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ABSTRACT

Low-temperature combustion (LTC) represents a promising technology being deployed in
emerging advanced compression ignition (ACI) engines. These engines have the potential to
reach higher thermal efficiencies and substantially reduce NOy and particulate soot (i.e.,
elemental carbon) emissions. For certain hydrocarbon fuels, LTC is dominated by chain-
branching reactions involving peroxy radicals (RO2) within the 500K — 700K temperature range.
This reaction sequence aligns with a phase referred to as low-temperature heat release (LTHR) or
‘cool flame', causing the fuel to display two-stage ignition characteristics. This distinctive
behavior plays a vital role in defining autoignition timing and, consequently, the comprehensive
performance of ACI engines. This dissertation presents our findings on the formation of 'first-
stage organic aerosols (OA)' that occur within the same temperature range as LTHR. We
demonstrate, through a series of online and offline measurements, that first-stage OA have
fundamentally different formation pathways than what is traditionally recognized for second-
stage OA, or incipient soot, that forms at relatively higher temperatures (>1000K). We further
established that first-stage OA is comprised of highly oxygenated compounds we refer to as

oxygenated primary organic aerosols (OxyPOA), which retains chemical properties similar to



those of secondary organic aerosols (SOA). We also provide evidence of OxyPOA in emissions
from spark-ignition and ACI engines, illustrating the relevance of elucidating OxyPOA
formation to understanding OA pollution in current and future urban atmospheres.

Motivated by the necessity of fuel additives in ACI engines that inhibit radical formation to
reduce LTHR and enhance autoignition timing, we extended our investigation to include three
additives with differing inhibitory capacities. We mixed each additive with a two-stage ignition
fuel, to investigate their effects on the formation of first-stage OA. The results demonstrated that
additives with a stronger inhibitory nature were more successful in suppressing first-stage OA
formation. Furthermore, each additive displayed unique influences on the chemical makeup of

the resulting first-stage OA.
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CHAPTER 1

INTRODUCTION
1.1. Background
There are more than one billion cars on the road today, 99% of which are powered by an internal
combustion engine (ICE) (Chesterton, 2018). ICEs operating on fossil fuels consume about 25%
of the world’s energy (about 3000 out of 13,000 million tons oil equivalent per year) (Reitz et al.,
2020). The U.S. Energy Information Agency (EIA) reported in its annual energy outlook 2022
that the projection in the year 2050 of hydrocarbon and biofuel combustion would still be 97% of
the total transportation energy consumed (Nalley & LaRose, 2022). Stringent emissions
regulations imposed to lower carbon footprints and the impact of other pollutants on the
environment and human health, require new ICE technologies that deliver higher conversion
energy and lower emissions. Advanced compression ignition (ACI) technology, which relies on
low-temperature combustion (LTC), has been proposed as a next-generation strategy in internal
combustion engines. A range of ACI modes have been shown experimentally to offer high brake
thermal efficiency with low soot and NOx emissions compared to conventional compression
ignition engines (Bedoya et al., 2012; Reitz & Duraisamy, 2015). Several research efforts are
focusing on the integration of new biofuels with new ACI engine technologies, such as the U.S.
DOE Co-Optimization of Fuels and Engines (Co-Optima) program and the Spark Controlled
Compression Ignition (SPCCI) approach in Mazda’s Skyactiv-X engines. Combustion particulate
(aerosol) emissions affect the quality of the air we breathe and are the most potent in terms of

health (Donaldson et al., 2005; Lawal et al., 2016; Mazzoli-Rocha et al., 2014) and climate



impacts (Bond et al., 2013; Pachauri et al., 2014) compared to other kinds of atmospheric
aerosols. Thanks to major advancements in control technologies prompted by increasingly
stringent regulation, the contribution of vehicle emissions to atmospheric aerosols has decreased
significantly over the past few decades (Berggren & Magnusson, 2012). However, vehicle
emissions still constitute an important fraction of atmospheric aerosols in urban regions
(Calderon-Garciduerias & Ayala, 2022). A product of a series of complex chemical and physical
processes (Johansson et al., 2018; Michelsen, 2017; Wang, 2011), combustion aerosols are
comprised of a multitude of carbonaceous compounds with poorly characterized chemical and
physical properties. There are major gaps in our understanding of the formation of these aerosols,
and the gaps grow wider when advanced biofuels and LTC technologies are in question. As will be
discussed later, LTC systems feature lower temperatures and higher pressures than conventional
systems (Heywood & Welling, 2009; Silke et al., 2009; Yao et al., 2009) and are expected to
produce substantially different aerosol and gaseous emission profiles than conventional
combustion systems. Consequently, while the technology behind biofuel low-temperature
combustion has been rapidly developing, there is a lack of understanding of the pollution formed
under LTC conditions. This leads to uncertainty in how an anticipated large-scale shift towards
such systems impacts public-health and climate patterns.

1.2. Low temperature combustion (LTC)

Compression ignition (CI) engines suffer from high emissions of NOx and soot aerosols. These
emissions have been significantly reduced in the last two decades by employing in-cylinder
emission reduction strategies such as exhaust gas recirculation (EGR), higher fuel injection
pressure, and varying fuel injection timing (Ahire et al., 2021). For current and future emission

standards, these modifications need to be combined with exhaust after-treatment devices to



further decrease emissions which adds new challenges like higher cost, durability issues and
larger space requirements in comparison to the engines without exhaust after-treatment
technologies (Ahire et al., 2021). Therefore, in-cylinder combustion strategies need to be
significantly improved for higher thermal efficiency as well as further reduction in engine-out
emissions so that dependence on the aftertreatment technologies can also be reduced.

Advanced compression-ignition (ACI) is a next-generation strategy in internal combustion
engines that aims to achieve high efficiency while maintaining low levels of pollution emissions
(Dec, 2009; Dec & Hwang, 2009; Moses-DeBusk et al., 2019). Several ACI technologies have
been proposed, including homogeneous charge compression-ignition (HCCI), premixed charge
compression ignition (PCCI) (Epping et al., 2002; Stanglmaier & Roberts, 1999; Thring, 1989;
Zhao et al., 2003), and reactivity controlled compression-ignition (RCCI) (Reitz & Duraisamy,
2015; Splitter et al., 2011), as well as concepts that combine different ACI strategies (Kang et al.,
2019; Ortiz-Soto et al., 2019). All these approaches rely on low-temperature combustion (LTC)
to reduce pollutant emissions by avoiding the NOx-soot tradeoff that occurs at the combustion
conditions typical for conventional diesel combustion (CDC) (Agarwal et al., 2017; Han, 2013).
Autoignition and combustion timing are major obstacles impeding ACI development and
constricting its operating range (Maurya et al., 2018; Saxena & Bedoya, 2013). Autoignition is
defined as the ignition of the air-fuel mixture because of the heat produced from exothermic
oxidation reactions without the use of an external heat source such as spark plugs (Affens &
Sheinson, 1980; Machrafi, 2010). The autoignition behavior in ACI engines is predominantly
influenced by low temperature chemical kinetics, wherein the molecular structure of the fuel has
a significant impact. Certain hydrocarbon fuels undergo a sequence of chain branching reactions

at low temperatures (<850 K), involving H-abstraction and isomerization of alkyl (RO.) radicals



(Westbrook, 2000). These chain reactions eventually release OH radicals, which contribute to the
observed heat release during LTC, known as low temperature heat release (LTHR) (Saxena &
Bedoya, 2013; Westbrook, 2000). Fuels characterized by longer and linear structures containing
higher proportion of secondary C-H bonds, demonstrate an enhanced rate of isomerization.
Therefore, these fuels exhibit a more pronounced low temperature heat release (LTHR)
compared to fuels with branched structures (Curran et al., 1998; Lu et al., 2011; Ranzi et al.,
1995; Ribaucour et al., 2000; Saxena & Bedoya, 2013). Those fuels exhibiting a low temperature
heat release (LTHR) are classified as two-stage ignition fuels. The time delay between the two
stages is known as the negative temperature coefficient (NTC). The second stage, or the main
autoignition phase, involves the breakdown of hydrogen peroxide (H.O2) that accumulated
during NTC at a temperature of around 1000 K, which releases large amounts of OH radicals,
consequently instigating a further temperature increase. The occurrence of LTHR in two-stage
ignition fuel prompts a progression in the combustion phasing, leading to an earlier onset of the
second stage ignition (Saxena & Bedoya, 2013; Westbrook, 2000).

1.3. Fuel additives in ACI

In ACI combustion, the selected fuels need to exhibit a broad spectrum of auto-ignition
properties to accommodate a wide range of operations. Given ACI's dependence on autoignition,
fuels with high reactivity and low octane ratings can provide a benefit due to their decreased
resistance to autoignition. However, their usability can be constrained during high engine loads
with fuel-rich conditions due to the high LTHR, leading to excessively early ignition and knock
tendencies for richer fuel/air mixture (Peng et al., 2005). Conversely, fuels with a high-octane
rating (i.e., low reactivity) could potentially counteract this issue. Still, they underperform during

lower loads and cold start conditions (Lu et al., 2011; Maurya et al., 2018).



The use of fuel blends and additives has been proposed as an effective approach to expand the
operational range of ACI. Combining fuels with contrasting reactivities or introducing additives
into a two-stage base fuel can effectively suppress the formation of OH radicals, and thus
delaying the onset of the main ignition phase. Shibata et al. (Shibata et al., 2005) defined this
effect as the "LTHR inhibitor effect.”

Primary reference fuels (PRFs) are a very common example of blending two fuels with different
reactivities to generate mixtures with varying autoignition properties and are used to estimate
research octane numbers (RON) and knocking tendencies for fuels in engines. PRFs are blends
of n-heptane, a straight-chain alkane with a characteristic two-stage ignition behavior and LTHR,
which carries a RON value of 0, and isooctane, a branched-chain alkane known for its single-
stage ignition behavior, assigned a RON value of 100. The ratio of isooctane in a PRF blend has
a direct impact on its autoignition properties. By increasing the isooctane content, the LTHR
decreases linearly, resulting in a corresponding linear increase of the RON (Lu et al., 2011,
Machrafi, 2008; Tanaka et al., 2003; Wagas et al., 2018). Additives that display similar behavior
of inhibiting LTC reactivity include ethanol, methanol, toluene, and n-butanol (Hashimoto, 2007,
Herrmann et al., 2014; Lee et al., 2019; Lu et al., 2011; Li et al., 2006; Machrafi, 2008; Saisirirat
et al., 2010; Saisirirat et al., 2011; Shibata & Urushihara, 2007; Wagas et al., 2018). In addition
to some advanced biofuels that demonstrated superior octane boosting capabilities such as
dimethyl ether (DME) (Burke et al., 2015; Herrmann et al., 2014; Rodriguez et al., 2015) and furan
derivatives, including 2-methylfuran (2-MF) (Alexandrino, 2020; Singh et al., 2018) and 2,5-

dimethylfuran (DMF) (Alexandrino, 2020; Chen et al., 2013; Fioroni et al., 2022; Liu et al., 2013).



The enhancements in autoignition these additives offer can be credited to their proficiency in
radical scavenging. Take DMF and ethanol as examples—both induce a non-linear decrease in
LTHR when incorporated as additives. Yet, DMF provides more reaction pathways that consume
LTC radicals, leading to a more pronounced non-linearity than ethanol, which ultimately translates
to superior octane boosting efficiency (Fioroni et al., 2022). This characteristic is responsible for
the synergistic behavior certain inhibitors show for RON when used as additives. Synergistic
blending refers to the phenomenon where the addition of these compounds results in higher RON
values than what would be expected based on a linear-blending model. On the other hand, some
additives show an antagonistic blending behavior, where the blend RON is less than that predicted
by a linear-blending model (Anderson et al., 2012; Foong et al., 2014; McCormick et al., 2017;
Yuan et al., 2017). For instance, ethanol blend synergistically with isooctane, n-heptane, n-pentane,
cyclopentane, and n-hexene but antagonistically with toluene (Badra et al., 2017; Foong et al.,
2014). Both 2MF and DMF have been observed in several studies to have a significantly larger
synergistic effect than ethanol (Christensen et al., 2011; Fioroni et al., 2022; McCormick et al.,
2017; Singh et al., 2018).

1.4. Aerosol Characterization in LTC

Generally, in combustion literature, the terms ‘soot’ or ‘particulate matter (PM)’ are used to
describe aerosol combustion emissions that are comprised of solid aggregates of elemental
carbon (EC) that are linked to the main stage ignition. The mechanisms of aerosol formation
during the second ignition stage (> 1000 K) are well established as part of the soot formation
process. This initiates with the formation of small aromatic species which grow into polycyclic
aromatic hydrocarbons (PAHSs). Through the assistance of radical chain reactions, these PAHs

amalgamate with other hydrocarbons to spawn condensable organic aerosols (OA), signifying



the initial stage of incipient soot formation (Frenklach & Wang, 1991; Michelsen, 2017; Wang,
2011). As temperature rises, these OAs undergo a series of dehydrogenation and clustering,
eventually forming Elemental Carbon (EC) or mature soot (Michelsen, 2017). The
transformation from incipient to mature soot is governed by the combustion conditions. Worth
noting is the significance of EC's equivalence to black carbon (BC)—a potent light-absorbing
material with a considerable contribution to climate warming (Bond et al., 2013) in the
atmospheric science domain. Additionally, incipient soot, which may also bear light-absorbing
qualities in the near-ultraviolet and visible wavelengths, constitutes a major portion of
atmospheric brown carbon (BrC) (Saleh et al., 2018), further emphasizing the relevance of these
emissions in climate discussions.

Previous studies have reported substantial decrease of mature soot production in engines
(Hanson et al., 2010; Kumar & Saravanan, 2016; Lee et al., 2003; Reitz & Duraisamy, 2015;
Sellnau et al., 2016; Sellnau et al., 2015; Soloiu et al., 2018) and constant-volume combustion
chambers (Fattah et al., 2018; Liu et al., 2012) operated in LTC mode. However, these reports
are based on optical techniques that are tailored for measuring CDC aerosol emissions, which are
dominated by mature soot. The most common method is the filter smoke number (FSN) obtained
from reflectance measurements of particles collected on a filter (Ciatti et al., 2013; Sellnau et al.,
2016; Sellnau et al., 2015; Storey et al., 2017). Other methods include smoke and opacity meters
which also operates based on light-extinction techniques (An et al., 2018; Kumar & Saravanan,
2016; Soloiu et al., 2018). All these techniques exploit the strong light-absorptive nature of
mature soot and convert the observed light absorption into particle mass based on either
calibration against or assumed light-absorption properties of mature soot (or BC), since they

were originally developed to quantify aerosol emissions mainly from diesel combustion, which



have long been established to be mostly comprised of mature soot. Because LTC emissions are
dominated by OC, which is significantly less absorptive than EC (Moses-DeBusk et al., 2019),
these techniques would severely underestimate the mass loadings of incipient soot as reported in
recent studies that used different measurement techniques that do not use light absorption and are
therefore not specific for mature soot.

Northrop et al. (Northrop et al., 2011) showed that even though the production of EC (i.e. mature
soot) was largely reduced in LTC of biodiesel, the emissions contained considerable amounts of
OA that were characterized using electrical mobility measurements. Lucachick et al. (Lucachick
et al., 2016) conducted measurements of particle size distributions from an engine functioning in
a dual-fuel ACI mode, utilizing gasoline and diesel. Their findings revealed a predominance of
volatile particles. Other studies have revealed that, even at lower FSN and particle number
emissions, engines operated in ACI modes are capable of emitting a substantial mass, evident
from the material collected on the sampling filter (Prikhodko et al., 2010; Storey et al., 2017).
Moses-DeBusk et al. (Moses-DeBusk et al., 2019) reported that the aerosol emissions from an
engine operated at HCCI conditions were dominated by OA, as obtained using an OC-EC
analyzer. Consequently, the aerosol mass emission rate measured using a Micro Soot Sensor was
an order of magnitude smaller than that measured using the OC-EC analyzer, emphasizing the
inadequacy of instruments tailored to detect mature soot at quantifying LTC aerosol emissions.
1.5. Objectives and summary of chapters

This dissertation aims to illuminate the characteristics and formation of “first-stage’ aerosols that
are associated with first-stage ignition exhibited by two-stage ignition fuels. Such insights are
crucial in evaluating the potential atmospheric impacts of prospective next-generation engine

technologies. The dissertation is structured around three central objectives: a) investigate the



difference in physicochemical properties between first and second-stage aerosols emitted from
controlled-combustion experiments; b) scrutinize the formation trajectories of first-stage
aerosols, their ubiquity in engine emissions, and their potential implications for urban
atmospheres; and c) assess the effect of additives, used to enhance ignition properties in ACI, on
the development and characteristics of first-stage aerosols. The dissertation is structured as
follows:

In Chapter 2, combustion experiments were conducted with toluene and n-heptane in an
atmospheric-pressure reactor, maintained at a constant equivalence ratio (¢ = 2.3) and O2/N2 =
0.06. Temperatures were systematically varied from 250 °C to 1035 °C. We chose fuels based on
their unique characteristics: toluene, an aromatic compound, and n-heptane, a linear alkane
notable for its two-stage ignition behavior. We performed real-time measurements of aerosol size
distributions, volatility, and light-absorption properties, along with offline molecular-size
characterization. Aerosols emitted from both fuels consisted of light-absorbing organics,
classified as BrC. At the peak combustion temperature of 1035 °C, aerosol emissions from
toluene combustion were twenty times larger than those from n-heptane. Furthermore, aerosol
emissions from toluene combustion contained larger molecular-size species, were less volatile,
and more light absorbing than those from n-heptane. In terms of both fuels, a sharp decline in
aerosol emission factors was noticed with decreasing temperatures. However, a resurgence of
aerosol emissions was observed at lower temperatures, peaking at 290 °C for n-heptane
combustion, which was not seen for toluene. These findings align with chemical kinetic
simulations, verifying that n-heptane consumption during first-stage ignition align with first-

stage OA emission profiles.



