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ABSTRACT OF THE THESIS

Uptake Kinetics of a Pure a-Pinene-Derived Hydroxy Nitrate onto Seed Aerosol at Different

Relative Humidity and Particle Acidity

by

Allison Mayumi Kawasaki

Master of Science in Chemistry
University of California San Diego, 2022

Professor Jonathan Slade, Chair

Organic nitrates, produced from the oxidation of biogenic volatile organic compounds
(BVOC) in the presence of nitrogen oxides (NOx), have significant contributions to the global
secondary organic aerosol (SOA) budget and slow the production of ozone by sequestering NOx.
Monoterpenes, such as a-pinene, are important organic nitrate and SOA precursors and are the
second largest contributor to non-methane BVOC mass next to isoprene. It has been observed in
previous studies that a-pinene-derived hydroxy nitrates readily partition to the particle phase,

introducing a potential sink for atmospheric NOx through reactions such as acid-catalyzed

Xi



hydrolysis. However, the role of relative humidity and particle acidity in the mass
accommodation and rate of uptake of hydroxy nitrates by aerosol are not well understood,
introducing a knowledge gap in the fate of atmospheric NOx. In this experiment, an a-pinene
hydroxy nitrate is synthesized and introduced to a potential mass aerosol oxidation flow reactor
(PAM-OFR) with dry, zero air flowed through a temperature-controlled glass tube to elucidate
the uptake rates of a-pinene hydroxy nitrate in the presence of ammonium sulfate seed aerosol.
a-pinene hydroxy nitrate uptake kinetics are determined via analysis of hydroxy nitrate
concentrations in the gas phase using a high-resolution time-of-flight chemical ionization mass
spectrometer (HR-TOF-CIMS). Our results will report on the uptake kinetics of this hydroxy
nitrate as a function of relative humidity and seed particle acidity and may provide new insight
into the timescales at which a-pinene derived organic nitrates partition to the particle phase,

offering more detailed considerations for future modeling studies.
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CHAPTER 1: BACKGROUND

1.1 Aerosols

1.1.1 Climate Forcing

A growing concern and hotly debated topic in the public zeitgeist is the anthropogenic
impacts to climate change. Greenhouse gases such as CO2, CHa, and H2O, have the most impact
on global climate change, contributing approximately 80% of the total radiative forcing from
anthropogenic sources (IPCC, AR6). However, as of 2021, the IPCC reports that radiative
forcing from aerosol contributes to the most uncertainty in determining the effects of
anthropogenic activity on the climate, introducing unpredictability in the fate of atmospheric
aerosol and their role in climate change. Figure 1.1 displays the change in effective radiative
forcing from 1750 to 2019 as concentrations of different anthropogenic forcing agents have
changed from the same time range.

Change in effective radiative forcing from 1750 to 2019 .
ERF (W m~2)

2.16 [1.90 to 2.41]

0.54 [0.43 to 0.65]
0.21 [0.18 to 0.24]

Carbon dioxide

Other well-mixed
greenhouse gases

Ozone 0.47 [0.24 t0 0.71]
Stratospheric 0.05 [0.00 t0 0.10]
water vapour . _

Albedo Land use Light absorbing particles on -0.20 [-0.30 to -0.10]

snow and ice 0.08 [0.00 to 0.18]

Contrails & aviation- 0.06 [0.02 to 0.10]

induced cirrus
-0.22 [-0.47 to 0.04]

Aerosols Aerosol-cloud Aerosol-radiation 20.84 [1.45 to0 -0.25]
Total anthropogenic _—< 2.72 [1.96 to 3.48]
Solar H -0.02 [-0.08 to 0.06]

-2 -1 0 1 2 3
Effective radiative forcing (W m~=2)

Figure 1.1. Estimates for radiative forcing relative to the pre-industrial era for both gas and
particle phase anthropogenic emissions (IPCC, AR6).



Aerosol is defined as solid or liquid particulate matter suspended in gas with size ranges
from 0.002 um — 100 um in diameter, with the lower end of the diameter range being less
defined, due to there being no defined threshold in which a cluster of molecules becomes a
particle (Finlayson-Pitts, 2000). Aerosols have both a direct and indirect effect to radiative
forcing. The direct effect of aerosols involves the direct absorption or scattering of radiation
from the sun. Aerosols emitted from combustion processes such as black carbon can absorb UV
radiation and convert this energy to heat, contributing to a net warming effect. Aerosols can also
redirect incoming UV radiation from the sun, reflecting the solar radiation away from the Earth’s
atmosphere and back into space, causing a net cooling effect. Aerosols indirectly affect climate
by acting as cloud condensation nuclei where the aerosol has the capability to act as a surface for
water to condense onto and nucleate the formation of cloud droplets, encouraging cloud
formation and scattering of solar radiation (Twomey et al., 1974). Its impact on the global
radiative budget depends on its size, composition, optical properties, and hygroscopicity, which
are not fully understood and can change due to chemical and physical aging processes in the

atmosphere, e.g., the uptake and growth of condensable organic species.

1.1.2 Health Effects

Aerosols have been closely monitored due to their damaging effects on the respiratory
and cardiovascular systems and role in urban pollution. Course particles (<10 micrometers in
diameter) originate from primary sources such as direct emission of dust, pollen, sea spray, or
combustion. Most harmful, however, are aerosols from the fine (<2 micrometers) and ultrafine
(<10 nm) range. Aerosols at this size range can be deposited deep into the lungs (Pinkerton et al.,

2000; Raaschou-Nielsen et al., 2013), cause oxidative stress (Dockery et al., 1993; Dockery et



al., 2001; Pope CA 3" et al., 2004, Harrison and Yin, 2000), and increased mortality (Lester B.
Lave & Eugene P. Seskin, 1973; Pope and Dockery, 2006). Once inhaled, aerosol can deposit to
the surface of pulmonary bronchiole and alveoli and further pass through to where the respiratory
barrier enters the circulatory system, where its components can be absorbed by the bloodstream
and spread throughout the body (Xu et al., 2008; Wang et al., 2013). Higher quantities of fine
and ultrafine aerosol are deposited in the thoracic cavity in the body compared to coarse particles
(Dockery et al., 1993) and accounts for 96% of particles in the gas exchange region of the lungs
(Churg and Brauer, 1997). Aerosols in this smaller size range is now more closely associated
with health effects and premature death, making fine and ultrafine particles a better indicator for

air pollution (WHO, 2006) and necessitates closer monitoring.

1.1.3 Secondary organic aerosol

Fine aerosol in urban zones often scatter light and reduce visibility, creating a “hazy”
appearance during high particle concentration days. Fine aerosols mainly originate from
secondary sources, whose formation pathways are more complex since they involve multiple
series of gas phase reactions and gas-to-particle partitioning of multi-generational products.
Secondary organic aerosol (SOA) particles are formed when a parent volatile organic compound
(VOC) undergoes oxidation, often with OH, Oz, and NOg, forming low volatility species that
readily partition to the aerosol phase (Kanakidou et al., 2005; Gentner et al., 2012). The products
of VOC oxidation can undergo gas-to-particle conversion homogenously through nucleation or
heterogeneously by condensation onto existing aerosol (Monks et al., 2009). SOA comprises up
to 60% of the total aerosol mass (Chen et al., 2018) and of this, SOA from biogenic sources

comprises approximately 58% (Hallquist et al., 2009). With approximately 10,000 to 100,000


https://www.sciencedirect.com/science/article/pii/S0140673606695305?via%3Dihub

different organic compounds measured in the atmosphere (Goldstein and Galbally, 2007), it
remains difficult to identify the many atmospheric degradation reactions that each compound
undergoes. Their subsequent oxidation can then lead to a number of products that may or may
not participate in SOA formation, making it a challenge to completely depict all SOA formation

mechanisms in the atmosphere.

1.2 (B)VOCs

As discussed above, VOCs are a significant precursor to SOA. VOCs can have both
anthropogenic origins as well as natural sources. VOCs from biogenic sources, such as
vegetation and foliage, are known as biogenic volatile organic compounds. BVOC contributes
~88% of non-methane VOC emissions, emitted at ~1100 Tg yr (Geunther et al., 2012).
Isoprene (Figure 1.2) has the highest emission rates of all BVOCs at ~500 Tg yr* (Geunther et
al., 1995; Geunther et al., 2006), making it the most abundant BVOC in the atmosphere. Isoprene
contains two double bonds, which are susceptible to attack by oxidants in the atmosphere,
making isoprene highly reactive to OH, Os, and NOs. Despite this, isoprene has low SOA vyields
from photooxidation (Kroll et al., 2006; Ng et al., 2008) due to its small size and volatile
oxidation products (Carlton et al., 2009) relative to higher carbon number BVOCs such as

monoterpenes.

