** 0.39% 0.25 0.31* 0.20 0.29* 0.08 0.25
1-MNAP 0.36%* 0.23 0.32 0.14 0.03 0.17 0.29%* 0.23 0.81%* 0.27 0.17 0.21 0.15 0.20 0.16 0.21
2,6-DMNAP 0.40%* 0.30 0.43 0.57 0.35 0.33% 0.40**  0.36** 0.73%x* 0.32 0.32% 0.30* 0.22 0.31* 0.17 0.34%*
1,3-DMNAP 0.33* 0.27 0.64 0.79* 0.26 0.19 0.27 0.23 0.75%* 0.22 0.17 0.17 0.09 0.18 0.20 0.21
ACY 0.38%* 0.70%* 0.32 0.43 0.32 0.70%* 0.73%%  0.74** 0.68%* 0.84+* 0.73*%*%  0.75** 0.70%* 0.75%* 0.28 0.72%*
FLO 0.23 0.67** 0.71 0.89**  0.62 0.61%* 0.60**  0.66** 0.73%x* 0.71%* 0.62%*  0.72%* 0.58** 0.63** 0.08 0.63**
DBT 0.07 0.58** 0.46 0.82* 0.5 0.37%* 0.58**  (0.58** 0.72%* 0.70%* 0.50**  0.78%* 0.58** 0.53** 0.25 0.60**
PHE 0.27 0.76** 0.79* 0.93*%*  0.42 0.51%%* 0.68%*  0.68%* 0.81%* 0.78%* 0.53**%  0.81** 0.60%* 0.63%* 0.23 0.65%*
ANT 0.14 0.37 0.54 0.43 0.39 0.51%* 0.44**  0.51%* 0.74** 0.53%%* 0.50%*  0.47** 0.48** 0.56%** 0.12 0.51%**
2-MPHE 0.24 0.77** 0.75 0.93** 042 0.48%* 0.66**  0.67** 0.75%* 0.76** 0.51%*  0.77** 0.59** 0.60** 0.08 0.67**
2-MANT 0.13 0.52%%* 0.46 0.29 -0.12 0.47%* 0.44*%  0.50%* 0.46 0.69%* 0.49%*%  (0.58** 0.55%%* 0.61%* -0.03 0.53%%*
1-MPHE 0.16 0.74%* 0.71 0.89**  0.20 0.44%* 0.63**  0.62%* 0.71* 0.79%* 0.46**  0.75%* 0.59%** 0.60** 0.10 0.60%**
3,6-DMPHE 0.23 0.64** 0.54 0.43 0.47 0.51%* 0.55%*  (0.54** 0.73%* 0.76** 0.55%*  0.72%* 0.68** 0.69%** 0.12 0.59**
FLA 0.20 0.64** 0.57 0.79% 0.31 0.36%* 0.59%*  0.61%* 0.66* 0.58%* 0.39%*  0.78** 0.51%* 0.49%* 0.38 0.55%*
PYR 0.23 0.64** 0.75 0.89**  0.10 0.38%* 0.65%*  0.65%* 0.73%** 0.68** 0.41**  0.76** 0.50%* 0.52%* 0.34 0.58%*
RET 0.24 0.43* 0.64 0.43 -0.05 0.53%* 0.58**  (.52%* 0.49 0.71** 0.51**  0.55%* 0.57** 0.63** 0.08 0.52%*
1-MPYR 0.17 0.63%* 0.64 0.39 -0.01 0.45%%* 0.61%%  0.62%* 0.56 0.70%* 0.44%%  0.68** 0.54** 0.58%* 0.30 0.58%*
BaA 0.23 0.68%* 0.75 0.54 0.04 0.54%%* 0.66**  0.68** 0.60* 0.81%* 0.56**  0.71** 0.59%* 0.64%** 0.21 0.64%**
CHR+TRI 0.31* 0.72%* 0.57 0.43 0.37 0.55%* 0.72%*  0.75%* 0.77** 0.84** 0.59**  0.78** 0.59%* 0.63%* 0.23 0.70**
6-MCHR 0.29%* 0.68%* 0.64 0.39 0.18 0.69%* 0.73%%  0.73%* 0.65%* 0.87%%* 0.73%%  0.74** 0.73%* 0.79%* 0.33 0.75%*
BbF 0.39%** 0.71%* 0.75 0.89**  0.55 0.73%%* 0.82%**  (.84** 0.74%* 0.91%* 0.80**  0.74** 0.68%* 0.73%%* 0.33 0.88%*
BKF 0.39** 0.72%%* 0.89%* 0.75 0.47 0.73%* 0.82%*  (0.82%** 0.80%** 0.90** 0.81**  0.71%** 0.68** 0.73%* 0.30 0.88**
BeP 0.37%* 0.73%%* 0.57 0.79%* 0.55 0.72%%* 0.81%*%  0.83%* 0.72%* 0.90%* 0.80%*  0.73** 0.67%* 0.73%* 0.34 0.88%*
BaP 0.34* 0.71%* 0.79* 0.57 0.15 0.68** 0.75**  0.76** 0.69* 0.89%* 0.74**  0.71%* 0.66** 0.71%* 0.38 0.76**
IcdP 0.41** 0.72%* 0.89%* 0.82* 0.55 0.73%* 0.85**  (0.85%* 0.75%* 0.90** 0.82**  0.67** 0.63%* 0.69** 0.29 0.89%*
DahA 0.39%* 0.75%* 0.82%* 0.82%* 0.55 0.74%* 0.82%*%  0.82%* 0.74** 0.90%* 0.84%*  0.66** 0.64%* 0.70%* 0.29 0.89%#*
BghiP 0.40%* 0.72%%* 0.82%* 0.82%* 0.55 0.74%%* 0.84**  (0.85%* 0.67* 0.90%* 0.83**  0.66%* 0.63** 0.70%** 0.30 0.89%*
> PAH6.us 0.37** 0.75%* 0.89** 0.75 0.47 0.69** 0.81**  (0.82%* 0.80** 0.89%* 0.75%*  0.74%* 0.66** 0.71** 0.32 0.83**
> PAH,; 0.37%* 0.76** 0.89%* 0.75 0.47 0.70%* 0.81%*%  0.82%* 0.80%* 0.89%* 0.75%%  0.75%* 0.67** 0.72%* 0.31 0.84**
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Appendix B.13: Correlation of parent PAH, NPAH, and OPAH with PM, 5, OC, BC and gas pollutant concentrations.

PM, 5 OC BC OC/BC NO NO, NO, CO SO, 05
MW<300 PAHs
NAP 0.31%* 0.59** 0.56** -0.34#* 0.23 0.30 0.30 0.16 0.30 0.07
2-MNAP 0.31%* 0.59** 0.56** -0.34%* -0.04 -0.05 -0.05 -0.08 0.05 0.14
1-MNAP 0.21 0.42%* 0.41%* -0.25 -0.15 -0.26 -0.27 -0.10 -0.02 0.18
2,6-DMNAP 0.13 0.25 0.21 -0.12 0.04 0.05 0.04 -0.14 0.03 0.12
1,3-DMNAP 0.23 0.41%* 0.36%* -0.12 -0.04 -0.10 -0.10 -0.11 0.04 0.12
ACY 0.15 0.28%* 0.22 -0.12 0.61%* 0.58%* 0.59%* 0.41%* 0.26 -0.34*
FLO 0.25 0.55%* 0.60** -0.58%* 0.70%* 0.73%* 0.73%* 0.35% 0.28 -0.32
DBT 0.45%* 0.56%* 0.66** - 0.38%* 0.47%* 0.46%* 0.52%* 0.44%* 0.05
PHE 0.21 0.51%* 0.56%* -0.48%* 0.56%* 0.60%* 0.60%* 0.58%* 0.52%* -0.08
ANT 0.40%* 0.60** 0.65%** -0.60%* 0.50** 0.49** 0.49%* 0.34* 0.12 -0.43%*
2-MPHE 0.05 0.31** 0.35%* -0.37%* 0.51** 0.52%* 0.52%* 0.61** 0.47** -0.11
2-MANT 0.40%* 0.55%* 0.60** -0.57%* 0.41%* 0.32* 0.33* 0.30 0.09 -0.39*
1-MPHE 0.10 0.30** 0.37** -0.43%* 0.52%* 0.51** 0.52%x* 0.60** 0.43%* -0.20
3,6-DMPHE 0.31%* 0.47** 0.54** -0.61#* 0.45%* 0.32* 0.33* 0.37* 0.24 -0.31
FLA 0.16 0.31* 0.36** -0.43%* 0.38* 0.46** 0.45%* 0.56** 0.58** -0.02
PYR 0.44%* 0.49%* 0.53%* -0.54** 0.37* 0.47%* 0.47%* 0.61%* 0.62%* -0.03
RET 0.42%* 0.49%* 0.53%* -0.60** 0.27 0.27 0.26 0.22 0.22 -0.10
1I-MPYR 0.04 0.29%* 0.32% -0.35%* 0.40%* 0.42%* 0.42%* 0.54%* 0.36* -0.27
BaA 0.22 0.34* 0.41%* -0.55%* 0.51%* 0.52%* 0.53%* 0.59%* 0.44** -0.31
CHR+TRI 0.27* 0.49%* 0.57%* -0.60** 0.54** 0.61%* 0.61%* 0.61%* 0.62%* -0.11
6-MCHR 0.42%* 0.63** 0.68%* -0.61** 0.62%* 0.64** 0.64** 0.47%* 0.26 -0.48%*
BbF 0.19 0.49%* 0.57** -0.55%* 0.63** 0.69** 0.69** 0.45%* 0.46** -0.31
BkF 0.35%* 0.62** 0.64** -0.50%* 0.61** 0.64** 0.64** 0.47%* 0.45%* -0.30
BeP 0.34* 0.61** 0.64** -0.51%* 0.64** 0.65** 0.66** 0.45%* 0.44** -0.32
BaP 0.34* 0.60** 0.62** -0.51%* 0.52%* 0.55%* 0.55%* 0.52%* 0.42%* -0.21
IcdP 0.32* 0.57** 0.63** -0.58#* 0.56** 0.64** 0.63** 0.43%* 0.39* -0.31
DahA 0.38%* 0.63** 0.64** -0.46** 0.59%* 0.63%* 0.63%* 0.45%* 0.36* -0.38*
BghiP 0.33* 0.59%* 0.61%* -0.49** 0.60%* 0.65%* 0.65%* 0.41 0.37* -0.34*
2 PAHying 0.33* 0.59%* 0.62%* -0.42%* 0.36* 0.33* 0.32%* 0.28 0.30 -0.06
2 PAH3ing 0.40%* 0.52%* 0.57** -0.58%* 0.45%* 0.52%* 0.51%* 0.61%* 0.55%* -0.08
2 PAH4ying 0.36%* 0.61%* 0.65%* -0.56** 0.60** 0.67** 0.66** 0.52%* 0.51%* -0.25
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Appendix B.13 (continued)

