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ABSTRACT OF THE DISSERTATION

Carbonaceous Aerosol Study Using Advanced Particle Instrumentation
by
Li Qi
Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering

University of California, Riverside, August 2010
Dr. David R. Cocker I, Chairperson

A study of the evolution of carbonaceous aerosol in the atmosphere was
conducted with special focus on primary biomass burning and secondary organic aerosol
(SOA) processing. The work is broken down into two major components: the organic
aerosol mass released from biomass burning and the evolution of SOA with special
emphasis on formation routes. The biomass burning work explored the evolution of
organic aerosol emissions as a function of modified combustion efficiency with
correlations drawn between levoglucosan emissions and wood-type, combustion type
(flaming, mixed, smoldering) using high resolution aerosol mass spectrometry. The SOA
work includes insights into the mechanism for SOA formation from aromatics including
the impacts of temperature and particle-aging. This work conclusively demonstrates that
gas-particle partitioning theory combined with enthalpies of formation are insufficient to
model the formation of SOA as a function of time; that the presence of secondary
reactions, in both the particle and gas-phase continue to evolve the aerosol beyond that

typically simulated in environmental chambers; and that current mechanisms for SOA

Vi



formation from aromatics fail to explain isotopically labeled experiments while

conclusively ruling out the importance of organic nitrate products.
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Chapter 1

1.1 Introduction of the Dissertation

Particulate Matter is a general term used for the mixture of solid particles and
liquid droplets in the air. Fine particles (PMz5) refer specifically to particulate matter that
is 2.5 microns in diameter or less. Sources of particulate matter are of both anthropogenic
and natural origin. Natural sources include volcanoes, dust storms, forest and grassland
fires, living vegetation, and sea spray. Anthropogenic include fossil fuel combustion and
various industrial processes. Based on their origin, atmospheric aerosol can be classified
as primary aerosol (directly emitted from sources) and secondary aerosol (formed via
atmospheric chemical reaction of gaseous species).

SOA refers to organic aerosol formed from gas-phase oxidative processing of
volatile organic compounds (VOCSs) in the atmosphere (e.g., Kroll and Seinfeld, 2008).
VOCs are emitted into the atmosphere from a variety of anthropogenic and biogenic
sources such as industrial solvent evaporation, fuel combustion, and vegetation emissions
(Seinfeld and Pandis, 1998). Examples of these compounds include alkanes, alkenes,
aromatics and monoterpenes. Subsequently, atmospheric oxidation of these VOCs
produces gas-phase and particle-phase pollutants. The semi-volatile gas-phase oxidation
products then partition between the gas- and particle-phase onto pre-existing particles to
form SOA.

SOA accounts for a majority of organic aerosol in the atmosphere. Turpin et al.

(1995) estimated that SOA comprises up to 70% of all organic aerosol present using the



elemental carbon (EC)/organic carbon (OC) tracer method. More recently, Zhang et al.,
(2007) reported that SOA was a major fraction of organic aerosol in megacities based on
a global data base acquired from aerosol mass spectrometer (AMS). SOA is also believed
to contribute to climatic impacts, regional visibility reduction and potential health hazards
(IPCC, 2007; Eldering and Cass, 1996; Davidson et al., 2005; Pope and Dockery, 2006).

Aromatics and monoterpenes are two important classes of atmospheric VOCs.
Aromatic hydrocarbons are prevalent in the urban atmosphere; it is estimated that
aromatic hydrocarbons contribute ~19% of atmospheric VOCs in the Los Angeles,
California area (Calvert et al., 2002). It is further estimated that aromatic hydrocarbons
can contribute up to 50-70% of the SOA formation in the urban atmosphere (Na et al.,
2004). Biogenic sources dominate global VOC emissions with estimated annual non-
methane emissions of 491-1150 Tg carbon (Muller, 1992; Guenther et al., 1995).
Approximately 11% of biogenic VOCs are monoterpenes with a-pinene contributing one-
quarter of the total inventory of monoterpenes (Kanakidou et al., 2005). The ozonolysis
of monoterpenes is reported to be one of the major contributors to global SOA (Griffin et
al., 1999).

Traditionally, an environmental simulation chamber is used to investigate the
atmospheric processes leading to ozone and SOA formation. This is done to limit the
number of factors impacting ozone and SOA formation by utilizing a well-controlled
environment not subject to processes involving atmospheric transport. Over the past
several decades, a number of smog chamber studies have evaluated SOA formation

potential from the photooxidation of alkyl-substituted aromatic hydrocarbons in the



presence of NOy or H,0, (e.g., Izumi and Fukuyama, 1990; Odum et al., 1996; Odum et
al., 1997; Kleindienst et al., 1999; Edney et al., 2000; Cocker et al., 2001a; Song et al.,
2005; 2007a,b) and from dark ozonolysis of monoterpenes (e.g., Hoffmann et al., 1997,
Griffin et al., 1999; linuma et al., 2005; Pathak et al., 2007; Shilling et al., 2008).
Additional chamber experiments have focused on identifying particle-phase product
compositions from SOA produced from aromatic and monoterpene precursors (e.g.,
Forstner et al., 1997; Jang and Kamens, 2001; Kleindienst et al., 2004; Alfarra et al.,
2006; Hoffmann et al., 1998; Docherty et al., 2005; Ma et al., 2008; Camredon et al.,
2010). SOA formation has been studied in the presence of additional water vapor,
measured as relative humidity (RH) (e.g., Cocker et al., 2001a, Cocker et al., 2001b, Na
et al., 2006, Na et al., 2007, Varutbangkul et al., 2006, Warren et al., 2009). Results have
indicated that water vapor may participate in both the gas- and particle-phase chemistry,
thereby altering the final SOA chemical composition. Further studies have explored the
role of different oxidants including the importance of HC/NOy ratio (e.g., Hurley et al.,
2001; Song et al., 2005; Ng et al., 2007).

Environmental parameters such as temperature and light intensity also influence
SOA formation. A few studies have investigated SOA formation at different
temperatures, focusing on the final aerosol production yield dependence with temperature
(Pathak, et al., 2007, Takekawa et al., 2003). The results showed a direct temperature
dependence on SOA formation with the final aerosol mass formed decreasing with
increasing temperature. Changing light source and intensity has also been reported to

influence SOA production. For example, Warren et al., (2009) reported that less SOA



production was observed as the rate of NO, photolysis was decreased in the m-xylene/NO
photooxidation reaction systems.

Early studies by our group provided a large, accurate experimental data base for
SOA formation under different environmental parameters for m-xylene photooxidation
and cyclohexene and a-pinene ozonolysis. This previous research mainly focused on the
effects of these environmental parameters on SOA vyield in the absence of physical and
chemical product information.

This study provides insight into the physical and chemical properties of SOA
formed from photooxidation of aromatic and mono-terpene hydrocarbons and ozonolysis
of mono-terpene hydrocarbon under widely varying conditions.

Chapter 2 investigates the aging processes of SOA formed in the m-xylene and a-
pinene photooxidation systems as well as in the a-pinene ozonolysis system. A series of
experiments are performed with varying reactants inputs and concentrations for up to
sixteen hours. The results clearly demonstrate that aerosol produced from these systems
age with increased functionalization of the SOA in terms of particle hygroscopicity,
volatility and elemental composition, but at a lower rate compared to the ambient particle
aging. The results indicate that the hydroxyl radical plays a significant role in aerosol
aging.

Chapter 3 expands on the Chapter 2 study of SOA aging by adding additional
reactants (NO, nitrate radical, hydrogen peroxide) to SOA generated from a-pinene
ozonolysis. This chapter provides evidence that the particle-phase product distribution

changes (aerosol ages) with the injection of additional reactants. This aging may occur



either through modification of the particle-phase chemical composition via further
oxidation of gas-phase products (followed by condensation) or via heterogeneous
reaction at the gas-particle interface.

Chapter 4 expands the current knowledge of temperature influences on SOA
formation from dark cyclohexene and a-pinene ozonolysis reaction systems to the m-
xylene photooxidation system. Temperature is found to have a clear and dramatic effect
on the SOA formation not only in terms of particle volume but also chemical
composition. This chapter demonstrates that aerosol formation as a function of
temperature is not fully described using estimated product enthalpies and traditional gas-
particle theory. Rather, the temperature dependence and resulting measured bulk
chemical and physical characterization indicate additional SOA formation mechanisms
that must be accounted for to fully characterize SOA formation dependence on system
temperature.

Chapter 5 explores the possible mechanism for aerosol formation from m-xylene
photooxidation by using the isotopic (**C,) m-xylene and *NO. High-resolution time-of-
flight aerosol mass spectrometer (HR-ToF-AMS) provides chemical information that
fragmented ions shift by only +1 (only one of two **C atoms remains) and the presence of
products resulting from ring open reactions. It also confirms that the organic nitrate
formation is not as significant by the fact that little contribution of ®NO and °NO,
addition was observed. Several major gas-phase products were observed using Proton
Transfer Reaction Mass Spectrometer (PTR-MS) which are tentatively identified as di-

carbonyl compounds and may partially account for the SOA formation.



Chapter 6 moves from chamber SOA studies towards primary organic aerosol
studies by investigating organic aerosol originating from prescribed burns of southwest
biomass fuels. This chapter summarizes the chemical characterization of PM, s emissions
collected for flaming, mixed and smoldering phases using a HR-ToF-AMS for a total of
nine southwest biomass fuels. Real time elemental ratios and levoglucosan content with
respect to modified combustion efficiency (MCE) are reported.

Chapter 7 summarizes the results of these studies, presents the conclusions, and
provides suggestions for future study.

In addition to the above sections, located in the appendix are three papers, which |
contributed to significantly and appear on the paper as co-author. Appendix A describes a
systematic study of nitrate radical oxidation of a series of primary amines (Malloy et al.,
2009). Appendix B describes the laboratory study of SOA formation from nitrate radical
reaction with trimethylamine (Silva et al., 2008). Appendix C describes the development
of a novel technique for real-time aerosol density measurement which all the experiments

from this dissertation used to obtain particle density (Malloy et al., 2009).
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Chapter 2

2.1 Introduction

Secondary Organic Aerosol (SOA) refers to organic aerosol formed from gas-
phase oxidative processing of volatile organic compounds (VOCs) in the atmosphere
(e.g., Kroll and Seinfeld, 2008). SOA accounts for a majority of organic aerosol in the
atmosphere. It comprises up to 80% of all organic aerosol present (Turpin, et al., 1995;
Zhang et al., 2007) and contributes to climatic impacts, regional visibility reduction and
potential health hazards (IPCC, 2007; Eldering and Cass, 1996; Davidson et al., 2005;
Pope and Dockery, 2006).

Once formed, organic aerosol particles in the atmosphere may undergo further
physical and chemical processing, altering the physiochemical properties of aerosol,
including its hygroscopic property (Broekhuizen et al., 2004; Asad et al., 2004), density
(Katrib et al., 2005; Bahreini et al., 2005), chemical composition (Mmereki et al., 2004),
toxicity (Rudich et al., 2007), optical property (Rudich et al., 2007), and their cloud
condensation nuclei (CCN) activity (Shilling et al., 2007). Several pathways have been
proposed for SOA aging processes: 1) heterogeneous reactive uptake of gas-phase
oxidants such as O3, OH and NOj by the condensed-phase molecules (Ellison et al.,
1999); 2) further gas-phase oxidation of semi-volatile products that repartition between
the gas and particle phase (Robinson et al., 2007); 3) organic semi-volatile monomers in
the interior of SOA particles to form large molecular weight oligomeric compounds

(Rudich, 2003; Ziemann, 2005); or 4) other heterogeneous processes leading to SOA
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formation (e.g., Kalberer et al., 2004, 2006; Tolocka et al., 2004; Baltensperger et al.,
2005; Gao et al., 2004a,b; Gross et al., 2006).

As chemical and physical aging should vary locally with ambient concentrations
of oxidants and condensates, a more detailed understanding of the hydrophobic-to-
hydrophilic aging mechanism of secondary organic aerosol particles is necessary before a
more accurate representation can be included in atmospheric chemistry models. Previous
experiments conducted in the UC Riverside/CE-CERT environment chamber have shown
little changes in hygroscopic property from a-pinene ozonolysis system within time scale
of fifteen hours (Gf=1.1+0.02 at 83.3+0.5% RH) (Warren et al., 2009).

This paper focuses on the evolution of particle hygroscopicity and density as well
as C:O:H ratios estimated from aerosol mass spectra. It evaluates whether the processing
of chamber SOA can lead to sufficiently high oxygen/carbon ratios to be congruent with
ambient SOA observations. Chemical aging processes of SOA derived from a-pinene and
m-xylene utilizing the UC Riverside/CE-CERT environmental chamber are discussed

correspondingly.
2.2 Experimental Section

2.2.1 Facility Overview

Experiments are conducted in the UC Riverside/CE-CERT indoor environmental
chamber, which is described in detail elsewhere (Carter et al., 2005). Dual 90m* Teflon
reactors are suspended by a rigid steel framework in a temperature-controlled enclosure

which is continuously flushed with purified air. The rigid framework slowly collapses the
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reactors during the experiments to minimize leaks and diffusion of contaminants into the
reactors by maintaining a positive 0.03” H,O differential pressure between the reactors
and enclosure. Eighty 115 W Sylvania 350 black lights are used as light sources for
photooxidation reactions. All ozonolysis experiments are conducted under dark
conditions. A known volume of high purity liquid hydrocarbon precursor (a-pinene:
Sigma-Aldrich, >99.0%; m-xylene: Sigma-Aldrich, >99.5%) and 50 % wt hydrogen
peroxide are injected through a heated glass injection manifold system and flushed into
the chamber with pure N,. NO is introduced by flushing pure N, through a calibrated
glass bulb filled to a predetermined partial pressure of pure NO. Ozone is made using two
Dalton ozone generators (Model Type: OZG-UV-01) and injected the same way with
pure N, flushing. CO is directly introduced as OH radical scavenger from a certified
known concentration gas cylinder with flow rate set at 900 cc/min, and then flushed into

the chamber with pure No.

2.2.2 Particle Analysis

Particle size distributions between 28 and 700 nm are monitored with scanning
mobility particle sizers (SMPS). Particle sizing is validated with a suite of polystyrene
latex spheres (PSL) (Duke Scientific Corp., Palo Alto, CA).

Real-time particle density is measured using an Aerosol Particle Mass Analyzer
(APM) (Kanomax model 3600) and SMPS in series. Details of the instruments and theory
are described elsewhere (Malloy et al., 2009; Ehara et al., 1996). A custom Labview

program determines mode diameter peak from a parallel SMPS and then actively
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configures the APM-SMPS to optimize instrument response. Density is acquired
approximately every 75 s.

The hygroscopicity of chamber derived SOA is continuously monitored with a
custom-built Hygroscopic Tandem Differential Mobility Analyzer (HTDMA). The
instrument follows the original design of Radar and McMurry with the configuration
similar to that illustrated in Cocker et al. (2001b). The particle diameter transmitted
through the first SMPS was selected to match the peak size distribution measured by a
parallel SMPS. Hygroscopic growth factor (Gs) is reported as the ratio of the modal
diameter of humidified aerosol (85.0%~95.0%+1.0%), Dy numidities, t0 that of classified
aerosol, Dydry, 1.€., G=Dp humidified/Dp,ary- BOth size distributions are fitted to log-normal
distributions to get Dppumidified @nd Dpary for calculation. The residence time of the
humidification system is approximately 1 minute. The HTDMA measurement is
validated with ammonium sulfate, the growth factor of which as a function of RH is well-
known. The Gt is found to agree within 1.0% of theoretically calculated result using
Kohler model at similar RH level (Brechtel and Kreidenweis, 2000). Parallel to the
humidification system is a thermal denuder system (residence time ~17 sec) that can be
alternatively operated to evaluate SOA volatility.

The evolution of particle elemental composition of aerosol particles was tracked
using an Aerodyne High Resolution Time-of-Flight Aerosol Mass Spectrometry (HR-
ToF-AMS) operating in the high resolution mode (Jayne et al., 2000; Jimenez et al.,
2003). The HR-ToF-AMS has been described in detail previously (Jayne et al., 2000) and

improves on mass resolution by using a custom high-resolution ToFMS (Tofwerk,
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Switzerland). As a result of both the extensive fragmentation caused by electron impact
ionization and the thermal decomposition of molecules by the vaporizer, most of the
signal intensity occurred below mass to charge ratio (m/z) 100; parent molecular peaks
were weak or unobserved. Therefore, m/z values of fragment ions were interpreted as
tracers of the parent species and the change in contribution fraction of signal intensities
could be attributed to evolution of aerosol species (e.g., change in signal intensity ratio of
m/z 44/43). A relative increase in the signal intensity at m/z 44, which is a common
fragment of oxo- and dicarboxylic acids (CO,") and a relative decrease at m/z 43, which
is a fragment of oxidized organic molecules containing carbonyl groups (C,Hs0") could
be expected as further oxidation. More recently, a new elemental analysis (EA) technique
was developed coupled with HR-ToF-AMS sampling data (Aiken et al., 2007; 2008). The
method is based on the property of electron ionization (El) for molecules containing
small atoms such as C, H, N, O and S that the sum of the ion signal intensities from all
fragments is approximately proportional to the mass concentration of the original organic
species. Thus, if the elemental composition of each fragment ion signal in a mass
spectrum can be identified (as with HR mass spectra), the average composition of the
ions can be calculated. For a complex spectrum from an unknown molecule or mixture,
the best estimate of the composition can then be found by summing up the ion
contributions across the entire mass spectrum, which represented as estimated ratios of
oxygen-to-carbon (O/C), hydrogen-to-carbon (H/C), and nitrogen-to-carbon (N/C).
Estimated atomic ratios are used to calculated Organic Matter (OM)/Organic Carbon

(OC). In this study, the C:O:H ratio of the total aerosol was determined using the high
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resolution capabilities of the HR-ToF-AMS following the Peak Integration by Key
Analysis (PIKA) and Analytical Procedure for Elemental Separation (APES) templates

(DeCarlo et al., 2006, Aiken et al., 2008).

2.2.3 Gas Analysis

Decay of the parent hydrocarbon species was monitored with gas chromatography
(GC-FID, Agilent 6890, Palo Alto, CA) equipped with a flame ionization detector. A
Thermal Environmental Instruments Model 42C was used to measure NO, NOy and (NOy
— NO) concentration. O3 was monitored with a Dasibi Environmental Corp. Model 1003-

AH O3 analyzer.

2.2.4 Experiment Methods

A series of m-xylene photooxidation and a-pinene dark ozonolysis and
photooxidation experiments were designed (Table 2.1) to evaluate the chemical aging of
SOA. Thirteen experiments were conducted under dry conditions (RH<0.5%) in the
absence of inorganic seed aerosol and one experiments under low humidity conditions

(RH~25%). All the experiments were conducted as long as the reactor would permit.

2.2.5 Aging Pathways

Chemical aging of secondary organic aerosol can occur through gas-phase,
surface, and subsurface reactions (Fig. 2.1). Immediately after nucleation, the gas-to-
particle phase partition of one or more generations of oxidation products may dominate

aerosol growth (routes I and Il). After this rapid growth, particle-phase semi-volatiles can
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evaporate back to gas-phase, oxidize into low-volatility compounds, and then re-
condense back into the particle-phase (route Il1). There is also the possibility that gaseous
oxidants attack the particle surface and convert some of the semi-volatile species into less
volatile products (route 1V). Particle-phase reactions can also be promoted and
oligomeric species formed over the experiment duration (route V). Recent studies suggest
that surface reaction on preexisting SOA may also occur; Criegee intermediates with
carboxylic acid and carbonyl functional groups may produce high-molecular-weight,
oligomers and humic-like-substances (Hearn et al., 2005, Reynolds et al., 2006, Katrib et
al., 2005). Ziemann et al. (2005) hypothesized that oligomeric species may form within
particles through monomer reactions leading to linkage of an O-O bond. Several groups
have reported observations of oligomeric or polymeric structures within chamber SOA
experiments from oxidation of 1, 3, 5-trimethylbenzene (TMB) (Kalberer et al. 2004,
Baltensperger et al., 2005) and a-pinene (Gao et al., 2004a, linuma et al., 2005, Tolocka
et al., 2004). Previous studies have been unable to definitively identify which reaction
routes dominate particle evolution within an environmental chamber; it is likely that
many of these routes occur simultaneously with each process contributing to a different

extent at different stages of an experiment.

2.3 Results and Discussion

2.3.1 SOA production

A typical plot of the wall-loss-corrected aerosol volume and aerosol electrical

mobility diameter versus time for select experiments is displayed in Fig. 2.2. The aerosol
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production for the m-xylene photooxidation and a-pinene ozonolysis experiments are
consistent with earlier m-xylene (Song et al., 2005) and a-pinene work (Cocker et al.,
2001a) after accounting for differences in reacted hydrocarbon, hydroxyl radical
scavenger, and reactor temperatures. Similar to the plots seen in Fig. 2.2, the final
amounts of aerosol formed from oa-pinene dark ozonolysis for both dry and humid
conditions without initial seeds remain constant for up to fourteen hours after completion
of the initial aerosol growth phase. Similar aerosol formation plateaus, albeit after a
longer aerosol growth-phase period due to the slower consumption of the parent
compound, are seen for m-xylene photooxidation experiments.

Additional experiments were conducted to tentatively examine whether further
functionalization of the aerosol could be enhanced by introduction of NO, O3 or H,0;
followed by photolysis. A typical experimental result with a second NO injection and UV
irradiation (Fig. 2.2) only yielded small particle growth of suspended particles (~30nm)
translating to an increase of wall loss corrected volume of only 2.9%. The small increase
in aerosol volume is likely attributable to a slight increase in oxidation of gaseous
products that subsequently condense onto the particle surface (routes I and I1). The results
on the additional injections of reactants will be described in detail in another paper (Qi et

al., in prep).

2.3.2 Hygroscopic Property Evolution

Particle hydrophilicity is influenced by the molecular weight and extent of
functionalization of the organic molecules (Varutbangkul et al., 2006). Homogeneous

reactions forming larger oligomer molecules within the particle phase (route V) or loss of
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highly functionalized semi-volatile compounds will decrease particle hydrophilicity.
Conversely, heterogeneous surface reactions or further gas-phase oxidation of semi-
volatile products (either evaporated from the particle or already in the gas-phase)
increases the functionalization of the organic molecules thereby increasing the
hydrophilicity of the particle (route 1V). Additionally, gas-phase reactions can lead to the
distribution of different condensing species throughout the reaction (route I, 11, I1I). The
observed temporal variation in particle hygroscopicity is governed by competing effects
(Varutbankul et al., 2006).

Real-time hygroscopic growth factors for select experiments are shown in Fig.
2.3. a-Pinene ozonolysis experiments did not show increases in water uptake throughout
the experiment (Fig. 2.3a). The Gt of the aerosol was constant (~1.09, RH 93.6%0.4%)
during and after SOA formation. Therefore, either processes influencing particle
hydrophilicity were offset throughout the experiment or little processing (aging) of the
SOA occurred. This is in contrast to other studies that report continuous increases in G¢
with time for the ozonolysis of a-pinene (Virkkula et al., 1999; Cocker et al., 2001a).
However, the hygroscopicity of a-pinene and m-xylene photooxidation aerosol shows a
continuous increase of Gy for the entire experiment (1.04 to 1.11 for a-pinene in Fig.
2.3b, 1.07 to 1.17 for m-xylene in Fig. 2.3c). The increased hydrophilicity is attributed to
continued functionalization of semi-volatile compounds.

Gt Is observed to decrease with increasing particle diameter for the
photooxidation experiments (Fig. 2.3c). Larger particles within the chamber undergo

longer processing times and have smaller surface area-to-volume ratios, while smaller
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particles are more representative of condensing species that is supposed to be less
functionalized. The size dependent particle hydrophilicity is consistent with either 1)
more highly functionalized semi-volatile species (multigeneration products) forming and
condensing at later times in the reaction, 2) heterogeneous surface oxidation, or 3)
reduction in relative particle hydrophilicity due to oligomeric reactions. It is noted that
the hydrophilicity is not solely attributable to oligomeric reactions as the overall particle
hydrophilicity increases throughout the experiment. The lack of size dependent particle
hydrophilicity for the experiment is consistent with the stable Gs measured throughout the
experiment. Our results are also supported by previous findings that show a-pinene dark

ozonolysis systems are dominated by first generation products.