Figure 1.2. Molecular Structure of Isoprene



Monoterpenes (C1oH16) are a class of compounds that consist of two isoprene (CsHsg)
units and are commonly emitted from leaves, flowers, and fruits (Alcantara, 2011) as a natural
insecticide (De Moraes et al., 1998). Monoterpenes are emitted at ~157 Tg yr? (Geunther et al.,
2012), while not as large as isoprene, monoterpene emissions still make significant contributions
to SOA mass loading in the atmosphere. Monoterpenes, like isoprene, are olefinic, making them
highly reactive to the common atmospheric oxidants (OH, Oz, NOgz) and form low-volatility
oxidation products that readily partition to the particle phase (Cahill et al., 2006). Of the
monoterpenes, a-pinene (Figure 1.3) has the highest estimated rate of all monoterpenes (~66 Tg
yr1) (Geunther et al., 2012) and have high SOA yields (Xu et al., 2015; Rollins et al., 2012).

Relative to isoprene, a-pinene has similar reactivity to OH while having higher reactivity to Os

and NOs.
Figure 1.3. Molecular structure of a-pinene
1.3 Atmospheric pollutants
1.3.1 Ozone

Tropospheric ozone is a common oxidant and one of the indicators of atmospheric
pollution. Tropospheric Oz is of great concern due to its oxidizing nature and its damaging
potential to human health. Elevated and prolonged ozone exposure has been linked to increased
mortality (Mudway and Kelly, 2000) and hospital admissions for pneumonia, chronic obstructive

pulmonary disease, asthma, allergic rhinitis, and other respiratory diseases (Bell et al., 2004; Bell



et al., 2007; Gryparis et al., 2004; Ito et al., 2005). It is estimated that up to 21,000 premature
deaths per year can be associated with excessive, long-term ozone exposure in Europe (EU25,
from WHO paper). Ozone is also damaging to vegetation and agriculture. Ozone exposure can
cause reduced growth and seed production (Wilkinson and Davies, 2009), and visible injury to
leaves and greenery (Manning et al., 2002).
Ozone is generated from the light-initiated oxidation of VOCs in the presence of nitrogen
oxides emitted from industrial processes and the tailpipes of automobiles (EPA) (Eq. 1.1-1.2).
NO2 + hv - NO + O (1.1)
O+ 02— O3 (1.2)
The nitric oxide that is formed from reaction (1) can also react with additional Os, reforming

NO: (1.3):
NO + O3 —» NO2 + O2 (1.3)

Once formed, ozone can then photodegrade to form hydroxyl radical, which participates in
countless, rapid photooxidation reactions. Ozone photolyzes to produce oxygen and excited
atomic oxygen (Eq. 1.4). O(*D) can then react with water vapor to produce two OH radicals (Eq.
1.5):

O3+ hv — 02+ O('D) (1.4)

O(*D) + H.0 — 20H (1.5)

Atmospheric concentrations of OH radical are low and often in the pptv range, however, this is
due to their short atmospheric lifetimes stemming from its high reactivity. OH radical rapidly
reacts with every important species in the atmosphere, and thus is the main determinant of the

oxidation capacity of the Earth’s atmosphere (Crutzen et al., 1995).


https://www3.epa.gov/region1/airquality/nox.html#:~:text=NOx%20pollution%20is%20emitted%20by,appears%20as%20a%20brownish%20gas.

1.2.3 NOx
NOx, which refers to both nitric oxide (NO) and nitrogen dioxide (NO3), are also of
significant interest due to their role in the formation of photochemical smog and tropospheric
ozone pollution (Alves et al., 2022). NOy is mainly anthropogenic in origin, originating from tail
pipes from cars and from industrial combustion processes, partitioning from nitric acid, adipic
acid, and fertilizer industries (Perez-Ramirez et al., 2003; EU ETS, 2008). NOy also imposes
health risks where upon acute exposure can cause people with existing respiratory conditions to
experience respiratory distress and prolonged exposure can damage the respiratory systems
(Sousa, 2020). NOx presents the most risk to public health through its participation in the
formation of photochemical smog and ozone production. The main source of tropospheric ozone
is the photooxidation of NO2 (Eqg. 1.1-1.2). This often occurs in areas downwind of urban areas
with high vehicular emissions or in cities such as Los Angeles where the local topography
creates a temperature inversion over the city. The reaction of NOy with VOCs, which concerns
this thesis, also generates SOA particles, creating a brown “haze” that obscures vision during
times of high vehicular traffic in cities. This formation begins with the OH radical initiated
oxidation of VOCs in the presence of high NOx (Eq. 1.6). OH radical can add across double
bonds or abstract a hydrogen from hydrocarbons, generating a radical that quickly reacts with
oxygen to form a peroxy radical (RO2-) (Eq. 1.7).
R-H + OH- — R: + H,0O (1.6)
R- + 02 — RO»- (1.7)
In the presence of NO, the peroxy radical can react to form organic nitrates, or form the alkoxy
radical and NO2, summarized as follows:

RO, + NO — RONO; (1.8)



RO, + NO — RO- +NO> (1.9)
The ratio of the reaction rate of reaction (1.8) and the sum of the reaction rates of 1.8 & 1.9 is the
organic nitrate branching ratio. The alkoxy radical (RO-) generated from (1.9) will then react
with oxygen to form a carbonyl compound and HO,-. HO.- reacts with NO to form OH radical
and NOa.
RO + 0z — RHO + HO,- (1.10)
HO,- + NO — OH- + NO; (1.11)

The summarized reaction scheme can be seen in Figure 1.4.

] Strat-trop exchangel 03 Stratosphere
| Ozone photolysis | ‘uv/x 03 Troposphere

Humidity dependent H & o('D) [02

TemmmOHT MTTUORP)
2 P | NO, removal

f p o T HNO
- 18 Bl L TP - 3
co |vocs |RH NO. photo-] NO:
Stationary '“4\ 0
H+CO R +H,0 SEee =. 3
. : uv 10,
OZ[ . J Ozone
HO,-, RO, "= L LAy - formation
[ Peroxy radical NO+ O(°P)
) further | ©Zone farmation
H,0,+0, . reactions

o N8 madrmme] - Dry deposition
l Low NO, pathwayl . -

Surface
Figure 1.4. Major reaction pathways and sinks for NOx and O3 formation in the lower

atmosphere. Adapted from Cape et al., (2008).

This entire reaction scheme regenerates its precursor (OH radical), generates additional
NO2, an Oz precursor, and generates organic nitrates (RONO3). This is a positive feedback loop,

since the regeneration of OH radical means that NO», and ultimately Oz, can keep being



produced such that there is still VOC in the air to oxidize. It is important to note that this reaction
scheme is most dominant during the day. At night, in the absence of sunlight, NO3 radical builds
up from the oxidation of NO2 by Oz because of its short photolytic lifetime during the day
(Wayne et al., 1991; Brown and Stutz, 2012). NOs radicals will react with BVOCs either through
hydrogen abstraction to form HNOz or addition across a double bond to form nitrooxy peroxy
radicals. The radical will then react to form a closed shell organic nitrate (RONO>). Organic
nitrates are low-volatility and readily partition to the aerosol phase, SOA that scatters sunlight

and casts a “haze” over cities.

1.2.4 Alpha Pinene Nitrate

The molecule observed in this thesis is an organic nitrate formed from the photooxidation
of alpha pinene called alpha pinene hydroxy nitrate (APN). APNs are generated from a series of
gas-phase reactions initiated by the atmospheric oxidants Oz, OH, and NOgz radical. This process
starts with reactions (1.12-1.13) with the formation of hydroxyl radical from the Os initiated
oxidation of NO (1.1-1.2, 1.4-1.5). This generates either APNs (1.14b) or forms an alkoxy

radical that oxidizes NO and eventually forms Os.



HO

(1.14a) @—<0'
OH OH Iﬁl”
OH
: (

"OH 0, -('NO2)

1.13) -ﬁ. HO

00. (1.14b) ~<:>—<0N02
hv

0,
‘NO, — N oP) —== O
NO; 0+ 0P TNoy °
(1.15) (1.16)

(1.12)

Figure 1.5. Mechanism of the formation pathways for the OH initiated oxidation of alpha pinene
to generate alpha pinene nitrate, NO2, and additional Oz. Adapted from Rindelaub et al., (2016).

