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Figure 2.1 

 
(a) Typical EPR spectra of a quartz blank filter and ambient 

PM2.5 containing EPFRs. (b) The observed EPR spectrum 

(black) of the aqueous extracts of PM2.5 collected at a highway 

site and the simulated spectrum (green) by deconvolution into 

OH radicals (red) and carbon-centered radicals (blue) trapped 

by spin-trapping agent BMPO. The vertical dashed lines 

indicate the position of each peak for BMPO-OH and BMPO-

R adducts. (c) Averaged fractions of OH and carbon-centered 

radicals (R) as trapped by BMPO in aqueous extracts of PM2.5 

collected at highway sites in Anaheim and Long Beach. 
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Figure 2.2 

 
EPR spectra of PM2.5 from a selected sample collected at 

Long Beach measured on 2/27/2020 and 2/19/2021, showing 

stability of EPFRs. 
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Figure 2.3 

 
Air-volume- and PM2.5-mass-normalized concentrations of 

EPFRs and ROS as well as total DTT activities of PM2.5 

collected at two highway sites and an urban site, CA, in 

comparison to ambient data from previous studies including 

Squadrito et al. (2001), De Vizcaya-Ruiz et al. (2006), 

Ntziachristos et al. (2007), Gehling and Dellinger (2013), 

Shaltout et al. (2015), Charrier et al. (2015), Arangio et al. 

(2016), Shirmohammadi et al. (2017), Gao et al. (2017), Chen 
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et al. (2018), Tong et al. (2019), Tong et al. (2020), and Chen 

et al. (2020). Data in this study were averaged concentrations 

with error bars representing daily variability calculated from 

the standard deviations of the averaged data. Data from winter 

seasons (November to March) from previous studies were 

selected for comparisons. Markers with bars (Linfen, Mexico 

City) denote the range of ambient concentrations and markers 

with error bars are either reported values or estimated from 

previous studies.   

 
Figure 2.4 

 
Correlations between volume-normalized EPFR 

concentrations and gaseous pollutants (CO, O3, NO, NO2) and 

chemical components (OC, EC, Fe, Cu) measured at the 

Anaheim and Long Beach highway sites. The error bars on 

EPFRs represent the standard deviations of multiple 

measurements. The error bars on gaseous pollutants are 

standard deviations of online measurements. The error bars 

for OC, EC, and metal measurements represent variability of 

their ambient concentrations and also are propagated from 

analytical and sampling volume uncertainties in these 

measurements. 
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Figure 2.5 

 
Correlation of EPFRs and relative humidity at Anaheim and 

Long Beach sites. 
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Figure 2.6 

 
EPR spectra of mixtures of BMPO and Fe(III) (red line) as 

well as BMPO, Fe(III), and oxalic acid (OA) with the 

Fe(III):OA ratio of 1:3. It shows that the BMPO-OH signal is 

strongly suppressed upon complexation of Fe(III) with OA. 
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Figure 2.7 

 
Correlations between (a) radical forms of ROS in the aqueous 

PM2.5 extracts and PM2.5 mass concentrations, (b) OH radicals 

in the aqueous PM2.5 extracts and EPFR, and (c) OH radicals 

in the aqueous PM extracts and Fe. A red triangle in panel (a) 

denotes the measurement on Feb. 8, 2020 at Long Beach, 

which is considered as an outliner (see text). The error bars on 

ROS, OH, EPFR represent the standard deviations of multiple 

measurements, and those on PM2.5 and Fe are propagated 

from analytical and sampling volume uncertainties in these 

measurements. 
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Figure 2.8 

 
Correlation of OH generated from the aqueous extracts of 

PM2.5 with EC, OC, CO, and O3 measured at the Long Beach 

site. 

 

49 



xiii 
 

Figure 2.9 

 
Correlation of total DTT activities with concentrations of (a) 

radical forms of ROS, (b) carbon-centered radicals (R.) and 

(c) OH radicals formed in aqueous extracts of PM2.5 collected 

at the Anaheim and Long Beach sites. 
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Figure 3.1 

 
Map of the sampling location (University of California, 

Irvine) and approximate location where the wildfire occurred 

(Santiago Canyon). The sampling location is roughly 19 km 

away from the wildfire emission source and picture at the 

right shows the air quality is influenced by the wildfire 

(12/3/20, Bond Fire).  
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Figure 3.2 

 
The left picture was taken on 10/27/20 (Silverado Fire, hazy 

day) and 11/7/20 (Silverado Fire mostly contained, no haze) 

at the roof of University of California, Irvine. 
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Figure 3.3 

 
(A) Typical EPR spectra of a Teflon field blank filter and 

PM0.18-1 containing EPFR during the Silverado Fire (10/26/20 

to 10/29/20). (B) The average EPFRs concentration measured 

from ambient PM1 before (urban) and during wildfires. The 

error bar represents the standard deviation of 5 sample 

measurements for urban background and wildfires. EPFRs 

were only detected in PM0.056-0.56 for urban samples. The 

average EPFR concentration for wildfire samples are sum of 

the average EPFR measured in PM0.056-0.18 and PM0.18-1.  
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Figure 3.4 

 
Ambient size distribution of EPFR detected in MOUDI 

samples collected on Nov to Dec 2020, when Silverado Fire 

(10/26/20 to 11/7/20) and Bond Fire (12/2/20 to 12/10/20) 

occurred.  
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Figure 3.5 

 
The observed EPR spectra (black) of the aqueous extracts of 

urban (A) and wildfire (B) PM0.056-0.56 and PM0.056-0.18 are 

shown.  A) The deconvolution of simulated spectrum (green) 

of urban particle shows ·OH (red and pink) and carbon-

centered radicals (blue) trapped by BMPO can fit the 

observed spectrum. The same type of ROS (BMPO-OH and 

BMPO-R) were observed for all sizes for urban samples 

measured. B) The deconvolution of simulated spectrum 

(green) of wildfire particle shows ·OH (red), carbon-centered 

radicals (blue), oxygen-centered radicals (purple), and 

superoxide anion radical (brown). The color dashed line 

represents the peak of the individual ROS needed to explain 

the observed spectrum. This result was consistent for PM0.056-

10 (10/26/20 to 10/29/20 and 10/29/20 to 11/1/20) and PM0.056-
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1 (11/10/20 to11/13/20, 12/3/20 to12/6/20, and 12/6/20 to 

12/9/20).  
 

Figure 3.6 

 

Superoxide anion radical (O2
·-) was only formed from 

aqueous extracts containing the yellow extracts (PM0.056-0.18 

and PM0.18-1) for MOUDI samples collected on 12/6/20 to 

12/9/20.  
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Figure 4.1 

 
Temporal evolution of bulk diffusion coefficient of ozone 

(dashed lines) and BaP (solid lines) in the near-surface bulk 

of the films of squalane (red), linoleic acid (yellow), and 

cooking oil (green). 
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Figure 4.2 

 
Decay of BaP concentration in BaP-BES films exposed to 

different mixing ratios of ozone (15 - 1000 ppb) at 296 K and 

RH < 5 %. Filled circles show the experimental data with error 

bars representing the standard deviation of ten measurements. 

The solid lines are KM-SUB model simulation results with a 

single kinetic parameter set shown in Table 4.1. 
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Figure 4.3 

 
(a) Decay of BaP embedded in the films of α-pinene SOA 

upon exposure to 500 ppb O3 at dry conditions (blue), 50% 

(green) and 85% (red) RH at 296 K. The circle markers are 

the experimental data and error bars represent the standard 

deviation of ten measurements. KM-SUB modeling results 

are presented with consideration of liquid–liquid phase 

separation (solid lines) and without (dashed line for 85% RH). 

(b) Thermodynamic modeling results by AIOMFAC, 

predicting phase compositions of the α-pinene SOA + BaP-

BES system as a function of water activity (i.e. RH, assuming 

equilibrium conditions) for an initial amount of 10 ng α-

pinene SOA, 1 ng BaP, and 0.5 ng BES in the particle phase. 

α-pinene SOA is treated with 14 representative oxidation 

products (Table 4.2). Predicted phase compositions are shown 

as stacked mass fractions of the individual components for the 

phase α enriched by SOA compounds (lower panel) and the 

phase β dominated by BaP and BES (upper panel). 
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Figure 4.4 

 
(a) Decay of BaP embedded in the films of squalane (red), 

linoleic acid (yellow), or cooking oil (green) upon exposure 

to 500 ppb O3 under dry conditions. The circle markers are 

the experimental data and error bars represent the standard 

deviation of 10 measurements. The solid lines represent KM-

SUB simulations with consideration of surface crust 

formation by BaP oxidation products and composition-

dependent bulk diffusivity using a Vignes-type equation, 
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while the dashed line for the squalane case does not consider 

this phase separation effect, failing to reproduce experiments. 

(b) The predicted phase compositions in mass fractions for 

mixtures of BaP, BaP oxidation products (BaP-6,2-dione, 

BaP-derived carboxylic acid, 6,12-dihydroxy BaP), and 

squalane after half of the BaP is degraded. (see Figure 4.3b 

caption for explanation of the plots). One phase consists of 

largely squalene, BES and BaP (β, lower panel), whereas the 

other consists largely of the BaP oxidation products (α, upper 

panel). Liquid–liquid phase equilibrium calculations with 

AIOMFAC predict for all RH (or water activities) that BaP 

oxidation products are virtually immiscible in squalane. 

 
Figure 4.5 

 
Experimental measurements (circles) and KM-SUB modeling 

results (lines) of decay of BaP in BaP-BES films exposed to 

15 ppb O3 and room air (10 ppb O3).  
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Figure 4.6 

 
Fraction of BaP remaining in a 8 nm-thick cooking oil film 

exposed to different gas-phase ozone mixing ratios after one 

hour (black), twelve hours (purple), one day (blue), and one 

week (red) at 295 K and dry conditions, as simulated by KM-

SUB considering phase separation and crust formation by BaP 

oxidation products (solid lines) or assuming ideal mixing 

(dashed lines). 
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Abstract of the Dissertation 

Reactive oxygen species (ROS), including hydroxyl radical (OH·), superoxide anion (O2
·-), 

ozone (O3) and oxygenated organic radicals, play an important role in atmospheric and 

physiological processes. Polycyclic aromatic hydrocarbons (PAHs), including benzo[a]pyrene 

(BaP), are among the most prominent toxic compounds that can be found in indoor and outdoor 

environments. Their chemical lifetimes are highly determined by ROS such as ·OH and O3, but 

the chemical degradation mechanism and kinetics of PAHs against these ROS remain to be 

elucidated. 

Emerging health-related studies suggest that inhaled ambient particles serve as exogenous 

ROS sources. The ROS generated from the particles can potentially disturb the physiological 

functions in our body, which can lead to oxidative stress and adverse health effects.  Application 

of electron magnetic resonance (EPR) spectrometer to atmospheric chemistry have provided 

additional information on the type of ROS that can be generated from ambient particles. Past 

studies report environmentally persistent free radicals (EPFRs) can be found in car exhaust and 

biomass burning particles. These particles containing EPFRs have been shown to generate ROS in 

aqueous solution, but EPFR measurements in ambient particles are still limited. 

 Chapters 2 and 3 focus on the EPFR measurements and the type of ROS detected from 

aqueous extract of fine particulate matter (PM2.5) collected at two different highway sites and 

during the wildfire events using EPR spectrometer. The ·OH and carbon-centered organic radical 

formation have been detected in aqueous extracts of highway PM2.5. In contrast, ·OH, O2
·-, carbon 

and oxygen-centered organic radicals have been found to be generated from wildfire PM1 and 

PM10 depending on the wildfire events that occurred in Southern California. The ·OH and carbon-

centered organic radical were detected in aqueous extracts of coarse particles collected from 
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wildfire events, which demonstrates the redox-active chemical components in wildfire PM are 

size-dependent. Chapter 2 discusses the correlations between the measured EPFR, ROS, and 

traffic-related pollutants. The chemical and EPFR measurements at the Long Beach highway 

(Interstate-710) show positive correlations between EPFR in highway fine PM and CO, NO2, and 

elemental carbon (EC), which are pollutants typically found in exhaust emissions.  The negative 

correlation between EPFR and O3 was also observed at the collection sites, which suggests EPFR 

is most likely emitted from primary source at the highway. Positive correlation between EPFR and 

OH· generated from the highway fine PM was also observed at the Long Beach suggesting OH· 

are generated from similar source as EPFR. Lastly, the toxicity of highway particle was assessed 

using DTT (dithiothreitol) activity and the correlation with ROS was explored. High positive 

correlation between DTT activity and ROS was observed at the Anaheim highway (Interestate-5). 

Chapter 3 also investigates size dependent EPFR and ROS measurements. EPFR was mainly found 

in wildfire PM1 and found to be approximately 10 times higher compared to the highway and urban 

background. O2
·- was also found to be size-dependent and only detected in yellow-brownish 

extracts of wildfire samples, suggesting redox-active chemical components in brown carbon may 

play a role in O2
·- formation. These findings highlight the interplay of various PM redox active 

chemical components and the complex relationship between ROS formation and DTT activity.  

 Ozone (O3) is a major oxidant inducing chemical transformation of organic compounds in 

the atmosphere and organic films found in indoor environments. Chapter 4 discusses the 

ozonolysis of BaP in multicomponent thin films that can be found in indoor environments and in 

the atmosphere. Rapid degradation of BaP in thin films against O3 was initially observed but found 

to decay much slower at longer exposure time in direct analysis in real-time mass spectrometry 

(DART-MS) kinetic experiments. Kinetic multilayer modeling revealed that the diffusivity of BaP 
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from bulk to the surface limits the decay of BaP, resolving long-standing unresolved observations 

of incomplete PAH decay upon prolonged ozone exposure. Ozonolysis of BaP decay in alpha-

pinene secondary organic material (SOM) film under dry and humid conditions was also explored. 

The thermodynamic modeling predicted BaP is immiscible in the SOA mixtures and these results 

were implemented in the kinetic model. The kinetic model simulations showed that the slow 

decays of BaP in SOA mixtures under dry and humid conditions are also dependent on the bulk 

diffusivity of BaP in immiscible BaP layer upon prolonged ozone exposure. Lastly, BaP was found 

to be miscible in organic oils such as squalene, linoleic acid, and cooking oil based on visual 

inspection and thermodynamic model. However, the kinetic and thermodynamic model results 

show oxidation products forms a viscous crust in the organic films and hinders diffusion of BaP 

from the film interior to the surface. These findings demonstrate that phase separation and slow 

diffusion play a key role in the long-range transport of PAHs in the atmosphere and their fates in 

indoor environments.
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Chapter 1: Introduction 
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1.1 Background 

1.1.1 Importance of Air Pollution 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Silverado Fire in Irvine CA, on 10/26/20. (Photos credited to Kelvin Cheng).1 

 

The chemicals in air affect Earth’s environment and public health every day. 

Anthropogenic activities such as driving emit significant amounts of carbon dioxide into the 

atmosphere, which traps the heat from escaping Earth and gradually warms up the planet.2 The 

global rise in temperature then worsens drought conditions in certain parts of the world, and 

increases the occurrence of wildfires and other natural disasters (Figure 1.1).3-5 A recent study 

estimated that indoor and outdoor air pollution are responsible for millions of deaths and premature 

deaths worldwide.6-7 Air pollution is now considered to be one of the world’s most formidable 

threats to environmental health. Thus, more research related to atmospheric chemistry is needed 

to better elucidate how exposure to certain chemicals in air can affect the climate and public 

health.8  
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1.1.2 Outdoor and Indoor Air Quality Topics  

 

Figure 1.2: The red line displays the number of area burned by the wildfire in the United States 

(U.S) in units of hectare (1 ha = 10,000 m2). The dashed grey line is the cost of spending by the 

federal government to suppress the wildfire in the U.S. (Adopted from Jaffe et al.)9   

Particulate matter (PM) plays a major role in climate and is one of the top risk factors 

attributed to burden of disease globally.7 The government has placed stringent regulations on PM 

with an aerodynamic diameter less than (PM2.5), due to its ability to penetrate deep into our lungs, 

which can then contribute to cardiovascular and respiratory diseases.10-14 PM2.5 mass concentration 

is the current metric to assess the air quality.15 In California, during the early 21th century, 

approximately 20% of PM2.5 has been attributed to primary vehicle emissions.16 In response, the 

federal and state government agencies implemented numerous regulations on tailpipe emission. 

These government regulations require all heavy-diesel trucks to use filters that remove diesel 

exhaust particles (DEP).16 DEP is a well-studied pollutant that contributes to PM2.5 and causes 

adverse health effects for humans.16-18 Although PM2.5 mass concentration and pollutants 

associated with DEP, such as elemental carbon (EC) and polycyclic aromatic hydrocarbons 

(PAHs), have reduced significantly in Southern California over the past decades, several studies 
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suggest PM2.5 toxicity has not significantly changed due to the increase in contribution of non-

exhaust emissions.16, 19-21  

Non-exhaust emissions include brake/tire wear and resuspended road dust. Particle number 

and mass size distribution measurements show brake and tire wear can contribute to PM2.5.
22-23 

Furthermore, non-exhaust emissions are found to be abundant in metals, such as iron and copper. 

Exposure to non-exhaust emissions in excess amounts can be harmful.24-26  

Currently, there are no standard regulations on non-exhaust emissions, despite the 

expectation of these emissions dominating in the upcoming decades as countries increasingly 

transition to cleaner technologies.27 Although the role of iron and copper in PM toxicity is still 

being explored, the leading hypothesis involves the generation of reactive oxygen species (ROS) 

from iron and copper.12, 26, 28  

In certain parts of the U.S., including California, the emission source from the wildfires is 

another growing concern. Figure 1.2 shows the total area burned by wildfires in the U.S.  has 

increased since 1985, and is projected to continue increasing throughout the upcoming decade.9 

Last year, California faced its largest wildfire, and the daily average PM2.5 concentration reached 

as high as ~ 150 µg/m3 in certain California counties, which exceeded the 24-hour PM2.5 standard 

(35 µg/m3) by roughly four times.29 Compared to other anthropogenic sources, the toxicity 

mechanism of wildfire PM2.5 is not well understood. However, since wildfires are expected to 

occur more frequently on the West Coast of United States, the federal government is expected to 

increase funding for air-quality research regarding wildfire suppression.9, 30 Certain chemicals such 

as copper that may generate ROS were reported to be elevated during wildfires, which indicates 

ROS generation from wildfire PM should also be explored.12, 31  
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 Since humans spend most of their time indoors, which has considerably increased due to 

the recent coronavirus-related restrictions and shelter-in-place mandates, the importance of 

understanding the chemistry that occurs indoors has become more apparent. 