2.3.3 Particle Density Evolution

The evolution of aerosol effective density for a-pinene ozonolysis (with CO as
OH scavenger) and a-pinene and m-xylene photooxidation reaction are presented in Fig.
4. Effective density remains constant (1.24 g/cm®) for the dry a-pinene ozonolysis
reaction (with CO) throughout the course of the experiment. Similar trends were
observed for o-pinene and m-xylene photooxidations (1.31 g/cm® and 1.35 g/cm®,
respectively, shown in Fig. 2.4b and Fig. 2.4c) after the initial nucleation burst; however,
the measured density is ~8% higher during initial aerosol formation than later in the
experiment. These density trends are consistent with earlier work on a-pinene dark
ozonolysis and m-xylene photooxidation by Malloy et al., 2009. The constant density
profiles for the systems (after nucleation) indicate that aerosol composition, as inferred

from density, does not change appreciably. Or the reason could be that the sensitivity of
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this instrument is insufficient to identify the chemical composition change compared to

other techniques used in this paper to evaluate SOA aging processes.

2.3.4 Particle Volatility Evolution

Measurement of SOA volatility can provide indirect information about its
chemical composition (Philippin et al., 2003, Kalberer et al., 2004). Baltensperger et al.
(2005) reported that 65%, 25% and 10% of SOA from a-pinene/NOy photooxidation after
10 hours irradiation remained in the particle phase after heating at 100, 150, and 200 °C,
respectively. Similarly, they also reported the volume remaining fraction (VRF) from
TMB photooxidation as 80%, 60% and 10% at 100, 150, and 200 °C, respectively, after
24 hours of photochemical aging. The thermodenuder used for these studies had
relatively short aerosol residence times (~1.5 s) within the heated zone. The small
residence time and the potential resistance to mass transfer of material from the particle-
phase to the gas-phase may have resulted in an underestimation of SOA volatility.
Therefore, for this study, we utilized a Dekati thermodenuder (model WAN 5912-4,
Dekati Ltd., Finland) with a 17s residence time in the heating zone (0.25 LPM flow rate)
set to 100°C.

The SOA VRF for the a-pinene dark ozonolysis and the a-pinene and m-xylene
photooxidation experiments are shown in Fig. 2.5a. The VRF of the initial SOA formed
is 6% and 18% for a-pinene and m-xylene photooxidation, respectively. These VRFs
increased to 44% and 47% for o-pinene and m-xylene, respectively, by the end of
experiments. However, the VRF for a-pinene dark ozonolysis remained stable over the

course of the experiment (61%+2%). The VRF time traces are consistent with HTDMA
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observations that the chemical composition, inferred from these techniques, changes with
SOA age for the photooxidation experiments but remains stable for the a-pinene dark
ozonoloysis experiments. The remaining mass loading of the m-xylene photooxidation
SOA measured by AMS drops to nearly zero after passing the aerosol through the
thermodenuder set at 150°C (Fig. 2.6). The near complete evaporation of the aerosol at
150°C indicates that only a small fraction, if any, of the SOA is oligomeric as these larger
molecules would be expected to remain condensed at these temperatures. Therefore, it is
likely that the VRF is increasing in these systems due to increased functionalization of
the semi-volatile compounds. No size dependence, within the resolution of the
instrument, is observed in the VRF of the SOA (Fig 2.5b).

It is clear that SOA formation may highly depend on the experimental conditions,
such as temperature, RH, seed particles presence and light intensity. The experiments
normally carried out under different conditions between laboratories even though the
reaction system may be very similar. This makes the need for inter-comparison between
different chamber facilities a necessity. To facilitate comparison we took our
measurements in the same TMB/NOy system at residence time of 1.5 seconds in the
thermodenuder set at 100°C. The measurements reported by Kalberer et al., (2004) for
the same system at 12h are quite different even if our experiment was performed at
similar conditions. The VRF of particles only increased from about 20% to 40% over the
course of 13 hours. In contrast, Kalberer et al. (2004) found that the VRF for TMB
increased to 80% for comparable times. An et al., 2007 also performed VTDMA analyses

on SOA produced for a-pinene ozonolysis with particle number mode diameters
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decreasing from 210 nm to 35 nm when the aerosol was heated to 100°C. The volatility
of SOA for a-pinene/NOy photooxidation reactions in this work was similar to those

reported by Baltensperger et al. (2005) and An et al. (2007).

2.3.5 Chemical Composition Evolution

Organic elemental analysis (EA) was applied to HR-ToF-AMS SOA data
collected during select experiments. Time series for O/C, H/C and OM/OC ratios for a-
pinene and m-xylene photooxidation are presented in Fig. 2.7. Values are not presented
for aerosol mass loadings less than 2.0 ug m™ to reduce scatter at low mass loadings.
Empirical formulas of CiHis0:0080040:002 @Nd C1H1 4640010051000 Were observed for SOA
derived from m-xylene and o-pinene photooxidations. Chamber SOA from
photooxidation of both compounds have intermediate O/C values (0.25-0.40), similar to
results from observed Biomass Burning Organic Aerosol (BBOA) near the ground. The
O/C ratios are also comparable to, but lower than the OOAII factors (0.52-0.64) and
much lower than OOAI (0.83-1.02) that Aiken et al., (2008) identified through PMF
analyses of AMS data from ambient organic aerosol in Mexico City. The results are
consistent with the fact that the ratio of C,H;0" (m/z 43) to CO," (m/z 44) is typically
observed to be larger for chamber SOA (Zhang et al., 2005) than ambient SOA. In other
words, this suggests that the chamber SOA is less oxidized than both ambient OOAI and
OOAIL.

Somewhat surprisingly, the average O/C and CO,"/OA values increase very

slowly during the course of the experiment indicating that further aging of the aerosol

24



under these environmental conditions are insufficient to achieve the O/C observed for
OOAIIl and OOAI within the normal chamber experiment duration. O/C ratio is seen to
marginally increase after aerosol formation is complete, consistent with increasing
organic functionalization of the suspended aerosol inferred from the HTDMA and
VTDMA measurements. It is noted that one additional functionalization of the SOA will
not lead to significant increases in the overall O/C.

We probed for the existence of oligomeric species in the SOA products of the m-
xylene photooxidation reaction system by flowing the SOA through a Dekati
thermodenuder (set at 100°C) with a total residence time of 4 seconds prior to entering
the HR-ToF AMS (Fig. 2.6). The average CO,"/OA ratio without the thermodenuder
increased from 8.2% to 9.0% and 10.3% when a thermal denuder operating at 50°C and
100°C was placed in front of the AMS. This result agrees with the fact that the more
functionalized species are less volatile. When the thermal denuder was set to 150°C, the

mass spectra of the thermally denuded aerosol dropped to background levels.

2.4 Conclusions

Simultaneous measurements of SOA volatility, hygroscopicity, density, and
chemical composition were used to evaluate SOA aging within an environmental
chamber. The measurements are consistent with SOA composition slightly increasing in
functionalization over long periods of time. The aging was much stronger for
photooxidation systems compared with the very stable a-pinene dark ozonolysis system
with hydroxyl scavenger. Even after 16 hours of aging, the O/C of the aerosol was lower

than the AMS identified OOAI or OOAII fractions measured in Mexico City. The rate of
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increase of O/C appears insufficient to obtain OOAI O/C even over a period of a couple
of days. Little evidence was found for significant formation of high molecular weight
SOA species. Further work, including multi-day simulations, may be necessary to
produce SOA from aerosol precursors with sufficient O/C to match ambient observations

within environmental chambers.
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Figure 2.1 Pathways of SOA formation and process, including gas-phase and particle-
phase reactions. “S” stands for semi-volatile species in both phases; “P” for particle-
phase low or nonvolatile species. Each reaction can possibly lead to changes in
hygroscopicity, density, volatility, and oxygen content of aerosol. S,(n=1,2,3...)
represents different products involved in the complex system. Note: The different
numbers used at subscript just represent the different processes that could possibly occur
in the system. They may be the same species.
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Second Experiment
HC? M, Os,i NOy,i CO; RH T
run compound oxidant/conc Duration
(ppbV)  (um'em’)  (ppbV)  (ppbV)  (ppmV) ) (K
(ppbV) (mins)
898A m-xylene 79.4 20.4 - 44.4 - - 840 <0.5 300
904A a-pinene” 50 71.9 309.1 - 73 - 252 <05 307
911A a-pinene 100 246.0 316.2 - 104.7 - 978 <0.5 300
914A a-pinene 100 398.6 342.4 - - NO/76.5 859 244 300
916A m-xylene 162 36.5 - 19.7 - - 858 <0.5 300
927A a-pinene 100 144.1 - 19.3 - - 577 <0.5 300
933A m-xylene” 100 16.8 - 54.8 - - 625 <0.5 300
934A m-xylene 70b 9.0 - 43.6 - - 699 <0.5 300
938A a-pinene 100 278.9 329.3 - 104.3 - 431 <0.5 300
947A m-xylene 108 21.2 - 16.3 - - 859 <0.5 300
987A m-xylene 500b 98.6 - 216.5 - - 367 <0.5 300
1019A a-pinene 100 127.1 - 18.0 - - 526 <0.5 300
1020A m-xylene 103 14.9 - 15.0 - - 544 <0.5 300
1023A a-pinene 100 - 305.4 - 79.1 - 510 <0.5 300

2j, initial conditions, ® initial target concentration

Table 2.1 Experimental conditions and results for the a-pinene and m-xylene oxidation
systems
Note: the difference of PM formation for EPA898A and EPA934A is due to the latter
experiment only running for 7 hours while the wall loss corrected PM volume is still
increasing.
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Figure 2.2 Aerosol volume concentration (a) and peak mobility diameter evolution (b)
for four experiments, one dry non-seeded ozonolysis, one humid non-seeded ozonolysis
with later injection of NO, one dry non-seeded ozonolysis with initial condition (a-
pinene~50 ppb, 03=250-350 ppb, T=34C), and one dry photooxidation ( m-xylene=79
ppb, NO~44 ppb). Dashed lines are shown to guide the eye.

34



Growth Factor

(a)

Growth Factor

(b)

Growth Factor

(©)

0 200 400 600
elapse time (mins)

Dp.single
+  75nm
+ 100nm
& 125nm
2| « 1500m
= 175nm
= 200nm
225nm
# 250nm
X 275nm
—m— RH
-IIIIIII|IIIIIIIII|IIII|IIII|IIII|
0 200 400 600
elapse time (mins)
s - 100
L e B N
] prer———— |- 90
L2 e N
_ PYT ] L 80
—»M:ﬁ,iir*.‘:’...... - Y
4.0 e - =
i L =S
. —70 —
osd EPA1019A C
" ] a-Pinene + NO Photooxidation
N (RH<0.5%) — 60
0.8 e N
- 50
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 100 200 300 400 500 600
elapse time (mins)
s - 100
— 90
—80
C =
i EPA1020A F o S
0.8 m-Xylene + NO Photooxidation [
R (RH<0.5%) C
. — 60
0.8 - N
- 50
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Figure 2.4 The time evolution of particle density for three typical experiments: (a) a-

pinene ozonolysis with hydroxyl radical scavenger (b) a-pinene photooxidation and (c)
m-xylene photooxidation
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Chapter 3

3.1 Introduction

Biogenic sources dominate the global emissions of volatile organic carbons
(VOCs) in the atmosphere with estimated annual non-methane emissions of 491-1150 Tg
carbon (Mdller, 1992; Guenther et al., 1995). Approximately 11% of the biogenic VOCs
are monoterpenes, for which the highest fraction is a-pinene (25%) (Kanakidou et al.,
2005). The ozonolysis of monoterpenes is reported to be one of the major contributors to
secondary organic aerosol (SOA) (Griffin et al., 1999), with major SOA products of a-
pinene oxidation (e.g. pinoaldehyde, pinic and pinonic acids) observed in ambient aerosol
(Yu et al., 1999; Cahill et al., 2006; Plewka et al., 2006). SOA is reported to account for a
majority of organic aerosol in the atmosphere (Turpin, et al., 1995; Zhang et al., 2007)
and contribute to climatic impacts, regional visibility reduction and potential health
hazards (IPCC, 2007; Eldering and Cass, 1996; Davidson et al., 2005; Pope and Dockery,
2006).

Once formed, organic aerosol particles in the atmosphere may undergo further
physical and chemical processing, thereby altering the physiochemical properties of
aerosol, including hygroscopicity (Broekhuizen et al., 2004; Asad et al., 2004), density
(Katrib et al., 2005; Bahreini et al., 2005), chemical composition (Mmereki et al., 2004),
toxicity (Rudich et al., 2007), optical property (Rudich et al., 2007), and cloud
condensation nuclei (CCN) activity (Shilling et al., 2007). Several pathways have been

proposed for SOA aging processes: 1) heterogeneous reactive uptake of gas-phase
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oxidants such as Oz, OH and NOj by the condensed-phase molecules (Ellison et al.,
1999); 2) further gas-phase oxidation of semi-volatile products that repartition between
the gas and particle phase (Robinson et al., 2007); 3) organic semi-volatile monomers in
the interior of SOA particles to form large molecular weight oligomeric compounds
(Rudich, 2003; Ziemann, 2005); or 4) other heterogeneous processes leading to SOA
formation (e.g., Kalberer et al., 2004, 2006; Tolocka et al., 2004; Baltensperger et al.,
2005; Gao et al., 2004a,b; Gross et al., 2006).

Previous studies from our group demonstrate that there is only slight aging of
SOA derived from a-pinene and m-xylene photooxidation for up to the first 16 hours of
irradiation. Chemical aging was not observed for SOA from dark a-pinene ozonolysis
with hydroxyl radical scavenger present (Qi et al., 2010). Therefore, the presence of trace
amounts of oxidative radicals in the photooxidation systems is suspected to play an
important role in chemical aging of SOA. The oxidative radicals may influence the aging
processes via one or more of the four pathways described above during SOA formation.

Therefore, this chapter examines whether further functionalization of SOA from
a-pinene dark ozonolysis is enhanced by introduction of NO, H,0, or N,Os followed by
photolysis. Typical experiments commence with a-pinene dark ozonolysis with
additional injections of NO/H,0,/N,Os and UV irradiation occurring only after SOA
formation ceases. Chemical aging processes are discussed with respect to the changes in
particle hygroscopicity and density as well as C:O:H ratios estimated from high

resolution aerosol mass spectrometry.
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3.2 Experimental Section

3.2.1 Facility Overview

Experiments are conducted in the UC Riverside/CE-CERT indoor environmental
chamber, which is described in detail elsewhere (Carter et al., 2005). Dual 90m® Teflon
reactors are suspended by a rigid steel framework in a temperature-controlled enclosure
which is continuously flushed with purified air. The rigid framework slowly collapses the
reactors during the experiments to minimize leaks and diffusion of contaminants into the
reactors by maintaining a positive 0.03” H,O differential pressure between the reactors
and enclosure. All experiments are conducted under dark conditions initially. Eighty 115
W Sylvania 350 black lights are used as light sources for irradiation with additional
oxidant injections. A known volume of high purity liquid hydrocarbon precursor (o-
pinene: Sigma-Aldrich, >99.0%) and 50 % wt hydrogen peroxide are injected through a
heated glass injection manifold system and flushed into the chamber with pure N,. NO is
introduced by flushing pure N, through a calibrated glass bulb filled to a predetermined
partial pressure of pure NO. Lab synthesized nitrate radical is generated from N,Os,
which was injected from a calibrated glass bulb filled to a predetermined partial pressure.
The N,Os is heated and injected similar to NO. Ozone is injected using two Dalton ozone

generators (Model Type: OZG-UV-01).

3.2.2 Particle and Gas Measurements

Particle size distributions between 28 and 700 nm was monitored with scanning

mobility particle sizers (SMPS) located inside the temperature controlled enclosure.
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Particle sizing is validated with a suite of polystyrene latex spheres (PSL) (Duke
Scientific Corp., Palo Alto, CA).

Real-time particle density is measured using an Aerosol Particle Mass Analyzer
(APM) (Kanomax model 3600) in series with an SMPS. A custom Labview program
determines mode diameter peak from a parallel SMPS and then actively configures the
APM-SMPS to optimize instrument response. Density is acquired approximately every
75 s. Details of the instruments and theory are described elsewhere (Malloy et al., 2009;
Ehara et al., 1996).

SOA hygroscopicity is continuously monitored with a custom-built Hygroscopic
Tandem Differential Mobility Analyzer (HTDMA). The instrument follows the original
design of Radar and McMurry with a configuration similar to that illustrated in Cocker et
al. (2001). The particle diameter transmitted through the first SMPS was selected to
match the peak size distribution measured by a parallel SMPS. Hygroscopic growth
factor (Gy) is reported as the ratio of the modal diameter of humidified aerosol
(80.0%~85.0%+1.0%), Dphumidifies, to that of classified aerosol, Dyay; i.€.,
G=Dp humidified/ Dp.dry- Dp humidifiea @nd Dy ary are obtained from log-normal distributions fit
to the TDMA size distribution output. The humidification system residence time is
approximately 1 minute. HTDMA measurements are validated against lab-generated dry
ammonium sulfate salt. The G is found to agree within 1.0% of theoretically calculated
result using the Kéhler model (Brechtel and Kreidenweis, 2000).

The evolution of particle elemental composition is tracked using an Aerodyne

High Resolution Time-of-Flight Aerosol Mass Spectrometry (HR-ToF-AMS) operating
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in the high resolution mode (deCarlo et al., 2006). The HR-ToF-AMS has been described
in detail previously (deCarlo et al., 2006) and improves on mass resolution by using a
custom high-resolution TOFMS (Tofwerk, Switzerland). More recently, a new elemental
analysis (EA) technique was developed using HR-ToF-AMS sampling data (Aiken et al.,
2007; 2008). The method is based on the property of electron ionization (El) for
molecules containing small atoms such as C, H, N, O and S that the sum of the ion signal
intensities from all fragments is approximately proportional to the mass concentration of
the original organic species. Thus, if the elemental composition of each fragment ion
signal in a mass spectrum can be identified (as with HR mass spectra), the average
composition of the ions can be calculated. For a complex spectrum from an unknown
molecule or mixture, the best estimate of the composition can then be found by summing
up the ion contributions across the entire mass spectrum, which is then represented as
estimated ratios of oxygen-to-carbon (O/C), hydrogen-to-carbon (H/C), and nitrogen-to-
carbon (N/C). Estimated atomic ratios are used to calculate Organic Matter
(OM)/Organic Carbon (OC). In this study, the C:O:H ratio of the total aerosol was
determined using the high resolution capabilities of the HR-ToF-AMS following the Peak
Integration by Key Analysis (PIKA) and Analytical Procedure for Elemental Separation
(APES) templates (DeCarlo et al., 2006, Aiken et al., 2008).

Decay of the parent hydrocarbon species was monitored with gas chromatography
equipped with a flame ionization detector (GC-FID, Agilent 6890, Palo Alto, CA). A

Thermal Environmental Instruments Model 42C was used to measure NO, NOy and (NOy
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— NO) concentration. O3 was monitored with a Dasibi Environmental Corp. Model 1003-

AH O3 analyzer.

3.2.3 Experiment Methodology

A series of dark a-pinene ozone reactions (Table 3.1) were conducted to evaluate
the chemical aging of SOA. The experiments commenced by reaction of a-pinene with
ozone in identical, parallel reactors. After initial aerosol formation was complete, NO,
H,0, or NO3 was introduced to one reactor followed by UV irradiation of both reactors.
Thus, changes in particle physical and chemical properties due to a second injection
could be separated from photolysis effects. All experiments were conducted under dry
conditions (RH<0.5%) condition in the absence of inorganic seed aerosol. All

experiments were conducted until the volume of the reactor was exhausted.

3.3 Results

3.3.1 a-Pinene Reaction with Ozone

A series of a-pinene/ozone experiments with and without hydroxyl radical
scavenger were conducted to serve as a reference for work reported later. A plot of the
wall-loss-corrected aerosol volume and aerosol electrical mobility diameter versus time
for these experiments is displayed in Fig. 3.1. The final amount of aerosol formation from
a-pinene dark ozonolysis with CO remains constant around 414 um?® cm™ up to nine
hours after the completion of the initial aerosol growth, which is not shown in the figure

due to the difference in experiment duration from the other one. Without CO, the final
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volume concentration arrives at 415 pm® cm™ ten hours after ozone was injected. The
final electrical mobility diameters for the experiments with and without CO are 295 nm
and 236 nm, respectively. On basis of aerosol volume production, the hydroxyl radical
contribute one third of SOA formation according to SAPRC model estimation, i.e. two
thirds of SOA volume concentration are attributable to ozone oxidation, and one third
comes from hydroxyl radical reaction.

Measurement of SOA hydrophilicity provides indirect information about its
chemical composition. Real-time hygroscopic Gs for a-pinene ozonolysis (with and
without hydroxyl radical scavenger) is presented in Fig. 3.2. The Gt of the aerosol
remains constant (~1.09) at RH 93.6%+0.4% for the dry a-pinene ozonolysis reaction
(with CO) throughout the course of the experiment. However, the G¢ continuously
increases from 1.03 to 1.05 during ten hours of ozonlysis (without CO) at RH
83.0%+0.5% (differences in average Gt between the two experiments is easily attributed
to differences in HTDMA RH). Increasing particle hydrophilicity is attributed to the
presence of OH radical through either heterogeneous reactions or further gas-phase
oxidation of semi-volatile products. It is noted that decreasing hydrophilicity would be

observed through formation of large molecular weight oligomeric molecules.

3.3.2 a-Pinene Reaction with Ozone + Additional Reactants

Based on the results from reference reactions of a-pinene dark ozonolysis
described in the previous section, the -OH plays an important role in aerosol aging.
Therefore, additional reactants were injected after the parent hydrocarbon was completely

consumed and the wall-loss corrected volume concentration of the initial SOA production
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from a-pinene/ozone reactions plateaued. As a result, the -OH or -NO3 concentration was
boosted to investigate the aging process of semi-volatile products present via gas-phase,
surface or particle-phase reactions. For additional injection of NO only, black lights were
turned on before the injection. In other cases, black lights were switched on after the
additional reactants were injected. Additional reactants were only introduced into one
side (referred as Side A) of the parallel reactors. The other side (referred as Side B) was
used as a control for the effects of UV irradiation. Fig. 3.3 shows a representative
temperature profile in Side B under dark and UV irradiation conditions. The temperature
was maintained stable at 297.6£0.4 K, preventing possible temperature influences on
SOA volume concentration from the heat generated when the black lights were operated.
A plot of the wall-loss corrected aerosol volume versus time for select experiments is
displayed in Fig. 3.4.

Additional H,0, injection to a-pinene/ozone (without CO) with UV irradiation
yielded an increase of wall loss corrected volume of 6.7%. Additional NO injection with
UV irradiation led to a volume increase of only 1.0%. The average volume increase for
the NO control (UV lights only) led to an increase of 5.3%. These results indicate that
UV irradiation alone can contribute to additional SOA formation from the a-pinene dark
(with CO) ozonolysis system. In the actinic region of UV lights, this reactive pathway is
available to certain oxygenated organics, such as carbonyls, peroxides, and nitrates).
Complex photochemical transformations are possible during the photolytic processes
(Paulson et al., 2006), which may lead to the addition of functional groups. Finally, -OH

originating from the photolysis of nitrous acid (HONO) released from the Teflon film
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(Carter et al., 2005) may contribute to the increase in volume. The reduced increase in
aerosol electrical mobility diameter with additional NO injection in side A as referenced
to side B is likely due to reaction of NO, with -OH radical in the system generated by the
dark reaction of O3 with a-pinene resulting in a loss process of -OH radical. Additional
injection of NOj3 radical increased the wall loss corrected volume concentration by 5.9%
before the black lights were turned on and continued growing with the lights on.

