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ABSTRACT OF THE DISSERTATION
Chemical and Physical Investigation of Secondarya@ic Aerosol Formation
by
Shunsuke Nakao
Doctor of Philosophy, Graduate Program in Chemacal Environmental Engineering
University of California, Riverside, June 2012
Dr. David R Cocker IlI, Chairperson

The overall objective of this dissertation is tovamdice the understanding of
anthropogenic influences on SOA formation with ganéocus on SOA formation from
the photooxidation of aromatic hydrocarbons. Thislg advances the poor
understanding of aromatic SOA formation throughtirgénerational reactions by
investigating the significance of major intermediapecies - specifically phenolic
compounds and glyoxal. Phenolic compounds areiftshto play a significant role in
aromatic SOA formation (approximately 20% of arom&OA formed via the phenolic
route, under low NQconditions). The formation of bicyclic hydroperdgs, currently
assumed in aromatic reaction mechanisms, is suggpbgt chemical analysis utilizing a
soft-ionization technique. SOA formation from glgdxiptake onto aerosol, however, is
shown to have a negligible effect on SOA formafimm the oxidation of aromatic
hydrocarbons (RH less than 80%) in an environmexhiainber, contrary to the current
belief based on simpler systems. Therefore, glymsxakcluded as an intermediate

species of aromatic SOA at least in the experimeotaditions of this study.
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Another facet of the body of work details developirend application of a new real-time
aerosol density measurement system. A recentlyogexpempirical relationship between
SOA density and elemental composition (O/C and hg@Waluated against the extensive
database of this study, extending the applicalilitthe empirical relationship towards
aromatic compounds. In addition, SOA formation frdiesel exhaust photooxidation is
investigated by the combination of the real-timasiy measurement and other
physical/chemical analysis, demonstrating that Avas®d measurement techniques are
critical in interpreting the physical processesmyidiesel SOA formation, i.e.,
evaporation of semi-volatile organics from fradtké primary organic aerosol, as well as
condensation of secondary organic compounds oatbalrlike particles. Finally, real-
time density measurement is applied to the phottaddan of CHI, which produces
fractal-like iodine oxide particles (IOP); densmeasurement is critical for determination
of mass-based aerosol formation yields. Nearlyeatted iodine is found in particle
phase when there is sufficiently high,@hich was reasonably modeled in the absence
of NOy. A discrepancy between observed and modeled |@Raton in the presence of

NOy suggests incomplete understanding in iodine cheyiis/olving NQ..
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1 Introduction
1.1 Introduction of Dissertation

Organic aerosol (OA) accounts for ~20-90% of aerasads in the lower troposphere
(Kanakidou et al., 2005). OA contributes to glotlahate change (2007; Kanakidou et
al., 2005), adverse human health risks (Davidsah. €2005; Pope and Dockery, 2006),
and visibility reduction (Eldering and Cass, 199BA is classified into two categories:

1) primary OA (POA) that is directly emitted frorawsces as particles, and 2) secondary
OA (SOA) that is formed in the atmosphere from axik processing of gas-phase
organic compounds, followed by gas-to-particle asion; previous researchers have
estimated that SOA formation from volatile precussaccount for approximately 70% of

OA carbon mass globally (Hallquist et al., 2009 egférences therein).

Traditionally, SOA formation has been describedyhg-to-particle partitioning of
oxidation products of hydrocarbons (Pankow, 1984&)ly works suggested that the
minimum number of carbon in parent hydrocarbonS©OA is seven (Grosjean and
Seinfeld, 1989; Odum et al., 1997); hydrocarborts wimaller number of carbons were
believed to produce products too volatile to pianmito preexisting particles. Therefore,
SOA formation from oxidation of hydrocarbons wittwen or more carbons typically
observed in the atmosphere (e.g., substituted dromalrocarbons, monoterpenes, and
sesquiterpenes, herein referred as “traditionalA@ecursors) have been studied

extensively.



In spite of the significant progresses in the ustderding of chemical/physical processes
of SOA formation (Hallquist et al., 2009), SOA faation processes from the
photooxidation of aromatic hydrocarbons remain poenderstood. Typically only 10%
or less of aromatic SOA mass can be identifiedgusurrent analytical techniques
(Cocker et al., 2001; Hamilton et al., 2005; Sdtale 2007), making development of
explicit mechanisms of aromatic SOA formation picadty impossible. Although
aromatic SOA has been proposed to form via multiegational reactions, the
significance of each multi-generational reactioarghel remains uncertain (e.g., ring-

opening products vs. ring-retaining products).

Attempts have made to predict aromatic SOA fornmakip modeling the explicit gas-
phase mechanism with additional gas-to-particléitpaning (Johnson et al., 2004;
Johnson et al., 2005); in their studies, reasonaadiction of SOA formation was
acquired only after partitioning coefficients weatsed by one or two orders of
magnitudes, highlighting the poor understandinthefaromatic SOA formation. They
proposed heterogeneous reactions as a possibleagn&39A source leading to model

underprediction, which remains uncertain.

In addition to the problems of the poor understagdif “traditional” SOA formation,
recent studies suggest significant missing sowt&OA exist. The best understanding

in mid-2000s of SOA formation from traditional pugsors resulted in several fold ~ two



orders of magnitude of underestimation in SOA fdrarain major field campaigns,
suggesting the presence of missing sources (Volkatred., 2006). A number of
additional SOA forming pathways have been propdsextcount for the missing sources.
Additional SOA formation pathways include formatiohSOA from more volatile/less
volatile precursors than traditional SOA precursé example, oligomerization in
condensed phase has been proposed as a pathvieghiigrvolatile species to form SOA
(e.q., Kalberer et al., 2004; Volkamer et al., 20@n the other hand, organic vapors
with low volatilities may contribute to SOA formati; recent studies suggest
semivolatile components of primary organic aergB@A) evaporate to release
semivolatile organic compounds (SVOCSs) and inteiated/olatility organic compounds
(IVOCs), which easily form SOA in the atmosphere doi their lower volatility
(Robinson et al., 2007; Shrivastava et al., 208&)nificance of the SOA formation from
these non-traditional (more volatile/less volatilan traditional) precursors remains

uncertain.

In this study, a unique combination of chemical phgsical approach provides new
insights on both traditional and non-traditionalS@recursors. Intermediate processes
of aromatic SOA formation is evaluated with the @agis on phenolic compounds and
glyoxal: phenolic compounds are chosen as an exaatgss of ring-retaining products
and glyoxal as an example of dicarbonyl ring-opgmroducts that have been proposed
to form SOA via oligomerization by condensed-pha&setions. Another facet of this

study utilizes physical characterization techniqyesnarily using particle effective



density as a tool to provide insights on chemidsalfical processes of SOA formation.

The following outlines each chapter in the disgera

Chapter 2 advances the current poor understandiagpmatic SOA formation by

directly evaluating the significance of one of thajor first-generation products, phenolic
compounds (in low NQconditions), and exploring possible formation meeubms of
aromatic SOA. Phenolic compounds are shown to ibuté to aromatic SOA by
approximately 20%, suggesting that phenolic comgdsuare significant intermediate

species, although the majority of pathways remaknown.

Chapter 3 evaluates the significance of anotheoniagt-generation product of
aromatics, glyoxal, in aromatic SOA formation. Tdugrent belief that glyoxal can be a
major intermediate of aromatic SOA, especiallyumind conditions, is challenged using
chemical and physical approaches, utilizing synteelsglyoxal and direct glyoxal
measurements. Rapid glyoxal uptake onto delique@did),SO, seed particles are
confirmed as reported by previous studies; howeglgoxal uptake onto aromatic SOA
under dark/irradiated conditions in this studyesnbnstrated to be negligible, thus

excluding glyoxal as a precursor in aromatic SOAhis study.

Chapter 4 shifts the emphasis from chemical aspé@somatic SOA formation towards
physical aspects of SOA formation and providesideta the aerosol particle mass

analyzer — scanning mobility particle sizer (APM-BS) that is extensively utilized in



the following chapters. As opposed to the commanfigaration of the differential
mobility analyzer (DMA)-APM, by locating the APM spyeam of the SMPS, better

time-resolution and sensitivity is achieved withtags of accuracy.

Chapter 5 utilizes a large database of densityeggmental ratios (O/C and H/C) of SOA
formed from the oxidation of 23 different volatieganic compounds (VOC) to evaluate
a density estimation method recently proposed byd€a et al. (2011). The estimation
method is shown to predict SOA density within 209@eeven for SOA formed by
oxidation of aromatic compounds, which was not eatdd by Kuwata et al. (2011);
therefore, this study extends the applicabilityhef density estimation method to include

anthropogenic systems.

Chapter 6 applies APM-SMPS system to SOA formaitiom diesel exhaust, which has
acquired increasing attention as a non-traditi®@@A forming pathway. The effective
density measurement is especially useful in inttipg the chemical/physical processes
in this system, since all the processes of 1) enstjom of semi-volatile organics from
fractal-like POA (soot agglomerate), 2) condensatibsecondary organics to POA, as
well as 3) coagulation of particles within an eowimental chamber result in changes in
particle shape and effective densities. This sBuygests that mass-based analysis is
critical in interpreting SOA formation involvingdctal-like particles and confirmed the
significance of SOA formation from diesel exhaumsvaried experimental conditions

(e.g., dilution/injection methods).



Finally, Chapter 7 applies the chemical/physicgrapches to a different system,
photooxidation of methyl iodide (GH. Although previous studies observed fractal-like
iodine oxide particles (IOP) produced from the ploaidation of iodocarbons (e.g.,
CHal,) (Jimenez et al., 2003), mass-based analysisofdi-like IOP within an
environmental chamber have never been performedodilne experimental difficulty of
real-time density measurement. Mass-based analiyfigctal-like IOP utilizing APM-
SMPS showed mass-based particle formation yieldHd is nearly one (0.7~1.2) with
the presence of excesg @vith NO no more than a few ppb). A predictive rabfibr gas-
phase reaction and IOP formation is developed bgneling SAPRC-07 mechanism to

include iodine chemistry; implications of modeliresults are discussed.

Furthermore, my research conducted at UCR hasibaoted to three additional peer-
reviewed 2%author publications, providing new insights onrostry and physics of
SOA formation and aging processes in the atmospEéiects of aging (oxidative
processing) were investigated in terms of chengoaiposition and physical properties
of SOA formed bya-pinene ozonolysis with and without OH radical saayers andt+
xylene photooxidation. No significant aging wasetved with OH radical scavengers,
pointing out the critical role of OH radicals (Qia., 2010a). Temperature effects on
SOA formation were investigated in terms of chefdndcanposition and physical
properties (volatility and density); temperaturesvgaown to have significant impacts on

SOA formation fromm-xylene photooxidation, which could not be desatibelely by



thermodynamics, suggesting the presence of theraddlle compounds in SOA (Qi et
al., 2010b). SOA formation from a series of conjedadienes (isoprene, 1,3-butadiene,
and 2,3-dimethyl-1,3-butadiene) was investigatedeumigh NQ conditions. Effects of
ketone and aldehyde groups on SOA formation weseudsed and oligomer formation

was observed even at atmospherically relevant IO Sass loadings (Sato et al., 2011).
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2 Secondary Organic Aerosol Formation from Phenolic @mpounds in the

Absence of NQ
2.1 Introduction

Secondary organic aerosol (SOA) is formed from atiiet processing of volatile organic
compounds in the atmosphere. SOA has been sugdestedtribute to climate change
(IPCC, 2007; Kanakidou et al., 2005), adverse huheaith effects (Davidson et al.,
2005; Pope and Dockery, 2006), and a reductiomsibility (Eldering and Cass, 1996).
Previous researchers have estimated approxima@@byof organic aerosols are
secondary in nature (Hallquist et al., 2009 andrezfces therein). Aromatic
hydrocarbons comprise ~20% of nonmethane hydrooarivothe urban atmosphere and

are considered to be one of the major precursangbi@n SOA (Calvert et al., 2002).

A number of studies have investigated gas-phaswpkiolation of aromatic
hydrocarbons (e.g., Arey et al., 2009; Calverl.e2802; Coeur-Tourneur et al., 2006;
Johnson et al., 2004; Johnson et al., 2005; O#&ral., 2002; Takekawa et al., 2003;
Volkamer et al., 2002). Previously identified figgneration products of aromatic
compound photooxidation explain approximately 50%asbon balance (Calvert et al.,
2002). Although multigenerational reactions haverbsuggested to contributed to
aromatic SOA formation (Hurley et al., 2001; Ngakt 2007; Sato et al., 2007), the
extent of the contribution from the second or fartreaction products to SOA is poorly

understood.
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Phenolic compounds are one of the major first geraer products of OH reaction with
aromatic hydrocarbons (Calvert et al., 2002). Rnevistudies suggested the major gas-
phase reaction products from OH reaction of phesdare dihydroxy compounds (e.g.,
80% catechol formation from phenol, Olariu et aD@2)). However, the mechanisms of
SOA formation from phenolic compounds are highlgentain. In addition, since
phenolic compounds are significant products in weimke (Hawthorne et al., 1989;
Hawthorne et al., 1992; Schauer et al., 2001; Setph999), the reaction mechanism of
phenolic compounds leading to SOA formation is gfeat interest (Chang and
Thompson, 2010; Coeur-Tourneur et al., 2010a; Gdeurneur et al., 2010b; Grosjean,

1984; Henry et al., 2008; linuma et al., 2010; $tal., 2010).

SOA formation from individual aromatic and phenal@mmpounds were investigated
using an environmental chamber under lowyN&hd high HQ) conditions to evaluate

the role of phenolic species in SOA formation fraromatic hydrocarbons. Chemical
analysis was performed using on-line and off-liresmspectrometry to infer the structure

of aromatic and phenolic SOA.

2.2 Experimental
2.2.1 Environmental chamber

Most of the experiments were conducted in the U&Ride/CE-CERT environmental
chamber described in detail in Carter et al. (20063hort, this facility consists of dual

90nT Teflon® reactors suspended by rigid frames imapierature controlled enclosure
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(27 £ 1 °C) continuously flushed with dry (a dewrgdbelow -40 °C) purified air
generated by an Aadco 737 series (Cleves, Ohiguaitication system. The top frames
are slowly lowered during the experiments to mamégaslight positive differential
pressure (0.03"kD) between the reactors and enclosure to minimlagah and
possible contamination of the reactors. 272 115WaBya 350 black lights are used as

the light source for all the experiments reportecen.

Some of the results of dimethylphenols (DMPs) waarguired in the UCR/CE-CERT
mezzanine chamber (Nakao et al., 2011). The UCRZERT mezzanine chamber is
within a 2.5 m x 3 m x 7.8 m enclosure covered watifective aluminum sheets and is
illuminated with 170, 40W blacklights with peakentsity at 350 nm (SYLVANIA, 350
BL) with the NG photolysis rate of 0.6 mih Within this enclosure is a 12°molume 2
mil FEP Teflof? film reactor. A minimum of 1 m space between tactor surface and
blacklights avoids excessive heating at the surdddke film. Additionally, six fans are
used to mix the air inside the enclosure with r@nto minimize heating in the
enclosure. Prior to each experiment, the bag sh#td overnight with purified air.

Background particle concentration is below the ctéa limit of 0.2 cn?.

2.2.2 Gas and particle analysis

The Agilent 6890 Gas Chromatograph — Flame loropaletector was used to measure
concentrations of reactants and products. All phewompounds were analyzed by a

GC equipped with a thermal desorption system (Cix@yéical, ACEM9305, Sorbent
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Tube MX062171 packed with Tenax-TA/Carbopack/CaibasS111) except for
dimethylphenols for mezzanine chamber experimétamatic hydrocarbon
measurements were calibrated using a dilute gasdeyl (SCOTT-MARIN, Inc) or by
introducing known amount of liquid hydrocarbonsitite reactor. Calibration for
phenolic compounds was performed by impregnatiaheflass cartridges with known
guantities of phenolic compounds in acetonitrilee Tonicon Proton Transfer Reaction —
Quadrupole Mass Spectromer (PTR-MS) was used tsuneaimethylphenol decay for

mezzanine chamber experiments.

Particle size distribution between 27 nm and 686xan monitored by a custom built
Scanning Mobility Particle Sizer (SMPS) similarthat described by Cocker et al. (2001).
Particle effective density was measured with aro8ek Particle Mass Analyzer (APM,
Kanomax) (Ehara et al., 1996) and SMPS in seriee.APM is located upstream of the
SMPS for improved time resolution and sensitivBy) over the more common
configuration of Differential Mobility Analyzer (DM) — APM (Khalizov et al., 2009;
McMurry et al., 2002; Xue et al., 2009). A detaildekscription of the APM-SMPS

system and data algorithms are described elsevliaiéoy et al., 2009).

The high resolution time-of-flight aerosol massapameter (HR-ToF-AMS) (DeCarlo
et al., 2006) was operated in high resolution W endtlemental analysis (EA) was used
to determine the atomic ratio (O/C) of non-refragtorganic aerosols (Aiken et al.,

2008).

14



The Agilent 6210 Accurate-Mass Time-of-Flight M&sectrometer equipped with
multimode ionization source for electrospray andagpheric pressure chemical
ionization (ESI/APCI-TOFMS) is used to obtain a@termass of analytes. Soft
ionization by ESI and APCI provides lower fragméiata of the analytes compared to
electron impact (El) used for the HR-ToF-AMS oratleonventional GC-MS techniques.
Mass accuracy is routinely calibrated by standardmounds (Agilent low concentration
MMI tuning mix, G1969-85020hefore analysis and in most cases mass accurdegof
than 5ppm is achieved. Occasionally higher mass®(r~30ppm) were observed during
sample analysis, which resulted in a consisterft shmass throughout the mass range of
the instrument. Since the extent of the shift camniferred from repeatedly observed ions
(e.q., pyruvic acid), formulas were carefully asgid based on tendency of shift and
repeat experiments. Filter samples were collectéd deflo® filters (2am, 47mm,

PALL Life Sciences) at 25 L/min for 1~4 hours. Aftallection, filters were stored in a
freezer until extraction. Extractions were achielsgdonicating the filter in 5mL of
acetonitrile. The extract volume was reduced uadgentle stream of Nuntil near

dryness and reconstituted by 3d0of acetonitrile/water/acetic acid (50/50/0.1v).
Samples were directly infused to the TOFMS. A: W#lelv% acetic acid) and B:
acetonitrile were used as eluents (B 50%, 0.5mLyrnfinetonitrile was chosen as the
organic solvent to reduce the solvent-analyte r@actompared to methanol (Bateman et
al., 2008). Mixed mode ionization (simultaneous AR@d ESI) was used with vaporizer

temperature 200°C, nebulizer pressure 40 psigneocarrent 21A, fragmentor voltage
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100V. Although the mixed mode is used to surveygewange of products, the resulting
major signals were the same as in ESI only. AP€ldgd lower sensitivity in this study.

All Agilent TOFMS data was acquired in negative rmonde.

A Patrticle-Into-Liquid-Sampler (PILS) (Orsini et @2003; Weber et al., 2001) was
interfaced with the TOFMS to provide an on-linewate mass analysis of water soluble
organic compounds (Bateman et al., 2010). In awlepuple the PILS (Brechtel
Manufacturing Inc.) to the TOFMS, the use of HPL@nps in addition to a commonly
used peristaltic pump was critical to overcomelthekpressure of the TOFMS inlet and
to supply steady flow of water (18.2M Milli-Q, Millipore) into the boiler. The PILS-
TOFMS system will be described in more detail irupeoming publication (Clark et al.,
2011). The negative ESI was used as the ionizatiethod with similar conditions as the

filter analysis without the corona current.