Benzo[a]pyrene (BaP) is a precursor to carcinogenic and mutagenic compounds, such as 

benzo[a]pyrene-7,8-diol-9,10-epoxide, and can be emitted by indoor activities such as cooking and 

smoking.32-36 BaP can also be transported from the outdoors, which will most likely then 

accumulate on indoor surfaces and dust.33 The potential toxic products that can be formed from 

BaP and its ambient and indoor sources make BaP a crucial chemical compound that must be 

investigated. 

1.2 Reactive Oxygen Species (ROS) 

 Reactive oxygen species (ROS) is a term used to describe oxygen containing molecules 

that play an important role in physiological and atmospheric processes. ROS is composed of 

radicals, molecules, and ions that contain an unpaired valence electron such as superoxide, 

hydroxyl radical, organic radicals, alkoxy radicals, phenoxy radicals, peroxyl radicals, and ozone. 

ROS also include non-radical species: hydrogen peroxide, organic hydroperoxide, and organic 

peroxides. These chemicals are also generated by cells for defense against pathogens, cell signaling, 

and redox regulation, and homeostasis is maintained via ROS scavenging by the antioxidants and 

enzymes in human body.37  

The redox-active metals and certain organic compounds in ambient particles can generate 

exogenous ROS and cause an imbalance between antioxidants and ROS levels in the body. If the 

ROS levels exceed the antioxidants, ROS homeostasis can be disrupted and lead to adverse health 

effects.28, 38 However, the chemical components in ambient particles that may be responsible for 

generating ROS are still not well understood.15 This dissertation will investigate on which 
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chemical components from highway and wildfire PM are responsible for ROS formation in water 

using correlation and size distribution analyses.  

1.2.1 Ambient Source of ROS: Peroxides 

Isoprene and terpenes are some of the most abundant volatile organic compounds in the 

atmosphere and their oxidation products have been shown to generate ROS in aqueous solution.39-

41  However, their contributions to ROS formation from ambient particle are still being explored.39, 

42-43 A photooxidation product of isoprene, isoprene hydroxy hydroperoxide (ISOPOOH), has been 

shown to react with Fe(II) via Fenton-like reaction and generate hydroxy and alkoxy radicals in 

water.44 Volatile organic compounds can also be oxidized, and their semi-volatile oxidation 

products can condense into secondary organic aerosol (SOA).41 Additionally, isoprene and terpene 

SOA have also been shown to generate same type of ROS in water via thermal decomposition of 

labile organic compounds, most likely organic hydroperoxide.40 More recently, O2
·-/HO2 has 

shown to form from isoprene and certain terpene SOA in aqueous solution via unimolecular 

decomposition of α-hydroxyperoxyl radical.45 These laboratory studies demonstrate biogenic SOA 

can be significant sources of ROS in ambient particle and further studies must be made to 

investigate how peroxides and peroxy radicals can contribute to ROS formation in ambient 

particles.  

1.2.2 Ambient Source of ROS: Quinones 

One of the mechanisms in PM toxicity involves DNA damage from reactions with ROS generated 

from redox cycling between quinone and redox-active metals.46-47 Quinones such as 

naphthoquinone are found to be abundant in soot that are emitted significantly from tailpipe, 

wildfire, and cooking.31, 48-49 The mean concentration of 1,2-napthoquinone in the organic extract 

of diesel exhaust particles was found to be 13.69 µg/g.50 9,10-phenanthraquinone and 9,10-
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anthraquinone were found to be in a similar range. The mass loading of quinones in an urban 

environment can range from 0.06 – 1.1 ng m-3.51  Soot has been shown to generate ROS mainly 

due to the redox-active quinones that are on the surface of the particles.52 Quinones are also present 

in macromolecular compounds, HUmic-LIke Substances (HULIS).53 HULIS have been shown to 

catalytically generate ROS from interaction with quinones and certain alkaloids, but ROS 

measurements from HULIS containing compounds are still limited.54 Laboratory measurements 

also suggest quinones are an essential ingredient in ROS formation from urban particles in aqueous 

solution.55 However, their role in ROS formation from ambient particles still remain to be 

elucidated.   

1.2.3 Ambient Source of ROS: Environmentally Persistent Free Radicals 

 

Environmentally persistent free radicals (EPFRs) are free radicals that have lifetime of days 

to indefinite time.56 Ambient particles containing EPFRs have been shown to generate ROS 

including ·OH but their role in ROS formation is still not well elucidated.55, 57 EPFRs generated 

from incomplete combustion are thought to be cyclopentadienyl, phenoxyl, and semiquinone 

radicals58. Semiquinone radicals are known to generate ·OH and damage DNA.37, 46 EPFRs can 

also be formed from ozonolysis of polycyclic aromatic hydrocarbons and photooxidation of 

naphthalene with ·OH radical.40, 59 This adds complexity in understanding the EPFRs source in the 

atmosphere. Table 1.1 shows EPFRs concentrations measured from cigarette tar, exhaust particles, 

and biomass burning sources.60 Further studies must be conducted to understand how EPFR can 

generate ROS from inhaled ambient PM and their sources.  
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Table 1.1 EPFR Concentrations and Their Sources 

Sources EPFR Concentration 

(Spins/µg) 

EPFR 

Concentration 

(pmol/µg) 

References 

Cigarette tar 3 x 1010 0.05 61 

Diesel Exhaust 

Particles 

~ 1016 - 1017 ~ 0.01 – 0.1 60 

Gasoline Exhaust 

Particles 

~ 1016 ~ 0.01 60 

Woodsmoke soot ~ 1015 ~ 0.001 60 

Wildfire Charcoal 2.46 x 1012 - 1.49 x 1013 4.09 – 24.7 62 
 

1.2.4 Iron and Copper 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: ROS production rates calculated using kinetic model individual chemical components 

in the PM2.5 : copper (blue), iron (red), quinones (brown), and aerosol formed from low volatility 

oxidized organic compounds also known as secondary organic aerosol (SOA, green). (Adopted 

from Lakey et al.)28  

 

As mentioned above, metals such as copper and iron can react with organic compounds 

such as peroxides and quinones in ambient particles and generate ROS. Figure 1.3 shows ROS 

production rates in a simulated epithelial lining fluid (ELF) environment calculated based on PM2.5 

mass concentration measured at various geographic locations around the world.28 The shaded color 

regions are the upper and lower limits of ROS production rates, which were calculated using a 



9 
 

kinetic model for individual chemical components that are found in PM2.5: copper (blue), iron (red), 

quinones (brown), and SOA (green). The results from the kinetic model show copper and iron can 

generate the most ROS in ELF, which can cause adverse health effect in humans who are exposed 

to high PM2.5 mass concentration for an extended period of time. Iron and copper are found to be 

abundant in non-exhaust emission sources.24-26, 63 Copper and Iron can be found to be high as 

234,000 and 637,000 mg/kg in break wear lining and dust, respectively.24-25 ROS generated from 

non-exhaust emission sources have yet to be extensively quantified, and more research connecting 

ROS measurements with epidemiological studies are necessary for creating better health-related 

policies in the future.  

1.3 Oxidative Potential 

Oxidative potential (OP) is a metric that relates the particle’s ability to generate ROS while 

depleting antioxidants, and numerous methods have been developed for OP measurements.64-65 

Acellular assays have been extensively used compared to cellular studies because they require less 

time and resources.64 Also from a chemical perspective, there are fewer variables in acellular 

assays compared to cellular assays to study individual chemical components of the particle for 

ROS generation.64 The most common acellular OP assays include electron paramagnetic resonance 

measurements (OPEPR), dithiothreitol assay (OPDTT), ascorbic acid assay (OPAA), and glutathione 

assay (OPGSH).40, 66-68 The OPEPR measures the ROS generation from the particle in the presence of 

antioxidants while the other mentioned acellular assays measure the depletion rate of a reducing 

agent (DTT) or antioxidants (AA, GSH).  

For EPR measurements in OP studies, a stable organic compound is used to react with the 

ROS generated from the ambient particles to form more stable radicals that can be quantified, also 

known as the spin-trapping technique. Multiple type of ROS (i.e., OH·, O2
·-, and organic radicals) 
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can be detected simultaneously using EPR while other optical and electrochemical methods for 

ROS measurement lose specificity or only a single ROS can be quantified.69 Although EPR is a 

powerful tool that can provide quantitative and qualitative ROS data, only few studies connecting  

EPR measurements with health endpoints are reported compared to other acellular assays.64 Thus, 

linking EPR studies with other acellular OP measurements can provide a better understanding of 

a particle's toxicity and motivate further epidemiological studies involving EPR measurements in 

the atmospheric community. 

   Ascorbate (AA) and glutathione (GSH) have been extensively studied because they are 

among the most abundant antioxidants found in human lungs and can react with a wide range of 

radicals, including ROS.37  There are a few studies that have explored the consumption rate of AA 

and GSH exposed to PM in order to better understand how individual antioxidants is involved in 

the redox process between PM and antioxidants.64, 68 While high AA consumption rates were 

observed in these studies, low GSH consumption rates were observed for particle-toxicity study, 

which led to use an alternative assay to study thiol depletion, dithiothreitol (DTT).66  

 The redox-active components in ambient particle catalyze the transfer of an electron from 

DTT to molecular oxygen mimicking the well-known biological process: superoxide anion radical 

formation from the electron transport chain initiated by nicotinamide adenine dinucleotide 

phosphate (NADPH).70 The success in implanting OPDTT to assess PM toxicity resulted in studies 

that investigate which chemical components in PM are responsible for the redox cycling in this 

assay. The plausible candidates were copper, iron, and certain quinones that are redox-active and 

found to be most abundant in fine PM compared to other chemical species. The DTT oxidation by 

redox-active iron (Fe(II) and Fe(III)) were found to be slow, while the copper was found to most 

likely react with DTT directly.71 Certain quinones such as phenanthraquinone are found to have 
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high DTT consumption rates and generate hydroxyl radical in the presence of iron, which suggests 

quinone in PM plays the major role in redox cycling observed in OPDTT.66, 72 The OPDTT also 

showed correlations between chemicals found in tailpipe and wildfire emissions, such as 

benzo[g]pyrene and pyrene, which can form quinones if oxidized.31, 52, 64  

1.4 Phase State and Miscibility  

 Ambient particles can exist as liquids or solids depending on their composition and ambient 

conditions.73-74 Particle’s phase states determine the diffusion rates within the particles that can 

influence the growth rate of the particles and chemical lifetime of persistent organic compounds 

such as PAHs.75 Understanding how the phase state can affect particle’s growth rate and 

multiphase reactions between oxidants and chemicals in the particle’s bulk can provide models 

better predictions on environmental impacts of ambient particles. Shiraiwa and Seinfeld have 

shown that secondary organic material (SOM) mass concentration can be overestimated by one 

order of magnitude without accounting for the gas and bulk diffusion in a kinetic model.76 Shiraiwa 

et al., also showed that the chemical half-life of reactive compounds in amorphous solid particles 

can be much longer compared to in semisolid or liquid particles.77 These results highlight the 

importance of implementing phase states in climate and air quality models.   
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Figure 1.4: The upper scale shows the dynamic viscosity and its corresponding diffusion 

coefficient values of a molecule with a molecular radius of 1 nm for liquid, semi-solid, and solid. 

The lower panel shows the e folding time of equilibration (τcd) as a function of diffusion coefficient 

values. (adopted from Koop et al.)78  

 

The dynamic viscosity, ν, is a physical quantity that describes the fluidity of the system 

and diffusion coefficient (D) of the molecule. Diffusion coefficient of a molecule can be calculated 

using the Stokes-Einstein equation:77 

D= 
kT

6πrν
   (eq. 1) 

where k is the Boltzmann constant, T is the temperature, and r is the radius or thickness of the 

system. Figure 1.4 shows diffusion coefficient of the substance calculated by the viscosity range 

using eq. 1 for a particle with a radius 1 nm and gives a visual example of what type of familiar 

substances fall within certain viscosity ranges.78 The system can be classified into 3 main 

categories based on the viscosity scale: liquid (< 102 Pa s), semi-solid (102 - 1012 Pa s), and solid 

(> 1012 Pa s). An amorphous system that has thicker viscosity than the solid is classified as a glass 

solid. Ambient particles have been shown to exist in all different phase states: liquid to an 
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amorphous solid. Molecular transport is highly determined by the bulk phase state of the system 

and figure 1.5 shows the e folding time of equilibration (τcd), defined as the time when the 

concentration of molecule at the particle core deviates by less than a factor of 1/e from the 

equilibrium value, and this value can be calculated using the equation.77  

𝜏𝑐𝑑 =  
Dp

2

4π2D
(eq. 2) 

 

The e-folding lifetime for a particle with a diameter of 100 nm (shown in dashed horizontal line) 

is about 1 ms if the particle is viscous as a honey (orange dashed line). However, the e-folding 

lifetime can last as long as a decade for a glassy solid particle (purple dashed line) which can have 

a significant impact in particle growth and aging. Modeling results also show particles with high 

viscosity plays a major role in long range transport of toxic compounds in the atmosphere.79-82 

1.4.1: Phase Transition 

Figure 1.5: Snapshots of fluorescence results for laboratory generated particles containing oleic 

acid and fluorescence dye exposed to high concentration of O3 are recorded at selected time 

interval: 0 s (initial) to 540 (s). The rainbow scale is the fluorescence lifetime of the dye in the 

particle from 1 (blue) to 4.8 ns (red) and the scale bar is 40 µm to show relative size of the particle 

under observation. (adopted from Hosny et al.)83 

 

Ambient particles are prone to oxidation by oxidants such as OH radical and O3, which can 

change the particle phase state over time. Hosny et al., investigated the phase transition of oleic 

acid particles upon exposure of O3.
83 They generated oleic acid particle containing the fluorescence 

dye and measured the fluorescence intensity as the oleic acid gets oxidized over time. The image 

taken at 540 s (Figure 1.5) shows the fluorescence dye inside the organic aerosol fluoresces for 
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longer time (~ 4 ns) as the particle gets more viscous due to formation of high molecular weight 

compounds from oxidation of oleic acid against O3.
83 A few studies, including the Figure 1.5 study, 

have shown viscosity increases as compounds with high molecular weight forms.84-85 Carboxylic 

acid (-COOH), alcohol (C-OH), peroxides (-OOH or -C(O)-), and aldehyde (-CHO) contain 

functional groups that can form strong hydrogen bond with each other, which will then make 

particle more viscous.84, 86 These studies indicate particle phase transition is highly dependent on 

the molecular weight and functional groups of oxidized compounds, which can prolong the 

lifetime of toxic compounds in the atmosphere. There are only a few studies that have investigated 

the phase transition of particles using limited number of precursors such as oleic acid and terpenes, 

despite indoor and outdoor environments being composed of numerous, different organic 

compounds.82-83, 85, 87 Studies involving phase transition using different precursors, such as 

polycyclic aromatic hydrocarbons (PAHs) abundantly found on soot, are lacking. Thus, in order 

to study how phase transitions also plays a role in long-range transport of carcinogenic PAHs in 

the atmosphere, phase transition using different precursors must be further investigated. 

1.4.2: Phase Separation 

Atmospheric particles consist of a myriad of different organic and inorganic compounds 

that can have multiple interactions based on their molecular structures and polarity within the bulk. 

These chemical interactions often lead the particles to adopt a multiphase system in which 

chemicals with similar polarity or functional groups will mix while dissimilar molecules tend to 

separate from the mixture and form a completely different phase. Imaging techniques revealed 

ambient particles can have multiphase system.74 Additionally, immiscibility of organic compounds 

with different polarities have also been observed adding complexity in our understanding of 

particle phase state. Laboratory generated polycyclic aromatic hydrocarbon (PAHs) particles with 
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viscous organic coating had significant amounts of PAHs remain unreacted in the particle exposed 

to O3 due to slow bulk diffusivity at the coating layers.88-89 These results further reveal phase states 

play an important role in long range transport of toxic compounds for multiphase systems. 

However, ambient particles are prone to chemical aging and oxidized organic compounds may 

phase separate with nonpolar parent compounds within the bulk. There are only limited number of 

studies available that investigate how phase transition and separation affect the lifetime of 

chemical species. Thus, additional work into phase transition and its effect are necessary to 

elucidate the mechanism that prolong the lifetime of toxic compounds in the atmosphere.  

1.5 Goal and Organization of the Dissertation 

 The overall goal of the dissertation is to explore which chemicals may be responsible for 

ROS formation from highway and wildfire PM in water. Ozonolysis of PAHs in solid and liquid 

multicomponent films were also investigated to better understand how phase separation and 

transition can affect reaction mechanism and kinetics. 

 Chapter 2 discusses EPFR and ROS formation measurements from highway fine PM and 

its correlation with highway-related pollutants and DTT assay. We hypothesized that iron and 

copper will show a strong correlation with the formed ROS measurements, as past measurements 

suggest the sampling site is significantly influenced by non-exhaust emissions. Correlation 

analysis revealed strong correlations with EPFR and metals, while the correlation between formed 

ROS and metal was weak. This suggests metals may play an important role in stabilizing EPFR, 

and more complex chemistry may be involved in ROS generation from highway fine PM. 