The evolution of aerosol hygroscopic Gt with the additional reactant injection for
a-pinene ozonolysis (without hydroxyl radical scavenger) is presented in Fig. 3.5. A
transition in G¢ was observed after H,O, was injected and the black lights were turned on.
The Gy steadily increases from 1.04 to 1.11 at RH 82.6£0.5% by the end of the
experiment, indicating an increase in the functionalization of the bulk SOA by hydroxyl
radical. Combined with changes in volume concentration and size diameter for this
system, it is speculated that the -OH radical attacks the gas-phase product from the initial
reaction of a-pinene/ozone producing more functionalized secondary product(s) that
partition into the condensed phase. Similar trends were observed in the additional NO
injection system with Gt increasing from 1.03 to 1.09 (RH=81.7+0.6%). However, the Gs
remains constant (~1.04) at RH 79.9+0.6% with the additional injection of nitrate radical
(Fig. 3.5c) even though the volume concentration shows an observable increase. This
could be explained by the partitioning of new condensable species via gas-phase
chemistry into the particle that are comparable in hygroscopic property as that of the
products from a-pinene ozonolysis. As expected, an increasing G was observed, similar

to that observed for additional injection of NO, after the black lights were turned on.
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Real time aerosol effective density for a-pinene ozonolysis with additional
injection of H,O, and NO is displayed in Fig. 3.6. Effective density remains constant
(1.28 g/cm®) for the dry a-pinene ozonolysis reaction (without CO) before the injection of
a second reactant. A slight increase in SOA density is observed after the second reactant
was introduced into the reactor with black lights on with the exception of
nitrate radical additional injection. For the additional injection of nitrate radical, no
change in particle density is observed.

Organic elemental analysis (EA) was applied to HR-ToF-AMS SOA data
collected during select experiments. Time series of O/C ratio for a-pinene ozonolysis
with additional reactant injection are presented in Fig. 3.7. Values are not presented for
aerosol mass loadings less than 2.0 pg m™to reduce scatter due to noise at low mass
loadings. An empirical formula of CiHi6:001000523:0006e Was derived for SOA from a-
pinene ozonolysis without additional injection of reactants. After the compound injected,
there is a measurable increase in O/C ratio (5.5%, 5.1% and 8.4% for NO, H,0, and
N,Os, respectively) compared to the ratio of control experiment within the same time
duration in all three cases. This observation is consistent with the increasing organic
functionalization of the suspended aerosol inferred from the HTDMA measurement

except for nitrate radical.

3.4 Discussion

The ozone reaction with a-pinene follows the “Criegee intermediate mechanism”

of alkene ozonolysis (Atkinson and Arey, 2003). The initial step proceeds through
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cycloaddition of O3 to the -C=C- bond, forming a primary ozonide. The excited primary
ozonide subsequently undergoes isomerization to yield chemically activated carbonyl
oxides or Criegee intermediates. A large fraction of the carbonyl oxides are subject to
prompt unimolecular reactions and collisional stabilization, leading to formation of -OH,
carbonyls, CO, and a variety of other products. Stabilized Cls may also undergo
bimolecular reactions. Figure 3.8 illustrates the mechanistic diagram for the reactions of
O3 with a-pinene.

With the additional injection of H,O,, which is essentially NOy-free condition,
some products are subsequently subject to further reactions forming more oxygenated
compounds, e.g. pinonaldehyde. The possible reaction is displayed in Fig. 3.9.

With the additional injection of N,Os under dark condition, organic nitrate can be
formed via heterogeneous reaction (Docherty and Ziemann, 2006) or RO, present will
react with NO,, forming peroxynitrate via reaction (3-1) which increase the oxygen-
content level, i.e. O/C ratio of the bulk SOA.

RO, + NO; [+M] «> ROONO; [+M] (3-1)

The time-series trace of m/z 30 including NO* (major fragment of nitrate
containing compound) and CH,O" ions is plotted in Fig. 3.10. The NO" signal intensity
increases as soon as the nitrate radical was injected, confirming the formation of organic
nitrate. Both reactions can be occurring in terms of competitive RO, chemistry in the

additional injection of NO reaction.

50



3.5 Conclusions

Previous studies demonstrate that hydroxyl radical plays a central role in the age
process of chamber SOA (Qi et al., 2010). In this chapter, simultaneous measurements of
SOA hygroscopicity, density, and chemical composition were made to evaluate the
enhancement of SOA functionalization by the additional injection of NO, H,O,, and
N,Os within an environmental chamber. Stable a-pinene dark ozonolysis without
hydroxyl radical scavenger was chosen as the studied system for convenience. We
conclude that further aging of a-pinene dark ozonolysis system via oxidation of first
generation products is possible; distinct increases in hydrophilicity and oxygen content
level are observed. In general, the condensable species formed from continuing oxidation
are more hydrophilic and oxygenated. UV irradiation alone also has some effect on this
specific system, which is likely due to the reaction of photosensitive carbonyls,
peroxides, and nitrates along with OH derived from HONO emitted from the Teflon

surface.
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Second Experiment
HC? M, Os; NO,; CO; RH T
run compound oxidant/conc Duration
(ppbV)  (umem®)  (ppbV)  (ppbV)  (ppmV) @) (K
(ppbV) (mins)
911A a-pinene 100 415 316.2 - 104.7 - 978 <0.5 300
1023A a-pinene 100 414 305.4 - 79.1 - 510 <0.5 300
1037A a-pinene 80 273 358.1 - - NO/57.3 780 <0.5 300
1037B a-pinene 80 304 322.6 - - - 780 <0.5 300
1038A a-pinene 100 415 3235 - - H,0,/2000° 843 <0.5 300
1038B a-pinene 100 425 318.7 - - - 843 <0.5 300
1074A a-pinene 100 224 415.7 - - N,0s/207 605 <0.5 300

#target concentration

® M, is wall loss corrected volume concentration following method outlined in Carter et al. (2005).

Table 3.1 Experimental conditions and results for the a-pinene oxidation systems
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Figure 3.1 Wall-loss corrected aerosol volume concentration and diameter for dry non-
seeded ozonolysis with and without CO with initial condition (a-pinene=~100 ppb,
03~250-350 ppb, T=27°C). Dash lines are shown to guide the eye.
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Figure 3.2 The growth factor and the variations in RH in a typical operating scheme for
(a) a-pinene ozonolysis experiment with CO, (b) a-pinene ozonolysis experiment without
CO
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Figure 3.4 Aerosol formation results for four experiments, light green: non-seeded
ozonolysis with later injection of NO; light orange: non-seeded ozonolysis with later UV
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Chapter 4

4.1. Introduction

SOA is organic aerosol formed from gas-phase oxidative processing of volatile
organic compounds (VOCSs) in the atmosphere (e.g., Kroll and Seinfeld, 2008). SOA
comprises up to 80% of all ambient organic aerosol present (Turpin, et al., 1995; Zhang
et al., 2007) and contributes to climatic impacts, regional visibility reduction and
potential health hazards (IPCC, 2007; Eldering and Cass, 1996; Davidson et al., 2005;
Pope and Dockery, 2006).

Due to the complexity of atmospheric organic compounds, indirect methods have
been employed to estimate SOA formation. Pankow (1994a, b) and Odum et al. (1996)
developed a thermodynamic method combined with an empirical model which has been
widely used to analyze SOA formation within environmental chambers. Organic aerosol
yield (Y) is utilized to describe the SOA formation potential of a parent compound and is
expressed as
Y= ZY - Z1+ K, Omllvl (4-1)
where M, is the organic acrosol mass concentration (ug m~), ¢ is the mass based
stoichiometric coefficient and K,n; is the gas-particle partitioning coefficient of

compound i, respectively. Koni is then calculated as
B RT
o MWom,iyi pf,i

where R is the ideal gas constant, MWy is the molecular weight of species i, T is

K (4-2)

temperature, and y; and p°.; are the activity coefficient and saturation liquid vapor
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pressure, respectively, of compound i. These final two parameters are both functions of
T. However, it is difficult to obtain the thermodynamic parameters for each individual
specie to assess the extent to which the above equations can handle T dependence in an
SOA forming system. Given the wide ranges of tropospheric temperatures, it is necessary
to accurately predict temperature dependences when describing SOA formation. This
work demonstrates the presence of thermally labile species that are not accounted for in
current thermodynamic equilibrium models.

There has been considerable amount of work on aerosol yields from the
ozonolysis of a-pinene near room temperature (e.g., Hoffmann et al., 1997; Griffin et al.,
1999; Cocker et al., 2001a; Berndt et al., 2003; Pathak et al.,2007a; Shilling et al., 2008),
while studies covering more extended temperature ranges are very limited (Stainer et al.,
2007; Pathak et al., 2007b) and work on aromatic hydrocarbons are even more rare
(Takekawa et al., 2003). These earlier studies report SOA volume dependence per K
(°C). Most recently, Warren et al. (2009a) explored the reversibility of SOA formation
with temperature for the cyclohexene and a-pinene ozonolysis systems and showed
strong evidence that either gas-particle or particle-phase reaction are temperature
dependent. This paper presents for the first-time a comprehensive investigation of
temperature dependence for both physical and chemical properties of SOA produced in

an environmental chamber.
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4.2. Experimental Section

4.2.1 Facility Overview

Experiments were conducted in the UC Riverside/CE-CERT indoor
environmental chamber, which is described in detail elsewhere (Carter et al., 2003). Dual
90m® Teflon reactors are suspended by a rigid steel framework in a temperature-
controlled enclosure which is continuously flushed with purified air. The enclosure is
temperature controlled within £0.5 K of the set point, with operational temperatures
ranging from 273 K to 323 K. The rigid framework slowly collapses the reactors during
the experiments to minimize leaks and diffusion of contaminants into the reactors by
maintaining a positive 0.03” H,O differential pressure between the reactors and
enclosure. 115 W Sylvania 350 black lights are used as light sources for all the
experiments. Different numbers of light bulbs are used to match the NO, photolysis rate
at different temperatures. A known volume of high purity liquid hydrocarbon precursor
(m-xylene: Sigma-Aldrich, >99.5%) is injected through a heated glass injection manifold
system and flushed into the chamber with pure N,. NO; is introduced by flushing pure N,
through a calibrated glass bulb filled to a predetermined partial pressure of pure NO,. For
all experiments, after the non-wall loss corrected SOA volume started decay, the

enclosure temperature was raised/lowered to another set point.

4.2.2 Light Intensity

The intensity of fluorescent blacklight lamps will decrease with decreasing room

temperature. Furthermore, Warren et al. (2009b) recently reported that SOA formation

71



for aromatic systems is a strong function of NO, photolysis rate (denoted as kj).
Therefore, it was essential that the NO, photolysis rate be maintained between
experiments conducted at different temperatures. A series of k; measurements (described
in Carter et al., 2005) were performed varying temperature and number of lamps to
ensure that a consistent k; was achieved. In this study, a photolysis rate of 0.29 min™ was

achieved for all experiments regardless of the system temperature.

4.2.3 Particle and Gas Measurements

Particle size distributions between 28 and 735 nm are monitored with scanning
mobility particle sizers (SMPS) located inside a temperature controlled enclosure.
Particle sizing was verified with a suite of polystyrene latex spheres (PSL) (Duke
Scientific Corp., Palo Alto, CA).

Real-time particle density is measured using an Aerosol Particle Mass Analyzer
(APM) (Kanomax model 3600) and SMPS in series. A custom Labview program
determines mode diameter peak from a parallel SMPS and then actively configures the
APM-SMPS to optimize instrument response. Density is acquired approximately every
75 s. Details of the instruments and theory are described elsewhere (Malloy et al., 2009;
Ehara et al., 1996).

The hygroscopicity of chamber derived SOA is continuously monitored with a
custom-built Hygroscopic Tandem Differential Mobility Analyzer (HTDMA). The
instrument follows the original design of Radar and McMurry with the configuration
similar to that illustrated in Cocker et al. (2001b). The particle diameter transmitted

through the first SMPS was selected to match the peak size distribution measured by a
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parallel SMPS. Hygroscopic growth factor is reported as the ratio of the modal diameter
of humidified aerosol (85.0%~95.0%+1.0%), Dpnumidgifies, t0 that of classified aerosol,
Dpdrys 1.6., G=Dpnumidified/Dp,ary. Both size distributions are fitted to log-normal
distributions to get Dppumidified @nd Dpary for calculation. The residence time of the
humidification system is approximately 1 minute. The HTDMA measurement is
validated with lab-generated dry ammonium sulfate salt. The Gt is found to agree within
1.0% of theoretically calculated result using Kéhler model at similar RH level (Brechtel
and Kreidenweis, 2000). Parallel to the humidification system is a Dekati thermal
denuder (TD) (model WAN 5912-4, Dekati Ltd., Finland) system with a 17s heating zone
residence time (0.25 LPM flow rate) that can be alternatively operated to evaluate SOA
volatility (VTDMA mode). The heating zone of the TD is set to 100°C. Volume
remaining fraction (VRF) is then calculated as (D after To/Dppefore T0)°-

The evolution of particle elemental composition of aerosol particles is tracked
using an Aerodyne High Resolution Time-of-Flight Aerosol Mass Spectrometry (HR-
ToF-AMS) operating in the high resolution mode (deCarlo et al., 2006; Jimenez et al.,
2003). The HR-ToF-AMS has been described in detail previously (deCarlo et al., 2006)
and improves on mass resolution by using a custom high-resolution ToFMS (Tofwerk,
Switzerland). More recently, a new elemental analysis (EA) technique was developed
using HR-ToF-AMS sampling data (Aiken et al., 2007; 2008). The method is based on
the property of electron ionization (EI) for molecules containing small atoms such as C,
H, N, O and S that the sum of the ion signal intensities from all fragments is

approximately proportional to the mass concentration of the original organic species.
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Thus, if the elemental composition of each fragment ion signal in a mass spectrum can be
identified (as with HR mass spectra), the average composition of the ions can be
calculated. For a complex spectrum from an unknown molecule or mixture, the best
estimate of the composition can then be found by summing up the ion contributions
across the entire mass spectrum, which is then represented as estimated ratios of oxygen-
to-carbon (O/C), hydrogen-to-carbon (H/C), and nitrogen-to-carbon (N/C). Estimated
atomic ratios are used to calculated Organic Matter (OM)/Organic Carbon (OC). In this
study, the C:O:H ratio of the total aerosol was determined using the high resolution
capabilities of the HR-ToF-AMS following the Peak Integration by Key Analysis (PIKA)
and Analytical Procedure for Elemental Separation (APES) templates (DeCarlo et al.,
2006, Aiken et al., 2008). The sampling lines for APM, TDMA and AMS measurements
were wrapped with insulation foam materials to prevent condensation/evaporation of
semi-volatile components during sampling.

Decay of the parent hydrocarbon species is monitored with a gas chromatograph
(GC-FID, Agilent 6890, Palo Alto, CA) equipped with a flame ionization detector. A
Thermal Environmental Instruments Model 42C measured NO, NOy and (NOy — NO)
concentration. O3 is monitored with a Dasibi Environmental Corp. Model 1003-AH O3

analyzer.
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4.3. Results and Discussion

4.3.1 SOA production

A series of 6 m-xylene/NOy photooxidation isothermal experiments (listed in
Table 4.1) were conducted under dry (RH<0.1%), non-seed conditions using the
UCR/CE-CERT environmental chamber at three temperature set points (278 K, 300 K,
313 K). Temperature was then changed after 6-7h irradiation to evaluate the response of
the SOA to temperature change. Initial m-xylene concentrations ranged from 107 ppb to
125 ppb, while NO, concentrations ranged from 14.8 ppb to 17.4 ppb. Fig. 4.1(a)-(c)
displays the raw aerosol volume for all temperature conditions. The maximum raw
volume are 23.5 um® cm™®, 15.3 pm® cm™ and 9.9 pm® cm™ for 278 K, 300 K and 313 K,
respectively. The enclosure was then heated or cooled to evaluate whether the SOA
would obey gas-particle partitioning theory. For the experiment commencing at 278 K,
the volume concentration dropped by 3.7 um® cm™ when heated to 313 K. The decrease
in the volume concentration is calculated as the difference between the projected non-
wall loss corrected volume assuming the temperature was unchanged (278 K) and the
actual measured volume concentration when heated to 313 K. For the room temperature
(300 K) experiment, the volume concentration increased by 1.6 pm® cm™ when cooled to
278 K. For the 313 K run, it gained 1.7 um® cm™ when the temperature was lowered to
278 K. These results show that this system is unable to partition between temperature set

points, indicating the thermodynamic gas-particle partitioning theory alone cannot

75



explain the difference of SOA formation at the temperature set points for this specific

system.

4.3.2 SOA density

The evolution of aerosol effective density and the temperature profile of the
system over the course of the experiment are presented in Fig. 4.2. When the experiment
starts at 278 K, the effective density stabilizes at 1.50-1.60 g cm™ with the initial
nucleation species density as high as 1.90 g cm™. When the system is heated from 278 K
to 313 K, a transition point in SOA density is observed near 290-292 K, with the final
density approaching ~1.35 g cm™ as the system approaches 313 K (Fig. 4.2a). The sudden
drop in SOA density near 290-292 K suggests a dramatic change in particle-phase
product distribution. However, when the experiment starts at 313 K, effective density
remains constant at ~1.4 g cm™ (with slightly higher density at the onset of aerosol
formation) even when the system was cooled to 278 K (Fig. 4.2b). The density of SOA
formed at 300 K (1.4 g cm™) is comparable to that formed at 313 K and does not change
when either raising the temperature to 313 K or lowering the temperature to 278 K (Fig.
4.2c). These density trends are consistent with earlier work on m-xylene photooxidation
by Malloy et al (2009) conducted at 300 K. The differences in density behavior at the
temperature set points may be attributed to the formation of thermally labile aerosol
component(s) that are produced at the lower reaction temperatures but break when the

temperature increases to 290-292 K.
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4.3.3 SOA hygroscopicity

Real-time hygroscopic growth factors for select experiments using HTDMA are
shown in Fig. 4.3. When the experiment starts at 278 K, the hygroscopicity of m-xylene
photooxidation aerosol shows a continuous increase of Gr (1.02-1.09 in Fig. 4.3a) at
81.0+0.5% RH, which is similar to previously observed phenomena at room temperature
(e.g., Qi et al., 2010, Cocker et al., 2001c). When the system is heated from 278 K to 313
K, a transition point in SOA Gg is observed near 290-292 K, consistent with the transition
point observed in the SOA density. The Gy then continues to slowly increase to 1.17 at
313 K. When the reaction starts at 313 K, the Gs is observed to increase from 1.05 to 1.15
over 7h irradiation at the same TDMA RH level. Similar to the density observations, no
G transition point is observed as the system is cooled to 278 K from 313 K, nor is the G¢
impacted by the decreasing temperature. Again, the Gt observations are consistent with
the formation of thermally labile specie(s) at low chamber temperatures that break around

290 - 292 K.

4.3.4 SOA volatility

Measurement of SOA volatility can provide indirect information about its
chemical composition (Philippin et al., 2003, Kalberer et al., 2004). The SOA VRF for m-
xylene photooxidation experiments conducted at 278 K, 300 K, and 313 K are shown in
Fig. 4.4(a)-(c). The VRF of the SOA after 4h UV irradiation is 14%, 29%, and 48% for
the 278 K, 300 K, and 313 K systems, respectively. VRFs are observed to increase during

the isothermal phase of the reaction for all three systems’ T set points. Overall, the
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volatility of SOA at different temperatures is 278 K>300 K>313 K, consistent with
additional condensation of high vapor pressure semi-volatile species at the lower
isothermal T set points. When reducing the temperatures of the 300 K and 313 K systems
to 278 K, there is an immediate decrease in VRF observed for both systems, consistent
with condensation of additional semi-volatile species as the system T lowers, which is
easily re-evaporated at the 100°C TD set point. The VRFs decrease to 33% and 40% for
300 K and 313 K experiments, respectively, when the system temperatures arrive at 278
K. These VRFs remain higher than the projected VRF (~24%) for the low temperature
system. For the 278 K experiment, the VRF slowly increases when the system starts
heating up, and then shows a steeper increase when the system temperature approaches
the 290-292 K threshold. The VRF time traces are consistent with the density and Gy
observations for the 278 K experiment when heated past 290-292 K and are consistent

with a thermally labile portion of the aerosol formed at the lowest T set point.

4.3.5 SOA chemical composition

As a result of both the extensive fragmentation caused by electron impact
ionization and the thermal decomposition of molecules by the vaporizer, most of the
signal intensity in the HR-ToF-AMS occurred below mass to charge ratio (m/z) 100;
parent molecular peaks were weak or unobserved. Therefore, m/z values of fragment ions
were interpreted as tracers of the parent species and the change in contribution fraction of
signal intensities could be attributed to evolution of aerosol species (e.g., change in signal
intensity ratio of m/z 44/43). For instance, m/z 44 is commonly associated with fragments

of oxo- and dicarboxylic acids (CO,") while m/z 43 is a fragment normally associated
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with oxidized organic molecules containing carbonyl groups (C,HsO") (Alfarra et al.,
2006). The average mass spectra of organics normalized to the total organic signal are
displayed in Fig. 4.5. The same fragmentation table was used as that in Aiken et al.
(2008). When the reaction starts at 278 K, the relative intensity of m/z 44 (CO,") is 6.5%
and then increases to 8.4% when the system temperature reaches 313 K. However, when
the reaction starts at 313 K and then is cooled down to 278 K, the contribution fraction of
CO," ion is considerably higher and only changes from 10.0% to 9.7%. These results
indicate that for this system the SOA produced at cold temperatures are less oxygenated
than those produced at higher temperatures and that less oxygenated species are
preferentially lost from the aerosol as the system is heated. The change in m/z 44 relative
intensity upon heating is attributed to evaporation of lighter-end semi-volatile species that
may be less functionalized (oxygenated). The much higher m/z 44 intensity for species in
the 313 K isothermal experiment indicates that production of higher oxygen-containing
compounds are favored at these higher temperatures. Similar phenomena were also
observed in toluene/NOy photooxidation reaction system (Hildebrandt et al., 2009).
Furthermore, it is consistent with the other analytical techniques described in previous
sections that the semi-volatile species formed at 313 K differ in composition from those
formed at 278 K. Furthermore, the 278 K aerosol composition cannot be produced by
condensation of semi-volatile species when cooling the system from 313 K system to 278
K. In other words, simple thermodynamic partitioning theory alone can not fully explain

the data.
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Organic elemental analysis (EA) was applied to HR-ToF-AMS SOA data
collected from select experiments. Time series for O/C ratio for m-xylene photooxidation
at cold temperature (278 K->313 K) and hot temperature (313 K->278 K) are presented
in Fig. 4.6. Values are not presented for aerosol mass loadings less than 2.0 pg m™ to
reduce scatter at low mass loadings. O/C values of 0.40£0.02 were observed for the SOA
from m-xylene photooxidation at 278 K. Overall, the O/C ratio remains stable for 6h
while the system is maintained at 278 K and then slowly increases as the system
temperature increases. There is an evident increase in O/C ratio when the system is
heated to about 290-292 K as shown in the lower-right sub-figure. This observation is
consistent with increasing organic functionalization of the suspended aerosol as the
system crosses 290-292 K, which is also inferred above from the HTDMA, VTDMA and
density measurements. O/C values of 0.43+£0.03 were observed for the SOA from m-
xylene photooxidation at 313 K, and it slowly decreases as the system is cooled down,

which can be attributed to a fraction of less oxidized compounds condensation.

4.3.6 System Reversibility

To further evaluate whether SOA formation was reversible, which would be
expected from simple gas-particle partitioning theory, after non-wall-loss corrected SOA
volume concentration started decaying, the enclosure temperature was raised to an
alternate set point (300 K) and then returned to the original set point (278 K) with black
lights off. The temperature cycling provides additional information about the SOA

characteristics for m-xylene photooxidation. The volume concentration shown in Fig. 4.7
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indicates that the SOA formed at 278 K loses about 20% of mass when heating up to 300
K and the aerosol volume does not restore to that formed at 278 K initially after cooling
back to 278 K. This may be attributed to the thermally labile aerosol component that
cannot form at higher temperature and breaks with a temperature increase.

