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ABSTRACT OF THE DISSERTATION
Secondary Organic Aerosol Formation From Aromatic Hydrocarbons
by
Ping Tang
Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering
University of California, Riverside, August 2013
Dr. David R Cocker III, Chairperson

Secondary organic aerosol (SOA) from 17 aromatic hydrocarbons is explored in
depth for simulated atmospheric photooxidation conditions. The overall objective of this
study is to improve our understanding of the chemical and physical processes leading to
SOA formation for aromatic systems and identify the key critical parameters necessary to
accurately predict SOA formation.

SOA formation potential under low-NOx atmospheric conditions is found to
decrease as the carbon number of parent aromatic hydrocarbon increases while no aerosol
formation trends are observed with carbon number for no-NOx systems. This trend is
attributed to the formation of greater fractions of low vapor pressure ring-retaining
products from the lighter aromatic hydrocarbons. SOA chemical composition, measured
using the Aerodyne High-resolution Time-of-Flight Mass Spectrometer (HR-ToF-AMS),
is evaluated for both low-NOx and no-NOx conditions. Generally, aerosol formed in this
study is observed to be less oxidized than ambient SOA. It is further observed that
aerosol formed from aromatics with less substituents attached to the ring has a lower m/z
43 to m/z 44 ratio and a higher O/C ratio, which indicates that lighter aromatic precursors

produced a more oxidized SOA than the heavier aromatic precursors. SOA Volatility

Vi



further supports the observations that lower vapor pressure and more oxidized products of
SOA are produced from lighter compounds. A recently proposed empirical relationship
between SOA density and elemental ratio (O/C and H/C) is evaluated against real-time
density measurements in an effort to extend the applicability of the empirical relationship
to aromatic SOA.

Finally, a gas-phase reaction model (SAPRC-11) is used to predict the OH and
HO; levels present for the different aromatic oxidation systems. Generally, it is observed
that aerosol formation decreased with increasing [OH]/[HO,] ratios for both low NOx
and no-NOx experiments. This trend is possibly attributed to fragmentation of
intermediate compounds to form organics with higher volatility in OH radical abundant
environments. It is expected that [OH]/[HO,] ratio can be utilized to help improve the
extrapolation of environmental chamber results to prediction of ambient SOA from

aromatic precursors.

vii



Table of Contents

I TNEPOAUCTION .ttt sttt ettt 1
1.1 Introduction of DiSSErtation........c.ccecueriiriiriiiriinieniinieeie ettt 1
1.2 RETEICIICES ..ottt ettt sttt et 6

2 Secondary Organic Aerosol Formation Potential of 17 Aromatic Hydrocarbons....... 10
2.1 INEFOAUCTION ..ttt ettt sae e 10
2.2 Experimental Methods.........ccoeriiiiiiiiiiiiiieeeee e 12
2.3 Results and DISCUSSION ....c..eevueeiiriiiriiiiiriieieeienit ettt 13

2.3.1 SOA Yields of Aromatic Hydrocarbons under low-NOx conditions............ 14
2.3.2 SOA Yields of Benzene and Toluene............cocoevevieniieiiinieniniinicnecienene 15
2.3.3 SOA Yields of Ethylbenzene and Propylbenzenes ............cccoeceeeveveniiennnennee. 16
2.3.4 SOA Yields of Xylene ISOMETS ........ccccueeviieiiieiiienieeiieiie e 17
2.3.5 SOA Yields of Ethyltoluene ISOMETs ..........cceevuierieeiiienieiiieieeieeee e, 18
2.3.6 SOA Yields of Trimethylbenzene ISOmMers..........ccceevuieniiiiiienieniieieeieenee. 19
2.3.7 SOA Yields from Aromatic with 10 or More Carbon Numbers ................... 20
2.4 SUMMATY ..ottt ettt et et e st e e st e e sab e e e sabeesabeesbbeesabeeesnbteesabeeenanee 20
2.5 RETEIEIICES ..ottt sttt et sttt s 22
2.0 TADIES .ottt 26
2T FIZUIES .ottt ettt ettt ettt e et e st e et eeab e e bt eenaeebeeenbeenaeeenee 31

3 Chemical Composition of Secondary Organic Aerosol Formed from Different

Aromatic HydrocarbOom .........cc.eeiiiiiiiiiiciieie ettt 40
3.1 TNEOAUCTION vttt sttt et st 40
3.2 Experimental Methods...........coooiiiiiiiiiiiiiiieee e 42
3.3 Results and DiSCUSSION ...c..eevueriiriiiriieieniieieetesieee ettt 43

3.3.1 Benzene SOA Fragmentation Patterns ..........ccccoceeveevieniienieneniicneenecieneenee 44
3.3.2  TOIUENE SOA ...ttt 45
3.3.3 Ethylbenzene SOA ........c.oooiiiiiieeee e 47
3.3.4 Propylbenzene and Isopropylbenzene SOA ..........ccoocvieiiiiiiiiieniieeeeee, 47

viil



3.3.5 Xylene Isomer SOA Composition Data ...........ccoeceeviieriieniiinieniieneeeeeeee, 48

3.3.6  Ethyltoluene SOA.........oo oot 49
3.3.7 Trimethylbenzene SOA ........ccoooiiiiiiiieieeee e 50
3.3.8  SOA from Aromatic Hydrocarbon with 4 or More Methyl Groups.............. 51
3.3.9 SOA Chemical Composition and Volatility Evolution ..........c..ccccceeeiennee 51
3.4 CONCIUSIONS vttt sttt ettt st 53
3.5 RETRICIICES ..ottt sttt 54
306 TADIE .ottt 58
3.7 FIUIES oottt ettt ettt ettt et e st e et eeab e e bt e enbe e beesateenbeeenneenneas 60
4 Density and elemental ratios of secondary organic aerosol: application of a density
Prediction METhOd .. ....ooviiiiiiiiee ettt et e e et esane e 73
4.1 INEFOAUCTION ..ntiiiiiiiieeie ettt ettt sttt see e 73
4.2 ExXperimental SEUP .......cooouiiiiiiiiiiiieeie e 74
4.2.1 Environmental chamber...........cccooeriiiiiiiniiniiciceceeeee e 74
4.2.2  Gas and particle analysis .........cecceeriieriiiiiienie e 74
4.2.3  Chamber EXPerimMENTS.......cc.eecuierierriierieetieniieeieeseeeteestteereesseesseenseesnneesees 75
4.3 Density prediction MEthod ..........cocieiiiiiiiiiieiiee e 75
4.4  Results and DISCUSSION ....c.eevueeiiriieriiiiiriieieetent ettt 77
4.4.1 Measurement of SOA density and elemental ratio...........ccccoeveeeviieninnneenen. 77
4.4.2 Density prediction VS. MEASUTCMENL. .........cccueerreeriieeieeniieeieenieeseeesieeseeeeees 79
4.5 CONCIUSION ...ttt ettt et sbe bt s bt e b et e e 80
4.0 RETEIEIICES ..ottt ettt ettt b 81
AT TADIES .ottt sttt 84
4.8 FIZUIES ..ottt ettt ettt et et e et e s et e e bt e sabeenbeesnbeebeeeabeeaeeenee 85
5 Relationship Between OH/HO; Level and Aerosol Formation Potential for Aromatic
HYATOCAIDONS ......eiiiiieiiieiieee et ettt et sttt e s et eeateenbee e 90
5.1 TEFOAUCHION ..cuiiiiiiiiieiieeit ettt st et 90
5.2 EXPerimental SETUP .......ccceeeiiiiiiiiieiieeie ettt ettt st 92
5.2.1 Chamber FaCilities.......cccerviiriiiiiriiniieieiieseeeetet e 92
5.2.2  Model PrediCtion ......c..ceoueriiniiiinienieeieeterceeetet et 92
5.2.3 Experiments Conducted...........cccceeriiiiiiiniieiiienieeeeee e 93

X



5.3 Results and DISCUSSION c..cceeiiiiiiiiiieiieeee 93

5.3.1 Relationship Between [OH]/[HO;] and SOA Formation ............cccccceeruvnnee. 94
5.3.2 Relationship Between [OH]/[HO;] and Aromatic Structure.............cccuo....... 98
5.3.3 Relationship Between [OH]/[HO;] and SOA Chemical Composition.......... 98

54 CONCIUSION ..ottt ettt 99
5.5 RETRIENCES ..ottt 101
5.6 TADIES ..ottt 105
5.7 FIGUIES .ottt ettt ettt ettt et et e et e bt e sabeeaeeenbeeseeenbeenneeenne 111

6 Summary Of DiSSErtation ........c.ceiiieiiieriieiieiie ettt ettt ettt et e e ebee e e 119



List of Tables

Table 2.1 Summary of aromatic hydrocarbon photooxidation experiments under low-

INOX CONAILIONS. ..ottt ettt ettt st sbe e e 26
Table 2.2 SOA yield parameters .........ccceecuieiiiiiiiiiieeieee et 29
Table 2.3 Summary of experimental CONAItIONS.........cceeviieiiieiiieiiieieeeeee e 30

Table 3.1 Summary of aromatic hydrocarbon photooxidation experiments under low-

INOX CONAILIONS. ..ottt ettt sttt sb et 58
Table 3.2 Summary of aromatic hydrocarbon photooxidation experiments under no-NOx

CONAILIONS. ..ottt be et sbe e b eates 59
Table 5.1 Summary of Iow-NOx eXPeriments...........ccccueereeriiieriieniieeniienieeie e esieeseens 105
Table 5.2 Summary of N0-NOxX EXPETIMENLS.........eeruiirieeriieiieeiieeeeeieeeeeeiee e eeeeeaeens 108

xi



List of Figures

Figure 2.1 Secondary organic aerosol yields for 17 individual aromatic hydrocarbons
under low-NOx conditions. Yield curves are fit to each data group (C6 and C7
are combined as are C10 and higher) using the two-product model by

minimizing the weighted squared residuals. ..........ccccoceiiiniiiiniiniineiice 31
Figure 2.2 Secondary organic aerosol yields for benzene and toluene. .........ccccceeeenneene. 32
Figure 2.3 Secondary organic aerosol yields for ethylbenzene and propylbenzenes. ....... 33
Figure 2.4 Secondary organic aerosol yields for xylene iSOmers. .........cccceevveveeneriennnnne 34

Figure 2.5 Comparison of secondary organic aerosol formation from xylene isomers. ...35
Figure 2.6 Secondary organic aerosol yields for ethyltoluene isomers..........cccccceeuennee 36

Figure 2.7 Secondary organic aerosol yields for ethyltoluene isomers in this study as a
function of NOx loading. Data points are colored with NO concentration in
€ACH EXPEITMENL. ....tiiiiieiieiie ettt et 37

Figure 2.8 Secondary organic aerosol yields for trimethylbenzene isomers...................... 38

Figure 2.9 SOA formation for 1,2,4,5-tetramethylbenzene, pentamethylbenzene, and
heXxamethylbenzZene. ..........ccocueeiiiiriieiieciieeee e 39

Figure 3.1 (m/z 43+m/z 57+m/z 71) to m/z 44 ratio observed by AMS versus number of
alkyl substituents. Dashed line is a linear fit to both NO and H,O,
experimental data (except pentamethylbenzene and hexamethylbenzene NO
experiments), with slope = 0.8853, R = 0.8857. .......cc.coovvvverrrrrererresresrnnns 60

Figure 3.2 (a) Triangle plot for benzene SOA. Dashed lines represent triangle region from
Ng et al. (2010) of ambient OA. (b) Van Krevelen diagram for benzene SOA.
Color from red to purple represents the beginning to the end of each
S 013111 1<) 1| SRR 61

Figure 3.3 (a) Triangle plot for toluene SOA (b) Van Krevelen diagram for toluene SOA.
Color from red to purple represents the beginning to the end of each
S 4013111151 1| ARSI 62

Figure 3.4 (a) Triangle plot for ethylbenzene SOA (b) Van Krevelen diagram for

ethylbenzene SOA. Color from red to purple represents the beginning to the
end of each eXPEeriment. .........ccc.eeviieiiieiiiiiiee e 63

Xii



Figure 3.5 (a) Triangle plot for propylbenzene and isopropylbenzene SOA, (b) Van
Krevelen diagram for propylbenzene and isopropylbenzene SOA. Color from
red to purple represents the beginning to the end of each experiment. ........... 64

Figure 3.6 Triangle plot for xylene SOA. (a) NO experiments, (b) H,O, experiments. ...65

Figure 3.7 Van Krevelen diagram for xylene SOA. Color from red to purple represents
the beginning to the end of each experiment. (a) NO experiments, (b) H,O,
EXPEITIMECIIES. ....eeetieitieiieeieeeiie et et e et e stteebeesaeeesbeessaeeabeenseesnbeenseeenseenseesnseenneas 66

Figure 3.8 Triangle plot for ethyltoluene SOA. (a) NO experiments, (b) H,O»
EXPEITMECIIES. ....eeetieiiieiieetteeite et e et e eteestte e bt e sateeabeessaeeabeenseesnseenseeenseenseesnseenseas 67

Figure 3.9 Van Krevelen diagram for ethyltoluene SOA. Color from red to purple
represents the beginning to the end of each experiment. (a) NO experiments,
(b) HaO2 EXPEITMENLS. .....eeeiieeiiieiieeiieeiie ettt ettt ettt e e 68

Figure 3.10 Triangle plot for trimethylbenzene SOA. (a) NO experiments, (b) H,O,
EXPEITMECIIES. ....eeetieitieiieeiteeite et et e et e e stteeteesateeabeessaeeabeenseesnbeenseeenseenseesnseenseas 69

Figure 3.11 Van Krevelen diagram for trimethylbenzene SOA. Color from red to purple
represents the beginning to the end of each experiment. (a) NO experiments,
(b) HaO2 EXPEITMENLS. ...eeeeiiieiiieiiieiieeiie ettt ettt ettt et e 70

Figure 3.12 (a) Triangle plot for 1,2,4,5-tetramethylbenzene, pentamethylbenzene and
hexamethylbenzene SOA (b) Van Krevelen diagram for 1245-
tetramethylbenzene, pentamethylbenzene and hexamethylbenzene SOA. Color
from red to purple represents the beginning to the end of each experiment. ..71

Figure 3.13 Volatility of SOA from photooxidation of aromatic hydrocarbons. (a) NO
experiments, (b) HyOz eXPeriments .........cccueeveeeiienieeiieniie e 72

Figure 4.1 Reactants used for chamber experiments. ...........cccoeeevueriinienennieneeneeieneenn 85

Figure 4.2 Van Krevelen diagram with density and oxidation state of carbon (OSc)
COMEOUTS. ...eiiiiiiiiiiiii ittt st s s 86

Figure 4.3 (H20)org/(CO2 " org fragment ratio of SOA observed by the HR-ToF-AMS. ..87

Figure 4.4 Effective density, H/C, and O/C of secondary organic aerosol as function of
carbon number of parent SPECIES. .......eevueerriierieeiiieie ettt 88

Figure 4.5 Comparison of predicted and measured density of secondary organic aerosol.
Dotted lines indicate £12% 1INES. .....cceevvirieriiiiiniirieiceieeceeeeee e &9

Xiii



Figure 5.1 Secondary organic aerosol yield as a function of total organic aerosol mass
concentration (M,) for 17 individual aromatic species. Each point represents
an individual experiment. (a) aromatic/NO experiments, (b) aromatic/H,O,
EXPEITMECIES. ....eeitieiieeiieeite et et e et e etteeteesteeebeesateenbeessbeenseesnseenseesaseeseesasaans 111

Figure 5.2 Comparison of averaged OH level between aromatic/NO and aromatic/H,0,
experiments of benzene, m-xylene and 124-trimethylbenzene photooxidation.

