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ABSTRACT OF THE DISSERTATION
Secondary Organic Aerosol Formation From Select Volatile Organic Compounds
by
Chia-Li Chen
Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, August 2015
Dr. David R. Cocker III, Chairperson

This thesis enhances our understanding of secondary organic aerosol (SOA)
formation from select anthropogenic sources including polycyclic aromatic hydrocarbons
(PAHs), PAHs mixed with m-xylene and an atmospheric surrogate, and unburned whole
gasoline vapors. Major SOA chemical characteristics and physical properties were
explored along with SOA formation within the UCR CE-CERT environmental chamber.

SOA formation was significant for all three PAHs precursors during
photooxidation under high NOy, low NOy and extremely low NOy conditions with 1-
methylnaphthalene forming the most SOA followed by 2-methylnaphthalene and
naphthalene. SOA yields greater than 1.0 were observed for extremely low NOy (H20,)
conditions. The atmospheric reactivity influenced by H,O,, NOy levels, initial VOCs/NO
ratios, and all impacted the SOA formation from the PAH precursors. Fractal SOA
particles were observed for 1-methylnaphthalene or 2-methylnaphthalene high NOy
photooxidation, indicating that SOA in these experiments were solid particles. SOA
growth rates (aerosol mass concentration (AM) versus hydrocarbon reacted (AHC)) from
different PAHs-m-xylene mixtures are correlated with initial m-xylene/NO, PAHs/NO,

[OH]/[HO;] ratio, [NO]/[HO;] ratio and [HO;]/[RO,] ratio. Addition of m-xylene to

vi



PAHs experiments suppressed SOA formation from the PAH precursor. The chemical
composition characteristics such as f4 versus fy3, H/C ratio, O/C ratio, and the oxidation
state of the carbon (OS,) show that PAHs-m-xylene SOA continuously ages and the SOA
exhibits characteristics of both individual precursors.

Finally, the SOA formation from photooxidation of whole gasoline vapor under
varying NOyx conditions was found to range from 1.7% to 5.2%. Further, addition of
ethanol suppressed the SOA formation. This work shows that the traditional two-product
SOA formation model was unable to explain the total SOA formation from the complex
gasoline mixture using the actual formation observed for individual aromatic SOA

precursors.
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Chapter 1. Introduction
1.1 Introduction of Dissertation

Secondary organic aerosol (SOA) is formed from gas-particle conversion
processes of primary organic gases from both anthropogenic and biogenic sources.
Organic compounds are also emitted directly in particulate form and are referred as
Primary Organic Aerosol (POA) (Kanakidou et al., 2005). Most urban tropospheric
aerosols originate from anthropogenic sources. Organic gases are oxidized by hydroxyl
radicals (OH), ozone (Os3), nitrate radicals (NOj3) undergoing chemical transformations to
form secondary organic aerosols by condensation or nucleation (Seinfeld and Pandis,
2006). It is estimated that organic matter contributes 20~50% of the total fine aerosol
mass globally in the lower troposphere at continental mid-latitudes (Kanakidou et al.,
2005; Saxena and Hildemann, 1996; Zhang et al., 2007) and as high as 90% in tropical
forested areas (Andreae and Crutzen, 1997).

A large mass fraction of fine particulate matter (PM) (aerodynamic diameter < 2.5
um) is comprised of SOA. PM is a major contributor to changes in radiative forcing
(Hoyle et al., 2011; Kanakidou et al., 2005; Schulz et al., 2006) visibility degradation,
and is linked to increasing risk of lung cancer, respiratory morbidity and mortality.
(Anderson et al., 2001; Moolgavkar and Luebeck, 1996; Pope 111, 2002). The presence of
organic species in atmospheric aerosol can affect particle hygroscopicity and the
internally mixed aerosol particles microphysics properties act as CCN (Merikanto et al.,

2009). However, there are uncertainties in the factors related to emission inventories,



radiative forcing, and global modeling and how they correlated with SOA formation that
require further study.

Biogenic (mostly monoterpenes) and anthropogenic volatile organic compounds
(mostly aromatic hydrocarbons) have been deemed as precursor substances to the SOA
formation with their aerosol formation readily measured in chamber studies. The
formation of low volatility organic species originate from a variety of chemical processes
including “oxidation reactions in the gas phase, reactions in the particle-phase and
continuing chemistry over multiple generations of oxidation products” (Kroll and
Seinfeld, 2008). Some of these reaction products are able to reversibly partition into the
condensed phase. Odum et al. (1996) first established the expression of fractional SOA
yield (Y) to describe the gas-particle partitioning absorption model developed by (Odum
et al., 1996; Pankow, 1994) with the key assumption that SOA is composed
predominantly of semivolatile organics.

Over the past decade, numerous laboratory studies have investigated SOA
formation under different high/low NOy conditions from oxidation of monoterpenes,
aromatic hydrocarbons and polycyclic aromatic hydrocarbons (PAHs) (e.g., aromatics:
Cocker et al., 2001; Forstner et al., 1997; Hurley et al., 2001; Izumi and Fukuyama, 1990;
Ng et al., 2007; Odum et al., 1997; Song et al., 2005, 2007; PAHs: Chan et al., 2009;
Kautzman et al., 2010; Kleindienst et al., 2012; Shakya and Griffin, 2010). Atmospheric
reactivity conditions including NOy level, VOC/NOy ratio, relative humidity,
temperature, hydroxyl radical (OH) level, NO; photolysis rate are all significant factors to

SOA formation from aromatic hydrocarbon precursors (e.g., Warren et al., 2008 (light



intensity); Cocker et al., 2001 (RH); Tang et al., 2015 (OH); Warren et al., 2009
(temperature); Hurley et al., 2001; Kroll et al., 2006; Ng et al., 2007; Presto et al., 2005;
Song et al., 2005 (NOx levels)).

The chemical mechanism for aromatic hydrocarbons and PAHs oxidation is
complex and poorly understood. Oxidation commences with OH radical attack of the
aromatic hydrocarbons followed by O, addition, cyclization, and atmospheric
competition for bicyclic peroxy radicals (RO) (Henze et al., 2008). The organic peroxy
(ROy) radical is critical for evolution of in low volatility organic aerosol formation and

the interplay of NOy levels in terms of competitive RO, chemistry (Kroll and Seinfeld,

2008):
Volatile Organic Compounds (VOCs)+OH (R1)
RO,+HO,—ROOH+0O, , (R2)
RO,+NO—RO+NO, , (R3a)
RO,+NO[+M]—RONO,[+M] - (R3b)
dissociation
O ——— R-(alkyl fragment)+C=0 (carbonyl) (R4a)
isomerization
O — ROH- (R4b)
Oy
RO - RO+HO, (R4c)

Reaction (R2) forms a low volatility hydroperoxide, which is a major component of SOA
formation. In the presence of NOy condition, RO, will react with NO to form alkoxy

radical (R3a) or organic nitrate (RONQO;) (R3b). The alkoxy (RO) radical can then by



dissociate (R4a), isomerize (R4b), and reacted with oxygen to form a carbonyl and HO;
(R4c).

Currently, SOA models predict SOA using an empirical parameterization system
based on smog chamber experiments to compute mass-based stoichiometric yields to
represent some degree of gas-phase oxidation. Two empirical model approaches currently
used include the “ two-product model” (Odum et al., 1996) and the “volatility basis set”
(Donahue et al., 2006). The “two-product model” is based on the equilibrium of gas-
phase partitioning of lumped species into condensed organic species. The “volatility basis
set” modeling approach is similar to the “two-product model”; however, in this approach
semivolatile oxidation products are distributed in logarithmically scaled volatility bins.
Previous studies reported that current climate and air quality models often underestimate
the total organic aerosols including POA and SOA in urban and remote areas (Heald et
al., 2005; Henze et al., 2008; Hodzic et al., 2009; Kleinman et al., 2008; Utembe et al.,
2011; Volkamer et al., 2006), mainly due to imperfect parameterization on the chemistry
reaction processes and SOA photochemical aging properties that are still not understood
(Zhang et al., 2006), and the overestimation of POA (de Gouw et al., 2005). Some
“missing” sources of SOA in the National Emission Inventory and SPECIATE species
remain unidentified. Polycyclic aromatic hydrocarbons (PAHs) may be a major “missing”
source of SOA precursors.

The objectives of this dissertation are focused on three areas of SOA chamber
research. First, the chemical characteristics and physical properties of SOA formation

from oxidation of PAHs such as naphthalene and methylnaphthalenes under high NOy



(with HONO), low NOy, and extremely low NOy (H2O;) condition are investigated.
Secondly, the PAHs with different m-xylene and surrogate experiments are conducted to
explore the SOA chemical composition and physical properties and to further understand
the atmospheric condition SOA formation from mixture compounds. Finally, due to,
Substantial changes to the U.S.EPA reformulated gasoline program since 1990s include
reductions in C4-Cs alkenes, benzene, and Co: aromatics from gasoline vapor. Therefore,
the final objective was to reevaluate SOA formation from select whole gasoline vapor
and fuels using the two-product model and volatility basis set. The ability of these models
to predict SOA from complex mixtures using individual precursors us further explored.
Chapter 2 investigates the SOA formation from select polycyclic aromatic
hydrocarbons (PAHs) photooxidation under high NOy, low NOy, and extremely low NOy
(H20;) conditions. SOA yield is observed to be high for the three PAHs studied
(naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene). Traditional two-product
model SOA yield curves are established for the different NOy conditions investigated.
The chemical composition and elementary analysis of SOA formation from PAH
photooxidation is further characterized by High-Resolution Time-of-Flight Aerosol Mass
Spectrometer (HR-ToF-AMS) along with the SOA density and volatility evolution.
Chapter 3 extends the study in Chapter 2 of SOA formation from individual PAH
photooxidation to that with different aromatic (m-xylene) and surrogate mixtures. The
two-product model curves derived from individual PAH and m-xylene photooxidation
under low NOy and H,O, condition are used to predict SOA yield from PAHs and m-

xylene. Both the m-xylene and surrogate are found to suppress SOA formation from



individual PAH photooxidation. Additionally, the SAPRC 11 model (Carter, 2010) is
used for predicting concentrations of OH radicals, HO, radicals, and RO, radicals from
the mixtures studied. A good linear relationship between SOA growth rate and different
radical ratios (e.g., [OH]/[HO,] ratio, NO/[HO;] ratio, and [HO,]/[RO;] ratios), m-
xylene/NO, and m-xylene/PAHs ratios is observed.

Chapter 4 revisits SOA formation from reformulated whole gasoline vapor
photooxidation by selecting representative summer and winter blend gasolines and
reference fuels and conduct chamber experiments on them under low NOy conditions.
The basic chemical composition of each gasoline is investigated and along with the
aromatic hydrocarbon weight percentage and OH radical concentrations predicted from
the SAPRC 11 model and OH rate constant (kop), the amount of aromatic reacted is
estimated. Two-product models for aromatic hydrocarbons (Ces.;, Csoy, and Cioi)
developed by previous work (Tang et al., 2015) is also applied to predict the SOA yield

from whole gasoline vapor and reference fuels with and without ethanol.
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Chapter 2  SOA Formation from Naphthalene, 1-Methylnaphthalene, and 2-

Methylnaphthalene Photooxidation
2.1 Introduction

The formation of secondary organic aerosol (SOA) originates from a variety of
chemical processes including gas-phase oxidation reactions of organic species, reactions
in the particle (condensed) phase and continuing chemistry over multiple generations of
oxidation products (Kroll and Seinfeld, 2008). SOA negatively impacts visibility and can
affect global radiative forcing through both direct and indirect effects (Hoyle et al., 2011;
Kanakidou et al., 2005; Schulz et al., 2006). Additionally, epidemiological evidence
shows a significant risk correlated between fine particles and lung cancer, respiratory
illness, and cardiovascular (Lewtas, 2007). Polycyclic aromatic hydrocarbons (PAHs) are
an important source of semivolatile gas-phase anthropogenic emissions sources including
incomplete combustion emissions from exhaust vehicles (Shah et al., 2005), biomass
burning (Conde et al., 2005; Hedberg et al., 2002), and cooking (McDonald et al., 2003).
Further, PAH (e.g., naphthalene, 1-methylnaphthalene, 2-methylnaphthalene) may be
major unaccounted for source of secondary organic aerosol (SOA) as their contribution to
ambient secondary particulate matter is not clearly understood. Pye and Pouliot, 2012
applied the Community Multiscale Air Quality (CMAQ) model and estimated that long-
chain alkanes and PAHs accounted for 20~30% of SOA derived from anthropogenic
hydrocarbons. The California Air Resources Board (CARB) 2010 California Toxic
Inventory (CARB, 2013) estimates total California emission of naphthalene of ~ 910.7

tons/year. Average Southern California Air Basin naphthalene concentrations range from
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91~445 ng/m’ (Eiguren-Fernandez et al., 2004; Lu et al., 2005) with Reisen and Arey
(2005) reporting much higher naphthalene concentrations in Los Angeles due to heavy
traffic emissions than Riverside (Reisen and Arey, 2005). Further, Lu et al. simulated the
distribution of naphthalene emissions over Southern California using the SMOG airshed
model and estimated 10-50 kg/day/grid (5-km by 5-km grid cells) in populated urban
areas (Lu et al., 2005). Although naphthalene is the most abundant PAHs precursor, a
number of petroleum, gasoline, fuels, and kerosene contain significant amounts of
methylnaphthalenes. 1-Methylnaphthalene and 2-methylnaphthalene are both generated
from natural crude oil, crude oil derivatives, and also found in pyrolysis and combustion
products such as cigarette and wood smoke, emissions from combustion engines, roofing
and asphalt tars, pesticides, and industry plants (Aislabie et al., 1999; Singer et al., 2003).
The methylnaphthalenes emitted from primary sources can react with OH radicals and
NOy to produce methylnitronaphthalenes and dicarbonyl derivates in the atmosphere.
Methylnitronaphthalenes and nitronaphthalenes are reported as carcinogens and are
associated with mutagenicity and toxic effects in metabolism reactions (Grosovsky et al.,
1999; Lin et al., 2009).

Recent research on SOA from PAHs has focused on the evolution and chemical
composition of SOA from OH-initiated photooxidation of naphthalene under low-NOy
and high-NOy conditions (Kautzman et al., 2010) and the naphthalene oxidation by OH
radicals (Zhang et al., 2012). Chan et al. reported SOA yields for high-NOy conditions
between 0.19 and 0.3 for naphthalene, 0.19 and 0.39 for 1-methylnaphthalene, and 0.26

and 0.45 for 2-methlynaphthalene. Under low-NOx conditions, SOA yields were
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observed to be 0.73, 0.68, and 0.58 for naphthalene, 1-methylnaphthalene, 2-
methylnaphthalene, respectively (Chan et al., 2009). However, lower PAH SOA yields
ranging from ~0.02 to ~0.22 were observed by Shakya and Griffin (2010) for aerosol
mass concentrations less than 10pg/m’. Kleindienst et al. (2012) recently reported that
naphthalene SOA yields ranging 0.11~0.27 under higher NOy conditions, which is much
lower than reported by Kautzman et al (2010). Further, Kautzman et al report phthalic
acid as a major naphthalene photooxidation product for both NOy conditions. Phthalic
acid has been suggested as a potential tracer of ambient naphthalene SOA (Kautzman et
al., 2010) due to large observable quantities (e.g., ~ 14 ngm™ in Birmingham, Al).
Additionally, 4-nitro-1-naphthol, hydroxyl phthalic acid and hydroxyl nitrobenzoic acid
have also been observed in both urban organic aerosols and laboratory SOA from PAH-
NOx photooxidation. OH radical reaction initiates naphthalene and C;- C;
alkylnaphthalene atmospheric oxidation. Naphthalene and alkylnaphthalene oxidation
mechanism for high NOy (Kautzman et al., 2010) have been proposed with 2-
formylcinnaldehyde (30~60% yield) as the major product (Nishino et al., 2009, 2012;
Sasaki et al., 1997). Previous studies have shown that OH radical reaction in the presence
of NOxy results in the formation of nitronaphthalenes (0.6%), naphthols (10%) and other
ring-opening and ring-remaining products (Sasaki et al., 1997). This study builds in these
previous works to reduce uncertainties in the formations and characterizations of SOA

derived from PAHs.
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2.2 Experimental Methodology
2.2.1 Experimental Setup

All experiments were performed in the UCR/CE-CERT environmental chamber
described in detail elsewhere (Carter et al., 2005). The facility includes a 6mx6mx12m
thermally insulated enclosure continuously flushed with purified air (Aadco 737 series
(Cleves, Ohio) air purification system). Inside the enclosure, there are two 90 m® 2 mil
(54 um) FEP Teflon” film reactors along with two banks of 115 W 4-ft blacklights. The
elevation of the top frames of the reactors are controlled by elevators that slowly move
down during the experiments to maintain a positive differential pressure of ~0.02 in H,O
thereby reducing likelihood of dilution due to sampling, leaks, and permeation. Known
aligwots of PAHs were injected into the chamber through a heated glass injection
manifold system and flushed into the chamber with pure N,. 50% wt hydrogen peroxide
(H20,) were injected into a glass manifold tube in a 55°C oven, and subsequently flushed
into the chamber with purified air. NO was prepared by filling a calibrated glass bulb
with a known pressure of pure NO and then subsequently flushed into the chamber with
pure N,. Nitrous acid (HONO) was injected as the OH precursor for high NOy (NO >350
ppb initially) condition experiments. HONO was prepared by adding 10 ml of 1w%
NaNO; dropwise into 20 ml of 10w% H,SO4 aqueous solution (Kautzman et al., 2010).
Ammonium sulfate seed aerosol was generated as needed by atomization of a ~0.005 M

aqueous ammonium sulfate solution.
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2.2.2 Instrumentation

Gas phase: Perfluorohexane (n-C¢F4) was used as an inert chemical tracer. The
perfluorohexane and PAH concentrations were monitored using Agilent 6980 (Palo Alto,
CA) gas chromatography (GC) equipped with flame ionization detectors (FID) (equipped
with: 30 m x 0.53 mm GS-Alumina column used for the analysis of light hydrocarbons
and 30 m x 0.53 mm DB-5 column used for the analysis of Cs; alkanes and aromatics),
and a GC equipped with a thermal desorption system (CDS analytical, ACEM9305,
Sorbent Tube MXO062171 packed with Tenax-TA/Carbopack/Carbosieve S111),
respectively. NO and NO,-NO were measured by a TECO NOy analyzer while O3 was
measured by a Dasibi Environmental Corp. Model 1003-AH O; analyzer.

