Understanding the formation and
evolution of biomass burning
organic aerosol using non-target data
approaches and mechanism

development

Rhianna Louise Evans
Doctor of Philosophy

University of York

Chemistry

February 2025



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 different 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 different
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 defined 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]. It is 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 significant 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, wildfires, 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



Chapter 1. Introduction

of air pollution are increasingly being exacerbated by anthropogenic activity through
climate change feedbacks. For example, increasing numbers of wildfires, 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 different 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 O3 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 O3 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 first 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 significant
reductions in NO,, VOCs and ammonia (NHj3), 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 efforts [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].
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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 ym (PM;) or less than 2.5 ym
(PM, 5) or less than 1 ym (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 ultrafine

particles (< 100 nm) can even get into the bloodstream where they are known to cause
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diseases such as stroke, heart disease, lung cancer and even diabetes [15-18]. Jugi-
novi¢ et al. [6] found a 10 % increase in ambient PM, 5 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 illness. Further-
more, Apte et al. [19] reported that if the WHO guidelines were abided by for PM, 5
(10 ug m™3 per annum) life expectancy could increase by 0.6 years, producing an effect
similar to eradicating lung and breast cancer. For this reason, PM, 5 is one of the most
strongly regulated air pollutants with an annual exposure limit of 20 g m™ in the UK
[20]. However, in 2017 McDulffie et al. [15] estimated the global population weighted
mean concentration of PM, 5 was 41.7 ug m3 which is significantly higher than the
WHO guidelines. Furthermore, there are no regulations specifically targeting ultra-
fine particles yet, but it is hoped that efforts to reduce PM, 5 and PM; could positively
affect ultrafine 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 different aerosol classes is the difference in their radiative
forcing effects in the atmosphere, which is defined as the change in net radiative flux
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 effect similar to greenhouse gases [22]. Whereas sulfate aerosols can scatter
the light leading to an overall cooling effect [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 affecting cloud lifetime and acting as cloud condensation nuclei.
This can affect the formation of clouds and hence the reflectivity of light from clouds
[25]. For these reasons, aerosols have the highest uncertainty surrounding their radia-

tive forcing effect (Figure 1.2) [26] and is an important field of active research [27].

Change in effective radiative forcing from 1750 to 2019
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Figure 1.2: Change in effective radiative forcing from 1750 to 2019 by different forcing agents shown
on the left panel. Blue bars represent negative radiative forcing effects and red bars indicate positive
radiative forcing effects. Uncertainties in the effect 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 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
wildfires, 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 different
species, which presents a significant analytical challenge in the characterisation of OA

as discussed in Section 1.6.

@ Urban Inorganics: m Sulfate = Nitrate m Chloride
@ Urban Downwind
® Remote Organics: | m HOA m Other OA m Total OOA m LV-00A |
Pinnacle Park, Ny _ New York City, NY Manchester, UK Edinburgh, UK Chelmsford, UK Hyytiala Taunus Mainz
i Finland
12.3 (Wl{tser) (Sﬁrér.raer] (\Mg.lzer) (Sumnger) 30 53 13%!1 Ge1rg1'%ny Ger4n‘12a|1y 256

(smpuip)

PuBLIRZIMS ‘younz

Pittsburgh, PA
(sowwing)

ancouver
Canada
PUBLIRZIMS

yosolneybunp

o
(=]
Hoaff
4| other oa| §

(1e3uipn)

uedep ‘oMo

Boulder, CO Storm Peak, CO Vi

[Total OOA
LV-00A

eeéeeeeeeée

Houston, TX Mexico Duke Forest Thompson Off Coast Chebogue Cheju lsland Okinawa Fukue
City Farm,NH New England, US Canada Korea Japan Japan

T T

Riverside, CA
(4owwng)

Figure 1.3: Mass concentrations in pyg m™> and mass fractions of non-refractory PM; measured
by Aerosol Mass Specrometry (AMS) at different locations in the Northern Hemisphere. Inset is
the oxygen to carbon ratio for the different classes of organic aerosol (OA): hydrocarbon OA, total
oxygenated OA, semi-volatile oxygenated OA and low volatility oxygenated OA. Taken from Jimenez
et al., 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 yr'! and in a similar approach Hallquist et al. [31] observed a secondary produc-
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tion rate of 115 Tg yr'!, 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.
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Figure 1.4: Global fluxes of volatile organic compounds (VOCs) and OA from different 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 (NO3) or ozone
(O3) [38-40]. Oxidation can also be initiated by photolysis or chlorine radicals. The
abundance of OH, O3 and NOj 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, NO3 is dominant during the
night when there is no loss by photolysis [41]. As briefly 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 O3 (Eq 1.3), this cycle both

produces and destroys O3 in the atmosphere and ultimately can reach a steady state
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where there is a net zero production or loss of O3;. 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 NOy

for O3 production.

NO, + hv —> NO + O(°P) () < 420 nm) (1.1)
OCP)+0,+M — O3+ M (1.2)
O3+NO———>N02+02 (13)

The main source of OH in the atmosphere is from the photolysis of O3 (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 significant in polluted atmospheres
[45] or during winter months [44]. HONO photolysis can be particularly significant
and is estimated to contribute to 30-48 % of total OH production [39, 43, 46].

O;+hv — O('D)+0, (A <320 nm) (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 NOj;
is produced from the reaction of NO, and O; (Eq 1.6). NOj 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,Os is often in thermal equilibrium with N,O5 degradation back to NO; (Eq
1.10) [41]. In addition to controlling NOj3 concentrations, N,Os5 can uptake onto the
surface of aerosols where it can hydrolyse to form nitric acid (HNOj3) [47, 48] which
in turn impacts on the aerosol acidity. Furthermore, reactive uptake of N,Oj5 is one of
the major losses of NO, in the atmosphere and is therefore important in controlling

the oxidative capacity of the atmosphere [41].
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NO; + O3 —> NO3 + O, (1.6)
NO; + NO — 2NO, (1.7)
NOj3; + hv — NO + O, (1.8)
NO; + hv — NO, + O(°P) (1.9)
NO3; + NO, == N,05 (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/NOj addition to C=C bonds [38]. These pathways yield
reactive radical species such as, peroxy radicals (RO;) and hydroperoxy radicals (HO,),
which undergo further chemistry to yield oxidised products and are key intermediates
in the radical cycle which produces O3 as described in Section 1.3.2.2. Oj initiates

VOC oxidation via a different pathway as described in Section 1.3.2.1.

1.3.2.1 Ozonolysis

Oj3 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
HOy 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 NOj radical or ozonol-
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Figure 1.5: Simplified 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 O3 as in Eq 1.1-1.2. The HO, cycle
is therefore important for controlling oxidant concentrations and the propagation of
the NOy cycle to produce O3 [40]. However, the cycle is highly non-linear and the
ratio of VOC:NO is critical for controlling O3 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 O3, however, at very
high NO, concentrations the main sink becomes the reactions of NO, with OH to form
HNOg;. 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 classifications 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 NOy limited. In this scenario, decreasing NO, will decrease O3 production.
At low VOC:NOy ratios, O3 production is limited by the available VOC (i.e. VOC lim-
ited) and NO, will primarily will be used up in the null O3 cycle (Eq 1.1-1.3) and in the
reaction with OH. Reducing NOy in this scenario will in fact increase the importance
of reactions with RO, resulting in more O3 production [42]. Therefore, policies aimed
at reducing O3 in urban environments must consider this VOC:NO, balance.

The RO, radicals produced by NO3; or OH initiated oxidation as well as ozonoly-

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

10



Chapter 1. Introduction

VOC
RONO,
OHlNOE fe) 4
voC 1
HNO; o :’INO ; ROONO,
R L .
——————————— ---------» HOMs
Intramolecular reaction / autoxidation
NO, NO
OH o
)
hv %
03 — N02 % N
X v
NO, ———» O;
Yeer r €action

0,

R=0

Figure 1.6: Simplified 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, [38, 53]
yielding an alkoxy radical (RO) and NO; and is therefore important for O3 production.
Alternatively, the reaction can yield an organonitrate (RONO,) however, the contribu-
tion of this reaction depends on the RO, structure. Due to NOj photolysis during the
day the reaction of RO, and NOj 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, 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; and other RO, [55]. Reactions with HO, typically

terminate the radical propagation cycle by predominantly yielding a hydroperoxide
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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 different 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 with two differ-
ent RO, reactants. In the case of cross reactions there are multiple RO, ROOR, alcohol
and carbonyl structures which can form resulting in significant 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 NOj 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 yield [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, 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 first
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 particle 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 coefficient, 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 1.11 P; represents the concentration of the semi-
volatile species in the particulate phase in ng m™3, TSP is the total absorbing particle
mass concentration in ug m™ and G; is the gas phase concentration in ng m3. Through
a conversion of units the final equation is reached where R is the ideal gas constant,
T is the temperature (K), f,,, 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!), C; is the activity coefficient of species i in the particle phase and p; is the vapour
pressure of species i. The inverse of K, 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].

o ng/l‘gparticulate phase Pi/TSP _ 760RTf0m
P! ng/magas phase G; MW ,mCip;
NPF describes the formation of new atmospheric particles and under favourable

x107° (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 particles,
however, the growth of the nucleus is driven by nitric acid and ammonia. Whilst in
the Po Valley, oxygenated organics were observed to contribute significantly to the
growth stage [73]. Even in the absence of sulfuric acid, NPF was observed in a series
of a-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 a-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 (HOMs), taken
from Crounse et al., 2013 [80].

1.4.2 Composition of SOA

Despite organic aerosol contributing the most to total PM, 5 concentration [28], there
is still widespread variation amongst the different components which contribute to the
organic aerosol fraction [84] in Figure 1.3. For instance, in many urban environments
there are significant 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 traffic rush
hour [85]. Zhang et al. [84] also report cooking as a HOA source. On the other hand,
LV-OOA and SV-OOA are associated with SOA. High oxygen-to-carbon ratios (O:C)
are observed in LV-OOA consistent with significantly 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 significant source of OA to the atmo-

sphere. The largest contributors to the biogenic SOA burden are terpenoids such
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as isoprene (CsHg), monoterpenes (C;oH;¢), including a-pinene and limonene, and
sesquiterpenes (Cy5H,4) such as p-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 significant 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 influence 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 identified SOA products from these compounds in-
clude NACs, organonitrates, organoacids and benzoquinones [94-99]. Furthermore,
Cyo dimers have been reported in SOA from the NO3 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 different 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 different 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 Tg yr!, 77 Tg yr'! and 19 Tg yr'! of VOCs, PM, 5 and NO,
respectively to the atmosphere [104]. Satellite imaging of fire activity from the NASA
MODIS satellite shows the global extent of biomass burning with extensive wildfires
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

fields in South Asia (Figure 1.8b) [105].

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

activity

Figure 1.8: NASA MODIS Fire Information for Resource Management System (FIRMS) showing
active fires 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 fires 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 (BBVOCs) [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
BBVOC:s, such as catechol (CqHgO,), furfurals (CsH4O,) 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 significant potential to impact on O3 and SOA
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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 Influence on Regional to
Global Environments and Air Quality (FIREX-AQ) Firelab study of wildfire emissions. The colouring
of each bar represents the scientific 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 O3 con-
centrations can be enhanced by 3 ppb throughout the fire 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
significantly 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 significant gap in the current mechanistic understanding of SOA formation from
biomass burning. Furthermore, the simplified 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 Influence on Regional to Global Environments and Air Quality experiment
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Figure 1.10: Contribution to the total measured emission, OH reactivity and SOA formation of dif-
ferent compound classes during photo-oxidation experiments of wildfire 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 x10° molecules
cm in the daytime [112]. Whereas, in the night-time the estimated concentrations of
OH are near zero (-0.5 + 0.5 x10% molecules cm™3) [112]. Whilst for the same plumes,
NO; production rates were 0.1-1.5 ppb hr'! [113, 114] which is similar to that reported
in urban environments with significant daytime NOj3 chemistry [89]. Due to the thick
smoke of biomass burning plumes, it is not unusual for both OH and NOj reactivity to
be high due to the lower actinic fluxes inside the plume compared to the background
resulting in less loss of NOj 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'!. 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]. Wildfires, 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 wildfires
increases compared to the global average, with increasing usage of solid biofuels across
Asia [15]. These findings are in line with the increasing length of the wildfire 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, s.
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Figure 1.11: Map showing the global disease burden from particulate matter less than 2.5 ym in
diameter (PM, 5) in 2017 with the surrounding panel showing the average PM, 5 concentrations,
mortality rates, source contributions, fuel usage and relative disease contributions to the air pollution

related deaths. Taken from McDuffie 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 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 significant 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. It is 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 different phases of a burn cycle,
fire 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 affect ambient wildfires

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 flaming fires occur at higher temperatures than
smouldering fires 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 flaming [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 different fuels collected from 3 regions of the United States, Gilman et al.
[126] observed varying contributions of different 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
differences in the emission factors of different VOCs in fires 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 different fuel types which has important
implications for OH production and therefore, the oxidative capacity of the plume and
subsequent O3 production. Furthermore, between different 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 fires which was attributed to higher combustion temperatures in the stove.
To date, many studies have focused on characterising ambient fires under different
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;( 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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convolute this complexity is mass spectrometry (MS) [136]. There are two types of
MS analysis; online (i.e. high time resolution) and offline (i.e. low time resolution)
[31]. Besides MS other analytical techniques capable of analysing SOA composition
are Nuclear Magnetic Resonance (NMR) and Fourier Transform Infrared Spectroscopy
(FTIR), however, this is primarily for the identification of functional groups rather

than molecular identification [136].

1.6.1 Offline Mass Spectrometry

Offline mass spectrometry methods are typically coupled with a chromatography sys-
tem, such as gas chromatography (GC) and liquid chromatography (LC), which enables
the separation of isomeric species and therefore have high chemical resolution. More
recently, the separation of enantiomers has also been achieved using LC-MS, enabling
source identification of a-pinene SOA [137]. Typically, aerosol is sampled onto a filter
and the organic matter is extracted using an organic solvent for analysis (Figure 1.12).
However, the main drawback of these techniques is the considerable mass needed re-
sulting in a low time resolution. Furthermore, the choice of solvent can impact the
extracted material [138, 139]. Direct thermal desorption of the filter can be used with
GC-MS methods for analysis of semi-volatile species and has the advantage that no

prior sample preparation is required [138].

(a) Filter sample from (b) Methanol filter

biomass burning extracts

Figure 1.12: a) PM; 5 filter samples collected from burning of different fuel types: (top) leaves,
peat, softwood, hardwood (bottom) b) Differences in filter extracts from wood burning samples under

different conditions: flaming (left) and smouldering (right)
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The separation ability of GC can be limited therefore the application of two di-
mensional GC (GCxGC) to atmospheric samples by Lewis et al. [140] enabled greater
resolution from the use of two GC columns in tandem to separate compounds across
two intrinsic properties. Most commonly, these are properties such as volatility and
polarity. The first use of GCxGC by Lewis et al. [140] used a flame ionisation detector
(FID) for identification of gaseous compounds but this technique was later coupled
to a Time of Flight MS (ToF-MS) and applied to urban OA enabling the detection of
over 10,000 individual compounds from a single sample [138]. Recently, Stewart et al.
[141] applied this technique to derive emission factors of particulate phase PAHs from
biomass fuels used in domestic burning in Delhi.

Ultra-High-Performance Liquid Chromatography coupled to Electrospray lonisa-
tion High Resolution Mass Spectrometry (UHPLC-ESI-HRMS) has widely been applied
to the characterisation of organic aerosol [116, 136, 142-145]. The high mass resolu-
tion and tandem mass spectrometry of this technique enables detailed structural and
chemical information to be obtained. Furthermore, the ESI source can be operated
in two separate modes where ionisation occurs via deprotonation or protonation to
produce negatively or positively charged ions respectively [31]. Different functional
groups will ionise better in different modes, for instance more acidic compounds will
more readily deprotonate in negative mode, leading to selectivity of the chemical space
analysed. Therefore, for complete characterisation it is necessary to analyse both com-
positional spaces. However, in many aerosol studies to date the majority of analysis
is conducted in negative mode due to its higher selectivity for species such as organic
acids, OS and NACs [116, 117, 142, 144-146]. A common mass detector used in the
UHPLC-HRMS system is an Orbitrap MS, shown in Figure 1.13, which has a mass res-
olution of more than 100,000 [147]. The Orbitrap mass analyser consists of two outer
electrodes and a central electrode. A voltage is applied across the outer and central
electrode which enables ions to oscillate around the central electrode (Figure 1.14).
The ions are separated due to the property that at different mass-to-charge ratios (m/z)
ions oscillate at different frequencies, which is then measured by the outer electrodes.
A mass spectrum is produced by Fourier Transform of the detected image current sig-
nal [147]. Due to the high resolution of an Orbitrap it is possible to directly inject into

the MS without prior separation. However, this analysis lacks the capability for isomer
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identification and analyte quantification [136].

Figure 1.13: Ultimate 3000 UHPLC (Thermo Scientific, USA) and Q Exactive Orbitrap MS (Thermo
Fisher Scientific, USA) used for OA analysis at the University of York

Figure 1.14: Schematic of the Orbitrap mass detector showing the outer electrodes and the central

electrode around which the ions oscillate indicated by the orange trajectory.

Some of the major challenges associated with offline UHPLC-ESI-HRMS remaining
today are ionisation effects and matrix effects. In electrospray ionisation, there is a
known phenomenon that ionisation is highly structurally dependent [148, 149]. This
ability of a species to ionise is referred to as ionisation efficiency and is discussed in
detail in Chapter 2. In summary, this ionisation efficiency effect creates a significant
problem in the quantification of compounds for which there are no available authentic
standards, as the recorded response on the LC (i.e. peak area) will vary across differ-
ent compounds at the same concentration [150] as shown in Figure 1.15, where, for
example, compound 4 ionises 35.7 times greater than compound 1 (cis-pinonic acid).
In Figure 1.15 ionisation efficiencies are normalised to cis-pinonic acid as it is a com-
monly observed tracer of SOA and is available to purchase commercially. Secondly, the
instrument response of a species in a pure matrix versus in an aerosol sample matrix
can vary due to the enhancement or suppression of signal intensity by other analytes in
the sample being analysed [151], therefore, leading to erroneous quantification [152].

The exact mechanism causing matrix effects is still unknown. However, it is thought
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that matrix effects arise from competition between analytes for the available charge
and the impact of co-eluting compounds on droplet evaporation or transport to the

droplet surface [153].
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Figure 1.15: Chromatogram depicting the effect of ionisation efficiency across equimolar aqueous
solutions of carboxylic acids (1-3) and dimer esters (4-6) measured by ultra performance liquid
chromatography coupled to mass spectrometry with electrospray ionisation. Ionisation efficiencies
normalised to cis-pinonic acid (1) are given above the peak. Inset is the calibration curve of each

compound from 0.2 to 5 uM. Taken from Kenseth et al., 2020 [150]

1.6.2 Online Mass Spectrometry

The main advantage of online MS is the high time resolution that is simply impossi-
ble to obtain with offline techniques, which involve a two step analysis process and
require significantly higher mass loading for analysis. Secondly, the lack of sample
collection and preparation prior to analysis can improve in reducing sampling arte-
facts from storage or extraction procedures [31]. However, the main disadvantage is
the lack of chromatographic separation which enables the identification of isomeric
species as well as the general use of lower resolution mass spectrometers compared to
the Orbitrap for example [147].