Figure 5.3 Secondary organic aerosol formation from trimethylbenzene isomers. For NO
experiments, size of the circle represents model error of SAPRC-11. A middle
size circle means a model error of 0; a larger size and smaller size mean an
over-prediction and under-prediction of HO, concentration, respectively. For
H,0O, experiments, no indicator is used to evaluate the model performance, the
size of all triangles are fixed.........c.oeouieiiiiiiiiiiece e 113

Figure 5.4 Secondary organic aerosol yield as a function of M, for both aromatic/NO and
aromatic/H,O, experiments. Straight dashed lines are used to indicate the
expected yield curve for experiments conducted with similar hydrocarbon
reacted (the slope of each dashed line shown has a slope of 1/AHC). .......... 114

Figure 5.5 Secondary organic aerosol mass M, as a function of hydrocarbon reacted for
low-NOx and no-NOx €XPEIIMENLS. .....cc.eeruereriierieeiienieeiiesteeieesveesieesaeeens 115

Figure 5.6 Secondary organic aerosol yield as a function of [OH]/[HO;] ratio for both
aromatic/NO and aromatic/H,O, experiments. Data points are colored with
OH concentration in €ach eXperiment. ..........ccceeeveerueenieenienieeeriiesieesieeseeens 116

Figure 5.7 Secondary organic aerosol yield as a function of [OH]/[HO;] ratio for
aromatic/NO experiments. Data points are grouped according to the carbon
NUMbeET Of ArOMALIC PIECUTSOTS. ..eeuvveeerieiieeiieniieeieeriieeteeneeeeteenteesreesaeesaeeens 117

Figure 5.8 Secondary organic aerosol yield as a function of [OH]/[HO,] ratio for
aromatic/NO and aromatic/H,O; experiments. Data points are colored by mz
43/ mz 44 ratio measured by HR-ToF-AMS. Rectangular area represent
ambient level of [OHJ/[HOg] . ....cooiiiiiiiieieeeeeeeeeee e 118

X1V



1 Introduction
1.1 Introduction of Dissertation

Atmospheric aerosols are defined as a suspension of liquid or solid particles in air.
They are formed from a wide variety of natural and anthropogenic sources. Particles
emitted directly from sources such as biomass burning, combustion of fossil fuels and
cooking operation are called primary organic aerosol (POA). Additionally, the
atmospheric photooxidation of volatile organic compounds (VOCs) can lead to products
that have sufficiently low vapor pressure to partition between the gas and particulate
phase. Organic particulate arising from this path is referred to as secondary organic
aerosol (SOA), which accounts for approximately 70% of organic carbon mass globally
(Hallquist et al., 2009; Lanz et al., 2007a; Turpin and Huntzicker, 1995; Q. Zhang et al.,
2005).

The impact of organic aerosols on both human health (Davidson et al., 2005;
Harrison and Yin, 2000) and global climate (Andreae and Crutzen, 1997; Haywood and
Boucher, 2000) has long been recognized. However, there are significant uncertainties to
fully understanding the health and climate effects of atmospheric aerosols because of a
lack of knowledge of their sources, composition, properties and formation mechanism.

The traditional view of SOA formation is dominated by the oxidation of a few
classes of VOCs (mostly monoterpenes and aromatics), followed by partitioning of gas-
phase semi-volatile organics between the gas-e and particle-phase (Odum et al., 1996;

Pankow, 1994). A number of laboratory studies (e.g., Atkinson et al., 1989; Calvert et al.,



2002; Griffin et al., 1999; Hurley et al., 2001; Odum et al., 1997) have quantified SOA
formation from individual precursors for integration into atmospheric chemical transport
models. However, recent studies have suggested that current models informed by
chamber measurements often predict far less SOA than is observed (de Gouw et al.,
2005; Heald et al., 2005; Kleinman et al., 2008; Volkamer et al., 2006). Several key
factors including differences between chamber experiments and atmosphere conditions,
incomplete treatment of SOA chemistry (uncertainties in heterogeneous and multiphase
reactions) and omission of additional SOA precursors in models are identified as reasons
for the model-measurement discrepancies (Kroll and Seinfeld, 2008)

Aromatic hydrocarbons are an important class of anthropogenic VOCs in the
urban area and are estimated to contribute up to 50-70% of the SOA formation in the
urban atmosphere (Na et al., 2004). SOA formation from photooxidation of aromatics
hydrocarbons has long been a focus of SOA research. SOA yields are generally found to
decrease as NOx increases (Hurley et al., 2001; Johnson et al., 2004; Ng et al., 2007;
Song et al., 2005; Wyche et al., 2009). But for most chamber experiments, the NOx level
and relative concentrations radical oxidants (OH, HO, and RO,) are not comparable to
the atmosphere conditions, which might result in a different radical chemistry and thus
aerosol formation.

Additionally, some chamber experiments have focused on identifying the
molecular composition of the oxidation products from aromatic SOA, and have offered
detailed molecular mechanisms for the formation of various chemical species (Forstner et

al., 1997; Griffin et al., 2002; Jang and Kamens, 2001; Kleindienst et al., 2004). Recent



studies (Aiken et al., 2008; Chhabra et al., 2010; Ng et al., 2010) using Aerodyne High
Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-MS) compared
experiments and ambient measurement, found that chamber SOA was less oxidized than
ambient aerosols. Sato et al. (2010) further observed that aromatic structure impacts SOA
chemical composition.

Despite considerable studies of the oxidation chemistry of aromatic hydrocarbons,
the basic underlying mechanisms of SOA formation and growth from aromatic precursors
remain poorly understood. Studies have showed that only 10% or less of aromatic SOA
mass can be identified using current analytical techniques (Cocker ef al., 2001; Hamilton
et al., 2005; Sato et al., 2007), which makes the development of explicit mechanisms of
aromatic SOA formation impractical.

The objective of this study is to improve our understanding of SOA formation
from aromatics and the critical parameters needed to accurately predict SOA formation in
the absence of detailed chemical product information. This goal is achieved by
conducting a careful series of photooxidation experiments of 17 different individual
aromatic hydrocarbons under widely varying conditions. A large and more accurate
experimental database is provided to improve the performance of gas-phase prediction
model, SAPRC-11; SAPRC-11 is then utilized to estimate radical levels present during
aromatic photooxidation.

Chapter 2 investigates the SOA formation potential from the photooxidation of 17
different aromatic hydrocarbons under low-NOx conditions. SOA yield curves,

developed by Odum et al. (1996), is used to describe the aerosol formation. Aerosol



formation in this study is compared with previous aromatic photooxidation experiments;
differences in SOA yield are addressed by comparing the experimental conditions
between experiments, including NOx level, preexisting aerosol mass, temperature and
light intensity. A strong correlation between SOA yield and the carbon number of
aromatic precursors is observed in our study; possible reasons are provided.

Chapter 3 explores the bulk chemical composition of SOA formed from different
aromatic precursors using data measured by Aerodyne HR-ToF-AMS. Experiments are
carried out under low-NOx and no-NOx conditions are compared. Van-Krevelen
diagrams are employed to investigate the oxidation process of SOA in different aromatic
photooxidation systems. A direct comparison of key organic signals at m/z 43 (C,H;0")
and m/z 44 (CO,") in HR-ToF-AMS measurements is carried out using the Ng et al.
(2010) triangle plot; an obvious trend between aromatic structure and SOA chemical
composition is observed. In addition, the structural impact on chemical composition is
also correlated with the volatility of SOA.

Chapter 4 extends the Chapter 3 study of bulk chemical composition of aromatic
secondary aerosols to include SOA density prediction.. Elemental ratios (O/C and H/C)
of SOA formed from the oxidation of 23 different volatile organic compounds (VOC) are
used to estimate the density of aerosols using the method recently proposed by Kuwata et
al. (2012). The estimation is then compared with density measurements by aerosol
particle mass analyzer-scanning mobility particle sizer (APM-SMPS); the estimation

method is shown to predict SOA density within 20% error.



Chapter 5 applies model predictions by SAPRC-11 to explain the variation of
SOA yield and chemical composition under low-NOx and no-NOx conditions in
individual aromatic photooxidation systems. The OH and HO; radical both closely relates
to gas phase oxidation process; OH concentration is constrained by experimentally
observed hydrocarbon decay and HO; is predicted by the SAPRC-11 model. Generally,
[OH]/[HO,] ratio is found to be highly related to SOA yield for aromatic hydrocarbons;
more aerosols are formed in lower [OH]/[HO:] environment. [OH]/[HO;] ratio is
suggested as a metric to aid in extrapolation of chamber experimental data to the ambient

environment.
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2 Secondary Organic Aerosol Formation Potential of 17 Aromatic Hydrocarbons

2.1 Introduction

Secondary organic aerosol (SOA) formed from the oxidation of biogenic and
anthropogenic VOC precursors have garnered wide attention because of their direct and
indirect negative impacts on human health and the environment. Aromatic hydrocarbons
are an important class of anthropogenic SOA in the urban area contributing. It is
estimated that aromatic compounds contribute up to 50-70% of total SOA formation in
the urban atmosphere (Na et al., 2004).

Environmental simulation chambers are usually employed to investigate gas-
phase partitioning of the oxidation products of photochemical reactions involving
anthropogenic and biogenic precursors. Over the last two decades, significant efforts
have been made to quantify and empirically predict the aerosol formation from aromatics
precursors (Borras and Tortajada-Genaro, 2012; Chhabra et al., 2011; Cocker III et al.,
2001; Edney et al, 2000; Healy et al, 2009, 2008; Izumi and Fukuyama, 1990;
Kleindienst et al., 1999; Martin-Reviejo and Wirtz, 2005; Ng et al., 2007; Odum et al.,
1997; Sato et al., 2012, 2010, 2007; Song et al., 2007; Takekawa et al., 2003; Wyche et
al., 2009). Izumi and Fukuyama (1990) first investigated the aerosol yields of different
aromatic species and observed higher aerosol formation for toluene and ethylbenzene
than for p-ethyltoluene and trimethylbenzene. Odum et al. (1996) performed an extensive
study on aromatic SOA formation, first developing the two-product absorptive
partitioning model based on the gas/particle partitioning absorption model outlined by

Pankow (1994) to describe aerosol formation as a function of organic aerosol mass
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loading. SOA yield curves obtained for 17 individual aromatic precursors obtained under
high NOx loadings (Odum et al., 1997) were observed two fall into two distinct classes:
low-yield (one or less ring substituents) and high-yield (two-or more ring substituents)
aromatics. Forstner et al. (1997) further reported that many individual aromatic
compounds generate similar oxidation products.

The chemistry and partitioning process involved in SOA formation is observed to
have varying sensitivities to a number of atmospherically relevant conditions such as
temperature (e.g., Hildebrandt ef al., 2009; Takekawa et al., 2003; Warren et al., 2009),
humidity (e.g., Cocker III ef al., 2001; Edney et al., 2000), photolysis constant (Presto et
al., 2005a; Warren et al., 2008) and NOx levels (e.g., Hurley et al., 2001; Ng et al., 2007;
Presto et al., 2005b; Song et al., 2005; Wyche et al., 2009).

Many studies have focused on the role of particle seed characteristics on SOA
formation. It is found that (NH4),SO4 seed had no significant effect on SOA formation
for aromatic photooxidation experiments (Cocker III et al., 2001; Edney et al., 2000;
Kleinman et al., 2008). However, Kroll ef al., (2007) found that SOA yields are enhanced
by inorganic seed particles because even a small amount of existing particles enabled the
uptake of organics. Lu er al. (2009) suggested that high concentration of dry acidic
(NH4),SO4 seed particles facilitated the formation of oligomers through heterogeneous
reactions thus enhanced SOA yield. Jang ef al. (2002) suggested that inorganic acids (e.g.
H,S0O,) catalyzed carbonyl heterogeneous reactions and led to a larger SOA yield.

For many of the experiments that have been reported, only a small fraction of

aromatic compounds in the atmosphere have been examined and most of these
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experiments have been conducted at NOx levels much higher than ambient air. Thus,
studies conducted under conditions much closer to ambient levels could provide
information that cannot easily be extrapolated from previous studies. In this study, a
series of chamber experiments were performed to evaluate the aerosol formation potential
of a wide variety of aromatic hydrocarbons, e.g. toluene, ethylbenzene, xylene isomers,
ethyltoluene isomers, thrimethylbenzene isomers, propylbenzene, isopropylbenzene,
tetramethylbenzene, pentamethylbenzene and hexamethylbenzene. Most of the
experiments were conducted under low-NOx conditions that are more representative of
ambient atmospheres. SOA yield was compared among aromatic precursors with
different chemical structure and also compared with previous aromatic photooxidation
studies.

2.2 Experimental Methods

All the experiments in this paper were carried out in UC Riverside/CE-CERT
indoor environmental chamber, which is described in detail elsewhere (Carter et al.,
2005). All experiments were conducted under dry conditions (RH<0.1%) and in the
absence of inorganic seed aerosol for environmental chamber temperatures of 27°C.
Hydrocarbon decay was measured by an Agilent6890 (Palo Alto, CA) gas chromatograph
(GC) equipped with a DB-5 column and a flame ionization detector (FID). NOx and Os
were monitored by a Thermo Environmental Instruments model 42C chemiluminescence
NOx analyzer and Dasibi Envrionmental Corp. Model 1003-AH O; analyzer,
respectively. Perfluorohexane is used as a tracer in this study to monitor dilution of the

reactor.
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Particle size distribution and number concentrations were monitored using an in-
house built scanning mobility particle sizer (SMPS) located inside the chamber enclosure
to ensure the SMPS sampled at 27 C to match the temperature of the chamber. Particle
number and volume were corrected for wall loss following the 1% order loss correction
method (Bowman ef al., 1997). Real-time particle density was measured using an
Aerosol Particle Mass Analyzer (APM) and SMPS in series (Malloy et al., 2009).

2.3 Results and Discussion

Key experimental details for all aromatic hydrocarbon photooxidation
experiments studied are summarized in Table 2.1 including the initial concentration of
the parent hydrocarbon (HCy), the concentration of the parent hydrocarbon consumed
(AHC), the initial concentration of NOgx, the mass concentration of SOA produced (M,)
and the SOA vyield (Y). The density of aromatic photooxidation experiments are reported
as 1.4 g cm™ (Nakao et al., 2013); therefore a density of 1.4 g cm™was used to convert
volume concentration to mass concentration in this study.

Acerosol yield (Y), measured as the mass based ratio of organic aerosol mass (M,)
to parent hydrocarbon reacted (AHC) was obtained for each experiment after wall-loss
corrected aerosol mass concentration plateaued. A two-products gas-particle partitioning

equation (eqn (1), Odum et al., 1996) was used to fit the yield data.

Y = M, 32 _%iKomi (1)

=194 Ky, iMo
Where «; is the mass-based stoichiometric factor for compound i, and K,y

(m’ug’) is the partitioning coefficient in terms of the organic mass concentration. For
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this work a two-product model was sufficient to fit measured aerosol yield data with each
product representative of a lumped group of aerosol forming species.

2.3.1 SOA Yields of Aromatic Hydrocarbons under low-NOx conditions

SOA yields of the 17 aromatic hydrocarbons investigated in this work versus M,
are shown in Figure 2.1. Most experiments were conducted under low- NOx conditions
(HC (ppbC)/ NOx (ppb) > 7, Song et al., 2005). It is noted that lower NOx conditions are
more representative of the NOx loadings in typical urban or rural areas. Data points are
grouped and labeled by the number of carbons in the parent aromatic. Yield curves are fit
to each data group (C6 and C7 are combined as are C10 and higher) using the two-
product model (eqn (1)) by minimizing the weighted squared residuals. Table 2.2
summarizes the best-fit parameters obtained.

It is observed that as the number of carbon atoms in the aromatic molecule
increases, the aerosol yield of the aromatic compound decreases. This observation is
generally consistent with observations by Odum et al., (1996) who noted that aromatics
with one or fewer substituents formed more aerosol than species containing two or more
substituents. However, ethylbenzene and propyl benzene tend to follow the aerosol yield
carbon number trends better than the single substituent trend. It is observed that aerosol
formation relates more strongly to the number of carbons present in the aromatic than to
its actual chemical structure. These observations are consistent with Odum’s suggestion
that lighter compounds tend to form more ring-retaining products with lower vapor
pressures than the ring-cleavage products produced by heavier aromatics. Smith et al.