Particle phase: Particle size distributions between 27 and 686 nm and number
concentrations are measured with an in-house build Scanning Mobility Particle Sizers
(SMPS) described by (Cocker et al., 2001). Aerosol particle density was measured with
an Aerosol Particle Mass analyzer (APM, Kanomax model 3600) and a SMPS in series.
A detailed description of the APM-SMPS system and data algorithms are described
elsewhere (Malloy et al., 2009; Nakao et al., 2011). Particle volatility was monitored with
a volatility tandem differential mobility analyzer (VITDMA) (Nakao et al., 2011, 2012; Qi
et al., 2010b; Rader and McMurry, 1986), in which monodisperse particles of mobility
diameter Dp,; are selected by the 1st differential mobility analyzer (DMA) followed by
transport through a Dekati thermodenuder (TD, residence time: ~16 s, at 100 °C). The
particle size after the TD (Dyy) is then measured by fitting a log-normal size distribution

curve acquired by the 2nd DMA. Volume Remaining Faction (VRF) is calculated by
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VRF = (Dmf/Dmi)3 where Dy is the particle mobility diameter after the TD and Dy, is the
initial particle size selected. The FHNW Transmission Electron Microscopy (TEM)
sampler was used to collect particles during select experiments. The particulate were
subsequently analyzed by TEM (FEI-PHILIPS CM300) at the UCR Central Facility for
Advanced Microscopy and Microanalysis (CFAMM).

Particle chemical composition was analyzed with a high-resolution time-of-flight
aerosol mass spectrometer operating in “W-mode” (Aiken et al., 2007, 2008; DeCarlo et
al., 2006). Details of the HR-ToF-AMS and software analysis are described in (DeCarlo
et al., 2006).The HR-ToF-AMS data was analyzed by HR-ToF-AMS analysis toolkit

1.51H and PIKA module for SQUIRREL 1.10 H version.

2.3 Results and Discussion

23.1 SOA yields from naphthalene, 1-methylnaphthalene and 2-

methylnaphthalene

SOA formation from naphthalene, 1-methylnaphthalene and 2-methylnaphthalene
were measured for different gas-phase reactivity conditions in UCR CE-CERT
environmental chamber. SOA yields (Y) for individual ROGs were determined as the
total aerosol formed divided by PAH consumed. Yield was then plotted versus final

organic aerosol mass and fit to the following equations (Odum et al., 1996, 1997):

Y =M, (A) (1)

1+Kom,iMo
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to obtain the best fit two product (i=2) model for o; and Kyn; are the mass-based
stoichiometric coefficient and absorption equilibrium partitioning coefficient of product 7 ,
respectively.

All experiments were irradiated (K;= 0.552 min") under dry conditions (RH<
0.1%). Table 2.1 lists the experimental conditions and SOA yields for photooxidation
experiments conducted for each of the three PAH precursors. The initial PAH
concentration in these experiments ranged from 15 ppb to 68 ppb while initial NOy
ranged from > 350 ppb for high NOy experiments to < 100 ppb for low NOy conditions,
and << 1 ppb for H,O, low NOy experiments.

2.3.1.1 High NO condition

SOA yield ranged from 0.03~0.60 (naphthalene), 0.21~1.52 (I-
methylnaphthalene), and 0.34~0.55 (2-methylnaphthalene) under high NOy (initial
PAHs/NO = 0.03~0.17) conditions (Table 2.1). HONO was injected into high NOy
experiments to serve as an *OH source to help increase the reactivity of the experiment.
However, the HONO production method also produced variable additional NO and NO;
that was injected into the chamber. The injected *OH and NO,/NO ratio impacts aerosol
formation from a given PAH precursor (Figure S 2.1). The lowest SOA yield was
observed in 1732A naphthalene-high NOy experiment, which NO and NO, were low
when injecting HONO into the system, indicating producing lower OH radical and NO,
and also the higher additional NO, leading to less aerosol formation. The OH radical
initiates reactions of alkylnaphthalene/naphthalene mainly by addition to the ring to form

an OH-alkylnaphthalene/OH-naphthalene adduct which subsequently react with NO, and
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O, (Atkinson and Arey, 2007). In this study, SOA yield under high-NOy conditions is
non-linearly related to the HONO, NO, and NO; concentration (Figure S 2.1), implying
that aerosol formation is expected through NO, reaction with OH-naphthalene/OH-
alkylnaphthalene adducts leading to nitro-containing and other low volatility products.
Previous studies have identified ring-opened products from OH-initiated
naphthalene/alkylnaphthalene reactions including 2-formylcinnamaldehyde (30-60%),
phthaldialdehyde and phthalic anhydride (Atkinson and Arey, 2007; Nishino et al., 2009,
2012). These products can continue to oxidize and form secondary-generation products
that could further to partition into the condensed phase.

2.3.1.2 Low NOjy condition

In the low NOy (initial PAHs/NO = 0.54~2.20) experiments, SOA yield is
0.04~0.31, 0.14~0.72, and 0.06~0.49 for naphthalene, 1-methylnaphthalene, and 2-
methylnaphthalene, respectively. The photooxidation routes to form SOA are expected to
be is dominated by RO,+HO, and RO,+NO reaction pathways (Kroll and Seinfeld, 2008).
The SOA formation from the PAH precursors under low-NOy conditions is lower than
that observed for high NOy (2.3.1.1, see also Figure S 2.1 and Figure S 2.2). Figure S2.2
shows that the initial PAHs/NO ratio significantly influences the SOA growth, which was
observed as the initial PAHS/NO ratio increases the aerosol formation increases. For
instance, the initial naphthalene/ NO ratio is 3.41 for 1828A and 1.26 for 1592A, the
aerosol mass produced for 1828 A is much higher than 1592A as shown in Figure S2.2 (a).
The SOA yield increases as initial NO level decreases attributable to increasing RO, and

HO, radical concentrations leading to reactions forming products with lower volatilities,
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similar to observed NOy effects on SOA formation from aromatic hydrocarbon (Tang et
al., 2015a). Organic aerosol does not grow in the early hours of the experiment (e.g., run
1661) with only slight aerosol formation observed after 3-5 hours, suggesting NOy might
slowly react with intermediate radicals forming organic nitrate products.

2.3.1.3 Effect of seed aerosol

Ammonium sulfate seed aerosol was introduced to four naphthalene low NOy
condition photooxidation with particulate mass of organic aerosol determined by:

PM mass=PM(NH4)ZSO , masstPM,,, masstPMyo, mass (2)
PM,,;, mass (t)=(PM volume corrected x p (t))x(l-f(NH4)zso ,(D) 3)

where finn,),s0, 18 the fraction of particulate matter that is ammonium sulfate acquired

by HR-ToF-AMS and obtained from eq(2). Aerosol density as a function of time (p (t))
was directly obtained by the APM-SMPS. Thus, total organic aerosol mass formed
(PM,r, mass (t)) can be calculated by the equation (3). The aerosol formation in the four
seeded experiments agrees well with the non-seeded experiments indicating letter loss of
semi-volatiles to the chamber walls in contrast to Kautzman et al. 2010. This may be due
to large size of the environmental chamber.

2.3.1.4 H,0,/ H;O+How NOy condition

SOA yields in the presence of H,O, increases greatly for naphthalene, 1-
methylnaphthalene and 2-methylnaphthalene with some mass-yields exceeding 1.0. High
SOA yields occurred in H,O; (only) irradiation condition (1~2 ppm) due to high OH

radical concentrations produced by the blacklights (NO, photolysis rate is 6.68 x107s™).
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SOA yield from I-methylnaphthalene photooxidation is the highest followed by
naphthalene and 2-methylnaphthalene. Even higher yields are observed for the low NOy
+ H»0; conditions due to even higher OH radical concentrations with SOA highest for 1-
methylnaphthalene (1.93), follow by naphthalene (1.15), and 2-methylnaphthalene (1.26).
The yields obtained from the H,O, experiments suggest the RO,+HO, chemistry
producing substantial amount of low-volatility hydroperoxides and acids. NO quickly
drops to sub-ppb levels during first hour irradiation (e.g., run: 1613A), allowing RO, and
HO; to rapidly build and SOA formation to commence. (This is compared with ~ 5 hours
for low NOy experiments when NO depletes and SOA formation accelerates).
Additionally, Figure S 2.1(d) shows a linear relationship between instantaneous SOA
yield and M, concentration. The PAHs were consumed (>99%) after 3 hours irradiation
under low NOx+H,0, conditions (Figure S 2.2 (d)) due to the high OH radical level
concentrations. The SOA growth curve (AMj vs. hydrocarbon reacted AHC) indicates
that SOA continued to grow after hydrocarbon reacted completely (Figure S2.2 (d)
1613A) suggesting partitioning of some multigenerational oxidation products.

2.3.1.5 Overall comparison

SOA yields are much higher in this work than the studies of Chan et al. (2009),
Kleindienst et al.(2012), and Shakya et al. (2010) (Table 2.2). The differences between
this study and other studies are attributed to differing chamber conditions such as light
intensity (rate of NO, photolysis), chamber size (wall-effects), NOy levels, and hydroxyl
radical concentrations. Figure S 2.1 shows that the instantaneous SOA yield trends as:

H,0, + low NOx > H,0; without NOy > high NO,> low NOy conditions. The SOA yield
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increases with hydroxyl radical increasing (as well as with increasing reaction rate with
OH (kon)). Additionally, the chemical properties such as solid/liquid phase, vapor
pressure, and chemical reaction mechanism differ for these three compounds. Applying
the two-product model (eq(1)) to all naphthalene, 1-methylnaphthalene and 2-
methylnaphthalene photooxidation experiments (Figure 2.1) shows smaller SOA yield fit
curves for the three precursors. Zooming in on low M, indicates an order of 1-

methylnaphthalene > 2-methylnaphthalene =~ naphthalene.

2.3.2 Density of SOA evolution

The SOA density measured by APM-SMPS is displayed as a function of time
(Figure 2.2). The initial SOA densities were ~ 1.58 g/cm” for all experiments, decreasing
to ~1.3~1.4 g/cm’ and remaining constant during the remainder of the experiment under
most conditions, in agreement with previous aromatic SOA study (Nakao et al., 2013).
However, the SOA density decreased continuously for 1-methylnaphthalene
photooxidation and 2-merthylnaphthalene under high NOy conditions (Run ID: 1659A,
1628A, 1623A, 1632A, and 1635A). For these experiments, densities were observed to
drop lower than 1 g/cm’, suggesting that the particles are fractal-like than in typical SOA
experiments (e.g., run 1623A density dropped to 0.7 g/cm’). A power function
relationship between effective density and size (equation 4) is used as (Nakao et al.,

2011):

Df—3
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where p,¢r is the effective density of particles, C is a constant, d,, is the mobility
diameter of particles, and Dy is the fractal-like dimension. For example, the fractal-like
dimension (Ds) in experiment 1623A ranges from 3 to 2.31 over the course of experiment
(Figure S 2.3(a)). For these experiments, particle number concentrations of ~10° particles
/em® are observed (Figure S 2.3(b)) yielding a time constant for coagulation in the order
of a few hours (Seinfeld and Pandis, 2006). If the SOA is solid, then it is possible that
coagulating particles could form such fractal particles for these conditions and timescales
with decreasing particle density. Particle density as their mobility diameter increased
from 40 nm to 235 nm (Figure S 2.3(a)). Further evidence of fractal 1-methylnaphthalene
SOA was observed by injecting m-xylene into the chamber at the end of an experiment.
The 1-methylnaphthalene SOA density rapidly increased from 1.15 g/em’ to 1.51 g/em’
as m-xylene coated to the 1-methylnaphthalene SOA filling the fractal voids (Figure S
2.4). Finally, a TEM sample was collected during the 1* hour of particle formation, 5-6
hours, and 6-7 hours irradiation time. Figure 2.2 shows the TEM images collected of
SOA formed from I-methylnaphthalene/high NOy photooxidation, confirming the
formation of fractal SOA particles coagulated after 5~6 hours of photooxidation. This
study shown the importance of measuring density for individual experiments to

determine mass based aerosol yield.

2.3.3 SOA volatility evolution

The volatility trends of strongly decreasing volatility as the experiment progressed

were similar from naphthalene, 1-methylnaphthalene and 2-methylnaphthlene
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photooxidations under high NOy, H,O, and low NOx+ H,0O, conditions. For example,
VRF increased from < 25 % to > 85% (Figure 2.3(a)) for naphthalene, 1-
methylnaphthalene, and 2-methylnaphthalene photooxidation for high-NOy conditions
even for experiments when the fractal like agglomerate formed. This indicates that the
vast majority of SOA formed how low volatility even @100 ° C. Additional VT DMA
experiments with the thermal denuder temperature set to 150 °© C were performed to
further explain the volatility of SOA from naphthalene, 1-methylnaphthalene, and 2-
methylnaphthalene (Figure 2.3(b)), which more SOA evaporated at higher temperature,
the SOA at the end of the experiment was still very low volatility (VRF > 60%). The
volatility of the SOA was far lower than that measured for monoaromatic compounds (Qi

et al., 2010a; Tang et al., 2015b).

2.3.4 Chemical composition characteristics of SOA formation

The HR-ToF-AMS measures the ion fragments from impaction of particles after
vaporization on a heated surface (~600 °C) and electron ionization (70 eV) (DeCarlo et
al., 2006). Traces of specific mass-to-charge ratios (m/z) are often used to characterize
SOA evolution. Numerous studies have used m/z 44 (mostly CO,', 43.989) associated
with carboxylic acids and m/z 43 (C,;H30"(43.018) or C3H;'(43.054)) associated with
oxygenated non-acids (such as aldehydes and ketones) as important indicators of
chemical composition and aging of chamber SOA and ambient SOA (e.g., Ng et al., 2010,
2011). The m/z 44 is the key signature of the oxygenated organic compounds formed

from PAH SOA formation and the most abundant fragment observed in this study.
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Typical normalized m/z distributions of naphthalene, 1-methylnaphthalene and 2-
methylnaphthalene SOA averaged over the course of the reaction for high-NOy
conditions are shown in Figure 2.4. The high m/z 44 signal was paired with a high m/z 18
(H,0") peak implying thermal decomposition of the carboxylic acid group at the
vaporizer (Alfarra et al., 2004). Additional major ion fragments detected included m/z 43
(C,H307, 43.018), m/z 50 (C4H,", 50.156), m/z 51(C4H;", 51.023), the typical aromatics
series CsHsCyHan™ (m/z 77 (CeHs',77.039), 91(C;H;",91.054), 105 (CsHo',105.070))
(McLafferty and Turecek., 1993), m/z 76 (C¢H,',76.031) , m/z 115 (CoH;",115.054), m/z
104 (CsHg (104.062) and C;H40'(104.026)), and m/z 105 (C;Hs0'(105.033) and
CsHo'(105.070) isomer). Interestingly, nitro-organic compounds ion fragments were also
observed at m/z 131 (CoH;0"(131.049) and C,HsNO, (131.021)), m/z 133 (CsHNO,”
(133.037)) and m/z 145 (C10HyO'(145.065) and CsH;NO4'(145.037)), corresponding to
the N-containing compounds like 2-nitrophenol and 4-nitro-1-naphthol observed during
OH-initiated naphthalene-high NOy photooxidation in Kautzman et al. (2010) study.
Three possible PAHs photooxidation products are proposed in this study based on m/z
comparison to NIST library WebBook- trans-cinnamic acid, phthalic acid, and benzoic
acid (Figure S 2.5 ). Firstly, the m/z 147 (CoH;0,(147.044)) is the expected major ion
fragment of frans-cinnamic acid (CoHgO,, MW 148) with additional fragments of m/z
148, m/z 103, m/z 77, m/z 51, all present in reasonable ratios in the PAH SOA m/z
spectrum. Second, phthalic acid (CsH¢O4 , M.W. 166) is suggested by the major mass
spectrum peak at m/z 104 (C;H40") along with additional at m/z 76, m/z 18, m/z 50, and

m/z 148 (Figure S 2.5 ,S 2.6). The m/z 104 mass spectrum intensity from each high-NO
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PAH experiment shows that the fraction 104 (fips) is 1.82%, 1.14% and 1.28% for
naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene, respectively (Figure S 2.7).
The third suggested product of this study is benzoic acid, whose major m/z is expected at
m/z 105. These three compounds have also been identified as major PAH SOA product in
previous OH radical-initiated naphthalene reactions (Kautzman et al., 2010; Wang et al.,
2007). It is therefore suggested that the m/z 104 can be used as a potential indicator of
phthalic anhydride or phthalic acid in HR-ToF AMS mass spectra distribution from PAH
photooxidation.

