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Abstract

Biomass burning, from wildfires to cooking stoves, is a major contributor to atmo-

spheric pollution on a global scale, affecting the quality of the air we breathe. Emis-

sions from biomass burning are both health and climate affecting, and vary consider-

ably in composition depending on how the fuel is burned. Currently, millions depend

on biomass fuels for energy production, cooking, and heating purposes. And yet,

we still do not fully understand the composition of biomass burning emissions, their

evolution once travelling through the atmosphere, or their impacts. The effects of

biomass combustion are compounded for people living in developing regions such as

Sub-Saharan Africa, where reliance on unrefined biomass like wood or cow dung is

widespread. Usage of unrefined fuels and inefficient stoves aggravates the impacts of

biomass burning; impacts which can only be accurately predicted with a comprehen-

sive understanding of emission composition. The matter is also urgent, considering

that wildfire incidence and severity is expected to rise in the coming years.

The goal of this thesis is to forward our understanding of biomass burning emis-

sions from understudied fuels, from composition to evolution in the atmosphere. In

Chapter 2, I discuss the composition of biomass burning emissions through the study

of wood and cow dung fuels combusted in a tube furnace capable of highly repro-

ducible burns. I report that the composition of the base fuel directly impacts that

of the emissions, which for dung comprise a complex matrix of light-absorbing and

nitrogen-containing compounds. Additionally, I detail that levoglucosan and its iso-

mers galactosan and mannosan - tracers generally used to source-apportion wood

burns - are also emitted from burning cow dung, and report their emission factors.
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I conclude that the effects of biomass burning in regions which rely on dung fuels

could be underestimated. And, that on a per-mass basis, the climate impacts of dung

burning are likely greater than wood.

In Chapter 3, I apply novel analytical and statistical techniques to the study of

biomass burning emissions. Here, I describe which burn parameters, such as heating

temperature, air flow rate, or fuel type, contribute to altering the composition of the

emissions. This was achieved through the coupling of two-dimensional gas chromatog-

raphy mass spectrometry (GC×GC-MS) and principal component analysis (PCA).

While GC×GC-MS separates the emissions, PCA identifies which components are

characteristic to each burn parameter. I report that the major driver for differen-

tiation between emissions are flow rate and temperature. As well, I show that low

flow rate combustion of cow dung is associated with more diverse emissions, includ-

ing health-affecting furans and thiazoles. This chapter demonstrates that coupling

GC×GC-MS and PCA can effectively deconvolute biomass emissions too convoluted

to otherwise characterize; a combination of techniques which has not been applied to

the study of biomass burning emissions in a laboratory setting previously.

In Chapter 4, I focus on the evolution of anhydrides in the atmosphere. Specifi-

cally, I discuss how anhydrides can reactively uptake to the surface of biomass burning

emissions, and report the uptake coefficients of phthalic anhydride under increasing

loading masses. I detail how electrophilic anhydrides can react with a variety of nu-

cleophiles present in biomass burning emissions to form larger water-stable products,

including with the tracer levoglucosan. This mechanism might explain how volatile

compounds like anhydrides end up irreversibly partitioned to the particle-phase in

the atmosphere, improving our understanding of the evolution of burn plumes.

Overall, this thesis provides novel data and methods for the study of biomass

burning and its emissions. The information provided within will help differentiate

emissions from previously understudied biomass fuels, and ultimately, aid in the cre-

ation of atmospheric models to predict the impacts of biomass burning.
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Introduction

Contributions: The introduction was written by Max Loebel Roson with review

and feedback by Dr. Ran Zhao.

1



Chapter 1 – Introduction

1.1 What is biomass burning

Arguably, control of fire represents one of the earliest inventions of the human race [3].

As a result, we have been exposed to its emissions for the better part of a million years

[3, 4]. Considering the Stone Age was a very long time ago, it is surprising we still do

not fully understand the emissions of certain fuels. In particular, biomass has been

the predominant fire-making combustible since prehistory [3, 4], and still remains the

main source of energy for cooking and heating in many developing countries [5, 6].

For example, in 2016, 50% of households in India relied on biomass for cooking and

heating; in Sub-Saharan Africa, this number reached 86%, as can be seen in Figure

1.1 [6]. Globally, up to 3 billion people are estimated to still be dependent on biomass

for cooking and heating [5]. As a source of energy, biomass supplies more than 10%

of the global energy demand [7]. Within this context, biomass is an umbrella term

for the diverse types of biological materials used to fuel a fire, such as wood, animal

dung, grass, hay, and crop residue [8].

Figure 1.1: Proportion of the population with primary reliance on clean fuels and
technology for cooking in 2016 (%). Figure obtained (with adapted caption) from:
(WHO)“Global Household Energy Database,” World Health Organization, 2023 [6]
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Chapter 1 – Introduction

1.1.1 On particulate matter

When burned, biomass releases - in addition to many gas-phase molecules - harmful

particulate matter into the surrounding air [9]. The term particulate matter describes

both liquid droplets and solid particles, usually emitted into the atmosphere as sus-

pended aerosol [10]. When breathed in, fine particulate matter can cause a variety of

respiratory and cardiovascular disorders leading to premature mortality [11–13]. The

size of the particle dictates where it is most likely to be deposited in the human body

when breathed in, with particles above 6.7 µm not reaching the thorax (remaining

trapped in the nose or throat), and particles below 0.8 µm passing all the way through

to the alveoli [14]. Specifically, particulate matter with a diameter below the size of 1

or 2.5 µm (PM1 and PM2.5 respectively) is associated with adverse health outcomes

[11, 15, 16]. Particles below these sizes can penetrate deep into the lungs, becoming

trapped or transferred into the bloodstream from there [11]. Evidence of particulate

matter exposure has even been found in Egyptian mummies, in the form of soot de-

posits in the lungs [17]. Despite its significant health impacts, increased mortality

associated specifically with exposure to PM1 and PM2.5 has only been widely reported

in the past 30 years [12, 15, 18].

Mostly emitted through anthropogenic air pollution, PM2.5 is recognized by the

World Health Organization (WHO), the European Environmental Agency (EEA), as

well as the Environmental Protection Agency (EPA) as strongly air quality affecting

[19–21]. By mass, it is believed that up to 90% of PM1 may be comprised of or-

ganic aerosol (OA) particles, and up to 90% of global combustion OA may come from

biomass burning [9, 22–24]. To make matters worse, carbonaceous particulate matter

emitted from combustion has a significant surface area to size ratio [25], which pro-

motes the adsorption of other chemical species [26–28]. Using particulate matter as

a vector, adsorbed or absorbed compounds can be transferred into the human body,

with unpredictable health effects [29]. A 2012 global health risk assessment by Lim et

al. identified household air pollution from solid fuels as one of the three leading health

risk factors worldwide (third for males and second for females) leading to premature

death [11]. Thankfully, this risk has been mitigated over time, as the use of biomass

has become less prevalent worldwide [16]. Still, with the rising incidence and sever-
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Chapter 1 – Introduction

ity of open biomass burning in recent years [30, 31](such as wildfires, as exemplified

by Figure 1.2), the worldwide climate and health effects of biomass burning remain

considerable [32].

Figure 1.2: Emissions during the May 15th 2023 Alberta wildfires, captured by a
National Aeronautics Space Administration (NASA) satellite. The red dots represent
temperature anomalies, i.e. the origin of the emissions as a result of the fires. Image
(with adapted caption) obtained from NASA Worldview. 2023 [33].

From a climate perspective, biomass burning emissions (BBE) affect the balance

of heating and cooling effects on the Earth (radiative budget) [9, 34–37]. The heating

effect of greenhouse gases such as carbon dioxide (CO2) and methane (CH4) has been

widely reported, and has been the zeitgeist of the conversation on climate change

since the late 1980s [34, 38]. However, the effects of biomass burning aerosol in the

atmosphere are more intricate. In addition to affecting local and regional visibility,

biomass burning aerosol can have both heating (by trapping light or inhibiting the

formation of light-scattering clouds) or cooling (by scattering light themselves or pro-

moting cloud formation) effects depending on their physical and chemical properties

[32, 39, 40]. To date, there is still considerable uncertainty in the effects of certain

biomass burning aerosol, such as black and brown carbon (BC and BrC respectively).

BC is categorized as elemental carbon (EC) (soot or graphite-like), while BrC is clas-

sified as organic carbon (OC) and is a major fraction of biomass burning organic

aerosol (BBOA) [32, 41–44]. Aside from emitted greenhouse gases, BC and BrC are
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estimated to be the two strongest climate-affecting components of BBE [32, 34–37].

1.1.1.1 Black carbon

BC are carbonaceous fine particles emitted from the incomplete combustion of

biomass and fossil fuels [44, 45]. BC is the most effective light-absorbing combustion

aerosol in the atmosphere, leading directly to atmospheric warming [32, 36, 44]. By

absorbing light, BC can enhance evaporation mechanisms in clouds and contribute to

the melting of ice and snow [32, 46]. Additionally, as a fraction of PM2.5, BC can also

have significant health impacts after being breathed in [45]. For instance, the Great

London Smog of 1952, which hospitalized over 150,000 people in less than a week,

had a large BC component as part of soot emissions from coal burning [47]. This

incident caused a surge in health and air-quality related science, which, as climate

change became more apparent, transitioned into a meticulous investigation on the

warming and cooling effects of BC. As a result, while the uncertainty associated with

the climate-forcing effect of BC has shrunk considerably over the past 40 years, it

still remains considerable, as shown in Figure 1.3 [32, 34, 35, 38, 43].

1.1.1.2 Brown carbon

BrC is a more recent discovery, it is a carbonaceous aerosol component of BBOA

comprised of visible and ultraviolet light-absorbing organic particulates [32, 43, 44,

48]. BrC absorbs light in the ultraviolet and near-visible spectrum more strongly

than BC, giving biomass burning smoke plumes their characteristic brown colour

and BrC its moniker [43, 44, 48, 49]. While biomass burning is the largest source

of BrC emitted into the atmosphere, BrC emission factors are highly uncertain as

most studies report PM2.5 [43]. Modelling studies have estimated that BrC may

constitute 80% of all OC in areas which rely heavily on biomass burning (such as

South Africa), this number is estimated to be much lower (between 20-40%) in North

America and Western Europe [50]. Although a smaller source, secondary BrC may

also form through photo-oxidation of both anthropogenic and biogenic VOC in the

gas-phase [51, 52], photochemical processing in clouds [53], and heterogeneous night-

time reactions with NO3 and N2O5 [54].
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Original caption available on the subsequent page.
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Figure 1.3: RF bar chart for the period 1750–2011 based on emitted compounds
(gases, aerosols or aerosol precursors) or other changes. Numerical values and their
uncertainties are shown in the Supplementary Material Tables 8.SM.6 and 8.SM.7.
Note that a certain part of CH4 attribution is not straightforward and discussed
further in Section 8.3.3. Red (positive RF) and blue (negative forcing) are used for
emitted components which affect few forcing agents, whereas for emitted components
affecting many compounds several colours are used as indicated in the inset at the
upper part the figure. The vertical bars indicate the relative uncertainty of the RF
induced by each component. Their length is proportional to the thickness of the bar,
that is, the full length is equal to the bar thickness for a ±50% uncertainty. The
net impact of the individual contributions is shown by a diamond symbol and its
uncertainty (5 to 95% confidence range) is given by the horizontal error bar. ERFaci
is ERF due to aerosol–cloud interaction. BC and OC are co-emitted, especially for
biomass burning emissions (given as Biomass Burning in the figure) and to a large
extent also for fossil and biofuel emissions (given as Fossil and Biofuel in the figure
where biofuel refers to solid biomass fuels). SOA have not been included because
the formation depends on a variety of factors not currently sufficiently quantified.
Figure and caption reprinted with permission from: IPCC. “Climate Change 2013 –
The Physical Science Basis: Working Group I Contribution to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change”, ch. 8, pp. 698, 2014,
Figure 8.17 [34]. Copyright Cambridge University Press

While BC is properly considered in most global climate forcing models and calcu-

lations [41, 42], BrC is still referred to as a purely scattering aerosol [36, 41, 55].

Currently, BrC is one of the main source of uncertainty in predicting the climate

effects of biomass burning [48, 50]. Similarly to BC, emission of BrC is promoted by

inefficient burning conditions, such as insufficient temperature or airflow, which are

typical of household stoves [45, 56, 57]. In fact, the temperatures which promote the

emission of BrC are even lower than BC [48]. Unsurprisingly, the impacts of BBE

are felt more heavily in areas where biomass remains the main source of energy for

heating and cooking [5, 56].

1.1.2 On volatile organic compounds

Aside from particulate matter, BC, and BrC, biomass burning also releases a vari-

ety of volatile organic compounds (VOC), intermediate-volatile organic compounds

(IVOC), and some semi-volatile organic compounds (SVOC) as vapours [32, 43, 58].

VOC are a large group of carbon-containing species characterized by their high vapour
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pressure, which causes them to readily evaporate [59, 60]. During biomass combus-

tion, the cracking of larger molecules promotes the formation of VOC, IVOC, and

SVOC, while the high temperatures enhance their evaporation and release [61]. The

volatility of VOC, IVOC, and SVOC is experimentally distinguished by their satura-

tion concentrations (usually measured using a thermodenuder), a broad classification

is listed in Figure 1.4 [58].

Figure 1.4: Volatility, oxidation state, and approximate oxygen to carbon ratio for
important organic aerosol (OA) and vapours. The shaded areas represent the clas-
sification of each OA. Oxidized organic aerosol (OOA) are split into low volatilility
(LV) and semi-volatile (SV) fractions. The HOA fraction represents hydrocarbon-like
organic aerosol. Figure reprinted under Creative Commons Attribution (CC BY 3.0)
from: Donahue et al. “A two-dimensional volatility basis set – part 2: Diagnostics of
organic-aerosol evolution,” Atmospheric Chemistry and Physics, vol. 12, no. 2, pp.
615–634, 2012 [58]

Compounds with an even lower volatility than SVOC can be classified as low volatil-

ity organic compounds (LVOC), and further as extremely low volatility organic com-

pounds (ELVOC) [43, 58]. As can be seen in Figure 1.4 the majority of BBOA

(including most BrC) have a volatility somewhere between SVOC and LVOC [58].

However, the burning of fuels such as Boreal peatlands - when smouldering, in par-

ticular - can release ELVOC in the form of highly absorptive BrC containing “tar

balls” and humic like substances [43, 48, 62]. The evaporative tendencies of VOC

cause them to readily move into the atmosphere, where they may impact climate and

health [32]. These impacts are quite distinct from those of particulate matter. From

a health perspective, both VOC and their oxidation products cause a variety of tox-
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icological effect, including skin, eye and throat irritation, neuro- and hemo-toxicity,

as well as carcinogenicity [63–65].

With regards to the climate, among the variety of reactions VOC can undergo once

emitted [59, 66, 67], the formation of organic peroxy-radicals (RO2) through hydroxyl

radical (OH) oxidation is particularly significant [59]. Following its formation, RO2

can react with nitric oxide (NO) to form nitrogen dioxide (NO2), which when exposed

to sunlight will in turn produce climate and health affecting ozone (O3) [10, 59].

Unfortunately, since both VOC and NO2 are common anthropogenic emissions from

urban centers, O3 generated following their interaction is - due to its position - pre-

disposed to affect human health [59, 68]. This is one of the reasons why photochemical

smog is largely bound to polluted cities [59], and why the skies above urban centers

can adopt a brownish haze in the mornings when sunlight begins photolyzing the

reservoir of NO2 accumulated in the atmosphere during the previous night [68]. VOC

are also generated biogenically from vegetation [23, 69]. Globally, the mass of emitted

biogenic VOC is much larger than that of anthropogenic sources [23]. Similarly to

anthropogenic VOC, biogenic VOC also contribute to cloud formation by acting as

cloud condensation nuclei (CCN), with a net cooling effect on the atmosphere [69].

VOC are the largest precursors to secondary organic aerosol (SOA) formation in the

atmosphere [23, 32]. As opposed to their VOC precursors, the impacts of SOA in

the atmosphere are more similar to those of the aforementioned particulate matter

(i.e. highly variable, with a net cooling or heating effect depending on their chemical

makeup) [32]. Since the impacts of SOA are highly composition dependent, the

processes that lead to their formation and transformation in the atmosphere are

directly responsible for their climate burden [23]. Hence, tracking the evolution of

VOC and SOA in the atmosphere is crucial towards predicting their effects.

1.2 Evolution of biomass burning emissions

Once in the atmosphere, BBE continuously undergo physical and chemical changes

from light, temperature, and transport through the highly oxygenated environment

[70, 71]. These changes can be broadly split into physical (where the emission state,

phase, or position in the atmosphere changes without affecting its molecular compo-
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sition), or chemical (where the emissions themselves or the species they interact with

undergo chemical modification) [70, 71]. Fittingly, changes continue until emissions

are either physically removed from the atmosphere (through wet or dry deposition, for

example), or are sufficiently transformed (aged) into highly volatile oxidised products

such as formaldehyde (HCHO), CO, or CO2 through photochemical degradation [58,

72]. Ordinarily, atmospheric aging will migrate emissions to the top right corner of

Figure 1.4 over time [58].

1.2.1 Physical changes

1.2.1.1 Transport

Like any other pollutant, BBE are transported by air currents - due to wind patterns

or temperature gradients - through the atmosphere after emission [73, 74]. This

transport can be horizontal through advection, vertical through convection, or both

horizontal and vertical through turbulent dispersion [74–77]. As a consequence of

atmospheric transport, emissions are diffused and exposed to a variety of atmospheric

conditions, such as changes in temperature and humidity [75, 77]. In particular,

vertical transport is associated with more drastic changes in temperature which may

alter the phase of the emissions [75, 77, 78]. Transport can occur over long distances

(even intercontinentally [13, 79]), depending on the atmospheric residence-time of

the emission in question and air current velocity [75]. As a result, the lifetime of a

compound in the atmosphere strongly hinges on its resistivity to various removal and

aging processes, which are detailed in the following sections.

1.2.1.2 Dry Deposition

As particulate matter and gases move through the atmosphere, they may come into

contact with and settle on physical barriers such as vegetation, soil, or man-made

structures. When this process does not involve water, it is referred to as dry depo-

sition [80]. Large and heavy particulate matter is especially prone to atmospheric

removal through dry deposition [81, 82], particularly so in areas with heavy vegeta-

tion or man-made structures, where the surface area available for contact is greater

[80]. Conversely, fine particulate matter (with more detrimental health effects [11]),

remains in the atmosphere longer than the larger coarse fraction [81].
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Dry deposition can cause the accumulation of pollutants on surfaces, with subsequent

deleterious effects. For example, toxic heavy metals such as cadmium can accumulate

in soil through deposition, be absorbed by crop, and eventually affect the health of

those who consume them [83]. Particulate matter deposited on vegetation may affect

photosynthesis efficiency [84]. If accumulated on buildings, particulate matter can be

re-suspended with changes in wind speed or humidity, affecting air quality long after

deposition [85].

1.2.1.3 Wet Deposition

Atmospheric pollutants can also be removed through wet deposition when they come

into contact with water in the form of water vapour, precipitation, fog, or clouds

[86, 87]. While dry deposition is mostly effective at removing particulate matter, wet

deposition can efficiently eliminate both gases and particulate matter, and is therefore

the main removal pathway for most aerosol species [82, 88]. The Earth’s atmosphere is

comprised of almost 0 to 4% water by volume, depending on atmospheric conditions

[89]. For this reason, the occurrence and effectiveness of wet deposition is highly

location dependent [90].

Figure 1.5 depicts the major sources, processes, and sinks which can affect OC

aerosol in the atmosphere [91]. Clouds are the largest reservoirs of water in the atmo-

sphere, they capture emissions through nucleation or impaction scavenging [86–89].

Atmospheric water dissolves gases such as sulphur dioxide (SO2) and nitrogen oxide

species (NOx) which after conversion to sulphuric and nitric acid (H2SO4 and HNO3

respectively), can acidify soil or damage infrastructure through precipitation [86,

87]. Water vapour can also condense on particulate matter, promoting the formation

of clouds which affect the Earth’s radiative budget [88]. Simultaneously, particles

may become larger and less aerodynamic after water condenses on their surface,

increasing the likelihood of them being removed through collision and deposition

[81, 88]. Similarly, removal of particles through transfer to cloud droplets (rainout)

affects mostly large particles [82, 88]. Most atmospheric OC is removed from the

atmosphere through deposition. Of this removal, ∼60% is expected to occur through

wet versus 40% through dry deposition [72, 75]. In precipitation, the vast majority

(>75%) of carbon has been found to be organic [92].
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Figure 1.5: Major sources and processes affecting the amount and quality of or-
ganic carbon found in wet deposition. SOA refers to secondary organic aerosol, CCN
are cloud condensation nuclei, VOCs are volatile organic compounds, CO is car-
bon monoxide gas, and CO2 is carbon dioxide gas. Figure reprinted under Creative
Commons Attribution (CC BY-NC-ND 4.0) from: Iavorivska et al. “Atmospheric
deposition of organic carbon via precipitation,” Atmospheric Environment, vol. 146,
pp. 153–163, 2016 [91]

Wet deposition efficiency is dependent on the chemical properties of the compound

being removed [36, 91]. For instance, most BC (∼80%) is emitted as hydrophobic

BC and is only converted to hydrophilic BC once aged in the atmosphere [36, 93,

94]. While hydrophobic BC can be removed through wet deposition, the change

in total aerosol mass is negligible compared to when hydrophilic BC experiences

analogous collisions with atmospheric water [36, 88]. Similarly, VOC and other gas-

phase molecules are more likely to be removed through wet deposition if they have

a high Henry’s law coefficient (higher solubility in the water) [72, 82]. Therefore,
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understanding the composition of pollutants is essential towards predicting by which

mechanisms they are removed from the atmosphere.

1.2.1.4 Partitioning - evaporation and condensation

Partitioning typically refers to how pollutants are distributed between environmental

compartments [95]. This includes both large-scale systems, such as how molecules

are dispersed in air, water, and soil, as well as smaller ones, such as how gases

are distributed between the surface or bulk of single particles [95, 96]. Water-soluble

compounds will tend to partition into the aqueous-phase, while highly volatile species

will usually partition to the gas-phase [58, 72, 82, 97, 98]. The two most significant

mechanisms driving partitioning in the atmosphere are evaporation and condensation

[89].

Evaporation involves the transfer from a solid or liquid surface to the gas-phase. The

rate of this transfer is highly dependent on atmospheric conditions such as wind speed

and temperature [89]. Additionally, different chemical species will also evaporate

at distinct rates according to their vapour pressures, which are dependent on their

physical and chemical properties [99]. This means that by monitoring key atmospheric

conditions, the distribution of chemical species in the environment can be predicted

[99]. For example, pollutants removed from the atmosphere through wet deposition

may re-evaporate if local temperatures rise, and in turn impact air-quality anew [100].

From a climate perspective, evaporation inhibits the formation of clouds from CCN

[101], indirectly heating the Earth’s surface [32]. This is a pressing environmental

concern, as our current understanding indicates that with rising temperatures cloud

cover will continue thinning [32].

Condensation is the reverse process to evaporation, it refers to the formation of a

liquid-phase from a gas-phase. It is the major pathway for the formation of clouds,

fog, and precipitation, as water vapour condenses into the liquid-phase [89]. Unsur-

prisingly, condensation is similarly affected by temperature, wind speed, and other

atmospheric conditions [89]. Condensation is enhanced in the presence of a surface

or particle, and is why CCN are a prerequisite for the formation of clouds in most

circumstances [102]. Aerosol can become activated as CCN at supersaturation rela-

tive humidity (RH), with the degree of hygroscopicity of the aerosol minimizing the
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RH required for activation [103]. On the other hand, hydrophobic aerosol such as

graphitized soot particles resist the addition of water, and may act as CCN only (if

at all) at an even greater degree of supersaturation [104]. While condensation to form

clouds has a net positive cooling effect considering the current climate crisis [32], it

can also contribute to the formation of SOA [105]. For example, particulate matter

emitted from biomass burning contains a wide variety of reactive organic species.

When water, VOC, IVOC, or SVOC condense on the particle surface, they may alter

the composition and partitioning of the emission matrix [97, 106]. These composi-

tional changes often involve the formation and release of climate affecting SOA [106,

107].

Condensation is more common for VOCs with lower vapour pressures. For this rea-

son, biomass burning emitted compounds such as light-absorbing polycyclic aromatic

hydrocarbons (PAHs) are more likely to be found in the particle-phase following a

temperature drop [108, 109]. Condensation of VOCs affects the composition of par-

ticulate matter, which may enhance their light-absorbing capabilities (in the case of

PAHs for example) [110], or their capacity to act as CCN [111]. Additionally, conden-

sation of compounds on the surface of particles can provide novel reaction partners

to bulk-phase species, which may form SOA [106]. For instance, condensation of car-

boxylic acids can decrease the pH of the bulk particle-phase [112], which may catalyze

the hydrolysis reaction of anhydrides emitted from biomass burning [2].

1.2.1.5 Phase changes

As emissions move through the atmosphere, variations in temperature and pressure

may also cause phase changes without condensation and evaporation induced parti-

tioning [113]. The phase of aerosol has significant effects on their reactivity in the

atmosphere as well as their capacity to act as CCN, largely due to changes in viscosity

[113–115]. Viscosity increases with descending temperature and humidity, hindering

the diffusion of particles in the surrounding gas, heterogeneous reactions, as well as

the uptake of gases to the particle [113, 116]. These changes are not linear however,

as for example, phase-changes from liquid to solid (or more specifically, from a liquid

to a glassy-solid) can drastically increase and plateau the viscosity of a particle [117].

This indicates that there might be low “breakthrough” temperatures intrinsic to each
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compound which renders them less susceptible to degradation in the atmosphere.

Since disparate species will solidify at different temperatures according to their phys-

ical and chemical properties, a given compound’s breakthrough temperature might

not be attainable in the environment. Considering the composition, temperature,

humidity, and therefore the phase of a pollutant is essential to accurately track it’s

fate in the atmosphere.

However, the composition of particulate matter emitted from biomass burning can

not be simplified to a single type of compound. To complicate matters further, the

various compounds which comprise a particle will partition themselves along concen-

tration gradients on, in, and out of that particle over time [118]. Hence, if conditions

vary enough for only some compounds in the bulk-phase to change into a solid state,

formation of a solid coating may shield the remaining species closer to the core of the

particle (irrespective of their phase) from degradation. Specifically, the formation of

a protective glassy phase at low temperatures may be why pollutants are capable of

reaching remote regions such as the Antarctic before being processed by atmospheric

oxidants [77, 78]. Alternatively, changes in RH may also cause phase-separation in

organic and mixed inorganic-organic aerosol [115, 116]. Phase-separation has unpre-

dictable effects, it has been shown to form a protective coating which hinders uptake

and the formation of SOA [116], and to drastically enhance hygroscopic growth and

CCN properties for liquid-liquid phases [115].

Accordingly, particles may be thought of as containing various layers of fluid compo-

sitions and phases, sometimes around a solid core, which continuously partition and

equilibrate between each other and the surrounding environment, as can be seen in

Figure 1.6 [118]. And consequently, comprehensive investigations of particle compo-

sition become indispensable for atmospheric lifetime predictions.

1.2.2 Chemical changes

1.2.2.1 Photochemistry - direct photolysis and photooxidation

Photochemistry drives a wide variety of reactions in the atmosphere, it plays a cru-

cial role in climate change, the lifetime of pollutants, and air quality [23, 106, 119].

Of the atmospheric photochemical processes, photolysis is responsible for the even-
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Figure 1.6: Schematics of the kinetic multilayer model of gas-particle interactions in
aerosols and clouds (KM-GAP). Concentrations of species Zi and Zj in the gas (g)
and near-surface gas-phase, at the sorption layer (s) and in the surface (ssb) and in
the bulk (b) layers. J are the transport fluxes between each layer, including the gas-
phase diffusion flux (Jg), the adsorption (Jads) and desorption (Jdes) fluxes, surface-
bulk exchange fluxes (Js,ssb, Jssb,s), and bulk diffusion fluxes (Jb). Figure reprinted
with permission from: Arangio et al. “Multiphase Chemical Kinetics of OH Radical
Uptake by Molecular Organic Markers of Biomass Burning Aerosols: Humidity and
Temperature Dependence, Surface Reaction, and Bulk Diffusion,” J. Phys. Chem.
A, vol. 119, pp. 4533-4544, 2015 [118]. Copyright 2023 American Chemical Society

tual breakdown of pollutants into smaller fragments [23, 106]. Photolysis contributes

directly to the removal of pollutants from the atmosphere, as well as the indirect

formation of SOA by generating reactive precursors [23, 106]. For example, strato-

spheric photo-dissociation of diatomic oxygen is a fundamental step in the formation

of O3 [119]. On the other hand, tropospheric O3 can be photolyzed to form highly

reactive OH, which initiates the oxidation of a variety of VOC, this reaction is termed

photooxidation [120].