PM, 0oC BC OC/BC NO NO, NO, Cco SO, 0,
YPAHsg1ine 0.35%* 0.61%* 0.65%* -0.50%* 0.60%* 0.64%* 0.64%* 0.46%* 0.40%* 031
YPAH, 0.34%* 0.63%* 0.70%* -0.55%* 0.62%* 0.68%* 0.67** 0.50%* 0.47%* 0.27
YPAH ¢ Uspriority 0.37%* 0.65%* 0.71%* -0.55%* 0.60%* 0.67** 0.66%* 0.52%* 0.50% -0.25
MW 302 PAHs
NI12bF 0.50%*  0.69%* 0.69%* -0.47%* 0.52% 0.63** 0.64%* 0.50% 0.47%* -0.21
N23jF/N12kF 0.47*%%  (.65%* 0.66** -0.47%* 0.49%* 0.59%* 0.60%* 0.49% 0.44% -0.24
N23bF 0.35%*  0.60%* 0.63** -0.47%* 0.54% 0.63** 0.64% 0.44% 0.32% -0.36*
DBaeF/DBbkF 0.46**  0.67** 0.68** -0.49%%* 0.54% 0.66** 0.66** 0.51%* 0.46%* -0.25
DBakF 0.30* 0.52%* 0.56%* -0.48%* 0.527%* 0.57%* 0.58% 0.54%* 0.27* -0.37*
DB;jIF 0.45%%  0.67** 0.68%* -0.48%* 0.56%* 0.67** 0.68%* 0.49%* 0.44%* -0.28
DBalP 0.16 0.49%* 0.54%* -0.47%* 0.61%* 0.68%* 0.69%* 0.36* 0.19 -0.44%*
N23kF 0.23 0.45%* 0.48%* -0.44%* 0.38* 0.42%* 0.43%* 0.43%* 0.12 -0.29
N23¢F 0.38%*  0.61%* 0.62%* -0.46%* 0.54% 0.62%* 0.63%* 0.45%* 0.36* -0.33*
DBaeP 0.39%*  0.61%* 0.64%* -0.50%* 0.57%* 0.65%* 0.66%* 0.53%* 0.40* -0.33*
DBelP 0.54%*  0.67** 0.67** -0.49%* 0.48%* 0.58%* 0.59% 0.63** 0.52%* -0.09
N23aP 0.12 0.05 0.12 -0.26 0.07 -0.05 -0.03 0.21 -0.40* -0.15
BbPer 0.19% 0.42%%* 0.48%* -0.46%* 0.43%* 0.44%%* 0.45%* 0.50%* 0.11 -0.39*
DBaiP 0.19 0.43%* 0.48%* -0.45%%* 0.42%* 0.42%* 0.43%* 0.45%* 0.05 -0.38*
DBahP -0.06 0.13 0.20 -0.30* 0.08 -0.05 -0.03 0.23 -0.32% 0.22
DBbeF* 0.49%*  0.65%* 0.67** -0.50%* 0.51%* 0.63** 0.63** 0.52% 0.48% -0.20
Ul* 0.50%*  0.66%* 0.68% -0.49%* 0.50% 0.62% 0.62% 0.48% 0.47%* -0.20
N12eP* 0.47%%  0.64%* 0.64%* -0.45%* 0.50%* 0.60%* 0.61%* 0.42%* 0.44%* -0.24
U2* 0.49%*  0.65%* 0.66%* -0.48%* 0.50%* 0.60%* 0.60%* 0.47%* 0.46%* -0.20
N12aP* 0.38*%*  0.61%* 0.64%* -0.51%* 0.53%* 0.61%* 0.62%* 0.47%* 0.36* 0.32
U3* 0.24 0.47%* 0.52%* -0.49%* 0.51%* 0.57%* 0.58%* 0.48%* 0.21 -0.41%*
N21aP* 0.37*%%  0.58%* 0.62%* -0.50%* 0.51%* 0.58%* 0.59%* 0.47%* 0.35* -0.29
¥302PAH 0.43%%  (.64%* 0.66** -0.50%* 0.53%* 0.62%* 0.63** 0.52%* 0.41%* -0.27
¥302PAH,
(ng/m’) 0.42%%  0.63** 0.65%* -0.50%* 0.53%* 0.62%* 0.62%* 0.53%* 0.40%* -0.27
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Appendix B.13 (continued)

PM, 5 0oC BC OC/BC NO NO, NO, CO SO, 0O;
NPAHs
1-NN 0.18 0.40%** 0.35% -0.08 0.28 0.21 0.22 -0.02 0.14 0.06
2-NN 0.50%** 0.59%** 0.70%** -0.68** 0.47* 0.45* 0.50* 0.36 0.42 -0.20
3-NBP 0.32 0.43 0.29 -0.14 n/a n/a n/a n/a n/a n/a
3-NDF 0.54 0.54 0.46 -0.29 n/a n/a n/a n/a n/a n/a
5-NAC 0.88%** 0.79%** 0.58 -0.31 0.70 0.50 0.50 -0.10 -0.10 0.10
9-NAN -0.09 0.37** 0.36** -0.18 0.44** 0.34* 0.37* -0.12 -0.05 -0.22
3-NPH 0.36* 0.66** 0.60%* -0.38** 0.33%* 0.43** 0.42%* 0.21 0.30 0.00
2-NF 0.41%** 0.69** 0.72%* -0.44%* 0.50** 0.59%** 0.59%** 0.32% 0.36* -0.10
1-NP 0.52 0.61%* 0.73** -0.22 n/a n/a n/a n/a n/a n/a
2-NP 0.27 0.53 0.64%* -0.51%** 0.49* 0.33 0.38 0.15 0.14 -0.31
7-NBaA 0.26 0.63%* 0.59%** -0.35% 0.44* 0.30 0.33 0.13 0.10 -0.22
>NPAH 0.15 0.57** 0.58%* -0.33* 0.54%* 0.51** 0.53%* 0.09 0.14 -0.21
OPAHSs
9-FLU 0.30* 0.52%* 0.57** -0.46%* 0.49** 0.44** 0.47** 0.25 0.20 0.01
ANQ 0.01 0.30%* 0.35%=* -0.30* 0.46%* 0.26 0.30 0.13 -0.01 -0.19
2-MANQ -0.08 0.29* 0.34%* -0.30* 0.48%* 0.32% 0.36* 0.11 -0.03 -0.31*
BENZ? 0.05 0.19 0.29 -0.27 0.19 0.19 0.16 0.02 0.48* 0.10
BaAD 0.37** 0.67** 0.64** -0.34%* 0.45%* 0.44** 0.45%* 0.34* 0.22 -0.15
>OPAH 0.55%* 0.55%* 0.57** -0.39%* 0.54%** 0.56** 0.57** 0.25 0.20 -0.28
BC 0.74%** 0.90** - -0.78%** 0.14 0.36* 0.33 0.69** 0.71%* 0.31
oC 0.77** - 0.90** -0.49%** 0.19 0.44%** 0.40%* 0.60** 0.61** 0.35%
OC/BC -0.48%** - - - -0.00 -0.11 -0.10 -0.61** -0.63*%* -0.26
PM,; 5 - 0.77%* 0.74%* -0.48** -0.25 -0.02 -0.06 0.67** 0.63%** 0.55%=*

*Correlation is significant at the 0.05 level (2-tailed).