The triangle plot (fzs vs. fy43) of SOA formation from naphthalene, 1-
methylnaphthalene and 2-methylanpthalene photooxidation for different conditions is
shown in Figure S 2.8. The naphthalene SOA lies on the top of triangle area, the 1-
methylnaphthalene SOA sits on the left edge of triangle and 2-methylnaphthalene SOA
locates on the right edge of triangle range, which is ambient OOA as (Ng et al., 2010). It
is suggested that PAHs SOA is highly oxidized SOA since fa3 < 0.05 and the H:C is ~1.
Interestingly, fiz of 2-methylnaphthalene SOA was much higher than 1-
methylnaphthalnene and naphthalene, suggesting more aldehydes or ketones (CH,CHO"
or CH3;CO") as well as saturated hydrocarbons (C3H;") (Alfarra et al., 2004) products are
formed from 2-methylnaphthalene than the other two PAHs. Under high NOy conditions,
the SOA fi4 continuously increased from 0.17 to 0.32 during naphthalene photoxodation,
which is a much larger increase than observed for I-methylnaphthalene and 2-

methylnaphthalene. The same w4 aging trend occurs for the three PAHs precursors under
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high NOy, H,0,, and low NOyx + H,O, conditions experiments, indicating that the
formation of highly oxidized.

SOA characteristics including oxygen-to-carbon ratio (O/C), hydrogen-to-carbon
ratio (H/C), and VRF (Volume Remaining Fraction) are summarized in Table S 2.1. The
average O/C ratios of naphthalene and methylnaphthalene SOA increased from 0.33 to
0.63 during the course of the experiment. The average mean oxidation state of carbon
(0S,), calculated as 0S, ~ 2 0/C — H/C (Kroll et al., 2011), increases from -0.5 to 0.5
over the course of experiment. Figure S 2.9 shows the Van Krevelen diagram from PAHs
photooxidation for each of the PAH precursors. The increasing OS, is consistent with
SOA aging during the course of experiment. The naphthalene and methylnaphthalenes
SOA was suggested to be between low volatility oxygenated OA (LV-OOA) and SV-
OOA compared to ambient OOA in the triangle plot and Van Krevelen diagram as Ng et
al. The O/C ratios increased with irradiation time is consistent with f44 formation, which
further demonstrated that oxidized organic aerosol aging property during PAHs

photooxidation under both NOy conditions and absence of NOy conditions.

2.4 Conclusion

The  characteristics of  naphthalene, 1-methylnaphthalene and  2-
methylnaphthalene SOA under high NOy, low NOy and absence of NOy conditions are
reported. SOA yields from naphthalene and methylnaphthalene are very high with
increasing yield of 1-methylnaphthalene> naphthalene~ 2-methylnaphthalene, differing

from the results of earlier studies due to the differences in chamber experimental

27



conditions. SOA yields increase with increasing the hydroxyl radical concentrations for
H,0O; condition, H,O,+low NOy and high NOy condition with HONO. It is noted that 1-
methylnaphthalene is the highest PAHs precursor that leads to higher SOA potential
formation. The CARB emission inventory for toxic shows that naphthalene is the most
abundant precursor (910.7 tons/year) among PAHs followed by 2-methylnaphthalene
accounting for 81.1 tons/year. Given their high SOA yields, near 1.0, these PAHs can
significantly contribute to the aerosol inventory through secondary atmospheric reactions.

Further, it was determined that 1-methylnaphthalene and  2-
methylnaphthalene/high NOx SOA decreases is solid allowing it to form fractal-like SOA
when particle number is high enough to promote coagulation. Formation of fractal SOA
particles requires careful evaluation of SOA density to accurately represent SOA mass
yields. The m/z 104 is identified as a possible indicator of phthalic acid and phthalic
anhydride from naphthalene photooxidation by HR-ToF-AMS measurement. Finally, the
triangle plot, Van Krevelen diagram, and OS, shows significant evolution of the SOA

density during the course of the experiment.
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2.6 Tables and Figures

Table 2.1 Initial experimental conditions and SOA yield for all experiments

High-NO, (with HONO) HC, AHC NO* NO;f NO° NOY AM,  SOA

> Density
Run ID Compound b /m® b b b b P yield® o’

p pp pug/m pp pp pp pp pg/m g/cm
1586A naphthalene 453 168 73 94 510 188 94.8 0.60 1.48¢
1588A naphthalene 29.1 126 N.D. 104 610 166 59.4 0.47 1.48¢
1590A naphthalene 25.9 116 20 142 420 338 47.1 0.41 1.47
1732A naphthalene 29.6 105 25 38 624 152 3.0 0.03 1.51
1737A naphthalene 22.6 80 50 88 576 207 20.3 0.25 1.40
1623A I-methylnaphthalene ~ 67.7 362 44 177 396 440 375.2 1.04  0.92(1.47->0.71)
1628A 1-methylnaphthalene 40.0 203 26 103 397 372 173.7 0.78 19.0078(31).49
1652A 1-methylnaphthalene 14.2 52 68 50 476 284 10.4 0.21 1.25¢
1659A 1-methylnaphthalene 26.8 111 63 81 445 341 74.1 0.65 (ll?55491.06)
1770A 1-methylnaphthalene 47.0 253 294 202 400 216 383.2 1.52 1.23 (1.48->1.12)
1632A 2-methylnaphthalene 30.6 148 28 77 380 321 51.1 0.35 1.32
1635A 2-methylnaphthalene 41.2 211 47 83 403 348 89.7 0.43 1.26
1768A 2-methylnaphthalene 47.7 182 145 104 530 168 61.1 0.34 1.35
1775A 2-methylnaphthalene 43.7 163 148 117 515 145 89.1 0.55 1.32

Low NO, condition HC, AHC NO* ASE seed(um’/cm®) AM, Y Density
1592A naphthalene 28.0 135 22 5.7 0.04 1.48
1660A naphthalene + AS 17.1 86 14 17.3 15.5 0.18 1.58
1661A naphthalene 14.7 76 13 21.1 0.28 1.47
1668A naphthalene + AS 15.9 77 21 41.9 9.7 0.13 1.61
1718A naphthalene 27.1 140 19 30.8 0.22 1.48
1828A naphthalene 34.7 173 10 50.1 0.29 1.48¢
1992A naphthalene + AS 27.0 125 18 154 34.5 0.28 1.58
1992B naphthalene 28.7 142 18 27.1 0.19 1.48
2040A naphthalene + AS 14.6 69 10 3.4 22.7 0.33 1.48
2040B naphthalene 16.9 84 11 26.2 0.31 1.48¢
1616A 1-methylnaphthalene 34.8 114 63 18.7 0.14 1.41
1616B I-methylnaphthalene 35.0 185 29 34.8 0.19 1.4°
1742A 1-methylnaphthalene 453 218 71 44.1 0.20 1.44
1664A 1-methylnaphthalene 25.9 148 13 107.0 0.72 1.40
1666A 2-methylnaphthalene 20.0 115 12 56.3 0.49 1.37
1744A 2-methylnaphthalene 26.4 152 49 8.5 0.06 1.40
1745A 2-methylnaphthalene 29.1 157 13 43.4 0.28 1.33

H,0, / H,0, +Hlow NO, conditions NO* H,0, (ppm) AM, Y Density
1584A naphthalene 24.6 114 - 2 68.5 0.62 1.48¢
1585A naphthalene 48.0 313 - 2 201.0 0.96 1.48¢
1754A naphthalene 20.8 100 - 1 87.4 0.58 1.48¢
1776A naphthalene 46.5 207 - 1 190.3 0.95 1.49
1596A 1-methylnaphthalene 35.6 201 - 1 234.5 1.19 1.4'
1598A 1-methylnaphthalene 24.8 139 - 1 164.9 1.19 1.4°
1600A 1-methylnaphthalene 50.7 274 - 1 483.2 1.81 1.37
1608A 2-methylnaphthalene 28.6 162 - 1 128.7 0.81 1.39
1772A 2-methylnaphthalene 40.9 232 - 1 202.8 0.87 1.37
1613A naphthalene 34.8 181 59 1 208.3 1.15 1.43
1650A 1-methylnaphthalene 36.6 209 38 1 403.4 1.93 1.26(1.49>1.05)
1643A 2-methylnaphthalene 34.0 195 55 1 246.5 1.26 1.30

a: initial NO and NO, concentration when injecting HONO; b: initial NO and NO, concentration after injecting additional NO and
mixing reactors before turning blacklights on; ¢ : SOA yield is calculated at the end of each experiment. Each experiment irradiates for
6 to 8 hours. d: assume average density of naphthalene SOA is 1.48 g/cm®.e: assume average density of 1-methylnaphthalene high
NO, SOA is 1.25 g/em’; f: assume density of 1-methymnaphthalene H,Ox+ low NO, SOA is 1.4 g/cm’; g: AS: ammonium sulfate.
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Table 2.2 Comparison of SOA yield from PAHs photooxidation

) SOA yield SOA yield (S}?aiy}Z?I?d SOA yield
PAHs Condition (Chan etaal., (Klelndlensg et Griffin, (this study)
2009) al., 2012) 2010)!
naphthalene high NOy 0.19~0.30 0.28° 0.08~0.16 0.03~0.60
naphthalene low NO,+H,0, 0.73 -—- -—- 1.15
naphthalene low NOy - - - 0.04~0.33
naphthalene H,0, -—- 0.18-0.36 - 0.58~0.96
1-methylnaphthalene high NOy 0.19~0.39 0.20 0.03-0.22 0.21~1.52
1-methylnaphthalene low NO,+H,0, 0.68 0.41 -—- 1.93
1-methylnaphthalene H,0, - - - 1.19~1.81
1-methylnaphthalene low NOy - - - 0.14~0.72
2-methylnaphthalene high NO, 0.26~0.45 0.15 0.04-0.13 0.34~0.55
2-methylnaphthalene low NO,+H,0, 0.58 0.64 -—- 1.26
2-methylnaphthalene H,0, - - - 0.81~0.87
2-methylnaphthalene low NOy - - - 0.06~0.49

a: aerosol mass loadings (AM) : 10~40 ;.Lg/m3 ; b: aerosol mass loadings (AM,) : 39~130 pg/m3; c: 0.14ppm; CH;0NO,
0.3 ppm NO, for AM, 100 pg/cm3 ; d :aerosol mass loadings (AMy) : 4~18 pg/m3. (Kleindienst et al., 2012)
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Figure 2.1 Two-product model curve for SOA yield from naphthalene, 1-methylnaphthalene
and 2-methylnaphthalene photooxidation. Coefficients of a, Kom,1, 02, Kom2 for naphthalene are
0.2235, 0.0558, 6.0176, 0.0008 for naphthalene, and 0.8096, 0.0008, 2.4436, 0.0032 for 1-
methylnaphthalene, 1.0074, 0.0014, 2.600, 0.0022 for 2-methylnaphthalene, respectively.

35



2.0~ E

Density (glcms)

A 1600A 1-MN/H,0,
O 1608A 2-MN/H,0,

1590A Nap/high NOy % & &

O 1613A Nap/low NO+H,0, °
051 1659A 1-MN/high NO, (My=74ug /m’)
O 1628A 1-MN/high NO, (My=222ug /m")
. 3
O 1623A 1-MN/high NO, (Mo=431yg /m’) .
1632A 2-MN/high NO, ~

= 1635A 2-MN/high NO,
1770A 1-MN/high NO, o o l
| o

0.0t T
0 2 4 6 8
Irradiation Time (hr)

Figure 2.2 Time series of the densities of SOA from naphthalene, 1-methylnaphthalene and 2-
methlnaphthalene photooxidation under different conditions.
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Figure 2.3 Volume remaining fraction (VRF) evolution of SOA during the courses of

experiments under (a) high NOy, H,0,, low NO, and H,O, conditions at thermodenuder
temperature of 100 °C, (b) high NOx conditions at 150 °C, (c¢) low NOy conditions at 150 °C.
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Figure 2.4 Normalized HR-ToF-AMS mass spectra distribution of three representative high-
NOx SOA experiments. (a) naphthalene high-NOi; (b) 1-methylnaphthalene high-NOy; (c) 2-
methylnaphthalene high-NO. (see also Figure S2.10-S2.12)

37



2.7 Supporting Information

Table S 2.1 Characteristics results of O/C, H/C ratio and volume remaining fraction (VRF) from

PAHs photooxidation experiments.

VTDMA
. o/C o/C H/C VRF Thermo-
Run D Compound Condition i itial  final initial If:llrig il final  denuder
temperature
1590A  naphthalene high NO, 0.40 069 094 1.08 N/A N/A
1629A  naphthalene high NO, 0.25 0.64 1.06 0.86 N/A N/A
1737A° naphthalene high NO, N/A NA NA NA 027 0.81 100 °C
1628A 1-methylnaphthalene high NO, 0.38 070 0.87 0.86 N/A N/A
1631A 1-methylnaphthalene high NO, 0.32 0.67 0.89 0.89 N/A N/A
1652A 1-methylnaphthalene high NO, N/A NA  NA NA 022 0.83 100 °C
1659A 1-methylnaphthalene high NO, 0.36 0.49 1.17 1.09 N/A N/A
1768A  2-methylnaphthalene high NO, 0.36 0.54 1.01 1.07 N/A N/A
1775A  2-methylnaphthalene high NO, N/A N/A  NA NA 023 0.85 100 °C
1661A  naphthalene low NOy 0.43 0.63 1.19 1.04 0.18 0.51 150 °C
1718A  naphthalene low NOy N/A N/A  NA NA 035 0.70 100 °C
1828A  naphthalene low NOy N/A N/A  NA NA 0.15 0.44 150 °C
1616A 1-methylnaphthalene low NOy N/A N/A  NA NA 054 0.81 100 °C
1664A 1-methylnaphthalene low NOy N/A N/A  NA NA 023 0.61 150 °C
1666A  2-methylnaphthalene low NOy N/A NA  NA NA 0.12 0.44 150 °C
1744A  2-methylnaphthalene low NOy N/A N/A  NA NA 036 0.70 100 °C
1594A 1-methylnaphthalene H,0, 0.25 0.69 1.02 0.86 N/A N/A
1600A 1-methylnaphthalene H,0, 0.23 0.65 1.00  0.84 0.28 0.93 100 °C
1608 A 2-methylnaphthalene H,0, 0.33 0.56 122 095 022 0.83 100 °C
H,0,+ low
1613A  naphthalene NO, 0.35 064 085 0.82 N/A N/A
H,0,+ low
1650A 1-methylnaphthalene NO, 0.26 0.65 .13 0.89 025 0.91 100 °C
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Figure S 2.1 Instantaneous SOA yield for naphthalene,
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Figure S 2.2 SOA growth curve with irradiation time for naphthalene, 1-methylnaphthalene and
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Chapter 3 SOA Formation from Photooxidation of Naphthalene and

Methylnaphthalenes with m-Xylene and Surrogate Mixtures
3.1 Introduction

Previous research has shown that SOA yield for naphthalene, 1-
methylnaphthalene, and 2-methylnaphthalene range from 0.04~1.81 (Chen et al., 2015).
Polycyclic aromatic hydrocarbons (PAHs) are significant components of semivolatile
gas-phase emissions from anthropogenic sources including incomplete combustion
emissions from heavy-duty diesel exhaust vehicles (Shah et al., 2005), biomass burning
(Conde et al., 2005; Hedberg et al., 2002), and meat cooking (McDonald et al., 2003),
and may be a major “missing” source of SOA. A number of petroleum products including
gasoline, jet fuel and kerosene contain significant quantities of naphthalene and
methylnaphthalenes. Formation of naphthalene and its alkyl derivatives are favored
among PAHs and can represent as much as 80 % of the total PAHs in a combustion
smoke sample (Conde et al., 2005).

