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Atmospheric fine particulate matter (PM2.5) has been linked to the 

death of 7 million people per year around the planet.  The organic portion of 

PM2.5 is responsible for increases in oxidative stress, inflammation, mutation 

and carcinogenesis.  Anthropogenic activity releases more organic material 

into the atmosphere, and has increased the amount of PM2.5 which contains 

organic aerosol including polycyclic aromatic hydrocarbons (PAHs) in the 

atmosphere.  PAHs are ubiquitous environmental contaminants emitted to the 

atmosphere through incomplete combustion, which traverse the planet in 

PM2.5.  Protected in PM2.5 by glassy organic aerosol coatings, PAHs undergo 

long-range atmospheric transport.   

Recent studies have shown that PAHs increase the viscosity and 

atmospheric lifetimes of secondary organic aerosol (SOA) particles formed 

naturally in the atmosphere, but have not shown the chemical speciation 

responsible for these trends.  This dissertation measured PAH oxidation 



products formed during SOA formation in the presence of PAH vapor.  These 

SOA particles grew larger, resulting in up to a 600% mass loading increase 

over SOA formed without PAH vapor present, and had longer atmospheric 

lifetimes.  This indicated that the presences of PAHs during particle growth 

increases the formation less-volatile organic compounds, which remain 

condensed in the atmosphere.  High-resolution time-of-flight aerosol mass 

spectrometry (HR-ToF-AMS) showed that SOA particles formed in the 

presence of PAH vapor had increased signals of mass to charge ratios (m/z) 

at higher m/z.  Other studies have demonstrated a large number of oligomers 

in SOA which could have the m/z signals measured here, suggesting a 

synergistic effect on SOA non-volatile compound formation. 

In the second part of this dissertation, ambient PM2.5 samples 

(collected in collaboration with the Swinomish Indian Tribal Community of the 

Northwest coast of the US State of Washington) were found to contain the 

same PAH oxidation products measured in our SOA experiments.  The 

presence of these compounds in ambient samples proved the real world 

application of the experimental data collected in the first part of this 

dissertation.  Along with these oxidation products, measured concentrations 

of ~130 PAHs in the ambient PM2.5 analyzed in this dissertation were used to 

assess the air quality of the Swinomish Reservation during different 

atmospheric conditions.  Significant differences in PAH concentrations were 

found during changes in wind direction, the presence of regional wildfires, and 

during atmospheric inversions.  Excess Lifetime Cancer risk assessment was 



performed on PM2.5 samples to demonstrate that during inversions, the 

inhalation cancer risk rises to levels above WHO safety guidelines.  

The oxidative potential (OP) of atmospheric fine particulate matter 

(PM2.5) has been linked to the organic content of PM2.5, including polycyclic 

aromatic hydrocarbons (PAHs).  Using the results from individual PAHs in the 

assay, computational modeling was performed to calculate the free energy of 

reaction (ΔGrxn) for each PAH in the consumption assay.  Significant 

correlations were found between the DTT50 and the ΔGrxn of subclasses of 

PAHs, the molecular weight (AMU) of PAHs, the assay response (linear 

slope), and various physical structural components of the PAHs.  While 

mixtures of the 16 PAHs currently found on the US EPA Priority Pollutant List 

tested in this study appeared to show an additive mixture effect in the DTT 

assay, whole mixtures of PAHs prepared to match ambient PM2.5 PAH 

measurements did not.  The compounds in the mixtures appear to either have 

antagonistic effects, or a non-linear relationship in oxidative potential at the 

low concentrations measured in PM2.5 samples. Extract measurements were 

significantly less  

This dissertation used advanced aerosol instrumentation, analytical 

characterization, and chemical assays to demonstrate ways to improve our 

understanding of PAH fate and transport in the atmosphere, as well as 

potential impact on human health.  The results of this research illustrate both 

the presence of a large number of PAHs in ambient PM2.5 and their 

implications on atmospheric lifetimes and PM2.5 exposure induced oxidative 

stress.
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Chapter 1:   Introduction 

 

1.0 Background.  Around the world, over seven million people die 

every year due to exposure to atmospheric particulate matter (PM). 1  The 

complex, and changing nature of PM inhibits vital risk assessment and 

exposure prevention. 2 This complexity impairs the determination of which 

constituents of the PM are driving toxicity to humans. 3  Human activity since 

the industrial revolution has greatly increased the amount of PM in the 

atmosphere, and continues to change the complex chemical composition of 

particles.2 4 5 6  The largest contribution is the result of combustion processes 

used for industry, energy, transportation, and cooking. 7 8  The continuing use 

of combustion to drive economic needs only continues to exacerbate the 

problem. 8 6    

Polycyclic aromatic hydrocarbons (PAHs), which are transported 

through atmospheric PM, continue to be a major human health concern, 

decades after being classified as known toxins and/or carcinogenic 

compounds. 9 10  PAHs are measured in all environmental compartments, but 

primarily transported through the atmosphere.9 11  Atmospheric emission of 

PAHs leads to PAH incorporation in PM, increases in PM mass in the 

atmosphere, and long-range transport of PAHs away from their emission 

sources. 12 13 14 15 16 The mechanisms by which PAHs are transported away 

from their emission sources in PM is beginning to be understood.13 12 
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 However there is a large gap in PM transport data regarding PAH 

transformation products. 17  

When PAHs become oxidized during atmospheric reactions, they 

transform into compounds with different physical and chemical properties, 

different bioavailability pathways, and different toxicity profiles. 18 19 20  These 

transformation products are not currently included in screenings via regulatory 

action, modeled for fate and transport, or considered during human risk 

assessments.  This dissertation combines laboratory experiments, field 

sampling, and chemical assays to assess the oxidation products of PAHs in 

atmospheric PM transport, and provides data for inclusion of these 

compounds in long-range atmospheric transport (LRAT) modeling and risk 

assessment. 

1.1 Polycyclic Aromatic Hydrocarbons (PAHs) 

Polycyclic aromatic hydrocarbons (PAHs) are a class of organic 

compounds naturally found in fossil fuels, emitted during the combustion of 

organic material, or are the product (or byproduct) of industrial processes. 21 

22  PAHs range in size from two to seven aromatic rings. Aromaticity is 

determined by the conjugation of double bonds around the 5 or 6 atom 

hydrocarbon rings.  Rings are fused together along a bonded side.  This 

results in hydrocarbon ring chains that are straight, bent, or clustered in 

structure.  The number of rings, along with the structure of those rings, 

determines the individual PAH chemical and physical properties.  For the 

purpose of this dissertation, the abbreviation PAH will be used to refer to the 
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entire largely defined class of compounds consisting of aromatic hydrocarbon 

rings, UPAH will be used when referring to the unsubstituted, or ‘parent’ 

PAHs.  As a class, PAHs are considered semi-volatile, with individual 

compound volatility related to molecular weight and structure.   

While many environmental analyses focus on UPAHs, PAHs contain 

more subclasses than UPAHs.  High molecular weight PAHs (HMWs) are a 

subclass of PAHs, classified as having a mass larger than 302 AMU, usually 

6 or more aromatic rings.  Although these are generally also unsubstituted, 

their high molecular mass changes their chemical and physical properties 

enough to classify them differently from UPAHs.  Particularly because they 

are less volatile, and highly hydrophobic.  While considered a separate 

subclass of PAHs, HMWs should undergo the same fate and transportation 

as UPAHS in the environment.  HMWs are produced through the same 

mechanisms that produce UPAHs, and can be found alongside them in 

nature and emission sources. 23  

Subclasses are also identified by substitutions within UPAHs.  These 

substitutions change the chemical and physical properties of the molecules. 

Substitutions within the ring structures, usually by nitrogen, oxygen or sulfur, 

result in heterocyclic PAHs (HPAHs).  These molecules have different 

reactivity due to the properties of the heterocyclic atom which is present.24  

HPAHs are naturally occurring along with UPAHs in crude fossil fuels, and 

can be released along with UPAHs into the environment. 23 25 
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Substitutions outside the ring structure also change the properties of 

the compounds.  Common substituents found on PAHs are carboxyl, nitrate, 

and alcohol groups, resulting in oxy-PAHs (OPAHs), nitro-PAHs (NPAHs), 

and hydroxy-PAHs (OHPAHs), respectively.  These substituents can be found 

singularly on PAHs or in any number of combinations between them.  While 

some OPAHs and NPAHs can be found in crude fossil fuels, they are, along 

with OHPAHs, created through chemical transformations in the environment. 9 

26 23  Substitutions of UPAHs increase mobility in the environment by adding 

polarity to the structure of the compounds, changing the way they can interact 

with the environment. 27 20 

1.1.1 Toxicity of PAHs  

PAHs, as a class, are considered toxic, with many having mutagenic, 

and/or carcinogenic properties 9.  There are currently 16 UPAHs on regulation 

watch lists such as the United States Environmental Protection Agency 

(USEPA) Priority Pollutant List 28.  Actual toxicity is not class specific, but 

rather is compound specific.  Each individual PAH has different modes of 

action in the human body that result in different adverse health effects.  Some 

compounds can be toxic and mutagenic or carcinogenic, while others can 

have certain toxic effects, but no mutagenic or carcinogenic capacity.    

The first compound to be identified as carcinogenic was the five ringed 

PAH benzo(a)pyrene (BaP).  Due to being the first compound found to cause 

cancer, and the thought at the time that it was the most toxic, BaP has been 

used as a benchmark cancer-causing agent in many studies.  There are now 
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several other known PAHs that have been shown to have higher 

carcinogenicity than BAP.  To account for this, BaP relative potency factors 

(RPFs) have been assigned to nineteen other PAHs 29.  Thirteen of these 

compounds are UPAHs, and six are HMWs.  This equivalency is one way in 

which remediation technologies measure their success, by comparing the 

contaminated BaP equivalency with the post-remediation BaP equivalency.   

The means by which a compound, or mixture of compounds, can 

cause harm to humans greatly depends on the route of exposure.  PAHs 

found in groundwater and/or soil are either ingested or absorbed through 

dermal contact for humans to be exposed.  Atmospheric PAHs on the other 

hand, are in the air we breathe both indoors and outdoors.  Data on the 

modes of toxicity exists only for a small subset of the detectable PAHs.  

Watch lists do not generally include HPAHs, OPAHs, OHPAHs, NPAHs, or 

HMWs, and there continues to be little literature on the different routes of 

toxicity each compound in these classes represent.  Many studies choose 

only a few compounds to assess toxicity.  While this is resourceful, important 

differences may be missed when drawing conclusions on the toxicity of an 

entire classes of compounds based on only a few model compounds. 

The largely unknown human health effects of substituted and HMW 

PAHs have negative consequences on human risk assessment.  Without 

validated toxicity data about the HPAHs, OPAHs, NPAHs, OHPAHs, and 

HMWs regulatory agencies cannot perform accurate risk assessments that 

are needed to protect communities near industrial locations and downstream 
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of emission plumes 9 30. Such risk assessments require not only the toxicity 

information on compounds in the environment, but are also beholden to the 

knowledge of what those compounds are and how they are transformed in the 

environment.  

1.1.2 PAH Environmental Contamination  

PAHs are formed during geological processes that result in fossil fuel 

production deep in the Earth, known as petrogenesis, UPAHs and HPAHs are 

released during extraction, transport, refinement, and use of fossil fuels for 

energy and industrial resources 31 23. During anthropogenic use, UPAHs and 

HPAHs can contaminate nearby groundwater, soil, and air.  PAH 

contamination is common in soil and groundwater samples near heavily 

industrial sites, petrochemical storage and/or refinement sites, as well as 

industrial spill and landfill locations 9 6 32 11. Most prevalently, UPAHs and 

HPAHs are emitted in both gas and particle phase to the atmosphere from 

exposed crude petrochemical stores.  

The most common form of atmospheric emission is through incomplete 

combustion of organic materials 5 9 6. PAHs are released from organic 

materials they naturally occur in, such as crude fossil fuels, or they can be 

formed through high-temperature reactions of hydrocarbons produced during 

combustion processes.  Depending on the temperature of the combustion, 

PAHs are emitted as either gas, or bound to liquid or solid particulate matter, 

such as soot or organic aerosol particles.  Gas-phase PAHs can either, 

remain in vapor state, or depending on their individual vapor pressures, they 
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can condense if the temperature in the atmosphere is not amenable to their 

vapor state, or they can sorb to nearby organic material 21 33.   

1.2 Atmospheric Particulate Matter and PAHs 

Once emitted there is a rapid cooling of the vapor leaving a 

combustion source, which is commonly visualized as steam released from 

industrial smokestacks.  Depending on the individual PAH, at atmospheric 

conditions the compound may not condense to liquid phase.  If there are 

organic based molecules nearby, this condensation can lead to liquid aerosol 

production.  While this is possible, a more common occurrence is UPAH 

sorption to existing organic particles, either liquid or solid.  The process of 

vapor moving to liquid or solid state is known as partitioning.   

1.2.1 Gas-particle PAH Partitioning 

 Under normal atmospheric conditions, (temperature and pressure), 

compounds with high vapor pressures will naturally transition into the gas-

phase, while compounds with lower vapor pressures will remain in the 

condensed phase.  Vapor pressure can be useful in predicting the phase a 

compound may be found in, but a more relevant estimation comes from 

assessing how an individual compound could react when surrounded by 

environmental conditions.  Vapor in the atmosphere is surrounded by liquid or 

solid water-based particles, solid black carbon particles, liquid organic 

particles, ionic salt-based particles, and a number of reactive gas species. 34 

All of these components can alter the phase-state a compound will be found 

in.   
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 The method used to estimate gas partitioning in the atmosphere 

involves the use of octanol as a surrogate for liquid phase organic particulate 

matter.  From this assumption, a partitioning coefficient for the amount of a 

compound found in octanol versus in air can be estimated.  This method has 

been around for years and is thoroughly described in “Environmental Organic 

Chemistry” by Rene P. Schwartzenbach et al. 34  The estimation for 

partitioning takes into account the physio-chemical properties of each 

molecule, the temperature, pressure, ionic strength, fugacity, and the total 

pressure of all gaseous molecules in the ar.  Using computer software, such 

as the EPISuite 4.1 software available from the US EPA, the partitioning 

coefficient (KOA) for PAHs in the atmosphere can be estimated.  

 Estimated KOA values for UPAHs results in a range of values ranging 

from 1 X 106 to 6 x 1010. [EPISuite 4.1].  These estimated values indicate that 

UPAHs will be found in the particle phase.  This has led to the monitoring of 

UPAHs on pollution watch lists through PM sampling and modeling.  Many 

UPAHs, however, are frequently measured in higher concentrations in vapor 

phase, which directly negates these KOA values. 15 21  This represents a large 

disparity in attempts to predict and track UPAHs around the planet. 

1.2.2 Fine Particulate Matter 

Atmospheric particulate matter (PM) exists with a range of different 

properties.  PM is the solid or liquid portion of the atmosphere, usually found 

suspended in air. Depending on current conditions, PM can be visible, such 

as ashes near a fire, or microscopic.  When considering long-range 
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atmospheric transport (LRAT) and human health concerns, fine particulate 

matter is of the utmost concern. 35  Fine PM is classified as PM with an 

aerodynamic diameter of 2.5 micrometers or less, and is commonly referred 

to as PM2.5. Larger particles, coarse PM, are filtered by human defense 

mechanisms upon inhalation. 4  However, PM2.5 has the ability to pass 

through lung tissue and enter the blood stream.  Once in the bloodstream, the 

chemical contents of PM2.5 can desorb from the particles and interact with 

biological systems.  

Exposure to outdoor PM2.5 has been linked to over 3 million human 

deaths per year 1.  High PM2.5 exposure occurs most frequently in developing 

nations where emission regulations are less stringent.  Chronic PM2.5 

exposure often leads to the early development of asthma, where acute 

exposure has been linked to numerous respiratory infections. 36 37 38  Many of 

the components of PM2.5 have the ability to alter cellular redox homeostasis 

through the production of reactive oxygen species (ROS).  Lung and heart 

tissue exhibit an increase in ROS after exposure to atmospheric PM2.5. 
39 40 41  

ROS are responsible for the depletion of electrolytes, which maintain cellular 

homeostasis with naturally occurring ROS, leading to oxidative stress in the 

affected tissues. 39  ROS caused oxidative stress has been linked to chronic 

inflammation, alterations to cell membrane transport lipids, proteins and DNA, 

cardiovascular and respiratory disease, cardiopulmonary morbidity and 

mortality disease, diabetes mellitus, neurodegenerative disorders, 

atherosclerosis, and many forms of cancer. 42 43 
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PM2.5 is the main source of atmospheric PAH transport.  Gas-phase 

PAHs sorb to nearby organic particles after emission. 9 [Walgreave 2010] 20 44  

Solid carbon based particles can sorb UPAHs, as well as organic liquid 

particles that naturally form on the surface of solid particles as well as on their 

own through condensation mechanisms.  The largest fraction of atmospheric 

PM2.5 is organic aerosol particles. 2   

1.2.3 Secondary Organic Aerosols 

 Biogenic processes lead to the natural release of many volatile organic 

compounds (VOCs).  Under natural conditions, these molecules have the 

ability to oxidize through reactions with naturally occurring reactive species in 

the atmosphere.  These newly oxidized compounds are less volatile, and so 

condense and coalesce, forming liquid phase particles. 45 46 Liquid phase 

oxidized compounds often contain reactive oxygen species (ROS) and highly 

oxidized organic molecules (HOMs) both of which are short lived, but have 

the ability to react with and sorb nearby organic molecules. 45 47  This process 

results in secondary organic aerosol (SOA) particles forming.  SOA particles 

do not remain liquid upon formation, the compounds within them continue to 

react forming long-chain hydrocarbon oligomers which result in highly 

viscous, semi-solid particles. 48 49 50 

 Studies show that SOA particles sorb nearby VOCs and semi-volatile 

organic compounds. 51 52  Once sorbed to the SOA, these compounds, such 

as PAHs, become part of the semi-solid particles, and are therein thought to 

be shielded from oxidative degradation during atmospheric transport. 52 50 53  
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Recent works suggest that PAH transformation products are also contained 

inside SOA particles. 54 13 13  This shielding is thought to be one of the main 

factors in the LRAT of UPAHs on PM2.5. 
44 17  Once incorporated into SOA 

particles, the UPAHs become trapped from re-evaporating or being oxidized 

by the highly viscous SOA. 13    

 There remains a large amount of ambiguity in the chemical 

composition of SOA, primarily because it is highly dependent on the 

geographic region it is formed in.  Increasing the urgency to get a better 

understanding of the processes dominating SOA production and transport, is 

the increase in anthropogenic VOCs and SVOCs in the atmosphere. 2  

Recent studies have shown that, while SOA continues to make up a large and 

growing portion of atmospheric PM2.5, continued anthropogenic emissions are 

creating an even larger mass of SOA in the atmosphere. 2 

1.2.4 Long-Range Atmospheric Transport  

 Atmospheric emissions are not contained to specific areas.  Conditions 

such as temperature, relative humidity, irradiance, and wind.  The complexity 

by which compounds are transported after emission continues to provide 

difficulty in predicting where the emitted compounds will end up.  Chemical 

properties such as phase partitioning, as mentioned previously, can dictate 

what compartment of the atmosphere that compound will end up in. 30 11   As 

discussed previously, SOA can form from emitted VOCs, and can sorb and 

entrap nearby compounds.  PM2.5 has a known ability to translocate globally, 

carrying with it any number of compounds that have sorbed to the particles 
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throughout the journey, along with any transformation products that may be 

formed along the way.  Understanding the chemistry of PM2.5 is necessary in 

reducing global deaths from exposure to PM2.5. 

 Modeling the transport of emissions throughout the atmosphere 

requires accurate input of the chemistry involved in the transport.  VOCs from 

different ecosystems present different chemistry in SOA formation and PAH 

sorption. 48 49 13 51  Atmospheric conditions, such as temperature and relative 

humidity affect the way particles form, and the viscosity of them over time. 48 

55 47  Improving the accuracy of the models to predict the movement of 

compounds through the atmosphere is essential for protecting communities 

from exposure. To do this, accurate chemical composition of PM2.5 is needed. 

17 

1.3 Exposure to PM2.5 

Inflammation, asthma, cardiovascular disease, neurological disorders, 

and increases in cancer have all been linked to PM2.5 exposure. 36 37 35 4  

Exposure to PM2.5 disproportionately effects minority, impoverished, and 

traditional indigenous communities around the world. 1 36 56  These 

communities are more likely to have higher indoor exposures to PM2.5 than 

industrialized communities, and symptoms of chronic exposure to PM2.5. 
1 56  

Protecting communities from exposure requires accurate prediction of 

transport, as well as comprehensive toxicological data about the vast suite of 

compounds transported in PM2.5. 
17 57   

1.3.1 Oxidative Stress from PM2.5 exposure 
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Inhalation of PM2.5 results in oxidative stress in both lung and heart 

tissue. 58 59 60 43  Oxidative stress results when ROS are introduced to cells.  

ROS are also referred to as free radicals, as many are compounds containing 

radical oxygen. 61 62  Cellular response to ROS is the deployment of anti-

oxidants to counter the free radical species.  Depletion of anti-oxidants results 

in stress on the cell resulting in an array of damage culminating in DNA or 

RNA damage and apoptosis. 63 64  SOA and PAHs have also been linked to 

oxidative stress in humans. 65 66 67 68 69 

To examine if a sample will cause oxidative stress upon exposure, its 

oxidative potential can be measured. 42 39 60  Biological assays which 

measure the amount of 8-hydroxy deoxyguanosine, malondialdehyde, and F2-

isoprostanes have been used to show direct biological responses to oxidative 

stress inducing samples. 42 70 39  Many biological assays require a different 

extraction process than are required for full analytical chemical analysis. 71  

For environmental chemists, a common practice is to split samples for both 

chemical analysis and toxicological assays.  This can result in a lower mass 

of chemicals in analytical methods due to smaller samples sizes, and may 

result in a higher number of non-detects. 72 25 73     

A common way to measure for oxidative potential of samples is the 

Dithiothreitol (DTT) assay.  In this assay DTT reacts with samples to create 

reactive oxygen species (ROS) the same way cellular assays do. 74 43 75  The 

DTT assay has become a vital tool employed by environmental chemists to 

assess PM2.5 oxidative potential, as indicators of toxicity, without the need for 
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biological assays. 60  The reaction of DTT with samples to create ROS is 

commonly used to measure peroxide production in a number of settings. 76  

Recent works have shown that using a DTT consumption assay replicates 

oxidative stress biological assays, and reduces false negatives due to ROS 

presence in SOA particles.  76 74   

The individual components of PM2.5 responsible for causing oxidative 

stress remain unknown, while recent research has demonstrated that the 

organic portion of PM2.5 is responsible for more oxidative stress than the 

inorganic portion. 63 77  Smaller particles and particles containing more 

oxidized organic compounds have been linked to higher levels of oxidative 

stress. 78 79 58 77 66  The link between chemical constituents and oxidative 

stress cannot be described without knowing the chemicals in PM2.5 that are 

responsible, and their modes of producing oxidative stress in exposed 

tissues. 75 80 60 

1.3.2 Risk Assessment for PM2.5 exposure 

Protecting communities from the harmful effects of PM2.5 requires both 

the ability to accurately predict atmospheric transport, and complete 

understanding of the compounds in the PM2.5.  The development of relative 

potency factors (RPFs) values by the US EPA, allows for excess lifetime 

cancer risk assessment for PAHs using the equivalent carcinogenic potency 

of BaP. 29  Such assessments utilize population averages of body mass, 

exposure rates and durations, as well as age of individuals (i.e. child or adult).  

For inhalation risk assessments, these values include the average inhalation 
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rate per day, average exposure time per day, and duration of exposure in 

years.  The equation used to estimate cancer risk for inhalation is: 

Cancer Risk    
 

   
CPAHi x RPFi) x URBaP 

Where CPAHi is the measured concentration of individual PAHi, RPFi is the 

relative potency factor of PAHi, and URBaP is the unit risk for BaP 

concentration (ng/m3 air).  The California State Environmental Protection 

Agency has determined the URBaP to be 1.1 x 10-6, based on toxicological 

testing on mice.  The WHO has set this value at 8.7 x 10-5, based on 

epidemiological studies of the urine of coke oven workers. 81  As this 

demonstrates, these values are set by different agencies around the world, 

and can vary by orders of magnitude.  Different UPBaP are established for 

different portions of the populations, such as children, adults, and the elderly.  

The value used must be dependent on the population of interest in a study.  

Cancer Risk calculations are used to calculate the risk of developing cancer 

due to a lifetime of exposure to the measured concentrations, assuming a 70 

year lifetime. 29 10 

1.4 Environmental Justice 

 Environmental justice has been a topic of research for many years.  

Broadly, the concept behind environmental justice encompasses both science 

into environmental contamination, and social sciences addressing inequalities 

of certain communities to access scientific information 82.  Researching 

environmental justice includes community concerns, translating scientific 
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research for the consumption and use of affected communities, and 

addressing the concerns of affected communities all in the research design 82.  

1.4.1 Exposure inequities.  

Minority and low-income communities around the planet are 

disproportionately exposed to PM2.5. 
1  Many of these communities are not 

only exposed to PM2.5 in outdoor air, but also to higher incidence of indoor 

PM2.5 and higher rates of outdoor PM2.5 intrusion into their living spaces. 1 83 

56  Due to lower rates of accessibility to clean air technologies, low-income 

communities are regularly exposed to larger quantities of PM2.5. 
1 56  Many 

such communities also still rely on open burning stoves to cook and heat their 

homes, creating more indoor PM2.5 containing combustion byproducts, such 

as PAHs. 1   

1.4.2 Native American Communities.   

The 1855 Treaty of Point Elliot designated Native American 

Communities to own land known as Reservations recognized by the US 

Federal Government. 83 84  Many Reservation lands are small subsets of the 

land historically inhabited by the tribal communities, and are situated near 

industrial complexes. 84  Native Americans, along with indigenous people 

around the globe, are disproportionately affected by the adverse health 

outcomes associated with PM2.5 exposure, and are less equipped to address 

concerns. 56   
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1.5 Dissertation Objectives 

 The goal of this dissertation is to assess what types of PAHs are 

present in PM2.5.  Most PM2.5 monitoring studies focus their measurements on 

the UPAHs with known toxicity profiles, and which appear on chemical 

exposure warning lists such as the PPL.  Advances in analytical methods 

have expanded the list of PAHs which can be quantified beyond the PPL 16 

PAHs.  Due to their lower volatility, HMW, HPAH, NPAH, OPAH and OHPAHs 

have been measured in other environmental compartments.  This dissertation 

examines the presence of these subclasses of PAHs in PM2.5.   

 Using advanced aerosol technology, the effect that PAH vapor has on 

the formation of SOA particles was assessed in collaboration with scientists at 

Pacific Northwest National Laboratory (PNNL).  Changes in SOA particle size, 

number, and density due to the presence of four individual vapor phase 

PAHs, were measured at PNNL.  Filters of SOA particles formed with and 

without PAH vapor were collected on quartz fiber filters, extracted, and 

analyzed for PAH and PAH transformation products composition using gas 

chromatography mass spectrometry, at OSU.    

To determine if the chemistry observed in the SOA study was 

applicable to atmospheric PM2.5, field studies were performed in collaboration 

with the Swinomish Indian Tribal Community (SITC) of the northern portion of 

the Puget Sound in the US state of Washington.  Two high-volume air 

samplers were deployed on the SITC Reservation alongside meteorological 

instrumentation to collect PM2.5 from the Reservation.  Paired filters were 
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collected over a two-year period, and stored in a freezer (-20°C).  Extraction 

of the filters was performed using accelerated solvent extraction, and 

analyzes were performed using gas chromatography mass spectrometry to 

quantify six sub-classes of PAHs from the PM2.5.  

The DTT consumption assay was used to assess the oxidative 

potential of PAHs measured in the PM2.5 from the SITC Reservation.  

Individual PAHs, mixtures of PPL PAHs, PM2.5 extracts, and mixtures of PAHs 

measured in PM2.5 were analyzed using a high efficiency microscale (96 well 

plate) DTT assay.  Matching PAH concentrations to measured PM2.5 

concentrations allowed us to examine what portion of the PM2.5 oxidative 

potential was due to the measured PAH concentrations, and established a 

calculation to predict oxidative stress of the PM2.5 using the measured 

concentrations of PAHs.   
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Chapter 2 

Formation of Polycyclic Aromatic Hydrocarbon Oxidation 

Products in α-Pinene Secondary Organic Aerosol Particles 

Formed Through Ozonolysis 
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2.1 ABSTRACT 

Accurate long-range atmospheric transport (LRAT) modeling of 

polycyclic aromatic hydrocarbons (PAHs) and PAH oxidation products 

(PAH-OPs) in secondary organic aerosol (SOA) particles relies on the 

known chemical composition of the particles.  Four PAHs, phenanthrene 

(PHE), dibenzothiophene (DBT), pyrene (PYR), and benz(a)anthracene 

(BaA), were studied individually to identify and quantify PAH-OPs 

produced and incorporated into SOA particles formed by ozonolysis of α-

pinene in the presence of PAH vapor.  SOA particles were characterized 

using real-time in-situ instrumentation, HR-ToF-AMS, and collected on 

quartz fiber filters for offline analysis of PAHs and PAH-OPs.  PAH-OPs 

were measured in all PAH experiments at equal or greater concentrations 

than the individual PAHs they were produced from.  The total mass of 

PAH and PAH-OPs, relative to the total SOA mass, varied for different 

experiments on individual parent PAHs: PHE and 6 quantified PHE-OPs 

(3.0%), DBT and dibenzothiophene sulfone (4.9%), PYR and 3 quantified 

PYR-OPs (3.1%), and BaA and benz(a)anthracene-7,12-dione (0.26%).  

Further exposure of PAH-SOA to ozone generally increased the 

concentration ratio of PAH-OPs to PAH, suggesting longer atmospheric 

lifetimes for PAH-OPs, relative to PAHs. These data indicate that PAH-

OPs are formed during SOA particle formation and growth.   
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2.2 INTRODUCTION 

Polycyclic aromatic hydrocarbons (PAHs) are toxic and ubiquitous 

environmental pollutants and have been shown to undergo long-range 

atmospheric transport (LRAT) bound to fine particulate matter (PM2.5) 
85 15.  