Chapter 3 highlighted the discovery of oxygenated primary organic aerosols (OxyPOA) in the
first-stage OA and tied them to engine emissions. This investigation was conducted in
collaboration with the Oak Ridge National Lab (ORNL) and the Pacific Northwest National Lab
(PNNL). The study involved collecting gas and first-stage OA samples that were emitted during
n-pentane LTC, a fuel with two-stage ignition behavior, to understand the formation pathways of
first-stage OA. We also obtained filters from ORNL of aerosol samples that represent three
different scenarios of emissions from engines: 1) cold starts from spark ignition engine, and an
engine operated in 2) ACI mode, and 3) conventional diesel combustion (CDC) mode. The
chemical speciation of all these samples revealed similarities between first-stage OA and
samples from ACI and cold start, both of which contained highly oxygenated compounds we
identified as OxyPOA, which retains chemical properties similar to those of secondary organic
aerosols (SOA). This insight contests the prevailing belief that oxygenated OA chiefly consists
of SOA, while urban POA, which originates from the combustion of hydrocarbon fuels in
engines, is primarily hydrocarbon-like OA (HOA). Furthermore, these results emphasize the
importance of exploring OxyPOA formation in our pursuit to comprehend OA pollution in
contemporary and future urban environments.

In Chapter 4, we explored the effects of incorporating fuel additives that enhance ignition
properties in ACI on first-stage OA formation. Additives are used for their ability to provide
better control of combustion timing by inhibiting radicals’ activity displayed by two-stage
ignition fuels. We carried out controlled-combustion experiments maintained at temperatures
relevant to LTC and constant equivalence ratio (¢ = 1) and O2/N2 = 0.1, using three binary fuel
mixtures. Each mixture utilizes n-heptane as the primary fuel and is combined with one of three

distinct additives: ethanol, toluene, and DMF, each known for their unique radical scavenging

10



capabilities. Our findings highlighted that additives possessing a strong inhibitory nature and
demonstrating synergistic behavior towards RON were markedly more effective in curbing the

formation of first-stage OA, as opposed to those exhibiting antagonistic behavior.
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Abstract

Advanced low-temperature combustion (LTC) has emerged as a promising strategy for reducing
pollutant formation in internal combustion engines. However, there is a lack of understanding of
how the chemistry governing the differences in ignition behavior between low-temperature and
conventional combustion affects emission rates and physicochemical properties of particulate
matter (aerosols). To provide insight on this question, we conducted combustion experiments
using toluene and n-heptane in an atmospheric-pressure reactor controlled at constant
equivalence ratio (¢ = 2.3) and O2/N2 = 0.06, and at temperatures varied in a stepwise fashion

between 250 °C and 1035 °C. The selection of these two fuels was based on the following:

toluene is an aromatic compound with high sooting propensity while n-heptane, a linear alkane,
has a comparatively lower sooting propensity but exhibits clear two-stage ignition that involves
negative temperature coefficient (NTC) behavior governed by a sequence of peroxy-radical-
mediated chemistry that is not present in toluene combustion. We performed real-time
measurements of aerosol size distributions, volatility, and light-absorption properties. We also
performed offline molecular-size characterization. Aerosols emitted from both fuels were

comprised of light-absorbing organics that are categorized as brown carbon. At the highest
combustion temperature (1035 °C), the aerosol emissions from toluene combustion were a factor
of 20 larger than n-heptane. The aerosol emissions from toluene combustion had more
abundance of large molecular-size species, were less volatile, and were more light-absorbing
than n-heptane. For both fuels, aerosol emission factors exhibited a steep drop with decreasing

temperatures. However, there was a resurgence in aerosol emissions at lower temperatures with a

peak at 290 °C for n-heptane combustion that was not observed for toluene. This is consistent

19



with chemical kinetics simulations conducted at the experimental conditions, where fuel

consumption rates show prominent NTC behavior for n-heptane, but not for toluene.
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2.1. Introduction

Advanced compression-ignition (ACI) is a next-generation strategy in internal combustion
engines that aims to achieve high efficiency while maintaining low levels of pollution emissions
(Dec, 2009; Dec & Hwang, 2009; Moses-DeBusk et al., 2019). Several ACI technologies have
been proposed, including homogeneous charge compression-ignition (HCCI), premixed charge
compression ignition (PCCI) (Epping et al., 2002; Stanglmaier & Roberts, 1999; Thring, 1989;
Zhao et al., 2003), and reactivity controlled compression-ignition (RCCI) (Reitz & Duraisamy,
2015; Splitter et al., 2011), as well as hybrid concepts that combine different ACI strategies
(Kang et al., 2019; Ortiz-Soto et al., 2019). All these approaches rely on low-temperature
combustion (LTC) to reduce pollutant emissions by avoiding the NOx-soot tradeoff that occurs
at the combustion conditions typical for conventional diesel combustion (CDC) (Agarwal et al.,

2017; Han, 2013). The widely accepted model (Kitamura et al., 2003) is that NOx forms at high

temperatures (T > 1900 °C) and fuel-lean conditions (equivalence ratio, ¢ < 1) while soot forms

at relatively lower temperatures (T = 1100 °C — 1700 °C) and fuel-rich conditions (¢ > 2). CDC

systems involve inhomogeneous combustion conditions with respect to fuel/air mixing and
temperature. As a result, conditions in those systems span both the soot- and NOx-formation
regions. Any alterations to engine operation within the CDC environment would push the
conditions further into one of these two regions, hence the NOx-soot tradeoff (Dec, 2009). On
the other hand, the premixing and ignition delay employed in LTC engines allow for a more
homogeneous fuel-lean combustion at temperatures substantially lower than CDC, thus avoiding
both soot and NOx formation regions. Given the strong dependence of NOx formation on
combustion temperature, its near-elimination in LTC is certain. However, the elimination of soot

formation in LTC is not as straightforward.
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The terminology concerning aerosols, or particulate matter, in combustion emissions can be
confusing. Therefore, it is important to explain the terminology that we adopt in this paper. In
combustion engines literature, and to a certain extent in atmospheric science literature, the term
“soot” is used to represent aerosol combustion emissions that are comprised of solid aggregates
of elemental carbon (EC). EC is also often used synonymously with black carbon (BC) in the
atmospheric science literature due to its black appearance (strong light absorption in the visible
spectrum) (Bond & Bergstrom, 2006). However, depending on the combustion conditions, a
significant fraction of aerosol combustion emissions can be organic and is referred to as organic
aerosol (OA) or organic carbon (OC) (i.e. when only accounting for the carbon content of the
organic molecules). In fact, OA can form through the same soot-formation route as EC, which
involves growth and aggregation of polycyclic aromatic hydrocarbons (PAHs) (Michelsen, 2017,
Wang, 2011) but under conditions that are not conducive for the completion of the soot-
formation process. To emphasize this connection, Michelsen (Michelsen, 2017) refers to this OA
as “incipient soot” and the solid aggregates, mostly EC aerosols as “mature soot.” In this paper,
we adopt the Michelsen terminology, and hereafter, we add (mature) before “soot” when
referencing previous studies to emphasize that what those studies refer to as “soot” is indeed
“mature soot.” We have shown that incipient soot comprises a major fraction of atmospheric
brown carbon (BrC) (Saleh et al., 2018). BrC, or light-absorbing OA, is less absorptive than BC
in the visible spectrum and exhibits absorption more skewed toward the short wavelengths,
which gives it its brown color (Andreae & Gelencsér, 2006; Laskin et al., 2015). BC, mostly
comprised of elemental carbon, has relatively constrained light-absorption properties while BrC
is comprised of a multitude of organic species with light-absorption efficiencies that vary over

several orders of magnitude (Bond et al., 2013; Saleh, 2020). BrC plays an important role
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alongside BC in absorbing solar radiation and climate forcing (Bond et al., 2013; Saleh, 2020).

For completeness, we note that OA in combustion-engine emissions also includes organic

species other than incipient soot (e.g. from lubricating oil (Worton et al., 2014)), and altogether,

OA emissions from combustion are referred to as primary organic aerosol (POA). For readers

not familiar with aerosol terminology, we summarize the key definitions discussed in this

paragraph in Table 2.1.

Table 2.1. Summary of definitions of key terms related to combustion aerosols

Term Definition
Mature soot Solid aggregates of mostly elemental carbon emitted from
(Michelsen, incomplete combustion.
2017) Often referred to as just “soot” in both combustion and

atmospheric science literature.

Incipient soot Organic aerosol emitted from incomplete combustion that form
(Michelsen, through the same soot-formation route as mature soot but under
2017) conditions (e.g. low temperature) not conducive for the completion

of the soot-formation process.

Is categorized as POA.

Can be light-absorbing and thus categorized as brown carbon
(BrC)

Black carbon
(BC) (Bond &
Bergstrom, 2006)

Comprised mostly of elemental carbon, it is defined operationally
based on its black appearance (strong light absorption in the
visible spectrum).

Its definition largely overlaps with that of mature soot.

Brown carbon
(BrC) (Andreae
& Gelencsér,
2006)

Light-absorbing organic aerosol (OA).

Defined operationally based on its light-absorption properties that
exhibit strong wavelength dependence in the visible spectrum
(increased absorption toward short wavelengths), thus giving it a
brown appearance.

Previous studies have reported substantial decrease of (mature) soot production in engines

(Hanson et al., 2010; Kumar & Saravanan, 2016; Lee et al., 2003; Reitz & Duraisamy, 2015;

Sellnau et al., 2016; Sellnau et al., 2015; Soloiu et al., 2018) and constant-volume combustion

chambers (Fattah et al., 2018; Liu et al., 2012) operated in LTC mode versus CDC mode.

However, these reports are based on optical techniques that are tailored for measuring CDC
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aerosol emissions, which are dominated by mature soot. The most common method is the filter
smoke number (FSN) obtained from reflectance measurements of particles collected on a filter
(Ciatti et al., 2013; Sellnau et al., 2016; Sellnau et al., 2015; Storey et al., 2017). Other
techniques include the commercially available Opacimeter (Kumar & Saravanan, 2016) and
Micro Soot Sensor (An et al., 2018; Soloiu et al., 2018), as well as other light-extinction
techniques (e.g. forward illumination light extinction) (Liu et al., 2012). All these techniques
exploit the strong light-absorptive nature of mature soot and convert the observed light
absorption into particle mass based on either calibration against or assumed light-absorption
properties of mature soot (or BC). Because LTC emissions are dominated by OC , which is
significantly less absorptive than EC (Moses-DeBusk et al., 2019), these techniques would
severely underestimate the mass loadings of aerosols emitted under LTC conditions (Storey et
al., 2017).

Realizing that the aerosol emissions in LTC are dominated by OA, several studies have applied
aerosol characterization techniques that do not rely on light absorption and are therefore not
specific for mature soot. Northrop et al. (Northrop et al., 2011) showed that even though the
production of EC (i.e. mature soot) was largely reduced in LTC of biodiesel, the emissions
contained considerable amounts of OA that were characterized using electrical mobility
measurements. Lucachick et al. (Lucachick et al., 2016) reported that the aerosol emissions in
LTC (PCCI and RCCI) contained substantially less (mature) soot than CDC and were dominated
by semi-volatile OA, as shown by volatility tandem differential mobility analysis. Storey et al.
(Storey et al., 2017) reported that while the FSN method predicted negligible aerosol emissions
from an engine operated in RCCI mode compared to CDC mode, gravimetric analysis showed

that the mass loadings of aerosol emissions from the two modes were of the same order of
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magnitude. Moses-DeBusk et al. (Moses-DeBusk et al., 2019) reported that the aerosol emissions
from an engine operated at HCCI conditions were dominated by OA, as obtained using an OC-
EC analyzer. Consequently, the aerosol mass emission rate measured using a Micro Soot Sensor
was an order of magnitude smaller than that measured using the OC-EC analyzer, emphasizing
the inadequacy of instruments tailored to detect mature soot at quantifying LTC aerosol
emissions.

The studies summarized above demonstrate that LTC suppresses (mature) soot production but it
can potentially lead to significant OA production. However, while the framework for the
chemistry governing autoignition at LTC conditions is well understood as a degenerate chain-
branching mechanism (Zador et al., 2011), the dependence of aerosol emission rates and their
physicochemical properties on combustion temperature within LTC conditions is not. In this

study, we performed controlled-combustion experiments at temperatures relevant for LTC

conditions (< 1035 °C) and quantified the aerosol emissions and characterized their molecular

sizes, volatility, and light-absorption properties. The experiments involved two structurally
different fuels (toluene and n-heptane) in order to investigate the effect of differences in fuel
reactivity on the emitted aerosols.

2.2. Materials and methods

2.2.1. Approach

The suppression of mature soot (EC) and elevated levels OA in LTC compared to CDC can be
understood within the context of the soot-formation process in combustion. The initial steps of
the process involve the formation of small aromatic species, which then aggregate to form
polycyclic aromatic hydrocarbons (PAHs) (Wang, 2011). Aided by radical chain reactions,

PAHs and other available hydrocarbons cluster to form condensable organic particles (Johansson
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et al., 2018), or incipient soot (Michelsen, 2017). These organic particles then undergo
progressive dehydrogenation and aggregation to eventually form the EC aggregates that
comprise mature soot (Michelsen, 2017). While the combustion conditions in CDC promote the
generation of mature soot, it is plausible that the low temperatures in LTC are not conducive for
the completion of the soot-formation process (i.e. complete soot maturation), thus leading to the
production of organic incipient soot. We have previously shown that incipient soot (or BrC)
exhibits wide variability in physicochemical properties (molecular sizes, volatility, and light-
absorption properties) (Cheng, Atwi, Hajj, et al., 2020; Cheng et al., 2019; Cheng, Atwi, Yu, et
al., 2020; Saleh et al., 2018) depending on combustion conditions. Here, we isolate the effect of
temperature.

We performed controlled-combustion experiments at constant pressure (1 atm), equivalence ratio
(¢ = 2.3), and oxygen-to-nitrogen ratio (O2/N2 = 0.06), and varied the temperature between 250
°C and 1035 °C. This temperature range covers the lower end of in-cylinder temperatures
encountered in LTC conditions, which are typically between 700 °C and 1700 °C (Dec, 2009). It
also encompasses exhaust temperatures, which range from 120 °C to 400 °C (Shahbakhti et al.,
2010; Williams et al., 2009), where unburned fuel can continue to react. These low temperatures
are also representative of “cold start” conditions in conventional engines, during which the
majority of aerosol emissions take place over a typical driving cycle (Gordon et al., 2014). We
investigated the effect of molecular structure by performing the experiments with two
structurally different fuels that have been previously utilized in LTC studies: n-heptane (Ju et al.,
2011; Machrafi, 2008) and toluene (Christensen & Johansson, 1998; Contino et al., 2011; Hellier

etal., 2013; Juetal., 2011; Lu et al., 2011; Ryan & Matheaus, 2003; Zhong et al., 2005).
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In each experiment, we performed online measurements to characterize the emission factors, size
distributions, volatility, and light-absorption properties of the emitted aerosols. We also collected
filters for offline chemical characterization using laser desorption ionization mass spectrometry
(LDI-MS). The experimental setup is shown in Figure 1 and the associated measurements are
described in detail in the subsequent subsections. To complement the experiments, species
profiles of n-heptane, toluene, and several intermediates were simulated using the chemical

kinetics mechanism of Mehl et al. (Mehl et al., 2011).

Online
measurements

Fuel ! |
N2 — Clean Air I :
[ w T I

___________________ i
||_| Thermodenuder
-I Filter Collection/Extraction
Combustion Dilution
Chamber Chamber

Figure 2.1. Schematic of the experimental setup

2.2.2. Combustion system

The combustion experiments were performed using a custom-built controlled-combustion system
(Atwi et al.; Cheng, Atwi, Hajj, et al., 2020; Cheng et al., 2019; Saleh et al., 2018). It consists of
a custom-made cylindrical quartz chamber (~0.24 L) enclosed in a heater (Thermcraft). The
combustion reaction is temperature-initiated. A PID controller (OMEGA, CNi3244) controls the
wattage of the heater to achieve a set combustion temperature measured at the center of the
combustion chamber using a high-temperature K-type thermocouple. In this study, we controlled
the temperature in the combustion chamber to set values between 250 °C and 1035 °C. Fuel is

introduced into the combustion chamber in vapor form by flowing a stream of clean dried air,
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controlled using a mass flow controller (DAKOTA, 6AGC1AL55-09AB), into a bubbler
containing the fuel. We have previously performed mass transfer calculations and confirmed that
the residence time of a bubble rising in the bubbler is greater than the time required to saturate it
with fuel (Cheng et al., 2019). Therefore, the flowrate of the fuel exiting the bubbler can be
calculated from knowledge of the fuel saturation pressure and the air flowrate. We controlled the
equivalence ratio (¢ = 2.3) and O2/N2 = 0.06 by mixing the fuel-saturated air stream with a
controlled stream of clean air and a controlled stream of N2. The values of the flowrates are
given in Table S1 in Appendix A.