Numerous studies have shown nitrogen oxides (NOy) levels to play an important
role on SOA formation from small hydrocarbons (10 carbons or fewer) (Kroll et al., 2006;
Ng et al., 2007; Song et al., 2005). SOA yields are generally observed to decrease as NOy
increases; however, some studies observe reverse NOy dependence at low NOy level due
to low OH levels (Kroll et al., 2006). Generally, RO,- + NO and RO,- + HO; - oxidation
mechanisms dominate the reaction pathway in forming VOCs oxidation products. The

chemical composition and aging properties of SOA formed from m-xylene
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photooxidation has been investigated previously (Bahreini et al., 2005; Loza et al., 2012;
Qi et al., 2010); however, SOA formation from aromatics (e.g., with PAHs) are poorly
understood. Previous chamber studies have reported that NOy level influences SOA
formation from m-xylene photooxidation—SOA formation per m-xylene reacted
increases with decreasing NOy levels (Song et al., 2005; Tang et al., 2015). Song et al.
(2007) studied SOA formation from m-xylene in the absence of NOyx. The experiments
utilized H,O, photolysis as a hydroxyl radical source, leading to higher hydroxyl radical
concentrations relative to NOy experiments, observed that greater SOA formation
attributed to measured production. Further, Henze et al., 2008 reports that SOA yield
increases when aromatic hydrocarbons react with OH under lower [NO]/[HO;] ratios.
Hence, atmospheric reactivity conditions are significant factors to SOA formation from
aromatic hydrocarbon precursors. Additionally, the OH radical reactions occurred mainly
by OH radical addition pathway (>90%) to the aromatic ring(s) for both monocyclic
aromatic hydrocarbons and PAHs (Atkinson and Arey, 2007). Previous studies reported
that major three products (approximately 75%) of SOA from m-xylene oxidation includes
3-methyl-2,5-furandione, m-toluic acid, and 2,5-furandione (Forstner et al., 1997). For
naphthalene SOA under low NOy condition (with H,O;) ~26.2% is associated with
organic peroxide compounds, and others are mainly from acids, such as hydroxyphthalic
acid and phthalic acid (Kautzman et al., 2010).

Numerous studies report that current climate and air quality models underestimate
the total organic aerosols including POA and SOA in urban and remote areas ( e.g., Heald

et al., 2005 ;Volkamer et al., 2006; Kleinman et al., 2008; Utembe et al., 2011; Hodzic et
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al., 2009; Henze et al. 2008). It is hypothesized that the underestimation is attributable to
missing chemical reaction processes and errors in SOA photochemical (Zhang et al.,
2006) as well as overestimation of POA (de Gouw et al., 2005). Hodzic et al., (2009)
reported that biogenic SOA were underestimated by about a factor of 2-10 by the meso-
scale chemistry-transport model CHIMERE while anthropogenic SOA is underestimated
by a factor of two in the late morning with the discrepancy increases rapidly during the
day. Volkamer et al. (2006) also estimated that anthropogenic SOA is underestimated by
a factor of 5 after the start of photochemistry increasing to an order magnitude after a few
hours of photooxidation processing.

Currently, SOA formation potentials are measured from single precursors where
the atmospheric reactivity of the chamber study is set by the individual oxidizing species
and NOy/oxidants injected. However, these precursors react in a complex atmospheric
mixture dictated by atmospheric NOyx as well as the many other vehicle organic
compounds present in the atmosphere. Therefore, this study investigates how the
individual SOA formation from select PAHs and influenced by the presence of other
VOC:s. This study takes advantage of the extensive m-xylene experimental database and
previous literature studies to identify how a simple VOC mixture impacts SOA formation
from PAH precursors. Further, an atmospheric surrogate based on (Carter, 2010)
developed for Oj; reactivity studies is used to influence atmospheric reactivity during

PAH formation and explore its impact on SOA formation from individual PAH.
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3.2 Experimental Methodology
3.2.1 Experimental setup

All mixtures and individual PAH experiments were conducted in the UCR/CE-
CERT environmental chamber described in detail elsewhere (Carter,2005). The facility
includes a 6mx6mx12m thermally insulated enclosure, which is continuously flushed
with purified air (Aadco 737 series (Cleves, Ohio) air purification system). Inside the
enclosure, there are two 90 m® 2 mil (54 pm) FEP Teflon® film reactors, and two banks
of 115 W 4-ft blacklights for driving NO; photolysis within the reactor. The top frames of
the chamber are controlled by elevators that maintain a positive differential pressure of
~0.02 in H,O. Aliquots of volatile organic compound are injected into the chamber
through a heated glass injection manifold system and flushed into the chamber with pure
N». PAHs and hydrogen peroxide (50 wt% H>0,) are injected into a glass manifold tube
with a 55°C oven, and flushed into the chamber with purified air. NO is prepared by
filling a calibrated glass bulb to a known pressure of pure NO followed by flushing into
the chamber with pure N,. The full surrogate used for select experiments consists of 7-
butane (135 ppb), n-octane (36ppb), ethane (25 ppb), propene (20 ppb), trans-2-butene
(20 ppb), toluene (33 ppb), and m-xylene (31 ppbb) (Carter, 2010). 100 ppb
Perfluorohexane was injected into the chamber as an inert tracer.

3.2.2 Instrumentation

Gas phase: Hydrocarbon decay and perfluorohexane were monitored with dual

Agilent 6980 (Palo Alto, CA) gas chromatographs (GC) equipped with flame ionization
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detectors (FIDs). NO and NOx were measured by a TECO model 42 chemiluminescence
NOy analyzer while O3 was monitored with a Dasibi Environmental Corp. Model 1003-
AH Oj; analyzer.

Particle phase: Particle size distributions (27- 686 nm) and number concentrations
are measured with an in-house build Scanning Mobility Particle Sizers (SMPS) that
described by Cocker et al. (2001). Aerosol particle density was measured with an aerosol
particle mass analyzer (APM, Kanomax model 3600) (Ehara et al., 1996) and SMPS in
series. A detailed description of the APM-SMPS system and data algorithms for density
determination are described elsewhere (Malloy et al., 2009 ; Nakao et al., 2011). Particle
volatility was monitored with a volatility tandem differential mobility analyzer (VTDMA)
(Nakao et al., 2012) for which monodisperse particles of mobility diameter (Dp,;) are
selected by the 1st differential mobility analyzer (DMA) followed by transport through a
Dekati thermodenuder (TD, residence time: ~16 s, at 100 °C) and resizing after the TD in
the second DMA column (Dy,s). Volume Remaining Fraction (VRF) is then calculated as
VRF = (Du/Dimi)’.

High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) has
been widely used to provide quantitative chemical composition and size-resolved mass
distributions with high time resolution (Aiken et al., 2007, 2008; DeCarlo et al., 2006).
Details of the HR-ToF-AMS and software analysis are described in DeCarlo et al. (2006).
This study used W-mode for higher mass resolution analysis, including mass-to-charge
(m/z) distribution, elementary analysis of elemental carbon (EC) and organic carbon (OC).

Data was analyzed with ToF-AMS analysis toolkit squirrel 1.56D /PIKA 1.15D version.
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3.2.3 Gas-phase kinetic modeling of radical species

The OH radical concentration was estimated by fitting the m-xylene decays, using
the SAPRC gas-phase mechanism (Carter and Heo, 2013). SAPRC 12 was then used to
estimate HO, and RO, radical concentration. Further, the model used a kinetic and
equilibrium approach to predict secondary particulate matter formation and ozone (Carter
and Heo, 2013; Carter, 2010).

3.2.4 SOA yield

SOA formation is evaluated assuming gas-particle partitioning equilibrium of
semivolatile partitioning products is achieved. Odum et al. (1996, 1997) established the
expression of fractional SOA yield (Y) to describe the gas-particle partitioning absorption
model. SOA yield for individual hydrocarbons is defined by equation (1), where AM,
(ng/m’) is the total organic aerosol mass concentration, AHC (ug/m’) is the amount of
hydrocarbon reacted, and o; and Kem; (m’/pg) are the mass-based stoichiometric

coefficient and absorption equilibrium partitioning coefficient of product i , respectively.

AM,

_ aiKom,i
AHC

Y = XY =My XL

n 1
=1 1+Kom,iMo ( )
Total organic aerosol formation for multicomponent mixture is estimated from

individual VOC yields by:

M total estimated = % Ync.i AHCyc;; (2)
My predicted = Yrc,1 X A HCyc 1+ Yxc 2% AHCyc » (3)

where Ypci is estimated from the o; and K,n; in (eql) and total aerosol mass

concentration measured.
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3.3 Results and Discussion
3.3.1 SOA formation from mixtures of m-xylene and individual PAH

All experiments were conducted for 6-8 hours at UCR CE-CERT environmental
chamber at T= 27°C and RH< 0.1%. Table 3.1 summarizes the key parameters of the
SOA experiments along with total organic aerosol mass formed, SOA yields, and average
density. Empirical fits to the two-product model (eql) for naphthalene, 1-
methylnaphthalene, and 2-methylnaphthalene under various conditions has been explored
previously within the same chamber under the same light, RH, and temperature
conditions (Table S 3.1) (Chen et al., 2015). Figure 3.1 shows the two-product model
curves for three individual PAH under different conditions including H,O,/H,O, without
NO addition (curvel), high NOx+HONO (curve 2), low NOy (curve 3), along with m-
xylene SOA yield curves obtained for similar conditions (Song et al., 2005). The two-
product model SOA yield curve 3 for low NOy condition and curve 1 for H,O, condition
was used for predicting the total organic aerosol formation for individual PAH and m-
xylene. The predicted to measured organic aerosol mass concentration (M) for mixtures
of individual PAH with m-xylene are summarized (Table 3.3). Ypredicted/ Y measured Tanges
from 1.23~1.61, 0.78 to 1.15, and 1.08~1.59 for naphthalene/m-xylene mixture, 1-
methylnaphthalene/m-xylene, and 2-methylnaphthalene/m-xylene, respectively for low
NOy conditions. Measured versus predicted SOA formation for each PAH/m-xylene
photooxidation experiment (Figure 3.2) shows a linear correlation with a 1.07 slope

(slight underprediction) and R*=0.89. 1-methylnaphthalene/m-xylene >  2-

55



methylnaphthalene/m-xylene =~ naphthalene/m-xylene, were consistent with individual
PAH photooxidation SOA yield (Chen et al., 2015). SOA formation from PAH and m-
xylene mixtures are expected to be affected by the initial PAHs/NO ratio, m-xylene/NO
ratio, m-xylene/PAHs mixing ratio and other changes to the reactivity of the system.
Therefore, differences between reactivity from individual precursor/NOy system and
those induced by addition of different hydrocarbons biases estimation of aerosol
formation using the simple gas-particle partitioning approach where the hydrocarbon
mixture aerosol formation is predicted from the sum of individual precursors. The two-
product model for this particular matter over predicts the experimentally observed SOA
formation. The bias increases with increasing m-xylene/PAH ratio. The bias may be
induced by changes to the reactivity of the overall system (e.g., HO,/HO ratios, OH
concentration, HO,/NO or RO,/NO ratio, etc) or by additional cross-reaction between

oxidation products from the two individual precursors.

3.3.2 Relationship between M, and initial m-xylene/naphthalene

The relationship between SOA yield and the initial m-xylene/PAHs (0.7~3.7) is
shown in Figure 3.3. Initial PAH hydrocarbon concentration at low NOy conditions is the
key metric for estimating the SOA formation from aromatic/PAH hydrocarbon
photooxidation. Y .xylene predicted 1S constant with initial m-xylene/PAHs since the SOA
yield for m-xylene is located on the plateau of two-product curve for the given aerosol

mass concentration. The SOA yield for naphthalene prediction (Y naphthatene predicted)
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decreases from 0.34 to 0.26, indicating m-xylene addition suppresses naphthalene SOA
yield. Overall, the total SOA yield (Ywiw) and total My decrease as the initial m-
xylene/PAHs increases. Additionally, the Mg predicted 1S higher than the Mg measurea fOr
naphthalene+m-xylene mixture by 23% to 61% and is not a function of total AHC (Figure
3.4). Figure 3.4 also shows that Mg s-xylene predicted decreases as initial m-xylene/PAHs
increases, and is a function of AHC,,.xyiene. In contrast, the Mg naphthatene predicted INCT€ASEs as
the initial m-xylene/PAHs decreases and AHCyaphihatene InCreases, implying naphthalene
SOA dominates the SOA formation from mixture. This study suggests that m-xylene not

only suppressed the SOA formation from naphthalene.

3.3.3 Overall and instantaneous aerosol formation after onset of aerosol growth

The timing for the onset of new particle formation was identified as the time at
which aerosol mass concentration (AM,) equaled 2 pg/m’. Aerosol yield can then be
estimated as the amount growth after the new particle induction period versus the
hydrocarbon consumed after new particle formation commences. The irradiation time and
aerosol yield after onset of aerosol formation are summarized in the supplemental
information section (Table S 3.2). The onset of new particle formation varies widely—for
example, exp. 1784A (naphthalene 36.6 ppb, m-xylene 114.8 ppb, NO 12.5 ppb) has an
irradiation of 41 min while exp. 1784B (naphthalene 37.7 ppb, no m-xylene, NO 12.4 ppb)
has an induction time of 156 min. Figure 3.5 compares aerosol growth with and without

shifting for timing of new particle formation. Remarkably, the aerosol growth curve
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appears linear after offset with linear regression for each system. The slope of the line
then indicates the aerosol yield accounting only for hydrocarbon decay after the meet of
aerosol formation. This implies three very important observations: 1) Aerosol formation
is independent of the HC consumed prior to aerosol formation; 2) the aerosol formation
after particle formation is not strongly influenced by organic aerosol present for these
systems; and 3) addition of species that influence the timing of aerosol formation by
altering the reactivity of the system will directly impact total aerosol formation from a
given quantity of hydrocarbon by changing the time and therefore AHC precursor reacted
prior to the onset of aerosol formation. m-Xylene decay is observed (Table S 3.2 and
Figure 3.5) to be greater than naphthalene when the initial naphthalene to m-xylene
(ppbv/ppbv) mixing ratio is less than 1 (i.e. naphthalene < m-xylene) (e.g., 1784A, 1791A,
and 1800A). Conversely, for mixing ratios greater than 1 the naphthalene is observed to
decay more than the m-xylene. Therefore, the initial hydrocarbon mixing ratio is a

significant factor of SOA formation for constant NO range.

3.3.4 Gas-phase chemistry

Time series of NO and naphthalene decay along with increasing NO, and total
organic aerosol mass concentration is provided (Figure 3.6). Aerosol mass concentration
starts to increase for the naphthalene/m-xylene mixture experiment, only after the NO
decreases from 12.5 ppb to 1 ppb (t = 33 min). The irradiation time for NO to consume to

sub-ppb level from naphthalene only side is much longer than the mixture (188min).
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SAPRC-12 gas-phase chemical model predicts RO, and HO; radicals to sharply increase
to 10° molecules/cm’ level when NO is depleted (Figure 3.7). Competition for available
hydroxyl radical led to consumption of only 50% and 65% of the precursor m-xylene and
naphthalene, respectively versus 94% naphthalene consumption in the naphthalene-NOx
only experiment. The mixture experiment’s rapid conversion of NO to NO, greatly
enhanced HO,+RO, reaction while the slow conversion of NO to NO, in naphthalene
only experiment led to greater contribution of RO,+NO chemistry. Therefore, it is
expected that mixture experiment will lead to lower volatility hydroperoxides products

compared with the reactivity higher volatility RO,+NO products.

3.3.5 SOA growth rate for different PAHs mixtures

Hydroxyl radicals initiate aromatic oxidation and play a significant role in
forming secondary organic aerosol from aromatic hydrocarbons. The hydroxyl radical
reaction rate constant (kog) is 2.31x10™"" cm® molecule ' s™' for m-xylene, and 2.30 x10™"!

cm’ molecule” s for naphthalene, 5.3x10"" cm’ molecule’ s for I-

methylnaphthalene and 5.23x10"" cm’ molecule ' s

for 2-methylnaphthalene,
respectively. The average OH concentration in each experiment was obtained using the
SAPRC-11 model (Table S 3.3). The SOA mass concentration of PAHs/m-xylene
mixture experiments were plotted as a function of total hydrocarbon reacted (Figure 3.8).