** Correlation is significant at the 0.01 level (2-tailed).
*Possibly underestimated by this method.

n/a — not available due to small data set.Possibly underestimated by this method.
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Appendix B.14: Mean, standard deviation and t-test results for different diagnostic

PAH ratios.

Ratios Fla/Fla+Pyr IcdP/Bghipt+icdp BeP/BaP+BeP IcdP/lcdP+BeP
All Periods
All Ave 0.59 0.50 0.61 0.52
All Std 0.02 0.01 0.05 0.03
Min 0.54 0.49 0.50 0.42
Max 0.64 0.52 0.74 0.56
Source control period
Source Ave 0.59 0.50 0.63 0.53
Source Std 0.02 0.01 0.04 0.02
Min 0.54 0.49 0.56 0.47
Max 0.64 0.52 0.74 0.56
Non source control period
Non-Source
Ave 0.59 0.50 0.58 0.49
Non-Source
Std 0.02 0.01 0.05 0.04
Min 0.54 0.49 0.50 0.42
Max 0.64 0.51 0.65 0.55
T-test (p
value) 0.80 0.07 <0.001 <0.001
Olympic
period
Oly Ave 0.58 0.50 0.63 0.54
Oly Std 0.02 0.01 0.05 0.02
Min 0.54 0.50 0.56 0.51
Max 0.62 0.52 0.74 0.56
Non-
Olympic
period
NonOly Ave 0.60 0.50 0.61 0.51
NonOly Std 0.02 0.01 0.04 0.03
Min 0.54 0.49 0.50 0.42
Max 0.64 0.51 0.69 0.56
T-test (p
value) 0.04 0.01 0.089 <0.001
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A. Daily XPAHs, X302PAH, and sum of XNPAH and XOPAH
and corresponding total direct-acting and indirect-acting mutagen

Appendix B.15
concentration

density for the sample extract. B. Daily median %DNA damage for the PM crude

extracts.
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Appendix B.16: Spearman correlation between direct-acting and indirect-acting
Ames mutagenicities and percent DNA damage in the Comet assay.

%DNA in tail, median of 50 cells

50
[ ]
40
Spearman coefficient = 0.772 Spearman coefficient = 0.778
p-value < 0.0001 p-value < 0.0001
30 A
20 A
10
0 -
e TAO98 (-S9)
TA 98 (+S9)
T T
2000 4000 6000

Ames Mutagenicity (revertants/plate)
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APPENDIX C



Appendix C.1: Free energies (AG,) of OH-PAH adducts calculated using density functional theory (B3LYP) and the 6-31G(d) basis set
compared to NPAH isomers identified in a previous gas-phase OH-radical chamber study.

Parent PAH Numbering Scheme OH-PAH-Adduct Theoretical NPAH Chamber NPAH measured
AG, (Kcal/mol) formed in gas phase (Yoyield)*
1. Pyrene 27 NO, 2-nitropyrene (~0.5%)

-18.4
‘O -15.4

4-nitropyrene (~0.06%)

2.Fluoranthene

[e ]
[
—_

A
6 2

5 3

C
O
C
o
e

NO,

2-nitrofluoranthene (~3%)
7-nitrofluoranthene (~1%)
8-nitrofluoranthene (~0.3%)

*Atkinson, R.; Arey, J.; Zielinska, B.; Aschmann, S. M., Kinetics and Nitro-Products of the Gas-Phase OH and NO; Radical-Initiated Reactions
of Naphthalene-ds, Fluoranthene-d,o, and Pyrene. International Journal of Chemical Kinetics 1990, 22, 999-101.

P91
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Appendix C.2: Calculated dipole moments of NPAHs identified in the chamber studies
and predicted GC retention orders.

NPAH Calculated Predicted
Dipole Moment Retention order
(Debye)
6-NBaP 4.85 1
1-NBaP 6.06 2
3-NBaP 6.16 3
7-NBkF 4.02 1
1-NBkF 4.68 2
8-NBkF 5.00 3
3-NBkF 5.94 4
9-NBkF 6.61 5
7-NBghiP 4.51 1
4-NBghiP 5.75 4
5-NBghiP 6.03 5
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Appendix C.3: Free energies (AGy,) of OH-3-NO,-BkF adduct calculated using density
functional theory (B3LYP) and the 6-31G(d) basis set.

-13.1

-18.5

-13.3
-10.6

-11.0

-143 -17.6 -15.0
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Appendix C.4: Estimated percent nitro PAH product formation relative to the amount of
unexposed parent PAH.

NO, NO3/N205 03 OH
BaP-d;, 181% 82% 0% 40%
BkF-d;, a 60% 0% 1%
BghiP-d;» 0% 8% 0% 1%
DaiP-d;4 46% 6% 0% 0%
DalP 38% 9% 0% 0%

a: unable to determine fraction due to a significant loss during sample preparation
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Appendix C.5: Dose response profiles of 7-NBkF, 3,7-DNBKF, 5-NBghiP and 7-NBghiP in A. TA98
(-S9) B. TA98 (+S9).

A.

Direct-acting Mutagenicity (revertant/plate)

Indirect-acting Mutagenicity (revertant/plate)

2000 -
—&— 7-NBkF

—0— 7-NBghiP
—w— 5-NBghiP
1500 1 —A— 3,7-NBKF

1000 -

I

20 A
0 T T
1 nmol 5 nmol 10 nmol
500
450 1 $ ;:sg;';ip
w0 | T Shee
350 A
300 A
250 A
200 A
150 A
100 ~
50 A 9’—<g
O T T
1 nmol 5 nmol 10 nmol
Compound TA 98 (-S9) TA (+S9)
rev/nmol rev/nmol
7-NO,-BkF <1 <1
3,7-NO,-BkF 96 513
5-NO;-BghiP <1 27
7-NO,-BghiP <1 <1

6000

4000

2000

-2000

-4000

Indirect-acting Mutagenicity (revertant/plate) of 3,7-NBkF
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Appendix C.6: C-C-N-O dihedral angles of NPAHs, computed using density functional

theory (B3LYP) and the 6-31G(d) basis set.

NPAHs Angle
1-NBaP 224
2-NBaP 24.7
6-NBaP 54.7
1-NBkF 19.7
3-NBKkF 3.6
7-NBKF 514
8-NBKkF 24.6
9-NBKF 0.0
4-NBghiP 26.2
5-NBghiP 25.1
7-NBghiP 53.2
5-NDaiP 55.5
6-NDalP 53.7
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Appendix C.7: Mean (= standard error) of A. direct- and B. indirect-acting
mutagenicities (revertants/nmol) of filter extracts. All extracts were tested in triplicate
for mutagenic activity.
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Appendix D.1: List of parent PAHs and NPAHs (and their abbreviations) measured in

this study.

# | Compound | Abbreviation | # Compound Abbreviation
PAHSs'
1 naphthalene NAP NPAHS"
2 2-methylnaphthalene 2-MNAP 1 1-nitronaphthalene I-NN
3 1-methylnaphthalene I-MNAP 2 2-nitronaphthalene 2-NN
4 2,6-dimethylnaphthalene 2,6-DNAP 3 2-nitrobiphenyl 2-NBP
5 1,3-dimethylnaphthalene 1,3-DNAP 4 3-nitrobiphenyl 3-NBP
6 acenaphthylene ACY 5 4-nitrobiphenyl 4-NBP
7 acenaphthene ACE 6 3-nitrodibenzofuran 3-NDF
8 fluorene FLU 7 5-nitroacenaphthalene 5-NAC
9 phenanthrene PHE 8 2-nitrofluorene 2-NFL
10 anthracene ANT 9 9-nitroanthracene 9-NAN
11 2-methylphenanthrene 2-MPHE 10 9-nitrophenanthrene 9-NPH
12 2-methylanthracene 2-MANT 11 2-nitrodibenzothiophene 2-NDBT
13 1-methylphenanthrene 1-MPHE 12 3-nitrophenanthrene 3-NPH
14 3,6-dimethylphenanthrene 3,6-DPHE 13 2-nitroanthracene 2-NAN
15 dibenzothiophene DBT 14 2-nitrofluoranthene 2-NF
16 fluoranthene FLA 15 3-nitrofluoranthene 3-NF
17 pyrene PYR 16 1-nitropyrene I-NP
18 retene RET 17 2-nitropyrene 2-NP
19 Benz[c]fluorene BcFLU 18 7-nitrobenz(a)anthracene 7-NBaA
20 1-methylpyrene 1I-MPYR 19 I-nitrotriphenylene I-NTR
21 benz[a]anthracene BaA 20 | 2,8-dinitrodibenzothiophene | 2,8-DNDBT
22 chrysene + triphylene CHR+TRI 21 6-nitrochrysene 6-NCH
23 6-methylchrysene 6-MCHR 22 3-nitrobenzathrone 3-NBENZ
24 benzo(b)fluoranthene BbF 23 2-nitrotriphenylene 2-NTR
25 benzo(k)fluoranthene BkF 24 1,3-dinitropyrene 1,3-DNP
26 benzo[e]pyrene BeP 25 1,6-dinitropyrene 1,6-DNP
27 benzo[a]pyrene BaP 26 1,8-dinitropyrene 1,8-DNP
28 indeno[1,2,3-cd]pyrene IcdP 27 6-nitrobenzo[a]pyrene 6-NBaP
29 | dibenz[a,h]+(a,c)anthracene DahA+DacA
30 benzo[g,h,i]perylene BghiP

'Purchased from AccuStandard (New Haven, CT) and Chem Service (West Chester, PA)
?Purchased from Chiron AS (Norway), AccuStandard (New Haven, CT), Chem Service (West Chester, PA)

and Sigma-Aldrich

Corp.