Several PAHs have been demonstrated to have adverse human health 

effects, which has led to the global monitoring of 16, primarily parent, 

unsubstituted PAHs 85 86.  PAHs are found naturally in crude fossil fuels 

and are emitted into the environment through anthropogenic extraction, 

transportation, refinement, and use of these fuels 85.  Additionally, 

incomplete combustion of organic material represents the largest source 

of PAH emissions to the environment 87 88. The complex mixture of 

compounds in natural organic matter results in a wide range of PAH 

emission profiles when combusted, and the varying chemical and physical 

properties of PAHs emitted during combustion results in differing degrees 

of absorption and adsorption to atmospheric PM2.5,  defined as particulate 

matter having an aerodynamic diameter of 2.5 microns or less 15 31 9.   

PM2.5 is a growing public health concern which has been linked to 

respiratory, cardiovascular, and neurological adverse health effects 89 36.  

Human exposure to PM2.5 leads to increases in reactive oxygen species in 

heart and lung tissue, and has been linked to over 3 million deaths per 

year around the world 89 1  In addition, atmospheric PAH transport has 

largely been predicted to occur as a result of sorption, or incorporation 

into, secondary organic aerosol (SOA).  SOA, formed from atmospheric 
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reactions of biogenic and/or anthropogenic volatile organic compounds 

(VOCs) with reactive atmospheric species (such as ozone, hydroxyl 

radical, and NOx), accounts for an increasing proportion of global PM2.5 

mass in the atmosphere (50% - 80%) 90 91 20 92 19 93. 

The presence of PAHs during SOA formation can significantly affect 

SOA formation and particle properties, including particle or chemical 

composition, volatility, and viscosity, leading to their longer atmospheric 

lifetimes and higher loadings than predicted by models 44 13 94.  Gas-phase 

PAHs adsorb on the surfaces of SOA particles during their formation and 

growth, where they react with gas-phase atmospheric reactants and 

become entrapped and highly dispersed throughout highly viscous, semi-

solid SOA particles 13 53 .  The limited diffusion of the entrapped PAHs 

shields them from evaporation and oxidation, which enables their LRAT 53 

95.  Since gas-phase ozonolysis of PAHs occurs at a much slower rate 

than particle sorption, PAH sorption into SOA particles is considered to be 

the dominant fate of PAHs in the atmosphere 90 96.   In addition, SOA 

particles, formed by ozonolysis in the presence of the PAH vapor, contain 

not only parent PAHs, but also products of surface reactions between 

PAHs with ozone 13 94 97. 

Due to their ranges in toxicity, modeling PAH transport in atmospheric 

PM2.5 is essential for human risk assessment, especially in developing 

countries 1.  However, many models assume relatively short PAH 

atmospheric lifetimes and short volatile and semi-volatile organic 
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compound retention times of VOCs in SOA particles 17.  This may partially 

explain under-predictions (30-70%) of PAH atmospheric concentrations as 

compared to those measured in field campaigns 17 20 87.  Moreover, 

current atmospheric models take only a limited number of unsubstituted 

PAHs into account.  These models neglect PAH-OPs that may form during 

atmospheric transport and are less volatile, and may be more toxic than, 

their parent PAHs 17 20 94 18.  Including oxidized compounds, such as PAH-

OPs, into the SOA models may more accurately predict the atmospheric 

lifetimes of PAHs and bring modeled PAH concentrations closer to 

measured PAH concentrations from field campaigns 17.  There is currently 

a lack of data describing the speciation of organic pollutants, such as 

PAHs, in both laboratory and ambient SOA 17 13. 

To gain a better understanding of the synergistic relationship between 

SOA formation and PAH incorporation in SOA, this study was designed to 

quantify PAHs and PAH-OPs produced during the formation of α-pinene 

(α-P) SOA through ozonolysis, and in the presence of PAHs.  After the 

cessation of particle formation, these particles were then exposed to 

additional ozone to assess if further oxidation of PAHs occurs during 

atmospheric transport. α-P SOA particles were produced in the presence 

of PAH standards (PAH-SOA), characterized using real-time in-situ 

instrumentation, a high resolution time-of-flight aerosol mass 

spectrometer, collected on quartz fiber filters, and extracted and analyzed 

for PAHs and PAH-OPs. Phenanthrene (PHE), dibenzothiophene (DBT), 
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pyrene (PYR), and benz(a)anthracene (BaA) were chosen for this study 

because of their ubiquitous presence in the atmosphere and their range of  

vapor pressures (2.8 x 10-5 – 2.73 x 10-2 Pa at 25⁰C) (Table S1) 87 88.  To 

our knowledge, this study is the first to show the formation of PAH-OPs in 

SOA and their subsequent aging.   

2.3 MATERIALS AND METHODS 

2.3.1 Materials.  A list of all compounds, abbreviations, chemical 

characteristics, and manufactures can be found in the supplementary 

information (Table A1.T1).  Analytical standards were used for extraction 

efficiency testing and the production of calibration curves for quantitative 

purposes.  Standards were stored in the dark at -20°C.  To quantify 

hydroxylated compounds, derivatization was performed using N-tert-

butyldimethylsilyl-N-methyl-trifluoroacetamide (MTBSTFA) for mono-

hydroxy PAHs, and N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) for 

poly-hydroxy PAHs, as previously described 98.  Quartz fiber filters (QFFs) 

were purchased as 8” x 11” sheets, (G.E. Whatman (Buckinghamshire, 

UK)), and were cut to fit an inline filter trap.  Before use, QFFs were 

placed in a ventilated oven and held at a temperature over 350°C for 12 

hours to remove any organic contaminants and were then sealed in 

aluminum foil packets and placed inside plastic zip-seal bags.   

2.3.2 Experimental Design.   

SOA Formation.  Figure 2.1 illustrates the generation of PAH-SOA, as 

previously described 44 13.  Briefly, to ensure PAH vapor was at or near 
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saturation vapor pressure, in triplicate experiments, ~0.5 g of individual 

PAH solid was placed into ~70 L Teflon bags filled with zero air and 

allowed to equilibrate for 48 hours ahead of SOA production.  Estimates of 

PAH vapor phase mixing ratios can be found in the supplemental 

information (S14-S15).  As detailed elsewhere 44 13, PAH-SOA formation 

was initiated by introducing 100 ppm cyclohexane (used as a hydroxyl 

radical scavenger), 600-800 ppb ozone (produced using Jelight Company 

(Irving, CA) model 600 ozone generator), and 400 ppb α-P (used as model 

system for biogenic SOA precursors) into Teflon bags 99 52.  Ozone was 

measured using a Thermo Scientific (Waltham, MA) model 49i Ozone 

Monitor. The SOA was allowed to grow for ~1 hour.  Size distributions and 

mass loadings of PAH-SOA particles were measured in-situ in real time 

(RTIS) using a Scanning Mobility Particle Sizer (SMPS), which was 

comprised of a TSI (Shoreview, MN) Differential Mobility Analyzer (DMA) 

model 3080 and a TSI ultrafine condensation particle counter (CPC) 

model 3786, using the documented α-P SOA density of 1.18 g/cm3 as a 

reference 44 100.  Particle characteristics, such as vacuum aerodynamic 

diameter, shape, density, and mass spectra were measured using a single 

particle mass spectrometer, miniSPLAT, as described in detail 

elsewhere.44 Additionally, an Aerodyne high resolution time-of-flight 

aerosol mass spectrometer (HR-ToF-AMS) was used to obtain average 

mass spectra of polydisperse SOA particles 101.  
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Figure 2.1.  Experimental setup: SOA was produced by injecting 400 ppb α-pinene, 600-800 ppb 

ozone, and 100 ppm cyclohexane (to act as OH radical scrubber) into a ~100 L Teflon reaction chamber 
filled with zero air equilibrated with PAH vapor from solids.  Particle growth was monitored using SMPS.  
When particle growth stopped (~ 1 hour), the fresh filter (A) was collected by directing a flow of the 

sample through charcoal denuders, to remove gas phase organic molecules, and onto a QFF in an 
inline filter trap, after real-time in-situ particle characterization was performed using single particle mass 
spectrometer (miniSPLAT). After fresh SOA collection was complete, the sample flow was directed into 
an oxidation flow tube reactor (PAM), for ozone exposure samples (B), allowed to mix, and again 
analyzed using miniSPLAT and collected using the inline filter trap. 

 
 

 
To assess the volatility of the SOA particles, particles were size-

selected with a DMA, passed through two activated charcoal denuders, 

and loaded into a stainless steel evaporation chamber that contained a 

layer of activated charcoal as detailed elsewhere 99.  Particle vacuum 

aerodynamic diameter was periodically measured as a function of time to 

quantify particle evaporation kinetics 99 102.  Triplicate controls of pure α-P 

SOA were also collected in each experimental setup and analyzed along 

with each PAH-SOA experiment.  No PAH or PAH-OPs were detected in 

the pure α-P SOA controls (Figure A1.F1). All experiments presented were 

conducted at low (≤ 5%) relative humidity (RH).  Given that previous works 



 

29 

 

have shown that increased RH decreases SOA viscosity and diminishes 

the ability of SOA to shield PAHs from oxidation 17, future studies will 

include experiments conducted at different RHs. 

Fresh PAH-SOA.  After particle growth had ceased in each individual 

Teflon bag, the total SOA mass loading (μg/m3) was measured for each 

batch of α-P SOA or PAH-SOA using SMPS.  Using Teflon tubing, air from 

the Teflon bag was pulled through two charcoal denuders (in series), to 

remove gas-phase organic molecules (including PAHs), and then through 

a QFF fitted into a 4.7 cm inline filter trap.  This was done until at least 15 

μg of PAH-SOA (or α-P SOA) mass was collected (based on mass loading 

calculations).  Due to the low vapor pressure of BaA, and preliminary 

experimental results that showed no BaA concentration above the 

detection limits in the QFF extracts, ~150 μg of BaA-SOA (from two 

individual bags) was collected on a single QFF to ensure the BaA 

concentration were above the detection limit.  QFFs were removed from 

the inline trap, sealed in pre-baked aluminum foil packets, stored at -20°C 

to reduce volatilization loss, and transported on dry ice, until extraction.   

Ozone-exposed PAH-SOA.  In order to test if PAHs and PAH-OPs 

incorporated in freshly formed highly viscous PAH-SOA particles can 

undergo heterogeneous oxidation reactions during atmospheric transport, 

a 13.3 L potential aerosol mass oxidation flow reactor (PAM, an Aerodyne 

(Billerica, MA)) was used to expose particles to high concentrations (6-10 

ppm) of ozone 103.  Dry zero air was used as the sheath flow at 1 L/min 
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and the sample flow rate was 0.3 L/min (Figure 2.1).  To ensure particles 

were well-mixed with ozone in the PAM reactor, QFF collection began 

after the individual PAH-SOA or α-P SOA was flowed through the PAM 

reactor for 10-15 minutes.  The high concentration of ozone in the PAM 

reactor, and the residence time of ~10 min for particles in the PAM 

reactor, resulted in a particle exposure to ozone equivalent to that 

experienced by PM2.5 during LRAT 13.  The flow from the PAM reactor was 

passed through a Perma Pure ozone scrubber (Toms River, NJ) to strip 

away gas phase ozone from the sample stream before QFF collection.  An 

average ~20-fold decrease in mass loading was measured through all 

experiments after ozone exposure in the PAM reactor.  This was primarily 

due to dilution, wall losses, and evaporation in the PAM reactor and 

transfer lines. 

The PAH-SOA ozone exposure experiments were conducted in 

triplicate with the activated charcoal denuders before the PAM reactor to 

remove the gas-phase organic compounds (PAHs, PAH-OPs, α-P, and 

PAH-SOA).  To assess if gas-phase organic compounds changed the 

measured chemical composition of the PAH-SOA particles, triplicate 

ozone exposure experiments were performed with and without the 

charcoal denuders placed in line before the PAM reactor.  In addition to 

QFF collection, particles underwent real-time in-situ characterization in all 

experiments.  Due to variability in particle losses during PAH-SOA 

exposure in the PAM reactor, and the significantly lower mass of collected 
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particles on the QFF, ozone exposure data had higher uncertainty and 

higher standard error than fresh SOA data.  No statistical difference was 

measured in the compounds detected between PAH-SOA ozone 

exposures with or without gas phase organic compounds present (Table 

A1.T2).    

To clean the experimental system between PAH-SOA experiments, 

nitrogen gas was flushed through the entire system (with PAM reactor 

lights turned on) until the CPC no longer detected particles.  System 

blanks were collected on QFFs by flowing zero air (2 L/min for 5 to 10 

minutes) through the entire experimental system. System blanks were 

analyzed along with all samples, and no PAHs or PAH-OPs were detected 

above lab blank concentrations.  This indicates that the cleaning 

procedure removed any lingering PAH-SOA from the experimental 

system.   

2.3.3 QFF extraction.  The QFFs were removed from their cold-stored 

sealed foil envelopes, and immediately folded in half, tightly rolled and 

inserted into 4 mL amber glass vials.  Isotope labeled surrogate standards 

(Table A1.T3) were spiked on QFFs and used to account for extraction 

losses.   

Due to the volatility of some parent PAHs and PAH-OPs, many 

extraction methods resulted in significant analyte loss during solvent 

evaporation 104.  To reduce losses, sonication of the QFF was chosen to 

reduce extraction steps.  Dichloromethane, ethyl acetate, and acetone 
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were tested for the highest analyte recovery, and while the 

dichloromethane and ethyl acetate had high recovery for the nonpolar 

PAHs (~50% for each), acetone provided the highest recovery for the 

more polar PAH-OPs (~80%) while slightly lower for the PAHs (~43%).  

Sonication was therein performed with 2 mL acetone solvent for 60 min at 

room temperature as the QFF extraction method.  This procedure did not 

require solvent evaporation or exchanges, and provided an average of 

~68% extraction recovery for spiked analytes (details for efficiency testing 

are in the SI, and on Table A1.T4).   

The extract was transferred into 2 mL amber vials with pre-baked 

Pasteur pipettes.  The QFF extract volume average was between 1000 

and 1200 μL.  To ensure accurate dilution calculations, all extracts were 

brought to a final volume of 1500 μL with acetone.  Aliquots of the extract 

were then used for chemical analysis as described in the SI. 

To account for any laboratory PAH or PAH-OP contamination, clean 

lab blank QFF filters were extracted and analyzed alongside experimental 

QFF.  Low concentrations of DBTS, PHE, PYR, BaA and 1,9-OHPHE 

were measured in lab blank and were subtracted from sample 

measurements. 

2.3.4 Chemical analysis.  Prior to analysis, isotopically labeled 

internal standards (Table A1.T3) were added to QFF extract aliquots.  

Identification and quantification was performed using an Agilent J&W 30 m 

X 0.25 mm i.d. (0.25μm film thickness) DB-5 capillary column on an 



 

33 

 

Agilent 5977A Gas Chromatograph, coupled to a quadrupole Mass 

Spectrometry (GC-MS) operated in 70 Volt electron impact ionization 

mode.  Detailed GC-MS methods can be found in supplementary 

information (SI).  Extracts were analyzed using both selected ion 

monitoring (SIM) mode, to look for and quantify PAHs and PAH-OPs with 

available analytical standards, and full scan mode (with and without 

derivatization) to identify unknown peaks that might be associated with 

other PAH-OPs without available analytical standards.  To measure 

hydroxy substituted PAHs (OHPAHs), derivatization using MTBSTFA for 

mono-hydroxylated OHPAHs, and BSTFA for poly-hydroxylated OHPAHs, 

was performed.  This process required incubation at 65°C for 25 minutes 

(MTBSTFA) or 70°C for 45 minutes (BSTFA) and is described in the SI.  

Mass spectra of GC-MS fragmentation were interpreted using Mass 

Hunter software.  Lab blank PAH or PAH-OP concentrations were 

subtracted from their measured concentrations, and divided by the total 

SOA mass collected, to give the weight percent (wt%) of PAH or PAH-OP.  

We report the mean weight percent ± one standard error (SE).   

  2.3.5 Statistical analysis.  For each experiment, PAH-SOA were 

produced in triplicate reaction chambers and fresh and ozone-exposed 

QFFs were collected from each reaction chamber experiment for statistical 

analysis.  Statistical analysis was performed using R and R-studio 

software.  A two sample Students T-test was used to test for significance, 
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with p-value ≤ 0.05.  Due to its low vapor pressure, only one BaA 

experiment was conducted and no statistical analysis was performed.  

2.4 RESULTS AND DISCUSSION  

The measurements of PAH and corresponding PAH-OPs for all the 

experiments in this study are presented in Table 2.1, Figure 2.2A, and 

Figure A1.F2. The results are reported as the mean weight percent (wt%) 

of PAHs and PAH-OPs relative to the total collected mass of PAH-SOA on 

the QFF (± one standard error).  The PAH-OP concentrations are also 

reported as a ratio relative to the parent PAH concentration in Table 2.1. 

 

2.4.1 Phenanthrene.  PHE, with a vapor pressure of 1.61 x 10-2 Pa, 

was measured at 0.91% (± 0.28) of the fresh PHE-SOA mass (Figure 

2.2A) and had the largest number of different PAH-OPs identified of all the 

PAHs tested.  A total of six individual PHE-OPs (including 1-,2-,3-,& 9,-

OHPHE, trans-9,10-OHPHE, and 1,9-OHPHE) were identified and 

quantified in the PHE-SOA QFF extracts.  The sum of PHE-OP masses 

measured within the fresh PHE-SOA extracts was 2.75 times the mass of 

the PHE measured in the same extracts (Table 2.1).  The percent of 

individual PHE-OPs measured in the fresh PHE-SOA extracts, was:  9-

OHPHE 0.84% (± 0.09), 1,9-OHPHE 0.53% (± 0.16), 2-OHPHE 0.52% (± 

0.08), 3-OHPHE 0.49% (± 0.08), 1-OHPHE 0.48% (± 0.04), and trans-

9,10-OHPHE 0.04% (± 0.02).   
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   Fresh PAH-SOA Ozone-exposed PAH-SOA 

PAH in Teflon       Abbrev. 
wt % (± SE) of 

PAH-SOA 

Ratio to 
Parent PAH 
(OP/PAH) 

wt % (± SE) 
of PAH-SOA 

Ratio to 
Parent 
PAH 

(OP/PAH) 

     Bag Oxidation Product 
  

  

Phenanthrene (n=4) PHE   0.91% (0.28)  0.53% (0.22) 

 
1-hydroxyphenanthrene 1-OHPHE 0.48% (0.05) 0.56 ND 

 
2-hydroxyphenanthrene 2-OHPHE 0.52% (0.08) 0.34 ND 

 
3-hydroxyphenanthrene 3-OHPHE 0.49% (0.08) 0.33 ND 

 
4-hydroxyphenanthrene 4-OHPHE ND ND ND 

 
9-hydroxyphenanthrene 9-OHPHE 0.84% (0.09) 0.91 6.27% (2.63) 12.11 

 
cic-9,10-dihydroxyphenanthrene cis-9,10-OHPHE ND ND ND 

 
trans-9,10-dihydroxyphenanthrene trans-9,10-OHPHE 0.04% (0.02) 0.02 0.09% (0.02) 0.15 

 
1,9-dihydroxyphenanthrene 1,9-OHPHE 0.53% (0.55) 0.59 12.33% (5.75) 9.74 

 
phenanthren-1,4-dione 1,4-PHE-dione ND ND ND 

 
9,10-phenanthrequinone 9,10-PHEQ ND ND ND 

 2’-formyl[1,1’-biphenyl]-2-carboxylate 2’F(1-1’BP)2C ND ND ND 

Dibenzothiophene (n=3) DBT   2.45% (0.61)  6.86% (1.85) 

 
Dibenzothiophene sulfone DBTS 2.46% (0.76) 1.01 2.29% (0.49) 0.33 

 
Diphenyl Sulfoxide DPS ND ND ND 

Pyrene (n=3) PYR   1.79% (0.62) 
 

 6.32% (3.42) 

 
1-hydroxypyrene 1-OHPYR 1.25% (0.31) 0.70 5.91% (2.24) 0.94 

 
4H-cyclopenta[cd]phenanthren-4-one 4H-CPP 0.07% 0.01 ND ND 

 
6H-benzo(cd)pyrene-6-one 6H-BcdP 0.04% (0.02) 0.02 0.70% (0.22) 0.11 

 4-carboxy-5-phenanthrenecarboxylate 4C5PC ND ND ND 

Benz(a)anthracene (n=1) BaA        0.08% N/A 

 
3-hydroxybenz(a)anthracene 3-OHBaA ND ND 

 

  benz(a)anthracene-7,12-dione 7-12-BaA-dione 0.19% 2.5 
 

 

Table 2.1.  Measured PAH and PAH-OP in PAH-SOA.  Reported values represent the mean 

wt% of the compound in the PAH-SOA with 1 standard error (± SE) reported.  Ratio to Parent PAH 

was determined by dividing the detected mass of PAH-OP into the detected mass of the Parent 

PAH. n indicates the number of individual SOA experiments performed in separate reaction 

chambers using each PAH. ND indicates not detected and N/A indicates not applicable. 
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Figure 2.2.  A) Mean wt% (± 1 

standard error) of compounds 

measured in collected freshly 

formed and ozone-exposed PHE-

SOA, measured using GC/MS. * 

indicates a statistically convincing 

evidence of a difference (p-value 

< 0.10) in the measured 

concentration (wt%) from fresh to 

ozone-exposed. ‡ indicates a 

statistically significant difference 

in measured concentration of 

PHE-OP than the PHE in ozone 

exposed PHE-SOA. B) Mobility 

size distributions of pure α-P 

SOA particles (blue) and PHE-

SOA particles formed by 

ozonolysis of α-pinene in the 

presence of gas-phase PHE 

(red).  C) Evaporation kinetics of 

α-P SOA (blue), PHE-SOA (red), 

and PHE-SOA exposed to 

additional ozone (green) 

measured as the volume fraction 

of particles remaining over time 

in minutes, measured with single 

particle mass spectrometer 

(miniSPLAT). 
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The HR-ToF-AMS mass spectrum of the PHE-SOA particles in Figure 

2.3A shows an increase in the number of higher m/z peaks associated with 

PHE-SOA particles, relative to SOA particles.  This suggests that additional 

non-volatile compounds (including PHE-OPs) were present in the PHE-SOA 

particles than were detected by GC/MS (with and without derivatization).  

Figure 2.3.  HR-ToF-AMS data for the four PAHs tested in this study.  Each plot shows the relative 

abundance of the peaks plotted in log scale as a function of the m/z measured.  Each plot has α-pinene 

SOA (blue) with the PAH tested; A = phenanthrene, B = dibenzothiophene, C = pyrene, D = 

benz(a)anthracene.  Each plot has an arrow pointing to the experimental PAH peak, and m/z peaks 

which may be associated with PAH-OPs based on previous works 
105

 
106

 
107

. 
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These additional non-volatile compounds may include long-lived 

reactive oxygen intermediates (ROIs), which can play an important role in 

heterogeneous ozonolysis of PAHs 108 102.  It has been suggested that the 

weakly bound physio-sorbed O3 molecules can undergo dissociation to 

form molecular oxygen and a ROI, such as chemisorbed O atom bound to 

the delocalized π-electrons of PAH aromatic surfaces 108.  These long-

lived ROIs may then form PAH-OPs or react with other chemical species, 

including those formed during oxidation of α–P SOA precursor.  The 

surface interactions of long-lived ROIs were suggested to lead to the 

formation of oligomers, with high molecular weight and low vapor 

pressure, which can lead to the nucleation and growth of new particles 109.   

The potential effects of PHE vapor on the formation of SOA particles 

were measured using real-time in-situ characterization13.  SMPS 

measurements showed an increase in mean particle size, as well as 

number concentrations of SOA particles, leading to a larger SOA mass 

forming when PHE vapor was present (Figure 2.2B).  The presence of 

PHE vapor in the Teflon bag increased the SOA mass loading by ~450%, 

compared to pure α-P SOA created under the same conditions.  This 

increase in SOA particle mass loading cannot be explained by the small 

fraction of PHE and PHE-OP mass present in the particles (~2%).  This 

suggests that while the presence of PHE enhances SOA formation, it is 

not the cause of the increase in mass loading. A comparison of the 



 

39 

 

normalized mass spectra of pure α-P-SOA and PHE-SOA, with 

significantly higher mass loadings, points to their similarities at lower m/z 

(Figure 2.3A & A1.F3A), indicating that the additional PHE-SOA mass is 

dominated by α-P oxidation products. A similar trend is observed for all 

other PAHs used in the present study and for other PAHs and SOA 

precursors. 13 Given the surprisingly large magnitude of the effect of PAHs 

on SOA formation, it requires further understanding of the processes 

involved, which is a focus of ongoing and future studies. 

The measured PHE concentration after PHE-SOA ozone exposure 

appeared to change from the fresh PHE-SOA concentration (from 0.91% 

(± 0.28) to 0.53% (± 0.22) of the total PHE-SOA mass), but was not 

statistically significantly different (Figure 2.2A).  The sum of PHE-OP 

masses measured within the ozone-exposed PHE-SOA extracts was 

approximately 12 times the mass of the PHE measured in the same 

extracts (Table 2.1).  After PHE-SOA exposure to ozone, the 1-, 2-, and 3-

OHPHEs concentrations were below the detection limit.  The 9-OHPHE 

(6.27% (± 2.63)), trans-9,10-OHPHE (0.09% (± 0.02)), and 1,9-OHPHE 

(12.33% (± 5.75)) concentrations increased from fresh PHE-SOA to the 

ozone-exposed PHE-SOA (Table 2.1). As mentioned above, given the 

variability in particle losses during sample exposure in the PAM reactor 

and significantly lower mass of the collected samples, the absolute values 

of PHE and PHE-OPs concentrations after ozone exposure present higher 

uncertainty, compared to fresh PHE-SOA.  The data suggest that, during 
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transports through the PAM reactor, PHE-SOA particles underwent 

additional heterogeneous reactions with ozone and/or evaporation of more 

volatile PHE-SOA components occurred.  Whichever occurred, the 

processes resulted in slower particle evaporation kinetics (Figure 2.2C). 

The retention of PHE and PHE-OPs in PHE-SOA particles exposed to 

high ozone concentrations suggests that, while some of the volatile 

components in the PHE-SOA particles were evaporated during high ozone 

concentration exposure, the less volatile OPs remained in the particles.   

 Ozonolysis of aromatic compounds can lead to different substitutions 

on the PAH rings 105 108.  Thermodynamic calculations suggest that an OH 

adduction is favorable over carbonyl adductions due to the highly instable 

epoxide intermediates, both resulting in low-volatility products 110.  PHE 

ozonolysis has previously been measured to form 2’-formyl[1,1’-biphenyl]-

2-carboxylate (2’F(1-1’BP)2C) in laboratory studies of PHE bound to the 

surface of silica particles 96.  However, this compound was not detected in 

the QFF extracts of PHE-SOA.  In addition, non-targeted screening of the 

PHE-SOA extracts, using electron impact ionization in full scan mode (with 

and without derivatization), showed the same three unidentified 

chromatographic peaks in both PHE-SOA and α-P SOA QFF extracts 

(Figure A1.F1), suggesting that additional peaks observed in the HR-ToF-

AMS mass spectra (Figure 3a) were non-volatile compounds. 

   2.4.2 Dibenzothiophene.  DBT has the highest vapor pressure (2.73 

x 10-2 Pa) of the PAHs tested in this study (Table A1.T1), and comprised 
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the largest mass percent of the fresh PAH-SOA mass collected on the 

QFFs (2.46% (± 0.60)) (Figure A1.F2).  The only quantifiable DBT-OP 

detected in the fresh and ozone reacted DBT-SOA was dibenzothiophene 

sulfone (DBTS).  DBTS (2.46% (± 0.76)) accounted for an equal average 

mass percent as DBT in the fresh DBT-SOA.  The sum of DBT and DBTS 

measured in the DBT-SOA was 4.91% (± 1.31) of the DBT-SOA mass 

collected.  HR-ToF-AMS data shows a large number of peaks in the DBT-

SOA extract that were not present in the α-P SOA extract and were not 

detected using GC/MS (Figure 3B).  This suggests that these unidentified 

compounds were non-volatile. Similarly to PHE, the presence of DBT 

vapor during SOA formation resulted in ~600% increase in mass loading 

of DBT-SOA particles.    

Upon additional exposure of DBT-SOA to ozone, DBT appeared to 

represent a somewhat larger wt% of the DBT-SOA (6.86 % (±1.85)) while 

DBTS remained at 2.29% (±0.49) wt% of the DBT-SOA total mass, but 

was not statistically significantly different (Table 2.1).  This suggests that 

DBT and DBTS were shielded from evaporation during the ozone 

exposure.   

2.4.3 Pyrene.  In fresh PYR-SOA, PYR (vapor pressure 6.0 x 10-4 Pa) 

was measured at 1.79% (± 0.62) of the total PYR-SOA mass, and the 

combined mass of PYR and all measured PYR-OPs was 3.10% (± 0.88) 

of the total PYR-SOA mass collected.  The sum of PYR and PYR-OPs in 

these particles is in good agreement with previously reported values 
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(~5%) of the PYR-SOA mass estimated from real-time in-situ mass 

spectrometric analysis of PYR-SOA particles 13.  Three individual PYR-

OPs were measured in the fresh PYR-SOA, with the main product being 

1-OHPYR at 1.25% (± 0.31), and two minor products, 6H-benzo(cd)pyren-

6-one (6H-BcdP) at 0.04% (± 0.02) and 4H-cyclopenta(def)pheanathren-4-

one (4H-CPP) at 0.07% (Table 2.1 and Figure A1.F2).  6H-BcdP was 

measured near the detection limits on 2 of the 3 fresh filters, while 4H-

CPP was only measured above the detection limit on one of the 3 fresh 

PYR-SOA samples. HR-ToF-AMS data, as with the other PAHs, shows a 

larger abundance of higher m/z peaks in PYR-SOA in comparison to pure 

α-P SOA (Figure 2.3C).   The presence of PYR vapor during SOA 

formation resulted in ~320% increase in mass loading of SOA particles. 

The observed similarities between the normalized mass spectra of pure α-

P-SOA and PYR-SOA at lower m/z (Figure 2.3C), indicate that, as it was a 

case for other PAHs, the additional mass is dominated by α-P oxidation 

products.  