Photooxidation involves the reaction of trace gases with reactive oxygen species (ROS)

such as OH, O3, and NO3 generated by the action of solar radiation, often forming

SOA [23, 106, 120]. The reactions between trace gases and ROS may also generate

reactive intermediate RO2 species, which also react with atmospheric pollutants to

form SOA [106]. For example, OH formed through photolysis can oxidize CH4 into
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methyl radicals. In turn, methyl radicals can react with O2 to form the lachrymator

formaldehyde (HCHO) [121]. This reaction is one of main mechanisms regulating

the concentration of CH4 in the atmosphere [32, 121], the greenhouse gas with the

highest net positive impact on radiative forcing after CO2 [32]. While it could be pre-

sumed that reducing the amount of CH4 in the atmosphere would only have a cooling

effect, the reality of the atmospheric environment is more complex. HCHO formed

during the photooxidation of CH4 is an intermediate product in the photochemical

formation of a variety of SOA, with unpredictable climate and health effects. In fact,

there is evidence that HCHO contributes to the formation of NOx components [122]

responsible for photochemical smog [32]. These reactions are only one example of the

complex inter-connected processes which regulate the fate and impacts of pollutants

in the atmospheric environment. They reinforce the need for comprehensive investi-

gations on pollutant interactions both individually, and as a system. Even now, the

mechanisms that lead to the formation of SOA are not fully understood [106].

BBE are also photochemically aged in the atmosphere, greatly increasing the chemical

complexity of the emission matrix and forming climate and health affecting SOA

[43, 48]. Particularly, the identification and quantification of compounds present on

the surface of biomass burning aerosol is necessary to understand how it behaves

in the atmosphere [43, 123]. For example, some of the species in biomass burning

emissions, such as potassium, can form hygroscopic salts during atmospheric aging

that may cause physical changes in individual biomass burning particles, altering their

light scattering and cloud forming capabilities [55]. Alternatively, photobleaching

driven by light-induced aging can irreversibly inhibit BBOA’s capacity to absorb light

[124]. For instance, as can be seen in Figure 1.7, Fleming et al. have reported that

the light-absorptive species (chromophores) in a wood BBOA sample are universally

photobleached under short wavelength UV light exposure for 6 hours [124].

Another example is sinapaldehyde, a breakdown product of the molecular tracer lignin

(tracers are expanded on in Section 1.5.3.1) [124, 125]. Sinapaldehyde is one of

the species with major abundance in fresh (un-aged) wood BBOA [125], and one

of the most light absorptive components of BrC [124]. However, sinapaldehyde is

also one of the biomass burning emitted compounds found to decay the most rapidly

under photo-oxidative conditions [125]. This is just one example illustrating the
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Figure 1.7: BrC chromophores present in the BBOA sample before (a) and after (b)
300 nm irradiation for a conifer fuel: lodgepole pine. Figure reprinted under Creative
Commons Attribution (CC BY 4.0) from: Fleming et al. “Molecular composition and
photochemical lifetimes of brown carbon chromophores in biomass burning organic
aerosol,” Atmos. Chem. and Phys., vol. 20, pp. 1105-1129, 2020 [124]

need for emission readings to be contextualized with where, how, and when they

were studied. While sinapaldehyde may be a useful tool to associate plant matter

derived OA to a particular burn incident, it is only effective if the characterization is

performed before the emissions are aged. On the other hand, other biomass burning

tracers such as syringaldehyde, guaiacol, or vanillin, exhibit an upwards trends in

abundance 1-3 days after being emitted and photochemically aged. In fact, as found

by Fortenberry et al., their abundance only proceeds downwards after 6-10 days of

aging, affording them a much longer atmospheric lifetime [125]. In any case, this

further demonstrates the high amount of variation photochemical processes bestow

on specific BBOA degradation products, and how vital knowing the degree of BBE

aging is for characterization and impact prediction.
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1.2.2.2 Nucleophilic addition

Nucleophilic additions are a broad class of non-photochemical reactions with atmo-

spheric significance. Nucleophiles are molecules or atoms which react with positively

charged nuclei (such as electrophiles), providing an electron pair during the reaction

[126]. As the name implies, a nucleophilic addition reaction involves the addition

of a nucleophile to an electrophilic center, forming a covalent bond between them

and occasionally causing the loss of a leaving group [126]. Nucleophilic additions are

commonly used in organic chemistry to synthesize carbon-carbon bonds, amines, and

convert carbonyl groups into various other functional groups [126–128]. Perhaps the

most famous nucleophilic addition is the Nobel prize winning Grignard reaction [129].

Carbonyls are common electrophiles in the atmosphere [130]. By reacting with nucle-

ophiles, carbonyls will form higher molecular mass compounds such as geminal diols

[131]. A similar reaction may also occur when nucleophiles react with electrophilic

aldehydes to form diols [126, 131], or with organic nitrates to form carboxylic acids

[132, 133]. These higher molecular mass compounds are more likely to partition into

the condensed-phase, impacting SOA formation [43, 77]. In particular, formation of

carboxylic acids is atmospherically significant as it contributes to the acidification of

aerosol [134, 135], which in turn influences their cloud forming properties and their

deposition rate [91, 104, 136]. Carboxylic acids are especially prone to acidifying

aerosol as they tend to condense on the surface of particles more readily than their

precursors [104, 106, 112, 136] Nevertheless, there are other atmospheric electrophiles

which have not been previously studied from this point of view. For instance, acid

anhydrides have electrophilic properties and are evolved in large quantities as pri-

mary and secondary emissions from biomass burning [137, 138]. Through hydrolysis,

acid anhydrides also form climate-affecting carboxylic acids [2, 139, 140]. Usually,

water takes on the role of the nucleophile both here and in the examples given above.

However, other compounds with lone-pair electrons can act as nucleophiles and may

be significant in water-deficient environments [2, 130]. As a matter of fact, BBE

contain numerous nucleophiles in the condensed-phase [1, 141], which are capable of

reacting with acid anhydrides [2]. Still, the mechanism by which vapour-phase acid

anhydrides would interact with the less volatile bulk-phase nucleophiles present in
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BBE is unexplained.

1.2.2.3 Heterogeneous reactions and uptake

Heterogeneous reactions occur at the interface between two phases. In the context

of BBE, this is typically between particulate matter - one of the only substrates

available for reaction in the atmosphere - and the surrounding gas-phase [142]. As

discussed previously, O3, OH, and NO3 are significant reactive oxidants and one of the

main sources of atmospheric degradation [106]. However, to react with particle-bound

organic compounds, species like O3 must either interact directly with the surface of

particulate matter, or be heterogeneously uptaken on its surface or into its bulk-phase

[26].

Uptake is the mechanism by which a molecule or particle becomes trapped on a sub-

strate after colliding with it. The probability of capture occurring after a collision

is described as the uptake coefficient (γ) [26]. γ can be experimentally derived by

measuring relative concentration of a molecule before and after moving over an ab-

sorptive medium, typically a coated wall flow tube or Knudsen cell [26]. The uptake

mechanism can be physical, driven by partitioning, or reactive, where the molecule

being uptaken chemically reacts with the substrate [26, 28, 143]. As the name im-

plies, reactive uptake is common for highly reactive gas-phase radicals such as OH

[26]. On the other hand, carbonaceous particulate matter such as those emitted from

biomass burning will promote physical uptake due to their large surface area [25].

In either case, a molecule or particle must come into direct contact with a surface

for uptake into that surface to occur [26]. Therefore, differentiating between physical

and reactive uptake is challenging, as experimentally both types of uptake lead to a

reduction in signal.

The impacts and efficiency of uptake are highly dependent on the physical and chem-

ical properties of both the molecule being uptaken and the adsorbing or absorbing

substrate [26]. After uptake, reactive species such as O3 or glyoxal can alter the

composition of the surface directly [144, 145], or lead to the formation of secondary

products in the bulk-phase [146]. Secondary compounds usually remain bound to

the particle, further altering its physical or chemical properties [145, 146]. More

concretely, acid anhydrides can for example be reactively uptaken to the surface of
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BBE, and as described previously, react with particle-bound nucleophiles to form car-

boxylic acid containing compounds [2]. Alternatively, formation of an organic layer

on the surface of particulate matter may shield their more reactive bulk-phase from

OH uptake, increasing their lifetime in the atmosphere [145].

Despite this, heterogeneous reactions do not have to chemically involve particulate

matter. For example, there is evidence that NO2 will heterogeneously react on par-

ticles in the presence of water and light to form nitrous acid (HONO), a significant

daytime pollutant and contributor to photochemical smog [147]. In this instance, the

surface of particulate matter is expected to act only as a catalyst for the heterogeneous

reaction.

Overall, Sections 1.1.1 through 1.2.2.3 reinforce how BBE not only interact with

atmospheric sinks and oxidants, solar radiation, temperature, and each other, but also

the particles they are bound to or collide with. Each of these factors as well as their

interactions with one another influence the physical and chemical properties of BBE.

In fact, even the position and diffusivity of a pollutant within a single particle may

affect its atmospheric lifetime [118]. Therefore, BBE impact prediction is incumbent

on a proper understanding of how each of these factors are interlaced with each

other and the environment. This understanding can only be achieved through a

combined effort of laboratory studies (which are uniquely capable of deconvoluting

each compartment individually), as well as field and modelling based efforts (which

focus on a more aggregate approach).

1.3 Combustion

To fully understand the mechanisms that gives rise to BBE, one must consider the

process of combustion and flaming. Plant matter is mostly made up of water, which

accounts for up to 60% of its undried weight, and may be the main factor account-

ing for fire propagation [148, 149]. Additionally, plant matter also contains cellulose

and hemicellulose, which represents the majority of the dry weight of most plants

[150, 151]. Most biomass fuels also contain lignin, proteins, amino acids, and other

volatile materials, as well as a variety of different minerals [150, 151]. Each of these

constituents can affect the burning process in different ways, enhancing or inhibiting
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flame formation, for example. Other components, such as nitrogen, sulphur, phos-

phorous, and chlorine, have a bearing on the composition of the flaming emissions

without directly contributing to the combustion step itself [148, 149]. These species

can still be useful as a tool for tracking what type of fuel gave rise to a fire. For

instance, a direct linear relationship has been shown between the nitrogen content of

a fuel, and its emission of nitrogenous compounds during efficient combustion as far

back as 1990 [152].

The first step in the combustion of plant material is drying, during which the water

and volatile plant matter is given off or moves towards the inner layers of the material

[148, 149]. Water content is important for the future flaming step, as high amounts of

water or a heat source of insufficient intensity will not induce a flame [149]. The second

step is pyrolysis, which begins at variable temperatures depending on the fuel type

and does not involve oxygen. For wood, pyrolysis begins at around 400K and becomes

self-sustaining above 450K [148]. During pyrolysis high-molecular weight compounds

– such as dehydrocellulose – are cracked into intermediate-molecular weight products

such as charcoal [149, 153]. Tar, a group of high molecular mass ELVOC, are also

formed. These compounds are then further decomposed into VOC on the surface of

the material, off of which a flame can be sparked [148, 149, 153]. If no volatile gases are

formed, pyrolysis continues without reaching the flaming step, as the majority fuels

must liberate fuel gases or vapours for a flame to be sparked [149]. Most cellulose-

based materials must also be pyrolyzed to char before flaming, and if the ratio of char

to tar is too high, combustion is prevented [148, 149, 153]. For wood fuel and only if

oxygen is readily available, the process becomes glowing combustion at temperatures

around 800K [148]. Here, char is directly oxidized to CO and then to CO2. At this

point, the volatile gases emitted by pyrolysis of the material and the emission of tar are

diluted with ambient oxygen, forming an ignitable mixture and sparking a flame [149,

153]. The thermokinetic exchange processes of such a flame are depicted in Figure

1.8 [153]. After a flame is formed, a burn may fluidly shift between smouldering,

pyrolysis, developing a flame multiple times throughout a single combustion [149].

Solid material can smoulder either after flaming or when flaming is not possible. A

smouldering fire is an oxidative process characterized by its lack of flames and by its

much lower oxygen requirements (5% vs 15% for a flame) [148]. Due to being a rel-
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Figure 1.8: A more advanced conceptual model that captures the effects of the com-
petitive thermokinetics inherent in the combustion of cellulosic fuels. Arrows indicate
direction of flows. The low activation energy, exothermic pathway of char formation
occurs in competition with the higher activation, endothermic pathway of volatile for-
mation. Oxidation of volatiles and char provide the bulk of the heat released during
combustion and create three different feedback paths that lead to sustained combus-
tion. The heat generated by the formation of char is retained in the fuel substrate
(yellow pathway) and in conjunction with the oxidation of char (red pathway) pro-
vides the mechanism by which a fuel can transition to flaming combustion. In most
instances, it is the oxidation of volatiles (blue pathway) that drives the spread of a
wildland fire. However, it is the char pathways that enable a biomass fire to sustain
combustion under marginal conditions. Reproduced with permission from Springer
Nature: Sullivan et al. “Inside the Inferno: Fundamental Processes of Wildland Fire
Behaviour,” Curr. Forestry Rep., vol. 3, pp. 132-149, 2017 [153]

atively lower temperature process, smouldering is long-lasting, and can continuously

evolve emissions over week-long time periods in certain types of fuels [149, 153]. This

increased duration coupled with the inefficiency of the process makes smouldering the

main release step of PM2.5 from biomass burning, and why it has attracted interest

since the advent of fine particulate matter research [154].

1.3.1 Combustion efficiency

Combustion efficiency is an indication of the efficiency of energy transfer between a

fuel and its surroundings when combusted, it is measured by the fraction of total

carbon in the fuel versus the amount transformed into CO2 during a burn [155]. The
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more efficient a burn, the fewer secondary products are evolved and the more the

reaction moves towards emitting only CO2, water and heat, the main products of

combustion [149, 155]. Typically, a lower combustion efficiency will yield lower tem-

peratures, and produce a much larger number of byproducts per unit of fuel mass

burned [149, 155]. Inefficient combustion promotes the formation of BrC over BC,

as well as BBOA [43]. At low temperatures the combustion may become flameless,

in which case the reaction subsists on oxygen reacting directly with the solid-phase

fuel. This is the PM2.5 releasing smouldering process described previously, and why

materials which become a liquid when heated are incapable of smouldering [149].

Similarly to inefficient flaming combustion, both smouldering and pyrolysis emit rel-

atively larger particles and higher molecular mass compounds [43, 109]. Emissions

are termed primary so long as they have not gone structural modification (hence

the “secondary” nomenclature for aerosol formed after emission). Inefficient burning

conditions also emit more primary organic aerosol, which are in turn more likely to

form secondary aerosol through atmospheric processing [43, 109].

Highly efficient burn conditions are unusual in uncontrolled scenarios. For instance,

farmers burning crop residue are rarely concerned about the efficiency of the combus-

tion. Wildfire burn efficiency is also highly variable - although still less efficient than

fuels prepared for combustion - as evidenced by the large amounts of evolved smoke

[149, 156]. And unfortunately, the biomass stoves employed in developing countries

are notorious for their inefficiency [45, 56, 57, 157]. This means that most biomass

use-cases are bound to form large amounts of particulate matter, including health

and climate affecting BC, BrC, and PM2.5 [43, 45, 56]. And by extension, that the

users most affected by BBE are those which employ biomass through necessity rather

than preference.

1.3.1.1 On emission composition and its variability

The major fraction of all BBE (CO2, water, and heat) remains consistent between

burns [156]. However, as mentioned previously, the composition of particulate matter

is strongly impacted by changes in the burning conditions [9, 44, 48, 158]. A non-

exhaustive list of important burning conditions is provided in Table 1.1 [149]. For

simplicity, impacts are split depending on whether they typically enhance or hinder
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the combustion efficiency.

Table 1.1: Combustion parameters and their influence on combustion efficiency

Combustion Parameter Combustion Efficiency

Temperature Enhanced

Humidity (Fuel) Inhibited

Humidity (Environment) Inhibited

Airflow Enhanced*

Fuel Surface Area Enhanced

Fuel Density Enhanced

Fuel Purity Enhanced

*When airflow becomes faster than the speed of the flame front, combustion
efficiency is inhibited due to the snuffing out effect.

Environmental effects, such as cloud cover, have unpredictable effects on the burn

efficiency that are difficult to reproduce in a laboratory setting [149]. Therefore, the

benefit of methods which give up some representativity in favour of reproducibility,

is that the parameters in Table 1.1 do not vary as significantly between experiments,

yielding emissions which are more consistent in composition [158–160]. As such,

throughout each chapter of the following thesis, great care has been placed on ensuring

each combustion experiment is reproducible from its initial design, to its setup, and

for the duration of the sampling process. To this end, a tube furnace capable of

uniformly heating fuels was used as the sample combustion chamber.

1.3.2 Approaches to study fire

1.3.2.1 Sampling in the field versus a fire lab, and other simplified meth-
ods

There are three broad experimental approaches to collecting BBE samples:

1. The most representative samples are captured in the field, typically as aircraft

measurements directly above a burn (for wildfires) or over an area of heavy
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biomass use (for household combustion). While these are the most represen-

tative type of emission sample, reproducibility between combustion events is

usually poor and inherently unpredictable [153, 158, 161–164].

2. An alternative to in-situ measurements are fire labs. Here, the outdoor burning

environment is reproduced as faithfully as experimentally feasible in a closed

environment. Fire labs strike a balance between sample representativity and

reproducibility [107, 110, 158, 165–167].

3. Finally, simplified burns take a fundamental experimental approach to gathering

samples. Here, the focus is typically on ensuring each burn is as reproducible

is possible. To achieve this, known burn-affecting environmental variables are

streamlined into more simplified controllable factors [1, 159, 160, 168–170].

1.3.2.2 Reproducible versus representative combustion strategies

When studying biomass burning in a laboratory setting, substantial effort is usually

put towards ensuring the combustion process is as reproducible and representative as

possible [158, 166]. Experimental studies replicating wildfire combustion are typically

focused on establishing representative burns, since simulating the large outdoor envi-

ronment is challenging and impractical in a laboratory setting [158, 166, 171]. During

these studies, samples (usually large quantities of wood or other plant matter) are cus-

tomarily combusted under a sampling flame stack, emissions are then routed through

the flame stack and either gathered on tiered filters (if analyzing particulate matter)

or sampled through various gas analyzers (See Figure 1.9 (B)) [107, 110, 165, 166,

172]. While this method does account (relatively) for the large amounts of vegetation

burned during wildfires, it fails to replicate other environmental factors intrinsic to

the outdoor environment which might affect the emission composition. For example,

wind speed and direction will influence combustion, with higher wind speeds gener-

ally enhancing fire spread and temperature [149]. While a closed setup can control

the airflow volume and speed, changes in airflow direction over the fuel or variations

to the speed of that flow are not customarily accounted for [107, 110, 166]. Similarly,

the shape, density, and moisture content of the fuel, or its positioning under the flame

stack can also significantly alter the burn efficiency [149, 158, 173]. While the studies
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listed here excel at being representative, their results are often difficult to replicate

due to the large number of variable factors which affect the emission composition,

even when imitating fuel characteristics such as species or mass [158].

Figure 1.9: Simplified and reproducible tube furnace burn (A) versus a prescribed
representative burn in a fire lab (B). Picture (B) reprinted (with adapted caption)
from: “Experimental fire studied in the Missoula Fire Lab combustion chamber,”
Missoula Fire Sciences Laboratory, U.S Department of Agriculture, 2023 [172]

Since achieving a fully representative burn is inherently challenging, some experimen-

tal studies have shifted their focus towards ensuring reproducibility (See Figure 1.9

(A)) [1, 159, 170]. That is to say, negating as many of the variable factors as pos-

sible in an attempt to ensure burns are the same between experiments, as opposed

to attempting to fully replicate the “real” burning environment. For example, some

studies [174, 175] will mechanically grind biomass before combustion, while this is

rarely the way biomass is burned in the environment, it likely counteracts some of

the shape-induced emission variability [149]. Likewise, fuels can be dried to ensure

homogeneous humidity and burn efficiency, or burned in a chamber containing only

a single inlet and outlet to establish a uniform (laminar) airflow [1, 158]. Repro-

ducibility becomes essential when aiming for comprehensive characterization, as the

exact molecular formulae of BBE can vary considerably with changes in the burning

conditions [1, 44, 48, 158].
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1.3.2.3 On the tube furnace

Throughout this thesis, reproducibility was improved by combusting samples inside

a tube furnace [159]. The tube furnace is comprised of a cylindrical heating section

through which a glass or quartz tube can placed. The two ends of the tube can then

sit outside the heating section on either side of the furnace. The benefit of this setup

is that the tube is heated uniformly around its surface, and samples placed inside the

tube are combusted with similar conditions during each burn [1, 159, 168]. Addition-

ally, the speed and composition of the air flowing through the tube can be accurately

controlled [1, 159, 168]. Depending on the flow velocity and the tube dimensions,

the air flow can be made laminar, which further improves the reproducibility [176].

By applying a vacuum on the opposite end of the tube, emissions can be sampled

directly on a filter, or routed to a secondary instrument for online analysis [1, 159,

170]. Although experimentally closed fuel burning (such as is conducted in fire labs)

is still the more common combustion method, use of tube furnaces for the combustion

of biomass has grown in recent years [1, 159, 160, 168–170]. A picture of the tube

furnace is available in Figure 1.9 (A).

1.4 Analysis of physical properties

1.4.1 Size and optical properties

As mentioned regularly throughout this thesis, the size and composition of particulate

matter is responsible for its light scattering and absorptive properties, its residence

time in the atmosphere, and its health effects when breathed in. Specifically, par-

ticulate matter will reflect light in different directions according to Rayleigh, Mie,

or geometric scattering. The wavelength of the incoming light and the size of the

particle dictates which type of scattering occurs [89, 177–179]. For example, cloud

droplets are large enough that their scattering is independent of wavelength in the

visible light spectrum (larger than the wavelength of the incoming light), hence their

white color [89]. On the other hand, the blue color of the sky is due to Rayleigh

scattering of the much smaller air molecules at short wavelengths [89].

Interestingly, the major size distribution of biomass burning particulate matter is
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somewhere in this range, between 0.02 to 2 µm [180–182]. This makes their scattering

wavelength dependent (Mie), and why polluted atmospheres can appear grey in color

[89]. Mie scattering reflects light more strongly in the vector of incidence, driving

more solar radiation towards the surface of the Earth [89]. As a property common to

all particulate matter, size measurements are usually the first step in predicting its

health and climate impacts. In the following subsections, a few common techniques

for particle size measurements are outlined.

1.4.1.1 Aerodynamic particle sizer

An aerodynamic particle sizer (APS) measures the size distribution of particulate

matter; it was the first technique capable of fast, high-resolution particle size mea-

surements [183]. The APS uses an accelerating flow field to sample aerosol and air.

Particles will lag in the flow according to their size and shape. The time of flight

(ToF) of the particles is measured by their travel time between two lasers. Finally,

the aerodynamic diameter of the particle is obtained by comparing the measured

ToF to known reference data [183–185]. Over the course of a set sampling period, the

APS outputs the size distribution of the particles, typically as a number or volume

concentration over a series of specific size bins [184]. However, the range of particle

sizes APS instruments can measure is usually between 0.5-20 µm, which removes

some of the fine, nucleation mode particles emitted from biomass burning [180–182,

184]. Additionally, accurate measurements are dependent on frequent instrument re-

calibration [184, 186]. Despite this, as a relatively low-complexity instrument, the

APS is well-suited towards field deployment and continuous particle size monitoring

[184, 187–189].

1.4.1.2 Scanning mobility particle sizer

A scanning mobility particle sizer (SMPS) is similarly used to measure the size dis-

tribution of particles. It consists of two sections, one capable of separating particles

according to their size, and another which counts the particles [185, 190, 191].

The fundamental mechanism of operation of the SMPS is similar to the APS. After an

initial pre-conditioning step, the particles are charged so they respond to an electric

field, before passing into a differential mobility analyzer (DMA) [192, 193]. The DMA
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consists of a cylindrical chamber containing an applied electric field through which

the particles flow. The electric field causes particles to migrates towards the wall

of the cylinder according to their electric mobility [192, 193]. Particles of different

sizes can therefore be detected by varying the strength of the applied electric field.

Additionally, the particles can be classified into size bins by scanning through electric

field strengths over time [185, 194].

After size classification in the DMA, the particles are routed towards a particle detec-

tor for counting, such as a condensation particle counter (CPC) [194]. The particle

detector counts particles by how they interact with a light source, typically a laser

beam. Simply, particles scatter the beam of light as they pass through the parti-

cle detector, leading to them being counted individually [194]. To aid in detection,

the particles may also go undergo a condensation step in the CPC before counting

[185, 190, 192]. The CPC chamber contains supersaturated liquid such as butanol

which condenses on particles as they travel. The condensate increases both the size

and light-scattering capacity of the particles. This is particularly useful for particles

which might be too small to detect ordinarily [190, 192].

The signals from the DMA and the CPC are processed to obtain size distributions in

number or volume concentrations, as well as particle surface areas or mass concentra-

tions [189, 194, 195]. Akin to the APS, accurate detection is contingent on frequent

calibration [186, 194]. However, the SMPS is better suited towards sizing and count-

ing much smaller particles, anywhere between 0.001-1 µm [184, 191]. Therefore, which

instrument is employed is dependent on the research or monitoring objectives, as well

as the size range of interest. In fact, APS and SMPS are often applied in parallel

to obtain a more comprehensive understanding of aerosol size distributions [185, 188,

189, 196].

1.4.2 Phase state

While the size and optical characteristics of BBE are more customarily analyzed

for, the phase of the emissions can hint at their capacity for uptake, reactivity, and

atmospheric lifetime [197–199]. Experimentally, the phase of a compound can be

estimated by observing its viscosity. A convenient method to qualitatively measure

the phase and viscosity of a liquid or solid is the “poke-flow” technique [117, 199–201].
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This technique involves inserting a needle into a sample under a microscope. After

poking, the sample experiences deformation characteristic of its phase, as displayed

in Figure 1.10 [199]. For example, solid or glassy material will crack (Figure 1.10

(D)) while liquids will be pushed away from the needle (Figure 1.10 (A)) [117]. The

viscosity can then be approximated by how long it takes for the sample to return to

its original shape [117, 199]. Additionally, the analysis can be performed at variable

RH, or in a heated or cooled environment to estimate when a phase-change occurs,

and whether that phase-change leads to characteristic changes in viscosity [117, 200].

1.5 Analysis of chemical properties

The largest unknown - and experimental challenge - in the analysis of BBE is associ-

ated with the deconvolution of their chemical structures and properties [1, 43, 54, 55,

109, 158, 202–204]. Broadly, instrumentation capable of analyzing BBE can be split

into online and offline techniques. Online techniques sample and analyze emissions

directly from the source, while offline methods separate sampling and analysis, and

sometimes include a pre-treatment between these steps.

1.5.1 Online Techniques

1.5.1.1 Aerosol mass spectrometry

Numerous studies utilize an aerosol mass spectrometer (AMS) for their particulate

measurements [55, 205–207]. The AMS is capable of both sizing single aerosol par-

ticles and obtaining their molecular composition [207, 208]. First, the aerosol is

sampled into the AMS vacuum using an aerodynamic lens. Similarly to the APS

and SMPS, the aerodynamic size of the particle is usually determined through a ToF

measurement. Once sized, the particles are ionized through electron impact (EI) and

directed into a mass analyzer, typically a quadrupole or ToF, which separates the

produced ions according to their mass to charge ratio (m/z) [207, 208]. The obtained

m/z is characteristic of the molecular mass of the compound which produced it. How-

ever, using EI splinters each compound into multiple ion fragments (known as a hard

ionization technique) [207, 208]. Therefore, the original molecular mass of the com-

pound must usually be reconstructed by comparing the fragment spectra to a known
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Figure 1.10: Estimation of the phase state of the film substrate as shown for a
glucose/1,2,6-hexanetriol (GLU/HEX) mixture (mass ratio of 4 : 1). Deformation
and recovery were monitored for different time periods due to the poking of the sub-
strate at different temperatures. The microscope images are 200 µm wide. Figure
reprinted under Creative Commons Attribution (CC BY 4.0) from: Li et al. “Het-
erogeneous oxidation of amorphous organic aerosol surrogates by O3, NO3, and OH
at typical tropospheric temperatures,” Atmos. Chem. and Phys., vol. 20, pp. 6055-
6080, 2020 [117]

library, which is not always feasible for trace species [207]. Consequently, the AMS

can struggle to differentiate complex sample mixtures with overlapping fragment m/z

[207, 209]. The usefulness of the AMS comes from its “all in one” capabilities, in-

cluding the ability to perform on-site field measurements. Accordingly, the technique

is commonly applied to monitor and study the evolution of the bulk particle-phase or
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its heterogeneous reactions with the surrounding gas-phase [205, 206]. For example,

the origin and age of OA can be inferred by the composition of the particles detected

at a given moment in time, which simplifies source apportionment and air quality

impact prediction [55].

1.5.1.2 Proton transfer reaction mass spectrometry

A proton transfer reaction mass spectrometer (PTR-MS) is a technique used for the

online monitoring of trace VOC gases [209–211]. Here, protonated water vapour H3O
+

ionizes the sampled molecules by charged proton (H+) transfer [209–211]. VOC can be

continuously sampled and ionized without fragmentation (soft ionization technique)

by addition of a H+. This means that the detected m/z is in most cases equal to

the molecular mass of the VOC + 1 [209, 211]. Additionally, the range of VOC

which can be effectively ionized and detected is very wide [211]. As opposed to

hard ionization techniques, the identity of any ionized species can be inferred without

having to compare detections to a known library of compounds [207]. This also avoids

interference issues associated with analyzing complex sample mixtures - which are

common for hard ionization techniques - as PTR-MS does not generate overlapping

m/z unless the molecular formulae for two compounds are equal [209]. If m/z overlap

does occur, ions can be separated using gas chromatography (GC), which is described

in detail in Section 1.5.4.1 [211]. PTR-MS has also been applied to measure the

chemical composition of aerosol. This can be achieved by volatilizing previously

sampled aerosol, using thermal desorption for example [212]. Overall, PTR-MS is a

convenient way to continuously monitor complex gas mixtures, both in the field and

in a laboratory setting.