The density was also operated during the temperature ramping experiment (278 K
2300 K > 278 K). As seen in Fig. 4.8, the initial density at 278 K was 2.2 g cm™®, and
then dropped to around 1.6 g cm™. After heating the density dramatically decreases to
1.35 g cm™ when passing the 290 K-292 K transitional point, similar to experiment
1046A, but remained the same when the temperature returned to 278 K, which is much
lower than stabilized 1.6 g cm™ generated at 278 K. These results further indicate that the

semi-volatile partitioning cannot explain the difference of the aerosol formed at 278 K.

4.4 Conclusions

Temperature has a clear and dramatic effect on the SOA formation not only in
terms of particle volume but also chemical composition for the m-xylene photooxidation
system. For the first time, strong evidence from perspectives of particle density,
hygroscopicity, volatility and bulk elemental analysis is presented that the semi-volatile
formation or particle-phase reactions are temperature dependent for this specific system.
The results show that when the experiment commences at 313 K, and then is cooled
down to 278 K, there are no significant changes in particle density, hygroscopicity,
volatility, and chemical composition. However, aerosol formed at cold temperatures
appears chemically and physically different than those formed at 300 K and 313 K. These

observations indicate that traditional gas-particle partitioning theory alone cannot fully
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explain m-xylene photooxidation system temperature dependence. A large transition in
particle density, hygroscopicity, volatility and chemical composition was seen as the
aerosol was warmed past 290-292 K. These observations are consistent with a thermally
labile aerosol component.

This study indicates that it is insufficient to utilize enthalpy of vaporization or
percent volume change per degree to predict SOA formation for differences in
temperature with current models. The reason is apparently due to the fundamentally
difference in physical and chemical properties of SOA formed at different temperatures.
Further study is needed to identify the source and composition of the thermally labile
species to allow for prediction of the SOA temperature dependence for this system.
Therefore, the reaction mechanism can be improved accordingly. Other systems must be
explored to identify the extent to which the phenomena observed for the m-xylene

photooxidation experiment is present in other SOA systems.
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Temp Change

Exp # To NO2i m-xylene,; Am-xylene AM, .

K] [ppbV] [wgm®]  [ugm®F [ugm> T AMo

[K]  [ugm™]

1046A 278 15.7 544 223 13.3 313 13.7
1047A 313 15.0 475 322 - 278 -
1049A 300 14.8 465 310 11.0 313 12.9
1050A 300 17.4 491 332 11.6 278 11.6
1051A 313 16.4 483 330 7.4 278 1.7
1055A 278 15.6 604 279 15.3 313 13.4
1116A 278 18.8 413 188 23.4 - -

% this is the hydrocarbon consumed by the time when system temperature starts to change
® hon-wall-loss corrected PM volume concentration before system temperature changes (not the maximum
volume concentration that the system achieved)
¢ particle mass condensed/evaporated when lowering/increasing the system temperature compared to the
projected particle mass if the system remains at the initial temperature

Table 4.1 Experimental conditions and results summary for the m-xylene photooxidation

reactions
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Figure 4.1 Aerosol formation results for three selected temperature experiments; all three
dry non-seeded photooxidation with initial target concentration (m-xylene~100 ppb,
NO2=16 ppb). Blue squares represent the experiment starting at 278 K for 6h irradiation
and then heated to 313 K; green squares represent the experiment starting at 300 K for
7.5h irradiation and then cooled to 278 K; red squares represent the experiment starting at
313 K for 6h irradiation and then cooled to 278 K.
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Figure. 4.8 Particle density evolution for m-xylene photooxidation reaction (Targets:
HC:NO,=100 ppb:20 ppb) with temperature ramp from 278 K->300 K->278 K.

98



Chapter 5

5.1 Introduction

Secondary Organic Aerosol (SOA) refers to organic aerosol formed from gas-
phase oxidative processing of volatile organic compounds (VOCs) in the atmosphere
(e.g., Kroll and Seinfeld, 2008). SOA accounts for a majority of organic aerosol in the
atmosphere. It comprises up to 80% of all organic aerosol present (Turpin, et al., 1995;
Zhang et al., 2007) and contributes to climatic impacts, regional visibility reduction and
potential health hazards (IPCC, 2007; Eldering and Cass, 1996; Davidson et al., 2005;
Pope and Dockery, 2006).

The hydroxyl radical (-OH) initiates aromatic hydrocarbon oxidation often
producing significant amounts of phenolic compounds (Atkinson, 1994). For example, a
25%-55% phenol yield is reported from -OH oxidation of benzene (Atkinson et al., 1989;
Bjergbakke et al., 1996; Berndt et al., 1999; Berndt and Bdge 2001; Volkamer et al.,
2002), while cresol isomers are identified to account for 15-42% of the products from
-OH oxidation of toluene (Atkinson et al., 1989; Klotz et al., 1998; Smith et al., 1998).
Although initial oxidation of aromatics by -OH are reasonably well understood, the
continued oxidation of these products to form SOA remains poorly understood. A
significant technical hurdle is the difficulty in identifying the majority of the aromatic
SOA oxidation products.

Song et al. (2005) described the relative importance of the hydroperoxy (HO,)

reaction with organic peroxy (RO;) vs. RO, reaction with RO, routes with for the m-
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xylene — NOy photooxidation system when evaluating SOA formation as a function of
NOx concentration. Additionally, nitrophenol and nitrocresol products have been
observed from phenol and o-cresol photooxidation, respectively (Grosjean, 1984, 1985;
Atkinson et al., 1992). Additionally, small organic acid and aldehyde oxidation products
such as pyruvic acid, acetaldehyde, nitro-aromatic products (Forstner et al., 1997),
dicarbonyls and anhydrides (Arey et al., 2009) have been identified from the aromatic
photooxidation reaction.

Aromatic photooxidation occurs through a multistep reaction pathway, initiated
by -OH oxidation, which may include one or more oxidants (Os, NO3z or -OH). This is
simply expressed as:

HCx + OH = 01P; + aP7 + ...+ oiP;
where P; are condensable first generation products, P, are high-volatility products, and
P; are intermediate products that continue to oxidize as:

Pi+ -OH >

+ NO3; > > condensable products
+0;3>

A series of experiments focusing on m-xylene/NOy photooxidation using
isotopically labeled (**C,) m-xylene and *>NO coupled with mass spectroscopic analysis
were performed in the UCR/CE-CERT environmental chamber to further elucidate the

pathways for SOA formation from m-xylene oxidation.
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5.2 Experimental Section

5.2.1 Facility Overview

Experiments were conducted in the UC Riverside/CE-CERT indoor
environmental chamber, which is described in detail elsewhere (Carter et al., 2005). Dual
90 m® Teflon reactors are suspended by a rigid steel framework in a temperature-
controlled enclosure which is continuously flushed with purified air. The enclosure was
temperature controlled to 300 + 0.5 K for the experiments reported in this paper. The
rigid framework slowly collapses the reactors during the experiments to minimize leaks
and diffusion of contaminants into the reactors by maintaining a positive 0.03” H,O
differential pressure between the reactors and enclosure. 115 W Sylvania 350 black lights
were used as the light sources for these experiments. A known volume of high purity
liquid hydrocarbon precursor ((**C,) m-xylene: Sigma-Aldrich, 99% atom *3C or (**C,)
m-xylene: Sigma-Aldrich, >99.5%) was injected through a heated glass injection
manifold system and flushed into the chamber with pure N,. NO or ®NO (Sigma-
Aldrich, 98 atom % *°N) was introduced by flushing pure N, through a calibrated glass

bulb filled to a predetermined partial pressure of pure NO.

5.2.2 Particle and Gas Measurements

Particle size distributions between 28 and 735 nm are monitored with scanning
mobility particle sizers (SMPS) located inside the temperature controlled enclosure.
Particle sizing is verified with a suite of polystyrene latex spheres (PSL) (Duke Scientific

Corp., Palo Alto, CA).
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The evolution of particle elemental composition of aerosol particles is tracked
using an Aerodyne High Resolution Time-of-Flight Aerosol Mass Spectrometry (HR-
ToF-AMS) operating in high resolution mode (deCarlo et al., 2006). The HR-ToF-AMS
has been described in detail previously (deCarlo et al., 2006) and improves on mass
resolution by using a custom high-resolution ToFMS (Tofwerk, Switzerland). More
recently, a new elemental analysis (EA) technique was developed using HR-ToF-AMS
sampling data (Aiken et al., 2007; 2008). The method is based on the property of electron
ionization (EI) for molecules containing small atoms such as C, H, N, O and S that the
sum of the ion signal intensities from all fragments is approximately proportional to the
mass concentration of the original organic species. Thus, if the elemental composition of
each fragment ion signal in a mass spectrum can be identified (as with HR mass spectra),
the average composition of the ions can be calculated. For a complex spectrum from an
unknown molecule or mixture, the best estimate of the composition can then be found by
summing up the ion contributions across the entire mass spectrum, which is then
represented as estimated ratios of oxygen-to-carbon (O/C), hydrogen-to-carbon (H/C),
and nitrogen-to-carbon (N/C). Estimated atomic ratios are used to calculate Organic
Matter (OM)/Organic Carbon (OC). In this study, the fragment ions that contain *°C or
3¢, N or N of the aerosol was determined using the high resolution capabilities of the
HR-ToF-AMS following the Peak Integration by Key Analysis (PIKA) template (deCarlo
et al., 2006). Insulated sampling lines for APM, TDMA and AMS measurements

prevented condensation/evaporation of semi-volatile components during sampling.
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A gas chromatograph equipped with a flame ionization detector (GC-FID, Agilent
6890, Palo Alto, CA) monitors the parent hydrocarbon decay while a Proton Transfer
Reaction Mass Spectrometer (PTR-MS, standard PTR-QMS series, lonicon Analytik,
Austria) monitored the concentrations of volatile and semi-volatile products in the gas
phase with a proton affinity greater than that of water. Detailed description of working
principles and applications of the PTR-MS is found in Lindinger et al. (1998). A Thermal
Environmental Instruments Model 42C measured NO, NOy and (NO,-NO) concentration.

A Dasibi Environmental Corp. Model 1003-AH monitored Os.
5.3 Results and Discussion

5.3.1 (*C,)m-xylene and (**C,)m-xylene Reaction Comparison

A series of experiments using isotopic (**C,)m-xylene or *>NO were performed
(Table 5.1) to evaluate our mechanistic understanding of SOA formation from aromatic
hydrocarbons by tracking SOA formed with the methyl carbon (**C labeled) present
relative to the ring carbon. Two nearly identical photooxidation experiments, one with
70 ppb of (**C,)m-xylene and one with 70 ppb (**C2)m-xylene, were conducted in the
presence of 50 ppb of NO. The unit mass resolution (UMR) SOA spectrum from (**C,)m-
xylene and (**C,)m-xylene SOA normalized by total organic signal is shown in Figure
5.1. The overall mass spectral pattern for m/z 10 to 90 (Figure 5.1 (a)) is similar for both
isotopes with shifts of m/z ions attributed only to the presence of the **C present in the
fragment (e.g. m/z 43 (C,Hs0") shifting to m/z 44 (**CCH30")). The mass spectral

pattern from m/z 91 to 200 (Figure 5.1 (b)) is expected to include chemical information
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associated with the ring. Apparent mass shifts of both +1 or +2 are observed in this range;
e.g., m/z 95 from SOA derived from m-xylene photooxidation shifted to m/z 96 for **C
labeled m-xylene. Similarly, m/z 109, 121, 135 became m/z 111, 123, 137, respectively
indicating retention of the two **C methyl groups in the SOA. Table 5.2 summarizes
potential empirical formulas assignments for the most abundant ions in the aerosol for the
isotopic reaction system. Possible reaction pathways are provided in Fig. 5.2 excerpted
from Forstner et al. (1997). The identified ions in the SOA reflect the results of two major
processes, H-atom abstraction by -OH and -OH addition to the ring. The latter reaction
forms ring-retaining and ring-fragmentation products. As suggested in Fig. 5.2, the H-
atom abstraction leads to the formation of m-tolualdehyde as intermediate product which
is further oxidized to m-toluic acid (m/z137, assigned as “*C,CsH;0,"). However, the
major UMR mass fragments ions corresponding to this compound should also be present
at m/z 66, 92, 121. Although detected, these m/z’s are not significant. The -OH addition
pathway also yields ring-retaining and ring-fragmentation products. lons detected at m/z
123 and 125 proposed as **C,CsHsO* and **C,CsH110", respectively, may be produced
via this pathway. Some of the smaller (lower m/z) ions are then attributed to further
fragmentation by electron ionization of these two compounds (loss of —CH, or —**CH,
groups). Arey et al. (2009) report that dicarbonyl products account for up to 52% of total
gas-phase products in the m-xylene photooxidation system via further ring-opening and
oxidation steps after the initial -OH addition reaction. lons at m/z 43, 44, 55 associated
with C,H30", CO,"and C3H3O" contributed significantly to total organic signals. She

speculates that these ions are potential fragments from dicarbonyl compounds. The
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precursor hydrocarbon and partial gas-phase products was measured using online PTR-
MS. The instrument successfully detects (**C,)m-xylene (at m/z 109) and (**C,)m-xylene
(at m/z 107) and proves to be useful for identification of shift in mass charge ratio due to
the isotopic carbon. Figure 5.3 showed time evolution of the mass spectra presumably
assigned to acetaldehyde, formic acid, glyoxal, acetic acid, methyl-glyoxal and di-
carbonyls. The volatile organic carbon products are expected to form via ring cleavage
and further oxidation after the initial -OH attached to the ring. The reaction pathways to
form those gas-phase products are depicted in Fig. 5.4. And then the major compounds
from isotopic and regular reactions as shown in Fig. 5.3 are used to validate the proposed
mechanism. Comparing the isotope with the regular m-xylene reaction, three fourths of
acetaldehyde formed in the regular system shifted by +1 and is identified as **CHs;CHO.
Formic acid, acetic acid and glyoxal maintain similar levels within these two systems and
no shift in m/z is observed. Others m/z’s including m/z 72, 98,112 detected as m/z 73, 99,
113, 114 from the regular (**C,)m-xylene photooxidation, exhibit shifts by +1 owing to
the retention of *3C, while the evolution trend does indicate a slight difference between

the potential assignment compounds at these m/z’s.

5.3.2 ™ NO and '* NO Reaction Comparison

Experiments using isotopic °NO and **NO reaction with (**Cz)m-xylene were
performed to evaluate the importance of the NO, adduct reaction after initial OH
abstraction from the aromatic compound (Table 5.1, EPA931A and EPA932A). These
two experiments were similar with initial concentrations of 80 ppb (*C,)m-xylene/50 ppb

>NO and 70 ppb (**C,)m-xylene/50 ppb *NO, respectively. The HR-ToF-AMS UMR
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organic mass spectrum, normalized with total organics, is presented in Fig. 5.5. The HR
mass spectra for both NO and **NO experiments were inspected from m/z 10 to m/z 150.
The signals beyond m/z 150 are below the noise level. Overall, there were no mass
fragment shift except for those attributed to nitrate ions, indicating that none of the non-
nitrate associated fragments contained both carbon and nitrogen. Therefore, we focus the
rest of our investigation on m/z 30, 46 and 63 (and corresponding +1 m/z peaks for **NO
experiments).

High resolution mass spectra for nitrate signal were analyzed with the capability
of Peak Integration by Key Analysis (PIKA) template (deCarlo et al., 2006; Aiken et al.,
2008). The top two figures in Fig. 5.6 display m/z 30 and 46 from (**C,)m-xylene /**NO
reaction, of which the major ion identifies as NO™ and NO,". Similarly, the bottom two
figures illustrate m/z 31 and 47 from from (**C,)m-xylene /**NO reaction, of which the
major ion is NO* and ®NO,*, respectively. Shown in Fig. 5.6 is the simplified
mechanism of forming nitrogen-containing ring-retaining products, which give the nitrate
fragments. The -OH abstraction followed by the NO, adduct to form the nitrophenol
species is favored under extremely high levels of NO,. In current study, the
photooxidation reaction carried out initially at 100 ppb level of hydrocarbon and <100
ppb level of NO. Under these conditions, the reaction of aromatic-OH adduct with NO; is
not expected to be significant. Two typical experiments with HC,: NO ratios of 6.25 and
1.4, respectively as low and high NO concentration conditions were selected to estimate
the organic nitrate contribution to the total organics (Fig. 5.7). The principle described

above with high resolution resolved peaks was applied to calculate the nitrate mass,
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which excludes the interference ions assigned to nitrate when using the UMR mass
spectra. The fraction was higher during nucleation and decreased during the
condensational growth period for both experiments. The observation is consistent with
density observations (described in the previous chapters) that the higher density at the
onset of particle formation may be attributed to production of organic nitrates. That the
organic nitrate signal only accounts for 5%-10% of total organic signal evidenced the

insignificance of organic nitrate in this aromatic-NOy photooxidation reaction system.

5.4 Conclusions

This work evaluated the potential reaction pathways and organic nitrate
contribution from selected m-xylene/NO photooxidation system by comparing aerosol
products formed from regular (**C,)m-xylene and **NO and isotopic (**C,)m-xylene and
>NO reactions. UMR mass spectra indicate the formations of ring-containing products
via oxidation of methyl group or OH direct adduct on the ring. Fragment ions of ring
open and oxidation products are detected in the particle phase and shifted using (**C,)m-
xylene with HR-ToF-AMS. Some major products are also indentified in the gas phase
with PTR-MS and shifted with isotopic m-xylene, which proves the rationality of
proposed reaction mechanism. Organic nitrate fragments are observed in the system but
contribute less than 10% of total organic mass. With isotopic *>NO, we confirm that no
product ions contain —C—N- bond other than the nitrate compounds bonds of -NO and -

NO;.
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HC? M, NO,i RH T
run compound 3 3
(ppbV)  (um*cm’) (ppbV) (%) (K)
EPA928 (**C,)m-xylene/NO 80.5 10.0 9.9 <05 300
EPA929 (**C,)m-xylene/NO 85.2 16.3 438 <05 300
EPA931 (**C2)m-xylene/NO 75.4 10.6 436 <05 300
EPA932 (*2C,)m-xylene/*>NO 86.2 13.2 50.0° <0.5 300

a. Initial hydrocarbon concentration

b. M, is wall loss corrected volume concentration following method outlined in
Carter et al. (2005).
c. Target concentration

Table 5.1 Experimental conditions and results for the m-xylene photooxidation systems

111



Organic Mass Spectra normalized to Total Organics (%)

10 20

30 40

m/z

50

|II
60

70

12

( C)m-xylene +NO=T70ppb: 50ppb photooxidation
12
{ ©)m-xylene +NO=70pph: 50ppb photooxidation

~—~~
QD
~

0.1

0.01

10

0.1

0.01

Organic Mass Spectra normalized to Total Organics (%)

(b)

Figure 5.1 UMR mass spectrum comparison for (a) (**C,)m-xylene /NO and (b) (**C,)m-

[("c,)m-xylene +NoO=

xylene /NO (initial targets: 70 ppb m-xylene + 50 ppb NO).
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Peak Formula Possible Structure”
43.017/43.053 C,H30" / C3H7*
43.991/44.023 CO,"/ BCCH,0*
55.017/55.057 C3Hs0" / C4H-*
58.042 C3HsO"
69.031/69.071 C4HsO" / CsHg*
81.037/81.069 CsHsO"/ BCCsHsg"
13 CH;
96.057 18CCsH0" @D D y
H - —CH; - —CH:
13 CH;
13 CH.
111.08 B3C,CsHy0" éﬁ: " CH:
13 CH;
13 CH;
123.08 3C,CoHo0" S
o .
\/’L‘ 13 CH;
" CHs
125.1 B¢C,CsH1 0" @O i
H
13 CH;
137.06

9
13 c U .
BC,CeH70," @
HCHg

Table 5.2 List of major ion peaks observed for the reaction of (**C,)m-xylene/NO in the
smog chamber and their potential assignments
Note: * the OH radical can add to different position, therefore, product isomers may co-

exist in the system.
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Figure 5.2 (**C,)m-xylene-OH initial reaction split and details of abstraction path.
Modified based on Forster et al., (1997).
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Figure 5.4 Mechanism of m-xylene-OH reaction leading to the major gas-phase products
Note: the red methyl group indicates where the isotopic **C is. m/z below the compound
is the mass charger ratio for regular (**C)m-xylene reaction and in the bracket is the ratio
for isotopic (**C,) m-xylene reaction.
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Note: No UMR N nitrate signal: m/z 30, 46, 63 shown; m/z 31, 47, 64 corresponding to
>NO is shown.

117



Diff, Hz

Diff, Hz

) 3095 31.00 31.05 465 .95 47.00 47.05

Figure 5.6 Example of high resolution spectra of (a) m/z 30 and 46 for (**C,)m-xylene

/“NO and (b) m/z 31 and 47 for (*C,)m-xylene /*°NO photooxidation reactions,

specifically.
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Figure 5.7 Contribution of organic nitrate to total organics for high and low HC,: NO
cases. Dash lines are fit with linearity.
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Chapter 6

6.1 Introduction

Biomass combustion emissions contribute significantly to aerosol species in the
atmosphere (Crutzen and Andrea, 1990). Particle emissions mainly arise from natural
fires, prescribed burns, and residential wood combustion, which affect climatic impacts,
regional visibility reduction and potential health hazards (Naeher et al., 2007, Watson,
2002). Although biomass burning emission in the United States is reported to account for
only ~5% of annual average emissions (van der Werf et al., 2006), they play a significant
role in urban and regional air quality (McMeeking et al., 2006; Park et al., 2006, 2007;
Robinson et al., 2006). Park et al. (2007) estimated that biomass burning contributed
about 50% of the annual mean total particulate carbon concentration within the U.S., and
that summer wildfires drove the greatest variability in observed total particulate carbon.
In addition, wood smoke emissions from wildfires and prescribed burns are responsible
for occasional severe episodes of air pollution (Fraser and Lakshmanan, 2000; Phuleria et
al., 2005). Prescribed burns are carried out to protect manmade structures, residential
communities and the natural pattern of an ecological system. With the frequency and
magnitude of wildfires increasing in some regions, it is expected that the demand for
prescribed burns will increase in vulnerable regions, resulting in enhanced impacts from
biomass burns (Spracklen et al., 2007; Haines et al., 2001).

Models require information input including burned area, fuel loading inventories

and fuel-based emission factors (EFs) to estimate fire emissions and their impacts.
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Emission factors are defined as the mass of a chemical species emitted to the mass of fuel
burned (e.g. Schultz et al., 2008; Wiedinmyer et al., 2006). EFs have been extensively
measured in the laboratory and field in the past 40 years, however, there remains a
significant uncertainty and variability in estimates from different geographic regions
(Schultz et al., 2008; Wiedinmyer et al., 2006). Andrea and Merlet (2001) compiled EF
for three ecosystem types: savanna and grassland, tropical forests and extratropical
forests based on a full literature review. However, the recommended values did not
necessarily reflect the specific fuel types and combustion conditions. Battye and Battye
(2002) also summarized previous work on EF that has been applied to field studies,
primary emissions from fires in forest regions in the northwestern US and Alaska, as well
as chaparral fires in southeastern US (Cofer et al., 1988a, 1988b; Friedli et al., 2001,
Hays et al., 2002; Muhle et al., 2007; Yokelson et al., 1999). While field studies have the
advantage of measuring emissions from real fires, controlled laboratory studies are used
to fill in informational gaps in burn time, space and combustion phase. Some laboratory
studies of biomass fuel burns have been published (Chakrabarty et al., 2006; Chen et al.,
2006, 2007; Hays et al., 2002), but measurements of emission from individual chaparral
or southwestern US plant species are very rare (McMeeking et al., 2009).