2.2.3. Online measurements

We measured the electrical-mobility size distributions of the emitted aerosols at each combustion
temperature using a scanning mobility particle sizer (SMPS, TSI 3882) in the range of 10-500
nm. The SMPS uses an electrostatic classifier (TSI, Model 3082), a long differential mobility
analyzer (DMA, TSI, Model 3081A00), and an advanced aerosol neutralizer (TSI, Model 3088)
along with a condensation particle counter (CPC, TSI, Model 3772). We also integrated the
SMPS size distributions in conjunction with particle effective densities to obtain total aerosol
mass concentrations (Caerosol). The particle effective densities were obtained using the tandem
differential mobility analyzer — aerosol particle sizer (tandem DMA-APM) technique (McMurry
et al., 2002). Particles were classified based on their electrical-mobility diameter (dm) using the
DMA (TSI, Model 3081A00) and their mass (mp) was measured using the APM (Kanomax,

Model 3601). The effective density was then calculated as:

m nd3
per = '/ vy Vp = m/ 6 1)
We obtained peft = 1.3 +0.1 g/cm?® for emissions from both fuels, which is consistent with values

typically reported for OA (Cheng et al., 2019; Cross et al., 2007; Schmid et al., 2009).
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We calculated the aerosol emission factors per unit mass fuel as:

C.
EF = aerosol/C

fuel

)
Where Crel is the mass concentration of the fuel entering the combustion chamber, calculated as:

Ctuel = Mpyer * quel/ 0 (3

total

Where Qrel is the fuel flowrate into the combustion chamber, Qwotal is the total flowrate (fuel + air +
N2) (Figure 1), and Mser is the molar mass of the fuel.

We measured the absorption coefficients (bas, MmM™) at three wavelengths (A = 422, 532, and
782 nm) using a photoacoustic spectrophotometer (MULTI-PAS I11) (Fischer & Smith, 2018).
For aerosols, babs is an extensive property that represents the total light absorption cross-section
of the particles per unit volume of air, and should not be confused with the absorption coefficient
used in UV-vis spectroscopy, which has the same inverse length dimensions but represents
absorbance per unit path length and is an intensive property. Normalizing baps by the total mass

concentration of the particles (Caerosol) Yields the mass absorption cross-section (MAC, m?/g):

MAC(1) = Zabs@® (4)

aerosol

MAC exhibits an inverse power-law dependence on A with the exponent of the power-law known
as the absorption Angstrém exponent (AAE). MAC and AAE, are not true intensive properties as
they depend on particle size and morphology, but they can be conveniently calculated from light-
absorption and particle concentration measurements and are thus often used as effective light-
absorption properties.

We also retrieved the fundamental light-absorption property of the aerosols, namely the
imaginary part of the refractive index (k) using optical closure (Atwi et al., 2021; Cheng, Atwi,

Hajj, et al., 2020; Saleh et al., 2018). We performed optical calculations based on Mie theory
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(Bohren & Huffman, 2008) with the aerosol size distributions obtained from SMPS
measurements as model inputs and k() as a free parameter. We retrieved k values from matching
the calculated absorption coefficients (baos,mie(A)) to bans(A) measured using the MULTI-PAS I1I.
Similar to MAC, k also exhibits an inverse power-law dependence on A with an exponent w
(Saleh, 2020). In the small particle limit (d << 1), AAE =~ w + 1 (Saleh, 2020).

For select combustion-chamber temperatures, we sampled the emitted aerosols through a
thermodenuder to characterize their volatility. The thermodenuder is a stainless-steel tube (L =
100 cm, ID = 2.5 cm) wrapped with heating wire that is controlled using a PID controller
(OMEGA, CNi3244) to maintain a set temperature measured at the centerline of the flow using a
K-type thermocouple. In this study, we applied 3 thermodenuder temperatures (50 °C, 100 °C,

and 150 °C) and obtained the aerosol mass fraction remaining (MFR) at each temperature as:

MFR = Cyerosol,TD/ Caerosolbypass )

Where Caerosol,bypass IS the original aerosol mass concentration and Caerosol, 7o i the mass
concentration after heating in the TD (see Figure 2.1). Plots of MFR versus TD temperature, or
thermograms, can be used to compare the volatility of different aerosol samples, where a steeper
thermogram indicates higher volatility. We note that MFR is not a fundamental property as it
depends on the initial aerosol mass concentration (i.e. Caerosol bypass) (Saleh et al., 2011).
Therefore, using thermograms to compare the volatility of different aerosol population requires
that Caerosol,bypass IS the same. In this study, we ensured that Caerosol,bypass Was consistent (350
ng/m®) across different experiments by applying controlled dilution to the emissions downstream

of the combustion chamber (Figure 2.1).
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2.2.4. Offline chemical analysis

For select combustion-chamber temperatures, we collected aerosol samples for offline analysis
using laser desorption ionization mass spectrometry (LDI-MS). Aerosol samples were collected
on 47 mm Teflon filters (0.2 um pore size, Whatman) at a flowrate of 10 LPM. The targeted
mass loading on the filters was typically 300 pg in order to avoid filter clogging which occurs at
~350 pg. The filters were then immersed in 10 ml dichloromethane (DCM) and sonicated for 40
minutes to extract the aerosol samples. We spotted 10 pl of the extracted solution on an LDI-MS
plate and let the DCM evaporate leaving the sample for analysis using a Bruker Autoflex TOF
mass spectrometer operated in reflectron mode. The instrument uses a 337 nm Nitrogen laser in
positive mode. The ion source was set to 19 kV and the reflector voltage to 20 kV. The spectrum
for each sample was obtained as an average from 200 laser shots.

The advantage of LDI-MS is that it is soft-ionizing and thus allows for the detection of the large
molecules, including polycyclic aromatic hydrocarbons (PAHS) and their derivatives, that make
up the organic incipient soot particles (Apicella et al., 2007; Atwi et al., 2021; Faccinetto et al.,
2011; Faccinetto et al., 2015; Saleh et al., 2018). We note that LDI-MS measurements are semi-
quantitative due to differences in desorption and ionization efficiencies between different
molecules that largely depend on the operating conditions (Apicella et al., 2010). However, one
can make qualitative comparisons between mass spectra of samples obtained under the same
LDI-MS operating conditions.

2.3. Results

2.3.1. Emission factors and size distributions

Figure 2.2a depicts emission factors (EFs) of the aerosol emitted from the combustion of toluene

and n-heptane as a function of combustion-chamber temperature. At the highest temperature
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(1035 °C), the EFs of toluene were approximately 800 mg/kg-fuel, a factor of 20 larger than that
of n-heptane (approximately 40 mg/kg-fuel), demonstrating a strong dependence of aerosol
formation on fuel molecular structure. These findings indicate that, as expected, above 800 °C
toluene has a larger propensity for forming large organic molecules (including PAHSs and their
derivatives) that have low enough volatilities to condense and form incipient soot particles, as

further discussed in Section 3.3.
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Figure 2.2. (a) Emission Factors of aerosols from toluene and n-heptane combustion as a
function of combustion-chamber temperature. The error bars represent standard deviation from
three experiments. (b) Number distributions of aerosols from the combustion of toluene at 1035
°C, n-heptane at 1035 °C, and n-heptane at 290 °C, the peak temperature in the NTC region
where aerosols were observed.

For both fuels, EFs exhibited a strong temperature dependence. Toluene EFs dropped by a factor
of 25 as the combustion-chamber temperature decreased from 1035 °C to 950 °C, and the aerosol
emissions completely disappeared at temperatures below 750 °C. Similarly, aerosol emissions
from n-heptane combustion disappeared at temperatures below 950 °C. However, at low
temperatures (< 350 °C), n-heptane combustion exhibited a sharp resurgence in aerosol
emissions that was not observed with toluene, with EF peak of approximately 200 mg/kg-fuel at

290 °C. This rather striking two-stage aerosol formation directly reflects low-temperature

ignition behavior, which is a trait of n-alkanes and is driven by the formation and reaction of
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peroxy radicals (ROO) that lead to several classes of intermediates, including cyclic ether
isomers and alkene isomers, as further discussed in Section 3.2. Such reactions are not relevant
in the oxidation of toluene largely due to the inability to form ROO because of the stability of the
aromatic structure that creates high C—H bond energy (~112 kcal/mol) on phenylic sites, which
resist H-abstraction at lower temperatures.

The strong dependence of aerosol EFs on fuel molecular structure and combustion temperature
highlights the potential importance of combustion conditions and types of fuel blends in dictating
aerosol formation in engines. The results in Figure 2.2a suggest that relatively small differences
in in-cylinder temperature profiles can lead to large differences in aerosol emissions.
Furthermore, our results suggest that different fuel blends might have significantly different
aerosol EF profiles.

Figure 2.2b shows number size distributions of the aerosol particles emitted from toluene
combustion at combustion-chamber temperature of 1035 °C and from n-heptane combustion at
combustion-chamber temperatures of 1035 °C and 290 °C. We note the emissions were diluted
by clean air prior to measurement (Figure 2.1). Therefore, the size distributions in Figure 2.2b
were obtained by scaling the SMPS measurements by the dilution factor in each experiment (66
for toluene and 16 for n-heptane). The aerosol particles in all experiments were mostly ultrafine
(<100 nm), which is consistent with aerosol size distributions measured in LTC engine
emissions (Lucachick et al., 2016; Moses-DeBusk et al., 2019) and indicates that the particles are
dominated by OA (incipient soot) with negligible contribution from BC (mature soot) (Saleh et

al., 2018).
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2.3.2. Chemical kinetics modeling of species profiles

Species profiles of n-heptane and toluene were simulated at the conditions of the experiments
using the perfectly stirred reactor module in the ChemKin-Pro 19.2 program with the reaction
mechanism of Mehl et al. (Mehl et al., 2011). Table 2 shows the initial conditions used in the
simulations. It is important to note that this mechanism was developed to predict ignition delay
times, not soot formation, the chemical mechanisms for which differ substantially. Additional
work is required to produce mechanisms capable of describing ignition chemistry simultaneously
with soot formation (Akridis & Rigopoulos, 2017; Appel et al., 2000; Josephson et al., 2018;
Mueller et al., 2009; Yen et al., 2018). As shown in Figure 2.3a, the depletion profile for n-
heptane exhibits clear NTC behavior starting near ~325 °C, which is due to a shift in the balance
of reactions derived from ROO from chain-branching to chain-propagating and chain-inhibiting.
The simulations also show the depletion of n-heptane beginning at the lower end of the
temperature range. In contrast, toluene mole fractions remain unchanged until ~600 °C, above
which significant depletion is evident in the mole fraction predictions over a relatively narrow
temperature range. Moreover, no NTC behavior is observed, which is consistent with the
diminished importance of ROO chemistry in toluene combustion.

Table 2.2. Initial mole fractions for reactants of each species and reactor conditions used in
chemical kinetics simulations.

toluene combustion n-heptane combustion
Mole Fraction (fuel) 0.014 0.012
Mole Fraction (O>) 0.056 0.053
Mole Fraction (N2) 0.930 0.935
Residence Time (min.) 0.310 0.300

Temperature (°C)

200 — 1100

Intermediates produced from peroxy radicals are major species in the NTC region. To examine

the temperature dependence of partially oxidized species, mole fractions were also simulated for
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two classes of intermediates: cyclic ethers and isomers of heptene. The latter class includes 1-
heptene, 2-heptene, 3-heptene, and 4-heptene, while the former comprises a total of ten cyclic

ether isomers, including 2-methyl-5-ethyl tetrahydrofuran and 2-pentyloxirane.
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Figure 2.3. (a) ChemKin simulations of mole fractions of toluene and n-heptane conducted at 1
atm as a function of temperature. (b) Percent yields of cyclic ethers and conjugate alkenes
derived from reactions of n-heptane-derived ROO radicals. (c) Reaction scheme of 2-
heptylperoxy forming 2-heptene and 2-methyl-5-ethyltetranydrofuran via QOOH decomposition
and hept-2-one-5-hydroperoxy via second-Oz-addition. Combined, the yield through cyclic ether
and alkene channels accounts for significant consumption of n-heptane in the region where
organic aerosol is observed (cf. Figure 2.2a).
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Based on the mole fraction results, percent yield calculations were conducted (Figure 2.3b) to
quantify the extent to which the formation of the ROO-derived intermediates overlap with the
temperature region where aerosol formation is observed (cf. Figure 2.2a). In the present context,
the percent yield is a measure of the total amount of intermediates produced from ROO-mediated
pathways, such as in Figure 2.3c, relative to the initial concentration of n-heptane (12000 ppm).
As noted previously, the chemical kinetics mechanism used for the simulations excludes soot
formation chemistry, which is a likely reason for the temperature dependence of the simulations
differing from the experiments. However, as evident in Figure 2.3b, the two classes of
intermediates are formed in abundance in the region where aerosols are produced in the
experiments, which could explain the difference between the emissions trends in n-heptane
versus toluene. More specifically, considering that ROO chemistry occurs in the combustion of
n-heptane, and not toluene, it is plausible that the species produced in the NTC region where
aerosols are observed experimentally are involved in the formation pathways of the aerosols.
Notably, the 13 species included in the mole fraction profiles in Figure 2.3b (10 cyclic ethers and
3 heptene isomers) comprise only ~1% of the total number of reactions in the mechanism of
Mehl et al. (Mehl et al., 2011) (1389 species), yet account for ~20% of the gas-phase product
formation in the NTC region of n-heptane. Moreover, cyclic ethers may provide what effectively
serves as the first ring required for particle formation in low-temperature combustion, similar to
that required for the HACA mechanism (Wang, 2011) for high-temperature combustion, which is
initiated via propargyl + propargyl, propargyl + allyl, among other reactions to provide the first
ring. The pathways that may unfold after the initial (cyclic ether) ring are unclear. However, as
cyclic ethers become oxidized and increasingly unsaturated, low-temperature particle formation

may follow a HACA-type mechanism with one or more oxygen atoms embedded in polycyclic
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structures, the presence which may alter aerosol reactivity, physical properties, and optical
properties.

2.3.3. Volatility and molecular sizes

Figure 2.4 shows the aerosol mass fraction remaining (MFR) at different thermodenuder
temperatures, or thermograms. At a combustion-chamber temperature of 1035 °C, the
thermogram of n-heptane-combustion aerosol is steeper than that of toluene-combustion aerosol,
indicating that the n-heptane-combustion aerosol is more volatile. At the largest thermodenuder
temperature (150 °C), MFR of toluene-combustion aerosol was 0.17 compared to 0.06 for n-
heptane-combustion aerosol. The aerosol produced in the low-temperature region from n-
heptane-combustion (290 °C; Figure 2.2a) evaporated completely (i.e. MFR = 0) at
thermodenuder temperature of 100 °C, indicating that it was significantly more volatile than the
aerosol produced by the same fuel at 1035 °C. These results suggest a strong dependence of
aerosol volatility on fuel type and combustion temperature.

Differences in aerosol volatility have implications to the atmospheric concentrations and
lifecycle of the aerosol species. Specifically, even for the same emission rate, a relatively low-
volatility aerosol would have higher atmospheric particle concentrations than a relatively high-
volatility aerosol because it is more resistant to evaporation upon dilution in the atmosphere
(Donahue et al., 2006). On the other hand, the amounts of semi-volatile organic compounds
(SVOCs) that partition into the gas phase upon dilution in the atmosphere would be higher for
the high-volatility aerosol. SVOCs are efficient secondary organic aerosol (SOA) precursors
(Zhao et al., 2017). Thus, the high-volatility aerosol emissions can potentially lead to higher

levels of SOA than the low-volatility aerosol emissions.
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Figure 2.4. Thermograms showing mass fraction remaining (MFR) of toluene and n-heptane
combustion aerosols at different thermodenuder temperatures.

Mass spectra obtained from LDI-MS measurements for the aerosol emitted from toluene and n-
heptane combustion at combustion-chamber temperature of 1035 °C are shown in Figure 2.5a for
m/z < 700 and Figure 2.5b for 1500 < m/z < 2100. Molecules emitted from both fuels exhibited
similar signatures, with spacings of 12 and 24 atomic mass units that are characteristic of organic
molecules in incipient soot undergoing growth by the hydrogen-abstraction acetylene-addition
(HACA) mechanism (Wang, 2011). Similar signatures have been previously observed in LDI-
MS measurements of incipient soot (Atwi et al., 2021; Faccinetto et al., 2011; Saleh et al., 2018).
The peak intensities for m/z < 700 are of similar magnitude for the emissions from both fuels.
However, toluene-combustion aerosols had higher intensities in the large-molecular-size range
(Figure 2.5b), indicating that toluene-combustion aerosols had more abundance of large-
molecular-size species than aerosols emitted from n-heptane combustion. This is in-line with the
finding that toluene-combustion aerosols were less volatile than the n-heptane-combustion
aerosols (Figure 2.4) because for species with similar general molecular structure (e.g. the
incipient soot produced in these experiments), volatility decreases with increasing molecular size

(Donahue et al., 2011). We note that due to differences in ionization and desorption efficiencies
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of different molecules, the comparison shown in Figure 2.5 is qualitative. Specifically, we expect
the ionization and desorption, thus signal intensity (Cristadoro et al., 2007), to decrease with
increasing molecular size. Therefore, we expect that in reality, the difference in abundance of
molecules on the large-end of the spectra to be more prominent than depicted in Figure 2.5b.
The aerosol emissions from n-heptane combustion in the low-temperature region did not exhibit
any discernible LDI-MS mass spectra. The LDI-MS technique requires that the sample absorbs
the 337 nm laser significantly enough in order for it to desorb. As discussed in Section 3.4, the
aerosol emissions from n-heptane combustion at low temperatures exhibited weak absorption in
the visible spectrum, thus it is likely they were not absorptive enough to be detected by LDI-MS.
Based on their high volatility (Figure 2.4), we expect these aerosols to be comprised of species

with smaller molecular size than those emitted in the high-temperature region.
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Figure 2.5. LDI-MS spectra of aerosol emitted from toluene and n-heptane combustion at 1035
°C.