After PYR-SOA exposure to additional ozone, the PYR concentration 

was measured to increase, though not statistically significant, from 1.79% 

(± 0.62) to 6.32% (± 3.42) of the total PYR-SOA mass (Table 2.1).  The 1-

OHPYR concentration also appeared to represent a larger wt% of the 

PYR-SOA (5.91% (± 2.24)) of the total SOA mass, and the 6H-CPP 

concentration increased from 0.04% (± 0.02) to 0.70% (± 0.22) of the total 

SOA mass, but was not statistically significantly different.  4H-CdeP was 
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not detected in the ozone-exposed PYR-SOA samples.  The lack of 

statistical difference in the fresh and ozone exposed PYR-SOA is 

suggestive of the variability in the particle losses during the exposure 

through the PAM reactor, and supports previous studies showing the 

retention of PAHs and PAH-OPs in SOA particles, even as more volatile 

components may leave during atmospheric aging and transport 13 17. The 

ratio of PYR-OPs to PYR concentrations remained relatively unchanged; 

0.73 in the fresh PYR-SOA, and 1.05 in the ozone-exposed PYR-SOA.  

Normalized PYR-OPs to PYR wt% showed no statistically significant 

difference before and after ozone exposure, indicating that both PYR and 

the PYR-OPs were shielded from volatilization and oxidation during the 

high ozone concentration exposure.  In addition to 1-OHPYR, a previous 

laboratory study detected 4-carboxy-5-phenanthrenecarboxylate (4C5PC) 

as the main PYR-OP during heterogeneous reactions of PYR bound to 

azelaic acid particles and ozone 105.   However, 4C5PC was not detected 

in the QFF extracts of PYR-SOA.  

2.4.4 Benz(a)anthracene.  BaA was not detected on the QFF after 

collection of 15 μg of BaA-SOA from a single Teflon bag, suggesting less 

incorporation into BaA-SOA than the other PAHs examined in this study, 

due to the low vapor pressure of BaA (2.8 x 10-5 Pa,
 Table A1.T1).  To 

overcome this and identify BaA-OPs, 147 μg of BaA-SOA was collected 

from two individual Teflon bags onto a single QFF (n=1).  Only BaA 

(0.08%) and benz(a)anthracene-7,12-dione (7,12-BaAone) (0.19%) were 
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quantifiable in the QFF extract from the BaA-SOA (Table 2.1, Figure S2).  

HR-ToF-AMS data shows a large number of peaks in the BaA-SOA 

extract that were not present in the α-P SOA extract and were not 

detected using GC/MS (Figure 2.3D).  This suggests that these 

unidentified compounds were non-volatile.  The presence of BaA vapor 

during SOA formation resulted in ~140% increase in mass loading of SOA 

particles.  The BaA-SOA was not exposed to additional ozone due to the 

low concentration of BaA and 7,12-BaAone in the fresh BaA-SOA 

experiment.   

2.4.5 Implications. While the 16 priority PAHs currently monitored on 

global pollution lists have well defined toxicity profiles, many PAH-OPs 

have incomplete or no known toxicity profile 72 18 111 25. The PHE-OPs 

measured in this study have been shown to have different toxic effects 

than PHE 18 111.  DBT has been described as a cytochrome P450 A1 

inhibitor, and DBTS has been described as having comparable toxicity to 

DBT in tissue alteration studies 18 112. While 1-OHPYR has been described 

as having comparable toxicity to PYR, 6H-BcdP and 4H-CPP have been 

measured to possess different toxicity profiles 18 86. The US Environmental 

Protection Agency lists BaA as a human carcinogenic compound 113, while 

7,12-BaAone has been evaluated for and found to possess developmental 

toxicity 18.  There is currently no available data on the mutagenicity or 

carcinogenicity of this 7,12-BaAone 18 113.   
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This study provides evidence that PAHs are partially oxidized as they 

become incorporated into SOA particles during particle formation and 

growth in the presence of PAH vapor. This study, for the first time, 

quantifies PAHs with a range of vapor pressures, and their PAH-OPs 

incorporated into SOA particles.  Individual PAHs show different reactivity 

and incorporation into the SOA, partially, but not completely, explained by 

their respective vapor pressures.  The presence of both PAHs and PAH-

OPs (which are generally less volatile than PAHs (Table A1.T1)) within 

SOA supports the proposed mechanism of LRAT of both of these classes 

of compounds in SOA particles. The semi-solid nature of the SOA 

particles, at least partially, protects PAHs and PAH-OPs from evaporation 

or further chemical reactions during atmospheric transport 44 13 17 50.  The 

higher mass loadings of SOA produced in the presence of PAH vapor 

observed in this study, suggest that they contain low-volatility and non-

volatile compounds, including oligomers and some PAH-OPs that were 

not measurable using GC/MS.  The increased oligomer signature on HR-

ToF-AMS data cannot be attributed to a-pinene or PAH vapor without full 

analysis of oligomer composition.  Along with the observed retention of 

PAHs and PAH-OPs in particles exposed to ozone in this study, the 

slower evaporation kinetics observed here, and elsewhere 13, suggest that 

shielding occurs in SOA particles which protects entrapped compounds 

during LRAT.   
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The synergy between PAH vapors and SOA formation, highlighted in 

this work, requires further studies aimed to develop an understanding of 

the processes involved and their atmospheric implications.  Similarly, the 

relationship between the composition of PAH-SOA particles generated in 

this study and atmospheric samples is not direct, and needs to be further 

probed to assess the LRAT of PAHs and PAH-OPs under various 

atmospheric conditions.  While this study evaluated the more volatile PAH-

OPs of the PAHs studied here, future studies need to include analysis of 

low-volatility and non-volatile PAH-SOA constituents. LRAT models of 

atmospheric SOA particles influenced by anthropogenic activity will 

continue to be incomplete in their predictions until a better understanding 

of the chemical composition is known.   

To improve LRAT models for more accurate human risk assessment, 

this area of research requires more comprehensive studies of the 

underlying processes, the quantification of the many trapped chemical 

species in SOA particles, such as PAHs and PAH-OPs, and the effects on 

the global climate and human health these synergistic relationships might 

have.   
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Chapter 3: 

 

Impact of Local and Regional Sources of PAHs on Tribal 

Reservation Air Quality in the U.S. Pacific Northwest 
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3.1 ABSTRACT  

 Atmospheric fine particulate matter (PM2.5) transports polycyclic 

aromatic hydrocarbons (PAHs) regionally and globally, influencing the air 

quality of communities around the planet.  Concentrations of 130 PAHs 

extracted from PM2.5, collected on a Native American Tribal Reservation in 

the Northern Puget Sound region of the American Pacific Northwest, were 

used to assess the air quality impacts of regional and local PAH sources, 

atmospheric transport, and human health implications.  Wind coming from the 

southeast of the sampling locations increased the overall PAH concentration 

of the PM2.5, while winds from the southwest decreased the PAH 

concentration. Concentrations of PAH subclasses increased or decreased 

independently at the two sampling locations with different changes in wind 

patterns, changing the excess lifetime cancer risk significantly.  No long-range 

transport was measured, but emissions from local and regional PAH sources 

were measured.  Samples collected during regional wildfires showed 

increased PAH concentrations.  Samples collected during predicted weather 

inversions resulted in the highest PAH concentrations, and up to a ten-fold 

increase in excess lifetime cancer risk over the normal days. 

3.1.1 Keywords 

 Polycyclic Aromatic Hydrocarbons (PAHs) 

 Atmospheric Fine Particulate Matter (PM2.5) 

 Tribal reservation air quality 

3.1.2 Highlights 
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 Paired PM2.5 samples were collected over a Native American 

Reservation 

 Extracted PM2.5 samples were analyzed using GC-MS for 131 PAHs 

 PAH concentrations were compared to local weather patterns and 

analyzed for correlations 

 Weather inversions and regional wildfires increased PAH 

concentrations on the Reservation 

3.2 INTRODUCTION 

Atmospheric fine particulate matter (PM2.5) exposure is responsible for 

an array of respiratory and cardiovascular diseases 35.  As of 2017, PM2.5 

exposure has been directly linked to around 7 million deaths around the world 

each year 1.  The search to understand the mechanisms for PM2.5 toxicity has 

shown that organic components in PM2.5 are responsible for detrimental 

health effects 65,  66.  Anthropogenic activity has increased the mass of organic 

compounds traversing the global atmosphere in PM2.5 
1, 2.  

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental 

contaminants found naturally in petrochemicals, and released as byproducts 

of incomplete combustion. 85 16 81  Atmospheric emissions, mainly attributed 

to incomplete combustion, and can undergo long-range atmospheric transport 

bound up in PM2.5 
85, 16, 81. Some unsubstituted PAHs (UPAHs) have been 

well characterized in terms of toxicity, which has led to the inclusion of 16 of 

these compounds on the US Environmental Protection Agency’s (US EPA) 

Priority Pollution List (PPL).  PAHs exist in many subclasses other than 
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UPAHs: heterocyclic (HPAHs) contain a non-carbon atom in the ring 

structure, -NO2 substituted (NPAHs), and carbonyl substituted (OPAHs), and 

high molecular weight (HMWs), characterized by having an atomic mass of 

more than 302 Da. These subclasses can all be directly emitted from various 

sources to the atmosphere along with UPAHs, and have been characterized 

in PM2.5  
20,  31, 114.  Substitutions can occur through atmospheric reactions of 

UPAHs with an array of atmospheric reactants, specifically, nitrogen oxide 

compounds (NOx), ozone (O3), and hydroxyl (OH•) radicals.  These reactions 

can lead to NPAHs, OPAHs, and hydroxy (OHPAHs) substitutions to a 

hydrogen on the UPAH rings 20, 12.  While UPAH exposure has been linked to 

inflammation, cardiopulmonary and respiratory diseases, and cancer, the 

human health implications of the other subclasses of PAHs remains highly 

unclassified 80, 115, 68, 18. 

Native Americans have strong cultural, spiritual, and physical 

relationships with the natural environment they evolved to inhabit 83.  Due to 

colonization and relocation by the Federal government, Native American 

reservations comprise a fraction of the lands each Tribe previously inhabited  

84.  This constriction of land for Native American societies, results in increased 

sensitivity to changes to the environment 84, 56.  Globally, indigenous peoples 

are disproportionately susceptible to and affected by PM2.5 adverse health 

outcomes 56.   One example is the Swinomish Indian Tribal Community whose 

reservation was recognized in 1855 by the Treaty of Point Elliot.  In 1955 and 

1958, two oil refineries were built on March Point, which is within the Treaty 
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Reservation. These oil refineries have contributed to local PAH pollution in 

the marine environment 116. Unplanned air toxic releases have also impacted 

the Swinomish reservation 117. 

When air masses move over emissions sources, PM2.5 is transported 

downwind of the source, sometimes resulting in PM2.5 transport thousands of 

miles from sources 85, 16, 81, 20.  Events such as wildfires greatly increase the 

amount of PAH containing PM2.5 entering and transporting throughout the 

atmosphere 118.  When atmospheric inversions occur, warm air masses move 

over cold air masses, trapping the cold air nearer the surface.  Such 

atmospheric pressure systems result in lessened vertical air movement, 

which results in enhanced PM2.5, ozone and NOx concentrations during the 

inversion events 119, 120.  Changes in weather patterns, wind directions, and 

atmospheric conditions can result in significantly different air quality concerns 

at any one location.   

The objective of this study was to assess local and regional source 

contributions to PAH concentrations on a tribal reservation in the Pacific 

Northwest, and their impact on inhalation health risks.  In partnership with the 

Swinomish Indian Tribal Community (SITC), located near the San Juan 

Islands of the upper Pacific Northwest (USA), an extensive air quality study 

measured UPAHs, as well as NPAHs, OPAHs, HPAHs, OHPAHs, and 

HMWs, on PM2.5 from two air samplers on the SITC Reservation.  PM2.5 

samples were collected at the same two locations as meteorological 

measurements for the assessment of the impact of local and/or regional 
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emission sources and weather patterns on the air quality of the SITC 

Reservation.  Well established diagnostic ratio analysis of PAHs, and positive 

matrix factorization was used to assess if sources of PAHs could be 

attributed.   

3.3 MATERIALS AND METHODS 

 3.3.1 Materials.  Compound names, abbreviations, manufacturers, 

main emission sources, and estimated detection limits can be found on Table 

A2.T1 of the appendix.  Derivatization of hydroxylated PAHs (OHPAH) 

occurred using N-tertbutyldimethylsilyl-N-methyl-trifluoroacetamide 

(MTBSTFA) 98.  Quartz fiber filters (QFFs) were purchased from G. E. 

Whatman (Buckinghamshire, UK) in 8 x 11 inch sheets (PM2.5), and in 4 x 5.5 

inch slotted sheets (larger PM).  QFFs were prepared by placing individually 

into aluminum packets and baked at >350℃ for 12 hours to remove organic 

contaminants and sealed in the aluminum packets, and then in plastic bags.  

After PM collection, all filters were resealed in their packets, and then stored 

and transported on ice to reduce vaporization losses during transport. 

 3.3.2 Sample collection.  Two Tisch Environmental (Village of Cleves 

Ohio, USA) High Volume Cascade Impact air samplers were installed 7 km 

apart from each other on the Swinomish Reservation on the Northwest coast 

of the US State of Washington (Figure 3.1).  Sampling locations were chosen 

to coordinate with meteorological stations owned and operated by the 

Swinomish Indian Tribal Community.  The first location was situated on a hill, 

48 meters (asl) above the main business district of the Swinomish Village 
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(Town). (Town: 48.397789 (latitude), -122.504971 (longitude)). The second 

location was on the Reservation, situated near a Tribal owned and operated 

casino, and about 1 km off the fence-line (Fence) of two oil refineries that are 

located within the Reservation recognized by the 1855 Treaty (Fence: 

48.459928 (latitude), -122.520388(longitude), 1.5 m asl).   Paired samples  

Figure 3.1.  Local and Regional map of the Swinomish Indian Tribal Community Reservation.  

Map represents the 1855 Treaty of Point Elliot boundaries of the Swinomish Indian Tribal Reservation. 

Triangles mark the two sampling locations (Fence and Town). 

 

were collected during the same 24 hour periods between April 2016 and 

September 2018.  A total of 56 pairs of filters were analyzed for this study.  Of 

the 56 pairs, 48 were used for wind pattern analysis, 5 pairs were collected 
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during periods of predicted impact from nearby wildfires (Fires), and 3 pairs 

were collected during weather inversion events (Inversions) predicted by 

weather forecasts.  Days with more than 3 hours of ≥ 0.01 inch of 

precipitation were used for this study.  Data from Fires and Inversions were 

analyzed separately from the rest of the data (Normal). 

 3.3.3 PM2.5 extraction.  Collected sample filters were sealed in 

prebaked aluminum packets and sealed plastic bags, and stored at -20℃ until 

extraction.  Filters were extracted using ThermoFisher (USA) Dionex ASE 

350 – Accelerated Solvent Extractor.  Two cycles of dichloromethane and two 

cycles of a 2:1 mixture of ethyl acetate: acetone were used in 100% volume 

(66 mL ASE cells) with oven temperature set to 100℃ , to extract both non-

polar PAHs as well as more polar PAH transformation products.  ASE 

extracts were cleaned using Agilent Technologies (Santa Clara California, 

USA) 500 mg silica solid phase extraction (SPE) cartridges, and concentrated 

to a final volume of 1000 µL in ethyl acetate.  Filters were extracted without 

the additional isotope labeled surrogate compounds to ensure extracts could 

be used for future toxicological studies.  Isotope labeled standards were 

added before GC/MS analysis for quantification purposes.  Final extraction 

efficiency was evaluated by spiking analytes onto clean QFF and extracting 

along with filters.  Extraction efficiency was measured at: UPAH = 81%, HMW 

= 86%, NPAH = 124%, OPAH = 127%, HPAH = 76%, and OHPAH 54%.  To 

monitor extraction efficiency throughout extraction processes, standard 

reference material (NIST SRM 1648A) was weighed onto clean filters, and 



 

57 

 

extracted alongside sample filters.  SRM 1648A has certified concentrations 

for only some of the analytes measured in this study.  For certified 

concentrations in the SRM, the relative standard deviation of the measured 

compounds ranged from 1% - 26%, suggesting the extraction was consistent 

throughout the study.  

3.3.4 PAH characterization. SPE extracts were characterized for 

UPAH, HPAH, OPAH, and OHPAH using Agilent 7890 Gas Chromatograph 

(GC), while HMWs were characterized on an Agilent 6890N GC, each 

partnered to a quadrupole mass spectrometer run in electron impact mode at 

70 electron volt.  NPAH characterization occurred using Agilent 6890 GC 

partnered to a quadrupole mass spectrometer run in chemical ionization 

mode.  Identification and quantification for UPAH, NPAH, OPAH, OHPAH, 

and HPAH was performed using an Agilent J&W DB-50Mg 30 m X 0.25 mm 

i.d. (0.25μm film thickness) DB-5 capillary column, and HMW were analyzed 

using an Agilent J&W DB-17Mg 60 m X 0.25 mm i.d.  Detailed GC-MS 

methods can be found in supplementary information (Appendix section A2.1).  

Extracts were analyzed using selected ion monitoring (SIM) mode, to look for 

and quantify PAHs and PAH-OPs with available analytical standards. 

Calibration curves, with linear ranges from 1-1000 pg/m3 (r2 > 0.995) were 

used for quantification of each class of PAH.  To measure hydroxy substituted 

PAHs (OHPAHs), derivatization using MTBSTFA for was performed.  This 

process is described in the Appendix (A2.2).  Mass spectra of GC-MS 

fragmentation were interpreted using Mass Hunter (UPAH, OPAH, HPAH, 
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OHPAH) or ChemStation (NPAH and HMW) software.  To account for non-

sample contamination, clean QFF were extracted alongside sample filters as 

lab blanks.  Lab blank measured concentrations of all analytes were 

subtracted from their measured concentrations. Calibration on the High 

Volume motors, air samplers allowed for all measured concentrations to be 

calculated back to the mass of analyte per cubic meter of sampled air, and is 

presented as pg/m3 air.  

3.3.5 Meteorological data.  Meteorological data such as wind speed, 

wind direction, relative humidity, precipitation, barometric pressure, etc., were 

collected hourly at the two sampling locations using R.M. Young Company 

model 05305 (Traverse City Michigan, USA). Using trigonometric sine and 

cosine functions, wind speed (mph) and direction (degrees) for each sample 

were transformed to (X,Y) coordinates for wind ratio analysis.  Nitric oxide 

(NO), nitrogen dioxide (NO2) were collected, at the Fence location, using 

Teledyne API T200 (Caringbah New South Wales, Australia), and ozone (O3) 

readings were collected, at the Town location, using a Thermo 49i (Franklin 

Massachusetts, USA).  To assess if local emissions were being transformed, 

versus transported from regional or global sources, NOx and O3 data were 

correlated with wind and compound measurements. Temperature and 

barometric pressure were monitored using Campbell Scientific Inc., (Logan 

Utah, USA) model Viasala HMP45C (temperature and relative humidity), and 

Vaisala PTB101B (barometric pressure). Meteorological instrumentation is 

owned and operated by the Swinomish Indian Tribal Community, and data 
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was shared with us when available.  Temperature and pressure were used to 

calibrate the High Volume air sample motors and calculate air mass sampled 

each day at each location.  

To asses if air masses were influenced from trans-Pacific long-range 

atmospheric transport, HySplit back trajectories were calculated using the 

NOAA Air Resource Library (ARL) publically available on the www.noaa.gov 

website. Analysis of HySplit data for 7-day back trajectories for the sampling 

days did not indicate significant trans-Pacific long-range atmospheric 

transport.   

3.3.6 Human Health Implications.  Benzo(a)pyrene (BaP) has long 

been held as the standard for assessing PAH toxicity in the environment.  

With well documented toxicity and carcinogenic properties, BaP 

concentrations are often used as a representation of all PAHs present in 

samples.  Worldwide, there are exposure limits to BaP concentrations set 

under the context of expected lifetime cancer risk.  In their 2010 report, The 

World Health Organization (WHO), documents that exposure to a BaP 

concentration of 1200 pg/m3 air, increases the risk of developing cancer to 1 

in 10,000 10, 121.  Due to this, a recommended BaP concentration limit of 1000 

pg/m3 air has been set in the European Union to diminish the increased risk 

of developing cancer due to BaP inhalation exposure 121.  

To better encompass the breadth of PAHs present in PM2.5, relative 

potency factors (RPFs), established by the US Environmental Protection 

Agency, are used to calculate BaP equivalent (BaPEQ) concentrations of 

http://www.noaa.gov/
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samples 29.  These RPF values act to transfer a measured PAH concentration 

to a relative BaP concentration, using established carcinogenic potency 

factors, which can then be used to perform risk assessments.  BaPEQ 

concentrations, (calculated using equation 3.1), derived from available RPF 

values were used in this study to perform inhalation risk assessment. 29 

Equation 3.1: BaPEQ =                
 

   
 

This assessment is based on known toxicity, assumes average 

inhalation rates, body mass, and exposure lengths over an adult lifetime (70 

years).  Together these assumed values are used to create unit risk factors 

(URBaP) which are set by various governmental and/or regulatory agencies.  

This risk assessment (equation 3.2) estimates the excess risk of developing 

cancer due to inhalation exposure of measured compounds.     

Equation 3.2:  Cancer Risk = BaPEQ x URBaP 

Due to the fact that many Native American Tribal lands encompass 

both sides of the US / Canadian border, the WHO inhalation URBaP (of 8.7 x 

10-5 per ng/m3 of measured BaP) was used to calculate inhalation excess 

lifetime cancer risk for this study. 83 10 20  Substituting the European Union 

regulatory limit of 1000 pg/m3 air BaP in this equation results in an extra 87 

out of 1 million (excess cancer risk of 8.7 x 10-5) cases of cancer expected 

due to a lifetime of exposure to the measured concentration.  

3.3.7 Statistical analysis.  PAH concentrations were censored for 

statistical modeling.  Non-detect measurements were censored by using half 

of the method detection limits (MDL), and measurements that fell between the 
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MDL and limit of quantification were assigned the MDL value for each 

compound 122, 123.  MDLs, calculated using US EPA methods, for all 

compounds can be found in Appendix Table A2.T1 124.  Pearson matrix 

correlations, and Student’s t-tests were performed using R statistical 

software, on the R-Studio user platform, on censored measurements for each 

day and location.  Compounds measured in less than 60% of the samples 

were excluded from statistical analysis.  Statistical significance is reported as 

significant if p-value ≤ 0.05. In reported data, the number of samples is 

indicated with ‘n = x’.  Error bars on graphs, and (± x) values represent the 

standard error.  

3.3.8 Source apportionment.  PAH Diagnostic ratios found in Yunker et 

al. 2002, were used to identify possible source contributions.  To assess if 

crude petroleum from the nearby oil refineries was affecting the air quality 

over the Reservation, the ratio of PAHs with an atomic mass of 202, (FLN / 

FLN + PYR) was used.  The ratio of PAHs with an atomic mass of 276, (IcdP / 

IcdP + BghiP), was used to distinguish between different types of combustion.  

Retene, which has been linked to biomass combustion, was analyzed along 

with UPAHs, and considered for evidence of biomass burning. 125 

Positive matrix factorization (PMF) was performed using the EPA PMF 

5.0 software package.  Possible sources in the region include wood/biomass 

burning, crude oil, automobile emissions, ship emissions, and industrial 

emissions.  PMF parameters included 6 factors, 20 runs, bootstrap of 100 

times with a minimum correlation value of 0.7. 
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3.4 RESULTS  

 3.4.1 Analysis of wind speed and direction during normal atmospheric 

conditions.  To determine the effect of wind direction and wind speed on PAH 

concentrations at the two sampling locations, the plotted hourly polar 

coordinates of wind speed and wind direction, (for each 24-h sample and 

sampling location), were binned into one of four quadrants: Northwest (NW), 

Northeast (NE), Southeast (SE) and Southwest (SW).  The number of hours 

the resulting coordinate was in one of the four quadrants was used to 

calculate the percentage of time the wind came from that wind direction.  For 

comparative purposes, samples were grouped based on differences in wind 

direction during the sampling timeframe.  A cutoff of < 20% of the wind 

coming from one wind direction was compared to when >80% of the wind was 

coming from same wind direction.  For the NW wind direction, > 70% was 

used to keep the number of samples at or above three for statistical 

purposes.  No days at the Fence location had winds from the NE that were 

more than 30% during the sampling period, while no days at the Town 

location had winds from the NE that were more than 50% during the sampling 

period.  Correlations of individual compound concentrations with winds 

coming from both SE and SW directions indicated a significant air quality 

impact over the sampling locations (Table A2.T3).  Wind coming from the NW 

and NE had some correlation with individual PAH concentrations, but very 

few were statistically significant.  Due to the low prevalence of winds from the 

NE, and low compound concentrations correlations with NE winds, the NE 
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wind direction was considered to not be influential on air quality during these 

sampling days, and is therefore not included in the detailed results. 

Comparison of PAH concentrations in PM2.5 collected when there was 

<20% to >80% of SE winds during the sample collection, had significantly 

lower (p-value < 0.05) ΣOPAH concentrations at both sampling locations 

(Figure 3.2C).  At the Fence sampling location, comparison of <20% of the 

wind coming from the SE (n=23) to >80% of the wind coming from the SE 

(n=9) resulted in a significant decrease in the sum of ΣOHPAH 

concentrations.  While the sum of the other classes of PAHs did not 

significantly change with the increase in SE wind during sampling, a number 

of quinone-, dione-, and hydroxy PAH concentrations decreased by more 

than 65% when there was more SE wind during the sample collection (Table 

A2.T2).  

Comparison of PAH concentrations in PM2.5 collected when there was 

<20% to >80% of SW winds during the sampling collection, had significantly 

lower ΣUPAH, ΣNPAH and ΣHMW concentrations at both sampling locations 

(Figure 3.2B).  While ΣOPAHs and ΣOHPAH concentrations did not 

significantly change, with the increase in SW wind during sampling, 1,4-

anthraquinone, 9,10-phenanthrequinone, and 2-hydroxyfluorene 

concentrations significantly increased at the Town sampling location when the 

SW wind increased from <20% (n=22) to >80% (n=6) of the sample 

collection. 
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Figure 3.2.  ΣPAH class graphs for each location and wind direction.  Figure 3.2 shows the 

average sum of concentrations for each PAH class (ǂ SE) for each wind direction (A = NW, B = SW, C 

= SE wind), for each location (1 & 2).  In each panel, green bars represent data for days with < 20% 

wind coming from the indicated direction, and purple bars represent days with > 70% for NW, and > 

80% for SW and SE wind coming from each direction.  “n” indicates the number of samples that 

matched that particular wind direction criteria.  * indicates a significant change (Student’s t-test p-value 

< 0.05) in the sum concentration of each class between low to high wind conditions.   
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Chromone concentrations significantly increased at the Fence sample 

location with the increase of SW wind from <20% (n=24) to >80% (n=3) 

during sample collection (Table AA2.T2).  Many individual PAH 

concentrations decreased significantly with the increase of SW wind at both 

sampling locations (Table A2.T2).   

When the wind coming from the NW directional quadrant increased 

from < 20% (n=25) to > 70% (n=3), a significant decrease in the ΣOHPAH 

concentration was measured at the Town location (Figure 3.2, Table A2.T2), 

while both 2,6-dihydroxynaphthalene and 3-hydroxybenz(a)anthracene 

concentrations both increased significantly (Table A2.T2). No significant 

changes were measured in the sum of any of the PAH class concentrations at 

the Fence sampling location with the increase of wind coming from the NW (< 

20% = 24 samples, > 70% = 3 samples). Several individual PAHs were 

measured in significantly lower concentrations in the Town sampling location 

collected when > 70% of the wind was coming from the NW during the 

sampling timeframe (Table A2.T2).     

 3.4.2 Sampling Location Comparison.  The PAH concentrations at the 

two sampling locations were compared to identify local emissions sources 

unique to each sampling location.  The PAH concentrations and profiles were 

not statistically significantly different between the Fence and Town sampling 

locations (Figure 3.2).  While there were differences in which PAHs changed 

with increased winds from each direction, between the two sampling 
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locations, no pattern was found in the data to provide evidence of specific 

sources or their contributions in each direction of the sampling locations.   

Compound concentration correlations with wind ratios for each wind 

direction gave more information on local sources.  For example, the 

concentration of chrysene & triphenylene (Cr/Tr) was positively correlated (p-

value = 0.028) with the SE winds at the Town sampling location and 

negatively correlated (p-value = 0.047) with the SW wind at the Fence 

sampling location.  This indicates that there is a source of Cr/Tr nearby the 

two sampling locations that gets enhanced at the Town sampling location with 

increasing SE winds, but also gets diluted at the Fence sampling location 

when the SW winds increase.  A full list of correlations appears in the 

Appendix (Table A2.T3).  Correlation data provided clues, but no definitive 

local sources were identified based on compound correlation data.    

 3.4.3 Atmospheric reactant analysis.  To distinguish between local 

emissions and transformation products, atmospheric reactants responsible for 

PAH transformations were monitored and correlated with PAH 

concentrations.  NO and NO2 concentrations (ppm) were both negatively 

correlated with SE wind at the Town sampling location (Table A2.T3).  O3 

concentrations (ppm) were positively correlated with SE wind at the Fence 

sampling location, and negatively correlated with NW wind at both sampling 

locations.  Due to the relatively short atmospheric lifetime of NOx species (2-8 

hours), the presence of NOx, and any influence NOx species may have on the 

PM-bound PAHs, was thought to be distinguishable through correlations of 
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NOx with PAHs or classes of PAHs. The O3 atmospheric lifetime is much 

longer than NOx (~22 days), and therefore has more time to react with PM-

bound compounds during transport.  High correlations of individual OPAH or 

OHPAH concentrations with O3 concentrations could indicate the transport of 

these compounds from sources far from the sampling locations.  

Several individual PAH concentrations were correlated with individual 

atmospheric reactants, such as 1-hydroxy-9-fluorenone negatively correlated 

with O3 concentrations, and 12-hydroxybenzo(a)pyrene positively correlated 

with NO2 concentration at the Town sampling location, (Table A2.T4).  While, 

compound concentrations were positively correlated with NOx concentrations 

and negatively correlated with O3 concentrations, no clear pattern of PAH 

concentration correlation was observed at either location, resulting in no 

conclusion about the influence NOx and O3, on the PM2.5-bound PAHs in the 

Reservation air-shed.   