1.5.2 Offline Techniques

1.5.2.1 Benefits and difficulties

While online techniques have the benefit (and downsides) of sampling a more repre-

sentative sample of the burn matrix, offline techniques have the advantage of selecting

when and how the analysis is performed. Generally, more complex, bulkier, or time

consuming analyses such as two-dimensional gas chromatography mass spectrometry

(GC×GC-MS) can only be performed using samples gathered offline [213, 214]. Al-

33



Chapter 1 – Introduction

ternatively, some methods require a pre-treatment step which can only be performed

offline after sampling [215], such as the derivatization of levoglucosan for gas chro-

matography mass spectrometry (GC-MS) analysis [1]. However, perhaps the biggest

benefit of not being constrained by time is the capacity to pre-concentrate samples

before offline analysis. This is particularly useful for environmental samples present

in trace concentrations which would ordinarily be below the detection limit of the

instrument [216].

One of the downsides of offline analyses is that they do not provide time-resolved

information. As a result, samples gathered and analysed offline are composites of the

entirety of the sampling period. Using biomass burning as an example, offline analysis

can not distinguish whether the emission of a given product is only occurring during

certain stages of combustion unless samples are taken at each stage. Therefore, the

eventual detection of a compound can only be as accurate as the method used for

its initial sampling. That is to say, there is an inherent bias introduced by the sam-

pling method used, which makes gathering a fully representative sample burdensome.

For instance, online measurements such as AMS have the benefit of sampling aerosol

emissions directly, this means that the molecular compositions obtained are a direct

representation of the emissions entering the AMS inlet at that point in time [208].

On the other hand, particle composition analyses using GC×GC are bound by how

particles partition on a filter first, and further by how that filter is sampled into the

instrument [167]. This bias is exacerbated in liquid chromatography mass spectrom-

etry (LC-MS), where the filter must be extracted into a liquid before injection [1,

217]. When this happens, the extraction method selected directly influences which

compounds are preferentially removed from the filter and injected into the LC-MS.

Despite this downside, pre-treatment steps can used to the advantage of the analyst.

By selecting an extraction method specific to the organic component of emissions,

information characteristic to that component can be derived. For example, since

the light-absorbing properties of BrC are believed to be largely due to the organic

component [43], preferentially extracting that component avoids interference from the

remaining polar fraction, a significant concern for BBE [217, 218].
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1.5.3 Targeted versus non-targeted

Just as there is a split in combustion science between reproducible and representative

analyses, there is simultaneously a divide between targeted and non-targeted inves-

tigations of emission composition. This is due to the main emissions from biomass

burning being consistent between burns [149, 156], while the remaining fraction has

highly variable compositions [1, 9, 48]. Targeted here refers to experiments in which

what is being studied is known, and where the means to measure the target are typ-

ically optimized for its detection. On the other hand, non-targeted analyses involve

a more broad method. Here, the goal is often to detect as many different unknowns

(physicochemical properties, specific compounds) as feasible from a sample, i.e. to

cast as wide as net as possible, while maintaining enough resolution to separate each

part from the whole. Non-targeted analyses of BBE are particularly challenging as

no single analytical method is capable of efficiently separating and detecting the en-

tirety of the burn matrix [43, 55, 109, 124, 125, 171, 218–220]. To illustrate this

point, Figure 1.11 displays the percentage and overlap of elemental formulas detected

in organic compounds extracted from BBE, obtained by merely changing the MS

ionization method [109].

Outside of a laboratory, the vast majority of analyses are targeted. The tracking

of BBE in the atmosphere is usually based on the major emissions, and therefore

a targeted effort. Health and climate standards are also based on targeted anal-

yses of known deleterious substances such as PM2.5 [20, 21, 45]. Or alternatively,

on compounds which while innocuous, indicate the presence or origin of other more

harmful species (such as the molecular tracer levoglucosan indicating emissions origi-

nated from biomass burning, for example) [221–223]. However, there is evidence that

the species responsible for a substantial fraction of the climate and health effects of

biomass burning are part of the - relatively unknown - variable emission fraction [43,

109, 124]. Therefore, understanding the composition of the fluctuating fraction and

how it is affected by fuel type, or burn and atmospheric conditions, is imperative

towards predicting its effects. Historically, the type of widespread approach required

to analyse the variable fraction has been non-targeted, due to a deficiency in ana-

lytical methods capable of separating the complex emission matrix while identifying
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Figure 1.11: Number percentages of elemental formulas identified from biomass burn-
ing solvent-extractable organic compounds measured with high resolution mass spec-
trometry (HRMS) depending on whether direct infusion electrospray ionization (ESI)
or atmospheric pressure photo ionization (APPI) is used. The charge used for ion-
ization is represented by + or -. Figure reprinted with permission from: Lin et al.
“Comprehensive Molecular Characterization of Atmospheric Brown Carbon by High
Resolution Mass Spectrometry with Electrospray and Atmospheric Pressure Pho-
toionization,” Analytical Chemistry, vol. 90, no. 21, pp. 12493–12502, 2018 [109].
Copyright 2023 American Chemical Society

every individual compound [17, 220]. For this reason, there have been arguments

made against the practicality of obtaining detailed molecular information on each

BBE component. Generally, such claims suggest that extrapolating from compound

properties, classes, or known tracers can be sufficient to predict the impact of biomass

burning [73, 79, 202, 219, 224, 225].

A more recent approach, and perhaps considered the most useful (pragmatic) solution

to this dichotomy, has been to classify emissions by a series of health or climate effect

predictors, or compositional markers (this method is sometimes called fingerprinting)

[153, 222, 224–227]. For example, rather than obtaining exact molecular compositions

for each of the light-absorbing compounds in biomass burning emissions, emissions

can instead be classified by their nitrogen content - an indicator for enhanced ab-

sorbance in BrC - relative to their carbon and hydrogen content [109, 217]. Grouping

of compounds is especially useful for separation-based techniques such as LC-MS,
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which can struggle to isolate BBE completely [1, 109, 217]. This “semi-targeted”

classification approach is reflected in a large body of research focusing on identifying

the underlying emission trends rather than specific compounds [109, 217, 224–227],

going as far as to classify them by only two factors [228]. This is a logical path when

confronted with the large amount of species that could be present on the surface of

a single biomass burning particle, let alone how they age as part of the entirety of a

burn plume [229]. Classification is particularly useful for representative studies which

struggle with reproducibility, considering that while the exact molecular composition

is variable between burns, compound classes tend to remain consistent [1, 9, 228].

However, as this thesis will come to argue, classification-based approaches sometimes

insufficiently inform the wider trends observed in the overall emissions. In this case,

a detailed, analytical, and reproducible characterization is necessary to truly under-

stand emissions from biomass burning. The following sections outline a few common

targeted and non-targeted instrumental techniques for the analysis of biomass burning

emissions, as well as some of the challenges associated with them.

1.5.3.1 An aside on tracers

In the context of biomass burning, tracers are compounds or emissions with properties

characteristic of the fuel being studied. Tracers aid in source apportionment and

emission trajectory prediction [61, 79, 221, 223]. The most commonly used biomass

burning molecular tracer is levoglucosan - a byproduct of cellulose pyrolysis - due to

its atmospheric lifetime and high emission factor [221, 223]. Other common biomass

burning tracers include vanillin, sinapaldehyde, syringaldehyde, coniferyl alcohol, as

well as syringol, guaiacol, catechol, and their nitrated forms [51, 61, 109, 230, 231].

The characteristics that make a useful tracer are those that aid in its detection, these

include: having a high emission factor, long atmospheric lifetime, high fuel specificity,

and ease of detection over the rest of the emission matrix [61, 221, 223].

The challenge in the current tracer-based targeted approach, is that while the most

commonly used tracers - such as levoglucosan - are biomass burning specific, they are

not biomass fuel specific [1, 204, 221]. That is to say, while it is straightforward to

differentiate BBE form other combustion sources, it is much more difficult to differ-

entiate BBE from wood versus other biomass types [61, 141]. Nonetheless, there do
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exist tracers which are characteristic of certain wood species. For example, vanillin

is emitted in much larger quantities from pine wood than oak wood, whereas the

opposite occurs for syringaldehyde [61, 141]. However, atmospheric models tend to

conflate all BBE as being emitted by wood for simplification purposes, while disre-

garding other fuel sources [73, 161, 232, 233]. This is presumably due to wood being

the biomass fuel with the most well characterized emissions, and the fuel most com-

monly used within the Western context [61]. Currently, there is a gap of knowledge

in the identification of tracers emitted from biomass fuels (such as cow dung) which

are commonly used in developing countries [6, 157]. This is why, even for known

tracers like levoglucosan, emission factors from understudied fuels such as cow dung

have only been reported twice before [1, 204].

1.5.4 Separation-based techniques

1.5.4.1 Gas Chromatography

GC is a separation technique generally used for the analysis of complex sample ma-

trices, or the fast quantitative detection of known compounds [234, 235]. In GC,

samples are volatilized and injected into an inert gas mobile phase such as nitrogen,

helium, or hydrogen. The mobile phase flows through a heated separation column,

typically a long (10-30 m) non-polar coated capillary tube [234, 235]. Compounds

will interact with the column coating by varying degrees depending on their physical

and chemical properties [235]. For instance, a large non-polar compound will take

more time to move through a non-polar column than a small polar molecule. The

retention time (tR) of a given compound through columns of equal length and phase

is consistent between instruments, which aids in identification [235]. After separation,

the mobile phase containing the sample can be routed to a variety of detectors [234,

235], a MS and a flame ionization detector (FID) are two common options [215, 234,

235]. Due to the separation, the species which make up the sample matrix can be

individually detected, preventing interference from their coelution [235].

Detection intensity using a FID is dependent on how efficiently a compound is com-

busted and ionized by a flame [234–236]. A FID consists of a jet air-hydrogen flame

placed beneath an electrode. After eluting from the GC column, electrically charged
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single carbon species (CHO+) are formed by the reaction of oxygen and decomposed

organic compounds (due to the flame). CHO+ then reacts with water to form hy-

dronium ions (H3O
+) which are detected by the electrode as an electric signal. The

intensity of the signal is directly proportional to the number of carbons atoms of the

combusted compound [235]. Under ideal conditions, detection limits below 0.5 ng

have been achieved as far back as 1958 [236]. Although the resulting GC-FID peak

shape can not be used to infer the identity of a compound, the intensity and tR of

the peak can [235]. The major benefit of a FID is its non-discriminatory nature and

lack of interference from water. Generally, hydrocarbons and most combustible C-H

bond containing compounds can be readily detected [235].

When using a MS after separation, as detailed in Section 1.5.1.1 above, a GC is typ-

ically coupled to an EI for ionization and a ToF or quadrupole as a mass analyzer

for detection [215]. For hard ionization techniques like EI, characterization is contin-

gent on comparison of the detected ion fragment m/z to a known library [215, 237].

This makes the identification of compounds which are not part of a library distinctly

challenging.

A GC-MS can be employed for both targeted and untargeted analyses. Throughout

this thesis, the characteristic tR and ion fragments are employed to target specific

compounds (such as levoglucosan) within the complex BBE matrix. In some in-

stances, compounds underwent pre-treatment such as derivatization to enhance their

ionization efficiency, volatility, or to introduce known ion fragments which aid in EI

detection.

1.5.4.2 Liquid chromatography mass spectrometry

LC-MS is a separation and characterization technique similar to GC-MS. As the

name implies, the mobile phase which transports sample through the column is

in the liquid-phase as opposed to the gas-phase [237]. This allows the LC-MS to

separate samples which can not be volatilized in a GC-MS, expanding the possible

instrumental applications. As a downside, LC-MS peaks are generally not as well

resolved as those separated using GC-MS, due in part to dispersion induced band

broadening in the column [238].
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In the following chapters, LC-MS is used as an exploratory, non-targeted technique.

The wide variety of species which can be separated and detected through the technique

meshes well with the complex emission matrix of BBE. The soft ionization technique

used, electrospray ionization (ESI+ or ESI- depending on the applied charge), can

only be adapted to a liquid-phase. ESI volatilizes and ionizes the mobile phase and

the sample it carries for direct and continuous measurement by the MS [239, 240]. The

benefit of applying ESI to BBE is the wide range of compound classes and molecular

weights it is capable of ionizing, as well as the lack of fragmentation in those ions,

which facilitates characterization [1, 109, 239, 240].

1.5.4.3 Two-dimensional gas chromatography mass spectrometry

LC- and GC-MS techniques sometimes do not provide sufficient peak resolution to

separate complex samples. In this case, it can be helpful to apply a second dimension

of separation. GC×GC-MS is an extension of GC-MS. By adding a second dimension

of separation (a second column), diverse chemical compounds can be more efficiently

resolved [167, 213, 214, 224, 241, 242]. For complex matrices, the separation method

is typically the same as in one-dimensional GC-MS, i.e. low-ramping temperature

and long time-frame for separation. Using GC×GC-MS, the output from the first

column is routed into a second column typically containing a different phase than

the first. By doing this, chemical species can be separated by how they interact with

two different columns, yielding a two-dimensional separation plot (with time on both

axes) [213, 214, 242]. The separation in the second dimension must be fast (in the

order of seconds as opposed to minutes), as the instrument continuously injects the

output from the first dimension into the second in slices or bands using a modulator,

and an injection can not be started until the previous separation has been completed

[213, 214]. By coupling the instrument to a MS, molecular compositions for each

of the separated compounds can be obtained. This makes GC×GC-MS particularly

useful for the analysis of trace compounds in the intricate matrices emitted by biomass

burning [107, 167, 224, 241, 243].

Due to the relatively long analysis time of both samples and data, the high upfront and

maintenance costs, as well as the expertise required to run the instrument, GC×GC-

MS is rarely employed unless necessary. For this reason, although it is an effective
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method for characterization and separation, GC×GC-MS has only been adapted to

wood BBE analysis recently [107, 167, 224, 241, 243], and has never been applied to

other biomass fuels like cow dung.

1.5.5 Uptake measurement techniques

1.5.5.1 Coated wall flow tubes and Knudsen cells

The two most common experimental setups for uptake analyses are coated wall flow

tubes and Knudsen cells [26]. For the study of atmospheric dust-pollutant interactions

aerosol flow tubes are also common, although beyond the scope of this introduction.

As their name implies, coated wall flow tubes consist of a cylindrical glass tube

of known internal diameter coated with an adsorptive or absorptive liquid or solid

substrate. A constant flow of gas is used to transport a gas-phase sample through

the tube. As the gas travels over the tube coating, molecules of the sample will

continuously collide and become trapped on the coating surface. The γ is obtained

by comparing the concentration of the sample before and after moving through the

flow tube [26, 28, 118]. To facilitate that comparison, coated wall flow tubes may

contain a movable injector [117, 244, 245]. When fully deployed, the injector bypasses

the coated section of the tube completely, preventing uptake. By slowly retracting

the injector, the exact exposure time of the sample to the substrate can be controlled

without the need for a multitude of flow tubes of different sizes [26, 117, 244, 245].

Knudsen cells follow a similar concept to flow tubes. In this case, the sample to be

uptaken is continuously introduced into a vacuum sealed chamber [26]. Instead of

being coated on the surface of a tube, the substrate is placed behind a moveable

platform or isolation plate. By doing this, uptake can only occur when the isolation

plate is open [26]. The pressure inside the Knudsen cell (<10 mTorr) allows for direct

coupling to a MS for sample gas quantification and calculation of γ. Additionally,

the low pressure causes the mean free path of the gas molecules in the chamber to

be larger than to the substrate surface [26]. This means that it is more likely for

sample molecules to collide with the substrate than each other, and that therefore,

the heterogeneous reaction can be considered the major source of sample loss in the

cell [26]. This is especially helpful for highly reactive species such as OH, which are
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prone to gas diffusion limitations [246]. The downside however, is that as opposed to

a coated wall flow tube, volatile substrates or ambient conditions such as RH can not

be simulated while maintaining the pressure required by the Knudsen cell [26].

Figure 1.12: Schematic diagram of a coated wall flow tube coupled to a mass spec-
trometer applied to the uptake of SO2 on Saharan dust. Figure reprinted with adapted
caption under Creative Commons Attribution (CC BY-NC-SA 2.5 CA) from: Adams
et al. “The uptake of SO2 on Saharan dust: a flow tube study,” Atmos. Chem. and
Phys., vol. 5, pp. 2679-2689, 2005 [245]

1.6 Motivation

The purpose of studying BBE such as particulate matter, BrC, and other BBOA

remains to inform on potential risks to health and the environment. It is disappoint-

ing then, that our overall understanding of global BBE is not sufficient to appraise

those impacts yet [43]. Most of the research being performed on BBE falls into two

broad categories, non-targeted and targeted analyses. Still, semi-targeted – rather

than targeted – would seem to be a more accurate description of this objective. The

semi-targeted studies generally do not focus on single compounds, but rather prefer

to emphasize the importance of compound classes or groups, and how these behave

as a unit within the atmosphere [109, 217, 224, 226, 227]. Meanwhile, the untargeted

studies aim to understand how BBOA such as BrC move and age within the atmo-

sphere, often with the goal of developing models that attempt to classify emissions

into systematic categories [124, 164, 247]. Although both methods are popular, there

is a definite shift from untargeted to semi-targeted studies in recent years.
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The complexity of BBE has been known for a long time. However, it has recently

become apparent that overly simplified models are not sufficient to predict BBOA

behaviour. Rather, a detailed deconvolution and characterization of the complex

emission matrix and the processes which affect it in the atmosphere must inform the

creation of simplified models [43, 48, 124, 164]. Nonetheless, the current body of

scientific knowledge is missing information on the large variety of different conditions

that can affect BBE, leading directly to inaccuracies of modern prediction models

and discrepancies between laboratory and field data [48, 158, 247]. This includes

both characterization data on the emissions themselves, but also on the atmospheric

processes - such as heterogeneous reactions - which affect their evolution after emission

[48, 109, 124, 228]. Additionally, while wood fuel emissions are better described than

other biomass types, the emissions from fuels such as cow dung - which are uncommon

in the Western context - remain largely un-characterized [1, 204, 248, 249]. Therefore,

the impacts of dung burning are even more difficult to predict than other biomass

types, and often conflated with those of wood in predictive models [73, 250]. Given

the rising incidence of wildfires [30, 31], as well as the large amount of people who still

rely on biomass for heating and cooking [6], improving our understanding of BBE on

a fundamental level should be a priority for both atmospheric and fire scientists, and

appropriately, is the motivation for the present thesis.

1.7 Thesis Objectives

The overall goal of this thesis is threefold:

• Firstly, to develop a reproducible method capable of deconvoluting the complex

BBE matrix.

• Secondly, to obtain detailed novel molecular data on emissions from a variety

of biomass fuels, including fuels commonly used in developing countries, such

as cow dung.

• And thirdly, to elucidate some of the unrecognized heterogeneous chemical pro-

cesses occurring in and on biomass burning aerosol, as well as their impacts on

the particle- and gas-phase compositions.
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1.8 Thesis Outline

This thesis consists of 5 chapters, Chapter 1 contains a summary of the background

of biomass burning emissions, including the current gap in knowledge, the combus-

tion process, the environmental factors which affect emissions in the atmosphere,

modern analytical techniques for sampling and emission analysis, as well as some

of the specificities of heterogeneous reactions. Specifically, emphasis is placed on

why reproducibility and targeted analyses are important in fire research. Chapter 2

reports particulate matter characterization data gathered using LC-MS from wood

and cow dung fuels, including particle size distribution and concentration data, light-

absorption properties, and novel levoglucosan emission factors. Chapter 3 further

expands on the characterization, applying GC×GC-MS to wood and cow dung burn-

ing particulate matter for high efficiency separation and detection. Additionally,

Chapter 3 reports on the novel use of multivariate statistics to investigate the im-

pacts varying the combustion conditions has on the emission composition. Chapter

4 reinforces the importance of understanding the processes affecting biomass burning

emissions in the atmosphere, it describes the reactive heterogeneous uptake of anhy-

drides to the surface of BBE, and their propensity to form unrecognized compounds

with nucleophiles present on that surface. Finally, Chapter 5 summarizes the overall

findings of the thesis and explores further research directions.
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2.1 Introduction

The burning of biomass is a major source of particulate matter, or aerosol, which

affects both the air quality and Earth’s climate [251–254]. Air-quality-related mor-

bidity is one of the leading causes of death worldwide [255]. In particular, household

combustion of solid fuels (wood, coal, agriculture waste, animal waste, and any other

combustible solid) is a leading cause of premature death on the global scale [11, 256].

Fires also contribute to positive atmospheric radiative forcing – the difference in sun-

light absorbed versus reflected by the atmosphere – by releasing aerosols in the form

of black and brown carbon (BC and BrC, respectively) [44, 50, 257, 258].

Behind BC, BrC is the second-most important light-absorbing aerosol in the atmo-

sphere [36, 37]. Biomass burning represents the bulk of all BrC aerosol emissions

[9, 258, 259]. BrC is emitted during incomplete combustion, such as when cooking

using solid fuels with insufficient airflow [44]. BrC typically absorbs light in the UV

and near-visible spectrum, which gives plumes their characteristic brown colour [44].

Although BC has been studied extensively, understanding of the optical properties

of BrC arising from biomass burning, particularly solid fuel burning, is lacking [42,

44, 55, 158, 257, 260]. Consequently, BrC is still referred to as a scattering aerosol in

some climate forcing models as opposed to an absorbing one [36, 41, 55].

Health outcomes associated with exposure to fire emissions worsen when less-refined

fuels are burned. This effect is compounded further in an indoor setting, as exposure

rises [261, 262]. Such burning conditions are prevalent in middle- and low-income

countries. In 2000, only 22% of Indian households had access to clean (refined) fuels

for cooking. This number rose to about 40% by 2016 both in India and globally, with

liquid fuels, gaseous fuels, or electricity seeing more widespread use. Still, only about

14% of households in Sub-Saharan Africa had access to clean fuel for cooking at the

time [6]. Poor access to clean fuels leads households in these regions to rely heavily on

biomass such as wood or animal waste as fuel. With such widespread use, identifying

and characterizing emissions from solid fuels and their effects on both climate and

health is imperative.

Biomass burning emissions are notoriously difficult to characterize [43, 44, 123, 158,

203, 263, 264]. Nevertheless, numerous studies have examined the emissions of wood
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fires in the past [123, 158, 203, 265]. As a result, emissions from wood burning are

better-defined than for other biomass types. Fuels that are not used in Western coun-

tries are not studied as often, and therefore the impacts of their emissions can not

currently be predicted. Omitting fuels from studies because they are not considered

Western-relevant creates a standard of dubious environmental equity. Quantitative

prediction of the climate and health impacts of emissions from biomass burning re-

quires accurate chemical information [42, 43, 261]. Among solid fuels other than

wood, cow dung is commonly used in India and Sub-Saharan Africa for cooking and

heating [6, 157]. Dung burning has been shown to emit highly oxidizing particulate

matter, with probable adverse health effects [261, 266]. Considering the challenge in

characterization and how little-to-no cow manure is used as fuel in Western countries,

it is not surprising that few studies have reported on its emissions [204, 249, 261, 262,

266–268].

The challenge associated with characterizing biomass burning aerosol is related to the

variability in composition of biomass burning emissions. The exact nature of these

emissions will depend on fluctuating parameters, such as fuel types, local air flow, fuel

morphology, and composition [44, 158, 264, 266]. As a result, controlling parameters

that affect emission composition is of high importance for characterization. A combi-

nation of targeted and untargeted analyses are required to provide a comprehensive

understanding of biomass burning.

Targeted identification and quantification of tracer compounds is often employed for

burn source apportionment and impact prediction [61, 79, 221, 223, 265]. Levoglu-

cosan is a by-product of the pyrolysis of cellulose and one such tracer [221, 223]. It is

targeted as a tracer for wood smoke due to the magnitude of its emission and its rela-

tively long atmospheric lifetime [61, 221, 223]. Cellulose content varies between plant

species, [150] directly influencing the amount of levoglucosan emitted from different

fuel types [61, 204, 269]. As far as the authors are aware, only a single study has re-

ported the emission factor of levoglucosan from dung burning [204]. While there exist

tracers, such as coprostanol [204], universal to most types of higher animal faeces, a

biomass burning tracer with a well-defined emission factor, and specific to cow dung,

has not been identified as of time of writing. Identification of such a tracer would fa-

cilitate dung-burning source apportionment, understanding of emission toxicity, and
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propensity to undergo subsequent atmospheric chemistry. Discovery of unrecognized

tracer compounds can be achieved only through non-targeted analyses; in which the

compounds of interest have not yet been catalogued in the literature.

Herein, we provide fundamental chemical information for biomass fuels, with an over-

all aim to identify the differences between wood and cow dung, and the connection

between fuel composition and subsequent emissions. Specifically, we include light

absorptive features, chemical signature identification, and emission factors from lev-

oglucosan and its isomers. Our work represents the first in-depth laboratory analysis

of emissions from cow dung burning.

2.2 Materials and Methods

2.2.1 Solid Fuels

Three types of fuels are used in this study: firewood, dried cow dung from a local

Canadian farm (CAD), and cow dung cakes purchased from India (IND). Pictures of

wood (b), CAD (c), and IND (d) biomass are provided in Figure 2.1. The firewood

sample was collected from Lodgepole Pine (Pinus Contorta) and was purchased from

a local store. The CAD sample was collected from Mattheis Ranch, an experimental

farm managed by the Rangeland Research Institute of the University of Alberta.

The CAD were naturally dried on the pasture. The IND samples were purchased

through a major online shopping platform. The samples were manufactured in India,

advertised as “pure cow dung” for spiritual and ritual activities. All samples were

stored in a laboratory fume hood prior to analysis. CAD samples were further dried

using a desiccator.

2.2.2 Elemental Analysis of Solid Fuels

To obtain insights into the composition of each fuel type used, elemental analyses

were conducted using a Thermo Flash 2000 CHNS-O elemental analyzer following

a method similar to that in Shabbar and Janajreh [270]. Biomass samples were

separately ground inside a ZM 200 Retsch centrifugal mill. The ground samples were

then combusted at 1000 °C inside the elemental analyzer. Using a known amount

of pure oxygen, the carbon, hydrogen, nitrogen, and sulphur were converted to CO2,
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H2O, NOx, and SO2, respectively, with NOx being further converted to N2. The gases

were then transferred to a chromatographic column for separation and detection using

a thermal conductivity detector. The peak area of each gas was used to obtain the

percentage content of each element in the original biomass samples. Measurements

for each sample were automatically taken in triplicate by the instrument.

2.2.3 Solid Fuel Burning and Sample Collection

Combustion of solid fuels was conducted in a home-built apparatus, illustrated in

Figure 2.1(a). The entire apparatus is placed inside a fume hood to ensure safety.

Biomass samples were heated to 500 °C inside a quartz tube (1
2

inch i.d.) contained in

a Carbolite E-series tube furnace. A constant flow of 0.2 slpm air controlled using a

mass flow controller was provided through an airtight 1” Ultra-Torr Vacuum Fitting

sold by Swagelok Inc. upstream of the quartz tube. The quartz tube outlet was

open to ambient surroundings. A stainless-steel tube (1
4

inch o.d.) inserted through

the quartz tube outlet led to a stainless filter holder and subsequently to the house

vacuum. The house vacuum resulted in a suction flow rate of approximately 60

lpm. As the biomass samples were heated inside the quartz tube, their emissions

were carried downstream by the air flow into the stainless-steel tube and further

towards the filter holder to be gathered on the surface of a quartz or glass filter. The

temperature ramp for the tube furnace was set to 100 °C/min up to 500 °C, starting

from room temperature at ∼20 °C. The temperature inside the tube furnace was

measured using a type K thermocouple, which indicated 500 °C was reached after 4.9

min (Figure 2.2). Total suspended particles were gathered on filters throughout the

ramping process and for 10 minutes after reaching 500 °C.

Given that the air supply through the tube furnace was 0.2 slpm and the suction

flow through the filter was 60 lpm, emissions collected on the filter were substantially

diluted by the room air. Filters were kept frozen at -20 °C and were analyzed within

three months of sampling. No decay is expected within this time frame, although the

chemistry happening on frozen filters has not been previously studied. For selected

experiments, a scanning mobility particle sizer (SMPS) was connected to the quartz

tube outlet by way of a t-junction before the filter holder to observe particle size

and concentration. Airflow to the SMPS was diluted by a factor of ten by a second
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Figure 2.1: Schematic Diagram of Tube Furnace Setup (a) and Pictures of Wood (b),
CAD (c), and IND (d) Biomass Fuels.

mass flow controller. The SMPS is a TSI Inc. unit including a model 3080 classifier,

a 3081 differential mobility analyzer, and a 3776 particle counter. The instrument

was set to scan particles between 15 nm to 670 nm every 2 min for 1 h, with a

size resolution of 64 channels/decade of particle diameter. To derive particle mass

concentrations, all particles were assumed to be spherical with a uniform density

of 1.2 g/mL. Each sample filter was cut into 4 equally sized fractions and further

extracted in water or acetonitrile (ACN) by stirring for 40 min. All the filters were

pre-cleaned by heating at 600 °C for 4 h. The filter holder was cleaned with solvent

(methanol) between each combustion experiment. Similarly, the quartz tube was

cleaned between each combustion experiment by heating to 600 °C. The cleanliness

of the quartz cylinder and the filter holder was confirmed by heating the tube itself

with no sample present, which did not result in aerosol emissions. Blank filters were

collected by performing the same procedure, confirming the lack of emissions from
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the apparatus in the absence of a sample.