(1999) further supports this suggestion as they observed that the total yield of ring-
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retaining products of trimethylbenzene isomers oxidation yielded far less ring-retaining
products than xylenes and toluene. Other laboratory studies (Chhabra et al., 2011; Sato et
al.,, 2010) using Aerodyne Aerosol Mass Spectrometer (AMS) found that the
photooxidation of aromatics with more alkyl substituents yielded a higher m/z 43 to
organic aerosol (OA) ratio and lower m/z 44 to OA ratio. Sato et al. (2010) suggests that
more low-reactive ketones are produced rather than aldehydes with increasing number of
substituents. The lower reactivity may also explain the decreases in aromatic SOA yields

with increase of the number of substituents.
2.3.2 SOA Yields of Benzene and Toluene

Benzene and toluene are two of the most abundant aromatic hydrocarbons in the
urban atmosphere. Figure 2.2 combines SOA yields observed from benzene and toluene
from this work and previous studies. Curve 1 represents the best two-product fit from this
work while black dashed line is Odum’s high-yield curve for aromatics with 1 or less
substituent. Most low-NOx benzene and toluene photooxidation experiments reported by
Ng et al. (2007) are consistent with curve 1. The current and Ng ef al. experiments both
used black lights as a light source. Takekawa et al. (2003) also performed low NOx
experiments at levels similar to this study. However, only the low temperature data (283
K) experiments lie on curve 1. Those experiments conducted at (303 K) are consistently
lower than this work. The differences may be attributable to enhanced semi-volatile wall
losses for their 2 m® chamber due to the noticeably higher surface area-to-volume ratio in

their system.
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Aromatic aerosol yield data reported by Izumi and Fukuyama (1990), Kleindienst
et al. (1999) and Edney et al. (2000) agree well with the high yield curve of Odum et al.
(1996). Unlike recent studies, each of these works assumes a unit density to convert
particle volume to mass concentration. However, even applying a density correction of
1.4 g/em’ to these datasets, SOA vyield is still lower than our work. This difference is
attributed to the higher NOx conditions in their experiments compared to the present
experiments (5~10 times higher). A number of researchers have noted that higher NOx
levels lead to lower SOA formation for aromatic precursors due to suppression of HO;
and RO, radicals (Hurley et al., 2001; Ng et al., 2007; Presto et al., 2005b; Song et al.,
2005; Wyche et al., 2009).

It is also observed (Figure 2.2) that aerosol yield data from Sato et al. (2010,
2007) is lower than the rest of the reported works. For these experiments the NOx levels
were high (0.2~1 ppmv) and the duration of the experiments were considerably shorter
than other experiments reported. It is likely that the combination of elevated NOx,
insufficient time for secondary reactions to occur, and perhaps small reactor volume led

to these lower values.

A summary of experimental conditions including light intensity, reactor size, and
reaction times are provided in Table 2.3.

2.3.3 SOA Yields of Ethylbenzene and Propylbenzenes

There are only two studies reporting SOA formation from ethylbenzene and
propylbenzenes (Izumi and Fukuyama, 1990; Odum et al., 1997). Both ethylbenzene and

propylbenzenes are single substituent aromatics and therefore are expected to fall on the
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Odum high yield curve (1996). Both of these studies, as discussed in the previous section,
were conducted under high than ambient NOx conditions leading to suppression of RO,
and HO, radicals.

The aerosol formation potential of these two compounds obtained from this study
are best described by curve 2 (Figure 2.1 and Figure 2.3). It is noted that for these lower
NOx conditions (more typical atmospheric conditions), the aerosol formation for the
single substituent aromatics are lower than that of benzene and toluene. It is
hypothesized that the increased reactivity toward the longer side chains might have led to
the production of higher volatility products than obtained for benzene and toluene.

2.3.4 SOA Yields of Xylene Isomers

m-Xylene and its isomers have been widely studied. Figure 2.4 includes the yield
data obtained from all three xylene isomers (m, o, and p) studied in this work. Curve 2 is
the most representative fit to these isomers. A closer look at this data (Figure 2.5) reveals
that p-xylene has a slightly lower yield than m-xylene and o-xylene for experiments
conducted with similar initial conditions. The “para” effect is consistent with earlier
studies (Izumi and Fukuyama, 1990; Johnson et al., 2005; Song et al., 2007) and is
attributed to the production of more unsaturated diketones and less aldehydes during p-
xylene photooxidation; unsaturated diketones are known to be less photoreactive. Song et
al. (2007) further points out that the yield difference is larger in the low HCy/NOx due to
differences increasing between p-xylene and m-, p-xylene organic peroxide yields with

decreasing NO levels.
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Studies by Ng et al. (2007), Song et al. (2007) and Chhabra et al. (2011) are
consistent with “Curve 3” reported in this work (Figure 2.1 and Figure 2.4). Odum et al.
(1997, 1996) and Izumi and Fukuyama (1990) data fall on the low-yield curve reported
by Odum (all data reported assuming unit density) along with Healy et al. (2009)
(assumed density of 1.4 g/cm’). Each of these studies was performed with very high
NOx levels leading to the suppression of SOA formation from the aromatic compounds
(see above). The work reported by Cocker et al. (2001) was also conducted at elevated
NOx levels; however, for that work the light intensity is considerably higher (Table 2.3)
than for the other studies. The increase in SOA formation relative to other high NOx
experiments is attributed to the raised light intensity, consistent with observations by
Warren et al. (2008) who demonstrated that higher NO, photolysis rates significantly
increases SOA formation for aromatic compounds.

2.3.5 SOA Yields of Ethyltoluene Isomers

Previously reported SOA studies for ethyltoluenes are limited to high-NOx
condition (Izumi and Fukuyama, 1990; Odum et al., 1997). The ethyltoluene yield data
for this study along with the two previous studies are displayed in Figure 2.6. Generally,
the SOA vyield for the ethyltoluene isomers is lower than for the xylene isomers (Curve 3
vs. Curve 2, ). This follows the same trend as with the longer chain monosubstituted
aromatics, which had smaller yields than the methyl monosubstituted aromatic observed
above.

The relatively large scatter in data points for the ethyltoluene isomers is attributed

to differences in NOx loadings for each experiment. Figure 2.7 provides yield data scaled
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by initial NO concentration (shading) in each experiment. Lower yields are observed for
experiments conducted with relatively higher initial NO concentrations; consistent with
other observations of decreasing SOA yields for systems with higher NOy levels. It is
observed that p-ethyltoluene, like p-xylene, has lower yields than the m- and o- isomers.
Izumi et al. (1990) also observed a smaller yields for p-ethyltoluene (<1.5 %) than for m-
and o-ethyltoluene (3.3 and 3.7%).

Izumi and Fukuyama (1990) and Odum et al. (1997) are observed to be more
consistent with the Odum high yield curve despite the presence of two substituents on the
aromatic ring. The lower aerosol formation observed by both of these works are again
attributed to the high NOy loadings used for their work.

2.3.6 SOA Yields of Trimethylbenzene Isomers

SOA formation from the trimethylbenzene isomers is similar to that observed in
this study for the other 9 carbon aromatic compounds (ethyltoluene isomers) reported
above (Curve 3, Figure 2.8) and is much higher than earlier studies of trimethylbenzene
isomers. It is further observed that 1,2,3-trimethylbenzene forms more aerosol than 1,2,4-
and 1,3,5-trimethylbenzene for experiments commencing with similar conditions. While
1,2,4-trimethylbenzene has 2 methyl groups in the para-position to one another, its yield
was not observed to be lower than for 1,3,5-trimethylbenzene.

Yield data previously reported (Figure 2.8) are consistent with Odum’s low-yield
curve for aromatics with 2 or more substituents. The studies of Izumi and Fukuyama
(1990), Odum et al. (1997), Healy et al. (2008), Kleindienst et al. (1999), and Cocker et

al. (2001) were all conducted at higher NOx leading to lower aerosol yields as noted
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previously. As noted above, Sato et al. (2012) experiments also contained considerable
amounts NOx levels (from methylnitrate photolysis) and were conducted for shorter
photooxidation times (Table 2.3) thereby minimizing the extent of oxidation of secondary
products leading to his work having the lowest SOA yield. Takekawa et al. (2003) study
may have had suppressed aerosol formation due to wall losses of semi-volatile
components in the smaller chamber (Table 2.3).

2.3.7 SOA Yields from Aromatic with 10 or More Carbon Numbers

Photooxidation of aromatic compounds with 10 or more carbon numbers (1,2,4,5-
tetramethylbenzene, pentamethylbenzene and hexamethylbenzene) have the lowest SOA
yields of all aromatics studied in this work (Figure 2.9, curve 4). The yields of these
species are similar, but slightly higher, than the Odum et al. low yield curve. The work of
Odum et al. (1997) appears to be the only previously reported study on 1,2,4,5-
tetramethylbenzene aerosol formation; to the best of our knowledge this is the first
aerosol formation data for pentamethyl and hexamethyl benzene. The trends observed for
the less substituted compounds hold for these compounds as well; the greater the number
of substituents, the lower the aerosol yields. Further, observed aerosol production for this
study conducted at lower NOx is higher than that reported for the high-NOx regime from
Odum et al. (1996).

2.4  Summary

In this study, SOA formation of 17 aromatic hydrocarbons was investigated in the
environmental chamber under low-NOx conditions. It is observed that aerosol formation

from the compounds can be best described by four separate aerosol yield curves based on
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carbon number. Generally, aerosol formation was observed to be higher for all aromatics
studied at the lower NOx conditions used in this work compared to previous high NOx
studies; yields for selected aromatics agreed well with earlier studies under similar low
NOx conditions. A “para’-effect was observed for the xylenes and ethyltoluenes with
para isomers forming less quantities of SOA than the meta or ortho isomers of the same
compound. Compared to previous yield studies by other groups, studies by Ng et al.
(2007), Song et al. (2007) and Chhabra ef al. (2011) agree well with our work, even if
inorganic seeds were used in some of their experiments or the relative humidity was
different. Other groups (Cocker et al., 2001; Healy et al, 2009, 2008; Izumi and
Fukuyama, 1990; Kleindienst et al., 1999; Odum et al., 1997; Takekawa et al., 2003) all
have much lower yield than our work, consistent with the higher initial NO
concentrations used in their studies and in agreement with NOx effects reported by others
(Hurley et al., 2001; Ng et al., 2007; Presto et al., 2005b; Song et al., 2005; Wyche et al.,
2009). Despite the difference in NOx level, yield data by Sato et al. (2012, 2007) is the
lowest due to the short photooxidation time and possibly due to their smaller

environmental chamber.
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2.6 Tables

Table 2.1 Summary of aromatic hydrocarbon photooxidation experiments under low-

NOx conditions.

NO

HC,

AHC

Mo

Compound Run ID ppb ppb ng.m’ ngm’ Yield
Benzene EPA1236A 53.58 928.5 406.79 106.44 0.262
EPA1236B 154.7 938.2 449.68 34.85 0.078
EPA1237A 41.64 435.1 265.78 45.93 0.173
EPA1237B 21.12 453.4 252.78 51.39 0.203
EPA1223A 59.47 972.4 397.7 138.73 0.349
EPA1223B 119.26 603 453.26 104.69 0.231
Toluene EPA1101A 19.24 79.7 206.2 30.13 0.146
EPA1101B 9.38 78.8 175.54 25.14 0.143
EPA1102A 43.33 75.7 222.68 21.76 0.098
EPA1102B 32.96 82.5 238.39 22.19 0.093
EPA1106A 20.14 38 126.1 9.8 0.078
EPA1106B 10.6 36.9 111.15 12.42 0.112
EPA1107A 40.11 36.9 121.5 2.8 0.023
EPA1107B 30.03 36.6 118.05 5.89 0.05
EPA1468A 64.07 239.2 666.9 130.21 0.196
EPA1468B 63.03 238.4 671.12 126.66 0.189
Ethylbenzene EPA1142A 47.37 100.6 331.22 21.99 0.066
EPA1142B 66.56 99.9 341.12 4.35 0.013
EPA1146A 22.22 99 256.58 35.99 0.14
EPA1146B 34.78 100 330.78 23.62 0.071
EPA1147A 66.91 347.9 845.71 87.49 0.103
EPA1147B 36.51 341.7 625.78 88.13 0.141
Propylbenzene EPA1245A 22.12 100.7 230.98 11.84 0.051
EPA1246A 68.46 203.6 420.46 22.93 0.054
Isopropylbenzene EPA1247A 22.36 100.2 300.97 33.24 0.11
EPA1247B 48.12 99.3 299.98 16.55 0.055
EPA1253A 56.36 200 537.95 53.09 0.099
EPA1253B 100.07 195.9 526.46 16.52 0.031
m-Xylene EPA1193A 36.78 71.1 238.9 13.59 0.057
EPA1193B 36.52 69.5 236.25 11.23 0.047
EPA1516A 26.69 92.9 357.25 48.71 0.136
o-Xylene EPA1315A 49.8 82.2 324.13 26.32 0.081
EPA1315B 22.24 80 278.21 25.37 0.091
EPA1321A 20.47 79.2 263.19 16.16 0.061
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EPA1321B 10.44 80 225.66 9.84 0.044
p-Xylene EPA1308A 55.55 78.4 278.65 6.8 0.024
EPA1308B 22.93 78.8 273.79 11.28 0.041
m-Ethyltoluene EPA1151A 62.48 84.8 408.97 8.26 0.02
EPA1151B 32.27 86.4 414.96 28.69 0.069
EPA1199A 45.43 100.2 447.46 72.03 0.161
EPA1199B 91.08 100 482.46 54.63 0.113
EPA1222A  107.83 99.2 493.46 68.91 0.14
EPA1222B 69.44 100 483.96 70.88 0.146
EPA1226A  251.13 200 982.42 132.82 0.135
EPA1226B 137.64 201.1 895.43 137.91 0.154
EPA1232A  121.95 200 900.92 150.09 0.167
EPA1232B 67.52 194.8 751.44 116.62 0.155
EPA1421A 22.08 97.9 409.46 46.2 0.112
EPA1421B 44.88 98.7 477.46 54.6 0.114
o-Ethyltoluene EPA1179A 52.85 91.7 399.47 86.49 0.216
EPA1179B 52.92 93 415.46 75.33 0.181
EPA1202A 60.31 99.7 421.96 69.89 0.166
EPA1202B 107.86 100 453.46 34.1 0.075
EPA1215A  107.85 180.3 637.45 150.91 0.237
EPA1215B 56.47 200 581.45 97.71 0.168
EPA1233A  197.48 204.3 925.92 157.98 0.171
EPA1233B 259.1 198.9 896.92 120.69 0.134
EPA1413A 21.33 100.4 370.97 64.47 0.174
EPA1413B 45.83 98.4 455.46 64.37 0.141
p-Ethyltoluene EPA1194A 90.69 196.4 741.44 90.43 0.122
EPA1194B 88.4 200 760.94 72.99 0.096
EPA1197A 56.36 191.7 653.44 66.43 0.102
EPA1197B 98.54 192.1 710.44 58.35 0.0821
EPA1214A 103.9 100 455.96 19.17 0.042
EPA1214B 53.41 101.7 417.96 29.06 0.069
EPA1229A 192.1 200 888.43 87.56 0.098
EPA1229B  258.21 197.1 819.93 37.41 0.046
1,2,3- EPA1158A 10.27 79.9 295.97 22.18 0.075
Trimethylbenzene EPA1158B 22.37 79.9 378.97 32.28 0.085
EPA1162A 33.39 80.1 390.97 46.52 0.119
EPA1162B N/A N/A 398.46 46.59 0.117
EPA1330A 150 83.6 416.96 14.13 0.034
EPA1330B 100 79.3 394.97 17.37 0.044
1,2,4- EPA1117A 10.31 80 334.97 16.8 0.05
Trimethylbenzene EPA1117B 20.71 80 367.97 18.2 0.049
EPA1119A 49.78 78 384.97 19.6 0.051
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EPA1119B 41.57 79 389.97 25.48 0.065
EPA1123A 10.14 80 299.98 11.2 0.037
EPA1123B 22.09 80 344.97 15.4 0.045
EPA1126A 10.07 77.5 286.48 12.6 0.044
EPA1126B 243 75.9 332.97 15.4 0.046
EPA1129A 41.64 40.8 200.48 4.2 0.021
EPA1129B 15.63 42 200.98 5.6 0.028
EPA1352A  186.06 80 394.97 5.71 0.014
EPA1352B 132.44 79 394.96 8.9 0.022
EPA1354A  200.17 78 387.47 5.77 0.015
EPA1354B 152.7 78 385.97 9.25 0.024
EPA1356A  120.61 80 389.97 14.66 0.037
EPA1356B 100.2 79.3 388.97 11 0.028
1,3,5- EPA1153A 10.98 79.5 309.47 12.36 0.04
Trimethylbenzene EPA1153B 20.38 80 381.47 19.63 0.051
EPA1156A 32.31 80.2 379.47 24.77 0.065
EPA1156B 46.11 79.6 390.47 19 0.049
EPA1329A 86.18 80 388.97 0.6 0.001
EPA1329B 64.78 80 296.47 3.01 0.007
1,2,4,5- EPA1529A 70 49.3 274.69 3.17 0.012
Tetramethylbenzene EPA1531A 25 180 751.5 17.94 0.024
Pentamethylbenzene EPA1488A 25.14 150.9 834.93 165.07 0.198
EPA1521A 23.54 147.2 892.89 32.69 0.037
Hexamethylbenzene EPA1557A 28 168 999 15.28 0.015

a) yields calculated using SOA density 1.4 g/cm’
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Table 2.2 SOA yield parameters