Interestingly, correlation analysis showed strong correlations between ROS generated from the 

aqueous extracts of fine PM and DTT activities at one of the highways.  
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Chapter 3 is a preliminary work on EPFR and ROS generation measurements from size-

segregated wildfire PM. Only a finite amount of studies have explored the EPFR abundance and 

ROS formation from wildfire PM, despite potential ROS sources from metals and aromatic 

compounds are abundant in wildfire emission. EPFR from wildfire PM1 was found to be 

approximately ten times higher than the urban background. ·OH, O2
·-, and organic radicals were 

formed from aqueous extract of wildfire PM<1. The O2
·- was only detected in yellow aqueous 

extract of PM10 or PM1 depending on the wildfire events.  

Chapter 4 investigates the chemical kinetics between PAHs and O3 in multicomponent 

organic film. Benzo[a]pyrene (BaP) was selected for this study because BaP can be emitted from 

wide range of sources and its oxidation products are toxic. We hypothesized BaP oxidation 

products will also be immiscible with BaP due to difference in polarities in a multicomponent film. 

The experimental and modeling results show BaP is immiscible in SOA film at dry and humid 

conditions, and that it forms a surface layer at the SOA film. BaP oxidation products were also 

found to be immiscible in indoor-related liquid organic films, and that it forms a surface layer on 

top of the organic film. The surface PAHs and oxidized PAHs layer at SOA and organic liquid 

film slows the bulk diffusivity of BaP and prolong the lifetime of these toxic chemicals, 

respectively. 
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1.6 General Methods of the Dissertation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: The general schematic of how cascade impactors work is shown. (adapted from Baron 

et al.)90 

 

1.6.1 Particle Sampling 

The high-volume sampler with a PM2.5 impactor (Hi-Vol, Tisch Environmental, flow rate 

1.13 m3 min−1) and Micro-Orifice Uniform Deposit Impactor (MOUDI, TSI Incoporated, 

Shoreview, MN, USA) were used to collect fine and size-segregated PM, respectively. These 

sampling devices collect particles through an airstream starting from the opening also known as 

nozzle (Figure 1.6). Particles may stick on the impaction plate containing a filter based on their 

inertia. For sampling devices with multiple impaction plates such as MOUDI, the lighter particles 

will pass through each N stage, and the smallest particles are expected to collect at the most bottom 

stage.  
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The collection efficiency (η) of particles at each stage for MOUDI also differs depending 

on particle diameter (Dp), flow velocity (V), particle density (ρ), air viscosity (µ), and physical 

dimensions of the nozzle (Db) at each stage. The collection efficiency can be calculated with the 

equation:  

η =
DpVρ

18µ𝐷𝑏
 (eq. 3) 

 

 

 

 

 

 

 

 

 

 

Figure 1.7: MOUDI was stored in an aluminum container for sampling during the wildfire. 

 

The MOUDI was inserted into a 44” x 30” x 30” aluminum container for samples collected 

between November to December 2020 at Rowland Hall, Irvine (Figure 1.7). This container was 

used for sampling particles during the wildfire because the strong wind frequently occurred.  

The size-segregated particles were collected using MOUDI at a flow rate of 30 L min-1. 

The Hi-Vol l flow rate was calibrated at the sampling location under ambient conditions using five 

different flow rates: 1.02, 1.08, 1.13, 1.19, and 1.25 m3 min-1.  Then, the flow rate was set to 1.13 

m3 min-1 to collect fine PM at the location because the cut-off diameter of 2.5 µm is at 1.13 m3 

min-1. Figure 1.8 shows ambient particles collected at the sampling site using Hi-Vol and MOUDI.  
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Figure 1.8: Ambient particles were collected on filters using Hi-Vol (left) and MOUDI (right) at 

the highway, Anaheim.   

 

1.6.2 Filter Preparation 

Prebaked 8” × 10” micro-quartz filters and Teflon filters were loaded on filter holder and 

impactor stages, respectively. Quartz filters were baked at 550°C for 4 to 6 hours. A Hi-Vol and 

MOUDI were set up at each site and fine and size-segregated particles were collected onto quartz 

and Teflon filters, respectively. After collection, the quartz filters were wrapped in prebaked 

aluminum foil and Teflon filters were stored in Petri dishes. The filters were immediately stored 

in a freezer (-18 °C). Portions of the quartz filters collected from the sampling sites were cut using 

a circular punch with a diameter of 2.54 cm, and used for measurement of EPFRs, ROS, and DTT 

activities. A whole Teflon filter was used for EPFR measurement. Then, the filter was cut in half 

for measurements of ROS and DTT activities.  

1.6.3 Sampling Location 

Figure 1.9 shows the sampling locations where the ambient samples were collected in 

Southern California: urban site (a campus building at the University of California, Irvine (UCI), 

33°38'40.4"N 117°50'39.3"W, elevation 20 meters) and two highway sites in Anaheim (Interstate 
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5, 33°49'09.4"N 117°55'07.5"W) and Long Beach (Interstate 710, 33°51'34.0"N 118°12'01.0"W) 

within 20 meters from the highway roads. The Interstate 5 (I-5) is one of the busiest highways in 

Southern California and known as a commuter route from Orange County to the city of Los 

Angeles. The other highway site, Interstate 710 (I-710), is a major route that connects Long Beach 

and the Los Angeles city with a higher fraction of heavy-duty vehicles and known as a  heavy-

duty corridor.19 Particle filter samples were collected for 4 – 12 hours daily from 1/28/2020 to 

2/3/2020 at the Anaheim site, for 6 – 12 hours per day from 2/4/2020 to 2/10/2020 (except on 

2/9/2020) at the Long beach site, and for 8 – 11 hours at the urban site from 2/23/2020 to 2/29/2020 

(except on 2/28/2020). Samples were also collected for 2.5 - 3 days from 10/26/20 – 12/6/20 at 

UCI during the two wildfire events: Silverado Fire (10/26/20 – 11/7/20) and Bond Fire (12/2/20 – 

12/10/20). The sampling site is ~ 15 km away from the main forest fire location: Santiago Canyon.  
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Figure 1.9: Ambient samples were collected at Anaheim, Long Beach, and Irvine from January to 

March and October to November 2020. (Google, n.d.) [Google Maps directions driving from Los 

Angeles to Irvine]. 
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1.6.4. Continuous wave electron paramagnetic resonance spectrometer 

 

 

 

 

 

 

 

 

Figure 1.10: An electron has 2 spin states, and these spin states have same energy (degenerate). 

The energy of the spin states will differ once the electron is immersed in external magnetic field. 

(adopted from Weber)91-92 

 

A radical is a molecule, atom, or ion with an unpaired electron and has been extensively 

studied due to its impact in atmospheric and physiological processes. The continuous wave 

electron paramagnetic resonance (CW-EPR) spectrometer was used to measure radicals from 

ambient samples. EPR spectroscopy is based on the Zeeman Effect which splits the energy of 

unpaired electron spin states in the presence of a magnetic field.91-92 An electron is spinning charge 

subatomic particle that acts like a small magnet when it is exposed to an external magnetic field. 

A single unpaired electron can either align with the magnetic field (lower energy state) or against 

the magnetic field (higher energy state) as shown in Figure 1.10. The quantum mechanics potential 

energy of an electron (E) in interaction with the magnetic field (B0) is given:  

𝐸 =  
1

2
 𝑔 µ𝐵𝐵0 (eq. 4) 

where g also known as g-factor is a value that depends on where the unpaired electron mainly 

resides in the molecule (g = 2.0023 for a free electron) and µ𝐵 is the Bohr magneton, which the 
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natural unit of electronic magnetic moment. EPR measures the signal due to the transition of 

electron from lower energy state 𝐸 =  − 
1

2
 𝑔 µ𝐵𝐵0 to higher energy state 𝐸 =  

1

2
 𝑔 µ𝐵𝐵0 when the 

electron is exposed to continuous microwave radiation (𝜈) in the presence of a magnetic field. This 

difference in energy (ΔE) is given by:  

ΔE = ℎ𝜈 =  
1

2
 𝑔 µ𝐵𝐵0 − (−

1

2
 𝑔 µ𝐵𝐵0) =  𝑔 µ𝐵𝐵0 (eq. 5) 

The population of electron of two spin states can be estimated at a given temperature (T) by the 

Boltzmann Equation: 

𝑛𝑎𝑔𝑎𝑖𝑛𝑠𝑡

𝑛𝑎𝑙𝑖𝑔𝑛
=  𝑒−

ΔE
𝑘𝑇  (eq. 6) 

where 𝑛𝑎𝑔𝑎𝑖𝑛𝑠𝑡 is the number of electrons in the higher energy state and 𝑛𝑎𝑙𝑖𝑔𝑛 is the number of 

electrons in the lower energy state. The Boltzmann constant (k) is the constant that relates the 

energy of the system to the temperature.  

1.6.5 EPR Signal  

 

Figure 1.11: The modulation amplitude is applied to the magnetic field region where the sample 

absorbs the signal resulting in a first derivative EPR signal. The electron magnetic field is also 

influenced by the magnetic field exerted by the nucleus in a molecule. If the unpaired electron is 

influenced by nitrogen-14 isotope with a nuclear spin of 1 (for in the case of the molecule 

TEMPOL), the signal will split into three based on equation 6. (adopted from Weber)91-92 
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A typical EPR measurements begins as the magnetic field strength varies while simultaneously 

exposing the sample with a constant microwave radiation. The instrument also employs a weaker 

magnetic field ~ 35 mG as the external magnetic field (G) is scanned to the sample. This weaker 

magnetic field also known as modulation amplitude oscillate at the same frequency as the signal 

and the detector measures the change in slope of the absorption signal which eventually gives an 

output of the derivative EPR signal in the spectrum as shown in Figure 1.11.  

1.6.6 Hyperfine Interaction 

Isotope Natural Abundance (%) Nuclear Spin (In) 
1H 99.99 1

2
 

12C 98.93 0 

14N 99.63 1 
16O 99.76 0 

 

Table 1.2: Nucleus Spin of each isotope and their natural abundance. 

For a single electron immersed in a magnetic field, the excitation of electrons to the higher 

energy state will result in a single first derivate peak in the EPR spectrum. However, electrons are 

also influence by the nucleus magnetic field in a molecule and will result in a different EPR signal 

as shown in Figure 1.11. This is called hyperfine interaction and can give an additional information 

about the structure of the molecule where the electron mainly resides. The nucleus is a spinning 

charged subatomic particle and has a nuclear spin (In) which depends on the isotope. Table 1 shows 

the nucleus spin of each isotope and their natural abundance that are relevant to this dissertation.93 

The number of lines (Nl) observed in the EPR spectrum can be predicted by the equation:  

Nl = 2In + 1 (eq. 7) 

In the case of the standard that was used in this study, 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-

oxyl, also known as TEMPOL. The unpaired electron is affected by the nitrogen (14N) and oxygen 
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(16O) nuclei that have the nuclear spins of 1 and 0, respectively, and the TEMPOL measurement 

will show 3 lines in the EPR spectrum (Figure 1.11).  

1.6.7 EPR Calibration  

Figure 1.12: The spin number of the standard solution using SpinFit and Spin Count are consistent 

(left). The EPR signals of TEMPOL were integrated using Spin Count and calibration curve was 

used to quantify EPFR signal for our ambient samples. 

 

2,2-diphenyl-1-picrylhydrazl (DPPH) and 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl 

(TEMPOL) are often used as organic radical standards for EPR experiments.91 TEMPOL was 

chosen as a standard in this study because it is stable and EPR parameters to quantify TEMPOL 

are provided in the EPR embedded software model, SpinFit. The spin number quantified using 

SpinFit was also compared with the results using another EPR embedded software program 

SpinCount which provides integrated area and spin number information (Fig 1.12). The results 

obtained using both software packages closely agree and the calibration curve shown in Figure 

1.12 was used to quantify EPFR in our samples.  
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1.6.8 EPR Data Processing  

 

Figure 1.13: The chemical mechanism between radical of interest with the spin trap, BMPO. 

(Adopted from Wang et al.)94 

The EPR embedded model, SpinFit, was used to identify and quantify the ROS observed 

in our sample spectrum. The spin trap, 5-tert-Butoxycarbonyl-5-methyl-1-pyrroline-N-oxide 

(BMPO), was used to react with ROS generated by the particles in solution to form more stable 

radical (BMPO-adducts) for measurements. The SpinFit simulates the observed spectrum result 

based on the inputted parameters: g-value, linewidth, line shape, and hyperfine splitting constants. 

This model also contains a library of selected radicals that were used as a reference: BMPO-OH, 

BMPO-OOH, and TEMPOL. The Figure 1.13 shows the list of radicals that were identified and 

quantified in this work. The BMPO-R and BMPO-OR are BMPO adducts that are formed from 

reacting with carbon-centered and oxygen-centered organic radicals, respectively. The difficulty 
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of synthesizing a pure and stable organic radical standard that can be used to react directly with 

the spin trap makes it difficult to define the BMPO-R and BMPO-OR radical adducts parameters. 

The more well characterized and chemically equivalent spin trap, 3,4-dihydro-2,3-dimethyl-2H-

pyrrole 1-oxide (DMPO), has been studied with the organic radicals and similar parameters were 

used to simulate the spectrum for BMPO-R and BMPO-OR radical adducts.95-96 The parameters 

used in this study to fit the observed signals are consistent with other studies. The exact 

identification of the organic radicals is not known in this study and should be further investigated 

for future studies.  

1.6.9 Kinetic Modeling 

 

Figure 1.14: The kinetic multilayer model (KM-SUB) schematics, and this model was modified 

to study the thin film chemistry. The flux of chemical species (J) from the bulk to surface is shown 

in (b) and the red arrow indicates the chemical reactions between gas and condense-phase 

molecules. (Adapted from Shiraiwa et al)97  

 

A kinetic multi-layer model of aerosol surface and bulk chemistry (KM-SUB) was used to 

simulate the experimental data provided by our collaborator (Figure 1.14). KM-SUB explicitly 

treats mass transport and chemical reactions at the surface and in the bulk of the system of interest, 

in this study: thin film. This model consists of multiple model compartments and layers 
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respectively: gas phase, near-surface gas phase, sorption layer, quasi-static surface layer, near-

surface bulk, and a number of n bulk layers. The sorption layer is defined as the adsorption layer 

for gas-phase molecules and quasi-static surface layer is the surface layer of the thin film. The 

parameter (rp) is defined as particle radius or in this study is the total film thickness. The λxi is the 

mean free path which is the distance the molecule travels before it makes a collision. The δxi and 

δyi, is defined as the size of the gas species Xi and condense phase species Yi respectively. The δ, 

A, and V refers to the bulk thickness, area and volume of the film respectively.  

1.6.10 Brief Description of Chemical Mechanisms in the Model 

Experimental and modeling results show ozonolysis of PAHs follows the Langmuir-

Hinselwood (LH) reaction pathway, in which the O3 first adsorbs to the surface of PAHs and 

undergoes surface reaction.98-100 Past kinetic modeling work demonstrated the adsorbed O3 on 

PAH surfaces dissociates and forms a stronger chemisorbed oxygen species on the aromatic 

surface also known as reactive oxygen intermediate (ROI).81, 89, 101 This reaction mechanism was 

treated in the model to be consistent with the short lifetime (nanoseconds) of O3 on PAH surface 

calculated by the quantum mechanical calculations and explains the non-linear dependence of 

PAH decay against O3 in the experiment data.101 
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Chapter 2: Environmentally Persistent Free Radicals, Reactive 

Oxygen Species Generation, and Oxidative Potential of Highway 

PM2.5 
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2.1 Abstract 

In urban environments, vehicle exhaust and non-exhaust emissions represent important 

sources of fine particulate matter with an aerodynamic diameter less than 2.5 μm (PM2.5). This 

plays a central role in adverse health effects and oxidative stress. We collected PM2.5 filter samples 

from two highway sites (Anaheim and Long Beach, CA) and an urban site (Irvine, CA) to quantify 

environmentally persistent free radicals (EPFRs) contained in PM2.5 and generation of radical 

forms of reactive oxygen species (ROS) in water using electron paramagnetic resonance 

spectroscopy. The EPFR concentrations were 36 ± 14 pmol m-3 at highway sites, which were about 

two times higher than those at the urban site. EPFRs correlated positively with CO, NOx, and 

elemental and organic carbon, indicating that EPFRs are emitted from vehicular exhaust. Good 

correlations of EPFRs and Fe and Cu may indicate that EPFRs are stabilized by Fe and Cu emitted 

from tire and brake wears. EPFRs are negatively correlated with ozone, suggesting that 

photochemistry does not play a large role in the formation of EPFRs and possibly also indicating 

that EPFRs are quenched by ozone. Highway PM2.5 were found to generate mainly OH and organic 

radicals in the aqueous phase. The generated ROS were correlated with PM2.5 mass concentrations 

and OH radicals showed a good correlation with EPFRs, implying the role of EPFRs in aqueous 

OH radical generation. The PM2.5 oxidative potentials as quantified with the dithiothreitol (DTT) 

assay were correlated with ROS, OH and organic radicals for PM2.5 collected in Anaheim, while 

little correlations were observed for Long Beach. These findings highlighted the interplay of 

various PM redox-active chemical components and complex relationship between ROS formation 

and DTT activity. 
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2.2 Introduction 

Traffic-related emissions are one of the most important sources of particulate matter (PM) 

in urban environments. Exposure to the traffic-related fine PM is often associated with adverse 

health effects and oxidative stress.102-106 Within the past two decades, many countries have 

implemented stringent regulations leading to a significant reduction in exhaust or tailpipe 

emissions and PM mass concentrations.16, 27, 107 In contrast, non-exhaust emissions from brakes, 

tires, and road wear are currently not regulated, but their importance in urban air quality has been 

increasingly recognized.19-20, 27, 108 Correlation analyses from recent studies suggest that non-

exhaust emissions also contribute to fine PM toxicity, highlighting the importance of investigating 

relations among sources, chemical composition, and particle toxicity.19-20 Recent epidemiological 

studies have shown strong associations of long-term exposure to non-tailpipe emissions with 

respiratory and cardiovascular diseases.26, 109 

Ambient PM contains particle-bound free radicals, so-called environmentally persistent 

free radicals (EPFRs); in contrast to common free radicals with short lifetimes, EPFRs in 

atmospheric particles can persist for days or longer.46, 55-56, 110 EPFRs may originate from both 

primary and secondary sources. Previous studies have found that particles emitted from coal 

combustion, traffic, and dust contain large amounts of EPFRs.111-113 The chemical identity of 