2.3.4. Light-absorption properties

The light-absorption properties of the aerosol emitted from the combustion of toluene (at
combustion-chamber temperature of 1035 °C) and n-heptane (at combustion-chamber
temperature of 1035 °C and 290 °C) are depicted in Figure 2.6. Figure 2.6a shows the imaginary

part of the refractive indices at 422 nm, 532 nm, and 782 nm (ka22, ks32, and kzsz, respectively)
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retrieved from optical closure and Figure 2.6b shows the mass absorption cross-sections
(MAC422, MACs32, and MAC7g2) obtained from normalizing the measured absorption
coefficients by the mass concentration (Section 2.3). At combustion-chamber temperature of
1035 °C, aerosols from both toluene and n-heptane combustion exhibit significant absorption in
the visible spectrum and are categorized as brown carbon (BrC). The toluene-combustion aerosol
is more absorptive (has larger k and MAC) than the n-heptane-combustion aerosol, which is
visually manifested as darker samples when collected on Teflon filters (Figure 2.6¢). However, k
and MAC of n-heptane-combustion aerosol have a stronger wavelength dependence (w = 7.6 and
AAE = 8.7) than toluene-combustion aerosol (w = 4.1 and AAE = 5.6). This inverse relation
between k and w (MAC and AAE) is consistent with previous reports showing that more
absorptive BrC is characterized with flatter absorption spectra (Cheng et al., 2019; McClure et al.,
2020; Saleh, 2020; Saleh et al., 2018; Saleh et al., 2014).

We note that these findings, in conjunction with the differences in molecular sizes (Figure 2.5) and
volatility (Figure 2.4), are consistent with the brown-black continuum hypothesis that we have
previously introduced to describe the light-absorbing carbonaceous aerosols, including BrC and
BC, generated via the soot-formation route in combustion (Saleh et al., 2018). As the soot-
formation process progresses toward full maturation (BC formation), it produces incipient soot (or
BrC) comprised of increasingly larger organic molecules that are less volatile and more light-
absorbing (larger k and smaller w). Our results indicate that toluene-combustion BrC is further
ahead in the soot-formation process than n-heptane-combustion BrC (closer to the BC-formation
threshold) and is therefore darker, less volatile, and exhibits molecular size distributions skewed

toward larger sizes than n-heptane-combustion BrC.
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For n-heptane combustion at 290 °C, the emitted aerosol exhibited measurable absorption only at

422 nm (Figure 2.6a and2. 6b) and was thus barely visible when collected on a Teflon filter

(Figure 2.6c).
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Figure 2.6. Light-absorption properties of aerosols emitted from toluene and n-heptane
combustion. (a) Imaginary part of the refractive index (k) at different wavelengths. (b) Mass
absorption cross section (MAC) at different wavelengths. Solid lines are power-law fits and the
exponents are w and AAE, which represent the wavelength depends of k and MAC, respectively.
The aerosol emitted from n-heptane combustion at 290 °C did not exhibit measurable absorption
at 532 nm and 782 nm, thus light-absorption properties are only reported at 422 nm (open green
circles in panels (a) and (b)). (c) Pictures of filter samples that visually illustrate the differences
in optical properties of the aerosol emissions.
The BrC (incipient soot) emissions at the low-temperature combustion conditions in this study
are significantly less absorptive than the BC (mature soot) emitted at typical CDC or laboratory

flame conditions. Mature soot has MACss, = 8 g/m? and relatively flat wavelength dependence

with AAE = 1 (Bond & Bergstrom, 2006). An important implication of this difference in light-

absorption properties is that incipient soot produced at low-temperature combustion conditions
would not be accurately quantified using techniques that rely on optical measurements tailored
for mature soot, e.g. filter smoke number (FSN) or microsoot sensor (MSS) (Ciatti et al., 2013;

Sellnau et al., 2016; Sellnau et al., 2015; Storey et al., 2017). The MSS is a photoacoustic
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instrument that converts absorption measurements at 880 nm to soot mass concentrations based
on calibration against combustion soot with high EC content (i.e. mature soot) (Durdina et al.,
2016). Therefore, embedded in the reported MSS mass concentrations is an assumption that the
measured aerosol has the same MACsgso as mature soot (= 5 g/m?). The aerosol emitted from
toluene and n-heptane combustion at 1035 °C had MACsso of 0.03 g/m? and 0.0025 g/m?,
respectively, a factor of 152 and 1963 smaller than MACsso of EC. Therefore, their mass
concentrations would be underestimated by the same factors if measured using a MSS. Such
large underestimation in mass concentrations of aerosol emissions from engines operated at LTC
conditions has been previously reported for FSN (Storey et al., 2017) and MSS (Moses-DeBusk
et al., 2019). Our findings provide support for these reports and further indicate that optical
absorption instruments are not suitable for quantifying LTC aerosol emissions even if they are
calibrated with aerosol emissions at LTC conditions. Unlike mature soot which has relatively
uniform light-absorption properties (Bond et al., 2013) regardless of emission source
(conventional diesel combustion, laboratory diffusion flames, etc.), the light-absorption
properties of incipient soot produced at LTC conditions can vary over several orders of
magnitude depending on combustion conditions (Figure 2.6), making it impossible to produce a
calibration standard.

2.4. Conclusions

Using an atmospheric-pressure reactor controlled at a constant equivalence ratio and O2/N2, we
investigated the effect of combustion temperature on the formation and physicochemical
properties of aerosols emitted from the combustion of toluene at n-heptane at temperatures
between 200 °C and 1035 °C. Consistent with fuel reactivity versus temperature profiles

predicted by ignition chemistry simulations, aerosol emission factors from toluene combustion
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exhibited steep decrease with decreasing combustion temperature, while the emission rates from

n-heptane combustion exhibited steep decrease with decreasing temperatures followed by

resurgence that peaked at 290 °C. The physicochemical properties of the aerosols varied with

both fuel type and combustion temperature. At 1035 °C, toluene combustion produced aerosols
with molecular size distributions skewed to larger sizes compared to aerosols emitted from n-
heptane. The toluene-combustion aerosols were also less volatile and more light-absorbing

(darker), though both toluene-combustion and n-heptane-combustion aerosols are categorized as

brown carbon (BrC). For n-heptane combustion, the aerosols emitted at 290 °C were

significantly less light-absorbing and more volatile than those emitted at 1035 °C. The findings
reported here provide the first evidence for the strong dependence of aerosol formation at low-
temperature combustion conditions on ignition chemistry, particularly the two-stage aerosol
formation in n-heptane combustion that reflects its two-stage ignition chemistry behavior. They
also highlight the importance of further investigating the parameter space (fuel type and
combustion conditions) associated with aerosol emissions at LTC conditions in order to identify
regions within this space that can potentially minimize the emissions.
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CHAPTER 3
ALKYLPEROXY RADICALS ARE RESPONSIBLE FOR THE FORMATION OF

OXYGENATED PRIMARY ORGANIC AEROSOL 2

2 El Hajj, O., Hartness, S.W., Gregory, W.V., Park, Y., Glenn, C.K., Anosike, A., Webb, A.R.,
Dewey, N.S., Doner, A.C., Cheng, Z., Jatana, G., Moses-Debusk, M., China, S., Rotavera, B.,
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Abstract

Organic aerosol (OA) is an air pollutant ubiquitous in urban atmospheres. Urban OA is usually
apportioned into primary OA (POA), mostly emitted by mobile sources, and secondary OA
(SOA), which forms in the atmosphere due to oxidation of gas-phase precursors from
anthropogenic and biogenic sources. By performing coordinated measurements in the particle
phase and the gas phase, we show that alkylperoxy radical chemistry that is responsible for low-
temperature ignition also leads to the formation of oxygenated POA (OxyPOA). OxyPOA is
distinct from POA emitted during high-temperature ignition and is chemically similar to SOA.
We present evidence for the prevalence of OxyPOA in emissions of a spark-ignition engine and
a next-generation advanced compression-ignition engine, highlighting the importance of

OxyPOA for understanding urban air pollution.
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3.1. Introduction

Atmospheric aerosols exhibit profound impacts on air quality and the climate. Commonly referred
to as particulate matter (PM) in the public-health community, aerosols are associated with various
health effects and inflict the highest social cost among air pollutants (Dockery et al., 1993; Pervin
et al., 2008). Unlike greenhouse gases, which perturb the atmospheric radiative balance via a
straightforward mechanism (the greenhouse gas effect), aerosols exhibit complex direct and
indirect interactions with atmospheric radiation, rendering them the largest contributor to
uncertainty in climate calculations (Portner et al., 2022). Organic aerosol (OA) constitutes the
majority of submicron aerosol mass in both urban and rural atmospheres (Jimenez et al., 2009). A
large fraction of OA forms via diverse gas-phase chemical reaction pathways that produce
molecules with low volatilities, favoring particle formation via condensation. Such reactions occur
during combustion (Johansson et al., 2018) leading to the formation of primary organic aerosol
(POA), as well as in the atmosphere (Taatjes et al., 2013; Welz et al., 2012) leading to the
formation of secondary organic aerosol (SOA). Though OA mass concentrations in the atmosphere
can be quantified with relatively high confidence, detailed speciation of OA is challenging. In
response, atmospheric chemists have devised creative techniques that allow grouping OA into
different categories and linking these categories to sources (Jimenez et al., 2009). The most
prevalent categorization framework is based on factor analysis applied to aerosol mass
spectrometer (AMS) measurements (Ulbrich et al., 2009; Zhang et al., 2007). Under this
framework, hydrocarbon-like OA (HOA) represents OA with low oxygen content (O/C < 0.1),
while oxygenated OA (OOA) represents OA with high oxygen content (0.25 < O/C < 1). The
current consensus is that OOA is predominantly composed of SOA, while urban POA, emitted

from the combustion of hydrocarbon fuels (e.g. vehicle emissions), is HOA (Jimenez et al., 2009).
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Here we show that hydrocarbon combustion can emit what we refer to as oxygenated POA
(OxyPOA), which retains chemical properties similar to those of SOA. We present results from
laboratory experiments that link OxyPOA formation to low-temperature combustion chemistry
(Hansen et al., 2021; Rotavera & Taatjes, 2021; Savee et al., 2015). We also provide evidence of
OxyPOA in emissions from spark-ignition and next-generation advanced compression-ignition
engines, illustrating the relevance of elucidating OxyPOA formation to understanding OA
pollution in current and future urban atmospheres.

3.2. Materials and methods

3.2.1. n-Pentane and n-heptane controlled combustion experiments

The setup used to generate first-stage and second-stage primary organic aerosol (POA) from the
controlled combustion of n-pentane and n-heptane is shown in Figure 3.1 and is described in
detail in previous studies (Atwi et al., 2021; Cheng, Atwi, Hajj, et al., 2020; Cheng et al., 2019;
Cheng, Atwi, Yu, et al., 2020; EI Hajj et al., 2021; Saleh et al., 2018). Briefly, fuel oxidation was
temperature-initiated in a 0.24 L custom-built cylindrical quartz chamber enclosed in an
insulated heater (Thermcraft Inc., NC, USA). Temperature was controlled to within 1 K using a
PID controller (OMEGA, CNi3244) utilizing a high-temperature K-type thermocouple located at
the center of the chamber. Fuel was introduced via a bubbler system using a mass flow controller
(DAKOTA, 6AGC1AL55-09AB) to direct a stream of ultra-high purity N2 (N1 UHP300, Airgas)
into a bubbler containing the fuel. The bubbler dimensions were designed to ensure that the N2
stream was fully saturated with the fuel vapor at the exit of the bubbler, as verified by mass
transfer calculations confirming that the residence time of a bubble rising in the bubbler is
greater than the time required to saturate it with the fuel vapor (Cheng et al., 2019). This allowed

us to calculate the flowrate of the fuel entering the combustion chamber based on the fuel
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saturation pressure and N2 flowrate. The fuel-saturated N2 stream was then mixed with a
controlled stream of clean dry air and N> to maintain an equivalence ratio (¢) of 2.3 and O2/N> of

0.06.
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Figure 3.1. Schematic of the experimental setup for the controlled combustion of n-pentane and
n-heptane.

The total flowrate into the combustion chamber was 0.75 SLPM, resulting in average residence
time of approximately 19 seconds. The combustion emissions were then diluted in a 4 L glass
dilution chamber with 12 SLPM of clean dry air prior to POA sampling. To observe first-stage
and second-stage POA formation, the temperature of the combustion chamber was varied
between 500 K and 1300 K and the size distributions of the POA emissions were continuously
monitored at 90-second time resolution using a scanning mobility particle sizer (SMPS, TSI
model 3088). The size distributions were integrated using a particle effective density of 1.3
g/cm?, estimated using tandem differential mobility analyzer — aerosol particle mass analyzer
(tandem DMA-APM) technique (El Hajj et al., 2021; McMurry et al., 2002), to obtain

temperature-dependent POA mass concentration profiles. As shown in Figure 3.2, both n-
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pentane and n-heptane exhibited two-stage aerosol formation. The first-stage POA peak emission

was at 583 K and 563 K for n-pentane and n-heptane, respectively.
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Figure 3.2. Mass concentrations (adjusted for dilution) of POA emissions from n-pentane and n-
heptane combustion as a function of combustion temperature showing the first-stage POA
(OxyPOA) and second-stage POA formation profiles. Error bars represent standard deviations
from 5 SMPS scans.

We collected POA samples on 47 mm polytetrafluoroethylene (PTFE) filters (0.2 um pore size,
Whatman) for the chemical analyses described below. The collection flowrate was 5 SLPM and
the targeted mass loading was 300 pg in order to avoid filter clogging which occurs at ~350 pg.
Filters were stored at -15° C pending analysis. First-stage POA samples were collected at
combustion temperature of 583 K and 563 K for n-pentane and n-heptane, respectively. Second-
stage POA samples were collected at combustion temperature of 1123 K and 1308 K for n-
pentane and n-heptane, respectively.

We also collected samples from n-pentane combustion for gas-phase chemical analysis
(described below) using a 1-gallon (3.8 L) stainless steel double ended sample cylinder (304L-

HDF4-1GAL, Swagelok) fitted with ¥4 inch needle valves on both ends (Figure 3.1). The
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combustion emissions were sampled directly into the cylinder from the combustion chamber
(without dilution) at a flowrate of 0.5 SLPM, and the valves at the inlet and outlet of the cylinder
were closed once steady state conditions were achieved. The POA was removed from the
emissions using a PTFE filter prior to entering the cylinder. In order to compare the temperature-
dependent concentration profiles of gas-phase species emitted during first-stage combustion to
that of first-stage POA, we collected gas-phase samples at five temperature points: 543 K, 563 K,
598 K, 658 K, and 743 K. The second-stage gas-phase samples were collected at 1143 K.

3.2.2. Cold-start spark-ignition engine experiments

A single cylinder version of a GM LNF 2.0L direct-injected (DI) spark-ignited (SI) 4-cylinder
engine was used for these experiments, wherein 3 of the cylinders were disabled by grinding off
the cam lobes to prevent valve actuation as well as by drilling holes in the pistons to prevent
compression. More details of the engine setup, instrumentation, and cold-start operation are
available in previous studies on this engine (Jatana et al., 2021, 2023). Briefly, the firing cylinder
was maintained in stock configuration, wherein the compression ratio, combustion chamber
geometry, fuel injector, cam lobe profiles, and cam phasing capabilities were all stock. The
engine was fueled with a 9-component surrogate fuel blend known as PACE?20 that was designed
by the Partnership to Advance Combustion Engines (PACE) consortium to closely mimic the
fuel properties such as boiling range and octane rating, as well as engine emissions parameters
such as sooting propensity of a market-representative 87 anti-knock index (AKI) E10 fuel while
eliminating fuel composition uncertainties from chemical-kinetics modeling. The fuel
composition and properties are detailed elsewhere (Jatana et al., 2023). Cold-start operation was
simulated by operating the engine at 1300 RPM and 2 bar net indicated mean effective pressure

(NIMEP) stoichiometric operation while the engine out coolant and oil temperature were
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controlled to 20°C. For this study, spark timing was used as the engine control parameter to
study engine emissions under normal and cold-start conditions. For the data presented in this
study, the spark timing was fixed at 25 degrees after-top-dead-center-firing (JATDCf) and the
exhaust gas was sampled 35mm downstream of the exhaust port.

3.2.3. Compression-ignition engine experiments

The conventional diesel combustion (CDC) and a premixed charge compression ignition (PCCI)
samples were collected from the exhaust of a single-cylinder medium-duty diesel engine. A
complete description of the engine and mode operation has been previously described (Curran et
al., 2021). Briefly, a 6.7 L Cummins 6-cylinder ISB engine was modified to single cylinder
operation by deactivating 5 cylinders and run for these samples on certified ultra-low-sulfur
diesel no. USLD #2 fuel. The same engine was operated in both the CDC and PCCI modes to
collect filters samples of aerosol emissions. A similar dilution tunnel set-up as that described for
the cold-start experiments was used to collect aerosol samples on PTFE filters. Both samples
were collected at 1200 rpm but the PCCI samples was at low load (1.8 bar) and the CDC sample
was at high load (3.2 bar).