SOA mass concentration (AMy) as a function of total hydrocarbon reacted for

naphthalene/m-xylene photooxidation experiments is shown for different mixing ratio
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(1.5:1, 1:1, 1:3.3 and 1:4) all with similar initial NO levels (Figure 3.8(a)). The
hydrocarbon reacted lag phase (AHC’, the hydrocarbon reacted when AMy >= 2 pg/m’)
was subtracted from total HC reacted (AHC) (Figure 3.8 (a), right panel). The M, vs.
AHC—-AHC’ was linearly curve fit with the slope representing the SOA formation rate for
each experiment after onset of particle growth. The slope is the highest (0.38) when the
mixing ratio is 1:1. The relationship of SOA formation rate to average OH concentration
(Figure 3.9) suggests that the OH radical concentration is not the determining factor for
aerosol production in the naphthalene/m-xylene mixture photooxidation. Integrated
[OH]/[HO,] ratio (Figure 3.9(b)) ranges from 1.03x107 to 6.43x10” for the various
mixtures with SOA growth rate slightly increasing with increasing [OH]/[HO;] ratio.
Furthermore, if we consider [NO]/[HO;] (Figure 3.9(c)), the SOA growth rate is observed
to increase with [NO]/[HO;] ratio. The [NO]/[HO;] trend is opposite of that suggested by
Henze et al. (2008), which suggests based on global modeling that aromatic species
produce more SOA when they react with OH radicals in regions where the [NO]/[HO,]
ratios are lower. A strong positive correlation between SOA formation and [HO,]/[RO;]
ratios is observed (Figure 3.9 (d)), suggesting increasing HO,+RO, chemistry enhances
SOA formation and high initial PAHs/NO ratio (Figure 3.9(e)) the low initial m-
xylene/NO ratio (Figure 3.9 (f)) are also weakly associated with more SOA formation,
suggesting m-xylene inhibits OH radical availability for PAH reaction in the PAH/m-

xylene low NOy condition.
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3.3.6 Mixtures under absence of NOy

Song et al. (2007) observed that SOA mass concentration from aromatics is
enhanced by injecting H,O, as in increases hydroxyl radical levels which in turn increase
organic peroxide formation rates (Song et al., 2007). SOA yields from PAH precursors
were suppressed as more m-xylene was added, consistent with observations from the low
NOy condition (Table 2). The two-product model overestimates aerosol formation for
naphthalene/m-xylene photooxidation by 34% to 78% based on individual PAH/H,0, and
m-xylene /H,O, two-product model curves (as Table S 3.1 and Figure S 3.2). Adding m-
xylene to PAHs photooxidation reduces the OH radicals for all PAH/m-xylene mixtures
H,0, experiments (Figure S3.3), and therefore SOA formation from the precursors.
Therefore, the overprediction of SOA formation from the two-product model derives
from changes to OH radical levels by the mixture of precursors versus of the individual

precursor.

3.3.7 Individual PAH/surrogate mixture

An ambient surrogate mixture (Carter, 2010) was introduced into the PAH system
to further understand the effect of mixture compounds in the atmosphere. The initial
condition and experimental results for individual PAH and surrogate mixture
photooxidation experiments in the absence and presence of NOy are summarized (Table
3.2). The H,O, (runs: B) was injected as an additional OH radical sources, thereby

increasing both OH and hydroperoxyl (HO,) radicals. CO was introduced with H,O, (run
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1814A) to further promote HO; radical concentration through the CO oxidation cycle.
SOA formation from the naphthalene/surrogate is less than 5 pg/m’ with addition of CO
and H,O; condition (run:1814A), while the experiment without CO addition formed for
more aerosol mass concentration (73.1 pg/m’, run:1814B) (Figure S3.4). The large
differences in aerosol formation are attributed to greatly reduced OH superceding any
additional aerosol formation through increasing HO,. HO; radical increases rapidly at the
onset of aerosol formation (Figure S 3.4), which indicating the CO and surrogate reacted
with OH radical and form more HO, leading to lower SOA formation. The surrogate
mixture in the presence of NOy inhibits SOA formation from individual PAH
photooxidation, which indicates that SOA formation from PAHs is less pronounced for

the atmospheric reactivity conditions produced by the ambient surrogate.

3.3.8 Volatility and density evolution

Figure 3.10 shows the volume remaining fraction (VRF) evolution of SOA
generated from different PAHs/m-xylene mixtures photooxidation. VRF increased from
0.26 to 0.69 for the 1.5:1 (naphthalene:m-xylene) mixing ratio. Previously, our group
reported the VRF increasing from 0.35 to 0.7 for naphthalene/low NOy experiment (Chen
et al., 2015) and from 0.21 to 0.4 for m-xylene/low NOy experiment (Tang et al., 2015).
Therefore, the mixture VRF of 0.69 is indicative of low volatility aerosol mainly from
naphthalene photooxidation. Decreasing the mixing ratio (PAH: m-xylene) from 1:1 to

1:4 decreased the final VRF from 0.66 to 0.55, 0.74 to 0.65, and 0.70 to 0.56,
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respectively for m-xylene mixtures with naphthalene, 1-methylnaphthalene, 2-
methylnaphthalene. The 1-methylnapthalene/m-xylene mixture formed the lowest
volatility products, consistent with the VRF order from individual PAH (Chen et al.,
2015).

Densities for each PAHs/m-xylene mixture experiment (Table 3.1) and density
evolution (Figure S 3.6) are provided for low NOy conditions. The average density ranges
from 1.32 to 1.42 for naphthalene/m-xylene mixture, from 1.30 to 1.40 for 1-
methylnaphthalene/m-xylene mixture, and from 1.35 to 1.37 for 2-methylnaphthalene/m-
xylene mixture. No obvious changes in density occur as each PAH/m-xylene experiment

progresses (Figure S 3.6).

3.3.9 Chemical composition of PAHs mixtures
3.3.9.1 Cross-reaction effect evaluation

The HR-ToF-AMS was used to characterize the chemical composition of
PAHs/m-xylene mixtures. Three representative average spectral distributions of 2-
methylnaphthalene, m-xylene and 2-methylnaphthalene+m-xylene is shown (Figure 3.11).
M/z 43 and m/z 44 are the two dominant fragments from m-xylene and 2-
methylnaphthalene photooxidation. The m/z 43 (C,H;0" or C;H;") indicates of oxidized
organic compounds such as aldehydes and ketones (CH,CHO" or CH3CO") and saturated
hydrocarbon compounds (C3H;") (Alfarra et al., 2004). The m/z distribution from the 2-

methylnaphthalene/m-xylene mixture combines fragments from individual 2-
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methylnaphthalene and m-xylene photooxidation experiments with the higher m/z
fragment (m/z>100) is dominated by PAHs. To explore the relative SOA production
from each mixture components, and from cross reaction, the unique m/z indicators were

chosen and analyzed by a mass-balance approach:
(M, contribution of m-xylene to AMS signal of mixed exp.)+(M, contribution of PAHs to AMS signal of mixed exp.)

+ Mjcross reaction=total M, ®))

signal mixture experiment () i signal mixture experiment (3 i .
g el @D 4 st el @D 4 Mycross reaction = total M, (6)

My_mxylene only Mo _PAHs only

where M is total organic aerosol mass concentration (ug/m’), and ¥, i are the unique m/z
indicators for each individual m-xylene or PAHs. In this study, m-xylene has unique m/z
at 95; and naphthalene has unique m/z at 76, 104, 105; 1-methylnaphthalene has unique
m/z at 76, 104, 105, 115, and 147; and 2-methylnapthalene has unique m/z at 76, 104,
105, 115, and 147. The My cross-reaction Was calculated by equation (5) and (6) based on
individual m-xylene (1193A and 1930A) and PAH experiments (Table S 3.5). The
aerosol mass concentration My cross-reaction 1S from 0.65 to -9.66 pg/m’ for naphthalene/m-
xylene mixture experiment, suggesting little to no effect of cross-reaction between
naphthalene and m-xylene precursors. However, since the m/z 95 is a minor m-xylene
SOA fragment, significant discrepancies are observed from each individual experiment.
Therefore, the My contribution prediction from two-product model is compared with the
AMS evaluation method (Table S 3.5). The two-product model prediction of the
individual contribution to aerosol mass concentration is more plausible; however, the

AMS method has to great of uncertainties associated with unique m/z fragments leading
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to significant the percentage discrepancy in estimates of individual contributors between
experiments.

3.3.9.2 Triangle plot and Van Krevelen diagram analysis

PAHs/m-xylene photooxidation experiments were evaluated with two common
AMS analyses (“ Triangle plot” and “Van Krevelen diagram” (Ng et al., 2010) )(Figure
3.12). SOA from all three PAHs/m-xylene mixtures lies on the lower side of triangle area
indicating these SOA mixtures are semivolatile oxygenated organic aerosol (SV-OOA).
Chen et al. (2015) has investigated each individual PAH (naphthalene, 1-
methylnaphthalene, and 2-methylnaphthalene) SOA all of which are located on the upper
side of triangle area. Chhabra et al. (2010) and Kautzman et al. (2010) report that SOA
continuously ages (higher fragment m/z 44 (CO,") intensity) with 33% organic acid SOA
from low NOyx with H,O, naphthalene photooxidation. This study observes that SOA

from PAHs/m-xylene mixtures age with increasing f3, ands f;. Elevated m/z 44 (CO,") is

considered “aged” organic aerosol and classified as low volatility oxygenated organic
aerosol (LV-OOA) while SV-OOA is associated with “fresh” OOA with elevated m/z 43
(C,H30") signal intensity (Chhabra et al., 2011). m/z 44 (CO,") fragments are associated
with thermal decarboxylation of many different oxo-, di-, and poly carboxylic acids,
hydroxyl-acids, and acyl peroxides (Alfarra et al., 2004; Aiken et al., 2007 ; Takegawa et
al., 2007; Duplissy et al., 2011). Recent studies (Loza et al., 2012; Tang et al., 2015) have
shown that m-xylene SOA lies on the right of the triangle region with f;; higher than the

ambient SOA reported by Ng et al. 2010.
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Previous studies have observed that atmospheric organic aerosol lies on the -1
slope of Van Krevelen diagram (H:C versus O:C). Heald et al. (2010) suggests that the
slope the addition of carboxylic acid or equal addition of hydroxyl and carbonyl
functional groups to an aliphatic (unfunctionalized) carbon. PAHs/m-xylene mixtures in
this study occupy the area between a slope of -1 and -2 on Van Krevelen diagram (Figure
3.12 (b)). The slope of -1 for naphthalene and 2-methylnaphthalene indicates greater
addition of carboxylic acid groups to the precursor. However, the 1-
methylnaphthalene/m-xylene mixture SOA lies on the area with slope -2, which indicates
less formation of carboxylic acid and more ketone/aldehyde functionality to the precursor
molecule.

Furthermore, SOA with higher f;, increases O/C values and the state of the carbon
(0S,) (Ng et al., 2010; Kroll et al., 2011). The simplified equation describing OS, is:

0S,~2 0/C—-H/C (7)

The OS, of SOA from photooxidation of PAHs/m-xylene mixture increases from
-0.54 to -0.37 for naphthalene/m-xylene, from -0.77 to 0.11 for 1-methylnaphthalene/m-
xylene, and from -0.41 to -0.43 for 2-methylnaphthalene/m-xylene SOA. Kroll et al.
(2011) reports ambient organic aerosol OS, values from -0.5 to 0 for SV-OOA and 0.5 to
0.9 for LV-OOA. Therefore, the PAH mixture SOA has similar OS, to ambient SV-OOA,

just as the SOA was consistent with the SV-OOA portion of triangle plot.
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3.4 Conclusion

Previous studies have demonstrated that the SOA yield is potentially high for

naphthalene and methylnaphthalenes photooxidation, and that the system reactivity (e.g.,
hydroxyl radical concentration, NOy concentration) significantly impact the secondary
organic aerosol formed from these precursors. This study explores the SOA formation t
from PAHs mixed with either m-xylene or an atmospheric surrogate mixture during
photooxidation under low NOy conditions with and without H,O,. Traditional two-
product models as well as m/z HR-ToF-AMS fragment analysis were applied to evaluate
the aerosol mass contribution from individual PAH and m-xylene during PAH/m-xylene
photooxidations. Our results indicate that SOA growth rate from PAH photooxidation
was inhibited by m-xylene addition for low NOyx and H,O, experiments, despite
promoting earlier particles nucleation. Furthermore, the traditional two-product model
using parameters derived from individual precursors over-predicted M, for PAHs/m-
xylene photooxidation, suggesting that gas-phase cross-reaction chemistry or changes in

the radical chemistry hinder the ability of the individual precursors to form SOA.
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3.6 Tables and Figures

Table 3.1 Initial experimental conditions and SOA yields for all experiments

Initial

Initial

AHC_

AHC_

m?rrlll}roler Compounds PAHs m-Xylene PAHs m-xylene NO AMo Si?:l?i Density
ppb ppb pg/m'  pg/m’ ppb  pgm’ 7 glem’
1784A  naphthalene + m-xylene 36.6 114.8 124.3 2479 12.5 42.0 0.11 1.37
1784B  naphthalene 37.7 - 184.7 - 124 397 021 a
1788A  naphthalene + m-xylene 68.6 449 209.3 92.2 8.3 61.7 0.20 1.33
1788B  m-xylene - 44.0 - 158.5 8.1 48 0.03 b
1791A  naphthalene + m -xylene 32.1 94.4 106.8 187.4 8.7 39.4 0.13 1.33
1791B m-xylene - 91.8 - 248.1 8.7 72 0.03 b
1794A  naphthalene + m -xylene 49.5 50.0 181.9 117.1 9.5 55.0 0.18 1.34
1794B naphthalene 50.9 - 226.1 - 9.5 79.9 0.35 a
1797A  naphthalene + m -xylene 53.5 50.9 184.8 145.7 11.5 71.3 0.22 1.32
1797B  m -xylene - 58.9 - 201.0 115 116 006 b
1800A  naphthalene + m -xylene  30.0 111.2 1029 2421 122 409 012 133
1800B  naphthalene 29.8 - 148.6 - 121 478 032 a
1959A  naphthalene + m -xylene 34.1 110.0 118.8 185.2 12.4 50.3 0.17 1.42
1959B  naphthalene 34.1 156.6 - 125 790 0.0 a
1804A ;ﬁ;;:rylinaphthalene - 382 125.3 1528 214.0 124 1239 034 130
1804B 1-methylnaphthalene 38.8 - 203.9 - 12.1 136.3 0.67 c
1805A ;ﬁsigy}inaphthalene - 66.5 66.7 227.8 115.9 127 1553 045 133
1805B 1-methylnaphthalene 65.9 - 303.7 - 12.5 152.8 0.50 c
1808A ;ﬁ;;:rylinaphthalene - 32.8 129.4 122.7 193.0 118 819 026 131
1808B 1-methylnaphthalene 34.8 - 176.0 - 11.8 95.1 0.54 c
1976A ;ﬁ;;:rylinaphthalene - 36.5 120.5 1617  215.1 107 1373 036 135
1976B 1-methylnaphthalene 38.5 - 214.9 - 11.0 158.8 0.74 c
1978A  1-methylnaphthalene 25.9 - 130.9 - 115 1124 086 1.48
1978B ;ﬁsigy}inaphthalene - 282 68.8 128.1 136.3 115 1375 052
1936A iﬁ;;:rylinaphthalene - 36.1 117.8 1582 2348 115 582 015 1.37
1936B 2-methylnaphthalene 355 - 213.5 - 11.4 84.2 0.39 d
1979A iﬁ;;:rylinaphthalene - 48.8 613 236.4 134.6 126 1318 036 1.38
1979B 2-methylnaphthalene 54.5 - 301.0 - 12.5 151.9 0.50 d
1981A iﬁ;i‘ryémphthalene - 26.0 117.0 119.8  226.1 124 784 023 135
1981B 2-methylnaphthalene 28.2 - 160.5 - 12.4 134.8 0.84 d
1982A  2-methylnaphthalene 39.0 - 216.0 - 13.0 1080  0.50 1.44
logog  >methylnaphthalene + 36.9 69.2 188.5 161.6 129 1035 030 d

m-xylene

[a] : Assume density for naphthalene is 1.48 g/cm?®; [b]: Assume density for m-xylene is 1.4 g/cm’
[c] : Assume density for 1-methylnaphthalene is 1.41 g/cm?® ; [d]; Assume density for 2-methylnaphthalene is 1.37 g/m”.