2.2.4 Quantification of Levoglucosan using GC-MS

Levoglucosan in the filter extracts was quantified using gas chromatography mass

spectrometry (GC-MS). Levoglucosan was silylated to improve its chromatographic

response [271]. As an internal standard, 500 µg of methyl-β-D-xylopyranoside were

added to small portions cut from each filter. Filters were then extracted in 2 mL

of DCM:MeOH (2:1 by volume) for 1 hour in a bath sonicator. A recovery of

74% was determined by spiking blank filters with a known concentration of lev-

oglucosan and methyl-β-D-xylopyranoside, and extracting them in the same man-

ner. Filter extracts were filtered into vials with a 0.2 µm PTFE syringe filter and

dried completely under a stream of nitrogen. 200 µL of pyridine and 200 µL of N,O-

Bis(trimethylsilyl)trifluoroacetamide were added to the dried extracts as per previous

studies [271], and the vials shaken vigorously by hand. The vials were then placed in a

water bath at 80 °C for 2 hours to allow for sufficient time for derivatization. Solutions

were then cooled for 30 minutes before drying. Finally, the dried and derivatized sam-

ples were redissolved in GC grade DCM before GC-MS analysis. The derivatization

mechanism is provided in Figure A.1.

Quantification of levoglucosan was achieved through calibration using standard solu-

tions. Calibration standards were prepared by serially diluting a stock solution of lev-

oglucosan, 1.85 mM in DCM. The internal standard was added by spiking 0.305 mM

of methyl-β-D-xylopyranoside into each of the levoglucosan standards. The complete-

ness of derivatization was confirmed from the absence of a GC-MS peak attributed

to incompletely derived levoglucosan, with a mass to charge (m/z) of 116 [272]. The

levoglucosan measurements were conducted on a single quadrupole GC-MS instru-

ment model 7890A GC with a 7683B autosampler and a 5975C MSD from Agilent

Technologies. A HP-5 Column with a (5%-phenyl)-methylpolysiloxane phase, helium

carrier gas and a 10:1 split injection were used for separation. The GC heating pa-

rameters were as follows: 1 mL/min flow rate. Initial temperature set to 65 °C with

a 2 min hold. Ramping at a rate of 6 °C/min to 300 °C followed by a 10 min hold,

totalling to a 51 min runtime.
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2.2.5 Total Organic Carbon (TOC) and Total Nitrogen (TN)
Measurements

TOC and TN content of the biomass emissions were measured using a Shimadzu TOC-

L CPH Analyzer with a Total Nitrogen Unit [273]. Filters for these analyses were

extracted in water, as required by the instruments. Organic carbon was measured

using the non-purgeable organic carbon (NPOC) method. The NPOC procedure

involves removing the inorganic carbon fraction by purging the extracted sample with

an inert gas. Organic carbon left in the sample after sparging is then converted to CO2

and detected using a non-dispersive infrared detector. The NPOC method is a more

accurate method for TOC analysis than the Total Carbon/Inorganic Carbon method.

However, some volatile organic compounds may be lost during purging, leading to

an underestimation of TOC content [274, 275]. TN was obtained by combusting

the samples to form NOx, which was then reacted with ozone to form NO2 in an

excited state. Photons emitted by the NO2 were then quantified as nitrogen using a

chemiluminescence detector.

2.2.6 Characterization of Light Absorption

Light-absorption measurements were taken on a Hewlett Packard 8453 UV-VIS Spec-

trophotometer. The filter extracts were diluted by a factor of 5-10 to allow reliable

UV-Vis measurement between 300 and 500 nm. Absorption was measured by holding

individual extracts in a standard 1 cm quartz cuvette and scanning through wave-

lengths from 190-800 nm. Filters for this analysis were extracted in water, such that

the UV-Vis data can be combined with the TOC/TN data which also represents

the water-soluble fraction, to obtain the mass absorption coefficient (MAC). MAC

represents a mass-normalized absorption parameter of BrC, calculated using Eqn 2.1

[276]:

MAC(λ) =
A(λ) × ln(10)

B × Cmass

(2.1)

Where A(λ) is the base-10 log of absorbance at a given wavelength, B(cm) the path

length, and Cmass(mg/L) the mass of absorbing organic matter. Cmass was calculated
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using the previously obtained TOC values (available in Table 2) converted to organic

matter mass with an organic mass-to-carbon ratio of 1.5, as per Russell [277] and

Hoffer et al. [278].

2.2.7 Non-Targeted Organic Analysis with LC-MS

Biomass combustion samples are most commonly extracted in water, ACN, methanol,

or mixtures of multiple solvents [109]. It has been shown that organic solvents can

dissolve a larger fraction of organic species present in samples from biomass burning

[109]. For our non-targeted analysis, we extracted the filter samples in ACN to

maximize the number of extractable analytes. The extracts were filtered into vials

using 0.2 µm PTFE syringe filters, prior to liquid chromatography-mass spectrometry

(LC-MS) analysis. An Agilent Technologies 6220 oaTOF was used to obtain high-

resolution measurements.

Positive and Negative Electrospray Ionization (ESI+ and ESI- respectively) were

employed as ionization techniques. ESI+ and ESI- are “soft” ionization techniques

which are well suited to identify molecules without extensive fragmentation. Positive

or negative refers to the voltage applied to the molecules by the ESI source and

the mechanism by which the species are ionized. The applied voltage ultimately

determines the classes of compounds that can be detected by the mass spectrometer.

In ESI+ mode, compounds capable of accepting a proton(s) will be ionized and

detected as [M+H]+. Alternatively, oxygenated compounds can form ion clusters

with background NH4
+ and Na+ [279]. Conversely in ESI-, only species which can

lose an acidic proton(s) are detectable (e.g., carboxylic acids and phenols). Neither

ionization mode can detect all compound classes present in biomass burning emissions.

ESI+ and ESI- were used in tandem to provide a broader identification of compound

classes.

Separation was performed on a Luna Omega 3 µm Polar C18 100Å Column (150 x

2.1 mm) purchased from Phenomenex Inc. A binary mobile phase system was used,

consisting of water (Solvent A) and ACN (Solvent B) both buffered with 0.05% formic

acid and delivered at a constant flow rate of 0.3 mL/min. The initial mobile phase

composition was 90% A and 10% B. This composition was held for the first minute

of the run. Following, B was ramped up to 20% from 1 to 3 min, followed by a ramp
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up to 95% from 3 to 26 min, and a 3 min hold before returning to 10% B over 1 min.

LC-MS data were analyzed using MassHunter software (v. B.07.00). The peak thresh-

old was set to 2.5% of the largest peak observed for a given sample. Candidate el-

emental formulae were filtered using limits on the allowed number of each element

as follows: C - 3 to 60, H - 0 to 120, N - 0 to 3, and O - 0 to 30. Elements such

as F, K, P, S, and Cl were disregarded as they exponentially increased the number

of possible elemental combinations, leading to improbable chemical compositions be-

ing assigned by the software. MassHunter data was then transferred to MATLAB

software (v. R2019a) for a refined analysis using a custom written script. Briefly,

unrealistic compositions were excluded based on their mass accuracy (>5 ppm) and

double bond equivalence, with [M+H]+ or [M-H]− as potential ion fragments. The

final output consisted of chemical compositions for over 100 of the major peaks for

each of the fuels.

2.3 Results and discussion

2.3.1 Elemental Composition of Solid Fuels

Mean elemental composition of each of the biomass samples is given in Table 2.1.

Exact elemental composition is variable between wood species [280]. Nonetheless,

our results agree with those observed for other pine species in previous studies [280–

282]. As seen from Table 2.1, C, H, and O comprise the vast majority of the fuel

mass, assuming that the remaining fraction of elemental composition is attributable

to O. The most distinct difference between fuel types is in the nitrogen content. The

two dung samples contain 1.0 and 0.7% of nitrogen, while wood is below the detection

limit. Nitrogen is an important component in the formation of amino acids, the basic

components of proteins, which may account for the higher nitrogen content in dung

vs. wood.

Studies on dung composition usually focus on the components that improve its use

as a fertilizer. In an agricultural context, elements available for plant uptake are the

most relevant. Thus, a significant portion of the studies report the concentration of

organic carbon and nitrogen, as well as available phosphorus and potassium, amongst

others [283–287]. The reported concentrations vary significantly between studies, a
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Table 2.1: Mean Elemental Composition of Ground Biomass ± Standard Deviation.

Biomass Weight (mg) %N %C %H %S

Wood 1.75 ± 0.034 <0.1 48.1 ± 0.12 5.96 ± 0.029 <0.2

IND 1.78 ± 0.14 0.703 ± 0.0091 41.1 ± 0.036 5.02 ± 0.026 <0.2

CAD 1.82 ± 0.021 1.01 ± 0.0044 43.7 ± 0.0082 5.47 ± 0.038 <0.2

n = 3 for each biomass type.

result of the composition’s dependence on the diet of the animal in question [283,

284]. Total nitrogen and carbon content have been reported in the range of 9-70 g/kg

and 380-460 g/kg respectively [285, 286]. The carbon content of both CAD and IND

observed in Table 2.1 agrees with these ranges. On the other hand, the total nitrogen

content in CAD and IND are near the lower end of these concentrations. Still, the

relative proximity of our wood composition results to existing literature supports the

validity of our determination of cow dung composition.

2.3.2 Combustion Process

The evolution of large amounts of smoke began about 3 minutes into the heating

program for each of the samples, when temperatures neared 300 °C. This is consistent

with initial stages of pyrolysis and thermal decomposition [288]. The observed smoke

began as grey in color, turning and remaining a brown-yellowish color throughout

most of the burn; evidence of the large emissions of light absorbing BrC. For select

samples, the size and concentration of the emitted particulate matter was investigated

throughout the heating process. The SMPS data from an experiment burning IND is

presented in Figure 2.2 as an example. Wood (Figure A.2) and CAD burning (Figure

A.3) are available in our Supporting Information.

As can be seen in Figure 2.2, particle emission begins between 3-6 minutes into the

heating process, with the largest quantity of particles being emitted early on at the

4-6 minute mark, when the temperature reaches its maximum. At the peak of par-

ticle emission, the particle mass concentration translates to 1.6 mg/m3, assuming a

particle density of 1.2 g/ml. However, this mass concentration is likely an underesti-

mate, given that some particles were larger than the maximum size range detectable
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using the SMPS employed here (661.2 nm). While the particle concentration started

declining from this point, the median particle size remained at approximately 200 nm

throughout the burning experiment. Particles are detected by the SMPS up to 50

minutes after the start of the temperature program, long after the heating process is

complete.

Figure 2.2: Normalized mass concentration (dM/dlogDp) and particle diameter (nm)
of biomass burning emissions throughout the IND heating process. The heatmap
represents the particle mass concentration (dM) in µg/m3 normalized by the number
of channels per decade of particle resolution (dlogDp) of the instrument. The black
line represents the median particle diameter. The red line represents the temperature
measured throughout the heating process using a thermocouple inside the quartz
tube.

Some particle evolution at the end of the heating program is to be expected as the

tube furnace retains heat well, especially while the quartz tube is present. Still, the

continued particle emission is evidence of an ongoing smouldering process, visually

confirmed by the appearance of the biofuel inside the furnace. Venkataraman and

Rao [266] have previously investigated particle emissions from wood and dung from

cooking stoves commonly employed in India. Their findings indicate that dung burn-

ing leads to significantly more particles than wood burning. Venkataraman and Rao

[266] have also shown that - in traditional mud-based Indian stoves - less particles

are emitted as the combustion temperature increases. Although the experimental

setup was very different, this effect was not observed within our study. However, the
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applied 60 lpm vacuum at the outlet of the tube furnace was much larger than the

0.30 slpm pull of the SMPS. As the pull of the SMPS varied between analyses, pro-

viding a similar dilution through the second mass flow controller - Figure 2.1(a) - was

challenging. As a consequence, the particle concentration values presented in Figure

2.2, Figure A.2, and Figure A.3 are not comparable between each other. Nonetheless,

the median particle diameter should be relatively unaffected by minor variations in

the vacuum provided by the SMPS, and was very similar between each of the fuels.

Overall, the median particle diameters observed are slightly higher than reported in

other studies using similar fuels [289–293]. This is an expected consequence of the

relatively low air flow and temperature provided to the tube furnace. Alternatively,

the flow differential at the t-junction could cause smaller particles to be more easily

deflected by the higher 60 lpm vacuum flow. This would lead to an underestimation

of particles with smaller diameter.

2.3.3 Total Organic Carbon and Total Nitrogen

Table 2.2 lists the observed TOC and TN for each of the biomass filter extracts

in water. Detection is therefore contingent on the emissions being soluble in wa-

ter. Triplicate measurements were made for each of the three fuel types with mean

measurements and standard deviations reported. A blank filter extracted in water

resulted in negligible TOC and TN concentrations compared to those detected from

filter samples, i.e., <1.8 mg/L and <0.14 mg/L, respectively. As can be seen from

Table 2.2, the TOC and TN are highly variable between samples, reflecting the vari-

ation in the mass of fuel burned and the quantity of particles collected on filters. The

TN/TOC ratio was consistent between samples of the same type regardless of differ-

ences in the mass of sample or loading of the filter. The TN/TOC ratio of the two

dung samples are much higher than that of the wood sample. This trend mirrors the

results of elemental analysis presented in Table 2.1, implying that the higher nitrogen

content in the dung samples resulted in higher TN values in their emissions.
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Table 2.2: Total Organic Carbon and Total Nitrogen Content of each Biomass. Mean
± Standard Deviation.

Biomass (n = 3 ) TOC (mg/L) TN (mg/L) TN/TOC

Wood 411 (± 139) 0.978 (± 0.358) (2.38 (± 1.18))×10−3

IND 262 (± 124) 16.3 (± 8.07) (6.23 (± 4.26))×10−2

CAD 137 (± 47.6) 8.32 (± 2.33) (6.06 (± 2.70))×10−2

2.3.4 UV-Vis Absorption of Filter Extracts and Mass Ab-
sorption Coefficients

The water-soluble organic compounds extracted from our filter samples exhibited

absorptive features typical to BrC; i.e., highly wavelength-dependent absorption that

increases exponentially towards the shorter wavelength [43]. Both Pandey et al. [267]

and Fleming et al. [249] have previously reported MAC for dung-cake and fuel-wood

burned in traditional Indian cook stoves. Summarily, Pandey et al. analyzed non-

extracted fuel-wood filters under direct UV, showing organic carbon MAC values

ranging from ∼1.0 × 104 cm2/g to ∼8.0 × 104 cm2/g at 350 nm (95% CI around the

mean). Cow dung filters similarly show ∼1.7 × 104 cm2/g to ∼6.5 × 104 cm2/g at

the same wavelength and confidence interval. The variation between measurements

lessens when moving towards higher wavelengths. Likewise, Fleming et al. show - for

the organic extractable fraction of biomass filters - MACs of ∼2.8 × 104 cm2/g to ∼7

× 104 cm2/g for brushwood and ∼1.7 × 104 cm2/g to ∼3.7 × 104 cm2/g for cow dung

at 350 nm. In their study, the wide range in MAC values obtained for identical fuels

is attributed to extraction efficiency and sampling flow rate errors. The variation

between their measurements also decreases at higher wavelengths. Fleming et al.

also indicate that nonpolar polycyclic aromatic hydrocarbons (PAHs) may account

for up to 40% of the total absorbance of sagebrush biomass burning organic aerosol.

PAHs are largely undetectable by the LC-MS methods used in our work [294]. Their

impacts however, can still be predicted by studying their light-absorptive properties.

Figure 2.3 represents the calculated MAC of the water-soluble organic compounds

emitted from each fuel type. A replicate measurement was performed for each fuel
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type, and the MAC values were found to be highly reproducible within fuel classes,

see Figure A.4. As can be seen in Figure 2.3, the MACs observed here, i.e., ranging

between 8.0 × 103 and 1.1 × 104 cm2/g at 350 nm, are lower than the range reported

in previous studies [249, 267, 295]. We posit that water extraction may have resulted

in less chromophores being detected in our study, compared to the literature, in which

organic solvents were used. Alternatively, the low MAC values obtained in our study

may be a result of the current burning setup, in which the entire plume is collected

on the filter without much space for controlled dilution.

Figure 2.3: Mass Absorption Coefficient (MAC) of water soluble fraction of emissions
from the three types of biomass fuels. The sub window contains biomass MACs
obtained in the current study as well as values reported by Pandey et al. [267] and
Fleming et al. [249] at 350 nm.

It has been shown that semi-volatile organic compounds (SVOCs) may undergo par-

titioning to the particle-phase when the aerosol load is high; i.e., near the emission

source [296]. Extensive amounts of non-absorbing SVOCs collected in our filter sam-

ples may result in a higher TOC value; and thus smaller MAC values. Investigations

of the impact of particle dilution on the observed chemical composition is an impor-

tant topic beyond the scope of the current work. Future studies should revisit the

optical properties of dung emissions with setups that allow for variable, controlled

particle dilution.
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Interestingly, both CAD and IND show higher MAC values than wood, especially

in the visible range (Figure 2.3). This is an indication that water-extractable chro-

mophores from dung burning could be as strong light absorbers as those emitted from

wood. As such, we investigate the composition of these emissions through LC-MS

further in this work.

2.3.5 Emission Factors of Levoglucosan and its Structural
Isomers

A representative GC-MS chromatogram of the three biomass fuels is shown in Figure

2.4. Individual spectra are available in Section A.1.4. The peak at 21.65 min is at-

tributed to the fully silylated levoglucosan, as confirmed by its mass spectrum (inset).

The fragmentation pattern exhibited excellent agreement (>80% match, Figure A.8)

with the NISTMS library (2017) and literature [297]. The peak at 21.05 is attributed

to the internal standard, methyl-β-D-xylopyranoside. Other significant peaks include

galactosan and mannosan (structural isomers of levoglucosan) at 20.85 and 21.25 min,

respectively [297]. Overall, the wood samples exhibit by far the largest levoglucosan

peak, while IND extracts contained a considerable amount, about 25% compared to

wood, and CAD about 10% of the amount in wood.

Figure 2.4: GC-MS chromatogram of biomass burning filter extracts.

Table 2.3 lists the observed levoglucosan emission factors for each of the biomass fuels.
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All measurements were repeated four times with the means and standard deviations

reported. Here, emission factor is defined as the ratio between the amount of lev-

oglucosan detected in filter samples and the mass of fuel burned. The emission factor

from wood burning was observed to be an order of magnitude larger than that from

CAD and approximately a factor of five larger than that from IND. Even though the

fuels were heated inside a well-controlled environment, a large amount of variation

in levoglucosan emissions was still observed between IND and CAD samples, repre-

sented by a relative standard deviation of 25% and 53%, respectively. Despite the

variation observed in our samples, the emission factor of wood burning is still signifi-

cantly larger than the two dung samples. The two dung samples, which were collected

via completely distinct routes, exhibit emission factors consistent to each other. This

is an indication that the emission factor of levoglucosan from dung burning may be

universally smaller than that from wood.

Table 2.3: Mean Levoglucosan and Isomer Emission Factors ± Standard Deviation.

Biomass (n = 4 )
Levo.

(mg/g)

Mannosan

(mg/g)

Galactosan

(mg/g)

Levo./

Mann.

Levo./

Gala.

Wood 14 ± 1.9 3.5 ± 1.2 0.77 ± 0.19 4.2 20

IND 3.0 ± 0.76 0.044 ± 0.018 0.098 ± 0.042 68 31

CAD 1.2 ± 0.64 0.055 ± 0.040 0.097 ± 0.058 22 12

Levoglucosan is a byproduct of cellulose pyrolysis with a high emission factor and a

long atmospheric lifetime [61, 221, 223]. These properties make it an ideal tracer for

wood biomass burning and source apportionment. Despite this, levoglucosan emission

factors from dung remain equivocal. As far as the authors are aware, only Sheesley

et al. [204] have previously reported on the subject, listing emission factors of 19.1 ±

3.6 (µg mg−1) for levoglucosan and 0.65 ± 0.12 (µg mg−1) for mannosan. Galactosan

emission factors from dung remain unreported. To identify whether the quantity of

levoglucosan emitted by dung burning versus wood is significant, we investigated the

emission factors of each of the biomass types. Cellulose content is variable between

plant species, lodgepole pine wood consists of about 49% cellulose [298]. Cow dung

also contains variable amounts of cellulose, in the form of undigested plant matter
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dependent on the animal’s diet. Previous studies have placed this content at about

24% [299–301].

Despite its wide use as a tracer, identifying whether levoglucosan was emitted from

wood burning versus other biomass sources is currently improbable without accom-

panying galactosan and mannosan ratios [221]. This means that the impacts of dung

burning based on wood levoglucosan measurements are underestimated due to lev-

oglucosan’s lower emission factor from dung. Work by Sheesley et al. [204] corrobo-

rates this, showing a 2.0% levoglucosan fraction emitted from the combustion of cow

dung patties, as opposed to 15% from pine wood within the same study.

Emission factors for galactosan and mannosan were measured by their GC-MS peak

intensity using the same method as levoglucosan. Results from this analysis can be

found in Table 2.3. These measurement are based on the assumption that levoglu-

cosan and its isomers have similar response factors, as has been previously shown

[302].

Pyrolysis of hemicellulose is a likely contributor to mannosan and galactosan con-

tent in biomass burning emissions [223]. Similarly to cellulose, hemicellulose content

is predicted to vary between plant species. As a result, galactosan and mannosan

emissions will also fluctuate with fuel type burned [204]. Their ratios with respect

to levoglucosan have been employed for source apportionment in the past [303–306].

The levoglucosan to mannosan (L/M) ratio has been used to differentiate burns from

varying wood species. The ratio of levoglucosan to galactosan (L/G) is less commonly

employed, presumably due to the lower emission factor of galactosan from wood in

comparison to mannosan. However, the L/G ratio has been used to identify wood

versus leaf emissions in the past [303, 307].

Currently, L/G ratio has not yet been reported for dung burning exclusively. As can

be seen in Table 2.3, the L/M of wood falls in line with expected values for softwood

[303, 307, 308]. However, the L/G ratio observed is higher than previously reported

for lodgepole pine burning emissions [308], and charred pine [309]. The ratio of

mannosan to galactosan (M/G) decreases from hardwood to softwood to brushwood

to “greener” biomasses [204, 303, 304, 308, 310]. Our observations for M/G of cow

dung match previously published data for rice straw burning [204, 304]. Rice straw

is regularly used as animal feed in India. Presumably, the diet of the cows is directly
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impacting the hemicellulose content of the dung, leading to similar emissions during

burning.

2.3.6 Non-Targeted Organic Analysis with LC-MS

Figure 2.5(a) lists the number of formulas observed among all three biomass fuels

in ESI- and ESI+ mode between three separate burns. CHN, CHON, and CHO

refer to the elemental composition of the observed species, e.g., a compound classified

as CHON contains only carbon, hydrogen, oxygen, and nitrogen atoms. Overall, 369

species with differing molecular formulae were detected in ESI+ mode and 189 in ESI-

mode. By the number of species obtained, ESI+ ionizes nitrogen containing species

more efficiently than ESI-, which detects a larger number of CHO compounds. IND

accounts for 209 of the unique species detected in ESI+ mode, followed by Wood at

81, and CAD with 79. This trend is not sustained in ESI- mode.

Figure 2.5: Species detected in emissions from each fuel by LC-MS in ESI- and
ESI+, by number (a). The intensity-weighted breakdown of CHN, CHON, and CHO
compounds detected by the ESI+ mode are presented in (b).
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Of the 189 species detected in ESI-, 74 were attributed to Wood, 59 to CAD, and

56 to IND. In ESI- mode, all fuel emissions show around 96% content of CHO com-

pounds when normalized by the intensity of the detections, with variations of ± 2%

depending on the fuel. For ESI+ mode, fuel emission content normalized by intensity

is available in Figure 2.5(b). The fraction of CHO compounds is consistent between

burns. Despite this, we observe discrepancies between CHN and CHON content

among replicate experiments. Nonetheless, the sum of N-containing species - CHN

and CHON - persists between measurements, only their intensities relative to each

other vary.

Generally, the total fraction of nitrogen-containing species is much larger in the two

dung samples than that in wood. This trend is consistent both with our own results

from elemental analysis and TOC/TN measurement (Table 2.1, 2.2) and previous

literature [249]. Combining two independent methods, TOC/TN and LC-MS, our

study makes a strong suggestion that the higher nitrogen content in dung burning

emissions is a universal trend. The higher nitrogen content in emitted particles is

likely arising from the larger elemental fraction of N in the fuels themselves.

2.3.7 Major Peaks Detected

Figure 2.6 represents a typical base peak chromatogram (BPC) collected by ESI-.

Each of the biomass extracts are overlaid to facilitate visualization. Individual spectra

are available in Section A.1.6. A blank filter collected by heating the furnace without

any fuel in the quartz tube did not result in any significant signals. MassHunter

identified over 100 major peaks from an initial screening process. All major peaks

and the majority of low intensity peaks are reproducible between different wood

sample burns

CAD and IND chromatograms remain consistent when the concentration of the ex-

tracted particulate matter is kept along the same order of magnitude. If the extracts

are diluted, peaks beyond 13 min are typically undetectable. These peaks are usually

attributed to chemical formulae >C13. We are confident in our assignments as all

major peaks elute before this time, and both MassHunter and MATLAB were able

to assign consistent elemental compositions for these peaks. Most major peaks are

also consistent between biomass samples, as can be seen between 2 and 10 min in
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Figure 2.6: ESI- LC-MS Base Peak Chromatogram (BPC) of biomass burning emis-
sions. IND and Wood spectra offset by 30 and 60 counts respectively.

Figure 2.6. These peaks are typically attributed to chemical formulas containing C6

to C10 with a double bond equivalence of 4 or 5, which are likely monoaromatic phe-

nolic compounds common to the burning of any fuel type. Nevertheless, we observed

substantial variation for the low intensity peaks between chromatograms of the same

biomass only in ESI+.

Figure 2.7 represents the BPCs and total ion chromatograms (TICs) collected in ESI+

mode. The TICs demonstrate how they are typically overtaken by the tremendous

number of low intensity species in the extracts. Individual spectra are available in

Section A.1.7. Overall, ESI+ BPCs follow the same broad characteristics as their ESI-

counterparts. Most major peaks between biomass samples and peaks throughout the

wood and CAD replicates are consistent. However, we observe variations between

distinct IND samples present only in ESI+ mode, even when the results for these

same samples are consistent in ESI- mode. We assume this disparity is caused by the

significantly larger variety and quantity of compounds ionized in ESI+ mode.

It is noteworthy that we identified ESI+ peaks that are consistently observable in

IND and CAD, but absent in wood (i.e., Retention Time (tR) = 8.0 and 9.8 min).

These peaks were assigned a m/z of 154.0624 and 168.0781 respectively, and were

of particular interest for tracer identification. These mass to charge ratios likely
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Figure 2.7: Total Ion Chromatogram (TIC)(a) and Base Peak Chromatogram
(BPC)(b) ESI+ LC-MS chromatograms of biomass burning emissions. CAD and
IND spectra in base peak chromatogram are offset by 30 and 60 counts respectively.

correspond to syringol and methylsyringol. Syringol and methylsyringol are known

wood biomass burning tracers that are not emitted from the burning of pine wood

[269]. This exemplifies the importance of emission source awareness, as an appropriate

tracer must be matched to the biomass that emits it. The potential dung tracers 5β-

stigmastanol, coprostanol and cholestanol described by Sheesley et al. [204] were not

detected in either ionization mode in IND or CAD.

2.3.8 Detailed MS Assignments

Both Lin et al. [109] and Fleming et al. [249] have performed comprehensive inves-

tigations of particulate matter emissions from biomass burning [109, 124, 249]. The

former by using a flame stack as part of the FIREX campaign, the latter using two

traditional Indian cook stoves. Here, we compare their observations with emissions

from our custom tube furnace setup, see Figure 2.1(a).

Table A.1 lists the top 100 chemical species detected through ESI+ unique to CAD

and IND fuels, in order of intensity. Molecular formula assignments are based on

proximity between the m/z calculated by MassHunter and theoretical m/z. Columns

3. and 6. ‘Prev. Rep.’ list whether a compound has been identified in the aforemen-
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tioned Fleming et al. [249] study as unique to dung samples (1), common to wood

and dung samples (2), or not detected (0).

Of the 100 most intense detections, 24 are consistent with Fleming et al. 17 of these

24 matching assignments are asserted to be common to brushwood and dung [249].

Nonetheless, these species were only detected within dung burning emissions in this

work. This agreement is reasonable considering the differences in procedure, burning

conditions, and sample compositions between the studies.

2.3.9 Targeted Analysis of Representative Biomass Burning
Compounds

A series of standard chemicals - vanillin (tR = 6.9), 4-nitrocatechol (tR = 7.4),

coniferyl aldehyde (tR = 8.7), sinapaldehyde (tR = 9.1), and 4-nitroguaiacol (tR

= 10.2) - were evaluated using the same method to provide more insight into the

detected peaks and to ensure correct assignment by the MassHunter software. A

mixture of the compounds dissolved in water, containing 100 µM of each standard,

was analyzed with the same parameters as the biomass burning extracts. These com-

pounds were chosen as they represent classes of chemical species previously observed

in biomass burning plumes [51, 221, 311]. All compounds were accurately identified

by our method in the standard mixture in both ionization modes. Results from the

standard analysis are available in Table A.2 and Table A.3.