This project aimed to provide the EF of PM,s and gaseous pollutants for
southwestern biomass fuels. The study took place at the U.S. Forest Service’s Fire
Sciences Laboratory at Missoula, Montana. We deployed a comprehensive set of
measurements that include both gas-phase and speciated particle-phase emissions. More

specifically, for biomass burning smoke aerosol, real-time particle size distribution,
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number and volume concentrations, total surface area, and elemental composition are
measured simultaneously with filter and other substrate sampling for offline analysis.
This chapter herein focuses on the chemical composition analysis using high-resolution
time-of-flight aerosol mass spectrometer (HR ToF-AMS). The elemental ratios (organic
matter/organic carbon (OM/OC), oxygen/carbon (O/C), hydrogen/carbon (H/C),
nitrogen/carbon (N/C)), mass spectra, and levoglucosan analysis for nine plant species

during flaming and smoldering phases are presented.

6.2 Experimental Section

6.2.1 Fuel selection and treatment

Fuel characterization and fuel bed configuration are very important parameters to
determine particle emissions. In this study, a total of 49 burns, consisting of 9 different
types of plant species representative of this ecosystem (Table 6.1), were burned
individually. Chamise (Adenostoma fasciculatum) is an evergreen shrub and the leaves
are shiny with flammable oils especially in warmer weather. California sagebrush, of the
Asteraceae family, is a shrub that grows in coastal sage scrub, coastal strand, chaparral,
and dry foothill communities. Coastal sage scrub is a low scrubland community (or soft
chaparral) characterized by low-growing aromatic, and drought-deciduous shrubs adapted
to the semi-arid Mediterranean climate of the coastal lowlands. Maritime chaparral is
dominated by woody shrubs such as Manzanita and found only in areas with a
predominance of summer fog. Oak savanna is a type of savanna, or lightly-forested

grassland, with oaks as the dominant tree species. California oak woodland is a plant
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community found throughout the California chaparral and woodlands eco-region of
California and northwestern Baja California. The dominant trees are oaks, interspersed
with other broadleaf and coniferous trees, with an understory of grasses, herbs,
geophytes, and California native plants. Mesquite is a leguminous plant of the Prosopis
genus which is an extremely hardy, drought-tolerant plant. Ceanothus is a genus of about
50-60 species of shrubs or small trees in the buckthorn family Rhamnaceae. The majority
of the species are evergreen, but the handful of species adapted to cold winters is
deciduous. Ceanothus species are easily identified by their unique leaf-vein structure
shared by all plants within this genus. Manzanita is a common name for many species of
the genus Arctostaphylos. They are evergreen shrubs or small trees present in the
chaparral biome of western North America. They are characterized by smooth, orange or
red bark and stiff, twisting branches. Samples of chamise and ceanothus were collected
from Ft. Hunter-Liggett (CA), about 400 km northwest of Los Angeles. Samples of
Manzanita, California sage, coastal sage and maritime chaparral were collected from
Vandenberg Air Force Base (CA), about 250 km northwest of Los Angeles. Samples of
oak savanna, oak woodland and mesquite were collected from Ft. Huachuca (AZ), about
900 km southeast of Los Angeles. These fuels represent chaparral and oak woodland
from southwestern U.S. They often grow so densely that it is all but impenetrable to large
animals and humans. This, and its generally arid condition, makes it notoriously prone to
wildfires. Clinton et al. (2006) estimated that ~ 80% of the fuels consumed by major
wildfires in southern California in 2003 were attributable to shrubs and duffs. Bulk

characteristics of the fuel beds are listed in Table 6.2. Average moisture content (oven-
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dry mass basis, ASTM D4442-07) of the fuel beds at the time of burning ranged from 4
to 33%, similar to fuel moisture in dead fuels. The initial oven-dry mass in the fuel beds
ranged from about 670 to 4630 g. Bulk density of the fuel beds ranged from 5.8 to 14
kg/m® and the packing ratio (defined as the ratio of fuel bulk density to fuel density)
ranged from 0.010 to 0.024. These packing ratios for the southwestern fuels are similar to
those reported for laboratory fire spread experiments (Weise et al., 2005), but 1 to 2
orders of magnitude larger than packing ratios observed in the field. 18 out of 49 fuel
beds (chamise, ceanothus, manzanita, and California sagebrush) were ignited using a
propane torch with the aid of small amount of isopropyl alcohol. The rest of the burns
were initiated with only the propane torch. The fuel arrangement for burning significantly
affected fuel consumption. The fuel beds were arranged horizontally (Fig. 6.1b) with up
to 90% of fuel consumption percentage except for ceanothus. We attempted to arrange
the chamise/scrub oak fuels vertically as found in nature (Fig. 6.1a), but the fire did not

spread well resulting in an average consumption of 30 % for this fuel type.

6.2.2 Facility and combustion

All the experiments were conducted in the combustion laboratory at the U.S.
Forest Service’s Fire Science Laboratory (FSL), Missoula, MT, (schematic displyed in
Fig. 6.2). Detailed descriptions can be found elsewhere (Yokelson et al., 1996). The
main combustion room measures 12.5m x 12.5m x 22m in height. The stack is located at
the room center 2.1m above the ground and extends through the ceiling. The combustion
exhaust is vented via a 3.6 m diameter hood attached to a 1.6 m diameter stack. Sampling

ports that position near the center of the exhaust flow and pass through the walls of the
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stack are located about 16.5 m above the floor. The instruments were deployed on a
platform surrounding the stack at about the same height as the sampling ports. The lab is
slightly pressurized with pre-conditioned outside air to precisely control temperature, and
relative humidity. The air velocity in the chimney was set to 1.5 m/s or 3 m/s by

controlling the exhaust fan speed to maintain proper entrainment of fresh air.

6.2.3 Real-time particle measurements

A dilution sampler was used to cool the sample prior to injection into the online
instrumentation. In brief, an isokinetic sampling probe was inserted in the stack center.
The sample flow was then diluted using a partial flow dilution system with a single
venturi (Agrawal et al., 2008). A 13.5:1 ratio was determined using CO as a tracer.
Dilution house air was treated with silica gel->charcoal denuder->HEPA in series. The
diluted aerosol flow then passed through a PM; impactor to remove large particles
present before distributing the sample flow to the HR-ToF-AMS and other online particle
measurement instrumentation. Figure 6.3 depicts the schematic flow chart of sampling
system in detail. This chapter here only presents the results of elemental composition of
organic particle species from HR ToF-AMS for each individual fuel. The instrument
operated in the high resolution mode and has been described in detail previously
(DeCarlo et al., 2006) and improves on mass resolution by using a custom high-
resolution TOFMS (Tofwerk, Switzerland). More recently, a new elemental analysis (EA)
technique was developed using HR-ToF-AMS sampling data (Aiken et al., 2007; 2008).
The method is based on the property of electron ionization (EI) for molecules containing

small atoms such as C, H, N, O and S that the sum of the ion signal intensities from all
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fragments is approximately proportional to the mass concentration of the original organic
species. Thus, if the elemental composition of each fragment ion signal in a mass
spectrum can be identified (as with HR mass spectra), the average composition of the
ions can be calculated. For a complex spectrum from an unknown molecule or mixture,
the best estimate of the composition can then be found by summing up the ion
contributions across the entire mass spectrum, which is then represented as estimated
ratios of O/C, H/C, and N/C. Estimated atomic ratios are used to calculated OM/ OC. In
this study, the C:O:H ratio of the total aerosol was determined using the high resolution
capabilities of the HR-ToF-AMS following the Peak Integration by Key Analysis (PIKA)
and Analytical Procedure for Elemental Separation (APES) templates (DeCarlo et al.,

2006, Aiken et al., 2008).

6.2.4 Real-time gas measurement

Fire integrated modified combustion efficiency (MCE) has been widely used in
previous studies to describe combustion conditions. MCE is defined as the molar ratio of

the emitted CO and CO, (Ward and Radke, 1993) and calculated as below,

[Aco, ]
[ACO, ]+[ACO]

MCE = (6-1)

where [ACO,] and [ACO] are the excess molar mixing ratios of CO, and CO.

For stack smoke, MCE was calculated for each burn by dividing the total mass of CO,
emitted by the net mass of CO, plus CO emitted. Ward and Radke (1993) classified
combustion conditions into three phases based on MCE i.e., flaming when MCE>0.97;

mixed state when 0.85 < MCE < 0.97; smoldering when 0.75 < MCE <0.85. Real-time
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CO and CO; measurements were made using an Open-Path Flourier Transform Infrared

(OP-FTIR) spectrometer.

6.3 Results

6.3.1 Modified combustion efficiency

We attempted to segregate the mode of combustion during each burn using
instantaneous MCE value and other indicator while some other studies report combustion
conditions by using integrated or averaged MCE over the entire burn. Accordingly, the
combustion process was segregated into three phases, i.e. flaming, mixed and smoldering.
Fire-integrated mean MCE values for selected burns covering all 9 vegetation ranged
from approximately 0.980-1.014, 0.871-0.912, and 0.817-0.900 with standard deviation
from 0.008-0.049, 0.026-0.049, and 0.008-0.036 for flaming, mixed and smoldering
periods, respectively. The MCE results are displayed in Fig. 6.4. The fuel moisture
content is below 15% except for oak woodland. However, we do not observe a
dependence of MCE on fuel moisture as reported in other study (Mcmeeking et al., 2009)
for the fuel moisture content less than 15%. Regards to the medium level of fuel
moisture, the oak woodland appears to have the lowest MCE during flaming phase and

highest MCE during the mixed and smoldering phases.

6.3.2 Mass spectra of different southwest fuel types

Figure 6.5 shows the average unit mass resolution (UMR) mass spectra of

organics, nitrate, sulfate, ammonia and chloride throughout flaming, mixed and
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smoldering phases of burn for the nine southwestern biomass fuels. One burning
experiment was selected for each type of fuel and each m/z was normalized to the total
organic mass.

Since the majority of particle mass are emitted during flaming and mixed phases,
the mass spectra pattern of relative intensity under these particular combustion conditions
more closely represents the results of the entire burn. Generally, the hydrocarbon
fragment ions C,Han1" such as CsHs" at m/z 41, C4H;" at m/z 55 and CsHg" at m/z 69 and
CnHanet™ such as CoHs™ at m/z 29, CsH;™ at m/z 43, C4Ho™ at m/z 57 significantly
dominate the m/z patterns for all fuels. The observations are consistent with those
Weimer et al. (2008) reported for the European forest and residential wood types using
quadruple-AMS (Q-AMS). However, differences in the characteristics varied by fuel
type. In summary, the mass spectra of particle emissions is characterized by the fragment
m/z 44 (CO,") predominant possibly owing to decarbonxylation of oxo- and di-
carboxylic acids (Alfarra et al., 2006) for the coastal sage, California sage, oak savanna
and Manzanita. The reason could be that when there are still a lot of biopolymers such as
cellulose and lignin available indicated by the hydrocarbon fragments while more readily
oxidized organics are found simultaneously due to the easy and fast combustion
properties of these fuels. In addition, Andrea and Merlet (2001) stated that the flaming
phase can exhibit strong variation depending on different internal parameters such as
moisture. There is significant contribution of chloride emission during the flaming phase
for all the fuels with the exception of oak woodland. Maritime chaparral and California

sage scrub have the highest fractions. When the fire goes to mixed phase, dramatic

129



decrease in chloride emission was observed in Ceanothus and Chamise compared to the
other six fuels. For sulfate emission, maritime chaparral, California sage scrub, chamise,
Manzanita, mesquite, oak woodland have higher contribution fractions than coastal sage
brush, Ceanothus, and oak savanna. During the mixed phase, only Manzanita and
California sage scrub have decent amount of sulfate emitted, indicating the majority of
sulfur containing compound in the other fuels burned rapidly and emitted instantaneously
as the fire lid. The emissions of nitrate and ammonia seem to occur and maintain
relatively the same level in both phases for most of the fuels. When the fire goes to
smoldering phase, organics become dominant while all the inorganic species fade
significantly.

The relative contributions of m/z 29, 43, 44, 60 and 73 to the total organic mass
were shown in Table 8.3 to evidently reveal the chemical composition of all fuel types.
No substantial difference is seen for all the fuel types with an exception of higher m/z 44
and lower m/z 29 fractions for Manzanita case. A highest and lowest contribution of
levoglucosan reflected by m/z 60 and 73 were observed for oak savanna and sage species,
respectively. More details will be discussed in later section. Additionally, the mass
spectra from all biomass fuel types do not hint to a specific mass spectral signature that

can be used exclusively for a specific species assignment.

6.3.3 Bulk chemical composition

Elemental carbon (EC) and OC emission factor from many biomass fuels has
been extensively characterized earlier (Hays et al., 2005; Mazzoleni et al., 2007; Habib et

al., 2008; Mcmeeking et al., 2009) as bulk chemical analysis of carbonaceous aerosol.
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This work reports new measurements of bulk chemical composition of organic
carbonaceous species using HR-ToF-AMS. As a result of both the extensive
fragmentation caused by electron impact ionization and the thermal decomposition of
molecules by the vaporizer, most of the signal intensity in the HR-ToF-AMS occurred
below mass to charge ratio (m/z) 100; parent molecular peaks were weak or unobserved.
Therefore, the EA was conveniently applied to the data set of collected samples and
interpreted as bulk chemical composition. To the author’s best knowledge, this is the first
time that real time elemental ratios and empirical formula derived with respect to MCE
have been reported.

Figure 6.6 shows an example of time evolution of O/C, H/C, N/C and OM/OC
during flaming, mixed and smoldering phases from Chamise burn. Similar analyses are
made to the other fuels as well. The average elemental ratios for each fuel during
flaming, mixed and smoldering are then derived and displayed in Fig. 6.7. The O/C ratio
during flaming periods ranged from 0.200-0.476 with standard deviation of 0.051-0.090.
The H/C ratio ranged from 1.435-1.764 with standard deviation of 0.068-0.108. The N/C
ratio ranged from 0.026-0.325 with standard deviation of 0.005-0.165. Similarly, the
mean O/C, H/C and N/C are 0. 170-0.432, 1.484-1.713 and 0.024-0.377 for mixed phase.
And the ratios during the smoldering phase are found to be 0.155-0.372, 1.493-1.749 and
0.070-0.519. Note that the MCE of oak savanna remained high during the entire burn;
there is no obvious smoldering phase for that fuel species. The empirical formulas of
organic carbonaceous aerosol derived from EA from each fuel during different

combustion phase were summarized in Table 6.4. In general, the O/C and H/C ratios are
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close for the flaming, mixed and smoldering phases, while N/C ratio varies to much
higher extent with bigger uncertainty. The possible reason can be attributed to the distinct
behavior that nitrogen element participates in the combustion process under different
conditions. Overall, the Rangeland ecosystem group including California sage brush and
California sage scrub show the highest oxygen content level. The Chaparral ecosystem
group which contains ceanothus, chamise and Manzanita has lower O/C during the
flaming phase while higher oxygen content level during the mixed phase compared to the

Coastal plain ecosystem including oak savanna and oak woodland.

6.3.4 Comparison of organic mass based on organic carbon using two

methodologies

A correction factor is conventionally used to compute the total organic mass
concentration, accounting for associated O, H, N, and other elements from measured C
mass concentrations attributable to OC. The most common method is to use a thermal-
optical carbon analyzer (Sunset Laboratories, Forest Grove, OR) and NIOSH method
5040 to determine the organic/elemental carbon collected on a Quartz media. The
concentrations of individual elements and water-soluble ions are analyzed by energy
dispersion X-ray fluorescence (XRF) and ion chromatography (IC), respectively. The
results for this analysis can be found in a separate paper by Ehsan et al. (manuscript in
preparation, 2010). Thus PM,s mass emissions can be reconstructed by summing all

identified aerosol species, which is expressed as:

reconstructed PM2.5 = E(ionic species) + EC + OC X multiplier factor + metals
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(6-2)

A rational multiplier factor is normally applied and the reconstructed PM, 5 mass
concentration can then be compared with the gravimetric mass concentration collected on
pre-baked Teflon filter measured by electronic scale directly to check the mass enclosure.
Reid et al. (2005) recommended OM/OC factor of 1.4-1.8 for biomass burning aerosol
using the same analytical technique.

With the development of HR ToF-AMS and analytical templates, real time
OM/OC now can be calculated from the estimated atomic ratios described in previous
section. The theoretical details can be found elsewhere (Aiken et al., 2008, 2009).
Therefore, the more realistic emission characteristics are captured compared to the offline
analysis. Figure 6.8 displayed the OM/OC results from the AMS online method (offline

analyses were not completed at the time of publication).

6.3.5 Levoglucosan analysis

Levoglucosan (1,6-anhydro-b-D-glucopyranose), a cellulose combustion product,
has been reported as a biomass burning tracer (Simoneit et al., 1999, 2002) due to its high
resistance to degradation in the ambient atmosphere (Fraser and Lakshmanan, 2000).
Some of the levoglucosan is consumed in various reactions during combustion;
nevertheless, it is emitted in large quantities and results in the particle-phase of smoke.
Levoglucosan is source-specific to any fuel type that contains cellulose; therefore, it can
be used as a specific tracer for the particulate emissions from biomass burning. Increasing
effort has been put into levoglucosan quantification methodology development in recent

years, which are roughly quantified using either gas chromatography (GC) or liquid
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chromatography. But these conventional methods require long preparation of samples,
expensive cost and derivatization treatment in some cases.

More recently, advanced instrumentation has been developed among which the
HR-ToF-AMS addresses the most extensive application. The HR-ToF-AMS has been
described in detail previously (deCarlo et al., 2006) and improves on mass resolution by
using a custom high-resolution ToFMS (Tofwerk, Switzerland). Alfarra et al. (2007) have
recently identified specific marker fragments for wood-burning particle emissions using a
quadruple-AMS (Q-AMS). Results showed that the contribution of mass fragments 60,
73 and 137 to the total organic mass were enhanced during evening periods relative to
morning periods and were therefore suggested to be marker fragments for wood-burning
particle emissions.

With the capability of high-resolution module, the ion fragment identification can
be improved even more than the UMR mass spectra. The molecular structure of
levoglucosan can be depicted as Fig. 6.9. The cleavage of the molecule by EI ionization
gives the major fragmented ions of C;H40," at m/z 60 and C3HsO," at m/z 73. However,
m/z 73 is observed to contain two fragmented ions, i.e. C3Hs0," and C3H;NO™ as shown
in Fig. 6.10 for some fuel types. Therefore, it is not accurate to use UMR m/z 73 as
marker fragment for biomass burns as opposed to CsHsO," ion. And thus the time
evolution of C,H;0," and C3Hs0," vs. total organics throughout flaming, mixed and
smoldering phases is illustrated in Fig. 6.11 to manifest the variation of levoglucosan
content at different phases of biomass burning. The contour plot starts with flaming

period labeled with dark color and then goes to lighter color as the fire approaches to
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smoldering phase. Overall, the C,H,O," follows a linear relationship with total organics
except for oak savanna. Ceanothus has the highest levoglucosan contribution fraction
followed by oak woodland, Chamise and maritime chaparral. Oak savanna, Manzanita
and mesquite have intermediate levels while California sage and coastal sage have the
lowest content of levoglucosan in emitted particulate. Similar phenomena were also
observed for the evolution of CsHsO," ion. The overall contribution of C,H,0," +
C3Hs0," as indicative of levoglucosan to the total organic mass ranges from 0.75%-
2.46%. A correlation curve between C,H;0," and C3HsO," is plotted in Fig. 6.12.
Generally, they follow the linear relationship well with C3sHsO," universally lower than

C,H40;".

6.4 Conclusions

This chapter characterizes real-time organic particle elemental analysis using HR-
ToF-AMS from the laboratory scale biomass burns for a variety of southwestern US
fuels. The evolution of OM/OC, H/C, O/C and N/C from fire ignition to extinction was
measured to capture the transient and integrated chemical composition of the non-
refractory portion of bulk particles. Time averaged elemental ratios were segregated into
three combustion modes: flaming, mixed and smoldering which are classified based on
the MCE values. In general, the particle concentrations were highest during flaming
phase and then gradually decreased during mixed and smoldering phase. For each fuel,
the hydrogen fragment ions dominate the UMR mass spectra and no specific fragments
exhibit that can be assigned to an intrinsic type of species. High resolution of m/z 60 and

73 supposingly designated to levoglucosan has been resolved for biomass marker
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validation. The results imply that using CoH40," + C3HsO," to estimate the contribution
of levoglucosan in the future may be more sufficient.

