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Abstract

Ambient biomass burning (BB) is the second largest source of organic aerosol (OA)
and non-methane organic compounds to the atmosphere which can impact air quality
and climate on local, regional and global scales. BB also includes domestic solid fuel
combustion, which is a major contributor to particulate matter air pollution in many
European cities. Global BB emissions are predicted to rise due to climate change,
and growth in the domestic sector is also expected in the coming years. However, a
detailed understanding of the chemical composition of emissions from BB and their
reactivity in the atmosphere is lacking. This missing understanding is compounded
by challenges in the quantification of chemical constituents contributing to OA. A
central theme in this thesis is non-target analysis (NTA) of OA chemical composi-
tion. First, to overcome challenges facing quantification in NTA, namely the lack
of analytical standards and non-universal ionisation in electrospray sources, a semi-
quantitative methodology was developed for Ultra-High-Performance Liquid Chro-
matography coupled to Electrospray Ionisation High Resolution Mass Spectrometry
(UHPLC-ESI-HRMS). It was observed that using the UHPLC-ESI-HRMS instrument
response (i.e. peak area) could over- or under- estimate a species’ abundance within
a sample compared to semi-quantification, highlighting the need for quantification of
species where no standards are available. Second, a semi-quantitative NTA of OA from
wood burning determined compositional changes under di Lerbnt burning conditions
and after aging. These results showed the relative aromaticity of the OA decreased
upon aging but was dependent on the burning conditions which could have impor-
tant implications for toxicity. Finally, chamber experiments evaluated the atmospheric
photo-oxidation and secondary organic aerosol (SOA) formation of a methoxyphenol
compound (guaiacol) emitted during BB. These experiments highlighted the di Lerknt
evolution of guaiacol SOA products in between night and daytime and provides direc-

tion for future research.
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Chapter 1

Introduction

1.1 Global Air Quality

The World Health Organisation estimates 99 % of the global population breathes air
containing high levels of air pollution [1], which is de ned as the presence or intro-
duction of harmful or poisonous substances into the environment. Air pollution is
present in both external and internal environments, such as our homes, and has been
attributed to 6.7 million premature deaths each year [1]. Furthermore, the burden of
poor air quality is not equally shared with the highest exposures in low- and middle-
income countries [2], as well as among women and girls in the indoor environment [1,
3, 4]. Itis now widely known that acute and chronic exposure to poor air quality is
associated with negative impacts on human health and the environment [5-7]. Fur-
thermore, Lelieveld et al. [5] estimated that at the current state of emissions deaths
attributable to exposure to air pollution could double by 2050.

There are thousands of air pollutants in the atmosphere, existing in both the gaseous
state and as aerosols, i.e. a solid or liquid particle suspended in the air, where atmo-
spheric aerosols make up a signi cant fraction of particulate matter (PM) air pollu-
tion. Air pollution can be emitted from a wide range of natural and anthropogenic
sources. Natural sources include volcanic eruptions, desert dust, wild res, sea-spray
particles and biogenic emissions (i.e. from plants or organisms). Whilst anthropogenic
sources largely encompass combustion activity such as from fossil fuels or biomass
burning. However, other anthropogenic non-combustion sources of air pollution in-

clude industrial solvent use, agriculture and consumer products. Some natural sources
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of air pollution are increasingly being exacerbated by anthropogenic activity through
climate change feedbacks. For example, increasing numbers of wild res, from the hot-
ter temperatures and drier land, and enhanced biogenic emissions which have a tem-
perature dependent relationship [8]. Furthermore, anthropogenic evaporative solvent
emissions could also likely increase as a function of temperature [9]. Indirect feed-
backs with climate change can also occur, such as land use change, which for biogenic
emissions can result in di erent chemical speciation [8].

Certain air pollutants are monitored and regulated by legislation over their quan-
tity in the atmosphere due to their deleterious impacts on health and the environment,
and include species such as oxides of nitrogen (NO, = nitric oxide (NO) + nitrogen
dioxide (NO »)), tropospheric ozone (O3), sulfur dioxide (SO ,), carbon monoxide (CO)
and PM. In the UK, these pollutants are monitored by the Automatic Urban and Ru-
ral Network (AURN) consisting of 182 sites nationwide in a multitude of pollution
environments. The majority of regulated air pollutants are emitted directly to the at-
mosphere known as primary air pollutants. However, certain pollutants can be formed
in the atmosphere, known as secondary air pollutants, such as the photochemical pro-
duction of O 3 from NO, and gaseous hydrocarbons, or volatile organic compounds
(VOCs), which is discussed in Section 1.3.2.2. In the case of PM, it can be both a pri-
mary and secondary pollutant. For example, secondary organic aerosol (SOA) is an
important component of PM and is formed in the atmosphere as discussed in more de-
tail in Section 1.3.2.2 and 1.2.2. In 1992 certain VOCs were incorporated into the UK's
air pollution monitoring network, primarily to assess photochemical O 3 production
(Section 1.3.2.2). However, over the last 20 years research has shown the importance
of VOCs extends far beyond O3 production, with important contributions to SOA pro-
duction as well as health implications of the VOCs themselves [10]. The Clean Air Act
of 1956 was the rst bill to legislate air pollutants in the UK, primarily for black smoke
and SO, [11]. Updates to the act since then have added further pollutants and set
more stringent emission targets. Due to policy intervention there has been a reduction
across the UK in many key air pollutants as shown in Figure 1.1. Stricter road transport
regulations and improvements in emission control technology have led to signi cant
reductions in NO ,, VOCs and ammonia (NH 3), as well as, transitioning away from coal

for power generation which reduced SO ,, PM and NO,. However, as emissions from
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these sectors are reduced, other sources will become more important for future pol-
icy e orts [12]. For instance, in the UK domestic solvent use, which includes the use
of personal care products and cleaning products, was the highest contributor to total

VOC emissions in 2022 [13]. Whereas for PM, the domestic fuel combustion sector is

becoming increasingly more important [14].