The most widely used online MS in the organic aerosol community over the last

decades is the Aerosol Mass Spectrometer (AMS) commercialised by Aerodyne Re-
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search Inc. in 2002. AMS allows real time measurement of the non-refractory PM
components such as sulfate, nitrate, ammonium, chloride and total OA [28, 154]. How-
ever, due to the use of electron impact ionisation there is significant fragmentation of
the molecular ion preventing complete molecular characterisation compared to offline
HRMS and other online MS using soft ionisation techniques [31]. However, distinct
fragments can form between molecules of different classes enabling the use of tracer
fragments to track chemical composition changes. The most widely used tracer frag-
ments in AMS studies are m/z 43, m/z 44, m/z 57 and m/z 60 representing C3H,O"
or oxygenated organic aerosol (OOA), increasingly oxidised OOA (CO,"), hydrocar-
bon like OA (C4Ho") and biomass burning tracer levoglucosan (C4H,0O,") respectively
[69]. The relative ratio of m/z 43 and m/z 44 fragments changes between SV-OOA and
LV-OOA [155] and therefore this ratio can be used to trace atmospheric aging as when
the aerosol becomes more oxidised m/z 43 decreases and m/z 44 increases. The m/z
fragments can also be interpreted as a fraction of the total OA denoted as f;3 and fyy.
The correlation of f43 vs f44 led to the invention of the triangle plot by Ng et al. [155]
who observed all ambient aerosol exists within a defined triangular range with SV-
OOA situated in the bottom of the triangle and the convergence to LV-OOA at the top

regardless of source [28].
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Figure 1.16: Triangular plot of the fraction of the mass-to-charge ratio (m/z) 43 fragment (f;3) and
fraction of the m/z 44 fragment (f44) for different sample locations. Dashed triangular lines denote
the region where atmospheric oxygenated OA are situated in the f,3 vs f44 space regardless of source

or age. Taken from Ng et al., 2010 [155].
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A similar plot was created by Cubison et al. [156] of f¢g vs f44 for understanding the
evolution of biomass burning plumes showing the oxidation of levoglucosan along the
x-axis and atmospheric aging of the bulk OA on the y-axis, which similar to Ng et al.
[155] observed the convergence to high f;4 and low f¢, values with aging. Furthermore,
AMS can be paired with statistical techniques such as Positive Matrix Factorisation
(PMF) which groups characteristic m/z fragments into "factors" providing temporal
information on the sources contributing to the sampled OA [157]. For instance, Chen
et al. [30] applied a rolling PMF approach which observed during winter months in
Europe solid fuel combustion is a significant source of OA, constituting on average
21.4 % of the total OA.

The invention of the Filter Inlet for Gases and AEROsols coupled to Chemical
Ionisation Mass Spectrometry (FIGAERO-CIMS) [158] and the CHemical Analysis of
aeRosol ON-line (CHARON) inlet for Proton Transfer Reaction Time of Flight MS
(PTR-ToF-MS) [159] has revolutionised the ability to obtain online detailed chemical
composition measurements of OA. Both instruments use soft ionisation techniques
enabling less fragmentation of the molecular ion compared to AMS. In the FIGAERO
inlet gas and aerosol phases are sequentially analysed. Aerosol is sampled onto a fil-
ter whilst the gas phase is analysed in real-time before switching to the aerosol phase
which is thermally desorbed from the filter for analysis. The thermal desorption pro-
duces a thermogram enabling distinct signal responses from semi-volatile and low-
volatility products [158] which can provide information on the aging of SOA products
over time as they become increasingly oxidised and hence less volatile [160]. In urban
air the FIGAERO technique was reported to explain 24 % of the total OA measured by
AMS [161]. Whereas the CHARON inlet operates differently to the FIGAERO. First, a
thermal denuder removes gas phase species and then the particles are directed through
an aerodynamic lens which enriches the particle phase for analysis and finally the com-
ponents from the particle phase are volatilised in a thermal desorption unit. The lack
of filter collection in the CHARON inlet could therefore reduce potential sampling
artifacts compared to other online techniques [159]. Furthermore, the total organics
measured by the CHARON PTR-MS was observed to agree within a factor of 2 to that
from AMS measurements [162]. This list is not exhaustive and there are other online

MS techniques for SOA characterisation, such as, extractive electrospray ionisation
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time-of-flight mass spectrometer (EESI-TOF) which uses charged droplets created by
the electrospray to extract the soluble aerosol components in real time [163]. Recently,
the EESI source has been coupled with an Orbitrap mass detector to enable real time
high resolution measurements as well as gain insights into a molecular structures from
tandem mass spectrometry [164].

Furthermore, the ionisation of species within a PTR-ToF-MS is considered to be
universal as the proton transfer reaction to produce MH" ions proceeds at the collision
frequency if the proton affinity of the analyte is greater than 10 kcal mol™!. This cri-
teria satisfies many polar and non polar organic compounds found in the atmosphere
and means quantification can be achieved from collision theory without the use of an
analytical standard [165]. However, both AMS and CIMS similarly to ESI experience
ionisation effects [154, 166—168] which are species dependent and often not fully ac-

counted for.

1.6.3 Non-Target Mass Spectrometry Analysis

One of the disadvantages of MS techniques is the small percentage of total OA mass
analysed when identifying individual markers. This analysis of known compounds is
referred to as targeted analysis and depends on the availability of authentic standards
for quantification. In the analysis of organic aerosol there are relatively few commer-
cially available standards and therefore, targeted analyses do not represent the com-
plete composition. For instance, in a targeted analysis of PM, 5, Pereira et al. [169] only
identified 20 SOA markers with authentic standards which equated to less than 1.1 %
of the total mass. Therefore, analysis of the "bulk" OA composition is highly advanta-
geous. A more powerful analysis technique of bulk composition has been developed
for use in MS applications which enables molecular formula assignments of all de-
tected analytes. This is known as non-target analysis (NTA) and has been increasingly
applied to the UHPLC-HRMS analysis of OA in recent years [139, 169-174], as well as,
GCxGC-MS applications [175]. The power of the NTA technique coupled to UHPLC-
HRMS is nicely demonstrated by Wang et al. [139] who observed between 1961-28696
features in PM, 5 samples from Mainz and Beijing. Of these detected features, 57-78 %
were assigned to molecular formulae with a mass tolerance less than 2 ppm error [139].

These studies can provide insight into the sources of aerosol, the impact of aging on
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chemical composition and the molecular structure from elemental ratios of hydrogen-
to-carbon (H:C) or O:C or nitrogen-to-carbon (N:C), carbon oxidation state and double
bond equivalents [116, 176, 177]. These metrics give an indication of how oxygenated
or oxidised the compound is, as well as, how many double bonds or aromatic rings or
heteroatoms are present in the molecule. Kim et al. [176] also showed that the plot
of H:C vs O:C, known as a Van Krevelen diagram, could provide unique fingerprint
regions for different chemical classes due to the occupation of different H:C vs O:C
space. These types of analysis and application to OA are presented in much greater
detail in Chapter 3.

However, the main issue with NTA studies coupled to offline HRMS techniques at
present is the use of limited metrics such as number of formulas or peak area to rep-
resent a species’ relative abundance when there are no authentic standards available
for quantification [139, 169-174, 178-180]. As mentioned in Section 1.6.1, ESI has a
known ionisation efficiency effect, therefore, using peak area could lead to misinter-
pretations of source apportionment in these studies. NTA of OA would therefore ben-
efit from approaches which can account for ionisation efficiency leading to improved
quantification, for example, predictive ionisation efficiency models or surrogate stan-
dard quantification [181-185]. This is currently an active and growing field of research
across many environmental matrices which is discussed in greater depth for OA appli-

cations in Chapter 2.
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1.7 Thesis Outline

Overall this thesis aims to improve our understanding of biomass burning organic
aerosol (BBOA) and the atmospheric chemical mechanisms that lead to its formation.
Using UHPLC-ESI-HRMS, investigations into the chemical characterisation of BBOA
from a range of different conditions were taken using novel non-target methodologies
which deliver improvements in the quantification of unknown species. By improving
our understanding of the chemical composition of BBOA it is possible to infer the
impact of biomass burning emissions on human health by linking the composition
with toxicity estimates and on climate by understanding species contributing to BrC.
In addition, understanding the chemical mechanisms of BBVOCs enables more reliable
estimates of SOA and O3 formation potentials from biomass burning in air quality
modelling, therefore, enabling an understanding of the impact on local, regional and
global scales. From this research, improvements can be made to air quality policy such
as that surrounding the use of solid fuel combustion in urban areas and improved
insights into the growing global detrimental impact of increased biomass burning can
be gained.

Chapter 2 presents the development of a semi-quantitative strategy for use in non-
target compositional analysis of complex OA samples. Quantification is achieved from
multiple close eluting and chemically similar surrogate standards within short reten-
tion time windows of the unknown analyte. Overall, the new method performs well
when compared to other quantification strategies in non-target analysis such as pre-
dictive ionisation efficiency models and highlights the inadequacy of not accounting
for ionisation efficiency (i.e. peak area).

Chapter 3 presents the application of the semi-quantitative non-target methodol-
ogy developed in Chapter 2 to wood burning organic aerosol from a series of controlled
burn experiments performed at the Manchester Aerosol Chamber in 2022. The cam-
paign aimed to understand compositional differences between flaming and smoulder-
ing burn phases and the impact of atmospheric aging. This work highlights the impor-
tance of the burn phase on the total aromatic contribution to the organic aerosol and
thereby the implications for toxicity.

Chapter 4 presents the development of a near-explicit chemical mechanism of an
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important understudied BBVOC, guaiacol, for inclusion into the MCM. The mech-
anism is validated against results from a series of atmospheric simulation chamber
experiments conducted at the EUropean PHOtoREactor in May 2023. The proposed
mechanism is able to well reproduce the observable chemistry. The analysis of several
particulate phase guaiacol oxidation products is also presented to understand the po-
tential difference between night- and daytime emission sources. This work highlights
the difference between night and day emissions of guaiacol on the composition of SOA
formed in relation to toxicity and atmospheric chemistry.

Chapter 5 provides a summary of the findings and conclusions from Chapters 2 to
4 and a discussion of future research topics to further improve the analysis of BBOA
and the gaps that remain in our understanding of the atmospheric chemistry from

biomass burning.
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Chapter 2

Development of a semi-quantitative
non-target approach for compositional

analysis of complex OA

2.1 Introduction

The ability to probe molecular composition has been revolutionised by liquid chro-
matography coupled to electrospray ionisation (ESI) high resolution mass spectrom-
etry (LC-HRMS). LC-HRMS coupled with non-target analysis (NTA) methods allows
the detection of thousands of compounds present within complex sample matrices
compared to a relatively small number of compounds (< 100) in targeted analyses.
For instance, in a targeted analysis of ambient particular matter, Pereira et al. [169]
only identified 20 compounds which equated to less than 1.1% of the total mass, high-
lighting the significant advantages of using NTA. NTA approaches using LC-HRMS
have previously been applied to detect emerging contaminants and hazardous sub-
stances in a range of complex samples such as environmental matrices and the food
and drink industry [169, 186-188]. However, quantification of unknown compounds
remains challenging as traditional methods of calibration with authentic standards
are not possible due to the lack of commercial availability and the sheer numbers of
detected compounds.

For this reason many prior NTA studies of complex samples use metrics such as

peak area and number of molecular formulas to convey the relative abundance of
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different compounds [169, 172, 178-180, 186, 189]. However, the variability in the
relationship between instrument signal and compound concentration means this ap-
proach does not lead to accurate quantification [149]. This phenomenon is a result of
ionisation efficiency, which is a measure of the ability of a species to ionise within the
ESI source. Ionisation efficiency is highly structural specific and can vary by multiple
orders of magnitude between different compounds including structural isomers [148,
149]. Additionally, the choice of ESI source, mobile phase, pH and the percentage
of organic modifier content across a gradient elution programme could further affect
ionisation efficiency [190-193]. However, Kruve [190] observed that generally ionisa-
tion efficiency values were well correlated between methanol and acetonitrile mobile
phases.

Recent efforts to quantify unidentified compounds have utilised machine learning
to build predictive models of ionisation efficiencies using physicochemical properties
of analytes such as pKa, polarity and the mobile phase composition [148, 190, 194,
195]. Alternatively, a second class of models predict relative ionisation efficiencies
(RIE), i.e. how well a species ionises relative to a reference compound [181, 182, 185,
196]. Despite differences in the reference compound, the predictive RIE models de-
veloped by Mayhew et al. [182] and Bryant et al. [185] and Liigand et al. [181] per-
form similarly with R? and root-mean-square error (RMSE) ranging from 0.62-0.66
and 0.35-0.59 respectively. Furthermore, the model developed by Liigand et al. [181]
was constructed using data from a range of chromatographic conditions however lit-
tle effect was observed on the model prediction accuracy. Application of the Liigand
et al. [181] model to quantify myotoxins and pesticides in cereals yielded a quantifi-
cation error of 5.4 which is defined as the ratio between predicted concentration and
the true concentration certified via an authentic standard. However, the main draw-
back of these models is the need to know the structure for quantification. In a NTA
workflow the number of structurally assigned compounds is usually low compared to
the total number of detected compounds [169], which can be further impacted by the
instrumental workflow and data quality across multiple samples. For instance, the
use of data dependent fragmentation mass spectrometry (ddMS?) will fragment the
top most abundant ions per scan. A more recent approach used fragmentation spectra

(MS?) to obtain molecular descriptors for the prediction of the ionisation efficiency,
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allowing non-structurally identified compounds to be quantified with an average pre-
diction error, the ratio of predicted:true concentration, of 4 [197]. However, in data-
dependent analysis used in 60% of NTA studies for environmental matrices [198], not
all compounds will reach the threshold for subsequent fragmentation. Therefore, if
relying on MS? spectra for quantification there can be a loss of compositional informa-
tion. For example, Wang et al. [146] observed in a typical non-target workflow using
data-dependent acquisition that only 39% of detected compounds have MS? spectra
meaning the majority of data was discarded from compositional analysis. Using data-
independent acquisition (DIA) can provide improved MS? spectral coverage [199] and
recent advances in DIA strategies such as sequential window acquisition of all the-
oretical fragment ion spectra mass spectrometry (SWATH-MS) provide high quality,
quantitation accuracy and reproducibility [200]. However, the data processing to de-
convolute the DIA spectral output can be more challenging and time consuming [199].

Complete characterisation of molecular composition requires all compounds with
and without MS? spectra to be quantified. The analysis presented here uses a quantifi-
cation methodology known as semi-quantification where multiple proxy standards are
used for quantification via surrogate calibration curves. In many semi-quantification
studies to date, typically a singular structurally similar proxy standard is used [171,
201-209]. However, the selection of an appropriate surrogate is essential to reduce
quantification errors [210]. Reported semi-quantification errors, defined as the ratio
of predicted:true concentration, can be as high as 10 [170, 171, 184, 201]. The study
of organosulfates in organic aerosol (OA) which are commonly used as tracers for sec-
ondary organic aerosol (SOA), has widely applied semi-quantification methods [202-
205, 207-209, 211]. For example, Li et al. [202] suggested using camphorsulfonic acid
as a surrogate standard for nitroxy organosulfates due to its similar structure. For C,-
Cj organosulfates multiple studies use glycolic acid sulfate as a proxy [203-205]. How-
ever, this incorrectly assumes that all compounds of the same chemical class, in this
case organosulfates, ionise equally to that of a singular quantification marker. In real-
ity, ionisation in an ESI source is structurally specific, can increase with retention time
[212] and be affected by gradient elution due to changes in mobile phase [211]. There-
fore, improved semi-quantification methods adopt closely eluting surrogate standards

to the target compound [183, 184, 206-208, 213] with reported prediction errors of
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1.74 - 3.20 compared to quantification with authentic standards. However, the major-
ity of semi-quantification studies using structurally similar surrogate standards were
only applied to quantify a small subset of compounds (< 10) and were quantified us-
ing a singular marker [183, 201-203, 205]. In this Chapter, a new semi-quantification
method is presented using 110 authentic standards and a series of 25 different reten-
tion time windows to derive functional group specific scaling factors and uncertainty
estimates from multiple proxy standards with a range of ionisation efficiencies in each
window. The new methodology was then applied within a NTA workflow for the com-
positonal analysis of chamber generated biomass burning organic aerosol (BBOA) from

wood burning, containing up to 2357 detected organic compounds in a single extract.

2.2 Methodology

2.2.1 Sample collection

The samples were taken from a series of wood burning experiments conducted at the
Manchester Aerosol Chamber (MAC). The design and characterisation of the MAC has
previously been described in detail in Shao et al. [214]. In brief, the wood burning ex-
periments aimed to investigate the impact of the burn phase, i.e. flaming and smoul-
dering conditions, on the physical and chemical characteristics of the emitted aerosol.
Particulate matter was sampled onto filters either at the flue of the wood burner for
5 minutes at 2 L/min or after an aging period (= 6 hours) in dark or light conditions
inside the MAC at a flow rate of 3 m®/min for 4 minutes. Under dark conditions no
further oxidants were added to the chamber therefore it does not reproduce the chem-
istry of a nitrate radical (NOj3) or ozone (O3) oxidation observed in the atmosphere at
night. Instead, changes in the aerosol composition are likely driven by evaporation
and in-particle chemistry. We define these 3 sample types per burn phase as fresh flue,
dark aged and light aged (photo-oxidation). The fresh samples and photo-oxidation
experiments are used in Chapter 3 where the procedure is explained in greater detail.

Quartz filters (Whatman QMA, 47mm) were individually wrapped in foil and pre-
baked at 500°C for 5 hours prior to use. After collection, the filters were wrapped
in the pre-baked foil then stored in the freezer at the University of Manchester before

being transported at -20 °C to the University of York for offline ultra-high-performance
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liquid chromatography coupled to high resolution mass spectrometry (UHPLC-HRMS)

analysis.

2.2.2 Non-Target Ultra-High-Performance Liquid Chromatography
High Resolution Mass Spectrometry (UHPLC-HRMS)

2.2.2.1 Filter extraction

The 47 mm quartz filters collected from the chamber experiments in Section 2.2.1 were
cut into 1 cm? pieces, placed in a 20 mL glass vial and 10 mL of methanol (LC-MS
Optima Grade) was added. However for fresh samples taken from the stove flue, half
a 47 mm filter was used due to their higher mass concentration. The resulting solution
was sonicated for 45 minutes, using ice packs to lower the temperature of the water
bath. The methanol extract was transferred to a second 20 mL glass vial using a 0.22
pum syringe filter (Milipore) then dried using a Genevac vacuum solvent evaporator.
The sample was reconstituted in 200 yL 90:10 H,O (LC-MS Optima Grade): MeOH
(LC-MS Optima Grade) for UHPLC-HRMS analysis.