The products of the chain termination step (1.14b) are low-volatility and more hydrophilic than
the precursor VOC, making them readily partition to the particle phase (Perraud et al., 2012),
effectively acting as a reservoir for NOyx and potentially controlling SOA formation (Rollins et
al., 2012) and slowing Os production (Browne and Cohen, 2012). Previous studies have shown
that varying environmental conditions can influence the rates of uptake of APNs onto seed
aerosol such as relative humidity and seed aerosol acidity (Liu et al., 2012; Rindelaub et al.,
2015; Rindelaub et al., 2016). It is theorized that APNs undergo an acid-catalyzed hydrolysis
reaction once in the particle phase (Rindelaub et al., 2015), implying greater uptake and greater
loss of the gas-phase APNs that is observed in both laboratory (Nguyen et al., 2011) and field
(Day et al., 2010) measurements at increased relative humidity and lower aerosol pH. Despite
extensive research, the mechanism for the acid-catalyzed hydrolysis of organic nitrates is still
uncertain. At higher pH, the Sn2 mechanism is believed to be the prevalent reaction pathway
(Baker and Easty, 1950; Boschan et al., 1955), however, recent literature suggests that a
unimolecular reaction mechanism occurs at lower pH and in the presence of water (Rindelaub et

al., 2015).
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In past work, organic nitrate hydrolysis rates varied greatly between 6.8 x 10 s (Jacobs
etal., 2014) and 1.1 x 10! st (Darer et al., 2011), contributing to the uncertainty of the fate of
organic nitrates both in the gas and particle phases. It is also uncertain whether seed particle
acidity changes hydrolysis rates. Chamber and bulk phase analysis have shown varied results,
with seed particle acidity being the main influence in increasing rates of hydrolysis (Rindelaub et
al., 2016; Morales et al., 2021) as well as seed particle acidity having almost no influence on
hydrolysis rates (Darer et al., 2011; Takeuchi and Ng, 2019). Currently, there have been no
studies monitoring the APN concentration in the gas phase and observing its loss after the
introduction of seed aerosol as all previous studies of APN hydrolysis were performed in the
bulk phase, meaning that direct comparison of results will be somewhat impaired by the varying
experimental conditions of past experiments. Hydrolysis/uptake rates of APN in this study are
expected to be higher than those observed in previous studies, since APNs have a higher
molecular weight than other monoterpene derived organic nitrates and are less volatile, meaning
they partition to aerosol more readily. In an effort to better understand the impacts of organic
nitrate formation on air quality, this study aims to experimentally quantify the uptake kinetics at
which the resulting APN in the gas phase partitions to the aerosol phase, specifically as a

function of RH and seed particle acidity.

11



1.3 Research Aims
The goal of this thesis is to better understand the role of RH and seed particle acidity on
the reactive uptake kinetics of an alpha pinene-derived hydroxy nitrate onto seed aerosol
particles. This has the following aims:

1. Synthesis, purification, and quantification of alpha pinene hydroxy nitrate.

2. Detection and quantification of alpha pinene hydroxy nitrate using chemical ionization
mass spectrometry.

3. Calculate uptake rates, uptake coefficients (y) and mass accommodation coefficients (o)
of alpha pinene nitrate uptake onto seed aerosol particles with varying laboratory
conditions.

4. Investigate the role of seed aerosol pH and relative humidity on uptake rate, uptake
coefficient, and mass accommodation coefficient of the alpha pinene-derived hydroxy

nitrate.

12



CHAPTER 2: EXPERIMENTAL METHODS
Chapter 2. Experimental Methods
2.1 Experimental Set-Up and Conditions

2.1.1 Aerosol Generation

In these experiments, two different seed aerosol conditions were utilized based on the
experiments from Rindelaub et al., 2015, Rindelaub et al., 2016, and Surratt et al., 2008. Aerosol
was generated using the Constant Output Atomizer (Model 3076, TSI) seen in figure 2.1. Seed
particle pH was varied by changing the bulk solution being atomized. Neutral seed was created
using a 15 mM solution of (NH4)2.SO4 (Macron Chemicals, 99%) and acidic seed was created
using a mixture of 15 mM (NH4)2SO4and 15 mM H2SO4 (Fischer Scientific, 98%). The
designation of “neutral seed” in this experiment is still acidic but is named as such for clarity.
Sulfate salts for aerosol generation were chosen to mimic atmospheric conditions, as sulfate ion

is ubiquitous in the ambient atmosphere in urban environments.

Figure 2.1. Model 3076 constant output atomizer. Figure adapted from TSI instruments.

13



Using a zero-air generator (Sabio, Model 1001), approximately 20 psi of compressed zero
air is flowed into the inlet of the atomizer and forms a high velocity jet. Atomizer solution in the
bottle is drawn into the atomizing section through a vertical passage. Large droplets are impacted
on the wall opposite to the jet spray and removed while excess liquid is recirculated to the
atomizer bottle. A fine aerosol spray flows out at around 1.8 LPM from the top of the block. This

process is visualized in the schematic in Figure 2.2.

Aerosol Out

0.0135 Dia.
Hole in 3/8 Dia. Disc:

Air In

9
Liquid In l
Excess Liquid

to Closed
Reservoir

Figure 2.2. Schematic of the atomizing block. Figure adapted from TSI Instruments constant
output atomizer manual.

Experiments were conducted at 20-90% RH. For RH lower than 80%, aerosol particles
were passed through a diffusion dryer prior to entering the flow tube. The diffusion dryer is a
cylindrical wire screen surrounded by silica beads (Figure 2.3). As wet aerosol flow travels

through the dryer, the hygroscopic silica beads absorb water vapor and promote the diffusion of

14



water out of the particle stream to “dry” the particles. To achieve >80% RH, aerosol particles

bypassed the diffusion dryer and entered directly into the flow reactor.

Wet Aerosol In > —>  Dry Aerosol Out

\, °
c \, " p
I8 e s oM O O

.|
X Inner Tube Made of Wire Screen
Annular Space Filled with Silica Gel
Figure 2.3. Schematic of a diffusion dryer. Figure from TSI Instruments.

2.1.2 Scanning Electrical Mobility Spectrometer

To obtain measurements of particle size distributions and concentrations, a scanning
electrical mobility spectrometer (SEMS) (Brechtel, Model 2100) coupled with a mixing
condensation particle counter (MCPC) (Brechtel, Model 1720) sampled downstream of the flow
tube. Aerosol was sampled at a flow rate of 0.36 LPM and first into a Po-210 neutralizer to
remove static charges on the particles, yielding an equilibrium distribution of positive charges on
the particles. The aerosol flow was then sampled into a differential mobility analyzer (DMA)
shown in figure 2.4. The DMA records size distributions by separating particles based on their

particle electrical mobility (Z, (m?V1s™), given by eq. 2.1 (Knutson and Whitby, 1975).

(0,+Q,) () 2. 1)
Zy~ 2nLV

Where Qp is the sheath flow rate, Qa is polydisperse flow rate, R1 and R are the radii of the

inner and outer electrodes, L is the effective electrode length, and V is the applied voltage.

15



The DMA consists of two concentric metal rods where the outer rod maintains a
consistent voltage and the inner rod has a range of voltages to establish an electric field between
the two rods. Polydisperse aerosol and sheath air flow between these two rods where the electric
field causes positively charged particles to be attracted to the collector rod. Where on the
collecting rod the particles settle depends on their particle electrical mobility diameter, which is
related to the particle diameter by using Stoke’s law (eq. 2.2).

(2.2)

_ neC
P 3nuz,

Where n is the number of elementary charge units, e is the elementary unit of charge
(1.61 x 10'° C), C. is the Cunningham slip correction factor, and p is the gas viscosity. Ccis a
function of the aerosol’s Knudsen number (Kn) given by eq 2.4 and is related to C¢ by eq 2.4.

(2.3)
K, = 21/d,

2.4)
C. =1+ K,[1.257 + 0.4 exp(—1.0K,)]

Particles with a narrow range of Z, exit through an opening at the bottom of the collector rod,
hence, only particles of a specific Z, leave the DMA. Different sizes can be isolated by changing

the voltage of the inner diode, allowing the user to obtain a size distribution of aerosol.
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Figure 2.4. Schematic of a differential mobility analyzer. Figure from Intra and Tippayawong,
2008.

After size selection through the DMA, the monodisperse flow of aerosol is sampled in the
MCPC (Figure 2.5) to measure particle number concentration. Aerosol entering the MCPC is
passed through vaporized butanol and cooled, which condenses butanol onto the surface of the
aerosol. This action allows the aerosol to grow to a size that is optically detectable. The aerosol
flow is then directed across a laser in which the particles will scatter the applied light. A detector
records how many times this applied light is scattered, translating to a count of how many

particles pass this light. The number of times a particle passes the laser (n) over a certain time
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period (tp) is then related to particle concentration by equation 2.5 where Q is the sample flow

rate.
n
N = (2.5)
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Figure 2.5. Schematic diagram of the CPC. Figure from Brechtel.