3.2.4. POA chemical analysis using laser desorption ionization mass spectrometry

LDI-MS is efficient at detecting incipient soot and has been extensively employed to study soot
formation from various combustion sources (Apicella et al., 2007; Faccinetto et al., 2011,
Faccinetto et al., 2015). We extracted the POA filter samples by sonicating in 2 ml of
dichloromethane (DCM) for 40 minutes. The solutions were then concentrated to 1 ml by
evaporation using a gentle stream of ultra-high purity N2. The solutions were then spotted onto a
stainless-steel grid for LDI-MS analysis in 250 pL batches, allowing the DCM to evaporate after

each batch. Based on our experience (Atwi et al.; El Hajj et al., 2021; Saleh et al., 2018) and in

57



concordance with previous studies (Apicella et al., 2007; Apicella et al., 2022; Michela et al.,
2008; Russo et al., 2013), we chose DCM as a solvent for LDI-MS analysis due to its efficacy at
extracting large-molecular-size polycyclic aromatic hydrocarbons (PAHS) that constitute
incipient soot. LDI-MS analysis was performed on a Bruker Autoflex 111 in reflectron mode
using AutoXecute. The instrument uses a 337 nm Nitrogen laser in positive mode. The ion
source was set to 19 kV and the reflector voltage to 20 kV. Random walk with the raster was set
to 2 shots per spot with a total of 100 laser shots. The laser was set to 100% intensity and the
acquisition was set to 1000-1500 m/z to maximize the signal of the large-molecular-size PAHSs.
3.2.5. POA chemical analysis using electrospray ionization mass spectrometry

ESI-MS is efficient at detecting relatively polar molecules (Bateman et al., 2012; Lin et al.,
2016; Lin et al., 2018) and has been previously employed to perform chemical analysis on
various types of organic aerosol (OA) samples, including biomass-burning OA (Bateman et al.,
2010; Budisulistiorini et al., 2017; Lin et al., 2018), secondary OA (SOA) (Bateman et al., 2008;
Kenseth et al., 2020; R. Zhao et al., 2018), and urban OA (Kitanovski et al., 2012; Teich et al.,
2017). For Fourier-transform ion cyclotron resonance mass spectrometry (ESI-FTIRC-MS)
analysis, the POA filters were extracted using the same procedure described above for LDI-MS
analysis, but using acetonitrile as a solvent because of its efficacy at extracting polar compounds
(Bateman et al., 2008; Cheng et al., 2016; Liu et al., 2013). An extraction blank with a clean
PTFE filter was also prepared following the same steps and was used for background correction.
Analysis was performed on a Bruker SolariX 12T FTICR mass spectrometer (Bruker Daltonik,
GmbH, Bremen, Germany) in negative ion mode. Mass spectra were collected between 75-1000
m/z with 2M data points length and a 0.4194 second transient. Time of flight was set at 0.8 ms.

Samples were infused at a rate of 2.0 uL/min. The capillary voltage was set to 4500 V with a -
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800 V end plate offset. The nebulizer gas was set to 0.5 bar, and the dry gas was set to 4.0 L/min
with a dry temperature of 200° C. lon accumulation time was 0.005 seconds. Calibration was
performed with sodium trifluoroacetate (Sigma-Aldrich) (0.1 mg/mL in 50:50 methanol:water).
Spectra were collected in triplicate by doing three injections of 10 uLL of sample. Prior to
introducing samples to the instrument, methanol and extraction blanks were acquired.

For data analysis, 48 scans per injection per sample were averaged using Bruker Compass Data
Analysis software (Version 5.3). Background subtraction was performed using Xpose mode with
a retention time window of 0.0083s and a ratio of 5 in order to minimize noise signals and
signals that were detected in the extraction blanks. MFAssignR (Schum et al., 2020), an open
source R package, was used to analyze the data according to component molecular formulae.
Assignments were internally recalibrated, and subjected to the following restrictions: CxHyOz,
0.3 <H/C<3,0<0/C<2.5, and a maximum allowable error < 1 ppm. The final peak list that
represents each sample is composed of molecular formulae that are common across the three
injections. The number of molecular assignments was 1014 for n-pentane first-stage POA, 1525
for n-heptane first-stage POA, 206 for the cold-start spark-ignition engine POA, and 185 for the
PCCI engine POA. The n-pentane second-stage POA and CDC POA had no signal.

3.2.6. POA chemical analysis using nanospray desorption electrospray ionization mass
spectrometry

In addition to ESI-FTIRC-MS, the n-heptane first-stage POA was also analyzed at the Pacific
Northwest National Laboratory (PNNL) Environmental Molecular Sciences Laboratory (EMSL)
using nanospray desorption electrospray ionization (nano-DESI) high resolution mass
spectrometry. The design of the nano-DESI high resolution mass spectrometry (HRMS) interface

has been previously described in (Vandergrift, Kew, et al., 2022; VVandergrift, Shawon, et al.,
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2022). Briefly, a 7/3 v/v acetonitrile/water solvent mixture (Optima LC-MS grade; Fisher
Chemical, Hampton USA) was flowed at 0.5 pL/min through a capillary assembly formed by
two fused silica capillaries aligned at ~90° (Polymicro Technologies, Phoenix, USA; primary
capillary: 150 um O.D., 50 um I.D.; secondary capillary: 150 um O.D., 20 um I.D. with etched
terminus (Kelly et al., 2006)). This junction was brought sufficiently close to the PTFE filter
samples such that a liquid junction formed and scanned along the XY plane at 35 pum/s, allowing
for continuous and direct sampling from the filters. -3.5 kV was applied via the solvent syringe
needle, and the nano-DESI capillary assembly was positioned ~1 mm from the inlet of a high-
resolution LTQ Velos Orbitrap mass spectrometer (Thermo Scientific, Waltham). The MS inlet
was maintained at 275°C. All samples were analyzed in negative ion mode via MS1 (m/z 100 —
1000) with an automatic gain control (AGC) target of 5 x 105, maximum ion injection time of
500 ms, and mass resolution of 100k at m/z 400.

For data analysis, 100 scans were averaged per sample within Xcalibur (Thermo Scientific) and
exported as a .csv peak list (5 decimal points per m/z). MFAssignR was used for component
molecular formulae assignment. For features with S/N > 6, assignments were internally
recalibrated, and subjected to the following restrictions: CxHyOz; 0.3 < H/C <3; O/C <£2.5; -20
<DBE-O <25 (DBE-O: double bond equivalents minus oxygen count). Datasets were blank
subtracted such that molecular formulae detected in both a solvent blank and sample list were
removed from the final sample list if they were present in the sample at 3x or lower the level
found in the blank. Final datasets were manually inspected/cleaned for outlier assignments
(Vandergrift, Shawon, et al., 2022). The final peak list used in the interpretations for each sample
is composed of only molecular formulae commonly detected across each of three replicates. The

number of molecular assignments was 1895 for n-heptane first-stage POA.
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3.2.7. Experimental methods for gas-phase speciation measurements using electron-impact
mass spectrometry and vacuum ultraviolet absorption spectroscopy

Using a filtration system to remove particles, gas-phase samples were collected for offline
analysis from the controlled combustion of n-pentane. In order to compare the temperature-
dependent concentration profiles of gas-phase species emitted during first-stage combustion to
that of first-stage POA, we collected gas-phase samples at five temperature points: 543 K, 563 K,
598 K, 658 K, and 743 K. The second-stage samples were collected at 1143 K. Gas-phase
samples were compressed in an inert-coated chamber and then introduced into a valving system
connected to a gas chromatograph (GC), which collects 500 uL of the sample. The 500-uL
volume was then introduced via the GC to three different detectors. First, the sample was
directed through a 5A molecular-sieve which separates CO, CO3, Hz, Oz, and CHya, for analysis
via a thermal conductivity detector (TCD) using Ar as reference gas. The filtered sample was
then split into two volumes of 250 uL which are injected sequentially onto two identical PONA
columns of 100 m length, 250 um inner diameter, and 0.50 um film thickness. The two columns
follow the same temperature programming which begins with holding at 40 °C for 5 minutes,
increasing to 110 °C at 5 °C/min, holding at 110 °C for 5 minutes, increasing to 280 °C at 5
°C/min, and holding at 280 °C for 5 minutes.

One PONA column leads to a 70-eV electron-impact mass-spectrophotometer (EI-MS), while
the other leads to a vacuum-ultraviolet (VUV) absorption cell which is held at 50 °C and 795 + 2
torr. Species quantification was achieved through fitting of measured absorption spectra to
reference spectra at photon energies with high signal-to-noise ratios lying within the full-scale
range of 5.17 — 9.92 eV. Example fitting ranges are shown in Figures S3.3-S3.11 (Appendix B)

with the shaded region of the VUV spectra. Prior to quantification, reference spectra were
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created from injection of reference gas samples, typically at 2000 ppm, and were also included in
Figures S3.3-S3.11. VUV spectra without shaded regions are solely used for identification.
3.2.8. Gas-particle partitioning perturbation experiments

In order to assess the effect of oligomer dissociation on the evaporation behavior of first-stage
POA (or oxygenated POA — OxyPOA), we subjected the OxyPOA emissions from n-pentane
combustion to two perturbations: (i) dilution with clean air at room temperature, and (ii) heating
in a thermodenuder at temperatures ranging between 303 K and 363 K. Both dilution and heating
perturb the gas-particle equilibrium partitioning and force the particles to evaporate in order to
reestablish equilibrium. If the particle phase contains oligomers, the perturbation induces not
only physical evaporation (i.e. partitioning of molecules from the particle phase to the gas
phase), but also oligomer dissociation (Trump & Donahue, 2014). The reason is that monomers
evaporate more readily than the oligomers due to their smaller molecular size, thus higher
volatility. This perturbs the monomer-oligomer equilibrium in the particle phase, leading to
oligomer dissociation to reestablish equilibrium. Quantifying the equilibrium composition of
monomers and oligomers is not straightforward. However, the dissociation rate constant is
known to increase significantly more than the association rate constant with increase in
temperature (Trump & Donahue, 2014). In other words, the monomer-oligomer equilibrium
composition shifts toward higher fraction of monomers as temperature increases, making the
aerosol more volatile because monomers are more volatile than oligomers. Consequently, the
effect of oligomer dissociation would be more prominent if the aerosol is heated in a
thermodenuder compared to dilution at room temperature. Here, we probe this temperature-
dependent oligomer dissociation effect by comparing the apparent volatility of the OxyPOA,

namely saturation concentration (Csa), needed to explain the extent of evaporation in the dilution
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versus thermodenuder perturbations. If higher Csa values are required to reproduce the observed
evaporation in the thermodenuder measurements compared to dilution, this would be evidence
that the OxyPOA contains oligomers.

In both the dilution and thermodenuder experiments, the combustion chamber temperature was
set to 583 K, corresponding to the peak OxyPOA emissions (Fig. 3.2). The thermodenuder
experiments involved diluting the combustion emissions (0.75 SLPM) with 12 SLPM of clean air
and then alternating between measuring the baseline aerosol mass concentration at room
temperature (Coa,0) by sampling through the bypass and measuring the aerosol mass
concentration (Coa) at 303 K, 323 K, 343 K, and 363 K by sampling through the thermodenuder
(Fig. 3.1). The thermodenuder consisted of a stainless-steel tube wrapped with heating tape and
insulation. The temperature was controlled using a PID controller (OMEGA, CNi3244). The
thermodenuder has a volume of 0.5 L (diameter = 2.54 cm, length = 1 m) and the aerosol flow
was 1 SLPM, yielding an average residence time of 30 seconds. In the dilution experiments, we
first obtained a baseline aerosol mass concentration (Coa,0) by mixing the combustion emissions
(0.75 SLPM) with 3 SLPM of clean air in the dilution chamber (Fig. 3.1). We then applied three
dilution factors (DFs) of approximately 5, 8, and 10, and measured the aerosol mass
concentration (Coa) at each DF. The aerosol emissions in the dilution experiment were also
sampled through the thermodenuder, but without heating, to allow for ample time for
evaporation.

We performed gas-particle equilibrium calculations (Donahue et al., 2006) to interpret the
observed OxyPOA evaporation at the dilution and thermodenuder experimental conditions. We

first calculated the reference saturation concentration at 300 K (Csat,ref) Of the each of the
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assigned molecules (see above for molecular assignments) based on the parameterization of Li et

al. (Lietal., 2016):

loglO(Csat,ref) = (ng — n¢) be — ng bp — 2 :::;0 bco (6)

Where, n¢ is the number of carbon atoms, ng is the number of oxygen atoms, nd = 22.6, be =
0.4481, by = 1.656, and bgg = —0.779.

The molecules were then grouped into five volatility bins that correspond to:

(1) Intermediate-volatility organic compounds (IVOCS): Cgy rer > 300 pg/m?®.

(2) Semi-volatile organic compounds (SVOCs): 0.3 pg/m? < Cgue rer > 300 pg/m?.

(3) Low-volatility organic compounds (LVOCs): 3 x 10" pg/m® < Csae rer > 0.3 pg/md.

(4) Extremely low volatility organic compounds (ELVOCs): 3 x 10 ug/m?® < Cgyy rer > 3 X 107
pg/me.

(5) Ultra-low volatility organic compounds (ULVOCS): Csat ref < 3 X 10 pg/m?

We then assigned Csatref Value for each bin, calculated as the average Csat ref Of the components in
the bin. We calculated Csat values at different temperatures (Csat(T)) using the Clausius-

Clapeyron relation:

Tre —AH (1 1
Csat(T) = Csat,ref Tf exp <T (; - )) (7)

Tref
Where, Tret is the reference temperature (300 K), R is the universal gas constant, and AH is the
enthalpy of vaporization, estimated using the parameterization of Epstein et al. (Epstein et al.,
2010):
AH [K]/mol] = —11logo(Csatrer) + 129 (8)
We then employed an iterative solution to calculate Coa at each experimental condition (for both

dilution and thermodenuder experiments) following Donahue et al. (Donahue et al., 2006):
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zi = (1 + %)_1: Coa = 2iG; z )

Where, the subscript ‘i’ refers to a specific volatility bin, z is the portioning coefficient between
the particle phase and the gas phase, and C is the total concentration in both phases.

The equilibrium-partitioning Coa values calculated using the volatility distribution obtained from
molecular assignments correspond to the black lines in Fig. 4A and 4C in the main text. We also
obtained a volatility distribution that yields equilibrium-partitioning Coa values that fit the
thermodenuder measurements by adjusting the mass fractions in the volatility bins. These
equilibrium-partitioning Coa Vvalues correspond to the brown lines in Fig. 4A and 4C in the main
text.

3.3. Results and discussion

3.3.1. Difference in POA emitted from first-stage and second-stage ignition

Figure 3.3 shows results from chemical analysis of POA emitted from the controlled combustion
of n-pentane and n-heptane. We distinguish between ‘first-stage POA,’ which formed at relatively
low temperatures (550 K — 650 K) where reactions of peroxy radicals (RO2) dominate, and
‘second-stage POA,” which formed at relatively high temperatures (> 1100 K) (Fig. 3.2).
Traditionally, only second-stage POA has been thought to constitute POA emissions from the
combustion of hydrocarbon fuels, whereas first-stage POA was only recently discovered (El Hajj
et al., 2021). Therefore, it is imperative to set the appropriate context for the results. Second-stage
POA forms at relatively high temperatures (> 1000 K) and is equivalent to ‘incipient soot’ in
combustion science terminology (Michelsen, 2017). It is comprised of polycyclic aromatic
hydrocarbons (PAHS) and aliphatic species (Johansson et al., 2018) and therefore falls strictly
under HOA (Jimenez et al., 2009). With further increase in temperature, the organic molecules

that comprise second-stage POA transform into mature soot (Michelsen, 2017), which is largely
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equivalent to black carbon (BC) in atmospheric science terminology (Bond et al., 2013). BC is a
strong light-absorber and a leading contributor to climate warming (Bond et al., 2013). Second-
stage POA can also be light-absorbing and is categorized as brown carbon (BrC) (Saleh et al.,
2018). For these reasons, the formation and physicochemical properties of second-stage POA have
been extensively studied by both combustion scientists and atmospheric scientists (El Hajj et al.,

2021; Faccinetto et al., 2015; Johansson et al., 2018; Saleh et al., 2018).
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Figure 3.3. Mass spectrometry analysis of POA emissions from controlled combustion of n-
pentane and n-heptane, a spark-ignition engine operated at simulated cold-start conditions, and a
compression-ignition engine operated at steady-state conditions using either conventional diesel
combustion (CDC) strategy or an advanced compression-ignition (ACI) strategy (premixed
charge compression ignition — PCCI). The temperature of the n-pentane and n-heptane
combustion was controlled to emit either first-stage POA (550 K — 650 K) or second-stage POA
(1100 K — 1300 K) (see supplementary materials). (A) Mass spectra obtained using LDI-MS. (B)
Mass spectra obtained using ESI-MS. (C) Average O/C of the molecules detected by ESI-MS.
The n-heptane first-stage POA was also analyzed using high resolution nanospray desorption
electrospray ionization (nano-DESI) mass spectrometry, which yielded mass spectra and average
O/C (0.57) consistent with ESI-MS (fig. S3.11).