Figure 1.1: Annual emissions of key air pollutants in the UK from 1970 to 2022 as a percentage of the
baseline annual emission, taken as 1970. For ammonia the baseline is from 1980. Data is available

at https://'www.gov.uk/government/statistics/emissions-of-air-pollutants/

1.2 Particulate Matter Air Pollution

1.2.1 Impact of aerosol on health and climate

PM exists over a range of particle diameters and for regulatory purposes is commonly
segregated by aerodynamic diameters of less than 10 m (PMg) or less than 2.5 m
(PM5 ) orlessthan 1 m (PM;). Due to the small size of PM, 5 and PM,, the parti-
cles can be inhaled deep into the respiratory system of the human body and ultra ne

particles (< 100 nm) can even get into the bloodstream where they are known to cause

3



Chapter 1. Introduction

diseases such as stroke, heart disease, lung cancer and even diabetes [15-18]. Jugi-
noviOet al. [6] found a 10 % increase in ambient PM , s concentrations could increase
the number of years of life lost by 16.7 %. The latest estimate of the global disease bur-
den observed in 2021 particulate matter air pollution was the largest contributor to
disability adjusted life years (DALYs) with the highest burden across Asia and Africa
[7]. DALYs represent the number of years lost due to disability or iliness. Further-
more, Apte et al. [19] reported that if the WHO guidelines were abided by for PM 55
(10 g m per annum) life expectancy could increase by 0.6 years, producing an e ect
similar to eradicating lung and breast cancer. For this reason, PM 5 5 is one of the most
strongly regulated air pollutants with an annual exposure limit of 20 g m3 in the UK
[20]. However, in 2017 McDu e et al. [15] estimated the global population weighted
mean concentration of PM, 5 was 41.7 g m™ which is signi cantly higher than the
WHO guidelines. Furthermore, there are no regulations speci cally targeting ultra-
ne particles yet, but it is hoped thate  orts to reduce PM, 5 and PM; could positively
a ect ultra ne particle concentrations [21].

There are multiple classes of aerosol which all contribute to the total amount of
PM in the atmosphere, and includes inorganic aerosols, such as sea-spray salt, sulfate,
nitrate, ammonia, chloride, desert dust and soot, as well as organic aerosol (OA) as
discussed in Section 1.2.2 and Figure 1.3. Many inorganic aerosols are emitted directly
to the atmosphere as primary aerosols from sources such as volcanic eruptions, desert
storms, the ocean, agriculture and combustion processes, meaning they are primary in
nature.

An important impact of di  erent aerosol classes is the di erence in their radiative
forcing e ects in the atmosphere, which is de ned as the change in net radiative ux
due to a perturbation or introduction of an agent. For example, certain aerosols, such
as elemental black carbon (BC) or more commonly known as soot, can absorb UV light
and re-emit it in the form of infrared radiation at shorter wavelengths producing a
warming e ect similar to greenhouse gases [22]. Whereas sulfate aerosols can scatter
the light leading to an overall cooling e ect [23]. Most organic aerosol is considered
"white" and scatters visible light [24]. However an additional important class of or-
ganic aerosol exists, known as brown carbon (BrC), which contains compounds that

can absorb light, and can contribute to climate change in a similar way to BC [24].
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Most BrC is from combustion sources such as biomass burning or coal combustion
and can be emitted directly or formed photochemically [24]. Aerosols can also impact
climate indirectly by a ecting cloud lifetime and acting as cloud condensation nuclei.
This can a ect the formation of clouds and hence the re ectivity of light from clouds
[25]. For these reasons, aerosols have the highest uncertainty surrounding their radia-

tive forcing e ect (Figure 1.2) [26] and is an important eld of active research [27].

Figure 1.2: Change in e ective radiative forcing from 1750 to 2019 by dierent forcing agents shown
on the left panel. Blue bars represent negative radiative forcingeets and red bars indicate positive
radiative forcing e ects. Uncertainties in the eect are shown by the error bars. Taken from the IPCC

sixth assessment report (2021) [26].