- K om K om
Yield Curve o1 (m’/ L,ng) o2 (m’/ :g)
Curve 1 0.085 0.251 2.420 0.00064
Curve 2 0.101 0.042 1.840 0.00064
Curve 3 0.106 0.025 1.42 0.00064
Curve 4 0.038 0.050 0.167 0.00190
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Table 2.3 Summary of experimental conditions

. NO; Photolysis Reactor Reaction
Groups Light Source Rate/s”' Volume/m’ Time/h
This work Blacklights 6.68 x107 90 6~10
Odum J.R. Solar irradiation N/A 60 N/A
Kleidienst T.E. 244 cm fluorescent bulbs 8.3 x107 11.3 12~15
Edney E.O. 244 cm fluorescent bulbs 8.3 x107 11.3 12~15
Izumi K. 1.6 kW Xe lamps 4.5 %107 4 1~5
Sato K. 19 kW xenon arc lamps (4.7+0.2) x10° 6 3~45
Takekawa H. Blacklights 4 x107 2 ~6
NgN.L Blacklights N/A 28 4~20
Chhabra P.S. Blacklights N/A 28 N/A
Borras E. Solar irradiation 7x107 200 ~6
Cocker D. Blacklights 18.3 x107 28 ~12
Song C. Blacklights 6.68 x107 90 ~6
Healy R./UCC 12 Philips TLOS and TL12 N/A 6.5 6-8
lamps
Healy R./PSI 4 kW xenon arc lamps N/A 27 6~8
Wyche
K P/PSI 4 kW xenon arc lamps N/A 27 N/A
Martin-Revieo Solar irradiation 8.67 x 107 N/A N/A

N/A: not applicable
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2.7 Figures
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Figure 2.1 Secondary organic aerosol yields for 17 individual aromatic hydrocarbons
under low-NOx conditions. Yield curves are fit to each data group (C6 and C7 are

combined as are C10 and higher) using the two-product model by minimizing the
weighted squared residuals.

31



RS

Benzene

C6 this work

curve 1 A NO only,Borras E. 2012, solar irradiation
v HONO added, Borras E. 2012

# Sato K. 2012, CH3;0NO added, arc lamp
® NgN. L. 2007, seed added

< Martin-Reviejo M. 2005, solar irradiation
“| Toluene

this work

Chhabra P.S. 2011, seed added

Ng N. L. 2007, seed added

Takekawa H. 2003, low T,60% RH
Takekawa H. 2003, high T,60% RH

Sato K. 2007, methyl nitrite added, arc lamp
Odum J.R. 1997, solar irradiation

Izumi K. 1990, 50%RH

Kleidienst T.E. 1999

Edney E.O. 2000

Yield

high-yield curve, Odum et al.(1996)

_______
_____
------
--
-
==

0 100 200 300 400 500
Mo (ug/m”)

Figure 2.2 Secondary organic aerosol yields for benzene and toluene.
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Figure 2.3 Secondary organic aerosol yields for ethylbenzene and propylbenzenes.
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Figure 2.4 Secondary organic aerosol yields for xylene isomers.
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Figure 2.8 Secondary organic aerosol yields for trimethylbenzene isomers.
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Figure 2.9 SOA formation for 1,2,4,5-tetramethylbenzene, pentamethylbenzene, and
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3 Chemical Composition of Secondary Organic Aerosol Formed from Different

Aromatic Hydrocarbon

3.1 Introduction

Atmospheric aerosols have profound impacts on both global climate and human
health through processes such as light absorption and scattering, lung deposition. A key
aspect to understand these impacts is comprehensive characterization of the physical and
chemical properties of particles. Among a family of online techniques (AMS, FTIR and
NMR spectroscopy) that attempt to analyze organic aerosol (OA) chemical composition,
the aerodyne aerosol mass spectrometer (AMS) has much higher time and size resolution
(DeCarlo et al., 2006a). Further, the elemental analysis (EA) technique (Aiken et al.,
2008, 2007) is demonstrated to provide elemental composition of organic aerosol and is
widely used to investigate the chemical composition of OA.

A number of field studies have used AMS to quantify organic mass (OM). Zhang
et al. (20052a) used mass-to-charge ratios m/z 57 and m/z 44 obtained using the AMS
from ambient Pittsburgh aerosol as tracers to quantify the mass concentration of
hydrocarbon-like and oxygenated organic aerosol (HOA and OOA). Zhang et al. (2005b)
also indicated a direct correspondence of HOA to primary OA from local emissions; and
found the mass spectrum of OOA highly resembled aged and oxidized OA, which
indicated a direct correspondence of OOA to SOA. Subsequent field studies (DeCarlo et
al., 2008; Lanz et al., 2008, 2007b; Ulbrich et al., 2009) confirmed the results of Zhang

et al. (2005a,2005b). Recently, Ng et al. (2010) compiled results from the factor analysis
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of 43 Northern Hemisphere AMS datasets, and found that OOA can be furthered
deconvolved into low-volatility OOA (LV-OOA) and semi-volatile OOA (SV-OOA)
characterized by AMS signal at m/z 43 (mostly C;H;0") and m/z 44 (CO,"). Ng et al.
(2010) also examined the OOA components by plotting 44 vs. f43 from different studies,
where f44 and {43 are the ratios of m/z 44 and m/z 43 to the total OA in the spectrum. Ng
et al. (2010) found that ambient OOA was located in a triangular area in the f44 vs. f43
plot and indicated that ambient OA converged towards highly aged LV-OOA with
increasing atmospheric oxidation.

Many laboratory studies have been conducted to investigate SOA chemical
composition and formation mechanisms using simulation chambers. Aiken ef al. (2008)
first applied EA analysis of AMS to both field and chamber studies and found O/C ratios
ranging from 0.27-0.42, which indicated a less oxidized OA was formed in
environmental chambers than is observed in ambient air. Recent studies by Ng et al.
(2010) and Chhabra et al. (2010) observed that chamber SOA were more similar to SV-
OOA on triangle-plot. Chhabra et al. (2010) observed that the O/C ratio of SOA formed
from single-ring aromatic and naphthalene SOA can reach up to 0.7, which is within the
range of ambient OOA as suggested by Ng et al. (2010). Sato et al. (2010) investigated
the photo oxidation of seven aromatic hydrocarbons using an AMS with continuous aging
of SOA observed during the course of experiments. Sato et al. (2010) also observed an
increase of 43 and decrease of f44 with increasing number of alkyl substituents of parent
aromatics, which indicated more low-reactive ketones are formed with increasing number

of alkyl substituents.
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Heald ef al. (2010) employed a new AMS method, Van-Krevelen graph, to
interpret the high-resolution mass spectrometric data and the evolution of OA
composition. On Van-Krevelen Diagram (Van Krevelen et al., 1950), a straight line with
a slope of 0 indicates the addition of alcohols or peroxides; a slope of -1 represents
addition of carboxylic acids, a slope of -2, addition of ketones or aldehydes. Heald et al.
(2010) found that a variety of lab and field data clustered around the line with a slope of -
1 on Van-Krevelen Graph. Movement along this line reflects atmospheric aging
processes such as volatilization, oxidation and mixing.

In this study, SOA chemical composition formed from the photooxidation of 17
different aromatic hydrocarbons are evaluated using the Van Krevelen and triangle plot
analyses. The impact of precursor structure on SOA composition is investigated by
exploring the high-resolution time-of-flight AMS (HR-ToF-AMS) spectra and elemental
composition. Finally, volatility of the SOA produced in the chamber is explored as a

function of precursor chemical structure.
3.2 Experimental Methods

All experiments within this paper were conducted in the UC Riverside/CE-CERT
indoor environmental chamber, which has been described in detail elsewhere (Carter et
al., 2005). All experiments were performed under dry conditions (RH<0.1%), in the
absence of inorganic seed aerosol, and at chamber temperatures of 27°C. The UV-
radiation is generated by 272 115 W Sylvania 350 Black lights, with a NOx photolysis

rate measured at 0.4 min™".
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The Aerodyne High Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-
ToF-AMS) (Canagaratna et al., 2007; DeCarlo et al., 2006) is used to provide on-line
quantitative measurements of bulk chemical composition. The AMS was switched
between a high resolution “W-mode” and a high sensitivity “V-mode”. The higher
resolution “W-mode” allowed for identification of different elemental compositions from
each unit mass using the PIKA toolbox (DeCarlo et al., 2006). Elemental ratios for total
organic mass, oxygen to carbon (O/C), and hydrogen to carbon (H/C) were determined
using the elemental analysis (EA) technique (Aiken ef al., 2007). “V-mode” data were
used to produce “triangle plots” and “W-mode” data were used in Van-Krevelen
diagrams reported within this paper.

SOA volatility was continuously measured using a custom built Volatility
Tandem Differential Mobility Analyzer (VITDMA) based on the original TDMA design
of (Rader and McMurry, 1986). Volatility was measured as the volume fraction
remaining (VFR) of the aerosol after transport through a Dekati® Thermodenuder TD3
operated at 100 °C (particle residence time of 16 sec).

For each experiment, one of seventeen individual aromatic compounds were
introduced into the environmental reactor along with either NO (~10:1 HC (ppbC) / NO
(ppb) ratio) or H,O, (OH radical source). Table 3.1 and Table 3.2 summarize the 45
experiments performed including hydrocarbon reacted and quantity of NO or H,O,
injected.

3.3 Results and Discussion
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m/z 43 (C,H;0") and m/z 44 (CO,") are the two major AMS fragmentation ions
from aromatic secondary organic aerosol. The C,H;O" fragment ion at m/z 43 is
commonly associated with oxidized organic molecules containing carbonyl groups, while
the m/z 44 fragment ion is typically associated with carboxylic acids and is often used as
a marker of oxygenated organic aerosol (OOA). It is observed that the fraction of m/z 44
formed ((m/z 44)/organic mass) decreases with increasing number of alkyl substituents of
aromatic hydrocarbons in agreement with previous observations by Sato et al. (2010).
Further, SOA produced from Aerosol formed from aromatics with ethyl or propyl
substituents is observed to have relatively strong intensities at m/z 57 (C3HsO") and m/z
71 (C4H,0") along with m/z 43 (C,H30"), presumably as oxidized fragments of the
longer alkyl chains. Sato et al. (2010) also observed that the CsHsO" (m/z 57) was found
together with C;H;0" in the oxidation of ethylbenzene.

A linear increasing trend (slope = 0.8853, R* = 0.8857) of (m/z 43 + m/z 57 + m/z
71) to m/z 44 ratio is observed with increasing numbers of alkyl substitutents on the
aromatic ring (Figure 3.1). This trend is observed for both HC/NOx photooxidation
experiments as well as H,O, photooxidation experiments; with slightly higher (m/z 43 +
m/z 57 + m/z 71) to m/z 44 observed for H,O, experiments compared to the HC/NOx

experiments.

3.3.1 Benzene SOA Fragmentation Patterns

Figure 3.2 shows the triangle plot (f44 vs. f43) and Van Krevelen diagram (H/C

vs. O/C) for SOA produced from benzene photooxidation for both the no-NOx and low-
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NOx conditions. The time progression of each system is illustrated using a color scale
from red to purple representing the beginning to the end of each experiment. For both the
benzene/NOx and benzene/H,O; systems the f44 and the O/C ratio increases with aerosol
production as a result of aerosol aging. According to previous studies (Aiken et al., 2007,
Alfarra, 2004; Takegawa et al., 2007), the AMS signal CO," at m/z 44 originates from
the decarboxylation of organic acid groups and acyl peroxides. Photooxidation of
benzene can form ring-opening products (e.g. dialdehydes, Calvert et al., 2002; Sato et
al., 2010) while gas-phase oxidation of aldehydes can produce carboxylic acids
(Keywood et al., 2004). Jang and Kamens (2001) suggest that high vapor pressure
oxocarboxylic acids could form from low-volatility acetals through heterogeneous
reactions. Sato et al. (2010) further suggests that acetals could be dissociated reversibly
to form oxocarboxylic acids during heating at the vaporization plate in the AMS.

Ng et al. (2010) observed that the ambient OOA components cluster within a
triangle region of the f44 vs. 43 plot (dashed lines, Figure 3.2 a). Benzene SOA data
obtained from this study is located at the top of the triangle; the O/C ratio (Figure 3.2 b)
and f44 are close to LV-OOA, which suggests that the benzene SOA is well-oxidized
(OSc ranges from ~ -0.1 to 0.5).

3.3.2 Toluene SOA

The triangle and Van Krevelen plots for toluene photooxidation SOA is shown in
Figure 3.3. Toluene SOA sits to the right side of the triangle from Ng ef al. (2010).
Compared to benzene SOA, toluene SOA has a higher m/z 43 ratio and relatively lower

m/z 44 ratio, and also shows a lower O/C ratio and higher H/C ratio on Van Krevelen
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graph. This indicates that the SOA produced from toluene is less oxidized than SOA
produced from benzene (OSc ranges from ~ -0.5 to 0.1). No obvious increase in O/C ratio
was observed in the Van Krevelen diagram as the experiment progressed (Figure 3.3 b),
which also indicates a less oxygenated aerosol was formed during the course of the
toluene experiments than in the benzene experiments.

It is estimated that 90% of the OH-toluene reaction starts from OH addition to the
aromatic ring (Atkinson and Arey, 2003; Atkinson, 2000; Forstner ef al., 1997), and both
ring-retaining (e.g., benzaldehyde and 2-methyl-4-nirophenol) and ring-fragmentation
products (e.g., furans and furanones) are formed mainly from the reaction of
methylhydroxycyclohexadienyl radical. Jang and Kamens (2001) identified a wide range
of ring opening oxycarboxylic acids and ring retaining products from toluene
photooxidation. Moreover, quite volatile compounds like glyoxal and methyl glyoxal
were also found in particle phase, which suggest that early generation products
condensed into particle phase before secondary reaction could occur. Kleindienst et al.
(2004) also detected glyoxal and methyl glyoxal in particle phase while studies by Sato et
al. (2007) suggested that the major products in the toluene aerosols were second
generation products, such as hemiacetal and low-molecular-weight dicarboxylic acids.
However, products quantified in these studies comprised only a small portion of the
aerosol.