3.4.4 Fire and inversion events.  Data from PM2.5 samples collected 

during regional wildfires (n=5), and during a weather inversions (n=3), were 

interpreted separately from the rest of the samples.  In general, both the fire 

and inversions days had higher PAH concentrations than the rest of the 

sampling days (normal days) (Figure 3.3).   
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 Figure 3.3. Atmospheric Condition Comparison. The average concentration of the sum of 

each PAH class during Normal Days (gray bars), compared to events of wildfires (red bars), or weather 

inversions (yellow bars) influencing the sampling area for both sampling locations; Fence (A) and Town 

(B) locations.  * indicates a statistically significant (p-value < 0.05) difference from the Normal Days 

measurements.  There were five sampling events during incidence of wildfire influence (n = 5) on the 

region, and three during inversions (n=3), and 48 days when neither of these atmospheric conditions 

were noted. 

 

Data from samples collected during regional wildfires had significantly 

increased concentrations of ΣHMWs over data from Normal Days, at both 

sampling locations, suggesting that HMW PAHs may be emitted from 

wildfires.  There was also a significant decrease in ΣOHPAH concentrations 

at the Town location during wildfire collections.   

ΣUPAH and ΣNPAH concentrations were significantly higher during 

inversions at both sampling locations, while ΣOPAH concentrations were 

significantly lower during the inversions.  ΣOHPAH concentrations were 
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higher at the Fence location, and ΣHPAHs were higher at the Town location 

during inversion events.  

3.4.5 Excess Lifetime Cancer Risk assessment.  RPF values currently 

only exist for 19 PAHs (Table A2.T5), 13 UPAHs and 6 HMWs.  BaPEQ 

concentrations were calculated for samples in this study for both UPAHs and 

HMWs with these RPF values (Figure 3.4 & Table A2.T7).  The data shows 

decreased ΣUPAH and ΣHMW concentrations when SW winds increase from 

< 20% to > 80%, and have a significant effect on the BaPEQ concentrations at 

both sampling locations.  There was also a significant change to the BaPEQ 

concentration when adding HMWs BaPEQ to the UPAH BaPEQ at the Town 

sampling location during times of <20% SE wind (Figure 3.5).  UPAHs 

represented 68% or 63% of the overall BaPEQ concentration at the Fence and 

Town sampling locations, respectively.   
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 While no BaP concentrations were measured above the 1000 pg/m3 

air EU regulatory limit at either sampling location (Figure A3), during Inversion 

events BaPEQ concentrations exceeded the EU BaP guideline by a factor of 3 

(Figure 3.4).  There currently is no regulatory limit on BaPEQ, which we are 

aware of, but the significant changes in BaPEQ with wind directions and 

inversion events demonstrate a need for updated regulatory information.  

During Inversion events, the BaPEQ concentration averaged 2855 (± 376) 

pg/m3 air and 3267 (± 1479) pg/m3 air at the Fence and Town sampling 

locations respectively (Figure 3.4).  The median BaPEQ concentration for 

normal days was ~200 pg/m3 air at both sampling locations.   
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Figure 3.4.  Benzo(a)pyrene Equivalent Concentrations. Calculated benzo(a)pyrene (BaP) 

equivalent concentrations.  * indicates a significant (p-value < 0.05) difference between BaPEQ 

concentrations using RPFs for UPAHs (13 compounds) and all available (19 total compounds) 

(available on www.epa.gov) at the Town sample location.  ǂ indicates a significant decrease in BaPEQ 

when winds increase from <20% to > 70 or 80% (as indicated).  Shades of blue/teal are Fence 

concentrations and orange/red colors are Town concentrations for indicated wind direction or 

atmospheric condition (x-axis).   

3.4.6 Source apportionment.  Diagnostic ratios of PAHs, with a 

molecular weight of 202 AMU, have been shown to indicate the presence of 

crude petroleum contamination.  Specific ratios of PAHs, with a mass of 276, 

can give clues about specific combustion sources 7.  These diagnostic ratios 

were applied to data from this study to assess if local PAH sources could be 

identified.  While figure 3.5 indicates that the PM2.5 in the samples, heavily 

influenced by SE winds, primarily contained PAHs produced during liquid fuel 

and biomass combustion processes, there was no significant correlation with 

specific source PAH emissions 7.  The same diagnostic ratios indicate that 

mainly liquid fuel combustion (~ 66%) was the source of the PAHs measured 

in the PM2.5 samples when > 70% of the wind came from the NW and SW 

(Figure 3.5).  This indicates that gasoline, liquid natural gas, and diesel 

combustion is the dominant source of PAHs in the SITC Reservation air shed. 

The diagnostic ratios from the inversion days suggest that both diesel and 

biomass combustion are important local sources of PAHs in PM2.5 on the 

reservation. 

PMF results indicated no clear pattern of PAH concentrations that 

could identify specific sources when there was no prevalent wind direction, 

http://www.epa.gov/
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nor when specific wind directions prevailed during the sampling period at 

either sampling location.   

 

 

 

 

Figure 3.5.  Diagnostic Ratio Analysis. Scatter plots of data for diagnostic ratios of PAHs.  PAH202 

(FLN/FLN+PYR), used to assess if crude petroleum is a contributing source, and PAH 276 

(IcdP/IcdP+BghiP), used to distinguish between types of combustion (Yunker 2002). Circles (teal) 
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indicate low wind in quadrant direction, while triangles (burgundy) indicate high winds coming from 

specified direction at the two locations for the three impactful wind directions.  Diamonds (red) show 

ratios for samples collected during regional wildfires, and squares (yellow) are ratios during weather 

inversions.      

 

 

3.5 DISCUSSION 

3.5.1 Source regions in wind directions.  At the Fence and Town 

sampling locations, the SW and SE winds resulted in the greatest change in 

PAH concentrations (Figure 3.2).  At both sampling locations, when SW winds 

were >80%, the concentrations of multiple PAH classes and individual PAHs 

significantly decreased, relative to when SW winds were <20% (Table A2.T2).  

This suggests that higher winds from the SW diluted PAH concentrations in 

air at both sampling locations, which is reinforced by correlation data (Table 

A2.T3).  In addition, at both sampling locations, SE winds >80% resulted in 

increased PAH concentrations, relative to when SE winds were <20%.  The 

Seattle/Tacoma metropolitan area is located 100 km SE of the reservation 

and contains many industrial centers, transportation media, and energy 

sectors that may be contributing to the PAHs concentrations in the PM2.5 at 

the sampling locations when winds are from the SE.   

In contrast, NW winds did not significantly impact the PAH 

concentrations at the sampling locations (Figure 3.2), even though there are a 

number of shipping lanes for major Canadian ports, including the city of 

Vancouver, BC, and minor US ports, as well as a number of oil refineries NW 

of the sampling locations.  While shipping lanes are an important source of 
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PM, and many ocean-going vessels use diesel fuel, leading to complex PM 

chemistry around shipping lanes, there was no evidence in our data to 

confirm shipping lane influence on the PAH concentrations126.   

3.5.2 Local sources of PAHs.  Increased PAH concentrations, at both 

sampling locations, during inversion events indicated that there are a number 

of local PAH sources, including traffic, home heating, local industries, and 

marinas.  There is a lack in the current data to suggest which, if any, of these 

sources are contributing specific portions of the measured PAH 

concentrations to the PM2.5.  Future studies in the area should focus on 

identifying which local sources are responsible for local PAH contamination in 

Reservation air-shed PM2.5.  The data from this study, added to previous 

studies, which have shown that weather inversions during winter months 

increase the amount of PM2.5 measured in different locations, provides 

information about air quality during inversion events 119.   

While diagnostic rations give clues to possible sources, the variation in 

individual source PAH profiles, along with the number of possible PAH 

sources within the local/regional air-shed of the sampling locations makes 

their use alone ambiguous 127.  Retene was analyzed for changes with wind 

direction influence as well as during predicted wildfire influence and weather 

inversions.  While no statistical difference was measured between the two 

locations, or between normal days and Fire events, retene was found to be 

statistically higher at both locations during inversions (Figure A2.F1).  Retene 

inclusion in PMF did not resolve source fingerprints.  
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The SITC Reservation is surrounded on the East side by a large 

number of agricultural fields.  These fields may result in PAH emissions from 

farming equipment and resuspension of dust particles during tilling and 

harvest that may contribute to increased PAH concentrations during SE 

winds.  Interstate (I5) is located 19 km east of the Reservation. There are 

railroads, local wood mills, and local marinas located on Reservation lands.  

The northern peninsula of the Reservation, March Point, contains several 

industries including oil refineries.  Diesel trains transporting materials to and 

from the oil refineries cross the reservation daily and have over 100 train cars.  

The oil refining process was thought to be a significant source of PAHs 

in the PM2.5 over the Reservation, but our analysis shows mixed emission 

sources nearby and subsequently was unable to prove or disprove this 

theory.  The number of different crude oils that may be coming into the two 

independent refineries, as well as the number of possible refined products 

that are leaving the area, make distinguishing a specific molecular marker for 

the refineries difficult. Our efforts to identify a PAH fingerprint coming from the 

refineries was unsuccessful, in part due to a lack of replicate sampling events 

when emissions of these sources would be directly affecting the sampling 

locations. 

3.5.3 UPAH Transformation Products. At both sampling locations, 

during inversion events the ΣOPAH concentrations decreased, while the 

ΣOHPAH and ΣNPAH concentrations increased, relative to non-inversion 

days (Figure 3.3). This suggests that during inversion events, atmospheric 
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conditions favor the transformation of UPAHs to either NPAHs or OHPAHs on 

PM2.5.  Laboratory experiments using O3 to form secondary organic aerosol 

(SOA) particles with UPAHs present have shown that OHPAHs are the most 

prevalent transformation products formed during the process of SOA 

formation 12.  Studies have shown that PM-bound UPAHs can react with NOx 

to form NPAHs 20.  During inversions, the suppressed vertical movement of 

air traps atmospheric reactants along with volatile emissions and PM 128.  An 

increase in atmospheric reactants during inversion events explains an 

increase in both ΣNPAHs and ΣOHPAHs during these conditions.  The 

decrease in ΣOPAHs however does not fit, unless transformations into 

OPAHs are occurring through a different mechanism.  This discrepancy 

illustrates a greater need to study the reaction pathways of UPAHs in PM2.5.  

The Inhalation Cancer Risk Assessment over the reservation indicated 

that, when NW winds increase (from < 20% to > 70% of the sampling time) 

the cancer risk at the Town sampling location significantly decreases, while at 

the Fence sampling location it remains unchanged (Figure 3.6).  Increasing 

SW winds significantly decrease the cancer risk at both sampling locations, 

and SE winds do not significantly change the risk.   

During normal atmospheric conditions, both sampling locations had 

similar excess lifetime cancer risk of 23 (± 5) people in a million at the Fence 

sampling location and 28 (± 6) people in a million at the Town sampling 

location.  During Fire events, the Town sampling location had a higher 

Inhalation cancer risk (~32 people in a million) than the Fence sampling 
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location (~19 people in a million).  During Inversion events, both sampling 

locations had a significant increase in the excess lifetime cancer risk, with 248 

(± 33) people and 284 (± 129) people per million at the Fence and Town 

locations, respectively. 

 

Figure 3.6.  Estimated Lifetime Cancer risk assessment using World Health Organization (WHO) unit 

risk (8.7 x 10
-5

 per ng/m
3
 BaP) for BaP (URBaP) as a proxy for the mixture of PAHs measured in PM2.5.   

Boxes represent the top and bottom 25% of estimates for each weather condition (x-axis) with the solid 

lines representing the average value for excess cancer risk.  Whiskers represent Standard Deviation, 

the 5
th
 and 95

th
 percentiles are represented by the dots, and dashed lines represent the geometric 

mean estimate.  * indicate a significant difference between low (<20% wind) and high (> 70 or 80% 

wind) from one direction, ǂ indicates a significant difference in inversion Lifetime Cancer Risk over all 

other data in this study, Δ indicates significantly higher excess lifetime cancer risk during fire events 

than during periods of >80% SW winds at the Fence site location 

 

As demonstrated by the BaPEQ concentrations of this study, the RPF 

values available for 19 PAHs, are helpful in distinguishing possible toxicity of 

PM2.5 samples, but a broader list of RPFs is needed to better understand the 

complexity of PM2.5 toxicity.  The HMW BaPEQ concentrations represented 
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between 10-40% of the overall BaPEQ concentrations, suggesting that studies 

using only the UPAHs on the PPL could result in the under-prediction of risk.   

The order of magnitude increase in inhalation cancer risk during 

predicted periods of weather inversions, observed in this study, illustrate the 

gaps in the available data surrounding such events and the best way to 

protect the health of people during them.  The differences in transformation 

products measured during the inversion events illustrates a gap in available 

knowledge about the reaction pathways for PAH transformation products.  

While other studies have shown increases in atmospheric reactants and PM 

during inversions, more toxic compound analysis is needed to fully 

understand the health risks of such events 128, 119.  

3.6 CONCLUSIONS 

The number of PAHs measured in PM2.5 in this study, illustrates the 

need to expand upon the US EPAs PPL.  The 16 PAHs included on the PPL, 

are all UPAHs and are commonly measured in PM2.5 around the globe.  This 

study shows the relevance of the other subclasses of PAHs.  While the 

toxicity of many UPAHs have been well studied, the human health effects of 

NPAH, OPAH, HPAH, HMW and OHPAHs in PM2.5 remains highly unknown.  

PM2.5 exposure has been linked to over 7 million deaths per year 1.  However, 

the components of the PM2.5 responsible for these deaths are still not known. 

Expanding the current screening lists to include the subclasses of PAHs 

measured in PM2.5 in this study will help global scientists better understand 

the nature of PM2.5 exposure.  Toxicological studies of the impact of the 
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compounds measured here is needed to fully understand the contribution to 

PM2.5 toxicity linked to PAHs.   

Data presented here illustrates the negative impact of regional PAH 

sources on the air quality of the SITC Reservation.  When winds increased 

from the SE, the reservation air quality was impacted by increased PAH 

concentration in the PM2.5 over the reservation.  While SW winds diluted 

PAHs in the PM2.5 from local sources, inversion events trapped local 

emissions and greatly increased the harmful PM2.5 components in the 

Reservation air.  

Indigenous communities are less equipped to measure and address 

environmental health concerns 56.  The SITC sought scientific help in 

understanding the environment in which they live.  The air quality over the 

SITC Reservation is directly impacted by different anthropogenic sources of 

PAH contaminated PM2.5 from nearby local and regional sources. Data from 

this study demonstrates the need to be vigilant of atmospheric conditions in 

efforts to protect the health of the SITC peoples.  The highest risk of adverse 

health effects occurred during Inversion events, which coincide with winter 

months in the US. Pacific Northwest 129. During these months, communities 

are heating their homes and businesses, often using wood burning stoves 

and fireplaces.  The data in this study suggest there are different air quality 

concerns on different parts of the Reservation at any given time.  General 

steps to reduce exposure may not have the same efficacy across all parts of 
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the Reservation.  To more fully understand the local PAH sources on the 

SITC Reservation, more detailed studies are needed.  

As global climate change continues to change weather patterns across 

the planet, the Pacific Northwest will experience increases land and sea 

temperatures, which will change the local weather patterns 129, 130.  

Communities, such as SITC, need to be take measures to ensure the safety 

of their people, from the local, regional, and global sources of air pollution 

moving into their air-shed. Increased wildfires and changing inversion 

patterns will continue to raise PM2.5 concentrations across impacted areas, 

increasing the concentration of toxic compounds, such as PAHs 119, 131,.   
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Chapter 4: 

Oxidative Potential of PAHs in Ambient PM2.5 using Dithiolthreitol (DTT) 

Consumption Assay 

 

 

 

Figure 4.0  
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4.1 ABSTRACT 

 The oxidative potential (OP) of atmospheric fine particulate matter 

(PM2.5) has been linked to the organic content of PM2.5, including polycyclic 

aromatic hydrocarbons (PAHs).  The OP of 135 individual PAHs, belonging to 

six separate subclasses of PAH, was assessed using the dithiolthreitol (DTT) 

consumption assay.  We assessed if the free energy (ΔGrxn) of the redox 

reaction, concentration of each compound to use 50% of the DTT (DTT50), 

and/or the slope of PAH concentration with assay response could be used to 

predict mixture results in the DTT consumption assay. There were some 

statistical correlations of these factors with PAH molecular mass, substituent 

groups, as well as with other factors.  Along with ambient PM2.5 extracts, 

mixtures of PAH standards (prepared to match measured PAH concentrations 

from ambient PM2.5 filter extracts) were measured in the assay.  Results 

indicate that for a small number of PAHs, including the 16 PAHs on the 

Priority Pollutant List, there appeared to be an additive effect of the mixture of 

PAHs.  However, DTT consumption predictions for the whole PAH mixture 

was higher than the measured results for the PAH mixture or the filter 

extracts. This suggests a non-additive effect of larger PAH mixtures on the 

oxidative potential of PM2.5. 

4.2 INTRODUCTION 

 Reactive oxygen species (ROS) have been linked to cardiopulmonary 

and respiratory diseases, and even cancer through various oxidative stress 

pathways 36 132 59 63 133.  Recent studies have indicated that the organic 

portion of fine particulate matter (PM2.5), in particular the anthropogenic 
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portion, is directly linked to the oxidative potential of PM2.5 
134 67 69 41 66 75.  

The ability of a sample, or compound, to cause cellular oxidative stress is 

referred to as oxidative potential (OP) 60 43 78.  Measuring OP in 

environmental samples can be done through biological or chemical assays 41 

67.  One chemical assay, the dithiolthreitol (DTT) assay, uses a chemical 

redox reaction to determine the amount of ROS produced from a sample, and 

has demonstrated affinity with biological assays 132 61. While individual 

compounds found in PM2.5, such as polycyclic aromatic hydrocarbons, have 

been linked to oxidative stress, a full elucidation of the OP of particle 

components could improve predictive modeling of PM2.5 OP 41 69 68.  

Polycyclic aromatic hydrocarbons (PAHs) are a class of compounds 

emitted through incomplete combustion which undergo long-range 

atmospheric transport entrapped in PM2.5 
85 16.  Unsubstituted PAHs (UPAHs) 

are directly emitted to the atmosphere, and sixteen UPAHs appear on the US 

EPA Priority Pollutant List (PPL) due to their well characterized toxicity, and 

availability of standards at the time of inclusion28.  Other subclasses of PAHs 

have been measured in atmospheric PM2.5 samples, but have only limited 

data on their toxicological implications in PM2.5, including OP 16 114 94 20 72 18 73 

77.  These substituted PAHs, such as heterocyclic PAHs (HPAHs), which 

contain a non-carbon atom in the ring-structures, oxy PAHs (OPAHs) which 

contain a carbonyl oxygen substituted outside the UPAH rings, can be directly 

emitted along with UPAHs 20 31 114.  UPAHs can also undergo reactions in the 

atmospheric with reactive species, (such as NOx, O3 and OH radicals), light, 
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and particles, leading to the production of nitro (NPAHs) and hydroxy 

(OHPAHs) substitutions to a hydrogen on the UPAH rings 20 12.  All of these 

subclasses of PAHs have been measured in PM2.5 samples along with 

UPAHs 94 114 20.        

The objective of this study was to assess, for the first time, if the 

commonly used dithiolthreitol (DTT) consumption assay was a viable method 

for determining the contribution of individual PAHs on the OP of PM2.5 
65 74.  A 

total of 135 individual PAHs, (23 UPAHs, 24 NPAHs, 18 OPAHs, 12 HPAHs, 

15 HMWs and 43 OHPAHs), were analyzed with the DTT consumption assay. 

DTT assay results were used to assess if individual PAH OP measurements 

could be used to predict PAH mixture results in the DTT assay, as well as to 

identify molecular properties driving OP, which could help in modeling OP of 

ambient PM2.5 samples.  Extracts of ambient PM2.5 were compared to 

standard mixtures prepared to match PM2.5 concentrations of PAHs measured 

in ambient atmospheric samples.  We assessed if the free energy (ΔGrxn) of 

the redox reaction, concentration of each compound to use 50% of the DTT 

(DTT50), and/or the slope of PAH concentration with assay response could be 

used to predict mixture results in the DTT consumption assay. 

4.3 METHODS AND MATERIAL 

4.3.1 Materials.  Compound names, CAS numbers, molecular mass, 

abbreviations, and sources in PM2.5, can be found on Table A3.T1 of the 

supplemental information.  Derivatization of OHPAHs was performed using N-

tertbutyldimethylsilyl-N-methyl-trifluoroacetamide (MTBSTFA) as previously 
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described 98.  Analytical standards were dissolved in dimethylsulfoxide 

(DMSO) and diluted to ~1 mM concentration.  For individual compounds, six 

point concentration ranges were made by diluting standards to between 20-

100 µM in DMSO.  Concentration ranges were measured in triplicate, with 

control of non-reacted PAH.   

4.3.2 DTT assay.  DTT was dissolved in 0.05 M monobasic potassium 

phosphate buffer (PBS), making a 5 mM solution of DTT.  As described 

elsewhere, six point calibration curves of DTT were made by diluting to stock 

solution to between 0 and 1 mM concentrations65 74.  For sample exposure, 

DTT stock was diluted to 1 mM, and 5 μL were added to samples in each 

well.  DTT assay reaction can be found in Figures A3.F1.  DTNB (5,5-dithio-

bis-2-nitrobenzoic acid) was dissolved in methanol to a concentration of 10 

mM.  For reaction quenching, DTNB was diluted to 1 mM in PBS 65 74.   

 DTT consumption assay was performed in flat bottom 96 well plates.  

Wells were prepared with 100 µL of 5.0 mM PBS buffer.  For DTT calibration 

curves, 10 µL of DMSO and 5 µL of DTT calibration standards was added.  

Sample wells were prepared by adding 10 µL of each compound or mixture, 

and then 5 µL of 1 mM DTT.  Plates were incubated at 37℃ for 15 minutes.  

After incubation, 10 µL of 1 mM DTNB was added to all wells to quench DTT 

reactions, and plates were gently shaken.  Absorbance (412 nm) was 

measured using a BioTek (Winooski Vermont, USA) Synergy HTX multimode 

reader.     
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 Each 96 well plate contained a triplicate DTT calibration curve to 

remove variability between plates. Controls of DTNB, PBS, and unreacted 

samples were run alongside each DTT reaction sample.  Assay 

measurements were corrected for PAH absorbance at 412 nm by subtracting 

the unreacted sample control measurements from DTT reacted 

measurements of each PAH or mixture sample.  Average measurements and 

standard deviations are reported.  Using linear relationships of PAH 

concentration to the concentration of DTT consumed in the assay, the 

concentration (mM) of each PAH required to use 50% of the DTT (DTT50) in 

the assay was calculated.  Also calculated for each PAH was a response 

factor in the assay.  This was calculated using the linear relationship between 

the concentrations of PAH and the change in measured response in the 

assay, to determine if such response could be used in modeling OP of PM2.5.   

 4.3.3 PM2.5 samples.  PM2.5 was collected using Tisch Environmental 

(Village of Cleves Ohio, USA) high volume cascade impact on quartz fiber 

filters (QFF) for a 24 hour period along the northern coast of the US State of 

Washington during the spring of 2018.  Filters were stored at -20℃ until 

extraction.  Filters were extracted using ThermoFisher (USA) Dionex ASE 

350 – Accelerated Solvent Extractor.  Extraction process is detailed in 

supplemental information (Appendix section A2.1 and A2.2).  Extracts were 

characterized for PAH content using gas chromatography mass spectrometry 

(GC/MS) operated in electron Impact (UPAH, HPAH, OPAH, HMW, OHPAH) 

and in negative chemical ionization (NPAH) 20 72 12.  
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An aliquot of 100 µL of the extract from three PM2.5 filters was 

evaporated to near dryness under fine nitrogen stream.  To help reduce 

evaporation loss of volatile PAHs from extracts, the aliquots were incased in 

ice during concentration.  Before total dryness was observed, 100 µL of 

DMSO was added to the aliquots and evaporation continued for ~10 minutes 

to ensure solvent evaporation.  From this stock solution, dilutions were made 

for final concentration of 1.5 mM (± 0.3) for use in assay.  For OP analysis, 10 

µL of each filter extract was used in the DTT assay.  Three filters (A, B, and 

C) were measured in the DTT consumption assay, alongside mixtures of PAH 

standards prepared to match PAH concentrations. 

To assess if the total OP could be predicted by the individual PAH 

concentrations, mixtures priority pollutant list PAHS (PPL), and the entire 

suite of measured PAHs (Whole) were prepared to match concentrations with 

three (A, B, C) PM2.5 filter extracts (Extracts).  Measured PAH concentrations 

for the Extracts can be found in Table A3.T2.  Analytical standards were 

made by dissolving each compound in DMSO. The Whole and PPL mixtures 

were measured alongside Extracts the in the DTT consumption assay at a 

total concentration (based on chemical composition) of 35 - 59 μM.  Six 

replicates of each mixture were analyzed in the DTT consumption assay, with 

results reported as average (± Standard Error) in Table A3.T3. 

4.3.4 Statistical analysis.  Statistical analysis was performed using R 

statistical software on the RStudio user platform.  Pearson’s Correlations, and 

Student’s t-tests were performed and statistical significance is reported as p-
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value ≤ 0.05.  To illustrate where data failed to meet the statistically significant 

criteria, but correlations were 0.05 ≤ p-value ≤ 0.10, are reported as 

suggestively correlated.  While not significant, the correlation data suggests 

more information could be discovered in these categories.   

4.3.5 Computational analysis.  From the DTT50 concentrations 

measured in the assay, free energy (ΔGrxn) of the redox reaction for the PAHs 

was calculated using reaction 4.1 and Equation 4.1 below.  Geometric 

optimizations were computed using density functional theory (DFT) B3LYP1 

with the 6-311++G(d,p) basis set in Gaussian 09 135 136 137 138 139 140.  All 

geometry optimizations were performed in the gas phase at 298 K.  Refined 

single-point energies were then computed in the ORCA program, at the 

DLPNO-CCSD(T)/def2-TZVPP level of theory 141 142 143 144.  Both steps were 

performed for all molecules involved in the balanced reaction (reaction 4.1).  

The Gibbs free energy of reaction was calculated (equation 4.1) for each 

parent and radical anion pair based on reaction 4.1. 

Reaction 4.1:  

 
 

Equation 4.1: 
                           

                                         
  

 Structural composition was considered for possible differences 

observed between isomers.  Structural components such as a bay region 

containing only 6-atom rings, versus bay regions that have at least one 5-

atom ring in the bay would have differences in electron density, and so were 
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counted and used for correlation analysis. The structural components 

considered are illustrated in Figure A3.F2, in short: exterior 2 uninterrupted 

cyclohexane connections (2CH), 3-ringed bay regions with all 6 membered 

rings (3RBR-6), 3-ringed bay regions with one 5 membered ring (3RBR-5), 4-

ring bay region with all 6 membered rings (4RBR-6), 4-ring bay region with 

one 5 membered ring (4RBR-5), as well as the number of substituents for 

subclasses of PAHs.  

4.4 RESULTS AND DISCUSSION 

 4.4.1 DTT50 Results.  Individual PAH measurements in the DTT 

consumption assay resulted in a DTT50 concentration range of 0.0003 – 1.219 

mM. (Table A3.T2)  Overall, the DTT50 (mM) was statistically correlated with a 

molecular mass (AMU) and the response factor of PAH concentrations within 

the assay. (Table 4.1)  The number of 2CH had suggestively negative 

correlation with the DTT50 of PAHs.  Within subclasses of PAHs the DTT50 

was negatively statistically correlated with the response factor and number of 

2CH (Figure A3.F2) within OHPAHs.  The DTT50 for UPAHs had suggestively 

positive correlation with the number of 3RBR-5.  While smaller, more volatile 

PAHs can partition into and back out of PM2.5 during long-range atmospheric 

transport, larger, less volatile PAHs will stay partitioned to the PM2.5. The 

trend of lower DTT50 concentrations with higher PAH molecular masses 

implies that the OP of PM2.5 could be driven by the presence of some of the 

larger PAHs (Table 4.1).  
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Variable Correlated 
factors ALL PAHs UPAH HPAH HMW NPAH OPAH OHPAH 

DTT50 

 

2CH 
Y = -0.021 x + 0.128  

(p = 0.069)      
↓ 

Response 
Y = -0.069 x + 0.671 

(p = 0.007)      
↓ 

AMU 
Y = -0.001 x + 0.277 

(p = 0.027)       

3RBR-5  ↑      

Response 
Factor 

3RBR-6 
Y = 0.125 x + 0.517 

(p = 0.081)    
↑ ↑ ↑ 

OH groups 
Y = -0.485 x + 1.325 

(p = 0.020)       

4RBR-5     ↓    

AMU       
 

↓ 

ΔGrxn 

AMU 
Y = -0.014 x + 19.738 

(p < 0.000) 
↓ 

  
↓ ↑ ↓ 

Response 
Y = -0.386 x + 16.902 

(p = 0.069) 
 ↓     

3RBR-5   ↓ 
   

↑ 
 

=O groups 
Y = -0.583 x + 16.199 

(p = 0.058) 
    

  

NO2 groups 
Y = -1.082 x + 16.767 

(p = 0.001) 
   ↓   

 

Table 4.1.    Statistically significant (p-values ≤ 0.05) correlations for the entire set of 135 PAHs 

measured with the DTT consumption assay.  Variables (Y) are correlated with factors (x) in linear 

regression modeling (with p values in parentheses).  For each subclass of PAH, arrows indicate if the 

correlation was positive (↑) or negative (↓).  Suggested correlations (0.05 ≤ p-value ≤ 0.10) parameters 

are in gray.   
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 4.4.2 Response Factor.  The linear slope (response factor) of PAH 

concentration (mM) with control corrected response in the DTT consumption 

assay was calculated to assess the reactivity of individual PAHs in the assay, 

with larger response factors indicating a greater response to changes in PAH 

concentration.  The number of OH groups on the PAH was significantly 

correlated to the response factor in the DTT consumption assay (Table 4.1).  

The number of 3RBR-6 was suggestively positive correlations with all PAH 

data, but statistically correlated within the NPAH, OPAH, and OHPAH 

subclasses of PAHs.  The 4RBR-5 within HMW PAHs, and the molecular 

mass of OHPAHs were statistically negatively correlated with the response 

factor in the assay.   