ESI- mode generally shows greater sensitivity over ESI+ due to its higher ioniza-

tion efficiency [312, 313]. Interestingly, the detection sensitivities of nitrophenols

(4-nitroguaiacol and 4-nitrocatechol) are three orders of magnitude higher in ESI-

than those in ESI+. We presume that the lack of detection of these nitrophenols in

ESI+ mode is due to their inability to accept protons and form [M+H]+. This ob-

servation provides important insights into the identity of nitrogen-containing species.

Based on the concentration of standards used, the concentration of individual nitro-

phenols in the filter extracts are in the sub- µM range. This explains why CHON

and CHN containing compounds represent a minor fraction of detected peaks in ESI-

mode, even though the ionization mode is highly sensitive towards nitrophenols. This

also implies that the majority of CHN and CHON peaks detected by ESI+ mode are

not attributed to nitrophenols but unidentified nitrogen-containing species.
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Our results are consistent with observations in a few previous studies, which showed

that freshly emitted biomass burning aerosol contained a small nitrophenol content

[203], and that nitrophenols present in biomass burning plumes are likely formed

during atmospheric processing [117]. Phenolic compounds containing an aldehyde

group, i.e., vanillin, sinapaldehyde, and coniferyl aldehyde, were detected by both

ESI- and ESI+ with relatively similar sensitivities.

Vanillin, a lignin degradation product, was the most abundant chemical species de-

tected in ESI- mode, and the only compound detected in both ionization modes in all

biomass samples. Vanillin being detected in all samples is due to its high concentra-

tion in biomass burning emissions, one of the reasons it has been employed as a tracer

compound [51, 221]. We found that the vanillin concentrations in wood samples are

consistently higher than those in dung samples, demonstrated by both of our ESI-

and ESI+ data (Section A.1.7). The difference between these two concentrations is

not a factor of the number of particles emitted by the fuels. Normalizing the mass of

particles collected on the filter by the mass of the sample burned yields similar results

for each fuel, between 30 and 50 mg of particles collected per gram of fuel burned.

Vanillin concentrations in the emissions are therefore correlated to the lignin content

of the samples.

2.3.10 Implication and Conclusion

This work provides a comprehensive laboratory based analysis of dung biomass burn-

ing emissions in comparison to wood. Additionally, our study of particle evolution,

levoglucosan emission factors, MAC, and in-depth MS analysis serves to demonstrate

the viability and improved reproducibility provided by a tube furnace for laboratory

experiments. For each of these analyses, our observations are in general agreement

with established literature. We observe that dung burning leads to equal or higher

MAC than wood burning for the water-extractable fraction. TOC and TN analysis

of that same fraction corroborates the MAC results, as the TN/TOC ratio of dung

samples is much higher than wood. These observations are consistent even when

accounting for potential underestimation in TOC content as a result of the purging

procedure. A higher TN/TOC corresponds to a greater number of nitrogen contain-

ing species, which generally display enhanced light absorptive properties [43, 314].
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Dung burning emissions having a MAC akin to wood is particularly relevant towards

regions of the world without access to clean fuels. Dung emissions could have cli-

matic impacts equal to or greater than wood burning while being - through necessity

- employed without consideration for their deleterious effects.

Biomass burning mass spectra are highly complex and are - beyond a few major peaks

- dominated by low intensity chemical species. The major peaks are common among

all fuel types tested and are likely arising from phenolic compounds. Identification

of a reliable tracer compound for dung burning was challenging, as the differences

between wood and the dung samples were represented by numerous minor peaks,

mostly those detected by ESI+.

Despite the complexity of samples, our study highlighted a few key differences between

the chemical composition of wood and those of dung samples. These differences

all originate from characteristics of the fuels themselves, including cellulose content,

lignin content, and the amount of nitrogen. The emission factors of levoglucosan

from IND and CAD were observed to be lower than that from wood by a factor

of 4.7 and 12, respectively. Given dung’s lower content of cellulose - the precursor

of levoglucosan during pyrolysis - the low emission factor of levoglucosan is likely

universal for a wide variety of dung samples. This observation has strong implications

for source apportionment. If the same emission factor is assumed for both wood and

dung, a receptor chemical balance model will likely underestimate the amount of dung

emissions and their impact on air quality and climate. The L/G ratio observed here

for IND burning benefits future emission source apportionments. The lignin content

of wood is larger than that of dung, which has likely resulted in a larger amount of

lignin degradation products in the wood sample. The most representative example

was vanillin, which was approximately an order of magnitude more abundant in wood

samples.

Finally, a consistently higher nitrogen content was observed in dung samples, as

per the elemental fraction of the fuels, the TN/TOC ratio in the water extract,

and nitrogen-containing peaks detected by LC-MS. This observation again points to

nitrogen-containing species being the most significant difference between wood and

dung samples. Our results indicate that the majority of nitrogen-containing species

detected, especially those detected in ESI+ mode, are not nitrophenols but other
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unidentified species. The nitrogen-containing fraction of dung emissions is particu-

larly relevant towards their unknown health and climate effects and the identification

of a tracer compound.

The tube furnace is capable of precisely reproducing burning conditions. Despite this,

it is not adapted to accurately simulate a fire as it would happen in the environment.

Using a tube furnace in a laboratory setting will still require field measurements

to confirm observations. However, field measurements can be inconsistent due to

the large amount of variation the burning conditions bestow the emissions. While ac-

counting for “real” airflows, mixing ratios, temperature profiles and fuel morphologies

using a tube furnace is challenging, its use allows for a reduction in the variability all

of these factors cause.

Studies of dung emissions remain few and far between considering the commonality

of its use and the potential ramifications of its enhanced complexity. Further studies

should focus on the nitrogen-containing compounds present in dung burning emis-

sions, as they represent the major point of distinction between wood and dung. To

achieve such objectives, advanced separation, MS with higher mass resolution, and a

greater variety of ionization modes should be employed. Certain aspects of such an

effort are currently underway within our group.
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for providing access to a centrifugal mill, Dr. Sheref Mansy and Tania Gautam for

UV-Vis use, and Dr. Wayne Moffat for assistance with elemental analyses. The

authors also thank NSERC and the U of Alberta for financial support.

99



Chapter 2 – Chemical Characterization of Emissions Arising from
Solid Fuel Combustion - Contrasting Wood and Cow Dung Burning

Funding

This research was supported by the Natural Sciences and Engineering Research Coun-

cil of Canada (Award Number: RGPIN-2018-03814) and the University of Alberta.

2.5 Supporting Information

Additional experimental details, including derivatization mechanism, standard and

replicate analyses, and compound characterization data.

100



Chapter 2 – Chemical Characterization of Emissions Arising from
Solid Fuel Combustion - Contrasting Wood and Cow Dung Burning

References

[1] M. Loebel Roson et al., “Chemical characterization of emissions arising from
solid fuel combustion—contrasting wood and cow dung burning,” ACS Earth
and Space Chemistry, vol. 5, no. 10, pp. 2925–2937, 2021. doi: 10 . 1021 /
acsearthspacechem.1c00268.

[6] W. H. O. (WHO), “Global household energy database,” 2023. [Online]. Avail-
able: https://www.who.int/data/gho/data/themes/air-pollution/household-
air-pollution.

[9] T. C. Bond, D. G. Streets, K. F. Yarber, S. M. Nelson, J.-H. Woo, and Z.
Klimont, “A technology-based global inventory of black and organic carbon
emissions from combustion,” Journal of Geophysical Research: Atmospheres,
vol. 109, no. D14, 2004, D14203, 10.1029/2003JD003697. doi: https://doi.org/
10.1029/2003JD003697. [Online]. Available: https://agupubs.onlinelibrary.
wiley.com/doi/abs/10.1029/2003JD003697.

[11] S. S. Lim et al., “A comparative risk assessment of burden of disease and injury
attributable to 67 risk factors and risk factor clusters in 21 regions, 1990–2010:
A systematic analysis for the Global Burden of Disease Study 2010,” en, The
Lancet, vol. 380, no. 9859, pp. 2224–2260, Dec. 2012, issn: 01406736. doi:
10 .1016/S0140- 6736(12)61766- 8. [Online]. Available: https :// linkinghub.
elsevier.com/retrieve/pii/S0140673612617668 (visited on 06/25/2021).

[36] R. J. Park, M. J. Kim, J. I. Jeong, D. Youn, and S. Kim, “A contribution of
brown carbon aerosol to the aerosol light absorption and its radiative forcing
in east asia,” Atmospheric Environment, vol. 44, no. 11, pp. 1414–1421, 2010,
issn: 1352-2310. doi: https : //doi . org/10 . 1016/ j . atmosenv . 2010 . 01 . 042.
[Online]. Available: https : / / www . sciencedirect . com / science / article / pii /
S1352231010001019.

[37] Z. Lu et al., “Light absorption properties and radiative effects of primary
organic aerosol emissions,” Environmental Science & Technology, vol. 49, no. 8,
pp. 4868–4877, 2015. doi: 10.1021/acs.est.5b00211. [Online]. Available: https:
//doi.org/10.1021/acs.est.5b00211.

[41] H. Brown et al., “Biomass burning aerosols in most climate models are too
absorbing,” Nature communications, vol. 12, no. 1, pp. 1–15, 2021.

[42] C. E. Stockwell et al., “Nepal ambient monitoring and source testing exper-
iment (namaste): Emissions of trace gases and light-absorbing carbon from
wood and dung cooking fires, garbage and crop residue burning, brick kilns,
and other sources,” Atmospheric Chemistry and Physics, vol. 16, no. 17,
pp. 11 043–11 081, 2016. doi: 10.5194/acp- 16- 11043- 2016. [Online]. Avail-
able: https://acp.copernicus.org/articles/16/11043/2016/.

[43] A. Laskin, J. Laskin, and S. A. Nizkorodov, “Chemistry of atmospheric brown
carbon,” Chemical Reviews, vol. 115, no. 10, pp. 4335–4382, 2015. doi: 10.
1021/cr5006167. [Online]. Available: https://doi.org/10.1021/cr5006167.

101

https://doi.org/10.1021/acsearthspacechem.1c00268
https://doi.org/10.1021/acsearthspacechem.1c00268
https://www.who.int/data/gho/data/themes/air-pollution/household-air-pollution
https://www.who.int/data/gho/data/themes/air-pollution/household-air-pollution
https://doi.org/https://doi.org/10.1029/2003JD003697
https://doi.org/https://doi.org/10.1029/2003JD003697
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2003JD003697
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2003JD003697
https://doi.org/10.1016/S0140-6736(12)61766-8
https://linkinghub.elsevier.com/retrieve/pii/S0140673612617668
https://linkinghub.elsevier.com/retrieve/pii/S0140673612617668
https://doi.org/https://doi.org/10.1016/j.atmosenv.2010.01.042
https://www.sciencedirect.com/science/article/pii/S1352231010001019
https://www.sciencedirect.com/science/article/pii/S1352231010001019
https://doi.org/10.1021/acs.est.5b00211
https://doi.org/10.1021/acs.est.5b00211
https://doi.org/10.1021/acs.est.5b00211
https://doi.org/10.5194/acp-16-11043-2016
https://acp.copernicus.org/articles/16/11043/2016/
https://doi.org/10.1021/cr5006167
https://doi.org/10.1021/cr5006167
https://doi.org/10.1021/cr5006167


Chapter 2 – Chemical Characterization of Emissions Arising from
Solid Fuel Combustion - Contrasting Wood and Cow Dung Burning

[44] M. O. Andreae and A. Gelencsér, “Black carbon or brown carbon? the nature of
light-absorbing carbonaceous aerosols,” Atmospheric Chemistry and Physics,
vol. 6, no. 10, pp. 3131–3148, 2006. doi: 10.5194/acp-6-3131-2006. [Online].
Available: https://acp.copernicus.org/articles/6/3131/2006/.

[50] Y. Feng, V. Ramanathan, and V. R. Kotamarthi, “Brown carbon: A significant
atmospheric absorber of solar radiation?” Atmospheric Chemistry and Physics,
vol. 13, no. 17, pp. 8607–8621, 2013. doi: 10.5194/acp-13-8607-2013. [Online].
Available: https://acp.copernicus.org/articles/13/8607/2013/.
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Analysis of Biomass Burning Emissions

3.1 Introduction

Biomass burning is a major source of climate and health affecting aerosol [32, 34,

36, 44]. BBE affect the Earth’s radiative balance by absorbing or reflecting light [9,

34, 35]. From a health perspective, particulate matter emitted during a burn can

- due to its size - penetrate deep into the lungs, from where it can be transferred

and impact the cardiovascular system [11, 16]. Within this context, biomass refers

to biological matter, including vegetation such as wood, grass, and leaves, as well as

agricultural and animal residue [8]. Wildfires are the major driver of biomass burning

in the environment, they are predicted to rise in both incidence and severity as climate

change proceeds [30, 31]. However, biomass burning is also a major global source of

energy [7], particularly so in developing countries which rely on it for cooking and

heating [5, 6, 157]. In regions where wood biomass is not widely available, households

may rely on alternative fuels such as animal dung for combustion [157, 204].

As a result of its widespread use, biomass burning is believed to be responsible for up

to 90% of global combustion OA emissions [9, 22–24]. Of those emissions, BrC is the

second most light-absorptive component [32, 34, 36, 37]. The dominant fraction of

BrC is composed of organic compounds which absorb light strongly in the ultraviolet

and low-visible spectrum, with unpredictable climate effects [43, 48, 50]. While the

major emission components are similar between burns, there is significant variabil-

ity in the vast quantity of low-intensity compounds emitted during the combustion

of biomass [43, 107, 156]. These varied, often unsaturated and nitrogen-containing

compounds are believed to be largely responsible for the light-absorbing properties

of BBOA [43, 109, 124]. On the other hand, part of the variability in emission

composition is attributed to changes in burning conditions, which even in a labora-

tory setting are challenging to consistently reproduce [158, 165]. Modifying the fuel

density, morphology, moisture content, and heating temperature will all affect the

emission characteristics [9, 44, 48, 158]. For instance, BrC compounds are emitted

more readily during incomplete combustion, when insufficient airflow or temperature

is available to drive a flame [43, 56, 57]. To complicate things further, different types

of biomass have distinct compound emission factors under equal burning conditions.

For example, oak and pine wood emit syringaldehyde - a biomass burning tracer -
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at different concentrations during combustion [61, 141]. As might be expected, more

dissimilar fuels (such as wood and animal dung) are expected to have more disparate

emissions [1, 141, 204]. Yet, emissions from distinct fuels are treated uniformly by cli-

mate models, usually under the assumption that the biomass which originated them

is wood [73, 157, 161, 232, 233].

In addition to the complexity of reproducing burns, it is also challenging to separately

identify compounds from the biomass burning emission matrix. Analytical techniques

such as LC- and GC-MS can have difficulties isolating and detecting compounds from

the bulk [1, 315–317]. This has not prevented a large body of research from employing

these techniques to success [109, 124, 125, 217–219, 249]. However, difficulties asso-

ciated with identifying the mixed low-intensity fraction of BBE remain ubiquitous.

In recent years, strides in the development of GC×GC-MS techniques have allowed

the analysis of samples which were previously considered too complex to efficiently

separate [315, 318, 319]. Despite this, few studies have reported on the analysis of

wood burning emissions using GC×GC-MS [107, 167, 224, 241, 243], and as far as

the author is aware, none have on cow dung burning emissions.

Herein, I report preliminary compositional data obtained using thermal desorption

two-dimensional gas chromatography-time of flight mass spectrometry (TD-GC×GC-

ToF-MS) from wood and cow dung biomass particulate matter gathered under three

separate burning conditions: 500 °C and slow air flow, as well as 500 and 700 °C and

fast air flow. These conditions correspond to varying levels of combustion efficiency,

which directly impact the nature of the collected emissions [48, 158]. In particular, I

sought to determine which heating conditions have the most influence on the emission

composition, whether the changes in emission composition translate into differences

in unsaturation or nitrogen content, and if those differences are fuel specific. These

questions were explored using two approaches, firstly by way of manual trend analysis

of the GC×GC-MS molecular composition data, and secondly through automated

principal component analysis (PCA). PCA is a statistical testing method particularly

helpful in deconvoluting complex chemical data, as well as identifying variables in a

group of samples which may otherwise appear too similar to differentiate. With

regards to the combustion method, some of the reproducibility concerns typically

associated with fire experiments are bypassed using a tube furnace, which is capable
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of consistently and uniformly heating samples. At the time of publication of this

thesis, for the first time, biomass burning particulate matter generated using a tube

furnace, as well as cow dung burning emissions, are studied under GC×GC-MS and

analyzed using PCA.

3.2 Materials and methods

3.2.1 Sample combustion and collection

The sampling procedure has been previously described in detail in Chapter 2 Section

2.2.3 of this thesis. Briefly, wood, Canadian cow dung (CAD), and Indian cow dung

(IND) were separately placed in a quartz inset tube inside a tube furnace. A mass

flow controller set to 0.2 or 10 slpm regulates the amount of air flowing through the

tube and over the biomass sample. The tube furnace uniformly heats the quartz tube

at a ramping rate of 100 °C/min up to 500 or 700 °C, corresponding to pyrolysis and

flaming combustion respectively. Modifying the flow rate and heating parameters

allows for the sampling of a variety of emission profiles. By for example broadly

simulating the inefficient combustion conditions encountered in traditional biomass

cook stoves or low-intensity wildfires [157, 320]. A filter holder containing a pre-baked

quartz filter (Whatman QM-A, 4.7 cm in diameter) gathers the BBE downstream of

the furnace. A vacuum ensures the entirety the emissions pass through the filter. A

total of 27 filters were sampled, corresponding to 3 separate burns per biomass fuel

under the following conditions: 10 slpm and 700 °C, 10 slpm and 500 °C, as well as

0.2 slpm and 500 °C. Instrumental filter blanks were collected under the same heating

conditions, without biomass in the quartz tube. Following sampling, the filters were

stored in a freezer at -20 °C prior to analysis.

3.2.2 Thermal desorption and GC×GC-MS analysis

1/8” filter punches were loaded inside individual glass thermal desorption (TD) tubes

in a TD100-xr (Marques International) before injection into the GC×GC-ToF-MS

(Agilent 7890 GC). Punches were collected approximately halfway between the center-

point and outer-edge of each filter. Filter punch loading was calculated based on the

surface area and loading of the original filter. Calculated punch loadings ranged
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from 0.68-4.1 µg, with the range between burns of equal conditions being 0.60 µg

on average. Glass wool was positioned before and after each filter punch in the TD

tubes to prevent injection of unwanted material. The TD tubes were heated to 300

°C for 15 min to remove (desorb) the BBE gathered on their surface. A cold trap

held at -25 °C focuses the desorbed emissions before injection into the GC×GC-MS

instrument. A quantifiable GC×GC-MS signal was not observed in TD tubes heated

a second time, ensuring complete desorption. The GC×GC-MS parameters were as

follows: 100% polydimethylsiloxane column in the first dimension (Rtx-1, 31 m × 250

µm), and 50% phenyl 50% dimethylsiloxane in the second (Rxi-17, 5 m × 250 µm),

70 eV electron impact, 2.3 second modulation time, split flow of 1/153, 0.73 mL/min

flow rate, initial GC temperature held at 40 °C for 4 min, 5 °C/min ramp to 300 °C

and hold for 10 min, totalling to a 66 min separation and 81 min analysis time.

3.2.3 Peak detection

Before PCA, the GC×GC-ToF-MS data was processed through ImageJ (v.3.2.1) to

obtain the peak volume, tR, and identity of each compound. Only peaks with a

height 3× larger than the signal-to-noise ratio and a minimum width of 50 counts

were integrated and identified. Compounds were identified through library search

(NIST), with a minimum match and reverse match factor of 500. Identities of select

compounds were manually confirmed by correlating their retention index (RI) to a

series of linear alkane standards of increasing carbon number (C6-C27), analyzed

using the same GC×GC-MS method.

3.2.4 Feature selection

After peak detection, data containing the peak volume for all compounds common

and unique to each sample was analyzed using a custom cluster resolution feature

selection Matlab algorithm (Matlab® R2020b v.9.9.0.1467703). The algorithm has

been described in detail in Armstrong et al. -[321]. Briefly, during the feature se-

lection process, each sample was manually assigned a classification according to its

biomass type, temperature, and flow rate parameters. The Matlab algorithm inter-

prets the classes and identifies significant features (according to the peak volume of

each compound across the classes) for PCA. Based on the cluster resolution metric,
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the selected features are those who’s linear combination returns the most separation

between each of the classes in PCA (i.e. the compounds that differentiate each class

most significantly) [321, 322]. This process was repeated once per group of classi-

fications. For example, once to draft a PCA plot of both biomass type and flow

rate (Figure 3.7), and one time each for PCA plots of only biomass type or heating

temperature (Figures 3.5 and 3.6). Without selecting significant features, PCA can

be inaccurate due to the numerous species present in BBE [321]. As a result, only

peaks found to be significant by the cluster resolution feature selection algorithm were

further analyzed through PCA.

3.2.5 Principal component analysis

PCA was performed using the Matlab PLS Toolbox (Eigenvector Research Inc.,

v.9.2.1). In each case, the number of principal components (PC) selected for the

analysis were those suggested by the toolbox (3 or more across all samples). The

PC % represents which percentage of the variance among all classifications can be

explained by that PC. The higher the score (correlation) of a sample along a PC axis,

the more that PC explains the variance in that sample. Across all analyses, no PCs

with a variance below 7.0% were used.

3.2.5.1 Concepts and definitions

PCA is a statistical testing method designed to deconvolute complex samples [322].

PCA takes each of the mathematical components from a series of samples and extracts

the variables which are correlated and anti-correlated with each sample. The output is

a series of PC, ordered by the variance between the samples each component explains,

with the highest being PC 1 [321, 322]. Typically, each PC is associated with one or

more feature of the samples.

In atmospheric science, PCA is commonly applied to source apportion aerosol. For

example, Song et al. employed PCA to distinguish the contribution of different sources

to PM2.5 in Beijing [323]. Similarly, Choi et al. used PCA to deconvolute and identify

major pollution sources and VOCs in 500 individual airborne samples obtained from

the upper troposphere and analyzed using GC [324]. More recently, Ravindra et al.

monitored known air pollutants at 8 Indian sites, PCA was applied by the authors to
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identify which pollutants impact air quality most significantly at each location, finding

that rural sites are strongly affected by biomass burning [325]. On the other hand,

Wang et al. approached the issue from a different angle, applying PCA to investigate

the base elemental composition of crop and dung biomass before combustion. The

authors use PCA to correlate the elemental composition of the samples between each

other and estimate their potential as fuels (by for example finding PCs associated with

oxygen or nitrogen content) [326]. Nonetheless, PCA has not been previously applied

in a laboratory setting to specifically identify and distinguish the burn products from

different types of biomass, such as peat, cow dung, hardwood, softwood, and others

[327].

As purely mathematical constructs, PC do not necessarily have to reflect a specific

property or parameter of the samples being analyzed [327]. With complex matrices

like BBE, PCs can be particularly challenging to identify due to the inherent im-

precision of the combustion process, which causes multiple variables (morphology,

moisture content, air flow, etc.) to jointly contribute to each PC [322]. Additionally,

PCA requires a large sample size for accurate classification. And furthermore, studies

ideally need to be repeated to ensure the PCA results can be replicated [326, 327].

Following is a list common terms and definitions used throughout the PCA discussion.

• Classification/Classes: Refers to the groups each sample is manually assigned

before feature selection. A classification of 500 °C includes all samples gathered

at that temperature, disregarding biomass type or flow rate. Each entry in the

legend of a PCA plot is a separate classification.

• Principal component (PC): Obtained after PCA and plotted under score or

correlation axes (x,y,z), PCs are the group of features which explain the highest

% of variability between the samples under the defined classifications.

• Feature: Variables found to be significant towards a given classification. Here,

features are chemical compounds identified through the GC×GC-MS analysis

followed by the cluster resolution feature selection algorithm. During the PCA,

features may be correlated, unaffected by, or anti-correlated with one or more

PCs.
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• Parameter: Used here as combustion variable, i.e., heating temperature, flow

rate, and biomass type. A classification may contain one or more parameters.

• Clustering: Used in the context of a PCA plot to mean visual concentration

or agglomeration of samples of the same class. Clustering is an indication of

accurate classification and feature selection.

• Dispersion: Used in the context of a PCA plot to mean visual spread of samples

of the same class. Dispersion is an indication of low sampling precision or

inaccurate classification.

• Differentiation/Separation: Used in the context of a PCA plot to mean visual

dissociation between classes. Differentiation indicates whether the variability

in the defined classes is explained by the different PCs.

Herein, PCA is applied to aid in sample differentiation. PCs are automatically se-

lected by the PLS toolbox based on the relative peak volumes of the feature selected

compounds present in each sample. These PCs are expected to be a direct represen-

tation of the burning conditions used during the collection of the samples. Ideally,

high % variability PCs, coupled to sample clustering and good differentiation between

sample classes on the PCA plots will indicate which burning conditions have the most

impact on the emission composition [322].

3.3 Results and discussion

3.3.1 GC×GC-ToF-MS Results

Figure 3.1 displays a typical GC×GC-ToF-MS wood chromatogram. The circles

indicate the integrated peaks, each representing a detected compound. The tR on the

x-axis represents the amount of time each compound is retained on the first column.

Every 2.3 seconds, the eluent exiting the first column is modulated and injected

into a second column (also called the second dimension) with a different stationary

phase. The y-axis represents the amount of time each compound is retained in the

second dimension. The benefit of this approach is that compounds with equal tR in

the first dimension (which would appear as overlapping peaks in single column LC

119



Chapter 3 – Comprehensive Two-Dimensional Gas Chromatographic
Analysis of Biomass Burning Emissions

or GC) can be separated in the second dimension. Also, information gleaned from

their relative position on either axis can hint at their molecular composition. By

analyzing a series of linear alkane standards of increasing carbon number (C6-C27)

and known RI, each peak in the chromatogram can be assigned a specific RI relative

to its position to the nearest alkane standard. Once the peaks are identified through

database-matching, the calculated peak RI can be manually compared to the RI of the

compound identified in the database. If the two RI values do not match, it is possible

that the automatic database identification is erroneous. Using both the molecular

fragments and RI improves the chances of accurate identification. However, not all

compounds in a given database have known RIs.

Figure 3.1: Two-dimensional gas chromatography time of flight mass spectrometry
(GC×GC-ToF-MS) chromatogram of wood biomass burning particulate matter gath-
ered at 500 °C and 0.2 slpm of airflow. The yellow square represents levoglucosan.
The red square displays a series of syringaldehyde-like compounds of increasing molec-
ular mass. The blue and green squares represent interferences from the glass wool
and column bleed respectively. An enlarged version of this figure is available in the
Supporting Information (B.1.1)

As can be seen in Figure 3.1, chromatograms contain hundreds of separate detections

of varying intensities. The peak integration settings have a purposefully low thresh-

old to maximise the number of detections. Compounds with similar structures will

generally align themselves in gradients of increasing molecular weight. For instance,
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the five compounds with highest peak volume in the red square area of Figure 3.1 cor-

respond to: acetosyringone (C10H12O4), 4-allyl syringol (C11H14O3), sinapyl alcohol

(C11H14O4), syringylacetone (C12H16O4), and syringaresinol (C22H26O8), all of which

are common structural, decomposition, or BBE plant components [141, 328, 329]. Sy-

ringaresinol is believed to form through protein coupling of sinapyl alcohol [328]. To

illustrate the benefits of using RI, syringaresinol is the only one of these compounds

with a RI (3655) that does not match the predicted value for the peak (1858). This

indicates that the structural assignment is possibly inaccurate. Although accurate

identification is still pending, it is likely this peak instead represents a compound of

around half the C number and with a similar fragment spectrum as syringaresinol

not found within the NIST database.

CAD and IND chromatograms contain the same major features, with generally lower

volume peaks and more spread out integrations. The biomass burning tracer levoglu-

cosan (yellow square) is visible across all chromatograms, irrespective of biomass type

or heating parameters. The large high intensity area in the top right occurs in every

chromatogram as a result of siloxane compounds bleeding from the column coating.

Similarly, the high-volume equidistant peaks in the blue area represent interference

from the glass wool surrounding the filter punch in the TD tube.

The GC×GC-MS peak volume and molecular data obtained from ImageJ were ex-

ported and deconvoluted using Matlab. Figure 3.2 displays the double bond equiva-

lent (DBE), carbon number, and nitrogen number of each of the 994 detected com-

pounds across all 27 biomass samples after deconvolution. If markers overlap, the

compound with the larger nitrogen number is preferentially shown, if the nitrogen

number is equal between the two compounds, the peak volume is also summed. The

DBE is a measure of the unsaturation of each compound, and is calculated using Eqn

3.1 [330, 331]:

DBE = C + 1 − H

2
− X

2
+

N

2
(3.1)

Where C, H, X, and N are the number of carbon, hydrogen, halogen, and nitrogen

atoms in the compound respectively. A compound with a DBE of 2 contains two

double bonds or rings, a ring and a double bond, or a single triple bond.