1.2.2 Sources of atmospheric organic aerosol

As shown in Figure 1.3 the majority of PM 5 5 globally, and particularly in the Northern
Hemisphere, is comprised of OA [28]. OA can be emitted directly to the atmosphere,
known as primary organic aerosol (POA), from both natural and anthropogenic sources
predominantly via combustion. For example, a major natural combustion source is
wild res, whilst anthropogenic sources include vehicular emissions, industrial pro-
cesses, shipping emissions, biomass burning and cooking [29—-31]. As discussed in
Section 1.5, anthropogenic biomass burning includes multiple activities spanning both
indoor and outdoor environments such as prescribed burning, crop burning and do-
mestic fuel combustion. However, there are other sources of POA from biological and

marine sources, but these are less understood [32]. OA can also be formed in the atmo-
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sphere from the atmospheric oxidation of VOCs and is referred to as SOA [31]. This
oxidation is described in further detail in Section 1.3.2. Due to the numerous sources
of OA, it is a highly chemically complex matrix made up of thousands of di  erent
species, which presents a signi cant analytical challenge in the characterisation of OA

as discussed in Section 1.6.

Figure 1.3: Mass concentrations in g m3 and mass fractions of non-refractory PMmeasured

by Aerosol Mass Specrometry (AMS) at dérent locations in the Northern Hemisphere. Inset is
the oxygen to carbon ratio for the dierent classes of organic aerosol (OA): hydrocarbon OA, total
oxygenated OA, semi-volatile oxygenated OA and low volatility oxygenated OA. Taken from Jimenez

etal., 2009 [28]

Current estimates of global POA production including both combustion and ma-
rine sources are 34-144 Tg yr' [32], whereas estimates of SOA production are highly
uncertain due to the limitations in the understanding of OA production and loss. They
can also depend on the method used for calculation (i.e. bottom up and top down). For
instance, top down estimates by Goldstein and Galbally [33] were as high as 140-540

Tg yrt and in a similar approach Hallquist et al. [31] observed a secondary produc-

6
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tion rate of 115 Tg yr 1, whereas bottom up estimates ranged between 13-150 Tg yr?!
[32, 34-37]. The largest contributor to the global SOA budget is secondary biogenic
organic aerosol emitting approximately 88 Tg of organic carbon per year followed by
SOA from biomass burning (Figure 1.4) [31]. Furthermore, Fuzzi et al. [27] show on
local scales there is a contribution from both POA and SOA but as the temporal and

spatial scales increase SOA becomes more important.

Figure 1.4: Global uxes of volatile organic compounds (VOCs) and OA from dérent sources esti-

mated using a top-down approach. Taken from Hallquist et al., 2009 [31].

1.3 Atmospheric Chemistry of Air Pollutants

1.3.1 Atmospheric oxidants

Once emitted into the atmosphere VOCs can be oxidised by one of three common
atmospheric oxidants: the hydroxyl radical (OH), the nitrate radical (NO 3) or ozone
(O3) [38—40]. Oxidation can also be initiated by photolysis or chlorine radicals. The
abundance of OH, O3 and NOg3 in the atmosphere can be governed by location, local
emissions, time of day and season [39]. For example, OH is abundant during the day
due to its photochemical production pathways, whereas, NO 3 is dominant during the
night when there is no loss by photolysis [41]. As brie y mentioned in the troposphere
O3 is a secondary species which is formed from NO, photolysis as shown in Eq 1.1-1.2.
However, as NO, is produced from the reaction of NO with O 3 (Eq 1.3), this cycle both

produces and destroys Oz in the atmosphere and ultimately can reach a steady state

7
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where there is a net zero production or loss of O 3. However, in the presence of VOCs
O3 formation can be favoured over loss [42] as discussed in Section 1.3.2 and in the
atmosphere there is a careful balance between the concentrations of VOCs and NO

for O 3 production.

NO,+hvl  NO+O(°P) ( 420nm) (1.1)
OCP)+0,+M!  Oz3+M (1.2)
O3+NO!  NO,+O, (1.3)

The main source of OH in the atmosphere is from the photolysis of O ; (Eq 1.4-1.5)
[39]. However, other sources include alkene ozonolysis (Section 1.3.2.1) and the pho-
tolysis of nitrous acid (HONO) or formaldehyde (HCHO) [40, 43, 44]. The importance
of these other production reactions can be more signi cant in polluted atmospheres
[45] or during winter months [44]. HONO photolysis can be particularly signi cant
and is estimated to contribute to 30-48 % of total OH production [39, 43, 46].

Oz+hv!  O(*D)+0O, ( < 320nm) (1.4)
O(*D)+H,0!  20H (1.5)

NOj radicals are rapidly photolysed during the day, with a lifetime of less than 5
seconds [40], and hence are more abundant during the night. In the atmosphere NO 3
Is produced from the reaction of NO , and O3 (Eq 1.6). NO3 can also be rapidly lost
through a reaction with NO (Eq 1.7) or via photolysis (Eq 1.8-1.9) or in the presence
of NO, can form dinitrogenpentoxide (N ,Os) [40, 41]. In the troposphere the reaction
to form N ,Og is often in thermal equilibrium with N ,O5 degradation back to NO 3 (Eq
1.10) [41]. In addition to controlling NO 3 concentrations, N,Os can uptake onto the
surface of aerosols where it can hydrolyse to form nitric acid (HNO 3) [47, 48] which
in turn impacts on the aerosol acidity. Furthermore, reactive uptake of N ,Og is one of
the major losses of NOy in the atmosphere and is therefore important in controlling

the oxidative capacity of the atmosphere [41].
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NO,+03! NO3+0, (1.6)
NO3;+NO!  2NO, (1.7)
NOgz+hvl  NO+O, (1.8)
NOz+hv!  NO,+0O(3P) (1.9)
NO3+NOj) * N,Os (1.10)

1.3.2 VOC oxidation and photochemical O ; production

In the case of OH and NOj radicals, VOC oxidation can proceed via two pathways;
hydrogen abstraction or OH/NO 3 addition to C=C bonds [38]. These pathways yield
reactive radical species such as, peroxy radicals (RQ) and hydroperoxy radicals (HO »,),
which undergo further chemistry to yield oxidised products and are key intermediates

in the radical cycle which produces O 3 as described in Section 1.3.2.2. Q initiates

VOC oxidation via a di erent pathway as described in Section 1.3.2.1.