2.1.3 High Resolution Time of Flight lodide Adduct Chemical lonization Mass Spectrometer
Measurements of APN were taken using a high-resolution time-of-flight chemical-
ionization mass spectrometer (HR-TOF-CIMS) (Aerodyne). Chemical ionization was chosen for
this technique due to simple sample preparation, high sensitivity, and high-resolution
measurement of gas phase compounds (Aljawhary et al., 2013; Bertram et al., 2011; Dougherty
etal., 1975; Tannenbaum et al., 1975). Chemical ionization of the target molecule proceeds
through ion-molecule reactions, in which the reagent ion forms an adduct with the target
molecule, seen in Eq 2.6. This soft ionization scheme is ideal for gas phase measurement due to

its minimal fragmentation which maintains the parent molecules’ structure and composition. In
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this experiment, the reagent ion utilized is iodide (from methyl iodide) because of its sensitivity
to detecting hydroxy nitrate compounds (Lee et al., 2014).
F+M->M-1I (2. 6)

The CIMS consists of five different stages each equipped with a pump, as seen in Figure
2.6. First, sample flow is introduced to the ion-molecule reaction chamber (IMR) through a
critical orifice at 2.0 L min™. The IMR chamber (S1) is equipped with a dry scroll pump
(Agilent) that evacuates the chamber to approximately 100 mbar and has a temperature regulator
to maintain the IMR at 60 °C. 1 ppm methyl iodide from a cylinder (Linde) is directed
orthogonal to the sample flow after passing through a Po-210 radioactive source. After ionization
in the IMR, the analyte passes through the first stage (S2), which is held at 2 mbar, and enters the
second stage (S3), which is maintained at 0.01 mbar. Two quadrupoles guide the ions through
the stages and provide collisional cooling of the analyte, and thus, make the ions energetically
homogenous while entering the third stage (S4). Here, the ions are further focused and are
orthogonally pulsed into the time-of-flight (TOF) analyzer, where ions are separated by their

mass based on their arrival time to the detector.
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Figure 2.6. Schematic diagram of the HR-TOF-CIMS. Adapted from Bertram et al., 2011

2.1.3.1 Effect of RH on APN Signal

It has been shown that relative humidity of sample flow into the CIMS influences the
sensitivity of the instrument (Kercher et al., 2009; Slusher et al., 2004). APN and water compete
with the iodide ion, thus, the additional presence of water forms water-iodide clusters, leaving
less iodide to ionize and form adducts with APN, i.e., lowering the sensitivity for iodide-adduct
CIMS with APN (Lee et al., 2014). To circumvent any changes in sensitivity due to water vapor,
0.1 LPM of humidified air was flowed into the IMR inlet, seen in Figure 2.8 and 2.9. However,

changes in sensitivity were still observed and the APN signal would decrease with increasing
relative humidity. To correct and quantify the changes in sensitivity, a calibration curve was

generated, seen in Figure 2.7. The slope of this calibration curve was utilized if any changes in

RH were observed during the experiment.
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Figure 2.7. Calibration curve for APN signal change with changing RH.

2.1.4 Extractive Electrospray lonization Time-of-Flight Mass Spectrometer

Measurement of aerosol composition was performed using an extractive electrospray
ionization time-of-flight mass spectrometer (EESI-TOF) (Aerodyne). The EESI-TOF provides
online measurements using a soft ionization method, leading to minimal fragmentation and
maintaining the molecular formula (Lopez-Hilfiker et al., 2019). The EESI-TOF is an extractive
electrospray inlet coupled to commercially available time-of-flight mass spectrometers. Aerosol
enters the EESI inlet and passes through a charcoal denuder where gas-phase constituents are
assumed to be scrubbed from the aerosol flow. The particles then collide with electrospray
droplets and the soluble species in the aerosol are extracted. The droplets pass through a heated

capillary to evaporate excess electrospray. Solvent evaporation moves the charged species closer
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together due to droplet shrinkage, eventually, the surface tension of the droplet is no longer able
to sustain the Coulombic force of repulsion, and the droplet splits through Coulombic explosion.

The ionized species then travel to the TOF mass analyzer for measurement.
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Th 0]
rea-way va @I
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detection
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(threa-way valve) Gas removal clor] evaporation

Figure 2.8. Schematic diagram of the EESI-TOF inlet and ionization source. From Lopez
Hilfiker et al., 2019.

2.1.5 Flow Tube Experiments

The kinetics of APN uptake onto seed aerosol was assessed by continuous APN flow into
the potential mass aerosol oxidation flow reactor (PAM-OFR; Aerodyne Research Inc.) in the
presence of aerosol and observing the changes in gas phase APN as a function of residence time
or aerosol surface area. The PAM-OFR is a 13.3 L brass chamber equipped with a syringe pump,
temperature and RH probes, and lamps to simulate photooxidative aging in the atmosphere
(Lambe et al., 2011). As these experiments did not simulate photooxidation, the lamps within the

PAM-OFR were off. A programable syringe pump was used to deliver a specified, constant
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output of APN into the PAM-OFR. Temperature (x 0.2 °C) and RH (£ 2%) sensors were
installed to record the conditions in the PAM-OFR.

Additional studies were performed whereby semi-volatile APN was introduced to the
flow tube by flowing ~3 LPM of dry, hydrocarbon free, zero air over the liquid APN in a glass
vacuum trap. High RH air was introduced by flowing 3 LPM of zero air into a water bubbler
containing ultra-pure water and was flowed over the APN and into the PAM-OFR. Note that
some undetermined amount of APN in the solution could have reacted with water that partitioned
into the solution. This is not expected to affect the uptake kinetics measurement as the kinetics
were derived from the difference in the initial APN signal intensity (before addition of aerosol)
and final APN signal intensity (in the presence of aerosol).

The change of APN signal in response to the introduction of aerosol was measured using
the HR-TOF-CIMS. First, no reactants were introduced to the chamber and a total of
approximately 5 LPM of air was flowed through the flow tube to achieve a stable RH and record
a blank (background) on the mass spectrometer. Once a stable blank was measured, air was
flowed over the APN and the APN signal was allowed to stabilize. Aerosol was then introduced,
and the APN signal intensity was monitored as it decreased in response to its uptake by aerosol.
APN and aerosol were mixed in the PAM-OFR over the determined residence time of ~3 min,
although longer timescales (~30 min) were used for monitoring changes in the APN signal with
the HR-TOF-CIMS to allow for equilibration as the aerosol and APN partition to the walls of the
PAM-OFR and sample tubing (heated to ~50°C). The aerosol flow was then bypassed, and the
APN signal was given enough time to stabilize back to its initial value. This procedure was
repeated two more times to obtain a total of three trials per experiment. The experiment was

conducted at three different seed particle acidities in both wet and dry conditions. A summary of
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experiments conducted can be seen in Table 2.1 with pH of the seed particles estimated using the

Extended Aerosol Inorganics Model (E-AIM) (Clegg et al., 1998). The entire schematic of the

experimental set-up for both high and low RH experiments are represented in Figures 2.9 & 2.10.
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Table 2.1. Summary of experimental conditions from APN uptake experiments.

Particle Seed Acidity Relative Humidity
1. Acidic Seed (pH = 0.1) High RH (~90%)
2. Acidic Seed Mid RH (~70%)
3. Neutral Seed (pH = 4.53) High RH (~90%)
4. Neutral Seed Mid RH (~70%)
5. Neutral Seed Low RH (~20%)

2.2 Calculations

The goal of this thesis is to quantify the Kinetic parameters of gas phase uptake of APN
onto seed particles and to observe how seed particle acidity and relative humidity affect the
kinetics of this interaction. Uptake rates, reactive uptake coefficient, and mass accommodation
coefficient for all experimental conditions were calculated to better understand the time scales
and extent at which APN heterogeneously reacts with aerosol in the atmosphere.

Uptake rates were calculated by assuming pseudo-first-order loss, seen in the rate
equation (eq. 2.7) (Jefferson et al., 1997).

d[APN] _ 2.7)
—— = —KIAPN],

Where K=ki+kqw, Which is the sum of the loss processes due to pseudo-first order uptake (ki)
and the loss from diffusion and wall loss (kqw). Rate coefficients (K) were calculated by plotting
the natural logarithm of the observed loss of APN, i.e In(JAPN]/[APN]o), as a function of
residence time, in which the slope of this plot represents the observed first-order loss rate of

APN. K was then corrected with wall loss and diffusion rate (kdw), which was independently
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measured in a different experiment, leaving ki, which represents the first-order loss rate of APN
due to uptake onto the aerosol with corrections for wall loss. For first order reactions, reactive
uptake (y) can be calculated using equation 2.8, as described in Fuchs et al., 1971, Kroll et al.,

2015, and George and Abbatt, 2010.