2.2.3 Chamber experiments

The experimental test matrix is summarized in Table A known volume of high purity
liquid aromatic hydrocarbon (All purchased from 18ayAldrich:>99% 0r>99.5%,
except 2,4-DMP-98%) was injected through a heated glass injectianifold system
and flushed into the chamber with purg Nince phenolic compounds are less volatile
than hydrocarbons typically used for chamber expenits, injection into the chambers
were carefully performed using a heated oven (50cB8@irough a heated transfer line

maintained at a temperature higher than the oviea.glass manifold inside the oven was
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packed with glass wool to increase the mass trasaféace area. Since reasonable
agreement between the calculated concentratioheriglics (based on injected amount)
and observed concentrations were confirmed, logheiolics in the transfer line and to
the wall was assumed to be negligibleOklwas used as an OH (and FJ@adical source.
H,0, 50wt% solution was injected through the same ®ystem. Since the @,

solution did not spread through glass wool, theglaool was processed with an
acid/base bath and cleaned by water and acetorod whabled the D, solution to
spread. Initial HO, concentration was not measured, but is estimatee tL~5ppm
based on amount injected and hydrocarbon decayNateeed particles were used in this
study. Exponential decay rates of particle numbersed to calculate particle volume
wall loss (Carter et al., 2005). To investigatertble of organic peroxides, additional
high NO experiments were also performed and thenata composition of SOA was
compared to low NQcondition. Initial ratio of approximately 50/50/&@pb for
phenolic/methyl nitrite/NO was used to ensure thatess NO was present to suppress

RO, + HO;, reaction.

2.3 Results and Discussion
2.3.1 SOA formation

SOA yield (Y) is defined as the mass of aerosahted (wall-loss-corrected) (M
divided by mass of hydrocarbon reactatiC)

M .
Y=—{2 Equatib
AHC
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Its dependence on aerosol mass loading has bekitiotnally parameterized by as

shown below: (Odum et al., 1996)

aK, .
Y=>Y, = MOZm Equation 2

whereq,; is the mass-based stoichiometric coefficient figr treaction generating produgt
Kj is the partitioning coefficient of produictEquation 1 and 2 were applied for the SOA
yields obtained (Figure 2.1). Particle density @f g/cn? was used. 2,4-DMP had the
highest SOA formation potential of the three DM&niers, with a SOA vyield
approximately twice as high as the other DMP is@n80A yield from phenol was
higher than benzene.

SOA from aromatic hydrocarbons formed under lowy@nditions was previously
reported to be effectively non-volatile (Ng et 2007), in which case SOA yield would
be independent of particle mass concentration $i@A yield curves). However, for
benzeneg-/m-cresol, and possibly DMPs, the SOA yield was obs@te be slightly
dependent on particle concentration. Therefor&higstudy, constant SOA yield was not
assumed and a one product model fit was applipeiorm calculation of the
contribution of phenolic route in the following $ean of the contribution of phenolic

route.

2.3.2 Contribution of phenolic route

The formation yields of phenolics from aromaticgevebtained. An example for
cresol andr/p-cresol formation from toluene is shown in Figur2. Zhe cresol

formation yields from toluene were calculated froreasured cresol by correcting for the
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further reaction of cresols with OH. Equations itkiAson et al. (1982) and rate constants
from Calvert et al. (2002) were used for the cdroec Phenol, cresols, and DMPs
formation yields are in reasonable agreement wighripus studies (Table 2.3) (Atkinson,
1989; Atkinson et al., 1991; Berndt and Boge, 20061z et al., 1998; Smith et al.,

1999; Smith et al., 1998; Volkamer et al., 2002).

Contributions of the phenolic route to aromatic SfoAnation in the low NQsystem
were estimated by combining SOA yield measurentégufe 2.1), phenolic yields, and
consumption of phenolics (e.qg., Figure 2.2). Theamt of phenolics (as products)
reacted is calculated as the gap between the @daseoncentration of phenolic
compounds and the concentration corrected foreéberslary reaction. Phenolic route
SOA is calculated by multiplying reacted phenoblesl their SOA yield at appropriate
mass loading using the phenolic SOA yield curveBigure 2.1. SOA yields from cresol
isomers ¢-, m-, andp-) were assumed to be the same (Henry et al., 200@)ratio of
2,4-DMP and 2,6-DMP produced from OH reactiometylene was assumed to be the
same as that reported by Smith et al. (1999). Foomaf 3,5-DMP is assumed to be
insignificant (Smith et al., 1999). Contributiontbe phenolic route in the no NGystem
is summarized in Table 2.1. The contribution wgsrapimately 20% for benzene,

toluene, anan-xylene in low NQ conditions.
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2.4 Particle chemical composition
2.4.1 SOA elemental ratio and density

The results of elemental analysis of HR-ToF-AMSad&)/C ratio) are shown in Figure
2.3. The O/C ratios during the experiments werelpeanstant with only a small
increase in O/C observed over time. The O/C ratiwrebsed as the number of methyl
substituents on the parent aromatic ring increased for G species (benzene, phenol,
and catechol), ~0.5 forGpecies (toluene and cresols), and ~0.4 §speciesr-

xylene and dimethylphenols). The decrease in Oédpsoximately consistent with the
increasing number of carbons in the parent aromsatidicating that the methyl
substituents did not play a major role in the S@#fation mechanism. Therefore the H-
abstraction from methyl substituents is not likigljoe an important route to aromatic
SOA formation under low NQconditions. The O/C ratios of SOA between aromatic
hydrocarbons and corresponding phenolics were aingliggesting the significance of

multi-generational reactions.

Real-time SOA density measured by the APM-SMP®&dsv& in Figure 2.4. The SOA
densities were observed to be initially high (~2/@&), which could be due to high
density of nucleating species. The final SOA déssitvere in the range of 1.3-1.4 gftm
in reasonable agreement with previous studies (Nd),e2007; Sato et al., 2010).
Although Bahreini et al. (2005) observed weak datien between effective density and
relative contribution of m/z 44 signal to total angc signal of AMS, the final SOA

densities were found to be independent of elemeotaposition of SOA from aromatics
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tested in this study (Figure 2.5). Therefore a tmsSOA density (1.4 g/ctis applied

to all the experiments in this study.

2.4.2 Filter analysis

Chemical composition of SOA was analyzed by ofélfitter analysis. Samples were
directly infused to the ESI/APCI-TOFMS. Althouglrefit infusion of SOA extract into
ESI-MS is often done (e.g., Altieri et al., 200@rredon et al., 2010; De Haan et al.,
2009; Heaton et al., 2009), caution must be takenterpreting the mass spectrums due
to possible formation of adducts or analyte-solveattion products (Bateman et al.,
2008; Pratt and Prather, 2011). Mass spectra aatdog ESI/APCI-TOFMS are shown

in Figure 2.6. High mass accuracy measurementdezhdbtermination of empirical
formula typically within 5 ppm mass error. Inclusiof nitrogen or halogens in the
formula calculation did not yield reasonable foraeulMajor ions in each spectrum
contained the same number of carbon as reactagts @gHsOs from phenol, GH1¢0s

from o-cresol, and gH1.06 from 2,4-DMP).

The possibility of adduct formation between acatid mobile phase modifier and
analytes was investigated by changing acetic acidrimic acid; however, the major
signals were still the same, indicating that theesbed products are not adducts of the
acid modifier. Acetonitrile was used in this studgtead of methanol to reduce the risk
of analyte-solvent reactions (particularly reacsiah methanol and carbonyls or

carboxylic acids) (Bateman et al., 2008). Testsstulling methanol as an organic
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solvent did not alter the major MS signal distribatindicating those MS signals did not
result from analyte-solvent reaction. The agreeménarbon number and apparentCH
shift with increasing number of methyl substituemsthe aromatic precursor suggests

that these major signals are not likely to be atklfermed during ionization.

Since only formulae were determined and no strattaformation is available in this
study, there are a number of possible structurels as unsaturated multi-functional ring-
opening products (e.g., diacids, polyols). Althoeghumn separation using different
types of reverse-phase column was attempted, mdsé onajor signals appeared in the
non-retained peak, indicating that these species to® polar to be retained by

conventional reversed-phase columns.

Another possible reaction products consistent widse formulae of the major signals

are the bicyclic hydroperoxides formed from thectee of HG, and bicyclic peroxy
radicals (Figure 2.7). The formation of bicycliapey radicals intermediate from OH-
initiated reaction of aromatic hydrocarbons in gaase has been reported
experimentally and theoretically (Andino et al.969Birdsall et al., 2010; Birdsall and
Elrod, 2011; Glowacki et al., 2009; Huang et adQ&; Wyche et al., 2009). Johnson et al.
(2004; 2005) predicted bicyclic hydroperoxides as of the predominant aerosol species
from aromatic hydrocarbons. Currently, organic getes such as hydroperoxides and
peroxyhemiacetals have been suggested to be impodmponent of SOA (e.g.,

monoterpene ozonolysis (Docherty et al., 2005prsoe photooxidation (Surratt et al.,
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2006), naphthalene photooxidation (Kautzman e@ll0), and toluene photooxidation
(Sato et al., 2007)). Reinnig et al. (2008) repbtteat the parent ion from two
hydroperoxide surrogates, cumene hydroperoxideendbutylhydroperoxide were not
seen by either negative or positive mode ESI an@IAPurther, only fragments for
cumene hydroperoxide were observed for ESI and Afp€tating only in the positive
mode and for tert-butylhydroperoxide only in thesitiwe APCI mode. This poses an
uncertainty in our detection of bicyclic hydropeiaein this study; however, since the
tentatively proposed bicyclic hydroperoxide arenhygoxidized and multi-functional

(with an oxygen-bridge), other functional groupsyreaable the ionization.

The presence of peroxides was investigated by aiimduphenol photooxidation
experiments under excess NO. In excess NO congdttien(bicyclic) peroxy radicals
rapidly react with NO to form the alkoxy radicalhieh is suggested to undergo
decomposition (Atkinson, 2000; Calvert et al., 200e resulting mass spectrum (after
separating nitrophenolic species by a reverse pt@senn; not shown) indicatedsBsO¢
and GHgO; were still present, suggesting that at least sibastion of GHgOs and

CeHgOy are formed via a non-peroxy radical route. Althougleertainty remains, it is

still interesting that major signals in ESI/APCI-FMS matched the widely recognized
bicyclic hydroperoxides. Additional analytical texfues, such as column separation of
the highly polar species, derivatization, MS/MS\IMR, are necessary for unambiguous

identification of the products.
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243 PILS-TOFMS

Mass spectra obtained by PILS-ESI-TOFMS of SOA faarfrom OH reaction with
phenol, catechol, angtcresol are shown in Figure 2.8. Major signals olese from off-
line filter analysis were also observed by theiar-PILS-TOFMS such as m/z 175 and
191 from the phenol SOA mass spectrum (Figure&®)8 ince the PILS-TOFMS was
operated without a denuder upstream, water solgddephase compounds can potentially
be collected by the PILS system. The highest signiigure 2.8 (a) (mass spectrum
when SOA was highest), m/z109 is catech@HgD,), which is consistent with previous
gas-phase studies (80.4% vyield from phenol, Olketrial. (2002)). Frono-cresol,
methylcatechol (m/z123) was observed. Althoughhterrreaction mechanisms of
catechol species is highly uncertain, a seriesgoiads consistent with —OH addition to
catechol was observed ddsO,, CsHeO3, CsHsO4, CsHsOs), which could imply
successive addition of —OH group to the aromatig.rAlthough the absence of column
separation before TOFMS may introduce adduct faonathe agreement between
carbon number of major products and reactantsusab, and hence the major signals
are unlikely to be artifacts. Additionally, the agment between off-line filter samples
and on-line PILS indicates that the major signedsnfoff-line filter analysis are not

likely to be artifacts formed during filter colleat.

2.5 Conclusions

The significance of phenolic compounds as interatedspecies of aromatic SOA and

possible SOA formation mechanism in the absen®Mfwas investigated using the
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UCR/CE-CERT Environmental Chamber. SOA formatiogldyimeasurements coupled to
gas-phase yield measurements indicate that appateiy20% of the SOA of benzene,
toluene, andan-xylene could be ascribed to the phenolic routdiallSOA densities were
as high as approximately 1.8 gftand eventually reached the range of 1.3-1.4 §/cm
independent of elemental ratio (O/C) of SOA testeithis study. The major products
observed by ESI/APCI-TOFMS contained the same numibearbons as parent
aromatics. Major signals from on-line PILS-TOFMSJafif-line filter analysis agreed,
with some additional possible water soluble gasphmoducts observed by PILS-

TOFMS such as catechol.
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2.7 Tables

Table 2.1 Experimental test matrix (low NOXx)

Run ID

HC;

HC;

AHC

Mo

SOA

(ppb) (ppb) (ng/n?)  (um’en)  yield®

benzene + H>0,

EPA1141A 491 434 182 25 0.19
P EPA1149A 490 429 195 26 0.18
| EPA1161A 1031 929 326 64 0.28
~ EPA1161B 528 478 160 21 0.19
EPA1225A 953 833 383 73 0.27
EPA1225B 959 882 246 36 0.20

~ phenol + H0;

T EPA1206A 51 21 115 35 0.43
AN EPAL206B 52 20 122 40 045
gy EPA1217A 138 49 338 96 0.40

N EPA1217B 76 28 184 51 0.38

OH

| ouCatechol+ HOz
o WA
~ EPA1293A 718 0 318 89 0.39

toluene + H,0,

| EPA1266A 104 77 100 12 0.17
r/}ﬁ EPA1251B 84 59 93 12 0.19
g EPA1141B 85 57 108 15 0.20

EPA1290B 432 326 397 65 0.23
o-cresol+ H,O,
EPA1251A 75 27 210 74 0.49
OH EPA1252A 54 12 184 52 0.39
EPA1252B 45 8 166 41 0.35
EPA1266B 101 41 263 87 0.46
EPA1427A 105 29 333 101 0.43
m-cresol+ H,0,
EPA1255A 67 18 212 41 0.27
OH EPA1255B 55 16 174 38 0.31

m-xylene + H,0,
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\ EPA1244A 124 47 333 57 0.24
rz}\1 EPA1180B 234 90 621 134 0.30
. 3\ EPA1209A 229 77 656 126 0.27

=~ EPA1209B 177 59 509 95 0.26
EPA1212A 114 21 401 91 0.32
EPA1212B 52 6 197 45 0.32
EPA1248A 315 262 229 16 0.10
EPA1248B 121 48 318 48 0.21
2,4-DMP + H,0O,
] EPA1238A 83 6 381 199 0.73
TN EPA1238B 62 2 293 140 0.67
N N EPA1412A 184 41 710 340 067
mezzanine chamber rihs
mez100809 68 22 327 222 0.95
mez100909 131 4.9 628 331 0.74
mez101009 48 1 234 108 0.65
mez101109 72 2 349 155 0.62
mez101309 77 1.9 373 197 0.74
mez102109 66 1 322 162 0.70
2,6-DMP + H,0,

J T EPA1240A 98 6 457 134 0.41
o G EPA1240B o8 2. 218 s 0.38
<N mezzanine chamber ridhs

mez081409 64 0 319 79 0.35
mez081609 66 0 327 86 0.37
mez081809 67 16 255 24 0.13
mez100609 64 2.8 305 95 0.44
mez100709 130 2.7 632 196 0.43
mez120309 125 0 621 149 0.34
mez120409 96 0 478 124 0.36
3,5-DMP + H,0,
EPA1243A 90 9 400 83 0.29
__________ EPA12438 60 7 262 33 017
HO mezzanine chamber rihs
mez051910 7224 0 359 61 0.24
mez052010 85.09 0 422 75 0.25
mez052310 1541 0 765 148 0.27
mez060210 1605 0 797 174 0.31

a) Initial concentration calculated by amount itgel Injection done with oven temperature ~ 120°C.
b) Initial DMPs concentrations calculated basedngection. Final concentration obtained

by the PTR-MS.

c) yields calculated using SOA density 1.4g/cm



Table 2.2 Phenolic formation yield from OH reactisith benzene, toluene, and

xylene

Phenolic formation yield (%) Ndppm)
Phenol
This study 41.3 0
Berndt and Boge
(2006) 61+6 0
Volkamer et al.
(2002) 53.1+6 0.002-2
o-Cresol (m+p)-Cresol
This study 15.8 7.3 0
Atkinson et al. (1989) 20.4+2.7 48+0.9 0-10
Klotz et al. (1998) 12.0+14 5.9+0.9 0.003-0.3
Smith et al. (1998) 12.3+£0.6 56+0.4 0.10-0.42
(2,4 + 2,6 + 3,5)-DMP
This study* 82113 0
Smith et al. (1999) 10.9+0.5 0.157-1.081
Atkinson et al. (1991) 21.0+5.6 0-10
Noda et al. (2009) 14.1+2.6 0.01-0.1

*acquired in mezzanine chamber using PTR-MS
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Table 2.3 Estimated contribution of phenolic raistdenzene, toluene, anexylene
SOA.

Benzene Toluene m-Xylene
Phenolic . . 16.9+3.4
route (%) 235+4.7 15.8+3.8 (n=2)

*Error estimated based on repeated m-xylene
experiments and phenolic route calculations
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2.8 Figures
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Figure 2.1 SOA yield of benzene, toluene, m-xylemal their phenolic compounds in
the absence of NOx (Dotted lines are one productainid for phenolic compounds).
* SOA vyields from cresols isomers are combined.

** Open symbols are data acquired in CE-CERT mermachamber
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Figure 2.3 Time series of the O/C ratio of SOA fedhirom aromatic hydrocarbons and
phenolic compounds
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Figure 2.5 The relationship between density anoheigal compositions of SOA formed
from aromatic hydrocarbons and phenolic compounds
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Figure 2.7 Possible formation pathway of a bicybkcroperoxide (C6H806) from OH
reaction with phenol in the absence of NOx infelfreth aromatics oxidation
mechanisms

(e.g., Calvert et al., 2002; Johnson et al., 2008jechol formation from phenol is
reported to be approximately 80% (Olariu et alQ20
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Figure 2.8 PILS-ESI-ToF mass spectrums of SOA farimg OH reaction with phenolic
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(c), spectrum at highestE30, is shown.)
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3 Chamber studies of SOA formation from aromatic hydiocarbons: observation

of limited glyoxal uptake

3.1 Introduction

Aerosol contributes to climate change and adversi#dcts air quality (Finlayson-Pitts
and Pitts, 1999; Seinfeld and Pandis, 2006). Sexagrarganic aerosol (SOA) is formed
from oxidative processing of volatile organic corapds in the atmosphere. Previous
researchers have estimated approximately 70% ahar@erosols are secondary in
nature (Hallquist et al., 2009 and references theréraditionally, SOA formation is
described solely by gas-to-particle partitioningsemi-volatile oxidation products of
volatile organic compounds (VOCs) (Odum et al.,&3Bankow, 1994). However, recent
works have observed enhanced SOA formation fronoligemerization of volatile

species (Kalberer et al., 2004; Tolocka et al. 4200

Glyoxal was previously ignored as a SOA precursa@ b its high vapor pressure (6
orders of magnitude too high (Volkamer et al., 200@owever, the current view is that
glyoxal can contribute to SOA formation by uptak®iwater (cloud, fog, and wet
aerosols) followed by radical and non-radical reast to produce low volatility products
(Lim et al., 2010 and references therein). The gl@mission of glyoxal is estimated to

be 45 Tg/yr (Fu et al., 2008); globally, the mayoecursor of glyoxal is isoprene (21
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Tglyr) (Fu et al., 2008), while aromatic hydrocarb@re the main precursors in urban

areas (e.g., 70~79% in Mexico City (Volkamer et2007)).