1.3.2.1 Ozonolysis

O3 can oxidise unsaturated VOCs by attacking C=C bonds in alkenes producing a pri-
mary ozonide which decomposes to form a carbonyl and an excited state zwitterionic
compound known as a Criegee Intermediate. The excited Criegee Intermediate can ei-
ther decompose to form OH and an alkoxyradical, which then proceeds to react in the
HO, cycle described in Section 1.3.2.2, or are quenched to a stabilised Criegee Inter-
mediate (SCI) [38]. The SCI can then undergo bimolecular reactions with species such
as H,O, SO, and NO,, [38, 49] as shown in Figure 1.5. Despite the presence of multiple
C=C bonds in benzene rings, many aromatic compounds are resistant to degradation
by ozonolysis or when the reaction does occur it proceeds extremely slowly [50]. How-
ever, it remains an important oxidant for biogenic VOC oxidation and biogenic SOA

formation [51, 52].

1.3.2.2 HO, cycling

HO, (HO, + OH) cycling describes the downstream production of OH and HO , stem-

ming from the initial oxidation of a VOC by an OH radical, or NO 3 radical or ozonol-

9



Chapter 1. Introduction

Figure 1.5: Simpli ed reaction scheme of ozonolysis of alkenes in the atmosphere. Taken from Kroll

and Seinfeld 2008 [38].

ysis, thereby creating a catalytic cycle, as shown in Figure 1.6. In the catalytic cycle
reactive organic radicals can undergo reactions with NO to form other organic prod-
ucts and NO, which can then photolyse to form O 3 as in Eq 1.1-1.2. The HO, cycle
is therefore important for controlling oxidant concentrations and the propagation of
the NO, cycle to produce O3 [40]. However, the cycle is highly non-linear and the
ratio of VOC:NO , is critical for controlling O 3 formation. From Figure 1.6 it can be
seen that either increasing or decreasing VOC concentrations could increase or reduce
O3 production respectively. Whereas for NO ,, increased concentrations could increase
RO, conversions to form NO , which then subsequently forms O 3, however, at very
high NO , concentrations the main sink becomes the reactions of NO, with OH to form
HNO ;. This also ultimately reduces the availability of the OH radicals needed to ini-
tiate and propagate the cycle. In the atmosphere there are two main classi cations of
O3 production depending on the VOC:NO  ratio. At high VOC:NO , ratios the VOC
is in abundance and therefore O3 production is controlled by the availability of NO ,
known as NO, limited. In this scenario, decreasing NO , will decrease O3 production.
At low VOC:NO , ratios, O3 production is limited by the available VOC (i.e. VOC lim-
ited) and NO , will primarily will be used up inthe null O 3 cycle (Eq 1.1-1.3) and in the
reaction with OH. Reducing NO , in this scenario will in fact increase the importance
of reactions with RO , resulting in more O 3 production [42]. Therefore, policies aimed
at reducing O 3 in urban environments must consider this VOC:NO  balance.

The RO, radicals produced by NO 3 or OH initiated oxidation as well as ozonoly-

sis can undergo bimolecular reactions with NO, NO ,, NO3 or HO, and permutation

10
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Figure 1.6: Simpli ed schematic of the atmospheric VOC degradation by hydroxyl (OH) or nitrate
(NO3) radicals and the propagation of the oxidant recycling to form secondary products such as ozone

(O3) and secondary organic aerosol (SOA).

reactions with RO ,. The relative rates of these reactions are dependent on the atmo-
spheric conditions and RO , structure. Typically in polluted environments the reaction
of RO, with NO, from anthropogenic emissions, is the dominant loss of RO 5 [38, 53]
yielding an alkoxy radical (RO) and NO , and is therefore important for O 3 production.
Alternatively, the reaction can yield an organonitrate (RONO ,) however, the contribu-
tion of this reaction depends on the RO 5, structure. Due to NO 3 photolysis during the
day the reaction of RO, and NO3 proceeds during the night to produce RO and NO ».
Acyl RO, can react with NO , to produce peroxyacetyl nitrates (PANS) in a reversible
reaction. PANs are considered an important reservoir for NO , in the atmosphere and
in remote environments have important implications for the oxidising capacity of the
atmosphere [54]. In low NO , environments the reactions of RO, with HO 5, or RO,
increases which also inhibits O3 production from the competition with RO ,-NO reac-
tions [53]. Furthermore, in some urban environments, such as Beijing and Delhi, high
concentrations of O3 can remove NO from the system via Eq. 1.3 increasing the im-
portance of RO, reactions with HO 5, and other RO, [55]. Reactions with HO , typically

terminate the radical propagation cycle by predominantly yielding a hydroperoxide