As shown in Figure 3.2, a higher DBE and a lower carbon number is associated with
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Figure 3.2: Double bond equivalent (DBE) and carbon number obtained from the
combustion of Indian cow dung (IND) (green triangles, offset by -0.25 counts on the
x- and y-axis), wood (red squares), and Canadian cow dung (CAD) (blue circles,
offset by 0.25 counts on the x- and y-axis) biomass. The marker shading represents
the number of nitrogen atoms detected in each compound.

a higher nitrogen content. This is consistent with previously reported studies on

the subject [332–334]. The emissions from each of the biomass fuels appear highly

uniform, with only occasional detections seeming to be specific to each biomass. Con-

sidering the total number of species detected, it is not unexpected that most positions

in the plot are occupied. While featuring only the unique detections produces a more

visually parsable plot, it does not yield any obvious DBE or carbon and nitrogen

number trends. However, if the species are plotted by whether they are unique to

each flow rate used during the combustion, the differences become more striking. For

example, Figure 3.3 shows the compounds unique to IND samples combusted at 500

°C under 0.2 slpm and 10 slpm of air flow.

In total, 117 compounds were found to be unique to the 10 slpm samples and 191 to

the 0.2 slpm of air flow. Here, the high DBE region is overtaken by higher peak volume

compounds occurring only under low air flow rate, corresponding to inefficient burning
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Figure 3.3: Double bond equivalence (DBE) and carbon number obtained from the
combustion of Indian cow dung (IND) samples at 500 °C using 0.2 (green triangles)
and 10 (blue triangles, offset on the x- and y-axis by 0.25 counts) slpm of air, unique
detections only. The marker shading represents the number of nitrogen atoms de-
tected in each compound. The size of the markers indicates the logarithmic peak
volume of each compound, normalized by the average loading mass of each filter
punch class. The peak volumes of a compound that appears multiple times at a given
flow rate are summed. n = 3 for each flow rate.

conditions. These unsaturated nitrogen containing compounds are likely responsible

for the more significant BrC-like light-absorptive properties observed for dung samples

in my previous study [1].

Plots with sample characteristics other than DBE have similar complexities to those

shown previously in Figure 3.2. For example, Figure 3.4 (A) displays the H/C and

O/C ratios, as well as the number of nitrogen atoms for the compounds found to be

unique in each biomass fuel. During a burn, larger molecules are fragmented into

smaller components more readily as combustion efficiency is enhanced [61]. Ideally,

H/C versus O/C plots display linear oxygenation or methyl group loss trends as a

result of this fragmentation. However, no obvious linear trends due to fuel type can be
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observed in Figure 3.4 (A). The average number of nitrogen atoms among the unique

species were 0.515, 0.596, and 0.595, for wood, IND, and CAD respectively. Since

the the dung fuels contain significantly more nitrogen than wood before combustion

[1, 326], it is surprising that the dung emission samples do not display the same

magnitude of nitrogen differentiation. Presumably, the largest fraction of nitrogen

containing compounds emitted during the combustion is common to all fuels. And

by extension, only a small part of the elemental nitrogen fuel composition is translated

into unique emissions during the combustion process.

Figure 3.4 (B) displays the H/C and O/C ratios, as well as the number of nitrogen

atoms for compounds found to be unique among the 0.2 and 10 slpm IND emissions.

Figure 3.4: Hydrogen to carbon (H/C) and oxygen to carbon (O/C) ratio obtained
from: A), species unique to the combustion of Indian cow dung (green triangles),
wood (red squares), and Canadian cow dung (blue circles) biomass, and B), the
combustion of Indian cow dung (IND) at 500 °C using 0.2 (downwards green triangles)
and 10 (upwards blue triangles) slpm of air. The interior marker shading represents
the number of nitrogen atoms identified in each detection. The size of the markers
indicates the logarithmic peak volume of each compound.
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Again, the trends observed in Figure 3.3 are repeated here. The compounds unique to

0.2 slpm IND are more numerous, generally have a larger peak volume, and contain a

higher number of nitrogen atoms on average (1.66 for 0.2 slpm, and 1.21 for 10 slpm).

This is further confirmation that the inefficient burning conditions are leading to the

formation of more nitrogen containing species. Specifically, the linear increasing O/C

for the 0.2 slpm IND sample at an H/C of 2 corresponds to oxygenated benzene and

heterocyclic compounds, some of which contain pyrrole, imidazole, thiazole, or furan

fragments. Furans have known deleterious health effects [335, 336], while thiazole

compounds such as benzothiazole and its derivatives have been recently identified

as health-affecting [337]. Presumably, inefficient burning conditions will also release

more of these health-affecting components. However, since Figure 3.4 (B) only dis-

plays unique species, there is also the possibility that other biomass types and flow

conditions also contain furan or thiazole groups, and simply do not contain the specific

compounds observed in 0.2 slpm IND.

3.3.2 Principal component analysis

Figure 3.5 displays a 3 dimensional PCA plot of each of the samples classified by

biomass type. A positive score on the PC 1 axis indicates a given sample is positively

correlated with PC 1. As can be seen in Figure 3.5, a PCA classified by biomass

type yields very little clustering with the exception of the blanks. Nonetheless, PC 1

explains up to 31.95% of the variance in the samples. This indicates that although

biomass type is a significant driver of variance among the samples, it is not the

determining factor in differentiating those samples, as evidenced by the lack of marker

clustering. Likely, other factors (temperature, flow rate, or more) are responsible for

the position of each of the markers in the PCA plot. For instance, the three light

blue markers in the top right corner of the plot are the only wood samples gathered

at 500 °C and 0.2 slpm.

Whether other properties are responsible for the differences observed in Figure 3.5 can

be studied by classifying the samples differently before feature selection. For example,

Figure 3.6 displays a similar PCA plot classified by the tube furnace temperature each

of the samples was heated to, 0.2 slpm samples non-inclusive. Here, there is more

obvious differentiation between the two heating temperatures and a better quadrant
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Figure 3.5: Principal component analysis (PCA) of biomass burning emissions after
feature selection and classification by biomass fuel type.

dispersion along the PCA plot. However, there is still a significant spread for the 500

°C class and an apparent outlier along the PC 3 axis for the 700 °C class. The lack of

clustering could be an indication that no single PC can explain the variance observed

between the 500 °C samples. This effect is not entirely unexpected considering that

lower heating temperatures are associated with pyrolysis and smouldering conditions,

both of which release a larger array of compound classes during the heating process

[154]. This larger compound variety could be responsible for the spread in the 500

°C samples in Figure 3.6.

Classification by flow rate yields similar results, with good differentiation between

classes and similar spread for the samples gathered under 0.2 slpm of airflow. However,

there is substantial clustering in the samples classified as 10 slpm. Presumably, the

higher supply of oxygen during the heating process enhances the combustion efficiency,

leading to more consistently similar emissions. In either case, these results corroborate

the effects observed in Figures 3.3 and 3.4 (B). Throughout the PCAs, the blanks

are well clustered and differentiated among all analyses no matter the classification

chosen, with one exception; if the Matlab feature selection algorithm is not performed

before PCA, the majority of the samples cluster and overlap the blanks, yielding no

significant differentiation.
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Figure 3.6: Principal component analysis (PCA) of biomass burning emissions after
feature selection and classification by heating temperature at 10 slpm.

Similarly, the more distinct classifications are selected, the higher the number of

significant variables identified by the feature selection algorithm. Having too many

significant variables can cause the PCA to fail to identify enough PCs to explain the

variability in the samples. For instance, adding a separate classification for each of

the 9 potential parameter combinations (i.e. wood 500 °C and 0.2 slpm, wood 500

°C and 10 slpm, wood 700 °C and 10 slpm, and so on for each other biomass fuel)

leads to every single compounds in the samples being selected as significant by the

feature selection algorithm. This effect can be avoided by simply obtaining more

samples of each classification, or by classifying the samples according to only one or

two parameters, as shown in Figures 3.5 and 3.6.

Nonetheless, it can still be helpful to add granularity in the classifications so long as

enough variability is explained by each PC. Since temperature and flow rate appear

to cause the most clustering, PCA with separate classifications for both of these pa-

rameters was performed further. As can be seen in Figure 3.7, separating the heating
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temperatures by the flow rate used yields better clustering for the majority of the

samples. The high dispersion among the 500 °C 0.2 slpm samples is presumably due

to the inefficient heating parameters, which may cause the emission of more varied

molecules. Alternatively, it is also possible that biomass fuel type has more signif-

icance in dictating emission properties during inefficient pyrolysis, whereas efficient

combustion produces more uniform emissions.

Figure 3.7: Principal component analysis (PCA) of biomass burning emissions after
feature selection and classification by flow rate and heating temperature. The point
at which the lines from each marker meet indicates the average score for all samples
of that classification.

Overall, the PCA plots indicate that each of the parameters (biomass type, temper-

ature, and flow rate), all drive the emission of specific compound features. While

features originated by the type of biomass burned tend to explain a higher % of the

variability, it is flow rate and temperature which cluster and characterize the emis-

sions most significantly. Appropriately, samples gathered under inefficient burning

conditions appear to have more diverse compositions, corroborating the results from

Section 3.3.1.
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3.4 Conclusion and future work

This work represents the first investigation of emissions from cow dung combustion

using GC×GC-MS, and the first application of PCA to the study cow dung burning

emissions at the time this thesis was published. We found that under the parameters

studied the major driver of differentiation in emission composition were flow rate and

temperature during the combustion, rather than biomass type. Specifically, the com-

position of the emissions was more variable under inefficient burning conditions. At

lower flow rates and temperatures, the emissions become more unsaturated, contain-

ing a higher number of nitrogen atoms and heterocyclic features which are typical

of BrC compounds. This has implications for their capacity to absorb light after

emission into the atmosphere, as well as their potential health effects. Although the

base composition of dung biomass fuels has been shown to contain a larger fraction

of nitrogen over wood [1, 280, 285, 326], this did not translate into the emission of

nitrogen containing compounds specific to cow dung biomass. Rather, a higher num-

ber of nitrogen containing compounds common to all biomass types are emitted from

cow dung fuels, particularly so under low flow rate conditions.

PCA for the deconvolution of BBE shows promising results. Ideally, the PCA data

shown in this chapter should be validated by analyzing additional samples in the

future. While the classifications presented here are enough to differentiate some sam-

ple parameters (such as temperature and flow rate), there is not sufficient data for

more granular differentiation (such as the simultaneous effect of temperature, flow

rate, and biomass type). With more accurate classifications, the PC and features

which drive the variability in the samples could be ascertained. This would allow the

identification of individual compounds emitted by different biomass types under spe-

cific combustion conditions. Optimistically, these compounds might serve as tracers

for source apportionment of dung biomass burning events, or to better constrain the

degree of combustion efficiency of the burn which originated them.
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4.1 Introduction

As a source of both environment- and health-affecting emissions, biomass burning

has garnered considerable focus over the past few decades [11, 16, 155, 268, 338].

Much of this attention has been focused on identifying the effects and evolution of

biomass burning emissions in the atmosphere [70, 155, 339]. Additional efforts have

been directed towards deconvoluting the composition of the emissions themselves, as

it is highly variable between burns and likely responsible for its harmful effects [11,

16]; however, the fluctuating emission composition makes identification efforts consid-

erably more difficult. While the commonly - and relatively high abundance - emitted

compounds are well established (such as cellulose and hemicellulose decomposition

products), the largest fraction represented by numerous low-intensity species, is not

[1, 42, 43, 123, 141, 155, 340]. Convoluting things further, primary organic aerosol

will physically and chemically evolve in the atmosphere. Through reactions occurring

inside particles, as well as interactions with gas-phase molecules, its composition and

effects are additionally modified [67, 106, 248, 341–343].

Recent studies have demonstrated that photochemical processing of biomass burn

plumes in the atmosphere leads to the formation of anhydrides through aromatic

oxidation and furan chemistry [137, 344–348]. Specifically, maleic and phthalic an-

hydride represent two significant primary emissions from the combustion of biomass

[138]. Without taking their eventual formation in the atmosphere into consideration,

the emission factors of maleic and phthalic anhydride (50±30 and 19±9 mg kg−1 from

beech wood respectively [138]) can surpass those of other significant tracer species.

For instance, the emission factor of syringol (20±30 mg kg−1), vanillin (10±10 mg

kg−1), and guaiacol (40±50 mg kg−1) have been found to be inferior under the same

burning conditions, although highly variable between burns [138].

Ordinarily, reactive anhydrides such as maleic or phthalic anhydride would be ex-

pected to swiftly decay once emitted into the atmosphere through hydration into

their acid form [139, 140, 349, 350]. As a result, both maleic and phthalic acid have

been previously detected as a fraction of particulate matter [139, 140, 351–353]. Ob-

servation of acids suggests the occurrence of anhydride condensed-phase chemistry

[354]. However, atmospherically relevant anhydrides are too volatile to be found in
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the condensed-phase. The effective saturated mass concentration (C∗) of maleic and

phthalic anhydride estimated using Donahue et al.’s two-dimensional volatility basis

set are 0.237 and 18.8 g m−3 at 300 K respectively under ideal conditions (activity

coefficient = 1) [98]. This means that the vast majority of anhydride molecules are

presumably found in the vapour-phase and are unlikely to partition into the particle-

phase under typical ambient aerosol loading (0.1-20 µg m−3) [98, 207, 355]. Therefore,

it is reasonable to expect that maleic and phthalic anhydride must undergo trans-

formation prior to partitioning, and that unrecognized processes are bringing the

gas-phase anhydrides in contact with condensed-phase components. In fact, it has

been suggested that a condensed-phase is likely required for some acid anhydrides

to hydrolyze [139, 140], and that there are multiple pathways for the formation of

particle-phase phthalic acid [354].

As part of a burn plume, anhydrides have been shown to remain stable over several

days [348]. While traveling inside a plume or bound to particulate matter, anhydrides

can be shielded from environmental effects that would typically degrade them, such

as moisture or sunlight [356, 357]. Due to this increased atmospheric lifetime, an-

hydrides have been considered as potential tracers for aged biomass burning plumes

[348], which have historically been source apportioned by atmospheric modelers using

species such as levoglucosan [61, 221, 223]. Exposure to maleic and phthalic anhy-

dride is a known cause of pulmonary, eye, and skin irritation [64]. While electrophiles

can also increase the incidence of cancer by reacting with DNA [63], this effect has

not been studied for anhydrides specifically.

In solvents, electrophilic anhydrides readily react with an assortment of nucleophiles.

The mechanism for the acid catalyzed nucleophilic addition of water to an acid anhy-

dride is depicted in Figure 4.1, ester and amide formation paths shortened [358]. The

acid catalyzed path is favoured in the atmosphere, where the majority of available

water is acidic in nature [359]. Similarly to Figure 4.1, heterocyclic anhydrides such

as maleic and phthalic anhydride also hydrolyze under addition of water, forming

instead dicarboxylic acids with higher molecular weight than their precursors. Cor-

respondingly, they may also react with alcohol and amine containing nucleophiles to

form products which contain both a carboxylic acid functional group in addition to

an ester or amide group respectively.
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With greater mass and inhibited volatility, these compounds are likely to contribute

to secondary organic aerosol, enhancing the impact of biomass burning on air quality

and climate [43, 77]. However, since the composition of biomass burning particu-

late matter has not been fully established, the identity of these nucleophiles, the

outcome of their reaction with anhydrides, and their ultimate environmental fate re-

mains largely unknown and unpredictable. Nonetheless, to react with particle-bound

nucleophilic species, anhydrides need to first be uptaken to the surface of biomass

burning particulate matter. Heterogeneous uptake of gas-phase species by partic-

ulate matter is an important consideration in atmospheric research, as it has been

shown to impact particle optical and cloud forming capabilities, as well as the dis-

tribution of gas-phase species in the atmosphere [26]. Carbonaceous particles such

as those emitted from biomass burning have a significant surface area to size ratio

[25], which promotes uptake as both a physical (through absorption and adsorption,

also known as bulk and surface accommodation respectively) and chemical process

(through which the species react with the substrate itself, also known as reactive

uptake) [26–28, 96, 143]. However, to our best knowledge, the uptake of anhydrides

to particulate matter, including that arising from biomass burning, has never been

studied. Identifying and quantifying the propensity for uptake anhydrides possess is

imperative towards understanding their reactions on the surface of biomass burning

particulate matter. And ultimately, determining whether these processes are forming

distinct product classes, in addition to the fate of compounds anhydrides readily react

with.

Herein, we posit that anhydrides are unrecognized and environmentally relevant elec-

trophiles in the atmosphere, and have conducted a series of laboratory experiments to

assess this hypothesis. In particular, we aimed to examine whether anhydrides would

react with nucleophiles emitted from biomass burning, and how variable conditions

would affect this reaction. Firstly, in a controlled liquid environment to assess the

reversibility of the reaction, the stability of any formed products, the role of water,

and the potential for competition with hydrolysis. Following, we sought to determine

whether gas-phase anhydrides would be capable of accessing nucleophiles present in

biomass burning emissions to produce similar products. To this end, we quantify

the reactive uptake of phthalic anhydride on biomass burning films. We demonstrate

142



Chapter 4 – Unexpected Electrophiles in the Atmosphere -
Anhydride Nucleophile Reactions and Uptake to Biomass Burning
Emissions

Figure 4.1: Acid catalyzed acid anhydride nucleophilic addition reaction, alcohol and
amine driven additions are simplified.

that anhydrides emitted from biomass burning readily react with a variety of chemical

species - including levoglucosan, a major biomass burning tracer - present in biomass

burning emissions; and form low-volatility, water-stable products. These properties,

coupled with their propensity to be strongly uptaken by biomass burning emissions,

may make anhydrides significant model compounds to probe gas-phase interactions

at the surface of biomass burning emissions in the future.

4.2 Materials and Methods

4.2.1 Choice of Anhydrides and Nucleophiles

Anhydrides are significant contributors of total emissions from biomass burning [347].

Maleic (99% purity, purchased from Sigma Aldrich) and phthalic anhydride (99+%

A.C.S Reagent, Sigma Aldrich) were chosen as two of the major anhydrides observed

in biomass burning emissions [138, 347]. Maleic anhydride is the end product of furan

chemistry [347], while phthalic anhydride mostly forms through oxidation of naphtha-

lene [138]. Phthalic anhydride is a precursor for phthalic acid [138, 347], which has

been identified as a secondary organic aerosol constituent of aged biomass burning

emissions [360, 361], and suggested as a proxy for the contribution of secondary or-

ganic aerosol to ambient samples [362–364]. The chosen nucleophilic species (referred

to further as nucleophiles) represent only a few of the major emissions from biomass

burning, and were selected due to their previous detection in Loebel Roson et al.[1].
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Levoglucosan (99%, Sigma Aldrich), coniferyl aldehyde (98%, Sigma Aldrich), anisyl

alcohol (98%, Sigma Aldrich), and vanillin (99%, ReagentPlus, Sigma Aldrich) are all

common biomass burning tracers which represent a variety of functional groups and

molecular properties [61, 141, 223, 351, 365]. Histidine (99%, ReagentPlus, Sigma

Aldrich) is an essential amino acid present in animal dung, which is used as fuel for

cooking and heating in numerous developing countries [157]. Additionally, to study

the interactions between anhydrides and nucleophiles extrinsic to biomass burning

emissions, a few species of anthropogenic origin were also studied. These species in-

cluded aniline, chosen as the simplest aromatic amine (≥99.5%, A.C.S Reagent, Sigma

Aldrich), and triethylene glycol, as a highly oxygenated volatile organic compound

(99%, ReagentPlus, Sigma Aldrich).

4.2.2 Nucleophlic Addition in the Condensed-Phase

To test the propensity of anhydrides to undergo nucleophlic addition reactions in the

condensed-phase, a series of fundamental analyses were performed in solvents. The

atmospheric condensed phases can be highly variable in their water contents. Organic

aerosol can have minimal liquid water content under dry conditions, while cloud and

fog are made of aqueous droplets. With high water availability, it is possible for the

anhydride hydrolysis to take precedence over other nucleophilic addition reactions.

As such, solutions were prepared in water and acetonitrile (ACN), with differing

fractions of each solvent ranging from 0 to 99% (v/v) water. ACN was employed as

an aprotic solvent that does not react with anhydrides. The stability of anhydrides in

protic and aprotic solvents were examined using proton nuclear magnetic resonance

(1H NMR) spectroscopy. Each standard was dissolved to a concentration of 1 mM in

both deuterated water (protic) and deuterated chloroform (aprotic), for a total of 8

samples per analysis. Each sample was spiked with a known concentration (0.5 mM)

of dimethyl sulfoxide to act as an internal standard for chemical shift calibration and

quantification, and analyzed after resting overnight. 1H NMR chemical shift spectra

are included in the Supplementary Information (C.1.1).

The nucleophiles and anhydrides were separately dissolved - in water and ACN re-

spectively - to avoid premature formation of the acid. Following, maleic or phthalic

anhydride dissolved in ACN were added to an aliquot of each nucleophile standard.
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In each solution, the final concentration of the nucleophile and the anhydride was

0.8 mM and 0.08 mM respectively. To evaluate the stability of the formed products,

solutions were left to rest enclosed under room light and temperature for up to a week

after mixing. Liquid Chromatography Mass Spectrometry (LC-MS) injections of each

solution were performed after 24 hours and 1 week. Solutions were separated on a

Luna Omega 3 µm Polar C18 100 Å column (150 × 2.1 mm) purchased from Phe-

nomenex Inc. The mobile phase consisted of 50% water and 50% ACN, both buffered

with 0.05% formic acid, and kept isocratic throughout the 8 min separation. Negative

electrospray ionization mode (ESI-) was used for ionization as it consistently yielded

higher product signals over positive electrospray ionization (ESI+). Ion detection

was conducted on a linear ion trap mass spectrometer (model LTQ XL, Thermo Sci-

entific). LC-MS data were analyzed on the Thermo Scientific FreeStyle software (v.

1.7.73.12)

4.2.3 Uptake Experiments

Uptake of reactive gaseous species can be monitored by a few methods as outlined in

Kolb et al.[26]. In its simplest form, uptake is measured as the difference in initial

versus final gas-phase mixing ratio of a compound of interest after passing through

an absorptive or adsorptive device, typically a coated flow tube or Knudsen cell of

known dimensions [26]. The uptake setup is depicted below in Figure 4.2. Two

mass flow controllers (MFCs) are used to adjust the flow of dry zero air through the

system. The first MFC adjusts the airflow through a glass cell containing 0.03-0.04 g

of a solid anhydride. Gas-phase anhydride is continuously generated as the air flow

causes steady vaporization of anhydride molecules. This MFC therefore modulates

the quantity of gas-phase anhydride flowing through the glass tubes. The second

MFC regulates the humidity of the total airflow by flowing zero air through a water

bubbler. The ratio of humidified to dry air dictates the final relative humidity (RH)

of the total airflow, which is monitored using an RH and temperature sensor before

the Gas Chromatography Flame Ionisation Detection (GC-FID) inlet.

As can be seen in Figure 4.2, the anhydride initially flows through an uncoated glass

tube into the GC-FID. A gas sampling valve inside the GC inlet port samples the

anhydride continuously. Detection is achieved with the following parameters: Split
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injection 6:1, 100 °C injection temperature, 250 °C FID temperature, oven initial

temperature set to 60 °C and held for 0.2 min, ramp rate set to 125 °C per min up

to 150 °C and held for 0.2 min for a total run time of 1.250 min. A RTX-5 capillary

column (7 m, 0.32 mm I.D., 0.25 µm film thickness, Thermo Scientific, CA) was used

for separation. Including the time needed for the instrument to cool down between

runs, an anhydride peak signal is obtained every 2.7 min.

Stabilization of the anhydride GC-FID signal typically occurs over the course of ∼2

hours and is measured using the height of the signal peak. The stabilized gas-phase

concentration was estimated using the water bubbler under a differing experimental

setup and is described in the Supplementary Information (C.1.2). Once stabilized,

the flow is switched through the first three way valve to a tube coated with biomass

burning emissions, the collection and coating of which are described in following

sections. The uptake of anhydride is derived by measuring the decrease in the GC-

FID signal relative to the initial signal over the course of 2 hours, when the signal

approaches steady-state. After this point, the flow is once again switched to the

uncoated tube for 2 more hours, totaling to a 6 hour experimental run time. RH and

temperature are measured before and after each experiment by diverting the flow

through a sensor, no significant changes in RH or temperature were observed within

this time frame.

To date, gas-phase phthalic anhydride ambient air measurements have not been re-

ported, while maleic anhydride concentrations are sparsely reported [137, 347, 366].

Lee et al. have performed ambient particle measurements showing variable concen-

trations of phthalic anhydride of ∼49.9±47.7 ng m−3 [367]. The lack of ambient data

is in part due to the anhydride concentration being negligible after plume dissipation,

combined with requiring high resolution instrumentation for their detection which is

typically not employed for routine analyses. Instead, anhydrides are usually detected

as part of the complex plumes emitted after burn events, when their concentrations

spike. The predicted phthalic anhydride mixing ratio within our system is 4-10 ppb,

which is closely associated with previous reports of ∼1-2 ppb for maleic anhydride in

aged burn plumes [137, 347, 366]. However, the mixing ratio of maleic anhydride was

estimated to be 2-7 ppm, lowering this concentration while maintaining reproducibil-

ity was challenging due to its high volatility. For this reason, only phthalic anhydride
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uptake coefficients are reported following. Nevertheless, maleic anhydride is expected

to uptake more strongly than phthalic anhydride, and is still employed for alternative

experiments in the previous and following sections.

By modifying the composition of the coated tube, the mass loading, RH effect, as

well as coating with an uncoated tube (blank), an unreactive material (linoleic acid),

or with an anhydride reactive one (dopant) were all studied.

Figure 4.2: Anhydride uptake experimental setup.

4.2.4 Coating Material Collection and Solid Fuel Burning

Samples were collected as previously described in Loebel Roson et al. [1]. Briefly, a

tube furnace was used to reproducibly burn and collect wood (lodgepole pine) biomass

burning emissions at 500 °C under 0.2 slpm of air on pre-baked 0.22 µm pore size

quartz fiber filters. These conditions are representative of inefficient low temperature

combustion and pyrolysis. After collection, whole filters were extracted in 10 or 20

mL of ACN using a magnetic stirrer for 40 minutes. To ensure homogeneity of the

coating material, a composite sample, combining 4 filter extracts of separate burns,

was employed for the coated tube uptake experiments. The exact burn parameters

and filter loading information can be found in the Supplementary Information (Table

C.2). In addition to the biomass burning materials, we have also used linoleic acid as

a coating material in selected experiments. Linoleic acid serves as a surrogate for an

unreactive coating towards which anhydrides should display only physical uptake, it

has been employed in a number of previous studies [144, 368–371].

147



Chapter 4 – Unexpected Electrophiles in the Atmosphere -
Anhydride Nucleophile Reactions and Uptake to Biomass Burning
Emissions

4.2.5 Tube Coating

Before uptake, glass tubes (200 mm long, 9.50 mm inner diameter) were coated with

the filter extracts described above. To ensure uniform coating, the glass tubes were

placed on a rotating hot dog roller (Nostalgia HDR8RR Retro Hot Dog Warmer 8)

with the heating plate disabled. A pre-defined volume (0.6 to 7.2 mL) of extract was

slowly pipetted into the rotating tube. This volume was used to calculate the mass

loading of the coating. For select experiments, a dopant - usually a strong nucleophile

(e.g., levoglucosan) - was also pipetted into the rotating tube. The dopant serves

to modify the uptake properties of the coating and promote the formation of the

anhydride nucleophile product. A constant flow of dry air was blown through the

revolving tube to remove the ACN solvent. As the tubes rotate, the extracts are

uniformly coated along their inner surface. After 30 minutes, at which point the

liquid appears visually removed, the rotation function of the roller was disabled.

Our biomass burning materials represent primary organic components collected di-

rectly from the source, which contain a substantial quantity of semivolatile organic

compounds. In the atmosphere, these semivolatile species are expected to undergo

partitioning into the gas-phase following plume dilution [26]. To ensure the removal

of semivolatile organic compounds from the coating, the tubes were then rested with

continued airflow for 24 hours before the uptake experiments were performed. Tube

loading mass was back-calculated under the assumption that the entirety of the fil-

ter particulate matter was extracted into the liquid matrix and that the fraction of

removed semivolatile organic compounds is the same between coatings.

4.2.6 LC-MS Analysis of the Coating Material

After performing the uptake experiments, each of the glass tubes were washed with

5 mL of ACN to remove the coated material. For select tubes, this material was

recovered and diluted into LC-MS vials for analysis. Maleic and phthalic anhydride

standards were used to confirm the presence of the anhydride, and detected as their

corresponding acids using LC-MS. Separation, detection, and data analysis were per-

formed as described in Section 4.2.2.
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4.2.7 Uptake Calculations

Based on the uptake experiments, the uptake coefficients (γ) of the two anhydrides

to biomass burning materials were calculated. The obtained γ is the net probability

a molecule will be uptaken by a surface after colliding with it [28, 372, 373]. It is

the most common parameter used for a wide range of reactive gaseous species [26].

In this work, the uptake was obtained using the peak signal of the anhydride of

interest detected through GC-FID, under the assumption that the GC-FID signal

is proportional to the gas-phase concentration of the anhydride. The surface area

available for uptake is approximated by the geometric surface area of the tube, which

is assumed to be uniformly coated due to the coloration of the film. The effective

uptake (γeff) values are normalized by the average gas kinetic flux and are determined

as described by Knopf, Poeshl and Shiraiwa (KPS Method) [374], using Eqn (4.1):

γeff,X =
Dtube

ωxt
ln(

[X]g,0
[X]g

) (4.1)

Where Dtube is the diameter of the tube, t the residence time inside the flow tube,

and [X]g,0 and [X]g the initial and final gas-phase concentration respectively, which

we substitute here with the initial and final GC-FID signal. The molecular velocity

(ωx) can be calculated using Eqn (4.2)[375]:

ωx =

√︃
8RT

πm
(4.2)

Where, R is the ideal gas constant (8.3145 J K−1 mol−1), m the molar mass of particles

(0.1481 kg/mol for phthalic anhydride), and T the temperature (296.15 K).