The liquid water content of typical cloud droplate orders of magnitude higher than
that of aerosols (Seinfeld and Pandis, 2006); tbexeearly work on glyoxal SOA
formation focused on aqueous reactions in cloudfagavater (e.g., Ervens et al., 2004).
However, SOA formation from glyoxal uptake onto \@etosols has attracted increasing
attention during the last few years. Volkamer e{2007) observed significantly lower
glyoxal concentration than model predictions fondte City, indicating a large missing
sink of glyoxal. The discrepancy was resolved ligohucing glyoxal uptake onto
aerosols; ~15% of the SOA formation in Mexico Citgsaattributed to glyoxal uptake
onto aerosols (Volkamer et al., 2007). Additiopatecent laboratory studies suggest
formation of SOA via oligomerization of glyoxal aerosol aqueous phase (Corrigan et
al., 2008; Galloway et al., 2009; Galloway et 2011; Kroll et al., 2005; Liggio et al.,

2005b; Volkamer et al., 2009).

Glyoxal uptake onto particles is observed to bergfly dependent on seed compaosition.
Acidity is suggested to enhance glyoxal partitignio the aqueous phase (Jang and
Kamens, 2001). However, Kroll et al. (2005) did abserve the acidity effect; instead
they suggested that ionic strength of the seedsaky@*salting in”) could explain the
enhanced glyoxal uptake onto agueous ammoniumtswéeds (by a factor of ~70

compared to uptake by water). A more recent workplst al. (2009) suggested that
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sulfate was a more important factor than ionicrgjtle in affecting glyoxal's Henry’s law
constant. Organic seeds are also reported to ealyhymxal uptake (e.g., Volkamer et al.
(2009): fulvic acid, humic acid sodium salt, andi@oacids; Corrigan et al. (2008):
amino acids and carboxylic acids). However, undeing of the composition of SOA
formed from aromatic hydrocarbon oxidation is cathelimited; typically only less than
~10% of aromatic SOA composition is identified (Ceckt al., 2001b; Hamilton et al.,
2005; Sato et al., 2007). Therefore, the impaargénic aerosol on glyoxal uptake is

highly uncertain.

Glyoxal is a major product of aromatic hydrocaripttooxidation (e.g., 8~24% from
toluene-NQ photooxidation, Calvert et al. (2002)). Aromatydhocarbons comprise
~20% of nonmethane hydrocarbons in the urban atneos@nd are considered to be one
of the major precursors to urban SOA (Calvert et24102). A large number of studies
have investigated gas-phase photooxidation of aiorhgdrocarbons (e.g., Arey et al.,
2009; Birdsall et al., 2010; Calvert et al., 2002 aeferences therein; Coeur-Tourneur et
al., 2006; Johnson et al., 2004; Johnson et &5;20lariu et al., 2002; Takekawa et al.,
2003; Volkamer et al., 2002). Although multigenemaal reactions have been suggested
to contribute to aromatic SOA formation (Hurleyakét 2001; Nakao et al., 2011a; Ng et
al., 2007; Sato et al., 2007), the extent of th&rdoution from second or later generation
products to SOA is poorly understood. Based onipusvstudies on SOA formation by
glyoxal uptake, glyoxal oligomerization has beefeired to be a substantial intermediate

reaction in SOA formation from aromatic hydrocarhoder humid conditions (Kalberer
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et al., 2004; Kamens et al., 2011; Zhou et al. 120According to previous studies on
glyoxal uptake, glyoxal is expected to partitioratpieous phase of SOA and
subsequently undergo free-radical initiated andbuarcondensation reactions to produce
low-volatility products. However, the applicabiliof these previous studies of relatively
pure systems (wet inorganic/organic seed) to coxngmiematic SOA system remains
uncertain. The aim of this work is to shed lighttba role of glyoxal in SOA formation
from aromatic hydrocarbon oxidation — specifica/an OH radical source or an

oligomer precursor.

3.2 Experimental

3.2.1 Environmental chamber

The experiments were conducted in the UC River€HeLERT environmental chamber
described in detail in Carter et al. (2005). Inrshhis facility consists of dual 90’
Teflon® reactors suspended by rigid frames in gomature controlled enclosure (27 £
1 °C) continuously flushed with dry (a dew pointdwe -40 °C) purified air generated by
an Aadco 737 series (Cleves, Ohio) air purificasgstem. The top frames are slowly
lowered during the experiments to maintain a slgititive differential pressure (~7.5
Pa) between the reactors and the enclosure, tonziaidilution and possible
contamination of the reactors. Black lights (27%bu115 W Sylvania 350BL, NO
photolysis rate 0.4 mit) are used as the light source for all the expartmeeported

herein.
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3.2.2 Chemicals

NO (UHP grade, Matheson) was used for,Nv@otooxidation experiments. The
following chemicals were all purchased from Sigmldsih: toluene (>99.5%), 2-tert-
butylphenol (>99%), perfluorohexane (>99%))04 (50wt% solution in water), glyoxal
trimer dihydrate (>95%), s (>98%), glyoxal water solution (40wt%), hexanediacid

(>99.5%), decanedioic acid (>99), and ammoniunmesellf>99%).

3.2.3 Gas analysis

Glyoxal was measured by a custom-built, incohebbesddband Cavity Enhanced
Absorption Spectrometer (CEAS) (Langridge et Q& Washenfelder et al., 2008).
In CEAS, a continuous wave incoherent light isctgel into a cavity, where the
intensity reaches its limiting value and absorpspectra are obtained (Engeln et al.,

1998).The absorption coefficient is obtained from (Fiedeal., 2005)

a(1)= 1( ||°((;)) -1}(1- R(1))

d

Eq. 1

wherea is the absorption coefficient, d is the lengthhad cavity, § is the intensity of
light exiting the cavity without any absorber pneise is the light intensity of the

cavity with absorber, and R is the reflectivitytbé mirrors. In CEAS, the transmitted
light intensity through the optical cavity of twagh reflectivity mirrors provides
sensitive measurements of trace species with adtiagtive optical path (Engeln et al.,

1998; Fiedler, 2003; Langridge et al., 2006; Pa00Q1; Washenfelder, 2008). CEAS
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allows for simultaneous analysis of multiple abgswoshin the same spectral region (e.qg.,

both NG and glyoxal in the 440 — 460 nm region).

In this work, the CEAS system for the glyoxal measients was based on the previous
work by Langridge et al. (2006) and Washenfeldeal e(2008). The major components
of the CEAS system include a glass cell housingotitecal cavity (65 cm long, 2.54 cm
diameter with 1/16 inch wall thickness), two hig#flectivity (R=0.9998) mirrors (Los
Gatos), a light emitting diode (LED) (Luxeon) lighburce, a monochromator and a
charge-coupled device (CCD) light detector (Anddrhe light from the LED was
focused and coupled into the optical cavity; thepat light from the cavity was
dispersed by the monochromator and collected byG@® detector. Gas flow rate
through the CEAS was 1 LPM, while the pressuredmshe optical cavity ranged from
714-720 Torr (0.939-0.947 atm). The CCD collecteel transmission spectra from the
cavity using an exposure time of 0.5 second, with 4amples accumulated during an
overall sampling time of 1 minute. The 0.5 secorplosure time was chosen to prevent
saturation of the signal at the peak LED emissjpecsum at the maximum operating
power of 200 mW for this CEAS system. The backgtbwignal, under the same
acquisition conditions, was collected with the LBD and the background spectra was

subtracted from the transmission spectra from #v\c
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The glyoxal number density was calculated from

a(A)=b, +b, O +b, I +b, O + 0, (A1) e, + 0, (A1) Eq.2

gly gly

wherel is the wavelengthygy is glyoxal absorption cross-sectiogy s the glyoxal
number densityx (A) is the measured absorption coefficient for a givetine

polynomial terms of the equation account for ligktinction by background molecules
(e.g., N and Q), andonoz and Ro2 account for light absorption by NOWavelength-
dependent absorption cross-sectiar(s)) were obtained from literature and data
evaluation web sites (e.g., IUPAC, 2006, NASA, 201t Volkamer et al. (2005)). The

glyoxal number densities were extracted using peetsa between 446.5 and 450.0 nm.

The Agilent 6890 Gas Chromatograph — Flame loropaletector was used to measure
concentrations of parent hydrocarbons (tolueneZatsdt-butylphenol) and an inert tracer
(perfluorohexane). A GS-Alumina column (30 m x OrB6) and a DB-5 column (30 m

x 0.53 mm) were used for perfluorohexane and t@wseralysis, respectively. 2-tert-
butylphenol was collected on a sorbent tube paek#dTenax-
TA/Carbopack/Carbosive (CDS Analytical, Inc, MX062) and was thermally desorbed
at 290°C (CDS Analytical, Inc, ACEM9305) onto a R&® Rtx-35 Amine (30m x 0.53
mm ID, 1.00 micron) column. Toluene measurementgwalibrated using a dilute gas
cylinder (SCOTT-MARIN, Inc); perfluorohexane wadibeated by introducing a known
amount of the liquid into the reactor; and 2-tartytpphenol was calibrated by

impregnation of the glass tube and subsequent Hietesorption.
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3.2.4 Particle analysis

Particle size distribution between 27 nm and 686aas monitored by a custom built
Scanning Mobility Particle Sizer (SMPS) similartbat described by Cocker et al.
(2001a). The chemical evolution of organic partitelmatter was observed by a high-
resolution time-of-flight aerosol mass spectrométR-ToF-AMS) (DeCarlo et al.,
2006; Jayne et al., 2000). The HR-ToF-AMS operatvas alternated between the high
resolution W-mode and high sensitivity V-mode. Tigh resolution capability allowed
determination of molecular formula of ion fragmeotsSOA (e.g., GHs"). SQUIRREL
v1.49 and PIKA v1.08 were used for data analydie default fragmentation table was
used without modification. Particle volatility wasonitored with a volatility tandem
differential mobility analyzer (VTDMA) (Nakao et.aP011b; Qi et al., 2010b; Rader
and McMurry, 1986), in which monodisperse parti@désnobility diameter ;i were
selected by the 1st differential mobility analyg@MA) followed by transport through a

Dekati thermodenuder (TD, residence timg&7 s, typically at 10@C). The particle size

after the TD () was then measured by fitting a log-normal sizgritiution curve
acquired by the 2nd DMA. Volume fraction remain{iMiFR) was calculated by taking a
(cubed) ratio of particle mobility diameter afteetTD (Dyy) to initial particle size (R),
i.e., VFR = (D/Dmi)>. Dmi was adjusted during the experiment according tdeno
diameters of particle size distribution within threvironmental chamber to maximize the
signal-to-noise ratio (typically & = 50~150nm). Particle hygroscopicity as a functbn

RH was monitored with a hygroscopicity TDMA (HTDMAEocker et al., 2001a; Qi et
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al., 2010a; Warren et al., 2009). Volume baseddsappic growth factor was monitored
in a similar way as VFR, i.e., by taking a cubetibraf particle mobility diameter after a

humidification column to initially selected partcsize.

3.2.5 Thermodenuder characterization

As a basis to evaluate the VFR in terms of vapesguire, thermodenuder
characterization was performed by measuring the wHelect compounds with known
vapor pressure (R = 150 nm). The vaporization profile was previousialuated based
on the temperature at which 50% of the mass evags (&) (Faulhaber et al., 2009).
The vaporization profiles for hexanedioic acid aedanedioic acid acquired in this study
agreed reasonably with Fualhaber et al. (2009)d@reed within 2°C), consistent with
the similar residence times of the thermodenudEnss (study: ~17 sec, Fualhaber et al.
(2009): ~15 sec). Therefore we applied their vapesgure calibration for approximate

evaluation of SOA vapor pressure in this study ({Feg3.1).

The volatility of glyoxal oligomer was evaluated ¢ggnerating glyoxal oligomer from
evaporating droplets (De Haan et al., 2009a). Gdyewrlution in water (40wt%) was
aerosolized by an atomizer into a 0.8 eflon chamber. As water evaporated from the
droplet, dihydrated glyoxal lost water to form moeactive monohydrated glyoxal,
which then self-oligomerized to form low-volatilisppmpounds (De Haan et al., 2009a).
The vaporization profile suggested that the vapessure of dried glyoxal oligomer was

much lower than 1®Pa, where reliable vapor pressure measurement jgossible.
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Since dehydration is the key process of this oligofarmation, vapor pressure of
oligomers could be higher if water is retained amtgles. Vapor pressure of
organosulfates (Galloway et al., 2009; Surrat e28l07) or nitrogen-containing species

(De Haan et al., 2009b; Galloway et al., 2009) resancertain.

3.2.6 Chamber experiments

The experimental test matrix is summarized in T&ule A known volume of high purity
liquid hydrocarbon was injected through a heatedglnjection manifold system and
flushed into the chamber with pure.Nhjection of 2-tert-butylphenol and.B, was
performed in the same way as described in Nakab €2011a). Since phenolic
compounds are less volatile than hydrocarbons ajlgiased for chamber experiments,
injections into the chambers were carefully perfednasing a heated oven (50~80°C)
through a heated transfer line maintained at a éeatpre higher than the oven. The glass
manifold inside the oven was packed with glass woahcrease the mass transfer
surface area. #D, was used as an additional OH radical source tahegole of glyoxal.
H,0, 50wt% solution was injected through the same ®ystem. Particle-free water
vapor was injected using a two-unit system (Wagtal., 2009). Unit one contained
Milli-Q water (Millipore, 18.2MQ2) with submerged heaters to maintain a desiredrwate
temperature, which determined the water vapor auragon in the air stream, while unit
two contained a jum filter. Purified air was bubbled through the wadad then passed
through the filter before entering the reactorsiritiity in the reactor was monitored by a

humidity and temperature transmitter (VAISALA HMT83 Deliquesced (NF,SO,

56



seed particles were generated by aerosolizingedfNH;),SO, solution in Milli-Q water
by a custom-built atomizer, followed by Kr-85 nalizer (TSI, model 3077) without
drying. Seed particles were confirmed to be dekged by using VTDMA; evaporation
of water from particles was observed by loss otintd after passing particles through a
thermodenuder. Particle wall-loss correction wasgpeed by using exponential decay

rates of particle numbers (Carter et al., 2005).

3.3 Results and Discussion
3.3.1 Glyoxal uptake onto deliquesced (Nig,SO,

Significant SOA formation by glyoxal uptake ontdigeesced (NH),SO, was observed
under dark conditions (Figure 3.2). Wet ammoniutfaesel seed particles were injected
into the chamber (RH=74%) and allowed to equilibrédllowed by glyoxal injection.
Immediately following the glyoxal injection, thegamic/sulfate ratio measured by the
AMS increased due to glyoxal uptake, reaching aimam value of ~0.4 around 6 hours
after glyoxal injection. After reaching maximum argc/sulfate ratio, the environmental
chamber was diluted; organic/sulfate ratio decrease to evaporation of glyoxal
oligomers, suggesting glyoxal oligomerization igamsible, as also observed by
Galloway et al. (2009). The slower decrease of xgyconcentration than tracer
concentration is consistent with the large glyaeservoir effect of chamber surface
(Loza et al., 2010). In a separate experimentghotvn), no increase in organic/sulfate

ratio is observed for a similar experiment conddateder dry conditions (RH<0.1%),
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confirming the critical role of aqueous phase oH{NSO, seed patrticles in glyoxal

oligomerization (Galloway et al., 2009; Kroll et,&005; Liggio et al., 2005b).

3.3.2 Evaluation of glyoxal uptake onto toluene SOA

Glyoxal uptake during SOA formation from tolueneofifoxidation was investigated
under humid conditions (RH 40-80%). Previous stsidileserved oligomers in aromatic
SOA formed within this RH range (e.g., RH 40-50%lkerer et al., 2004; Kalberer et al.,
2006); heterogeneous reactions or particle-phasdioa of dicarbonyls, in particular
glyoxal and methylglyoxal, were proposed to be ingoat reaction mechanisms (Healy
et al., 2008; Kalberer et al., 2004). However,dtgmificance of glyoxal uptake in the
aromatic SOA system has not been evaluated dirghtly/section evaluates the

significance of glyoxal uptake onto toluene SOAidgirradiated and dark conditions.

3.3.2.1 Irradiated conditions

A representative toluene photooxidation experiniecitiding toluene decay, SOA
formation, and glyoxal formation is shown in Fig&8&. Typically, glyoxal
concentration remained below 10 ppb. The impagiydxal on SOA formation for the
toluene photooxidation system was evaluated bytimg 80 ppb additional glyoxal into
the system (Figure 3.4). The addition of 80 pplogd) in the toluene + NQoxidation
system resulted in faster toluene decay and higkex formation (green trace in Figure

3.4). Since toluene predominantly reacts with OtHaas (reactions of toluene withzO
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or NG; are slow (Calvert et al., 2002)), the faster tokidecay indicates that OH radical
concentration was enhanced by glyoxal photolysk$.r@dical also influences aqueous
chemistry (Volkamer et al., 2009) in addition tesgshase chemistry (Calvert et al.,
2002). To elucidate the role of increased OH rddieesus glyoxal uptake, another
toluene-NQ photooxidation experiment with elevated@d concentration (added to
match OH levels in the additional glyoxal experi)emas performed (red trace in Figure
3.4). Addition of HO, resulted in practically identical toluene decagsa®en the kD,
and glyoxal experiments. The similar toluene deedgs in these additional
glyoxal/H,O, experiments indicate successful matching of OllevFor these two
experiments, SOA formation was nearly identicafjgasting that the major impact of
glyoxal was enhanced OH level, with insignificaohtributions of glyoxal to SOA

formation by direct uptake.

In addition to particle volume, particle volatilityas monitored to evaluate glyoxal
uptake onto SOA during irradiation. The evolutidn/&R at 100°C of toluene SOA was
monitored by VTDMA (Figure 3.5). The VFR of tolueB©A rapidly increased and
plateaued after ~6 hours. The addition of glyoxahephotooxidation system resulted in
increased VFR. One might interpret this as contigiouof glyoxal oligomer. However,
the addition of HO, as a radical source resulted in nearly an idenpicdile, again
suggesting that the role of glyoxal in toluene StOAnation (under irradiation) in this

study was as a radical source, not an oligomerupsec.
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3.3.2.2 Dark conditions

The absence of glyoxal uptake onto the toluene 8@#further investigated by the
addition of glyoxal after SOA formation in the daak a “SOA seed” experiment (Figure
3.6). Blacklights were turned off after ~9 hoursraddiation and nearly 100 ppb glyoxal
was injected; no significant increase in partiaduwne concentration was observed. The
absence of glyoxal uptake onto SOA seed is in ashtwith the aforementioned
significant glyoxal uptake onto deliquesced ()3O;; the difference highlights the
importance of liquid water content (LWC) and/orattelytes in glyoxal uptake as

discussed below.