Cambridge

Isotope

Laboratories

(Andover,

MA)




Appendix D.2: Sampling details for the PM filters used in the exposure experiments.

Filter Code PM Location | Sampling Date Duration Exposure Experiment

Size

PKU-1 PM2.5 Beljmg 4/20/11 24 h NO3/N205 Chemistry
PKU-2 PM; s Beijing 4/21/11 24 h NO3/N,Os Chemistry
PKU A PM, Beijing | May 09- Feb 10 24 h NO3/N,Os Chemistry
PKU-3 PM; s Beijing 4/22/11 24 h NO3/N,Os5 Mutagenicity
PKU-4 PM; s Beijing 4/23/11 24 h NO3/N,Os Mutagenicity
PKU-5 PM; s Beijing 4/25/11 24 h NO3/N,Os5 Mutagenicity
PKU-6 PM,; 5 Beijing 4/26/11 24 h OH Radical Chemistry
PKU B PMo Beijing May 09- Feb 10 24 h OH Radical Chemistry
PKUC PM; Beijing May 09- Feb 10 24 h OH Radical Chemistry
PKU-7 PM; s Beijing 4/27/11 24 h OH Radical Mutagenicity
PKU-8 PM; s Beijing 4/28/11 24 h OH Radical Mutagenicity
PKU-9 PM; s Beijing 4/29/11 24 h OH Radical Mutagenicity
PKU-10 PM; 5 Beijing 4/14/11 24 h O; Chemistry
PKU-11 PM, 5 Beijing 4/16/11 24 h O3 Chemistry
PKU D PM; Beijing May 09- Feb 10 24 h O3 Chemistry
PKU-12 PM; s Beijing 4/18/11 24 h 0O; Mutagenicity
PKU-13 PM,; 5 Beijing 4/19/11 24 h O; Mutagenicity
PKU-14 PM; s Beijing 4/13/11 24 h 0O; Mutagenicity
MT97-67 Q3 | PM,s | Riverside 10/4/97 7 h (daytime) NO3/N,0s5 Chemistry
MT97-66 Q2 | PMys | Riverside 10/4/97 7 h (daytime) OH Radical Chemistry
MT97-65 Q1 | PM;s | Riverside 10/4/97 7 h (daytime) O; Chemistry

€Ll
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Appendix D.3: Cutting of the filters used in the chemical and mutagencity studies.

8.5 cm{

10.2 cm
K_H

Chemical Study

12.7 cm

10.2 cm
—

Mutagenicity Study

Chemical Analysis

Mutagenicity Analysis
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Appendix D.4: Rotating apparatus placed inside the Teflon chamber for exposing cut PM
filters.




Appendix D.5: Means and standard errors of PAH and NPAH masses (ng) measured in PKU filters used for the chemical study of
NO3/N,Os exposure. In the case that a compound was not detected in all samples, superscript denotes number of samples detected.
Numbers in bold are estimated detection limits. An asterisk indicates the statistically significant difference in mass (p-value < 0.05).

Compound PKU A (n=3) PKU-1 (n=3) PKU-2 (n=3) Avg. %change
Unexposed Exposed Unexposed Exposed Unexposed Exposed

PAHs

NAP 145+2.2 13.7+0.5 637.3 £310.2 114+04 38+£0.6 3.8+2.8 -25% £ 28%
2-MNAP 289.8 + 14.1° 6.2 -98% + 0.1%*
1-MNAP 93.1 +42.1 63+1.9 4.1+0.3° 42+0.8° 35% £+ 27%
2,6-DMNAP 29.5+2.4% 3.9 -87% £+ 1%
1,3-DMNAP 43+04 45+£0.6 38.0+16.3 4.8 -29% £ 23%
ACY 43+0.2 3.1+0.1 6.8+04 43 +0.5 -32% + 6%*
ACE 2072+ 149 34 98 +£0.1%
FLU 6.8+0.5 5.7+£0.6 97.1+£41.6 10.8 £ 0.1 50+£04 59+1.3 -23% £ 15%
DBT 6.3+0.8 50+0.3 245+ 6.0 11.1+14 23+0.5 25+0.8 -11% £ 22%
PHE &1.5+44 59.6+7.2 2437 +38.9 111.8+2.9 31.3+£0.2 22.8+1.5 -35% + 5%*
ANT 82+0.2 41+03 16.4 £3.7 4.9 -57% + 6%*
2-MPHE 283+1.6 20.7+23 66.4+2.8 55.0+3.9 -22% £ 5%*
2-MANT 39+0.1 3.1 -22% + 1%*
1-MPHE 174+ 1.0 12.0+1.2 409+04 33.5+0.9 13.1+£0.5 10.9+0.9 -22% + 3%*
3,6-DPHE 3.0£0.1° 2.7 5.7 4.9! 1% + 3%
RET 47.6 +3.7 36.0+4.8 50.6 0.8 41.1+1.3 23.8+0.9 13.0+0.6 -29% + 5%*
FLA 318.7+17.7 202.0+223 5504 +£22.6 | 540.1 £22.6 1244+ 3.4 105.5+12.6 -18% + 6%*
PYR 220.6 +13.6 122.1 £ 14.6 369.2+7.5 2783 £11.0 94.1 +£3.1 33.7+£1.0 -45% + 6%*
BcFLU 80.3£0.8 459+ 133 242 +0.7 10.5+0.8 -50% =+ 8%*
1-MPYR 21.1+1.2 104+1.1 30.0+0.2 352+17.0 10.6 £0.3 39+0.04 -32% +21%
BaA 132.3+£6.9 67.1+£6.9 177.8 £5.4 146.3 £ 12.1 52.5+3.6 27.7+2.8 -38% + 6%*
CHR + TRI 1843+ 134 143.4+21.2 2239+4.6 207.8+£10.0 642+ 1.4 52.8+0.7 -16% £ 4%*
BbF 743.3 £48.8 5952 +814 630.6 £8.3 596.5+9.8 276.6 £4.5 2256+1.2 -15% + 3%*
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Appendix D.5 (continued)

Compound Uncoded A (n=3) PKU-1 (n=3) PKU-2 (n=3) Avg. %change
Unexposed Exposed Unexposed Exposed Unexposed Exposed

IcdP 366.3+21.8 | 2842+36.7 | 368.1+3.0 | 367.7+59 152.84+4.3 118.6 + 1.7 -16% + 4%
BghiP 3704+22.8 | 249.0+32.6 | 382.7+3.0 | 352.8+92 157.2+42 112.1+1.5 -23% + 4%
NPAHs

1-NN 0.7+0.1 0.6 +0.04 0.2 +0.01 0.3 +0.02 3% + 8%
2-NN 1.1+0.1 0.9+0.1 0.5+0.01 0.4+0.1 -13% + 6%
3-NBP 0.88! 1.82! 1.3+0.1 1.3+0.1 30% + 26%
3-NDB 2.7+0.1 34402 27% + 9%
5-NAC 0.2' 17.1! 7340%
9-NAN 110.0 £ 7.0 64.4+1.0 123.1 2.4 100.0 + 1.2 31.7+1.7 23.5+0.9 229% 4 3%*
9-NPH 0.5 48+1.7 0.5 2.7+0.1 633% + 177%*
3-NPH 4.1+0.6 3.8+0.1 2.7+0.1 4.0+0.7 1.2+0.04 2.0+0.1 38% + 14%
2-NF 2579+155 | 231.1+3.4 139.842.1 | 1413+11.6 | 324+2.1 32.0+2.7 3% + 4%
3-NF 0.9 147 +0.8 1.1 6.7+ 1.4 1.1 6.7+0.5 862% + 173%*
1-NP 3.1+0.5 64.1 2.7 43+0.1 67.2+9.3 2.2 +0.03 642+09 | 2104% + 224%*
2-NP 12.0+0.4 12.1+04 10.1+0.2 10.0+0.5 0.2% + 3%
7-NBaA 294+24 48.5+0.8 245+0.9 348422 124+03 32.7+0.4 91% + 19%*
1-NTR 0.6 3.7+0.2 0.6 1.1+£0.2 0.6 1.8+04 278% + 78%%*
6-NCH 0.8 25.0+0.8 0.2 69+1.5 0.2 113+1.0 | 4878% + 644%*
2-NTR 0.7 59+03 0.5+0.03 1.5+0.3 0.4 1.6 +0.1 420% + 80%*
1,3-DNP 0.7' 1.1 42%
1,6-DNP 0.6' 2.5 296%
1,8-DNP 2.6+0.04 53+0.8 1.6' 2.5 91% + 23%*
6-NBaP 5.3 91.4+1.8 6.1 1913+ 6.6 6.1 171.2 £ 15.6 | 2445% + 226%*

LLT



Appendix D.6: Means and standard errors of PAH and NPAH masses (ng) measured in PKU filters used for the chemical study of OH
radical exposure. In the case that a compound was not detected in all samples, superscript denotes number of samples detected.
Numbers in bold are estimated detection limits. An asterisk indicates the statistically significant difference in mass (p-value < 0.05).