Our investigation showed that by using the HR ToF-AMS one can refer to real
time chemical information under different burning conditions (flaming, mixed and
smoldering). The nitrogen containing fraction gives the most fluctuation for some
vegetations, which could possibly be attributed to the different elemental abundance of
the plant species or the uncertainty of elemental analysis method applied to the data sets.
For the future, therefore, further investigations are needed to relate the chemical

characteristics of particle emissions with the biofuel elemental properties.
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Fuel Type Plant Species

Chamise Adenostoma fasciculatum, Quercus berberidifolia
Ceanothus Ceanothus leucodermis
Ceanothus impressus var. impressus, C. cuneatus var. fascicularis,

Maritime chaparral
Salvia mellifera

Coastal sage scrub Salvia mellifera, Ericameria ericoides, Artemisia californica
California sagebrush Artemisia californica, Ericameria ericoides
Manzanita Arctostaphylos rudis, Arctostaphylos purissima
Oak savanna Quercus emoryi, Eragrostis lehmanniana
Oak woodland Quercus emoryi, Arctostaphylos pungens
Masticated mesquite Prosopis velutina, Baccharis sarothroides

Table 6.1 Plant species that used as southwestern biomass fuels in this study
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Fuel Bulk Mass

# of Moisture . Packing .
Fuel Type o bed density . consumption
Burns content (%) mass (g)  (kg/m3) ratio (%)
Chamise 6 11.9 2079 8.6 0.015 38
Ceanothus 6 10.2 2007 5.8 0.01 54
Maritime o 112 2871 75 0.013 95
chaparral
Coastal 5 93 2299 6.0 0.01 95
sage scrub
California 9.0 2460 6.4 0.011 03
sagebrush
Manzanita 3] 12.6 2906 7.6 0.013 94
Oak 5 143 2788 73 0.012 01
Savanna
Oak 5 32.8 2054 5.3 0.009 95
woodland
Masticated 43 1831 14.3 0.024 92
mequIte

Table 6.2 Fuel bed properties for the 9 plant species
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Figure 6.1 Two pictures showing fuel and fuel bed before fire
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Figure 6.2 Schematic of the US Forest Service Science Laboratory combustion facility at
Missoula, MT.
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Figure 6.4 Averaged MCE for 9 fuel species during flaming, mixed and smoldering
phases
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m/z29/org m/z43/org miz44/org m/z60/org m/z73/org

Fuel Type ) ) ) %) (%)
chamise 3.62 6.07 9.30 0.72 0.69
CA sage 1.79 291 6.47 0.44 0.27
Coastal sage 4.47 3.35 9.19 0.77 0.40
Oak savanna 2.27 4.60 5.58 0.76 0.31
Oak woodland 3.72 4.12 8.93 0.90 0.61
mesquite 3.19 4.10 5.97 0.60 0.51
ceanothus 4.33 7.06 5.76 0.93 0.77
Manzanita 3.63 5.00 1151 0.98 0.80
Maritime chaparral 1.90 3.15 5.21 0.54 1.11
(b)
Fuel Type m/z29/org m/z43/org m/z44/org m/z60/org m/z73/org
(%) (%) (%) (%) (%)
chamise 4.87 5.48 4.10 1.24 0.94
CA sage 2.67 3.66 6.14 0.55 0.53
Coastal sage 2.49 4.12 9.34 0.89 0.58
Oak savanna 4.27 3.51 4.09 1.50 1.30
Oak woodland 3.89 4.24 2.88 1.22 0.66
mesquite 4.04 4.58 4.61 1.03 0.77
ceanothus 5.96 4.76 2.72 1.43 1.30
Manzanita 3.71 4.37 14.68 0.36 0.36
Maritime chaparral 3.90 5.07 1.84 1.12 0.66
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m/z29/org m/z43/org miz44/org m/z60/org m/z73/org

Fuel Type ) ) ) %) (%)
chamise 4.72 5.45 2.25 1.23 0.92

CA sage 0 6.35 6.90 1.28 0.94
Coastal sage 4.58 5.83 0 1.13 1.12
Oak savanna® NA NA NA NA NA
Oak woodland 3.31 5.09 1.44 1.10 0.76
mesquite 7.89 3.78 4.20 0.09 0.22
ceanothus 6.18 0.81 2.38 0.73 0.18
Manzanita 2.67 3.50 17.15 0.75 0.71
Maritime chaparral 2.87 5.57 141 0.68 0.49

Note: a. no obvious smoldering phase observed for this fuel

Table 6.3 Ratios of m/z 29, 43, 44, 60 and 73 for all nine fuels (a) flaming; (b) mixed; (c)
smoldering
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Figure 6.5 Averaged normalized mass spectra for (a) flaming, (b) mixed and (c)
smoldering phases of measured particle components from the combustion of different
southwestern biomass fuels.
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Figure 6.7 Averaged elemental ratios of organic carbonaceous aerosol from the
combustion of different biomass fuels
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Fuel type

Empirical Formula

Flaming

Mixed

Smoldering

Chamise
California Sage brush
California Sage scrub

Oak Savanna
Oak Woodland
Masticated mesquite
Ceanothus
Manzanita

Maritime chaparral

C1H1.62:00700.32+0.00N0.03:0.01
C1H1.56:0.0700.36:0.07No.0320.01
C1H1.43:0.0000.48:0.07No.0420.01
C1H1.65:01000.35:007No.20:0.15
C1H1.56:00700.31:0.08No.13:0.08
C1H1.65:00000.25:0.05N0.21:011
C1H1.62:01100.27:0.05N0.03:0.01
C1H1.76:01100.20:005N0.32:0.16

C1H1.50:0.0800.35:0.07N0.05:0.04

C1H1.61:00400.24:003N0.02:0.01
C1H1.52:0.0800.34:0.08N0.040.03
C1H1.48:01900.43:0.12No.13:0.08
C1H1.68:01200.22:0.00N0.2020.17
C1H1.62:00700.20:0.07No.12:0.08
C1H1.71:01200.23:007No 312017
C1H158:01500.30:007No.0820.07
C1H1.71:01100.38:007No 820,19

C1H1.64:00200.17:0.05No.0420.02

C1H1.67:00400.18:005N0.09:000
C1H1.51:01500.36:0.00N0.08:0.04
C1H1.61:02500.27:0.20N0.13:0.10
NA?
C1H1.74:00000.14:005No.10:015
C1H1.81:01400.23:007No.38:018
C1H1.49:02200:30:014N0.14:0.14
C1H1.75:00700.37:000N0 52:013

C1H1.68:00800.15:0.10N0.07:006

Note: a. no obvious smoldering phase observed for this fuel

Table 6.4 Empirical formula for nine biomass fuels during flaming, mixed and

smoldering phases
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Figure 6.8 Averaged OM/OC from the combustion of different biomass fuels
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Figure 6.9 Molecular structure of levoglucosan

Diff, Hz
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Figure 6.10 Peaks resolved for m/z 60 and 73 from Chamise burning
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Figure 6.11 Time evolution of C,H40," and C3HsO," ions vs. total organics of aerosol
emissions for nine southwestern biomass fuels

160



CA sage scrub
ceanothus
chamise
coastal sage
- manzanita
124 maritime
mesqulite

oak savanna
woodland

1:1

—
o
L
o090

CaHéainZ)
N IN o oS

(]

I | I I LI I | I I LI I rri I | LI I LI I LI I
0 2 4 6 8 10 12 14 16
CzH4oz+(HZ)
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Chapter 7

7. Conclusions

The overall objective of this study was to improve our understanding of SOA
aging processes formed from aromatic and mono-terpene hydrocarbons, and further our
knowledge of influence of temperature on SOA formation. This was achieved through a
number of environmental chamber experiments operating under varying conditions
through use of complementary mass spectrometry techniques. Additionally, we
implemented a technique for measuring primary organic aerosol from southwestern
biomass burns that will be used in future experiments to investigate the aging processes
of wood smoke within an atmospheric simulation chamber.

Chapter 2 details the experimental evidence that demonstrated aging of SOA for
select photooxidation reaction systems through simultaneous measurement of SOA
volatility, hygroscopicity, density, and chemical composition. The aging was much
stronger for photooxidation systems compared with the very stable o-pinene dark
ozonolysis system with hydroxyl scavenger. Even after 16 hours of aging, the O/C of the
aerosol was lower than the AMS identified OOAI or OOAII fractions measured in
Mexico City. The rate of increase of O/C appears insufficient to obtain OOAI O/C even
over a period of a couple of days. Little evidence was found for significant formation of
high molecular weight SOA species.

Chapter 3 describes a series of atmospheric chamber studies performed in order to

extend the knowledge of the effects of hydroxyl and nitrate radicals on the SOA aging
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process from ozonolysis of a-pinene gained from the chapter 2. We found that that
further aging of a-pinene dark ozonolysis system via oxidation of first generation
products is possible; distinct increases in hydrophilicity, and oxygen content level were
observed. However, the reaction rates are slow and thus slight volume gain is obtained
from the additional reaction, which probably contributed to the gas-phase reaction
mainly. UV irradiation alone also has some effect on this specific system, which is likely
due to the reaction of photosensitive carbonyls, peroxides, and nitrates or HONO emitted
from the Teflon wall. These results confirm that the hydroxyl radical plays a crucial role
in SOA aging.

Chapter 4 focuses on the influence of temperature on SOA for m-xylene/NOy
photooxidation system. The results show that when the experiment commences at 313 K,
and then is cooled down to 278 K, there are no significant changes in particle density,
hygroscopicity, volatility, and chemical composition. However, aerosol formed at cold
temperatures appears chemically and physically different than those formed at 300 K and
313 K. A large transition in particle density, hygroscopicity, volatility and chemical
composition was seen as the aerosol was warmed past 290-292 K. These observations are
consistent with a thermally labile aerosol component. Additionally, after SOA formation
completion at 278 K, the temperature was raised to a different set-point (300 K) and then
returned to 278 K to evaluate the system reversibility. It turned out that neither the
aerosol volume nor the particle density was able to restore to those formed at 278 K

initially, which confirms the hypothesis of presence of thermally labile components.
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Chapter 5 explores the potential reaction mechanism from selected m-xylene/NOy
photooxidation system by comparing the mass spectra of gas- and particle-phase products
from regular (**C2)m-xylene and **NO and isotopic (**C,)m-xylene and **NO reactions.
UMR mass spectra indicate the formations of ring-containing products via oxidation of
methyl group or OH direct adduct on the ring and following ring-open oxidation
fragmented products. However, the ratio of **C/**C analysis for the bulk particle-phase
products cannot be explained by current published mechanisms and estimates of potential
yields of the products expected for these reaction pathways. More efforts are still needed
to digest this information combined with other bulk chemical properties, such as O/C,
H/C. Organic nitrate fragments are observed in the system but contribute 5-10% of total
organic mass. With isotopic *>NO, we confirm that no product ions contain -C—N- bond
other than the nitrate compounds bonds of -NO and —-NO,.

Chapter 6 describes the application of our HR-ToF-AMS for non-refractory
organic aerosol measurement of PM, s from nine southwest biomass burns. The evolution
of OM/OC, H/C, O/C and N/C from fire ignition to extinction was measured to capture
the transient and integrated chemical composition of the non-refractory portion of bulk
particles. For each fuel, the hydrogen fragment ions dominate the UMR mass spectra
with no specific fragment ions attributable to an individual ecological combination. The
results imply that C,H40," (m/z 60.021) plus CsHs0," (m/z 73.029) are more sufficient to
estimate the contribution of levoglucosan. The levoglucosan content in the organic

particle ranged from 0.74% for coastal sage to 1.93% for chamise.
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Appendix A

Secondary Organic Aerosol Formation from Primary Aliphatic Amines with
NO; Radical

Reference: Malloy, Q. G.J., Qi, L., Warren, B., Cocker, D.R.11I, Erupe, M.E., and Silva,
P.J., 2009. Atmospheric Chemistry and Physics, 9 (6), 2051-2060.
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1 Introduction

Amines are found to be emitted into the atmosphere by a variety of anthropogenic
and biogenic sources including automobile emissions, waste treatment facilities, and
agricultural animal operations (Westerholm et al., 1993, Manahan 1990, Schade and
Crutzen 1995). Amine emission rates from dairy operations have been estimated to range
from 0.2 to 11 Ibs per head of cattle per year (Bailey et al., 2005). Additionally, Mosier et
al. (1973) has identified cattle feedlots as a major source of methylamine, ethylamine,
propylamine, and butylamine as well as other amine compounds.

Removal routes for amines from the atmosphere include reactions with either
nitric or sulfuric acid to form the corresponding nitrate salts or oxidation by OH, O3, and
NO;3 (Seinfeld and Pandis 1998, Finlayson-Pitts and Pitts 2000, Silva et al., 2008). Little
work has been performed on the NOj initiated oxidation of amines howevers; it is thought
to be similar to the OH route and therefore proceed by four possible reaction pathways.
The predominant pathway (Fig. A.1) is through abstraction of the alpha hydrogen, which
forms the alkoxy radical after addition of molecular oxygen and NO to NO, conversion
or RO,-RO; in the absence of NO. The alkoxy radical then proceeds to form an amide.
The second route proceeds by loss of an alkyl group from the nitrogen, followed by
formation of nitramine, nitrosamine, or imines. Imines’ are then believed to undergo
reactions leading to formation of aldehyde products. It is possible for these oxidation
products to have a low enough vapor pressure to condense onto existing particles or form

new particles by nucleating, creating secondary organic aerosol (SOA). Once in the
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aerosol, they can undergo further reactions forming multifunctional species (Pitts et al.,
1978).

The presence of organic nitrogen in the particle phase has been reported as far
back as the early 1970’s when Novakov et al. (1972) found nitrogen with oxidation states
similar to that of organic nitrogen compounds in aerosol collected in Pasadena,
California. More recently, studies have reported the presence of amine like compounds in
ambient particles in both urban and rural settings (Murphy and Thomson 1997, Angelino
et al., 2001, Tan et al., 2002, Glagolenko and Phares 2004, Beddows et al., 2004).
Furthermore, amine like compounds have also been reported in fog water and rain drops
obtained in the central valley of California by Zhang and Anastasio (2003). In addition to
these studies, recent work by Barsanti et al. and Smith et al. have correlated new particle
events with elevated amine concentrations. These researchers suggest that amine
compounds participate in these nucleation events, possibly acting as cloud condensation
nuclei (Barsanti et al., 2008, Smith et al., 2008)

Recent work has attempted to shed light on the processes that lead to the presence
of amines in the aerosol-phase through mass spectrometry studies of aerosol generated in
smog chambers. These studies have shown that most particles generated from amines are
in the form of alkyl nitrate salts (Angelino et al., 2001). The exception to this has been
tertiary amines, where Murphy et al. (2007) determined secondary organic aerosol
formation mass yields of 5-23% (Murphy et al., 2007). More recently, Silva et al. (2008)
observed increases in amine ions from nighttime ambient aerosol sampling (Silva et al.,

2008). He estimated that amine containing particles account for 0.5-6 pg/m® of the
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ultrafine aerosol in Logan, Utah. Subsequently, laboratory investigations of
trimethylamine (TMA) with NO; revealed the presence of highly oxidized large
molecular weight ions indicating that NO3 can play a significant role in the nighttime
chemistry of TMA with estimated gas-to-particle conversions of 65%. Therefore, this
paper investigates secondary particle formation from other commonly emitted primary
amines.
2 Experimental

All experiments were conducted at the UCR/CE-CERT Environmental Chamber,
which has been described in detail elsewhere (Carter et al., 2005). In short, this facility
consists of two 90 m* Teflon reactors attached to a rigid collapsible frame, which are
maintained at a slight positive pressure to minimize diffusion of any contaminate into the
reactors. The reactors are located in a temperature controlled room, which is continually
flushed with pure air. Connected to the reactors are a suite of instrumentation including
an Aerodyne high resolution time of flight mass spectrometer (HR-ToF-AMS), and two
scanning mobility particle spectrometers (SMPS), built in house, capable of sizing
particles from 28-730nm (Wang and Flagan 1990). Particle number and volume were
wall loss corrected using the method of Bowman et al. (1997), additionally, particle mass
loadings were calculated assuming a unit density (Bowman et al., 1997). Ports into the
chamber enable introduction of compounds of interest as well as monitoring of NOy
using a Thermal Environmental Instruments model 42C chemiluminescent analyzer and
O3 by a Dasibi Environemtal Corp 1003-AH. Initial concentrations of NOy and Oz were

below the detection limits of our analyzers (50 ppt and 2 ppb, respectively) for each

169



experiment performed. PTRMS measurements of the parent amine were also attempted;
however, no measureable ion signals were detected for the parent amine compounds.
Amines (Sigma Aldrich, purity>99%) were introduced into a dark chamber by

injecting a known volume of liquid amine into a small glass injection manifold or by
introducing a known volume of the gas phase amine into a calibrated bulb based on
calculated partial pressures. Pure nitrogen was then passed over the liquid or through the
bulb, flushing the amine into the reactors. Table A.1 lists the experimental conditions of
all experiments conducted. 350-400 ppb of ozone was introduced by passing 35 psi of
pure air through two UV ozone generators only after the mass concentration of particles
formed from initial injection of the parent amine had reached a steady state (~ 2 hrs).
NOx was added to the reactors as NO using a calibrated bulb approximately 2 hrs after
ozone addition, when aerosol mass concentrations had once again reached a steady value.
Total aerosol yields (Y) were determined using the aerosol yield equation as defined by

Odum et al. with slight modification.

AM
Y —_
AROG

Eq 1.

where AM (ug/m®) is the total aerosol mass concentration produced for a given
amount of reactive organic gas reacted (AROG, pg/m®) (Odum et al., 1996). This
definition differs from the more traditional form of the yield equation in that it accounts
for the fact that all aerosol produced might not be organic in nature

Sampling of aerosol for off-line analysis was performed by drawing air for 3

hours at 25 LPM from the reactors through a stainless steel sampling port located just

170



below the chamber onto pre-baked quartz fiber filters (Pall Life Sciences Laboratory).
Filters were then extracted by sonication for 30 min with 5 ml of HPLC grade water
(Fisher Scientific Optima Grade). During the sonication period, the extracts were kept
cold to minimize liquid phase reactions and losses due to volatilization. Extracts were
then filtered through a 1 pm pore size syringe filter (Whatman) to remove any quartz
fibers and concentrated to 1 ml under a stream of pure nitrogen before analysis.

2.1 High Pressure Liquid Chromatograph — Time Of Flight Mass Spectrometer

(HPLC-TOF)

The HPLC-TOF (Agilent Technologies, model 6210) was operated in positive
ionization mode with an atmospheric pressure chemical ionization source with a gas
temperature of 300 °C, vaporizer temperature of 250 °C, corona current of 4 pA, drying
gas flow of 5 L min™ and a nebulizer pressure of 40 psig. Ultra pure nitrogen was used as
the carrier gas. Samples were injected using a flow injection process with HPLC grade
water along with two mass reference compounds to ensure a mass accuracy of 5 ppm or
greater. No acidic modifier was used in the mobile phase to prevent acid-base reactions
during analysis. Analytical standards for identified products were not commercial
available.

2.2 High Resolution Time of Flight Aerosol Mass Spectrometer (AMS)

Details of this instrument and data analysis methods have been explained in detail
by DeCarlo et al. (DeCarlo et al., 2006). In brief, the instrument samples through an
aerodynamic lens into a time-of-flight chamber; particles between 50-600 nm are

transmitted with 100% efficiency. In the time-of-flight chamber particles are accelerated
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until impacting on to a tungsten heater maintained at 600 °C, at which point the non-
refractory aerosol vaporizes and is subjected to electron impact ionization at 70 eV.

lons are guided using a series of lenses to the orthogonal extractor, where they are
pulsed into the time-of-flight chamber approximately every 13 ps. Depending on the
mode of operation ions are either reflected towards a mirco-channel plate (MCP) detector
following a standard reflectron time-of-flight configuration (\V-mode), or ions leaving the
reflector are directed first to a hard mirror then back towards the reflector then finally to
the MCP (W-mode), more than doubling the path length of V-mode operation and
increasing m/z resolution.
3 Results and Discussion
3.1 Methylamine

Particle formation was observed immediately after injection of methylamine into
the clean reactors (Fig. A.2). These particles result from the formation of methylaminium
nitrate produced by reaction of methylamine with trace amounts of NOy present in the
chamber (see Section 4.1 for discussion of this salt formation). Addition of ozone had no
effect on the particle number or volume. However, a rapid increase in particle number
and volume was observed after addition of NO3 (as O3 + NOy) to the chamber; ultimately
producing < 2 pg/m® of aerosol after wall loss correction. Assuming total consumption of
methylamine, an aerosol mass yield of 1.6% was determined using equation 1.

Particle composition (Fig. A.3) measured by the AMS in W-mode after addition
of NOy to the system clearly shows the fragments of m/z 30 (CH;N"), m/z 41 (CsHs"),

m/z 42 (C,H4N"), and a small signal from ion m/z 46 (NO,"). Proposed structures of
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these ions are shown in Figure A.4. Off-line filter analysis was not performed due to the
lack of mass formed during this experiment.
3.2 Ethylamine

Particle formation is seen immediately after injection of ethylamine to the reactors
(Fig. A.5). These particles are from aminium nitrate salt formed from reactions between
the amine and trace amounts of NOy in the chamber, similar to the methylamine system.
Addition of ozone to the system had no measureable effect on particle number or mass.
However, in contrast to methylamine, particle formation increased at a rapid rate once
NO3 was introduced to the chamber (as Oz + NO), ultimately producing ~ 80 pg/m® (
mass yield ~ 44%).

The mass spectrum as detected by the AMS (Fig. A.6) shows the m/z fragments
appear similar to that of methylamine despite the dramatic differences in aerosol formed,
with the exception of the appearance of m/z 44 (C,HsN"). W-mode data indicates the
appearance of a high mass fragments at m/z 59.035 and 100.06, which can be attributed
to Co,HsNO™ and C4HgN,O" respectively and which might account for the differences in
aerosol formation between the methylamine system and this system.

Filter analysis (Fig. A.6) indicates the presence of ions at m/z’s of 88.07605 and
90.09154 which have been identified as a hydroxyl containing imine (C4H1,NO™) and the
stable carbinolamine (C4H1,NO™), respectively. Figure A.7 lists the major ions and
proposed structure associated with them. Water was used as the sole extraction solvent to
efficiently remove nitrate salts from the filter, which were originally thought to dominate

the aerosol phase species by their formation through acid-base chemistry. Clearly this
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was not the case; therefore, the possibility exists that hydrophobic compounds remained
on the filter during extraction that were not detected by HPLC-TOF analysis.
3.3 Propylamine

Similar to the two previously studied amines, an initial nucleation burst of
aminium nitrate salt was apparent immediately after injection of the amine followed by
the rapid decay in particle number and volume (Fig. A.8). A second rapid burst of particle
formation was observed after addition of NO; (as O3 + NOy) to the chamber; similar to
the initial burst it was followed by decay of the particle volume indicating possible
formation and evaporation of salts. However, the particle mass loading eventually
stabilized around 53 pg/m® (yield of 22%). Very little NO* or NO," signal was apparent
in the high resolution HR-ToF-AMS data, indicating that a large portion of the
condensable species formed by the addition of NOy to the chamber were not nitrate salts.

The spectrum obtained by the AMS (Fig. A.9) is markedly different from that of
methylamine and ethylamine showing prominent mass fragments upwards of m/z 146.
Using the W-mode of the AMS, these fragments can be attributed to 100.07 (CsH1oNO™),
100.11 (CeHwuN*), 114.09 (CeH1NO"Y), 128.11 (CH12N,0%), and 146.08 (CgH1oNO3").
The appearance of these heavy molecular weight ions, some with no oxygen present,
indicates the formation of nitrogen carbon bonds.

Mass spectra, normalized to the most abundant ion, obtained from the HPLC-TOF
(Fig. A.9) indicate several important ions. The 74.06088 peak can be attributed to the
amide of propylamine. Also indicated in the HPLC-TOF spectra is the presence of ions

with masses 88.07601, 90.09061, 102.08960, and 114.09111. These four ions have been
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identified as imines containing a hydroxy! group (88.07601-C,H;oNO") and (102.08960-
CsH12,NO™), a stable carbinolamine (90.09061-C4H;:,NO™), and an imine containing a
carbonyl group (114.0911-CgH:,NO™). Figure A.10 shows the major ions detected and
their corresponding structure.

3.4 Butylamine

Not unlike the three previously examined amines, a large initial nucleation burst
of aminium nitrate salt was observed after injection of butylamine into the chamber
followed by a rapid decay in particle number. Addition of ozone resulted in no obvious
change in particle number or mass (Fig. A.11). Only after addition of NO3 (as O3 + NO)
did we observe a rapid increase in particle mass and number, ultimately producing 130
ng/m?® (yield of 44%).

Spectra from the AMS (Fig. A.12) indicate high mass fragments much like the
propylamine/NO3; system. Employing the W-mode of the AMS we were able to identify
these ions as 100.07 (CsHyNO™Y), 128.10 (C;HwNO'), 142.12 (CgHigNO™), 156.12
(CgH1sN,0") 158.11 (CgH16NO,"), and 174.11 (CgHysNOs™).

Figure A.12 also shows the spectrum obtained from a filter sample. Again, many
significant ions are observed in this spectrum including 102.09151 (CsH3;NO™),
142.12229 (CgH16NO*), 158.11767 (CsHsNO,*), and 174.11122 (CsHigNO3"). Masses
74.09705 (C4H12N*) and 88.07614 (C4H10NO™) represent the parent amine and amide
formed during oxidation, while the ion appearing at 142.12229 corresponds to the
formation of an imine product. lons at 158 and 174 show among the highest degree of

oxidation of any peaks observed, requiring the presence of 2 and 3 oxygen atoms
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respectively. Identification of a structure of these two peaks is difficult due to multiple
possible empirical formulas. Major ions and their associated structures are shown in
figure A.13.

4 Mass Spectrum Interpretation

Two general trends are observed in the AMS and HPLC-TOF spectra: first, the
formation of imines which contain a hydroxyl group (mass 88.07605 for ethylamine,
mass 114.0911 for propylamine, and mass 142.12229 for butylamine);.second, the
presence of imines containing a carbonyl group (100.06 for ethylamine, 128.11 for
propylamine, and 156.12 for butylamine). These peaks show extremely large carbon to
oxygen ratios, allowing us to discount aldol condensation reactions as a route leading to
their formation.

Furthermore, the observance of an amide peak in only those systems which
formed aerosol (Fig. A.14) indicates that it plays be a major role in the aerosol formation
process. This is further supported from the high resolution HPLC-TOFMS, where the
presence of the amide peak was confirmed for propylamine and butylamine (the
ethylamine amide mass is below the m/z capabilities of the HPLC-TOF). This
observation is explained by examination of bond dissociation enthalpies (BDE) of the
hydrogen attached to the alpha carbon of aliphatic amines (Lalevee et al., 2002). Lalevee
noticed a decrease in energy as the alkyl chain increased in carbon number, thus
indicating why methylamine, with a carbon-hydrogen BDE of 92.4 kcal/mol was unable
to oxidize to formamide, while ethyl, propyl, and butylamine with lower carbon-

hydrogen BDE’s were able to undergo hydrogen abstraction by NOs.
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Finally, the observation of carbinolamines in ethyl, propyl, and butylamine
systems suggests that the route of aerosol formation must include this class of compounds
as an intermediate or product. The presence of carbinolamine compounds is not wholly
unexpected as they are the intermediate compounds to imine formation via reactions
between carbonyl compounds and primary or secondary amines. These compounds have
been observed as intermediates in other carbonyl-amine reactions and have been shown
to have a slow reverse reaction, remaining stable in solution for up to 24 hrs. (Cheung et
al., 2005, Cocivera et al., 1976, Pedersen et al., 1999).