3.3.2.3 Impact of LWC and electrolytes

Previous studies proposed LWC as a major contiliot8 OA formation via aqueous
reactions (Kamens et al., 2011; Volkamer et al0®2@hou et al., 2011). LWC for

toluene SOA at a given RH was estimated using adagram acquired from a dry
toluene + NQ experiment (Figure 3.7) and shown in Table 3.Xtolame ratio taken

from the humidogram is converted into a mass foactissuming SOA density 1.4 gRm
LWC for deliquesced (NSO, was estimated using ISORROPIA (Nenes et al., 1998)
The absence of significant glyoxal uptake ontog¢okiSOA can be interpreted as a result
of smaller LWC of SOA than that of (NHSO, (Table.1), which is in agreement with

the growing belief that liquid water is neededdtyoxal uptake (e.g., Kamens et al.,
2011; Volkamer et al., 2009). In order for glyoxaitake to significantly occur during the

irradiated conditions in this study, higher LWCthex than higher RH, might be required
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(Kamens et al., 2011). In addition, the composibbthe aqueous phase matters to
glyoxal uptake; previous studies reported enhapeetitioning of glyoxal into water
containing sulfate ion (Ip et al., 2009) and cdtalgffect of ammonium ion on glyoxal
oligomerization (Noziére et al., 2008). Kroll et g2005) observed far higher (by a factor
of ~70) glyoxal uptake onto deliquesced (NSO, than by pure water. The absence of
glyoxal uptake onto toluene SOA shown in Figurestig§gests that agueous phase of

toluene SOA may not be preferable for glyoxal uptak

3.3.3 Effect of deliquesced (NH),SO, seed on toluene SOA formation

Deliquesced (NE).SO, was confirmed to rapidly form SOA in the preseantglyoxal
(Figure 3.2). If glyoxal uptake onto deliquescedH(NSO, is a major mechanism of
toluene SOA formation, the presence of deliqueghiety).SO, seed particles is expected
to enhance the toluene SOA formation significari)A growth curves (SOA formation
vs. hydrocarbon consumption) for non-seeded (ntiolgaexperiments and deliquesced
(NH4)2SO, seeded experiments are shown in Figure 3.8. Nufisignt difference in

those two systems was observed, suggesting thaglgoral routes dominated the

aromatic SOA formation pathways.

Although the presence of deliquesced (NBO, seed patrticles results in higher LWC,
SOA formation from toluene photooxidation is nohanced (Figure 3.8). This is in
contrast with the aforementioned impact of LWC atettrolytes on glyoxal uptake
(section 3.2.3). A possible explanation is thattilgdn concentration of SOA

overwhelmed the preexisting seed particles therefycing the apparent seed effects;
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assuming the same extent of glyoxal uptake onto @mum sulfate occurred as in the
glyoxal + seed experiment, glyoxal SOA would corepronly a minor mass fraction of
toluene SOA since the seed mass fraction droppagddomximately 10% in six hours
(not shown) and glyoxal oligomer/sulfate ratio webble approximately 0.4 (Figure 3.2).
Applying the results of dark glyoxal uptake to diaed conditions is uncertain due to the
possibility of fast photochemical uptake of glyokeblkamer et al., 2009); however,
Galloway et al. (2011) did not observe fast photwoeital uptake, and hence the
significance of the fast photochemical uptake ghhi uncertain. Another possible
explanation for the absence of seed effects issloedd morphology of SOA-deliquesced
(NH4)2.SO, particles (e.g., Anttila et al., 2006; Bertramakt 2011; Smith et al., 2011); an
organic coating around deliquesced (30O, core may slow down the uptake of

glyoxal induced by LWC and the electrolytes, raaglin reduction of the seed effects.

3.3.4 Evaluation of glyoxal uptake onto 2-tert-butylphend SOA

The absence of significant SOA formation from glgbxptake onto toluene SOA is
further probed by using 2-tert-butylphenol as epaaromatic compound. When SOA
formed from 2-tert-butylphenol was introduced itlte HR-ToF-AMS, significant
signals of the gHg" fragment from the tert-butyl substituent were obsd. Since
glyoxal oligomerization can not producgHs", C4Hs" can be used as a tracer for the
SOA from 2-tert-butylphenol oxidation. The phendlioctionality (-OH) was used to
enhance the reactivity of aromatic ring (eagcresol is seven times more reactive than
toluene, Calvert et al. (2002)) and to minimize ris&ction of the tert-butyl substituent.

Although the steric hindrance by the tert-butylygaemains uncertain, adequately
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similar aromatic oxidation reaction is expectedtfor purpose of evaluating glyoxal
uptake. The result of 2-tert-butylphenol oxidatisishown in Figure 3.9. Glyoxal
addition to this system during photooxidation (@thburs after lights on) resulted in
enhanced SOA formation; however the fraction gfi€ in the total organics (f{) did
not change significantly indicating that aerosahiation from products not containing
C4Ho" fragments (glyoxal and its products) was not enbdrafter glyoxal injection and
oxidation. This further confirms that glyoxal's inénce on SOA formation in the
aromatic photooxidation systems under humid comattiRH 51% for this experiment)
is limited to increasing SOA formation by increasgms-phase OH radical

concentrations and not by reactive uptake of gliyoxa the SOA.

3.3.5 Comparison with previous studies

Consistencies and differences with previous stualiesummarized in this section.
Under dark conditions, this study observed sigaiitcSOA formation from glyoxal
uptake onto deliquesced (WSO, seed, consistent with previous studies (e.g.,0&aly
et al., 2009; Kroll et al., 2005; Liggio et al.,(8a; Volkamer et al., 2009). However,
glyoxal uptake onto SOA seed was not observed uwhaid’humid conditions (section
3.2.2); this is in agreement with the importanc&WC and electrolytes (Ip et al., 2009;

Kamens et al., 2011; Volkamer et al., 2009).

Recent studies by Zhou et al. (2011) and Kameak €011) observed that particle

water concentration was highly related to SOA fdiamafrom aromatic hydrocarbons
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(toluene and xylenes), which was largely explaibgdligomerization of glyoxal (to a
lesser extent, methylglyoxal) in agueous phaseeSinis study also observed higher
SOA formation for high RH and LWC experiments (eRun 1499B vs., 1497A, Table
3.1), our results are partly in agreement withrteaidy. However, our direct
measurement of glyoxal by CEAS, along with expentaaising synthesized glyoxal,
strongly indicates glyoxal uptake was insignificdnting aromatic SOA formation, at

least in our experimental conditions (e.g., LWC ASGadings).

One of the differences between this study and #tady is particle concentration ranges:
Zhou et al. (2011) and Kamens et al. (2011) — frdnto ~30ug/m®; this study - from
~30ug/m® to over 10Qug/m°>. Since glyoxal uptake is not driven by partitiapio

organics but by dissolution into water (Volkameankt 2009), glyoxal uptake might
preferentially occur in their low organic aerosbigh RH experiments (over 90% for
some experiments). Also, the higher SOA formatmothe higher LWC experiments
(observed in both their study and this study) cdaddexplained by aqueous reactions of
water-soluble products other than glyoxal, suchlenolic compounds (Sun et al., 2010).
Different experimental conditions such as lightrses (natural vs. blacklights) or

background composition may also contribute to ifferént observations.

Applicability of this study on aromatics to othe@mspounds, such as biogenic
compounds, remains uncertain. However, assuming isNikke key parameter in glyoxal

uptake (Kamens et al., 2011), similar results apeeted for biogenic SOA since
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hygroscopic growth factors of biogenic SOA wereenfobserved to be approximately
same as (or slightly less than) those of aroma@id &Jimenez et al. (2009)&-pinene,
isoprene, and trimethylbenzene; Cocker et al. (BDO&-pinenem-xylene, and 1,3,5-
trimethylbenzene; Qi et al. (2010ap-pinene andn-xylene; Prenni et al. (2007)a-
pinene B-pinene A%-carene, and toluene). Thus, further evaluatioglygxal uptake onto

biogenic SOA would be beneficial.

3.4 Conclusion

The significance of glyoxal uptake in SOA formativom aromatic hydrocarbon
photooxidation was evaluated for the first timey@Xlal uptake onto deliquesced
(NH4)2SO, seed resulted in rapid SOA formation as showrrévipus studies; however,
no significant glyoxal uptake onto SOA formed franomatic hydrocarbon oxidation
was observed. Instead of contributing to SOA foramaby reactive uptake, glyoxal acted
as an OH radical source following photolysis. Tétisdy suggests that the uptake and/or
subsequent reaction of glyoxal in aqueous phaserafsol to form low-volatility
compounds contributes to only minor fraction ofraadic SOA in an environmental
chamber (RH less than 80%). This study highlighésrteed for evaluating glyoxal
uptake onto SOA seed. This study does not predlydxal uptake onto aromatic SOA
at RH above 80% (or higher LWC), uptake onto namvaatic SOA, or glyoxal cloud

processing.
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3.7 Figures
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Figure 3.1 Thermograms of hexanedioic acid, dedartedcid, and glyoxal oligomer
(produced from evaporating droplets of glyoxal/watgution) where p is the set
temperature of the thermodenuder apgli®the vapor pressure of a compound at 25°C
(*calibration taken from Faulhaber et al. (2009))
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Figure 3.2 Typical time traces of glyoxal, orgasudfate ratio, and tracer
(perfluorohexane) during toluene-N@hotooxidation (EPA1368A). Immediately after
glyoxal injection, organic/sulfate ratio increaseghon dilution at 6 hours after injection,
organic/sulfate ratio decreased due to evaporafi@nganics, consistent with Galloway
et al. (2009).
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Figure 3.4 Evaluation of glyoxal impact as a rablsmaurce. Addition of glyoxal (green
trace) and KO, (red trace) resulted in nearly identical toluereal and SOA formation,
indicating that glyoxal acted as a radical souirtgtead of an oligomer precursor.
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Figure 3.5 The time traces of glyoxal and parti@&ime concentration (suspended and
wall-loss corrected) (EPA1501A). The dashed lirdidates the time blacklights were
turned off. Addition of glyoxal (~100 ppb) at 10 hieunto SOA seed system did not
form significant SOA.
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Figure 3.6 The time traces of particle volume fiatremaining at 100°C. Addition of
both glyoxal and kO, resulted in faster reaction and slightly less ti@aparticles,
indicating that glyoxal acted as a radical source.
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Figure 3.7 Humidogram of SOA formed by the photdaxion of toluene + NQunder a
dry condition (Run 1499B).
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Figure 3.8 SOA growth curves (particle volume eduéne reacted) of non-seeded
experiments and deliquesced ammonium sulfate sqestiments. No significant
difference in particle growth between those twdeys was observed, indicating that
contribution from glyoxal uptake onto deliguescath@nium sulfate was minor in this
system.
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Figure 3.9 The time traces of particle volume fodrnfrem 2-tert-butylphenol
photooxidation and §Hg" fragment in particles (EPA1489A). Particle volumereased
immediately after glyoxal injection while the framt of C,Hy" in organics was
unaffected, indicating the increase of particleuno¢ was due to enhanced reaction of 2-
tert-butylphenol, as opposed to glyoxal uptake.
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4 Real-Time Aerosol Density Determination Utilizing aModified Scanning

Mobility Particle Sizer — Aerosol Particle Mass Andyzer System

4.1 Introduction

In environmental chamber experiments, aerosol teissiequired to convert size
distribution data into mass concentrations. Eanlyirenmental chambers, in the absence
of density measurements, estimated mass loadisgsn@sg an aerosol density equal to 1
g/cnt. Many SOA studies have characterized SOA (Jacaii et Surratt et al., 2006; Yu
et al., 1999). However, the data concerning thesitheassociated with these aerosol are
limited and vary widely. Recent studies have eswth@decondary organic aerosol (SOA)
densities ranging from 0.9 g/érto 1.6 g/cm for a variety of SOA forming systems
(Bahreini et al., 2005; Jaoui et al., 2004; Kalbeteal., 2000; Kostenidou et al., 2007;
Surratt et al., 2006; Yu et al., 1999; Zelenyuklet2008). Of particular interest is the
wide variability in reported data from similar expeental conditions. For example,
Bahreini et al. (2005) have reported the densdynfp-pinene ozonlysis in unseeded
experiments of 1.20 g/clmHowever, Kostenidou et al. (2007) reported therage

aerosol density from this same system under sirakperimental conditions as 1.41-1.50
g/cnt. The first aerosol density measurements were médailsing pycnometers,
however the data collection was slow and of lowigguéHanel and Thudium, 1977).
Kelly and McMurry (1992) used a combination of df&iential Mobility Analyzer

(DMA) and impactor allowing for size segregatedsiges to be determined with fairly
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good accuracy (Kelly and McMurry, 1992). More rettgrdensity is reported using
particle time of flight (PTOF)-SMPS and APM-SMP Srqzarisons (Jimenez et al.,
2003; Kostenidou et al., ; McMurry et al., 2002ng§et al., 2007). Furthermore, recent
work by Shilling et al. (2008) has shown aerosa@utan effective densities from
pinene ozonolysis are a function of the mass I@adihe relationship between mass
loading and aerosol density is thought to arismftbe relative contribution of highly
oxygenated species to the total aerosol massirghiported densities ranging from
1.73 g/cni at a mass loading of 0.4@/m” to 1.23 g/cm at mass loadings of 15,@/m°.
This work evaluates high time resolution densitglation for SOA as it evolves for two
classic SOA experiments. We also evaluate densitsnates using AMS-SMPS to the
more direct APM-SMPS measurements.

4.2 Vacuum Effective Density

Use of PTOF instruments for measurement of aesaselhas been in existence for some
time (Sinha). Aerosol mass spectrometers suchea8éahosol Time of Flight Mass
Spectrometer (ATOFMS, TSI) and the AMS (Aerodyn&) tvo common instruments
with PTOF modes that report vacuum aerodynamic éiamUsed in combination with a
SMPS, these time of flight sizing instruments all@vdetermination of the vacuum
effective density based upon the electrical mgbdiameter (SMPS, operating in the
transition regime) and the vacuum aerodynamic dien{eperating in free molecular

regime) using the following equation (DeCarlo et 2004)
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where dn, is the electrical mobility diameter as measured thy SMPS,C; is the
Cunningham slip correction factot,, is the vacuum aerodynamic diametet,is the
vacuum dynamic shape factgfjs the transition regime dynamic shape fagtgiis unit
density (1 gl/cr, and p, is the particle density. In the free molecularimeg the

Cunningham slip correction factor is approximated a
2/
C.(d)= F(a +p) (4.2)

wherel, o, andp are empirically determined constants (Allen andlita 1982).
Chamber aerosol is commonly assumed to be spheleealing equation 1 to

simplify to (DeCarlo et al., 2004)

Po =P (4.3)

4.2.1 DMA-APM Density Calculation Theory

Ehara and Shin (1996) developed an aerosol pamiaks analyzer (APM) which enables
selection of aerosol based on mass by balancingaieifugal and electrostatic forces on
a particle passing through a small annular gap é&tviwo cylinders. A differential

voltage applied between the two cylinders withdhbeer cylinder rotating at a set angular

momentum, classifies particles according to massri®ed by the following equation
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d
m ’r = 6’" P,0°t = neE = nev

wherem, is the mass of the particle,is the angular rotational speeds the radial

(4.4)

p

distance from the axis of rotation to the annulgp,dn is the mobility diametep,is the
particle densityn is number of elementary charges per parteis,the unit electrical
charge Eapum is the magnitude of the electric field appliedvistn the two cylinderd/ is
the voltage applied to the AP, is the radius of the outer cylinder, ands the radius
of the inner cylinder.

The APM, in series with a DMA, allows for direct detenation of mobility effective

density.
m
Pe = p3 (4.5)
,
6

Traditionally, the DMA has been placed ahead of th&A® first select the aerosol
based on electrical mobility followed by the APM mé&ssharge classification (Figure
4.1). The DMA-APM configuration was successfully u@d by McMurry et al. (2002)
who sampled ambient particles from Atlanta and laiooyagenerated particles. However,
when diameters are changing rapidly, as in aerdsrhber experiments, the DMA-APM
setup suffers from the slow APM response due to satting times whew or applied
voltage is changed. For example,capinene/ozone (100 ppbpinene/ 350 ppb ozone)
experiment will have particle diameter growth ratelwinge of approximately 2 nm/min
during the first 2-3 hours of an experiment. Tlaglitional DMA-APM transmission

curve incorporates discrete data points assocwithdstep changes in the applied voltage
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within the APM, after which, one must wait for the CR(produce a reading. Therefore,
in order to obtain an APM transmission curve, a tohapproximately 35 minutes is
required using default parameters. An additionabjemm commonly encountered in
environmental chamber experiments using the tawhtiDMA-APM is the low signal to
noise ratio due to the narrow transfer functionhef DMA.

4.3 Modified APM-SMPS System

We have reversed the order of the traditional DMA-ABydtem to reduce sampling time,
reduce the need to vasyor V, and to take advantage of the rapid clasgyfyiroperties

of the SMPS (Figure 4.2). An additional advantalgéhis setup is that it makes use of
the broader transfer function of the APM to increthsesystem signal to noise ratio. The
SMPS used is built in house (scan time = 60 sdtag® range negative 40 to negative
7000, TSI 3081L DMA, TSI 3077 R¥ neutralizer, and TSI 3771 particle counter),
allowing for sizing of particles from 28-730 nm. TAEM (Kanomax model 3600) is
capable of angular rotation speeds up to 10000ammirelectrical potential up to 5000 V,
enabling selection of particles as light as 0.0{pfgrticles of ~ 26 nm assuming unit
density and perfect spheres). In addition to remgrthe SMPS and APM order, custom
Labview® programming was developed to enable continuousatiparof both the APM
and SMPS.

Signal to noise is improved by utilizing a indepeniSMPS, which identifies the mode
particle diameter of the aerosol sampled and reatlaganformation to the APM-SMPS.
The mass of the particles to be transmitted thrabghAPM is estimated using the

information of the mode particle diameter from théependent SMPS and an initial
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assumed density (typically 1.2 to 1.4 g#gmThis estimated mass is then used tasset
and V of the APM, which are re-evaluated every 4 naswluring the course of an
experiment. The mobility aerosol density is thetedained from the mass selected by
the APM (Eqg 4.) and the peak diameter from a se&MWMBS located directly
downstream of the APM.

4.3.1 Data Reduction

Mobility size distributions are recorded every #8ands along with the corresponding
mass of particles which the APM transmitted. Custoatl® programming enables for
automated fitting of a lognormal curve to the midpidlistribution from the SMPS
located downstream of the APM and determination @fode diameter. The mode
diameter as determined from the lognormal cuntkes combined with the recorded
corresponding APM mass to calculate a mobility éffecdensity using equation 5.

4.4 Evaluation

The APM-SMPS system performance was first evaluaidd 100 nm (as selected by a
DMA) dry ammonium sulfate particles (Sigma-Aldrichyipyi> 99%,p=1.77 g/cni,)
which were transmitted to the APM-SMPS system in orod@nsure the method of
estimating initial densities does not bias thelfdensity calculations. Initial densities
were varied from 1.4-2.2 g/éhin 0.2 g/cni increments. Figure 4.3 (frame A) shows a
sample of the raw output from this testing with asuased density of 1.80 g/énresults
from this testing revealed no inherent bias inARM-SMPS, with measured densities
(1.78 to 1.81 g/crhFigure 4.3 frame B). Reasons for the slight ovénmesion of

ammonium sulfate is unknown, however it should beddhat the APM does not have a
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shape effect. Never the less, the results fronatheonium sulfate are in reasonable
agreement with the published density. Accurate ARWRS performance was also
confirmed with polystyrene latex spheres (Duke Sifienp=1.05 g/cn) and
aerosolized dioctyl phthalate (Sigma-Aldrich, purt§9%,p=0.985 g/cr) in order to

evaluate its performance with solid and liquid aefr¢$able 4.1).