EPFRs generated from incomplete combustion can be semiquinone, phenoxyl, and 

cyclopentadienyl radicals formed by thermal decomposition of organic precursors on metal-

containing particles.58, 114 EPFRs can also be formed in secondary processes such as heterogeneous 

oxidation of polycyclic aromatic hydrocarbons (PAHs) by ozone59, 115 and oxidation of 

naphthalene followed by the formation of secondary organic aerosols (SOA).116  
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PM toxicity is related to its ability to cause oxidative stress13, 117-118 by the formation of 

reactive oxygen species (ROS) upon inhalation and respiratory deposition of PM.119-120 ROS 

include hydroxyl radical (OH▪), superoxide radical (▪O2
-), hydrogen peroxide (H2O2), and organic 

radicals, which can deplete antioxidants and induce oxidative damage to lipids and tissues.28, 37, 109, 

120 PM contains redox-active components including quinones and transition metals,45, 121-123 which 

can generate ROS via Fenton(-like) reactions, quinoid redox cycling, and decomposition of 

organic hydroperoxides.39, 57, 116, 124-126 EPFRs are also shown to catalytically generate ROS by 

redox reactions.57, 124, 127 

Oxidative potential of PM represents the redox activity of particles to generate ROS. One 

of the most commonly used methods to quantify PM oxidative potential is the dithiothreitol (DTT) 

assay.71, 128-129 This method is sensitive to quinones,130 transition metals,68, 71, 131 humic-like 

substances (HULIS)132-133 and it has also successfully applied to SOA formed by oxidation of 

naphthalene,116, 134-136 toluene,137 and isoprene SOA.132-133, 138 Both exhaust and non-exhaust 

emissions have been identified as important sources contributing to PM DTT activities.139-144 

Studies have shown associations of DTT activities with various health outcomes,68, 145-147 

suggesting that controlling oxidative potential would add another dimension to the regulation of 

aerosol health effects in addition to reducing PM mass concentrations.143 Note that DTT is not a 

physiological antioxidant in the human body and the robustness of the DTT assay in predicting 

PM health effects is still to be established. The similarity in PM chemical contributors to EPFRs, 

ROS generation, and DTT activities implies possibly close associations among them, but the link 

and interplay among them for causing oxidative stress are still unclear and warrant further 

investigations.  
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Traffic-related emissions contain high levels of EPFRs, quinones, and transition metals, 

providing a good source to study such associations to understand the contribution from exhaust 

and non-exhaust emissions. In this study, ambient PM with an aerodynamic diameter less than 2.5 

μm (PM2.5) was collected using a high-volume PM2.5 sampler at highway sites in Anaheim and 

Long Beach as well as at an urban site in Irvine (all sites in Southern California, USA). The past 

chemical analyses at these locations have shown that the vehicle emissions cause poor air 

quality.19-20 Particle-bound EPFRs were measured using a continuous wave electron paramagnetic 

resonance (EPR) spectrometer. The generation of ROS was quantified by extracting the particles 

in water and analyzing the extracts using EPR coupled with a spin-trapping technique. The DTT 

activity was measured by monitoring the consumption of DTT over time in PM2.5 total extracts 

including the water-soluble and -insoluble fractions (hereafter called “total DTT activity”). We 

measured PM chemical components including organic carbon (OC), elemental carbon (EC), and 

transition metals. Gaseous pollutants including ozone (O3), nitrogen monoxide (NO), nitrogen 

dioxide (NO2), and carbon monoxide (CO) were also obtained. The correlations of EPFRs, ROS 

generation, and total DTT activity as well as PM2.5 mass concentration were investigated for better 

understanding of aerosol health effects and oxidative stress by PM from traffic-related emissions.  
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2.3 Materials and methods 

2.3.1 PM Collection. A high-volume sampler (Hi-Vol, Tisch Environmental, flow rate 1.13 m3 

min-1) was used to collect ambient PM2.5 onto prebaked 8” × 10” micro-quartz filters at an urban 

site (a campus building at the University of California, Irvine, 33°38'40.4"N 117°50'39.3"W, 

elevation 20 meters) and two highway sites in Anaheim (Interstate 5, 33°49'09.4"N 117°55'07.5"W) 

and Long Beach (Interstate 710, 33°51'34.0"N 118°12'01.0"W) within 20 meters from the highway 

roads. The Interstate 5 (I-5) is one of the busiest highways in Southern California and known as a 

commuter route from Orange County to the city of Los Angeles. The other highway site, Interstate 

710 (I-710), is a major route that connects Long Beach and the Los Angeles city with a higher 

fraction of heavy-duty vehicles and known as heavy-duty corridor.19 Particle filter samples were 

collected for 4 – 12 hours daily from 1/28/2020 to 2/3/2020 at the Anaheim site, for 6 – 12 hours 

per day from 2/4/2020 to 2/10/2020 (except on 2/9/2020) at the Long beach site, and for 8 – 11 

hours at the urban site from 2/23/2020 to 2/29/2020 (except on 2/28/2020). Field blanks were 

collected every other day at each site. After the collection, all filters were wrapped in a prebaked 

aluminum foil and immediately stored in a freezer (-18 °C). Portions of the filters collected from 

the highway sites were cut using a circular punch with a diameter of 2.54 cm, and used for 

measurement of EPFRs, ROS, and DTT activities. Those from the urban sites were analyzed for 

EPFRs. Measurements of EPFRs, ROS, and DTT on each filter was repeated 3 – 5 times. EPFR 

measurements were conducted within two weeks of sample collection and ROS and DTT 

measurements were conducted within 4 – 6 months. Note that EPFRs are stable at least a year after 

collection (Fig. 2.2). Additionally, PM2.5 samples were collected on one 47 mm Teflon-membrane 

filter and two 47 mm quartz-fiber filters in parallel using a medium-volume sampler with a Bendix 

Model 240 PM2.5 cyclone at both highway sites. These filters were used to determine PM mass, 
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metals, OC, and EC at the highway sites. The sampling flow rate was 37.7 L min-1 for each filter 

channel and the sampling duration was four hours covering the following periods: 6:00 – 10:00, 

10:00 – 14:00, and 14:00 – 18:00. The total sampling periods overlapped with the Hi-Vol sampling 

periods. The Teflon-membrane filters were analyzed for PM2.5 mass and metal while the quartz 

fiber filters were analyzed for OC and EC.148 

2.3.2 Environmentally Persistent Free Radicals (EPFRs). One or two circular punches from 

each filter sample was inserted into a quartz tube (9.17 mm I.D., SP Wilmad-LabGlass) for EPFR 

measurements using a continuous-wave electron paramagnetic resonance (CW-EPR) spectrometer 

(EMXplus, Bruker, Germany). The following parameters were used in EPR: a microwave 

frequency of 9.65 GHz; a microwave power of 36.18 mW (8 dB); a modulation frequency of 100 

kHz; a modulation amplitude of 1.0 G; a receiver gain of 40 dB; a time constant of 10.24 ms; and 

a magnetic field scan of 1623.06 G. Ambient concentrations of EPFRs are presented as EPFR per 

volume of air (EPFRv, pmol m-3) and per mass of PM2.5 (EPFRm, pmol μg-1). Paramagnetic 

species are characterized based on their g factor values: free electrons have a g factor value of 

2.0023 and organic radicals have slightly higher values depending on the number of oxygen atoms 

in the molecule.58 

2.3.3 Reactive Oxygen Species (ROS) Generation. EPR combined with a spin-trapping 

technique was applied to detect radicals in the aqueous particle extracts. Two circular punches 

from each filter sample were extracted in 1.3 mL of 10 mM spin-trapping agent 5-tert-

butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO) in Millipore water (>18 Ω cm-1) for 8 – 

10 minutes using an analog vortex mixer (VWR International LLC) and both water-soluble and 

insoluble compounds must have been extracted.  The extracts were then concentrated by 5 to 20 

times through blowing under N2 gas for 10 – 13 minutes. The remaining solution was inserted into 
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a 50 µL micropipette and measured within 25 minutes from extraction. The EPR parameters used 

for ROS measurement were the same as those for EPFRs except: a microwave frequency of 9.86 

GHz, a microwave power of 21.17 mW (10 dB); a time constant of 20.48 ms; a modulation 

amplitude of 2.0 G and a magnetic field scan of 150.0 G. The SpinFit and SpinCount modules in 

the Xenon software were applied to simulate each EPR spectrum to identify and quantify different 

radical adducts in the extracts. Data are normalized to the sampled volume of air (ROSv, pmol m-

3) and PM2.5 mass (ROSm, pmol μg-1). 

2.3.4 Total Dithiothreitol (DTT) Activities. Two circular punches from each filter sample were 

extracted in 7 mL of Millipore water for 8 – 10 minutes using the vortex mixer. The DTT assay 

was conducted on the extracts and the filter following the same DTT protocol in Gao et al. 

(2017).149 The measured total DTT activities include the contributions from both the water-soluble 

and water-insoluble fractions. In brief, 7 mL of the extracts and the filter were incubated at 37 °C 

with 2 mL potassium phosphate buffer and 1 mL DTT (1mM) and shaken continuously in a 

ThermoMixer (Eppendorf North America, Inc.). At specified time points (5, 10 ,15, 20, 25 min), 

a small aliquot (100 µL) of the incubated mixture was withdrawn and mixed with 1 mL 

trichloroacetic acid to quench the consumption of DTT. The quenched mixture was further mixed 

with 2mL Tris buffer (0.08 M with 4 mM EDTA (ethylenediaminetetraacetate)) and 0.5 mL of 

DTNB (0.2 mM, 5,5’-dithiobis-(2-nitrobenzoic acid)). 1 mL of this mixture was diluted with 9.5 

mL of water and filtered using a 0.22 µm pore syringe filter (Millex). The filtered solution was 

immediately measured for absorbance at 412 nm and 700 nm wavelength using the Liquid 

Waveguide Capillary Cell with an optical path length of 100 cm (World Precision Instruments, 

Inc.) coupled to the ultraviolet-visible spectrophotometer (DH-MINI, Ocean Optics, Inc.) and the 

multi-wavelength light detector (FLAME-T-UV-VIS-ES, Ocean Optics, Inc.). The total DTT 
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activities were calculated from the linear regression of absorbance versus time, and presented as 

the total DTT activities per volume of air (total DTTv, pmol min-1 m-3) and per mass of PM2.5 (total 

DTTm, pmol min-1 μg-1).150 

2.3.5. Gaseous Pollutants. Real-time online measurements of gaseous pollutants were conducted 

at both sites. CO was measured with the Teledyne Model 300E CO analyzer every minute. NO 

and NO2 were measured with an ECO Physics CLD 60 analyzer. Hourly O3 was obtained from 

SCAQMD Long Beach - Signal Hill (33°47'37.4"N 118°10'15.7"W) and Anaheim - Loara School 

(33°49'50.2"N 117°56'18.6"W) sites (https://ww2.arb.ca.gov/). 

2.3.6. PM2.5 Mass and Metals. Blank and exposed Teflon-membrane filters for the medium-

volume sampler were equilibrated in a clean room with controlled temperature (21.5 ± 1.5 °C) and 

relative humidity (35 ± 5%) for > 24 hours before mass determination by gravimetry. Filters were 

weighed before and after sampling with a ±1 µg sensitivity microbalance (XP6, Mettler 

Toledo,LLC) to obtain gravimetric PM2.5 mass.151 Teflon-membrane filters were then analyzed for 

51 elements (from sodium to uranium) by high sensitivity energy-dispersive X-ray fluorescence 

(XRF, Panalytical Epsilon 5).152 Iron (Fe) and copper (Cu) are selected to discuss in this work, as 

they are known to be redox-active to cause ROS formation.  

2.3.7. OC and EC. OC and EC were quantified from the quartz-fiber filters collected by the 

medium-volume sampler. The analysis followed the IMPROVE_A thermal/optical protocol using 

a multi-wavelength OC/EC analyzer (DRI Model 2015, Magee Scientific).153-155 The table 2.1 lists 

the average concentration of selected pollutants measured at both highways in Anaheim and Long 

Beach. 
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Table 2.1. Average concentrations (±standard deviations) of OC, 

EC, O3, NO, NO2, CO, and metals at the Long Beach and 

Anaheim sites 

  Long Beach Anaheim 

OC, µg m-3 3.14 ± 1.10 3.39 ± 0.99 

EC, µg m-3 1.83 ± 0.58 1.48 ± 0.38 

O3, ppb 13.8 ± 12.8 9.4 ± 6.2 

NO, ppb 33.3 ± 21.2 38.2 ± 12.4 

NO2, ppb 21.9 ± 7.0 24.4 ± 5.4 

CO, ppm 0.56 ± 0.21 0.90 ± 0.15 

Fe, µg m-3 0.47 ± 0.16 0.68 ± 0.22 

Cu, µg m-3 0.02 ± 0.01 0.03 ± 0.01 
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2.4 Results and discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: (a) Typical EPR spectra of a quartz blank filter and ambient PM2.5 containing EPFRs. 

(b) The observed EPR spectrum (black) of the aqueous extracts of PM2.5 collected at a highway 

site and the simulated spectrum (green) by deconvolution into OH radicals (red) and carbon-

centered radicals (blue) trapped by spin-trapping agent BMPO. The vertical dashed lines indicate 

the position of each peak for BMPO-OH and BMPO-R adducts. (c) Averaged fractions of OH and 

carbon-centered radicals (R) as trapped by BMPO in aqueous extracts of PM2.5 collected at 

highway sites in Anaheim and Long Beach.  

 

2.4.1 Environmentally Persistent Free Radicals  

Figure 2.1 (a) shows an example of EPR spectrum of the PM2.5 particles and a blank filter. 

The EPR spectrum of ambient PM2.5 particles exhibits a large signal with a g-factor of 2.0027 ± 

0.0001 and a peak-to-peak distance of 4.4 ± 0.7 G, which are consistent with previously reported 

values for EPFRs and characteristics for semiquinone-type radicals.55, 126, 156 The drift in the 
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spectrum in particle samples as opposed to the flat spectrum of the blank filters is likely due to the 

presence of transition metals.57, 157  

 

 

 

 

 

 

 

 

 

Figure 2.2: EPR spectra of PM2.5 from a selected sample collected at Long Beach measured on 

2/27/2020 and 2/19/2021, showing stability of EPFRs.  

 

Figure 2.2 shows EPR measurements of the filter after roughly one year of storage at -18 ℃ 

show that the signals were almost unchanged, indicating the persistency of EPFRs. This is 

consistent with previous studies showing that some portions of EPFRs have lifetime longer than 

months to indefinite56 as semiquinone-type  radicals can be stabilized by their adsorption into a 

polymeric carbonaceous core of PM 158 or by electron transfer with transition metals.110 In addition, 

a very recent study demonstrated the formation and stabilization of carbon-centered radicals in 

organic aerosols containing Fe ions.159 

 Figure 2.3 shows the average EPFRv and EPFRm concentrations at the highway and urban 

sites in comparison to those from other studies using the same analytical method. The two highway 

sites have similar levels of EPFRv (40  11 and 31  20 pmol m-3 at Anaheim and Long Beach, 

respectively) and are more than twice higher than EPFRv at the urban site (14  12 pmol m-3). The 

EPFRm at Anaheim (3.5  1.0 pmol μg-1) is higher than that at Long Beach (2.1  1.4 pmol μg-1). 
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Compared to reported values on EPFR concentrations at near-road and urban environments in US, 

Europe, and Asia, EPFRs at near-road sites are generally higher than those from urban background 

environments, except two studies reporting high levels of EPFRs in Linfen and Jinan, highly 

polluted urban cities in China.113, 160 This suggests that EPFRs are likely associated with traffic-

related emissions, consistent with many earlier studies.114, 156, 160-161   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Air-volume- and PM2.5-mass-normalized concentrations of EPFRs and ROS as well 

as total DTT activities of PM2.5 collected at two highway sites and an urban site, CA, in comparison 

to ambient data from previous studies including Squadrito et al. (2001),47 De Vizcaya-Ruiz et al. 

(2006),162 Ntziachristos et al. (2007),163 Gehling and Dellinger (2013),56 Shaltout et al. (2015),164 

Charrier et al. (2015),165 Arangio et al. (2016),55 Shirmohammadi et al. (2017),19 Gao et al. 

(2017),149 Chen et al. (2018),113 Tong et al. (2019),125 Tong et al. (2020),40, 43 and Chen et al. 