4k 2.8
, = Ao (28)
wS,

Where o is the mean molecular speed of gas phase APN in cm s and S, is the total surface area
concentration in cm? cm3,

Gas uptake onto polydisperse aerosol can be described in terms of mass accommodation (o)
using the approach described in Fuchs-Sutugin 1970, as seen in Equation 2.9.

dN 2.9
aprnDp,iZWDpi ( )
k :Z 1 AlogD,,
L= 4T a0+ ap) 0971

_ (0.76 + 0.283K,,)

K,(K,+1)
_ 6Dg
no wD,

Where N, is the particle number density in particles cm=, Dy is the mean particle diameter in cm,
Kn is the Knudsen number, Dy is the gas-phase diffusivity constant, B is the diffusive resistance
term. a was iteratively calculated such that the calculated k1 is equal to the experimentally

determined ki.
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2.3 Synthesis, Purification, and Quantification of a-Pinene Hydroxy Nitrate

2.3.1 Synthesis

A standard for mass spectrometric analysis was required to quantify the kinetic
parameters of a-pinene hydroxy nitrate (APN) uptake onto aerosol particles. Since APNs are not
commercially available, APN was synthesized according to Pinto et al., (2007) with adjustments
based on the nitration of alpha-pinene oxide. Approximately 0.33 g of bismuth (I11) nitrate
pentahydrate (Biz(NOs)z - 5H20) (Sigma Aldrich, ~96%) was added to a 50 mL round bottom
flask with approximately 10 mL dichloromethane (DCM) (Fischer, 99.9%). With gentle stirring,
approximately 0.1 g of a-pinene oxide (Sigma Aldrich, 97%) was added dropwise with a syringe
through a rubber septum. The reaction setup is visualized in Figure 2.11. The reaction was stirred
for approximately 1 hour. After 1 hour, product was spotted on an aluminum-backed TLC plate
and allowed to develop in 80:20 hexanes to ethyl acetate solvent to confirm reaction completion.
The desired product has an approximate Rt value of 0.3 (McKnight et al., 2012). DCM was then
evaporated using a rotary evaporator (BUCHI, Model R-100) until only a clear, oily product

remained.

Figure 2.11. Reaction set-up for APN synthesis.
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Figure 2.12. Theorized chemical reaction utilized for synthesis of APN.

2.3.2 Purification

Purification of crude APN was performed using flash chromatography. A liquid
chromatography column was packed first with cotton, then sand, and with ~15 cm silica gel
slurry made with 80% hexanes (Fischer Chemicals, 99.5%) and 20% ethyl acetate (Honeywell,
99.9%). The liquid chromatography column was filled entirely with solvent and left to run
through the silica gel. Raw APN was then carefully added to the top of the stationary phase and
allowed to run into the silica gel until mobile phase was added. The liquid chromatography
column was then fitted with a vacuum adapter to perform flash chromatography. Separation was
performed under ultra-high purity nitrogen (UHP N3) to discourage oxidation of the raw APN
and to accelerate the purification. Approximately 40 fractions of approximately 15 mL were
taken, and each fraction was spotted on a TLC and developed to elucidate the fractions that
contained the desired product. The purified APN consistently separated in fractions 33-38, and
multiple fractions with the same product were combined and evaporated until only a clear oily

product remained.
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2.3.3 Identification
2.3.3.1 TLC Silica Gel Separation Analysis

The required time for the completion of the APN synthesis was determined empirically
with thin-layer chromatography (TLC). The polar stationary phase is silica gel adhered to an
aluminum sheet (Millipore Sigma, 200um silica gel thickness) and the mobile phase was a 20%
ethyl acetate and 80% hexane mixture. After one hour of stirring, approximately 0.5 uL of the
reaction mixture was taken and spotted onto the TLC plate. The TLC plate was then allowed to
develop in a developing chamber until solvent had climbed to an appropriate height on the TLC
plate (~ 6¢cm). Once the TLC plate was finished developing, it was dipped in KMnOQ4 to oxidize
the spots to a yellow color, leaving the rest of the plate stained purple. The starting material and
reaction mixture were both spotted and developed, seen in Figure 2.12. The starting material has
very faint spots, with spots of the same Rt appearing much stronger in the product. As stated
earlier, desired product has an Rr of ~0.3, which is the circled spot on the right plate, implying
that the reaction had generated APN. The appearance of the same spots as those in the unreacted
starting material implies the reaction was not completed. To investigate this, the reaction was
allowed to stir for an additional hour and spotted again for TLC analysis. Results remained the
same, however, with unreacted starting material remaining in the product. This was then

remediated by subsequent purification of the crude material.
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Figure 2.13. TLC Plate Separation of the unreacted starting material (left) and the synthesized
product (right).

2.3.3.2 NMR Analysis

Structural information of the synthesized APN was further elucidated using *H NMR
analysis. To prepare the purified sample for NMR analysis, all solvent from the collected
fractions from flash chromatography would be evaporated, leaving ~1 mL of sample. To this, ~1
mL of deuterated chloroform (Cambridge Isotope Laboratories, 998%) was added to the same

vial.
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Figure 2.14. *H NMR spectrum of the purified, synthesized sample of APN.

The chemical shifts, peak multiplicities, and integrations from the *H NMR spectrum are as
follows: & 5.56 (m, 1H), & 4.05 (t, 1H), 5 2.40 (m, 1H), & 1.94 (t, 1H), 51.80 (S, 3H), 51.57 (s,
3H), 61.52 (s, 3H). The APN has protons that include complicated splitting patterns, impeding
the definite peak assignments using figure 2.13. Rather than utilizing the *H NMR spectra to
elucidate a specific structure, it was utilized in this case to confirm the presence of the APN.

The two methyl groups at & 1.57 and 61.52 are downshifted, suggesting shifts due to proximity to
a nitrate group. The multiplet at 55.56 is also characteristic of a vinyl hydrogen, implying the
presence of a double bond within the molecule. While this is not sufficient to completely resolve
the structure of the synthesized sample, the same 1H NMR pattern was observed and confirmed

with 13C NMR as in Rindelaub et al., 2016 (shown in their supplementary material). Therefore,
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it is assumed that the tertiary nitrate APN was synthesized. The presence of APN was confirmed

here due to the combination of TLC, *H NMR, and mass spectrometric analysis.

2.3.4 Quantification

Alpha pinene hydroxy nitrate quantification was achieved using quantitative H* NMR
analysis using the method described in Barti et al., 2012. Product was weighed and ~1g of
deuterated chloroform and ~ 2 pL of benzene was added to prepare for quantitative NMR
analysis. The molar ratio between APN and benzene was determined using the following

relationship:

I

kel

£|2

—
<

w N (2. 10)
NY

Where x refers to APN, y refers to benzene, My/My is the molar ratio between APN and benzene,
| is the integral area of the corresponding peak, and N is the number of nuclei. Using the
relationship in eq 2.10, the concentration of APN was calculated for a specific sample. The
solution concentration was typically 1.4x102 M + 5.6x103M.

After purification and NMR analysis, a calibration curve was generated with the mass
spectrometer. Using the syringe pump equipped on the PAM-OFR, a known quantity of APN
was injected at known rates to elucidate mass concentrations of APN in the PAM-OFR. To vary
the concentrations of APN being sampled by the mass spectrometer, the syringe pump was
programmed to inject the sample at different rates. As different concentrations were injected into
the PAM-OFR, the signal response from the CIMS was recorded. The calibration curve for this

process can be seen in Fig. 2.15.
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chemical ionization mass spectrometer.

2.4 APN detection by CIMS

APN loss rates were determined using the relative signal loss of APN in the presence of
aerosol, measured by iodide-adduct CIMS. Figure 2.16 shows the average mass spectrum of gas
phase species of the background (zero air; dashed gray line), following APN injection (black),
and APN in the presence of aerosol (green). The mass spectra in Fig. 3.1 were from experiment 5

in Table 2.1, i.e., neutral seed particle and low chamber RH.
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Figure 2.16. Average iodide-adduct CIMS mass spectra of gaseous species for background
(dashed gray line), APN injection (black), and APN in the presence of aerosol (green).

Figure 2.17 reveals that the most dominant signal, the reagent ion, I" (m/z = 127),
decreased over the course of all experiments as aerosol was added in the presence of continuous
injection of gaseous APN. As aerosol was added to the system and APN partitioned from the gas
to the particle phase, APN can hydrolyze and form HNO3 (Perraud et al., 2012). The signal for
HNO3s (HNOs-17; m/z 189) increased significantly following the addition of ammonium sulfate
seed aerosol in the presence of APN (shown in green shaded area), a clear indication that APN
partitioning and reaction in the aerosol phase occurred on the timescale of the experiment. We
note that the presence of HNOg titrates the I” signal due to its high acidity and affinity for I".
While the concentration of I~ added to the ion molecule reactor can affect the total ion abundance
and thus signal intensity of all analytes, there was no clear indication that the resulting depletion

of I" due to its clustering with HNO3 affected the APN signal.
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Thus, normalizing to the iodide signal as performed in other similar studies (e.g., Slade et al.,
2017; Xiong et al., 2015) would not accurately reflect the losses of APN due to heterogeneous
reactions with ammonium sulfate, since normalization to iodide would be weighted heavily by
the effects from HNOs clustering with I-. Instead, the observed loss rates, uptake coefficients,
and mass accommodation coefficients of APN presented in this thesis are determined from the

depletion in the raw signal of APN before and after adding the seed aerosol.