4.5 Experimental
45.1 Chamber Experiments

The APM-SMPS system sampled SOA generated fromess#renvironmental
chamber experiments conducted at the UCR/CE-CERifa@maental chamber facility.
The UC-Riverside/CE-CERT Environmental Chamber reenldlescribed in detall
elsewhere (Carter et al., 2005). Briefly the fagitibnsists of two 90 fiTeflon reactors
located in a temperature controlled room, whichoistimuously flushed with purified air.
The reactors are attached to a rigid collapsil@deé& to minimize diffusion of
contaminants into the reactors by maintaining atpesdifferential pressure with respect
to the chambers surroundings. The chamber has taleslud black lights (80 lights in
total). Each light source emits a sufficiently higd0 nm wavelength photon flux to drive
NO, photolysis. Connected to the chamber are two uséduilt SMPS'’s identical to the
one detailed above, along with an AMS and APM-SMP3$n@munds of interest are
introduced to the chamber by passing a stream ref lduiover a known volume liquid

contained in a glass injection manifold or by flunghpure N through a calibrated glass
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bulb filled with the gaseous compound to the degiadial pressure. In cases where a
ozonolysis experiment was performed, ozone wasdoted into the dark chamber by
passing 20 psig of pure air through two UV ozone gnes, CO was added in
sufficient quantities to consume >99 % of the hygteoadicals produced. All
experiments were conducted in the absence of seadl.dxperiments, the relative

humidity (RH) was below 0.1%.

4.6 Results
4.6.1 a-Pinene-Ozone SOA Density

An a-pinene ozonoylsis experiment was conducted at 2(A0CG ppho-pinene/ 800 ppb
O4/ excess CO as the hydroxyl scavenger). Mass loading this experiment were in
excess of 200Qg/m® as measured by an SMPS. This mass loading isiaipdigh;
however during this experiment, the SMPS was prograghim remain at a single voltage
(essentially a DMA) so as to transmit only a sirdjemeter particle to the AMS located
downstream. Due to the narrow transmission curveebDiMA, large mass loadings
were needed to obtain a substantial signal frorAt¥&. The mobility aerosol density
remained a nearly constant 1.24 + 0.03 §/timoughout the course of the experiment (~
7 hrs) (Figure 4.4). During the course of the sarpeement, the vacuum effective
density was also determined from a DMA-AMS setupescdbed above and found to be
1.26 + 0.03 g/crh This effective density value closely matches tretermined

previously from Bahreini et al. (2005), Zelenyukaét(2008), and Shilling et al. (2008)
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at mass loadings > 1&/m’. It is worth noting that in the experiments of Baihi, initial
hydrocarbon concentrations were approximately aerasd magnitude lower than that
reported here and used seed patrticles, while theriexgents of Shilling had initial
hydrocarbon concentrations even lower. In additothése differences, the experiments
of Shilling contained dry ammonium sulfate seediplas and a relative humidity of
40%. The work of Zelenyuk contained no seed and waducted at an RH below 1%.
Despite these dramatic differences in experimemtadlitions, the aerosol density
reported here matches extremely well with that ofli@gi(1.23 g/cr), Zelenyuk (1.198
g/cnt), and Bahreini (1.19 g/cth As mentioned previously, Shilling has shown adroso
density to be a function of the mass loadings, whidek of Zelenyuk and Bahreini do
not indicate final mass loadings, it is assumed ttay are much lower then those
reported here. Therefore, this may explain the kdiff¢rences between our results and

those of Zelenyuk and Bahreini.

4.6.2 m-Xylene NOyx SOA Density

Additional chamber experiments were carried outx@na@ne the aerosol density of SOA
formed from the irradiation ah-xylene and NQ (70 ppbm-xylene, and 11 ppb NO),
resulting in a final mass loading of 2§/m°. The experiment was conducted in the same
manner to that of the-pinene/Q however, the irradiation necessary for the reactias
provided by the 80 black lights. Additionally, thecuum effective density during this
experiment was determined using an SMPS in paraitelthe AMS. This setup enabled

collection of data from the AMS under the low massliags encountered in this
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experiment, which would not have been possible wghSNMPS upstream of the AMS.
The aerosol density measured by both the APM-SMRISSMPS-AMS follows the-
pinene/Q trend with little change in the density throughthg experiment except for a
slight decrease during the first 4 hours. Simitathiea-pinene/Q experiments, the APM-
SMPS recorded density matched that of the SMPS-A®Ehing a plateau at a value of
1.35 + 0.03 g/crhcompared to a value of 1.36 + 0.03 glas measured by the SMPS-
AMS.

For similar aromatic systems, Alfarra et al. (200&ye reported aerosol density values of
1.35-1.40 g/crhfrom 1,3,5-trimethylbenzene photo-oxidation with N@hile Martin-
Reviejo et al. (2005) reported the density of agrgenerated from benzene at 1.35
g/cnt. The only work in which density was reported fromxylene was performed by
Song et al. (2007) who found the density of the saras 1.41 g/cth It should be noted
that the work of Song also employed an APM for dgnsgkasurements. However,
differences in the experimental conditions underciithe experiments of Song were
performed, namely the absence of N®the reaction system, make drawing conclusions

based on differences in these two experiments ditfic

4.7 Summary and Discussion

We have demonstrated the applicability of a modi#M-SMPS system for the real-
time density analysis of chamber generated SOA. g system obtains data 30 times
faster than a traditional DMA-APM setup. Very litthange in aerosol density was

observed fon-pinene ozonolysis experiments with densities meakhy our APM-
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SMPS and SMPS-AMS agreeing well over the coursheentire experiment (1.24 and
1.26 g/cmirespectively), while in m-xylene experiments a dligécrease in aerosol
density was observed during the initial courseheféxperiment with both an SMPS-
APM and SMPS-AMS (1.35 and 1.36 gftmespectively) determined densities agreeing
throughout the experiment. Furthermore, in envirental chamber applications, use of
the SMPS-AMS is found to be more than adequatedmrsal density determination,

with vacuum effective densities agreeing extremedyl with those determined from an
APM-SMPS setup. Deployment of the APM-SMPS for ambieeasurements would
present difficulties not encountered here due #tereally mixed nature of ambient
aerosol. In particular, the broad transfer functibthe APM would lead to transmission
of multiple masses to the SMPS, additionally thePS\vould observe aerosol with a
varied distribution of mobility diameters. Howevére results reported here are
consistent with previously reported ambient partitdesities of 1.0-1.5 g/chfPitz et al.,
2003; Spencer et al., 2007). Furthermore, this atkethilizing both AMS and APM data
can be extended to examine particle shape facsadescribed by Schmid et al. (2007), in
which a DMA+APM+AMS are setup in series. This methodildallow for

determination of the mobility and vacuum effectdensity simultaneously from direct

measurements ak, m,, anddya.
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4.9 Tables

Table 4.1 Comparison of densities of various latmoyagenerated particles as measured
by the modified APM-SMPS and SMPS-AMS

reported

Ave. S.D. RSD ; error

APM-SMPS 3 3 N o densit o
(gfem’) ~ (glem?) ) gemdy @)

(NH,)SO, 1.81 004 15 20 1.77 2.4
PSL 1.04 0.02 18 2.0 1.05 -0.8
DOP 0.97 0.01 7 1.3 0.99 -2

SMPS-AMS

PSL 1.07 9 1.05 1.9
DOP 0.98 0.03 4 3.3 0.99 -0.8
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4.10 Figures

Condensation
Aerosol > DMA APM Particle
Source Counter
(CPC)
DMA classifies aerosol APM classifies narrow CPC counts number of
based on electrical size distribution based particles that pass
mobility on mass through DMA-APM

Figure 4.1 Typical DMA-APM setup indicating units afuhctions of each unit
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Figure 4.2 Modified APM-SMPS setup indicating plaegrmof units and functions of
each unit along with inputs needed. Solid linesaat# flow of aerosol, dotted lines
represent flow of data. Nopg is only equal to the true particle density if #exosol is
spherical, otherwise it is a measure of the mobéftgctive density
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Figure 4.3 Frame A) Mobility size distribution of@@m ammonium sulfate particles
(assumed density equal to 1.80 g/cm3) after passinoggh an APM set to transmit
particles of 0.942 fg. Frame B) APM-SMPS validatresults indicating good agreement
between measured density and true density of dryamum sulfate and the insensitivity
of the system to initial assumed density
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Figure 4.4 Aerosol density for anpinene/O3 experiment as measured by the APM-
SMPS and an SMPS-AMS setup
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5 Density and elemental ratios of secondary organiceaosol: application of a

density prediction method

5.1 Introduction

Aerosol contributes to climate change and advelségts air quality (Seinfeld and
Pandis, 2006). SOA volume concentration formed wrenmental chambers or flow
tube reactors are often quantified using a scanmiobjlity particle sizer (SMPS) based
on particle electrical mobility diameter. Curremt@uality regulation for aerosol is based
on mass concentrations (e.g., National Ambient Airli@u&tandards for annual P
concentration < 15ig/m°), hence particle effective density is necessagotvert SOA
volume concentrations to mass concentrations. Demaist to be estimated when a
direct measurement is not available; however, thimaion of the density of organic
aerosols is highly uncertain, mostly due to lackluémical identification (Hallquist et al.,

2009).

Kuwata et al.(2011) proposed an estimation methoddasity of organic material based
on elemental ratios (O/C and H/C) determined by adare High-Resolution Time-of-
Flight Aerosol Mass Spectrometer (HR-ToF-AMS) (DeCatlal., 2006). Considering
the recent wide-spread use of the HR-ToF-AMS in thesad science community, the
estimation method has the potential to be appbealarge number of laboratory and

field studies. However the experimental verificatadrihe semi-empirical relationship
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was limited to a selective few biogenic systems (ieop,a-pinene, central Amazon
Basin); therefore, further verification covering expanded range of systems is needed.
This study aims to evaluate the applicability af Kuwata et al (2011) estimation
method to 23 different SOA forming systems, includixgdation of aromatic

hydrocarbons, phenolic compounds, and biogenic comgs.

5.2 Experimental
5.2.1 Environmental chamber

All experiments were conducted in the UC RiversideCHERT environmental chamber
described in detail in Carter et al. (2005). Inrshthis facility consists of dual 90’
Teflon® reactors suspended by rigid frames in gomature controlled enclosure (27 £
1 °C) continuously flushed with dry purified airdaw point below -40 °C) air generated
by an Aadco 737 series (Cleves, Ohio) air purificaggstem. Blacklights (272 bulbs,
115 W Sylvania 350 BL, N©photolysis rate 0.4 mifj are used as the light source for
all the photooxidation experiments reported herergnolysis experiments were carried

out in the dark.

5.2.2 Gas and particle analysis

The Agilent 6890 Gas Chromatograph — equipped withnae ionization detector was
used to measure concentrations of precursor hydyooa and an inert tracer

(perfluorohexane). Analytical conditions are desedilelsewhere (Nakao et al., 2011ab).

105



Particle effective density was directly measured &@ihAerosol Particle Mass Analyzer
(APM, Kanomax) (Ehara et al., 1996) coupled to aamsbuilt Scanning Mobility
Particle Sizer (SMPS) (Cocker et al., 2001) ineserA detailed description of the APM-
SMPS system and data algorithms are described etseValloy et al., 2009; Nakao et
al., 2011c). Chemical composition of SOA was monitdrgdHR-ToF-AMS (DeCarlo et
al., 2006); the elemental ratios (O/C, H/C) of SOA wamguired by the elemental
analysis (EA) described by Aiken et al. (2008). Th&adIt species list in the high-

resolution data analysis toolkit, PIKA (v1.08) wasdifar EA.

5.2.3 Chamber experiments

The reactants used for the chamber experimentsuanenarized in Fig. 1. NO (UHP
grade, Matheson) was used for N@hotooxidation experiments. All other chemicals
were purchased from Sigma-Aldrich at the highesttpanrailable. All experiments were
performed under dry (RH<0.1%) conditions. The expental procedure has been
described elsewhere (Nakao et al., 2011ab; Tang, &0dl2). Reactants were oxidized
under the following three conditions: 1) photooxidatin the presence of NO2)
photooxidation using D, (50wt% solution in water) as a radical source,)ae8k

ozonolysis. Produced SOA concentrations were typieethin 5~150pg/m®.

5.2.4 Density prediction method

Previous methods to estimate material density regoformation on chemical structures

(e.g., Girolami, 1994), which is practically infelalgi for SOA consisting of many
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unknown species (Hallquist et al., 2009). Recentlyy#ta et al. (2011) proposed a semi-

empirical relationship between organic material dgrfporg), O/C, and H/C as follows:

P 12+H/C+16[0/C Eg-1
0 7+5[H/C+4.15[0/C

The relationship was optimized for 31 individual aspherically relevant organic
species with known densities, and was further evaduagainst chamber results using
two reactantsd-pinene and isoprene) and an Amazon field datal'setstated accuracy
of the prediction is within 12% (Kuwata et al., 201d)wata et al. (2011) performed
calibration of (CO)org:(CO2")org and (HO)org:(CO2")org fragment ratios of HR-ToF-AMS
data as described by Chen et al. (2011). The adildor resulted in enhanced O/C and
H/C ratios for three biogenic SOA forming systemsgisoe,a-pinene, angs
caryophyllene) due to higher (Cfaqand (HO")org than the default values; a possible
explanation for higher (CQygand (HO)org is the fragmentation of multifunctional

organic hydroperoxides (ROOH) (Chen et al., 2011).

Since (CO)org:(CO2)org and (HO)org:(CO2")org calibration resulted in higher O/C and
H/C, the impact of the calibration on density prédit using equation 1 needs to be
evaluated. The O/C and H/C data reported by Cheln @04.1) with and without
(COorg and (HO")org calibration is shown in Fig. 2. Although the caltiwa enhances
O/C and H/C, the data points are shifted along thgléshs of density and thus changes
in predicted densities are small (within 5%). SiB¢@A-specific calibration factors for

the oxidation products of the 23 different reactantthis study are unavailable, and since
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the vast majority of previously reported HR-ToF-AM&al has been acquired without
the calibrations described by Chen et al. (2013, $tudy applies equation 1 without

introducing the (COorg and (HO")org calibration.

5.3 Results and Discussion

5.3.1 Measurement of SOA density and elemental ratios

The effect of oxidation conditions (HC:N{H,O,, or ;) on SOA density are observed
to be minor (Fig.3). Therefore, results were groupgeéach reactant without regard for
oxidation route in the following discussion. Pre\s@iudies reported loading-dependent
a-pinene SOA elemental composition and density (Kuwiash €2011; Shilling et al.,
2009); however, in our experimental conditions (SOAcemtration: 5~15Qg/nr),

density and elemental ratios were nearly constaet k&g. 4; ethyltoluene SOA for
example). The different observations could be dudifferent reactantsafpinene vs.
aromatics) and chamber types (continuously mixew fleactor vs. batch reactor) as well
as higher SOA minimum concentrations reported inghidy. Measured effective
density, H/C, and O/C are shown in Table 1 and Fi§(A density ranged between
1.06 and 1.47 g/chwith phenol yielding the highest SOA density (averag42 g/cr)
and 4-octylphenol the lowest (1.06 gfimThe measured density and O/C followed a
similar trend; density (and O/C) decreased sligaglyhe carbon number of reactants
increased, except for isoprene. The trend of H/Capg®site to O/C. These observations

support previous findings of the correlation betwdensity and the extent of oxidation
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of SOA (Katrib et al., 2005). The elemental ratios dadsities for benzene, phenol, and
catechol SOA were similar, in spite of the differerygen contents in the three reactants,
suggesting that these aromatic SOA were formed vidigeakerational reactions and thus
the additional oxygen in reactants did not sigaifity change the oxygen contents of

final products.

5.3.2 Density prediction vs. measurement

A Van Krevelen diagram with a density color scale svahin Fig. 6. The region for
elemental ratios of ambient organic aerosols (Na.eR011) suggests that densities of
ambient organic aerosols range widely from 1.0 8oglcn? as the result of oxidative
processing, highlighting the importance of accurafgesentation of density. Data points
generally fell into the region bounded between ihe bf slope equal -1 (carboxylic acid
or alcohol + carbonyl formation) and the line affs equal -2 (ketone/aldehyde
formation). Reasonable agreement of background emld data point color was

observed except for high O/C data (phenol, C6).

Predicted densities are compared with measuredtaenisi Fig. 5. The predictions
agreed with measurements within 20% for more than 8Dé&periments. The 20%
accuracy of this study was larger than the 12%racyureported by Kuwata et al. (2011),
which is due to the much wider range of experimesyatems investigated in this study
(this study: 23 different reactants, Kuwata etateactants, 1 field data). However, the

20% accuracy is still considered to be reasonable.
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As reported by Kuwata et al. (2011), the effect afagien or sulfur containing species on
the density prediction needs further investigatfeor. these experiments, effect of
nitrogen is expected to be minor since N/C ratioS©OA in even high-NQchamber
experiments are small: toluene-high N©DO7, isoprene-high N@®.04 (Chhabra et al.,

2011). No reactant in this study includes sulfur #mg the effect of sulfur is not probed.

5.4 Conclusion

A recent study proposed a semi-empirical relatignbleitween organic aerosols density,
O/C, and H/C (Kuwata et al., 2011). SOA density was a iigattion of oxidant used in
chamber experiments. This study applied the senpitgsal relationship to the extensive
data set of elemental compositions and densiti€&0k formed by the oxidation of 23
different reactants including terpenes, aromatdrbgarbons, and phenolic compounds,
in an environmental chamber. The semi-empiricatr@hship successfully predicted
density of SOA within 20% error for more than 90% xperiments; therefore, the range

of application has been further extended to inclagkhropogenic systems.
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5.7 Figures

Biogenic species
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Figure 5.1 Reactants used for chamber experiments
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Oxidation conditions: H,O, O NO, m Oy
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6 Interpretation of secondary organic aerosol formaton from diesel exhaust

photooxidation in an environmental chamber

6.1 Introduction

Organic aerosol (OA) accounts for ~20-90% of aerosds in the lower troposphere
(Kanakidou et al., 2005). OA contributes to globanelte change (IPCC, 2007;
Kanakidou et al., 2005), adverse human health (Bksidson et al., 2005; Pope and
Dockery, 2006), and visibility reduction (ElderingdaCass, 1996). Air quality models
using parameters developed from environmental ckastiidies severely underpredict
OA in the atmosphere pointing towards large unceregnncluding “missing
precursors” and physico-chemical processes gawgiiormation and evolution of OA in
the atmosphere (Volkamer et al., 2006).

OA is classified into two categories: 1) primary OA (PQMat is directly emitted from
sources as particles, and 2) secondary OA (SOA)gHatmed in the atmosphere from
photochemical oxidation of organic vapors followmsdgas to particle partitioning.
Additionally, semivolatile components of POA evapotateelease semivolatile organic
compounds (SVOCs) and intermediate volatility orgaoimpounds (IVOCs), which
easily form SOA in the atmosphere due to their lova¢atlity (Chan et al., 2009;
Donahue et al., 2009; Grieshop et al., 2009; Prasib,&009; Robinson et al., 2007;
Shrivastava et al., 2006). Diesel exhaust is a nsgorce of urban POA (Schauer et al.,
1996). Additionally, Robinson et al. (2007) observapid and high SOA formation from

photooxidation of diesel exhaust in an environmiecttamber. However, recent studies
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by Samy and Zielinska (2010) and Chirico et al1(20observed insignificant SOA
formation from diesel exhaust without the additadmadical sources or additional
hydrocarbons. As a result, further investigatioreguired to identify causes of this
discrepancy.