The KPS method corrects for the establishment of concentration gradients as a result

of flow entrance effects into the coated tubes, which may cause overestimation of γ

[117, 374].

To derive which parameters limit the uptake mechanism of a specific species it is useful

to identify the gas flow regime occurring inside the flow tube, which is described by

the Knudsen number (Knx) [28, 374]. Air flow through the uptake tube was found

to be laminar using the Reynolds number (Re) and established after less than 1
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cm of tube length [176]. Under laminar flow, the uptake mechanism is driven by

molecular diffusion depending on the flow regime [374]. In turn, there are typically

three possible flow regimes [28]. The flow of a given species from the gas-phase

to the surface is limited either only by surface interactions (free-molecule regime,

when Knx >> 1), by gas-phase diffusion (continuum regime, when Knx << 1) or by

both gas-phase diffusion and uptake (transition regime, γ ≈ 1 or if Knx << 1 and

Knx/γ ≈ 1) [28, 374]. Consequently, the flow of the anhydride in the experimental

setup is usually limited by gas-phase diffusion (Knx << 1). However, heavily loaded

tubes can approach the transition regime and therefore be limited by both gas-phase

diffusion and uptake (Knx << 1 and Knx/γ ∼2). Under either of these conditions,

the effective uptake was corrected for diffusion effects (obtaining γ) by using the Knx

and Sherwood (Shw) numbers as per KPS, as shown in Eqns (4.3-4.6) [374, 376].

Calculations for each of the parameters and their experimental values are included in

the Supplementary Information (Table C.3).

λx =
3Dg,X

ωx

(4.3)

Dg,x is obtained for each anhydride as described by Tang et al. [375].

Knx =
2λx

Dtube

(4.4)

N eff
Shw = 3.6568 +

A

z∗ + B
(4.5)

A and B are constants (0.0978 and 0.0154 respectively) [374], the dimensional axial

distance (z∗) for the flow tube setup was calculated to be 0.651.

γx =
γeff,X

1 − γeff,X
3

2Neff
ShwKnx

(4.6)

Both γeff and γ describe the net movement of anhydride from the gas-phase to the

coated tube surface. γ however, is normalized (corrected) by the actual surface colli-

sion flux rather than the average gas kinetic flux [28]. Herein, the KPS factor typically

corrected the γeff values by ∼5-12%, with the highest corrections being 20 and 21%

for the two most heavily loaded tubes.
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4.3 Results and discussion

4.3.1 Fundamental Investigation of Nucleophilic Addition

4.3.1.1 Anhydrides in Protic and Aprotic Solvents - NMR Characteriza-
tion

To verify that anhydrides are both fully hydrolyzed in water and remain stable in

aprotic environment, we characterized the formation of their acid counterparts in

different solvents using 1H NMR. Throughout the NMR experiments, a distinct acid

peak was observed for all samples, except for the anhydride samples dissolved in

deuterated chloroform, an aprotic solvent. Complete hydrolysis of the anhydride was

confirmed by the lack of an anhydride peak in the deuterated water samples, as well

as the acid peak intensity for all samples being analogous. Additional details for

this experiment, including nuclear magnetic resonance peaks, are available in the

Supplementary Information (C.1.1).

4.3.1.2 Reaction Confirmation using LC-MS

As electrophiles, anhydrides have a predisposition towards reacting with nucleophilic

species. Significant tracers emitted from biomass burning - such as vanillin and lev-

oglucosan - are nucleophiles and can be reactive towards anhydrides. As a basis for

the uptake and degradation experiments, the formation of an anhydride and nucle-

ophile product was first probed in an aprotic solvent. Table 4.1 lists the product

peaks (anhydride + nucleophile) of species observed using LC-MS after mixing each

anhydride with a variety of nucleophiles dissolved in ACN.

Both maleic and phthalic anhydride consistently form products with the majority of

nucleophiles studied here. This reaction involves a hydrolysis-like ring opening of the

anhydride and addition of the nucleophile to form a higher molecular mass product,

which appears to be independent of the anhydride used. Likely due to its higher

ionization efficiency, product peaks of maleic anhydride displayed ∼10 times the peak

area of phthalic. Maleic and phthalic anhydride were found to react with biomass

burning atmospheric tracers such as levoglucosan, syringaldehyde, anisyl alcohol, and

vanillin. The m/z of all the products were equivalent to the combined molecular mass

of the anhydride and the corresponding nucleophile (see Supplementary Information
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(Figure C.9) for predicted structures). The list presented in Table 4.1 is nonexhaus-

tive, and our results suggest that a wider spectrum of compounds in actual biomass

burning plumes are likely reactive to anhydrides. Certain nucleophiles, such as ani-

line and levoglucosan, do not contain any acidic protons and are not detectable by

ESI- themselves. The fact that the products are detectable suggests the presence

of an acidic functional group (i.e., carboxyl group), which is in agreement with the

general reaction scheme and supports our structural assignment. Markedly, all prod-

ucts had a higher detection signal in ESI- as opposed to ESI+, with the exception of

the maleic anhydride coniferyl aldehyde product. After observing these reactions in

ACN, whether anhydrides can react with nucleophiles of biomass burning origin in

water - a protic solvent - and whether the products of such a reaction are stable is

explored further.

Table 4.1: Maleic (M) or phthalic (P) anhydride nucleophile reaction products de-
tected using LC-MS. In each instance, the listed product peak mass to charges (m/z)
were those that yielded the highest intensity LC-MS signals.

Nucleophile Anhydride Product Peak (m/z)

Anisyl alcohol Both 236 (M) and 286 (P)

Coniferyl aldehyde M 276 (M)

Histidine Both 253 (M) and 303 (P)

Levoglucosan Both 260 (M) and 310 (P)

Vanillin Both 250 (M) and 300 (P)

Aniline* Both 190 (M) and 241 (P)

Triethylene glycol* Both 248 (M) and 298 (P)

*Compounds not detected in biomass burning emissions in Loebel Roson et al.[1]

4.3.1.3 Reaction Competition and Product Stability in Water

Since anhydrides fully hydrolyze when dissolved in water, the potential for competi-

tion between hydrolysis and the anhydride nucleophile reaction was explored further.

Depending on local atmospheric conditions, biomass burning emissions are subjected

to a spectrum of relative humidities [43, 77, 359, 374]. Water can impact reactions

at the surface and bulk of the particle-phase, and through hydrolysis - along with
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photolysis and oxidation - is one of the main mechanisms leading to the decomposi-

tion of certain chemical species in the atmosphere [279]. To study whether the size of

the water fraction hinders the formation of the anhydride nucleophile product and if

that product is stable in water over time, the evolution of the product was tracked in

increasing fractions of water in ACN, as described in Section 4.2.2. By comparing the

relative area of the product peak over each injection, whether the product is forming

or decaying is determined. Anisyl alcohol, levoglucosan and vanillin were selected

as nucleophiles for this analysis, as they each represent significant biomass burning

tracers [61, 141, 351]. Data for maleic anhydride and vanillin, as well as for phthalic

anhydride and levoglucosan are presented in Figure 4.3. Data for other anhydride

nucleophile products is available in the Supplementary Information (C.1.7). Anisyl

alcohol followed a similar trend to levoglucosan curves in Figure 4.3, albeit with an

even higher product signal intensity.

Figure 4.3: LC-MS peak area signals obtained from increasing fractions of water in
acetonitrile (ACN) after the 24 hour and 1 week-long analysis period for A) Maleic an-
hydride vanillin product (MVP), B) Maleic acid, C) Phthalic anhydride levoglucosan
product (PLP), D) Phthalic acid. Error bars represent the range between duplicate
experiments.

153



Chapter 4 – Unexpected Electrophiles in the Atmosphere -
Anhydride Nucleophile Reactions and Uptake to Biomass Burning
Emissions

As displayed in Figure 4.3, anhydride hydrolysis becomes dominant when the water

content exceeds 25%. This is illustrated by the sharp rise in acid signals - i.e., maleic

acid (Figure 4.3B) and phthalic acid (Figure 4.3D), which the previously reported

NMR analysis also corroborates. On the other hand, the evolution of the nucleophile

product follows a non-linear trend. This indicates that the presence of water is playing

a more complex role in its formation. For both the maleic anhydride vanillin product

(MVP) (Figure 4.3A) and phthalic anhydride levoglucosan product (PLP) (Figure

4.3C) systems, up to 25% water facilitated the formation of the products. As can be

seen in Figure 4.1A, a proton must migrate from the nucleophile to the newly formed

carboxylic group. Likely, water may act as a proton carrier during the nucleophilic

addition, resulting in the enhanced product formation observed in Figures 4.3A and

4.3C. Specifically for 4.3C, 1% water is enough to initiate proton transfer and the

formation of PLP - albeit at a much slower rate - leading to a maxima over 1 week.

The acid catalyzed reaction path (Figure 4.1B) is also promoted with an increased

water fraction, as more acidic protons become available.

Opposing trends were observed between the two experimental systems after increas-

ing the water fraction beyond 25%. The PLP intensity diminishes at higher water

contents, indicating that hydrolysis competes over the nucleophilic addition. Simul-

taneously, the MVP signal exhibits a continuous enhancement with water content.

This trend is likely an interplay of multiple factors, including the reactivity of the

anhydride, the nucleophilicity of vanillin, and their concentrations relative to each

other in the solution. Nonetheless, we were unable to identify the exact reason for

this observation within the MVP system.

These experiments also gauge the stability of the products in water. As shown in

Figures 4.3A and 4.3C, the product signals exhibited minimal (<10%) reduction over

a 1 week time frame. A decrease of the same magnitude was observed for the acids

(Figures 4.3B and 4.3D), indicating the decline might be due to changes in instru-

mental sensitivity between analyses. In either case, the products remain stable in

water once formed. This confirms that the anhydride nucleophilic addition reaction

is irreversible. Overall, our observations indicate that water serves to facilitate the

nucleophilic addition to anhydrides when it does not represent the majority of the

medium. This corresponds to dry atmospheric conditions under which liquid water in
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aerosol is scarce and dependent on ambient relative humidity and the hygroscopicity

of the aerosol itself [377]. When water becomes abundant, hydrolysis eventually over-

takes the nucleophilic addition. However, our results also demonstrate that certain

nucleophiles can still react under such conditions, and form products that are stable

and do not decompose in water. Since anhydrides and nucleophiles must come into

contact to react, the controlled liquid environment used in these experiments facili-

tates observing their reaction. While this is useful as a proof of principle, the drastic

changes in solvent composition make detailed determinations of the reaction mech-

anisms challenging, which we accordingly do not pursue further. Instead, knowing

that anhydride nucleophile reaction proceeds readily in the presence of water, we in-

vestigate following whether gas-phase anhydrides similarly interact with nucleophiles

in biomass burning emissions. In the next section, we explore whether anhydrides are

susceptible to surface and bulk uptake on biomass burning films, as this interaction

might explain one of the pathways by which highly volatile non-polar anhydrides are

partitioned to the particle-phase in burn plumes.

4.3.2 Uptake of Anhydrides to Biomass Burning Material

4.3.2.1 Uptake of Phthalic Anhydride

Figure 4.4 depicts a typical phthalic anhydride uptake experiment. The top panel

displays a single phthalic anhydride GC-FID chromatogram, while each point on the

bottom chromatogram represents the height of the anhydride peak measured in real

time by the GC-FID, as exemplified by the green marker in each panel. Each uptake

experiment was divided into three regions as described in the experimental section,

represented by the shaded areas in the figure. Initially, the anhydride equilibrates

throughout the uncoated tube over the course of ∼100 minutes (gray shade). Af-

ter equilibration, a three-way valve is switched, and the anhydride is flown through

the coated tube (red shade). The GC-FID signal begins decreasing over the course

of a single injection (2.7 min) and usually reaches a minimum after 6-8 injections

(16.2-21.6 min). From here, the signal begins slowly increasing as the surface of

the tube is saturated with anhydride. Once the anhydride flow is switched back to

the uncoated tube (gray shade), it re-equilibrates over a further 100 min. The film
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coating the tube (composed of the organic extractable fraction of biomass burning

particulate matter, including various nucleophiles) interacts with the electrophilic an-

hydride vapour flowing through the tube. These conditions are entirely distinct from

the liquid bulk reactions explored in Section 4.3.1.3, and more representative of what

vapour-phase anhydrides might experience as part of a burn plume. Here, when 0%

RH air is used to flow the anhydride through the tubes, water trapped in the film is

likely the only proton carrier facilitating the anhydride nucleophile reaction. Under

these conditions (non-polar anhydrides partitioning into a polar matrix), the mass-

based activity coefficient for both anhydrides would be > 1 (non-ideal). Therefore,

C∗ would be even higher than under ideal conditions, driving the anhydride further

into the vapour-phase [98, 355].

Figure 4.4: Phthalic anhydride (PA) uptake experiment. The top blue curve repre-
sents a typical GC-FID PA peak vertically offset by 1 count, taken at 2.7 min intervals
throughout the experiment and from which the bottom uptake graph is constructed.
The bottom gray and red shaded areas represent the anhydride flowing through the
uncoated and coated tubes respectively, γ is calculated over the length of the red
area. The green marker on the bottom graph indicates the time at which the top
peak is taken.
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γ can be calculated for different positions of the uptake curve. As the largest uptake

occurs during the initial switch to the coated tube, γ determined by the difference

between the initial and final GC-FID signals yields initial uptake. γ calculated over

the entire experiment, i.e., over the entirety of the red shaded area in Figure 4.4,

represents the averaged uptake. Unless specified otherwise, all γ values reported

denote the average uptake. The molecular mass of an uptaken trace gas strongly

influences the speed and degree of uptake [375]. As relatively large molecules - over

the more commonly studied gas-phase oxidants OH, O3 and NO3 [117, 374] - maleic

and phthalic anhydride are expected to follow a slower uptake profile with reduced

average uptake.

It is worth noting that γ is theoretically unaffected by the gas-phase concentration

of the uptaken trace-gas as it simply measures the difference between the initial and

final concentrations of a gas after passing over a coated material. However, should the

gas-phase concentration of the trace-gas be too high, or conversely, insufficient coating

material (reactive sites) be available for uptake, γ may be over or underestimated.

While the shape of the uptake curves is usually consistent, γ coefficients available

in literature have a wide range of values due to the variable experimental conditions

and correction methods [117, 374, 378–381]. For example, in liquid coated reactive

uptake setups, the concentration of the liquid will directly affect its total capacity

for uptake when diffusion into the bulk is unlimited [378]. This phenomenon occurs

when the number of reactive sites in the bulk are the limiting factor for uptake, and

is observed here as the loading mass of the coated tubes is changed (see Section

4.3.3.1 - Mass Dependence). The shape of the phthalic uptake curve in Figure 4.4 is

consistent with uptake experiments reported on in previous ozone studies [117, 244,

374, 381, 382]. However, the uptake efficiency here appears to lessen over the course

of the experiment, likely as a result of the consumption of available reactive sites

(nucleophiles) in the coating. Notably, removing the electrophile source after uptake

to the coated tube leads to no significant re-emission of anhydride from the coating,

as determined by the GC-FID anhydride signal decay rate.

Table 4.2 lists the γ obtained as a function of the loading mass of the coatings.

Also included are experiments with coated linoleic acid and variable RH, covered

in sections 4.3.3.2 and 4.3.3.3, respectively. As can be seen in Table 4.2, uptake is
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driven by the quantity of coating applied to the tube, which directly correlates to the

mass concentration of particles emitted from the burn. Therefore, it is reasonable to

expect burns which emit a larger number of particles - such as large scale wildfires

- to promote the uptake of anhydrides. The limited range of uptake values can be

explained by the morphology of the uptake setup and the low diffusivity of phthalic

anhydride. The comparatively low airflow and long tube length promote slow uptake

and deposition of the anhydride on the sides of the glass tubes whether a coating is

present or not [117]. This causes uncoated tubes to have ∼6 times less uptake than

the most heavily loaded ones.

Table 4.2: Range of γ values obtained for phthalic anhydride during uptake as loading
mass is decreased under variable relative humidity (RH).

Loading Mass (g) Replicates RH (%) Uptake (γ) (×10−6)

0.0127 2 0 10.87 - 11.44

0.0042 3 0 5.77 - 6.98

0.0032 3 0 5.44 - 6.55

0.0032 2 24 5.50 - 5.66

0.0032 3 47 5.24 - 6.49

0.0021 2 0 4.05 - 4.51

0.0011 2 0 2.63 - 2.69

0 3 0 1.07 - 2.43

0.0168* 1 0 1.78

0.0017* 1 0 1.85

*Tubes coated with linoleic acid

4.3.3 Evidence of Reactive Uptake

Differentiating between reactive and non-reactive uptake is challenging, as experimen-

tally both types lower the relative concentration of gas-phase species being uptaken,

yielding γeff coefficients. This is in part due to physical accommodation process being

a pre-requisite for reactive uptake to occur. Nevertheless, physical and reactive up-

take each modify the chemical composition of the uptake substrate in distinct ways.
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Reactive uptake can be reversible or irreversible, and has been shown to alter the

properties of both the gas-phase species being uptaken as well as the uptake substrate

itself [26, 118]. For example, particulate matter emitted from biomass burning can

act as a surface for the condensation of semivolatile species in the atmosphere [118].

As such, identifying whether anhydride reactive uptake is occurring and whether the

products of such a reaction are stable is of high importance towards predicting their

impacts.

We posit that significant reactive uptake is occurring on the biomass burning coating

for the following reasons, each of which is expanded upon in their respective sections

below.

1) A tube coated with the same loading mass of linoleic acid, towards which anhy-

drides are nonreactive, did not show significant uptake and no dependence on mass

loading.

2) Products of the reaction of anhydrides and common biomass burning species (such

as levoglucosan) were identified in tube coating extracts after uptake, and were shown

to increase in concentration when the tubes were doped with the nucleophilic precur-

sors.

3) A more reactive coating, from which semivolatile species were not removed before

uptake, showed significantly higher γ.

4.3.3.1 Mass Dependence

Uptake is partially driven by the quantity of material loaded on the glass tubes, as

can be seen in Figure 4.5 and Table 4.2. Loading mass represents the mass of particles

originally collected on the quartz filters before extraction, except for the linoleic acid

data-points, where it represents the mass of linoleic acid used for coating.

In either case, γ increases relatively linearly as the tubes are loaded with more mate-

rial. A coating that covers the entirety of the glass tube - the surface area of which

can not increase further - can only expand in depth as it is further loaded. Since γ

increases with tube loading, uptake must be spurred by the transfer of the anhydride

to the bulk of the coating. This is additional evidence of the reactive uptake process

outlined in the previous sections. The divergence from linearity can be explained by

the increasing resistance the coating thickness imposes on the uptake process and
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the depletion of readily available reactive sites (nucleophilic species). As nucleophiles

nearer to the surface are consumed first, the anhydride must travel deeper into the

coating, creating a concentration gradient.

Figure 4.5: Range of γ values obtained for phthalic anhydride on tubes coated with
biomass burning material as a function of loading mass of the coating. Each data
point represents the averaged γ values obtained over 2 hours of uptake at a relative
humidity of 0. The shaded blue area depicts the range of γ values observed from
tubes which underwent 24 hours of semivolatile removal. The green dot portrays the
γ obtained from a tube which did not go through the semivolatile removal procedure.
The red triangle represents the γ from a tube in which 0.0167 g of vanillin were
dissolved during the coating process, in addition to the biomass burning material.
The brown squares illustrate the γ obtained from tubes coated with linoleic acid, an
unreactive material. The dashed line indicates the average γ obtained for uncoated
(blank) tubes.

4.3.3.2 Linoleic Acid

To investigate whether the uptake process was purely physical or reactive, γ was also

measured using tubes coated with linoleic acid, represented by the brown markers in

Figure 4.5. Emitted from cooking processes, long chain unsaturated fatty acids such

as oleic and linoleic acid have been previously used for model heterogeneous oxidation

studies within an atmospheric context [144, 368–371].

Under a purely physical - adsorptive or absorptive - process, we can assume for
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comparison with the reactive biomass burning coating, that linoleic acid will either

physically align itself along the surface of the tube in a single layer formation. That

is to say, as a coating with no depth, in which case only adsorption would be possible.

Or more realistically, that the linoleic acid coating does have depth, in which case

both adsorption and absorption - also known as surface and bulk accommodation -

are possible [26, 28, 143]. In either case, were the uptake on biomass burning emission

coated tubes purely a physical process, then γ for linoleic acid should - with similar

coating distribution - have a comparable uptake trend to it. However, as can be seen

in Figure 4.5 no significant anhydride uptake to linoleic acid was observed over the

loading mass range used for the biomass burning emissions. Therefore, we posit that

the uptake is not only dependent on the physical properties of the biomass layer, but

rather a chemically reactive process between the anhydride and the coating. This is

further confirmed by both the effect removal of the volatile organic species had on γ

(green dot), and the shape of the uptake curve in Figure 4.4.

4.3.3.3 Removal of Semivolatile Species

The presence of nucleophiles in biomass burning material is suspected to enhance

the reactive uptake of anhydrides. Presumably, species which contain phenolic func-

tional groups can serve as nucleophiles in the biomass burning substrate, and there-

fore heighten uptake. Due to their volatility, low-medium molecular weight phenolic

species typically partition into the gas-phase following plume dilution [26]. As a re-

sult of the sampling setup, the tube furnace may condense semivolatile species on

the surface of the filter which would typically remain in the gas-phase. Semivolatile

removal time after coating was found to have a distinct impact on γ. The initial

versus final GC-FID signal for phthalic anhydride flowing through a coated tube

was found to experience a threefold reduction in γ after 24 hours of semivolatile re-

moval, as displayed by the green dot in Figure 4.5. A similar trend was observed

for maleic anhydride. The difference in uptake can be explained by the stripping

of more semivolatile organic compounds from the coating over time. These species

would usually provide additional sites for anhydride compounds to react with, but

are instead removed under continued air flow, and therefore lower the overall reactive

potential of the coating. Additionally, removal of the semivolatiles is likely to lower
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the overall volatility of the coating, increasing its viscosity, and inhibiting uptake.

Unsurprisingly, more freshly emitted biomass burning particulate matter is more re-

active towards electrophiles such as anhydrides. Within the atmospheric context,

freshly emitted biomass burning plumes which still contain semivolatile organic com-

pounds will be more susceptible to reactive uptake, and therefore modification by

anhydrides. Note that we cannot track the mass of semivolatiles lost during the 24

hour removal process, and thus assume that it is a minor fraction of the total biomass

burning coating material. If the semivolatiles comprised a substantial fraction of the

total mass, the data point (green circle) shown in Figure 4.5 would be underestimating

the loading mass.

Figure 4.6: GC-FID phthalic anhydride chromatogram of a tube rested under con-
tinued airflow for 24 hours versus a tube from which semivolatile species were not
removed. The top peak signal is offset by 0.8 counts.

Interestingly, a few of these semivolatile species appear as unique GC-FID peaks

when tubes which have not gone through the removal process are used for uptake.

Figure 4.6 displays the phthalic anhydride GC-FID peaks obtained for a tube which

has undergone the 24 hour removal process, and one which has not. Unsurprisingly,

the unremoved coated tube continuously off-gasses volatile species from its surface

throughout the uptake experiments. At the same time, the 24 hour removed tube
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displays only a single sharp peak, corresponding to phthalic anhydride. The peaks

in Figure 4.6 represent only the species which are capable of eluting through the GC

column in less than 2.8 minutes. Likely, there are numerous other peaks which could

be observed beyond this retention time in the unremoved tubes.

4.3.3.4 Presence of Uptake Products - Tube Doping Experiments

To confirm the anhydrides react with the biomass coating, the tube coating was

extracted from the surface after performing the uptake experiments and analyzed us-

ing LC-MS. By spiking (doping) the tubes with commercially available nucleophilic

precursors during the coating process, we further confirm the identity of the detec-

tions using LC-MS. Characterization is necessary as the biomass emission extracts

are highly concentrated in a variety of chemically diverse compounds [1, 248]. De-

spite separation through LC-MS, this environment makes it challenging to confirm

the identity of a given product (using only the mass to charge ratio), without chemical

standards. However, many of the species emitted from biomass burning either do not

have commercially available standards or have not yet been identified. By doping,

the surface concentration of the nucleophile is significantly higher, which promotes

its reaction with the anhydride. Consequently, this results in the signal intensity of

the obtained LC-MS reaction product peak - between the anhydride and the nucle-

ophile - to also increase, confirming its identity within the complex extracts. This is

further supported by doped tubes through which no anhydride is flown (containing

the nucleophile but no uptaken anhydride), lacking the product peak.

Figure 4.7 displays the mass spectra gathered from two tubes coated with biomass

burning emissions and doped with levoglucosan. One of the coated tubes underwent

maleic anhydride uptake while the other did not. The TICs were gathered over a

2 min time range, and include the elution time of maleic anhydride, levoglucosan,

and the maleic anhydride levoglucosan product (MLP). As can be seen in Figure

4.7, only the tube exposed to maleic anhydride displays peaks at mass to charges

(m/z) of 115 (maleic anhydride detected as maleic acid), 259 (MLP), and 519 (MLP

dimer). Notably, extractions were completed in an aprotic solvent (ACN), while the

uptake was performed using air of 0% RH. As per the experiments in Section 4.3.1.3,

formation of MLP is expected to increase further with moderate water availability.
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A similar trend to that of the initial reactivity experiments was observed in this sec-

tion, i.e. maleic and phthalic anhydride react with nucleophiles present in biomass

burning emissions. Both biomass burning matrix intrinsic nucleophilic compounds

with high emission factors (levoglucosan and vanillin) and matrix extrinsic anthro-

pogenic nucleophilic compounds (aniline) were used as dopants. In either case, prod-

ucts corresponding to a mass to charge ratio of the anhydride plus nucleophile were

detected. In each instance, the product mass to charge ratio obtained after doping

matched the one observed during the reactivity experiments. The signal intensity of

the maleic anhydride products was significantly higher than the phthalic ones in all

cases, likely due to its higher gas-phase concentration during uptake. Formation of

the products as anhydride is surface - and likely also bulk - accommodated on the

tube coating, is further evidence of a reactive uptake process.

Figure 4.7: Maleic anhydride levoglucosan product negative electrospray ionization
(ESI-) total ion chromatogram (TIC) mass spectra. The top spectrum is gathered
from a levoglucosan doped tube through which gas-phase anhydride was flown. The
mirrored blue bottom spectrum tube was prepared under the same conditions, without
the anhydride uptake step.
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4.3.4 Additional Factors Affecting the Uptake - Relative Hu-
midity

Relative humidity is an important consideration for atmospheric studies, as it affects

the environmental fate, physical properties, and uptake potential of many chemical

species. Organic aerosol particles in the atmosphere will change phase state between

liquid and solid depending on local RH and temperature [77]. With regards to uptake,

RH can decrease the viscosity of the uptake substrate, facilitating the movement of

species into the bulk, which usually enhances the uptake [118, 383]. More unusually,

RH has also been found to hinder uptake in some systems. For example, Goldberger

et al. have previously reported that γ of N2O5 to biomass burning aerosol emitted

from longleaf pine needles is inhibited at higher RH, albeit only slightly [384].

Here, uptake is expected to increase with RH, as lower viscosity improves anhydride

transfer into the biomass burning coating. Further, as described in Section 4.3.1.3,

water can either facilitate the nucleophilic addition, or react with the anhydrides

through hydrolysis directly. Surprisingly, using air of either 0, 24, or 47% RH at

room temperature was found to have no significant impact on γ, as can be seen in

Table 4.2. Although a different system, a non-impact of RH has been previously

reported for other gas-phase species. For example, under dark conditions, RH has

no meaningful impact on steady-state uptake of ozone to a benzophenone film [143,

381]. As covered in the experimental methods, the particles that make up the biomass

burning coating are collected a few cm downstream of the tube furnace and represent

primary emissions. A large fraction of freshly emitted biomass burning aerosol is made

up of almost hydrophobic particles, which typically lose their hydrophobicity as they

are aged and transported in the atmosphere [117, 182]. During the tube coating

process, dry air is used to remove semivolatiles and avoid hydrolysis-driven aging. It

is likely that the hydrophobicity of the coating prevents the humidity in the air from

lowering its viscosity over the ∼6 h time frame of the experiments, which nullifies the

effect of RH on the uptake. Alternatively, water which is not removed during the tube

coating process may instead be trapped as part of the biomass burning film. These

small concentrations of water may be sufficient to promote the anhydride nucleophile

reaction, just as 1% water had an considerable impact during the bulk experiments
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in Section 4.3.1.3.

4.4 Conclusions

Using maleic and phthalic anhydride - compounds present in biomass burning plumes

- this study provides novel insights into anhydride chemistry and its implications to-

wards the atmosphere. Our results show that anhydrides can react with a wide

spectrum of hydroxy and amino containing nucleophiles, corroborating established

literature [358, 385]. For the first time however, we demonstrate the reactivity of

anhydrides towards atmospherically relevant nucleophiles, and that therefore, anhy-

drides may be a hitherto unrecognized class of electrophiles with atmospheric rele-

vance.