2.2.2.2 Authentic standard preparation

110 authentic standards were chosen for the construction of the semi-quantitative ap-
proach. The functionality of the standards reflect those which are expected to ionise
favourably in negative mode electrospray ionisation (ESI). Authentic standard solu-
tions, using compounds in Table 2.1, were prepared in mixtures of 50:50 MeOH:H,O
with no overlapping of retention time between standards across the concentration

range: 5, 2.5, 1, 0.5, 0.25, 0.125 and 0.0625 ppm.
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Table 2.1: Retention time windows and 110 standards used in the construction of the semi-

quantification methodology. An asterisk (*) denotes identification in wood burning OA samples

Retention time
window

/ min

Chemical

class

Standards in window

Window
key

0-1

CHO

pyruvic acid, malonic acid, maleic acid, succinic
acid*, malic acid, L(+) tartaric acid, aconitic acid,

citric acid and shikimic acid

1-2

CHO

crotonic acid, acetoxyacetic acid, methylmalonic

acid, citraconic acid*, itaconic acid, levulinic

acid*, glutaric acid®, methylsuccinic acid, 1,2,4-butane-

carboxylic acid and 3,4-dihydroxybenzoic acid*

2-3

CHO

valeric acid, 2-hydroxy-3-methylbutyric acid,
adipic acid*, 1,3-butadiene-1,4-carboxylic acid
2,5-dihydroxybenzoic acid and 3,4-dihydroxy-

phenylacetic acid

3-4

CHO

butyric acid, furoic acid, 4-hydroxybenzoic acid
2,6-dihydroxybenzoic acid*, 4-hydroxyphenyl-

acetic acid and DL-mandelic acid

4-5

CHO

3,3-dimethylglutaric acid*, 3-methyladipic acid*,
pimelic acid, 4-hydroxybenzaldehyde*, 3-hydroxy-
benzoic acid, 4-methyl-catechol*, 3-hydroxyphenyl-

acetic acid, vanillic acid and homovanillic acid

5-6

CHO

3,3-dimethylacrylic acid, DL-alpha-hydroxycaproic
acid, 1,4-cyclohexanedicarboxylic acid, vanillin*
3-(4-hydroxyphenyl)propionic acid*, 2,6-dimethoxy-

benzoic acid, 3,5-dimethoxy-4-hydroxybenzoic acid*

6-7

CHO

isophthalic acid, phenoxyacetic acid, hydroxy-

cinnamic acid* and p-coumaric acid

7-8

CHO

4-hydroxy-3-methoxycinnamic acid, homoveratric
acid, 2,4,5-trimethoxybenzoic acid, 3,5-dinmethoxy-

4-hydroxycinnamic acid, sorbic acid, benzoic acid,

suberic acid*, phenylacetic acid, 2-hydroxy-3-methoxy-

benzoic acid and 3,4-dimethoxybenzoic acid

8-9

CHO

ketopinic acid, pinonic acid, 5-methoxysalicylic

acid and 3,4,5-trimethoxybenzoic acid*
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9-10 CHO camphoric acid and 4-methoxybenzoic acid j
2-benzylsuccinic acid, 2,3-napthalenedicarboxylic
10-11 CHO k
acid, o-toluic acid and azelaic acid*
4,4-bis(4-hydroxyphenyl)valeric acid, m-toluic acid
11-12 CHO p-toluic acid, 3,5-dimethoxybenzoic acid and 1
trans-cinnamic acid
12-13 CHO 2-methoxycinnamic acid and 3-methoxycinnamic acid m
4-phenylbutyric acid*, sebacic acid*, 1-napthlacetic
13-14 CHO n
acid and 2-benzoylbenzoic acid
3-hydroxy-2-napthoic acid, isoborneolacetic acid
14-16 CHO o
3,4-dimethylbenzoic acid
16-18 CHO 4-tert-butylbenzoic acid P
18+ CHO dodecanoic acid, cholic acid and nonanoic acid other
0-3 CHON  2-nitrobenzoic acid a
3-6 CHON  2-nitroresorcinol and 4-nitrocatechol* b
2,4-dinitrophenol*, 2-nitrophenol, 3-nitrophenol
6-9 CHON C
and 4-nitroguaiacol*
2-methyl-4-nitrophenol*, 4-methyl-3-nitrophenol, 2-methyl-
9-11 CHON  5-nitrophenol, 2-methyl-3-nitrophenol and 3-methyl- d
4-nitrophenol and 4-methoxy-2-nitrophenol
11-12.71 CHON  2,6-dimethyl-4-nitrophenol* e
2-methyl-6-nitrophenol, 4-methyl-2-nitrophenol
12.71-14.9 CHON f
and 5-methyl-2-nitrophenol
14.9-18 CHON 4-nitro-1-naphthol* g
18+ CHON 2-nitro-1-naphthol other
- CHOS camphorsulfonic acid -

2.2.2.3 UHPLC-HRMS analysis

Filter sample extracts and authentic standard solutions were analysed using an Ul-

timate 3000 UHPLC (Thermo Scientific, USA) coupled to a Q Exactive Orbitrap MS

(Thermo Fisher Scientific, USA) with heated electrospray ionisation (HESI) in nega-

tive mode. Compound separation was achieved using a reversed phase C;g 2.6 ym

x 2.1 mm x 10 mm Accucore column held at 40 °C. The mobile phase consisted of

0.1 % (v/v %) formic acid (Acros Organics) in water (A, LC-MS Optima Grade) and

methanol (B, LC-MS Optima Grade). A gradient elution was used, starting at 90 %
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(A) with a 1 minute post injection hold, decreasing to 10 % (A) at 26 minutes before
returning to the starting conditions at 28 minutes and a further 2 minute hold to allow
for the re-equilibration of the column. The flow rate was set to 0.3 mL min™!. Prior to
analysis samples were stored in an autosampler tray at 4 °C. The injection volume was
set to 4 uL, however injection volumes up to 10 yuL were used for lower concentration
samples. The HESI was operated under the following conditions: a spray voltage of 4
kV, a capillary and auxiliary gas temperature of 320 °C, a sheath gas flow rate of 45
(arb.) and an auxiliary gas flow rate of 10 (arb.) Spectra were acquired in negative and
positive mode using data dependent tandem mass spectrometry (ddMS?). The scan
range was set to a mass-to-charge ratio (m/z) of 85 to 750, with a mass resolution of
140,000. Tandem mass spectrometry was performed using a higher collision dissocia-
tion with a stepped normalised collision energy of 10, 20 and 45. In each scan the 10
most abundant species were selected for MS? fragmentation.

The wood burning samples were analysed once by UHPLC-HRMS along with sol-
vent blanks and chamber blanks, taken from a clean chamber. The UHPLC-HRMS
methodology is based on a well-characterised method developed by Bryant et al. [88]
and Pereira et al. [169] for the exploratory compositional analysis of OA. These chro-
matographic conditions enable the separation of a wide range of polar and non-polar
compounds [136] and the more acidic mobile phase can improve chromatographic re-

tention and resolution, as well as increase sensitivity [215-217].

2.2.2.4 Non-Target Analysis (NTA) workflow

Spectra were acquired using XCalibur 4.3 (Thermo Scientific, USA) and analysed using
an untargeted workflow developed in MZmine 2.53 and MZmine 3.9.0 software [218,
219]. Detailed NTA workflows are given in Tables 2.2 and 2.3.
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Table 2.2: Workflow and module parameters for the non-target feature detection in MZmine 2.53

Mass Detection Retention time = 0 - 20 min
MS Level = 1
Polarity = -

Spectrum type = profile
Mass detector = Exact Mass
Noise level = 50000

FTMS Shoulder Peaks Filter Mass resolution = 140,000

Peak model function = Lorentzian

Mass Detection Retention time = 0 - 20 min
MS Level = 2
Polarity = -

Spectrum type = profile
Mass detector = Exact Mass

Noise level = 0

ADAP Chromatogram Builder =~ Min group size in # of scans = 5
Group intensity threshold = 50000
Min highest intensity = 60000

m/z tolerance = 0.001 m/z or 3 ppm

Smoothing Filter width =7

Chromatogram Deconvolution  Algorithm = local minimum search
Chromatographic threshold = 80 %
Search minimum in RT = 0.3 min
Minimum relative height = 30 %
Minimum absolute height = 50000
Min ratio of peak top/edge = 1.2
Peak duration = 0 - 2 min
m/z centre calculation = median
m/z range for MS2 scan pairing = 0 Da

RT range for MS2 scan pairing = 0.05 min

Join Aligner m/z tolerance = 0.001 m/z or 3 ppm
Weight for m/z =3
RT tolerance = 0.1 min

Weight for RT =1

Isotopic Peaks Grouper m/z tolerance = 0.001 m/z or 3 ppm
RT tolerance = 0.01 min
Maximum charge =1

Representative isotope = most intense

Duplicate Peak Filter Filter mode = new average
m/z tolerance = 0.0008 m/z or 1.5 ppm

RT tolerance = 0.01 min

Formula Prediction Charge =1
Ionisation type = [M-H]-
m/z tolerance = 0.001 m/z or 3 ppm
Max best formulas per peak = 5
Elements = C;.490H0-10001-10N0-450-2Clo-2
Element count heuristics Y

RDBE restrictions Y
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Table 2.3: Workflow and module parameters for the spectral library search in MZmine 3.9.0

Mass Detection

Retention time = 0 - 26 min
MS Level =11

Polarity = -

Spectrum type = profile
Mass detector = Exact Mass

Noise level = 50000

Mass Detection

Retention time = 0 - 26 min
MS Level =2

Polarity = -

Spectrum type = profile
Mass detector = Exact Mass

Noise level = 0

ADAP Chromatogram Builder

RT =0 - 26min
MS level = 1
Polarity = -

Spectrum type = profile

Min group size in # of scans = 5

Min intensity for consecutive scans = 10000
Min highest intensity = 50000

m/z tolerance = 0.0008 m/z or 2 ppm

Minimum Search Feature Resolver

Algorithm = local minimum search

Chromatographic threshold = 90 %

Minimum search range in RT = 0.3 min

Minimum absolute height = 50000

Min ratio of peak top/edge = 1.5

Peak duration = 0 - 2 min

Minimum scans = 5

MS/MS scan pairing = TRUE

MS1 to MS2 precursor tolerance = 0.01 m/z or 10 ppm

Isotopic Peaks Grouper

Chemical elements = C,H,O,N,S,C1
m/z tolerance = 0.0005 m/z or 10 ppm
Maximum charge = 1

Search in scans = single most intense

Join Aligner

m/z tolerance = 0.0008 m/z or 2 ppm
Weight for m/z =3
RT tolerance = 0.1 min

Weight for RT =1

Spectral Library Search

Scans for matching = MS level > 2 (Merged)
Precursor m/z tolerance = 0.001 m/z or 5 ppm
Spectral m/z tolerance = 0.0015 m/z or 10 ppm
Minimum matched signals = 4

Similarity = weighted cosine similarity

Minimum cos similarity = 0.7

Handle unmatched signals = keep all and match to 0

RT tolerance = 0.25 min
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MZmine 2.53 software assigned molecular formulae to detected features and
MZmine 3.9.0 software enabled identification of species via an in-house built spectral
library of authentic standards. The workflows were then merged for the remainder of
the analysis. Post processing of the MZmine output was achieved by (i) choosing the
best formula predicted by MZmine 2.53, (ii) performing a blank subtraction and (iii)
removing duplicated data. Formula predictions were allocated providing the follow-
ing criteria was met: 0.5 < H/C < 3.0, 0.05 < O/C < 2.0, N/C < 1.0, S/C < 0.5 and
Cl/C < 0.2. The formula with the lowest mass tolerance in ppm was then selected
as the "best" formula. The accuracy of the formula prediction is essential for the suc-
cessful application of the semi-quantification methodology. In a previous study the
algorithm for formula prediction in the MZmine 2 framework was tested across 48
chemicals observing that 79 % of compounds were predicted correctly as the highest
ranking candidate (i.e. lowest difference in ppm) [220]. In this study, 12066 features
were identified in total across all chemical functionality in the wood burning extracts
with the highest ranking candidate accepted as the "best" formula for 97.6 % of fea-
tures. Furthermore, the possibility a CHO species could be mistakenly predicted as a
CHON compound was minimal given the odd mass of odd nitrogen species and the
isotope fitting applied in the MZmine workflow. However, in the 443 cases where a
CHO species had a CHON compound as the second ranking candidate which occurred
exclusively for CyH,O5 compounds, the second candidate was a C,H;N4O compound.
This is a highly unlikely combination of heteroatoms to be observed in OA and there-
fore formula misidentifications were considered to be minimal in this work. Blank
subtraction involved three steps: (1) common species detected in the sample and fil-
ter blank or chamber blank were removed if the sample-to-filter-blank signal was <
10 or sample-to-chamber-blank signal ratio was < 10 to ensure removal of all false
positive peaks; (2) a list of the 20 most abundant surfactants and chlorinated organon-
itrate compounds in the chamber background, not removed in the first step due to
large signals, were also removed from the sample owing to poor chromatography; (3)
only species with a signal-to-noise ratio > 3 were accepted. In the final step (iii) species
which also ionised in positive mode were only retained in the negative mode analysis if
better ionisation (i.e. larger peak area) was achieved. This step, although not crucial for

this work as the semi-quantification method was developed in negative mode, enables
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positive and negative mode to be merged in future analysis where ideally NTA covers
both compositional spaces. This workflow was applied to the wood burning aerosol
extracts in order to evaluate its performance compared to traditional peak area meth-
ods frequently used in OA analysis. In total 389 - 2357 features for semi-quantification
were detected by the NTA across the different samples, where variation in the feature

detection is largely due to variability in filter mass concentration.

2.2.3 Determination of matrix effects and recovery

Whilst the standard solutions used to construct the methodology were analysed in
pure solvent, matrix effects can arise when in the wood burning sample matrix [151,
152] leading to enhancement or suppression of peak signal. This can result in over-
or under-estimations of species concentration. 27 species were structurally identified
to Schymanski Level 1 [221] in the wood burning samples shown in Table 2.1 and
therefore the matrix effect was evaluated for these compounds. Using quality control
recommendations by Schulze et al. [222], a pooled sample of wood burning samples
was taken to represent an "average" sample matrix effect. Of each sample, depending
on availability a 25-75 uL aliquot was taken and combined into a pooled sample (450
uL in total). Due to the low sample availability the matrix effect was determined from
a 4 point internal standard calibration. 10 uL aliquots of 2.5, 2.0, 1.5 and 1.0 ppm
standard solutions of the 27 analytical standards in 90:10 H,O:MeOH were spiked
into four 90 uL aliquots of the pooled sample, giving a 1 in 10 dilution to produce
the final calibration concentrations of 250, 200, 150 and 100 parts per billion (ppb) as
well as a blank pooled sample. The same volume of stock solution was then spiked into
90uL of 90:10 H,O:MeOH to produce pure standard solutions at the same concentra-
tions for comparison. Calibration curves of the pure standard solutions and the inter-
nal standard solutions were constructed. Of the 27 identified compounds only those
with a linear standard addition calibration curve (R? > 0.8) (Table 2.4) were evaluated
for matrix effects to reduce the impact of anomalous compounds with poor linearity.
These calibrations were more highly perturbed by the matrix and were predominantly
compounds which eluted early (< 2 minutes) as seen previously [223] or had lower
ionisation efficiencies (x10°-107). In the external calibrations the R? was greater than

0.98 for 26 of the 27 identified compounds and therefore the deterioration in linearity
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can be attributed to the matrix.

The matrix effect is expressed as the ratio of the internal standard to external stan-
dard calibration gradient for each compound. The peak area of the internal standards
was determined by subtracting the pooled sample peak area from the spiked pool
sample peak area. The gradient matrix effect was then determined as the ratio of the
internal standard to external standard calibration gradient for each compound (Table
2.4). To further understand the impact on species concentration standard addition
calibration curves were constructed from the spiked pooled samples without remov-
ing the pooled sample peak area and then extrapolating the line to y = 0 to determine
the pooled sample concentration. This concentration was the compared to that de-
termined from solving the external calibration regression line at the pooled sample
peak area. The concentration matrix effect reported in Table 2.4 is expressed as the
ratio of the externally calibrated concentration to the standard addition determined
concentration.

Recovery of 27 analytical standards which were identified in the wood burning
samples were determined from spiking 50 yL of a 100 ppm standard solution for each
standard onto a blank filter to achieve an on column concentration of 5 ppm or 5 ug
mL. The spiking procedure was repeated 3 times on 3 separate filters. Each spiked
filter and a blank non-spiked filter were extracted according to the methodology de-
scribed in Section 2.2.2.1. A pure 1 mL stock solution of 5 ppm of each analyte in
90:10 H,O:MeOH was made up and analysed by UHPLC-HRMS at the same time as
the spiked filters to determine the analyte recovery shown in Table 2.4, calculated as
the percentage of the filter peak area at 5 ppm compared to the 5 ppm pure standard
solution.

Peak detection for the matrix effect and recovery compounds was computed us-
ing an accurate mass and retention time library in TraceFinder 4.1 (Thermo Scientific,
USA) with a retention time window of 30 seconds and a minimum signal-to-noise ratio
of 3. For species not detected by the TraceFinder library, the peak area was manually
integrated in the acquisition software XCalibur 4.3 (Thermo Scientific, USA). For lev-
ulinic acid the repeatability of the recovery samples was poor therefore a single sample

was taken resulting in the lack of a standard deviation value in Table 2.4.
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Table 2.4: Calculated matrix effects and percentage analyte recovery from the filter extraction associ-

ated with the semi-quantification methodology and the relative standard deviation (RSD) associated

with the extraction recovery for the identified species in the wood burning extracts

Compound Extraction RSD / % Gradient Concentration
recovery / % matrix effect  matrix effect
2,6-dihydroxybenzoic acid 104.4+ 2.9 2.7 - -
2,6-dimethyl-4-nitrophenol 75.8 +3.2 4.2 - -
2-4-dinitrophenol 80.7 +11.1 13.8 - -
2-methyl-4-nitrophenol 92.5+12.3 13.3 0.759 0.557
3,4,5-trimethoxybenzoic acid 94.0 + 4.2 4.4 -
3,4-dihydroxybenzoic acid 91.4+3.1 3.4 0.943 0.927
3,5-dimethoxy-4-hydroxybenzoic acid ~ 80.5 + 2.5 3.0 0.850 0.994
3-(4-hydroxyphenyl)propionic acid 85.3 +10.2 11.9 - -
3-hydroxy-2-napthoic acid 825+1.5 1.8 0.762 0.145
3-methyladipic acid 76.2+2.3 3.1 0.914 1.658
4-hydroxybenzaldehyde 80.9+0.5 0.7 0.644 1.254
4-methyl-catechol 62.5+10.2 16.3 0.708 0.770
4-nitro-1-napthol 61.6+4.3 7.0 - -
4-nitrocatechol 96.5 + 8.4 8.7 0.449 0.559
4-nitroguaiacol 74.6 £ 3.2 4.3 - -
4-phenylbutyric acid 82.8+7.1 8.5 - -
adipic acid 94.6 + 1.8 1.9 0.145 0.116
azelaic acid 90.9 +5.2 5.8 0.754 0.732
citraconic acid 97.5+11.2 11.5 2.260 1.870
glutaric acid 110.5 + 14.6 13.2 1.410 0.960
hydroxycinnamic acid 86.4 +3.9 4.5 0.785 0.837
levulinic acid 146.8 - 0.957 1.485
methylsuccinic acid 97.7 £ 6.7 6.8 - -
sebacic acid 95.2+2.3 2.4 0.905 1.271
suberic acid 100.8 £ 4.0 4.0 0.660 0.743
succinic acid 92.5+4.38 5.2 - -
vanillin 54.4 +6.7 12.3 0.781 0.861
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2.3 Results and discussion

2.3.1 Evaluation of matrix effects and recovery

Average matrix effects were determined from the 17 internal calibrations with R? >
0.8. On average, the gradient matrix effect was relatively low (0.864 + 0.442) and
showed the external standard gradient was higher, by = 15 % than the internal cali-
bration gradient. However, this difference in ionisation efficiency is likely accounted
for within the uncertainty of the semi-quantification method by adopting upper and
lower quartile gradients per retention time window. The ratios of the externally cali-
brated concentrations to the standard addition calibration were also calculated with a
mean average of 0.925 + 0.475, indicating that the use of an external calibration can
underpredict concentration in this case. Using the classification adopted for quality
control and method validation for pesticide analysis as there is yet a universal quality
assurance and control framework to exist for OA [222], the calculated matrix effects are
within the accepted range of + 20 % suppression or enhancement [224-227] and com-
parable to a previous OA study [228]. Nonetheless, in a non-target analysis where the
majority of compounds are unknown it is impossible to quantify an exact matrix effect
for each compound and using a surrogate internal standard cannot fully compensate
for the analytical variation [229]. Furthermore, the extraction recovery of an analyte
from OA collected on a filter can be challenging to exactly replicate in a laboratory as
this involves the recovery from a matrix adsorbed onto a second matrix. Instead, the
recovery of the 27 identified compounds was approximated from spiking standards at
known concentration onto a blank filter resulting in an average recovery of 88.5 + 3.9
% (Table 2.4). The relative standard deviation of the individual recoveries in Table 2.4

were less than 20 % and therefore were considered satisfactory [230].