The mass of SOA formed from diesel exhaust is ofeédcutated based on increase of
wall-loss-corrected particle volume concentratiortiplied by a unit density (1.0 g/cin
with the assumption of spherical particles (Chirt@l., 2010; Robinson et al., 2007,
Samy and Zielinska, 2010; Weitkamp et al., 2007 )weber, this assumption is often not
valid for diesel agglomerate particles. Park e(2003) and Maricq et al. (2000) reported
that effective density decreases as particle siz@ases because of increasing void space
due to agglomeration. Weitkamp et al. (2007) obs@éthat coating SOA onto a fractal-
like diesel particle increases particle density.

This study investigated the changes in effectivesdg of diesel agglomerates during
partitioning of secondary organic species ontoiglag. Also, the impact of different
dilution methodologies on the diesel particleseetive density evolution in an
environmental chamber was investigated for the fiins¢. Furthermore, chemical
evolution (aging) of diesel exhaust was examineglvtduate the importance of multi-

generational photochemical oxidation of diesel esihdeading to SOA formation.

6.2 Experimental

All experiments were conducted in the mezzanine cleahoiscated at CE-CERT/UC

Riverside. A schematic diagram is shown in Figurel7.#he chamberisina2.5mx 3
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m X 7.8 m enclosure covered with reflective alumirghmets and is illuminated with 170
of 40W blacklights with peak intensity at 350 nm (SMNIA, 350 BL) with the NG,
photolysis rate of 0.6 mih Within this enclosure is a 12°molume 2 mil (50.8um) FEP
Teflon® chamber. A minimum of 1 m space between the chaswéace and blacklights
was maintained to avoid excessive heating at tfaciof the film. Additionally, six

fans are used to mix the air inside the enclosutie eanditioned room air to minimize
heating within the enclosure. The enclosure tempezas typically within 25~28°C.

Prior to every experiment, the chamber is flushesrmight with pure air (Aadco 737
series air purification system (Cleves, Ohio)). Baokind particle concentration is below
the detection limit of 0.2 cih

Dilution of diesel exhaust was performed in two waysejector-dilution” in which a
custom built two-stage ejector dilution system ascdbed by Khalek et al. (2000) was
used, and 2) “in-chamber dilution” in which raw exswas injected into the chamber
already filled with clean air. The “ejector-dilutibmvolves intensive mixing of raw
exhaust and compressed clean filtered air. On tier biand, during the “in-chamber
dilution”, dilution occurs only by slow mixing of ghraw exhaust and the clean air inside
the chamber. The ejector-dilution is followed bynsger in either a short (2m) or long
transfer line (16m, ~5cm I.D., copper) (A and C igd¥e 7.1). The in-chamber dilution
occurs after transfer of undiluted exhaust in atsiansfer line (B in Figure 7.1).

Diesel exhaust was obtained from a Pramac 3.6 kWrgemgYanmar Engine, E3750
MYHDI). This is the similar type of engine as usedRxbinson et al.(2007). The engine

was connected to a resistive load bank (Swift-E STibpx Inc.). The engine was
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operated on ULSD fuel (<15 ppmS) at 50% (mediumdl |@&9% (low) load, and for
idling condition. The engine was warmed-up for45 rtesiprior to injection to allow the

diesel exhaust to reach steady state.

Particle size distribution between 27 and 685 nmmasitored by a Scanning Mobility
Particle Sizer (SMPS) similar to that describeddmgker et al. (2001). Particle sizing
was periodically verified by aerosolized polystyrdatex (PSL) particles (90, 220, and
350 nm) (Thermo Scientific, 3000 series NanospB&ze Standards).

Particle effective density was measured with a AdrBadticle Mass Analyzer (APM,
Kanomax) (Ehara et al., 1996) and a SMPS in séfles APM is located upstream of the
SMPS for improved time resolution (~1 minute) otrer more common configuration of
the Differential Mobility Analyzer (DMA) — APM (Khalizoet al., 2009; McMurry et al.,
2002; Xue et al., 2009). A detailed description & &PM-SMPS system and data
algorithms are described elsewhere (Malloy et 8092. The 0.01~100 fg measurement
range of the APM is equivalent to approximately 8to 580 nm for particles with unit
density (Kanomax Japan, Inc.). In this study, thé/Agetting was programmed to select
3~5 different particle masses (typically in 20 nia®s) to obtain particle density as a
function of particle mass. Fractal-like dimensiorsvedtained by fitting the effective

density vs. size relationship into a power func{iBark et al., 2003; Xue et al., 2009):
P =Cdy” (1)
wherepet IS the effective density of particles, C is a ¢ansg d, is the mobility diameter

of particles, and Bis the fractal-like dimension.
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Particle volatility was monitored with a volatilitgrtdem differential mobility analyzer
(VTDMA), in which monodisperse particles of mobilityadneteD,, are selected by the
1% DMA followed by transport through a DeKathermodenuder (TD, residence time:
approximately 17 seconds, temperature: 100 °Ck pdrticle size after the TID{y) is
then measured by fitting a log-normal size distiifru curve from the ¥ SMPS. Volume
fraction remaining (VFR) is then calculated ashikére and after the TD volume ratio,
i.e., VFR = Dni/Dmi). Note that the “volume” in VFR measurement is basedobility
diameter measurement which includes void spacdesel agglomerates, and caution
must be taken in using VFR measurements to infxtity of OA. The VTDMA was
calibrated for each diameter setting using VFRrgf(tlH4).SO, seed aerosol and/or
diesel particles at room temperature.

The chemical evolution of organic particulates whserved by a high-resolution time-
of-flight aerosol mass spectrometer (HR-ToF-AMS) (Dd&at al., 2006; Jayne et al.,
2000). The operation mode of the HR-ToF-AMS altemhdtetween the mass spectrum
(MS) W-mode and the particle time-of-flight (PTakpde. Only the data from the MS
mode is shown in this study. Recently developed etd¢ai analysis (EA) software was
used to track atomic ratio (O/C) of non-refractorgamic compounds (Aiken et al.,
2008). Particle collection efficiency of the AMSreported to be low for small (<70nm)
particles (Jayne et al., 2000). Although the geoimeatean diameter (GMD) of the diesel
exhaust particles was initially small (<70nm), cdagan and/or preferential wall loss of

these small particles caused the GMD to rapidly emxe The GMD during experiments
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was typically within 70~200 nm. The reported resaftthe AMS are relative to the
organic and nitrate signals. The sulfate and amumrsignals were negligible (<1%).
Ethene concentration was measured by a gas chrgrapto— flame ionization detector
(GC-FID, Agilent technology 6890) that is equippedhma PLOT column. NQ CO, and
O3 concentration was measured by Teledyne model 2Z80EE, and 400E analyzers,

respectively.

6.3 Results and Discussion

The engine load, initial concentrations (partictdévne based on the SMPS measurement,
NOy, and ethene), calculated OH concentration (basedh@mme decay rate); Dbulk
effective density of particles, and dilution raéice summarized in Table 6.1. The dilution
ratio is determined as the ratio of NEncentration in the raw exhaust to that in the
chamber.

Since the high NO concentration suppressesn@ NQ formation and ethene
predominantly reacts with OH radical, exponential gexfaethene concentration was
used to estimate OH radical concentration. OH condentravas calculated to be 1~2 x
10° molecule cnt, approximately equivalent to the 12-h daytime agerambient OH
concentration level (Atkinson, 2000). The OH concaidn is in reasonable agreement
with Weitkamp et al. (2007) (3 (1) x dnolecule crif).

Park et al. (2003) reported that particle fratitad-dimension somewhat increased as

engine load decreased. Although tharDTable 6.1 may indicate the same trend, it is
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difficult to draw any conclusion regarding the effetload on @ due to the additional

two parameters of the transfer line length and iditumethod.

6.4 Interpretation of SOA formation

Results of Run 1(short transfer line, ejector-dinf are summarized in Figure 7.2. Only
a minor increase of particle volume (wall-loss umected) was observed after the black
lights were turned on, (Figure 6.1 (a)). Also, theDKMA measurement indicated little
change in mobility diameter after passing throdghTD that was set at 100°C (Figure
6.2 (b)). However, particle effective densities eased rapidly (approximately 30 to 80%
within 2 hours). The effective density — mobilitiacheter relationship was fit with a
power function (equation 1) to determing(Bigure 6.2 (c)). The Drapidly increased
from 2.52 to 2.81+0.06 after turning on the blaghts. The fitted power function was
used to interpolate / extrapolate particle densitiain the size range of the SMPS
measurement. Particle mass concentration was ceddutam particle volume and
effective density as a function of mobility dianret€alculated particle mass

concentration is shown in Figure 6.2 (a).

The small increase in volume and small change in MfeRsignificant increase in
density and mass during SOA formation are consistéhtthe filling of the void space
of agglomerate particles by SOA. This is furtherfoamed by placing the TD in front of
the APM-SMPS system (not shown). Aging causes cormdensof secondary organics;

hence aged diesel particulates show a greater decireaffective density after passing
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through the TD (compared to fresh particles) ag tlteve more organic mass condensed
onto their fractal agglomerate backbone. This destrates that particle volume
measurement based only on mobility diameter carm@stimate SOA formation from

diesel exhaust.

The HR-ToF-AMS O/C measurement indicated that oxygehspecies rapidly increased
after blacklights were turned on (Figure 6.3). Ptiophotooxidation, the O/C ratio of the
diesel exhaust particulate was 0.05. After the bighkd were turned on, this ratio
increased continuously to 0.25 within 12 hours duedndensation of secondary
organics onto the diesel agglomerate. The contimirmerease of the O/C ratio is
consistent with the continuous gas-phase oxidatiahesel exhaust reported by Sage et
al. (2008) (based on the profile of m/z 44) andlhercleavage of C-C bond
(fragmentation) of large molecules (Kroll et al. 120 Kroll et al., 2009). Mass spectrums
obtained by HR-ToF-AMS before and after the UV irridimare shown in Figure 6.4.
Increase of m/z 44 (confirmed to be £@agment by high resolution analysis) was
observed. Also m/z 30 increased, which was largedyitzexd to NO fragment by high
resolution analysis, suggesting that the high, H@nhdition applied in this study led to

formation of nitrogen containing species.
The AMS has also been used to estimate the contibat SOA during other diesel
exhaust studies (Chirico et al., 2010; Sage e2@08; Weitkamp et al., 2007). Sage et al.

(2008) used m/z 57 (assumed to hel€ ) measured by the quadrupole-AMS (Q-AMS)
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as a tracer of primary organic aerosol. Chiricale(2010) pointed out that oxygen
containing species such asHgO" can also contribute to m/z 57. Therefore, thegaed
C4Hq" by utilizing the high resolution capability of thtR-ToF-AMS. In this study,

C4Ho" was also used as the tracer. As shown in Figuresgt80" significantly
contributes to m/z 57 signal. However, the assumpuifaronstant gHg" / POA ratio
should be considered as a rough approximation siass spectra of POA may change
(Chirico et al., 2010) . The fraction of SOA in orgamnwas estimated by the following
equation (Chirico et al., 2010):

%SOA (1) = [Org (1) — (GHs" (1)/CaHo" (to)) x Org (b)] / Org (1) 2)

The estimated SOA fraction is shown in Figure 6.2 Adter 12 hours of irradiation, 80%

of organic aerosol was estimated to be SOA.

6.5 Effect of injection methods on particle physical suicture and evolution

The previous section demonstrated that particlecgffe density measurement provides
critical insight into the physical evolution of &tal particulate inside an environmental
chamber. In this section, the impact of dilutiontinoel and transfer line length (Figure
6.1) on the measured physical and chemical evolwialiesel exhaust particulate is
explored. The particle volume, mass concentratod, bulk effective density (mass
concentration / volume concentration) for differeméction/dilution conditions are

shown in Figure 6.5.
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The particle density was observed to be higher whenexhaust was injected into the
chamber (in-chamber dilution) than when dilute extavas injected (ejector-dilution)
(Figure 6.5 (c)). The initial particle density wagpected to be a function of the dilution
ratio of the exhaust with more significant evapanatf semivolatile hydrocarbons
occurring at a larger dilution ratio. However, thékbeffective density at varying dilution
ratios (e.g., Runs 1~4, Figure 6.6) prove thattituratio by itself could not explain the
low density in the ejector-dilution experiment (RUn The density difference between
in-chamber dilution and ejector-dilution experimgeatso could not be ascribed solely to
the size dependence of density (e.g., Figure §)&ifce the initial particle sizes did not

systematically differ between dilution methods.

The differences in initial density values sugghast the relatively stagnant in-chamber
dilution resulted in slower evaporation of semivibdstcompared to the ejector dilution.
The ejector system creates rapid, turbulent ditutibdiesel exhaust with purified
compressed air; this pre-diluted exhaust subsetyudis the empty chamber resulting in
additional turbulence during the filling processismay lead to faster evaporation of
semi-volatiles compared to the relatively stagmaathod of injecting a puff of raw
exhaust into chamber already filled with clean &lre previous work by Lipsky and
Robinson (2005) showed an evaporation timescalesad&onds for diesel exhaust in a
dilution sampler designed to induce turbulent ngxiGrieshop et al. (2009) showed that
the evaporation timescale of lubrication oil aetes$o a chamber was in the order of

hours. This contrast suggests that evaporatioerofwlatiles was kinetically inhibited,
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and hence, a more turbulent dilution method mayeoé desorption of semi-volatiles
from fractal agglomerates. To our knowledge, thithesfirst time two different methods
of dilution and filling of an environmental-chambdeve been compared, and resulting

effects on particle effective density investigated.

In Runs 5~12, exhaust was rapidly diluted and themsferred through a 16 m transfer
line. The bulk effective densities for the mediwrad experiments were independent of
the dilution ratio (Figure 6.6; Runs 6, 7, 8, 1ddd2). A similar trend was observed by
Lipsky et al. (2006); for medium engine loads, edamal carbon (EC) dominated the
carbon fraction, and hence, the impact of evapamadf semivolatile organics due to
dilution on the particle mass was minor. Unlike Rufrijure 6.2) and Run 2~4, where
exhaust was introduced through a shorter transfer(t2m), the particle volume
concentrations increased in the dark due to cotignleegardless of engine load. An
example of particle volume evolution in the darlsi®wn in Figure 6.7. Since the
particle mass concentration was confirmed to beedeong due to wall-loss (Figure 6.7),
the increase of volume indicates particle coaguteliéading to less dense particles. The
volume increase is not likely due to condensatiecalise the particles are highly fractal
and condensing semi-volatiles would have filledvbi fraction of the fractal particle
rather than lead to an increase in mobility diamétarthermore, after turning on the
blacklights, the particle volume did not respondh® SOA formation (Figure 6.5 (a)),
whereas the SOA formation was confirmed by the sligtrieiase of particle mass

concentration (Figure 6.5 (b)). This is an obvioase where the particle volume
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measurement by the SMPS fails to represent SOA towmand hence, mass based
measurement techniques are required. Since theewakgion of Run 1 and 10 (Figure
6.7) in the dark is similar, only mass-based ansifigs those long transfer line

experiments would provide insightful understandimgdrds SOA formation.

The increasing trend of particle volume in the daréttributed to the fractal nature of the
particles. As shown through the experiments in Figusewhere the increasing volume
in the dark was observed (Run 6~12), the particlk éfflective densities were lower
than in the other cases (Run 1~4). Coagulationaatal particles should lead to bigger,
less dense patrticles. This is consistent with tmewsent observations of increasing
particle volume concentration and decreasing massentration. Jacobson et al. (2005)
notes that coagulation rates of fractal-like péatare faster than that of spherical
particles (Jacobson et al., 2005). However, thetfattthe density dissimilarity in Run 1
and Run 10 was small but the dark volume evolutetwben the two cases was in the
opposite direction (Figure 6.7) may suggest otimnown transfer line effects that
enhance patrticle coagulation. The trend of contisboincreasing volume along with
decreasing bulk effective density in the dark waseobed during all experiments using
the long transfer line regardless of engine loagdh(B-12).

The fraction of POA calculated by equation 2 is coragdor the experiments with
different engine loads and injection methods (Fegau8). For all conditions, the POA
fraction rapidly decreased due to SOA formation. $&A fraction in Run 6 and 8 were

smaller than the other runs, which was consistent théhower density measurement
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(Figure 6.5). While SOA formation was undetectablegishe APM-SMPS for Runs 6
and 8, some SOA formation was detected in Run 7. difieyence is attributed to
experimental variability. The AMS mass spectrumsifiRun 6 and 8 (AMS not
available for Run 7) were similar to the runs witgher SOA formation (major m/z
including 30, 41, 43, 44, 55, and 5Bigure 6.8 indicates that approximately half of
organic aerosol is composed of SOA during the fitst 2 hours of photooxidation

increasing to approximately 80% within 12 hours.

Particle (and possibly semi-volatile) wall-loss emtron was not performed in this study
due to the uncertainties such as size-dependertasalior coagulation of fractal
particles. However, the POA/SOA split calculated byAMS tracer method (equation

2) is independent of particle wall-loss (Figure 6)e apparent abundance of SOA
(~80% within 12 hours) highlights the importancaladsel exhaust as a source of SOA
in urban area. For the future, in addition to teees of measurement techniques
employed in this study, an elemental carbon (E®)lack carbon (BC) measurement can

help to constrain the carbon balance and partielélass (Chirico et al., 2010).

6.6 Conclusion

SOA was produced from dilute diesel exhaust followingit&diation inside an
environmental chamber. A unique set up of the APMPS\ystem enabled the
determination of particle effective density as adion of particle mass, which in turn

gave an improved insight into particle physicallation during environmental chamber
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studies of diesel exhaust. The fractal-like dimenif diesel particulates was observed
to be ~ 2.2 — 3.0 by the APM-SMPS, indicating thetiple shape could either be fractal
or nearly spherical depending on experimental dmm. Particle volume concentration
was demonstrated to underestimate SOA formation dtreetblling of void spaces of
agglomerate particles. The HR-ToF-AMS measurememtatedd O/C ratio increased
rapidly right after turning on the blacklights acmhtinued to increase from 0.05 to 0.25
within 12 hours. The AMS also showed that SOA contriddade80% of OA mass within
12 hours, emphasizing the importance of diesel @ésthas a source of urban SOA. When
raw exhaust was injected into a nearly full chambrecliamber dilution), instead of
injecting the diluted exhaust from an ejector difuigystem into a nearly empty chamber
(ejector-dilution), the particle effective denssti@ere observed to be higher; this was
attributed to faster evaporation of semi-volatpedes by the intense mixing of an
ejector diluter. For interpretation of SOA formatimom diesel exhaust, it is critical to
run a particle mass measurement since the volunasumement alone was found to be

misleading in cases where particles are highly &tact
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6.9 Figures
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Figure 6.1 A schematic diagram of the CE-CERT/ UCeRiide mezzanine chamber.
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7 Particles Formation from Photooxidation of Methyl lodide (CH;zl): Mass-based

Analysis of Fractal-like Particles

7.1 Introduction

The atmospheric chemistry of iodine (1) receivecchhattention due to its importance in
biogeochemical cycle and oxidizing capacity of éitimosphere. Reactions of iodine
species influences oxidizing capacity of the atrhese by catalytically destroying
tropospheric ozone, thereby impacting ,H#dd NQ balance in the troposphere (Saiz-
Lopez et al., 2011). lodine species have been regdo contribute to new particle
formation, which influences cloud formation and glbblimate (Jimenez et al., 2003;

O'Dowd and de Leeuw, 2007; O'Dowd et al., 2002; Saiz-Lepet, 2011).