 4.4.3 ΔGrxn of DTT Reaction.  There were statistically significant 

negative correlations of all PAHs between both molecular mass and the 

number of NO2 groups, with the ΔGrxn (Table 4.1).  There were suggestive 

negative correlations of ΔGrxn with both the response factor and the number 

of carbonyl substituents on the PAH.  Individual subclasses of PAHs had 

ΔGrxn negative significant correlations with molecular mass (UPAH, NPAH, 

OPAH and OHPAH), response factor (HPAH), 3RBR-5 (UPAH and OPAH), 

and NO2 groups (NPAH) (Table 4.1).  While most correlations of ΔGrxn and 

PAH subclasses were negative, OPAHs showed positive correlations for both 

molecular mass and the number of 3RBR-5.  This could be due to the nature 

of the carbonyl substituent being highly electron donating on an aromatic ring, 

which could inhibit the ability of the molecule to accept an additional electron 
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to undergo reduction.  While hydroxy substituents are electron donating, the 

correlations measured here suggest they are more amenable for reduction in 

the DTT assay than the OPAHs.  However, the nitro substituent is electron 

withdrawing, which is likely to enable reduction over the surface of the 

molecule.   

Figure 4.1.  Box and whisker plots for calculated ΔGrxn per subclass of PAHs.  The colored 

box represents standard deviation of the estimates with the solid line within the box representing the 

mean value.  Whiskers represent the 95
th
 percentile for measurements and the dots are outlying 

measurements.  Statistical differences (p-value < 0.05) were calculated using Student’s t-test.  

Lowercase letters indicate statistically different averages between subclasses.  For example, the HPAH 

(h) average ΔGrxn (red box) is statistically different from all other subclasses of PAHs: UPAHs (u), HMW 

(w), OPAHs (o), NPAHs (n), and OHPAHs (oh).   The only classes of PAHs not statistically different 
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from each other are UPAH (blue) with OHPAH (purple), and OPAH (green) with NPAH (orange).  HMW 

(teal) was statistically different from all other PAH classes. 

 4.4.4 Mixture Results.  Figure 4.2 shows the results of the mixtures 

analysis in the DTT consumption assay.  Bars (± SE) show average 

measured DTT consumed for each of the three filters (A, B, and C), for 

priority pollutant PAHS (PPL), entire PAH concentration mixtures (Whole), 

and filter Extracts.  Extract measurements in the DTT consumption assay 

were significantly different from Whole mixture measurements of filters A and 

B, and significantly different from the PPL measurements for filter C (Figure 

4.3, Table A3.T3).  The process of evaporating off solvent to reconstitute in 

DMSO for the assay likely results in the evaporation of PAHs with high vapor 

pressures (2-3 ringed PAHs), which could explain the significantly lower DTT 

consumption measured in the assay.  While it has been suggested that PAHs 

provide a synergistic effect on OP of PM2.5 
41, these results suggest there 

could also be antagonistic effects of other extracted compounds from the 

PM2.5 that have not been characterized or analyzed for OP.   

Using the linear relationships established through the concentration 

range of PAHs tested and DTT consumed in the assay, DTT consumption 

was modeled assuming an additive effect with the mixtures (Table A3.T2).  

The triangles in Figure 4.3 show the predicted responses overlaying the 

measured responses for PPL and Whole mixtures.  For mixtures of PPL, the 

effect appeared to be additive, though the modeled DTT consumption for filter 

B was 0.059, just outside the standard error for the measured responses, 
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0.054 (± .003), suggesting there may be a more complex mixtures effect than 

just additive (Table A3.T3).    

Figure 4.2.  DTT assay results for mixtures analysis.  Bars represent the DTT consumption 

for PPL standard mixtures, whole standard mixtures and filter extracts.  Mixtures were 

prepared to match measured concentrations of PAHs found in ambient PM2.5 filters A, B and 

C (± SE).  The * indicates that Extract measurements were significantly (p-value ≤ 0.05) less 

than the whole mixture measurements for 2 of the filters.  The ǂ indicates that the extract 

measurement for filter C was significantly lower than the PPL mixture.  Triangles represent 

predicted concentrations using the linear relationships of PAHs measured in the filter 

extracts, assuming an additive mixture effect.  Because the Whole mixture was made to 

replicate the sample extract concentrations of PAHs, the predicted values are the same. 
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When comparing the modeled DTT consumption to the Whole and Extract 

measurements, a different relationship is apparent.  There appears to be 

either an antagonistic effect occurring within the mixtures of PAHs, or a non-

additive effect of the mixtures of PAHs that needs to be further explored in the 

DTT consumption assay. 

 Overall, the results of this study illustrate that the DTT consumption 

assay can be used to examine different properties of PM2.5 that might be 

adding to oxidative stress observed upon human inhalation of such particles.  

The ΔGrxn for the redox reaction of each PAH can be used to compare which 

portions of the particles are causing the most oxidative stress, as well as the 

DTT50 found in the assay.  These results provide promising information on the 

OP of individual PAHs, and should be further explored for mixtures synergies.  
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 5.0 Conclusions and Future Directions 

 This dissertation has explored the formation of PAH transformation 

products (TPs) during atmospheric reactions that result in organic aerosols in 

the atmosphere.  These TPs, along with others, were then screened for in 

ambient PM2.5 and used to correlate local weather patterns with diminished air 

quality over a Tribal Reservation.  The presence of TPs measured in ambient 

PM2.5 changes the inhalation cancer risk to communities around the world, in 

part by changing the oxidative potential of the particles.   

 Atmospheric PM2.5 sampling and/or monitoring usually screens for the 

PAHs which appear on certain watch lists, like the US EPA Priority Pollutant 

List.  While PM2.5 emissions have been quasi-regulated across the globe, the 

emission of volatile and semi-volatile organic compounds are more difficult 

regulated, and in many cases remain unregulated.  These compounds form, 

and contribute to increased proportions of organic aerosol in the atmosphere.  

Chapter 2 of this dissertation illustrates how secondary organic aerosols can 

aid in the long-range transport of VOC and SVOC pollutants around the 

globe.  Gas-phase atmospheric lifetime estimates for VOC and SVOCs can 

be calculated, and are used to predict long-range atmospheric transport of 

emissions around the globe.  If these molecules are within organic aerosol 

shields, as shown in Chapter 2, then it reasons the compounds are entrapped 

in SOA and being transported differently, and possibly further than modeling 

estimates.  The increased lifetime of SOA particles formed in Chapter 2, 

illustrate how atmospheric emissions, such as PAHs, are not behaving as 
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many transport modelling paradigms assume.  The synergistic effect on SOA 

growth observed in Chapter 2 can help explain atmospheric mass loadings of 

organic aerosol, but needs to be further explored to improve atmospheric 

modeling predictions. 

If a portion of these emission molecules are transforming during 

incorporation into organic aerosol, as Chapter 2 demonstrated, those TPs are 

also entrapped from degradation and will travel alongside emitted 

compounds.  These TPs most often do not appear on lists for screening or 

monitoring.  Many of the TPs found in PM2.5 in Chapter 3 have incomplete or 

unknown toxicity profiles. If atmospheric scientists, modelers and chemist can 

continue to work together to better understand the reactions PAHs undergo 

during PM2.5 incorporation and transportation, the predictions for PAH and 

PAH TP transport can be improved. 

 While recent trends in research revolve around long-range 

atmospheric transport of pollutants, due to the global crisis of PM2.5 related 

deaths, work in Chapter 3 of this dissertation illustrate the gaps in knowledge 

around local and regional source impacts on air quality.  Changing prevailing 

winds, patterns of extreme weather events, such as inversions, and increases 

in wildfires around the planet are all predicted in the latest IPCC 

(Intergovernmental Panel on Climate Change) report [IPCC 2014].  Changes 

to local and regional air quality will occur due to these climate driven changes.  

Understanding what air quality impacts these events have is essential to 

efforts to limit exposure of harmful PM2.5 around the globe. 
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 Minority and indigenous communities, around the globe, are 

disproportionately affected by adverse air quality.  These communities, 

globally, have less access to chemical data about the air they breathe, and 

they are less equipped to protect themselves due to inequity of resources.  

Communities, such as the Swinomish Indian Tribal Community (SITC), 

collaborated with for Chapter 3 of this dissertation, are interested in protecting 

their people and improving community knowledge about environmental 

contamination.  The pairing of chemical analysis with local atmospheric 

conditions in vulnerable communities, gives community members the data 

they need to take action to protect themselves from the harmful effects of 

PM2.5 contamination.  Working with these communities to address the 

concerns they have, and working with them to understand what the data 

means for them, allows the scientific community to both advance the 

knowledge we have of local and regional transport of atmospheric emissions, 

as well as makes science accessible to communities often underrepresented 

in scientific research. 

 Many researchers are trying to understand why PM2.5 is so dangerous 

to humans.  Toxicologists rely on assays, which may be missing vital 

chemical information.  PAHs are hydrophobic, yet many assays for PAH 

exposure rely on a water-based extraction.  This has led to a large discussion 

about the bioavailability of chemicals in toxicity assays.  This topic remains 

highly contentious, and there are many ways to examine environmental 

samples for toxicological effects.  A popular paradigm is to extract an 
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environmental sample, and then split that sample for separate toxicity and 

chemical analysis.  The problem with this, is the extraction itself.  If the 

extraction is optimized for chemical characterization, the toxicity portion of the 

extract will usually be dried of the extraction solvent and re-suspended in a 

solvent more amenable to biological assays.  During this process, chemicals 

with high vapor pressures, such as many 2-3 ring PAHs, will be lost to 

vaporization.  And visa versa, if the extraction is optimized for toxicological 

analysis, many chemical components are being emitted from the analysis.  

This means the toxicity testing in either situation, will only be viable for a 

proportion of the compounds found in the environmental samples.  Finding a 

model for predicting toxicological outcomes using chemical data has potential 

to improve collaborative measures between chemists and toxicologists.  

 Chapter 4 of this dissertation explored the DTT assay as a means to 

take chemical data from ambient PM2.5 samples to predict oxidative potential 

in extracts.  Assuming an additive effect of oxidative potential in the assay, 

the research failed to accurately predict sample oxidative potential.  This 

suggests mixtures of PAHs do not behave in an additive manner. This project 

did find that statistical trends in the oxidative potential of PAHs in the DTT 

consumption assay might be useful in modeling oxidative potential.  Further 

exploration of the structural components that may change the redox potential 

of PAHs, could lead to predictive modeling, enabling the ability of the 

chemical analysis of an environmental sample to more accurately inform 

toxicology.   
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 As the climate continues to change, the ability to protect communities 

around the planet, especially vulnerable communities, from toxic air pollution 

is becoming more difficult.  Changing weather patterns carry PAHs to different 

communities than previous weather patterns did.  To fully assess the impact 

of PAH TPs on particle formation, transportation, and toxicity more studies 

are needed combining the methods used in this dissertation.  Examining SOA 

particles during formation under various conditions can help inform ambient 

PM2.5 studies as to what PAH TPs to search for.  SOA studies with mixtures of 

PAHs, such as would be present at any emission source, could help establish 

mechanistic pathways for predicting PAH TPs in PM2.5 downwind of sources, 

and can be used to predict toxicity of such particles.  Measuring local and 

regional transport of PAHs and PAH TP on PM2.5 can not only help local 

communities understand their exposures, but will also help with transportation 

modeling of PAHs as the climate continues to change.  The continued 

development of a link between chemical analysis and toxicological data can 

help with community protection.  Continuing individual and mixture analysis 

with the DTT consumption assay will help translate PM2.5 chemical data into 

toxicological outcomes, which can then be used to protect vulnerable 

communities. 

This dissertation shows that more in depth studies to understand PAH 

incorporation into PM2.5 in the atmosphere, how PM2.5 transports PAHs on 

local and regional scales, an how the oxidative potential of PM2.5 can be 

examined through chemical characterization is possible.  Collectively the 
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integration of multiple disciplines can improve our understanding of PAHs in 

the atmosphere from source to human exposure.  
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Table A1.T1:  Analytical standard names, abbreviations, CAS numbers, physical properties estimated using 

EPISUITE 4.1, and manufacturer purchased from. * Indicates where experimental values from EPISUITE 4.1 

were used instead of estimated values. 

Parent Compound  
Abbreviation 

Molecular 
weight (g/mol) 

CAS 
Number 

Vapor Pressure 

(Pa at 25⁰C) 

Boiling 

Point (⁰C) 
Manufacturer 

  Oxidation product 

α-pinene α-P 136.24 7785-70-8 *633 *155.9 Sigma Aldrich 

 
verbenol v-ol 152.24 18881-04-4 2.51 220.98 Sigma Aldrich 

  verbenone v-one 150.22 1196-01-6 18.13 215.05 Sigma Aldrich 

Phenanthrene PHE 178.23 85-01-8 *1.61 x 10
-2

 *340 Sigma Aldrich 

 

1-hydroxyphenanthrene 1-OHPHE 194.23 2433-56-9 2.15 x 10
-3

 363.13 Toronto Research Chemicals 

 

2-hydroxyphenanthrene 2-OHPHE 194.23 605-56-0 2.15 x 10
-3

 363.13 Toronto Research Chemicals 

 

3-hydroxyphenanthrene 3-OHPHE 195.23 605-87-8 2.15 x 10
-3

 363.13 Toronto Research Chemicals 

 

4-hydroxyphenanthrene 4-OHPHE 196.23 7561-86-7 2.15 x 10
-3

 363.13 Toronto Research Chemicals 

 

9-hydroxyphenanthrene 9-OHPHE 197.23 484-17-3 2.15 x 10
-3

 363.13 Sigma Aldrich 

 

cis-9,10-
dihydroxyphenanthrene 

cis-9,10-
OHPHE 210.23 2510-71-6 6.69 x 10

-3
 397.97 

Toronto Research Chemicals 

 

trans-9,10-
dihydroxyphenanthrene 

trans-9,10-
OHPHE 211.23 572-41-8 6.69 x 10

-3
 397.97 

Toronto Research Chemicals 

 

1,9-dihydroxyphenanthrene 1,9-OHPHE 210.23 85337-40-2 6.69 x 10
-3

 397.97 Sigma Aldrich 

 

phenanthren-1,4-dione 1,4-PHEone 208.22 569-15-3 1.02 x 10
-2

 377.67 Sigma Aldrich 

  9,10-phenanthrequinone 9,10-PHEQ 209.22 84-11-7 1.02 x 10
-3

 377.67 Sigma Aldrich 

Dibenzothiophene DBT 184.26 132-65-0 *2.73 x 10
-2

 *332.5 Sigma Aldrich 

 

Dibenzothiophene sulfone DBTS 216.26 1016-05-3 6.17 x 10
-3

 369.08 Sigma Aldrich 

  diphenyl sulfoxide DPS 202.27 945-51-7 2.36 x 10
-2

 *340 Sigma Aldrich 

Pyrene PYR 202.25 129-00-0 *6.0 x 10
-4

 *404 Sigma Aldrich 

 

1-hydroxypyrene 1-OHPYR 218.26 5315-79-7 *6.44 x 10
-7

 406.69 Accu Standard 

 

4H-
cyclopenta[def]phenanthren-
4-one 

4H-CPP 
204.23 5737-13-3 4.25 x 10

-3
 375.83 

Toronto Research Chemicals 

  
6H-benzo(cd)pyrene-6-one 6H-BcdP 

254.29 3074-00-8 7.89 x 10
-5

 446.73 
European Community 
Bureau of Reference 
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Benz(a)anthracene BaA 228.29 56-55-3 *2.8 x 10
-5

 *437.6 Sigma Aldrich 

 
3-hydroxybenz(a)anthracene 3-OHBaA 244.31 4834-35-9 2.92 x 10

-5
 434.03 Toronto Research Chemicals 

  benz(a)anthracene-7,12-dione 7,12-BaAone 258.28 2498-66-0 1.59 x 10
-4

 434.48 
Accu Standard 
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Figure A1.F1.  Chromatograms from GC/MS non-targeted analysis α-P SOA (A), DBT influenced SOA (B), 

PHE influenced SOA (C), and PYR influenced SOA (D), with peaks for known compounds labeled.  Individual 

peaks were examined for fragmentation patterns, compared to NIST library database, and are not at this point 

classified as PAH-OPs. 
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Table A1.T2. Comparison of average weight percent (± SE) for each 

for ozone exposure with two charcoal denuders inline before PAM reactor, 

and ozone exposure without denuders inline before the PAM reactor was 

performed using Students T-test.  No statistical differences (p-value > 0.05) 

was found between ozone exposure with the use of charcoal denuders before 

PAM reactor or without.  Table S2 shows p-values for measured PHE 

compounds (shaded in purple), DBT compounds (orange), and PYR 

compounds (blue). 

 

Compoun

d PHE 

9-

OHPH

E 

Trans

-9,10 

1,9-

OHPH

E 

DBT DTBS PYR 

1-

OHPY

R 

6H 

w/ 

Denuders 

0.79

% (± 

0.40) 

9.57% 

(± 

4.77) 

0.07

% (± 

0.04) 

10.10

% (± 

5.91) 

5.09

% (± 

2.01) 

2.85

% (± 

0.95) 

10.64

% (± 

4.20) 

9.84% 

(± 

3.10) 

0.88

% (± 

0.40)  

w/out 

Denuders 

0.28

% (± 

0.12) 

2.97% 

(± 

0.93) 

0.02

% (± 

0.02) 

1.93% 

(± 

1.07) 

8.64

% (± 

3.16) 

1.72

% (± 

0.10) 

3.38% 

(± 

2.30) 

3.65% 

(± 

0.20) 

0.51

% (± 

0.10) 

p-value 0.374

3 

0.2992 0.628

9 

0.2993 0.406

0 

0.354

8 

0.2327 0.1805 0.312

3 
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Table A1.T3. Isotope labeled compounds used as internal and surrogate 

standards for quantification, the compounds each are used to quantify.  

Labeled compounds were purchased through Cambridge Isotope 

Laboratories.  

 

Isotope Labeled  Used as Used to quantify 

Acenaphthene-d10 Internal Standard Fluorene-d10 
Naphthalene-d8 
Phenanthrene-d10 
1-hydroxynapthalene-d8 
4-hydroxyphenanthrene-13C4 

Fluoranthene-d10 Internal Standard Pyrene-d10 
1-hydroxypyrene-d9 

Naphthalene-d8 Surrogate α-pinene 
verbanol 
verbenone 

Benzo(k)fluoranthene-d12 Internal Standard 1-hydroxybenz(a)anthracene-13C6 

9-fluorenone-d8 Internal Standard Anthraquinone-d8 

Fluorene-d10 Surrogate DBT 
DBTS 

Penanthrene-d10 Surrogate PHE 

Pyrene-d10 Surrogate PYR 

1-hydroxynapthalene-d8 Surrogate 1-OHPHE 
2-OHPHE 
3-OHPHE 
4-OHPHE 
9-OHPHE 

1-hydroxypyrene-9 Surrogate 1-OHPYR 

1-hydroxybenz(a)anthracene-13C6 Surrogate 3-OHBaA 

4-hydroxyphenanthrene-13C4 Surrogate cis-9,10-OHPHE 
trans-9,10-OHPHE 
1,9-OHPHE 

Anthraquinone-d8 Surrogate 4H-CPP 
6HBcdP 
7,12-BaAO 
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Table A1.T4.  Extraction recovery of acetone sonication extraction.  

Extraction was performed in triplicate and laboratory blank corrected by 

subtracting concentrations measured from the extraction of an unexposed 

QFF subjected to the same extraction process.  Extraction was performed in 

4 mL amber vials with 2 mL of acetone, analysis was performed using GC/MS 

methods detailed above.  

 
Analyte Average (± SE) 

Percent recovered 

DBT 35 (3.8) 
DBTS 46 (4.9) 
PHE 39 (3.5) 
PYR 46 (3.0) 
BaA 42 (3.2) 

4-OHPHE 103 (3.0) 
9-OHPHE 105 (2.6) 
3-OHPHE 81 (2.1) 
1-OHPHE 86 (1.8) 
2-OHPHE 74 (1.0) 

cis-9,10-OHPHE 66 (2.9) 
trans-9.10-OHPHE 70 (1.8) 

1,9-OHPHE 36 (19.7) 
1-OHPYR 117 (5.0) 
3-OHBaA 88 (3.8) 
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A1.1 Detailed Methodology 
 

A1.1.1 GC-MS Parameters. 

An injection volume of 1 μL was used from a 10 μL syringe in an 

Agilent 7639 auto sampler.  Syringes were cleaned with 3 pumps of 3μL ethyl 

acetate and then 3 pumps of 3μL acetone both before and after each 

injection.   

Parent analysis.  Inlet temperature was set to 300⁰C in splitless mode 

with total flow of 21.4 mL/min.  Septum purge flow was set to 1 mL/min and 

gas saver went to 50 after 2 min. The GC oven started at 60⁰C for 1 minute, 

followed by a 6⁰C/min ramp to 150⁰C with a 2 minute hold.  Then the ramp 

was changed to 4⁰C/min up to 250⁰C, with another hold for 2 minutes. The 

final ramp was 12⁰C/min up to 320⁰C, with a 5 minute hold time. Column flow 

was set to 0.4091 mL/min.  Auxiliary MSD transfer line was set to 280⁰C.  

Mass spec source temperature was held at 230⁰C, and the quadrupole 

temperature was 150⁰C.  A 4.8 minute solvent delay was employed to allow 

acetone to leave the system before the filaments fired up for detection.  A 9-

point calibration curve ranging from 1000 to 1 pg/μL was used for 

quantification, and check standards within the calibration curve were run after 

every 10 samples to ensure stability of the system.  

Mono-hydroxy PAH analysis.  Inlet temperature was set to 300⁰C in 

splitless mode with total flow of 23 mL/min.  Septum purge flow was set to 1 

mL/min and gas saver went to 50 after 2 min. The GC oven started at 60⁰C 

for 1 minute, followed by an 8⁰C/min ramp to 175⁰C, with a 1 minute hold.  
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The ramp was then changed to 3⁰C/min up to 275⁰C, with another hold for 1 

minute. The final ramp was 7⁰C/min up to 320⁰C, with a 2 minute hold time.  

Column flow was set to 2 mL/min.  Auxiliary MSD transfer line was set to 

280⁰C.  Mass spec source temperature was held at 230⁰C, and the 

quadrupole temperature was 150⁰C.  An 8.5 minute solvent delay was 

employed to allow solvents to leave the system before the filaments fired up 

for detection.  An 8-point calibration curve ranging from 1000 to 1 pg/μL was 

used for quantification, and check standards within the calibration curve were 

run after every 10 samples to ensure stability of the system. 

Poly-hydroxy PAH analysis.  Inlet temperature was set to 300⁰C in 

splitless mode with total flow of 22.5 mL/min.  Septum purge flow was set to 1 

mL/min and gas saver went to 36 after 0.75 min. The GC oven started at 

60⁰C for 1 minute, followed by a 10⁰C/min ramp to 120⁰C, with no 

temperature hold.  Then the ramp was changed to 2⁰C/min up to 210⁰C, with 

a hold for 1 minute. The final ramp was 10⁰C/min up to 320⁰C, with a 2 

minute hold time. Column flow was set to 1.5 mL/min.  Auxiliary MSD transfer 

line was set to 280⁰C.  Mass spec source temperature was held at 230⁰C, 

and the quadrupole temperature was 150⁰C.  A 12.0 minute solvent delay 

was employed to allow solvents to leave the system before the filaments fired 

up for detection.  A 6-point calibration curve ranging from 750 to 1 pg/μL was 

used for quantification, and check standards within the calibration curve were 

run after every 10 samples to ensure stability of the system. 
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Oxy-PAH analysis.  Inlet temperature was set to 40⁰C in splitless mode 

using liquid nitrogen cryo to achieve temperature, and increasing at 

600⁰C/min to 350⁰C, with total flow of 21.9 mL/min.  Septum purge flow was 

set to 1 mL/min and gas saver went to 65 after 1 min. The GC oven started at 

60⁰C for 1 minute, followed by a 40⁰C/min ramp to 150⁰C, with a 5 minute 

hold.  Then the ramp was changed to 4⁰C/min up to 265⁰C, with no old. The 

final ramp was 40⁰C/min up to 320⁰C, with a 5 minute hold time. Column flow 

was set to 0.91 mL/min.  Auxiliary MSD transfer line was set to 300⁰C.  Mass 

spec source temperature was held at 230⁰C, and the quadrupole temperature 

was 150⁰C.  A 4.75 minute solvent delay was employed to allow acetone to 

leave the system before the filaments fired up for detection.  A 9-point 

calibration curve ranging from 1000 to 1 pg/μL was used for quantification, 

and check standards within the calibration curve were run after every 10 

samples to ensure stability of the system. 

A1.1.2 Real-time In-Situ Characterization 

Scanning Mobility Particle Sizer (SMPS) was performed by pairing 

differential mobility analyzer (DMA), TSI model 3080, to Ultra-fine 

condensation particle counter (CPC), TSI model 3786, to qualify and quantify 

particle number and size distributions.  This allowed for mass loading 

measurements in each RTIS characterization step.  Flow rate was set with 

TXI (Shoreview MN) 4100 series flow meter and pump.  Single particle mass 

spectrometer (MiniSPLAT) was used to measure individual particle shape, 

density, and chemical fingerprint utilizing time-of-flight mass spectrometry. 
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Full detailed method descriptions can be found in manuscript references 15 

and 18.  

A1.1.3 Sample aliquots 

For parent analysis, 250 μL of the filter extracts were transferred to 500 

μL glass inserts in amber GC vials.  Internal standards were added for a final 

concentration of 500 pg/ μL, and the final volume was adjusted to 300 μL.  

Hydroxy aliquots were prepared in 300 μL spring insert in amber GC vials.  

100 μL of acetonitrile, 20 μL of toluene, and internal standards (final 

concentration 500 pg/ μL) were added to 50 μL of filter extracts and the 

volume was concentrated to 20 μL total.  30 μL of the appropriate derivatizing 

agent was added and aliquots were incubated before GC-MS analysis.  Oxy 

analysis was performed by transferring 270 μL of the filter extracts into 500 

μL glass inserts in amber GC vials.  Internal standards (final concentration 

500 pg/ μL) were added and volume was corrected to 300 μL with acetone. 

Both SIM and full scan analysis was performed on the Parent, mono-hydroxy, 

and poly-hydroxy prepared aliquots to assess if unidentified peaks were 

present in each derivatization method. 

A1.1.4 Phenanthrene standard purity testing 
 

In all of the PHE PAH-SOA samples, both DBT and the oxidation 

product of DBT (dibenzothiophene sulfone - DBTS) were detected.  To 

determine if DBT was somehow being produced in the PAH-SOA or was 

present in the PHE standard used, 1.66 mg of the standard PHE was 

dissolved in acetone and analyzed.  DBT was found to be 0.0054 mg, or 
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roughly 0.003% of the PHE mass.  This impurity in the standard explains the 

presence of DBT and DBTS on the PHE PAH-SOA filters, as the DBT with a 

higher vapor pressure than the PHE would have volatized along with the 

PHE, been incorporated into the growing PAH-SOA, and oxidized along with 

the PHE at a much smaller w/w% of the PAH-SOA.  Measured DBT and 

DBTS amounts were then subtracted out and not included in the analysis of 

PHE and PHE-OPs.    

A1.1.5 Sonication Extraction Efficiency 

Extraction efficiency was determined by spiking mixtures of analytes 

dissolved in acetone onto clean QFF in 4 mL amber vials, then adding 2 mL 

of solvent and sonicating for 60 minutes at room temperature.  Solvents 

tested included a 1:1 mixture of dichloromethane and acetone, ethyl acetate, 

and acetone.  Extracts were analyzed and the highest average recovery 

solvent across tested analytes was acetone with individual results listed in 

Table S3. 
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Figure A1.F2.  Mean wt% (± 1 standard error) of compounds measured in 

collected freshly formed PAH-SOA.  DBT influenced SOA contained equal 

wt% of DBT and DBTS (left-hand panel), PYR influenced SOA (c panel) had 

equal parts OPs with PYR, and BaA influenced SOA (right-hand panel) was 

measured to have more OP in the one measurable sample.   
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A1.2.1 Vapor phase PAH concentration Calculations. 

Experimental values for PAH vapor pressure at 25℃, were obtained 

using EpiSuite (USEPA v. 4.1) (Table S1).  To estimate the saturation vapor 

pressure of each parent PAH under laboratory conditions with room-

temperature of 20±2℃, the Clausius-Clapeyron equation (equation 1) was 

used. Enthalpy of sublimation for each compound was obtained through a 

NIST database search with the most recent entry from experimentation used, 

though all entries were found around 300℃ which could add some error.  Gas 

constant R was used in the Joules/mol*K format (8.3145 J/mol*K).   

Equation A1.1.1: 

ln(
  

  
) = 

     

 
 *(

 

  
 – 

 

  
) 

Table A1.T5. Parent PAH enthalpy of sublimation measurements listed 

on NIST.GOV, subcooled liquid vapor pressures at 25℃ obtained through 

EPISUITE 4.1 search, and calculated subcooled liquid vapor pressures at 

20℃. 

 

Parent PAH ΔHsub obtained on 
webbook.nist.gov 

(KJ/mol)  

EpiSuite 
vapor 

pressure at 

25℃ (Pa) 

Calculated 
vapor 

pressure at 

20℃ (Pa) 

Phenanthrene 92.1 1.61 x 10-2 8.54 x 10-3 

Dibenzothiophene 91.2 2.73 x 10-2 1.46 x 10-2 

Pyrene 103.3 6.00 x 10-4 2.95 x 10-4 

Benz(a)anthracene 115.5 2.80 x 10-5 1.26 x 10-5 

 

Because there was a significant amount of residual solid PAH left in 

each bag, saturation of vapor-phase PAH was assumed.  Using the ideal gas 
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law and the newly calculated vapor pressure of each PAH, and assuming 

standard conditions in each ~70 L Teflon bag, the mixing ratio (ppb) of each 

PAH was estimated: 

Table A1.T6. Parent PAH vapor pressure (atm), and calculated mixing 

ratios (ppb). 