4.1 Salt Formation and Nitros/Nitramines

The particles formed immediately following injection of the amines followed the
same trend of a rapid decrease in number concentration before eventually reaching an
equilibrium concentration and is consistent with the particles achieving a gas-particle
equilibrium. This same observation was made by Murphy et al. for a similar system who
attributed it to the volatilization of Triethylaminium nitrate while undergoing gas-particle
partitioning (Murphy et al., 2007). In all cases, with the exception of methylamine, the
mass of particles formed during these events accounted for less than 4 % of the total mass
formed by the end of the experiment. In addition, W-mode AMS data indicates the
presence of strong NO* and NO," ions during this initial particle formation. The presence
of strong NO* and NO," signals is a indication of aminium nitrate salt formation
commonly observed for acid-base reactions involving amines (Murphy et al., 2007;
Figure A.4, panel B in Silva et al.). However, we can exclude the corresponding aminium

salts as a significant portion of the aerosol formed in the later portion of our experiments,
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after addition of NOs, due to the small contribution of NO* and NO," to the total aerosol
signal (Fig.A.15) during this period. Therefore, the complete lack of NO™ signal and
relatively small intensity of NO," signal during the later part of our experiments indicates
that most of the secondary aerosol formed after addition of NO3z were not aminium nitrate
salts and therefore must organic in nature.

Due to the extremely high vapor pressures associated with nitroamines and
nitrosamines, their existence in the aerosol is highly unlikely. As evidence for this, the
vapor pressure of N-nitros-butanamine and N-nitro-butanamine were calculated to be
24.3 and 1.4 torr respectively, using the group contribution method of Myrdal and
Yalkowsky (Myrdal and Yalkowsky 1997). These two compounds were chosen because
they are the highest molecular weight nitros/nitroamine compounds conceivably formed
in our systems, and represent the most extreme cases. Additionally, the presence of
nitroamines and nitrosamines can be excluded due to the absence of the expected strong
molecular ions signal (Bulusu et al 1970, Rainey et al. 1978). Other ions expected from
the formation of these types of compounds would be a strong NO* ion associated with
nitrosamines and NO," ions from nitroamines, neither of which were observed in
significant amounts in AMS spectra as stated earlier. While the possible decomposition
of these compounds cannot be definitively ruled out, due to their high vapor pressures, it
is highly unlikely they are capable of being present in the aerosol in appreciable amounts.
5 Proposed Aerosol Formation Mechanism

We propose a reaction sequence (Fig. A.16) similar to that of formation of a

Schiff base. Mass spectral evidence of amide formation, coupled with the observation of
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the carbinolamine intermediate and imine product in only those systems that formed
aerosol gives support to this proposed mechanism. In this reaction, the amine (compound
I in figure A.16) reacts with the nitrate radical, losing a hydrogen attached to the alpha
carbon leading to formation of a peroxy radical. This peroxy radical, in the absence of
NO, can undergo RO,-RO; self reactions yielding 2 amide molecules (compound Il) and
molecular oxygen. Alternatively, amide products may be generated by reactions between
RO, and NOj; leading to NO, and O, byproducts. Subsequent reactions between the
amide molecule and the parent amine proceeds by a nucleophilic attack by the parent
amine on an amide, followed by a 1,3-hydrogen transfer forming a stable carbinolamine
intermediate (compound 11l). Compounds Il and Il have been confirmed by mass
spectral analysis as present in our aerosol in all three aerosol forming systems. The
hydroxyl group of the carbinolamine will then undergo protonation followed by
dehydration resulting in formation of an iminium ion (compound IV). Loss of the
hydrogen from the positively charged nitrogen ultimately leads to formation of an imine
(compound V). The imine product (compound V) has also been observed in all three
aerosol forming systems by means of online and offline mass spectra techniques.

Imine formation has been observed on particle surfaces, and is known to be
promoted in slightly acidic conditions (pH 4-5) (Haddrell and Agnes 2004, Zahardis et
al., 2008, Jencks 1959). However, without structural information, the assignments of
mass spectrum ions remain tentative and can only be extended to empirical formula

confirmation. Therefore, other reaction mechanisms cannot be completely ruled out.
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To confirm the particle formation resulted from oxidation by NOs, additional
experiments under dark conditions with only the parent amine and N,Os present. These
results indicated no significant mass formation until injection of NyOs, which
subsequently resulted in a rapid burst of particle number and volume, identical to the
experimental results shown above.

6 Implications

The data presented here indicates that under nighttime conditions, in locations
with sufficiently high nitrate radical concentrations, reactions of primary amines with the
nitrate radical can be of great importance to new particle formation. We observe that the
formation of organic aerosol from reactions between primary amines and NOj is
sufficiently fast to be competitive with the acid-base reactions leading to aminium nitrate
salts production. This was supported by online and offline mass spectrometry which
showed organic aerosol formation dominating the aerosol mass spectra. Aerosol mass
yields for the four amines studied were estimated to be < 2% for methylamine, 23% for
propylamine, while ethylamine and butylamine had yields of ~ 44%.

The presence of amide products in all three aerosol forming systems indicate that
the C-H bond strengths for ethyl, propyl, and butylamine were sufficiently weak to be
abstracted by NOs3, while methylamine oxidation by nitrate did not produce observable
amide products. Observation of carbinolamine and imine products demonstrated that the
oxidation of primary aliphatic amines proceeds by a Schiff base reaction mechanism,
ultimately leading to imine formation. This implies that secondary oxidation chemistry

plays a key role in the new particle formation processes from amines. Furthermore, these

180



experiments suggest that further research into the reaction kinetics of nitrate and amines
is needed, as there is no data in the current literature providing kinetic measurements. As
such, aerosol formation from amines may be greatly under predicted by current air
quality models and more research is needed in order to understand the complex

interactions of amines and NOg in the lower troposphere.
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Table A.1 List of Experiments Performed and Concentrations of reactants

Estimated Initial

Amine Ozone NO,
Experiment Amine . Concentration Concentration
Concentration (ppb) (opb)
(ppb)

831 Butylamine 100 352 39
833 Propylamine 100 328 61
834 Methylamine 100 350 34
842 Ethylamine 100 400 25
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1995 to show oxidation by NOs.

186

adapted from Schade et al.,



O, Injected NO, Injected

|
[}
o

20x10° = Number _
Concentration [~ 15

—_
o
1

— Mass
Concentration

10 —

|
o

€

Particle number concentration (#/oms)
|
o
{_wyBr) uonEeIUSoUOD SSEIA

—) =

0 T I I 0
9:00 AM 12:00 PM 3:00 PM
9/18/2007

Date And Time

Figure A.2 Wall loss corrected aerosol mass and number evolution for
methylamine/NOs" reaction showing little organic aerosol formation after addition of
NOx.

187



1.0 —

4
m/z 30
= 0.8 —
‘@
T
£ 06
E=
[1h]
N
o 0.4
E
(=]
=
0.2 H
e |||| ....... ||| I ...... |H||I‘ ....... ||||||| ........... (| [
0.0 I I I I |
20 40 60 80 100

Figure A.3 Background subtracted AMS spectrum normalized to m/z 30 from the
methylamine/ NO3" system showing no mass fragments other than those of the parent
amine.

188



HR-ToF-AMS ions

30.035

41.037 ©

42.035
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Figure A.5 Wall loss corrected aerosol mass and number evolution for ethylamine/NO3’
reaction indicating a rapid and large increase in organic aerosol formation after addition
of NOx.
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Figure A.10 Proposed structures of AMS and LC-MS ions for Propylamine/NO3 system.
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oxidation. Frame 3. HPLC-TOF filter spectrum confirming presence of amide products.
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Figure A.14 Background subtracted W-mode spectrums of (from top to bottom)
methylamine, ethylamine, propylamine, and butylamine systems indicating amide peaks
are only present in the aerosol forming systems.
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Figure A.15 Time traces of m/z 30 ions (upper frame) and m/z 46 ions (lower frame)
plotted on the left Y-axis along with total mass formation of the respective ions (open
circles), plotted on the right Y-axis for butylamine/NOs. The absence of NO* and small
amounts of NO," give further indication that aerosol formed was mostly organic in
nature.
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Appendix B

Trimethylamine as precursor to secondary organic aerosol formation via
nitrate radical reaction in the atmosphere

Reference: Silva, P., Erupe, M., Malloy, Q. G. J., Qi, L., Warren, B., Price, D., Elias, J.,
and Cocker, D. R.1I1, 2008. Trimethylamine as Precursor to Secondary Organic Aerosol
Formation via Nitrate Radical Reaction in the Atmosphere, Environmental Science &
Technology 42 (13), 4689-4696.
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Introduction

Numerous studies have shown that significant concentrations of amines are
present near agricultural facilities such as dairies and feedlots. Research during the 1970s
qualitatively examined the presence of amines from such sources, showing a number of
simple primary, secondary, and tertiary amines and indicating that amines make up to
10% of total gas-phase nitrogen (Luebs et al. 1973, Mosier et al. 1973). Recent studies
have reported quantitative data, showing that amines are present at ppb levels near
agricultural operations. Schade and Crutzen (1995) estimated a global input of 0.15 Tg N
annually to the atmosphere from animal husbandry, with trimethylamine present in the
highest concentration. Rabaud et al. (2003) detected numerous amines in the air at a dairy
with concentrations up to 560 ug/m3 (187 ppb) for butylamine. Other estimates from
regulatory agencies show possibly higher emission factors for amines, up to 12 Ib hd-yr*
(Bailey 2005).

The major reactions of aliphatic amines in the gas-phase are believed to be with
atmospheric oxidants such as OH and Os. Atkinson (1989) reported rate constants for the
reaction of OH (ko) with various alkyl amines on the order of 2-9 x10™* cm® molecule™
s™. This leads to atmospheric lifetimes on the order of ~3-13 hours assuming an OH
concentration of 1x10° molecules cm™. Rate constants for gas-phase reactions between
amines and ozone were reported by Tuazon et al. (1994). Relatively rapid reactions with
ozone were observed for the secondary and tertiary amines. Reactions with other

atmospheric gases have not been reported.
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During the 1970s, studies into amine chemistry focused on production of
nitrosamines. Nitrosamines are carcinogens in animals and the reaction was of concern
for potential health impacts. It was shown (Pitts et al. 1978, Tuazon et al. 1978) that
under photochemical oxidation conditions, amines react with nitrous acid to form
nitrosamines. Since HONO forms readily from NO; in the presence of water, the reaction
proceeds if amines are present. However, nitrosamines rapidly undergo photolysis
(Tuazon et al. 1984) in the atmosphere yielding back the amine and NO.

Sporadic reports of particulate amines have appeared for several decades. The
earliest work was performed by Novakov and co-workers (Novakov et al. 1972, Dod et
al. 1984, Appel et al. 1985) who conducted a series of particle studies using X-ray
photoelectron spectroscopy. Data indicated the presence of a non-ammonium reduced
form of nitrogen in particles and suggested that ammonium measurements using water-
based extraction methods may suffer from positive artifacts due to hydrolysis of amines.
Later studies suggested that amino acids accounted for the reduced form of nitrogen
(Milne et al. 1993). However, other reports (Gorzelska et al. 1990, Gorzelska et al. 1992)
indicated the presence of amines in precipitation droplets. Recently, Murphy et al. (2007)
performed chamber reactions looking at particulates from amines and reported that
primary and secondary amines produce salts but that tertiary amines produce non-salt
secondary organic aerosol in yields of ~5-23% via reactions with OH and ozone.

In the last 10 years, a number of studies using single particle laser
desorption/ionization-mass spectrometry (SPLDI-MS) have indicated the presence of

amines at many different sites. Murphy and Thomson (Murphy et al. 1997) were the first
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to report that single particle mass spectra acquired at Idaho Hill showed evidence of
fragment ions of amines. Since then many other groups utilizing laser mass spectrometry
have reported similar findings. Angelino et al. (2001) reported signals of amine
components in up to 80% of particles in Riverside, California. The amines exhibited a
strong diurnal pattern correlating with wind direction, interpreted as indicating fresh
emissions. Outdoor smog chamber experiments performed during the study confirmed
that alkyl amines can react with ambient concentrations of gases to form condensed-
phased products. Other studies by Tan et al. (2002) at an urban site in Toronto, Ontario,
Glagolenko and Phares (2004) in College Station, Texas, and Beddows et al. (2004) at a
rural site in Scotland have observed amine fragmentation patterns in single particle mass
spectra. None of these SPLDI-MS studies have addressed the issue of quantifying the
signals to determine mass concentrations of the amines. However SPLDI-MS methods
are known to suffer from significant matrix-effects that make quantitative analysis
difficult (Morrical et al. 1998, Gross et al. 2000).

Quantitative studies of particulate amines are rare. Zhang and Anastasio (2003)
discussed the concentrations of free and combined amino compounds in particles and
fogwater at Davis, California. Fine particles were enriched in protein-related amino
compounds while fogwater contained more non-protein related compounds (e.g.
methylamine). Zhang and Anastasio (2003) also showed that organic nitrogen
compounds react with ozone in fogwater to form inorganic ions. Makela et al. (2001)

reported that amines may play a role in particle nucleation events. The presence of
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dimethylammonium in particles (the protonated cation of dimethylamine) was the major
difference between particle nucleation events and non-events in a forest in Finland.

Despite the mounting anecdotal evidence that amines are present in the particulate
phase, no attempt at systematic identification and quantification of amine contributions to
ambient particulate matter has been described. Here we present evidence from ambient
studies in Utah that amines can be a significant component of ambient particles. Data
from smog chamber experiments suggests that the reaction of trimethylamine with nitrate
radical is a process for producing secondary organic aerosol.

Ambient Data from Utah

Over the last several years, an Aerodyne quadruple aerosol mass spectrometer (Q-
AMS) has sampled fine particles in Logan, Utah (Silva et al. 2007). As previously
reported, Logan experiences wintertime inversions with average surface temperatures of -
10 °C leading to acute PM, s episodes (Malek et al. 2006). For example, during January
and February 2004, PM, s concentrations in Logan reached values of 130-140 pg/m®. The
major constituent of fine particles in Logan as measured by both off-line methods and the
Q-AMS is ammonium nitrate, making up 50-80% of the particle mass loading. Another
15-25% of the mass is normally made up of organic matter (OM).

The Q-AMS can differentiate between different types of OM as described by
Zhang et al. (2005). The Q-AMS detects hydrocarbon-like organic aerosols (HOA) and
oxygenated organic aerosols (OOA) similar to other locations where Q-AMS instruments
have sampled. However the Q-AMS in Logan often detects organic aerosol that does not

fit the fragmentation patterns of either HOA or OOA. The mass spectrum at these times is
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dominated by even-number mass fragments correlating with the pattern (C,Hzn+2N)". This
is the set of peaks often observed by the SPLDI-MS techniques and includes m/z 58, 86,
and 100 which strongly indicate presence of amines (McLafferty 1993). The presence of
even number peaks is evidence of an odd number of nitrogen’s. This signature was
observed during the strong winter inversions of 2004, but as one contributor to the overall
particle mass spectral signal. During 2005, this signature was the dominant organic
aerosol observed in the mass spectra acquired from two locations in the valley. The
“amine” contribution was larger in raw ion counts (Hz) than either the HOA or OOA
fractions.

However, the 2005 data indicate that amine-related ions can show different
temporal profiles. Figure B.1 shows profiles obtained from four different ion peaks
representing the amine series: m/z 58, 86, 100, and 114. The profiles indicate two distinct
sources and/or chemical processes. Mass-to-charge peaks 58 and 114 are highly
correlated (r’=0.783) and show a series of gradual, but continuous buildups in ion counts
during mild inversion conditions. Mass-to-charge ions 86 and 100 also are well correlated
(r*=0.836), however with time trends showing short, transient spikes in ion counts. The
two sets of peaks are poorly correlated with each other (m/z 58:100 gives r’=0.093; m/z
86:114 gives r°=0.008). Figure B.2 shows hourly mean, median, and range of data for the
combined amine mass concentration for 16-28 February. A diurnal profile is observed
with mass loadings reaching peak concentrations during the middle of the night while
decreasing during the day. The diurnal profile is largely due to amine peaks associated

with m/z 58 from Figure B.1. This behavior is also observed for other components in the
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data set (sulfate in particular). This behavior could signify diurnal boundary layer
changes, temperature effects shifting gas-particle partitioning, chemical processes
involving nocturnal reactions, or some combination. Measurements by the State of Utah
using a filter dynamics measurement system (FDMS, Thermo R&P) showed overnight
increases of PM,s of 5-20 pg/m® during nighttime periods. According to Q-AMS
concentration measurements, amines may make up ~ 20% of this total, not accounting for
the different size fraction (~PM,) detected by the AMS.
Experimental

Laboratory experiments were conducted in an effort to identify possible aerosol
phase products. All experiments were conducted at the UCR/CE-CERT Environmental
Chamber, which has been described in detail elsewhere (Carter et al. 2005). In short, this
facility consists of two 90m?® Teflon reactors attached to a rigid collapsible frame, which
are maintained at a slight positive pressure to minimize diffusion of any contaminate into
the reactors. The reactors are located in a temperature controlled room, which is
continually flushed with pure air. Connected to the reactors are a suite of instrumentation
including an Aerodyne high resolution time of flight mass spectrometer (HR-ToF-AMS),
and two scanning mobility particle spectrometers (SMPS), built in house, capable of
sizing particles from 28-730 nm (Wang and Flagan 1990). Particle number and volume
were wall loss corrected using the method of Bowman et al. (1997), additionally, particle
mass loadings were calculated assuming a unit density. Ports into the chamber enable
introduction of compounds of interest as well as monitoring of NOy using a Thermal

Environmental Instruments model 42C chemiluminescent analyzer and Oz by a Dasibi
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Environemtal Corp 1003-AH. Initial concentrations of NOx and Os; were below the
detection limits of our analyzers (50 ppt and 2 ppb, respectively) for each experiment
performed. Trimethylamine amine (25 wt. % in water Sigma-Aldrich) was introduced
into a dark chamber by injecting a known volume of liquid amine into a small glass
injection manifold, pure nitrogen was then passed over the liquid flushing the amine into
the reactors. NOy was introduced into the chambers by filling a calibrated bulb to the
desired partial pressure then flushed into the chamber by pure nitrogen. 350-450 ppb of
ozone was introduced by passing 35 psi of pure air through two UV ozone generators
NOx was added to the reactors as NO using a calibrated bulb. Nitric acid (HNO3) was
added to the reactors by passing pure nitrogen gas over a known volume of liquid HNO3,
while dinitrogen pentoxide (N2Os) was added to the chamber in the same manner as NO.
Table B.1 lists the experimental conditions of all experiments conducted. Total aerosol
yields (YY) were determined using the aerosol yield equation as defined by Odum et al.
(1996) with slight modification.

y =AM
AHC

(1)
where AM (pg/m®) is the total aerosol mass concentration produced (organic and
inorganic) for a given amount of reactive organic gas reacted (AROG, pg/m®). Because of
uncertainties in the TMA measurement technique, all yields were calculated based on
estimated injection concentrations and total consumption of the hydrocarbon.
Sampling of aerosol for off-line analysis was performed by drawing air for 3 hr.

at 25 LPM from the reactors through a stainless steel sampling port located just below the

chamber onto pre-baked quartz fiber filters (Pall Life Sciences Laboratory). Filters were
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then extracted by sonication for 30 min. with 5 ml. of HPLC grade water (Fisher
Scientific Optima Grade). During the sonication period, the extracts were kept cold to
minimize liquid phase reactions and losses due to volatilization. Extracts were then
filtered through

Results from Laboratory Experiments

Wall-loss corrected temporal profiles obtained using the SMPS for several of
these systems are displayed in Figure B.3. Gray trendlines show the reaction of TMA
with O3 followed by NOy (circles) and NOy followed by O3 (diamonds). For the first
reaction, interaction of TMA (~100 ppb) and ozone (measured at 427 ppb) resulted in
some particle formation. Particle mass loading leveled off at ~11 pg/m? in the SMPS data
after 1 hour. Nitric oxide was injected later at a concentration of ~35 ppb. A larger rise in
particle concentration was detected reaching 85 ug/m?. In contrast, the reaction of TMA
(~100 ppb) and nitric oxide (46.7 ppb) showed no particle formation observed on either
the SMPS or Q-AMS. Approximately 30 minutes later, ozone was injected into the
chamber at a measured mixing ratio of 333 ppb. Rapid particle formation was observed
on both the SMPS and Q-AMS instruments. The SMPS measured a peak volume
concentration of 179.6 ug/m°.

Figure B.4a shows the mass spectrum obtained using the Q-AMS from the
reaction of trimethylamine and the O3/NOy system. The highest intensity peaks observed
are m/z 30 (NO'/CH4N™), 44 (CO;"), and 58 (CsHgN™), consistent with the major peaks
expected from trimethylamine and nitrate ion. The spectrum also shows that reaction

products produce fragment ions at masses much larger than the parent ion for TMA.
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(molecular weight 59) The largest ion observed is m/z 207, but others include m/z 97,
104, 141, 146, 159, 161, 175, and 191. This indicates the formation of molecular species
significantly larger than the parent TMA. The Q-AMS spectrum appears consistent with
the data reported by Murphy et al. (2007) in their experiments.

To assess the impact of acid-base reaction contributions, we ran a chamber
reaction with a direct interaction between TMA and nitric acid. Figure B.3 shows the
SMPS time trend of the experiment (dark gray triangles). At the beginning of the
experiment, 100 ppb of TMA was injected into the chamber. Approximately 20 minutes
later, NO was added to the chamber to remove ozone. Measured concentration of NO was
54 ppb. No particle formation was observed. Approximately 5 minutes later, nitric acid
was injected directly to the chamber at an estimated mixing ratio of 93 ppb. Particle
formation was observed, leveling off at ~50 pug/m? after 150 minutes.

The average mass spectrum from the particles formed during this reaction is
shown in Figure B.4b. The spectrum is very simple, showing only fragments from nitrate
(m/z 30, 46) and trimethylamine (m/z 30, 42, 58, and 59). This is not surprising since the
simple acid-base reaction should result in an amine-nitrate salt. This implies that the
higher mass peaks shown in Figure B.4a are from chemical interactions other than simple
acid-base production of organic aerosol. After concentrations leveled off, ozone was
added to the chamber at a measured concentration of 357 ppb. Particulate mass
concentration increased more, leveling off at ~140 pg/m®. After interaction with ozone,
the mass spectrum from the reaction resembled the spectrum displayed in Figure B.4a

again, the TMA/O3/NOy reaction system.
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Because the TMA/HNO; reaction product cannot account for the higher mass
spectral peaks observed in the TMA/O3/NOy reaction system and the observed kinetics
was slower, we hypothesized that the interaction of O3 and NO; in the previous
experiment could form nitrate radical which could be a potential player in the reaction
system. The interaction of TMA and NOs; was directly studied. Figure B.3 shows the
SMPS time trend (black squares). TMA was injected into the chamber at 100 ppb.
Approximately 1 hour later 100 ppb of dinitrogen pentoxide was injected through a
heated line into the chamber. Through the heated inlet, N,Os should have converted
immediately to NO, and NOs. Particle formation was nearly instantaneous. Over 100
ng/m® were detected using the SMPS 7 minutes later. The concentration leveled off at
~160 ug/m*. The Q-AMS spectrum of the particles is shown in Figure B.4c. The reaction
of TMA and NO3 produces a mass spectrum very similar to Figure B.4a, indicating that
nitrate radical may be significant for starting the formation of particulate matter from
amine precursors. Nitrate radical as the major reactant is consistent with the observation
in Logan that amine-related Q-AMS peaks are dominant during nocturnal hours, however
confirmation that the smog-chamber products are the same as ambient ones cannot be
made because the signal at the high-mass peaks observed here are below detection limits
in ambient samples where amine concentrations are much lower.