Compound PKU B (n=3) PKU C (n=3) PKU-6 (n=3) Avg. %change
Unexposed Exposed Unexposed Exposed Unexposed Exposed

PAHs
NAP 1.0 + 0.4 0.5 17.5+2.2 173+1.9 3.2+2.1° 5.6 + 0.4 58% + 47%
1-MNAP 3.8 45+12° 38% + 35%
2,6-DMNAP 3.9! 4.6' 17%
1,3-DMNAP 40+0.2 3.8+0.2 3.9+0.2 3.9+0.1 2% £ 2%
ACY 52402 42+0.2 53+0.2 46+03 43 +0.03° 3.9+0.3° -15% + 3%*
FLU 85+0.3 82+03 8.7+0.5 7.6+0.4 6.8+0.3 55+04 S12% + 4%*
DBT 7.6+0.7 6.4+0.3 6.7+0.5 6.1+0.5 3.5+0.1 21+1.1 21%+ 11%
PHE 96.4 + 4.2 86.0 +3.8 102.4+7.8 82.2+5.0 60.4+1.7 33.1+1.4 25% + 6%*
ANT 8.1+0.6 4.7+0.03 89+0.8 57+0.2 92+0.2 53+0.3 -40% + 3%*
2-MPHE 315+ 1.4 27.8+1.0 33.9+2.38 26.1+1.3 29.7 0.6 253+3.0 -16% + 4%*
2-MANT 3.7+£0.2 3.1 3.9+04 3.1 17% + 4%*
1-MPHE 19.9+1.1 16.7+0.7 21.0+1.8 15.9+0.4 19.8 £ 0.6 143+1.5 222% + 3%*
3,6-DPHE 2.8+0.1° 2.5+0.2° 3.2+0.1° 2.7 6.5+0.8° 6.0 +£0.3° -11% £ 5%
RET 31.0+1.2 29.1+1.5 325+£22 265+ 1.8 443422 40.6 + 3.7 S11% + 3%*
FLA 379.6+£22.8 | 336.9+13.0 | 432.9+374 | 3193+209 | 1952+29 | 156.1+144 “19% + 3%*
PYR 2500+£109 | 216.0+9.2 | 265.7+19.3 | 210.6+12.1 | 1423 +3.5 86.0 + 8.0 224% + 5%*
BcFLU 39.5+1.0 21.1+1.9 A7% + 4%*
1-MPYR 215+14 17.0+0.3 23.1+1.4 15.9+1.0 18.9+0.4 82+0.8 -36% + 6%*
BaA 1302 +5.4 993+25 135.8+9.4 102.3 £ 4.6 1332+ 4.6 83.8+4.9 228% + 3%*
CHR + TRI 138.6 £ 5.8 139.4+6.6 | 1492+11.1 | 132.8+7.9 | 98.0+184 106.9 + 3.6 3%+ 10%
BbF 650.0+33.8 | 641.8+27.3 | 668.5+44.4 | 590.7+29.5 | 4408+6.0 | 440.0+9.9 7% + 3%*
BkF 179.0+10.7 | 1724+79 | 1825+14.5 | 154.7+9.5 146.8 +2.1 132.1+2.9 9% + 3%*
BeP 342.7+16.6 | 3274+123 | 353.0+£24.7 | 3094+16.1 | 2365+27 | 2109+58 9% + 3%*
BaP 230.6+11.2 | 231.9+94 | 2458+18.2 | 197.5+104 | 178.8+3.6 93.0 £ 4.6 222% + 8%*
DahA-+DacA 71.6+3.7 703 +2.5 75.0+£5.4 67.4+3.9 17.8+0.3 15.4+0.6 -8% + 3%
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Appendix D.6 (continued)

Compound

PKU B (n=3) PKU C (n=3) PKU-6 (n=3) Avg. %change

Unexposed Exposed Unexposed Exposed Unexposed Exposed
IcdP 481.8 +22.1 486.6 +21.4 | 497.5+£345 | 462.1+30.3 2429+ 1.6 2222+54 -5% £+ 3%
BghiP 494.8 +26.9 468.8+19.4 | 508.9+37.7 | 445.8+29.2 255.1+£0.9 216.2+7.7 -11% = 3%*
NPAHs
I-NN 0.7+£04 0.5 04+0.1 0.1+0.0 143% + 198%
2-NN 0.7' 0.7' 0.6+0.1 0.5+0.01 -14% + 6%
3-NBP 0.8' 0.7' -13%
9-NAN 54.6+34 10.7+£1.7 722+73 8.8£0.7 495+ 1.7 6.9+0.9 -85% + 1%*
3-NPH 50+04 3.9+0.1 6.0+0.6 3.8+0.5 1.4+0.04 0.9+0.1 -32% £ 3%*
2-+3-NF 90.2+7.0 85.7+x1.4 114.5+10.5 82.5+7.3 49.5+0.8 39.2+£2.1 -18% + 4%*
1-NP 0.9+0.2 3.8+£0.2 0.7+0.03 4.0+03 3.3+0.04 12.1+£1.9 376% + 54%*
2-NP 17.4+1.2 17.0+ 0.8 17.1+2.0 154+1.3 11.2+0.2 8.6+ 1.1 -11% + 5%
7-NBaA 18.5+1.2 6.6+1.0 18.0+1.5 53+04 21.6+ 04 6.3+04 -68% =+ 3%*
6-NBaP 53 52.8+11.2 53 214+5.8° 6.1 29.1+7.6 552% + 131%*
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Appendix D.7: Means and standard errors of PAH and NPAH masses (ng) measured in PKU filters used for the chemical study of O
exposure. In the case that a compound was not detected in all samples, superscript denotes number of samples detected. Numbers in

bold are estimated detection limits. An asterisk indicates the statistically significant difference in mass (p-value < 0.05).

Compound PKU D (n=2) PKU-10 (n=3) PKU-11 (n=3) Avg. %change
Unexposed Exposed Unexposed Exposed Unexposed Exposed

PAHs
NAP 27.0+4.5 20.2+£0.6 9.6+29 10.2+£2.1 12.4+£0.6 15.8+3.5 14% + 17%
I-MNAP 8.1+1.0 9.0+0.8 9.6 +0.5 10.1£1.5 10% = 10%
2,6-DMNAP 45+0.6° 5.8+0.67 5.2+0.5° 41+2.1° 25% - 13%
1,3-DMNAP 75+2.5 57+£2.0 6.0+£0.9 8.6+ 1.1 8.0+ 1.1 9.8+04 22% + 14%
ACY 6.5+ 0.4 53+1.1 3.9+0.1° 3.8+0.6° 54+03 42+0.7 -15% + 6%
FLU 13.5+2.4 99+0.5 11.1+1.0 92+1.3 14.1+£0.9 108+ 1.4 -21% + 5%*
DBT 11.0£1.5 10.1+1.4 11.9+0.1 9.0=+1.0 154+£0.7 9.0£1.1 -26% £ 8%*
PHE 147.6 £21.4 98.0+4.8 104.9 £ 6.8 85.5+7.4 161.2+11.7 119.1+7.2 -25% + 4%*
ANT 10.7£0.7 8.6 0.1 9.0=+1.0 8.0+1.2 13.3+1.0 104 +£0.8 -16% + 8%*
2-MPHE 48.0£10.3 347+1.3 51.0+3.1 423+3.0 67.2+3.3 48.8 £4.0 -22% £ 5%*
2-MANT 51+03 44+0.6