Parent PAH P2 (atm) Concentration 
(ppb) 

Phenanthrene 8.43 x 10-8 84.3 

Dibenzothiophene 1.44 x 10-7 144 

Pyrene 2.91 x 10-9 2.91 

Benz(a)anthracene 1.25 x 10-10 0.125 
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Figure A1.F3.  Linear scaled High Resolution Time of Flight Aerosol Mass 

Spectrometer (HR-ToF-AMS) spectra for each PAH used in study.  Linear 

scale illustrates the increases in peak signature observed in the α-P SOA 

(blue plot on each graph) to each PAH (A-D color plots). 
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Table A2.T1.  List of all analytes quantified in this study.  Table includes 

chemical name, CAS number, molecular mass, abbreviation, main emission 

source to the atmosphere (CR = Crude fossil fuels, COMB = Combustion 

byproduct, TP = Transformation Product), PAH subclass, and Method 

Detection Limit (MDL).  Co-eluding compounds share an MDL value. 
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Compound name CAS No. AMU Abbrev. Source 
PAH 
class 

MDL 
(pg/u

L) 

Naphthalene 91-20-3 128.171 NAP CR, CMB UPAH 0.08 

Acenaphthylene 208-96-8 152.196 ACY CR, CMB UPAH 0.05 

Acenaphthene 83-32-9 154.212 ACN CR, CMB UPAH 0.09 

Fluorene 86-73-7 166.223 FLO CR, CMB UPAH 0.13 

Phenanthrene 85-01-8 178.234 PHE CR, CMB UPAH 0.07 

Anthracene 120-12-7 178.234 ANT CR, CMB UPAH 0.07 

Fluoranthene 206-44-0 202.256 FLN CR, CMB UPAH 0.06 

Pyrene 129-00-0 202.256 PYR CR, CMB UPAH 0.06 

Retene 483-65-8 234.336 RET CR, CMB UPAH 0.16 

Benzo(c)fluorene 205-12-9 216.283 BcF CR, CMB UPAH 0.10 

Benzo(a)anthracene 56-55-3 228.288 BaA CR, CMB UPAH 0.06 

Chrysene 218-01-9 228.294 Cry CR, CMB UPAH 
0.06 

Triphenylene 217-59-4 228.294 Tri CR, CMB UPAH 

Benzo(b)fluoranthene 205-99-2 252.309 BbF CR, CMB UPAH 0.05 

Benzo(k)fluoranthene 207-08-9 252.309 BkF CR, CMB UPAH 0.06 

Benz(e)pyrene 192-97-2 252.316 BeP CR, CMB UPAH 0.06 

Benzo(a)pyrene 50-32-8 252.316 BaP CR, CMB UPAH 0.08 

Dibenz(a,h)anthracene 53-70-3 278.347 DahA CR, CMB UPAH 
0.02 

Dibenz(a,c)anthracene 215-58-7 278.347 DacA CR, CMB UPAH 

Indeno(1,2,3-cd)pyrene 193-39-5 276.331 IcdP CR, CMB UPAH 0.06 

Benzo(ghi)perylene 191-24-2 276.338 BghiP CR, CMB UPAH 0.06 

Picene 213-46-7 278.347 PIC CR, CMB HMW 53.90 

Naphtho[1,2-b]fluoranthene 111189-32-3 302.376 N1,2-bF CR, CMB HMW 1.20 

Naphtho[2,3-j]fluoranthene 205-83-4 302.376 N2,3-jF CR, CMB HMW 1.10 

Naphtho[1,2-k}fluoranthene 238-04-0 302.376 N1,2-kF CR, CMB HMW 

Naphtho[2,3-b]fluoranthene 206-06-4 302.376 N2,3-bF CR, CMB HMW 1.30 

Dibenzo[a,e]fluoranthene 5385-75-1 302.376 DaeF CR, CMB HMW 1.00 

Dibenzo[b,k]fluoranthene 205-97-0 302.376 DbkF CR, CMB HMW 

Dibenzo[a,k]fluoranthene 84030-79--5 302.376 DakF CR, CMB HMW 1.50 

Dibenzo[j,l]fluoranthene 203-18-9 302.368 DjlF CR, CMB HMW 1.10 

Dibenzo[a,l]pyrene 191-30-0 302.376 DalP CR, CMB HMW 1.60 

Naphtho[2,3-k]fluoranthene 207-18-1 302.376 N2,3-kF CR, CMB HMW 1.50 

Naphtho[2,3-e]pyrene 193-09-9 302.376 N2,3-eP CR, CMB HMW 1.50 

Dibenzo[a,e]pyrene 192-65-4 302.367 DaeP CR, CMB HMW 1.20 

Coronene 191-07-1 300.36 COR CR, CMB HMW 1.10 

Dibenzo[a,i]pyrene 189-55-9 302.367 DaiP CR, CMB HMW 2.20 

Dibenzo[a,h]pyrene 189-64-0 302.367 DahP CR, CMB HMW 2.60 

1-nitronaphthalene 86-57-7 173.171 1NNap CMB, TP NPAH 0.30 

2-nitronaphthalene 581-89-5 173.171 2NNap CMB, TP NPAH 0.30 

2-nitrobiphenyl 86-00-0 199.209 2NBP CMB, TP NPAH 0.30 

3-nitrobiphenyl 2113-58-8 199.209 3NBP CMB, TP NPAH 0.30 

4-nitrobiphenyl 92-93-3 199.209 4NBP CMB, TP NPAH 2.20 

3-nitrodibenzofuran 5410-97-9 214.192 3NDBF CMB, TP NPAH 1.40 

5-nitroacenaphthene 602-87-9 199.209 5NAcn CMB, TP NPAH 1.40 

2-nitrofluorene 607-57-8 211.220 2NFlo CMB, TP NPAH 0.90 

9-nitroanthracene 602-60-8 223.231 9NAnt CMB, TP NPAH 0.50 

9-nitrophenanthrene 954-46-1 223.231 9NPhe CMB, TP NPAH 0.50 

2-nitrodibenzothiophene 6639-36-7 229.253 2NDBT CMB, TP NPAH 0.50 

3-nitrophenanthrene 17024-19-0 223.231 3NPhe CMB, TP NPAH 0.80 

2-nitrofluoranthene 13177-29-2 247.253 2NFln CMB, TP NPAH 
0.60 

3-nitrofluoranthene 892-21-7 247.253 3NFln CMB, TP NPAH 
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1-nitropyrene 5522-43-0 247.253 1NPyr CMB, TP NPAH 0.50 

2,8-dinitrodibenzothiophene 109041-38-5 274.25 28NDBT CMB, TP NPAH 6.10 

7-nitrobenz[a]anthracene 20268-51-3 273.291 7NBaA CMB, TP NPAH 1.00 

6-nitrochyrsene 7496-02-8 273.291 6NCry CMB, TP NPAH 0.70 

3-nitrobenzanthrone 17117-34-9 275.263 3NBZN CMB, TP NPAH 2.90 

1,3-dinitropyrene 75321-20-9 292.25 13NPyr CMB, TP NPAH 2.90 

1,6-dinitropyrene 42397-64-8 292.25 16NPyr CMB, TP NPAH 4.00 

1,8-dinitropyrene 42397-65-9 292.25 18NPyr CMB, TP NPAH 11.20 

6-nitrobenzo(a)pyrene 63041-90-7 297.313 6NBaP CMB, TP NPAH 1.90 

p-benzoquinone 106-51-4 108.096 BZQ CMB, TP OPAH 1.00 

1,4-naphthoquinone 130-15-4 158.156 14NapQ CMB, TP OPAH 13.20 

1,2-naphthoquinone 524-42-5 158.156 12NapQ CMB, TP OPAH 1.50 

2,3-benzo-4-pyrone (chromone) 491-38-3 146.145 Chro CMB, TP OPAH 0.80 

9,10-anthraquinone 84-65-1 208.216 910AntQ CMB, TP OPAH 
2.10 

1,4-phenanthrenedione 569-15-3 208.216 14PheONE CMB, TP OPAH 

9-fluorenone 486-25-9 180.206 9FlONE CMB, TP OPAH 8.80 

xanthone 90-47-1 196.19 XONE CMB, TP OPAH 0.50 

perinaphthenone 548-39-0 180.206 PNap CMB, TP OPAH 1.40 

1,4-anthraquinone  635-12-1 208.216 1,4AntQ CMB, TP OPAH 9.70 

Acenaphthalenquinone 82-86-0 182.178 AcnQ CMB, TP OPAH 
3.50 

1,2-acenaphthalyndione 82-86-0 182.175 1,2AcyONE CMB, TP OPAH 

4H-
cyclopenta[def]phenanthrenone 

5737-13-3 204.228 4HCdefP CMB, TP OPAH 0.30 

2-methyl-9,10-anthraquinone 84-54-8 222.239 2-ME-AntQ CMB, TP OPAH 1.10 

9,10-phenanthrenequinone 84-11-7 208.216 9,10-PheQ CMB, TP OPAH 3.40 

2-ethyl-9,10-anthraquinone 84-51-5 236.27 2ETANTQ CMB, TP OPAH 1.00 

benzo(a)fluorenone 116232-62-3 230.261 BAFONE CMB, TP OPAH 0.60 

Benzanthrone 82-05-3 230.266 BZN CMB, TP OPAH 0.80 

7,12-benz[a]anthracenequinone  2498-66-0 258.271 7,12-BaAQ CMB, TP OPAH 
3.60 

benzo[c]phenanthrone Unknown 245.295 BcPhONE CMB, TP OPAH 

5,12-naphthacenequinone 1090-13-7 258.271 5,12-NapQ CMB, TP OPAH 1.70 

6H-benzo(cd)pyren-6-one 3074-00-8 245.288 6HBPONE CMB, TP OPAH 0.70 

aceanthrenequinone 6373-11-1 232.23 AcyAntQ CMB, TP OPAH 6.50 

1,6-benzo(a)pyrendione 3067-13-8 282.298 16-BaPONE CMB, TP OPAH 0.30 

3,6-benzo(a)pyrendione 3067-14-9 282.298 36-BaPONE CMB, TP OPAH 0.10 

1-Hydroxynaphthalene 90-15-3 144.173 1-OHNap TP OHPAH 0.10 

2-Hydroxynaphthalene 135-19-3 144.173 2-OHNap TP OHPAH 0.10 

2,3-Dihydroxynaphthalene 92-44-4 160.172 2,3-OHNap TP OHPAH 0.20 

1,3-dihydroxynaphthalene 132-86-5 160.172 1,2-OHNap TP OHPAH 
1.30 

1,5-dihydroxynaphthalene 83-56-7 160.172 1,5-OHNap TP OHPAH 

1,6-Dihydroxynaphthalene 575-44-0 160.172 1,6-OHNap TP OHPAH 0.10 

2,7-Dihydroxynaphthalene 582-17-2 160.172 2,7-OHNap TP OHPAH 0.10 

2,6-Dihydroxynaphthalene 581-43-1 160.172 2,6-OHNap TP OHPAH 0.10 

4-Hydroxyphenanthrene 7651-86-7 194.233 4-OHPhe TP OHPAH 0.10 

9-Hydroxyphenanthrene 484-17-3 194.233 9-OHPhe TP OHPAH 0.10 

3-Hydroxyphenanthrene 605-87-8 194.233 3-OHPhe TP OHPAH 0.10 

1-Hydroxyphenanthrene 2433-56-9 194.233 1-OHPhe TP OHPAH 0.10 

2-Hydroxyphenanthrene 605-55-0 194.233 2-OHPhe TP OHPAH 0.10 

2-Hydroxyanthraquinone 605-32-3 224.215 2-OHAntQ TP OHPAH 5.20 

3-Hydroxyfluoranthene 17798-09-3 218.255 3-OHFln TP OHPAH 0.10 

9-Hydroxyfluorene 1689-64-1 182.222 9-OHFlo TP OHPAH 0.30 

3-Hydroxyfluorene 6344-67-8 182.222 3-OHFlo TP OHPAH 0.10 

2-Hydroxyfluorene 2443-58-5 182.222 2-OHFlo TP OHPAH 0.10 

1-Hydroxy-9-fluorenone 6344-60-1 196.205 1-OH9Flone TP OHPAH 0.02 
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2-Hydroxy-9-fluorenone 6949-73-1 196.205 2-OH9Flone TP OHPAH 0.10 

1-Hydroxypyrene 5315-79-7 218.255 1-OHPyp TP OHPAH 0.10 

3-Hydroxybenzo(a)anthracene 4834-35-9 244.293 3-OHBaA TP OHPAH 0.10 

3-Hydroxybenzo(c)phenanthrene 22717-95-9 244.293 3-OHBcP TP OHPAH 1.50 

10-Hydroxybenzo(a)pyrene 56892-31-0 268.315 10-OHBaP TP OHPAH 0.10 

12-Hydroxybenzo(a)pyrene 56892-33-2 268.315 12-OHBaP TP OHPAH 0.20 

7-Hydroxybenzo(a)pyrene 37994-82-4 268.315 7-OHBaP TP OHPAH 0.10 

9-Hydroxybenzo(a)pyrene 17573-21-6 268.315 9-OHBaP TP OHPAH 
0.10 

3-Hydroxybenzo(e)pyrene 77508-02-2 268.315 3-OHBeP TP OHPAH 

3-Hydroxybenzo(a)pyrene 13345-21-6 268.315 3-OHBaP TP OHPAH 0.20 

1-Hydroxyindeno[1,2,3-
c,d]pyrene 

99520-65-7 292.337 1-OHIcdP TP OHPAH 0.70 

4-Hydroxychrysene 63019-40-9 244.293 4-OHCry TP OHPAH 0.30 

6-Hydroxychrysene 37515-51-8 244.293 6-OHCry TP OHPAH 0.30 

3-Hydroxychrysene 63019-39-6 244.293 3-OHCry TP OHPAH 0.30 

11-Hydroxybenzo(b)fluoranthene Unknown 269.316 11-OHBbF TP OHPAH 0.40 

9-Hydroxybenzo(k)fluoranthene Unknown 269.316 9-OHBkF TP OHPAH 0.50 

11-Hydroxybenzo(g)chrysene Unknown 294.307 11-OHBgC TP OHPAH 0.40 

10-Hydroxybenzo(c)chrysene Unknown 294.307 10-OHBcC TP OHPAH 0.70 

2-Methylbenzofuran 4265-25-2 132.162 2-Me-BZF CR, CMB HPAH 0.15 

Thianaphthene 
(benzothiophene) 

95-15-8 134.196 TNAP CR, CMB HPAH 0.12 

Quinoline 91-22-5 129.162 QUIN CR, CMB HPAH 0.13 

Dibenzofuran 132-64-9 168.195 DBF CR, CMB HPAH 0.08 

Indole 120-72-9 117.151 IND CR, CMB HPAH 0.14 

8-Methylquinoline 611-32-5 143.189 8-Me-Qu CR, CMB HPAH 0.12 

Xanthene 92-83-1 182.222 XAN CR, CMB HPAH 0.09 

Acridine 260-94-6 179.222 ACR CR, CMB HPAH 0.10 

5,6-benzoquinoline  85-02-9 179.222 5,6-BQ CR, CMB HPAH 0.14 

Carbazole 86-74-8 167.211 CARB CR, CMB HPAH 0.08 

Dibenzothiophene 132-65-0 184.256 DBT CR, CMB HPAH 0.09 

Dibenzothiophene sulfone 1016-05-3 216.254 DBTS CR, CMB HPAH 0.04 
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A2.1 Detailed GC-MS Parameters 
An injection volume of 1 μL was used from a 10 μL syringe in an 

Agilent 7639 auto sampler.  Syringes were cleaned with 3 pumps of 3μL 

acetone and then 3 pumps of 3μL ethyl acetate both before and after each 

injection.   

UPAH analysis.  Inlet temperature was set to 300⁰C in splitless mode 

with total flow of 21.9 mL/min.  Septum purge flow was set to 0.5 mL/min and 

gas saver went to 36 after 1 min. The GC oven started at 60⁰C for 1 minute, 

followed by a 10⁰C/min ramp to 150⁰C with a 1-minute hold.  The ramp then 

changed to 4⁰C/min up to 226⁰C, then switching to 2⁰C/min up to 244⁰C, and 

then back to 4⁰C/min to 264⁰C.  A 2⁰C/min ramp then went to 284⁰C followed 

by a final 10⁰C/min to 320⁰C with a 1-minute hold. Column flow was set to 1.2 

mL/min.  Auxiliary MSD transfer line was set to 300⁰C.  Mass spec source 

temperature was held at 230⁰C, and the quadrupole temperature was 150⁰C.  

A 7-minute solvent delay was employed to allow ethyl acetate to leave the 

system before the filaments fired up for detection.  A 9-point calibration curve 

ranging from 1000 to 1 pg/μL was used for quantification, and check 

standards within the calibration curve were run after every 10 samples to 

ensure stability of the system.  

OHPAH analysis.  Inlet temperature was set to 280⁰C in splitless mode 

with total flow of 52.2 mL/min.  Septum purge flow was set to 1 mL/min and 

gas saver went to 35 after 2.25 min. The GC oven started at 70⁰C for 1 

minute, followed by an 4⁰C/min ramp to 250⁰C. The ramp then changed to 

2⁰C/min up to 280⁰C, and finished with a ramp of 30⁰C/min up to 320⁰C, with 
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a 6-minute hold time.  Column flow was set to 1.3 mL/min.  Auxiliary MSD 

transfer line was set to 280⁰C.  Mass spec source temperature was held at 

230⁰C, and the quadrupole temperature was 150⁰C.  A 10-minute solvent 

delay was employed to allow solvents to leave the system before the 

filaments fired up for detection.  An 9-point calibration curve ranging from 

1000 to 1 pg/μL was used for quantification, and check standards within the 

calibration curve were run after every 10 samples to ensure stability of the 

system. 

OPAH analysis.  Inlet temperature was set to 40⁰C in splitless mode 

using liquid nitrogen cryo to achieve temperature, and increasing at 

600⁰C/min to 350⁰C, with total flow of 22.1 mL/min.  Septum purge flow was 

set to 1 mL/min and gas saver went to 65 after 1 min. The GC oven started at 

60⁰C for 1 minute, followed by a 30⁰C/min ramp to 120⁰C, with a 1-minute 

hold.  Then the ramp was changed to 3⁰C/min up to 250⁰C, with no old. The 

ramp then changed to 2⁰C/min up to 256⁰C, with a final 30⁰C/min ramp to 

320⁰C with a 3-minute hold time. Column flow was set to 1.1 mL/min.  

Auxiliary MSD transfer line was set to 300⁰C.  Mass spec source temperature 

was held at 230⁰C, and the quadrupole temperature was 150⁰C.  A 4-minute 

solvent delay was employed to allow solvents to leave the system before the 

filaments fired up for detection.  An 8-point calibration curve ranging from 

1000 to 1 pg/μL was used for quantification, and check standards within the 

calibration curve were run after every 10 samples to ensure stability of the 

system. 
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NPAH analysis. Inlet temperature was set to 40⁰C in splitless mode 

using liquid nitrogen cryo to achieve temperature, and increasing at 

600⁰C/min to 350⁰C, with total flow of 507.1 mL/min.  Septum purge flow was 

set to 503 mL/min and gas saver went to 20 after 2 min. The GC oven started 

at 60⁰C for 1 minute, followed by a 40⁰C/min ramp to 150⁰C, with a 5-minute 

hold.  Then the ramp was changed to 4⁰C/min up to 300⁰C, with a 6-minute 

hold. Column flow was set to 1.1 mL/min.  Auxiliary MSD transfer line was set 

to 300⁰C.  Mass spec source temperature was held at 150⁰C, and the 

quadrupole temperature was 150⁰C.  An 8-minute solvent delay was 

employed to allow ethyl acetate to leave the system before the filaments fired 

up for detection.  A 7-point calibration curve ranging from 500 to 1 pg/μL was 

used for quantification, and check standards within the calibration curve were 

run after every 10 samples to ensure stability of the system. 

HPAH analysis. Inlet temperature was set to 300⁰C in splitless mode 

with total flow of 21.2 mL/min.  Septum purge flow was set to 0.5 mL/min and 

gas saver went to 36 after 1 min. The GC oven started at 60⁰C for 1 minute, 

followed by a 6⁰C/min ramp to 230⁰C, followed by a ramp of 25⁰C/min up to 

300⁰C, with a 1-minute hold.  Column flow was set to 0.49 mL/min.  Auxiliary 

MSD transfer line was set to 280⁰C.  Mass spec source temperature was held 

at 230⁰C, and the quadrupole temperature was 150⁰C.  A 7-minute solvent 

delay was employed to allow ethyl acetate to leave the system before the 

filaments fired up for detection.  A 9-point calibration curve ranging from 1000 

to 1 pg/μL was used for quantification, and check standards within the 
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calibration curve were run after every 10 samples to ensure stability of the 

system. 

HMW analysis.  Inlet temperature was set to 260⁰C in splitless mode 

with total flow of 22.2 mL/min.  Septum purge flow was set to 2 mL/min and 

gas saver went to 15 after 0.75 min. The GC oven started at 100⁰C for 1 

minute, followed by a 40⁰C/min ramp to 200⁰C.  Then the ramp changed to 

2⁰C/min up to 310⁰C, with a 58-minute. The final ramp was 45⁰C/min up to 

320⁰C, with a 6-minute hold time. Column flow was set to 1.1 mL/min.  

Auxiliary MSD transfer line was set to 300⁰C.  Mass spec source temperature 

was held at 230⁰C, and the quadrupole temperature was 150⁰C.  A 50- 

minute solvent delay was employed to allow ethyl acetate to leave the system 

before the filaments fired up for detection.  A 7-point calibration curve ranging 

from 1000 to 1 pg/μL was used for quantification, and check standards within 

the calibration curve were run after every 10 samples to ensure stability of the 

system. 
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A2.2 Derivatization of Hydroxy PAHs 

 Due to low volatility of hydroxy substituted PAHs, derivatization 

to increase volatility is required for gas phase analysis.  This process includes 

flooding an aliquot of the sample with MTBSFTA (N-tert-Butyldimethylsilyl-N-

methyltrifluoroacetamide), and incubating at 65°C for 25 minutes just prior to 

GC/MS analysis.  To accomplish this, 50 μL of extracts were spiked with 

internal standards, and concentrated under fine nitrogen stream to 20 μL.  

Then 30 μL of MTBSTFA was added to the sample and vortexed to fully mix 

before incubation.  
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Table A2.T2.  PAHs with significant (p-value < 0.05) changes measured 

between low (< 20% of the sampling time) and high (> 80% of the sampling 

time), winds coming from labeled direction.  * indicates that for the wind 

coming from the NW, the high measurements were > 70% of the sampling 

time, to have a large enough number of samples to run statistical analysis. 

Numbers in red indicate significant decreases, and numbers in green indicate 

significant increases. 
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 FENCE TOWN 

COMPOUND(S) NAME NW
*
 SW SE NW

*
 SW SE 

ACENAPHTHYLENE -72.6% -64.7%   -69.5%    

PHENANTHRENE      -80.7%    

FLUORANTHENE   -90.4%     -86.8%   

PYRENE   -87.4%        

RETENE   -87.9%   -73.6% -81.2%   

BENZ(C)FLUORENE   -90.4%     -89.0%   

BENZO(A)ANTHRACENE   -96.4%     -98.7%   

CHRYSENE & TRIPHENYLENE   -94.1%     -94.1%   

BENZO(B)FLUORANTHENE   -96.2%     -96.6%   

BENZO(K)FLUORANTHENE   -97.6%     -97.3%   

BENZ(E)PYRENE   -95.6%     -96.2%   

BENZO(A)PYRENE   -96.1%     -96.2%   

DIBENZ[A,H] & [A,C]ANTHRACENE   -96.8%     -78.1%   

INDENO(1,2,3-CD)PYRENE   -95.0%     -94.0%   

BENZO(GHI)PERYLENE   -93.3%     -93.0%   

Σ UPAHS   -90.8%     -87.2%   

1,4-NAPHTHOQUINONE    -65.4%      

1,2-NAPHTHOQUINONE    -89.8% -99.6%  -90.4% 

CHROMONE   52.2%        

9,10-ANTHRAQUINONE & 1,4-
PHENANTHRENEDIONE 

   -65.4%      

9-FLUORENONE    -85.6% -97.3%  -65.7% 

PERINAPHTHENONE   -70.9%        

1,4-ANTHRAQUINONE     -86.6% -84.0% 314.3% -79.5% 

ACENAPHTHALENQUINONE & 1,2-
ACENAPHTHALYNEDIONE 

     -91.0%    

2-METHYL-9,10-ANTHRAQUINONE      -66.1%    

9,10-PHENANTHRENEQUINONE    -91.0% -97.3% 465.3% -90.2% 

2-ETHYL-9,10-ANTHRAQUINONE   -91.4%     -94.5%   

BENZO(A)FLUORENONE   -96.4%     -97.9%   

BENZANTHRONE   -90.5%     -89.6%   

7,12-BENZ[A]ANTHRACENEQUINONE + 
BENZO[C]FLUORENONE 

   -70.5%      

6H-BENZO(CD)PYREN-6-ONE      -76.9%    

ACEANTHRENEQUINONE    -89.3% -92.7%  -70.0% 

Σ OPAHS     -69.3%     -55.0% 

3-NITROBIPHENYL -96.3%         

9-NITROPHENANTHRENE        -97.3%   

2,8-DINITRODIBENZOTHIOPHENE   -71.8%   -77.5% -73.2%   

7-NITROBENZ[A]ANTHRACENE   -73.0%        

6-NITROCHYRSENE   -88.6%     -89.5%   
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3-NITROBENZANTHRONE   -97.0%     -97.3%   

1,3-DINITROPYRENE   -98.4%     -98.4%   

1,6-DINITROPYRENE   -92.0%   -74.8% -95.0%   

1,8-DINITROPYRENE   -87.6%     -91.6%   

6-NITROBENZO(A)PYRENE   -97.0%        

Σ NPAHS   -75.8%     -80.0%   

PICENE   -89.9%     -92.5%   

NAPHTHO[1,2-B]FLUORANTHENE        -87.7%   

NAPHTHO[2,3-J]/[1,2-KFLUORANTHENE   -82.2%     -47.4%   

NAPHTHO[2,3-B]FLUORANTHENE   -88.6%     -79.4%   

DIBENZO[A,E] & [B,K]FLUORANTHENE        -57.7%   

DIBENZO[A,K]FLUORANTHENE -67.3% -72.4%   -77.8% -76.0%   

DIBENZO[J,L]FLUORANTHENE   -92.3%     -89.6%   

DIBENZO[A,L]PYRENE        -64.4%   

NAPHTHO[2,3-E]PYRENE   -76.8%     -87.1%   

DIBENZO[A,E]PYRENE   -90.5%     -89.7%   

CORONENE -57.4% -84.4%     -85.6%   

DIBENZO[A,I]PYRENE   -59.2%   -68.4%    

Σ HMWS   -86.7%     -87.9%   

2-METHYLBENZOFURAN        -79.4%   

THIANAPHTHENE   -41.2%        

DIBENZOFURAN -98.1%         

DIBENZOTHIOPHENE      -79.0%    

DIBENZOTHIOPHENE SULFONE -88.2% -89.0%        

INDOLE   -97.7%   -84.1%    

8-METHYLQUINOLINE         -76.6% 

XANTHENE      -77.1%    

ACRIDINE   -72.9%     -76.1%   

Σ HPAHS             

1-HYDROXYNAPHTHALENE      -74.2%  -62.6% 

2-HYDROXYNAPHTHALENE         -96.3% 

1,6-DIHYDROXYNAPHTHALENE         -90.6% 

2,7-DIHYDROXYNAPHTHALENE -87.7%    -97.9%  -98.7% 

2,6-DIHYDROXYNAPHTHALENE      222.6%    

4-HYDROXYPHENANTHRENE      -77.6%    

3-HYDROXYPHENANTHRENE    -69.9% -98.2%    

1-HYDROXYPHENANTHRENE      -97.2%    

2-HYDROXYPHENANTHRENE      -92.4% -82.8%   

2-HYDROXYANTHRAQUINONE      -68.3% -81.7%   

9-HYDROXYFLUORENE    -41.8%      

3-HYDROXYFLUORENE         -66.7% 

2-HYDROXYFLUORENE        140.1% -65.8% 

1-HYDROXY-9-FLUORENONE      -88.8%    
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2-HYDROXY-9-FLUORENONE      -82.9%    

1-HYDROXYPYRENE      -86.6%    

3-HYDROXYBENZO(A)ANTHRACENE      131.7% -69.7%   

3-HYDROXYBENZO(C)PHENANTHRENE      -88.6%  -88.0% 

12-HYDROXYBENZO(A)PYRENE        -64.9%   

3-HYDROXYBENZO(A)PYRENE -74.3%         

1-HYDROXYINDENO[1,2,3-C,D]PYRENE   -79.9%     -96.2%   

4-HYDROXYCHRYSENE   -92.3%        

3-HYDROXYCHRYSENE      -71.4%  -62.4% 

Σ OHPAHS     -43.7% -53.2%     
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Table A2.T3.  Correlation results table.  Atmospheric reactants and 

compounds with significant correlations with SE or SW wind direction are 

listed with slope value, intercept value and p-value.  NW and NE wind 

directions had less than 10 individual compound correlations for each 

location, therefore data not included. Ozone was negatively correlated with 

the NW wind at both locations 

 

Measured 
Analyte                                                

pg/m
3
 air 

sampled 

SE winds SW winds 

Fence Town Fence Town 

Slope Intercept p-value Slope Intercept p-value Slope Intercept 
p-

value Slope Intercept 
p-

value 

O3 (ppm) 0.0153 0.0221 0.0376 0.0187 0.0221 .00450       

NO2 (ppm)    -3.457 0.2657 .03330       

NO (ppm)    -1.767 1.9734 0.0474       

ACY 25.57 0.87 0.0024 23.14 8.96 0.0249   
 

    
 

  

FLO   
 

  7.71 1.90 0.0489   
 

    
 

  

FLN   
 

    
 

    
 

  -36.14 34.32 0.0124 

RET   
 

  91.95 15.16 0.0066   
 

    
 

  

BCF   
 

  6.85 1.63 0.0293   
 

    
 

  

BaA   
 

  33.72 7.38 0.0321   
 

    
 

  

CrTr   
 

  87.13 16.85 0.0284 -102.68 82.05 0.0474   
 

  

BbF   
 

  372.54 12.52 0.0079   
 

    
 

  

BkF   
 

  113.37 2.01 0.0065   
 

    
 

  