(2020).160 Data in this study were averaged concentrations with error bars representing daily 

variability calculated from the standard deviations of the averaged data. Data from winter seasons 

(November to March) from previous studies were selected for comparisons. Markers with bars 

(Linfen, Mexico City) denote the range of ambient concentrations and markers with error bars are 

either reported values or estimated from previous studies.   
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Figure 2.4 shows the correlation between EPFRv and gaseous pollutants including CO, NO, 

NO2, and O3 as well as PM2.5 components including OC, EC, and metals (Fe, Cu) at both highway 

sites. Summaries of correlation coefficients and p-values are given in Table 2.2 and 2.3. Note that 

the error bars on chemical species reflect the viability in their ambient concentrations which are 

averaged over the sampling time (e.g., 12 hours) of the PM2.5 sampler. For both sites EPFRs show 

good positive correlations with a combustion marker CO and a traffic-emission marker NO. The 

strong positive correlations of EPFRs with soot particle EC suggest that EPFRs are likely 

associated with diesel exhaust particles.50 A recent study showed that EPFRs measured from the 

PM3.3 collected in China have a positive correlation with EC in winter and their source-receptor 

modeling suggested that EPFRs are mainly emitted from coal combustion.160 In our study, the EC 

to TC (total carbon) ratio is slightly higher at the Long Beach site (0.37  0.03) compared to the 

Anaheim site (0.31  0.04), while the EC to CO ratio is much higher at the Long Beach site (3.4  

0.6 μg m-3 ppm-1) than the Anaheim site (1.7  0.3 μg m-3 ppm-1). Diesel engines are known to 

emit less CO and more black carbon (BC), yielding higher EC fractions and EC to CO ratios.166 

The higher EC fractions and EC to CO ratios at the Long Beach site are consistent with the I-710 

freeway serving as a major corridor accommodating a high volume of heavy-duty diesel trucks 

daily, while the I-5 freeway (Anaheim) has mainly light-duty vehicles fleet.167  
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Figure 2.4: Correlations between volume-normalized EPFR concentrations and gaseous pollutants 

(CO, O3, NO, NO2) and chemical components (OC, EC, Fe, Cu) measured at the Anaheim and 

Long Beach highway sites. The error bars on EPFRs represent the standard deviations of multiple 

measurements. The error bars on gaseous pollutants are standard deviations of online 

measurements. The error bars for OC, EC, and metal measurements represent variability of their 

ambient concentrations and also are propagated from analytical and sampling volume uncertainties 

in these measurements.  
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Table 2.2. Correlation coefficient (r2) of fine particle OP, ROS, and DTT 

activities with PM2.5 mass and selected chemical species at two highway sites. 

  

Anaheim Long Beach 

EPFR DTT ROS OH. R.  EPFR DTT ROS OH. R.  

EPFR 1.00 
    

1.00 
    

DTT 0.03 1.00 
   

0.01 1.00 
   

ROS 0.02 0.91 1.00 
  

0.50 0.14 1.00 
  

OH. 0.12 0.71 0.83 1.00 
 

0.73 0.07 0.81 1.00 
 

R.  0.00 0.85 0.90 0.54 1.00 0.26 0.16 0.90 0.52 1.00 

PM2.5 0.12 0.20 0.26 0.54 0.08 0.37 0.39 0.95 0.76 0.98 

CO 0.47 0.07 0.14 0.31 0.05 0.67 0.13 0.75 0.95 0.45 

O3 0.20 0.13 0.22 0.21 0.17 0.66 0.01 0.47 0.87 0.18 

NO  0.57 0.19 0.16 0.28 0.08 0.42 0.06 0.50 0.34 0.51 

NO2 0.10 0.10 0.07 0.01 0.21 0.60 0.08 0.41 0.66 0.20 

OC 0.05 0.07 0.02 0.02 0.12 0.56 0.15 0.56 0.86 0.28 

EC 0.52 0.00 0.00 0.00 0.00 0.80 0.06 0.86 0.93 0.62 

Cu 0.81 0.00 0.01 0.07 0.01 0.30 0.00 0.53 0.30 0.60 

Fe 0.79 0.05 0.08 0.29 0.01 0.24 0.00 0.43 0.17 0.58 

 

Table 2.3. p-value of correlations of fine particle OP, ROS, and DTT activities with 

PM2.5 mass and selected chemical species at two highway sites. 

  

Anaheim Long Beach 

EPFR DTT ROS OH. R.  EPFR DTT ROS OH. R.  

EPFR 
          

DTT 0.724 
    

0.871 
    

ROS 0.740 0.001 
   

0.117 0.472 
   

OH. 0.439 0.017 0.004 
  

0.031 0.622 0.014 
  

R. 0.986 0.003 0.001 0.059 
 

0.299 0.427 0.004 0.108 
 

PM2.5 0.446 0.313 0.239 0.061 0.550 0.277 0.262 0.005 0.052 0.001 

CO 0.131 0.619 0.468 0.253 0.670 0.045 0.479 0.027 0.001 0.142 

O3 0.315 0.434 0.289 0.296 0.353 0.048 0.852 0.130 0.007 0.400 

NO  0.084 0.385 0.429 0.280 0.597 0.168 0.644 0.115 0.223 0.112 

NO2 0.540 0.543 0.619 0.842 0.355 0.072 0.587 0.167 0.051 0.379 

OC 0.617 0.578 0.749 0.777 0.446 0.087 0.454 0.087 0.008 0.284 

EC 0.066 0.892 0.995 0.958 0.953 0.017 0.641 0.007 0.002 0.062 

Cu 0.006 0.973 0.861 0.561 0.880 0.258 0.947 0.099 0.264 0.069 

Fe 0.008 0.614 0.527 0.211 0.879 0.325 0.971 0.154 0.424 0.077 
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At the Anaheim site, EPFRs are strongly correlated with Fe (r2 = 0.79) and Cu (r2 = 0.81). 

Fe and Cu are important metals emitted from tire or brake wear.168 Both metals are more abundant 

at the Anaheim site than the Long Beach site (Table 2.1). The metal concentrations are found to 

be higher at the Anaheim site than the Long Beach site. Studies have shown that EPFRs are often 

associated with metals during combustion processes.58, 114 PAHs can be oxidized and chemisorbed 

to the surface of metal particles to form EPFRs on the surface of particles.110, 156 A recent study on 

chemical measurements on tire-wear particles showed that toxic quinones can be found in the tire-

wear extracts.169 The strong correlation of EPFRs with these metals may suggest that EPFRs at the 

Anaheim site are stabilized by interacting with transition metals such as Fe and Cu under ambient 

conditions.  

The EPFRs measured at both highway sites show negative correlation with O3, which may 

be stemmed from a negative correlation of O3 with NO owing to the O3 titration by NO (as NO 

correlates positively with EPFR). It may indicate that EPFRs are quenched by O3 to form closed-

shell organic compounds, which is in line with previous computational simulations suggesting that 

stabilized Criegee intermediates can react with ozone to form stable organic compounds.170 It is 

however in contrast to previous studies showing that heterogeneous ozonolysis of PAHs can lead 

to the formation of persistent radicals.59, 115 Weak positive relationships of EPFRs with solar 

radiation were observed previously56 and a recent study also demonstrated that visible-light 

exposure of EPFRs contained in PM2.5 can enhance the EPFR concentration and generate more 

oxidized organic radicals.126 Laboratory experiments have shown that EPFRs formed from 

ozonolysis of PAHs decayed upon exposure to elevated concentrations of NO2,
59 but negative 

correlations of EPFR and NO2 are not observed in this study. A previous study has shown that the 

lifetime of EPFRs contained in naphthalene SOA is longer under dry conditions,116 but we do not 
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observe a correlation between EPFRs and relative humidity as shown in Figure 2.5 (r2 ≤ 0.18). 

There may be complex competing effects for the fate of EPFRs by solar radiation, ambient 

conditions and interactions with oxidants. While our observations suggest that photochemical and 

secondary processes may not play a large role in the formation of EPFRs at these two highway 

sites, further laboratory studies are warranted to investigate interactions of EPFRs with gaseous 

pollutants to gain mechanistic understanding. 

 

 

 

 

 

 

 

 

Figure 2.5: Correlation of EPFRs and relative humidity at Anaheim and Long Beach sites. 

2.4.2 ROS Generation in Water and Relations with EPFRs and PM2.5 Mass 

Figure 2.1 (b) shows an example of the observed EPR spectrum (black) of the aqueous 

extracts of PM2.5 collected at the Anaheim site. The EPR spectrum is composed of several peaks, 

indicating contributions from different types of radicals. The simulated EPR spectrum (green) 

reproduced the observed spectrum (black) very well and can be deconvoluted into four- and six-

line signals due to the hyperfine splitting of BMPO-OH and BMPO-R adducts, respectively. It 

indicates that ambient PM2.5 collected from the two highway sites form mainly OH and carbon-

centered organic radicals upon interaction with water. Note that Fe(III) is known to withdraw an 

electron from nitric oxide spin trap and induce positive BMPO-OH artifacts.44, 171 However, Fe(III) 

in atmospheric particles is likely largely complexed with organic ligands,172 and our experiments 
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show that complexation leads to the stark suppression of BMPO-OH signals from Fe(III) (Figure 

2.6); hence, such artifacts are likely to be minimum in our measurements.  

 

 

 

 

 

 

 

 

 

 

Figure 2.6: EPR spectra of mixtures of BMPO and Fe(III) (red line) as well as BMPO, Fe(III), 

and oxalic acid (OA) with the Fe(III):OA ratio of 1:3. It shows that the BMPO-OH signal is 

strongly suppressed upon complexation of Fe(III) with OA. 
 

Figure 2.1 (c) shows the fraction of OH and carbon-centered radicals to total ROS is 

approximately 40% and 60%, respectively. Arangio et al. (2016) reported that OH and carbon-

centered radicals contributed 10 – 87% and 9 – 62% of total radical forms of ROS, respectively, 

in Mainz, Germany.55 Tong et al. also found large contributions from OH (20 – 50%) and organic 

radicals (35 – 80%) in ambient particles in multiple cities.43, 125 ROSv and ROSm concentrations 

are similar at both highway sites to be ~10 ( 5) pmol m-3 and 0.8 ( 0.2) pmol μg-1, respectively 

(Figure 2.3). Comparison of reported values from other studies shows that ROSv and ROSm from 

highway sites are higher than urban environments, suggesting that traffic-related emissions play 

an important role in ROS formation, although more studies on different locations are needed to 

provide better statistics.  
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Figure 2.7 (a) shows that total ROSv concentrations have a moderate positive correlation 

with PM2.5 mass concentrations (r2 = 0.59) at both highway sites, with the exclusion of one outliner 

from the measurement on 2/8/2020 at the Long Beach site (red triangle). This day has the highest 

relative humidity (RH = 95%) and is the only foggy day recorded during the campaign. The PM2.5 

concentration on this day reaches up to 35 μg m-3, much higher than the other sampling days with 

mass concentrations less than 20 μg m-3, while the ROS concentration on this day is within the 

range of other sampling days. PM2.5 nitrate was the chemical composition with the largest increase 

(13.5 µg m-3) on that day. It is likely that the foggy environment provided a favorable condition 

for aqueous chemistry to produce chemical compounds that add to the mass but did not contribute 

to ROS generation.173 A recent study found that ROSv generated from fine PM showed a positive 

correlation with PM mass concentrations at forest sites (Amazon and Hyytiälä) and urban cities in 

China (Beijing, Guangzhou, Shanghai, and Xi’an).125 Another study found that the superoxide 

generated from fine PM in Beijing also showed a positive correlation with PM2.5 mass 

concentration in winter.174  

Figure 2.7 (b) shows that OH radicals have a positive strong correlation with the EPFRs at 

the Long Beach site (r2 = 0.73). OH radicals are also positively correlated with primary vehicle 

exhaust source markers including CO and EC, and negatively correlated with O3 (Figure 2.8). This 

may suggest that OH radicals stem from the similar sources as EPFRs or are generated from EPFRs. 

In fact, past studies have shown that EPFR-containing combustion generated particles and 

atmospheric PM2.5 can generate OH radicals in aqueous solutions.57, 124, 127  OH radicals and EPFRs 

at the Anaheim site also show a positive, but much weaker (r2 = 0.12) correlation, indicating that 

additional sources such as Fenton(-like) reactions and aqueous-phase decomposition of organic 

hydroperoxide44 may contribute to OH formation at the Anaheim site. A slightly higher correlation 
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between Fe and OH radicals is observed at the Anaheim site (r2 = 0.29) compared to the Long 

Beach site (r2 = 0.17) (Figure 2.7 (c)). 

 

 

 

 

 

 

 

 

Figure 2.7: Correlations between (a) radical forms of ROS in the aqueous PM2.5 extracts and PM2.5 

mass concentrations, (b) OH radicals in the aqueous PM2.5 extracts and EPFR, and (c) OH radicals 

in the aqueous PM extracts and Fe. A red triangle in panel (a) denotes the measurement on Feb. 8, 

2020 at Long Beach, which is considered as an outliner (see text). The error bars on ROS, OH, 

EPFR represent the standard deviations of multiple measurements, and those on PM2.5 and Fe are 

propagated from analytical and sampling volume uncertainties in these measurements.  

 

 

 
 

 

 

 

 

 

 

Figure 2.8: Correlation of OH generated from the aqueous extracts of PM2.5 with EC, OC, CO, 

and O3 measured at the Long Beach site. 

2.4.3 DTT Activities and Relation with ROS Generation 

 The two highway sites have similar levels of total DTT activities (Figure 2.3) and the 

average total DTTv and DTTm are ~0.47 nmol min-1 m-3 and ~37 pmol min-1 μg-1 respectively. 



50 
 

These values are similar or slightly higher than previous measurements at highway or road sites.19, 

149, 165 Interestingly, the total DTTv activities at the Anaheim are strongly correlated with ROSv 

(r2 = 0.91, Figure 2.9 (a)). For individual ROS species, the correlations of total DTTv with organic 

radicals (r2 = 0.85, Figure 2.9 (b)) are stronger than OH radicals (r2 = 0.71, Figure 2.9 (c)), 

suggesting that the DTT decay and the formation of organic radicals are contributed by similar 

organic compounds. This is consistent with a recent study reporting that organic hydroperoxides 

can consume DTT.137 The lower correlation of total DTTv activities with OH radicals is expected 

as the DTT assay is less sensitive to Fe, which plays a large role in generating OH radicals through 

Fenton chemistry.120 There is little correlation between total DTTv activities and ROSv or 

individual species at the Long Beach site (r2 ≤ 0.16, Figure 2.9).  

 

 

 

 

 

 

 

 

Figure 2.9: Correlation of total DTT activities with concentrations of (a) radical forms of ROS, 

(b) carbon-centered radicals (R.) and (c) OH radicals formed in aqueous extracts of PM2.5 collected 

at the Anaheim and Long Beach sites. 

 

A recent study found that secondary inorganic components, crustal material and biogenic 

secondary organic aerosols control PM mass concentrations, while oxidative potential is associated 

mostly with anthropogenic sources, in particular with residential biomass burning and metals from 

vehicular non-exhaust emissions.143 Our previous study applied kinetic modeling119 to estimate 

ROS formation from measured chemical components including OC, metals, and quinones, and the 
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results showed that the measured water-soluble DTT activities are correlated with the modelled 

formation rates of H2O2 and superoxide radicals.120 The mixed results in this study provide 

promising but cautious implications from ambient data that DTT activities could represent ROS 

generation, but further studies are necessary to improve a mechanistic understanding of 

associations among DTT activities, ROS formation, and oxidative stress. Other OP assays such as 

ascorbic (AA) or glutathione (GSH) assays that measure the consumption of antioxidants could 

also be used to assess the relations of OP with ROS generation in future studies.    

2.5 Conclusions 

 Exhaust and non-exhaust emissions contribute to ambient fine particulate matter, posing 

health risks. We collected PM2.5 particles from highway and urban sites in Southern California and 

measured EPFRs, ROS generation, and total DTT activities. We find that PM2.5 at highway sites 

contain substantial amounts of EPFRs with about two times higher concentrations than the urban 

site. Highway PM2.5 is found to mainly generate OH and carbon-centered radicals upon extraction 

into water. Positive correlations of EPFRs with vehicle exhaust markers (CO, NO and EC) and 

non-exhaust markers (Fe and Cu) suggest that EPFRs are associated with diesel exhaust particles 

and they are semiquinone-type radicals stabilized by transition metals. Negative correlations of 

EPFRs with O3 suggest the minor role of photochemistry on EPFR formation. We also find 

interesting links among EPFRs, ROS generation, and total DTT activities at the highway sites. 

EPFRs show a strong positive correlation with aqueous OH radical formation at one highway site, 

suggesting that EPFRs are redox-active to generate OH radicals in water. The atmospheric 

persistency of EPFRs and their ability to generate OH radicals make them highly relevant in 

studying the health impacts of highway emissions. The formation of radical forms of ROS is 

positively correlated with PM2.5 mass concentrations and total DTT activities at one highway site, 



52 
 

providing rationale of the use of oxidative potential as an additional indicator of PM toxicity other 

than PM mass concentrations. As such correlation is weak at another site with different sources, 

further measurements with longer period of sampling times and also at various locations with 

different sources are necessary to better understand the associations of EPFRs, ROS generation, 

and DTT activities with oxidative stress induced by atmospheric particulate matter and its adverse 

effects on human health. 
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Chapter 3: Environmentally Persistent Free Radicals and Reactive 

Oxygen Species Generation Measurements from Wildfire Size-

Segregated Particulate Matter  
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3.1 Abstract 

 The toxicity and health effects of particulate matter (PM) emitted by wildfires have yet to 

be fully elucidated. A hypothesis for the underlying mechanism of adverse health effects is 

oxidative stress induced by reactive oxygen species (ROS) generated from wildfire PM. The 

wildfire PM contains iron, copper, and environmentally persistent free radicals (EPFRs).  These 

chemicals can generate ROS in water, but only a limited amount of studies have explored ROS 

formation associated with the chemical components in wildfire PM. In this study, EPFRs and ROS 

generated in aqueous extracts of size-segregated particles collected during the two Southern 

California wildfires using electron paramagnetic resonance (EPR) spectrometer. The ambient 

EPFR concentration in PM1 was found to be approximately ten times higher during the wildfires 

compared to the urban background. Depending on the fire events, four different types of ROS 

(OH·, O2
·-, carbon-centered and oxygen organic radicals) were generated from aqueous extracts 

PM1 or PM10. OH· and carbon-centered organic radicals were formed from aqueous extracts of 

coarse particles. O2
·- was only detected in yellow-brownish aqueous wildfire PM extracts, which 

suggests redox-active components in brown carbon may be responsible for O2
·- formation. These 

results indicate that the urban and wildfire PM redox-active chemical components differ, and 

further investigations on linking chemical components and ROS formation from the wildfire PM.    
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3.2 Introduction 

Wildfires are becoming more intense and occurring more frequently in various parts of the 

world.4, 9 Most notably between 2019 and 2020, western parts of the United States, Siberia, and 

Australia faced some of the worst wildfire disasters in modern history. Wildfires are projected to 

increase with climate change, which causes great concern regarding the wildfires’ effects on air 

quality and public health.21, 175 Exposure to intense wildfire emissions is well known to exacerbate 

asthma, and an increase in hospital admissions associated with asthmatic condition after heavy 

smoke exposure has been reported.176-177  The toxicity mechanism in asthma associated with 

wildfire exposure continues to be explored.  One of the plausible mechanisms involves oxidative 

stress induced by reactive oxygen species (ROS) generated from wildfire particulate matter 

(PM).31, 178-179 

Wildfire PM contains iron, copper, and redox-active quinones, which are potential sources 

of ROS.31, 176, 178 A study conducted in Singapore reported iron concentration to have roughly 

doubled during the bushfire events when compared to the concentration levels in Singapore’s 

urban background. This study revealed hydroxyl radicals can be generated from wildfire PM in 

aqueous solution via Fenton-reaction with iron.178  PAHs and molecules containing aromatic 

groups such as HUmic-LIke Substances (HULIS) are also present in wildfire PM and can be redox-

active if oxidized.52-54 The oxidized aromatic group can potentially form semiquinone and generate 

superoxide anion radical from wildfire PM.52, 54 ROS generation from specific chemical 

components in wildfire PM have yet to be thoroughly understood and needs to be further 

explored.30  

  Environmentally persistent free radicals (EPFRs) are free radicals that are reportedly 

formed from oxidation of phenol, hydroquinone, catechol, or PAHs.124 EPFRs have been detected 
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in biomass burning particles.60 Pyrolysis of lignin produce substituted phenols that can potentially 

serve as a source of EPFR in wildfire PM.60, 114, 180 Additionally, certain PAHs are found to be 

more abundant in wildfire emissions, which can potentially serve as an additional source of EPFR 

in PM during the wildfire.31 EPFRs are known to produce a hydroxyl radical and cause DNA 

damage.124, 181 The EPFR abundance in wildfire PM is still not well known and EPFR 

quantification must be made. 