The global source of iodine species is dominatethhgine emissions. In coastal areas,
macro algae (seaweed) exposed to the atmosphene atleé release a number of iodine
species resulting in new particle formation (O'Dowdlet2002). Although CH, was
considered to be a promising source of new partfolesed in coastal areas (Jimenez et
al., 2003; O'Dowd et al., 2002), recent studies sudgbasthe contribution from iodine
molecule (3) dominate the iodine source in coastal areas wdeaweed is abundant
(Saiz-Lopez and Plane, 2004; Saiz-Lopez et al.1R0fnportance of.lin open ocean,
however, is uncertain. iodocarbons (e.g.3lCBH:l,) released from microalgae
(phytoplankton, cyanobacteria) may dominate oyar bpen ocean (Saiz-Lopez et al.,

2011).
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Previous studies observed rapid new particle folndty photolysis and subsequent
reactions of iodine radical withg@Jimenez et al., 2003). Secondary particles formed
the photooxidation of iodine-containing speciesraferred to as iodine oxide particles
(IOP). Previous studies proposed that IOP is formaah a number of iodine oxide
species, such as OIQQs, 1,04, and $Os as well as iodine oxyacids (HiD(Jimenez et
al., 2003). However, the chemical composition of I@Rains uncertain. Although a
number of IOP precursors such aamd CHI exist, particle formation mechanisms
except initial photolysis to release iodine radigphre expected to be similar between

those IOP precursors.

Since the vapor pressures of iodine oxides areatagdo be low, iodine oxides are likely
to contribute to both new particle formation andvggtoof particles (O'Dowd and de
Leeuw, 2007). Experimental investigation of growtH@P could be challenging due to
its fractal-like structure (Jimenez et al., 20@ihce the commonly used particle
measurement techniques in the previous studidsased on particles (mobility)
diameter, mass based particle formation yieldqratimass of IOP formed to mass of
parent iodine containing species reacted) canndirbetly determined without

measurements of particle density.

The aim of this study is to investigate IOP formatphysically (mass-based yield) and

chemically (HR-ToF-AMS) under varied conditions iding G and NQ levels to
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better understand I0P formation mechanisms. Addilipriais study also developed a
model to evaluate IOP formation mechanisms by comganodeled and measured

particle mass.

7.2 Experimental
7.2.1 Environmental chamber

The experiments were conducted in the UC RiversidéZERT environmental chamber
described in detail in Carter et al. (2005). Byiethe chamber facility consists of dual 90
m® Teflon® reactors suspended by rigid frames in@osure (27 + 1 °C) continuously
flushed with dry (a dew point below -40 °C) purifiad generated by an Aadco 737
series (Cleves, Ohio) air purification system. Bléghts (115 W Sylvania 350BL, NO
photolysis rate 0.13 mi) are used as the light source for all the expertseeported

herein.

7.2.2 Gas and particle analysis

The Agilent 6890 Gas Chromatograph — Flame lonimdfietector was used to measure
concentrations of Cil Calibration was performed by injecting known amiooiCHsl

into the 90 M chamber. NQ Os;, and CO are monitored by NO-N@nalyzer (Teco
Model 42C), Ozone analyzer (Dasibi Model 1003-AH), &t analyzer (Thermo

Environmental Instruments Inc. Model 48C), respestyi.
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Particle size distribution between 28 nm and 712vas monitored by a custom built
Scanning Mobility Particle Sizer (SMPS) similarthat described by Cocker et al. (2001).
Particle volume in terms of mobility diameter ipogted as a conventional way in
environmental chamber studies; due to the fradtaldtructure of IOP, however, particle
effective density (particle mass / particle volub@sed on mobility diameter) is
necessary to obtain particle mass concentratiaticReeffective density was measured
with an Aerosol Particle Mass Analyzer (APM, Kanomd&f)dra et al., 1996) and SMPS
in series; herein referred as APM-SMPS system (Madtaal., 2009; Nakao et al., 2011,
Nakao et al., 2012). The APM is located upstreanmn®SMPS for improved time
resolution and sensitivity over the more commonfigomation of Differential Mobility
Analyzer (DMA) — APM configuration (Khalizov et al., 280McMurry et al., 2002; Xue
et al., 2009). The effective density of fractakliparticles depends on size (mass) of
particles (Nakao et al., 2011; Xue et al., 2009refore, particle mass concentration is
calculated by integrating size dependent effealmesity and PM volume-size

distribution (Nakao et al., 2011).

Particle volatility was investigated with a volaglitandem differential mobility analyzer
(VTDMA) (Nakao et al., 2011; Qi et al., 2010; Rader MaMurry, 1986), in which
monodisperse particles of mobility diamelgg are selected by thé DMA followed by
transport through a Dek&tthermodenuder (TD, residence time: approximately 17
seconds, at varied temperature). The particleadize the TD Dyy) is then measured by

fitting a log-normal size distribution curve frommet 2 SMPS. Mobility diameter ratio is
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then calculated a@3,¢/Dyi. Note that the mobility diameter of fractal-likerpele is not
sensitive to evaporation (related to mass). Sigguifi reduction of diameter can be

observed when majority of particle evaporate or wheeticle shape changes.

Particle chemical composition and its evolution whserved by a high resolution time-
of-flight aerosol mass spectrometer (HR-ToF-AMS) (Dd&at al., 2006; Jayne et al.,
2000). The HR-ToF-AMS operated in the high sensitivitmode. Chemical formula of
IOP fragment ions (e.g., [Pwas confirmed by a high-resolution analysis tetepla

(PIKA).

7.2.3 Chamber experiments

A known volume of high purity liquid Clwas injected through a heated glass injection
manifold system and flushed into the chamber witte . NO was injected into a
chamber by flushing Nthrough a calibrated glass bulb filled with knowegsure of

pure NO (UHP grade, Matheson) angl NO, was produced via a reaction between NO
and Q (in pure air) inside a glass bulb and injectedh®ysame way as NO. For the
experiments with excess;D; was produced by two{@enerators (0ZG-UV-01,
HORIBA) supplied with 20 psi pure air. Pure CO (99.%%@xair) was introduced into

the chamber through an activated charcoal trape(tmve impurity). Particle wall-loss
correction was performed by using exponential deatas of particle numbers (Carter et

al., 2005).
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7.3 Results and Discussions

The experimental test matrix is summarized in TablResults from four different types
of experiments are shown: 1) experiments with oriiglQwithout Os) to confirm

particle formation does not occur from only &£idhotolysis, 2) experiments with GH
and NQ where Q is slowly formed by photochemical reactions, 3)expents with
CHzsl, NOy, and CO where CO enhancesf@mation by converting OH to HQand 4)

experiments with @added initially (excess

7.3.1 10OP formation
7.3.1.1 IOP size and volume analysis

Jimenez et al. (2003) observed no particle formatitben CHI; is photolyzed without
Ogs; similarly, no particle formation was observed ttoe photolysis of Ckl without O;
(Table 1: Run 1453B). Significant IOP formation waserved for the experiments with
sufficiently high Q. Example time traces of experiments withi@tially present (Run
1453A) or generated from reactions within an envirental chamber (Run 743B) is
shown in Fig. 1. Particles were formed immediatelipfeing blacklight irradiation when
there is Q initially present; on the other hand, particlenfiation was delayed for the
experiments with @generated by reactions within the chamber (Figdansistent with
the critical role of @in IOP formation. Size (geometric mean diameteo)j@ion

suggests particles grew at similar rates in thesestvamples after nucleation.
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7.3.1.2 Chemical analysis of IOP

An AMS spectrum of IOP formed with the presence of,Mshown in Fig. 2. Mass
spectra of IOP formed without N@re similar and not shown. The abundant iodine
containing species are consistent with Jimenez €@03) with additional observations
of 1,0," and pO," (105" was not observed). In addition, only minor chariggsarticle
composition are observed by taking ratios of mAAS signals to the most abundait |
signal (Fig.3). Since NO(m/z 30) and N@ (m/z 46) fragments are minor (NG
NO,')/I" ~ 5%, from high-resolution analysis), contributioom nitrogen species such as
INO, and IONQ to IOP is expected to be minor. Although L@as reported to be
minor by Jimenez et al. (2003), GQvas consistently observed to be tA&rost
abundant ion in this study (Fig.2, Fig.3). £@agment is a commonly observed
fragment originating from thermal decompositiorcafboxylic acids on the AMS
vaporizer at 600°C (Aiken et al., 2008); the sowt€0O;" fragment in this study is
unknown. Contribution from background particles ©,Cis unlikely since no particles

are formed in experiments withoug QRun 1453B).

Significant hydrogen-containing fragments {HHOI", HIO,", HIO;") are observed as
reported by Jimenez et al. (2003); however, fornmatni@chanisms of the hydrogen-
containing species is uncertain under the dry ¢oond used in this study and their study.
Although IGs” can be formed by aqueous reactions (McFigganis, @080), contribution

from aqueous reactions are unlikely since experinerre carried out under dry

155



conditions. Jimenez et al. (2003) proposed Hitay be formed by unknown gas-phase
reactions and/or reactions of particle-bound wateriadine oxides on the AMS

vaporizer.

7.3.1.3 IOP mass analysis

Particle effective density was measured by an APM-SM&ince effective densities of
fractal-like particles depend on particle size (Nakaal., 2011; Xue et al., 2009), the
APM setting (voltage and RPM) was alternated to seléierent particle masses so that
density can be acquired as a function of partickssr(and size from the SMPS
downstream) (Nakao et al., 2011). A time-series @atiffe densities for different
particle masses (in femtogram) is shown in Fig.2eSiependent densities are typically
observed for fractal-like particles; the effectdensities of smaller agglomerate particles
tend to be higher due to smaller fraction of vgpdee within particles. The relationship
between effective density and particle size isdiitéo a power function; fractal-like
dimension (B) is calculated as follows (Nakao et al., 2011; Rar&l., 2003; Xue et al.,
2009):

P =CHH, > (Eq.1)

wherepes is the particle effective density ang i$ the mobility diameter (determined by
the SMPS downstream of the APM). Was calculated to be nearly constant within
2.1~2.2 for two excessg@xperiments (Run 1452A and 1453A) (Fig.4). The power
function fit is utilized to interpolate/extrapoladensity-size relationship within SMPS

size range (28-712nm) and particle mass concemrtraicalculated by integrating size-
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dependent effective density and particle volumé&ibigtion over the SMPS can range
(Fig.5) (Nakao et al., 2011); particle bulk effeetidensity was calculated by dividing the
integrated particle mass concentration by volunmeentration (measured by the SMPS)
and shown in Fig.4. Jimenez et al. (2003) repotiatd @ and effective density decreased
over time which was likely to be due to particle growy coagulation resulting in higher
void fraction. Density evolution in this study waspopite (Fig.4); particle effective
density increased, although Was relatively constant. Since changes in chemical
composition was minor (Fig.3), it would be reasonablassume that the change in
effective density is due to physical change inipstructure. The difference between
density evolution of Jimenez et al. (2003) (CGHdecreasing trend) and this study ¢CH
increasing trend) may be explained by differenekizs. CHI, can photolyze in a few
minutes and then the supply of IOP precursor stopse initial particle formation is
ceased, particles coagulate and density decreaste®ther hand, the reaction of £H

is much slower (Fig.1a) and IOP precursors are coatisly supplied to the reaction
system; iodine-containing vapors are likely to keepdensing onto particles after
nucleation, while particles are still fractal-likeaigh not to fill up void space of

particles (keeping Dnearly constant).

The effective density evolution can be used toudate mass concentration of fractal-like
particles. Since density measurements are onlyadlaifor excess ozone experiments,
density evolution for other type of runs are estadabased on delay in particle size

evolution (Fig.1d). Compared to excesse@periments, particle formation insO
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formation experiment (with CO) was delayed by apprately 100 min; additional 100
min for experiments without CO. Particle mass-baseldl yPM mass concentration /
CHzl mass reacted) is shown in Fig.6. The yield rarggd/ieen 0 ~ 1.22. Effects of

experimental conditions especially NE@bnditions are discussed in the following sections.

7.3.1.4 NO and NGO, effects on IOP formation

Until recently, iodine chemistry has been assumdzktesuppressed by N@nd thus
limited to occur in remote/clean regions; howevecent field studies suggested the
reactive iodine is persistent under semi-pollutealditions (NO: <1 ppb, N® ~2 ppb)
(Mahajan et al., 2009; McFiggans et al., 2010). Hewemore recently, Mahajan et al.
(2011) observed lack of new patrticle formation oadlay with the highest level of I and
I, over their field campaign but also with higher N@® ppb), which suggest at higher
level of NQ; (or NG,), particle formation may be suppressed. In thislgtexperiments
were carried under varied N©onditions (without N@or with ~25 ppb NG) and its
effect on Q and I0OP formation was investigated (Table 1). Surgrobexperimental
results are shown in Fig. 7 along with modeling rsstllat are discussed in the following

section.

The time of the onset of particle formation vanedely depending on the experimental
conditions (Fig.7). The onset was observed to lelgrdependent on NO concentration
rather than @concentration, sincef@oncentration at the onset of particle growth \chrie

widely (10~40ppb, except for excess €&periments) but NO concentration was in a
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narrow range (2~6ppb). On the other hand, when ajl isl@itially present as NO
(24ppb) in the Run 1452A (GH+ NO« + Os), particle formation started immediately
after irradiation. Under the highs@nd NQ condition, especially ION&formation is
expected to be enhanced, as well asJdi@mation and reactions with N@adicals. The
immediate particle formation in Run 1452A suggelsés tONG reservoir is short-lived,

in agreement with Mahajan et al. (2009).

Once NO becomes sufficiently low (a few ppb), IOP is fedmand particle yields are
nearly one (approximately 0.7~1.2), regardleshefaresence of N(QFig.6). Therefore,
the results suggest NO delays particle formation @utlsignificantly changing final
particle formation yield) and N{possibly produce short-lived reservoir species aith
reducing particle formation at least in the laboratconditions, which is consistent with

the observation of only minor NGnd NQ" fragment in AMS spectra (Fig.2, 3).

7.3.1.5 Volatility analysis of IOP

Changes in IOP diameter after passing through antbénuder is shown in Fig.8. No
significant change in particle size was observetDat-150°C; particles started to shrink
at temperature above 150°C. Since diameter measuteshfractal-like particle is not
sensitive to mass, it is likely that majority ofrpele mass has evaporated at 200~225°C
(Fig.8). Since vaporizer temperature used in theSAM~600°C, IOP is expected to fully

vaporize (Jimenez et al., 2003).
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7.3.2 Model description

In order to test our interpretations of the experal results described above, a model
was developed based on previous studies (Furneax 2010; Jimenez et al., 2003;
McFiggans et al., 2000; Pirjola et al., 2005; Saopez et al., 2008) with some
modifications. This model has three componentdake gas-phase mechanisms from
SAPRC-07 (Carter, 2007); 2) additional iodine reatdithat are not included in SAPRC-

07(see Table 2), and 3) reactions for gas-to-particnversion.

7.3.2.1 Gas-phase reactions

Gas-phase reactions used in the model are summamidedble 2 and Figure 9.
Reactions expected to be minor are shown by thesland small text in Fig. 9. For
details of gas-phase reactions relevant to IOP foomarefer to a recent review by Saiz-

Lopez et al. (2011).

In terms of ozone formation and loss, the reaatibihand Q (Reaction 1-03) is the major
Ogsloss process. If subsequent reactions regenevéatadut conversion of NO to NQor
OH to HG;, the net effect is the destruction of. Bor instance, OlIO +h> | + O,
(Reaction 1-34) leads to ozone destruction (byrdaetion of | and ¢), but OlIO + NO>
IO + NO; (Reaction 1-33) regenerates By photolysis of N@into NO and O and

subsequent combination of O and (Qaiz-Lopez et al., 2011).
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In moderately polluted regions where anthropogenig 8i@issions contribute to
maintaining a non-negligible NQevel, reactions involving NO and N@nd NQ
(especially in the nighttime) play important rolasodine chemistry. For instance, the
reaction of J and NQ (Reaction 1-17) forms | and IONQthe photolysis of ION®
(Reaction I-44) regenerateshi@nd I, and these | atoms can destrugcinGemi-polluted
environments (Saiz-Lopez et al., 2011). In addjtr@eent studies suggest that ION®
short lived and its reaction with | (Reaction I-48pducesd and makes iodine chemistry
still active in semi-polluted environments (Kaltaoyis and Plane, 2008; Mahajan et al.,

2009).

7.3.2.2 Particle formation

Previous experimental and modeling studies invastaynew particle formation from
iodine chemistry (Jimenez et al., 2003; Pirjolalet2005). The model in this study
focuses on mass-based analysis of condensatianatigwith a simplified representation
of new particle formation. Briefly, particle formati is assumed to occur by bimolecular
reactions of condensable species at a constariiareaate for all the condensable
species; the reaction rate is assumed to be 5.0 ppim* (3.4x10™ moleculé' cm® s)
based on the best agreement of the predicted aadumesl onsets of particle growth for

most of the experiments.

In the model, the conversions of gas-phase conbenspecies (e.g., kOis for 1,0s)

to PM-phase condensable species are representeshbifg such gas-to-particle
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conversions as a reaction between condensable s@geparticle mass (PMmass), and
their rate constants are calculated as follows:

kOnl,0s = (k[dif] x k[kin]) / (k[dif] + k[kin]) (Eq.2)
where k[kin] is the free molecular kinetic limit akftif] is the continuum diffusion limit.
As discussed by Stroud et al. (2004), k[kin]esc3(4pr) and k[dif] = 3D/(pr?) wherea;
is the accommodation coefficient for species is the mean gas-phase molecular speed
of species i (given by sqgrt (8RMIw;) where R is the gas constant, T is the temperature
and Mw is the molecular weight of species i (e.g., M@gfor 1,0s), p is the density
(PMden), r is the particle radius (PMradius), andsRhe diffusion coefficient of species
i (estimated by using the molecular weight). In tewhthe parameters defined above,

k[in] and k[dif] for 1,05 are calculated as follows:

k[kin] = 7.18 x 10" x a(1,0s) x sqrt(T) / (PMden x PMradius x sqrt(M¥@s))  (Eq.3)
k[dif] = 1.8 x 10" x D(1,05) / (PMden x PMradilf$ (Eq.4)
where 7.18 x 10 and 1.8 x 1bare conversion factors incorporating the gas emd®

and units of ppm for,0s andug/m® for PMmass.

Condensable species and assumed accommodatioitiemes$f are given in Table 2.
Although ING, and IONQ can be taken up by wet aerosols (McFiggans e2@00;
Saiz-Lopez et al., 2008), particle formation frodO, and IONQ are assumed to be
negligible in the dry conditions used in this stulje observation of only minor NO
and NQ' fragments from IOP by the HR-ToF-AMS supports #ssumption (Fig.2, 3).
Condensation was treated as a permanent irrevetsgdé¢Furneaux et al., 2010). Since

experimental results of PMden are available onhefgeriments with excess@PMden
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evolution for experiments with {eneration (with CO) is assumed to be delayed by 100
min compared to excess ©xperiment; experiments withy@eneration without CO is
assumed to be delayed by additional 100 min, basdte delay in particle diameter
evolution for the three types of experiments (exd@s with CO, and without CO) (not

shown).