Given the abundance of water in the atmospheric environment, it likely represents

anhydrides’ most dominant reaction partner, leading to the formation of their corre-

sponding acids. However, our results show that reactions with other nucleophiles are

possible even in the presence of water. In particular, lower water contents (∼25%)

facilitated the nucleophilic reaction.

The chemistry of the anhydride can affect their own atmospheric fate as well as the

composition of aerosol they come into contact with. We show, using a coated wall flow

tube setup, that anhydrides reactively uptake to biomass burning films and influence

its composition.

In addition, we show that the reaction is irreversible, and that therefore, reactive

uptake to aerosol can serve as a sink for gas-phase anhydrides. The extent of this

sink is dependent on the availability of nucleophilic species in the particle-phase, as

the uptake coefficient (γ) increased with tube loading mass. This effect is exacerbated

by the ability of anhydrides to move from the surface into the bulk of the particle-

phase, where they may interact with additional fresher nucleophiles. Anhydrides

have previously been considered as potential tracers for biomass burning [347, 348].

However, their uptake properties combined with the non-discriminatory reactivity

likely makes them a poor choice of tracer.

In addition to the uptake studies, products arising from the reaction between anhy-

drides and nucleophiles were monitored using LC-MS. Consistently, product peaks
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corresponding to ester and amide species which contain carboxylic groups were de-

tected. Formation of such products has a few important atmospheric implications.

Firstly, their enhanced molecular weight coupled to the added functional groups make

them less volatile than their anhydride and nucleophile precursors. As mentioned in

the Introduction, the anhydrides would be present entirely in the gas-phase under

ambient conditions, the observed products are however much more likely to be in the

particle-phase. Based on our observations of their stability over a week-long time

frame, these products are likely to persist in the particle-phase and contribute to

secondary organic aerosol, with knock-on climate and health effects. Secondly, this

reaction does not require solar radiation or the presence of free radicals, which indi-

cates that the reaction could proceed during day and nighttime. Thirdly, by reacting

with compounds present in biomass burning aerosol, anhydrides may mask the “real”

emission factor of nucleophiles. A symptom which may worsen as more anhydrides

form through plume aging over time. This is potentially concerning for nucleophiles

used as tracers, the concentration of which are used for source apportionment [61, 221,

223]. This effect would be more significant for anhydrides with emission factors higher

than the nucleophile they react with. For example, while emissions factors of phthalic

anhydride and vanillin are comparable [138, 141], levoglucosan molecules greatly out-

number anhydrides inside a fresh burn plume [141], likely rendering the masking of

levoglucosan minimal. Such variability makes obtaining an accurate representation

of both the reactions happening inside a plume, and their impacts, challenging.

As climate change proceeds, wildfire incidence and severity is expected to inten-

sify [30]. Understanding chemical reactions leading to the continuous transformation

of biomass burning emissions represents an area of significant interest and uncer-

tainty. In this work, we investigated the fundamental chemistry and behavior of

anhydrides, showing that they can potentially contribute to the chemical evolution

of this type of emission. Future studies should focus on elucidating the complexity of

the heterogeneous-phase further, both as a physical and chemical process.
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5.1 Thesis Summary

The goals for the present thesis were firstly, to develop reproducible methods for

the analytical deconvolution of BBE, secondly, to apply the developed methods to

obtain molecular data from common and understudied fuels, and finally, to advance

our understanding of the heterogeneous processes happening at the interface between

biomass burning aerosol and the surrounding gas-phase.

Starting with Chapter 2, I described a tube furnace setup developed to reliably gather

particulate matter emitted from the combustion of wood and two distinct types of

cow dung biomass. Using this setup, I reported light absorptive, molecular, as well

as particle size and distribution data. The use of a tube furnace helped enhance

the reproducibility of the combustion process, which has historically been an area

of concern among fire scientists. In this chapter, I showed that different biomass

fuel emissions can have distinct chemical and light-absorptive properties, even if fuels

are often treated uniformly by atmospheric models. This is exemplified using the

molecular tracer levoglucosan, which I demonstrate has variable emission factors from

wood and cow dung. Despite these findings, it became apparent that the separation

methods I employed were not sufficient to reliably separate the complex BBE matrix.

As a result, I approached Dr. James J. Harynuk to apply GC×GC-ToF-MS to the

analysis of BBE in Chapter 3. The data I obtained from these analyses shows that

highest intensity compounds are consistent between burns. Using PCA, I posit that

with the exception of key molecular markers, the bulk of the compositional differences

between fuels burned are better explained by flow rate and temperature distinctions

rather than by biomass type. These findings further reinforce the importance of

precisely controlling combustion conditions.

Throughout Chapter 4, I explored the heterogeneous uptake properties of BBE to-

wards acid anhydrides. Despite their volatility, I demonstrated that maleic and ph-

thalic anhydride are chemically uptaken to the surface of flow tubes coated with BBE.

Using a multifaceted approach, I showed that maleic and phthalic anhydride react

with a variety of nucleophiles present in BBE to form water stable, higher molecu-

lar weight products. These findings have implications for our understanding of how

highly volatile atmospheric aerosol can end up irreversibly partitioned to the particle-
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phase, the formation of novel compounds, as well as the evolution of biomass burning

plumes in the atmosphere.

5.2 Future Work and recommendations

5.2.1 On fire research

As a result of climate change, wildfire incidence and severity are expected to worsen

in the coming years [30]. In all likelihood, the study of combustion emissions from

biomass will remain highly relevant to our environment’s and our own well-being.

While there are a few issues which impede our accurate understanding of fire emis-

sions, I posit that the most significant might be, that to this day, we still can not

fully explain which burning conditions give rise to which aerosol components, or how

these components evolve once emitted into the atmosphere. Hence, it is imperative

that we: continue to develop techniques that accurately reproduce fires which occur

in the natural environment, work on enhancing the robustness of fire-related experi-

ments (including the combustion process itself for laboratory-based studies), and keep

constraining the origin and evolution of fire emissions in the atmosphere.

5.2.2 On the application of GC×GC-MS to biomass burning
emission analysis

As described throughout Chapters 1-3, the major components of biomass burning

emissions are consistent between burns. Yet, the remaining diverse low intensity frac-

tion has been reported to be responsible for many of the climate effects of biomass

burning. Simultaneously, that fraction is also believed to be the most affected by vari-

ations in fuel type and burning conditions [43, 109, 124]. This means that high-grade

analytical instruments, which are typically suited towards analysing low concentra-

tions due to their small detection limits, can struggle to detect the low intensity frac-

tion while avoiding overloading on the consistent high-intensity components. This is

particularly apparent by the results presented in Chapter 3, for which PCA was nec-

essary to accurately differentiate components. To combat this issue in GC×GC-MS,

I offer a potential solution:

Once the areas of highest - and potentially damaging - intensity in the chromatogram
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have been identified, part of the eluent stream could be purged before transferring

it into the MS through the installation of a three-way valve. A relatively simple

addition, which as far as I am aware, has not been previously reported. Avoiding areas

of maximum intensity allows the use of lower split rates, facilitating the detection of

lower-intensity components so long as their tR does not overlap the removed areas.

In the following sections, I outline some specific areas of research interest.

5.2.3 Proposed research directions

5.2.3.1 Improving bulk identification - inspiration from metabolomic
databases

Since metabolomic studies often involve the simultaneous detection of large numbers

of disparate molecules, they generally face similar challenges to the biomass burning

experiments outlined throughout this thesis. An interesting point of distinction be-

tween the two fields is that metabolomics has more widely adopted the use of screening

and absolute quantitation methods into the experimental flow. Targeted, untargeted,

and semi-targeted techniques are better interlinked to provide a more accurate rep-

resentation of the nature of each sample [386]. This inter-linkage is facilitated by the

large metabolite databases (many of which are open-access) built and maintained by

independent researchers. These online libraries allow users to more easily, and often

automatically, identify bulk components so long as the tR and characteristic mass

fragments of a molecule of interest are known. Metabolomic libraries are specifically

designed for application in metabolite studies.

While similar databases also exist for other sample types, such as the BBE ana-

lyzed through GC×GC-ToF-MS in Chapter 3, they are often expensive, overly broad,

and/or copyrighted by instrument manufacturers. The field of fire science (and atmo-

spheric chemistry in general), would benefit from the development and maintenance

of a centralized open access library of known atmospheric pollutant components. This

is a significant undertaking ideally achieved through widespread scientific collabora-

tion, as each database entry must be separately identified, codified, and verified. Once

created however, such a database would greatly expedite the analysis process, and

avoid the duplication of identification efforts.
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5.2.3.2 Re-emission of VOCs from biomass burning films

During the anhydride experiments presented in Chapter 4, I noted the peculiar addi-

tional FID peaks - some of which surpassed the anhydride peak itself - which occurred

due to the re-emission of material from the biomass burning coated flow tubes. This

effect is not unknown to scientists who have sampled a filter coated with only a few

mg of biomass burning material, opened it after years of storage, and found that the

burning scent emanating from the filter was highly pungent.

The potential health effects of breathing in BBE are nowadays well known. However,

with the rising interest in indoor air quality in recent years, it is surprising that the

potential health effects of re-emission of material from indoor burning of biomass have

not been fully considered. Exposure levels could be better constrained with an under-

standing of the saturated mass concentrations and Henry’s law constants of BBOA.

However, obtaining these constants is contingent on accurately identifying the compo-

nents which are being re-emitted. Emitted compounds could be selectively sampled

indoors by coupling solid phase micro-extraction - a solvent-free pre-concentration

technique - to the separation and identification methods outlined in Chapters 2 and

3. Solid phase micro-extraction may also help bypass issues associated with detect-

ing low intensity compounds described in the previous section, while allowing for

the selective detection of compounds of interest by switching the composition of the

extraction fibre [387]. Alternatively, in a laboratory setting, the flow tube setup out-

lined in Chapter 4 could be easily adapted for direct online GC-MS measurements of

re-emitted compounds from a pre-coated tube.

The behaviour of the re-emitted species in an indoor setting can be elucidated with the

help of simple modeling. For instance, the two-dimensional chemical partitioning plot

utilized by a PhD student in my group is a highly suitable tool for this purpose [388,

389]. The model can simulate the air-surface equilibria of volatile and semi-volatile

compounds under a variety of conditions, such as temperature.

As climate change continues driving global temperatures upwards, we may find that

compounds which previously did not partition into the gas-phase may begin affecting

the quality of the air we breathe. A combination of the proposed measurements

and modeling steps above can provide timely insights into the impact of solid fuel
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combustion in the indoor environment.

5.2.3.3 Towards low-cost accessible detection of levoglucosan

Due to its high emission factor from wood combustion, levoglucosan is the premier

biomass burning molecular tracer used for source apportionment. However, the com-

plex instrumental and derivatization methods required to accurately quantify levoglu-

cosan tether its detection to the laboratory and make routine analysis an inconvenient

and costly endeavour [271].

Developed for patients suffering from diabetes, glucose sensors have become a

widespread swift detection technique for the analysis of blood sugar levels [390]. As

an anhydrosugar, levoglucosan hydrolyses to glucose through acid-hydrolysis. So long

as the concentration of levoglucosan isomers mannosan and galactosan is accounted

for, the concentration of levoglucosan could conceivably be quantified using a glucose

sensor. This would provide a swift, field deployable, and affordable alternative to

conventional levoglucosan quantification methods. An affordability which grants the

average user the ability to predict if the air they breathe is polluted by biomass fuels,

whether wildfire-based or anthropogenic. Fast detection particularly benefits remote

and at-risk populations, who may not be able to rely on slower government-based

initiatives.
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phous and crystalline aerosol particles interacting with water vapor: Concep-
tual framework and experimental evidence for restructuring, phase transitions
and kinetic limitations,” Atmospheric Chemistry and Physics, vol. 9, no. 24,
pp. 9491–9522, 2009. doi: 10 . 5194 / acp - 9 - 9491 - 2009. [Online]. Available:
https://acp.copernicus.org/articles/9/9491/2009/.

[198] M. Shiraiwa, M. Ammann, T. Koop, and U. Pöschl, “Gas uptake and chem-
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Appendix A: Chapter 2

A.1 Supplementary information for Chapter 2

A.1.1 Levoglucosan Derivatization

Figure A.1: Levoglucosan Derivatization Mechanism

Levoglucosan was silylated by heating in a water bath at 80 °C for 2 hours with the

addition of pyridine and N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA). Com-

pletion of the derivatization was confirmed from the absence of a GC-MS peak at-

tributed to incompletely-derived levoglucosan.
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A.1.2 Particle Emission from Biomass Burning

Figure A.2: Normalized mass concentration (dM/dlogDp) and particle diameter (nm)
of biomass burning emissions throughout the wood heating process. The heatmap
represents the particle mass concentration (dM) in µg/m3 normalized by the number
of channels per decade of particle resolution (dlogDp) of the instrument. The black
line represents the median particle diameter.

Figure A.3: Normalized mass concentration (dM/dlogDp) and particle diameter (nm)
of biomass burning emissions throughout the CAD heating process. The heatmap
represents the particle mass concentration (dM) in µg/m3 normalized by the number
of channels per decade of particle resolution (dlogDp) of the instrument. The black
line represents the median particle diameter.
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Here we present the particle emission data for wood and CAD, in addition to the

IND available in the main text in Figure 2 to show the relative agreement between

the fuels. Each scan represents a 2 minute interval. Note that as explained in the

main text, the total number concentration appears different for each fuel due to the

inability of the SMPS to maintain the flow state when pulling a small fraction of the

vacuum.

A.1.3 Mass Absorption Coefficients

Figure A.4: Mass Absorption Coefficient of water soluble fraction of emissions from
the three types of biomass fuels. The shaded area represents the difference between
two burns.

The consistency between light absorption measurements is notable considering the

isolated burns. Note that the mass absorption values are based on analyses with

two separate instruments after extraction of the particulate matter, TOC/TN and

UV-Vis.
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A.1.4 Individual GC-MS Chromatograms

Figure A.5: GC-MS chromatogram of IND biomass burning filter extracts.

Figure A.6: GC-MS chromatogram of CAD biomass burning filter extracts.
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Figure A.7: GC-MS chromatogram of Wood biomass burning filter extracts.
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A.1.5 Levoglucosan Fragmentation Pattern

Figure A.8: Fragmentation pattern observed for silylated levoglucosan (top) vs
NISTMS library pattern (bottom)

The mass spectrometer was set to detect only m/z > 50. Both the observed and

library patterns contained the silylated levoglucosan molecular ion (MW of 378),

with a relative intensity too low to appear in Figure A.8.
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A.1.6 Individual ESI- MS Chromatograms

Figure A.9: ESI- LC-MS Base Peak Chromatogram (BPC) of IND biomass burning
emissions.

Figure A.10: ESI- LC-MS Base Peak Chromatogram (BPC) of CAD biomass burning
emissions.
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Figure A.11: ESI- LC-MS Base Peak Chromatogram (BPC) of Wood biomass burning
emissions.
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A.1.7 Individual ESI+ MS Chromatograms

Figure A.12: Total Ion Chromatogram (TIC)(a) and Base Peak Chromatogram
(BPC)(b) ESI+ LC-MS chromatograms of IND biomass burning emissions.

Figure A.13: Total Ion Chromatogram (TIC)(a) and Base Peak Chromatogram
(BPC)(b) ESI+ LC-MS chromatograms of CAD biomass burning emissions.
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Figure A.14: Total Ion Chromatogram (TIC)(a) and Base Peak Chromatogram
(BPC)(b) ESI+ LC-MS chromatograms of Wood biomass burning emissions.
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A.1.8 MS Assignments

Table A.1: Top 100 Molecular Assignments Unique to Indian and Canadian Dung
using the ESI+ mode. High (left column) to low (right column) in descending order
of intensity. Columns 3. and 6. ‘Prev. Rep.’ list whether a compound has been
identified in a study by Fleming et al.[249] as unique to dung samples (1), common
to wood and dung samples (2), or not detected (0).

Calculated Mass
to Charge (m/z)

Molecular
Formula

Prev.
Rep.

Mass to Charge
(m/z) contd.

Formula
contd.

P. R.
contd.

169.0849 C9H12O3 0 227.1528 C12H20NO3 0
211.0967 C11H14O4 2 318.2777 C18H37O4 0
179.1533 C11H18N2 2 149.0945 C8H10N3 1
158.0812 C7H11NO3 0 245.1267 C14H16N2O2 1
144.0654 C6H9NO3 0 388.2534 C19H35N2O6 0
209.0789 C11H12O4 2 213.1374 C11H18NO3 0
209.1644 C12H20N2O 0 279.2307 C18H30O2 0
195.1012 C11H14O3 0 356.3521 C22H45NO2 0
284.2938 C18H37NO 0 326.3770 C22H47N 0
181.1322 C10H16N2O 0 270.2785 C17H35NO 0
156.0790 C11H9N 0 116.1061 C6H13NO 0
183.0932 C12H10N2 2 147.0796 C10H10O 0
265.2624 C17H32N2 0 343.2125 C21H28NO3 0
239.2362 C16H30O 0 268.2633 C17H33NO 0
187.0842 C8H12NO4 0 155.1055 C9H14O2 0
257.2467 C16H32O2 0 219.1730 C15H22O 0
228.1496 C16H19O 0 177.0547 C10H8O3 2
229.1322 C14H16N2O 2 290.2678 C16H35NO3 0
299.2575 C18H34O3 0 215.1169 C13H14N2O 1
228.1496 C11H19N2O3 0 135.0796 C9H10O 1
254.2470 C16H31NO 0 151.0378 C8H6O3 0
141.0542 C7H8O3 0 195.1040 C14H12N 0
201.0984 C9H14NO4 0 355.3196 C22H42O3 0
193.1688 C12H20N2 2 117.0543 C5H8O3 0
339.3251 C22H42O2 0 183.1844 C11H22N2 2
150.0893 C6H13O4 0 230.2471 C14H31NO 0
293.2939 C19H36N2 0 330.2996 C19H39NO3 0
279.2782 C18H34N2 0 209.1993 C13H24N2 2
259.1197 C15H16NO3 0 324.2891 C20H37NO2 0
328.2848 C19H34O3 0 228.2315 C14H29NO 0
165.0538 C9H8O3 0 125.1068 C7H12N2 2
148.0747 C9H9NO 0 183.0643 C9H10O4 0
183.1012 C10H14O3 0 344.3150 C20H41NO3 0
269.1642 C17H20N2O 0 315.2524 C18H34O4 0
197.0817 C10H12O4 0 170.0945 C9H13O3 0
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Table A.1 continued from previous page
Calculated Mass
to Charge (m/z)

Molecular
Formula

Prev.
Rep.

Mass to Charge
(m/z) contd.

Formula
contd.

P. R.
contd.

169.1686 C10H20N2 1 219.1716 C10H22N2O3 0
167.1531 C10H18N2 2 375.3476 C22H46O4 0
134.0596 C8H9NO2 0 181.1222 C11H16O2 0
310.3100 C20H39NO 0 102.0912 C5H11NO 0
149.0600 C9H8O2 0 130.1215 C7H15NO 0
243.1485 C15H18N2O 2 113.0228 C5H4O3 0
281.2469 C18H32O2 0 181.1314 C7H18NO4 0
139.1219 C8H14N2 2 175.0748 C11H10O2 2
156.0789 C8H11O3 0 112.0749 C6H9NO 0
193.0819 C6H12N2O5 0 215.1541 C14H18N2 2
191.1155 C8H16NO4 0 187.0867 C11H10N2O 1
217.1684 C14H20N2 2 298.3106 C19H39NO 0
157.0486 C7H8O4 0 201.1015 C12H12N2O 1
273.1131 C19H14NO 0 301.1086 C20H14NO2 0
244.1330 C15H17NO2 2 169.1220 C10H16O2 0
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A.1.9 Standard Compounds

Table A.2: Standard Analysis: ESI- Compound Detection Intensity

Standard Compound Mix ESI- Wood ESI- CAD ESI- IND ESI-
Vanillin 6.17 × 105 2.26 × 106 2.22 × 105 1.59 × 105

Sinapaldehyde 2.27 × 106 1.21 × 105 2.75 × 104 3.05 × 104

4-Nitroguaiacol 1.22 × 107 1.43 × 104 4.84 × 104 3.19 × 104

4-Nitrocatechol 1.67 × 107 1.24 × 104 6.61 × 104 3.63 × 104

Coniferyl aldehyde 3.50 × 106 9.85 × 106 6.93 × 105 4.71 × 105

Table A.3: Standard Analysis: ESI+ Compound Detection Intensity

Standard Compound Mix ESI+ Wood ESI+ CAD ESI+ IND ESI+
Vanillin 2.21 × 105 5.06 × 106 5.56 × 105 4.04 × 105

Sinapaldehyde 1.08 × 106 - 8.31 × 104 7.98 × 104

4-Nitroguaiacol 4.55 × 104 - - -
4-Nitrocatechol 2.69 × 104 - - -
Coniferyl aldehyde 7.31 × 105 1.30 × 107 - -

Mix refers to an aggregate of the standard compounds - 100 µM each - jointly dissolved

in acetonitrile. Detection intensity represents the peak area counts. ESI+ inability to

detect sinapaldehyde and coniferyl aldehyde can be explained by the large chemical

background of biomass burning emissions.
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Appendix B: Chapter 3

B.1 Supplementary information for Chapter 3

B.1.1 GC×GC-ToF-MS Results
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Appendix C: Chapter 4

C.1 Supplementary information for Chapter 4

C.1.1 NMR Analysis

As shown in Figure C.2, maleic anhydride will hydrolyse in the protic solvent (D2O),

yielding a peak a ∼6.4 ppm. Both (Figures C.3 and C.4) also display the same peak,

indicating it is due to maleic acid. The acid peak is not present in the aprotic solvent

(Figure C.1) which instead displays a peak shift of ∼7.1 ppm due to the anhydride.

As can be seen in Table C.1, the calculated concentration of maleic anhydride in D2O

(obtained from the acid peak shift of ∼6.4 ppm) is similar to the concentration of

the maleic acid standards. This indicates the anhydride fully hydrolyses into its acid

form. The peak shifts of ∼4.7 and ∼7.4 ppm represent the solvents D2O and CDCl3

respectively. All samples display a strong internal standard (DMSO) peak shift, at

2.62 ppm using CDCl3 as a solvent, and 2.71 for D2O, as predicted by established

literature [391]. The calculated concentration is obtained from the anhydride or acid

peak intensity compared to that of the of the internal standard.

Table C.1: 1H NMR anhydride and acid analysis in protic (D2O) and aprotic (CDCl3)
solvents. The calculated concentration range represents duplicate analyses.

Chemical Solvent DMSO (mM) Calculated Conc. (mM)
Maleic Anhydride* D2O 0.5 0.00342 - 0.00362
Maleic Anhydride CDCl3 0.5 0.00345 - 0.00367
Maleic Acid D2O 0.5 0.00399 - 0.00407
Maleic Acid CDCl3 0.5 0.00365 - 0.00408

*Lacking maleic anhydride peak, concentration calculated from maleic acid.
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Figure C.1: 1H NMR plot of Maleic Anhydride dissolved in CDCl3

Figure C.2: 1H NMR plot of Maleic Anhydride dissolved in D2O

Figure C.3: 1H NMR plot of Maleic Acid dissolved in CDCl3

Figure C.4: 1H NMR plot of Maleic Acid dissolved in D2O
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C.1.2 Anhydride Gas-Phase Concentration Determination

The gas-phase concentration of each anhydride was estimated using LC-MS and GC-

FID. By flowing 200 sccm of dry air through the anhydride containing cell followed by

the GC-FID and a bubbler, anhydride molecules remain trapped in the liquid water

contained in the bubbler, where they rapidly hydrolyze. The water is then sampled

and analyzed using the LC-MS method described in the main text. Anhydride de-

tection is achieved through their corresponding acid peak and quantified using acid

standards of known concentration. The gas-phase concentration of the anhydride

flowing through the system is then back-calculated from the acid concentration in

the bubbler water. The trapping efficiency of the bubbler was examined by routing

the anhydride through the GC-FID after passing through the bubbler. Anhydride

molecules which are not captured by the bubbler are then detected as a peak on the

GC-FID. Using a similar quantity of solid anhydride as the coated tube experiments,

less than 0.25% of the maleic anhydride broke-through the bubbler and was detected

by the GC-FID. The breakthrough peak height did not vary significantly over a 24

h experimental period and matched background signal levels. No breakthrough peak

was observed for phthalic anhydride.
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C.1.3 Typical LC-MS Chromatograms

Figure C.5: Liquid Chromatography Negative Electrospray Ionization Mass Spec-
trometry (LC-MS) Plots of Coated Tube Extract After Maleic Anhydride Uptake in:
(A) Total Ion Chromatogram (TIC), (B) Maleic Acid Extracted Ion Chromatogram
(EIC) at a mass to charge (m/z) of 115, (C) Levoglucosan EIC at m/z 207, (D) Maleic
Anhydride Levoglucosan Product EIC at m/z 259. NL represents the intensity of the
largest peak in each chromatogram.

In this section, we provide typical Liquid Chromatography Mass Spectrometry (LC-

MS) plots for an extracted tube (C.5), maleic anhydride and acid standards (C.7

and C.6), as well as phthalic acid (C.8) standard. As can be seen from the total

ion chromatogram (TIC) in Figure C.5(A), a large “wave” of compounds elute at

the beginning of the separation. This is usual of biomass burning emissions analyzed

through LC-MS, as they contain numerous compounds with a variety of properties

252



and functional groups [1]. (B), (C) and (D) are extracted ion chromatograms ob-

tained from (A). As maleic anhydride does not readily ionize in negative electrospray

ionization (ESI−) mode, it is instead detected in its hydrolysed form as maleic acid.

The peak tailing in Figure C.5(B) and Figure C.7 is typical for anhydrides sam-

ples dissolved in acetonitrile, and does not occur in the acids (Figures C.6 and C.8).

Presumably, water in the LC-MS mobile phase hydrolyses the anhydride during the

separation, affecting the corresponding acids retention time and peak intensity.

Figure C.6: LC-MS chromatogram of 0.01mM maleic acid dissolved in acetonitrile,
TIC (top) and EIC at 115 m/z (bottom).

Figure C.7: LC-MS chromatogram of 0.1mM maleic anhydride dissolved in acetoni-
trile, TIC (top) and EIC at 115 m/z (bottom).

Figure C.8: LC-MS chromatogram of 1mM phthalic acid dissolved in acetonitrile,
TIC (top) and EIC at 165 m/z (bottom).
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C.1.4 Burn Parameters

Table C.2 displays the burn and airflow parameters for each filter gathered. Emis-

sions were gathered during the temperature ramping process and for 10 minutes after

reaching 500 °C, totalling to a 14.9 min collection time. As covered in the main text,

each filter was separately extracted in acetonitrile after collection, and mixed together

to form a composite sample from which the tubes were coated. Assuming complete

extraction, the final concentration of the composite sample was 0.00176 g/ml.

Table C.2: Individual filter burn parameters.

Sample Temp (°C) Flow Rate (SLPM) Ext Vol (mL) Sample Mass (g) Filter Load (g)

Wood 500 0.2 10 0.7162 0.0238
Wood 500 0.2 20 1.0905 0.0345
Wood 500 0.2 20 0.8827 0.0199
Wood 500 0.2 20 2.0464 0.0450
Total 70 4.7358 0.1232
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C.1.5 Coated Tube Uptake Parameters

Table C.3: Parameters used to calculate the uptake coefficient (γ) in Chapter 4
PA = Phthalic Anhydride, RM = Molecular Reduced Mass

C.1.6 Anhydride Nucleophilic Addition

Figure C.9 displays the structures predicted from the LC-MS analysis of anhydride

nucleophile mixtures. In each case, the m/z of the product peak was detected as the

addition of the anhydride to the nucleophile. For example, vanillin (m/z 152) and

maleic anhydride (m/z 98), reacted to form a product with a m/z of 250 (detected

as 249 in ESI− mode). Maleic and phthalic anhydride are used interchangeably as -
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with the exception of coniferyl aldehyde - both were observed to react with the listed

nucleophiles.

Figure C.9: Predicted product structures of the nucleophilic addition of anhydrides
where: A) Anisyl Alcohol + Phthalic Anhydride, B) Coniferyl Aldehyde + Maleic
Anhydride, C) Histidine + Maleic Anhydride, D) Levoglcusoan + Phthalic Anhydride,
E) Vanillin + Maleic Anhydride, F) Aniline + Phthalic Anhydride, and G) Triethylene
Glycol + Maleic Anhydride.

C.1.7 Reaction Competition and Product Stability in Water

As can be seen in Figure C.10, the products follow similar trends as those in the main

text. For MLP (B), PAP (C), and MAP (D), the presence of water (1-25%) initially

enhances the formation of the product. However, the signal swiftly decays as the

fraction of available water is increased. As described in the main text, it is likely that

water is acting as a proton carrier during the nucleophilic addition reaction, which

kick-starts the formation of the product at low water contents. As more water is

made available, the hydrolysis reaction takes over and the product is formed in lower

quantities.
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Figure C.10: LC-MS peak area signals obtained from increasing fractions of water in
acetonitrile after the 24 hour and 1 week-long analysis period for A) Phthalic Anhy-
dride Vanillin Product (PVP), B) Maleic Anhydride Levoglucosan Product (MLP),
C) Phthalic Anhydride Anisyl Alcohol Product (PAP), D) Maleic Anhydride Anisyl
Alcohol Product (MAP).
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