Size distributions of chemical species have provided insights into possible sources of 

particle toxicity.131 Connecting size-resolved ROS measurements from wildfire PM to other 

chemical measurements can provide a better understanding of the chemical species that are 

potential ROS sources in wildfire PM. Here, we investigate the EPFRs and ROS size distributions 

of size-segregated particles collected from the two wildfire events.  
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3.3 Materials and methods 

 

Figure 3.1 Map of the sampling location (University of California, Irvine) and approximate 

location where the wildfire occurred (Santiago Canyon). The sampling location is roughly 19 km 

away from the wildfire emission source and picture at the right shows the air quality is influenced 

by the wildfire (12/3/20, Bond Fire).  
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3.3.1 PM Collection  

A Micro-Orifice Uniform Deposition Impactor (MOUDI, TSI, flow rate 30 L min-1) was 

used to collect size-segregated ambient particles onto a Teflon filter at the sampling locations and 

dates mentioned in Chapters 1 and 2 for urban background samples. The size-segregated ambient 

particles were also collected onto a Teflon filter at an urban site (a campus building at the 

University of California, Irvine, 33°38'40.4"N 117°50'39.3"W, elevation 20 meters) during two 

wildfire events: Silverado Fire (10/26/20 to 11/7/20) and Bond Fire (12/2/20 to 12/10/20) (Figure 

3.1). The wildfire samples were collected for two-and-a-half to three days from 10/26/20 to 

11/16/20 and 12/3/20 to 12/6/20. and the flow rate did not significantly drop below 30 L min-1 

during the sampling duration.  The MOUDI stages were modified and collected at the urban and 

highway sites: PM>18, PM10-18, PM3.2-10, PM1-3.2, PM0.56-1, and PM0.056-0.56. The MOUDI stages 

were also modified for collecting wildfire particles: PM>18, PM10-18, PM1-10, PM0.18-1, and PM0.056-

0.18. The cut-off aerodynamic diameter of each stage may have been slightly altered by the 

modification. However, to avoid the confusion, the particle size ranges expected to be collected 

listed above will still be mentioned.  
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Figure 3.2 The left picture was taken on 10/27/20 (Silverado Fire, hazy day) and 11/7/20 

(Silverado Fire mostly contained, no haze) at the roof of University of California, Irvine.  

 

The brown haze was observed on 10/26/20 to 11/1/20, 11/10/20 to 11/13/20, and 12/6/20 to 

12/9/20 while the sky was clear on 11/2/20 to 11/9/20 (Figure 3.2). This distinction was made for 

ROS data analysis.  

3.3.2 Environmentally Persistent Free Radicals (EPFRs) 

 A whole filter was inserted into a quartz tube (9.17 mm I.D., SP Wilmad-LabGlass) for 

EPFR measurements using a continuous-wave electron paramagnetic resonance (CW-EPR) 

spectrometer (EMXplus, Bruker, Germany). The following parameters were used in EPR: a 

microwave frequency of 9.65 GHz; a microwave power of 36.18 mW or 20.00 mW (8 or 10 dB); 

a modulation frequency of 100 kHz; a modulation amplitude of 1.0 or 3.0 G; a receiver gain of 40 

dB; a time constant of 10.24 ms; and a magnetic field scan of 1623.06 G. Ambient concentrations 

of EPFRs are presented as EPFR per volume of air (EPFRv, pmol m-3).  
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3.3.3 Reactive Oxygen Species (ROS) Generation.  

EPR combined with a spin-trapping technique was applied to detect radicals in the aqueous 

particle extracts. Half of a Teflon filter containing the sample was extracted in 300 µL of 10 mM 

spin-trapping agent 5-tert-butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO) in Millipore 

water (>18 Ω cm-1) for 8 minutes using an analog vortex mixer (VWR International LLC) and both 

water-soluble and insoluble compounds were thereby extracted.  The extracts were then 

concentrated by 7 to 30 times through blowing under N2 gas for approximately 20 minutes. The 

remaining solution was inserted into a 50 µL micropipette and measured at 46 minutes from 

extraction. The EPR parameters used for ROS measurement were the same as those for EPFRs 

except: a microwave frequency of 9.86 GHz, a microwave power of 21.17 mW (10 dB); a time 

constant of 20.48 ms; a modulation amplitude of 1.0 or 2.0 G and a magnetic field scan of 150.0 

G. The SpinFit and SpinCount modules in the Xenon software were applied to simulate each EPR 

spectrum to identify and quantify different radical adducts formed in the aqueous extracts. Data 

were normalized to the sampled volume of air (ROSv, pmol m-3).  

ROS measurements were only conducted for the following dates at the highway and urban 

background due to time constraints for this dissertation: (2/24/20, and 2/25/20).   
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3.4 Results and discussion 

3.4.1 Environmentally Persistent Free Radicals 

 

Figure 3.3: (A) Typical EPR spectra of a Teflon field blank filter and PM0.18-1 containing EPFR 

during the Silverado Fire (10/26/20 to 10/29/20). (B) The average EPFRs concentration measured 

from ambient PM1 before (urban) and during wildfires. The error bar represents the standard 

deviation of 5 sample measurements for urban background and wildfires. EPFRs were only 

detected in PM0.056-0.56 for urban samples. The average EPFR concentration for wildfire samples 

are sum of the average EPFR measured in PM0.056-0.18 and PM0.18-1.  

 

The EPR spectrum of wildfire size-segregated PM exhibit a single large peak with a g-

factor of 2.0026 ± 0.0002 and a peak-to-peak distance (ΔH) of 6.04 ± 1.9 G (Figure 3.3, A). The 

sample signal looks like the signal is slowly decreasing because paramagnetic chemical species in 

the particle distorts the spectrum.  The g-factor is consistent with fine PM mentioned in Chapter 2 

while the peak-to-peak distance is slightly larger.55, 58, 126, 182 However, these values are still 

consistent with previously reported values with a semiquinone-type radical observed in the EPR 

spectrum. After six months of storage at -18 ℃, EPR measurements of the wildfire sample (PM0.18-

1) showed that the signal decreased by 36%, and yet no change in g-factor and peak-to-peak 

distance values were observable. The EPFRs decay with a lifetime of 21 days in fine PM was 
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reported.56 The report also mentioned this decay may come from decomposition of organic radical 

at the surface.56  

Figure 3.3(B) shows the sum of average ambient EPFRs concentration for PM1 in urban 

background and wildfires.  EPFRs measured during the wildfire (brown haze) can be 10.57 times 

higher than the urban background. Pyrolysis of lignin and burning biofuels such as sawgrass and 

pine are known to produce substituted phenols and oxygenated PAHs, which can potentially form 

EPFRs during the wildfire.183 Certain PAHs concentration such as retene and dibenzo(ae)pyrene 

have been reported to increase by six folds during the 2007 Southern California event compared 

to the post fire measurements.31 These PAHs can be oxidized and potentially become redox-active 

from chemical aging, which can form EPFRs during the wildfire observed in this study.  
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Figure 3.4 Ambient size distribution of EPFR detected in MOUDI samples collected on Nov to 

Dec 2020, when Silverado Fire (10/26/20 to 11/7/20) and Bond Fire (12/2/20 to 12/10/20) occurred.  
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Figure 3.4 shows the ambient size distribution of EPFRs measured from size-segregated 

samples collected between November and December of 2020 during two wildfire events: Silverado 

and Bond Fire. The size distributions show EPFRs are mainly found in PM0.056-1 during the wildfire 

and are inconsistent with EPFRs size distribution measurements conducted in an urban 

environment at Mainz, Germany.55 EPFRs were mainly found in PM0.056-0.32 at Mainz, the size in 

range which the mass size distribution of combustion-generated particles typically is observed.184 

EPFRs have been detected in coarse particle during the winter season in China, when a large 

amount of coal is burned to keep households warm.160 EPFRs were only detected in coarse particle 

during the initial fire events (10/26/20 to 10/29/20 and 12/3/20 to 12/6/20) when the fire to be at 

its most intense point. The sources of EPFRs in coarse particle are not known, and future studies 

investigating the source of EPFRs are necessary to obtain a better understanding of EPFRs and 

whether they contribute to uncomfortable health symptoms caused by coarse particles.  
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3.4.2 ROS generation from Urban and Wildfire Size-Segregated Particle 

 

Figure 3.5 The observed EPR spectra (black) of the aqueous extracts of urban (A) and wildfire (B) 

PM0.056-0.56 and PM0.056-0.18 are shown.  A) The deconvolution of simulated spectrum (green) of 

urban particle shows ·OH (red and pink) and carbon-centered radicals (blue) trapped by BMPO 

can fit the observed spectrum. The same type of ROS (BMPO-OH and BMPO-R) were observed 

for all sizes for urban samples measured. B) The deconvolution of simulated spectrum (green) of 

wildfire particle shows ·OH (red), carbon-centered radicals (blue), oxygen-centered radicals 

(purple), and superoxide anion radical (brown). The color dashed line represents the peak of the 

individual ROS needed to explain the observed spectrum. This result was consistent for PM0.056-10 

(10/26/20 to 10/29/20 and 10/29/20 to 11/1/20) and PM0.056-1 (11/10/20 to11/13/20, 12/3/20 

to12/6/20, and 12/6/20 to 12/9/20).  

 

Figure 3.5 shows an example of the observed EPR spectrum (black) of the aqueous extracts 

of urban (A) and wildfire (B) PM0.056-0.56 and PM0.056-0.18 collected at Irvine. The same type of EPR 

spectrum was observed for all sizes for urban background samples. The EPR spectrum of particles 

collected during the wildfire was found to be size-dependent. The Figure 3.5(B) spectrum was 

only observed for wildfire PM0.056-10 (10/26/20 to 10/29/20 and 10/29/20 ti 11/1/20) and PM0.056-1 

(11/10/20 ti 11/13/20, 12/3/20 to 12/6/20, and 12/6/20 to 12/9/20). Wildfire PM>1 and PM>10 were 

found to generate ·OH and carbon-centered organic radicals in water.   
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Figure 3.6 Superoxide anion radical (O2
·-) was only formed from aqueous extracts containing the 

yellow extracts (PM0.056-0.18 and PM0.18-1) for MOUDI samples collected on 12/6/20 to 12/9/20.  

 

Figure 3.6 shows ambient size distribution of O2
·- formed in the yellow-brownish aqueous 

extracts of the wildfire samples. A recent study reported chemical compounds that absorb light at 

300 nm are predominately found in wildfire PM1.
185 Brown carbon is a group of light absorbing 

compounds that their light-absorption coefficient has a strong wavelength dependence with 

absorption gets much higher near the UV region compared to visible light.186 Brown carbons are 

also known to absorb light significantly at 300 nm and potentially can be found in this colored 

aqueous extract.186 The main source of brown carbon is biomass burning and also can give this 

yellow-brownish coloring in the aqueous extract.186 Brown carbon is composed of redox-active 

chemical components such as HUmic-LIke substance (HULIS) and oxygenated PAHs that can 

generate O2
·- in aqueous solution.186 Future studies connecting brown carbon measurements to 

ROS generation in size-segregated wildfire PM should be conducted to better understand the 

source of ROS in wildfire PM in water. 
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3.4.3 Future Studies 

 The air quality in the Los Angeles (L.A.) Basin is highly impacted by traffic emissions, but 

the degree to which wildfires influence the air quality is still in question.31 Our preliminary results 

show urban PM generate hydroxyl and carbon-centered radicals in water. More interestingly, 

wildfire fine PM generated hydroxyl, superoxide anion, carbon-centered, and oxygen-centered 

organic radicals in water, which highlights chemical components from the wildfire can influence 

the ROS formation in the atmosphere.  The O2
·- was found to be formed only in yellow-brownish 

aqueous extract of wildfire PM, which suggests redox-active chemical components in brown 

carbon may be responsible for O2
·- formation. DTT measurements would need to be conducted to 

quantify PM oxidative potential. This study was limited by the number of samples that can be 

collected during the wildfire and the results should be interpreted with a caution. However, our 

study provides qualitative picture on what type of ROS the public health may be exposed and 

motivates epidemiological studies to investigate the ROS observed in this study with health 

endpoints.  
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Chapter 4: Multiphase Reactivity of Polycyclic Aromatic 

Hydrocarbons is driven by Phase Separation and Diffusion 

Limitations 
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4.1 Abstract 

Benzo[a]pyrene (BaP), a key polycyclic aromatic hydrocarbon often associated with soot 

particles coated by organic compounds, is a known carcinogen and mutagen. When mixed with 

organics, the kinetics and mechanisms of chemical transformations of BaP by ozone in indoor and 

outdoor environments are still not fully elucidated. Using direct analysis in real time mass 

spectrometry (DART-MS), kinetics studies of the ozonolysis of BaP in thin films exhibited fast 

initial loss of BaP followed by a slower decay at long exposure times, confirming long-standing 

unresolved observations of incomplete PAH decay upon prolonged ozone exposure. Kinetic 

multilayer modeling demonstrates that the slow decay of BaP over long times can be simulated if 

there is slow diffusion of BaP from the film interior to the surface. Phase separation drives the 

slow diffusion timescales in multicomponent systems. Specifically, thermodynamic modeling 

predicts that BaP phase separates from secondary organic aerosol material, so that the BaP-rich 

layer at the surface shields the inner BaP from ozone. Also, BaP is miscible with organic oils such 

as squalane, linoleic acid and cooking oil, but its oxidation products are virtually immiscible, 

resulting in the formation of a viscous surface crust that hinders diffusion of BaP from the film 

interior to the surface. These findings imply that phase separation and slow diffusion significantly 

prolong the chemical lifetime of PAHs, affecting long-range transport of PAHs in the atmosphere 

and their fates in indoor environments. 
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4.2 Introduction 

Polycyclic aromatic hydrocarbons (PAHs), including benzo[a]pyrene (BaP), are among the 

most prominent toxic air pollutants, posing a threat to human health as their metabolites and 

oxidation products are carcinogenic and mutagenic.32 PAHs are emitted into the atmosphere from 

incomplete combustion and biomass burning, and by smoking and cooking in indoor environments. 

Due to its low vapor pressure, BaP resides mostly in the condensed phase and heterogeneous 

oxidation of BaP by oxidants such as OH· and O3 is a major atmospheric loss pathway.187 

Laboratory measurements show rapid degradation of BaP against ozone when adsorbed to a variety 

of substrates, such as water, ammonium sulfate, soot, and organic compounds.88, 99, 188-189  

Upon chemical aging in the atmosphere, PAH-containing particles are likely coated by 

semi- or low-volatile organic compounds, which are formed by multigenerational gas-phase 

oxidation of volatile organic compounds. Laboratory experiments have shown that organic 

coatings can retard multiphase reactions of ozone with PAHs due to kinetic limitations of bulk 

diffusion.88-89, 190 The extent of coating effects depends on the phase state of organic coatings, 

which can be liquid, amorphous semisolid or glassy solid, depending on chemical composition, 

relative humidity and temperature.79 This shielding effect of PAHs from oxidation was recently 

implemented into regional and global air quality models, showing how regional and global 

distributions and transport of BaP can be affected by the temperature and humidity dependence of 

diffusivity and reactivity of BaP-containing particles. 80-81 These modeling results are consistent 

with observations of BaP at remote terrestrial and marine sites even in the polar regions. 191-192  

Atmospheric aerosol particles are often mixtures of organics, inorganics and water, which are 

subject to complex and non-ideal behavior including liquid–liquid and/or liquid–solid phase 

separation, as predicted by thermodynamic models.193-194 Experimental studies have demonstrated 
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the existence of multiple phases in model mixtures or laboratory-generated SOA particles as well 

as in field-collected organic aerosol particles.74, 195-196 Liquid–liquid phase separation was also 

observed in SOA particles free of inorganic salts.197-199 The interplay of phase state and non-

ideality can affect aerosol mass concentration and the characteristic timescale of gas-particle mass 

transfer. 200 Changes in viscosity upon chemical aging of organic particles were observed 83 but it 

is not yet clear how the effects and interplay of non-ideality and phase state evolve upon multiphase 

chemical interactions to affect fates and atmospheric long-range transport of organic compounds.  