73



Table 3.2 Initial experimental conditions and SOA yield for PAHs/surrogate mixtures and
PAHs/m-xylene mixtures photooxidation under H,O, condition

. NO (ppb)/
Run gztll_?; Surrogate API:EIE su?rli(g:;te H,0, (ppm) AM, SQ A Density
number  Compounds /CO(ppm) yield
ppb ppmC pg/m’ pg/m’ ppb/ppm pg/m’ g/em’
H,0, 1ppm
1814A  naphthalene+surrogate 29.5 1.5 50.8 111.2 +CO 50 3.7 0.07 1.35
ppm
1814B naphthalene 29.5 132.7 H,O, 1ppm 73.1  0.55 a
1927A  naphthalene+surrogate 35.5 1.5 105.1 224.7 NO 11.0 240  0.07 1.46
1927B  naphthalene 36.8 172.1 NO 11.1 70.0 0.41 a
1930A 1-methylnaphthalene
+surrogate 46.5 1.5 188.3 234.5 NO 114 117.8  0.28 1.39
1932B 1-methylnaphthalene 46.3 228.8 NO 11.7 1669  0.73 b
1935A 2-methylnaphthalene
+surrogate 349 1.5 162.7 2223 NO 11.9 624  0.16 1.37
1935B 2-methylnaphthalene 34.8 176.3 NO 12.0 136.8  0.78 c
Run Initial Initial AHC_ AHC_ SOA
number Compounds PAHs  m-Xylene PAHs m-Xylene H,0, AM, yield Density
ppb ppb pg/m’  pg/m’ ppm pg/m’ glem’
2037A  naphthalene+m-xylene 33.2 137.8 102.1 318.2 1 86.2 0.21 1.44
2037B  naphthalene+m-xylene 343 76.0 113.8 191.1 1 103.6  0.34
2015B  naphthalene 25.3 125.3 1 719  0.57 a
2017B  1-methylnaphthalene 40.0 220.0 1 4344 197 b
2018B  2-methylnaphthalene 34.6 189.7 1 136.9  0.72
I-methylnaphthalene
2038A  +m-xylene 335 119.3 131.6 337.2 1 268.2  0.57 1.42
1-methylnaphthalene
2038B  +m-xylene 334 68.0 145.8 175.5 1 273.6  0.85
2-methylnaphthalene
2039A  +m-xylene 30.0 125.7 119.1 3209 1 1393 0.32 1.43
2-methylnaphthalene
2039B  +m-xylene 30.5 74.2 128.4 202.9 1 1299  0.39

[a] : Assume density for naphthalene is 1.48 g/cm?®; [b]: Assume density for 1-methylnaphthalene is 1.41 g/cm’ ;
[c] : Assume density for 2-methylnaphthalene is 1.37 g/m”.
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Table 3.3 Predicted organic aerosol formation from PAHs mixture with m-xylene

Predicted
Mixture
Run number Compounds ratil(i AMo pans AMo _nyiene Yoo JY
pg/m’ ug/m’* '
Low NO, condition
1784A naphthalene + m-xylene 1:33 36.9 30.8 1.61
1788A naphthalene + m-xylene 1.5:1 71.2 13.2 1.37
1791A naphthalene + m-xylene 1:33 30.9 22.7 1.36
1794A naphthalene + m-xylene 1:1 59.6 16.1 1.37
1797A naphthalene + m-xylene 1:1 66.0 21.7 1.23
1800A naphthalene + m-xylene 1:4 30.2 29.7 1.47
1959A naphthalene + m-xylene 1:33 37.7 24.7 1.24
1804A 1-methylnaphthalene + m-xylene 1:33 93.8 36.4 1.05
1805A 1-methylnaphthalene + m-xylene 1:1 157.7 20.5 1.15
1808A 1-methylnaphthalene + m-xylene 1:4 58.6 29.9 1.08
1976A 1-methylnaphthalene + m-xylene 1:33 105.0 37.3 1.04
1978B 1-methylnaphthalene + m-xylene 1:2 83.3 23.6 0.78
1936A 2-methylnaphthalene + m-xylene 1:33 59.8 32.9 1.59
1979A 2-methylnaphthalene + m-xylene 1:1 119.5 23.2 1.08
1981A 2-methylnaphthalene + m-xylene 1:4 51.3 34.7 1.10
1982B 2-methylnaphthalene + m-xylene 1:2 88.8 26.5 1.11
H;0, condition
2037A naphthalene + m-xylene 1:33 65.8 87.8 1.78
2037B naphthalene + m-xylene 1:2 82.3 57.2 1.35
2038A 1-methylnaphthalene + m-xylene 1:33 191.4 143.4 1.25
2038B 1-methylnaphthalene + m-xylene 1:2 216.8 75.1 1.07
2039A 2-methylnaphthalene + m-xylene 1:33 98.1 108.7 1.48
2039B 2-methylnaphthalene + m-xylene 1:2 121.8 66.8 1.45
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SOA Yield

Figure 3.2 Secondary organic aerosol yields as a function of organic aerosol mass concentration
(AM,) for each PAHs/m-xylene mixture experiment under low NOy condition. Left upper figure
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Figure 3.9 SOA formation rate of PAHs/m-xylene mixture hydrocarbon reacted after the lag
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3.7 Supporting Information

Table S 3.1 Two-product model curves for SOA yield from individual PAH and m-xylene.

I;(?r\lt]iiligg Naphthalene 1-Methylnaphthalene 2-Methlnaphthalene m-Xylene
o 0.6281 0.9329 0.4515 0.3324
Kom1 (m*/ug) 0.0014 0.0065 0.0201 0.0000
o 0.3813 0.4495 0.2376 0.2103
Koma (m*/ug) 0.0524 0.0065 0.0225 0.0343

High NO,

» Naphthalene 1-Methylnaphthalene 2-Methlnaphthalene

condition
o 1.4066 0.8700 1.2056
Kom.1 (m*/ug) 0.0023 0.0165 0.0063
o 0.4698 2.1234 0.1987
Komz (m*/ug) 0.0301 0.0008 0.0036
H202/H202+10W
NO, condition Naphthalene 1-Methylnaphthalene 2-Methlnaphthalene m-Xylene
o 1.8264 3.0560 0.7110 0.5222
Kom (m*/ng) 0.0063 0.0034 0.0059 0.0061
0 0.0029 0.0010 1.7798 0.1038
Komo (m*/pig) 0.0015 0.4729 0.0028 0.1437

Table S 3.2 SOA yield comparison between the end of experiment and the first nucleation

End of experiment First nucleation stage
Run Mixture ratio AHC AHC total Irradiation AHC AHC

number Compounds (ppb:ppb) | PAHs  m-xylene AHC SOA | time when PAHs  m-xylene SOA

3 3 3 yield | Mgp>=2 3 3 yield

pg/m pg/m pg/m ug/m’ pg/m pg/m

1784 A Nap + m-xylene 1:33 1243 247.9 372.2 0.13 41 42 78 0.018
1784B  Nap 184.7 - 0.21 156 102 0.019
1788 A Nap+ m-xylene 1.5:1 209.3 92.2 301.5 0.23 69 69 28 0.022
1788 B m-xylene - 158.5 0.03 106 103 0.020
1791 A Nap + m-xylene 1:33 106.8 187.4 294.2 0.16 41 37 61 0.016
1791 B m-xylene 248.1 0.03 74 139 0.014
1794 A Nap + m-xylene 1:1 181.9 117.1 299.0 0.21 61 39 67 0.020
1794B  Nap 226.1 - 0.35 132 112 0.018
1797 A Nap + m-xylene 1:1 184.8 145.7 330.5 0.24 55 60 47 0.019
1797 B m-Xylene - 201.0 0.06 59 126 0.015
1800 A Nap+ m-xylene 1:4 102.9 242.1 345.1 0.14 46 46 92 0.013
1800 B  Nap 148.6 - 0.32 157 79 0.028
1804 A 1-MN+ m-xylene 1:33 152.8 214.0 366.8 0.37 45 47 53 0.020
1804 B 1I-MN 203.9 - 0.67 104 61 0.033
1805 A 1-MN+ m-xylene 1:1 227.8 1159 343.7 0.48 55 76 27 0.019
1805 B 1I-MN 303.7 - 0.50 89 94 0.021
1808 A 1-MN+ m-xylene 1:4 122.7 193.0 315.7 0.29 40 42 51 0.021
1808 B 1I-MN 176.0 - 0.54 94 68 0.029
1976 A 1-MN+ m-xylene 1:33 161.7 215.1 376.8 0.36 41 37 35 0.028
1976 B 1I-MN 214.9 - 0.74 102 54 0.037
1978 A 1-MN 130.9 - 0.86 92 32 0.062
1978 B I-MN + m-xylene 1:2 128.1 136.3 264.4 0.52 44 36 27 0.033
1936 A 2-MN + m-xylene 1:33 158.2 234.8 393.0 0.15 41 39 46 0.025
1936 B 2-MN 213.5 - 0.39 77 74 0.027
1979 A 2-MN + m-xylene 1:1 236.4 134.6 371.0 0.36 57 34 27 0.033
1979 B 2-MN 301.0 - 0.50 100 74 0.027
1981 A 2-MN+ m-xylene 1:4 119.8 226.1 345.9 0.23 40 43 59 0.019
1981 B 2-MN 160.5 - 0.84 73 64 0.031
1982 A  2-MN 216.0 - 0.50 104 82 0.024
1982 B 2-MN+ m-xylene 1:2 188.5 161.6 350.1 0.30 52 35 39 0.027

Nap: Naphthalene; 1-MN: 1-methylnaphthalene; 2-MN: 2-methylnaphthalene
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Table S 3.3 Average radical concentrations and the slopes of SOA formation from hydrocarbon
reacted at different initial PAHs/NO and m-xylene/NO conditions.

OH HO, RO, PAHs m-xylene m-xylene

(109 (*10)  (*10) O g w  NO NO PAHs
Run number Compounds molecules/cm’ o2 ratio ratio ratio
1784 A Nap + m-xylene 1.35 2.00 1.43 0.0011 0.17 29 9.1 3.1
1784 B Nap 6.51 0.46 3.0
1788 A Nap + m-xylene 1.17 0.63 0.21 0.0064 0.32 8.3 5.4 0.7
1788 B m-xylene 3.04 0.05 6.0
1791 A Nap + m-xylene 1.16 1.74 1.15 0.0010 0.20 3.7 10.9 2.9
1791 B m-xylene 1.63 0.05 10.6
1794 A Nap + m-xylene 1.56 1.06 0.49 0.0039 0.30 5.2 5.1 1.0
1794 B Nap 0.71 5.5
1797 A Nap + m-xylene 1.54 1.21 0.58 0.0036 0.38 4.7 53 1.1
1797 B m-xylene 2.79 0.12 5.1
1800 A Nap + m-xylene 1.30 1.96 1.34 0.0011 0.20 2.5 9.1 3.7
1800 B Nap 0.67 2.5
1804 A 1-MN + m-xylene 0.995 1.62 1.02 0.0015 0.48 3.1 10.1 33
1804 B 1-MN 1.03 32
1805 A 1-MN + m-xylene 1.22 0.78 0.34 0.0072 0.63 5.2 52 1.0
1805 B 1-MN 0.74 53
1808 A 1-MN + m-xylene 0.95 1.63 1.02 0.0013 0.38 2.8 11.0 39
1808 B 1-MN 0.84 29
1976 A 1-MN + m-xylene 0.761 1.42 0.79 0.0012 0.50 3.4 11.2 33
1976 B 1-MN 0.98 3.5
1978 A 1-MN 1.09 2.3
1978 B 1-MN + m-xylene 0.91 0.89 0.31 0.0038 0.69 2.5 6.0 24
1936 A 2-MN+ m-xylene 0.908 1.61 0.99 0.0012 0.20 3.1 10.3 33
1936 B 2-MN 0.62 3.1
1979 A 2-MN + m-xylene 1.09 0.80 0.31 0.0061 0.45 3.9 4.9 1.3
1979 B 2-MN 0.66 4.4
1981 A 2-MN + m-xylene 0.879 1.52 0.87 0.0014 0.32 2.1 9.4 4.5
1981 B 2-MN 1.40 2.3
1982 A 2-MN 0.86 3.0
1982 B 2-MN + m-xylene 1.23 1.12 0.51 0.0036 0.39 29 5.4 1.9

[a]: Average integrated (OH/HO,) ; [b] : SOA formation growth slope.
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Table S 3.4 Volume remaining fraction of each PAH/m-xylene mixture experiment.

mixture
Run number Compounds ratio VREF initial VREF final
1784 A naphthalene + m-xylene 1:3.3 0.39 0.56
1788 A naphthalene + m-xylene 1.5:1 0.26 0.69
1791 A naphthalene + m-xylene 1:3.3 0.28 0.59
1794 A naphthalene + m-xylene 1:1 0.29 0.66
1797 A naphthalene + m-xylene 1:1 0.27 0.63
1800 A naphthalene + m-xylene 1:4 0.22 0.55
1804 A 1-methylnaphthalene + m-xylene 1:3.3 0.27 0.68
1805 A 1-methylnaphthalene + m-xylene 1:1 0.32 0.74
1808 A 1-methylnaphthalene + m-xylene 1:4 0.43 0.65
1976 A 1-methylnaphthalene + m-xylene 1:3.3 0.29 0.69
1936 A 2-methylnaphthalene + m-xylene 1:3.3 0.22 0.59
1979 A 2-methylnaphthalene + m-xylene 1:1 0.23 0.7
1981 A 2-methylnaphthalene + m-xylene 1:4 0.23 0.56
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Table S 3.5 Evaluation of cross-reaction effect for PAHs mixture photooxidation.

run Individual
D /Mixture 195 f(76+104+105) M) _cross-reaction f44 43
1193 m-xylene+NO 0.83% 0.17% 7.0% 14.0%
1930 m-xylene+NO 0.38%
1661 naphthalene+NO 0.36% 5.42% 13.9% 2.5%
naphthalene+m- 3 M, of (m/z 76+104+105) ) 0
1959 xylenetNO M, of m/z95 (pg/m”) (ug/m’) 11.0% 8.5%
0.07 1.05
M, from M, from M, contributed from
m-xylene m-xylene naphthalene (1) 2)
() @) P
8.77 19.07 19.31 0.65 -9.66
30.5% 66.4% 67.2%
Two-product model 41.2% 58.8%
run Individual
D /Mixture 95 f(76+104+105+115+147) | My crossreaciion | 144 43
1978 1I-MN+NO 0.17% | 5.81% 11.4% 3.6%
1-MN + M, of (m/z o )
1976 | 1 xylene tNO Mo of m/z95 76+104+105+115+147) 4% 1 7.7%
0.03 0.55
rlr\z/[(;(irl(t)znme nI:/IUxirlane M, contributed from ) 2)
) . I-methylnaphthalene
1) @ P
3.82 8.30 9.47 -2.92 | 741
37% 80% 91%
Two-product model 26.6% 73.4%
run Individual
D /Mixture 195 f(76+104+105+115+147) M) _cross-reaction 44 43
1982 2-MN+NO 0.15% 6.54% 12.4% 5.3%
2-MN+ M, of (m/z o o
1936 | i xylenetNO My of m/z95 76+104+105+115+147) 91% | 10.6%
0.03 0.26
rlr\z/[(;(irl(t)znme nI:/IUxirlane M, contributed from 1) ?)
) . 2-methylnaphthalene
1) @ P
4.11 8.93 3.93 -0.79 | -5.61
56.6% 123% 54.3%
Two-product model 35.5% 64.5%

*m/z fraction was obtained at the end of experiment.
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Chapter 4 Secondary Organic Aerosol Potential Formation from Unburned

Whole Gasoline and Reference Fuels
4.1 Introduction

An 1990 amendment of U.S. EPA Clean Air Act mandated the use of
reformulated gasoline in motor vehicles to reduce urban Oz formation from gasoline
usage. In 1994, Odum et al. (1997) performed chamber experiments on 12 different
reformulated gasolines obtained from the Auto/Oil Air Quality Improvement Research
Program (AQIRP). Their work showed that the aromatic content of the fuel dominated
the SOA formation from atmospheric oxidation of these fuels

These experiments were conducted for relatively high VOC and NOy
concentrations in a VOC:NOy regime typical of urban atmospheres. Subsequent work by
(Song et al., 2005) and others (Hurley et al., 2001; Presto et al., 2005) have since
demonstrated unequivocally that VOC:NOy critically influences the atmospheric
chemistry leading to SOA formation and that study of SOA formation at “low” NOy
conditions is critical towards predicting SOA formation from VOCs. Additionally, the
U.S. EPA and CARB have continued to promulgate new standards for reformulated and
conventional gasolines including increasing oxygenate content while reducing sulfur,
olefins, and aromatics. Further, since the 1994 study the fuel additive ethanol has
replaced methyl tertiary butyl ether.

The total reactive organic gas (ROG) emissions for gasoline vehicle are ~3.6
times higher than diesel vehicles (110.5 tons/day vs. 30.4 tons/day (CARB, 2011).Further,

Babhreini et al. (2012) estimated during the CalNex experiment that the majority of SOA
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formation precursors originate from vehicular gasoline vehicles (Bahreini et al., 2012)
rather than diesel engines. Currently, reformulated gasoline contains 55~77% of saturated
hydrocarbons, 9~36% aromatics, unsaturated hydrocarbons, and less than 10% ethanol
(Chin and Batterman, 2012; USEPA, 2008). Harley and Kean (2004) investigated the
chemical composition of gasoline and vehicle non-methane organic carbon (NMOC)
emissions, which changed significantly during the 1990s, mainly due to California’s
reformulated gasoline program. Substantial changes include reductions in C4-Cs alkenes,
benzene, and highly reactive aromatics such as ethyltoluene, diethylbenzene and
trimethylbenzene isomers (Harley and Kean, 2004). Isopentane, n-butane, n-pentane, and
MTBE/ethanol accounted for over 60% by mass of the fuel headspace (1995-2001).

Odum et al. (1997) have conducted smog chamber experiments with 12
reformulated gasolines, and using their high and low SOA yield curves and the two-
product gas-particle partitioning model was able to predict the SOA formation from
whole gasoline solely from fuel’s aromatic components. Recently, Jathar et al. (2013)
reported that SOA formation from the photooxidation of unburned gasoline is more
sensitive to fuel aromatic content (Jathar et al., 2013).

Gasoline volatility is reported as Reid vapor pressure (RVP), which is the vapor
pressure of the gasoline blend at 310.93K (100°F). RVP influences engine and
evaporative emissions (Hajipour et al., 2014). Summer blend gasoline RVP is lower than
winter blend to reduce evaporative emissions, while winter blend gasoline RVP is higher

to improve engine operation.
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Nowadays, biofuel renewable energy including ethanol is used to reduce carbon
emissions (Kiatkittipong et al., 2008). However, the higher vapor pressure of ethanol-
containing fuels can increase evaporative emissions (Da Silva et al., 2005) by increasing
RVP. Further, Salvo and Geiger (2014) recently reported that ambient ozone
concentrations reduced by about 20% as the share of biofuel gasoline rose from 14% to
76% in Sao Paulo, Brazil.