Recent study by Chhabra et al. (2011) investigated toluene SOA using triangle
and Van Krevelen graph. Their toluene SOA was located on the right side of the triangle

and migrated upwards suggested an increase of organic acid content. In this study,
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toluene SOA has a higher fraction of m/z 43, which indicates more first generation
aldehydes/ketones were formed than second generation acids in the current study.

3.3.3 Ethylbenzene SOA

The triangle and Van Krevelen plots for ethylbenzene photooxidation SOA appear
in Figure 3.4. The chemical structure of ethylbenzene is similar to toluene; both of them
have one alkyl group attached to the ring. On triangle plot, we found that the m/z 44
fraction of ethylbenzene SOA 1is at the same range as toluene SOA, but ethylbenzene
SOA has a lower fraction of m/z 43; however, when m/z 57 is included in the analysis,
the fraction of m/z 43 + m/z 57 is similar to that of toluene. More C3HsO" was produced
than C,H;0" during electron ionization in the AMS because of the ethyl group on the
ring. Sato et al. (2010) also found that ketones with a propionyl (-COC,Hs) group were
produced in the oxidation of ethylbenzene, and C;HsO" ions were detected together with
C,H;0". Forstner et al. (1997) identified acetophenone and 3-methyl-2,5-furandione to
be the predominant components of ethylbenzene aerosols; as a secondary alkyl radical is
more stable than a primary alkyl radical, the abstraction mechanism results in more
acetophenone.

Ethylbenzene SOA is located in the same region of the Van Krevelen diagram as
toluene SOA; like toluene photooxidation, no obvious aging process was observed for
ethyltoluene.

3.3.4 Propylbenzene and Isopropylbenzene SOA

The triangle plot and Van Krevelen diagram for SOA formed from

photooxidation of propylbenzene and isopropylbenzene is plotted in Figure 3.5. On the
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triangle plot (Figure 3.5 a), isopropylbenzene SOA has a higher m/z 43 fraction than
propylbenzene, because the propyl substituents on aromatic ring produced C;HsO" and
C4H,0" besides C;H;0" from aldehydes/ketones in the AMS. Similar to observations
made for ethylbenzene and toluene SOA, propylbenzene and isopropylbenzene SOA
cluster at the same region of the triangle plot and Van Krevelen diagram, no aging of the
SOA was observed during the experiments.

3.3.5 Xylene Isomer SOA Composition Data

The three isomers of xylene isomers were investigated in this study and the
triangle and Van Krevelen plots are shown in Figure 3.6 and Figure 3.7. Data points of
xylene/NO photooxidation are relatively more scattered than for the H,O, experiments,
possibly due to shorter reaction times (~5 hours) and lower mass concentration of aerosol
produced for the NOx experiments. SOA is observed to beat the right side of the triangle.
The fraction of m/z 43 is 0.2~0.3 which is much higher than SOA from one substituent
aromatics. Among three xylene isomers, m-xylene SOA is observed to have a relatively
lower fraction of m/z 44, and also a lower O/C ratio on Van-Krevelen plot.

Aerosol formed from xylenes/H,O, photooxidation (Figure 3.7) has a lower O/C
ratio compared to toluene (Figure 3.3 b) and ethylbenzene (Figure 3.4 b) and
propylbenzene (Figure 3.5 b). The lower O/C ratio is attributed to the presence of the
second xylene methyl group. The time elapse for O/C and H/C evolution during the
xylene/H,O, experiments are also displayed in Figure 3.7. No obvious aging is observed
for p-xylene and o-xylene SOA. However, an increase of O/C ratio (slope of -1) is

observed for the m-xylene SOA indicating ongoing oxidation of m-xylene SOA, perhaps
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due to oxidation of unsaturated compounds in particle phase to form organic acids.
Similar trends were also observed by Chhabra et al. (2010). Further, in a recent study by
Loza et al. (2012) for m-xylene/low-NOx photooxidation experiments over extended
reaction times (up to 12~36 hours), observed continuous aging of the m-xylene SOA.
Loza et al. (2012) suggests that during SOA aging, multi-generation products are formed
through molecular functionalization. Loza ef al. (2012) also suggests that gas-phase OH
reaction of low volatility SOA precursors is the dominant pathway of aging in m-xylene
systems. The difference between o-xylene, p-xylene SOA and m-xylene SOA might be
attributed to the different rate constants for the reactions of OH radical with xylenes. For
o-xylene and p-xylene, koy are 1.36e-11 cm’/ molecs and 1.43e-11 cm’/ molec-s,
respectively, while ko for m-xylene is 2.31e-11 cm®/ molec-s.

3.3.6 Ethyltoluene SOA

Figure 3.8 and Figure 3.9 shows the triangle plot and Van Krevelen diagram of
SOA formed from ethyltoluene photooxidation. Under low-NOx condition, SOA of all
three ethyltoluene isomers cluster in the area on the right side of the triangle, f44 and 43
are 0.12~0.21 and 0.11~0.17, respectively. A lower {43 value of ethyltoluene SOA than
xylene SOA is mainly due to the ethyl group on the aromatic ring (the CsHsO" ion was
detected instead of C,H;0" ion). If f57 is added to the f43, the values become similar to
that of the xylene isomers. An obvious increasing of O/C ratio is observed during the
course of each experiment (Figure 3.9). Ethyltoluene/H,O, photooxidation produced

aerosol with a slightly higher f44 value, and also a slightly higher O/C ratio, indicating
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more oxidized SOA (OSc = ~ -1- -0.4). SOA aging is also observed on Van Krevelen
diagram for all ethyltoluene isomers.

Forstner et al. (1997) suggested products like m-tolualdehyde/p-tolualdehyde
(O:C = 0.125, H:C=1), 1,3-ethylbenzoic acid (O:C = 0.222, H:C = 1.11) were formed
through H-abstraction pathway for m-ethyltoluene and p-ethyltoluene. Andino et al.
(1996) proposed ring-fragmentation products from the m-ethyltoluene/p-ethyltoluene-OH
adducts, such as 4-oxo-2-hexenal, 4-oxo-2-pentanal (O:C = 0.33, H:C = 1.33), 2-methyl-
2-butenedial (O:C = 0.4, H:C = 1.2), etc. On the Van Krevelen diagram, O:C and H:C
ratio of ethyltoluene SOA are 0.33 ~ 0.51 and 1.25 ~ 1.51, suggesting that more ring-
fragmentation products were formed in ethyltoluene photooxidation than ring-retaining
products.

3.3.7 Trimethylbenzene SOA

Photooxidation of three trimethylbenzene isomers was also investigated in this
study (Figure 3.10 and Figure 3.11). Trimethylbenzene SOA is located far to the right
side of the triangle plot, with 43 and f44 values ranging from 0.21~0.38 and 0.11 ~ 0.21,
respectively. The location of trimethylbenzene SOA on triangle plot is similar to that
obtained by Sato et al. (2012, 2010). Studies by Sato ef al. (2010, 2012) and Chhabra et
al. (2011) found that SOA formed from aromatic phootooxidation were clustered close to
the straight line with a slope of -1 on the Van Krevelen diagram. They also observe
migration of data points along this straight line as the experiment progressed and the
SOA aged, which suggests an aging process resulted in the formation of carboxylic acid

through the oxidation of carbonyls. Sato et al. (2012) further identified ketocarboxylic
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acid in 1,3,5-trimethylbenzene SOA and noted that the SOA aging was rate-limited by
the oxidation of ketone groups.

In this study, trimethylbenzene SOA is observed to cluster between the slope of -1
and slope -2 straight lines on the Van Krevelen plot; migration of SOA along the slope of
-1 line observed by Sato et al. (2012) was not observed. It is noted that Sato et al. (2012)
used CH30NO to increase the OH concentration in the system. It is possible that the OH
concentration in our system was lower and limited the oxidation of ketone groups, thus
SOA from trimethylbenzene photooxidation has a greater contribution from 1% generation
aldehydes and ketones than the carboxylic acids further oxidized in their study.

3.3.8 SOA from Aromatic Hydrocarbon with 4 or More Methyl Groups

SOA formation from the photooxidation of 1,2,4,5-tetramethylbenzene,
pentamethylbenzene and hexamethylbenzene were also investigated. SOA from aromatic
hydrocarbon with 4 or more methyl groups have a fraction of m/z 43 larger than 0.3, and
a fraction of m/z 44 around 0.1 (except pentamentylbenzene/NO SOA which has m/z43
around 0.2) on the triangle plot (Figure 3.12). 1,2,4,5-tetramethylbenzene SOA is located
between the line with a slope of -1 and line with a slope of -2 on the Van Krevelen
diagram; SOA from pentamethylbenzene and hexamethylbenzene photooxidation are
more close to the line with a slope of -2, indicating more aldehydes and ketones in the
aerosol. Compared to SOA formed from aromatic hydrocarbons with less alkyl groups
attached, SOA from these three compounds have a higher value of f43 and a lower value
of f44 and O/C ratio, indicating less oxidized aerosol were formed.

3.3.9 SOA Chemical Composition and Volatility Evolution
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Measurement of SOA volatility can provide indirect information about its
chemical composition. Kalberer et al. (2004) reported the volume fraction remaining
(VFR) from SOA produced from trimethylbenzene photooxidation increased from 30%
to more than 85% at 100 °C. Kalberer ef al. (2004) attributes this increase to polymer
formation. Previous studies (Carlton et al., 2010; Ng et al., 2007) observe SOA formed
from aromatic/H,O, photooxidation was considered nonvolatile. Ng et al. (2007)
observed that for aromatic/H,O, systems, SOA yields remained constant throughout the
experiment which implied SOA formed from RO, + HO, reaction was nonvolatile.

Figure 3.13 shows the VFR at the end of each aromatic no-NOx and low-NOx
experiment from the current study. It should be noted that VFR increased continuously
during the course of each experiment (initial VFR is shown in Table 3.1 and Table 3.2).
VFR data are plotted versus the carbon number of parent aromatics with the color of the
data points scaled to average m/z 43/ m/z 44 ratio observed for each experiment. VFR
observed for H,O, experiments are less than 1 implying that SOA formed in this study is
semi-volatile. Decreasing VFR with increasing number of ring substituents was observed
for both H,0O, and NO experiments indicating that SOA formed from heavier aromatics
are more volatile than lighter, less substituted aromatics. It is hypothesized that branches
on aromatic ring made the semi-volatiles formed from RO, + HO; and RO, + NO
reactions less stable allowing them to undergo further ring opening processes to form
lower molecular mass and more volatile SOA products. VFR values were observed to
decrease while m/z43/m/z 44 ratio increased as the number of carbon atoms in the

aromatic increased (Figure 3.13). The trend of volatility and 43/44 ratio indicates less
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oxidized particles were produced for aromatic compounds with greater numbers of
carbon.

3.4 Conclusions

In this study, SOA formation of 17 aromatic hydrocarbons was investigated in the
environmental chamber under both low-NOx and no-NOx conditions. SOA chemical
properties were investigated using the Ng et al. (2010) triangle plot and Van Krevelen
diagram using data acquired using the HR-ToF-AMS. Among all the aromatic precursors,
benzene SOA has the highest f44 value (0.26-0.28) and the lowest {43 value (~0.03). The
higher f44 indicates higher carboxylic acid content in benzene SOA. With increasing the
number of alkyl substituents on the ring led to observations of decreasing of f44 and
increasing of f43. According to Sato et al. (2010), the 43 and f44trends result from
increased yields of low-reactive ketones products relative to aldehydes production as the
number of aromatic substituents increases. These observations are further confirmed
using Van Krevelen diagrams. Benzene SOA has a slope of -1 on the Van Krevelen plot
indicating the addition of carboxylic acids. Consistent with the f44 and 43 trend, the O/C
ratio and OSc decreased with the increasing number of alkyl groups. Volatility evolution
measurements shows that SOA formed form heavier aromatics are more volatile. More
oxidized particles were formed from the photooxidation of lighter aromatics, which is
consistent with the lower volatility of benzene and toluene SOA. Aerosol formed in this

study are less oxidized than average ambient OOA.
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3.6 Table

Table 3.1 Summary of aromatic hydrocarbon photooxidation experiments under low-
NOx conditions.

Compound Rl L5 e e’ el end
Benzene EPA1236A 53.58 406.79 106.44 N/A N/A

EPA1618A 35.40 354.16 46.25 0.285 0.804
Toluene EPA1468A 64.07 666.9 130.21 0.240 0.750
Ethylbenzene EPA1146A 22.22 256.58 35.99 0.350 0.575
Propylbenzene EPA1245A 22.12 230.98 11.84 N/A N/A
Isopropylbenzene EPA1247A 22.36 300.97 33.24 N/A N/A
m-Xylene EPA1193A 36.78 238.9 13.59 N/A N/A

EPA1516A 26.69 357.25 48.71 0.213 0.400
o-Xylene EPA1321A 20.47 263.19 16.16 0.300 0.500
p-Xylene EPA1308A 55.55 278.65 6.8 0.350 0.475
m-Ethyltoluene EPA1199A 45.43 447.46 72.03 N/A N/A

EPA1421A 22.08 409.46 46.2 0.212 0.512
o-Ethyltoluene EPA1179A 52.85 399.47 86.49 0.243 0.489

EPA1202A 60.31 421.96 69.89 N/A N/A
p-Ethyltoluene EPA1197A 56.36 653.44 66.43 N/A 0.102

EPA1601A 31.19 452.38 17.62 0.248 0.475
%rziiéthylbenzene EPA1162A 33.39 390.97 46.52 0.257 0.375
%rzifléthylbenzene EPA1119A 49.78 384.97 19.6 0.250 0.350
1,3,5- EPA1153A 10.98 309.47 12.36 0.125 0.250
Trimethylbenzene EPA1156A 32.31 379.47 24.77 N/A N/A
;“,ezt’r‘:l,ril_ethylbenzene EPA1529A 70 274.69 3.17 0.206 0.254
Pentamethylbenzene EPA1488A 25.14 834.93 165.07 0.232 0.630
Hexamethylbenzene EPA1557A 28 999 15.28 0.197 0.352

N/A: not applicable
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Table 3.2 Summary of aromatic hydrocarbon photooxidation experiments under no-NOx
conditions.