BeP   
 

  172.67 9.48 0.0146   
 

    
 

  

BaP   
 

  47.03 10.99 0.0406   
 

    
 

  

IcdP   
 

  171.65 9.68 0.0116   
 

    
 

  

BghiP   
 

  163.61 14.24 0.0137   
 

    
 

  

Pic 
      540.07 167.72 0.0051 -544.10 417.25 0.0038 

-
539.50 

510.71 0.0091 

N1,2-bF   
 

    
 

  -8.33 8.85 0.0142 -9.19 9.92 0.0006 

N2,3-j/1,3-
kF 

  
 

    
 

  -17.96 22.40 0.0067 -13.04 23.51 0.0318 

N2,3-bF   
 

  4.97 4.03 0.0366 -8.11 8.21 0.0047 -8.09 8.21 0.0009 

DBae/bkF   
 

    
 

  -15.19 20.80 0.0119 -14.03 22.49 0.0127 

DBakF 3.49 0.41 0.0124 6.12 0.54 0.0002   
 

    
 

  

DBjlF   
 

  9.30 4.40 0.0095 -11.56 9.70 0.0018 -10.53 10.72 0.0056 

N2,3-eP   
 

    
 

  -8.80 7.73 0.0049 -7.91 8.48 0.0074 

DBaeP   
 

    
 

  -10.29 8.75 0.0023 -9.34 9.59 0.0031 

Cor 18.14 8.39 0.0287 20.94 7.88 0.0058 -27.78 23.80 0.0041 -20.87 21.16 0.0103 

DBaiP   
 

  3.72 2.41 0.0267   
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1-NNap   
 

    
 

    
 

  8.12 6.00 0.0048 

2-NNap   
 

    
 

  2.16 5.55 0.0017 3.08 5.64 0.0008 

3-NDBF   
 

    
 

  -5.54 11.35 0.0047 -4.42 12.12 0.0138 

2-NFlo   
 

    
 

  -23.45 22.74 0.0059 -20.29 19.52 0.0130 

2&3-NFln -6.09 16.01 0.0357   
 

  -1.32 13.70 0.0016 -1.97 12.40 0.0428 

7-NBaA   
 

    
 

    
 

  -7.08 8.63 0.0160 

1,3-NPyr 43.00 42.53 0.0323   
 

  -149.60 101.51 0.0043 -7.08 8.63 0.0210 

BnzQ       -42.22 230.63 0.0398             

1,2-NapQ 
-

528.85 
3.28 0.0430 -815 952.67 0.0118   

 
  596.75 506.88 0.0163 

9,10-AntQ / 
1,4-
PheDIone 

  
 

  58.48 101.14 0.0275 -176.50 272.59 0.0463 
  

  

Xan   
 

  55.02 56.55 0.0269   
 

  
  

  

Per   
 

    
 

    
 

  -39.18 51.13 0.0306 

1,4-AntQ   
 

    
 

  659.33 158.00 0.0264 592.93 98.74 0.0020 

9,10-PheQ   
 

    
 

  535.13 63.15 0.0030 473.59 51.08 0.0082 

2-Et-9,10-
AntQ 

3.28 62.04 0.0131   
 

  -72.95 83.06 0.0195 -38.08 79.84 0.0188 

BaFone 85.26 20.67 0.0001 113.07 24.01 < 0E-4 -104.90 86.19 0.0223 -88.53 87.76 0.0370 

AceAntQ 
-

177.80 
212.05 0.0276   

 
    

 
  245.94 49.57 0.0409 

3,6-BaPone       8.97 1.81 0.0098             

2-OHNap   
 

    
 

  71.66 3.78 0.0070   
 

  

1,3- & 1,5-
OHNap 

-4.14 7.74 0.0312   
 

  4.77 4.64 0.0368   
 

  

1,6-OHNap   
 

    
 

    
 

  2.87 0.13 0.0156 

9-OHPhe -30.38 26.88 0.0241   
 

    
 

    
 

  

3-OHFlo   
 

    
 

  13.98 2.30 0.0098   
 

  

2-OHFlo -16.43 17.70 0.0158 -10.37 14.04 0.0466   
 

    
 

  

3-OHBaA   
 

    
 

  -4.02 5.02 0.0400 -5.02 5.61 0.0100 

3-OHBcP   
 

    
 

  5.49 -0.33 0.0057 1.87 0.24 0.0160 

12-OHBaP    
 

    
 

    
 

  -2.91 4.31 0.0131 

3-OHBaP   
 

    
 

  45.58 3.29 0.0064   
 

  

1-OHIcdP   
 

    
 

    
 

  -3.81 3.48 0.0073 

11-OHBbF   
 

  -5.93 18.81 0.0258   
 

  31.83 6.48 0.0066 

2-MeBzF 
      154.76 21.07 0.0258       

-
269.90 

310.81 0.0066 

DBF   
 

    
 

  23.41 5.13 0.0279   
 

  

Ind   
 

  -16.53 24.41 0.0116   
 

  -14.80 32.13 0.0062 

8-MeQuin                   32.28 9.62 0.0498 
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Table A2.T4. Table of compound correlations with atmospheric reactants. 

Each correlation is in the y = mx + b format, with the y = assumed. Only 3-

nitrobenzanthrone had correlations with NO2 at both sample locations. No 

other PAH was correlated with the same atmospheric reactant at both 

locations.  

Fence NO NO2 O3 

Benzo(a)pyrene 

 

20.1 x - 29.8 

 Picene 

 

67.9 x + 12.8 -153.8 x + 745.3 

Naphtho[1,2-b]fluoranthene 

 

1.7 x + 3.7 -399.7 x + 19.1 

Dibenzo[a,k]fluoranthene 0.85 x + 0.78 0.46 x + 0.03 -124.1 x + 5.6 

Dibenzo[a,i]pyrene 1.1 x + 1.9 0.58 x + 1.0 -149.9 x + 7.8 

Dibenzo[a,h]pyrene 

  

-78.4 x + 4.2 

9-nitroanthracene 

  

-574.3 x + 25.9 

2,8-dinitrodibenzothiophene 

 

4.8 x + 12.1 

 3-nitrobenzanthrone 39.1 x + 24.7 18.3 x + 2.5 48.2 x + 220.0 

1,2-naphthoquinone 

 

196.3 x + 74.5 

9,10-anthraquinone & 1,4-phenanthrenedio 49.7 x + 134.4 -72.4 x + 416.0 

5,12-naphthacenequinone 22.4 x + 2.6 11.4 x - 13.7 -29.36 x + 119.7 

6H-benzo(cd)pyren-6-one 28.6 x + 17.4 

 

-40.5 x + 175.8 

3-Hydroxyphenanthrene 

  

-390.8 x + 17.0 

1-Hydroxyphenanthrene 

  

-353.1 x + 13.9 

2-Hydroxyphenanthrene 

  

-524.2 x + 22.7 

Indole 12.9 x + 11.6 7.3 x - 0.82 -1961 x + 87.2 

Xanthene 7.7 x + 6.8 

 

-1112 x + 53.7 

Town 

   Naphtho[2,3-k]fluoranthene 

 

0.31 x + 0.04 

 Dibenzo[a,h]pyrene 

 

0.55 x 0.08 

 3-nitrobenzanthrone 

 

16.9 x + 0.12 

 1,3-dinitropyrene 

 

16.8 x - 15.5 

 1-Hydroxy-9-fluorenone 

  

-55.5 x + 2.8 

12-Hydroxybenzo(a)pyrene 

 

0.75 x + 1.3 
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Table A2.T5.  List of Relative Potency Factors (RPF) available for PAHs. 

UPAHs are shaded in green, and HMWs are shaded in orange [Agency 

2010].   

Analyte Available RPF 
Phenanthrene 0 

Anthracene 0 

Fluoranthene 0.08 

Pyrene 0 

Benzo(c)fluorene 20 

Benzo(a)anthracene 0.2 

Chrysene 0.1 

Benzo(b)fluoranthene 0.8 

Benzo(k)fluoranthene 0.03 

Benzo(a)pyrene 1 

Dibenz(ah)anthracene 10 

Indendo(1,23-cd)pyrene 0.07 

Benzo(ghi)perylene 0.009 

Dibenz(ae)fluoranthene 0.9 

Dibenz(al)pyrene 30 

Naphtho(2,3-e)pyrene 0.3 

Dibenz(ae)pyrene 0.4 

Dibenz(ai)pyrene 0.6 

Dibenz(ah)pyrene 0.9 
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Table A2.T6.  Full results for the average (Avg), geometric mean (Mean), median (Med), maximum (Max) and 
minimum (Min) measured concentrations (pg/m3 air) for all compounds at both sampling locations.  Also 
included is the frequency (Freq), as a percentage, of each compound being above the quantification limit listed 
in Table S1.  
 

 
Fence Town 

Compound name Avg Mean Med Max Min Freq Avg Mean Med Max Min Freq 

Naphthalene 12.39 2.03 2.51 122.32 ND 84% 15.03 2.54 2.27 103.96 ND 88% 

Acenaphthylene 12.64 6.99 6.65 85.32 0.46 100% 15.73 7.60 6.92 107.19 0.64 100% 

Acenaphthene 9.82 1.85 1.60 178.62 ND 96% 7.02 1.17 1.02 80.81 ND 93% 

Fluorene 4.76 1.96 1.70 42.11 ND 96% 4.69 1.62 1.43 50.91 ND 96% 

Phenanthrene 39.31 16.82 18.39 262.91 0.53 100% 27.75 10.83 11.09 328.21 0.09 100% 

Anthracene 11.74 4.44 4.42 140.64 0.11 100% 4.44 1.75 1.76 56.08 ND 98% 

Fluoranthene 62.05 24.44 29.28 493.54 0.21 100% 34.93 9.49 8.51 619.74 0.15 100% 

Pyrene 45.67 18.48 21.86 316.22 0.14 100% 36.15 9.13 8.30 613.59 ND 96% 

Retene 58.76 16.17 10.85 956.36 0.69 100% 56.73 15.32 12.73 383.77 ND 98% 

Benz(c)fluorene 4.96 1.58 1.46 51.03 ND 95% 5.87 1.29 1.15 102.32 ND 95% 

Benzo(a)anthracene 25.67 6.78 6.64 296.00 0.39 100% 29.84 4.56 3.82 569.71 ND 95% 

Chrysene+Triphenylene 72.33 23.28 17.50 579.28 1.63 100% 71.54 12.07 8.15 1178.33 ND 98% 

Benzo(b)fluoranthene 133.02 32.18 23.16 1535.96 0.66 100% 178.02 26.11 21.27 2258.94 0.07 100% 

Benzo(k)fluoranthene 42.13 8.83 6.33 520.17 0.74 100% 51.94 7.00 5.33 677.01 0.08 100% 

Benz(e)pyrene 65.99 14.82 9.01 792.53 0.48 100% 85.50 12.12 7.61 1106.52 0.32 100% 

Benzo(a)pyrene 37.03 8.21 6.46 483.52 ND 98% 41.95 7.12 5.49 838.15 ND 96% 

Dibenz(a,h)+(a,c)anthracene 4.69 1.82 2.53 18.53 ND 96% 5.58 1.92 2.44 40.72 ND 98% 

Indeno(1,2,3-cd)pyrene 63.28 16.27 11.19 953.60 0.41 100% 82.67 14.29 8.66 1097.98 0.30 100% 

Benzo(ghi)perylene 70.22 20.59 15.23 1020.86 0.54 100% 83.28 17.35 11.70 1081.42 0.83 100% 

Picene 389.55 150.75 119.24 4859.17 ND 80% 456.81 159.31 122.33 4972.14 ND 77% 

Naphtho[1,2-b]fluoranthene 7.15 4.30 6.16 27.41 ND 98% 7.32 4.29 6.43 24.40 ND 95% 

Naphtho[2,3-j]/[1,2-kfluoranthene 20.11 14.51 11.93 82.48 ND 95% 21.88 16.16 12.26 89.02 ND 98% 

Naphtho[2,3-b]fluoranthene 6.97 3.94 5.57 30.95 ND 82% 6.64 3.28 5.28 34.33 ND 68% 

Dibenzo[a,e]fluoranthene+Dibenzo[b,k]fl 19.01 13.94 11.99 77.23 ND 95% 20.38 15.13 11.71 88.72 ND 96% 
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Dibenzo[a,k]fluoranthene 2.58 1.27 0.76 20.66 ND 27% 3.05 1.38 0.76 20.80 ND 32% 

Dibenzo[j,l]fluoranthene 8.44 3.97 5.46 64.12 ND 59% 9.25 3.84 5.63 70.75 ND 57% 

Dibenzo[a,l]pyrene 1.69 1.08 0.80 16.41 ND 9% 2.41 1.25 0.80 21.84 ND 14% 

Naphtho[2,3-k]fluoranthene 1.25 0.84 0.73 14.70 ND 5% 1.38 0.87 0.73 15.65 ND 7% 

Naphtho[2,3-e]pyrene 6.54 3.38 1.53 34.52 ND 79% 6.85 3.22 1.53 38.22 ND 70% 

Dibenzo[a,e]pyrene 7.42 3.58 4.63 48.64 ND 89% 8.09 3.69 5.34 53.93 ND 82% 

Coronene 21.12 9.63 8.97 198.46 ND 98% 18.56 6.86 6.92 165.26 ND 98% 

Dibenzo[a,i]pyrene 3.48 2.14 1.11 24.44 ND 41% 4.34 2.52 1.67 30.73 ND 50% 

Dibenzo[a,h]pyrene 1.80 1.50 1.32 10.50 ND 9% 1.87 1.48 1.32 14.74 ND 5% 

1-nitronaphthalene 12.20 1.81 6.84 244.94 ND 61% 15.43 1.49 3.47 311.23 ND 55% 

2-nitronaphthalene 7.54 3.19 7.69 75.60 ND 79% 8.06 3.22 8.19 81.19 ND 77% 

2-nitrobiphenyl 5.60 0.87 0.17 96.10 ND 41% 6.53 0.90 0.17 101.59 ND 39% 

3-nitrobiphenyl 5.21 0.88 0.13 26.65 ND 43% 5.65 0.96 0.13 36.31 ND 45% 

4-nitrobiphenyl 15.76 4.45 1.12 221.45 ND 45% 17.52 4.73 1.12 297.54 ND 46% 

3-nitrodibenzofuran 11.41 7.61 11.06 45.73 ND 84% 11.96 8.79 11.31 59.17 ND 89% 

5-nitroacenaphthene 29.40 7.26 12.02 420.24 ND 73% 20.61 8.09 12.57 270.05 ND 80% 

2-nitrofluorene 15.61 6.65 8.17 430.95 ND 91% 12.69 4.26 6.43 353.67 ND 79% 

9-nitroanthracene 18.38 6.64 9.66 167.68 ND 88% 13.18 4.92 8.60 108.29 ND 80% 

9-nitrophenanthrene 7.29 2.30 7.29 44.57 ND 59% 7.60 2.24 7.59 63.92 ND 59% 

2-nitrodibenzothiophene 9.93 2.89 7.78 70.90 ND 66% 8.14 1.31 0.25 98.02 ND 43% 

3-nitrophenanthrene 14.70 3.15 5.85 473.17 ND 68% 10.35 1.99 1.33 287.55 ND 52% 

2 + 3-nitrofluoranthene 22.73 6.09 15.86 460.75 ND 84% 19.36 4.56 15.69 299.07 ND 71% 

1-nitropyrene 7.74 2.81 5.76 81.18 ND 77% 6.88 1.59 1.03 109.64 ND 52% 

2,8-dinitrodibenzothiophene 33.88 16.55 15.85 303.89 ND 79% 35.83 15.89 14.86 281.07 ND 75% 

7-nitrobenz[a]anthracene 16.50 2.37 0.77 480.74 ND 50% 12.84 2.49 1.30 306.20 ND 52% 

6-nitrochyrsene 2.48 0.83 0.34 20.44 ND 32% 3.23 1.06 0.34 28.03 ND 45% 

3-nitrobenzanthrone 44.11 8.13 4.65 329.39 ND 36% 36.43 7.43 1.46 235.73 ND 48% 

1,3-dinitropyrene 56.15 7.64 1.47 314.81 ND 39% 49.65 6.09 1.47 245.87 ND 34% 

1,6-dinitropyrene 58.80 13.87 14.08 270.97 ND 61% 64.38 14.14 13.86 296.16 ND 57% 

1,8-dinitropyrene 54.84 19.02 9.25 261.85 ND 50% 55.07 18.27 5.61 258.90 ND 45% 

6-nitrobenzo(a)pyrene 26.74 3.57 0.96 298.86 ND 43% 21.37 3.03 0.96 303.04 ND 39% 
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p-benzoquinone 254.52 53.64 129.85 4222.90 ND 82% 213.09 43.57 103.28 2268.12 ND 82% 

1,4-naphthoquinone 277.97 146.51 307.85 914.91 ND 86% 783.57 172.12 323.94 18051.52 ND 84% 

1,2-naphthoquinone 612.73 91.55 289.54 3032.89 ND 93% 613.13 90.74 211.22 2889.71 ND 93% 

2,3-benzo-4-pyrone 9.12 5.02 4.54 104.81 ND 93% 14.65 4.88 5.12 412.96 ND 95% 

9,10-anthraquinone & 1,4-
phenanthrenedio 

218.79 133.16 166.94 1030.59 ND 98% 109.79 67.80 75.56 442.96 ND 98% 

9-fluorenone 274.76 75.75 172.05 1573.49 ND 71% 253.83 72.55 169.43 1132.84 ND 73% 

xanthone 74.89 11.07 14.58 599.34 ND 88% 67.95 9.70 12.04 576.32 ND 71% 

perinaphthenone 35.60 16.50 15.48 198.27 ND 89% 37.34 14.34 13.34 539.95 ND 91% 

1,4-anthraquinone 304.97 109.12 101.90 1125.80 ND 86% 275.23 105.98 97.77 1064.02 ND 89% 

acenaphthalenquinone & 1,2-
acenaphthalyn 

134.33 64.50 89.26 465.14 ND 91% 129.59 51.42 68.18 443.91 ND 93% 

4H-cyclopenta[def]phenanthre 72.37 14.77 11.49 1694.67 0.76 100% 74.95 9.97 6.90 1980.58 ND 98% 

2-methyl-9,10-anthraquinone 39.16 24.69 26.56 190.44 ND 98% 25.93 9.97 12.54 507.83 ND 91% 

9,10-phenanthrenequinone 187.91 42.41 32.27 814.89 ND 86% 190.32 39.14 38.78 870.59 ND 86% 

2-ethyl-9,10-anthraquinone 59.61 26.55 25.13 260.56 1.58 100% 64.15 25.32 31.05 211.55 1.38 100% 

benzo(a)fluorenone 67.54 22.73 21.24 295.69 ND 96% 67.66 12.38 11.27 333.60 ND 89% 

benzanthrone 36.75 11.52 11.79 313.99 ND 91% 35.58 9.15 9.66 367.52 ND 91% 

7,12-benz[a]anthracenequinone + 
benzo[c] 

83.91 37.89 48.31 515.11 1.82 100% 84.13 35.02 54.11 600.90 1.82 100% 

5,12-naphthacenequinone 46.88 10.25 11.82 1239.28 ND 82% 46.46 8.00 11.54 1451.62 ND 71% 

6H-benzo(cd)pyren-6-one 43.28 12.31 10.35 215.70 ND 91% 44.00 11.85 13.49 253.23 ND 93% 

aceanthrenequinone 124.54 44.26 37.61 653.59 ND 82% 118.06 39.75 30.87 467.67 ND 77% 

1,6-benzo(a)pyrendione 13.72 0.33 0.16 584.35 ND 14% 14.90 0.34 0.16 632.17 ND 14% 

3,6-benzo(a)pyrendione 4.45 0.16 0.07 49.57 ND 14% 3.94 0.15 0.07 74.28 ND 14% 

1-Hydroxynaphthalene 7.87 2.76 3.20 69.56 ND 89% 7.41 3.76 3.94 44.74 ND 95% 

2-Hydroxynaphthalene 21.40 3.69 4.18 246.96 ND 84% 25.16 3.15 3.38 323.75 ND 88% 

2,3-Dihydroxynaphthalene 1.07 0.31 0.23 16.68 ND 86% 1.95 0.31 0.23 66.24 ND 86% 

1,3- & 1,5-dihydroxynaphthalene 7.13 4.65 6.45 59.42 ND 75% 7.53 5.29 7.43 32.63 ND 84% 

1,6-Dihydroxynaphthalene 1.62 0.19 0.12 12.77 ND 71% 1.13 0.16 0.12 10.34 ND 79% 

2,7-Dihydroxynaphthalene 3.71 0.36 0.07 37.44 ND 39% 3.57 0.40 0.07 32.94 ND 41% 

2,6-Dihydroxynaphthalene 1.20 0.23 0.04 9.91 ND 43% 1.14 0.21 0.04 10.05 ND 39% 

4-Hydroxyphenanthrene 3.52 0.52 0.63 69.29 ND 50% 3.69 0.88 1.67 22.45 ND 63% 
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9-Hydroxyphenanthrene 15.59 3.57 3.96 182.68 ND 84% 25.47 4.31 5.56 628.68 ND 88% 

3-Hydroxyphenanthrene 4.34 1.05 2.09 35.46 ND 95% 5.41 1.56 3.33 41.09 ND 95% 

1-Hydroxyphenanthrene 3.44 0.78 1.50 39.24 ND 63% 3.58 0.82 1.64 38.99 ND 64% 

2-Hydroxyphenanthrene 5.62 1.43 2.12 52.94 ND 75% 7.41 1.59 2.29 56.23 ND 71% 

2-Hydroxyanthraquinone 34.47 12.92 11.01 414.93 ND 73% 33.73 13.58 13.33 213.68 ND 68% 

3-Hydroxyfluoranthene 6.29 3.72 5.21 27.24 ND 91% 6.74 3.94 5.21 29.52 ND 91% 

9-Hydroxyfluorene 15.84 12.86 13.54 55.09 1.19 100% 19.73 15.86 18.40 57.89 2.12 100% 

3-Hydroxyfluorene 6.76 1.62 2.61 58.72 ND 73% 5.35 1.69 2.26 29.58 ND 79% 

2-Hydroxyfluorene 10.55 3.97 6.03 85.69 ND 96% 10.62 4.79 6.02 55.62 ND 98% 

1-Hydroxy-9-fluorenone 1.44 0.39 0.11 23.71 0.11 100% 1.28 0.48 0.75 9.01 0.11 100% 

2-Hydroxy-9-fluorenone 7.52 1.60 2.19 199.92 ND 98% 5.91 2.53 3.82 22.48 ND 96% 

1-Hydroxypyrene 4.76 0.35 1.08 61.94 ND 52% 3.86 0.56 1.63 19.83 ND 61% 

3-Hydroxybenzo(a)anthracene 4.11 1.62 4.87 19.46 ND 82% 3.97 1.17 5.10 25.01 ND 79% 

3-Hydroxybenzo(c)phenanthrene 1.62 0.26 0.12 32.15 ND 20% 0.78 0.24 0.12 8.88 ND 18% 

10-Hydroxybenzo(a)pyrene 1.63 0.42 0.58 14.96 ND 71% 1.73 0.40 0.11 23.12 ND 75% 

12-Hydroxybenzo(a)pyrene 4.20 2.98 3.60 48.48 1.09 100% 3.43 2.79 3.77 15.65 1.46 100% 

7-Hydroxybenzo(a)pyrene 0.87 0.27 0.11 10.45 0.11 100% 12.65 0.40 0.11 593.89 0.11 100% 

9-Hydroxybenzo(a) + 3-
Hydroxybenzo(e)pyr 

6.02 1.27 2.23 124.73 ND 95% 7.40 1.70 2.69 152.77 ND 93% 

3-Hydroxybenzo(a)pyrene 14.84 3.06 5.10 153.02 ND 77% 17.79 2.27 2.91 574.57 ND 77% 

1-Hydroxyindeno[1,2,3-c,d]pyrene 3.10 0.85 1.78 25.84 ND 55% 2.77 0.75 1.30 23.93 ND 54% 

4-Hydroxychrysene 3.20 0.81 0.23 15.67 ND 36% 2.71 0.69 0.23 14.99 ND 34% 

6-Hydroxychrysene 4.65 2.31 2.36 50.60 0.69 100% 4.45 2.32 1.54 14.07 0.69 100% 

3-Hydroxychrysene 1.08 0.42 0.27 16.90 ND 18% 1.12 0.52 0.27 8.27 ND 29% 

11-Hydroxybenzo(b)fluoranthene 14.74 6.89 7.13 122.27 ND 95% 15.67 4.55 4.18 341.16 ND 88% 

9-Hydroxybenzo(k)fluoranthene 13.61 1.02 0.34 299.05 ND 38% 5.68 1.35 1.25 146.86 ND 57% 

11-Hydroxybenzo(g)chrysene 1.94 0.81 0.42 22.00 0.42 100% 1.85 0.92 0.42 13.85 0.42 100% 

10-Hydroxybenzo(c)chrysene 2.72 1.25 0.49 23.27 ND 48% 3.20 1.21 0.49 34.80 ND 36% 

2-Methylbenzofuran 225.24 79.08 120.39 829.54 ND 96% 229.12 75.35 106.02 828.89 ND 96% 

Thianaphthene 15.13 7.24 9.42 120.54 ND 95% 12.71 5.11 8.89 47.91 ND 84% 

Quinoline 33.16 17.85 21.23 259.11 ND 96% 19.53 8.35 19.34 91.50 ND 88% 

Dibenzofuran 11.31 0.88 1.85 279.65 ND 86% 10.06 0.69 1.14 281.28 ND 93% 
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Dibenzothiophene 6.12 2.06 1.67 62.28 0.11 100% 3.40 1.31 1.35 24.49 ND 95% 

Dibenzothiophene sulfone 1.33 0.39 0.46 9.99 ND 86% 2.11 0.34 0.33 40.79 ND 86% 

Indole 17.78 1.32 1.50 175.40 ND 55% 23.86 2.86 3.32 164.91 ND 68% 

8-Methylquinoline 32.54 8.33 12.43 297.85 ND 93% 18.47 5.70 7.44 125.90 ND 93% 

Xanthene 25.11 7.34 11.16 234.78 ND 89% 32.39 10.39 16.58 343.51 ND 89% 

Acridine 31.01 10.24 15.36 355.99 ND 89% 19.30 8.53 12.73 125.82 ND 91% 

5,6-benzoquinoline 61.61 23.50 29.30 568.77 ND 96% 57.64 11.21 20.60 614.23 ND 86% 

Carbazole 23.87 6.05 15.40 191.60 ND 86% 23.04 5.60 14.46 150.89 ND 82% 
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Figure A2.F1.  Retene analysis results for Normal days, Fire impacted 
samples and Inversion event samples for the two sampling locations (red = 
Fence, blue = Town). * indicates a statistically significant (p-value ≤ 0.05) 
higher concentration of Retene at both locations during Inversion events 
when compared to Normal days.  
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Table A2.T7.  Table of BaPEQ concentrations during various wind patterns. 
The two sampling locations have averages (±SE) and median concentrations, 
for UPAHs and HMWs, as well as average (±SE) and median concentrations 
for total BAPEQ. 
 