2.3.2 Development of the semi-quantitative approach

To overcome differences in ionisation efficiencies, calibration is required using au-
thentic standards. However, in a complex sample containing thousands of unknown
species the lack of commercially available authentic standards means accounting for

ionisation efficiency is practically impossible. Instead, a semi-quantification approach
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can be used in which calibration gradients from proxy standards are applied to un-
known species. Calibration gradients for oxygenated (CHO), organonitrate (CHON)
and organosulfate (CHOS) species were obtained across a 7 point calibration curve
for each analytical standard. Concentrations were analysed in triplicate, the linear fit
was not forced through 0 and y-axis intercepts were ignored as in Bryant et al. [185].
110 standards were used in total; 90 predominantly organoacids and alcohols, for the
CHO class, 19 nitroaromatic standards for the CHON compounds and the use of cam-
phorsulfonic acid for CHOS species. Due to the operation of the ESI source in negative
mode, the chosen standards were expected to ionise favourably under these conditions.
The standards and their corresponding gradients are presented in Evans et al. [231].
The acquired chromatogram from the UHPLC-HRMS method was divided into re-
tention time windows assigning each authentic standard to a retention time window,
as shown in Table 2.1. For CHO the number of standards allowed retention time win-
dows of 1 minute from 0 - 14 minutes and windows of 2 minutes from 16 - 20 minutes
resulting in 17 retention time windows. For CHON retention time windows range
between 2-3 minutes due to the lower number of available standards resulting in 8
retention time windows. A scaling factor was obtained for each retention time group
by calculating the median calibration gradient across the authentic standards within
each retention time group. To allow for estimates of uncertainty, the lower quartile,
upper quartile, minimum and maximum calibration gradients were also computed per
retention time window as shown in Table 2.5 and Figure 2.1. Figure 2.1 shows that the
magnitude of the interquartile range used to calculate the uncertainty in quantifica-
tion is generally neither a function of the retention time or the number of standards

used.
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Table 2.5: Median, lower quartile, upper quartile, minimum and maximum gradients per retention

time window used in the semi-quantification method

Chemical class RT window key Median Lower quartile Upper quartile Maximum Minimum

CHO a 2.73E+07  3.90E+06 3.43B+07 5.36E+07  1.50E+06
CHO b 7.11E+07  1.58E+07 9.40B+07 1.14E+08  2.52E+05
CHO c 5.99E+07  1.22B+07 1.09E+08 1.45E+08  5.53E+06
CHO d 3.82E+07  9.41E+05 1.07E+08 4.39E+08  6.51E+04
CHO e 1.07E+08  2.17E+07 1.92E+08 7.17E+08  6.11E+06
CHO f 3.69E+07  3.79B+06 4.99E+07 2.24E+08  2.10E+04
CHO g 1.47B+08  7.95E+07 1.93E+08 2.03E+08  6.51E+05
CHO h 8.98B+06  2.75B+06 1.24E+08 3.89E+08  1.22E+05
CHO i 3.90E+07  1.12B+07 1.48E+08 4.02E+08  2.14E+06
CHO i 1.14B+08  5.88E+07 1.69E+08 2.23E+08  3.90E+06
CHO k 2.32E+08  1.22B+08 3.64E+08 5.34E+08  1.71E+07
CHO 1 6.28E+06  4.91E+06 5.29E+07 1.01E+08  4.05E+06
CHO m 1.52E+07  7.92E+06 2.24B+07 2.97E+07  6.65E+05
CHO n 1.82E+08  2.50E+06 3.75E+08 4.13E+08  2.34E+06
CHO o 6.30E+08  3.17E+08 6.55E+08 6.80E+08  3.49E+06
CHO p 8.42E+06 - - - -
CHO other 1.11E+07  1.08E+07 2.32E+08 4.53E+08  1.04E+07
CHON a 1.78E+07 - - - -
CHON b 4.37E+08  2.29E+08 6.45E+08 8.53E+08  2.05E+07
CHON c 6.59E+08  3.11E+08 9.49E+08 1.08E+09  1.47E+07
CHON d 9.82E+08  4.59E+08 1.13E+09 2.08E+09  3.37E+06
CHON e 3.12B+09 - - - -
CHON f 1.00B+07  9.52E+06 1.02E+07 1.04E+07  9.02E+06
CHON g 3.14E+09 - - - -
CHON other 2.34B+07 - - - -
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Figure 2.1: Median, maximum, minimum and interquartile range of calibration gradients used in the
semi-quantification method per retention time window group coloured by the number of standards

in each window. Single lines represent groups with a singular standard.

For those compounds identified by the spectral library to Schymanski Level 1 [221],
scaling is achieved using the authentic standard calibration gradient. For non-identified
compounds, the chromatogram is split into the retention time windows described
above and scaled with the corresponding averaged retention time window calibra-

tion gradient to enable the semi-quantification of all species detected by the NTA. The

overview of this strategy is presented in Figure 2.2.
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Figure 2.2: Summary of the semi-quantification methodology construction and application in a non-

target workflow

50



Chapter 2. Development of a semi-quantitative non-target approach for
compositional analysis of complex OA

2.3.3 Validation of the semi-quantification method

The semi-quantification method was applied to a series of BBOA extracts from the
controlled burn experiments described in Section 2.2.1. In order to determine the
performance of the semi-quantification method, the semi-quantified concentrations of
structurally identified compounds were compared to quantification using authentic
standards. Quantification errors were determined from the ratio of a species concen-
tration estimated via the semi-quantification method to the concentration determined
with an authentic standard (Eq. 2.1). The error is represented as n times the con-
centration determined using an authentic standard in pg m™. This notation has been
adopted by previous NTA quantification methods and allows the comparison of differ-
ent methodologies on the same scale. An overall quantification error for the method
is taken as the median of the individual species error. The concentrations used in
Eq. 2.1 were not subject to logarithmic transformations and ratios greater than and
less than 1 were included in this calculation. Of the 27 structurally identified species
detected in the wood burning samples, 70% of the concentrations determined by the
semi-quantification method were within a factor of 2 of the authentic standard derived
concentration (i.e. errors between 0.5-2 times). These compounds are shown in grey
in Figure 2.3, suggesting the majority of compound concentrations are accurately esti-
mated by the semi-quantification method. The compounds outside of this error range
are shown in colour in Figure 2.3. It is important to note that due to the use of the
median gradient for each retention time window some of the identified compounds
may be scaled with their own authentic standard gradient, more likely for the CHON
species due to the smaller number of surrogate standards, and therefore sit on the 1:1
line in Figure 2.3. However, the sensitivity of the error to this factor was found to be

negligible.

[Concentratlon]semi—quantification

Errorprediction = (2.1)

[concentration],yhentic
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Figure 2.3: Comparison of the estimated concentrations from the semi-quantification (SQ) method
with authentic standard (AS) quantification for the 27 identified compounds present in the BBOA
samples with different conditions shown by the marker type. 1:1 line is presented as a dashed line
and factor of 2 lines are indicated by the solid lines. Compounds outside of the factor of 2 error range

are presented in colour.

McCord et al. [201] similarly demonstrated low prediction bias (< 48%) for the
quantification of emerging perfluoroethercarboxylic acids (PFECAs) in drinking wa-
ter using 4 different surrogate PFECAs standards which eluted within a 4 minute re-
tention time window of the unknown PFECAs. However, the method validation for
the semi-quantification was only applied to a single known compound therefore, Mc-
Cord et al. [201] estimated prediction errors up to ten-fold (i.e 10 x) for the unknown
emerging PFECAs. Prediction errors of 1.74 times and 3.2 times compared to quan-
tification by authentic standards were observed by Pieke et al. [183] and Kruve et al.

[184] respectively for quantification of unknown compounds in food and ground wa-
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ter analysis using closely eluting markers, typically + 2 min. Comparatively, the semi-
quantification method developed in this work had a median prediction error of 1.52
and mean prediction error of 3.14 times across 27 structurally identified compounds
showing improved prediction accuracy when using more than a single proxy standard
for quantification. Removal of the two CHON species on the 1:1 line in Figure 2.3 from
the error calculation resulted in an overall median prediction error of 1.60 indicating
little effect on the metrics used to validate the methodology. The prediction error is
lower for CHON species (1.32) compared to CHO compounds (1.52). This is in con-
trast to the quantification error observed in the predictive ionisation efficiency model
developed by Sepman et al. [197] with larger prediction errors in CHON quantification
ranging up to a factor of 10. However, the model was developed for positive mode ESI
therefore the analysed compounds likely possess different functionality to the CHON
species presented in this work.

For the species predicted outside of the factor of 2 error range, the uncertainty in
concentration, calculated using the interquartile range of calibration gradients in each
retention time window, was compared to quantification by authentic standard (Figure
2.4) . This showed improvements in 3 outlying species; sebacic acid, 4-phenylbutyric
acid and 3-(4-hydroxyphenyl)propionic acid.

The remaining outliers typically have gradients at the extremities of their corre-
sponding retention time window. The outliers were not correlated with retention
time and therefore were assumed to be little affected by the increasing organic mod-
ifier content of the mobile phase. Furthermore, outliers were present at multiple re-
tention times throughout the chromatography runtime indicating species polarity is
also not a determining factor. Instead, they could be the result of other structural
properties affecting ionisation efficiency, including pKa and molecular weight of a
species[148, 191]. This influences the interactions of the analytes with the solvent
droplet and the ease of deprotonation in negative mode ESI. In Figure 2.3 overpre-
diction resulted from scaling with a lower gradient compared to the authentic slope
whereas underprediction occurred from scaling using larger gradients than the au-
thentic slope. pKa, which governs the ability to deprotonate, may affect the overpredic-
tion of 2,6-dihydroxybenzoic acid concentrations. For instance, 2,6-dihydroxybenzoic

acid possessed the highest ionisation efficiency of the compounds within its reten-
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Figure 2.4: Comparison of the average estimated concentrations from the semi-quantification (SQ)
method and authentic standard (AS) quantification for the 8 outlying compounds in the BBOA sam-
ples from Figure 2.3 and the uncertainty in the concentration estimation derived from the upper and
lower quartile scaling factors. 1:1 line is presented as a dashed line and factor of 2 lines are indicated

by the solid lines.

tion time window whilst simultaneously having the lowest pKa, predicted by Chem-
Draw 21.0.0 software, which suggests greater deprotonation ability compared to other
species within the same window. On the other hand, multiple ionisation sites as in
suberic acid, a dicarboxylic acid, could increase ionisation efficiency compared to the
monocarboxylic acids within the same retention time window. In addition to pKa and
the number of deprotonation sites, stabilisation of the deprotonated ion further affects
ionisation efficiency. For instance, despite ionisation at a higher pKa alcohol group,
the deprotonated 4-hydroxybenzaldehyde ion could exhibit charge stabilisation effects
thereby increasing its ionisation efficiency compared to the other compounds within
the same window. However, further work is needed to investigate these effects and if
they can be accounted for.

Due to the nature of NTA the chemical functionality present within a sample can
be difficult to predict therefore a wide range of standards of different chain length,
aromaticity and functionality were used in this study (Table 2.1). As such retention

time groups can have large variations in calibration gradients owing to the molecular
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properties previously discussed. For instance, the retention time group which over-
predicted 2,6-dihydroxybenzoic acid concentrations, had the maximum observed dif-
ference of 4 orders of magnitude between the maximum (2,6-dihydroxybenzoic acid)
and minimum (butyric acid) gradient in the window. Removing the butyric acid gra-
dient from this group decreased the difference in gradients to 3 orders of magnitude
and the overprediction of 2,6-dihydroxybenzoic acid was reduced from 11 times to
6 times compared to quantification by authentic standard. Therefore, prior chemical
knowledge of the sample could improve quantification through the selection of tar-
geted standards which better reflect the sample composition. However, due to the lack

of commercially available authentic standards this approach is not always possible.

2.3.4 Comparison to predictive ionisation efficiency models for quan-
tification
In a number of previous studies ionisation efficiency has been predicted from machine
learning models, based on either physicochemical properties, structural descriptors or
chemical fingerprints [181, 182, 185, 195-197, 232]. Bryant et al. [185] used chemi-
cal structural fingerprints obtained from the ChemDes platform [233] to predict RIEs
of 89 CHO and CHON compounds using cis-pinonic acid as the reference compound
for the quantification of biogenic SOA markers. However, this method required prior
knowledge of the structure in order to predict the RIE and therefore is not applicable
to unknown compounds. More recently, molecular descriptors from MS? have been
used to predict ionisation efficiency which could yield further improvements in quan-
tification for structurally unidentified compounds [197]. However, for species without
MS? quantification remains a challenge. RIE predictions were taken from Bryant et
al. [185] and applied to the wood burning samples to determine the concentration of
18 structurally identified compounds that were quantifiable by both methods. Figure
2.5 shows the comparison of the concentration predicted by the semi-quantification
approach developed here with the RIE predictions from Bryant et al. [185] for esti-
mating concentrations of structurally identified compounds within the wood burning
extracts. Comparison to other existing predictive ionisation efficiency models is dif-
ficult due to the use of different LC methodologies which could induce additional

ionisation effects from the solvent system as well as, the use of different reference
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compounds for calculating RIE [181, 182, 185]. However, future work should aim to
include inter-laboratory comparisons when applying the same methodology to ensure
the performance is consistent as recently demonstrated by Malm et al. [234] across 37
laboratories. Of the 18 common compounds quantified by both methods, a third were
semi-quantified to within a factor of 2 compared to quantification with the Bryant et
al. [185] RIE predictions including sebacic acid, azelaic acid, 3-methyl adipic acid,
adipic acid, glutaric acid and succinic acid. A further 6 organoacid species could
be semi-quantified to within a factor of 2 of the RIE method by applying the semi-
quantification method’s uncertainty range, calculated from the interquartile range of
concentration. Overall, this indicated good agreement between the methods for the
quantification of CHO compounds but greater discrepancy for the quantification of
CHON which were further away from the factor of 2 prediction errors lines in Figure
2.5.

Compared to quantification by authentic standards, the predicted RIEs from Bryant
et al. [185] tended to overpredict species concentration compared to using the semi-
quantification methodology (Figure 2.6) as a result of underpredicting the RIE. The
compounds in grey in Figure 2.6 represent a low prediction error (i.e. less than a factor
of 2) in both methods compared to quantification with authentic standards and were
mostly compounds with good agreement between the methods (Figure 2.5). Given that
the majority of the compound concentrations estimated by the semi-quantification
method in Figure 2.6 were more closely situated to within a factor of 2 of the con-
centration determined using authentic standards, demonstrated improved prediction
errors compared to the RIE methodology. However, significant exceptions exist for
suberic acid and 4-phenylbutyric acid with prediction errors compared to quantifica-
tion by an authentic standard of 34.72 and 0.01 (or 100 times lower) respectively using
semi-quantification compared to 2.52 and 0.80 (or 1.25 times lower) respectively us-
ing RIE predictions. Overall, the CHO compounds had a median prediction error
of 1.52 and 2.05 for the semi-quantification and RIE predictive model approaches
respectively, showing similar performance between the methods for estimating con-
centration compared to using authentic standards. The estimation of nitroaromatic
compound concentrations was less certain using the RIE approach with median pre-

diction errors of 14.94 times compared to quantification by authentic standard, how-
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Figure 2.5: Comparison of the estimated concentrations from the semi-quantification (SQ) method
with the Bryant et al. [185] RIE model quantification for the 18 common identified compounds across
both methods with different conditions shown by the marker type. 1:1 line is presented as a dashed
line and factor of 2 lines are indicated by the solid lines. Compounds outside of the factor of 2 error

range are presented in colour.

ever, the RIE model developed by Bryant et al. [185] under represents nitroaromatic
compounds in the training data leading to an underprediction of their RIE. However,
the semi-quantification method used a similar number of nitroaromatic compounds to
create the retention time windows and had a lower prediction error of 1.63 times for
the same compounds compared to quantification by authentic standard. Furthermore,
in the inter-laboratory study by Malm et al. [234] they observed semi-quantification
using singular close eluting standards performed worse compared to RIE model ap-
proaches. Therefore, the semi-quantification approach developed here using multi-

ple close eluting standards shows that choosing suitable retention time windows even
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with a relatively small number of standards can be a more effective method to im-
prove quantification, yielding similar or more accurate concentrations than predictive

ionisation efficiency model approaches.
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Figure 2.6: Comparison of the semi-quantification (triangle markers) and RIE predictive model (cir-
cle markers) methodologies with authentic standard (AS) quantification (x-axis) for the 18 identified
compounds, shown as average concentrations across all wood burning experiments, in the BBOA
samples. 1:1 line is presented as a dashed line and factor of 2 lines are indicated by the solid lines.
Compounds within a factor of 2 to the authentic standard concentration in both methods are shown
as grey markers. Compounds which remain are greater than a factor of 2 from the AS concentration

are presented in colour.

2.3.5 Application of semi-quantification methodology to complex OA

The semi-quantitative non-target methodology was designed for use in highly chem-
ically complex samples such as BBOA due to the sheer number and functionality of
compounds present. The standards used in the methodology construction reflect what
would be observed in a BBOA sample analysed in negative mode ESI. However, the
general methodology framework of using multiple retention time windows with nu-

merous chemically relevant standards is applicable to other chemically complex en-
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vironmental and biological matrices and future research is encouraged in these fields.
The chemical composition of BBOA is highly dependent on fuel type, burning con-
ditions and atmospheric aging, as discussed in Chapter 3, resulting in a large vari-
ation and degree of chemical complexity [129, 135, 235]. Application of the semi-
quantification method enabled distinct differences in the bulk composition to be ob-
served between different burn phases and aging processes. In this example, the rel-
ative ratio of CHO:CHON contributions to the total OA mass were evaluated (Figure
2.7). In Figure 2.7 relative abundance was derived from the quantification of each
compound using the median, lower quartile, upper quartile, maximum and minimum
calibration gradient for their corresponding retention time window. The uncertainty of
the method for estimating relative abundance was then derived from the interquartile

range of abundance shown in Figure 2.7.
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Figure 2.7: Percentage contribution of CHO and CHON compounds to the total mass concentration
in wood burning OA, coloured by different experimental conditions. The boxplot represents the rel-
ative abundance determined from quantification using the median, lower quartile, upper quartile,
minimum and maximum calibration gradients for each compound in each retention time window.

The circular points show the relative abundance derived when using peak area.

Across the BBOA samples the average uncertainty in relative abundance, deter-
mined from the interquartile range in Figure 2.7, was on average 12.8 % and 10.2 %
for CHO and CHON species respectively. Depending on the metric used to estimate
abundance in NTA the overall compositional contributions can vary leading to differ-
ences in source apportionment. For instance, as shown in Figure 2.7, on average CHO

compounds contribute 88.1 + 7.1 % to the total mass using the semi-quantification
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method or 68.8 + 16.2 % of the total peak area. Therefore, using peak area to deter-
mine abundance underestimated the contribution of CHO species to the total BBOA
mass by 19 + 10 %. The compounds in the CHON group contribute 8.2 + 5.2 % or 19.3
+ 11.5 % using semi-quantification and peak area respectively, resulting in an over-
prediction of 11 + 8% on average. Furthermore, the difference between the methods
for estimating abundance can reach up to 31 % depending on the sample (Table 2.6)
which has important implications for source apportionment studies using peak area.
Furthermore, CHON species from biomass burning have been largely assigned as
nitroaromatic compounds and are widely used as tracers for biomass burning in am-
bient aerosol due to their conceived high abundance when using peak area metrics
[172, 179] and important contribution to atmospheric brown carbon formation [60,
172, 236]. However, this study determined the average relative abundance of CHON
to be 8.2 % which is lower than that estimated if using peak area suggesting peak area
can significantly over estimate the contribution of CHON to BBOA. Instead, the semi-
quantification method found a significant contribution of CHO (> 85 %) to BBOA,
indicating CHO species could be important tracers of biomass burning. Furthermore,
these differences in the estimation of relative abundance of each compound when us-
ing semi-quantificaton or peak area can be propagated into metrics commonly used to
characterise OA composition and atmospheric oxidation in non-target studies such as

the average molecular formula and oxygen:carbon ratios as shown in Table 2.6.
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2.4 Conclusions

A semi-quantification method to estimate concentrations of unidentified compounds
was developed for NTA of complex OA analysed by UHPLC-HRMS. The method was
created as an open-source workflow and the framework, as calibration gradients are
instrument specific, can be applicable to other chemically complex matrices. The
methodology used 25 retention time windows and a total of 110 authentic standards
to derive unique scaling factors from multiple authentic standards for each defined
window. The total quantification of chemical space is improved by quantifying both
MS! and MS? features whereas existing predictive ionisation efficiency models require
a known structure or access to MS? chemical fingerprints. The method was validated
against 27 structurally identified species within a range of BBOA filter extracts with
an overall average prediction error, defined as the ratio of concentration determined
with the semi-quantification method to using an authentic standard, of 1.52. This
improved upon previous semi-quantification methods using singular closely eluting
quantification markers which yield errors up to one order of magnitude. Compared to
a predictive ionisation efficiency model, the semi-quantification method demonstrated
improved performance for the quantification of nitroaromatic species despite using a
similar number authentic standards. Comparison of the semi-quantification method to
peak area in a NTA workflow of complex OA highlighted the inadequacy of peak area
weighted metrics. Differences in the relative abundance of different compound classes
reached up to 31% between the two methods, representing a significant potential to
misinterpret source apportionment contributions when using peak area. Future work
is needed to fully comprehend matrix effects in highly complex samples. It would
be beneficial to do a matrix analysis of all 110 standards used in the methodology to
determine the impact of the sample matrix on the external calibration gradient and
also apply the method to positive mode ionisation for complete quantification. An
important feature of the methodology for use in the wider analytical chemistry com-
munity is the ability for independent usage or combined usage with existing predictive
ionisation efficiency models to create a robust NTA quantitative workflow of all (MS!
and MS?) detected features for application in complex samples. Overall, the newly

developed methodology highlights the need to standardise non-target quantification
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metrics, especially for OA applications.
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Chapter 3

Impact of combustion conditions and

atmospheric aging on the composition

of BBOA

3.1 Introduction

Biomass burning (BB) encompasses a range of combustion processes such as wildfires,
agricultural burning, and domestic combustion of solid fuels or referred to herein,
domestic BB. Biomass burning is one of the largest sources of organic aerosol (OA)
and trace gases to the atmosphere, emitting approximately 62 Tg yr!, 77 Tg yr'! and
19 Tg yr! of volatile organic compounds (VOCs), particulate matter less than 2.5 um
in diameter (PM; 5) and nitrogen oxides (NO,) respectively to the atmosphere [104].
Biomass burning VOCs (BBVOCs) can oxidise in the atmosphere leading to the pro-
duction of secondary organic aerosol (SOA) which is a major component of PM,; 5. Ap-
proximately 2 billion people globally use solid fuels for heating and cooking [123] and
annually solid fuel combustion causes 3.2 million premature deaths [124]. Especially
in the UK, wood burning is a growing issue, with approximately 8 % of the popula-
tion burning wood indoors but of that only 4 % for necessity [14] and in London solid
fuel emissions comprised approximately 7-9 % of total PM, 5 during 2022 [237]. Fur-
thermore, Allan et al. [238] observed in London emissions from solid fuels comprised
approximately 26 % of the total primary OA (POA) during cold weather conditions.