Compound Run ID I;I;glz MAgI._IH% HZ&g i?llifiI:l ZII;};
Benzene EPA1161A 5 330.76 90.82 0.400 0.600
Toluene EPA1477A 1 103.67 62.22 0.300 0.600
Ethylbenzene EPA1294A 1 317.53 34.02 0.375 0.475
Propylbenzene EPA1256A 1 189.48 42.48 N/A N/A

EPA1426A 1 330.47 60.95 0.289 0.533
Isopropylbenzene EPA1265A 1 129.99 24.39 N/A N/A
m-Xylene EPA1209A 2 671.23 190.33 N/A N/A
EPA1523A 1 1488.18 279.25 0.205 0.528
p-Xylene EPA1304A 1 328.55 59.62 0.225 0.325
o-Xylene EPA1313A 1 264.96 67.98 0.275 0.400
m-Ethyltoluene EPA1218A 1 330.47 151.62 N/A N/A
EPA1416A 1 590.95 203 0.207 0.574
o- Ethyltoluene EPA1406A 1 257.48 53.49 0.209 0.406
p- Ethyltoluene EPA1239A 1 137.49 86.79 N/A N/A
EPA1597A 1 269.98 65.41 0.162 0.276
;“,rziiéthylbenzene EPA1287A 1 343.97 103.88 0.175 0.300
;“,rziiéthylbenzene EPA1292A 1 277.48 59.88 0.200 0.350
;“}Bi;rsléthylbenzene EPA1298A 1 311.97 89.7 0.125 0.275
1,2,4,5-
Tetramethylbenzene EPA1494A 1 541.57 126.72 0.028 0.239
Pentamethylbenzene EPA1492A 1 747.98 261.61 0.124 0.395
EPA1564A 1 837.39 115.9 N/A N/A
Hexamethylbenzene EPA1558A 1 376 89.86 0.094 0.226

N/A: not applicable
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3.7 Figures
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Figure 3.1 (m/z 43+m/z 57+m/z 71) to m/z 44 ratio observed by AMS versus number of
alkyl substituents. Dashed line is a linear fit to both NO and H,O, experimental data

(except pentamethylbenzene and hexamethylbenzene NO experiments), with slope =
0.8853, R* = 0.8857.
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4 Density and elemental ratios of secondary organic aerosol: application of a

density prediction method

4.1 Introduction

Aerosol contributes to climate change and adversely affects air quality (Seinfeld
and Pandis, 2006). SOA volume concentration formed in environmental chambers or
flow tube reactors are often quantified using a scanning mobility particle sizer (SMPS)
based on particle electrical mobility diameter. Current air quality regulation for aerosol is
based on mass concentrations (e.g., National Ambient Air Quality Standards for annual
PM, 5 concentration < 15 ug/m’), hence particle effective density is necessary to convert
SOA volume concentrations to mass concentrations. Density must to be estimated when a
direct measurement is not available; however, the estimation of the density of organic
aerosols is highly uncertain, mostly due to lack of chemical identification (Hallquist ef al.,
2009).

Kuwata et al. (2011) proposed an estimation method for density of organic
material based on elemental ratios (O/C and H/C) determined by an Aerodyne High-
Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS) (DeCarlo et al.,
2006). Considering the recent widespread use of the HR-ToF-AMS in the aerosol science
community, the estimation method has the potential to be applied to a large number of
laboratory and field studies. However the experimental verification of the semi-empirical
relationship was limited to a selective few biogenic systems (isoprene, a-pinene, central

Amazon Basin); therefore, further verification covering an expanded range of systems is
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needed. This study aims to evaluate the applicability of the Kuwata et al (2011)
estimation method to 23 different SOA forming systems, including oxidation of aromatic
hydrocarbons, phenolic compounds, and biogenic compounds.

4.2 Experimental Setup
4.2.1 Environmental chamber

All experiments were conducted in the UC Riverside/CE-CERT environmental
chamber described in detail in Carter et al. (2005b). In short, this facility consists of dual
90 m’ Teflon® reactors suspended by rigid frames in a temperature controlled enclosure
(27 £ 1 °C) continuously flushed with dry purified air (a dew point below -40 °C) air
generated by an Aadco 737 series (Cleves, Ohio) air purification system. Blacklights (272
bulbs, 115 W Sylvania 350 BL, NO, photolysis rate 0.4 min™") are used as the light
source for all the photooxidation experiments reported herein; ozonolysis experiments
were carried out in the dark.

4.2.2 Gas and particle analysis

The Agilent 6890 Gas Chromatograph — equipped with a flame ionization
detector was used to measure concentrations of precursor hydrocarbons and an inert
tracer (perfluorohexane) unless noted otherwise (Table S1). Analytical conditions are
described elsewhere (Nakao ef al., 2011ab).

Particle effective density was directly measured with an Aerosol Particle Mass
Analyzer (APM, Kanomax) (Ehara et al., 1996) coupled to a custom-built Scanning
Mobility Particle Sizer (SMPS) (Cocker et al., 2001) in series. A detailed description of

the APM-SMPS system and data algorithms are described elsewhere (Malloy et al., 2009;
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Nakao et al., 2011c). Chemical composition of SOA was monitored by HR-ToF-AMS
(DeCarlo et al., 2006); the elemental ratios (O/C, H/C) of SOA were acquired by the
elemental analysis (EA) described by Aiken et al. (2008). The ion species list in the high-
resolution data analysis toolkit, PIKA (v1.08), was modified to fit all significant ions with
m/z less than 100. The high-resolution fragmentation table was modified to account for
different (H2O")ore/(CO2 o for different systems as discussed in Section 4.4.1.

4.2.3 Chamber experiments

The reactants used for the chamber experiments are summarized in Figure 4.1.
NO (UHP grade, Matheson) was used for NOy photooxidation experiments. All other
chemicals were purchased from Sigma-Aldrich at the highest purity available. All
experiments were performed under dry (RH<0.1%) conditions. The experimental
procedure has been described elsewhere (Nakao et al., 2011ab; Tang et al., 2012).
Reactants were oxidized under the following three conditions: 1) photooxidation in the
presence of NOy, 2) photooxidation using H,O, (50wt% solution in water) as a radical
source, or 3) dark ozonolysis. Produced SOA concentrations were typically within 5~150
ug/m’.

4.3 Density prediction method

Previous methods to estimate material density require information on chemical
structures (e.g., Girolami, 1994), which is practically infeasible for SOA consisting of
many unknown species (Hallquist et al., 2009). Recently, Kuwata et al. (2011) proposed
a semi-empirical relationship between organic material density (porg), O/C, and H/C as

follows:
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P 12+H/C+16-0/C Eq-1
" T7+5-H/C+4.15-0/C

The relationship was optimized for 31 individual atmospherically relevant organic
species with known densities, and was further evaluated against chamber results using
two reactants (a-pinene and isoprene) and an Amazon field data set. The stated accuracy
of the prediction is within 12% (Kuwata ef al., 2011). A Van Krevelen diagram (H/C vs.
O/C) with density contour (Figure 4.2) allows visualization of density prediction in terms
of elemental ratios. Note that the oxidation state of carbon (OSc) and density isopleth is
nearly parallel in the region for typical SOA (around 1.2-1.5 g cm ), which suggests that
chemical processing without change in OSc (e.g., hydrolysis) would have minor impact
on density prediction. Two curved lines denote the range of elemental ratios of ambient
organic aerosol deconvoluted by PMF (Positive Matric Factorization) (Ng ef al., 2011),
suggesting that density of low volatility oxygenated organic aerosol (LV-OOA) can reach
1.8gem”.

Uncertainties of elemental analysis of HR-ToF-AMS data includes the
quantification of (HyO")erg and (CO")ore. Although both ions possibly have significant
contribution to bulk elemental ratios, the contribution of organics to H,O" is uncertain
due to other sources of H)O" (moisture in the air, unevaporated water, and/or inorganics)
while the CO" peak is typically overwhelmed by the neighboring N, peak. The default
assumption is that (COJr)org is equal to (CO+)Org and (H20+)0rg is 22.5% of (CO+)Org (Aiken
et al., 2008; Kuwata et al., 2012) applied calibration factors of (CO")ore/(CO2)org and

(HzOJr)Or /(C02+)0r fragment ratios for HR-ToF-AMS measurement determined by Chen
g g Yy
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et al. (2011). The impact of (CO")o and (H;O")org on elemental ratios and density
prediction is discussed in the following.

4.4 Results and Discussion
4.4.1 Measurement of SOA density and elemental ratio

When ambient aerosols are analyzed by a HR-ToF-AMS, a number of sources
may contribute H,O" fragment (Aiken et al, 2008); however, since the chamber
experiments in this study were carried out under dry conditions without seed particles,
measured H,O" is predominantly from organics. Measured (H20")org/(CO2)org is shown
in Figure 4.3 (relative ionization efficiency of H;O" and CO," is assumed to be 2.0 and
1,4, respectively; Aiken et al., 2008). (HyO")org /(CO2org values were generally observed
to be higher than the default assumption, which significantly affect elemental ratios.
(H20org /(CO2)org tended to increase as the number of alkyl substituents on aromatic
ring increases (trimethylbenzene highest). This trend was due to nearly constant (HyO")org
fraction and decreasing (CO,")or fraction as the number of substituent increases (not
shown). The decreasing trend of (CO;)Org fragment fraction is consistent with higher
formation of less reactive ketones than reactive aldehydes (benzene vs. trimethylbenzene;
Sato et al., 2012). The observed (H2O")org /(CO2 )org Was grouped according to the
number of alkyl substituents and the average values of each group are applied to
elemental analysis. Note that although the higher (HzOJr)Org /(CO;)Org values results in
higher H/C and O/C, since H,O' does not affect oxidation state of carbon,

(HzOJr)Org/(COf)Org calibration has a minor impact on density prediction (Figure 4.2).
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Chen et al. (2011) quantified (CO")or utilizing difference of PToF (Particle Time-
of-Flight) of other ions with m/z 28 (N, and gas-phase CO). However, since most of the
AMS data in this study was acquired without PToF, and Chhabra ef al. (2011) reported
(COMNorg/(CO2Norg for SOA from toluene/m-xylene/phenolic compounds were 0.9 ~ 1.3,
reasonably close to the default value, 1, this study kept the default value for
(COMNorg/(CO2Norg O 1.

Observed SOA density and elemental ratios are shown in Figure 4.4 (literature
values under similar experimental conditions are shown for comparison, Kuwata et al.,
2012;Chhabra et al., 2010;Ng et al., 2007;Chen et al., 2011a) and Table S1. Results were
grouped by each reactant without regard for oxidation conditions in the following
discussion. Although different experimental conditions might significantly influence
elemental ratios and density, no systematic dependence of density and elemental ratios on
oxidation conditions is observed within the data set. Shilling et al. (2009) observed
loading dependence of density and elemental ratio with particularly stronger loading
dependence for <10 mg/m’, using a steady-state continuous flow chamber that provided
large amount of integrated signal at low mass-loading. However, since this study was
generally performed under higher mass loading compared to Shilling ef al., mass loading
effect was observed to be minor.

SOA density ranged between 1.21 and 1.48 g/cm’, with phenol yielding the
highest SOA density (average: 1.42 g/cm’) and f3-caryophyllene the lowest (average: 1.22
g/em’). The measured density and O/C followed a similar trend; density (and O/C)

decreased slightly as the carbon number of reactants increased, except for isoprene. The
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different trend for isoprene SOA indicates that bulk composition of isoprene SOA
formation is significantly different from aromatic SOA. The trend of H/C was opposite to
O/C. These observations support previous findings of the correlation between density and
the extent of oxidation of SOA (Katrib et al., 2005).

O/C of aromatic SOA and corresponding phenolic SOA were similar (Figure 4.4).
If additional oxygen in reactant (e.g., phenol vs. benzene) results in additional oxygen in
condensing species, O/C ratio of phenolic SOA is expected to be higher than
corresponding aromatic SOA (e.g., ~17% higher for phenol SOA than benzene SOA
assuming condensing products have six carbons). A possible explanation is that aromatic
SOA is mostly consisted of multigenerational reaction products (two or more oxidation
steps), and hence the presence of additional oxygen in reactants (e.g., phenol) only
shortened the reaction steps needed to reach condensing products.

4.4.2 Density prediction vs. measurement

Predicted densities are compared with measured densities in Figure 4.5. The
predictions agreed with measurements within 12% except for C6 aromatic/phenolic
compounds (benzene, phenol, and catechol). The over prediction of C6 SOA density
suggests the lack of structural features that enhances organic density such as hydrogen
bonds or ring structures (Girolami, 1994). A characteristic of C6 SOA is its higher CO,"
fragment signals in AMS spectra compared to SOA from methylated aromatics, which
suggest higher contribution of carboxylic acids and possibly oligoesters (from reactions
of carboxylic acids and alcohols) in C6 aromatic SOA (Sato et al., 2012; benzene vs.

1,3,5-trimethylbenzene). Oligoester formation could result in loss of hydrogen bonding,
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and hence lower density. Further chemical analysis using different techniques would be
needed to verify the hypothesis.

As reported by Kuwata et al. (2012), the effect of nitrogen or sulfur containing
species on the density prediction needs further investigation. For all experiments in this
study, the effect of nitrogen is expected to be minor since N/C ratios of SOA were 0.00—
0.01 (Table 4.1). No reactant in this study includes sulfur and thus the effect of sulfur is
not probed.

4.5 Conclusion

A recent study proposed a semi-empirical relationship between organic aerosols
density, O/C, and H/C (Kuwata et al., 2012). This study applied the semi-empirical
relationship to the extensive data set of elemental compositions and densities of SOA
formed by the oxidation of 22 different reactants including terpenes, aromatic
hydrocarbons, and phenolic compounds, in an environmental chamber. The semi-
empirical relationship successfully predicted density of SOA within 12% error except for
over prediction for C6 aromatics (benzene, phenol, and catechol). This study further
extended the range of application of the prediction method to include anthropogenic

systems.
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4.8 Figures

Biogenic species
A~ QL TS
isoprene a-pinene B-caryophyllene
Aromatic hydrocarbons Phenolic compounds
H OH
A <
benzene toluene o-/m-/p-xylene phenol  catechol
OH
ethylbenzene n-propylbenzene o-/m-/p-ethyltoluene o-/m-cresol 2 4-dimethylphenol
OH
1,2,3-11,2,4-11,3 5-trimethylbenzene 2-tert-butylphenol

4-octylphenol

Figure 4.1 Reactants used for chamber experiments.
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5 Relationship Between OH/HO; Level and Aerosol Formation Potential for

Aromatic Hydrocarbons
5.1 Introduction

Secondary organic aerosol (SOA) accounts for a large fraction of total organic
particulate mass based on ambient measurements (e.g., Lanz et al., 2007b; Turpin and
Huntzicker, 1995; Turpin and Lim, 2001; Q. Zhang et al., 2005). Environmental
simulation chambers are typically employed to simulate controlled atmospheres to
quantify SOA formation from individual precursors, and then integrate into atmospheric
models to predict aerosol formation in the atmosphere. Basically, models of SOA
formation represent gas-phase oxidation reactions that lead to the formation of lower
volatility compounds and also the partitioning of semi-volatile species between gas and
particle phase. There are two approaches that have been largely used in atmospheric
models: empirical models constrained by laboratory data and explicit and semi-explicit
models in which gas-phase mechanisms predict formation of semi-volatile products
(Hallquist et al., 2009). Recent studies have suggested that current models informed by
chamber measurements do not always capture the variability of observed SOA loadings,
and often predict far less SOA than is observed (de Gouw et al., 2005; Heald et al., 2005;
Kleinman ef al., 2008; Volkamer et al., 2006). Factors including incomplete treatment of
SOA chemistry, omission of important precursors in models and differences between
chamber experiments and the atmosphere are responsible for model and measurement

discrepancies (Hallquist ef al., 2009; Kroll and Seinfeld, 2008).
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SOA formation is highly dependent on a series of experimental conditions,
including NOx conditions, preexisting particles mass and particle acidity. A number of
studies (Hurley ef al., 2001; Johnson et al., 2004; Kroll et al., 2006; Ng et al., 2007; Song
et al., 2005; Chapter 2 and 5) have observed decreasing SOA yield with increasing initial
NOx concentration. NOx levels were found to influence the initial gas-phase oxidation
steps and also determine the fate of RO, radicals (Hurley et al., 2001; Kroll et al., 2006;
Nojgaard et al., 2006). Higher NOx levels favor RO, + NO reactions over the RO, +
HO,/RO; + RO, reactions, which are more likely to form lower-volatility organics.
However, the correlations between NOx level and SOA formation are not always clear.
Other studies have found a reverse dependence of SOA yield on NOx levels (Kroll ef al.,
2006; Pandis et al., 1991; Zhang et al., 1992). Studies by Stroud et al. (2004) and Ng et
al. (2007) observed particle formation from aromatic precursors even when NO was still
present. These observations may be attributed to different OH levels in their experiments
that affected the formation of semi-volatiles. The role of reactive radicals (OH, HO, and
RO;) during gas phase oxidation process is necessary to understand to best predict SOA
formation in the atmosphere.