11



Chapter 1. Introduction

product (ROOH). RO, permutation reactions describes the reactions an RO, can un-
dergo with other RO ,. These reactions can occur with RO, of the same structure or as
cross reactions with other RO, of di erent structures. There are a number of reaction
products from RO , permutation reactions. Typically, the dominant pathway yields a
combination of RO radicals which can undergo further reaction in the atmosphere.
However, depending on the RO, structure the second pathway to produce an alcohol
(ROH) and carbonyl (R=0) or third pathway forming peroxide dimers (ROOR) can
have larger branching ratios. These ROOR products can be formed via dimerisation of
two RO, compounds with the same structure or via accretion reactions withtwo di  er-
ent RO, reactants. In the case of cross reactions there are multiple RO, ROOR, alcohol
and carbonyl structures which can form resulting in signi cant complexity. Carbonyl
products can be photolysed in the atmosphere which creates radical products and fur-
ther propagates the HO, cycling [38]. The RO, cross reaction products can contribute
to SOA formation as shown in Figure 1.6 due to their lower volatility compared to the
parent VOC and large size especially in the case of ROOR. For example, many studies
have reported the formation of highly oxygenated molecule (HOM) dimers, largely
for biogenic VOCs, from the accretion reactions of RO, to ROOR [56-58]. These
ROOR compounds have very low volatilities and can nucleate in the atmosphere to
form aerosol [59]. Additionally, and as mentioned in Section 1.4.1, RO , can undergo
intramolecular rearrangements to create sites for further oxidation which rapidly gen-
erates HOMs and is an important contribution to SOA formation. For example, in a
chamber experiment of isoprene NO 3 oxidation it was estimated that HOMs from au-
toxidation and accretion reactions to form HOM dimers and trimers could contribute

to 3.6 % of the isoprene SOA vyield [58].

In the case of RO, O, molecules can abstract a hydrogen from the carbon bound to
the radical oxygen to produce HO , and a carbonyl, both of these products can therefore
contribute to further HO , cycling. Additionally, RO can react with NO 5 and in the
case of phenolic RO leads to the formation of nitroaromatic compounds (NACs) which
have a -NO, functional group on the aromatic ring. NACs are an important class
of compounds with harmful impacts to human health and are known chromophores
therefore are important contributors to BrC [60]. RO species can also fragment or

undergo intramolecular reactions to produce alkyl radicals (R) which rapidly react
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with O , molecules reforming RO, and hence contribute to further HO  cycling [38].

1.4 Secondary Organic Aerosol (SOA)

1.4.1 Formation pathways of SOA

There are multiple processes by which SOA can form in the atmosphere. The rst
is gas-particle partitioning whereby once a gas phase species reaches a low enough
volatility it can condense into the aerosol phase onto either pre-existing aerosol or nu-
cleate to form new particles, known as new patrticle formation (NPF). The low volatility
gas phase compounds can be formed chemically in the atmosphere as described in Sec-
tion 1.3.2. The partitioning of gaseous species into the particle phase can be described
by equilibrium partitioning theory where the partitioning coe cient, K,, is described
by Equation 1.11 [61, 62]. K, represents the fraction of a species in the particle phase
versus the gas phase. In Equation 1.11P; represents the concentration of the semi-
volatile species in the particulate phase in ng m 3, TSP is the total absorbing particle
mass concentrationin g m and G; is the gas phase concentration in ng m. Through
a conversion of units the nal equation is reached where R is the ideal gas constant,
T is the temperature (K), foy, is the fraction of the total particle mass that comprises
the absorbing phase, MW, is the average molecular weight of the absorbing phase (g
mol-1), ;isthe activity coe cient of species i in the particle phase and p; is the vapour
pressure of species i. The inverse ofK,, the saturation concentration ( C"), can also de-
scribe gas-particle partitioning where the lower the C” results in greater partitioning
[63]. In both theories the partitioning of gas to particles is controlled by the volatility

of a species, gas phase concentrations and the available area on which to condense [61,
63].

~_ N9= Gparticulate phase _ Pi=T SP_ 760RT f 5
P ng= rﬁgas phase Gi MW om iPi
NPF describes the formation of new atmospheric particles and under favourable

10°® (1.11)

conditions the following growth to larger particle sizes. Sulfuric acid is one of the
most widely reported nucleating species [64—66] with high correlations reported be-
tween nucleation rate and sulfuric acid concentration. However, there is still uncer-