This work investigated the SOA contribution from current whole gasoline fuels
necessary for improving predictions of SOA formation from gasoline fuels needed for
inventory and state implement plans (SIP). This study also investigates SOA formation
from Southern California summer blend and winter blend gasoline as representatives of
reformulated gasoline. This study further provides the understanding of bioethanol fuel
affecting SOA formation and O; formation. The SOA formation impact from gasoline
vapor is expected to differ from previous studies as the chemical composition and our
understanding of the relationship between particle formation and atmospheric reactivity

has evolved.

4.2 Experimental Methodology
4.2.1 Experimental setup

All experiments were conducted in the UCR/CE-CERT environmental chamber at
dry conditions (RH < 0.1%) described in detail by Carter et al. (2005). The facility has a

thermally insulated enclosure (27 + 1 °C) flushed with continuously purified air (Aadco
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737 series (Cleves, Ohio)). Two 90 m’ 2 mil (54 pm) FEP Teflon® film reactors are
located in the enclosure along with banks of 115 W Sylvania 350 blacklights.

Three representative Southern California 87 octane summer and winter blend
gasolines were collected from commercial company A and are refined to as “summer-
blend-A” and “winter- blend A” in this study. An 89 octane gasolines from commercial
company B was also collected as “winter blend B”. Reference fuel C, an American for
Society for Testing and Materials (ASTM) standard fuel, was composed of 50 vol.%
toluene and 50 vol.% isooctane. Different ethanol volume percentages were injected with
reference fuel C to make E10 (10 vol.% ethanol + 90 vol.% reference fuel C), E15 (15
vol.% ethanol+85 vol.% reference fuel C), E20 (20 vol.% ethanol+ 80 vol.% reference
fuel C), E25 (25 vol.% ethanol+75 vol.% reference fuel C), and E50 (50 vol.%
ethanol+50 vol.% reference fuel C). Gasoline and reference fuels were injected into the
chamber through a heated glass injection manifold system and flushed into the chamber
with pure N,. As needed, 50% (by wt) hydrogen peroxide (H,O,) was injected into a
glass manifold tube in a 55°C oven and then flushed into the chamber with purified air.
NO was prepared by filling a calibrated glass bulb to a known pressure of pure NO and
flushed into the chamber with pure N,.

4.2.2 Instrumentation

Gasoline chemical composition was analyzed using an Agilent 7890A gas
chromatography equipped with flame ionization detectors (GC-FID). Standards used in

include MA EPH Aliphatic Hydrocarbon Standard at 1000 pg/ml in hexane (RESTEK

Corp.), and a certified aromatic mix (benzene, n-butylbenzene, sec-butylbenzene, fert-
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butylbenzene, ethylbenzene, isopropylbenzene, 4-isopropryltoluene, naphthalene, n-
propylbenzene, styrene, toluene, 1,2,4-trimethylbenzene, 1,2,5-trimethylbenzene, o-
xylene, m-xylene, and p-xylene all at 200 pg/ml in methanol). Hydrocarbon and inert
tracer (perfluorohexane) concentrations within the environmental chamber were
measured using dual Agilent 6980 (Palo Alto, CA) gas chromatography (GC) equipped
with flame ionization detectors (FID) (light hydrocarbons: 30 m x 0.53 mm GS-Alumina
column; Cs: alkanes and aromatics: 30 m x 0.53 mm DB-5 column). NO and NO,-NO
were measured by a TECO chemiluminescence NOy analyzer with an external NOy to
NO converter. Ozone was measured by a Dasibi Environmental Corp. Model 1003-AH
O; analyzer.

Particle size distributions between 27 and 686 nm were measured by an in-house
built Scanning Mobility Particle Sizers (SMPS) described in Cocker et al. (Cocker et al.,
2001). Aerosol particle density was measured with an aerosol particle mass analyzer
(APM, Kanomax model 3600) and SMPS in series (APM-SMPS). A detailed description
of the APM-SMPS system and data procedures are described elsewhere (Malloy et al.,
2009; Nakao et al., 2011). Particle volatility was monitored with a volatility tandem
differential mobility analyzer (VTDMA) (Nakao et al.,, 2012). Volume Remaining
Faction (VRF) is calculated by taking a (cubed) ratio of particle mobility diameter after
the TD (Dpy) to initial particle size (Dpj), i.e., VRF = (Dm¢/Dumi)’. The High-Resolution
Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) can measure the chemical
composition and elementary analysis of submicron particles (Aiken et al., 2007, 2008;

DecCarlo et al., 2006). Details of the HR-ToF-AMS and software analysis are described in
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detail elsewhere (DeCarlo et al., 2006). Data was analyzed with ToF-AMS analysis
toolkit squirrel 1.56D /PIKA 1.15D version.

4.2.3 Evaluation Methodology
4.2.3.1 SAPRC 11 model

The SAPRC 11 model was used to predict secondary particulate matter formation,
03, gases, hydroxyl radical (OH) formation. The SAPRC-11 model is based on a kinetic
(O3) and equilibrium approach (PM). OH concentration is estimated from the decay of
toluene. The current completed model version is designated as SAPRC-11 and includes
the rate constant and reactions updates based on current data, SAPRC-99 chemical
mechanism and chamber evaluations (Carter and Heo, 2013; Carter, 2010).

4.2.3.2 SOA yield and two-product model

SOA yield is calculated as the ratio of organic aerosol formed to hydrocarbon
reacted. SOA yield versus organic aerosol mass for individual aromatic precursors is then

empirically fit using the two-product model developed by (Odum et al., 1996):

iKom,i
Y =M, ¥, <“—> eq (1)

14K om,iMo
where o and o, represents the mass-based stoichiometric coefficients for the formation of
two “lumped” products with gas-particle partitioning coefficients Kom,1 and Koms (m’/pg),
respectively. SOA yield from gasoline mixture experiments is then measured as the ratio

of the total organic aerosol reacted to total aromatic reacted.
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Aromatic hydrocarbons reacted was estimated from initial concentrations of
injected gasoline, it’s composition, the reaction rate constant (kon) for each aromatic, and

the OH radical concentration (see 4.2.3.2) as equation (2).

d[HC]
=~ kon o [OHIHC]
aromatic reacted = Y AHC; =AHC ,#AHC ¢ +AHCc o+ eq (2)

4.2.3.3 Volatility Basis Set (VBS)

The volatility basis set approach is similar to “two-product model” and for a given
experiment is based on prescribed volatility or saturation concentration (C*) bins where

C; (ug/m?) is divided into decadal bins as:
{C7}={0.01, 0.1, 1, 10, 100, 1000, 10000, 100000 } eq (3)

The C* is used with organic aerosol concentration (Cpa) to estimate the mass

[ D
1 1

fraction of “7” in the aerosol-phase where Coa is related to the total concentration of

(Cy) as (Donahue et al., 2006, 2011) :

%\ -1
G

e (1+) 5 Com TGig, cq (4)

The mass-based stoichiometric coefficients (a;) describing the mass-based

[
1

production of each compound is then determined for each fuel from experimental

chamber experiments.
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4.3 Results and Discussion
4.3.1 SOA yields from whole gasoline vapor

The chemical composition for each carbon category for summer-blend-A, winter-
blend-A, and winter-blend-B gasoline are shown in Figure 4.1. The mass composition of
each carbon number category along with reaction rate constant (kom) for each
hydrocarbon species category is provided in supporting information (Table S 4.1). The
major aromatic hydrocarbon is Cs (mostly m-xylene).

The experimental conditions, fuel injected, initial NO concentration, AM,, total
aromatic hydrocarbon reacted (AHC aromatic) and SOA yields from each whole

gasoline photooxidation is provided (Table 4.1) for low NOy conditions. Average OH

radical concentrations ranged from 4.34x10° ~2.48x10° molecules/cm’. SOA yields
reported are based on AHC aromatic and range from 2.11% to 4.82% for winter-blend-A,
2.57% to 5.58% for summer-blend-A, 1.62% to 5.66% for winter-blend-B gasoline
photooxidation (Figure 4.2). All aerosol yields fall within the range of Cs9and Co+ two-
product model curves developed by (Tang et al., 2015a). This observation strongly
supports Odum’s earlier study that identified aromatic hydrocarbons as the key class of
compounds contributing to the majority of the SOA formation from the atmospheric
oxidation of whole gasoline vapor (Odum et al., 1997). The slightly larger from summer-
blend-A SOA yields compared to winter-blend-A SOA yields are consisted with higher
aromatic content (e.g., Cg summer: 9.9%; winter: 9.2 %). The key difference between
summer-blend and winter-blend gasoline in California is based on the Reid Vapor

Pressure (RVP) standard, which is designed to reduce evaporative emissions during the
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summer. California’s phase 3 Reformulated Gasoline (CaRFG3) regulations (2007) set
the RVP limit to 7.0 psi RVP for oxygenated fuels (CARB, 2012).

Previous studies report that decreasing initial NO levels increases SOA yields for
individual aromatic compounds as high initial NO reduces SOA formation (Hurley et al.,
2001; Song et al., 2005; Ng et al., 2007). . However, as initial NO levels were increased
for the whole gasoline experiments, SOA formation and SOA yield increased (Figure 4.2
and Figure 4.3). NO concentrations influences the lifetime and fate of alkylperoxy (RO>)
radicals and hydroperoxide (HO,) determining the branching between (RO,*+NO)
reaction and (RO,+HO;) reaction (Kroll and Seinfeld 2008). It has been reported that
SOA begins to form only when NO concentrations decreased to sub-ppb level when
RO,+HO; reactions and lower volatility dominates (e.g., Hurley et al., 2001; Song et al.,
2005; Kroll et al., 2006 ; Ng et al., 2007).

Previous studies have observed that larger alkanes (>C;;) have the opposite
dependence as individual aromatics on SOA formation with SOA yields increasing with
increasing NOy levels (Lim and Ziemann 2005). The increasing SOA yields with
increasing NOy level are more consistent with observed SOA NOy trends in this study for
whole gasoline vapors photooxidation. This suggests that the gasoline major components
may be decreasing the radical chemistry thereby influencing observed SOA trends from
that of individual aromatic experiments. Further evaluation of the OH and HO; radical
concentrations shows that they are relatively lower for the lower NO condition, leading to
slower formation of semivolatile compounds. Two example NO and organic aerosol mass

formation traces are provided (Figure S 4.1). Reacting hydrocarbons begin to form SOA
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as NO decreased to sub-ppb level for the lower initial NO (9 ppb) experiment (1852A)
consistent with traces from classical single aromatic hydrocarbon experiments. However,
in the experiment (1937A) with the same amount of fuel injected but with higher NO
(173 ppb) present after only 84% reduction of NO SOA growth starts to increase. This
suggests organic nitrates (RONO;) produced from RO,+NO reaction may be contributing
to SOA formation.

The influence of alkanes on aromatic mixtures was also examined by evaluating
SOA from aromatic hydrocarbon mixture (Cs~Cy) a photooxidation experiment with
without n-hexane addition (run: 2054A and 2054B, Figure S 4.2). This experiment
reveals that n-hexane suppresses both OH radical concentration and SOA formation,
leading to the SOA mass from photooxidation of aromatic hydrocarbon mixture. Hence,
individual SOA experiments for aromatic species may not reflect SOA formation from
these precursors leading to the possibility that offsetting effects (decreased SOA from
aromatics plus additional SOA precursors in fuel) may be leading to observations that

gasoline SOA formation is predicted by aromatic compounds alone.

4.3.2 Two-product model prediction

SOA yield was predicted using the stoichiometric coefficients and partitioning
coefficients developed in Tang et al. (2015a) using a two product empirical fit. Yields
curves were lumped into three aromatic carbon number groups (Ce.7, Cs.9, and Cio+).

The gasoline photooxidation experiments in this work were conducted at the same

experimental conditions (NO, photolysis rate, dry (RH<0.1%), temperature, and without
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seed aerosol) as the Tang et al. (2015a). Predicted aerosol yields for the gasoline
experiments based on aromatic content alone overestimated the measured SOA formation
by ~ 1.4 times (Figure 4.4, slope 1.362). The overestimate, as noted in the previous
section, is likely in past due to changes in reactivity conditions due to non-aromatic
species present.

Aerosol yield two-product model fits are higher for individual aromatics than in the
original work by Odum et al (1997). Significant environmental impacts (lower
temperature and higher light intensity) are likely the cause of the higher aerosol
formation for individual aromatic species than in the Odum et al (1997) work. A slope of
0.923 (Figure 4.4) was observed by Odum et al (1997) leading to the observation that
aromatics alone could be used to predict whole gasoline formation. Given that changes to
gas-phase chemistry are expected as noted above, it is possible that the excellent previous
agreement may have in past been due to competing experimental biases caused by
challenges of a less environmentally controlled (light and temperature) use of the Odum
et al (1997) high yield (Cs, C; aromatics) and low yield (Cg; aromatics) leads to
underprediction of ~ 35 % (Figure 4.4) of SOA from gasoline in the current work. These
differences are likely due to the much higher temperatures that the Odum et al (1997)

work was conducted at (~40° Cvs. 25°C).

4.3.3 Volatility basis set (VBS) evaluation for SOA yields for whole gasoline vapor

Recently, Jathar et al. (2013) reported a volatility basis set parametrization to

predict SOA yield from unburned gasoline using four semivolatile SOA products with
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effective saturation concentrations (C*) of 0.1, 1, 10, and 100 pug/m’. Using these values
the SOA in the current data set is underpredicted by ~ 22% (Figure S 4.3, slope 0.78).
The difference is attributed to Jather et al (2013) use of SOA yields gasoline mixtures
reacted at high NOy conditions while SOA yields from this study are from whole gasoline
at low NOy conditions. The current study VBS starts with 8 products with effective
saturation concentration (C*) of 0.1, 1, 10, 10%, 10°, 10*, 10°, and 10° ug/m3 . Measured

SOA yields were fit to determine the stoichiometric mass coefficients (a; ~ og) (equation

()

x —1
C:
il 1+ X aixAHC i « y—1
COA Z.C. E ZL( C ) L aromatics C:
Y = = = = 04 =Zi1+C0‘A xa; eq(5)

AHCgromatics AHCgromatics AHCgromatics

Two-products were found sufficient to describe the SOA formation from the
photooxidation of whole gasoline vapor: a3z = 0.0466 and o4 = 0.0474 for the 10 and 100
ng/m® C* bin, respectively (Figure 4.5). Experiment 1897B, for example, winter-blend-A
with total organic aerosol (Coa= 39.1 pg/m’) and reacted 748 pg/m’ aromatic
hydrocarbons and shows 80% (mass-based) of product is condensed in bin 3 (C*=10
ng/m’) while and 28% (mass-based) of product is condensed in bin 4 (C*=100 pg/m’)

(Figure 4.5).

4.3.4 SOA yields from reference fuels

SOA vyields from reference fuel (50: 50 toluene: isooctane) photooxidation under
low NOy condition range from 3.3% to 11.0%. No SOA yield is observed from individual

isooctane (2,2,4-trimethylpentane) photooxidation under low NOy and H,O, (Figure 4.6
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(a), Table 4.2), indicating that SOA formation from reference fuel is from toluene
photooxidation. The aerosol formation from the reference fuel (irregardless of ethanol
content) coincides with Cg7 two-product model accounting only for toluene reacted
(Figure 4.6 (b)) except for the two largest fuel injections. Overall aerosol formation
(based on total fuel injected) decreased with increasing ethanol. However, increasing
ethanol increased ozone formation (Figure S 4.4), which could impact achievement of O
standard in urban area.

An ambient surrogate was introduced to this study to simulate the reactivity of
South Coast air. The surrogate is comprised of n-butane, trans-2-butene, propene, ethene,
m-xylene, 1,2,4-trimethylbenezene, toluene, 2-methyl-butane, methylcyclopentane, 1-
pentene, 2-butanone, isoprene. SOA yield from reference fuel with surrogate
photooxidation was observed to range from 5.1% to 7.7% by accounting for toluene and
isooctane reacted. Even though more mixture compounds were mixed in the system,

these precursors still formed similar amount of organic aerosols.

4.3.5 Volatility and density evolution

An VIDMA was used to measure the volatility of SOA from gasoline and
reference fuels photooxidation during the course of experiments. Volume remaining
fraction (VRF) increases from 0.21 to 0.46 for summer-blend-A, 0.22 to 0.42 for winter-
blend-A, 0.22 to 0.38 for winter-blend-B fuel (Figure 4.7). SOA from summer-blend

photooxidation produced lower volatility products than winter-blend gasoline consistent
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with the RVP differences in the fuel specification. VRF gradually increased over the
course of the experiment with slightly higher VRF for larger injections.

Density changes during the course of experiments for summer- and winter-blend
gasoline, reference fuels and the different ethanol blends (Figure 4.8). Average particle
density was slightly higher in winter-blend-A gasoline (p=1.48 g/cm’) than summer-
blend-A gasoline (p=1.43 g/cm’) (Figure 4.8(a)). Pure reference fuel photooxidation
produced slightly larger average density than fuels with ethanol addition (Figure 4.8(b))

with the average density decreasing for increasing ethanol content (Figure S 4.5).