Some hydrocarbon fuels, including n-pentane and n-heptane, exhibit two-stage ignition behavior
(Ju, 2021; H. Zhao et al., 2018), with first-stage ignition occurring at relatively low temperatures
(550 K — 750 K). Discovery of first-stage ignition in the mid-twentieth century was motivated by

efforts to understand the cause of engine knock in spark-ignition engines (Westbrook et al., 2018;

Wheeler et al., 1948). Furthermore, the importance of first-stage ignition in advanced
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compression-ignition (ACI) engines that rely on low-temperature combustion (LTC) remains an
impetus for unveiling chemical kinetics of RO.. As part of a complex degenerate chain-branching
mechanism, RO> isomerization to (carbon-centered) QOOH radicals and subsequent reactions are
the focal points for understanding chain-branching reactions in combustion (Rotavera & Taatjes,
2021; Zador et al., 2011). However, while the dynamics of two-stage ignition chemistry is known
to rely on QOOH-mediated reactions below 1000 K, the concomitant production of organic
molecules with volatilities low enough to condense and form OA (i.e. first-stage POA) has only
recently been reported (EI Hajj et al., 2021). The second-stage POA generated in our experiments
was detected by laser desorption ionization mass spectrometry (LDI-MS) and exhibited major
peaks separated by 24 u, which are characteristic signatures of PAHs (Michela et al., 2008) (Fig.
3.3). Being non-polar, the second-stage POA molecules were not efficiently ionized by
electrospray ionization (ESI) and were thus not detected by ultra-high resolution ESI mass
spectrometry (ESI-MS). Conversely, the first-stage POA was transparent to LDI-MS but was
detected by ESI-MS, indicating that the first-stage POA did not include PAHs and was comprised
of polar compounds that were efficiently ionized by ESI. The first-stage POA had an average O/C
of 0.65 and 0.56 for n-pentane and n-heptane, respectively, and thus falls under OOA, a category
previously reserved for SOA (Canagaratna et al., 2015; Jimenez et al., 2009; Mahrt et al., 2021).
Furthermore, ESI-MS spectra show repetitive clusters of peaks separated by 14 u, which is
indicative of oligomer formation (Kalberer et al., 2004), another feature usually associated with
SOA (Hall IV & Johnston, 2012; Maben & Ziemann, 2023; Tolocka et al., 2004) and is further
explored in the subsequent section.

These results demonstrate a marked difference in chemical characteristics between first-stage POA

and traditional hydrocarbon-combustion POA (i.e., second-stage POA), which necessitates
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distinction between the two. To facilitate use within the context of atmospheric chemistry, we
introduce the term ‘oxygenated POA’ (OxyPOA) to refer to first-stage POA. OxyPOA
communicates the most distinct aspect of first-stage POA, namely high O/C, and maintains the
same general terminological character used to describe organic aerosol in atmospheric chemistry
literature (POA, SOA, HOA, OOA, etc.). We note that OxyPOA is different from oxidized POA
(OPOA), a term used to refer to aged POA that has undergone heterogeneous oxidation in the
atmosphere (Budisulistiorini et al., 2021; Shrivastava et al., 2008). We also note that even though
first-stage POA, or OxyPOA, is essentially organic particulate combustion emissions, it does not
form through the high-temperature soot-formation route (Frenklach & Wang, 1991) and therefore
should not be subsumed under the term ‘incipient soot’ (Michelsen, 2017).

3.3.2. Formation pathways of OxyPOA

Collisionally stabilized alkylperoxy radicals (RO2) traverse unimolecular reactions on potential
energy surfaces that include isomerization to carbon-centered QOOH radicals and concerted
elimination of HO». The former type of reaction is central to chain-branching and can also produce
cyclic ether species, as in Fig. 3.4, in which 2-pentyl undergoes reaction with O to ultimately form
2-methyltetrahydrofuran, which is one of several isomers formed during n-pentane oxidation
(Bugler et al., 2017). Similar to alkyl radicals, cyclic ethers also undergo complex reactions with
O2 (Christianson et al., 2021; Doner et al., 2021; Doner et al., 2022). In addition to unimolecular
reactions, however, RO> radicals can undergo bimolecular reactions including with other RO-
radicals (Koritzke et al., 2023). Fig. 3.4 depicts, as an example, a set of reactions of 2-
methyltetrahydrofuran that produce highly oxidized, multi-functional intermediates in sequential
steps mediated by organic hydroperoxides (ROOH), which result in species of decreased volatility

that can partition to the particle phase and contribute to OxyPOA formation.
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2-Methyltetrahydrofuran (CsH10O) and 2-methyltetrahydrofuran-3-one (CsHgO-) were detected in
the gas phase emissions of first-stage n-pentane combustion. Both species had temperature-
dependent concentration profiles that exhibited similar trends to that of OxyPOA (fig. S3.10),
signifying their role as OxyPOA precursors. As illustrated in Fig. 3.4, 2-methyltetrahydrofuran-3-
one can undergo two additional oxygen-addition steps leading to the formation of CsHsO3
molecules (2-methylfuran-3,4(2H,5H)-dione and 3-oxotetrahydrofuran-2-carbaldehyde), and
ultimately CsH4O4 molecules (5-methylfuran-2,3,4(5H)-trione and 3,4-dioxotetrahydrofuran-2-
carbaldehyde). The intermediate CsHsO3s molecules were not detected in the gas phase, which is
ascribed to their existence at concentrations below the detection limit of our gas-phase instruments.
Furthermore, their volatility is appreciably high such that partitioning to the particle phase is
precluded (fig. S3.12). The C4H404 molecules, however, have volatilities low enough to partition
to the particle phase. The n-pentane OxyPOA species detected by ESI-MS included a peak at m/z
128.011 that reflects a molecular formula CsH4Oa, which coincided with 5-methylfuran-2,3,4(5H)-
trione and 3,4-dioxotetrahydrofuran-2-carbaldehyde in Fig. 3.4.

Other pathways to multi-functional species include the formation of dicarbonyls via oxidation of
the tertiary radical of syn-2,4-dimethyloxetane, another cyclic ether derived from n-pentane (Doner
etal., 2022). Fig. S3.13 illustrates the formation of 2,4-pentanedione (CsHsO>) (detected in the gas
phase of first-stage n-pentane combustion), which undergoes further oxidation to form 2,3,4-
trioxopentanal and 2,4-dioxopentanedial. Both species have molecular formula CsH4O4, which

coincided with the m/z 128.011 peak detected in the particle phase.
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Figure 3.4. Pathway for OxyPOA formation from gas-phase precursors produced during first-
stage combustion of n-pentane. Oxidation of 2-pentyl produces 2-methyltetrahydrofuran, a cyclic
ether, via a QOOH-mediated reaction. Subsequent H-abstraction and O»-addition produces cyclic
ether peroxy radicals (RO-), such as 2-methyl-tetrahydrofuranyl-3-peroxy, which can undergo
additional QOOH-mediated reactions or act as a hydrogen abstractor to produce ROOH.
Abstraction of tertiary hydrogen from ROOH and barrierless O—O scission of the resultant
carbon-centered radical, carbonyl-substituted species are produced coincident with OH in a
chain-propagating step (Koritzke et al., 2023). Subsequent oxidation of species such as 2-methyl-
tetrahydrofuran-3-one yields condensable species that form OxyPOA. The RO, well-depth,

shown arbitrarily submerged, is typically 35 kcal/mol exothermic relative to the R + O entrance
channel.

Supported by species detected in the gas phase and particle phase of the n-pentane first-stage
combustion emissions, the schemes in Fig. 3.4 and fig. S3.13 provide viable pathways for OxyPOA
formation from gas-phase precursors. However, this alone cannot explain the large molecular sizes
observed in the mass spectra of OxyPOA species (Fig. 3.3 and fig. S3.11). Limited by the scarcity
of small hydrocarbon radicals at LTC conditions, such as vinyl and propargyl, it is unlikely for
gas-phase reactions to produce species with carbon numbers larger than that of the parent

hydrocarbon. We hypothesize that the critical final step in OxyPOA formation is molecular growth
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by oligomerization. Formation of oligomers not only renders the molecules in the particle phase
less volatile, but also provides a condensation sink for more monomers to condense and
oligomerize, thus creating a feedback mechanism that promotes condensational particle growth.
We provide two levels of evidence for the prevalence of oligomers in OxyPOA: (i) patterns in the

ESI-MS spectra, and (ii) response to perturbation in gas-particle equilibrium partitioning.
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Figure 3.5. Evidence for oligomer formation from ESI-MS analysis. (A and C) ESI-MS spectra
of OxyPOA in n-pentane and n-heptane combustion that isolate Cs monomers (n-pentane, A) and
C7 monomers (n-heptane, C) and oligomers with carbon numbers that are multiples of 5 and 7,
respectively. Also shown are the average H/C and O/C of the monomers and the oligomers. (B
and D) Number of hydrogen atoms versus number of oxygen atoms of the dimers and tetramers.
(B) All the dimers and tetramers in the n-pentane OxyPOA belong to families with the general
formula C1oHm-2iOn+i and C2oHm-2iOn+i (dashed gray lines), respectively. (D) All the dimers and
tetramers in the n-heptane OxyPOA belong to families with the general formula C14Hm-2iOn+i and
C28Hm-2i0n+i (dashed gray lines), respectively. Results consistent with those in panels C and D
for n-heptane were obtained using nano-DESI mass spectrometry (fig. S3.11).

Mass spectra of oligomers previously observed in SOA are characterized by broad groupings, with

each grouping comprised of clusters of equidistant peaks (Tolocka et al., 2004). Due to the high

71



diversity of monomer combinations, the broad groupings are not apparent in the OxyPOA ESI-
MS spectra (Fig. 3.3) but can be observed by isolating monomers with a certain carbon number.
Representative results are shown in Fig. 3.5 for Cs (n-pentane) and C7 (n-heptane) monomers and
oligomers with carbon numbers that are multiples of 5 and 7, respectively. These monomers form
via first-stage functionalization pathways over which the hydrocarbon backbone remains intact
during oxidation, resulting in Cs (for n-pentane combustion) and C7 (for n-heptane combustion)
molecules with diverse functionality, including carbonyls and cyclic ethers, which are common
among alkane oxidation (Belhadj et al., 2021; Hartness et al., 2022). Isolating molecules with
carbon numbers Csc and Crc (€ = 1, 2, 3, 4) in the ESI-MS spectra of the n-pentane OxyPOA (Fig.
3.5A) and n-heptane OxyPOA (Fig. 3.5C) reveals oligomer signatures similar to those previously
reported for SOA (Tolocka et al., 2004). Oligomer formation is further evidenced by the relatively
small change in H/C and O/C with increasing carbon number, which is consistent with growth by
monomer association. One exception is noted for the O/C of the Cs monomers in n-pentane
OxyPOA being significantly larger than the oligomers. This can be explained as follows: because
of the small carbon number, only the highly functionalized Cs monomers with high O/C have
volatilities low enough (Donahue et al., 2011) to partition to the particle phase, resulting in the
O/C of the Cs monomers in the OxyPOA sample being skewed high.

The broad groupings of Csc and Crc oligomers exhibit sequences of smaller clusters separated by
14 u. This suggests dominant formation pathways of monomers that include sequential steps with
the net result of abstracting two hydrogen atoms and adding one oxygen atom (Fig. 3.4). Various
combinations of these Cs and C7 monomers lead to the formation of oligomers with general

formulae CscHm-2iOn+i and C7cHm-2iOn+i (1=1, 2, 3,...).
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This is illustrated in Fig. 3.5B and Fig. 3.5D, which show that all the dimers and tetramers belong
to, respectively, CscHm-2iOn+i and CzcHm-2iOn+i families (¢ = 2,4). The various combinations of
monomers (with varying carbon numbers) that form through similar hydrogen-abstraction and
oxygen-addition pathways manifest as tightly packed oligomer structures separated by 14 u (Fig.
3.3).

To further confirm the role of oligomerization in OxyPOA formation, we examined the response
of n-pentane OxyPOA to either dilution with clean air or heating in a thermodenuder. In the
absence of oligomers, the extent of evaporation in response to both perturbations would be dictated
by internally consistent thermodynamic properties (volatility distribution) of the aerosol
components. The presence of oligomers, however, leads to an evaporation response that is limited
by the rate of oligomer dissociation, which increases significantly with increasing temperature
(Trump & Donahue, 2014). This would manifest as an apparent thermodynamic inconsistency in
the aerosol response to the two perturbations: the aerosol would appear more volatile in the
thermodenuder perturbation compared to dilution.

The dilution perturbation led to minimal evaporation (Fig. 3.6C), in agreement with equilibrium
partitioning calculations using volatility distribution estimated from ESI-MS molecular
assignments (Li et al., 2016). This indicates that the estimated volatility distribution, while not
meant to be exact, predicted reasonably well the fraction of species that measurably partitioned to
the gas phase in response to dilution (intermediate-volatility and semi-volatile compounds).
However, equilibrium partitioning calculations using the same volatility distribution severely
underestimated the extent of evaporation in the thermodenuder (Fig. 3.6A). Reproducing the
OxyPOA response to the thermodenuder perturbation required substantially shifting the volatility

distribution toward higher-volatility components, which would overestimate the extent of
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evaporation in response to dilution. As we argue above, this seeming thermodynamic

inconsistency indicates a prominent role of oligomer dissociation (Trump & Donahue, 2014).
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Figure 3.6. Evidence for presence of oligomers in OxyPOA from comparing evaporation
measurements of n-pentane OxyPOA to equilibrium partitioning calculations. (A)
Thermodenuder measurements showing the aerosol mass concentration at each temperature
(Con) relative to the aerosol mass concentration at the reference temperature (Coao). Also shown
are equilibrium partitioning calculations using volatility distribution obtained from ESI-MS
molecular assignments (black line). The brown line corresponds to equilibrium partitioning
calculations using a volatility distribution adjusted to reproduce the measurements. (B) Volatility
distributions obtained from ESI-MS molecular assignments (top bar) and adjusted to reproduce
the thermodenuder measurements (bottom bar). The aerosol components are apportioned into
intermediate-volatility (IVOC), semi-volatile (SVOC), low-volatility (LVOC), extremely low-
volatility (ELVOC), and ultra-low-volatility (ULVOC) organic compounds. (C) Dilution
measurements showing Coa at a certain dilution factor (DF) relative to no dilution (Coa).
Dilution leads to a decrease in Coa because of dilution itself as well as evaporation. To isolate
the effect of evaporation, the y-axis is scaled by DF, such that the case of no evaporation would
show as a horizontal line with a value of 1. Also shown are equilibrium partitioning calculations
using volatility distribution obtained from ESI-MS molecular assignments (black line) and
volatility distribution adjusted to reproduce the thermodenuder measurements (brown line).

3.4. Conclusions
We performed LDI-MS and ESI-MS analysis on POA samples collected from the emissions of a
spark-ignition (gasoline) engine operated at a simulated cold-start condition and a compression-

ignition (diesel) engine operated at steady state conditions using either conventional diesel
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combustion (CDC) strategy or an ACI strategy (premixed charge compression ignition — PCCI).
As shown in Fig. 3.3, the cold-start POA was transparent to LDI-MS but was detected by ESI-MS
and exhibited repetitive peaks separated by 14 u with an average O/C within the OOA range. These
results indicate that the POA from the simulated cold-start emissions was dominated by OxyPOA.
The majority of POA emissions from on-road gasoline vehicles occur during cold-start conditions
(Gentner et al., 2017), which are especially important in urban settings where a large share of
driving consists of short trips at cold engine conditions (Reiter & Kockelman, 2016). Therefore,
we expect OxyPOA to be ubiquitous in urban atmospheres.

These results help solve a long-standing mystery associated with air-quality models persistently
predicting lower POA/SOA in urban atmospheres compared to observations (Akherati et al., 2019;
Cappa et al., 2016; Docherty et al., 2008; Reiter & Kockelman, 2016; Tsimpidi et al., 2010). This
discrepancy has been attributed to either missing (unquantified) SOA precursors or
underestimation of SOA yields in emissions of mobile sources (Ensberg et al., 2014; Gentner et
al., 2017). We provide an alternative explanation. Ambient measurements equate POA from
mobile sources to HOA and SOA to OOA. However, our results suggest that the majority of urban
POA emitted from gasoline vehicles (during cold-start) is OxyPOA, which would be counted as
OOA and misattributed to SOA in ambient measurements.