  Fence Town 

  Average Median Average Median 

NW ≤ 20% 

UPAH 242.1 (±109.8) 72.6 359.5 (±141.8) 79.9 

HMW 77.6 (±20.7) 43.5 160.1 (±80.3) 35.7 

Total 319.6 (±115.4) 136.4 519.5 (±163.8) 138.0 

NW ≥ 70% 

UPAH 180.2 (±28.4) 161.0 115.1 (±52.6) 93.9 

HMW 118.8 (±76.7) 47.7 36.2 (±13.8) 32.1 

Total 299.0 (±71.0) 272.7 151.4 (±46.5) 155.9 

SW ≤ 20% 

UPAH 360.9 (±110.8) 194.1 305.4 (±75.6) 192.1 

HMW 90.5 (±17.5) 60.9 216.7 (±88.9) 72.9 

Total 451.3 (±112.8) 303.9 522.1 (±113.8) 356.1 

SW ≥ 80% 

UPAH 19.8 (±9.1) 12.6 27.1 (±7.7) 22.2 

HMW 34.6 (±4.1) 36.5 100.3 (±54.2) 25.7 

Total 54.5 (±10.4) 49.4 127.4 (53.1) 70.6 

SE ≤ 20% 

UPAH 152.3 (±47.9) 135.6 119.3 (±20.7) 93.9 

HMW 55.2 (±9.9) 39.6 75.5 (±18.4) 28.5 

Total 207.5 (±50.1) 193.9 194.8 (±24.5) 181.2 

SE ≥ 80% 

UPAH 223.3 (±73.9) 161.6 365.7 (±146.7) 195.0 

HMW 48.4 (±5.0) 55.8 27.6 (±10.5) 16.1 

Total 271.8 (±77.9) 197.8 393.2 (±157.1) 211.1 

Fires 

UPAH 163.9 (±36.4) 206.6 247.8 (±197.3) 50.0 

HMW 57.9 (±6.0) 54.9 121.1 (±69.3) 52.9 

Total 221.8 (±38.9) 263.2 368.9 (±226.5) 111.6 

Inversions 

UPAH 2502.7 (±310.0) 2657.5 2812.7 (±1298.1) 1609.2 

HMW 352.0 (±158.2) 371.8 454.4 (±206.6) 478.2 

Total 2854.9 (±376.1) 2726.1 3267.0 (±1479.1) 2087.4 
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Figure A2.F2.  BaPEQ concentrations for days with no prevalent wind 
direction broken down by season.  ‘n’ represents the number of samples 
which fell into each season.  Seasons are defined as Spring (22 Mar – 21 
Jun), Summer (22 Jun – 21 Sep), Autumn (22 Sep – 21 Dec), Winter (22 Dec 
– 21 Mar).  Dashed line indicates the BaP concentration limit recommended 
by the European Union to avoid excess lifetime cancer risks. 
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Table A3.T1.  Analytical standards used for DTT consumption assay.  Each 

standard was dissolved in DMSO and diluted to a concentration of ~1 mM 

before use in assay.  CAS number, molecular mass (AMU), abbreviation, and 

PAH subclass are listed.   
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Compound name CAS No. AMU Abbrev. 
PAH 
class 

Naphthalene 91-20-3 128.171 NAP UPAH 

Acenaphthylene 208-96-8 152.196 ACY UPAH 

Acenaphthene 83-32-9 154.212 ACN UPAH 

Fluorene 86-73-7 166.223 FLO UPAH 

Phenanthrene 85-01-8 178.234 PHE UPAH 

Anthracene 120-12-7 178.234 ANT UPAH 

Fluoranthene 206-44-0 202.256 FLN UPAH 

Pyrene 129-00-0 202.256 PYR UPAH 

Retene 483-65-8 234.336 RET UPAH 

Benzo(c)fluorene 205-12-9 216.283 BcF UPAH 

Benzo(a)anthracene 56-55-3 228.288 BaA UPAH 

Chrysene 218-01-9 228.294 Cry UPAH 

Triphenylene 217-59-4 228.294 Tri UPAH 

Benzo(b)fluoranthene 205-99-2 252.309 BbF UPAH 

Benzo(k)fluoranthene 207-08-9 252.309 BkF UPAH 

Benz(e)pyrene 192-97-2 252.316 BeP UPAH 

Benzo(a)pyrene 50-32-8 252.316 BaP UPAH 

Dibenz(a,h)anthracene 53-70-3 278.347 DahA UPAH 

Dibenz(a,c)anthracene 215-58-7 278.347 DacA UPAH 

Indeno(1,2,3-cd)pyrene 193-39-5 276.331 IcdP UPAH 

Benzo(ghi)perylene 191-24-2 276.338 BghiP UPAH 

Picene 213-46-7 278.347 PIC HMW 

Naphtho[1,2-b]fluoranthene 111189-32-3 302.376 N1,2-bF HMW 

Naphtho[2,3-j]fluoranthene 205-83-4 302.376 N2,3-jF HMW 

Naphtho[1,2-k}fluoranthene 238-04-0 302.376 N1,2-kF HMW 

Naphtho[2,3-b]fluoranthene 206-06-4 302.376 N2,3-bF HMW 

Dibenzo[a,e]fluoranthene 5385-75-1 302.376 DaeF HMW 

Dibenzo[b,k]fluoranthene 205-97-0 302.376 DbkF HMW 

Dibenzo[a,k]fluoranthene 84030-79--5 302.376 DakF HMW 

Dibenzo[j,l]fluoranthene 203-18-9 302.368 DjlF HMW 

Dibenzo[a,l]pyrene 191-30-0 302.376 DalP HMW 

Naphtho[2,3-k]fluoranthene 207-18-1 302.376 N2,3-kF HMW 

Naphtho[2,3-e]pyrene 193-09-9 302.376 N2,3-eP HMW 

Dibenzo[a,e]pyrene 192-65-4 302.367 DaeP HMW 

Coronene 191-07-1 300.36 COR HMW 

Dibenzo[a,i]pyrene 189-55-9 302.367 DaiP HMW 

Dibenzo[a,h]pyrene 189-64-0 302.367 DahP HMW 

1-nitronaphthalene 86-57-7 173.171 1NNap NPAH 

2-nitronaphthalene 581-89-5 173.171 2NNap NPAH 

2-nitrobiphenyl 86-00-0 199.209 2NBP NPAH 

3-nitrobiphenyl 2113-58-8 199.209 3NBP NPAH 

4-nitrobiphenyl 92-93-3 199.209 4NBP NPAH 

3-nitrodibenzofuran 5410-97-9 214.192 3NDBF NPAH 

5-nitroacenaphthene 602-87-9 199.209 5NAcn NPAH 

2-nitrofluorene 607-57-8 211.220 2NFlo NPAH 

9-nitroanthracene 602-60-8 223.231 9NAnt NPAH 

9-nitrophenanthrene 954-46-1 223.231 9NPhe NPAH 

2-nitrodibenzothiophene 6639-36-7 229.253 2NDBT NPAH 

3-nitrophenanthrene 17024-19-0 223.231 3NPhe NPAH 

2-nitrofluoranthene 13177-29-2 247.253 2NFln NPAH 

3-nitrofluoranthene 892-21-7 247.253 3NFln NPAH 

1-nitropyrene 5522-43-0 247.253 1NPyr NPAH 
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2,8-dinitrodibenzothiophene 109041-38-5 274.25 28NDBT NPAH 

7-nitrobenz[a]anthracene 20268-51-3 273.291 7NBaA NPAH 

6-nitrochyrsene 7496-02-8 273.291 6NCry NPAH 

3-nitrobenzanthrone 17117-34-9 275.263 3NBZN NPAH 

1,3-dinitropyrene 75321-20-9 292.25 13NPyr NPAH 

1,6-dinitropyrene 42397-64-8 292.25 16NPyr NPAH 

1,8-dinitropyrene 42397-65-9 292.25 18NPyr NPAH 

6-nitrobenzo(a)pyrene 63041-90-7 297.313 6NBaP NPAH 

p-benzoquinone 106-51-4 108.096 BZQ OPAH 

1,4-naphthoquinone 130-15-4 158.156 14NapQ OPAH 

1,2-naphthoquinone 524-42-5 158.156 12NapQ OPAH 

2,3-benzo-4-pyrone (chromone) 491-38-3 146.145 Chro OPAH 

9,10-anthraquinone 84-65-1 208.216 910AntQ OPAH 

1,4-phenanthrenedione 569-15-3 208.216 14PheONE OPAH 

9-fluorenone 486-25-9 180.206 9FlONE OPAH 

xanthone 90-47-1 196.19 XONE OPAH 

perinaphthenone 548-39-0 180.206 PNap OPAH 

1,4-anthraquinone  635-12-1 208.216 1,4AntQ OPAH 

Acenaphthalenquinone 82-86-0 182.178 AcnQ OPAH 

1,2-acenaphthalyndione 82-86-0 182.175 1,2AcyONE OPAH 

4H-cyclopenta[def]phenanthrenone 5737-13-3 204.228 4HCdefP OPAH 

2-methyl-9,10-anthraquinone 84-54-8 222.239 2-ME-AntQ OPAH 

9,10-phenanthrenequinone 84-11-7 208.216 9,10-PheQ OPAH 

2-ethyl-9,10-anthraquinone 84-51-5 236.27 2ETANTQ OPAH 

benzo(a)fluorenone 116232-62-3 230.261 BAFONE OPAH 

Benzanthrone 82-05-3 230.266 BZN OPAH 

7,12-benz[a]anthracenequinone  2498-66-0 258.271 7,12-BaAQ OPAH 

benzo[c]phenanthrone Unknown 245.295 BcPhONE OPAH 

5,12-naphthacenequinone 1090-13-7 258.271 5,12-NapQ OPAH 

6H-benzo(cd)pyren-6-one 3074-00-8 245.288 6HBPONE OPAH 

aceanthrenequinone 6373-11-1 232.23 AcyAntQ OPAH 

1,6-benzo(a)pyrendione 3067-13-8 282.298 16-BaPONE OPAH 

3,6-benzo(a)pyrendione 3067-14-9 282.298 36-BaPONE OPAH 

1-Hydroxynaphthalene 90-15-3 144.173 1-OHNap OHPAH 

2-Hydroxynaphthalene 135-19-3 144.173 2-OHNap OHPAH 

2,3-Dihydroxynaphthalene 92-44-4 160.172 2,3-OHNap OHPAH 

1,3-dihydroxynaphthalene 132-86-5 160.172 1,2-OHNap OHPAH 

1,5-dihydroxynaphthalene 83-56-7 160.172 1,5-OHNap OHPAH 

1,6-Dihydroxynaphthalene 575-44-0 160.172 1,6-OHNap OHPAH 

2,7-Dihydroxynaphthalene 582-17-2 160.172 2,7-OHNap OHPAH 

2,6-Dihydroxynaphthalene 581-43-1 160.172 2,6-OHNap OHPAH 

4-Hydroxyphenanthrene 7651-86-7 194.233 4-OHPhe OHPAH 

9-Hydroxyphenanthrene 484-17-3 194.233 9-OHPhe OHPAH 

3-Hydroxyphenanthrene 605-87-8 194.233 3-OHPhe OHPAH 

1-Hydroxyphenanthrene 2433-56-9 194.233 1-OHPhe OHPAH 

2-Hydroxyphenanthrene 605-55-0 194.233 2-OHPhe OHPAH 

2-Hydroxyanthraquinone 605-32-3 224.215 2-OHAntQ OHPAH 

3-Hydroxyfluoranthene 17798-09-3 218.255 3-OHFln OHPAH 

9-Hydroxyfluorene 1689-64-1 182.222 9-OHFlo OHPAH 

3-Hydroxyfluorene 6344-67-8 182.222 3-OHFlo OHPAH 

2-Hydroxyfluorene 2443-58-5 182.222 2-OHFlo OHPAH 

1-Hydroxy-9-fluorenone 6344-60-1 196.205 1-OH9Flone OHPAH 

2-Hydroxy-9-fluorenone 6949-73-1 196.205 2-OH9Flone OHPAH 
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1-Hydroxypyrene 5315-79-7 218.255 1-OHPyp OHPAH 

3-Hydroxybenzo(a)anthracene 4834-35-9 244.293 3-OHBaA OHPAH 

3-Hydroxybenzo(c)phenanthrene 22717-95-9 244.293 3-OHBcP OHPAH 

10-Hydroxybenzo(a)pyrene 56892-31-0 268.315 10-OHBaP OHPAH 

12-Hydroxybenzo(a)pyrene 56892-33-2 268.315 12-OHBaP OHPAH 

7-Hydroxybenzo(a)pyrene 37994-82-4 268.315 7-OHBaP OHPAH 

9-Hydroxybenzo(a)pyrene 17573-21-6 268.315 9-OHBaP OHPAH 

3-Hydroxybenzo(e)pyrene 77508-02-2 268.315 3-OHBeP OHPAH 

3-Hydroxybenzo(a)pyrene 13345-21-6 268.315 3-OHBaP OHPAH 

1-Hydroxyindeno[1,2,3-c,d]pyrene 99520-65-7 292.337 1-OHIcdP OHPAH 

4-Hydroxychrysene 63019-40-9 244.293 4-OHCry OHPAH 

6-Hydroxychrysene 37515-51-8 244.293 6-OHCry OHPAH 

3-Hydroxychrysene 63019-39-6 244.293 3-OHCry OHPAH 

11-Hydroxybenzo(b)fluoranthene Unknown 269.316 11-OHBbF OHPAH 

9-Hydroxybenzo(k)fluoranthene Unknown 269.316 9-OHBkF OHPAH 

11-Hydroxybenzo(g)chrysene Unknown 294.307 11-OHBgC OHPAH 

10-Hydroxybenzo(c)chrysene Unknown 294.307 10-OHBcC OHPAH 

2-Methylbenzofuran 4265-25-2 132.162 2-Me-BZF HPAH 

Thianaphthene (benzothiophene) 95-15-8 134.196 TNAP HPAH 

Quinoline 91-22-5 129.162 QUIN HPAH 

Dibenzofuran 132-64-9 168.195 DBF HPAH 

Indole 120-72-9 117.151 IND HPAH 

8-Methylquinoline 611-32-5 143.189 8-Me-Qu HPAH 

Xanthene 92-83-1 182.222 XAN HPAH 

Acridine 260-94-6 179.222 ACR HPAH 

5,6-benzoquinoline  85-02-9 179.222 5,6-BQ HPAH 

Carbazole 86-74-8 167.211 CARB HPAH 

Dibenzothiophene 132-65-0 184.256 DBT HPAH 

Dibenzothiophene sulfone 1016-05-3 216.254 DBTS HPAH 
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Figure A3.F1.  DTT consumption assay reactions.  
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Table A3.T2.  Full results table, showing which PAH subclass each 

compound was classified as, molecular mass used in correlation analysis, the 

concentration (mM) of each compound required to use 50% of DTT (DTT50), 

response factor (RF) in the DTT consumption assay, and calculated ΔGrxn 

(eV) for the redox reaction of each compound with DTT.  Ambient PM2.5 filter 

extract concentrations are listed in mM concentrations as quantified using 

GC/MS.  Co-eluding compounds share a concentration measurement, for 

additive modeling, the measured concentration was attributed ½ to each 

compound.  Priority Pollutant List (PPL) PAHs are bolded.    

Compound Class 
Mass 

(AMU) 

DTT50 

(mM) 
RF 

ΔGrxn 

(eV) 

Filter A 

(mM) 

Filter B 

(mM) 

Filter C 

(mM) 

Indole HPAH 117.151 0.520 0.065 20.692 8.05E-04 1.28E-04 9.61E-04 

Quinoline HPAH 129.162 0.051 1.302 17.279 2.44E-04 4.15E-04 1.61E-04 

2-methylbenzofuran HPAH 132.162 0.207 0.121 20.225 < MDL < MDL < MDL 

Thiannaphthalene HPAH 134.196 1.219 0.012 19.454 7.21E-05 6.63E-04 2.15E-04 

8-methylquinoline HPAH 143.189 0.026 0.382 17.908 2.58E-04 3.85E-05 4.62E-05 

Carbazole HPAH 167.211 0.110 0.442 18.956 4.70E-03 3.89E-03 3.11E-03 

Dibenzofuran HPAH 168.195 0.114 0.376 18.477 3.19E-05 4.45E-05 5.77E-05 

Acridine HPAH 178.222 0.025 1.404 16.437 3.05E-04 7.38E-04 4.93E-04 

5,6-benzoquinoline HPAH 179.222 0.060 0.448 17.747 1.51E-02 1.33E-02 8.50E-03 

Xanthene HPAH 182.222 0.029 0.120 19.945 6.08E-04 8.47E-04 9.34E-05 

Dibenzothiophene HPAH 184.256 0.114 0.217 18.367 9.34E-06 3.29E-05 9.23E-06 

Dibenzothiophene sulfone HPAH 216.254 0.114 0.141 16.768 6.57E-06 1.27E-05 9.99E-06 

Coronene HMW 300.36 0.005 0.617 
 

4.11E-05 1.51E-04 4.36E-05 

Dibenzo(al)pyrene HMW 302.376 0.021 0.001 16.609 < MDL < MDL < MDL 

Dibenzo(ak)fluoranthene HMW 302.376 0.050 0.001 15.724 < MDL < MDL < MDL 

Dibenzo(jl)fluoranthene HMW 302.376 0.051 0.001 15.805 7.29E-05 1.89E-04 7.50E-05 

naphtho(1,2-b)fluoranthene HMW 302.376 0.053 0.001 16.239 9.92E-05 2.70E-04 1.01E-04 
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naphtho(2,3-b)fluoranthene HMW 302.376 0.062 0.001 16.306 < MDL 2.56E-04 < MDL 

naphtho(2,3-j)fluoranthene HMW 302.376 0.090 0.001 15.789 
2.69E-04 6.40E-04 2.71E-04 

Dibenzo(ah)pyrene HMW 302.376 0.006 0.002 16.019 

Dibenz(bk)fluoranthene HMW 302.376 0.023 0.002 
 

< MDL < MDL < MDL 

naphtho(1,2-k)fluoranthene HMW 302.376 0.024 0.002 16.368 
2.25E-04 5.39E-04 2.27E-04 

naphtho(2,3-e)pyrene HMW 302.376 0.036 0.002 
 

naphtho(2,3-k)fluoranthene HMW 302.376 0.052 0.002 16.565 < MDL 2.25E-04 < MDL 

Dibenzo(ae)pyrene HMW 302.376 0.085 0.002 16.799 < MDL < MDL < MDL 

Dibenzo(ai)pyrene HMW 302.376 1.102 0.002 16.376 < MDL 2.24E-04 < MDL 

dibenz(ae)fluoranthene HMW 302.376 0.009 0.479 
 

< MDL < MDL < MDL 

1-nitronaphthalene NPAH 173.171 0.158 0.259 15.887 1.53E-04 3.47E-04 1.55E-04 

2-nitronaphthalene NPAH 173.171 0.206 0.404 16.013 2.00E-04 4.55E-04 2.06E-04 

2-nitrobiphenyl NPAH 199.209 0.029 0.285 16.282 1.65E-04 3.72E-04 1.62E-04 

3-nitrobiphenyl NPAH 199.209 0.233 0.320 16.166 2.17E-04 4.91E-04 2.22E-04 

4-nitrobiphenyl NPAH 199.209 0.014 0.476 16.032 2.46E-04 7.20E-04 2.55E-04 

5-nitroacenaphthalene NPAH 199.209 0.010 1.211 15.131 2.69E-04 6.13E-04 2.69E-04 

2-nitrofluorene NPAH 211.22 0.160 0.453 16.08 < MDL 5.15E-04 2.26E-04 

3-nitrodibenzofuran NPAH 214.192 0.093 0.109 
 

2.24E-04 < MDL 2.25E-06 

2-nitroanthracene NPAH 223.231 0.095 0.361 15.64 
   

9-nitrophenanthrene NPAH 223.231 0.027 0.532 15.767 1.99E-04 4.53E-04 1.98E-04 

9-nitroanthracene NPAH 223.231 0.021 0.647 15.518 2.02E-04 4.98E-04 2.01E-04 

3-nitrophenanthrene NPAH 223.231 0.312 1.302 15.782 < MDL < MDL 1.94E-04 

2-nitrodibenzothiophene NPAH 229.253 0.104 0.408 16.06 2.06E-04 4.70E-04 2.26E-04 

1-Nitropyrene NPAH 247.253 0.071 0.364 15.277 < MDL 4.43E-04 < MDL 

3-nitrofluoranthene NPAH 247.253 0.069 0.753 15.195 
3.67E-04 8.60E-04 3.69E-04 

2-nitrofluoranthene NPAH 247.253 0.008 0.838 15.783 

7-nitrobenz(a)anthracene NPAH 273.291 0.085 0.270 15.644 5.93E-06 1.03E-05 9.88E-06 

6-nitrochrysene NPAH 273.291 0.071 1.639 15.554 < MDL < MDL < MDL 

2,8-dinitrodibenzothiophene NPAH 274.25 0.050 0.254 15.906 2.55E-05 1.85E-05 1.87E-05 

3-nitrobenzanthrone NPAH 275.263 0.032 3.431 14.671 < MDL < MDL < MDL 

1,8-dinitropyrene NPAH 292.25 0.082 0.243 14.173 0.00E+00 3.61E-04 1.60E-04 
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1,3-dinitropyrene NPAH 292.25 0.148 0.430 14.262 < MDL < MDL < MDL 

1,6-dinitropyrene NPAH 292.25 0.035 0.952 14.066 1.51E-04 3.45E-04 1.50E-04 

6-nitrobenzo(a)pyrene NPAH 297.313 0.127 0.458 15.518 3.70E-06 2.32E-05 1.80E-05 

p-benzoquinone OPAH 108.096 0.053 0.661 14.332 1.58E-03 3.63E-03 3.09E-03 

chromone (2,3-benzo-4-pyrone) OPAH 136.145 0.110 0.232 
 

2.79E-04 4.59E-04 3.34E-04 

1,4-naphthoquinone OPAH 158.156 1.219 0.008 14.561 2.74E-03 1.17E-03 5.05E-03 

1,2-naphthoquinone OPAH 158.156 0.133 0.163 14.569 1.00E-04 2.01E-04 1.44E-04 

Perinaphthenone OPAH 180.206 0.109 0.224 15.415 2.47E-04 8.57E-04 2.30E-04 

1,2-acenaphthylene-dione OPAH 182.175 0.016 0.597 15.268 
4.57E-05 2.10E-03 2.16E-05 

acenaphthalenquinone OPAH 182.178 0.069 0.475 15.337 

9,10-phenanthrone OPAH 208.216 0.076 0.242 14.647 3.73E-04 4.68E-04 3.05E-04 

1,4-anthraquinone OPAH 208.216 0.108 0.256 14.615 6.04E-05 2.66E-03 1.25E-03 

9,10-anthraquinone OPAH 208.216 0.047 0.279 14.938 5.53E-04 8.23E-04 1.59E-04 

Benzo(a)fluorenone OPAH 230.261 0.097 0.543 15.507 2.08E-05 1.48E-04 1.14E-05 

Benzanthrone OPAH 230.266 0.025 3.939 15.644 1.91E-05 3.01E-04 8.09E-05 

Pyren-4,5-dione OPAH 232.096 0.005 0.312 14.619 < MDL < MDL < MDL 

Aceanthraquinone OPAH 232.23 0.103 0.174 16.741 4.21E-04 7.66E-04 3.36E-04 

2-ethyl-9,10-anthraquinone OPAH 236.27 0.089 0.060 14.988 7.79E-05 6.10E-05 4.65E-05 

6H-benzo(cd)pyren-6-one OPAH 245.288 0.248 0.367 
 

5.94E-05 4.79E-04 8.97E-05 

7,12-benzo(a)anthraquinone OPAH 258.271 0.034 1.848 14.54 1.79E-04 1.14E-04 3.33E-06 

9-fluorenone OPAH 280.206 0.078 0.320 16.013 6.49E-05 1.86E-04 7.40E-05 

1-hydroxynaphthalene OHPAH 144.173 0.082 0.828 18.986 5.84E-05 3.07E-05 6.31E-04 

2-hydroxynapthalene OHPAH 144.173 0.085 0.846 
 

9.95E-04 1.13E-04 < MDL 

1,3-dihydroxynaphthalene OHPAH 162.172 0.094 0.090 
 

1.90E-04 3.70E-04 2.34E-04 

2,6-dihydroxynaphthalene OHPAH 162.172 0.122 0.188 18.493 4.76E-05 1.08E-04 9.37E-06 

1,2-dihydroxynaphthalene OHPAH 162.172 0.049 0.203 18.975 < MDL < MDL < MDL 

1,6-dihydroxynaphthalene OHPAH 162.172 0.192 0.210 18.844 7.37E-06 9.11E-06 7.49E-06 

1,5-dihydroxynaphthalene OHPAH 162.172 0.131 0.268 19.599 1.05E-05 1.42E-05 7.62E-06 

2,3-dihydroxynaphthalene OHPAH 162.172 0.112 0.383 18.887 9.37E-06 9.40E-06 1.61E-03 

2,7-dihydroxynaphthalene OHPAH 162.172 0.199 0.468 18.695 1.76E-05 7.69E-06 6.31E-05 

2-hydroxyfluorene OHPAH 182.222 0.337 0.646 19.125 4.23E-05 2.83E-04 4.11E-04 
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9-hydroxyfluorene OHPAH 182.222 0.042 0.648 18.335 3.23E-04 1.39E-03 5.63E-04 

3-hydroxyfluorene OHPAH 182.222 0.199 0.751 18.673 3.69E-05 2.40E-05 2.88E-04 

4-hydroxyphenanthrene OHPAH 194.233 0.110 0.219 18.377 4.47E-05 1.24E-04 1.27E-04 

9-hydroxyphenanthrene OHPAH 194.233 0.075 0.241 18.5 2.84E-05 8.89E-05 4.12E-05 

2-hydroxyphenanthrene OHPAH 194.233 0.128 0.439 18.223 2.38E-06 4.29E-05 3.23E-05 

3-hydroxyphenanthrene OHPAH 194.233 0.025 0.470 
 

1.34E-05 2.26E-05 4.49E-05 

1-hydroxyphenanthrene OHPAH 194.233 0.101 0.492 17.984 5.61E-06 2.56E-05 3.03E-05 

2-hydroxy-9-fluorenone OHPAH 196.205 0.492 0.126 15.948 1.02E-05 5.14E-05 2.87E-05 

1-hydroxy-9-fluorenone OHPAH 196.205 0.198 0.373 16.112 1.13E-05 2.70E-05 1.72E-05 

1,9-dihydroxyphenanthrene OHPAH 211.306 0.081 0.153 18.609 < MDL < MDL < MDL 

1-hydroxypyrene OHPAH 218.255 0.022 0.122 17.246 2.57E-05 4.14E-05 2.44E-05 

3-hydroxyfluoranthene OHPAH 218.255 0.107 0.318 16.618 1.37E-05 8.78E-06 3.48E-05 

2-hydroxyanthraquinone OHPAH 224.215 0.139 0.281 14.947 8.68E-05 2.36E-04 < MDL 

1-hydroxyanthraquinone OHPAH 224.215 0.089 1.198 15.139 < MDL < MDL < MDL 

2,6-dihydroxyanthraquinone OHPAH 242.23 0.836 0.032 14.897 < MDL < MDL < MDL 

1,4-dihydroxyanthraquinone OHPAH 242.23 0.019 0.551 14.014 < MDL < MDL < MDL 

1,8-dihydroxyanthraquinone OHPAH 242.23 0.028 0.661 15.377 < MDL < MDL < MDL 

1,2-dihydroxyanthraquinone OHPAH 242.23 0.027 1.062 15.328 < MDL < MDL < MDL 

3-hydroxybenz(a)anthracene OHPAH 244.293 0.156 0.295 
 

4.91E-06 1.75E-04 8.97E-05 

3-hydroxybenzo(c)phenanthrene OHPAH 244.293 0.098 0.510 17.725 4.83E-06 < MDL 3.77E-05 

3-hydroxychrysene OHPAH 244.293 0.129 0.549 
 

6.22E-06 2.13E-05 2.03E-05 

6-hydroxychrysene OHPAH 244.293 0.123 1.097 17.943 1.29E-04 2.87E-04 1.37E-04 

4-hydroxychrysene OHPAH 244.293 0.031 1.405 17.872 7.45E-06 2.82E-04 1.29E-04 

11-hydroxybenzo(g)chrysene OHPAH 244.293 0.031 2.205 
 

2.93E-05 7.89E-05 6.73E-06 

3-hydroxybenzo(e)pyrene OHPAH 268.315 0.030 0.416 17.619 
8.95E-06 1.57E-04 1.24E-04 

12-hydroxybenzo(a)pyrene OHPAH 268.315 0.009 0.950 16.584 

3-hydroxybenzo(a)pyrene  OHPAH 268.315 0.015 1.146 
 

4.76E-05 1.57E-04 < MDL 

7-hydroxybenzo(a)pyrene OHPAH 268.315 0.012 1.535 16.755 1.46E-05 3.46E-04 1.07E-04 

9-hydroxybenzo(a)pyrene OHPAH 268.315 0.008 3.075 16.819 1.10E-05 3.03E-05 1.74E-05 

9-hydroxybenzo(k)fluoranthene OHPAH 269.316 0.016 1.052 16.674 5.29E-06 2.79E-05 4.10E-06 

11-hydroxybenzo(b)fluoranthene OHPAH 269.316 0.083 1.851 16.647 2.44E-05 1.14E-04 7.16E-06 
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1-hydroxyindeno(1,2,3-c,d)pyrene OHPAH 292.337 0.110 1.500 15.987 < MDL < MDL < MDL 

10-hydroxybenzo(c)chrysene OHPAH 294.307 0.078 0.466 17.132 0.00E+00 1.61E-04 8.70E-06 

Naphthalene UPAH 128.171 0.089 0.297 18.67 2.84E-04 5.02E-05 3.71E-04 

acenapthylene UPAH 152.196 0.038 0.306 16.693 1.32E-04 6.77E-05 1.48E-04 

Acenaphthene UPAH 154.212 0.053 0.280 18.922 2.48E-05 7.10E-05 9.47E-06 

Fluorene UPAH 166.223 0.120 0.089 18.797 1.73E-05 6.36E-05 2.65E-06 

Phenanthrene UPAH 178.234 0.072 0.183 18.287 7.26E-05 2.78E-04 1.26E-05 

Anthracene UPAH 178.234 0.018 1.291 17.118 1.55E-05 6.14E-05 1.96E-05 

Fluoranthene UPAH 202.256 0.083 0.341 16.577 4.58E-05 3.13E-04 3.71E-05 

Pyrene UPAH 202.256 0.007 0.926 17.279 6.04E-05 3.15E-04 3.70E-05 

benzo(c)fluorene UPAH 216.283 0.129 1.170 
 

8.51E-06 1.45E-05 9.25E-06 

Benz(a)anthracene UPAH 228.288 0.000 0.437 17.181 1.37E-05 1.55E-04 6.05E-06 

Chrysene UPAH 228.294 0.014 0.269 17.778 

3.66E-05 3.35E-04 1.65E-05 
Triphenylene UPAH 228.294 0.031 1.124 

 
Retene UPAH 234.336 0.133 0.283 18.177 7.91E-05 4.02E-04 1.37E-05 

Benzo(k)fluoranthene UPAH 252.309 0.225 0.281 16.486 9.12E-06 1.31E-04 3.69E-05 

Benzo(j)fluoranthene UPAH 252.309 0.103 0.495 16.168 
   

Benzo(b)fluoranthene UPAH 252.309 0.019 1.246 16.548 7.51E-05 7.15E-04 7.07E-05 

Benzo(a)pyrene UPAH 252.316 0.025 0.699 16.657 7.93E-07 1.06E-04 3.81E-06 

Benzo(e)pyrene UPAH 252.316 0.036 1.278 17.306 2.57E-05 3.23E-04 9.20E-06 

Indeno(1,2,3,cd)pyrene UPAH 276.331 0.121 0.409 15.93 6.17E-05 3.33E-04 6.75E-05 

Benzo(ghi)perylene UPAH 276.338 0.066 1.786 16.642 5.03E-05 3.44E-04 5.21E-05 

Dibenzo(ah)anthracene UPAH 278.347 0.028 0.467 17.151 

< MDL < MDL < MDL 
Dibenzo(ac)anthracene UPAH 278.347 0.208 0.519 17.096 

picene UPAH 278.347 0.028 0.560 
 

3.22E-04 3.38E-03 4.66E-04 
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Figure A3.F2   Structural components of PAHs considered for influence on 
reduction potential.    The number of each component on each molecules 
were added up and the number of each component was then correlated with 
the DTT50, the response factor in the assay, and the calculated ΔG.   
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Table A3.T3.  Average measured (± 1SE), and calculated DTT consumed of 
mixtures of PAHs in DTT consumption assay.  Extracts share a calculated 
prediction because whole mixtures were made to match the concentration of 
each PAH measured in the extracts of the ambient PM2.5 samples.  

Filter A Filter B Filter C 

Sample Measured Calculated Measured Calculated Measured Calculated 

PPL 0.075 (± 0.004) 0.068 0.054 (± 0.003) 0.059 0.075 (± 0.004) 0.070 

Whole 0.093 (± 0.002) 
0.132 

0.082 (± 0.003) 
0.109 

0.071 (± 0.003) 
0.135 

Extract 0.069 (± 0.001) 0.056 (± 0.004) 0.060 (± 0.003) 