2.5 Experimental wall losses in the OFR
APNSs are semi-volatile and thus some APN can adsorb to the walls of the chamber,
causing additional loss of APN unrelated to uptake onto aerosol. Similarly, hydrolysis products

such as HNOg are sticky and thus lead to “memory” effects due to adsorption onto the walls.
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This is clearly indicated by the accumulation of the HNOs-1" cluster (blue) in Fig. 2.17 following
multiple APN injections. Although the wall loss effect is already accounted for since we
established the APN signal in the presence of the wall with aerosol as the only independent
variable, a separate experiment was conducted to elucidate the rate of gas phase APN wall loss in
the PAM-OFR under the conditions of the study. The experiment was conducted at the same
flow rates as in the uptake experiments. The syringe pump equipped with the PAM-OFR injected
50 pL of APN into the chamber with 5 LPM dilution flow to maintain flow rates that were
consistent with those during the uptake experiments. The rate of APN loss by adsorption to the

walls was calculated using Eq. 2.10.

Kioss,obs = Kioss,aitution + Kiosswail (2.10)
Kioss, obs 1S the total observed loss of the APN in the absence of aerosol (i.e., only dilution
and loss to the walls), Kioss, dilution IS the calculated rate of decay due to dilution from continuous
air flow through the PAM-OFR, and Kioss, wail IS the rate of APN loss to the walls, assuming there
were no other loss processes occurring. Kioss gilution iS Calculated using the initial signal of APN
and the residence time to calculate the expected rate of decay. Then, the integrated rate law was

used to deduce k, as shown in Eq 2.11.

d [APN]loss,dilution
dt

(2.11)

= k[APN],

Kioss,obs Was calculated by using the first-order rate law described in Eq. 2.7. The difference in
Kioss,obs @and Kioss dilution 1S the calculated Kiosswai. Figure 2.18 shows the calculated total loss
(squares), loss from dilution (triangles), and wall loss (circles). Note that the total loss is the sum
of dilution and wall loss. While a significant concentration of the APN that entered the PAM-

OFR was depleted prior to exiting the PAM-OFR, most of the APN depletion can be attributed to

36



dilution, whereas wall losses account for <10% of the total loss with a calculated first-order wall

loss rate of 4.85x107° s1.
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Figure 2.18. Observed first-order rate loss of APN and calculated loss of APN due to dilution
flow through the PAM and wall loss.

Changes in RH may also affect the rate of loss of APN to the walls as water molecules
adhere to the walls of the PAM-OFR and alter the composition of the surface. Given that the
only independent variable in these studies was the concentration of aerosol added to the PAM-
OFR and that the APN signal was allowed to establish regardless of the RH in the PAM-OFR, no
wall loss or dilution corrections were applied in this study. As discussed previously and shown in
Fig. 2.7, we did correct the APN signal depletion due to the increase in RH when aerosol was

added to the PAM-OFR in the presence of APN.

37



CHAPTER 3: RESULTS AND DISCUSSION

3.1 Uptake of APN onto (NH4)2SO4 seed aerosol

Figure 3.1 displays the time series for the corrected APN signal from the CIMS over the
course of an example uptake experiment. The time series for all other experiments were similar,
so only experiment 5 (i.e., neutral seed, low RH) is presented here for visualization. For this
experiment, there was a significant enhancement in RH by ~15% following the addition of the
seed aerosol particles across the three trials shown. As described previously, changes in RH can
affect the sensitivity of iodide-adduct formation with APN. Any observed decrease in APN
signal because of increased RH therefore must be accounted for to isolate the loss of APN due to
uptake to the seed aerosol only. Here, the changes in RH were calculated by taking the difference
of the RH in the PAM-OFR before aerosol introduction and the RH at each time point. This
difference corresponds to a percent change of signal, which is applied to the APN signal as a
correction, resulting in an ~8% correction. A linear drift correction was also applied, i.e., by
linearly interpolating the APN mass spectra signal during uptake based on the drift in the average
APN signal before aerosol was added and after aerosol flow was stopped. Signal drift can occur,
e.g., because of decay of APN in the purified sample over time, different wall loss coefficients as
the seed aerosol adsorbs and sticks to the walls thus altering the equilibrium of APN on the walls
and in the gas phase of the PAM-OFR, gradual changes in temperature and RH, and instrument

noise.

38



25

APN Injection
APN +Aerosol
——Corrected APN Signal

20

15

ions/sec

10

5_

0 ! ! I ! ! ! !
00:00 00:30 01:00 01:30 02:00 02:30 03:00
Time Elapsed (hours)
Figure 3.1. Time series of the gas phase APN signal from the CIMS. Beginning of experiment is
demarcated with first injection of APN. APN signal is corrected for sensitivity changes from RH
changes and signal drift.

After corrections, however, there was still an observed loss of APN in the presence of
seed aerosol and a restoration of the APN signal after aerosol flow was stopped, indicative of
loss of APN due to reactive uptake. Additional evidence of APN uptake into the aerosol can be
seen in the time series of NO2™ and NOs" in the particle phase, shown in Figure 3.2. This time
series was from an experiment performed under the same environmental conditions as
experiment 5, except EESI-TOF was used to measure aerosol-phase species. In the experiments
using EESI-TOF, seed aerosol was introduced to the PAM-OFR first followed by injection of
APN in the gas phase. Figure 3.6 shows that NO3™ and NO>" signals increased after APN
injection, indicative of APN uptake onto the seed aerosol and subsequent hydrolysis to form
HNO3. The NOs™ signal measured in the particle-phase with EESI-TOF can be attributed to the

following reaction equilibria:

HNOs + H20 «> H30" + NO3 3.1
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Figure 3.2. Time Series of NO2™ and NO3™ from Experiment 5 Using EESI TOF-MS.

3.3.1 Observed APN loss rate (pseudo first-order kinetics)

Pseudo-first order uptake kinetics of APN uptake by ammonium sulfate seed aerosol
were calculated from the observed reduction in the APN signal in the gas phase after introducing
aerosol following Eq. 2.7. The natural logarithm of the ratio of the APN signal over time, t (~166
s), the residence time in the OFR, and APN signal before aerosol injection (to=0 s) was plotted as
a function of the residence time and the resulting slope represents the pseudo-first order loss rate,
ki. The average decay curves for APN under the different experimental conditions studied here
are shown in Fig. 3.3. From k1, we calculated mass accommodation coefficients (o) and reactive
uptake coefficients (y), the results of which are shown for the different experimental conditions

in Table 3.1 and will be described in the following sections.
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Table 3.1. Average observed loss rates (k), reactive uptake coefficients (y), and mass
accommodation coefficients (a) at different RH for acidic seed and “neutral” seed aerosol

experiments.

Particle RH k(s?) Y a
Acidity
1 | Acidic Seed | 90% 1.63E-03+3.99E-04 2.26E-04+5.54E-05 4.00E-04+9.79E-05
2 | Acidic Seed | 70% 1.16E-03+2.94E-04 7.25E-04+1.95E-04 2.29E-03+4.43E-04
3 | Neutral Seed | 90% 1.14E-03+8.49E-04 1.07E-04+7.98E-05 1.98E-04+1.48E-04
4 | Neutral Seed | 70% 8.84E-04+1.28E-04 8.60E-05+1.20E-05 1.54E-04+2.23E-05
5 | Neutral Seed | 25% 7.58E-04+1.77E-04 1.27E-04+2.97E-05 3.31E-04+7.84E-05
0.00 -I»,“._.
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Figure 3.3. Pseudo-first order decay of APN at different RH and seed particle acidity.
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Figure 3.4. Observed loss rates of APN by ammonium sulfate seed aerosol from this work
(circles) and hydrolysis rates from Rindelaub et al., 2016 (triangles) at different RH and aerosol
pH. The shaded regions represent different aerosol pH ranges for urban aerosol (gray) (Zhang et

al., 2021; Battaglia jr. et al., 2021; Arangio et al., 2022) and sea spray aerosol (Winkler et al.,
1986; Fridlind et al., 2000; Keene et al., 2002; Pszenny et al., 2004; Kroll et al., 2015;
Bougiatioti et al., 2016; Dall'Osto et al., 2019; Angle et al., 2020). The error bars assigned here
are from the calculated standard deviations in the observed loss rates between separate trials.