1-MPHE 27.7+5.6 19.0£1.5 364+22 308+ 1.1 458 +0.8 30.7+3.2 -25% £ 5%%*
3,6-DPHE 3.7+£0.6 2.7 10.3 + 4.0 5.7 -30% + 12%
RET 432+99 245+1.8 100.5+8.5 749 +8.3 722+75 56.6 £8.3 -28% + 4%*
FLA 527.1 £156.7 | 389.2+47.5 | 2504 +14.2 | 204.5+12.4 | 498.7+14.4 | 341.1 £26.6 -23% + 7%*
PYR 313.5+45.2 186.6 £8.0 147.5+6.3 83.1+6.3 252.0+9.1 143.4+7.4 -42% + 2%*
BcFLU 349 +1.7 21.8+1.5 484+ 1.8 285+1.9 -39% £ 2%*
I-MPYR 242+3.6 13.4+0.1 159+1.2 9.0+0.7 20.8+1.2 11.5+09 -44% + 2%*
BaA 154.0£17.1 894+24 75.5+2.4 46.0+3.4 103.3+3.7 63.8+3.7 -39% + 1%*
CHR + TRI 219.8 £36.2 140.2 £ 8.9 89.8 +£3.7 67.8+4.0 133.5+6.3 105.1 £5.6 -26% + 3%*
BbF 848.2+162.5 | 631.6+16.0 261.5+£8.1 209.5+9.2 336.5+£8.7 287.7+10.7 -19% + 3%*
BKF 223.1+47.5 144.8 +4.7 69.7+2.7 44.1+2.5 96.2+1.6 67.8+£5.7 -33% + 3%*
BeP 438.5 £66.3 304.0+7.6 138.9+4.6 91.9+49 184.0+5.2 136.9+ 6.8 -30% + 2%*
BaP 250.3 £34.7 133.4+4.9 85.1+4.2 458 +£2.8 124.0 + 3.0 72.4+£3.3 -44% £ 2%*
DahA-+DacA 83.4£11.1 51.1+£3.5 9.5+0.3 5703 124+04 8.2+0.5 -37% £ 2%*
IcdP 465.7 £62.0 303.3+16.7 129.0 £ 3.8 87.2+4.1 171.6 +4.6 124.8 +4.6 -31% + 2%*
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Appendix D.7 (continued)

Compound PKU D (n=2) PKU-10 (n=3) PKU-11 (n=3) Avg. %change
Unexposed Exposed Unexposed Exposed Unexposed Exposed

BghiP 4444 +778 | 2795+15.7 | 129.1+4.1 82.1+3.6 167.3+5.2 1183 +4.5 -34% + 2%*
NPAHs

1-NN 0.6' 0.48' 0.9+0.1 1.0+ 0.01 0.7+0.1 0.5+ 0.02 5% + 19%
2-NN 0.8+0.1 0.9 +0.03 0.8+ 0.03 0.7 +0.02 3%+ 7%
3-NBP 1.2+0.1 1.3+0.1 1.6+0.1 1.3+0.02 3% + 10%
3-NDB 2.8! 2.5 -9%
9-NAN 79.7 +13.4 70.7 £22.3 32.5+5.0 18.0+ 1.6 16.1 +0.9 7.9+0.4 24% + 15%
3-NPH 3.1+1.1 437+1.6 1.5+03 1.3+0.1 12+0.1 1.0+0.1 17% + 26%
2-+3-NF 151.34+25.0 | 203.3+£69.0 | 31.4+29 24.8+0.9 346+ 1.8 292+1.5 4% + 17%
1-NP 1.9+0.5 14+04 6.6+ 0.8 6.2+0.6 59+1.0 6.3+0.3 1% + 5%
2-NP 4.0+05 3.1+0.2 29! 2.8! -18% + 6%
2,8-DNDBT 1.7 +0.4° 1.4 +0.04° -14% + 20%
7-NBaA 16.1+0.8 12.0+0.9 11.0+£1.6 7.4+0.8 3.4+0.1 2.1+0.01 28% + 8%*
I-NTR 1.7+0.4 1.5+0.5 “15% + 15%
6-NCH 1.3+0.2 1.2+0.3 -13% + 23%
3-NBENZ 1.2+0.2° 1.3 +0.032
2-NTR 1.1+£0.2 1.0+0.3 -14% £ 21%
1,8-DNP 1.7+0.1° 1.6 -5% + 3%
6-NBaP 17.3 5.3 48" 3.8! 24% + 45%
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Appendix D.8: Means and standard errors of PAH and NPAH masses (ng) measured in Riverside filters used for the chemical study of
NO3/N;,Os exposure. In the case that a compound was not detected in all samples, superscript denotes number of samples detected.
Numbers in bold are estimated detection limits. An asterisk indicates the statistically significant difference in mass (p-value < 0.05).

Compound R-671 (n=3) R-672 (n=3) R-673 (n=3) Avg. %change
Unexposed Exposed Unexposed Exposed Unexposed Exposed

PAHs
NAP 2.5+0.7 1.7+0.3 1.84+0.2 43+1.0 3.6+03° 3.9+0.7° 47% + 39%
FLU 4.8 3.5! 3.7+0.2? 2.1+2.1 42 +0.1% 3.5 -28% + 20%
DBT 0.6 1.8+0.32 0.6 +0.022 23+0.3° 13+£03 6.8+4.5 515% + 345%
PHE 1.6+0.5 3.0£0.6 1.5+0.3 48422 44+0.5 10.0+3.5 195% + 74%*
2-MPHE 5.0 5.3! 6.0+ 0.6 13.0£5.0 97% + 77%
1-MPHE 4.0 5.9 4.1+0.1 7.1+2.7 70% + 49%
FLA 53+02 6.1+0.4 49+02 6.0 £0.5 8.0+1.6 6.3+1.0 8% + 10%
PYR 44+0.1 50+0.1 45+0.2 4.6+0.4 6.0+ 1.0 4.7+0.03 -0.3% + 6%
BaA 1.7+£0.5° 1.6+0.5° 24+0.1 1.2 24% £ 27%
CHR + TRI 1.9+0.1 2.1+0.1 1.8+0.1 1.9+0.1 25+0.5 2.1+0.1 2% + 6%
BbF 52+0.5 5.7+0.1 48+0.1 52+0.2 70+1.7 52402 -0.02% + 7%
BkF 2.7 22! -17%
BeP 42402 46+0.1 4.0+0.2 42+02 5.1+0.7 42+0.1 -0.4% + 5%
BaP 9.3! 8.8! -6%
IcdP 3.6+03 3.9+0.2 3.4+0.1 3.5+0.1 44+0.7 34+0.1 1% + 6%
BghiP 5.6+0.4 6.5+0.01 57+0.1 59+03 6.7+0.6 6.0 0.2 3% + 5%
NPAHs

1-NN 0.4 0.1 -66%
2-NN 0.3 0.2 -53%
9-NAN 0.3 0.2 0.4+0.1% 0.2 34% + 12%
3-NPH 0.3+0.1 0.3 +0.01 0.2+0.1 0.3+0.1 0.1' 0.2 52% + 37%
2-+3-NF 46+02 42+03 53+03 49+02 53+03 52403 -5% + 6%
1-NP 02+0.1 0.2+0.02 0.3+0.1 0.3+0.03 0.3 +0.04 0.3 +0.03 3% + 8%
1-NTR 0.3 0.2 7%
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Appendix D.9: Means and standard errors of PAH and NPAH masses (ng) measured in Riverside filters used for the chemical study of
OH radical exposure. In the case that a compound was not detected in all samples, superscript denotes number of samples detected.
Numbers in bold are estimated detection limits. An asterisk indicates the statistically significant difference in mass (p-value < 0.05).

Compound R-661 (n=3) R-662 (n=3) R-673 (n=3) Avg. %change
Unexposed Exposed Unexposed Exposed Unexposed Exposed

PAHs
NAP 6.1 2.4! 5.1 3.2! -49% + 12%
1-MNAP 47 +0.2° 54+02° 5.0 4.1 48+04 47+03 2% + 8%
FLU 3.5 49+0.9 3.7 3.5 3.9+02° 3.6+0.1° 16% + 15%
DBT 0.6' 1.1' 0.8 +0.2 0.6 0.6+0.2 0.8+0.3 48% + 37%
PHE 27+0.7 11.0+£2.6 3.8+1.1 53+0.3 32+1.1 6.1 1.1 232% + 90%*
ANT 1.3 1.4 -15% + 73%
2-MPHE 6.0+0.3 8.0+0.3 59+02 7.0+0.7 54+02 6.8 +0.3 26% + 6%*
1-MPHE 4.0 44+03 4.0 42 +0.2 4.0 4.0" 8% + 4%*
FLA 6.2+0.2 7.6+0.4 6.5+0.1 6.6+ 0.4 59+03 6.6 +0.2 12% + 4%*
PYR 5.1+0.1 59+0.2 56+04 59+04 51+0.2 59+0.2 14% + 2%*
BaA 1.2 2.1 84%
CHR + TRI 20402 2.1+0.1 2.1+0.1 2.8+0.2 1.8 0.1 24402 25% + 8%*
BbF 54+02 55+0.2 57+02 62+05 51403 53+0.2 5% + 3%
BeP 48+0.1 53403 49402 53+0.4 45+03 51+1.0 11% + 7%
IcdP 41+0.1 41402 4.1+0.03 44403 40+0.3 40+0.2 2% + 3%
BghiP 6.6+0.1 6.5+ 0.4 7.1+0.4 74+05 6.4+03 6.8 +0.3 3% + 3%
NPAHs

1-NN 0.2+0.1° 0.1 55% + 112%
2-NN 0.6+0.1° 0.2 0.4 0.2 -70% + 3%
9-NAN 0.3 +0.03° 0.2 31% + 7%
3-NPH 0.6 +0.1° 0.2+0.1° 0.3+0.1 0.4+0.0 0.4+0.1° 0.2+0.1° -0.2% + 37%
2-+3-NF 4.9 +0.02 46+0.1 54+0.1 47+0.1 45+0.1 4.0+0.1 -10% + 2%*
1-NP 0.3 +0.04 0.3+0.1 0.3+0.03 0.3+0.03 0.2 +0.02 0.3 +0.02 8% + 5%
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Appendix D.10: Means and standard errors of PAH and NPAH masses (ng) measured in Riverside filters used for the chemical study
of O3 exposure. In the case that a compound was not detected in all samples, superscript denotes number of samples detected.
Numbers in bold are estimated detection limits. An asterisk indicates the statistically significant difference in mass (p-value < 0.05).