Therefore, there is a need to understand the emissions from stoves in order to improve
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future air quality policy given that emissions from wood burning are highly dependent
on combustion conditions, the fuel burnt, and the stove appliance used [239].

A full burn cycle consists of multiple stages i) ignition, ii) flaming combustion and
iii) smouldering combustion [125]. During flaming the lignocellulosic biomass is par-
tially or completely burned and char is produced, typically occurring at high tem-
peratures. Whereas smouldering occurs during the latter stages of the burn cycle at
lower temperatures, starting once all the combustible volatile fuel is consumed and
the oxidation of char begins [125]. Due to these unique conditions a characteristic
mixture of VOC emissions arises at each stage from temperature dependent pyroly-
sis mechanisms at varying abundances [125, 141, 240, 241]. For instance, Czech et
al. [240] observed the greatest emissions from the ignition phase followed by ember
(smouldering) and stable burn (flaming) phases. Previously the change in emissions
between burn phase was identified using positive matrix factorisation (PMF) which
separated BBVOC emissions into two factors; low and high temperature combustion.
Low temperature combustion contained more oxygenated aromatics and furanic com-
pounds in agreement with particle phases enriched in oxygenated organic compounds
from smouldering combustion [127, 129]. In contrast, BBVOCs from high temperature
combustion consisted of polyaromatic hydrocarbons (PAHs), terpenes and aliphatic
unsaturated hydrocarbons [127, 135].

Ultra-high-performance liquid chromatography coupled to electrospray ionisation
high-resolution mass spectrometry (UHPLC-ESI-HRMS) is a valuable technique for
studying the composition of OA enabling the detection of thousands of compounds
and separation of isomeric species. Various tracer species from biomass burning OA
(BBOA) have been previously identified using UHPLC-HRMS [116, 142, 143,179, 242-
247], but most commonly consisted of levoglucosan and nitroaromatic compounds
(NACs) [116-119, 142, 242, 248]. Biomass burning plumes are ideal conditions for
NAC formation due to high emissions of NO, and aromatic VOCs from lignin degra-
dation which is primarily comprised of 3 aromatic alcohol units; coumaryl, sinapyl and
coniferyl alcohol [249]. In particular NACs such as nitrophenols are widely adopted
as tracers due to strong correlations with levoglucosan [117, 250, 251] and depending
on the fuel type emission factors range between 1.4 - 31 mg kg™! [116, 117, 242, 243].

These compounds also have important climatic impacts by contributing to brown car-
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bon (BrC) hence their extensive study in the wider literature [60, 172, 252-254]. How-
ever, by selecting a small number of compounds to analyse, limited compositional
information can be obtained by targeted approaches, for instance, Pereira et al. [169]
estimated only 1.1 % of the mass of an ambient OA filter could be quantified via a
targeted approach using 60 authentic standards.

Non-target analysis (NTA) can overcome these limitations by enabling chemical in-
formation, such as molecular formula, of all detected analytes within a complex mass
spectral output to be rapidly obtained. For example, NTA enabled the identification
of 190 NACs in PM, 5 from Beijing, with a third attributed to biomass burning [173].
Furthermore, species associated with lignin pyrolysis such as vanillin, coniferaldehyde
and benzoic acid and sugars including levoglucosan, sucrose and fructose from cellu-
lose degradation were previously identified in BBOA via NTA approaches [189, 246,
255]. However, due to the lack of commercially available authentic standards many
previous NTA studies used limited metrics such as number of molecular formulas or
peak area to estimate relative abundance [eg., 169, 172, 178-180, 186, 189]. The lack
of standardised metrics to estimate abundance can lead to differences in inferred com-
position. Using peak area, Wang et al. [172] and Brege et al. [179] observed a large
quantity of organonitrogen compounds (CHON) in OA during periods influenced by
biomass burning, which were attributed to NACs. In contrast, using the number of
formulas showed a greater contribution of oxygenated organic compounds (CHO) in
BBOA [178, 180, 189]. For example, at the Pico Mountain Observatory in the North
Atlantic, analysis of PM, 5 samples showed CHO compounds accounted for 70 % of
the molecular assignments in air masses influenced by wildfires [178] and Smith et al.
[189] observed CHO compounds represented 80-90 % of all detected mass spectral
features in BBOA.

Whilst the number of formulas can provide some information on sample complex-
ity it is not quantitative for concentration and although peak area is often considered
as quantitative neither of these approaches accounts for differences in ionisation effi-
ciency (IE) between different species. As mentioned in Chapter 2 IE is a measure of
the ability of a species to ionise within an ESI source and is highly structural specific.
The quantification of unidentified compounds is challenging and previous approaches

shown in Chapter 2 have relied on predicting ionisation efficiency from known struc-
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tures or chemical fingerprints limiting the analysis to compounds with MS? spectra.
This is an issue in the widely used data-dependent acquisition (DDA) MS? mode where
only a certain number of species are selected for fragmentation in each scan and in-
evitably some compositional information is lost by only considering these species. For
example, in the NTA workflow of winter PM, 5 from Beijing Wang et al. [146] observed
only 39 % of detected compounds had MS? spectra using DDA. Alternatively for quan-
tification of all detected analytes semi-quantification approaches, as in Chapter 2, can
be adopted which historically used a singular structurally similar surrogate standard
to quantify unknowns [183, 184, 203, 205, 213]. However, as shown in Chapter 2 us-
ing multiple surrogate standards eluting within a short retention time can yield lower
quantification errors than previous semi-quantification methods.

The work presented in this chapter outlines the quantified results, using the Chap-
ter 2 methodology, from the chamber experiments conducted at the Manchester Aerosol
Chamber (MAC) to investigate the effect of combustion conditions and aging on the
chemical composition of BBOA. Overall this work, at the time of writing, is the first
molecular level semi-quantitative NTA of domestic BBOA. The findings presented in
this Chapter indicate oxygenated aromatics as important contributors to POA and a
significant source of reactivity upon aging with burn dependent oxidation and loss.
These differences in composition and oxidation were concluded to have important im-

plications for toxicity, air quality and climate.

3.2 Methodology

3.2.1 Controlled burn chamber experiments

3.2.1.1 Experimental design

Controlled burn chamber experiments were conducted over two campaigns during
April 2022 and September 2022 at the Manchester Aerosol Chamber (MAC) located
at the University of Manchester, UK. The experiments aimed to investigate the aerosol
composition under different burning conditions (April) and fuel types (September).
PM, 5 filter samples were taken for detailed offline composition analysis and a large

suite of online instrumentation measured aerosol composition, aerosol physical prop-
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erties and trace gases, including carbon monoxide (CO), carbon dioxide (CO,), ozone
(O3) and NO,. The MAC has previously been described in detail elsewhere [214].
However, breifly the MAC consists of an enclosed and suspended 18 m?® fluorinated
ethylene Teflon bag supported by 3 rectangular aluminium frames, where the outer
frames move freely allowing the bag to expand or contract when filling or emptying
the chamber. The chamber was illuminated using two 6 kw xenon arc lamps with
quartz fibre glass filters and 4 rows of halogen lamps (64 bulbs) to simulate atmo-
spheric solar wavelengths, which enables the photolysis of NO, to produce O3. O3 is
then subsequently photolysed in the presence of water molecules to produce hydroxyl
radicals (OH) [214, 256, 257]. Heterogeneous wall chemistry will also produce nitrous
acid (HONO), which is photolysed to yield OH and NO. The OH concentration inside
the MAC has been previously calculated as ca. 1x10° molecules cm™ [256, 258] at
similar NO, concentrations to these experiments. Purified dry air was supplied to the
chamber by passing laboratory air through a 3-phase blower and 3 filters comprising
i) purafil/charcoal mixture, ii) charcoal and iii) HEPA. The chamber had automated
fill/flush cycles before and after experiments, detailed in Shao et al. [214], to reduce
the chamber background signal and was cleaned overnight with high concentrations
of O3 (~ 1 ppm) to oxidise any residual species. A harsher cleaning programme was
performed once a week by illuminating the chamber for 4-5 hours under high O3 con-
centrations (= 1 ppm). During the controlled burn campaigns multiple background
experiments were conducted whereby a clean chamber, i.e. no added smoke from the
stove, was irradiated with light for 6 hours. After this time, a filter sample was col-
lected of the chamber air via the flush line at approximately 3 m® min! for 4 minutes.

For the controlled burn experiments, hardwood (Beech), which typically provides
more heat and burn for longer than softwood, was burnt in a Ecodesign stove (Esse
Model 175 F) to represent a typical domestic fuel in the UK. The emissions from the
burn were sampled during flaming or smouldering phases. However, given the nature
of a burn which will be composed of both flaming and smouldering processes it is
difficult to separate distinct phases therefore the burns are referred to herein as "flam-
ing dominated" and "smouldering dominated". The catalytic filter within the stove,
which would enable the "particulate reburn" technology to reduce particulate emis-

sions beyond that of the UK Ecodesign requirements, was removed to replicate more
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conventional stoves in the UK market. A filter of the POA was taken from the flue of
the wood burner at 2 L min! for 5 minutes for offline chemical composition analysis.
The wood smoke from the flue derived from either smouldering or flaming dominated
phases (2 L min "!) was then diluted with a flow of compressed air (2 L min!) be-
fore injection into the chamber using an eDiluter (eDiluter Pro, Dekati, Finland). The
smouldering dominated phase was controlled by allowing the wood to be consumed
by flames and subsequently closing the stove ventilation to reduce the presence of oxy-
gen in the stove. Injection into the chamber started when there was a lack of visible
flames. No additional reactants were injected into the chamber. The injection of the
smoke proceeded until the total particle mass concentration measured in the chamber
was twice the target concentration at half the chamber volume. Then the final addition
of scrubbed particle free air into the bag achieved the target concentration of around
200 pug m™ at full chamber volume. Due to the relatively low particle concentration
of 200 ug m~ inside the chamber the fresh aerosol was sampled directly from the flue
of the wood burner to yield sufficient mass for offline chemical composition analysis
rather than from the chamber itself. Following injection, 40-60 minutes of background
data was collected to allow instrumentation with long cycle times to obtain several cy-
cles of data. After this period the chamber was irradiated to produce OH radicals for
photo-oxidation. The relative humidity throughout the experiment was controlled be-
tween 50-60 % and the temperature inside the chamber was kept around 25 °C. The
smoke was aged for approximately 6 hours before sampling the chamber via the flush
line for 4 minutes to collect the aged aerosol onto a pre-baked Quartz filter for offline
chemical composition analysis. The exact flow rate of the vacuum line for collection
was not directly measured however the MAC can be entirely flushed from full in ap-
proximately 6 minutes therefore the flow rate is approximated as 3 m® min! [214].
After collection the filters were wrapped in the pre-baked foil, transported on ice to
the University of York and finally stored at -20 °C before UHPLC-HRMS analysis.
Each aging experiment was repeated once resulting in two sample types per burn
phase, fresh and light aged, with one filter for the fresh emissions and two filters for
the aged experiments. However, one smouldering aging repeat was observed to con-
tain significant flaming character such that neither phase dominated the emissions as

the burn could be described by both high CO, concentrations associated with flam-
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ing leading to a high modified combustion efficiency (MCE) of 0.95 and high ratios of
organic carbon:black carbon (OC:BC) associated with smouldering. The experiments,
their sample ID referred to in this chapter, initial concentrations of gas and particle

phase species before aging and MCE are presented in Table 3.1.

Table 3.1: List of the OA samples used in this study and the initial conditions at the start of the aging

period, The asterisk (*) denotes OC refers to the total organic content measured by AMS
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21/04/2022  Flaming ~ FL_AGED_1  5:50 243.6 7.7 100.8 0.32 0.96
light aged
26/04/2022  Smouldering SM_AGED 6:05 213.6 102.5 11.21 406.3 0.78
light aged
28/04/2022 Flaming FL_AGED_2 6:05 153.4 5.4 41.4 0.21 0.93
light aged
30/08/2022 Flaming FL_FRESH - - -
fresh flue
31/08/2022  Smouldering SM_FRESH - - - -
fresh flue
20/04/2024 Intermediate IM_AGED 6:07 169.8 75.4 42.1 21.94 0.95
light aged

For the flaming and smouldering dominated burns described in the remainder of
the Chapter the MCE values are in the normal range for each burn phase. Note that
fresh aerosol samples were taken from the September campaign as the April campaign
only sampled aerosol from the chamber. A preliminary analysis of aging experiments
of the same Beech wood combustion in the September campaign showed the same
overarching trends in composition that are concluded in this Chapter for the April
aging experiments. The September experiments weren’t used in the remainder of this
analysis due to a lack of supporting CO, measurements inside the chamber. Therefore,
despite fresh sampling occurring on a different day to the aging experiments the burns
across the campaigns were determined to be repeatable and the conclusions drawn

remain valid. Due to the fresh sampling at the flue there is likely some evaporative
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losses once inside the chamber and future work should aim to sample both fresh and
aged emissions from the chamber to account for this. Atmospheric aging is therefore
defined in this Chapter as all oxidation, dilution and evaporation processes as would

occur in the ambient after a smoke plume is emitted.

3.2.1.2 Online aerosol measurements

The experiments used a variety of online instrumentation to monitor the evolving
aerosol and gaseous composition throughout the photo-oxidation of the wood burn-
ing smoke inside the MAC. Non-refractory PM; (particulate matter less than 1 ym in
diameter) composition was measured via a high-resolution-time-of-flight aerosol mass
spectrometer (HR-ToF-AMS) enabling real-time measurements of ammonium (NH,"),
nitrate (NO3"), chloride (CI'), sulfate (SO4%) and the organic fraction. The extent of
oxidation could be monitored using the fraction of the m/z 44 fragment (CO,*) com-
pared to the total organic fraction (f44) with higher f 4 levels associated with more oxy-
genated organic aerosol. Whilst the signal at m/z 60 (C4H,0,") has been associated as
a fragment from biomass burning tracers such as levoglucosan and other structurally
similar sugars [156]. Therefore, the degradation of the wood smoke throughout photo-
oxidation was also monitored using the fraction of m/z 60 to the total organic fraction
(f60)- Detailed composition measurements of organic gas and particulate phase species
were obtained from a Filter Inlet for Gases and AEROsols coupled to an Iodide Chem-
ical Ionisation Mass Spectrometer (FIGAERO-I-CIMS). However, for the April cam-
paign the FIGAERO-I-CIMS was operated in an offline mode for filter analysis at a
later date due to technical issues during the campaign and the data processing of this
is ongoing at the time of writing. Additionally, particle concentrations were measured
using a Scanning Mobility Particle Sizer (SMPS) across a size range of 10-700 nm and
measurements of black carbon (BC) mass and coating thickness were obtained from a

Single Particle Soot Photometer (SP2).

3.2.1.3 Non-Target Ultra-High-Performance Liquid Chromatography High Reso-

lution Mass Spectrometry

As in Chapter 2 the filters were extracted based on the method used in Bryant et al.

[144]. The 47 mm quartz filters were cut into 1 cm? pieces, placed in a 20 mL glass

72



Chapter 3. Impact of combustion conditions and atmospheric aging on the
composition of BBOA

vial and 10 mL of methanol (LC-MS Optima Grade) was added. For fresh aerosol
samples half a 47mm filter was used due to the higher aerosol mass loading. The
resulting 10 mL solution was sonicated for 45 minutes, using ice packs to lower the
temperature of the water bath. The methanol extract was transferred to a second 20
mL glass vial using a 0.22 um syringe filter (Milipore) then dried using a Genevac
vacuum solvent evaporator. The sample was reconstituted in 200 uL 90:10 H,O (LC-
MS Optima Grade): MeOH (LC-MS Optima Grade) for UHPLC-HRMS analysis.

The offline filters were characterised at the University of York using an Ultimate
3000 UHPLC (Thermo Scientific, USA) coupled to a Q Exactive Orbitrap MS (Thermo
Fisher Scientific, USA) with heated electrospray ionisation (HESI) enabling high reso-
lution and detailed chemical information to be obtained. Compound separation was
achieved using a reversed phase C;g 2.6 ym x 2.1 mm x 10 mm Accucore column held
at 40 °C. The mobile phase consisted of 0.1 % (v/v %) formic acid (Acros Organics) in
water (A, LC-MS Optima Grade) and methanol (B, LC-MS Optima Grade). A gradient
elution was used, starting at 90 % (A) with a 1 minute post injection hold, decreasing
to 10 % (A) at 26 minutes before returning to the starting conditions at 28 minutes.
A final 2 minute hold at 10 % (A) allowed the column to re-equilibrate. The flow rate
was set to 0.3 mL min !and prior to analysis samples were stored in an autosampler
tray at 4 °C. The injection volume was set to 4 yL, however injection volumes up to
10 uL were used for lower concentration samples. The HESI was operated under the
following conditions: a spray voltage of 4 kV, a capillary and auxiliary gas tempera-
ture of 320 °C, a sheath gas flow rate of 45 (arb.) and an auxiliary gas flow rate of
10 (arb.) Spectra were acquired in negative and positive mode using data dependent
aquisition (ddMS?). However, this Chapter considers only negative mode analysis due
to the creation of the semi-quantification method in negative mode. The scan range
was set to a mass-to-charge ratio (m/z) of 85 to 750, with a mass resolution of 140,000.
Tandem mass spectrometry was performed using a higher collision dissociation with a
stepped normalised collision energy of 10, 20 and 45. In each scan the 10 most abun-
dant species were selected for MS? fragmentation. The wood burning samples were
analysed once with solvent blanks and chamber blanks analysed at the start of the
sequence for blank subtraction in post-processing. Spectra were acquired from XCal-

ibur 4.3 (Thermo Scientific, USA) and analysed using the semi-quantitative non-target
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workflow developed in Chapter 2.