Both CDC and PCCI emitted POA with typical soot-formation signatures identified by LDI-MS,
signifying the presence of second-stage POA (Fig. 3.3). ESI-MS detected species in the PCCI POA
but not the CDC POA. Similar to the cold-start POA, the PCCI POA species measured by ESI-
MS had O/C within the OOA range and the spectra exhibited repetitive peaks, albeit not as
prominent as the cold-start POA possibly due to the lower signal. These results suggest that the

lower global in-cylinder temperatures in PCCI compared to CDC (Agarwal et al., 2017) resulted
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in a portion of the emissions experiencing temperature histories (550 K — 750 K) conducive to the
formation of first-stage POA (OxyPOA). Previous studies have reported significant increase in
emissions of POA relative to mature soot for various ACI strategies (Lucachick et al., 2016;
Moses-DeBusk et al., 2019). Our results indicate that a fraction of this POA is OxyPOA, which
would lead to a relative increase in OOA in future urban atmospheres if these next-generation ACI
strategies are widely adopted. Understanding the emission profiles of these ACI strategies aids in
the development of clean, sustainable transportation energy technologies (Kohse-Hoéinghaus,
2023).
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Abstract

The use of fuel additives is a simple and effective strategy to extend the narrow operating range
of advanced compression ignition (ACI) engines that rely on low temperature combustion (LTC)
to increase thermal efficiency and reduce pollutant formation. Additives provide better control
over combustion phasing by inhibiting radicals during LTHR which delay autoignition and
increasing the octane number. In previous chapters, we provided evidence on the formation of
first-stage OA from a two-stage ignition fuel formed during the LTHR that involves a sequence
of peroxy-radical-mediated chemistry. To investigate the impact of these additives on first-stage
OA formation, we carried out controlled-combustion experiments that covered LTC ranges using
three binary fuel mixtures. Each mixture utilizes n-heptane as the primary fuel and is combined
with one of three additives, each known for their unique octane boosting capabilities: ethanol,
toluene, and DMF. Toluene was the least effective in curbing first-stage OA formation, while
ethanol and DMF demonstrated more significant reductions, with DMF outperforming ethanol.
These findings underscore that additives with a higher inhibitory potency and synergistic effects
on RON were markedly more successful in mitigating first-stage OA formation compared to

additives displaying antagonistic properties.
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4.1 Introduction

Advanced compression-ignition (ACI) engines utilizing low-temperature combustion (LTC)
have emerged as promising next-generation internal combustion engine solutions that combine
characteristics of both spark-ignition (S1) and compression-ignition (CI) engines. These engines
are designed to meet stringent emissions standards by significantly reduced NOx and particulate
matter (PM) emissions while maintaining high thermal efficiency (Dec & Hwang, 2009; Dec et
al., 2006; Epping et al., 2002; Reitz & Duraisamy, 2015; Splitter et al., 2011; Stanglmaier &
Roberts, 1999; Zhao et al., 2003). However, one major obstacle impeding its development is the
auto-ignition timing and combustion phasing that constrict its operating range at high engine
loads (Maurya et al., 2018). Auto-ignition timing is critical in ACI engines and is governed
primarily by low temperature (< 800 K) chemical kinetics in which fuel molecular structure have
the biggest impact. Certain fuels exhibit two-stage ignition due to RO> chain branching reactions,
mainly the isomerization reaction of RO, that are highly sensitive to fuel structure and C-H bond
strength (Curran et al., 1998; Dagaut et al., 1998; Machrafi, 2008; Ribaucour et al., 2000;
Westbrook, 2000). These two-stage ignition fuels exhibit heat release during their first stage
ignition known as low temperature heat release (LTHR) that can cause a temperature rise which
is a critical feature in shortening ignition delay timing during the second stage ignition
(Westbrook, 2000).

Due to the inherent dependence of ACI engines on autoignition, diesel-like fuels are preferred
due to their lower autoignition resistivity. n-Heptane is a straight-chain paraffin with a research
octane number (RON) of 0, a cetane number of 56, and a two-stage ignition behavior (Chevalier
etal., 1990; Ranzi et al., 1995), that is often used as a diesel surrogate. Yet, using n-heptane

exclusively can pose operational limitations in ACI. Owing to its strong first-stage LTHR
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behavior, n-heptane has a tendency for premature ignition, resulting in over-advanced
combustion phasing. Consequently, this can induce excessive engine knock, particularly at
elevated fuel-to-air equivalence ratios. Fuel additives are suggested as a simple and effective way
to widen the operational range of ACI engines by improving control over ignition timing. These
additives can aid in optimizing ignition timing and reducing the magnitude of LTHR by inhibiting
OH radicals formed during chain branching reactions that occur at LTC conditions of dual-stage
ignition fuels. Shibata et al. (Shibata et al., 2005) defined this effect as the "LTHR inhibitor effect.”
Several studies experimented with primary reference fuels (PRF) which are binary blends of n-
heptane and iso-octane that have different auto-ignition behavior (Gauthier et al., 2004; Griffiths et
al., 2002; Hanson et al., 2010; Machrafi, 2008; Machrafi et al., 2008; Tanaka, Ayala, & Keck,
2003; Tanaka, Ayala, Keck, et al., 2003). Iso-octane is a gasoline-like branched-chain paraffin with
high resistance to auto-ignition and single-stage ignition behavior. Commonly used additives
include ethanol (Hashimoto, 2007; Herrmann et al., 2014; L et al., 2006; Saisirirat et al., 2010;
Saisirirat et al., 2011) , methanol (LU et al., 2007) , n-butanol (Saisirirat et al., 2010; Saisirirat et
al., 2011), and toluene (Bogrek et al., 2021; Chen et al., 2022; Lee et al., 2019; Machrafi et al.,
2008; Shibata & Urushihara, 2007; Wagas et al., 2018). Additionally, some biofuels such as
dimethyl ether (DME) (Burke et al., 2015; Herrmann et al., 2014; Rodriguez et al., 2015) and furan
derivatives, including 2-methylfuran (2-MF) (Alexandrino, 2020; Singh et al., 2018) and 2,5-
dimethylfuran (DMF) (Alexandrino, 2020; Chen et al., 2013; Fioroni et al., 2022; Liu et al., 2013),
have shown promising results and have been proposed as potential blending agents for their octane
boosting abilities and physicochemical properties.

Saisirirat et al. (Saisirirat et al., 2011) studied ignition delays of ethanol/n-heptane and butanol/n-

heptane blends and reported that ethanol is more effective in suppressing OH compared to butanol.
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Li et al. (L et al., 2007) compared the inhibition effects of different additives, including
methanol, ethanol, and iso-propanol. Methanol was the most effective inhibitor; However, ethanol
was a better additive in terms of operating ranges, thermal efficiency, and emissions. Mehl et al.
(Mehl et al., 2011) observed a similar effect of toluene on the first-stage ignition of n-heptane in a
binary toluene/n-heptane mixture, where toluene acted as a radical scavenger that suppressed the
reactivity of n-heptane during LTHR while maintaining the two-stage ignition behavior. This is
attributed to two factors: the readily abstractable H-atoms on the methyl group of toluene that serve
as a radical scavenger and the formation of the resonantly stabilized benzyl radical at LTC that
favor termination reactions (Emdee et al., 1992; Mehl et al., 2011). Similarly, Singh et al. (Singh et
al., 2018) showed how 2-MF has a superior suppression ability of LTHR compared to ethanol as
an octane booster and noticed a non-linear trend between increasing the blendstock volume (i.e., 2-
MF and ethanol) in a PRF mixture and LTHR suppression, where at 20% volumetric blend, 2-MF
completely suppressed LTHR, while ethanol still showed some LTHR. Singh explained that this
non-linearity is dependent on the effectiveness of the blending agent in scavenging radicals formed
during LTC, which further extends to the high temperature reactions. Therefore, once the LTC
reactivity is fully suppressed, the effect of octane booster addition becomes linear (Singh et al.,
2018). Singh’s findings agree with data published from numerous studies that reported synergistic
blending behavior for RON from different octane boosters. Synergistic blending refers to the
phenomenon where the addition of these compounds results in higher RON values than what
would be expected based on a linear-blending model. This characteristic offers a notable
advantage as it allows for achieving the desired RON target with a lower volume of additive. On
the contrary, some additives showed an antagonistic blending behavior, where the blend RON is

less than that predicted by a linear-blending model. Fioroni et al. (Fioroni et al., 2022) showed
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that DMF and 2-MF were more efficient RON boosters compared to other blendstocks including
prenol, 2-methyl-2-butene (2M2B), and ethanol. DMF and 2-MF were shown to have the highest
RON-boosting ability due to the rapid reaction of the OH addition products to other species that
pull the OH addition equilibrium toward products. Given its importance in the marketplace,
many studies examined ethanol’s synergistic blending in petroleum refinery blendstocks
(Anderson et al., 2012; Badra et al., 2017; McCormick et al., 2017). McCormick et al.
(McCormick et al., 2017) measured the RON of 20 potential bioderived blendstocks blended into
a four-component gasoline surrogate: iso-octane, toluene, n-heptane, and 1-hexene. Many
blendstocks including alcohols, olefins, and alkylfurans blended synergistically. Foong et al.
(Foong et al., 2014) showed that ethanol blended synergistically with n-heptane, isooctane, and
their blends (PRF) but antagonistically with toluene.

The existing literature has extensively examined the influence of fuel blends on ignition
properties. However, there is a relatively unexplored aspect concerning aerosol formation in the
context of LTC. Formation pathways of aerosols during the second ignition stage (> 1000 K) are
well understood as part of the soot-formation process. It begins with the creation of small
aromatic species that form polycyclic aromatic hydrocarbons (PAHSs). These PAHSs, assisted by
radical chain reactions, merge with other hydrocarbons to form condensable organic aerosols
(OA), marking the onset of incipient soot formation (Johansson et al., 2018; Michelsen, 2017,
Wang, 2011). As temperature rises, these OAs undergo a series of dehydrogenation and
clustering, eventually forming Elemental Carbon (EC) or mature soot (Michelsen, 2017). The
conditions under which combustion takes place govern the transition from incipient to mature
soot. Notably, in the field of atmospheric science, it's important to draw attention to the

equivalence of EC and black carbon (BC) - a strong light-absorbing material with significant
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contribution to climate warming (Bond et al., 2013). Moreover, incipient soot, which may also
possess light-absorbing properties, makes up a considerable portion of atmospheric brown
carbon (BrC) (Saleh et al., 2018). Thus, the investigation of the formation and physicochemical
properties of second-stage aerosol emissions has been a focal point of research for both
combustion and atmospheric scientists (Cheng, Atwi, Yu, et al., 2020; El Hajj et al., 2021,
Johansson et al., 2018; Saleh et al., 2018). As for first-stage OA, we recently reported a
correlation between the first-stage ignition of n-heptane and the formation of organic aerosols
(OA) we labeled “first stage OA’ that formed within the temperature range (500 — 700 K) where
RO:> chain branching reactions (i.e., LTHR) are prevalent (El Hajj et al., 2021). This correlation
has significant implications, as it aligns with previous findings suggesting that aerosols emitted
from various ACI modes, including Reactivity Controlled Compression Ignition (RCCI), are
predominantly organic (Benajes et al., 2017; Curran et al., 2010; Lucachick et al., 2016; Moses-
DeBusk et al., 2019; Northrop et al., 2011; Storey et al., 2017). We compared first stage OA
emission profile with results from a kinetic model that describe low temperature oxidation of n-
heptane (Mehl et al., 2011) and confirmed that first stage OA emissions are tied to an increase in
fuel reactivity during chain branching reactions at LTC. In a different study, we further
investigated formation pathways of first stage OA using n-pentane, another two-stage ignition
fuel, by incorporating gas phase measurements and unveiled that cyclic ethers species produced
from RO2 chain branching reactions undergo O addition to form highly oxidized intermediates
which result in species of decreased volatility that can partition to the particle phase and
contribute to OA formation. Additionally, our evidence highlights that this OA experiences
further molecular growth via oligomerization. The formation of oligomers influences the particle

phase by reducing molecular volatility. Simultaneously, it creates a condensation sink that
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encourages additional monomers to condense and undergo oligomerization. This feedback
mechanism ultimately supports a cycle of continuous condensational particle growth (Chapter 3).
In our previous research, we focused exclusively on single-component fuels. Yet, for ACI
operations, the necessity for additives that augment ignition properties by scavenging radicals
generated during LTC comes into play. These additives can significantly influence first-stage
OA formation. In the current study, we expand this focus by conducting controlled-combustion
experiments at temperatures relevant to LTC utilizing three binary fuel mixtures, each employing
n-heptane as the primary fuel, combined with three distinct additives known for their varying
radical scavenging capabilities. We measured OA emission profiles under various temperatures
and blending ratios, while also probing the impact of the additives on the chemical composition
of the first-stage OA using ultra-high resolution mass spectrometry.

4.2. Methods

4.2.1. Overview

We conducted experiments to explore OA formation from the combustion of binary fuel blends
with n-heptane as the primary fuel. We chose n-heptane as the primary fuel due to its high
reactivity (RON = 0). We incorporated three additives that are commonly used in LTC to
improve autoignition properties in ACI engines: toluene (aromatic) (Bogrek et al., 2021; Lee et
al., 2019; Machrafi et al., 2008; Shibata & Urushihara, 2007; Waqas et al., 2018), ethanol
(alcohol) (Lu et al., 2007; Saisirirat et al., 2011), and DMF (furan derivative) (Alexandrino, 2020;
Chen et al., 2013; Liu et al., 2013). Mixtures were blended on molar basis, maintaining an
equivalence ratio ¢ = 1 and O2/N2 = 0.1. We adopt the notations Tx, Ex, and D to denote the
respective quantities (in mol%) of toluene, ethanol, and DMF, respectively, where the subscript

'X" indicates the molar percentage of the additive in the blend. The experiments were performed
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at combustion temperatures ranging between 500 K and 1200 K, which span the first and second
stage ignition. We carried out real-time measurements for the size and mass distributions of OA
emitted from pure n-heptane combustion and compared these to OA emissions from the blends.
For a more profound understanding of the effect of additives on OA's chemical composition, we
conducted offline chemical analyses. This involved analyzing sample filters collected at select
conditions, particularly at temperatures that emitted highest OA for pure n-heptane and blends
with 30%mor additive content.

Air  Nitrogen

Air  Excess Flow
Dilution _ _
! Chamber SMPS

——f—

PTFE Filter
Holder

n-heptane
additive

Combustion Chamber

Nitrogen Nitrogen

Figure 4.1. Schematic of the combustion system and the sampling setup

4.2.2. Combustion experiments

The experimental setup used for this study, which has been described in a previous work (Atwi
et al., 2022; Atwi et al., 2021; Cheng, Atwi, Hajj, et al., 2020; Cheng et al., 2019; El Hajj et al.,
2021; Saleh et al., 2018), was modified to enable the use of binary fuel mixtures (Fig. 4.1). The
system consists of a 0.24 L quartz chamber reactor that is enclosed within an insulated heater
controlled by a PID temperature controller (OMEGA, model CNi3244) using a K-type
thermocouple inserted in the middle of the reactor. The fuel blend was prepared by combining n-

heptane and the blending agent using a dual-bubbler system. Prior to entering the reactor, the
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blend was mixed with clean, dry air. Ultra-high purity nitrogen (N2) served as the carrier gas in
each bubbler, and the desired blending ratios were achieved by controlling the flow rate of N>
using mass flow controllers (GC1 Series, Dakota Instruments, NY, USA). The bubbler design
ensured that the N exiting the system was fully saturated with the fuel, as confirmed by mass
transfer calculations (Cheng et al., 2019). Therefore, the molar flowrate of each fuel could be
calculated from knowledge of the fuel’s saturation pressure and N flowrate. Check valves were
installed at the outlet of each bubbler to prevent backflow. Throughout the experiments with
varying blending ratios, a fixed equivalence ratio of ¢ = 1 and an O2/N. ratio of 0.1 were
maintained. The total flow rate entering the reactor was set at 1 standard liter per minute
(SLPM), resulting in an average residence time of approximately 14 seconds. The calculations to
determine the flow rates of N2 in each bubbler as well the flowrate of dilution air used in each
experiment to maintain the desired blend ratio and total flowrate of 1 SLPM are given in the
supporting information (SI). For each additive, blending ratios varied between 30%moi - 70%mol
for toluene and ethanol, and 10%moi - 50%mor for DMF.

The exhaust sample from the reactor was diluted in a 4 L glass dilution chamber using clean dry
air prior to sampling (Fig.4.1). We continuously measured the emitted aerosol particle size
distribution at 90-seconds resolution at different combustion temperatures using a scanning
mobility particle sizer (SMPS, TSI model 3882) in the range of 10-500 nm. The SMPS uses an
electrostatic classifier (TSI, Model 3082), a long differential mobility analyzer (DMA, TSI,
Model 3081A00), and an advanced aerosol neutralizer (TSI, Model 3088) along with a
condensation particle counter (CPC, TSI, Model 3772). We obtained the total mass
concentrations (ug/mq) at different combustion temperatures by integrating the size distributions

using an effective density of 1.3 g/cm? that we previously obtained from a tandem differential
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mobility analyzer — aerosol particle sizer (tandem DMA-APM) setup (El Hajj et al., 2021;
McMurry et al., 2002).

4.3. Results

Figure 4.2 represents the variation in organic aerosol (OA) mass concentration produced during
the combustion of n-heptane, toluene, and their respective blends, plotted against temperature. A
notable observation is that pure n-heptane exclusively generated first-stage aerosols, with no
detectable emissions at elevated temperatures (> 800 K). In contrast, toluene, well-known for its
propensity to form larger organic molecules (including PAHSs and their derivatives) during high
temperature combustion regimes, demonstrated a different trend, primarily emitting aerosols at
the higher temperature. This indicates that first-stage aerosol emissions from two-stage ignition
fuels like n-heptane are produced, even when higher-temperature conditions don't favor the
formation of incipient soot particles. The peak OA concentration emitted for the first stage
emissions of n-heptane is roughly 3.5 times greater than that produced by toluene at 958 K.

For the binary n-heptane/toluene mixtures, we observed a linear decrease in peak emissions
during the first stage as the molar fraction of toluene in the blend increased. Contrariwise, the
second stage OA emissions exhibited a non-linear increase with a rising proportion of toluene (as
depicted in Fig. 4.2). Moreover, as the fraction of toluene in the blend increased, we observed a
subtle upward shift in the temperature that corresponded to peak emissions in both stages. This
shift could be associated with a delay in ignition, as the introduction of toluene raises the overall
RON, thereby shifting the aerosol precursors profiles to a slightly higher temperature. The same

pattern was evident for the other fuel blends as well.
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Figure 4.2. OA mass concentration emitted from the combustion of pure n-heptane (¢), toluene
(w), and binary n-heptane/toluene blends (e) as a function of combustion temperature covering
low, intermediate, and high temperature combustion regimes.