tainty in the mechanism of NPF and it is currently an active area of new research. In
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addition to sulfuric acid, it has been proposed that other vapours must contribute to
nucleation of atmospheric particles in order to fully explain the observed growth rates
[67]. Recent research has shown that organic compounds and ammonia can nucleate
in the atmosphere [68—72]. For instance, Jiang and Xia [71] report that sulfuric acid,
ammonia and organic compounds all contribute to the early growth of new patrticles,
however, the growth of the nucleus is driven by nitric acid and ammonia. Whilst in
the Po Valley, oxygenated organics were observed to contribute signi cantly to the
growth stage [73]. Even in the absence of sulfuric acid, NPF was observed in a series
of -pinene ozonolysis experiments at the CERN CLOUD chamber from the highly
oxidised oxidation products [74]. These highly oxidised oxidation products are con-
sidered to form from a process called autoxidation, in which oxygen is continuously
added during VOC oxidation, producing extremely low volatility compounds contain-
ing more than 6 oxygen atoms, known as HOMs, which nucleate to form new particles
[75]. The production of HOMs from autoxidation of terpenoids and aromatics has been
reported to contribute to NPF in multiple studies across rural and urban areas [74, 76—
79]. The reaction scheme for autoxidation is shown in Figure 1.7 [80]. For autoxidation
to proceed from an RO, radical produced by VOC oxidation as in Section 1.3.2.2, the
RO, must undergo a H atom shift to form a hydrogen peroxide group (-OOH) and an
alky radical which reacts with an O , molecule to form a second RO,. This second RO,
group undergoes another H atom shift to form a second OOH group and an alky rad-
ical at the site of the initial OOH group which rapidly decomposes to a carbonyl and
an OH molecule. The -position to the remaining OOH group is reactive to further
H abstraction which then propagates the autoxidation [80]. It is also possible to have
autoxidation initiated from RO radicals [75].

Alternatively, certain SOA species can undergo reactive uptake onto the aerosol
phase by which they react with species in the bulk of the aerosol.This has widely been
reported for SOA tracer species formed from the oxidation of isoprene [81, 82], or
small dicarbonyl atmospheric degradation products such glyoxal and methylglyoxal
[83]. Once in the aqueous phase the dicarbonyls can also oxidise to form organic acids

or oligomerise [83].
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Figure 1.7: Chemical scheme of autoxidation to form highly oxygenated molecules (HOMSs), taken

from Crounse et al., 2013 [80].

1.4.2 Composition of SOA

Despite organic aerosol contributing the most to total PM 5, 5 concentration [28], there
is still widespread variation amongst the di  erent components which contribute to the
organic aerosol fraction [84] in Figure 1.3. For instance, in many urban environments
there are signi cant contributions from hydrocarbon organic aerosol (HOA) whereas
in remote locations or during summertime the fraction from semi-volatile oxygenated
organic aerosol (SV-OOA) or low-volatility oxygenated organic aerosol (LV-OOA) in-
creases [28]. HOA is typically emitted by primary combustion sources, such as vehicle
exhausts in urban environments, with a diurnal peak during the morning tra c rush
hour [85]. Zhang et al. [84] also report cooking as a HOA source. On the other hand,
LV-OO0A and SV-OOA are associated with SOA. High oxygen-to-carbon ratios (O:C)
are observed in LV-OOA consistent with signi cantly oxidised OA, whereas, SV-OOA
has lower O:C and is therefore less atmospherically aged [28]. Since LV-OOA and SV-
OOA are secondary in nature their abundance increases during summer months under
the more favourable photochemical conditions and the ratio of SV-OOA:LV-OOA can
provide an insight into the relative age of emissions [28].

As shown in Figure 1.4 biogenic SOA is a signi cant source of OA to the atmo-

sphere. The largest contributors to the biogenic SOA burden are terpenoids such
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as isoprene (GHyg), monoterpenes (C,gH1¢), including -pinene and limonene, and
sesquiterpenes (GsHo4) such as -caryophyllene. Globally isoprene is the most emit-
ted VOC with an estimated 535 Tg released per year, whereas emissions of monoter-
penes are smaller (162 Tg yr?!) [86] yet still signi cant for SOA production. For ex-
ample, Zhang et al. [87] observe SOA from monoterpenes accounts for half of the
total OA in the Southeastern US. SOA products from isoprene and monoterpenes in-
clude species such as organosulfates (OS), organic acids, 2-methyltetrols and nitroxy-
organosulfates [31, 88, 89]. OS in particular have warranted much research over the
last decades as studies have reported OS can decrease surface tension of aerosols and
thereby have implications for aerosol hygroscopicity and the ability to act as cloud
condensation nuclei [90]. Furthermore, in urban environments anthropogenic emis-
sions can strongly in uence the concentration of OS [88]. Terpenoids are well known
to undergo autoxidation which can have important implications for particle formation
from HOM formation [75] as discussed in Section 1.4.1. Terpenoids are also emitted
by biomass burning, which is the second largest source of SOA to the atmosphere,
from the distillation of plant resins at higher temperatures [91]. However, the remain-
ing constituents of biomass burning SOA are primarily formed from the oxidation
of aromatics, such as phenolic or furanic species [91, 92], which are released during
the breakdown of lignocellulosic biomass during combustion. These species can have
high reactivity [91, 93], and some identi ed SOA products from these compounds in-
clude NACs, organonitrates, organoacids and benzoquinones [94-99]. Furthermore,
C10 dimers have been reported in SOA from the NO 3 oxidation of 3-methylfuran which
was largely attributed to RO , cross reactions to form ROOR and particle phase accre-
tion reactions [97]. However, the atmospheric chemistry of these oxygenated aromatic
VOCs and their potential to form SOA is still largely unknown and understudied [93].
Other anthropogenic SOA, such as that from vehicular emissions or solvent usage, is
similarly derived from aromatic species [100-102]. SOA from vehicular emissions can
also have substantial contributions from aliphatic hydrocarbons as well as polyaro-
matic hydrocarbons (PAHS) [102]. However, the contribution of di  erent compound
classes to SOA formation between petrol and diesel powered vehicles can vary [102,
103]. Overall, it is clear that the composition of ambient SOA is highly complex due to

the presence of numerous SOA sources with di erent chemical products.
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1.5 Biomass Burning

1.5.1 Global importance

Biomass burning is one of the largest sources of OA and trace gases in the atmosphere,
emitting approximately 62 Tgyr "1, 77 Tg yr'* and 19 Tg yr! of VOCs, PM, s and NO,
respectively to the atmosphere [104]. Satellite imaging of re activity from the NASA
MODIS satellite shows the global extent of biomass burning with extensive wild res
across the United States, South America, Africa and certain parts of Asia (Figure 1.8a).
After the monsoon season, the satellite also highlights the agricultural burning of crop
elds in South Asia (Figure 1.8b) [105].