The photooxidaiton of 17 different aromatic compounds was investigated in this
study within the UCR/CE-CERT environmental chamber under varying initial NOx
conditions. Hydroxyl radical (OH) constrained by experimental data and hydroperoxyl
radical (HO,) predicted by SAPRC-11 model are used to explain the variation of SOA
yield and composition under low-NOx and no-NOx conditions for different aromatic

photooxidation systems.
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5.2 Experimental Setup
5.2.1 Chamber Facilities

All the experiments in this paper were carried out in UC Riverside/CE-CERT
indoor environmental chamber, which has been described in detail elsewhere (Carter et
al., 2005). All experiments were conducted under dry conditions (RH<0.1%), in the
absence of inorganic seed aerosol, and at environmental chamber temperatures of 27°C.
The UV-radiation is generated by 272 115 W Sylvania 350 Black lights for an overall
NOx photolysis rate of 0.4 min'. Under no-NOx condition, H,O, was used as hydroxyl
(OH) radical source. Hydrocarbon decay was measured by a Hewlett-Packard 5890 (Palo
Alto, CA) gas chromatograph (GC) equipped with a DB-5 column and a flame ionization
detector (FID). The size distribution and number concentration of SOA were monitored
using an in-house build scanning mobility particle sizer spectrometer (SMPS) located
inside the temperature-controlled room. The Aerodyne High Resolution Time-of-Flight
Aerosol Mass Spectrometer (HR-ToF-AMS) (Canagaratna et al., 2007; DeCarlo et al.,
2006b) is used to provide on-line quantitative measurements of bulk chemical
composition.

5.2.2 Model Prediction

A new version of the SAPRC model, SAPRC-11, was utilized to simulate
chamber experiments in this study. SAPRC-11 revised the mechanisms of gas-phase
atmospheric reactions of aromatic hydrocarbons based on SAPRC-07, including new

parameterized mechanisms for phenolic compounds and updates of mechanisms
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concerning acetylene, glyoxal and acyl peroxy + HO, (Carter et al., 2012). The new
aromatics mechanism was evaluated against chamber experimental data and gave better
simulations of ozone formation in almost all chamber experiments with the exception of
higher (> 100 ppb) NOx benzene and toluene experiments. Details of SAPRC-11 have
been described in detail elsewhere (Carter and Heo, 2012; Carter et al., 2012). In this
study, OH radical concentration was calculated based on the hydrocarbon decay using
SAPRC-11; HO, concentration was predicted by SAPRC-11 using OH values
constrained by hydrocarbon decay rates.

5.2.3 Experiments Conducted

Table 5.1 and Table 5.2 summarizes the chamber experiments performed and
used for this work including hydrocarbon reacted, aerosol formed, m/z 43 to m/z 44 ratio
and model error.

5.3 Results and Discussion

SOA yields of different aromatics under low-NOx (HC (ppbC)/NOx (ppb) > 7)
were explored in Chapter 2 (Figure 5.1 a) and are plotted along with aerosol formation
for the no-NOx H,O; experiments (Figure 5.1 b). It was observed that aerosol formation
decreases as the number of carbon atoms of the parent aromatic compound increases for
low-NOx conditions. It is hypothesized that lighter aromatic compounds formed more
ring-retaining products with lower vapor pressures than ring-cleavage products produced
from heavier aromatics (Odum et al., 1996; Sato et al., 2007; Smith et al., 1999).

However, these trends were not observed for H,O, photooxidations without NOx present.
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Aromatic gas-phase oxidation is initiated by reaction of with the OH radical. The
OH radical is further expected to be a key factor influencing the oxidation of 1% and later
generation products. The OH concentration during each experiment was calculated from
the decay of the aromatic precursor using SAPRC-11. The OH radical level for both low-
NOx and no-NOx conditions is displayed (Figure 5.2) for individual aromatic systems.
For the low-NOx experiments the OH level is highly associated with the reaction rate of
aromatic hydrocarbon with OH (kom). While benzene has the lowest kom, OH
concentrations remained sufficiently high throughout the experiment to allow for further
oxidation of later generation oxidation products. On the other hand, heavier compounds
like trimethylbenzene decayed at a much faster rates (higher kon) than benzene, the OH
radical levels dropped quickly in the experiment slowing the oxidation rate of later
generation oxidation products possibly resulting in the lower observed aerosol yields.
However, when H,O, was used as OH source, the OH concentration remained relatively
stable throughout the experiments for each of the individual aromatics and the observed
trends in aerosol formation with carbon number were not observed (Figure 5.1 b).
Therefore, the SOA formation for the different aromatic systems may be partly attributed
to variations in OH levels for the different aromatic systems. However, HO, experiments
typically formed considerably more aerosol than NO experiments even though these
experiments had lower average OH concentrations. Therefore, we explore the possibility
of another important radical, HO, in the formation of SOA during aromatic
photooxidation.

5.3.1 Relationship Between [OH]/[HO;] and SOA Formation
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Hydroxyl radical chemistry in the atmosphere is closely related to other
atmospheric oxidants including HO,, NOx and ozone. Monks (2005) reviewed the
chemistry of the three main groups of atmospheric radicals (HOx, NOx and XOx (X = Cl,
Br, I)) and showed that NOx controlled the partitioning of HOx between OH and HO,--
as NOx increases the HO,/OH decreases. Urban measurements showed a decreasing of
HO, at high NOx. For photooxidation experiments of aromatic hydrocarbons, the NOx
level is known to govern the fate of the RO, radical, which in turn controls the volatility
of organic products subsequent to the initial hydrocarbon-OH reaction (Ng et al., 2007).
When there is NO present, RO, reacts entirely with NO; otherwise RO, + HO, /RO, +
RO; reactions dominate. Since OH and HO; radical both play an important role gas phase
oxidation process, a new factor, the [OH]/[HO,] ratio, was used in this study to interpret
the SOA formation from individual aromatic phootooxidation systems.

In this work, OH concentration was calculated from hydrocarbon decay rates
using SAPRC-11 and HO, concentration was directly predicted by SAPRC-11 using the
OH data constrained by the hydrocarbon decay rate. Model performance is evaluated by

using the rate change of A ([O3]-[NO]) (Carter et al., 2012). Therefore, we use the

Formation Rate Model Error (Carter et al., 2012) to evaluate HO, prediction for NO
experiments as
Formaiton Rate Model Error

B A([03] — [NO])Rate™o%et — A([05] — [NO])Rate®*Pt
~ average {A([05] — [NO])Rate™°odel, A([0,] — [NO])Ratee*Pt}
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For H,0O, experiments there was insufficient NOx to allow for this estimation.
Therefore, no error estimate was made for the H,O, experiments. The size of the triangle
on the following figures is used to represent the Formation Rate Model Error while the
circle symbol size is fixed.

The SOA formation of trimethylbenzene isomers for varying NOx concentrations
are presented in Figure 5.3; the data points are colored by the [OH]/[HO;] ratio from
white to dark blue representing low to high [OH]/[HO;] ratios. It is observed that for
fixed amounts of total hydrocarbon reacted (red rectangular area, Figure 5.3), higher Mo
values correspond to lower [OH]/[HO,] values. For low-NOx experiments, many
previous studies have observed increasing SOA yields with decreasing NO concentration
(Hurley et al., 2001; Johnson et al., 2004; Kroll et al., 2006; Ng et al., 2007; Song et al.,
2005). However, it is hard to compare H,O, experiments with NO experiments using NO
as an indicator. By using [OH]/[HO] as an indicator in this study, we found that most
trimethylbenzene /H,O, experiments had lower [OH]/[HO,] value compared to NO
experiments, which corresponded to a higher SOA yield than NO experiments, indicating
that functionalization may be preferred over fragmentation for decreasing [OH]/[HO,]
ratios.

SOA formation from aromatic systems under low-NOx and no-NOx conditions is
displayed (Figure 5.4) using the traditional Yield vs. Mo plot to present data. Within
Figure 5.4, color shading is used to indicate [OH]/[HO,] ratio while symbol shape
designates experiment type and triangle size represents the estimated model error in

predicting [OH]/[HO:;] ratios. Straight dashed lines are used to indicate the expected yield
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curve for experiments conducted with similar hydrocarbon reacted due to the nature of
the aerosol yield curve (AM,/AHC vs. AM,; the slope of each dashed line shown has a
slope of 1/AHC). Mathematically, any experiment with a given AHC must lie upon the
I/AHC line shown irregardless of the aerosol produced or aromatic system chosen.
Movement on the dashed line toward the origin indicates aerosol systems with lower
aerosol formation for a given 1/AHC. It is further observed that for fixed 1/AHC, higher
SOA yields are observed with decreasing [OH]/[HO,] values, irregardless of the aromatic
compound that the data represents. H,O, experiments were observed to locate on the
upper left regime of the plot while NO experiments cluster in the lower right area. This
means that photooxidation of aromatics react away less hydrocarbon to form the same
amount of particles for H,O, systems than for the low-NOx systems. Moving from the
upper left regime of the plot to the lower right, a decreasing SOA yield is observed with
increasing [OH]/[HO;] values. Decreasing SOA formation is expected in the presence of
NO as the NO + HO; and NO + RO, reactions compete directly with the formation of
lower volatility semi-volatile products via the RO, + HO, reactions. During the H,O;
experiments, HO, radicals are not consumed by NO, so the RO, + HO, reactions
dominate and products with lower volatility are formed.

To better illustrate the effect of [OH]/[HO;] ration on SOA formation, Figure 5.5
shows the Mo vs. delta HC plot of all the aromatic experiments. It is clear that data points
on the bottom of the plot have higher [OH]/[HO,] values, which corresponds to smaller
amounts of aerosol formed. Therefore, the [OH]/[HO2] may provide an indicator of

fragmentation ([OH]/[HO,] higher; higher vapor pressure products) versus
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functionalization ([OH]/[HO;] lower; lower vapor pressure products) of the oxidation
products.

5.3.2 Relationship Between [OH]/[HO;| and Aromatic Structure

Figure 5.6 and Figure 5.7 show the yield vs. [OH]/[HO;] plot for all aromatic
photooxidation experiments. Generally, we found that SOA yield decreased with
increasing [OH]/[HO,] value. However, the amount of aerosol formed also changed even
for a certain value of [OH]/[HO,]. The data is colored with OH concentration in Figure
5.6; SOA yield is found decreased with the OH concentration for a certain [OH]/[HO:;]
values. In Figure 5.7 data points of NO experiments are further grouped according to the
carbon number of parent aromatics. Aerosol yield is observed to increase with increasing
OH concentration even for systems with similar [OH]/[HO,] ratios. Further, for fixed
values of [OH]/[HO], aerosol formed from aromatics with lower carbon number is
observed to have higher yields than aromatics with higher carbon numbers. Both the
effect of parent carbon number and OH radical concentration on SOA yield is mainly due
to the availability of the OH radical to react further with aromatic later generation
products. When NO is present, compounds with larger carbons numbers react faster with
OH resulting in a lower OH level in the system during times when oxidation of later
generation oxidation products occur thereby limiting the availability of these
multigenerational compounds to produce additional aerosol.

5.3.3 Relationship Between [OH]/[HO;] and SOA Chemical Composition

Laboratory experiments in this study had lower [OH]/[HO;] ratios compared to

ambient measurements. Figure 5.8 shows the SOA yield vs. [OH]/[HO:] plot colored by
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43/44 ratio, while the red box (Figure 5.8) represents the ambient level of [OH]/[HO,],
which ranges from 0.01 ~ 0.02 (Dusanter et al., 2009; Kanaya et al., 2012; Martinez et
al., 2003). The43/44 ratio is observed to decrease with increasing [OH]/[HO,] ratio
indicating that aerosol formed in higher [OH]/[HO,] environment are more oxidized.
Given the importance of the [OH]/[HO;] ratio observed in this paper, traditional smog
chamber experiments will need to be modified so that not only NOx levels but also
[OH]/[HO,] levels in the environmental chambers are representative of the atmosphere.
Given that the [OH]/[HO,] ratio may be governing the fragmentation versus
functionalization of 1% and later generation products, the importance of this ratio should
not be overlooked. The observed trends indicate that aerosol formation may be over

predicted by H,O, and low-NOx experiments, despite their more appropriate NOx levels.

5.4 Conclusion

SOA formation from the photooxidation of 17 different aromatic hydrocarbons
was investigated in this study. The [OH]/HO;] ratio is used to explain the aerosol
formation from aromatic photooxidation under both low-NOx and no-NOx conditions,
presumably by it’s effect on fragmentation versus functionalization of the 1% and later
generation oxidation products. Generally, more aerosol were formed under no-NOx
condition, consistent with much lower [OH]/[HO,] conditions. Further, SOA yield was
observed to increase with decreasing [OHJ]/[HO;] ratio for aromatic experiments
regardless of the aromatic compound chosen. However, for similar [OH]/[HO,] ratios,

SOA yield is observed to decrease with increasing OH concentration as well as with
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increasing aromatic carbon number. The chemical composition of SOA observed in the
chamber experiments based on m/z 43/44 indicate a less oxidized aerosol than is typically
observed in the environment. The 43/44 ratio decreasing with increasing [OH]/[HO:;]
value suggests that more OH radical is needed for further oxidation of later generation
organic products. Comparison of the [OH]/[HO;] levels achieved in typical H,O, and
low-NOx chamber experiments to typical ambient conditions strongly suggests that SOA
formation under the chamber conditions may overestimate SOA formation in the
atmosphere and that chamber experiments may need modification to better achieve not
only the NOx concentrations but also [OH]/[HO;] concentrations representative of the

atmosphere.
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5.6 Tables

Table 5.1 Summary of low-NOx experiments.