4.3.6 Chemical composition properties

Previous studies have widely used Aerodyne HR-ToF-AMS for characterizing
chemical composition of ambient and laboratory organic aerosol (OA) such as triangular
plot of fus vs. f43 (Ng et al. 2010; Chhabra et al. 2011), elementary analysis of atomic
oxygen-to-carbon (O:C), hydrogen-to-carbon (H:C), organic mass-to-organic carbon
(OM:0OC) ratios (Aiken et al., 2007, 2008; Chhabra et al., 2010), and the average
oxidation state of carbon ( OS,~2 O/C-H/C ) (Kroll et al., 2011). The HR-ToF-AMS
was used in this study to investigate chemical composition of organic aerosol from
gasoline and reference fuel photooxidation. The SOA mass spectra from both summer-
blend-A and winter-blend-B photooxidation under the low NOy condition shows m/z 43
and m/z 44 as the major organic aerosol fragments along with m/z 55, m/z 57, and m/z 71
fragments possibly from aromatic hydrocarbon with ethyl or propyl substituents (Sato et

al., 2010; Tang et al., 2015b) (Figure 4.9 and Figure 4.10). The m/z 43 (C,H;0 " or C3H;")
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fragment is a marker ion of oxidized OA from nonacid oxygenated species (Ng et al.,
2010) while m/z 44 (CO,") is a marker ion of oxidized OA commonly from the
fragmentation of carboxylic acids (Takegawa et al., 2007). Ng et al. (2010) has
investigated ambient oxygenated organic aerosol (OOA) which was characterized in a
“triangle region” of fi; versus f3, and can be deconvolved into low volatility OOA
(LVOOA; fas = 0.17 £ 0.04) and semi-volatile OOA (SVOOA; fis = 0.07 = 0.04).
Figure 4.11 (upper panel) shows that SOA from three representative gasolines lies on the
lower side of triangle area (SVOOA) while summer-blend-A gasoline lies on the right
dash line, suggesting that more non-acid oxidized OA is generated from the summer-
blend-A. Jathar et al. (2013) recently reported that commercial summer-blend gasoline
SOA sit in a similar region suggesting that the fy; and f4 signal of SOA from unburned
gasoline was similar to that from the oxidation of toluene and m-xylene. However, in this
work SOA from aromatic mixture sits right hand side of gasoline (higher f43). To further
compare with aromatic mixture and gasoline, the mass-to-charge distribution of organic
aerosol from photooxidation of whole gasoline and aromatic mixtures with n-hexane was
compared as Figure 4.12. The m/z fragment of SOA from whole gasoline and aromatic
mixtures with n-hexane has high linear relationship with R*=0.94, suggesting that SOA
from whole gasoline exhibits similar chemical composition as SOA from aromatic
hydrocarbons photooxidation. Additionally, the reference fuel SOA sits on the middle of
triangle area, and it is observed that E50-blend fuel has highest £, than other blends and
with the increasing of ethanol percentage the f;, slightly increases, indicating SOA from

ethanol-blend fuel leading to more products from carboxylic acids.
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The Van Krevelen diagram (H:C versus O:C) was first applied to the AMS
measurement by Heald et al. (2010), who observed a slope of -1 from field and laboratory
organic aerosol characterizes atmospheric aging, which involves volatilization, oxidation,
mixing or condensation of further products. Recently, Canagaratna et al. (2014) reported
a new AMS “Improved calibration” method to reproduce O:C and H:C values 28% and
14% higher than “Aiken-Ambient” method to account for HO, produced from thermally
dehydration and CO from decarboxylation (Chen et al., 2015). Chen et al. (2015) further
revisited and corrected the elementary composition of organic aerosol from ambient and
laboratory measurement noting a -0.6 slope in the Van Krevelen diagram. All the data
from current study falls on the 0 to -1 slope suggesting organic aerosol functionalized by

alcohol/peroxide or carboxylic acids addition.

4.4 Conclusion

This study revisited prediction of the SOA formation from whole gasoline vapor
photooxidation by the two-product model and explored the SOA and O; formation from
ethanol-blended reference fuels. The empirical two-product model overpredicted the
SOA yields from reformulated whole gasoline vapors photooxidation when estimated by
the SOA formation from individual aromatic hydrocarbons, suggesting that non-aromatic
precursors impact the overall gas reactivity reducing the SOA formation from the
aromatic precursors. Odum’s (1997) low yield curve and high yield curve was applied to
and found to underpredict SOA formation from reformulated gasoline in this study due to

differences including higher NOy level, precursor concentrations, and higher VOC/NOy
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condition. SOA formation was observed to increase as initial NOy concentration
increased, opposite of the trend noted by previous studies of individual aromatic
compounds. This further demonstrates the above observations that alkanes or other
species are influencing the system reactivity (including NOy effects) preventing accurate

estimates of aerosol formation from individual aromatic precursors.
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4.6 Tables and Figures

Table 4.1 Experimental conditions and results of SOA formation from whole gasoline

Fuel

NO

AHC

injected initial Average OH (aromatics) M,” SOAL Density 0 Predicted Y predicted/
Run number yield SQA Ymeasured
(wgm’) | Gpb) | (oleculesien’) | ugin’) | (ugm) @em’) | by | T
Winter blend A
1852 A 1928 9 4.51E+05 249 53 2.13% 1.46 63 1.54% 0.72
1852 B 1928 15 6.23E+05 338 7.1 2.11% 92 2.04% 0.97
1857 A 1928 32 9.25E+05 499 16.2 3.25% 1.52 160 4.13% 1.27
1857 B 1928 46 1.14E+06 521 16.5 3.17% 203 4.20% 1.32
1865 A 1928 45 1.18E+06 552 249 4.52% 1.44 197 5.65% 1.25
1865 B 1928 104 1.80E+06 735 34.6 4.70% 342 7.27% 1.55
1897 A 1928 100 1.86E+06 804 101 | asew | 148 344 | 7.84% 1.62
1897 B 1928 68 1.55E+06 748 350 | 4.68% 268 7.27% 155
1937 A 1928 115 1.92E+06 820 39.6 4.82% 1.48 324 7.92% 1.64
1937B 1928 173 2.48E+06 913 41.0 4.49% 406 8.28% 1.85
Summer blend A
1918 B 2025 23 7.52E+05 464 16.7 3.59% 126 4.15% 1.16
1920 A 2025 92 1.52E+06 621 30.8 4.95% 1.44 312 6.55% 1.32
1920 B 2025 45 9.60E+05 473 21.5 4.54% 195 5.00% 1.10
1921 A 2025 61 1.21E+06 598 334 5.58% 1.44 234 6.82% 1.22
1921 B 2025 11 4.34E+05 285 7.9 2.77% 75 2.20% 0.79
2046A 2025 55 1.64E+06 597 153 2.57% 1.40 200 4.00% 1.56
2046 B 2025 55 1.43E+06 708 19.2 2.72% 1.40 212 4.85% 1.79
Winter blend B
1856 A 1693 9 6.06E+05 296 4.8 1.62% 1.43 62 1.57% 0.97
1856 B 2098 23 8.37E+05 366 9.9 2.79% 132 3.03% 1.12
1862 A 2227 27 7.82E+05 372 11.6 3.10% 1.47° 141 3.39% 1.09
1862 B 2774 41 1.08E+06 476 17.9 3.76% 192 4.88% 1.30
1870 A 2861 61 1.53E+06 487 14.9 3.06% 1.50 225 4.26% 1.39
1875A 2860 55 1.27E+06 492 20.1 4.09% 1.49 220 5.38% 1.32
1875B 3346 107 1.73E+06 584 23.9 4.09% 336 6.20% 1.52
1904A 3102 71 1.39E+06 538 28.2 5.24% 1.48 293 6.81% 1.30
1904B 3117 79 1.48E+06 543 30.7 5.66% 315 7.20% 1.27
coﬁ]i))i)rllllrr:lsd HCi ,I:.,(i Average OH (aroArrl:Iafics) Mo }i(e)l?“ Density 0s Pr;cgied Y predicted/
(ng/m’) | (ppb) | (molecules/cm’) (ng/m®) (ng/m’) (g/em®) | (ppb) yield Yo
2054A 1156 21 1.14E+06 437 30.6 7.01% 1.44 79 8.38% 1.20
1157+
2054B n-hexane 21 8.76E+05 328 17.2 5.25% 84 5.73% 1.09
384

a: Hydroxyl radical concentration is predicted by SAPRC11 model.
b: Organic aerosol mass concentration (My) is obtained by PM volume wall-loss corrected concentration multiplies average density.
c: SOA yield is the ratio of M, divided by AHC (aromatics).

d: Mixture compounds include 12% benzene, 20% toluene, 61% m-xylene, and 7% 1,2,4-trimethylbenzene.
e: Assume average density is the average of winter blend B SOA densities.
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Figure 4.1 Chemical compositions of winter-blend-A, summer-blend-A, and winter-blend-B
gasoline.
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Figure 4.2 SOA yields from different California whole gasoline vapor photooxidation. One-
product model SOA vyield curves for aromatics Cg.7 curve, Cgog curve, and Cio. curve were
developed by Tang et al. (2015a). Stoichiometric coefficient a; and partitioning coefficient Koy

is 0.345, 0.021 for Cg; curve, 0.214 and 0.021 for Cso, 0.086 and 0.021 for Co: curve,
respectively.
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Figure 4.4 Relationship between predicted SOA yields and measured SOA yields by two-
product model curves.
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photooxidation experiments.
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Figure 4.9 Average mass-to-charge distribution from summer-blend-A photooxidation under
low NOy condition. (run: 2046B, w mode)
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Figure 4.10 Average mass-to-charge distribution from winter blend A photooxidation under low
NOy condition. (run: 1937A, w mode)
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photooxidation from whole gasoline vapor and reference fuels with different blends. (ACP2014
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and HR Analysis 1.15D) (Canagaratna et al., 2014)
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4.7 Supporting Information

Table S 4.1 Chemical composition and reaction rate constant for whole gasoline

Winter- Summer- Winter-
blend-A | blend-A | blend-B Kop surrogate® (o mollc(acc)l[[lles'l oy
Species Mass % Mass % Mass %
C4 Paraffin 3.9 53 53 C4 iso/cyclo alkane 2 63E-12
C5 Paraffin 11.8 0.1 0.1 C5 iso/cyclo alkane 3.95E-12
C6 Paraffin 5.0 13.4 13.0 C6 iso/cyclo alkane 5.34E-12
C7 Paraffin 8.2 7.6 7.4 C7 iso/cyclo alkane 6.81E-12
C8 Paraffin 14.5 16.2 18.2 C8 iso/cyclo alkane 8.35E-12
C9 Paraffin 4.9 3.7 2.7 C9 iso/cyclo alkane 9.96E-12
C10 Paraffin 0.2 0.2 0.0 C10 iso/cyclo alkane 1.17E-11
C11+ Paraffin 0.2 0.2 0.0 Cl11 iso/cyclo alkane 1.34E-11
C6 Aromatic 1.9 1.6 1.6 benzene 1.22E-12
C7 Aromatic 3.0 2.9 2.8 toluene 5.63E-12
C8 Aromatic 9.2 9.9 9.5 C8 aromatic 9.98E-12
C9 Aromatic 1.1 1.2 1.0 C9 Aromatic 1.88E-11
C10 Aromatic 1.8 1.8 1.2 C10 Aromatic 3 30E-11
C11+ Aromatic 2.4 2.5 1.5 C11+ Aromatic 5.50E-11
Olefines 14.2 15.6 21.3 Olefines 3.70E-11
C5 Clycloalkane 0.0 0.0 0.0 C5 iso/cyclo alkane 3.95E-12
C6 Clycloalkane 1.2 1.2 2.7 C6 iso/cyclo alkane 5.34E-12
C7 Clycloalkane 0.3 0.3 0.3 C7 iso/cyclo alkane 6.81E-12
C8 Clycloalkane 1.9 0.7 0.4 C8 iso/cyclo alkane 8.35E-12
C9 Clycloalkane 0.1 0.0 0.0 C9 iso/cyclo alkane 9.96E-12

a: literature values (Jathar et al., 2013)
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Figure S 4.1 Time series of NO consumption and total organic aerosol formation (AM,) from

winter-blend-A gasoline photooxidation.
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Figure S 4.2 Time series of NO, hydrocarbon decays, OH radicals, total organic aerosol mass

concentration during the course of experiment.
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Figure S 4.3 Relationship of predicted SOA yields and measured SOA yields. (Predicted SOA is
calculated using VBS parametrization by Jather et al (2013))
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Chapter 5 Summary of Dissertation

This thesis enhances our understanding of secondary organic aerosol (SOA)
formation from select anthropogenic sources including polycyclic aromatic hydrocarbons
(PAHs), PAHs mixed with m-xylene and an atmospheric surrogate, and unburned whole
gasoline vapors. Major SOA chemical characteristics and physical properties were
explored along with SOA formation within the UCR CE-CERT environmental chamber.

Chapter 2 investigated the SOA yield and chemical characteristics of SOA
formation from naphthalene and two methyl substituted naphthalenes, 1-
methylnaphthalene and 2-methylnaphthalene in the presence of NOy and absence of NOx
conditions. The SOA yield is very high for all three PAHs precursors: 1-
methylnaphthalene > 2-methylnaphthalene ~ naphthalene for all atmospheric conditions
studies. SOA yields were substantially greater than 1.0 under H,O; (ultra low NOy) and
low NOy +H,0; conditions for all three PAH precursors. OH concentration was observed
to be a key factor in SOA formation from the PAH precursors. SOA from both 1-
methylnaphthlaene and 2-methylnaphthalene high NOy photooxidation was observed to
be fractal-like indicating coagulating solid SOA particles. Formation of fractal SOA
particles requires careful evaluation of SOA density to accurately represent SOA mass
yields. It also suggests that chemical reactions in solid particles are surface-limited. The
elemental and chemical composition analysis of HR-ToF-AMS revealed that oxygen-to-
carbon ratio (O/C), average oxidation state of carbon, and aerosol time based triangle plot
suggest that SOA aged during the experiment and is consisitent with observations of

decreasing SOA volatility over the course of the experiments. Additionally, an indicator
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of m/z 104 associated with the phthalic acid or phthalic anhydride product from PAHs
SOA was observed by HR-ToF-AMS. The observation of a lower density fractal particle
during 1-methylnaphthalene and 2-methylnaphthalene high NOy photooxidation
experiments suggests that previous studies not directly measuring density likely grossly
over predict SOA formation.

Chapter 3 extended SOA formation from individual PAH photoxidation to that
mixed with m-xylene and/or surrogate addition for simulating atmospheric condition.
Experiments with different mixing ratios between PAHs and m-xylene indicate that the
addition of m-xylene to PAH photooxidation experiments suppressed SOA formation
from the PAH precursor. The SOA growth rate relationship of aerosol mass concentration
(AM) versus hydrocarbon reacted (AHC) from different PAHs-m-xylene mixture is
correlated with initial m-xylene/NO, PAHs/NO, [OH]/[HO;] ratio, [NO]/[HO;] ratio and
[HO,)/[RO,] ratio. It is observed that higher m-xylene/PAHs ratios and higher initial m-
xylene/NO ratios lead to lower net SOA formation. The chemical composition
characteristics such as fy, versus fy3 H/C ratio, O/C ratio, and the oxidation state of the
carbon (0S,) showed that PAHs-m-xylene SOA continuously ages and the SOA exhibits
characteristics of both individual precursors. The atmospheric surrogate mixture chosen
for the surrogate/PAH mixtures was based on the surrogate used to develop the Carter O
reactivity scales. Our results showed that the surrogate mixture photooxidation also

suppressed SOA formation from PAHs by influencing gas-phase chemical reactivity.

Chapter 4 revisited the secondary organic aerosol (SOA) formation from
reformulated whole gasoline vapor. SOA yields from select Southern California summer-
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and winter-blend gasoline vapor photooxidation experiments under varying low NOy
condition range from 1.62% to 5.66%. SOA yields increased with increasing initial NO,
which is reverse of observed trend with individual aromatic hydrocarbon chamber
experiments. Three SOA yield curves (aromatics Ce.7, Cs.9, Cio+) obtained previously for
17 individual aromatic hydrocarbons chamber experiments are overpredicted SOA
formation from whole gasoline vapor by ~36%. Further, n-alkane addition was found to
suppress SOA formation from the photooxidation of a mixture of aromatics. SOA from
whole gasoline vapor and reference fuels were characterized as semivolatile oxygenated
organic aerosol (SVOOA) by examining the “triangle plot” (fis vs. fs3), the “Van

Krevelen” (H:C vs. O:C) diagram, and volatility basis set.

In the future, the impact of gas-phase product chamber wall loss on SOA
formation from aromatic hydrocarbons and PAHs can be investigated to further our
understanding of aerosol formation underestimation based on two-product model
prediction failure. In addition, diesel exhaust/diesel vapor emission is another major
contribution of SOA source in urban area. It is expected that SOA formation from
unburned diesel vapor will differ from whole gasoline vapor. Moreover, a direct
measurement of OH and HO, radicals in aromatic or PAHs photooxidation system is

necessary to further understand the effect of radicals on SOA formation.
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