3.3 Results

3.3.1 Insights into the oxidation of organic aerosol from online mea-

surements

Emissions from domestic BB under different burning conditions, i.e. flaming dom-
inated or smouldering dominated phases, were photo-oxidised inside the MAC to
observe the impact of atmospheric aging on the chemical composition of domestic
BBOA. The particulate emissions from flaming dominated or smouldering dominated
burn phases indicated that flaming is primarily formed of BC whereas smouldering is
largely comprised of OC (Table 3.1) which could impact the particle morphology [259]
and thereby the aging of OA. The photo-oxidation of domestic BBOA was monitored in
real time with an AMS to gain insight into the evolving organic fraction of non refrac-
tory PM; alongside instrumentation to measure the concentrations of trace gases such
as nitrogen oxides (NO, = NO + NO,). Generally due to particle wall loss in the MAC
[214] the OA concentration for both flaming and smouldering experiments decreased
over time, therefore, alternative metrics were used to trace oxidative processes. Fig-
ure 3.1a shows the relationship between f 4, representing oxidised components, and
fe0, indicative of the levoglucosan-like species typically used as tracers of BB, over the
course of the experiment and generally exhibits a negative trend of f¢, with increas-
ing f44. This trend therefore indicates the components of the fresh BB emissions are
undergoing various aging processes, due to the reduction in f4(, including chemical
oxidation to form more oxidised species as indicated by the increase in f;4. Further-
more, for flaming the ratio of the organic fraction in the AMS to BC denoted here as
OC:BC increased upon aging indicating the formation of SOA, whereas, for smoulder-
ing OC:BC decreased suggesting an overall loss of OA upon aging and different aging
processes to that of flaming burn phases [260]. The negative correlation with fs, shown
in Figure 3.1a varies between the emissions from flaming and smouldering dominated
experiments further indicating the composition and atmospheric aging of OA is im-

pacted by the burning conditions. This was similarly observed in a study investigating
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solid fuel emissions in London which associated two factors derived by PMF with two
distinct f44 and f¢o spaces arising from differences in burning phase or fuel type [261].
The increase in f4 ranges between 0.065 - 0.08 depending on the burn phase which
is similar to the increase in f;4 observed by Brege et al. [179] (+0.055) between fresh
and aged ambient BBOA. For the flaming dominated emissions the reduction in fg
is considerably less (-0.0006-0.0013) than the smouldering dominated phase (-0.025).
This could be a result of reduced levoglucosan emissions during the flaming phase
[262, 263]. The observed range of f44 and fg, values in Figure 3.1a are in agreement
with previous BBOA studies [156, 264, 265] which are typically situated within the
triangular bounds of fy4 (0.05-0.25) vs f4( (0.01-0.04) observed by Cubison et al. [156].
Overall these results indicate the oxidation of POA from fresh domestic BB emissions
to form oxidised POA (oPOA) and SOA as these components are indistinguishable with
respect to f44 and fg [266]. Multiple aging processes such as the evaporation of semi-
volatile species, condensation of oxidised vapours and the photochemical formation of
SOA could contribute to the increased f44 in the aged OA.

The concentration of NO, was greater from the flaming dominated emissions com-
pared to the smouldering dominated phase as shown in Figure 3.1b which is as ex-
pected and in agreement with previous flaming phase observations [104, 125, 126,
267]. The ratio of NO:NO, was used to infer the photochemical conversion of NO to
NO, (Figure 3.1c) indicative of the oxidation of VOCs, which results in the production
of secondary species such as O3 and SOA. NO:NO, ratios were initially higher un-
der the flaming dominated conditions compared to smouldering dominated emissions
which is consistent with NO as the end product of nitrogen oxidation at higher tem-
peratures [268] and flaming as a more efficient burn phase. In the smouldering phase,
NO, emission can account for up to 40 % of the total NO, [268] resulting in a lower
NO:NO, ratio which is in agreement with the observed NO, contribution (36 %) to the
total initial NOy during the smouldering dominated phase in this study. After aging
the NO:NO, ratios in both burn phases converge to a steady state (=~ 0.2) in Figure 3.1c
as NO is photochemically converted to NO,, through the reaction with peroxy radicals
formed from BBVOC oxidation. Ambient BB plumes report NO:NO, ratios up to 3-5
[269, 270] which are greater than those presented in Table 3.1 suggesting an increased

proportion of NO, in this work. This was observed in a previous chamber study and
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phases, averaged to 15 minute intervals. The inset plot displays the zoomed in flaming data. The
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averaged to 5 minute intervals, data gaps indicate interference due to filter sampling. c) NO:NO,

timeseries during aging experiments averaged to 5 minute intervals.

attributed to the presence of O3 within a dark chamber [271]. However, due to inter-
ference from conjugated VOCs the concentrations of O3 inside the chamber cannot be

accurately quantified from the absorption measurement technique used at the MAC.

3.3.2 Non-target analysis of organic aerosol derived from different

burn phases

The NTA methodology described in Chapter 2 enables large quantities of chemical in-
formation to be obtained and quantified for all detected compounds, including those
with unknown structural identities. The OA was predominantly comprised of CHO
compounds, on average contributing 90 % to the total detected mass across the stud-
ied experiments in this Chapter with a general increase in the contribution of CHON

species to the total mass after aging. The NTA molecular formula assignments were
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used to investigate the composition of domestic BBOA derived from domestic BB emis-
sions via carbon number, oxygen number, double bond equivalents (DBE) (Eq. 3.1) and
aromaticity index (AI) distributions [272] (Eq. 3.2 -3.4). Using the AI, aromatic species
are determined as having an Al value greater than 0.5 otherwise they are considered
non-aromatic (aliphatics), furthermore, monoaromatics are classified in the range of
0.5-0.67 and polyaromatics > 0.67. The DBE metric provides an insight into the num-
ber of unsaturated bonds or functionalities within a compound which coupled to the

carbon number or oxygen can provide information on the structure of a species.

H N
DBE =1 -t — 1
+C 2+2 (3.1)

O H N
DBEA1=1+C—-—-S— ——— 3.2
ar=1+ 5 7" > (3.2)

O

Car=C-—=-5-N (3.3)

DBE
Al = Al (3.4)

Car

3.3.2.1 Chemical composition of organic aerosol derived from flaming dominated

emissions

In POA from flaming emissions, CHO compounds have two main regions of high abun-
dance between Cg-C;; and between C;3-C;; as shown in Figure 3.2a. In the first re-
gion the DBE ranges between 4-7 (Figure 3.2a) which is indicative of aromatic species
which typically possess a DBE of 4 or more. The presence of DBE values greater than 4
coupled with >Cg suggests these CHO species could be functionalised monoaromatics
or small oxygenated polyaromatic species, for instance, napthalene-like species (Cy)
which comprise two fused aromatic rings. Using the aromaticity index [272] (Eq.3.2-
3.4) to classify species as non-aromatic, monoaromatic or polyaromatic, 51 % and 6 %
of the detected CHO mass was monoaromatic and polyaromatic respectively. Between
Cg-Cy; the Al suggests approximately 42 % of the mass in this region as monoaromatic
in nature (Figure 3.3a). This coupled with > C¢ strongly indicates the presence of func-
tionalised monoaromatics in the first region, such as, phenoxyacetic acid (CgHgO3) and
phenyl acetic acid (CgHgO,) which were identified using authentic standards. In the
second region of high abundance between C;3-C;7 the DBE has a larger range of 6-12

(Figure 3.2a). From Figure 3.2 and Figure 3.3a, the second region at C;3-C;7 contains
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DBE values which are generally double that of the first region and the Al suggests
that the mass in this region is predominantly monoaromatic in nature (65 %). This
suggests these compounds contain two aromatic rings linked via short sections of C-H
and C=0 bonds reflecting the structure of the biomass polymer lignin. Figure 3.3a also
shows a small contribution of polyaromatic compounds in the C;3-C;; region, with a
relative contribution of 10 % on average. This is in accordance with observations of
PAH emissions in previous studies from flaming combustion [127, 135, 273], however,
it is clear for this study monoaromatics are of greater quantity in fresh emissions. In
a NTA of ambient BBOA, Brege et al. [179] observed a peak in relative abundance of
CHO species at Cy5 - C1¢ which was attributed to terpene SOA products. However, in
Figure 3.2 there is no evidence of sesquiterpene (C;5H,4) derived SOA products which
would have relatively low DBE values. Liang et al. [274] previously observed chamber
studies often underrepresent BB terpene sources due to the lack of distillation from
nearby heated and unburnt vegetation. Given that domestic BBOA is the combustion
of non-living material, terpene derived SOA products could be more important in am-

bient BBOA from wildfires or crop burning in the presence of live vegetation.
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Figure 3.2: Carbon number vs concentration distribution coloured by the DBE of CHO compounds
present in the POA from fresh emissions from flaming dominated burning conditions and after aging
(POA+0POA+SOA). The different filter sample IDs from the flaming dominated combustion experi-

ments are given in each panel

After photo-oxidation inside the chamber, the CHO carbon distribution is shifted

to lower carbon number species (C;-C;) indicating the fragmentation of the larger
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species with aging (Figure 3.2b-c). At the same time the main peak in the oxygen
distribution increases from C,H,0; to C,H,;O4 indicating more oxidised CHO com-
pounds in the aged aerosol (Figure 3.3b). Li et al. [235] suggested the higher NO, con-
centrations from flaming emissions could promote fragmentation pathways through
the reactions of peroxy radicals (RO, + HO,) with NO. However, other processes such
as photolysis and heterogeneous photo-oxidation may also result in the production of
small molecules. The aged C;-C;y CHO compounds possess DBEs in the range of 2-6
indicating some formation of non-aromatic compounds. However, using the Al, after
atmospheric aging the CHO composition of the OA from flaming dominated emis-
sions still contained a large degree of aromatic character (41 %). The largest peak in
the aged distributions in Figure 3.2b-c at Cg has a DBE value of 6 and is predominantly

monoaromatic in nature (Figure 3.3a). The mass of this peak is dominated by CgH¢Oy4
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which can be attributed to phthalic acid from previous observations [275, 276] and
CgHgO3 was confirmed as vanillin using an authentic standard.

For the CHON species, POA from flaming emissions has a main peak in the carbon
number distribution at Cg4 (Figure 3.4) and approximately 74 % of the detected CHON
mass in fresh OA has an O:N ratio > 3 suggesting the presence of a nitro (-NO,) group.
Using a modified Al calculation derived for this work to account for the presence of
the two N-O bonds within a -NO, group (Eq. 3.5-3.7), 42 % of the detected CHON

mass is aromatic in nature.

2 H N-1
DBEy =1+c-2=2 ¢ H _N-1 (3.5)

2 27 2

0-2

Car=C-—5=-S-(N-1) (3.6)

DBE
Al = —AL (3.7)

Car

As shown in Figure 3.4 the aromatic mass is predominantly comprised of C4 monoaro-
matic compounds which coupled with the large proportion of nitro containing com-
pounds is highly indicative of nitro-monoaromatic species. For instance, 3-nitrophenol
(C¢H5NO3) and 4-nitrocatechol (CqH5NOy4) were detected in the fresh OA and have
been commonly observed as tracers of BB in previous studies [116, 117, 119, 142, 242,
248]. After photo-oxidation the ratio of relative abundance between CHO:CHON de-
creases from 41.5 to 8.7-9.2 indicating an increased contribution of CHON compounds
to the aged OA composition. In the aged OA, the abundance of larger compounds (i.e.
> Cyg) increases, in particular polyaromatic C;,-C;4 species, such as C;,H9gNO,4 which
accounts for 10 % of the total CHON aromatic mass (Figure 3.4). Zhang et al. [133]
previously observed C;,H9gNO, in ambient OA from the Los Angeles basin which had
significant contributions from anthropogenic emissions and wood burning sources,
however it was attributed to a nitro-monoaromatic compound. Whereas, in this work
we assign C1,HgNOy as a derivative of napthalene using the modified Al in Eq 3.5-3.7.
Furthermore, the percentage mass of CHON with an O:N ratio > 3 remained largely
unchanged (= 70 %) after aging indicating CHON in aged OA are also predominantly
NACs. Overall, these metrics and observation indicate flaming aged OA CHON com-
position contains a similar contribution of NACs to the POA. This could result from a

combination of unreacted species, loss of oxidation products to the gas phase and the
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condensation of new secondary products to the particle phase.
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Figure 3.4: Carbon number vs concentration distribution coloured by the Al estimations of CHON
compounds in the POA of fresh emissions from flaming dominated burn phase and after aging

(POA+0POA+SOA). Different experiments are given in each panel.

3.3.2.2 Chemical composition of organic aerosol derived from smouldering domi-

nated emissions

The measured carbon distribution of POA from a fresh smouldering dominated burn
shows a peak between Cg-Cy; (Figure 3.5a) which largely has DBEs in the range of 4-8
and the Al estimated the majority of the mass in this carbon number region as aromatic
(54.4 %). The largest peak in the distribution shown in Figure 3.5a is from C;y com-
pounds with a DBE of 6 predominantly consisting of C;yH;7O3 which was previously
attributed to coniferylaldehyde in BBOA [60, 246]. Furthermore, Figure 3.6a shows
the majority of the CHO compounds are aromatic with a 50 % and 16 % contribu-
tion from monoaromatic and polyaromatic species respectively. This indicates the Cg-
Cy; species are predominantly functionalised monoaromatic compounds as similarly
observed for flaming. However, in this region there is also a greater concentration of
polyaromatic compounds compared to flaming OA (see Figure 3.3), such as C;1HgO,
and C;;HgO3 which are naphthoic acid derivatives previously observed in primary

and secondary wood combustion products [277]. From Figure 3.6a the smouldering
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dominant POA shows an increased concentration of smaller C;-C;, oxygenated PAHs
(0-PAHs) compared to flaming dominant POA which has the largest contribution from
C14 0-PAHs. A previous study observed the formation of PAHs and o-PAHs was depen-
dent on the temperature and oxygen availability observing at higher temperatures in
the absence of oxygen larger PAHs can form whilst smaller PAHs arise at lower temper-
atures [278]. Therefore, the relative PAH concentration and PAH composition will be
dependent on the burn phase. Furthermore, the observed increased contribution of o-
PAHs in the smouldering dominated burn is in agreement to findings by Orasche et al.
[279]. In addition to functionalised monoaromatic compounds contributing to the Cg-
Cy1 peak, such as, phenylacetic acid (CgHgO;) and 3-(4-hydroxyphenyl)propionic acid
(C9H;0O3), a previous study found smouldering had higher emissions of methoxyphe-
nols [280] which possess > C; and is consistent with the observed range of carbon

numbers and DBE values in Figure 3.5a.
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present in the POA from fresh emissions from smouldering dominated burning conditions and after
aging (POA+oPOA+SOA). The different filter sample IDs from the smouldering dominated combus-

tion experiments are given in each panel

After photo-oxidation, the main region in the carbon number distribution reduces
to C5-Cg (Figure 3.5b) with a second prominent peak at C;y. The DBE range also
decreases to 1-6 after aging. The Al values indicate a large reduction in aromatic-
ity after atmospheric aging as the percentage contribution of aromatic CHO to the
detected mass decreases from 66 % to 13 %, which is also evident in the AI carbon
number distribution (Figure 3.6a). Brege et al. [179] observed a comparable shift to

lower DBEs (1-5) in ambient BBOA after aging and Fang et al. [281] showed SOA from
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oxidised smouldering POA had significant contributions from oxygenated aliphatic
species. From the oxygen number distribution shown in Figure 3.6b the main peak
increases from C,H;O3 to C,H,;O4 indicating the presence of more oxidised species in
aged OA. Overall this suggests OH functionalisation products contribute to the aged
OA as well as the significant fragmentation of aromatic ring containing species from
the POA. In Figure 3.5b, the peaks between C4-Cq with DBEs of 1-2 are largely com-
prised of small but highly oxidised species such as C4HgO,4, C5H;(O4, C5sHgO3.5 and
CgH¢04.5. Kalogridis et al. [260] observed higher emission factors of succinic and
glutaric acids in smouldering compared to flaming therefore, these species could be
derivatives of succinic acid (C4) or glutaric acid (Cs) [260, 282, 283]. This could also ex-
plain the lack of low DBE C4 and C5 compounds in the carbon number distribution de-
rived from flaming dominated OA shown in Figure 3.2. C5H;(,O4 was also previously

attributed to deoxyribose in BBOA [246], however this is likely not detected by the
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negative mode UHPLC-HRMS. The remaining aromatic mass after photo-oxidation in
smouldering dominated OA is predominantly formed of C;-Cg monoaromatic species
(Figure 3.6a), such as, vanillin in addition to CgHgO,4 and C;HgO, which were pre-
viously attributed to phthalic acid and benzoic acid respectively [275]. Phthalic acid
and benzoic acid were also identified as oxidation products of napthalene [275] which
is in agreement with the observed reduction in polyaromatic C;(-Cy; species in Figure
3.6. Similar to flaming, polyaromatic species contributions were significantly reduced
after aging in agreement with previous studies, which observed the emission factors of
0-PAHs to decrease by 20 % between fresh and aged BBOA [284] and the degradation
of particle bound PAHs after aging smoke particles [285]. Considering the damag-
ing health impacts of oxygenated PAHs, the reduction of their contribution with aging
could lead to important implications for the OA toxicity.

For CHON species, the fresh OA distribution shows high concentrations at Cy for
non-aromatic compounds and C¢ for monoaromatic species (Figure 3.7) which is simi-
lar to the peak in C¢-C1(y CHON species observed in ambient fresh BBOA [179]. These
peaks predominantly consist of species such as CoH;;NO,4 and C4H5NO5 which were
previously observed in ambient cloud water samples influenced by agricultural BB
[286] and in fresh BBOA from controlled burn experiments [253]. In addition, 72 %
of the CHON mass had a O:N > 3 suggesting the presence of -NO, functionality. This
is therefore in accordance with Lin et al. [236] who attributed C¢H5NOs5 in BrC orig-
inating from a major BB event to nitrobenzenetriol. After photo-oxidation inside the
chamber the ratio of relative abundance between CHO:CHON decreases from 29.2 to
10.9 indicating a greater contribution of CHON species to the overall OA composi-
tion. Similar to flaming, the OA distribution in Figure 3.7 shows an increase in larger
CHON species (i.e. > Cyg) after aging, however the concentrations are significantly
lower. Monoaromatic compounds in the aged OA, are predominantly comprised of Cs,
Cg and Cy, species such as CsH;NOy4, CgH5NO3, CoH4N,O5 and Cy,H;,N,0, (Figure
3.7). C¢H5NO3; and CqH4N,O5 were identified as 3-nitrophenol and 2,4-dinitrophenol
respectively using authentic standards and CsHs5NO4 was previously observed in BrC
from a major BB event [236] but the structure could not be elucidated. However, a
monoaromatic Cs species is indicative of furanic origins as previous observations indi-

cate furans are important for SOA production in smouldering fires [135]. In the aged
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OA, the relative contribution of aromatic compounds to the CHON mass decreased
from 45 % to 31 % and the proportion of compounds with O:N > 3 reduced to 47 %
which overall indicates a reduction in the contribution of NACs to the OA composition

after atmospheric aging.
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Figure 3.7: Carbon number vs concentration distribution coloured by the Al estimations of CHON
compounds in the POA of fresh emissions from the smouldering dominated burn phase and after

aging (POA+oPOA+SOA). Different experiments are given in each panel.

3.3.3 Impact of the burn phase on the oxidation and aged chemical

composition of organic aerosol

As discussed in Section 3.3.2.1 and 3.3.2.2 the burning conditions influence the POA
composition and POA mass with subsequent atmospheric aging producing unique
burn-phase specific distributions which could enable the development of tracer species
to identify flaming and smouldering sources in the ambient. Overall there is a com-
parable contribution of aromatic species (> 50 %) to the POA composition under both
conditions which is in accordance with Akherati et al. [107] and Gilman et al. [126]
who observed oxygenated aromatics had the greatest SOA formation potentials and
contributed to nearly 60 % of the SOA mass from BB. However, after aging, the change
in the contribution of aromatic compounds to the OA composition differed with a sig-
nificant reduction observed for smouldering dominated compared to flaming domi-
nated burns. In particular, smouldering dominated emissions showed a greater reduc-

tion in polyaromatic contributions to the OA mass after aging (-16.2 %) compared to
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the flaming dominated phase (-2.6 %). This difference in compositional change indi-
cates aging of OA from smouldering emissions could result in more oxidised products
compared to flaming.

In order to compare the effect of atmospheric aging processes on the OA composi-
tion from domestic BBOA, O:C ratios of aromatic and non-aromatic compounds were
examined via their probability density distributions to visualise the differences in the
population of observable O:C values which provide insight into the level of oxidation.
The distribution shown in Figure 3.8 is constructed using a kernel density estimation
which fits a smooth distribution across a series of band widths to a histogram of the ob-
served O:C values in the domestic BBOA samples. The y axis represents density mean-
ing the probability of the OA having a certain O:C value can be computed by integrat-
ing the area under the curve. In this analysis the peaks in the O:C distributions of fresh
and aged OA are examined to observe differences in the composition and hence pro-
vide insight into the magnitude of OA oxidation under different burning conditions.
Generally, the peak of the O:C distributions in Figure 3.8 of aromatic compounds for
flaming dominated and smouldering dominated experiments show a greater change
between fresh and aged aerosol compared to non-aromatic species. This demonstrates
that oxidation of aromatic compounds is significant for the observed compositional
change as inferred from Section 3.3.2.1 and 3.3.2.2 and therefore non-aromatic com-
pounds will be disregarded for the remaining analysis.