PMradius at a given time in a given experimengiswaated from the ratio of the
calculated PM volume to the calculated PM area (witactor of 3) for each time of the
experiment, using the mobility diameter measured BMPS. Jimenez et al. (2003)
assumed that the influence of fractal nature orsrtrasmsfer of vapors to IOP is
negligible since Rogak et al. (1991) reported thatmass transfer rates of 1.5 nm lead
clusters (used as a surrogate for a gas-phaseespéxispheres and agglomerates with
the same mobility diameter were same. Therefors stidy uses surface area and
volume to derive the average radius; the use dasararea and volume to calculate
diameter for the condensation rate calculatiorp@@priate, since the mass transfer rate
is proportional to surface area and is calculatedgiPMmass that is proportional to
volume. Representative PMradius evolution is use@ach type of experiments (excess

O3, Oz formation with CO, and without CO).

Particle wall-loss rates were determined by calougahe first-order decay rate of
particle number (Carter et al., 2005) and useasts for the model. Dilution rates are

determined by calculating the first-order decag i@ tan inert tracer, ng€14 (Whenever
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available), or CO (assuming CO is unreactive). AlgioCO reacts with OH (and acts as
O3z amplifier in the presence of NI since the relative loss of CO through the reactio
was small (e.g., estimated to be 0.3% loss in 6shbyiISAPRC-07 prediction for Run

734A), CO was used as a tracer to measure dilutidarfac

7.3.3 Model vs. Experiment

Comparison of experimental results and model ptiediés shown in Fig.7. Model A is
based on reactions shown in Table 2; Model B ugesarily enhanced ION@thermal
decomposition rate as discussed below. Experim@nayolume is acquired by SMPS
(without wall-loss correction); model PM volume idatdated from predicted PM mass,
particle density and wall-loss rate. Therefore, parrson of measured and modeled PM

volume is equivalent to comparison of measuredraodeled PM mass.

Model A predictions of @and PM showed excellent to reasonable agreemerits wit
experimental results for experiments with exces$Rin 1453A and 742A) except for
Run 1452A with additional NQ(Fig. 7). When N@and Q are both present at a
relatively high level (Run 1452A), model A underprdd the rates of {ecay and PM
formation, which suggests inappropriate represemtaif reactions involving N& such

as erroneous accumulation of ION@ IONO, accumulation is the reason for the poor
underprediction of PM volume, the model error carrdduced either by assuming uptake
of IONO:; to particle or higher recycling rate of IONCsince HR-ToF-AMS

measurements suggest that the overall contrib@toon nitrate species is likely to be
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minor (Fig.2,3), model B assumes a higher therreabdhposition rate (assumed to be
same as that of INDReaction I-14) than that used for model A. Assunfasger
decomposition of ION@resolved the problem of underpredicting PM voluand
moderately improved £prediction. The better model performance usinghigber
thermal decomposition rate of ION@dicates that reactions in Table 2 involving NO
(especially NQ) are likely to be incomplete, resulting in accuatidn of iodine (1)
reservoir species such as ION®@/hen NO was initially present, particle formation was
delayed until NO went down to a few ppb level (Run 73B#&3A, 1452B, 734A, and
743B); model A was unable to predict PM formatiogaia possibly due to accumulation
of | reservoir species. Model B assuming higherrtted decomposition rate of IONO
resulted in reasonable prediction of PM and@ne thing to note is that currently there is
no evidence to support the use of different themegbmposition rate of IONQOthe
adjustment in the rate constant is only for denratisig the impact of reducing reservoir
species on PM prediction. Although no particle fotiorawas observed for GH+ hv

run, models predicted particle formation likely dogncomplete representation of NO

effect.

7.4 Conclusions

IOP formation from the photooxidation of GIHvithin an environmental chamber under
varied condition was investigated. Experiments wareed out under simplified (dry, no
salt) and well-controlled conditions, providing famdental insights on IOP formation.

Immediate particle formation from the photolysisGHl was observed whens;Was
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initially present at a relatively high concentrati®5-120 ppb), which is in agreement
with previous studies. This study further evaluatexINQ, effect on IOP formation. At
lower O; concentrations, NO was observed to influence thetdimse of IOP formation
with threshold NO concentration of a few ppb, at |l@agihe experimental conditions of
this study. Particle mass yields were nearly 1.0~0D.2) when @was sufficiently high
(e.g., ~100 ppb) and NO was relatively low (e.g., bel@ypb). Jimenez et al. (2003)
investigated chemical composition of IOP formed fritnv@ photooxidation of CHh

without NQ, by an Aerodyne AMS. In this study, aerosol masstspe¢ IOP formed

with and without NQ suggested that NQ@loes not significantly influence particle
composition (only minor NOand NQ" fragments were observed) and that the role of
NOx in this study was limited in gas-phase reactionsvéier, under atmospheric
conditions, NQ may have complex impacts on IOP formation via aggeaeactions,
which is beyond the scope of this study. The modektbped in this study predicted IOP
formation and @decay reasonably only when N®as absent. Underprediction of IOP
was likely due to erroneous accumulation of iodeservoir species formed by reactions

with NO..
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7.5 Tables
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Table 7.2 Mechanism for methyl iodide used in #tigly to predict IOP formation

Rate Parameters [b] Refs&
Label Reaction and Products [a] Notes
Gas-phase reactions
[-01) CH3I+HV=MEO2 + | Phot Set=CH3I 1,2
CH3I + OH = RO2C +
1-02) YHCHO =+ | 1.00E-13 4.3E-12 2.226 1,3
[-03) 1+03=10+02 1.30E-12 2.1E-11 1.649 1
[-04) |+HO2=HI+O02 3.87E-13 1.5E-11 2.166 1
[-05) 1+ NO=INO 3.73E-13  Falloff, F=0.60, N=1.03 1
1.8E-32 0 -1
1.7E-11 0
0.60 1.03
[-06) |+ NO2=INO2 5.24E-12  Falloff, F=0.63, N1=03 1
3E-31 0 -1
6.6E-11 0
0.63 1
[-07) 1+ NO3=10+NO2 1E-10 1
[-08) |1+INO =12+ NO 1.66E-10 4
[-09) |1+INO2 =12+ NO2 8.32E-11 4
[-10) INO +HV=1+NO Phot Set=INO 5
[-11) INO +INO =12 + #2 NO 1.28E-14 8.4E-11 5.206 1
[-12) INO2 + HV =1+ NO2 Phot Set=INO2 5
[-13) INO2 + INO2 =12 + #2 NO2 1.73E-15 4.7E-13 389 1
[-14) INO2 =1+ NO2 5.2 9.936E+17 23.57 6,7
[-15) 12+ HV=#21 Phot Set=I12 5
[-16) 12+ OH =HOI + | 2.1E-10 1
[-17) 12+ NO3 =1+ I0NO2 1.5E-12 1
[-18) 12+ 03P =10+ 1.4E-10 5
-19) 12+03=10+1+02 3.8E-18 6
[-20) 12+ 03=0I0+10 3.8E-18 6
[-21) HI+HV =HO2 + 1 Phot Set=HI 1
[-23) HI+OH=H20 +1 7.00E-11 1.6E-11 0.8744 1
[-24) 10+10=1+0I0 4.95E-11 8
[-25) 10 +10 =1202 3.96E-11 8
[-26) 1202 =0IO + | 20 9
[-27) 1202 + 03 =1203 + 02 1E-12 10
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[-28) OIO +10 =1203 1.2E-10

[-29) OIO + OH = HOIO2 9.73E-11 2.2E-10 0.4829 10
[-30) 1203 + 03 = 1204 1E-12 10
[-31) OIO + OlO = 1204 1.2E-10 10
[-32) 1204 + O3 = 1205 1E-12 10
[-33) OIO +NO =10+ NO2 6.78E-12 1.1E-12 -1.077 1
[-34) OIO+HV=1+02 Phot Set=0I10 5
IO + MEO2 =1+ 02 + HCHO
[-35) + HO? 2E-12 8
[-36) 10 +HO2 =HOI + 02 8.57E-11 1.4E-11 -1.073 1
I-37) 10+ NO=1+NO2 1.96E-11 7.15E-12 -0.596 1
[-38) 10 + NO2 =IONO2 3.54E-12  Falloff, F=0.4, N-265 1
7.7E-31 0 -5
1.6E-11 0
0.4 1.255
[-39) 10+ NO3=0I0 + NO2 9E-12 1
[-40) 10+03=1+#202 1E-15 1,11
[-41) 10 +O3 =0I0 + 02 2E-16 1,11
[-42) 10+ 03P =02+ 1.4E-10 1
[-43) 10+HV=I1+O03P Phot Set=10 1
Phot
[-44) IONO2 + HV =1+ NO3 Set=IONO2 5
[-45) IONO2 =10 + NO2 2.90E-03 1.1E+15 23.97 1
[-46) IONO2 +1=12 + NO3 5.58E-11 9.1E-11 0.2901 12,13
[-47) HOI + HV = OH + | Phot Set=HOI 1
Particle formation
Condensable species Accomodation coefficients
10 0.02 6,10
e][e] 1 6,10
HI 0.02 6,10
HOI 0.02 6,10
1205 0.02 6,10

[a] The same naming convention as used for the SABREhemical mechanism (Carter,
2007) is used. Format of reaction listing: "=" sgpas reactants from products;
"#number" indicates stoichiometric coefficient.

[b] The representation of rate parameters is same SAPRC-07. Except as indicated,
the rate constants are given by k(T) = A - (T/830055*R" where the units of k and A
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are cm molec' s*, Ea are kcal md, T is°K, and R=0.0019872 kcal mbbeg. The
following special rate constant expressions are:used

Phot Set = namérhe absorption cross sections taken from refesgveleere “name”

indicates the photolysis set used. Unit quantundgiale assumed.

Falloff: The rate constant as a function of temperatudepaessure is calculated using
k(T,M) =(ko(T)-[MV/[1 + ko(T)-[M]kins(T)) - F*, where Z = [1 +
{log10(Ko(T)-[M]/kini(T))/N}?] %, [M] is the total pressure in molecules ¢nfr and N
are as indicated on the table, and the temperdapendences opland k,; are as
indicated on the table.

[c] Footnotes documenting sources of rate constmsnechanisms are as follows:
[1] Rate constant or absorption coefficients basetlJPAC recommendation
(current as of April 2012, http://www.iupac-kinetic.chm.ac.uk). Unit quantum
yields are assumed for photolysis reactions. Meshais also as recommended as
IUPAC unless noted otherwise. [2] MEOZ2 is methyl permadicals. [3] Although
photolysis is the major loss process offCkeaction with OH radicals also occurs to
some extent. Expected HCHO formation and NO to Bdhversion dependent on
NO level are represented as xHCHO and RO2C. [4] NIST dakinetics database,
http://kinetics.nist.gov/kinetics/. [5] NASA/JPL evalion (Sander et al., 2011),
http://jpldataeval.jpl.nasa.gov/. [6] McFiggansaét(2000). [7] Noted as (2.4/0.005)
x 2.07 x 16°18%9N 18] Saiz-Lopez et al. (2011). [9] The overalleabnstant for
10 + 10 is k = 9.9x13*. The branching ratio is assumed to be ~50%fos forming

channel and ~40% for the OIO forming channel (Saipdz et al., 2011, reaction 15a

and 15b). [10] Jimenez et al. (2003). [11] Furneaual. (2010). [12] Upper limit
values. [13] Kaltsoyannis and Plane (2008). [14] ldedmmended value. Upper

limit: 1.6x10"%€"°D, Lower limit: 2.5x10"™4%'"
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Figure 7.1 Time series of (a) GlHtoncentration, (b) @concentration, (c) particle
volume concentration, and (d) particle geometriameiameter for Runs 743B and
1453A. Experiments with excesg (Run 1453A) resulted in immediate particle
formation.
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Figure 7.2 Mass spectra of IOP acquired by a HR-ToFsANbrmulae are confirmed by
high-resolution analysis.
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APM setting is alternated to select particles witbd@termined masses (shown in
femtogram); size-dependence of density is utiliwedalculate fractal-like dimension (D
and bulk-effective density (see text and Fig. 5detail).
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Figure 7.6 Mass-based particle formation yield (I&ss formed / CHl mass reacted).
IOP mass formed is calculated by wall-loss correBtieldvolume concentration and
effective density.
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Figure 7.7 Comparison of experimental and modeakasglts. Model A uses the
mechanism shown in Table 2; Model B uses an arbiytranhanced ION@thermolysis
rate as discussed in text.
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before TD.
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-.a Photolysis
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Figure 7.9 Reaction mechanisms used in this studydadel IOP formation. Minor
reactions are noted by thin lines and reactant sama small size.
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8 Summary of Dissertation

The overall objective of this study was to advarmeeunderstanding of anthropogenic
influences on SOA formation with the major emphasisia@matic SOA formation. The
goal was achieved by directly evaluating the sigaifce of major intermediate species of
aromatic hydrocarbon oxidation, phenolic compouaras glyoxal as part of the complex
multi-generational reaction systems. Another fa¢éhis study developed and
extensively utilized a new real-time density measueat system, an APM-SMPS, which
provided insights on not only the aromatic-SOA syshernalso other atmospherically
relevant systems such as oxidation of biogenicdgahbons (isoprene, monoterpenes,

and sesquiterpenes), diesel exhaust, and methgeid@Hl).

Chapter 2 evaluated the significance of phenoliopounds as intermediate species of
aromatic SOA and investigated possible mechanisrasoofiatic/phenol SOA formation
in the absence of NOMeasurements of SOA formation yields from aromadiog
phenolics combined with gas-phase measurementsatedithat approximately 20% of
the SOA of benzene, toluene, aneylene could be attributed to the phenolic route i
the low NQ conditions. Furthermore, this study describedfitlse application of PILS as
an on-line interface between an environmental cleirabd an ESI-TOFMS. The PILS-
TOFMS and off-line filter analysis of SOA agreed, wsthme additional possible water
soluble gas phase products observed by PILS-TORMB as catechols. Major peaks

observed in the TOFMS agreed with the currently piszbassumption of bicyclic
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hydroperoxide formation. Although phenolic compounagse shown to contribute
significantly to aromatic SOA formation, the major{ty80%) of aromatic SOA
formation pathways remained uncertain. This studybasis for future studies to
evaluate the significance of other major first gatien products of aromatic
hydrocarbons, such as unsaturated dicarbonyls embhliehyde-type products.
Additionally, identification of additional speciey boft-ionization techniques is

beneficial.

Chapter 3 extended Chapter 2, further evaluatipgxgll, another significant first
generation product of aromatic hydrocarbon oxidat®apid SOA formation via glyoxal
uptake onto deliquesced (NSO, was observed as shown in previous studies; however,
no significant glyoxal uptake onto SOA formed frororaatic hydrocarbon oxidation
was observed. As opposed to the current belief,aleeof glyoxal in aromatic SOA
formation was observed to be merely an OH radicalcgoimlowing photolysis, instead
of contributing to SOA formation by reactive uptaia,the experimental conditions of
this study (RH less than 80%). Thus, this study satggthat glyoxal uptake onto aerosol
is more limited than previously thought. Since gigbis a significant reaction product of
a number of atmospherically relevant hydrocarbthes approach of this study has a
profound potential to improve the understandinghefrole of glyoxal in SOA formation

from globally significant hydrocarbons (e.g., isepe).
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Chapter 4 described the development of the APM-SBIR&m, which was heavily
utilized in the following chapters. By locating tA®M upstream of the SMPS, as
opposed to the more common configuration of the DAAM, the new system
performed density measurement at the time resolwtiaghe SMPS (approximately 30
times faster than the traditional DMA-APM setup). Ognsieasurement by APM-SMPS
agreed with another technique based on differensarement principles (DMA-AMS),

duringa-pinene andn-xylene SOA formation.

Chapter 5 described the extensive dataset of gearsit elemental ratios (O/C and H/C)
of SOA formed by the oxidation of 23 different reattincluding terpenes, aromatic
hydrocarbons, and phenolic compounds within an enmental chamber; the dataset
was utilized to evaluate a recently proposed senphécal relationship between organic
aerosols density, O/C, and H/C. Experimental resuiggested that SOA density was
found to be nearly independent of oxidants useshamber experiments. The semi-
empirical relationship successfully predicted dgnsi SOA within 20% error for more
than 90% of experiments; therefore, the range @fipplication has been extended to
include anthropogenic systems. The density esttmatiethod has a potential to be
applied to a number of predictive models. This gtoibvided a fundamental dataset to
support the applicability of the method to SOA forimatfrom aromatic hydrocarbons.
Future studies need to address the uncertaintyodilie presence of nitrogen and sulfur

in SOA.
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Chapter 6 applied the APM-SMPS, as well as other aerand physical
instrumentation, to SOA formation from the oxidatafrdilute diesel exhaust within an
environmental chamber. The unique configuratiothefAPM-SMPS system enabled the
determination of particle effective density as adiion of particle mass (and size),
thereby providing particle fractal-like dimensidrhe fractal-like dimensions of diesel
particles were observed to be ~ 2.2 — 3.0 by the AANUWPS, indicating the particle shape
could either be fractal-like or nearly sphericabeeding on injection/dilution methods

for the diesel exhaust. Particle volume conceiotnatas insensitive to SOA formation
for fractal-like particles due to the filling of kbspaces of agglomerate particles by
secondary organics, highlighting the importancenags-based analysis in interpreting
SOA formation from diesel exhaust, or other systamelving fractal-like particles. The
HR-ToF-AMS measurement showed that SOA contributed% 8f OA mass within 12
hours, emphasizing the importance of diesel exhesiatsource of urban SOA.
Experimental conditions, specifically injection adiitition methods were shown to have
critical effects on physical evolution of particl@his study’s approach bridged the gap
between SOA studies of individual compounds to compiestures containing fractal-
like agglomerate particles. Appropriate treatmerftadtal-like agglomerate, as was done
in this study, is critical in interpreting SOA forn@t from combustion sources, as well

as other physical processes such as water uptakegglomerate.

Finally, iodine oxide particle (IOP) formation frottne photooxidation of Cgll within an

environmental chamber was investigated; since pusvstudies reported fractal-like
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structure of IOP, this study applied the APM-SMPS atier chemical/physical
instrumentation to acquire new mass-based insight®B formation. Immediate particle
formation from the photolysis of GHwas observed when high concentration ef¥as
initially present (95-120 ppb) in agreement withvyioes studies. This study further
evaluated the NQeffect on IOP formation. At lower{xoncentration, NO was observed
to influence onset of IOP formation with threshold Néh@entration of a few ppb.
Particle mass yields were nearly one (0.7~1.2) whéficently high OJ/low NO was
present. Aerosol mass spectra of IOP formed with atftbwi NQ, suggested that NO
does not significantly influence particle compasiti{only minor NO and NQ"

fragments are observed), and hence the role gfiN@is study was limited togas-phase
reactions. A predictive model was developed by inalgdodine chemistry to SAPRC-07
mechanism. The model predicted IOP formation apdégay reasonably only when
NOy was absent. IOP was underpredicted wher \M§3 present, suggesting that the

current understanding in iodine reactions involMN1Qy is incomplete.

The combination of chemical and physical investayet of this study advanced

understanding of the significance of intermedigtecges in aromatic SOA formation, as
well as SOA formation processes in a number of atnerggily relevant systems. The
unique approaches and findings of this work proWdmdations for future development
of SOA models to better understand the anthropogeftieence on urban air quality and

global climate.
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