Compound R-651 (n=3) R-652 (n=3) R-653 (n=3) Avg. %change
Unexposed Exposed Unexposed Exposed Unexposed Exposed

PAHSs
NAP 48! 0.8' 4.5 3.2 -56% + 28%
1-MNAP 4.6' 4.1 -11%
2,6-DMNAP 1.4! 1.55 9%,
FLU 5.2! 3.5 -32%
DBT 3.9+0.3% 20+1.5° 1.9+1.3° 1.9+1.3° 3.7+0.2° 3.1+0.01° 38% + 82%
PHE 5.7+2.9° 2.0+ 0.6 27+1.0 41+1.8 3.0+0.9 1.7+0.7 22% + 57%
ANT
2-MPHE 6.7+ 0.7 5.0 6.8+ 1.8 8.3+2.1° 9.2! 5.0 3% + 28%
1-MPHE 4.0 4.9+ 0.5
FLA 8.6+2.7 6.0+0.3 6.4+0.8 6.5+ 1.0 59+0.2 5.7+0.3 -5% + 10%
PYR 6.4+1.6 49+02 54+0.3 5.4+0.7 52402 48+0.1 -8% + 6%
BaA 3.0£0.6 2004 23+0.1 1.840.9 2.440.04 2.3+0.04 -19% + 13%
CHR + TRI 25+02 22+0.1 23+02 25+03 2.1+0.1 24+0.1 4% + 5%
BbF 6.9+1.1 6.0+0.2 6.0+0.2 6.5+0.8 5.8+0.1 6.1+0.1 2% + 6%
BKF 2.6' 22! -14%
BeP 5.4+0.6 48+0.1 50+0.1 52405 48+0.1 48+0.1 2% + 4%
DahA+DacA
IcdP 48+0.6 4.0+0.1 43402 4.6+0.4 44402 41+04 -5% + 5%
BghiP 7.5+0.6 6.8+0.3 72+0.4 7.6+0.9 7.2+0.1 7.0+0.4 2% + 4%
NPAHs
2-NN 0.5' 0.2! -67%
3-NPH 0.4+0.01 0.3+0.01 0.4 +0.01 0.3+0.01 0.4 +0.01 0.3 +0.00 S12% + 2%*
2-+3-NF 45+0.1 46+02 54+0.5 4.1+0.03 46+0.1 3.9+0.2 -13% + 4%*
1-NP 0.3 +0.01 0.2 +0.01 0.2 +0.01 0.2 +0.01 0.2+ 0.00 0.2 +0.01 S13% + 3%*
1-NTR 0.5+0.1° 0.4+0.1° -37% + 6%
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Appendix D.10 (continued)

Compound R-651 (n=3) R-652 (n=3) R-653 (n=3) Avg. %change
Unexposed Exposed Unexposed Exposed Unexposed Exposed
6-NCH 0.3£0.1° 0.1 -65% = 7%
3-NBENZ 0.8' 0.5' -43%
2-NTR 0.7 +0.03 0.4+0.17 -45% + 17%
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Appendix D.11: A. PAHcxposed/PAHunexposed and B. NPAHexposed/NPAH nexposed Of Beijing PM filters (n=3) used for the mutagenicity study. An asterisk
denotes the statistically significant difference between the unexposed and exposed masses. (N.D. = Not detected)
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Appendix D.12: Means and standard errors of Pz.. [ and NPAH masses (ng) measured in PKU filters used for the mutagenicity study
of NO3/N,Os radical exposure. In the case that a compound was not detected in all samples, superscript denotes number of samples
detected. Numbers in bold are estimated detection limits. An asterisk indicates the statistically significant difference in mass (p-value

<0.05).
Compound PKU-3 PKU-4 PKU-5 Avg. %change
Unexposed Exposed Unexposed Exposed Unexposed Exposed
PAHs
NAP 8.8 5.7 8.2 7.9 22.2 13.1 27% +11%
I-MNAP 33 6.8 11.8 33 19% £ 91%
1,3-DMNAP 5.3 5.9 4.8 5.9 10.1 4.8 -6% +23%
ACY 9.6 6.3 -35%
FLU 9.1 6.5 9.0 8.2 26.7 12.4 -30% + 13%
DBT 7.9 7.2 7.3 7.0 23.7 14.7 -17% + 11%
PHE 62.9 50.1 69.1 60.0 241.8 156.8 -23% £ 6%
ANT 7.4 5.4 6.9 4.9 20.5 11.6 -33% £ 5%
2-MPHE 34.4 33.6 35.0 36.8 95.7 81.5 -4% + 6%
1-MPHE 24.3 19.1 26.8 18.6 -26% + 5%*
3,6-DPHE 7.9 6.3 -20%
RET 73.9 62.7 92.9 85.8 70.5 63.4 -11% £ 2%*
FLA 167.4 116.0 212.6 144.9 619.5 536.7 -25% + 6%*
PYR 110.0 52.3 153.0 87.4 382.5 246.1 -44% + 5%
BcFLU 31.0 18.2 35.4 243 93.6 63.5 -35% £+ 3%
1-MPYR 14.7 7.8 16.2 10.5 323 18.2 -42% + 3%
BaA 86.4 53.5 83.6 50.1 109.9 147.5 -34% + 5%%*
CHR + TRI 85.6 75.8 82.8 64.0 246.6 228.7 -14% + 5%*
BbF 380.9 328.1 280.1 218.6 786.4 729.5 -14% + 4%*
BkF 107.6 86.9 78.7 56.2 257.3 231.0 -19% =+ 5%*
BeP 200.6 163.0 149.3 105.9 440.1 402.3 -19% + 6%*
BaP 123.5 70.1 102.6 65.6 320.3 216.3 -37% £+ 3%
DahA+DacA 14.3 12.5 10.3 7.9 335 32.7 -13% + 6%
IcdP 194.8 169.1 129.0 98.0 412.3 390.8 -14% + 5%*
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Appendix D.12 (continued)

Compound PKU-3 PKU-4 PKU-5 Avg. %change
Unexposed Exposed Unexposed Exposed Unexposed Exposed

BghiP 202.7 164.4 125.1 89.9 415.5 383.6 -18% + 6%*
NPAHs

I-NN 0.4 0.4 0.5 0.6 0.8 0.6 -6% + 9%
2-NN 0.6 0.5 0.5 0.5 1.0 0.7 -13% + 7%
3-NBP 1.3 0.9 -32%
2-NFL 0.2 0.6 155%
9-NAN 479 343 21.0 15.7 75.1 57.8 26% £ 2%
9-NPH 0.5 4.2 0.5 8.7 0.5 53 1090% =+ 268%
3-NPH 1.4 2.6 1.2 3.7 34 4.5 114% + 58%
2+3-NF 32.8 43.7 255 51.6 205.0 183.6 42.6% +32.7%
2-NF 29.1 25.7 40.5 21.9 199.9 167.0 -25% + 11%
3-NF 1.1 10.3 1.1 17.5 1.1 12.5 1156% £ 199%*
1-NP 3.5 61.6 3.2 75.8 6.5 121.9 1896% £ 195%*
2-NP 10.4 7.5 31.0 32.0 -12.4% + 16%
7-NBaA 19.1 394 8.0 28.2 26.8 51.2 150% 52%*
I-NTR 0.6 3.9 0.6 4.6 0.6 2.3 493% + 114%*
6-NCH 0.6 19.8 0.3 255 0.2 16.3 6955% + 2034%*
3-NBENZ 0.6 3.0 1.0 33 1.0 5.4 351% £ 63%*
2-NTR 04 3.1 04 5.0 04 2.9 840% + 173%*
1,3-DNP 0.7 1.6 119%
1,6-DNP 0.6 2.1 0.6 6.7 0.6 22 483% + 242%
1,8-DNP 1.6 11.8 1.6 4.2 389% £ 329%
6-NBaP 6.1 159.2 6.1 127.4 6.1 273.5 2946% + 723%
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Appendix D.13: Means and standard errors of PAH and NPAH masses (ng) measured in PKU filters used for the mutagenicity study
of OH radical exposure. In the case that a compound was not detected in all samples, superscript denotes number of samples detected.
Numbers in bold are estimated detection limits. An asterisk indicates the statistically significant difference in mass (p-value < 0.05).