Although extensive laboratory measurements and modeling of PAHs have been conducted under 

atmospherically relevant conditions, chemical transformation of PAHs in indoor environments, 

where we spend ~90 % of the time, is poorly understood.201 PAHs can be transported from outside 

air and they can also be emitted by indoor activities such as smoking, cooking, and burning of 

solid fuels. 202 Recent findings show that BaP diol-epoxide products, which are highly carcinogenic, 

can be formed in indoor environments and chronic exposure to these compounds can be 

detrimental to human health.35 Thus, chemical transformation of PAHs with gaseous ozone under 

indoor-relevant conditions and PAH reactivity in mixtures of chemicals emitted from indoor 

sources need to be elucidated. A long-standing, unexplained issue in the field of environmental 

chemistry and health is the observation that although ozonolysis experiments show a rapid initial 

loss of condensed-phase PAHs, prolonged exposure to ozone does not necessarily lead to complete 

PAH decay. 203-206  

 In this study, the decay kinetics of BaP upon exposure to ozone were measured using direct 

analysis in real time mass spectrometry (DART-MS). Three different sets of experimental and 

modeling scenarios were explored: i) the ozonolysis kinetics of pure BaP films (containing a small 

amount of an internal standard), ii) the effects of the reaction substrate by mixing BaP with α-
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pinene secondary organic aerosol (SOA) material, a mixture of different oxidized organic 

compounds, and iii) the effects of mixing BaP with liquid substrates such as squalane, linoleic acid, 

and cooking oil. The experimental conditions were simulated using the kinetic multi-layer model 

of aerosol surface and bulk chemistry (KM-SUB), which resolves mass transport and chemical 

reactions at the surface and in the condensed phase explicitly 97, combined with the thermodynamic 

Aerosol Inorganic-Organic Mixtures Functional Groups Activity Coefficients (AIOMFAC) model 

207-209 at the core of a thermodynamic equilibrium framework that predicts chemical composition 

of different co-existing phases. Together, the three sets of simulations and experimental results 

pinpoint the critical factors that control PAH ozonolysis loss rates in a variety of organic media.   

4.3 The Kinetic Experiments 

The kinetic experiments in this work were conducted by Dr. Shouming Zhou under Prof. Jonathan 

P. D. Abbatt.210 BaP film containing bis(2-ethylhexyl) sebacate (BES) were prepared and 

deposited on the outside sealed end of capillary tubes. Similar procedures were conducted for α-

pinene SOA and liquid organic mixtures. The BaP films were exposed to O3 in a flow tube for 

selected time intervals. Then, the BaP and BES were measured using Direct Analysis in Real Time-

Mass Spectrometry (DART-MS).211  

4.4 Kinetic Modeling 

4.4.1 Kinetic Model and Parameters:  

The kinetic multi-layer model for aerosol surface and bulk chemistry (KM-SUB) 97 was 

applied to analyze the experimental data. KM-SUB consists of multiple model compartments and 

layers, respectively: gas phase, near-surface gas phase, sorption layer, quasi-static surface layer, 

near-surface bulk, and a number of n bulk layers. n was set to one for the BaP-BES system (Figure 

4.2) and two for BaP-organic oil systems (Figure 4.4). For phase-separated α-pinene and BaP 
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mixtures, the BaP-rich phase was treated with one layer, while the SOA-rich phase was treated 

with six layers (Figure 4.3). KM-SUB treats gas-surface transport (reversible adsorption) of ozone, 

surface reaction, bulk diffusion of ozone and BaP, and bulk reaction between ozone and BaP. 

Surface reactions were treated with decomposition of ozone and formation of long-lived reactive 

oxygen intermediates (ROI; e.g., O atoms).101 The weakly-bound physisorbed O3 molecule can be 

desorbed thermally to the gas phase with a desorption lifetime of nanoseconds, or it can overcome 

an activation barrier (Ea,pc), undergo dissociation and enter into a state of stronger binding to the 

surface. The second activation barrier (Ea,ox) is the reaction between ROI and BaP to form stable 

oxidation products. The conversion of ROI to physisorbed ozone by surface reactions of ROI with 

adsorbed O2 was also considered.  

Bulk diffusion fluxes are treated with first-order transport velocities based on bulk 

diffusion coefficients. For mass transport fluxes in different phases in phase-separated cases, the 

first-order exchange rate coefficients were derived considering mass transport between two phases 

at equilibrium 200. For bulk diffusion of O3 and BaP in a product layer (i.e., surface crust), bulk 

diffusion coefficients were described by the Vignes-type equation 212-213: DX,p= (DX,P)fs*(DX,oil)
1-

fs, where fs is the mole fraction of the product, DX,P and DX,oil are the bulk diffusion coefficients of 

X (O3 or BaP) in pure products and pure organic oils, respectively. The temporal evolution of bulk 

diffusivities is shown in Figure 4.1. It shows that bulk diffusion coefficients of ozone and BaP 

decrease by several orders of magnitude during the time span from 10 - 200 s, when viscous effects 

start to become important. 
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The initial concentrations of O3 at the surface and in the bulk were set to zero. The initial 

surface and bulk concentrations of BaP were dependent on the composition of the film mixture. 

The film mixtures were composed of BES, BaP, and organics (α-pinene SOA, squalane, linoleic 

acid, or cooking oil) with the absolute amount of 0.5, 1, and 10 ng, respectively, as used in the 

experiments. For phase-separated BaP and α-pinene SOA mixtures, the initial amounts of BaP in 

the BaP-rich and α-pinene SOA-rich phases were set to 0.65 ng and 0.35 ng at RH <5%, 0.90 and 

0.10 ng at 50% RH, and 1.0 ng and 0 ng (i.e., complete phase separation), respectively, based on 

AIOMFAC model predictions. Bulk concentrations were calculated using molar mass and density 

of each chemical component and for α-pinene SOA we assumed 250 g mol-1 and 1.4 g cm-3, 

respectively. The density and the average molar mass of cooking oil were assumed to be 0.9 g cm-

3 and ~600 – 800 g mol-1, respectively. The surface concentrations were calculated from 

multiplying the thickness of a monolayer at the surface with the bulk concentrations.  
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Figure 4.1: Temporal evolution of bulk diffusion coefficient of ozone (dashed lines) and BaP 

(solid lines) in the near-surface bulk of the films of squalane (red), linoleic acid (yellow), and 

cooking oil (green). 
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The molecular depth of BaP is 0.3 nm. 214 For the base case scenario in Figure 4.2, we set 

the film thickness to be 0.61 nm, corresponding to approximately double layer of BaP on half of 

the surface area of the capillary. Due to non-uniform deposition of materials, the film thickness 

was varied in the model to explore its impact on simulation results. For example, KM-SUB can 

still reproduce the experimental data with the film thickness set to ~ 6 nm by increasing DBaP by 

about two orders of magnitude.  

The temporal evolution of the number of BaP molecules was modeled by numerically 

solving the differential equations for the mass balance of each model compartment with Matlab 

(ode23tb solver with 999 time steps). The thermal velocity of ozone (ωO3) is 3.6×104 cm s-1 at 298 

K and the surface accommodation coefficient of ozone on adsorbate-free surface (αs,0,O3) is set to 

1 based on previous studies.101,215 Other required input kinetic parameters value are summarized 

in Table 4.1, including the desorption lifetime of ozone (τd,O3), the Henry’s law constant for ozone 

(Ksol,cc) into the organic solution, the bulk diffusion coefficient of ozone (DO3). Ksol,cc into organics 

generally lies between ~ 10-4–10-3 mol cm-3 atm-1. 216-219 Molecular dynamics simulations suggest 

τd,O3 should be on the order of nanoseconds.215 The second-order bulk reaction rate coefficient 

between BaP and ozone (kBR) and activation energies (Ea,pc, Ea,ox) are estimated based on previous 

studies.89, 101, 220 For BaP in linoleic acid and cooking oil films, surface and bulk reactions between 

unsaturated fatty acids and ozone (kSLR,O3,oil, kBR,O3,oil) were included, which were reported to be 

within ~ 10-15 - 10-11 cm2 s-1 and ~ 10-17 - 10-15 cm2 s-1, respectively. 97, 218, 221-223 These parameters 

and bulk diffusion coefficients of BaP in different matrices were varied in reported ranges to obtain 

optimal values to best fit the experimental data.  
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Table 4.1. Kinetic parameters used in the KM-SUB simulation for the ozonolysis of BaP. 

 

Parameter Description Value 

αs,0,O3 surface accommodation coefficient of O3 1 

αs,0,O2 surface accommodation coefficient of O2 1 

τd,O3 (s) Desorption lifetime of O3 3.7 × 10-9  

τd,O2 (s) Desorption lifetime of O2 1 × 10-10 

Ea,pc (kJ mol-1) Activation energy from physisorbed O3 to 

ROI 

40 

kSLR,BaP,ROI (cm2 s-1) Second-order surface rate coefficient 

between BaP and ROI 

3.0 × 10-17  (BaP-BES 

and α-pinene) 

4.0 × 10-18 (for liquid 

organics) 

kSLR,O2,ROI (cm2 s-1) Second-order surface rate coefficient 

between O2 and ROI  

9.2 × 10-15 (BaP-BES) 

1.8 × 10-14 (BaP-SOA) 

8.1 × 10-16 (Liquid 

Organics) 

kBR (cm3 s-1) Second-order bulk reaction rate 

coefficient between BaP and O3 

1 × 10-19  

kSLR,O3,ROI (cm2 s-1) Second-order surface reaction rate 

coefficient between O3 and ROI 

< 1 × 10-17 

kSLR,O3,oil (cm2 s-1) Second-order surface reaction rate 

coefficient between O3 and unsaturated 

organic oils 

> 1 × 10-15  

kBR,O3,oil (cm3 s-1) Second-order bulk reaction rate 

coefficient between O3 and unsaturated 

organic oils 

 2 × 10-17 (linoleic acid) 

1 × 10-17 (cooking oil) 

Ksol,cc (mol cm-3 

atm-1) 

Henry’s law coefficient of O3 6 × 10-4  

DO3,BaP  

(cm2  s-1) 

Bulk diffusivity of O3 in BaP/BES  10-10  

DO3,oil  

(cm2  s-1) 

Bulk diffusivity of O3 in organic oils 10-5  

DBaP, BaP (cm2  s-1) Bulk diffusivity of BaP in BaP/BES  2.1 × 10-19  - 1.9 × 10-17 

DBaP, SOA  

(cm2  s-1) 

Bulk diffusivity of BaP in SOA 1 × 10-14  (dry) 

1 × 10-12  (50% RH) 

DBaP, oil (cm2 s-1) Bulk diffusivity of BaP in organic oils 1 × 10-10   

DBaP,O-BaP (cm2  s-1) Bulk diffusivity of BaP in oxidized BaP 1 × 10-17 
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4.4.2 Sensitivity Analysis  

Note that some kinetic parameters were found to be co-dependent or non-orthogonal with 

other parameters, including the first-order rate coefficient of ROI formation from O3 (kSLR,O3) and 

τO3, second-order rate coefficient for surface layer reaction between ROI and O2 (kSLR,O,O2) and τO2 

(< 10-8 s), as well as the reaction rate coefficient between ROI and BaP (kSLR,BaP,ROI) and that 

between ROI and O2 (kSLR,O2,ROI). Sensitivity studies revealed DBaP, Ksol,cc, and kBR,BaP,O3 can be 

mutually adjusted to fit the experiment data which were also observed in previous studies 212, 224-

225. This indicates that certain pairs of kinetic parameters could lead to the same model output and 

such parameters may not be determined uniquely. Nevertheless, the model is still constrained to 

experiments and our main conclusion that crust formation and diffusion limitations will extend the 

lifetime of BaP is not affected. 

To identify limiting steps of BaP ozonolysis, the following three properties were calculated 

that are fundamental to reactive uptake 226: a) The ratio of surface and total loss rates of BaP (STLR) 

to distinguish the reaction location between the particle (or film) surface (STLR ≈ 1) and the bulk 

(STLR ≈ 0); b) Surface saturation ratio (SSR) of ROI to determine the abundance of ROI at the 

surface; c) Mixing Parameter (MPBaP) as the ratio of BaP concentration at the surface and at the 

bottom of the bulk to indicate bulk concentration gradient. In the BaP film case, STLR and SSR 

approach ~ 0.9 – 1 within a minute indicating the reaction is limited by surface reactions including 

ROI formation and subsequent reactions of BaP with ROI. At longer reaction times, MPBaP 

approaches ~ 0.01 while STLR and SSR still retain a high value of ~ 0.8, indicating that the surface 

is deprived of BaP as limited by bulk diffusion of BaP from the film interior to the surface. In the 

case of the organic oil film, the value of STLR remains high, while MPBaP decreased from 1 to less 
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than 0.1 after ~103 s. This indicates that surface crust formation suppresses bulk diffusion of BaP 

to surface to retard surface reactions.   

Sensitivity analysis of kinetic parameters was performed by varying each kinetic parameter 

by one order of magnitude to calculate normalized sensitivity coefficients with the modeled output 

of BaP concentration ratio, [BaP]/[BaP]0. We found that for the BaP film kSLR,O3 and kSLR,O,BaP are 

the most sensitive parameters, consistent with the BaP decay being initially limited by surface 

reactions. Initially DBaP is insensitive, but becomes very sensitive at later reaction time, also 

indicating that the system becomes limited by bulk diffusion of BaP. DO3 and DBaP,SOA showed 

little influence on [BaP]/[BaP]0, indicating O3 and BaP diffusion in phase-separated SOA play a 

minor role. For the cooking oil film case, while (DBaP, oil) has little sensitivity on BaP decay kinetics, 

DBaP,O-BaP was found to be very sensitive. It confirms that the system is limited by bulk diffusion 

of BaP through the surface crust.  

4.5 Thermodynamic Model 

Prof. Andreas Zuend used the Aerosol Inorganic-Organic Mixtures Functional groups Activity 

Coefficients (AIOMFAC) based liquid-liquid equilibrium (LLE) model to estimate how much BaP 

was present in α-pinene SOA film under dry and humid conditions.210 This model was also used 

to predict the solubility of BaP oxidation products in liquid organic films.210 A detail description 

of this model can be found elsewhere.201-203    

4.6 Results and Discussion 

4.6.1 BaP Film 

Figure 4.2 shows the ozonolysis decays of pure BaP in thin films that only contain traces of bis(2-

ethylhexyl) sebacate (BES) as an internal standard. There is a one hour exposure to 15-1000 ppb 

ozone (O3) at < 5 % relative humidity (RH) and 296 K. If the BaP were uniformly deposited on 



79 
 

the capillary, then the resulting film would be roughly one monolayer thick. Much more likely, the 

film has inhomogeneous thickness leading to most of the BaP being present in multilayer amounts. 

The BaP concentration decayed slower at 15 ppb O3 than at 100 ppb O3, while BaP decay rates 

became saturated and very similar for 500 and 1000 ppb O3. Interestingly, BaP was not entirely 

reacted away, leaving an unreacted fraction of ~20% at high O3 mixing ratios (500 and 1000 ppb) 

after one hour, which has also been observed previously, but not explained for many decades.203-

206 The KM-SUB model was applied to simulate these data by considering surface adsorption of 

O3, decomposition of O3 into reactive oxygen intermediates (ROI; e.g., sorbed O atoms) and 

subsequent reactions with BaP101, bulk diffusion of O3 and BaP, and bulk reactions between O3 

and BaP. The time and concentration dependence of BaP decay can be reproduced by KM-SUB 

with the kinetic parameter values listed in table 4.1 as consistent with our previous work.101 The 

film thickness was set in the model to be 0.61 nm, representing roughly a double layer of molecules. 

Note that qualitatively similar modeling results were obtained using a film thickness ten times 

larger (see section 4.4.1 for details).   

The modeling results indicate that the decay of BaP is initially controlled by ROI formation 

and surface reactions with BaP, leading to fast initial BaP decay. Once surface BaP is depleted, 

the key aspect of the model prediction is that the oxidation of BaP becomes limited by bulk 

diffusion of BaP from the film interior to the surface at longer reaction times. This explains the 

subsequent slow BaP decay after ~10 minutes as well as saturation of BaP decay rates at higher 

O3 mixing ratios. Bulk diffusivity of BaP was predicted to be in the range of ~10-17 to 10-19 cm2 s-

1, which is consistent with an amorphous semi-solid state of the film. Note that the modeled 

kinetics are insensitive to the bulk diffusivity of O3, as bulk reactions play a minor role in overall 

BaP degradation.88-89 As a consequence, BaP in the deep bulk is protected from ozonolysis due to 
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this shielding effect arising from slow BaP diffusion to the surface, which explains the unreacted 

BaP fraction at long reaction times in these and previous experiments.203-206  

 

Figure 4.2. Decay of BaP concentration in BaP-BES films exposed to different mixing ratios of 

ozone (15 - 1000 ppb) at 296 K and RH < 5 %. Filled circles show the experimental data with error 

bars representing the standard deviation of ten measurements. The solid lines are KM-SUB model 

simulation results with a single kinetic parameter set shown in Table 4.1. 