(a) Global re activity (b) South Asia re

activity

Figure 1.8: NASA MODIS Fire Information for Resource Management System (FIRMS) showing
active res during a) August 2024 b) November 2024 (Accessed 06-12-2024)

VOCs from biomass burning are emitted from the degradation of the lignocellu-
losic biomass within the fuel during combustion and NO , emissions from res typ-
ically arise from fuel nitrogen [106]. The majority of VOCs reported from previous
controlled burn studies were oxygenated VOCs [107, 108], comprising 61 % of the to-
tal biomass burning VOCs (BBVOCSs) [108]. However, the atmospheric chemistry of
oxygenated aromatic VOCs from biomass burning is relatively understudied and not
currently incorporated into chemical models to assess the impact of biomass burning
due to the lack of detailed chemical degradation schemes [93]. Oxygenated aromatic
BBVOCs, such as catechol (GHgO>), furfurals (C sH,40,) and guaiacol (C;HgO,), are
highly reactive as shown in the top 50 % of measured OH reactivity from biomass

smoke in Figure 1.9, and therefore have signi cant potential to impacton O 3 and SOA
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formation.

Figure 1.9: Contribution of individual VOCs to the total OH reactivity measured by Proton Transfer
Time of Flight Mass Spectrometry (PTR-ToF-MS) during the 2016 Fire In uence on Regional to
Global Environments and Air Quality (FIREX-AQ) Firelab study of wild re emissions. The colouring

of each bar represents the scienti ¢ understanding of the compound's atmospheric chemistry. Taken

from Coggon et al., 2019 [93].

For example, studies have reported high contributions of biomass burning to tro-
pospheric O3 concentrations [109, 110] and Xu et al. [111] estimated that O 3 con-
centrations can be enhanced by 3 ppb throughout the re season in the western US.
From Figure 1.9, the species not included in the Master Chemical Mechanism (MCM,
https://mcm.york.ac.uk/MCM ), a near-explicit chemical degradation scheme, shown
as red bars and those which were recently added shown as green bars are those that
signi cantly contribute to SOA formation in Figure 1.10, such as phenolic compounds
[107]. However, of the top 10 oxygenated aromatics reported by Akherati et al. [107]
to contribute to SOA formation only 4 are represented in the MCM, therefore, there
is a signi cant gap in the current mechanistic understanding of SOA formation from
biomass burning. Furthermore, the simpli ed mechanism provided for guaiacol in
Coggon et al. [93] accounts for a singular product rather than a fully explicit mecha-
nism of all possible oxidation products as would occur in the atmosphere.

In ambient observations of biomass burning plumes over the western US during

the Fire In uence on Regional to Global Environments and Air Quality experiment

18



Chapter 1. Introduction

Figure 1.10: Contribution to the total measured emission, OH reactivity and SOA formation of dif-
ferent compound classes during photo-oxidation experiments of wild re emissions. The lower panel
depicts the top 10 oxygenated aromatics that contribute to SOA production during the experiments.

Taken from Akherati et al., 2020.

(FIREX-AQ), the reported OH concentrations range between 5.3 0.7 10° molecules
cm in the daytime [112]. Whereas, in the night-time the estimated concentrations of
OH are near zero (-0.5 0.5 10°% molecules cm3) [112]. Whilst for the same plumes,
NO3 production rates were 0.1-1.5 ppb hr 1 [113, 114] which is similar to that reported
in urban environments with signi cant daytime NO 3 chemistry [89]. Due to the thick
smoke of biomass burning plumes, it is not unusual for both OH and NO 3 reactivity to
be high due to the lower actinic uxes inside the plume compared to the background
resulting in less loss of NO 3 radicals by photolysis [113].

It is estimated that approximately 30 % of the OA emitted by biomass burning is in
the form of POA meaning there is a substantial contribution of SOA to biomass burn-
ing emissions [115]. Furthermore, Hodzic et al. [34] estimated the global production of
SOA from biomass burning was 15.5 Tg yr 1. The most widely used SOA tracers from
biomass burning are levoglucosan emitted by cellulose degradation and nitroaromatic
compounds formed from the reactions of aromatic VOCs and NO , which are present
in high concentrations within a biomass burning plume [116-119]. Wild res, agricul-
tural burning, and domestic combustion of solid fuels all fall under the umbrella of
biomass burning therefore it represents a wide spread source of air pollution. From

Figure 1.11 it can be seen that globally the largest contributors to PM , 5 concentrations
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are residential combustion and windblown dust. However, across Asia and the United
States the contribution of biomass burning activity from residential use and wild res
increases compared to the global average, with increasing usage of solid biofuels across
Asia[15]. These ndings are in line with the increasing length of the wild re season in

the US [120], the usage of solid fuels by 1 billion people across Asia [121] and the sea-
sonal crop burning in Asia [105]. As seen from Figure 1.11 PM ,, 5 from these sources is
linked with heart disease and stroke [15]. Therefore, reducing residential combustion

activity from solid fuels is essential for reducing the global disease burden from PM 5 &.