The smouldering dominated POA shows a broader distribution, i.e. spanning a
wide range of O:C values, in Figure 3.8 indicating the presence of more oxygenated
compounds than from the flaming dominated burns, as also seen in the oxygen num-
ber distributions (Figure 3.3b and Figure 3.6b). After aging, the distributions shift
to higher O:C values consistent with the observed increased oxygen content and frag-
mentation of the carbon backbone indicative of the oxidation of OA [28]. For aromatic
CHO compounds the increase in O:C after aging is greater in the smouldering domi-
nated burn compared to the flaming dominated burns. In smouldering dominated OA
the main peak in the O:C ratio for aromatic CHO compounds increased from 0.25 to
0.50 with a smaller peak at 0.80. Upon aging in the flaming dominated burn the main
peak of the O:C ratio increased from 0.22 to 0.29 with a smaller peak at 0.50. Further-

more, the area under the distribution represents probability and at the O:C value of
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tively and separated into aromatic (top panel) and non aromatic compounds (bottom panel) using

the Al estimations.

0.50, the area was greater for smouldering dominated than flaming dominated phases
suggesting a larger number of oxidised species. Additionally the presence of high O:C
values (=~ 0.80) from the smouldering dominated phase derived OA which are absent
in the flaming dominated burn distribution similarly indicates a greater proportion
of increasingly oxidised compounds. This is in agreement with Li et al. [235] who
observed greater oxidation of smouldering emissions compared to flaming.

For aromatic CHON species, there is a significant difference in the POA probabil-
ity density distributions with a broader distribution in the smouldering dominated
phase compared to 3 resolved peaks for the flaming dominated phase. The smoulder-
ing dominated POA distribution peaks at an O:C value of 0.25 whereas the flaming
dominated POA distribution contains 3 distinct peaks at O:C ratios of 0.15, 0.34 and
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0.60 with the greatest density at 0.34. However, the lower value of the O:C ratio peak
in smouldering dominated POA compared to flaming dominated POA could be due
to the greater contribution of polyaromatic species (Figure 3.6) which typically pos-
sess relatively low O:C values. Similarly, after aging the O:C distributions in Figure
3.8 show different trends for flaming dominated and smouldering dominated experi-
ments. In smouldering dominated aged OA there is a clear increase in O:C from 0.25 to
0.47 which is in agreement with previous observations of the change in O:C (0.09-0.30)
from smouldering fires [287-289]. Whereas for flaming, the distributions of aromatic
CHON compounds are relatively similar between fresh and aged OA and the increase
in O:C from the main peak is relatively low (0.07). C¢H5NO3 (nitrophenol), C;H;NO4
(nitroguaiacol) and C;(H;NOj3 (nitro-1-napthol) were identified in both POA and aged
OA from the flaming dominated phase with an increase in concentration after aging,
indicating the formation of similar CHON compounds to POA during photo-oxidation.

Van Krevelen diagrams of the O:C vs H:C space can also provide insight into the
differences in composition and atmospheric aging between smouldering and flam-
ing derived OA (Figure 3.9) due to the characteristic occupation of certain species at
unique ratios and trend lines which can indicate the types of reactions occurring [176].
For instance, POA derived from fresh smouldering dominated emissions has a greater
range of O:C values across a similar range of H:C ratios as fresh flaming dominated
emissions in Figure 3.9 suggesting increasingly oxygenated OA. In addition, Figure
3.9 shows POA from fresh smouldering dominated emissions has a greater quantity
of polyaromatic CHO and CHON compounds as previously observed in the carbon
number distributions (Figure 3.6 and Figure 3.7). After aging, there is a significant
reduction in aromatic species for the smouldering dominated phase and to a lesser ex-
tent in the flaming dominated phase (Figure 3.9). In the aged OA from smouldering
dominated emissions the reduction in polyaromatic compounds is significantly greater
compared to flaming dominated derived OA, with almost complete loss of the polyaro-
matic CHO species in Figure 3.9. Whereas for flaming dominated OA, the number of
aromatic CHON species in the Van Krevelen space increased after aging, notably for
polyaromatic CHON species. This trend can also be seen for the flaming experiments
in the carbon number distribution shown in Figure 3.4 with increased C;,-Cy4 pol-

yaromatic CHON species in aged OA and a simultaneous decrease of C;,-C;4 polyaro-
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Figure 3.9: Van Krevelen plot of H:C vs O:C of the detected CHO and CHON compounds with each
panel depicting the experiment type and the point colour representing the aromaticity as determined
by the Al The size of the marker represents concentration. In the flaming light aged panel the point
shape represents the two repeats: FL_AGED_1 (circles) and FL_AGED_2 (triangles).

matic species in the CHO carbon distribution (Figure 3.3a). Therefore, this suggests
the formation of NACs from the oxidation of aromatic CHO compounds during the
flaming dominated phase. The same trend of polyaromatic loss in smouldering versus
CHON polyaromatic production in flaming was also observed in the Van Krevelen of
species detected in positive mode ESI indicating the conclusions drawn for the compo-
sition detected by negative mode are representative of the whole sample (Figure 3.10).
The production of NACs could be greater from the flaming dominated burn since NOy
emissions from flaming are typically higher than smouldering (Table 3.1 and Figure
3.1) thus leading to the formation of ring retained nitroaromatic species.

The observed O:C ratios of the aromatic compounds in aged OA shown in Figure
3.9 are in agreement with those for SOA derived from aromatic oxidation (eg. toluene,
m-xylene and napthalene) with reported values ranging between 0.57-0.75 [207, 290-
292] and the observed range for phenolic SOA oxidation products (0.3-1.0) [293]. Fur-
thermore, the observable H:C vs O:C space in Figure 3.9 is within the range reported

for lignin-like compounds (1-1.5 vs 0.2-0.6) [294] as expected for BBOA. Overall, these
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Figure 3.10: Van Krevelen plot of H:C vs O:C of the detected CHO and CHON compounds with each
panel depicting the experiment type, the point colour representing the aromaticity as determined by

the Al and point shape showing the detected compounds in negative and positive mode ESI.

results show SOA from aromatic compounds via ring-opening and ring retained ni-
troaromatic formation routes contribute substantially to the aged OA composition and
their volatile products may have important implications for subsequent atmospheric
chemistry and O3 formation [295] and hence are the topic of Chapter 4.

The notable variation of the aromatic contribution to aged OA compositions and
significant differences in the concentration of polyaromatic species between burn phase
could lead to important implications for toxicity. Kim et al. [285] previously investi-
gated the toxicity of wood smoke particles and observed that after aging the muta-
genicity was lower compared to fresh particles when considering PAHs. Furthermore,
on an equal particle mass basis aged flaming smoke particles had a higher potential
toxicity value with respect to PAHs than aged smouldering smoke particles [285]. This
could potentially be the result of an increased fraction of nitro-PAH compounds from

flaming (Figure 3.9), some of which are known to exceed the toxicity of their parent
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PAH. Therefore, the OA composition under different burning conditions can be an
important factor affecting the toxicity but often the greater observed emission factors
from smouldering [296, 297] prevail in the determination of the toxicity for policy
based interventions.

The volatility of the domestic BBOA was estimated using the Li et al. [298] 2-
dimensional volatility basis set (2D-VBS) parameterisation to determine differences
in aging processes which could explain the observed differences in composition. The
2D-VBS estimation error was shown to increase for lower saturation mass coefficients
therefore some caution must be taken when considering low volatility products [298].
Compounds were classed as volatile organic compounds (VOC) when C > 3 x 10° ug
m~3, intermediate volatile organic compounds (IVOC) when 300 < Cy < 3 x 10® ug m3,
semi-volatile organic compounds (SVOC) when 0.3 < Cy < 300 ug m3, low volatile or-
ganic compounds (LVOC) when 3 x 10* < Cy < 0.3 ug m™3 and extremely low volatile
organic compounds (ELVOC) when Cj < 3 x 10# ug m™3. Figure 3.11 shows the Van
Krevelen distribution coloured by the OA volatility which indicates after aging there is
a slight increase in volatility likely from the formation of smaller compounds as shown
in Sect. 3.3.2.1 and 3.3.2.2.

For the smouldering dominated burn aging resulted in the almost complete loss of
low volatile organic compounds (LVOC) and semi-volatile organic compounds (SVOC)
from the aged OA. OA from the flaming dominated phase in the region of H:C < 1
and O:C < 0.5 conversely showed a notable increase in the SVOC CHON compounds
and a simultaneous reduction of SVOC CHO compounds, suggesting the formation
of NACs after aging as observed in Figure 3.9. This difference in processing between
the burning conditions is in accordance with Kalogridis et al. [260] who similarly ob-
served changes in OC from flaming to be driven by the production or partitioning
of organic compounds to the particle phase whereas for smouldering, evaporation of

semi-volatile species was considered an important sink of OC.

3.3.4 Impact of non-ideal burn conditions

In reality due to maloperation of domestic stoves or in ambient biomass burning events,
flaming and smouldering combustion can occur simultaneously resulting in a com-

plex mixture of emissions. Therefore, it is of interest to characterise these emissions.
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Firstly, the carbon number and DBE distribution of the aged aerosol from the inter-
mediate burn in Figure 3.12a shows a similar distribution to smouldering (Figure 3.5)
with a peak between C5-Cg and DBE 1-6. This indicates the aerosol phase is domi-
nated by smouldering due to the higher OC emissions from this burn phase. Secondly,
as shown in Table 3.1 the intermediary burn has higher NO, and CO, emissions due to
a similar MCE to the flaming burns than classical smouldering, which is attributed to
the partial flaming combustion conditions. These enhanced gaseous emissions could
create a different oxidative environment compared to entirely smouldering conditions.
From AMS measurements of fy4 and fs( the intermediate burn had a greater loss of fg
(-0.033) relative to smouldering (-0.0254) and the increase in f44 (+0.085) was simi-
lar to flaming (+0.083-0.085). Overall, this indicates the enhanced gaseous emissions
of flaming could induce further oxidation. For instance in Figure 3.12b, the polyaro-
matic CHON compounds at low O/C (< 0.25) and H/C (< 1) present in the flaming

and smouldering samples are absent in the intermediate aged aerosol indicating the
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further oxidation of nitro-PAHs. However, there is no fresh emission of this burn for
comparison therefore it is difficult to wholly understand how aging has affected the
composition. Furthermore, the intermediary burn represents a single sample and fur-
ther work is required to more accurately replicate the effects of burn phase mixtures

on emissions of PM and trace gases to draw conclusions.

a) b)
¢
IS
g DBOE 20 @.. wd ) e
~ o
c 031 SV, L o,
2 ; ;“Z..’_.' @ . 1 monoaromatic
g 3 15 3’~ re— ® non-aromatic
c 0.21 4 O iy 20 o e @ polyaromatic
8 I ° Oe <> °
c 5 weso O
8 o1 6 1.0 . o CHO
: 7 ¢ CHON
E 8 sog®
] 9 ® %
S 0.0 T 10 05 o
C—Lé 2 4 6 810121416182022 0.0 0.5 1.0 1.5
O Carbon Number o:.C

Figure 3.12: a) Carbon number vs concentration distribution coloured by the DBE of the CHO com-
pounds present in the intermediary burn after aging (POA+0POA+SOA) b) Van Krevelen diagram of
H:C vs O:C for the detected CHO and CHON compounds, given by the point shape, in the interme-
diary burn and coloured by the Al index estimations of aromaticity. The size of the marker represents

concentration.

3.4 Conclusions

The chemical composition of domestic biomass burning organic aerosol from a series
of controlled burn chamber experiments, was investigated using the newly developed
semi-quantitative NTA methodology in Chapter 2 and is the first study to account for
ionisation effects in an NTA of BBOA using retention window scaling [231]. The NTA
approach enabled the detection of up to 2357 features in a single sample which is sim-
ply impossible from a targeted approach with a limited number of standards. Signifi-
cant compositional differences between the OA derived from emission under different
burn phases (i.e. flaming dominated and smouldering dominated phases) and after

aging were observed. However, the experimental methodology used here could be im-
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proved by sampling directly from the chamber at the start of the experiment but this
remains challenging for offline approaches due to the higher sample volume required
and the low particle mass used in this study. Overall, the composition of domestic
BBOA was dominated by CHO compounds. On average CHO compounds constituted
90 % of the total detected mass with a smaller contribution ( < 10 %) of CHON species,
which suggests the wide usage of nitroaromatic compounds as tracers of biomass burn-
ing may not be ideal as these compounds typically have high ionisation efficiencies and
therefore appear more abundant when using peak area metrics. In agreement with
other studies, the estimated concentrations of the detected compounds were markedly
higher in OA from smouldering dominated emissions compared to flaming dominated
emissions, as a result of the larger OA emission factors associated with smouldering.
This indicates the burn phase in a domestic environment is a critical factor for control-
ling indoor air pollutant concentrations along with air filtration and the stove model
[299]. Considering the OA chemical composition from fresh emissions, flaming domi-
nated POA had a large contribution of CHO compounds between Cg-C;; and C;3-C7
which were predominantly comprised of functionalised monoaromatic compounds.
Smouldering dominated POA emissions had a higher concentration of lower molecu-
lar weight CHO species, predominantly in the region of Cg-C;; with a peak at Cy,
which were also attributed to functionalised monoaromatic compounds. Furthermore,
smouldering dominated POA also had a greater percentage contribution from o-PAHs
of 16 % over the same carbon range compared to the flaming dominated POA (6 %)
which has important implications for the toxicity of POA. For CHON species, the ob-
served POA composition contained comparable concentrations of Cq monoaromatic
species between the burn phases that were largely assigned as NACs such as widely
used BB tracers, nitrophenols and nitrocatechols. However, after aging, the OA com-
position between the burning conditions significantly diverged particularly in the re-
lation to the contribution of aromatic CHO and CHON compounds to the aged OA
composition which was attributed to burn specific aging processes. For OA from the
smouldering dominated phase, aging decreased the relative contribution of aromat-
ics with almost complete reduction of both polyaromatic CHO and CHON species
resulting in the formation of ring-opened products. In comparison, for the flaming

dominated burns, the reduction in the contribution of aromatic compounds to the de-
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tected OA mass after aging was less than in smouldering and Van Krevelen analysis
indicated the number of polyaromatic CHON species notably increased, suggesting
the formation of NACs from aromatic CHO species. These differences in the aromatic
contribution to the OA composition between the burn phases have important impli-
cations for toxicity, particularly in relation to polyaromatic species which are known
carcinogenic species. The formation of ring retained NACs from the flaming domi-
nated burns highlight important implications for both toxicity and BrC formation. In
contrast, higher volatility ring-opened products were an important contribution to OA
from aged smouldering dominated emissions. These products could volatilise from the
particulate phase and impact on atmospheric chemistry and O3 formation, invariably
leading to the creation of compounds of unknown toxicities. At present, toxicology
endpoints used for policy-making decisions on mitigating impacts for human health
are typically based on mass. In reality, this is a more complex picture with multiple
factors affecting the toxicity of domestic BBOA such as the emission factor of a com-
pound, the OA composition as studied here, the total mass of fuel burnt and ultimately

the length of time exposed to the emission.
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Chapter 4

Development of a chemical mechanism
for the photo-oxidation of guaiacol and
understanding the contribution to

biomass burning SOA formation

4,1 Introduction

Biomass burning is the second largest global source of non-methane organic com-
pounds, (500 Tg yr'!) to the atmosphere after biogenic emissions (1000 Tg yr™!) [300]
and the dominant source of primary organic aerosol (POA) and black carbon (BC) [22].
Emissions of biomass burning VOCs (BBVOCs) can undergo photo-oxidation in the at-
mosphere to produce gaseous and particle phase species such as, secondary organic
aerosol (SOA) and tropospheric ozone (O3) in the presence of nitrogen oxides (NO, =
nitric oxide (NO) + nitrogen dioxide (NO,)). These emissions and their products can
then impact on climate by affecting the radiation budget, plant productivity through
stomatal uptake of O3, and human health [19, 301, 302]. For instance, Apte et al.
[19] reported that in 2016 exposure to PM, 5 air pollution reduced life expectancy by
1 year across the globe and in South Asia alone up to 1.56 years. This region also
experiences frequent burning events such as agricultural crop burning, wildfires and
residential combustion [303-305]. However, despite the importance of biomass burn-

ing for atmospheric composition and the resulting impacts, the atmospheric chemistry
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of biomass burning emissions remains poorly understood.

During the day, the hydroxyl radical (OH) is considered the dominant oxidant
of BBVOCs where in-plume OH concentrations can be up to an order of magnitude
greater than the background air [306]. Whereas in a nighttime ambient wildfire plume
Decker et al. [114] observed 53% of BBVOCs were oxidised by the nitrate radical (NO3)
whilst 43% were oxidised by ozonolysis. Within a biomass burning plume monoter-
penes and oxygenated aromatics (i.e. furans and phenols) are the main source of re-
activity [93, 114, 126] and have been reported as the dominant SOA precursors in
biomass burning [307]. Furthermore, Chapter 3 shows the significant contribution
of oxygenated aromatic POA and SOA products to the chemical composition of wood
burning organic aerosol. However, the detailed atmospheric chemistry of oxygenated
aromatics is relatively understudied [134]. Therefore, theoretical and laboratory stud-
ies have been performed on single precursor systems and biomass smoke to elucidate
their oxidation products and propose a reaction scheme with OH or NO; in order to
understand the formation of SOA from these precursors [93, 98, 308-313]. However,
the majority of these schemes have not been translated into a detailed semi-explicit
mechanism for implementation into chemical models. To date, only Coggon et al. [93],
Miller et al. [308], and Jiang et al. [311] have developed chemical mechanisms with
OH for furanic species for inclusion into chemical models. For phenolic species, they
were either omitted or a basic mechanism with OH or NO3 was supplied [93, 114].

An important class of oxygenated aromatics from biomass burning emissions are
methoxyphenols which form from the degradation of lignin within plant cell walls
during combustion [314-316]. Depending on the intrinsic structure of lignin within
the plant cell wall across different plant species, the relative emissions of different
methoxyphenols can vary [317]. For example, softwoods are primarily formed of the
guaiacyl unit (2-methoxyphenol), whilst hardwoods contain equal amounts of guaia-
cyl and syringyl units (2,6-dimethoxyphenol) [314]. This can result in a significant
emission of guaiacol from biomass burning with reported emission factors as high as
172-276 mg per kg of fuel burnt [318]. Critically, guaiacol has a high OH reactivity (k
= 7.53 x 10! cm?® molecule ! s7! at 294K) [319] and SOA yield (0.28-0.87) [94, 309,
320]. Coggon et al. [93] previously proposed a basic mechanism for guaiacol which ac-

counted only for the formation of nitroguaiacol. In reality, there will be a much larger
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number of oxidation products which can contribute to SOA and O3 formation.

Typically, there are two major pathways for the reaction of aromatic VOCs with
OH; OH addition to the ring and H abstraction which can occur in differing propor-
tions depending on the VOC structure [295]. Previous studies investigating the re-
action of guaiacol with OH have largely performed theoretical calculations to under-
stand the energetically favourable routes in each pathway or reported a basic scheme
based on product observations [309, 321-324]. However, neither approach translated
these results to an explicit chemical mechanism scheme for use in atmospheric chem-
ical modelling studies. From the H abstraction pathway, Lauraguais et al. [94] re-
ported that nitroguaiacols were the dominant products under high NO, conditions
with gas phase yields of 16 % and the high potential of these compounds to partition
to the aerosol phase where they are known contributors to brown carbon (BrC) [60,
172, 252-254]. In computational studies of guaiacol OH oxidation [321-324] and in
experiments performed by Yee et al. [309] under low NO, conditions, OH addition
products such as methoxybenzoquinone, methoxybenzene-1,4-diols, unsaturated di-
carbonyls and epoxides were observed. In computational studies intermediates deriv-
ing from the H abstraction of the methoxy group [321] and OH addition on the ring at
the ortho and ipso position to the methoxygroup [323, 324] were considered the most
energetically favourable pathways yielding nitroguaiacols under high NO, conditions
(94, 323, 324]. Furthermore, An et al. [323] suggest H abstraction reaction pathways
were dominant (=60 %) over OH addition reactions (~40 %). This may have impli-
cations for the SOA toxicity from the significant formation of ring-retained products
from this pathway, which are considered to be more toxic than ring-opened products
due to higher reported oxidative potentials [96]. A more unusual reaction pathway
including the loss of the methoxy group to form catechol was observed experimentally
by Yee et al. [309], which could have impacts on O3 and SOA formation with reported
catechol SOA yields over 100 % [325]. However, catechol has been observed as a 1%
impurity of guaiacol in a commercial standard and in a previous theoretical study the
enthalpy change for this reaction was endothermic; therefore, more studies are needed
to understand and confirm the formation of this product [326].