 

4.6.2 BaP in SOA Film at Dry and Humid Conditions 

The results from the second reaction scenario are shown in Figure 4.3 (a), which illustrates the 

time-dependent oxidative decay of BaP mixed with α-pinene SOA exposed to 500 ppb O3 at dry 

conditions, 50 % RH and 85 % RH. The BaP concentration decays at very similar rates at different 

relative humidities for up to ~10 minutes and then decays with faster rates and higher reacted 

fractions at higher RH.  In theory this behavior could be due to a phase change of α-pinene SOA, 

which is expected to exist as an amorphous solid at a temperature of ~295 K and dry conditions, 

but becomes substantially less viscous at higher RH due to water uptake.227 According to previous 

viscosity measurements 227 and kinetic experiments89, the bulk diffusivity of PAH in α-pinene 

SOA at 85 % RH is expected to be as high as ~10-11 cm2 s-1. However, when PAH is assumed to 

be well-mixed and with such a high bulk diffusivity in the α-pinene SOA mixture, the KM-SUB 
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simulation failed to reproduce the experimental data, as shown by the red dashed line in Figure 4.3 

(a). Under such assumptions, KM-SUB predicts complete depletion of BaP within less than 1 hour, 

indicating a lack of substantial kinetic limitations, even at 85 % RH. There is clearly an aspect to 

this modeling scenario that is not accurately representing the experimentally observed kinetics.    

To probe this reaction system more deeply, the likelihood of phase separation was assessed 

using the AIOMFAC-based liquid–liquid equilibrium (LLE) model 207-209, where α-pinene SOA 

was simulated by a mixture of 14 representative oxidation products.193, 200 Contrary to the 

assumption of full mixing which led to the dashed line in Figure 4.3a, the LLE model predicts that 

the mixtures separate into BaP-rich (see Fig. 4.3b upper panel) and SOA-rich (Fig. 4.3b lower 

panel) phases of distinct compositions, dependent on the water activity. Under dry conditions, ~65 % 

of the total particle-bound BaP mass is predicted to partition to the phase rich in BES and BaP, 

with the remaining ~35 % BaP present in the SOA-rich phase. BaP’s phase preference becomes 

more distinct with increasing RH so that at 50 % RH about 90 % of its mass resides in the BaP-

rich phase and at 85 % RH the partitioning to the BaP-rich phase approaches 100 %, i.e., virtually 

complete phase separation. The BaP-rich phase is most likely in the form of a film on top of the 

SOA-rich phase (i.e., full engulfing as opposed to partial engulfing), considering that BaP should 

have lower surface tension than polar SOA materials. 
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Figure 4.3. (a) Decay of BaP embedded in the films of α-pinene SOA upon exposure to 500 ppb 

O3 at dry conditions (blue), 50% (green) and 85% (red) RH at 296 K. The circle markers are the 

experimental data and error bars represent the standard deviation of ten measurements. KM-SUB 

modeling results are presented with consideration of liquid–liquid phase separation (solid lines) 

and without (dashed line for 85% RH). (b) Thermodynamic modeling results by AIOMFAC, 

predicting phase compositions of the α-pinene SOA + BaP-BES system as a function of water 

activity (i.e. RH, assuming equilibrium conditions) for an initial amount of 10 ng α-pinene SOA, 

1 ng BaP, and 0.5 ng BES in the particle phase. α-pinene SOA is treated with 14 representative 

oxidation products (Table 4.2). Predicted phase compositions are shown as stacked mass fractions 

of the individual components for the phase α enriched by SOA compounds (lower panel) and the 

phase β dominated by BaP and BES (upper panel). 
 

By implementing the predicted phase compositions arising from phase separation in KM-

SUB, the model reproduces experimental data very well as shown by the solid lines in Figure 

4.3(a). The kinetic model simulations reveal that the BaP decay is initially controlled by surface 

reactions leading to fast BaP decay, followed by diffusion of BaP molecules from the bulk to its 

surface. The diffusion coefficients of BaP within the surface crust (i.e. a semi-solid surface layer 

of high viscosity) were found to have the most sensitivity in the modeling. Reactions at the surface 

are found to be faster than in the bulk89, so BaP in the film interior needs to diffuse through the 

bulk to the surface to react. The BaP-rich layer at the surface hinders the BaP in the film interior 

to diffuse to the surface, resulting in significant fractions of BaP remaining unreacted after one 

hour of ozone exposure.   
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4.6.3 BaP in Cosmetic and Cooking Related Films 

The final set of kinetic experiments measured the decay behavior of BaP embedded in other 

organic liquids, including squalane, linoleic acid, and cooking oil, as shown in Figure 4.4. Contrary 

to the SOA case, BaP is miscible with these organic compounds, as evident by visual inspection 

and also predicted by the thermodynamic phase equilibrium model. So, BaP should initially be 

homogenously mixed within the film. The KM-SUB modeling results for BaP decay in squalane 

upon exposure to 500 ppb O3 are shown as the dashed red line in Figure 4.4. The model captures 

the initial BaP decay up to ~10 minutes but over-predicts the long-term BaP decay in the absence 

of kinetic limitations.  

 

 

 

 

 

 

 

 

 

Figure 4.4 (a) Decay of BaP embedded in the films of squalane (red), linoleic acid (yellow), or 

cooking oil (green) upon exposure to 500 ppb O3 under dry conditions. The circle markers are the 

experimental data and error bars represent the standard deviation of 10 measurements. The solid 

lines represent KM-SUB simulations with consideration of surface crust formation by BaP 

oxidation products and composition-dependent bulk diffusivity using a Vignes-type equation, 

while the dashed line for the squalane case does not consider this phase separation effect, failing 

to reproduce experiments. (b) The predicted phase compositions in mass fractions for mixtures of 

BaP, BaP oxidation products (BaP-6,2-dione, BaP-derived carboxylic acid, 6,12-dihydroxy BaP), 

and squalane after half of the BaP is degraded. (see Figure 4.3b caption for explanation of the 

plots). One phase consists of largely squalene, BES and BaP (β, lower panel), whereas the other 

consists largely of the BaP oxidation products (α, upper panel). Liquid–liquid phase equilibrium 

calculations with AIOMFAC predict for all RH (or water activities) that BaP oxidation products 

are virtually immiscible in squalane. 
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Although BaP may be miscible initially, its oxidation products may phase separate from 

the oily liquid reaction substrates. We considered three major BaP ozonolysis products, including 

6,12-dihydroxy-BaP, BaP-6,12-dione, and a BaP-derived dicarboxylic acid228, and cooking oil was 

treated as triolein. The AIOMFAC thermodynamic equilibrium modeling also predicts these 

oxidation products are immiscible in liquid organics. This suggests that the oxidation process, 

which leads to the formation of oxidation products that are more oxygenated than the BaP reactant, 

promotes phase separation. A viscous surface crust forms, which can hinder diffusion of BaP from 

the film interior to the surface. We note that a crusting effect has been observed in the uptake of 

organic nitrates 229 or ammonia to SOA, where carboxylates may also form a viscous crust at the 

surface of the reaction substrate.230  

To consider this effect in the KM-SUB model, bulk diffusion coefficients of BaP were 

treated as composition-dependent using the Vignes type equation (Figure 4.1).213 Linoleic acid and 

cooking oil compounds are unsaturated (i.e. with C=C double bonds) and ozone reacts with these 

compounds. Previous studies have shown that high molar mass compounds such as peroxidic 

oligomers can be formed especially under low RH231-232, causing an increase of viscosity.83 Thus, 

these products may also contribute to form the surface crust, which was explicitly treated in KM-

SUB. With consideration of these effects, KM-SUB was able to capture a slow BaP decay at longer 

reaction times to fully reproduce the experimental data, as shown by the solid lines in Figure 4.4. 

Retardation of oleic acid ozonolysis from surface crust formation has been observed in mixed-

component particles in previous studies.85, 87, 233 These results demonstrate how phase separation 

leading to crust formation at the surface can affect the chemical transformation of PAH in multi-

component mixtures. 
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4.6.4 Implications for Atmospheric and Indoor Chemistry 

PAHs are often associated with soot particles that are subject to coating by semi-volatile 

primary organic emissions and by secondary organic materials formed by oxidation of 

anthropogenic and biogenic precursors.  Our experimental and modeling study demonstrates that 

the multiphase reactivity of PAHs depends strongly on the interplay of phase state and non-ideal 

mixing with such organic materials.   

In all three sets of reaction systems, it was found that slow diffusion through viscous phases is 

rate-limiting at long reaction times, because the BaP must diffuse to the surface to react.  In the 

case of pure BaP films, the semi-solid substrate acts as the diffusion barrier, whereas in the 

mixtures with oils such as squalane, linoleic or cooking oils, the reaction products phase separate 

into a phase with low diffusivity. When mixed into SOA, the PAHs do not mix homogeneously 

with α-pinene SOA but are instead separated into different phases, affecting the multiphase 

reactivity of PAHs against ozone. RH controls the degree of non-ideality and phase separation, 

and also determines the phase state of PAH-SOA mixtures. In phase-separated particles with the 

PAH-rich phase on the particle surface, slow diffusion of PAH from the particle bulk to the surface 

limits PAH degradation by ozone. Moreover, the SOA-rich phase, which embeds a fraction of the 

PAHs, adopts an amorphous (semi-)solid state at low RH, posing additional kinetic limitations of 

bulk diffusion and retarding ozonolysis kinetics. Overall, these effects will prolong chemical 

lifetimes of PAHs, facilitating long-range transport of PAHs and affecting regional and global 

distributions in the atmosphere and their effects on air quality and public health.80-81  

PAHs are also found in indoor environments and a BaP concentration of 38.8 µg per gram 

of dust has been reported.234 PAHs are transported from outdoors to indoors and are directly 

emitted by indoor activities including cooking and smoking. With cooking, BaP may be deposited 
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and embedded into an organic film on indoor surfaces. The fate of low volatility PAHs will be 

controlled by surface oxidative processes considering the high surface-to-volume ratios in indoor 

environments and that organic films can persist for an indefinite time unless they are wiped off.235  

To investigate PAH degradation kinetics with real indoor air, a BaP film was exposed to 

room air containing 10 ppb O3 for up to five hours. Figure 4.5 shows the BaP decay rate by room 

air is remarkably similar to the one when BaP is exposed to 15 ppb O3 in a controlled flow tube 

setting, and it is modeled well (the solid red line) with the same kinetic parameters used to model 

(Figure 4.2). These results indicate that ozone will be the most important indoor oxidant among 

others (e.g., OH, NO3) for determining the fate of these compounds in indoor environments. 

 

 

 

 

 

 

 

 

 

 

 

 

To illustrate the chemical fate of BaP embedded in an indoor surface film consisting of 

cooking oil, we simulated the molar fraction of unreacted BaP after exposure to 0.1 to 100 ppb O3 

for one hour, twelve hours, one day and one week. The parameters used in the model are those that 

successfully modeled the experimental data in Figure 4.4 (Table 4.1). The mass concentration of 

BaP in cooking oil was assumed to be 1200 ng cm-3 and the film thickness was set to be 8 nm 

Figure 4.5: Experimental measurements (circles) and KM-SUB modeling results (lines) of 

decay of BaP in BaP-BES films exposed to 15 ppb O3 and room air (10 ppb O3).  
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based on previous observations in indoor environments.236-238 Figure 4.6 shows the results of such 

KM-SUB simulations. At O3 concentration of 10 ppb, ~80 % and ~10 % of the BaP remain 

unreacted after one hour and a half day, respectively, while the BaP is expected to be fully reacted 

away after one week. Typical indoor O3 concentrations ranges from 5 ppb to over 50 ppb 

(depending on air exchange rates and outdoor air pollution)239 and the unreacted fraction of BaP 

molecules considering surface crust formation is larger than the case with an ideal mixing 

assumption, especially at higher O3 concentrations. Thus, the fate of PAH in indoor environments 

is strongly influenced by multiphase reactivity as impacted by surface crust formation and 

diffusion limitations. The true BaP lifetime may be even longer, dependent upon the mass transfer 

rates that prevail under genuine indoor conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Fraction of BaP remaining in a 8 nm-thick cooking oil film exposed to different 

gas-phase ozone mixing ratios after one hour (black), twelve hours (purple), one day (blue), 

and one week (red) at 295 K and dry conditions, as simulated by KM-SUB considering phase 

separation and crust formation by BaP oxidation products (solid lines) or assuming ideal mixing 

(dashed lines). 

 

1.0

0.8

0.6

0.4

0.2

0.0

 F
ra

c
ti
o
n

 o
f 

U
n

re
a
c
te

d
 B

a
P

0.1
2 4 6 8

1
2 4 6 8

10
2 4 6 8

100

 O3   (ppb)

 crust formation
 ideal mixing

1 hour

12 hours

1 day

1 week



88 
 

5. Summary of the Dissertation  

Fine particulate matter (PM2.5) was collected at the two highways: Interstate 5 (I-5) and 

710 (I-710) located in Anaheim and Long Beach, respectively. Government agencies and other 

groups have previously conducted chemical measurements at these two sites. Their findings 

determined that DTT activities did not significantly change over the years while pollutants that 

contribute to redox activity of fine PM decreased.19-20 Their findings further hypothesized that an 

increase in contribution of metals in PM2.5 may explain the consistent DTT activities measured at 

the Southern California highways.   

This study has chosen highways I-5 and I-710 to explore whether metals, most likely 

emitted from non-exhaust emission, play a role in ROS formation near highways. EPFRs, ROS 

generation, and total DTT activities from PM2.5 were measured in this study. The ambient EPFR 

concentrations (EPFRv) measured from PM2.5 at the highway sites were found to be more than two 

times higher than the urban site in Irvine. The mass normalized EPFR concentrations (EPFRm) 

were found to be approximately six to ten times higher in comparison to that of the urban sites 

mentioned in the literature.47, 55 The highway PM2.5 was found to mainly generate ·OH and carbon-

centered radicals in water, which is in contrast with superoxide anion and oxygenated organic 

radical generation from fine PM collected from major cities in China.42 The ROS concentrations 

(ROSv and ROSm) generated from fine PM at Anaheim and Long Beach were found to be similar 

at both sites. This study shows communities living near the highway are exposed to twice the 

amount of these radicals, compared to communities living in suburban areas. The total DTT 

activities did not significantly differ when compared to past studies conducted at I-710 and 

Anaheim around the same season.19-20 The univariate correlation analysis shows a ·OH radical 

generated in aqueous solution and EPFR at Long Beach are positively correlated with primary 
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pollutants (CO and NO2) along with elemental carbon (EC). The formed ·OH and EPFR were also 

found to be positively correlated with each other. These correlation results suggest that formed 

·OH radical and EPFR may have similar sources at Long Beach and redox-active EPFR possibly 

contributed to ·OH generation in aqueous solutions. EPFR was found to be positively correlated 

with Fe and Cu at the Anaheim site, which suggests non-exhaust emissions may play a role in 

stabilizing EPFR. Interestingly, the total DTT activity showed positive correlations with ROS 

generated from fine PM in water.   

 In chapter 3, EPFR and ROS generated from size-segregated urban and wildfire particles 

were measured. The preliminary results show that EPFR can be approximately ten times higher 

during the wildfire compared to urban environments. ·OH, superoxide anion, carbon-centered, and 

oxygen-centered organic radicals were found to be formed in aqueous solutions depending on 

wildfire particle sizes, while urban particles showed no size-dependence of hydroxyl and carbon-

centered organic radical formation in water.  

 Chapter 4 explores the reaction mechanism and kinetics of ozonolysis of BaP in a 

multicomponent film. Incomplete BaP decay was observed upon prolonged ozone exposure. This 

phenomenon was also observed in past studies under similar experimental conditions dating back 

to the 1970s and could not be explained.203-205 In this study, the unreacted fraction of BaP in the 

film upon prolonged ozone exposure can be explained by the slow bulk diffusivity of BaP to the 

surface. For a multichemical component system, -pinene SOA was mixed with BaP and BES to 

form a film, which was exposed to O3 under different humidity conditions. The kinetic model was 

able to reproduce the experimental data sets only when BaP is immiscible in SOA. The BaP decay 

was found to be limited by bulk diffusivity of BaP to the surface at the immiscible BaP layer on 

top of SOA film. This assumption was also supported by the thermodynamic model AIOMFAC. 
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Lastly, a multicomponent film was also generated from mixing BaP and BES with organic liquids 

including squalene, linoleic acid, and cooking oil. The kinetic model further showed that BaP 

oxidized product are immiscible with the organic liquids to form a viscous layer at the surface, 

which also slows diffusivity of BaP from the film bulk to the surface. Oxidation products of 

linoleic acid and triolein also contribute to the formation of surface viscous layer. Simulation of 

BaP in cooking oil film was conducted using the kinetic parameters to fit the experimental data, 

showing that ~80% and ~10% of BaP would remain unreacted after 1 and 12 hours of 10 ppb O3 

exposure, respectively. These findings demonstrate that phase separation and slow diffusion 

significantly prolong the chemical lifetime of PAHs, affecting their fates in indoor environments. 
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6. Future Studies 

The water-soluble PM2.5 DTT activity revealed to be strongly associated with emergency 

department visits for asthma/wheezing and congestive heart failure.240 This study’s source 

contribution analysis showed the gasoline vehicle emissions exhibited the highest DTT activity, 

which highlights the importance of tailpipe regulations. The total DTT activity can be significantly 

impacted by insoluble redox-active components from non-exhaust emissions. The positive 

correlation between the total DTT activity and ROS formation in our study suggests similar 

epidemiological studies should be conducted with the total DTT activity measurements.  

 The redox-active chemical components that are responsible for ROS formation from 

wildfire PM are still not well known. The O2
·- was only generated in yellow-brownish aqueous 

extract of wildfire PM in this dissertation. Chemical measurements of these yellow-brownish 

aqueous extract should be made the better understand the O2
·- source in wildfire PM.  

 The oxidation products from ozonolysis of BaP and unsaturated compounds at the surface 

layer were explicitly treated in the kinetic model to fit the experimental data for BaP in linoleic 

acid and cooking oil films. Oleic acid, a compound chemically similar to linoleic acid, has been 

reported to form peroxidic oligomer upon exposure to the ozone.231-232 The current hypothesis is 

that the ozonolysis products of oleic acid are non-polar and are immiscible with polar 

compounds.83 However, our kinetic, experimental, and thermodynamic results also discovered 

polar oxidation BaP products contribute to the surface layer. The interactions between BaP and 

linoleic acid ozonolysis products are not known, and how these products’ interactions can affect 

the phase state should be investigated in future studies.  
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