Compound Run ID Iljp(l)a uAgI.—Irr% Mgﬁg 43/44 Modeo/lo etror
Benzene EPA1236A 53.58 406.79 106.44 0.13 4
EPA1236B 154.7 449.68 34.85 N/A 1
EPA1237A 41.64 265.78 45.93 N/A -2
EPA1237B 21.12 252.78 51.39 N/A -1
EPA1618A 354 354.16 46.25 N/A -13
EPA1223A 59.47 397.7 138.73 0.15 N/A
EPA1223B 119.26  453.26 104.69 N/A -18
Toluene EPA1101A 19.24 206.2 30.13 N/A 5
EPA1101B 9.38 175.54 25.14 N/A 3
EPA1102A 43.33 222.68 21.76 N/A -15
EPA1102B 32.96 238.39 22.19 N/A -6
EPA1106A 20.14 126.1 9.8 0.29 -41
EPA1106B 10.6 111.15 12.42 N/A -26
EPA1107A 40.11 121.5 2.8 0.35 -24
EPA1107B 30.03 118.05 5.89 N/A -32
Ethylbenzene EPA1142A 47.37 331.22 21.99 0.27 -5
EPA1142B 66.56 341.12 4.35 N/A -2
EPA1146A 22.22 256.58 35.99 0.3 10
EPA1146B 34.78 330.78 23.62 N/A 1
EPA1147A 66.91 845.71 87.49 N/A 13
EPA1147B 36.51 625.78 88.13 N/A 15
Propylbenzene EPA1245A 22.12 230.98 11.84 0.33 1
EPA1246A 68.46 420.46 22.93 0.27 0
Isopropylbenzene EPA1247A 22.36 300.97 33.24 0.46 -6
EPA1247B 48.12 299.98 16.55 N/A -3
EPA1253A 56.36 537.95 53.09 0.56 0
EPA1253B 100.07  526.46 16.52 N/A 22
m-Xylene EPA1193A 36.78 238.9 13.59 1.15 6
EPA1193B 36.52 236.25 11.23 N/A 0
EPA1I91A 52.24 298.19 15.23 1.19 7
EPA1191B 45.71 340.46 14.64 N/A 8
EPA1516A 26.69 357.25 48.71 N/A N/A
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0-Xylene EPA1315A 49.8 324.13 26.32 0.96 -9
EPA1315B 22.24 278.21 25.37 N/A 11
EPA1321A 20.47 263.19 16.16 N/A N/A
EPA1321B 10.44 225.66 9.84 N/A N/A
p-Xylene EPA1308A 55.55 278.65 6.8 0.66 -4
EPA1308B 22.93 273.79 11.28 N/A N/A
m-Ethyltoluene EPALI51A 62.48 408.97 8.26 N/A 3
EPA1151B 32.27 414.96 28.69 N/A N/A
EPA1199A 45.43 447.46 72.03 1.08 17
EPA1199B 91.08 482.46 54.63 N/A -6
EPA1222A  107.83  493.46 68.91 0.87 -63
EPA1222B 69.44 483.96 70.88 N/A -42
EPA1226A  251.13  982.42 132.82 1.01 -36
EPA1226B 137.64  895.43 137.91 N/A -8
EPA1232A 12195  900.92 150.09 1.09 -1
EPA1232B 67.52 751.44 116.62 N/A N/A
o- Ethyltoluene EPA1179A 52.85 399.47 86.49 0.96 13
EPA1179B 52.92 415.46 75.33 N/A 7
EPA1202A 60.31 421.96 69.89 1.00 -9
EPA1202B 107.86  453.46 34.1 N/A -15
EPA1215A  107.85  637.45 150.91 1.09 9
EPA1215B 56.47 581.45 97.71 N/A 7
EPA1233A 19748 92592 157.98 0.75 -5
EPA1233B 259.1 896.92 120.69 N/A 13
EPA1413A 21.33 370.97 64.47 0.81 -35
EPA1413B 45.83 455.46 64.37 N/A -40
EPA1421A 22.08 409.46 46.2 N/A 13
EPA1421B 44.88 477.46 54.6 N/A -1
p- Ethyltoluene EPA1194A 90.69 741.44 90.43 0.94 15
EPA1194B 88.4 760.94 72.99 N/A N/A
EPA1197A 56.36 653.44 66.43 1.02 25
EPA1197B 98.54 710.44 58.35 N/A 19
EPA1214A 103.9 455.96 19.17 0.61 -51
EPA1214B 53.41 417.96 29.06 N/A -34
EPA1229A 192.1 888.43 87.56 0.76 -35
EPA1229B 25821  819.93 37.41 N/A -47
1,2,3- EPA1158A 10.27 295.97 22.18 22 -1
Trimethylbenzene EPA1158B 22.37 378.97 32.28 N/A 15
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EPA1162A 33.39 390.97 46.52 2.08 -1
EPA1162B N/A 398.46 46.59 N/A -15
EPA1330A 150 416.96 14.13 0.58 N/A
EPA1330B 100 394.97 17.37 N/A N/A
1,2,4- EPALI117A 10.31 334.97 16.8 1.24 -22
Trimethylbenzene EPA1117B 20.71 367.97 18.2 N/A -15
EPA1119A 49.78 384.97 19.6 1.25 -1
EPA1119B 41.57 389.97 25.48 N/A 8
EPA1123A 10.14 299.98 11.2 1.2 N/A
EPA1123B 22.09 344.97 15.4 N/A N/A
EPA1126A 10.07 286.48 12.6 1.26 -2
EPA1126B 24.3 332.97 15.4 N/A -4
EPA1129A 41.64 200.48 4.2 0.45 -17
EPA1129B 15.63 200.98 5.6 N/A 7
EPA1352A  186.06  394.97 5.71 N/A -50
EPA1352B 132.44  394.96 8.9 N/A -47
EPA1354A  200.17  387.47 5.77 0.43 -51
EPA1354B 152.7 385.97 9.25 N/A -55
EPA1356A  120.61  389.97 14.66 0.86 -44
EPA1356B 100.2 388.97 11 N/A -47
1,3,5- EPA1153A 10.98 309.47 12.36 1.93 1
Trimethylbenzene EPA1153B 20.38 381.47 19.63 N/A 15
EPA1156A 32.31 379.47 24.77 2.46 14
EPA1156B 46.11 390.47 19 N/A -3
EPA1329A 86.18 388.97 0.6 0.14 N/A
EPA1329B 64.78 296.47 3.01 N/A N/A
1,24,5- EPA1529A 70 274.69 3.17 2.83 N/A
Tetramethylbenzene
Pentamethylbenzene ~ EPA1488A 25.14 834.93 165.07 4.55 N/A
Hexamethylbenzene ~ EPA1557A 28 999 15.28 1.25 N/A

N/A: not applicable
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Table 5.2 Summary of no-NOx experiments.

Compound Run ID H,0, AHC_3 M0_3 43/44
ppm pg.m pg.m

Benzene EPALI61A 5 330.76 90.82 0.24
EPA1161B 5 161.16 30.27 N/A

EPA1149A 5 187.48 35.97 N/A

Toluene EPA1149B 5 103.67 20.38 N/A
EPA1477A 1 239.5 62.22 0.88

EPA1477B 1 415.1 104.4 N/A

Ethylbenzene EPA1296A 2 220.37 54.31 N/A
EPA1296B 2 220.81 30.84 N/A

EPA1294A 1 317.53 34.02 0.25

EPA1294B 1 142.2 21.73 N/A

Propylbenzene EPA1256A 1 189.48 42.48 0.46
EPA1256B 1 325.97 69.94 N/A

EPA1269A 2 150.99 43.45 0.44

EPA1269B 2 262.98 72.32 N/A

EPA1426A 1 330.47 60.95 N/A

EPA1426B 1 227.98 26.56 N/A

Isopropylbenzene EPA1265A 1 129.99 24.39 0.56
EPA1265B 1 255.98 47.14 N/A

EPA1274A 2 117.99 46.16 0.52

EPA1274B 2 309.97 62.76 N/A

m-Xylene EPA1209A 2 671.23 190.33 2.48
EPA1209B 2 600.57 140.55 N/A

EPA1212A 1 557.73 137.27 N/A

EPA1212B 1 208.87 72.27 N/A

EPA1523A 1 1488.18 279.25 N/A

p-Xylene EPA1304A 1 328.55 59.62 1.61
EPA1304B 1 185.78 43.23 N/A

EPA1301A 1 299.97 29.30 1.51

EPA1301B 1 124.99 19.73 N/A

0-Xylene EPA1310A 1 287.04 39.01 N/A
EPA1310B 1 177.08 30.82 N/A

EPA1313A 1 264.96 67.98 1.57

EPA1313B 1 249.26 46.89 N/A

EPA1389A 1 240.67 25.1 1.07
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EPA1389B 1 137.78 34.87 N/A

m-Ethyltoluene EPA1205A 1 309.97 128.87 1.39
EPA1205B 1 337.97 118.23 N/A

EPAI1211A 1 285.48 92.08 1.46

EPAI1211B 1 351.97 78.08 N/A

EPA1218A 1 330.47 151.62 1.18

EPA1218B 1 556.45 197.19 N/A

EPA1416A 1 590.95 203 N/A

EPA1416B 1 408.97 27.4 N/A

o- Ethyltoluene EPA1242A 1 552.95 137.02 N/A
EPA1242B 1 166.49 34.29 N/A

EPA1326A 1 293.97 69.2 0.78

EPA1326B 1 387.97 82.91 N/A

EPA1406A 1 257.48 53.49 0.71

EPA1406B 1 287.48 59.74 N/A

p- Ethyltoluene EPA1227A 1 535.45 146.8 1.08
EPA1227B 1 345.47 67.17 N/A

EPA1235A 1 346.47 62.22 0.95

EPA1235B 1 476.46 110.29 N/A

EPA1239A 1 137.49 86.79 1.01

EPA1239B 1 241.48 99.65 N/A

EPA1597A 1 269.98 65.41 N/A

EPA1597B 1 259.98 55.02 N/A

1,2,3- EPA1287A 1 343.97 103.88 2.55
Trimethylbenzene ~ EPA1287B 1 194.48 62.08 N/A
1,2,4- EPA1135A 2 369.97 88.91 2.21
Trimethylbenzene ~ EPA1135B 2 384.74 61.82 N/A
EPA1278A 1 263.98 50.54 1.88

EPA1278B 1 238.48 35.8 N/A

EPA1292A 1 277.48 59.88 2.01

EPA1292B 1 171.48 53.98 N/A

1,3,5- EPA1154A 1 359.47 77.7 3.64
Trimethylbenzene ~ EPA1154B 1 191.48 47.38 N/A
EPA1155A 1 604.95 85.44 3.91

EPA1155B 1 453.46 88.48 N/A

EPA1298A 1 311.97 89.7 2.75

EPA1298B 1 195.48 59.17 N/A
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Tetrarr}e’%};?/’li_enzene EPA1494A 1 541.57 126.72 3.23
Pentamethylbenzene EPA1492A 1 747.98 261.61 4.55
EPA1564A 1 837.39 115.9 3.82
EPA1564B 1 748.16 168.81 N/A
Hexamethylbenzene EPA1558A 1 376 89.86 4.84
EPA1558B 1 450.9 74.88 N/A

N/A: not applicable
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5.7 Figures
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Figure 5.1 Secondary organic aerosol yield as a function of total organic aerosol mass
concentration (M,) for 17 individual aromatic species. Each point represents an
individual experiment. (a) aromatic/NO experiments, (b) aromatic/H,O, experiments.
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Figure 5.2 Comparison of averaged OH level between aromatic/NO and aromatic/H,0,
experiments of benzene, m-xylene and 124-trimethylbenzene photooxidation.
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Figure 5.3 Secondary organic aerosol formation from trimethylbenzene isomers. For NO
experiments, size of the circle represents model error of SAPRC-11. A middle size circle
means a model error of 0; a larger size and smaller size mean an over-prediction and
under-prediction of HO, concentration, respectively. For H,O, experiments, no indicator
is used to evaluate the model performance, the size of all triangles are fixed.
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Figure 5.4 Secondary organic aerosol yield as a function of M, for both aromatic/NO and
aromatic/H,O, experiments. Straight dashed lines are used to indicate the expected yield

curve for experiments conducted with similar hydrocarbon reacted (the slope of each
dashed line shown has a slope of 1/AHC).
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Figure 5.5 Secondary organic aerosol mass M, as a function of hydrocarbon reacted for
low-NOx and no-NOx experiments.
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Figure 5.6 Secondary organic aerosol yield as a function of [OH]/[HO,] ratio for both
aromatic/NO and aromatic/H,O, experiments. Data points are colored with OH
concentration in each experiment.
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Figure 5.7 Secondary organic aerosol yield as a function of [OH]/[HO,] ratio for
aromatic/NO experiments. Data points are grouped according to the carbon number of

aromatic precursors.
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Figure 5.8 Secondary organic aerosol yield as a function of [OH]/[HO,] ratio for

aromatic/NO and aromatic/H,O, experiments. Data points are colored by mz 43/ mz 44
ratio measured by HR-ToF-AMS. Rectangular area represent ambient level of
[OH]/[HO,].
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6 Summary of Dissertation

The overall objective of this study was to advance our understanding of SOA
formation from aromatic hydrocarbons while improving our ability to accurately predict
SOA formation from aromatic precursors. This work utilized careful experimental
chamber photooxidation simulations under a variety of conditions (e.g., hydrocarbon to
NOx ratio, OH and HO, radical levels) for 17 aromatic hydrocarbons including: benzene,
toluene, ethylbenzene, propylbenzenes, xylenes, ethyltoluenes, trimethylbenzenes,
tetramethylbenzene, pentamethylbenzene and hexamenthylbenzene. A series of online
techniques were employed allowing for the comparison of SOA formation potential as
well as comparison of the chemical and physical properties of SOA formed from
different aromatic precursors. The gas-phase reaction model SAPRC 11 was further

utilized to help predict radical levels present during these experiments.

Chapter 2 investigated the aerosol formation potential of different aromatic
hydrocarbons under low-NOx conditions; SOA yields in our study were also compared
with aerosol formation from aromatics of previous studies. It is observed that aerosol
formed from aromatic hydrocarbon with more carbon atoms had lower yields, generally
consistent with Odum’s definition of high-yield and low-yield aromatics (Odum, 1996).
Four yield curves (one for C6 and C7 aromatics, one for C8 aromatics, one for C9
aromatics, and one for C10 aromatics) were provided as best estimates of SOA formation
under low-NOx conditions for aromatic species. A possible explanation for this trend is
that lighter compounds such as benzene and toluene are more likely to form low vapor

pressure ring-retaining products. It is also found that para-substituent aromatics have
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lower SOA yield than their isomers. Many studies reported similar trends and pointed out
that more unsaturated diketones and less aldehydes were produced. Experimental
differences between this study and earlier studies are used to explain differences in

observed yields for these aromatic precursors.

Chapter 3 compared the chemical composition of secondary aerosol formed from
aromatic hydrocarbons investigated in Chapter 2 under both low-NOx and no-NOx
conditions. Triangle plots (f44 vs. f43) and Van Krevelen (O/C vs. H/C) diagrams were
used as aids to evaluate similarities and differences in chemical properties. With respect
to the triangle plot for ambient OOA, SOA formed in this study were located in the lower
right area outside the triangle indicating that less oxidized aerosol are formed from
aromatic precursors in the environmental chamber than is observed for bulk ambient
OOA. Decreased in f44 and increases of f43 were observed as the number of alkyl
substituents on the aromatic ring increased; the trend is attributed to because the
formation of more low-reactive ketones and less reactive aldehydes with the presence of
more substituents. This trend was also observed on Van Krevelen diagram with a higher
O/C ratio and lower H/C ratio observed for the lighter aromatics. Additionally, SOA
volatility was correlated with chemical composition with lower aerosol volatility
observed for SOA generated from photooxidation of lighter aromatics.

Chapter 4 is an extension of Chapter 3 and evaluates a recently proposed semi-
empirical relationship between SOA elemental ratios (O/C and H/C) and aerosol density.
An extensive dataset of density and elemental ratios of SOA formed by the oxidation of

23 different reactants including terpenes, aromatic hydrocarbons, and phenolic
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compounds within an environmental chamber was investigated. Experimental results
suggest that SOA density was found to be nearly independent of oxidants used in
chamber experiments. The semi-empirical relationship successfully predicted density of
SOA within 20% error for more than 90% of experiments; therefore, the range of the
application has been extended to include SOA from anthropogenic systems. The density
estimation method has a potential to be applied to a number of predictive models. This
study provided a fundamental dataset to support the applicability of the method to SOA
formation from aromatic hydrocarbons. Future studies need to address the uncertainty
due to the presence of nitrogen and sulfur in SOA.

Chapter 5 further explored the radical (OH and HO;) levels generated from
different aromatic oxidation systems using SAPRC-11. [OH]/HO,] ratio is used to
explain aerosol formation trends from aromatic photooxidation experiments. Generally,
more aerosol were formed under no-NOx conditions, corresponding to a much lower
[OH]/[HO,] generated for the no-NOx conditions. Furthermore, SOA yield was observed
with the increasing of [OH]/[HO;] ratio for all aromatic experiments. It was hypothesized
that the SOA formation trends can be explained by decomposition of intermediate
products to form organics with higher volatility in the more OH radical abundant
environment. A decreasing SOA vyield trend with OH concentration for fixed [OH]/[HO:]
ratios is also observed. It is hypothesized that the heavier aromatic systems have
insufficient OH to further oxidize later generation products thus limiting overall SOA
formation. The 43/44 ratio increased with decreasing [OH]/[HO,] value suggesting that

more HO, radicals are available for the oxidation of organic products.
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In the future, the impact of temperature, humidity and light intensity on SOA
formation from aromatic hydrocarbons can be investigated to further our understanding
of aerosol formation similar to ambient conditions. Controlled experiments are needed to
simulate ambient [OH]/[HO,] levels. To achieve this goal, NO, or CO could be added to
aromatic photooxidation systems to lower OH and raise HO, concentrations in the system.
Moreover, a direct measurement of OH and HO, radicals in aromatic photooxidation
system is necessary to evaluate SAPRC prediction. A more complete understanding of
the radicals’ level in aromatic system under various conditions is important to improve
future predictions of SOA formation and improve extrapolations of chamber data to the

ambient environment.
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