Compound PKU-7 PKU-8 PKU-9 Avg. %change
Unexposed Exposed Unexposed Exposed Unexposed Exposed

PAHs
NAP 3.8 11.5 968.7 6.2 2,086.3 3.5 0.1% = 100%
2-MNAP 290.8 6.2 626.8 6.2 -98% £ 0.6%
I-MNAP 5.0 6.2 146.8 7.1 320.7 5.7 -56% + 40%
2,6-DMNAP 3.9 7.8 63.0 9.2 141.1 3.9 -28% £ 63%
1,3-DMNAP 55.0 5.5 126.6 4.8 -93% £ 3%
ACY 4.5 5.0 9.5 4.8 11.9 5.3 -32% +21%
ACE 231.0 34 484.5 34 -99% £ 0.4%
FLU 8.3 7.3 123.4 8.4 311.3 12.6 -67% £ 28%
DBT 5.5 5.7 22.8 6.8 53.7 9.3 -50% £ 27%
PHE 99.7 61.2 248.2 68.2 390.4 75.6 -64% + 13%
ANT 9.0 5.8 19.5 4.9 27.3 6.7 -62% + 13%
2-MPHE 48.1 37.7 68.5 40.4 84.5 50.3 -34% + 6%
1-MPHE 333 23.5 38.2 22.1 49.4 29.2 -37% + 4%*
3,6-DPHE 5.7 6.7 6.9 8.8 8.1 5.7 5% + 18%
RET 46.4 42.8 40.3 31.5 58.5 50.2 -15%
FLA 379.2 301.0 468.8 353.8 361.6 276.6 -23% + 1%*
PYR 258.5 153.0 315.1 198.5 2253 123.2 -41% + 2%*
BcFLU 51.0 28.5 69.3 38.8 53.74 30.0 -44% + 0.1*
I-MPYR 244 11.4 27.5 13.7 22.6 10.1 -53% + 2*
BaA 124.7 75.8 159.0 99.6 110.69 72.0 -37% + 1%*
CHR + TRI 136.9 118.9 219.0 200.3 165.01 144.5 -11% £+ 1%*
BbF 403.8 363.1 753.0 676.5 630.9 533.9 -12% £ 2%*
BKF 126.8 116.9 252.8 2209 208.8 167.8 -13% £+ 3%
BeP 209.1 188.6 435.6 382.5 361.0 295.0 -13% £ 3%
BaP 163.5 59.0 300.0 187.7 217.8 122.4 -48% =+ 8%*
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Appendix D.13 (continued)

Compound PKU-7 PKU-8 PKU-9 Avg. %change
Unexposed Exposed Unexposed Exposed Unexposed Exposed

DahA+DacA 15.6 12.6 34.7 29.8 25.1 20.4 -17% + 2%*
IcdP 227.0 196.6 422.6 393.9 337.4 287.3 -12% + 3%*
BghiP 230.8 187.5 459.7 402.2 365.7 288.2 -17% + 3%*
NPAHs

I-NN 1.1 0.5 1.4 0.5 0.3 0.2 -50% +31%
2-NN 0.8 0.6 1.2 0.8 0.9 0.8 -22% £+ 17%
3-NBP 1.2 0.9 1.7 1.0 1.3 1.2 -24% £ 25%
3-NDB 4.7 3.8 3.5 3.5 -9% + 18%
5-NAC 0.4 0.9
9-NAN 60.9 10.3 91.2 13.8 47.8 11.0 -82% + 7%*
2-NDBT 0.5 0.3 -37%
3-NPH 1.5 1.2 3.5 2.3 3.0 2.1 -28% £+ 12%
2-+3-NF 113.8 104.6 276.5 2145 116.0 90.4 -18% £ 14%
I-NP 3.6 14.3 38.6 10.5 54.0 19.0 53% £+ 366%
2-NP 8.0 6.4 154.5 21.3 210.7 24.4 -65% 68%
7-NBaA 9.0 3.7 193.4 10.5 208.7 10.3 -83% £ 35%
2-NTR 0.6 0.4 0.5 0.4 -29% + 14%
1,8-DNP 3.2 2.8 2.8 2.1 -20% £ 11%
6-NBaP 6.1 28.8 6.1 58.1 8.6 56.7 591%* + 418%*
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Appendix D.14: Means and standard errors of PAH and NPAH masses (ng) measured in PKU filters used for the mutagenicity study
of O3 exposure. In the case that a compound was not detected in all samples, superscript denotes number of samples detected.
Numbers in bold are estimated detection limits. An asterisk indicates the statistically significant difference in mass (p-value < 0.05).

Compound PKU-12 PKU-13 PKU-14 Avg. %change
Unexposed Exposed Unexposed Exposed Unexposed Exposed

PAHs
NAP 12.14 15.0 17.1 24.4 12.0 9.9 16% + 18%
I-MNAP 7.2 7.8 10.4 11.6 6.8 6.4 5% + 5%
2,6-DMNAP 3.9 5.4 38%
1,3-DMNAP 4.8 5.5 7.1 10.3 30% + 14%
ACY 4.9 4.3 9.4 8.3 4.9 4.4 -12% £ 0.2%
FLU 9.1 6.9 18.9 14.7 11.7 7.8 -27% £ 3%
DBT 8.6 7.0 23.7 13.4 12.1 9.4 -28% + 8%
PHE 133.9 78.7 344.6 240.7 173.5 91.1 -40% + 5%%*
ANT 7.3 8.3 25.3 18.3 10.4 6.4 -18% + 16%
2-MPHE 58.0 37.5 106.8 79.4 69.0 40.5 -34% + 5%*
2-MANT 10.1 7.6 -25%
1-MPHE 42.6 26.5 80.3 54.0 45.2 24.4 -39% =+ 4%*
3,6-DPHE 8.7 5.7 -34%
RET 89.3 39.8 100.7 75.7 71.4 33.6 -44% £ 10%*
FLA 463.3 367.9 1101.1 910.2 563.3 439.2 -20% =+ 1%*
PYR 347.4 136.5 759.1 432.4 387.4 159.4 -54% + 6%*
BcFLU 86.3 354 144.9 85.9 78.9 34.5 -52% + 6%*
1-MPYR 38.8 14.4 61.8 35.2 329 13.1 -55% £ 6%*
BaA 221.5 101.6 372.6 207.3 190.6 91.3 -50% + 3%*
CHR + TRI 221.1 139.7 446.5 330.6 235.6 146.7 -34% + 4%*
BbF 598.9 451.6 1050.1 870.2 680.0 519.5 -22% £ 2%*
BkF 204.2 118.0 349.8 270.6 229.6 142.2 -34% + 6%*
BeP 327.4 202.5 597.0 457.3 368.9 239.9 -32% + 4%*
BaP 301.9 138.5 486.4 324.2 302.3 161.2 -45% + 6%*
DahA+DacA 27.0 14.9 49.1 35.0 27.9 16.4 -38% £ 5%*
IcdP 363.3 234.9 593.8 476.1 413.2 276.2 -29% + 5%*
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Appendix D.14 (continued)

Compound PKU-12 PKU-13 PKU-14 Avg. %change
Unexposed Exposed Unexposed Exposed Unexposed Exposed

BghiP 390.1 244.1 635.8 494.7 426.0 280.8 -31% + 5%*
NPAHs

1-NN 1.4 0.6 1.9 1.2 2.8 1.2 -50% + 6%
2-NN 0.9 0.6 1.4 1.0 1.5 1.0 -29 + 2%*
3-NBP 2.1 1.8 3.4 3.2 2.1 2.0 -10% + 3%*
3-NDB 5.9 5.1 25 4.4 31.4+44%
9-NAN 121.4 422 120.0 54.5 83.9 29.7 -62% =+ 3%*
3-NPH 3.6 2.0 2.8 1.9 3.1 2.0 -38% + 3%*
2-+3-NF 112.9 77.7 188.5 141.5 172.5 121.4 -29% + 2%%*
1-NP 6.9 4.7 8.4 5.0 5.8 4.0 -34% + 3%*
2-NP 16.3 10.0 18.4 12.8 17.4 10.8 -36% + 3%*
7-NBaA 39.9 21.0 16.7 9.4 19.5 10.0 -47% £ 2%
6-NCH 0.2 0.2 -22%
2-NTR 0.5 0.4 -28%
1,8-DNP 3.4 1.6 4.9 3.0 3.1 1.8 -45% + 4%
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