The OA emission profiles for blends of n-heptane with ethanol and DMF are depicted in Figures
4.3a and 4.3b, respectively. While there's an absence of aerosol emissions at high temperatures
for both ethanol and DMF, their effect on emissions during the first stage is apparent. Both
additives showed a higher tendency in suppressing first-stage OA compared to toluene, and
unlike toluene, increasing ethanol and DMF fractions showed a non-linear decrease in first stage
OA. For instance, the introduction of a 30%mo additive led to a significant reduction in peak
emissions compared to that of toluene. Specifically, a decrease by a factor of 1.3 was observed
for T30, while E3g and D3o experienced a more substantial decrease by factors of 2.3 and 3,
respectively. DMF demonstrated a greater efficiency in suppressing first-stage OA compared to

ethanol; emissions were still observed at Eso, whereas they were almost entirely absent at Dsp,
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which showed a more drastic shift in temperature corresponding to peak emissions (793 K for
Dso and 583 K for Esp).

The results presented here suggest that the strong inhibition effects demonstrated by DMF and
ethanol during LTC (Fioroni et al., 2022) and their radical scavenging abilities eventually
influence the formation of first stage OA by decreasing the abundance of OA precursors. With
DMF being a more potent inhibitor, due to its OH-addition and H-abstraction reactions at LTC, it
consequently results in a more significant reduction of first stage OA emissions as its proportion

increases in the blend.

20+ ’0 1 20+ :
L 4 n-Heptane Ly 4 n-Heptane
18+ I ®c 1 18+ : ‘ o0
& ‘ ‘.‘.‘ 30 ‘ :‘ 10
§ 16 -‘ | ® Es b 16 - ! "‘.‘ @ Dy
g "l ' @ Eq .‘:. ' @® Dy,
g 141 j 0 1 14 |
= / ' @
g 10+ ! ’ 1 100 | ‘
8 ¢ 9 L
8- | \ b 8r / \
% ! @ ® N ! '@
© ' !
E o oee | s 8
S e @ e
A9 . “ ¢ $°
2t | o% o 0\" ] 2t | ¥ .0 ]
ol 4o® L wo 0o ©% ¢ | K e ',.... |
500 550 600 650 700 750 550 600 650 700 750 800 850

Temperature (K)

Figure 4.3. OA mass concentration emitted from the combustion of pure n-heptane (¢), and (a)
binary n-heptane/ethanol (b) binary n-heptane/DMF blends (e) as a function of combustion
temperature covering LTC range.

Blends of n-heptane and toluene exhibit a nearly linear relationship with a slight antagonistic

behavior in terms of RON when mixed on a molar basis (Pera & Knop, 2012; Yuan et al., 2020;

Yuan et al., 2017). This indicates that toluene has a near-linear effect in scavenging the radicals
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that cause LTHR during LTC. Figure 4.4 illustrates how the influence of toluene on first-stage OA
emissions is reflected, where the peak OA concentrations from Fig. 4.3a are plotted against toluene
fraction in the blend. The peak emissions of n-heptane/toluene blends show a nearly linear
decrease, with slightly higher concentrations compared to the linear-mixing model. These slightly
elevated concentrations are indicative of the slight antagonistic effect exhibited by toluene (Yuan et
al., 2020). Furthermore, the n-heptane/ethanol and n-heptane/DMF blends, known for their radical
scavenging ability during LTC, exhibit a strong synergistic blending behavior in terms of RON.
This synergistic effect is also observed in the emissions of first-stage OA, as depicted in Figure 4.4.
The peak OA concentrations for these blends are lower than what would be expected based on the
linear-mixing model. Among the two additives, DMF demonstrates a greater impact in reducing
the peak OA concentrations due to its superior radical scavenging ability, as previously

demonstrated by Fioroni et al. (Fioroni et al., 2022).
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Figure 4.4. Peak first-stage OA mass concentration from Fig. 4.3 as a function of additive
fraction (Y%mor) in the blend. The dashed line corresponds to a linear-mixing model, which
signifies the expected linear decline in first-stage OA concentration observed in pure n-heptane.
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4.4. Conclusions

In this investigation, we employed three distinct binary fuel combinations, using n-heptane as the
main component, to explore the influence of additives on first-stage OA formation during LTC.
These additives are known to enhance autoignition and provide better control in combustion
phasing in ACI engines. We measured OA emissions emitted from controlled-combustion
experiments at a fixed equivalence ratio and temperatures known to instigate LTHR in n-heptane
using three different additives at varying blending ratios. The observations from our study
concurred with prior research illustrating that additives which efficiently scavenge radicals and
demonstrate a synergistic effect on RON are better in suppressing first-stage OAs than those
which exhibit a weaker, more antagonistic effect. For instance, ethanol and DMF, recognized for
their synergistic blending behavior, demonstrated a non-linear reduction in first-stage OA as
their proportion increased. Conversely, toluene, known for its slight antagonism when mixed
with n-heptane, revealed an almost linear, albeit slightly elevated, first-stage OA pattern
compared to a linear decay. These results represent the first evidence of the impact of fuel
additives, used to enhance the operational range of ACI engines, on OA formation during LTC.
The study underscores the necessity of expanding research to encompass a broader array of
additives and fuel blends. This will provide a more comprehensive understanding of pollutant
formation, which is crucial for assessing the environmental impact of new development in

internal combustion engines that employ ACI strategies.
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CHAPTER 5

CONCLUSION
This dissertation sets out to elucidate the properties and formation processes of ‘first-stage’
organic aerosols that accompany the first ignition phase of two-stage ignition fuels, a
comprehension that is essential when assessing the possible atmospheric impacts of forthcoming
engine technologies. Organized around three core pursuits, the dissertation examines: a) the
disparity in physicochemical traits between first and second-stage aerosols as unveiled by
controlled-combustion experiments; b) formation pathways, prevalence in engine emissions, and
potential implications for urban atmospheres of first-stage aerosols; and ¢) the impact of
additives, employed to enhance ignition properties in ACI, on the evolution and attributes of
first-stage aerosols.
The initial combustion experiments shed light on the emergence of organic aerosols linked to
first-stage ignition in two-stage ignition fuels. The experiments spanned the LTC temperature
range where first-stage OA were identified during n-heptane combustion, a fuel known for its
LTHR properties; However, this phenomenon was absent with toluene. A kinetic model
replicating our experimental conditions confirmed the connection between first-stage OA and
LTHR. It highlighted that the fuel reactivity intensified in sync with the elevation of first-stage
OA concentrations.
In our expanded research, we incorporated the analysis of gas-phase species emitted during n-
pentane's LTC, an additional fuel exhibiting two-stage ignition. This broader examination,

together with a detailed chemical characterization of first-stage OA, facilitated our understanding
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of the chemical pathways leading to the formation of first-stage OA. Additionally, we identified
the existence of OxyPOA, which exhibit chemical properties akin to SOA. Notably, our research
furnished proof of OxyPOA presence within the emissions of gasoline and Advanced
Compression Ignition (ACI) engines.

Finally, understanding the need for fuel additives in ACI engines, which serve to suppress radical
formation and enhance autoignition timing, we furthered our research by incorporating three
distinct additives known for their various radical inhibiting capabilities. These were combined
with n-heptane to observe how they might influence the production of first-stage OA. What we
found was that the additives that were more effective at inhibiting radicals also more effectively
suppressed the formation of first-stage OA. Additionally, each additive revealed a unique impact

on the chemical composition of the resultant first-stage OA.
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Table S2.1. Summary of experimental conditions and emission factors.

Fuel | BUBDIeT oW | i ourte Lo | ACCITONaIN: ?éiﬂ;%}i’frl Emission Factor
Exp.1 | Exp.2 | Exp. 3

1035 37.7 41.1 38.1
1000 14.6 0.7 0.6
950 0.0 0.0 0.0
900 0.0 0.0 0.0
800 0.0 0.0 0.0
700 0.0 0.0 0.0
600 0.0 0.0 0.0
500 0.0 0.0 0.0
400 0.0 0.0 0.0
390 29 0.0 0.0
n-Heptane 0.18 0.2 0.4 380 s 07 07
365 174 9.7 9.7
350 534 43.7 342
330 106.5 88.0 88.7
300 2135 | 1909 | 188.8
290 223.0 | 219.6 | 219.6
280 196.6 165.9 | 190.7
270 126.3 76.4 1225
260 33.0 7.6 37.9
255 5.8 0.0 95
245 0.0 0.0 0.0
1035 789.8 798.7 | 798.7
1000 169.6 181.6 | 183.3
950 28.8 25.8 40.2
900 9.9 7.3 17.7
850 10.3 7.9 18.0
800 6.2 4.3 8.3
Toluene 0.307 0.19 0.25 750 0.4 0.2 0.9
700 0.0 0.0 0.0
650 0.0 0.0 0.0
600 0.0 0.0 0.0
550 0.0 0.0 0.0
500 0.0 0.0 0.0
450 0.0 0.0 0.0
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400 0.0 0.0 0.0

350 0.0 0.0 0.0
300 0.0 0.0 0.0
250 0.0 0.0 0.0

* N2 was used to carry the fuel (in the bubbler) in the toluene experiments, while air was used to
carry the fuel in the n-heptane experiments.

Table S2.2. Summary of optical properties data at select combustion temperatures.

Fuel 'Ic':gr?:;?eurzttll?rz Imaginary pairrt(;)gxthe refractive Mass absorption cross-section (m?/g)
(O
measu;emem Kaz22 Ks32 k7s2 MACa22 MACs32 MAC7s2

1 0.13 0.04 0.02 2.40 0.60 0.19

2 0.12 0.04 0.02 2.33 0.60 0.19

3 0.12 0.04 0.02 231 0.56 0.18

4 0.12 0.04 0.02 2.35 0.60 0.19

5 0.12 0.04 0.02 2.36 0.60 0.21

6 0.13 0.04 0.02 2.42 0.62 0.21

Toluene 1035 7 0.12 0.04 0.02 2.35 0.60 0.20
8 0.11 0.03 0.02 2.01 0.48 0.14

9 0.11 0.03 0.02 2.01 0.48 0.15

10 0.12 0.04 0.02 2.15 0.52 0.16

1 0.11 0.03 0.02 2.08 0.50 0.15

12 0.11 0.04 0.02 2.09 0.54 0.18

13 0.11 0.04 0.02 2.06 0.52 0.17

14 0.11 0.04 0.02 2.06 0.53 0.17

15 0.11 0.04 0.02 2.04 0.52 0.17

1 0.09 0.01 0.00 1.52 0.20 0.03

2 0.10 0.02 0.00 158 0.21 0.03

3 0.10 0.02 0.00 1.67 0.22 0.03

4 0.09 0.01 0.00 1.43 0.19 0.03

5 0.10 0.02 0.00 1.66 0.22 0.03

6 0.10 0.02 0.00 1.63 0.22 0.03

n-Heptane 1035 7 0.10 0.02 0.00 1.61 0.21 0.03
8 0.08 0.01 0.00 1.39 0.18 0.03

9 0.10 0.02 0.00 157 0.21 0.03

10 0.09 0.01 0.00 151 0.20 0.03

11 0.10 0.02 0.00 1.57 0.21 0.03

12 0.09 0.01 0.00 1.48 0.19 0.03
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=
w

0.09 0.01 0.00 1.46 0.19 0.03

14 0.09 0.01 0.00 1.52 0.20 0.03

15 0.09 0.01 0.00 151 0.20 0.03
! 0.01 - - 0.19 - -
2 0.01 - - 0.21 - -
3 0.01 - - 0.19 - -
4 0.01 - - 0.18 - -
> 0.01 - - 0.21 - -
6 0.01 - - 0.21 - -
! 0.01 - - 0.19 - -
290 8 0.01 - - 0.21 - -
° 0.01 - - 0.26 - -
10 0.01 - - 0.26 - -
1 0.01 - - 0.23 - -
12 0.01 - - 0.21 - -
13 0.01 - - 0.25 - -
14 0.01 - - 0.16 - -
15 0.01 - - 0.15 - -
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Figure S3.1. Normalized mass spectra and corresponding VUV absorption spectra of 2-
methyltetrahydrofuran (CsH100), detected in first-stage combustion of n-pentane.
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Figure S3.2. Normalized mass spectra and corresponding VUV absorption spectra of 2-
methyltertahydrofuran-3-one (C5H802), detected in first-stage combustion of n-pentane.
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Figure S3.3. Normalized mass spectra and corresponding VUV absorption spectra of 1,3-
Butadiene (C4Hs), detected in second-stage combustion of n-pentane.
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Figure S3.4. Normalized mass spectra and corresponding VUV absorption spectra of
Cyclopentadiene (CsHs), detected in second-stage combustion of n-pentane.
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Figure S3.5. Normalized mass spectra and corresponding VUV absorption spectra of Benzene
(CsHs), detected in second-stage combustion of n-pentane.
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Figure S3.6. Normalized mass spectra and corresponding VUV absorption spectra of Toluene
(C7Hg), detected in second-stage combustion of n-pentane.
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Figure S3.7. Normalized mass spectra and corresponding VUV absorption spectra of Styrene
(CgHs), detected in second-stage combustion of n-pentane.
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Figure S3.8. Normalized mass spectra and corresponding VUV absorption spectra of Indene
(CqHs), detected in second-stage combustion of n-pentane.
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Figure S3.9. Normalized mass spectra and corresponding VUV absorption spectra of
Naphthalene (C10Hs), detected in second-stage combustion of n-pentane.
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Figure S3.10. Temperature-dependent concentration profiles of different species during first-
stage combustion. (A) OxyPOA. (B) Acetylacetone (CsHgO3). (C) 2-methyltetrahydrofuran

(CsH100). (D) 2-methyltertahydrofuran-3-one (CsHgOz). For figs. (B), (C), and (D) error bars in
concentration of £10% are applied to account for experimental repeatability and uncertainties in

species cross-sections.
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Figure S3.11. Mass spectrometry analysis of n-heptane OxyPOA.. (A) Mass spectra obtained
using nano-DESI-HRMS (top) and ESI-FTICR-MS (bottom). (B) Average O/C of the molecules
detected by nano-DESI-HRMS (top) and ESI-FTICR-MS (bottom). (C) C7 monomers and
oligomers with carbon numbers that are multiples of 7 isolated from the nano-DESI-HRMS
spectra. Also shown are the average H/C and O/C of the monomers and the oligomers. (D)
Number of hydrogen atoms versus number of oxygen atoms of the dimers and tetramers detected
by nano-DESI-HRMS.
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Figure S3.12. Saturation concentrations at 300 K (Csat,ref) Of molecules shown in Fig. 2 of the
main text, estimated using the parameterization of Li et al. (83). Also shown is the cutoff for
volatile organic compounds (VOCs) and intermediate-volatility organic compounds (IVOCs).
Notably, each oxygen addition leads to a decrease in Csatref by an order of magnitude. CsH100O
and CsHgO- were detected in the gas phase in the first-stage n-pentane combustion (fig. S3 and
fig. S4). CsH404 had volatility low enough to partition to the particle phase and was detected by
ESI-MS. Likely due to its relatively low Csat, CsHsO3 was not detected in the gas phase, but was
also too volatile to appreciably partition to the particle phase.
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Figure S3.13. Reaction pathway to linear, multi-functional intermediates produced from n-
pentane combustion. Oz-addition to of syn-2,4-dimethyloxetan-2-yl proceeds through a QOOH-
mediated reaction scheme leading via ring-opening to 2,4-pentanedione (36). Subsequent H-
abstraction reactions of the dicarbonyl yield only resonance-stabilized carbon-centered radicals,
e.g. 2,4-pentandion-1-yl, which upon reaction with O yields 2,4-dioxopentanedial + HO».
Continued oxidation of the tricarbonyl produces species with sufficiently low volatility leading
to the detection of m/z 128.011 (CsH4Oa) in the particle phase.
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To get the volumetric flowrates of air and nitrogen flowing through bubblers, we derived and

solved three equations. First equation was derived based on O2/N ratio as following:

Pgsq n—heptane y Psq X v 2
($) (Vn—heptane)2 (Fx -1) + E (—t) Ve =0 (Sl)

Ry Tpubbler Ry Thubbler

Where P, is the fuel saturation pressure (kPa) (subscript x denotes the additive fuel),
Vn—nepmne and V, (m%/s) are the volumetric flowrates of nitrogen passing through the n-heptane
and additive bubblers, respectively. E, is the fraction of the blendstock, R;; is the universal gas
constant (J/mol-K), and Ty ppier 1s the bubblers’ temperature (K). Second equation was derived

from the equivalence ratio (¢p) combining both fuels as:

Psa,n—e ane y Psa,x Patm
(Cho ) Vi neptane + (=) = 0215 g x (F/A)g » (722) =0 (S2)

RyTpubbler RyTpubbler

Where (F /A); is the stoichiometric fuel-to-air ratio for a complete combustion of the two fuel
components. The final equation used is the sum of all flowrates exiting the combustion chamber
(Veotar):

Vtotal = Vn—heptane + Vx + VA + VI.VZ (S3)
Where V, is the volumetric flowrates of air entering the combustion chamber. For each mixing

ratio, we chose the fraction of the additive (F,) while keeping ¢, O2/N2, and V,,4; at constant

values, then calculated all the required flowrates using the equations above.
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