Interpretation of the mass spectra obtained in Figures B.4a and B.4c could
plausibly be consistent with either a typical oxidation involving RO, radicals or the
addition of NO, and/or NO3 groups onto an amine backbone. To further elucidate the

fragment ions detected, we performed several isotope-labeled experiments with
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deuterated trimethylamine (TMA-d9) and *°N-labled nitric oxide (**NO). Figure B.5a and
5b show product mass spectra obtained from the reaction of TMA-d9 (98 atom % D) with
03/NO, and TMA with Os/*>NOy (98.5 atom % “°N) respectively. In Figure B.5a, a clear
difference of major ion peaks is shown from the normal TMA. For example m/z 58 is the
major fragment ion for TMA through loss of one proton (C3HgN™), and the analogous ion
m/z 66 (C3DgN") is observed for the TMA-d9 spectrum. Similarly, a number of other ion
shifts are observed in the spectrum. Major ion peaks at m/z 74, 88, 104, and 191 appear to
shift to m/z 78, 94, 110, and 202 respectively. In contrast, Figure B.5b obtained from the
reaction of TMA/O3/">NO, shows the same high-mass ion peaks as observed for the
reaction with TMA/O3/NOy. This indicates that addition of NO, or NO3 groups is not a
major contributor to the high mass peaks, though it cannot rule out contribution to other
ions present in the spectrum.

Definitive identification of all the ion peaks in the spectrum was not possible
using the Q-AMS. However, the HR-ToF-AMS has higher resolving power to identify
most peaks present in the spectra. Figure B.6 shows high resolution spectra of peaks
detected in the TMA/O3/NOy reaction at m/z 30, 46, 104, and 191 using the HR-ToF-
AMS. Of note is the observation that m/z 30 is not due to the NO* ion which would have
an exact mass of 29.998 Da. This ion is not observed while two peaks at 30.009 and
30.036 are. These ions are due to (CH,O") and (CH4N") respectively. This observation
further indicates that the formation of amine-nitrate acid-base salts is not a major particle-
formation mechanism under the conditions here because nitrate salts yield both NO* and

NO," as major fragments. The peak at nominal m/z 46 does show significant signal due to
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NO,"(45.993), in addition to signal at 46.030(CH4NO™). This indicates that fragmentation
may include the presence of nitro-groups on an organic backbone. Definitive
identification of higher mass ions detected in the spectrum include m/z 74 (C,HsNO,"),
88 (C3HgNO,"), 104 (CsHgNO3"), and 191(CgH1:N-05"). A complete list of the high mass
ions and proposed identification based on high resolution spectra is included in Table
B.2.

To obtain added information on the chemical composition of particles formed in
the TMAJ/O3/NOy reaction, particles were collected on a Teflon filter for off-line
chemical analysis. Particles were extracted in water and analyzed using high-resolution
atmospheric pressure chemical ionization (APCI) mass spectrometry. lons were observed
up to ~800 m/z, a very high molecular weight considering the starting compound (TMA)
has a molar mass of only 59 Da. A repeating series of ions separated by 103 amu was
observed. This sequence is identified by mass defect and indicates the loss of C3HsNOs.
This repeating unit contains one proton less than the ion observed in the AMS spectra at
m/z 104, and perhaps indicates formation of an oligimer or macromolecule during the
smog chamber reaction. This unit is composed of TMA with three oxygens attached, and
again indicates secondary oxidation chemistry providing the major mechanism for the
aerosol formation process. These ions cannot be observed in the Q-AMS because the
mass range is only up to 300 amu, and probably would not be observed even on the HR-
ToF-AMS because of the much harder ionization source (EI). ESI mass spectrum is
included in Figure B.7. Observed rates indicate that the reaction between TMA and NO3

displayed fast kinetics. Although we could not monitor the rate from the precursor gases,
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a lower boundary for the gas-reaction kinetics can be estimated by assuming that all the
N.Os was converted to NO3 and that all of the NO3; was consumed. Using second order
reaction kinetics and using the time between initial injection of NOjz and peak
concentration of particulates, the estimated lower boundary of the rate constant was
4.4x10°*® cm3/molec/s. If the amount of NO3 consumed was less than 100%, than the rate
constant is even higher. The overall aerosol yield determined by equation 1 was 65% for
the TMA/N,Os reaction and 37% for the TMA/O3/NOy system, assuming unit density.

The data here suggest that secondary organic aerosol production from amines may
be important in areas where nitrate radical mixing ratios are high enough to contribute to
oxidative chemistry. While amines also react with ozone, it is the combination of ozone
and nitrogen oxides that creates greater amounts of secondary organic aerosol. Salts can
be formed from the combination of amines and nitric acid, however the reaction appears
relatively slow and does not account for high mass fragments observed in the mass
spectra. Nitrate radical reacts rapidly with trimethylamine.

These experiments imply that further research is needed into the reaction
chemistry of amines with oxidants, especially nitrate radical for which no Kkinetics
measurements have been reported in the literature. In the Cache Valley, Utah, the mixing
ratios and sources of gas-phase amines are not known. However, given the high ammonia
concentrations encountered, it is anticipated that livestock facilities are likely significant
sources of amines. While not definitive, smog chamber experiments indicate that
secondary oxidation chemistry may dominate over acid-base chemistry as a source of

particles from amine precursors. This indicates that the response factor for amines in
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ambient data sets from Utah maybe closer to that of neutral amines such as
trimethylamine-n-oxide rather than the amine-salts. However, another analytical
technique such as a chromatographic method will probably be needed to confirm the

implication to amine mass concentration in ambient data.
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Table B.1 List of experimental conditions for reactions

Experiment Trimethlyamine O3 NOx HNO3 N20s

number (ppb) (ppb)  (ppb) (ppb) (ppb)
1 100 330 35 - -
2 100 330 47 - -
3 100 360 54 95 -
4 100 - - - 100
5 100 380 48 - -
6 100 370 45 - -

a-TMA-d9 injected, b-">NO injected
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Table B.2 List of major ion peaks observed for the reaction of trimethylamine in the
smog chamber and their potential assignments

Peak Formula
30.036 / 30.062 CH4N* / CH,0"
43.982 (small) / 44.052 CO," / CoHgN®
45.993 NO,*
58.066 CsHsN*
73.02 C;H:NO,"
74.02 C.H:NO,"
88.04 C3HgNO,"
104.04 C3HgNOs"
191.07 CeHuN,Oc"
207.06 CeH11N206"
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Figure B.1 Temporal profiles of individual mass-to-charge ions associated with amines
measured in downtown Logan during February, 2005.
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Figure B.2 Diurnal profile of amine-related peaks measured in downtown Logan during

February, 2005. Crosses represent median values; bars represent 0-100 percentile value
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Appendix C

Real-Time Aerosol Density Determination Utilizing a Modified Scanning
Mobility Particle Sizer — Aerosol Particle Mass Analyzer System

Reference: Malloy, Q.G.J., Nakao, S., Qi, L., Austin, R., Stothers, C., Hagino, H., and
Cocker, D.R.111, 2009. Aerosol Science and Technology 43, 673-678.
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Introduction

In environmental chamber experiments, aerosol density is required to convert size
distribution data into mass concentrations. Early environmental chambers, in the absence
of density measurements, estimated mass loadings assuming an aerosol density equal to 1
g/cm®. Many SOA studies have characterized SOA (Jaoui et al. 2004; Surratt et al. 2006;
Yu et al. 1999). However, the data concerning the density associated with these aerosol
are limited and vary widely. Recent studies have estimated secondary organic aerosol
(SOA) densities ranging from 0.9 g/cm® to 1.6 g/cm® for a variety of SOA forming
systems (Bahreini et al. 2005; Jaoui et al. 2004; Kalberer et al. 2000; Kostenidou et al.
2007; Surratt et al. 2006; Yu et al. 1999; Zelenyuk et al. 2008). Of particular interest is
the wide variability in reported data from similar experimental conditions. For example,
Bahreini et al (2005) have reported the density from a [-pinene ozonlysis in unseeded
experiments of 1.20 g/cm®. However, Kostenidou et al. (2007) reported the average
aerosol density from this same system under similar experimental conditions as 1.41-1.50
g/cm? (Bahreini et al. 2005; Kostenidou et al. 2007).

The first aerosol density measurements were obtained using pycnometers,
however the data collection was slow and of low quality (Hanel et al. 1977). Kelly and
McMurry (1992) used a combination of a Differential Mobility Analyzer (DMA) and
impactor allowing for size segregated densities to be determined with fairly good
accuracy (Kelly et al. 1992). More recently, density is reported using particle time of
flight (PTOF)-SMPS and APM-SMPS comparisons (Jimenez et al. 2003; Kostenidou et

al. 2007; McMurry et al. 2002; Song et al. 2007). Furthermore, recent work by Shilling et
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al has shown aerosol vacuum effective densities from a-pinene ozonolysis are a function
of the mass loading (Shilling et al. 2008). The relationship between mass loading and
aerosol density is thought to arise from the relative contribution of highly oxygenated
species to the total aerosol mass. Shilling et al. reported densities ranging from 1.73
g/cm® at a mass loading of 0.46 ug/m° to 1.23 g/cm? at mass loadings of 15.9 pg/m®. This
work evaluates high time resolution density evolution for SOA as it evolves for two
classic SOA experiments. We also evaluate density estimates using AMS-SMPS to the
more direct APM-SMPS measurements.
Vacuum Effective Density

Use of PTOF instruments for measurement of aerosol size has been in existence
for some time (Sinha 1984). Aerosol mass spectrometers such as the Aerosol Time of
Flight Mass Spectrometer (ATOFMS, TSI) and the AMS (Aerodyne) are two common
instruments with PTOF modes that report vacuum aerodynamic diameter. Used in
combination with a SMPS, these time of flight sizing instruments allow for determination
of the vacuum effective density based upon the electrical mobility diameter (SMPS,
operating in the transition regime) and the vacuum aerodynamic diameter (operating in

free molecular regime) using the following equation (DeCarlo et al. 2004)

dwt'2'Po
dm — pp Eq 1.
Cc(dm) Cc dvaZVpO
Py

where dp, is the electrical mobility diameter as measured by the SMPS, C. is the

Cunningham slip correction factor, dy, is the vacuum aerodynamic diameter, 5" is the
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vacuum dynamic shape factor, y'is the transition regime dynamic shape factor, po is unit
density (1 g/cm®), and pp 1S the particle density. In the free molecular regime, the

Cunningham slip correction factor is approximated as
C.) =22+ ) Eq 2

where A, a, and B are empirically determined constants (Allen et al. 1982).
Chamber aerosol is commonly assumed to be spherical, leading equation 1 to

simplify to (DeCarlo et al. 2004)

DMA-APM Density Calculation Theory

Ehara and Shin (1996) developed an aerosol particle mass analyzer (APM) which
enables selection of aerosol based on mass by balancing the centrifugal and electrostatic
forces on a particle passing through a small annular gap between two cylinders (Ehara et
al. 1996). A differential voltage applied between the two cylinders with the outer cylinder
rotating at a set angular momentum, classifies particles according to mass described by

the following equation (Ehara et al. 1996)

3

neV
m o r:Tmppcozr:neEApM =

rln(rl )
r‘2

where mj is the mass of the particle, @ is the angular rotational speed, r is the

Eq 4.

p

radial distance from the axis of rotation to the annular gap, dp is the mobility diameter, p,
is the particle density, n is number of elementary charges per particle, e is the unit

electrical charge, Eapm is the magnitude of the electric field applied between the two
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cylinders, V is the voltage applied to the APM, r; is the radius of the outer cylinder, and
r, is the radius of the inner cylinder.

The APM, in series with a DMA, allows for direct determination of mobility
effective density.

m

peff = ﬂd%] Eq 5

6

Traditionally, the DMA has been placed ahead of the APM to first select the
aerosol based on electrical mobility followed by the APM mass to charge classification
(Figure C.1).

The DMA-APM configuration was successfully utilized by McMurry et al. (2002)
who sampled ambient particles from Atlanta and laboratory generated particles.
However, when diameters are changing rapidly, as in aerosol chamber experiments, the
DMA-APM setup suffers from the slow APM response due to long settling times when ®
or applied voltage is changed. For example, an a-pinene/ozone (100 ppb a-pinene/ 350
ppb ozone) experiment will have particle diameter growth rate of change of
approximately 2 nm/min during the first 2-3 hours of an experiment. The traditional
DMA-APM transmission curve incorporates discrete data points associated with step
changes in the applied voltage within the APM, after which, one must wait for the CPC to
produce a reading. Therefore, in order to obtain an APM transmission curve, a time of
approximately 35 minutes is required using default parameters. An additional problem

commonly encountered in environmental chamber experiments using the traditional
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DMA-APM s the low signal to noise ratio due to the narrow transfer function of the
DMA.
Modified APM-SMPS System

We have reversed the order of the traditional DMA-APM system to reduce
sampling time, reduce the need to vary @ or V, and to take advantage of the rapid
classifying properties of the SMPS (Figure C.2).

An additional advantage of this setup is that it makes use of the broader transfer
function of the APM to increase the system signal to noise ratio. The SMPS used is built
in house (scan time = 60 sec, voltage range negative 40 to negative 7000, TSI 3081L
DMA, TSI 3077 Kr®® neutralizer, and TSI 3771 particle counter), allowing for sizing of
particles from 28-730 nm. The APM (Kanomax model 3600) is capable of angular
rotation speeds up to 10000 rpm and electrical potential up to 5000 V, enabling selection
of particles as light as 0.01 fg (particles of ~ 26 nm assuming unit density and perfect
spheres). In addition to reversing the SMPS and APM order, custom Labview®
programming was developed to enable continuous operation of both the APM and SMPS.

Signal to noise is improved by utilizing a independent SMPS, which identifies the
mode particle diameter of the aerosol sampled and relays this information to the APM-
SMPS. The mass of the particles to be transmitted through the APM is estimated using
the information of the mode particle diameter from the independent SMPS and an initial
assumed density (typically 1.2 to 1.4 g/cm®). This estimated mass is then used to set ®
and V of the APM, which are re-evaluated every 4 minutes during the course of an

experiment. The mobility aerosol density is then determined from the mass selected by
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the APM (Eq 4.) and the peak diameter from a second SMPS located directly
downstream of the APM.
Data Reduction

Mobility size distributions are recorded every 78 seconds along with the
corresponding mass of particles which the APM transmitted. Custom Matlab®
programming enables for automated fitting of a lognormal curve to the mobility
distribution from the SMPS located downstream of the APM and determination of the
mode diameter. The mode diameter as determined from the lognormal curve is then
combined with the recorded corresponding APM mass to calculate a mobility effective
density using equation 5.
Evaluation

The APM-SMPS system performance was first evaluated with 100 nm (as
selected by a DMA) dry ammonium sulfate particles (Sigma-Aldrich, purity > 99%,
p=1.77 g/em®)) which were transmitted to the APM-SMPS system in order to ensure the
method of estimating initial densities does not bias the final density calculations. Initial
densities were varied from 1.4-2.2 g/cm® in 0.2 g/cm® increments. Figure C.3 (frame A)
shows a sample of the raw output from this testing with an assumed density of 1.80
glem®, results from this testing revealed no inherent bias in the APM-SMPS, with
measured densities (1.78 to 1.81 g/cm® Figure C.3 frame B).

Reasons for the slight over estimation of ammonium sulfate is unknown, however
it should be noted that the APM does not have a shape effect. Never the less, the results

from the ammonium sulfate are in reasonable agreement with the published density.
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Accurate APM-SMPS performance was also confirmed with polystyrene latex spheres
(Duke Scientific, p=1.05 g/cm®) and aerosolized dioctyl phthalate (Sigma-Aldrich, purity
> 99%, p=0.985 g/cm®) in order to evaluate its performance with solid and liquid aerosol

(Table C.1).
Experimental

Chamber Experiments

The APM-SMPS system sampled SOA generated from a series of environmental
chamber experiments conducted at the UCR/CE-CERT environmental chamber facility.
The UC-Riverside/CE-CERT Environmental Chamber has been described in detail
elsewhere (Carter et al. 2005). Briefly the facility consists of two 90 m® Teflon reactors
located in a temperature controlled room, which is continuously flushed with purified air.
The reactors are attached to a rigid collapsible frame to minimize diffusion of
contaminants into the reactors by maintaining a positive differential pressure with respect
to the chambers surroundings. The chamber has two banks of black lights (80 lights in
total). Each light source emits a sufficiently high 360 nm wavelength photon flux to drive
NO, photolysis. Connected to the chamber are two in house built SMPS’s identical to the
one detailed above, along with an AMS and APM-SMPS. Compounds of interest are
introduced to the chamber by passing a stream of pure N, over a known volume liquid
contained in a glass injection manifold or by flushing pure N, through a calibrated glass
bulb filled with the gaseous compound to the desired partial pressure. In cases where a
ozonolysis experiment was performed, ozone was introduced into the dark chamber by

passing 20 psig of pure air through two UV ozone generators, CO was added in
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sufficient quantities to consume >99 % of the hydroxyl radicals produced. All
experiments were conducted in the absence of seed. In all experiments, the relative
humidity (RH) was below 0.1%.

Results

a-Pinene-Ozone SOA Density

An a-pinene ozonoylsis experiment was conducted at 27 °C (400 ppb a-pinene/
800 ppb O3/ excess CO as the hydroxyl scavenger). Mass loadings from this experiment
were in excess of 2000 pg/m® as measured by an SMPS. This mass loading is especially
high; however during this experiment, the SMPS was programmed to remain at a single
voltage (essentially a DMA) so as to transmit only a single diameter particle to the AMS
located downstream. Due to the narrow transmission curve of the DMA, large mass
loadings were needed to obtain a substantial signal from the AMS. The mobility aerosol
density remained a nearly constant 1.24 + 0.03 g/cm® throughout the course of the
experiment (~ 7 hrs) (Figure C.4).

During the course of the same experiment, the vacuum effective density was also
determined from a DMA-AMS setup as described above and found to be 1.26 = 0.03
glcm®. This effective density value closely matches that determined previously from
Bahreini et al. (2005), Zelenyuk et al. (2008), and Shilling et al (2008) at mass loadings >
15 pg/m®. It is worth noting that in the experiments of Bahreini et al., initial hydrocarbon
concentrations were approximately an order or magnitude lower than that reported here
and used seed particles, while the experiments of Shilling et al had initial hydrocarbon

concentrations even lower. In addition to these differences, the experiments of Shilling et
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al. contained dry ammonium sulfate seed particles and a relative humidity of 40%. The
work of Zelenyuk contained no seed and was conducted at an RH below 1%. Despite
these dramatic differences in experimental conditions, the aerosol density reported here
matches extremely well with that of Shilling et al. (1.23 g/cm®), Zelenyuk et al (1.198
g/lcm®), and Bahreini et al. (1.19 g/cm®). As mentioned previously, Shilling et al. has
shown aerosol density to be a function of the mass loadings, while work of Zelenyuk and
Bahreini do not indicate final mass loadings, it is assumed that they are much lower then
those reported here. Therefore, this may explain the small differences between our results
and those of Zelenyuk and Bahreini.
m-Xylene NOx SOA Density

Additional chamber experiments were carried out to examine the aerosol density
of SOA formed from the irradiation of m-xylene and NOx (70 ppb m-xylene, and 11 ppb
NO), resulting in a final mass loading of 25 pg/m®. The experiment was conducted in the
same manner to that of the a-pinene/O; however, the irradiation necessary for the
reaction was provided by the 80 black lights. Additionally, the vacuum effective density
during this experiment was determined using an SMPS in parallel with the AMS. This
setup enabled collection of data from the AMS under the low mass loadings encountered
in this experiment, which would not have been possible with the SMPS upstream of the
AMS. The aerosol density measured by both the APM-SMPS and SMPS-AMS follows
the a-pinene/O3 trend with little change in the density throughout the experiment except
for a slight decrease during the first 4 hours. Similar to the a-pinene/O3; experiments, the

APM-SMPS recorded density matched that of the SMPS-AMS, reaching a plateau at a
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value of 1.35 + 0.03 g/cm® compared to a value of 1.36 + 0.03 g/cm®as measured by the
SMPS-AMS.

For similar aromatic systems, Alfarra et al. (2006) have reported aerosol density
values of 1.35-1.40 g/cm® from 1,3,5-trimethylbenzene photo-oxidation with NO,, while
Martin-Reviejo et al. (2005) reported the density of aerosol generated from benzene at
1.35 g/cm® (Alfarra et al. 2006; Martin-Reviejo et al. 2005). The only work in which
density was reported from m-xylene was performed by Song et al. (2007) who found the
density of the aerosol as 1.41 g/cm® (Song et al. 2007). It should be noted that the work of
Song et al. also employed an APM for density measurements. However, differences in
the experimental conditions under which the experiments of Song et al. were performed,
namely the absence of NOy in the reaction system, make drawing conclusions based on

differences in these two experiments difficult.
Summary and Discussion

We have demonstrated the applicability of a modified APM-SMPS system for the
real-time density analysis of chamber generated SOA. This new system obtains data 30
times faster than a traditional DMA-APM setup. Very little change in aerosol density was
observed for a-pinene ozonolysis experiments with densities measured by our APM-
SMPS and SMPS-AMS agreeing well over the course of the entire experiment (1.24 and
1.26 g/cm? respectively), while in m-xylene experiments a slight decrease in aerosol
density was observed during the initial course of the experiment with both an SMPS-
APM and SMPS-AMS (1.35 and 1.36 g/cm?, respectively) determined densities agreeing

throughout the experiment. Furthermore, in environmental chamber applications, use of
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the SMPS-AMS is found to be more than adequate for aerosol density determination,
with vacuum effective densities agreeing extremely well with those determined from an
APM-SMPS setup. Deployment of the APM-SMPS for ambient measurements would
present difficulties not encountered here due the externally mixed nature of ambient
aerosol. In particular, the broad transfer function of the APM would lead to transmission
of multiple masses to the SMPS, additionally the SMPS would observe aerosol with a
varied distribution of mobility diameters. However, the results reported here are
consistent with previously reported ambient particle densities of 1.0-1.5 g/cm® (Pitz et al.
2003; Spencer et al. 2007). Furthermore, this method utilizing both AMS and APM data
can be extended to examine particle shape factors as described by Schmid et al., in which
a DMA+APM+AMS are setup in series (Schmid et al. 2007). This method would allow
for determination of the mobility and vacuum effective density simultaneously from

direct measurements of dr,, mp, and dya.
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Figure C.1 Typical DMA-APM setup indicating units and functions of each unit
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Figure C.2 Modified APM-SMPS setup indicting placement of units and functions of
each unit along with inputs needed. Solid lines indicate flow of aerosol, dotted lines
represent flow of data. Note py is only equal to the true particle density if the aerosol is
spherical, otherwise it is the mobility effective density
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Figure C.3 Frame A) Mobility size distribution of 100 nm ammonium sulfate particles
(assumed density 1.80 g/cm®) after passing through an APM set to transmit particles of
0.942 fg. Frame B) APM-SMPS validation results indicating good agreement between
measured density and true density of dry ammonium sulfate and insensitivity of system to
initial assumed density.
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Table C.1 Comparison of densities of various laboratory generated particles as measured
by the modified APM-SMPS and the SMPS-AMS.

reported
APM-SMPS n F:O‘j")) densit e([);o)r
0 (g/cm 0
(NH,)SO, 15 2.0 1.77 2.4
PSL 18 2.0 1.05 -0.8
DOP 7 1.3 0.99 -2
SMPS-AMS
PSL 9 1.05 1.9
DOP 4 3.3 0.99 -0.8
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Figure C.4 Aerosol density for a a-pinene/Os experiment as measured by the APM-
SMPS and an SMPS-AMS setup.
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Figure C.5 Aerosol density for an m-xylene/NOy experiment as measured by the APM-
SMPS and an SMPS-AMS setup.
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