Figure 1.11: Map showing the global disease burden from particulate matter less than 2t in
diameter (PM, 5) in 2017 with the surrounding panel showing the average PM concentrations,
mortality rates, source contributions, fuel usage and relative disease contributions to the air pollution

related deaths. Taken from McDue et al., 2021 [15].

1.5.2 Domestic wood burning

The work in this thesis predominantly focuses on the composition and atmospheric
chemistry of domestic wood burning emissions since it has become in recent years the
dominant source of PM, 5 in the UK [14]. Compared to the winter of 2007-2008, the

contribution of domestic biomass burning to PM 5 5 concentrations in the West Mid-
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lands increased by 7 times during 2021-2022 [122]. The large growth in wood burning
in the UK can be attributed to two factors: aesthetic purposes and increasing costs
of living. Multiple energy crises in the last few years caused signi cant rises in the
prices of oil and gas for heating [121], therefore, many have sourced cheaper alterna-
tive options including the use of wood burning stoves. Furthermore, domestic biomass
burning has been promoted as a renewable energy source compared to fossil fuel us-
age. Itis currently estimated that 8 % of the UK population burns wood indoors but of
that only 4 % for necessity [14]. Domestic combustion remains a global issue with ap-
proximately 2 billion people using solid fuels for heating and cooking [123] which rep-
resents a widespread chronic exposure to poor air quality. The World Health Organi-
sation estimated annually solid fuel combustion causes 3.2 million premature deaths
[124], however the elimination of domestic biomass burning could prevent 20 % of
the global annual deaths caused by PM, 5 [15]. Therefore, there is an urgent need to
understand the emissions from domestic biomass burning in order to improve future
air quality policy and especially given that emissions from wood burning are highly
variable. The emission variability can arise from the di  erent phases of a burn cycle,
re aeration, fuel moisture, fuel composition, and the stove appliance used [125-128].
However, certain factors can impact the composition more than others [129]. Factors
such as aeration, fuel moisture, fuel type and burn phase also a ect ambient wild res

and other biomass burning sources.

1.5.3 Factors impacting biomass burning emissions

The impact of combustion conditions on biomass burning emissions is discussed in
more detail in Chapter 3 but in brief aming res occur at higher temperatures than
smouldering res which typically occur later in the burn cycle [125]. The composi-
tion of particulate emissions from smouldering were previously reported to contain
more oxygenated aromatics than from aming [129] which was similarly observed
in the gas phase[127]. Flaming combustion on the other hand, has widely been re-
ported to emit PAHs [127] which are known to have toxic health impacts [130, 131].
Across 18 di erent fuels collected from 3 regions of the United States, Gilman et al.
[126] observed varying contributions of di erent VOC classes to the total emission.

For example, in Southwestern US fuels, from California and Arizona, 41 % of the
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VOC mass was comprised of singularly unsaturated oxygenated VOCs such as alde-
hydes, whereas, in Northern US fuels from Montana this fraction comprised only 23
% with increased contributions of polyunsaturated oxygenated VOCs, which also in-
cluded phenolic compounds [126]. Andreae [104] and Akagi et al. [132] also report
di erences in the emission factors of di erent VOCs in res from savannahs, grass-
lands and forests which could be linked with the intrinsic fuel combustion properties
[133]. Interestingly, Burling et al. [108] observed that in addition to VOC composition,
HONO emission factors could vary between di erent fuel types which has important
implications for OH production and therefore, the oxidative capacity of the plume and
subsequent O; production. Furthermore, between di erent classes of biomass burn-
ing there can also be variation in emissions, for instance, Zhang et al. [133] observed
higher emissions of elemental carbon over organic carbon in wood stoves compared
to ambient res which was attributed to higher combustion temperatures in the stove.
To date, many studies have focused on characterising ambient res under di erent
conditions [91, 92, 126, 127, 134, 135], therefore, more research is needed into under-

standing biomass burning emissions in the context of a domestic environment.

1.6 Characterisation Techniques for Secondary Organic
Aerosol

The chemical characterisation of organic aerosol is important for understanding the
sources and chemical mechanisms leading to SOA formation [31]. In addition to under-
standing the evolution of chemical composition in the atmosphere, resulting from the
chemical formation of SOA species as well as evaporative losses. Overall, this means
the toxicological properties of the aerosol can change over time. This understanding
around potential increases, or indeed decreases, in toxicity with atmospheric aging is
a vital component for creating future air quality policy to reduce the detrimental soci-
etal impacts from OA [27]. However, the main barrier to understanding the chemical
composition of OA is the sheer complexity and quantity of compounds present. For
example, Goldstein and Galbally [33] proposed for a C ;5 alkane at least 100 isomers
exist, and this number can exceed 1 million once functional groups and heteroatoms

are included into the molecule. One of the main analytical instruments that can de-
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