Observations of gas phase APN loss reveal that the observed loss rates increase with both
increasing seed particle acidity and RH. Under acidic conditions, ki increased relative to the
neutral-seed aerosol at RH=70% and RH=90% by 32% and 43%, respectively. ki also increased
with increasing RH for APN uptake by the “neutral” seed aerosol. Increasing RH from 25% to
70% led to an enhancement in ki of 14% while increasing RH from 70% to 90% led to an
enhancement in k1 of 29%.

The increasing observed loss rate with decreasing aerosol pH is likely attributed to the

acid-catalyzed hydrolysis of APN. Hydrolysis of organic nitrates is hypothesized as the dominant
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pathway for organic nitrate loss in the atmosphere (Day et al., 2011; Russell et al., 2011), which
may be acid-catalyzed (Allen et al., 1953). The acid in the system acts as a proton donor to the
nitrate group and the formed nitric acid becomes a leaving group, forming a tertiary carbocation
(Figure 3.5). The increased acidity of the particles would lead to more free protons in the system
to initiate the hydrolysis process, explaining the significant increase in the observed loss rate
with increasing acidity. Increasing RH also led to an enhanced loss of APN, as in the case of
APN uptake onto neutral seed ammonium sulfate at RH=25% compared to RH=70% and
RH=90%, which may be driven by hydrolysis in the absence of added acid. Water is a reactant in
this reaction; thus, it is expected that excess reactant at the higher RH would increase the rate of
reactive loss of APN by hydrolysis. Ammonium sulfate is hygroscopic and following
atomization is expected to remain in a deliquesced-like (liquid) physical state when RH=70%
and RH=90%. Hygroscopic mass growth (i.e., ratio of wet particle diameter-to-dry diameter) of
ammonium sulfate aerosol following dehydration from fully deliquesced (i.e., RH>80%) to
RH=70% is a factor of two larger in diameter than dried ammonium sulfate. Increasing RH to
90% leads to a wet particle size that is ~3.5x the diameter of dried ammonium sulfate (Vlasenko
etal., 2017). When dried to RH=25%, ammonium sulfate undergoes efflorescence (i.e.,
crystallization). As such, under these conditions, less liquid water in the aerosol matrix is
available to react with APN following its adsorption to the particle surface. In contrast, at a
relatively high RH (70% or 90%) enough aerosol liquid water is available to hydrolyze APN. In
addition, APN can diffuse more readily from the particle surface to the bulk due to the
plasticizing effects of water and hence react (i.e., hydrolyze) to a greater extent with water

available in the particle bulk.
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Figure 3.5. The Theorized Acid-Catalyzed Hydrolysis of Alpha Pinene Hydroxynitrate
(Rindelaub et al., 2016)

Increasing particle acidity and RH accelerated the observed loss rate. However, ki is
apparently much more sensitive to changes in pH in comparison to changes in RH. For example,
k, for APN uptake onto neutral seed ammonium sulfate aerosol increased by 14% when
increasing RH from RH=70% to RH=90%, whereas k1 increased by 29% from RH=70% to
RH=90% when the ammonium sulfate seed aerosol was acidified with H2SOa4. These
experiments reveal that APN uptake rates are driven by pH rather than RH, which is consistent
with findings from other experiments investigating the hydrolysis rates of other tertiary organic
nitrates (Rindelaub et al., 2015; Rindelaub et al., 2016; Morales et al., 2021). Previous studies
have shown that hydrolysis rates of organic nitrates increase with increasing alkyl substitution as
well (Bean and Hildebrandt Ruiz 2016; Boyd et al., 2015, 2017; Darer et al., 2011; Hu et al.,
2011; Liu et al., 2012; Ng et al., 2017), which is theorized to derive from the allylically stabilized
tertiary carbocation that is formed after nitrate is abstracted. Based on the observed decay of
APN signal in the CIMS, the observed loss rates of APN onto seed aerosol were calculated to be
9.22x10™ — 1.86x103 5%, which is on the same order of magnitude (but less) than the hydrolysis
rates of the same APN isomer studied previously in bulk aqueous solutions (Rindelaub et al.,
2015; Rindelaub et al., 2016). The greater hydrolysis rates in Rindelaub et al., 2016 are likely

due to the hydrolysis experiments being performed in the bulk aqueous phase in comparison to
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the uptake onto aerosol in the chamber experiments performed here. There are different kinetic
limitations to consider for heterogeneous reactions: (1) APN must first adsorb and “stick™ to the
particle surface. The efficiency at which the gas molecules stick to the aerosol surface is
determined by the mass accommodation coefficient and depends on the type of aerosol surface
on which APN adsorbs and the reactivity between APN and the particle. (2) Depending on its
reactivity, APN may be mobile and diffuse on the particle surface prior to absorbing and reacting
in the bulk instead of already being incorporated in the bulk as in other studies. The rate of
diffusion into the particle bulk can depend on the viscosity of the particle (Perraud et al., 2012).
For more solid-like aerosol, as in the case of effloresced ammonium sulfate seed aerosol,
molecular diffusion can be limited and thus (3) reactions are limited more to the surface than in
the bulk in our experiments compared to other studies. Upon particle deliquescence, APN can
diffuse and may react more readily in the particle bulk. This is perhaps why our measured first-
order heterogeneous loss rates at RH=90% are in better comparison with the hydrolysis rate
constants for APN reported in bulk water in Rindelaub et al., 2016, which were measured as
2.14x10* under neutral conditions and 2.01x107 under acidic conditions. The differences
between our measured loss rates and previously reported hydrolysis rates are minor, which
implies that hydrolysis is likely the major pathway for heterogeneous loss of APN onto

ammonium sulfate seed aerosol.

3.3.2 Reactive uptake coefficient
From the observed first-order loss rate, we can isolate the loss of APN due to reaction
upon collision with the surface by calculating the reactive uptake coefficient (y), defined as the

ratio of total molecules removed from the gas phase relative to the total number of gas-particle
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collisions (Liggio et al., 2005). y was calculated using Eq. 2.8. Here, the surface area
concentration term (Sa) was derived from the measured aerosol surface area concentration of

unreacted ammonium sulfate, i.e., prior to introducing APN to the chamber in the gas phase.
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Figure 3.6. Calculated Reactive Uptake Coefficients at Different Seed Particle Acidities and RH
values. The error bars assigned here are from the calculated standard deviations between separate
trials.

Figure 3.6 and Table 3.1 show y for APN uptake by ammonium sulfate seed aerosol
under the different experimental conditions studied. y increased with increasing seed particle
acidity as did ki, whereas it decreased with increasing RH, in contrast to k1. The similar
dependence on pH demonstrates that the first-order loss rate of APN is dictated by the
heterogeneous reactivity between APN and the aerosol. In analogy to the discussion in Sec.
3.3.1, the heterogeneous uptake kinetics here could be driven by an acid-catalyzed hydrolysis

mechanism, as has been observed previously for similar acid-catalyzed chemistry involving
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isoprene-derived epoxydiols in aerosol (Gaston et al., 2014; Nguyen et al., 2014). To date, only
one other study has experimentally determined y of organic nitrates following uptake onto
aerosol (Vander Wall et al., 2018). In that study, y was measured for three different
commercially-available organic nitrates in the presence of model organic aerosol particles and
showed y values ranged from ~107 for ethyl hexy! nitrate to ~107 for a corresponding hydroxy
nitrate, in a similar range as vy in this study. This thesis also observed trends in y with changing
RH that are consistent with Gaston et al., 2014 and Nguyen et al., 2014, in which y decreases
with increasing RH. In their study, the increase in y with decreasing RH was attributed to a so-
called “burying” mechanism whereby unreacted organic nitrates that adsorbed and remained
mobile on the organic aerosol surface became “buried” in the particle phase due to the
condensation of other oxidized organic species present. While a direct comparison between this
work and the study by Vander Wall et al., 2018 cannot be made due to differences between
experimental conditions, organic nitrate precursor, and seed particle/substrate, their results
highlight that the measured y for APN uptake by dry ammonium sulfate seed aerosol (i.e., least
reactive aerosol system) could be driven by such a burying process rather than hydrolysis. This
burying mechanism could also be important in the relatively high RH, acidic seed experiments,
whereby unreacted APN becomes buried in the particle phase by formation of lower-volatility
hydrolysis products, which include alpha-pinene diols and acid-catalyzed oligomers (Surratt et
al., 2010). In a different comparison, Gaston et al., 2014 found that the y value for an isoprene-
derived epoxydiol (IEPOX) onto seed particles with a similar acidity to our experiments was
2x10. This value is slightly less (indicating slower reactivity) than what was experimentally

determined here (2.24x10™). The greater reactivity could be due to the nitrate group on APN,
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which acts as a better leaving group than the diols, leading to faster reactive uptake and thus a

larger uptake coefficient.

3.3.2 Mass accommodation coefficient

To better understand the gas uptake process of APN by ammonium sulfate seed aerosol,
the mass accommodation coefficients (o), also known as the sticking probability, were calculated
at different RH and pH. a is the probability that a gas molecule, upon collision with the aerosol
phase, gets incorporated in the aerosol, and is affected by the rate of adsorption and reaction
between the gas and components in the particle phase. While o is affected by heterogeneous
reactivity, it is important to note that it is not equivalent to y. The difference in o and vy, in fact,

represents the fraction of gas molecules that get incorporated in the aerosol but do not react.
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Figure 3.7. Calculated mass accommodation coefficients at different seed particle acidities and
RH values. The error bars assigned here are from the calculated standard deviations between
separate trials.
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a was calculated using the Fuchs-Sutugin approach (Fuchs and Sutugin, 1970) using Eq.
2.9. Figure 3.7 and Table 3.1 show how a differed under the different experimental conditions in
this study. The measured a values indicate a relatively low probability of APN sticking to the
aerosol surface upon collision. Previous studies show o for other organic nitrates range from 1 to
0.001 (Liu et al., 2019; Pound, 1972; Saleh et al., 2013; Grieshop et al., 2007; Grieshop et al.,
2009; Zhang et al., 2014), meaning that only in the presence of acidic seed aerosol at RH=70% is
APN mass accommodation within previously observed ranges. Previous studies have found that
the volatility of the gas phase organic nitrate drives mass accommodation (Krechmer et al.,
2017). Using a model to calculate a for APN based on its pure compound volatility (Capouet et
al., 2006; Liu et al., 2019, Shiraiwa and Pdschl 2021), a. was predicted to be an order of
magnitude larger than what was measured. This implies that for the APN system, o was affected
by factors other than volatility. These factors could include but are not limited to aerosol phase,
other gas phase constituents that adsorb first or co-adsorb with APN, and mass accommodation
time scales.

The gas phase constituents studied in previous experiments are lower volatility than
APN. As the molecules in the aerosol repartition and reach equilibrium with their gas-phase
concentrations (Grieshop et al., 2007), more of these lower volatility gases will remain in the
particle phase compared to APN. Although more studies are needed to elucidate the mechanisms
that impact o for APN, the a values presented in this thesis increased with seed particle acidity,
which is consistent with y and ki1 calculated in this work and in previously described studies
(Darer et al., 2011; Hu et al., 2011; Liu et al., 2012; Nguyen et al., 2014; Gaston et al., 2014;
Boyd et al., 2015; Boyd et al., 2015; Rindelaub et al., 2015; Rindelaub et al., 2016; Bean and

Hildebrandt Ruiz 2016; Boyd et al., 2017; Ng et al., 2017; Morales et al., 2019; Takeuchi and
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Ng 2019). Trends in o with pH and RH were consistent with y and were observed to increase
with decreasing RH. The acidic seed case at RH=70% had the highest a, suggesting that the
liquid states and acidity of the seed aerosol promote transfer of APN from the gas to the particle
phase. Under more acidic conditions, APN will form a larger quantity of lower volatility, acid-
catalyzed oligomerization products (Perraud et al., 2012). At higher RH, these products may
form more rapidly potentially increasing the viscosity of the aerosol and hinder the mass transfer
of unreacted APN to the particle phase, leading to the decrease in a. as RH increased. As the
structure and composition of aerosol becomes more complex, heterogenous interactions with
APN become harder to predict and model (Pfrang, Shiraiwa, and Péschl. 2011), making it
important to understand the factors that affect mass accommodation and the way that APN

uptake changes particle phase and composition.

50



CHAPTER 4: CONCLUSIONS, ATMOSPHERIC IMPLICATIONS AND FUTURE WORK
4.1 Conclusions

Heterogeneous reactive uptake coefficients were measured for the first time for an alpha-
pinene-derived hydroxy nitrate (APN) following uptake to ammonium sulfate aerosol at different
RH and particle acidity. First-order loss rates were on the order of 1.6x1073 s — 7.6x10% s,
which increased with increasing particle acidity and RH. We attribute the enhanced first-order
loss rates by uptake onto acidified seed particles to acid-catalyzed hydrolysis of APN, which has
been theorized to be the main aerosol sink of organic nitrates. Increased RH led to increased
observed loss rates of APN due to the additional reactant, H.O, which participated in the
hydrolysis of APN. However, the observed loss rates of APN due to increasing RH were less
pronounced than with increasing seed particle acidity. Additional liquid water in the particle
phase at high RH is hypothesized to reduce the nucleophilic strength of the bulk aerosol solution,
which slows down the initiation of the hydrolysis mechanism. This attenuation in the observed
loss of APN, however, is not enough to completely overcome the additional ionic strength due to
the presence of the acid in acidic seed particles.

Reactive uptake coefficients were measured to be 1.0x10™ — 7.3x10™. Like the observed
first-order loss of APN, y increased with increasing seed particle acidity. However, after
accounting for changes in particle surface area due to the growth of the particles at higher RH,
the fraction of reactive collisions between APN and ammonium sulfate aerosol decreased with
increasing RH, in contrast to ki:. The enhanced reactive uptake coefficients with increasing seed
particle acidity implies that the acid-catalyzed hydrolysis is a significant driver in the
heterogeneous reactive uptake of APN. The slower reactive uptake of APN measured at the

higher RH could result from the reduction in the nucleophilic strength of the aerosol in the
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presence of a greater fraction of liquid water in the particles. Alternatively, at the lower RH, a
potential “burying” mechanism could occur whereby APN gets taken up but does not re-partition
to the gas phase due to the formation of a viscous organic layer, in analogy to the study by
Vander Wall et al., 2018. Based on the ratio of y to a, the results suggest that approximately 30-
55% of the APN molecules that were accommodated underwent reaction, i.e., 45%-70% of the
APN molecules remained mobile (unreacted) after they adsorbed to the particles. This has
important implications for the lifetimes of APN after it is taken up by aerosol, which could affect
our understanding of secondary organic aerosol growth,
4.2 Atmospheric Implications

The observed first-order loss rates imply a short lifetime of APN in the gas phase in the
presence of aerosol under atmospherically relevant conditions. The greater heterogeneous loss of
APN with increasing seed particle acidity may be relevant for areas with higher levels of coal
burning and industrial manufacturing where reactions between SO and water can lead to the
formation of more acidic aerosol. The conversion of semi-volatile APN to lower volatility
hydrolysis products in the presence of acidic particles could lead to greater aerosol mass growth,
affecting the size of particles and thus atmospheric visibility and the hygroscopicity of aerosol in
these areas. The formation of these lower-volatility products could further impact particle
physicochemical properties, including phase state (Slade et al., 2019). The formation of APN in
the atmosphere acts as a reservoir for NOy, a precursor to tropospheric ozone. Hydrolysis in the
particle phase and the loss of RONO> may slow the formation of tropospheric ozone. The rates of
uptake of APN imply that APN hydrolyzes and removes NOx from the atmosphere on timescales
in which it will not be transported to otherwise “clean air” areas that are downwind from regions

with high levels of traffic. These results suggest that the formation and uptake of APN acts as an
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effective sink for NOx and thus slows the production and limits the long-range transport of Oz.
The changing uptake rates with different particle pH and RH also emphasizes the need for more
ambient measurements of aerosol pH and levels of particulate organic nitrogen under differing

environmental conditions.

4.3 Future Work

Further studies could be performed across a wider range of RH and aerosol pH and in the
presence of different seed aerosol. More knowledge on the way different atmospheric conditions
affect uptake rates can be used for more accurate modeling of urban pollution transport and
parametrizations of the fate of NOx in different regions.

Future work should investigate specifically how uptake of APN affects particle
physicochemical properties including phase state, morphology, and hygroscopicity and vice
versa. The growth of organic mass on inorganic salt particles is known to alter aerosol
interactions with water vapor (Wu et al., 2018). Incorporation of liquid water in the particles can
alter particle phase (viscosity) and may promote greater transfer of APN from the particle surface
to the bulk in addition to greater hydrolysis rates. Future efforts should evaluate the importance
of particle viscosity in modulating the uptake of APN in comparison to hydrolysis. For example,
experiments could be performed whereby model hydrophobic aerosols with different viscosities
could be introduced in the presence of APN.

This study only considered the heterogeneous reactivity of one isomer of APN, yet we
understand from other studies that carbon chain length, location of the nitrate on the molecule

(primary, secondary, and tertiary) all impact the hydrolysis rates of organic nitrates. Additional
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experiments building off this thesis should consider different isomers of APN to understand how

molecular structure changes the rate of uptake of these important organic nitrates.
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