This chapter proposes a new mechanism for the photo-oxidation of guaiacol using

the latest Master Chemical Mechanism v3.3.1 (MCM, https://mcm.york.ac.uk/MCM)
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development protocol. The MCM is a widely used near-explicit chemical mechanism
describing the detailed gas phase atmospheric degradation of 142 non-methane VOCs
and methane containing in its current iteration 17,224 reactions. Subsets of the MCM
can then be implemented into atmospheric chemical processing box models used in
policy development. The guaiacol mechanism performance was evaluated on cham-
ber experiments performed at the EUropean PHOtoREactor (EUPHORE) during May
2023 and shortcomings in the proposed mechanism are identified and discussed. Fur-
thermore, as the emission period of biomass burning sources can span across days and
nights in the atmosphere the chemical composition of guaiacol SOA products was eval-
uated between nighttime and daytime initiated chemistry. Overall, the findings from
this Chapter highlight the importance of gas phase dihydroxyarene products from OH
addition on the degradation of guaiacol and propogation of RO, cycles under daytime

conditions.

4.2 Methodology

4.2.1 Chamber experiments

4.2.1.1 Chamber description

Chamber experiments were performed at EUPHORE, in Valencia, Spain, for 4 weeks
during May 2023. The EUPHORE facility was described in detail by Bloss et al. [295,
327] but in summary, it has two 200 m> Teflon domed outdoor chambers to perform
experiments in (Figure 4.1). Each chamber has a large internal fan for mixing and is sit-
uated on the rooftop with a retractable housing so that the chamber can be irradiated
by sunlight or left in the dark. The housing can also be partially be retracted in windy
conditions to protect the chamber against the wind whilst also allowing full irradia-
tion of the chamber base. Multiple different atmospheric oxidants can be used in the
chamber such as OH, O3 and NOj3. A pen-ray lamp with a flow of 99.9 % purity oxygen
at 2 bar pressure is used to generate O3 and NO is added to the chamber from a 5000
ppm gas cylinder at 3 bar pressure. NO, is chemically produced inside the chamber
from the reaction of NO and O3. EUPHORE is a highly instrumented facility capable

of measuring both gaseous and particle phase species. The instrumentation deployed
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in this campaign to measure oxidation products and particle growth is presented in

Table 4.1. O3 was measured by Fourier Transform Infrared Spectroscopy (FTIR) due to

interference from conjugated VOCs on the 254 nm UV absorption EcoTech Instrument.

Mass spectra from lodide Chemical Ionisation Mass Spectrometry (I-CIMS) were anal-

ysed in Tofware v3.2.5 in Igor Pro 8. All data throughout the remainder of the Chapter

is represented as Coordinated Universal Time (UTC).

Figure 4.1: 200 m> Teflon chamber at the EUropean PHOtoREactor (EUPHORE) facility in Valen-

cia, Spain

Table 4.1: Instrumentation at the EUPHORE facility available during the campaign, the species

measured and instrument parameters

Species Measured

Measurement Technique

Instrument
During Campaign and Parameters
Teledyne T500U NO, Cavity Attenuated Phase Shift (CAPS)
Chemiluminescence: NO + O3 = NO,
Teledyne T200UP NO
NO, luminescence measured
Florescence
AEROLASER 4021 HCHO
Hantzsch reaction of HCHO+pentadione+NH,
. Wet chemistry sampling
Long Path Absorption Photometer (LOPAP) HONO
with photometric detection
Scanning Mobility Particle Sizer (SMPS) PM Size range: 10-1000 nm

Fourier Transform

Infrared Spectroscopy (FTIR)

03, NO,, HONO, SF¢,HCHO,
guaiacol, glyoxal and HNOj3

Wavenumber range: 723.2-1240 cm’!

Agilent Technologies
5975T LTM-GC/MSD (GC-MS)

glyoxal and methylglyoxal

Derivatised for carbonyls

Aerodyne Filter Inlet for Gases and AEROsols
Iodide Chemical Ionisation

Mass Spectrometry (FIGAERO-I-CIMS)

Oxidation products

Polonium ionisation source

I' and IH,O" reagent ions produce M+I" species

IONICON Proton Transfer Time of Flight
Mass Spectrometry (PTR-ToF-MS)

Oxidation products

Heated line

H;0™ reagent ion produces M+H™ species
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As air is taken out of the chamber for analysis there is a replacement flow, meaning
over time the chamber contents will be diluted but given the large volume of the cham-
ber this effect is minimised. Nonetheless it is important to measure this dilution of the
chamber therefore, 6 mL of sulfur hexafluoride (SF¢) is added to the chamber at the
beginning of each experiment as a tracer for the chamber dilution. SFg was measured
by FTIR at ~ 950 cm™! and can be used as a tracer due to its inert reactivity and strong
absorption of infrared light. For these experiments a combination of open and closed
chambers were used to simulate "pure" daytime, "pure" nighttime and transitions be-
tween night and day or vice versa. The campaign investigated 4 different BBVOC:s:
guaiacol, catechol, furfural and 2-methylfuran. However, this chapter exclusively fo-

cuses on the guaiacol oxidation experiments shown in Table 4.2.

Table 4.2: List of guaiacol experiments performed at EUPHORE in May 2023 used in the analysis
of this Chapter

Date Experiment Type ID Roof Position = Duration
15-05-2023 Gas Phase Mechanistic Study GPM Open 5:03
29-05-2023 Day-to-Night DTN Open to Closed 6:16
30-05-2023 Night-to-Day NTD Closed to Open 6:17

4.2.1.2 Experiment protocol

For the gas phase mechanism experiment (GPM) approximately 500 ppb of guaiacol
(> 99 %, Sigma Aldrich) and 100 ppb of NO, (50 ppb NO + 50 ppb NO,) was added
to the chamber resulting in a moderate VOC:NO, ratio of ~ 5:1 (Table 4.3). The ex-
periments were performed under dry conditions and these initial conditions in Table
4.3 are similar to those used in previous campaigns at EUPHORE to understand the
photo-oxidation of aromatics [295, 328] and the reported ratios from VOC:NO, FIREX-
AQ campaigns [93]. However, the VOC concentration used is significantly higher than
that previously reported in the FIREX-AQ campaign during controlled burn experi-
ments which observed concentrations of guaiacol around 40 ppb and calculated the
emission ratio relative to CO to be 1.3 ppb/ppm CO [91]. These higher VOC con-
centrations were used here in order to clearly observe oxidation products used in the

validation of the guaiacol mechanism, such as glyoxal determined from FTIR. How-
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ever, for future experimental design the [-CIMS measurements may be more suited
to lower concentrations in order to prevent saturating the reagent ions. Seinfeld [42]
reported that VOC:NOy less than 8:1 is indicative of a VOC limited O3 production
regime which is typically observed from fresh emissions [329, 330]. The conditions
here can thereby be considered to represent a fresh biomass burning plume but at
higher concentrations for mechanism evaluation purposes. GPM experiments were
performed with the roof open, unseeded to allow homogeneous nucleation yields to be
calculated and OH was generated through the photolysis of nitrous acid (HONO) (Ta-
ble 4.3) based on precampaign simulations. The experiment was conducted with the
roof open for 5 hours however for modelling purposes (Section 4.2.3) the first 90 min-
utes are taken due to further additions of HONO and guaiacol later in the experiment.
Furthermore, large reductions in the I-CIMS reagent ion, from the high VOC loading,
were observed meaning the data at the later stages of the experiment could be more
uncertain. Furthermore, as seen from the SMPS number concentration (Figure 4.2) the
majority of the particle growth occurs during this time despite further additions of
guaiacol and HONO after 11:17 (UTC) and 10:01 (UTC). At the end of the roof open
period a filter was sampled at a flow rate of 11.5 L/min for 1 hour for offline analy-
sis with Ultra-High-Performance Liquid Chromatography coupled to High Resolution
Mass Spectrometry (Section 4.2.2).
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Figure 4.2: SMPS particle number concentrations for the guaiacol GPM experiment conducted on
15-05-2023. The orange line represents the end of the box model period.
For the night-to-day (NTD) and day-to-night (DTN) transitions, acidified ammo-

nium sulfate seed was initially added using an atomiser (TSI, Model 3076) at a con-
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centration of 50 ug m=>, ~ 200 ppb of guaiacol (> 99 %, Sigma Aldrich) was injected
and the chamber was humidified at a relative humidity (RH) of 50 % throughout the
experiment. The amount of NO, and Oj; initially added depended on whether night or
daytime conditions were being simulated, resulting in different VOC:NO, ratios. For
NTD experiments the roof was initially closed and approximately 200 ppb and 150
ppb of NO, and O3 were added, respectively, for the production of NOj radicals (Ta-
ble 4.3). After 4 hours the roof was then opened to observe the transition of night to
day. For DTN experiments the chamber was initially irradiated with the roof open in
the presence of 50 ppb of NO,. After 4 hours the roof was closed and NOj radicals
were generated from the addition of further NO, (20 ppb) and O3 (100 ppb). Whilst
the guaiacol precursor is not anticipated to react very quickly with O3, it is possible
that in the dark oxidation products of guaicol may react with O; due to the method
used for NOj generation. Therefore, the nighttime chemistry may include both NOj3
oxidation and ozonolysis as generally occurs in the real atmosphere. In order to sep-
arate NOj3 chemistry future experiments may instead use N,Os5 as the radical source.
At the end of the roof open or roof closed period a filter was sampled at a flow rate
of 12.5-13.1 L/min for 1 hour for offline analysis with Ultra-High-Performance Liquid
Chromatography couple to High Resolution Mass Spectrometry (Section 4.2.2).

Table 4.3: Initial experimental concentrations used in the guaiacol GPM, DTN and NTD experi-

ments analysed in this Chapter

ID  Guaiacol / ppb O3 /ppb NO,/ppb NO/ppb HONO/ppb VOC:NOy

GPM 441 17 63 36 41 4.45
DTN 210 11 39 8 5.1 4.47
NTD 244 86 174 6 2.2 1.36

4.2.2 Ultra-High-Performance Liquid Chromatography coupled to
High Resolution Mass Spectrometry

The offline filters were stored at EUPHORE until the end of the campaign before being
transported on ice to the United Kingdom and characterised at the University of York
using an Ultimate 3000 UHPLC (Thermo Scientific, USA) coupled to a Q Exactive Or-
bitrap MS (Thermo Fisher Scientific, USA) with heated electrospray ionisation (HESI).
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As in Chapter 2 the filters were extracted based on the method used in Bryant et al.
[144]. The 47 mm quartz filters were cut into 1 cm? pieces, placed in a 20 mL glass vial
and 8 mL of methanol (LC-MS Optima Grade) was added. The resulting 8 mL solution
was sonicated for 45 minutes, using ice packs to lower the temperature of the water
bath. The methanol extract was transferred to a second 20 mL glass vial using a 0.22
pum syringe filter (Milipore) then 2 mL of methanol was used to wash through the sy-
ringe filter yielding a 10 mL extract. The 10 mL extract was subsequently dried using
a Genevac vacuum solvent evaporator. The sample was reconstituted in 200-300 uL
90:10 H,O (LC-MS Optima Grade): MeOH (LC-MS Optima Grade) for UHPLC-HRMS
analysis.

Compound separation was achieved using a reversed phase Cyg 2.6 ym x 2.1 mm
x 10 mm Accucore column held at 40 °C. The mobile phase consisted of 0.1 % (v/v %)
formic acid (Acros Organics) in water (A, LC-MS Optima Grade) and methanol (B, LC-
MS Optima Grade). A gradient elution was used, starting at 90 % (A) with a 1 minute
post injection hold, decreasing to 10 % (A) at 26 minutes before returning to the start-
ing conditions at 28 minutes. A final 2 minute hold at 10 % (A) allowed the column
to re-equilibrate. The flow rate was set to 0.3 mL min 'and prior to analysis samples
were stored in an autosampler tray at 4 °C. The injection volume was set to 4 uL. The
HESI was operated under the following conditions: a spray voltage of 4 kV, a capil-
lary and auxiliary gas temperature of 320 °C, a sheath gas flow rate of 45 (arb.) and
an auxiliary gas flow rate of 10 (arb.) Spectra were acquired in negative and positive
mode using ddMS?. The scan range was set to a mass-to-charge ratio (m/z) of 85 to 750,
with a mass resolution of 140,000. Tandem mass spectrometry was performed using a
higher collision dissociation with a stepped normalised collision energy of 10, 20 and
45. In each scan the 10 most abundant species were selected for MS? fragmentation.
The samples were analysed once with solvent blanks every 10 samples. Spectra were
acquired from XCalibur 4.3 (Thermo Scientific, USA). However, there was significant
contamination between different experiments from the filter collection line, therefore
it is challenging to compare concentrations between experiments. This was especially

observed for 4-nitroguaiacol.
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4.2.3 Box modelling approach

Chamber box models of the guaiacol chamber experiments were run using the AtChem?2
box model [331] coupled to the University of York’s supercomputer, Viking2. AtChem?2
is an open source zero-dimensional box model which can be used for experimental
chamber studies as well as longer simulations associated with field campaigns. More
information on the construction of AtChem?2 can be found in Sommariva et al. [331].
The models were constrained to RH, temperature and the measured photolysis rate
of NO; (Jno2)- The remaining photolysis rates were calculated by the MCM protocol
based on the latitude and longitude coordinates of the EUPHORE chamber (39.551,-
0.462) provided to AtChem?2 [332]. However, to account for variation in photolysis rate
due to cloud cover the calculated rates are scaled by a parameter referred to as JFAC.
JEAC is calculated based on the ratio of the measured Jyo, compared to the MCM cal-
culated Jno,. However, it is important to note that the different wavelengths of light
can be blocked to different extents therefore applying a generic JFAC term assuming
equal changes in photolysis rate may lead to over or underestimations of photolysis
rates. HONO as the OH source for the experiment was also constrained, using FTIR
measurements, so OH could be accurately simulated, though there are no measure-
ments to verify this. HONO constraints can also allow a good representation of NO, in
the chamber. For the mechanism development, the models were initially constrained
to the constraints mentioned above and observational data of NO,, O3, formaldehyde
(HCHO) and guaiacol to control the observable radical production. These constraints
were either applied all together or individually, i.e. only constraining NO,. However,
it was concluded that not constraining to the additional experimental data resulted in
an improved fit of the model to the experimental observations for species such as NO,
and Oj. Furthermore, by not constraining it was possible to observe where chemistry
was missing or overpredicted which aided efforts to adjust the mechanism to fit the
experimental data.

An auxiliary mechanism of the chemistry that can occur on the chamber walls from
photolysis and wall deposition [333] was also inputted using the parameters described
in Bloss et al. [295], Zador et al. [334], previous University of York campaigns at the
EUPHORE chamber and previous EUPHORE reference experiments available on the

Eurochamp website. These reactions are detailed in Table 4.4.
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Table 4.4: Auxiliary mechanism added to the EUPHORE box modelling to account for wall chemistry

in the chamber.

Rate coefficient Reaction
(JFAC x 1.62 x 107) +
((1-JFAC) x 1.40 x 107) molecules cm™ 57!

HCOOH production

(3.1 x 10'7) x Jyop x e(72089/T) % 3 molecules cm™ s!  HCHO production

(73 X 1021 X ]NOZ X e(_8945/T)) +

HONO production
(Jnoz X (5.8 x 108) x (RH®36)) molecules cm™ 57!
JFAC x 3.86 x 10° molecules cm™ 5! O3 production
0.7 x 1073 st NO, = HONO
1.6 x 102 st NO, = wHNO;
JHNO3 S-1 wHNOj3; = OH + NO,
Jno2X 2.46 x 10° molecules cm™ 57! NO, production

(JFAC x 5.98 x 10°) + ((1-JFAC) x 1.85 x 10°)

NO production
x 1.7 molecules cm™3 s

JFAC x 6.4 x 107 57! O3 wall loss

4.2.4 Master Chemical Mechanism protocol

A fully explicit chemical mechanism can be impractical to use given the large number
of reactions and products formed; therefore some simplifications are applied within
the MCM development protocol making the MCM near-explicit [332, 335, 336]. These
simplifications are the non-inclusion of low probability channels (i.e. <5 %) which
are then redistributed amongst other channels, parameterisation of RO, reactions with
other RO, radicals and the simplification of oxidation product degradation schemes.
For example, taking the addition of OH to aromatic rings, there are multiple possible
addition points depending on the substituents present resulting in the formation of
numerous RO, isomers. The permutations of such a large number of isomeric RO,
species in self or cross RO, reactions therefore requires simplification to reduce the
overall number of species in the MCM. Generally the MCM uses kinetic data that have
been extensively reviewed eg. Atkinson and Arey [50], Atkinson and Carter [337], and

Atkinson et al. [338], or, if available, more recent laboratory observations. However,
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where neither recommendation nor experimental data exists, the rates are approxi-
mated. Most commonly, this is from Structure Activity Relationships (SARs) which
apply a generic rate calculation that is modified depending on the functional groups
present or the rate coefficient of a close analogue can be applied. This approach enables
rate coefficients beyond the primary VOC degradation, i.e. for degradation products
where it is more unlikely to have experimental data, to be approximated and hence the

creation of a detailed chemical mechanism.

4.2.5 Development of a chemical mechanism

4.2.5.1 Structure Activity Relationships (SARs)

The mechanism development protocol was taken from the MCM as described in Sec-
tion 4.2.4 and using the updated SAR protocols developed by Jenkin et al. [53, 339].
The rate coefficient for reaction with OH (kpy) is derived by a summation approach
using calculated partial rate coefficients for H-abstraction and OH addition to each
potential site of attack. This approach also enables the attack distribution to be cal-
culated for the evaluation of branching ratios on the first generation products. These
branching ratios and overall rate coefficient are therefore used as the starting point
for the mechanism development. The calculations from the initial SAR are presented
in Eq 4.1 which shows the partial rate coefficients (x107'? cm® molecule’! s!) and the
summation to kop. The calculated kg of 6.99 x 101! cm3 molecule™ s! agrees well

with experimental observations (7.53 x 10"!! cm?® molecule ! s71)[319].

0Habs1

OHagds

OH
add4 OHadd6 OHasz

OHaqa3 OH,qq1

OHa4d2

Figure 4.3: Schematic of the structure activity relationship used to calculate koy for guaiacol.
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OH 41 = kyrom X F(0,m) X R(0)or X R(m)oy = 17.136
OHagaz = karom % F(m, p) x R(m)or X R(p)on = 4.313
OH, 43 = kiarom x F(p, m) x R(p)or X R(m)oyg =17.136
OH,444 = karom X F(0,m) x R(m)pr X R(0)poy = 4.313
OHggas = kipso X F(0) x R(0)or X R(ipso)on = 16.679

OHggae = kipso X F(0) x R(ipso)or x R(0)op = 4.198 (4.1)
OH_ps1 = koHaps = 2.6

OH ps2 = komeavs X F(=Ph) = 3.51

kom = ZOHaddl +OHpg42 + OHyg43 + OHpg44
+OHadd5 + OHadd6 + OHabsl + OHabsl
=69.885x 10" Y2cm3molecule s

By taking the ratio of the partial rate coefficients to kppy, the initial branching ra-
tios of OH addition and OH abstraction can be calculated. From the initial SAR the
OH abstraction pathways are minor (< 5 %) which would normally be ignored by the
MCM protocol. For the H-abstraction of the OMe (OH,},,) the branching ratio is ~ 5
%, therefore this pathway, in agreement with the protocol, is disregarded; however, ni-
troguaiacol is a known reaction product from the H-abstraction of the OH group [94].
For this pathway a literature yield of nitroguaiacol (16 %) is used for the branching
ratio assuming the resulting radical exclusively reacts with NO, to produce nitrogua-
iacol [94]. This is a similar approach to other phenolic compounds already in the
MCM. However, this assumption ignores other possible products which may form via
H-abstraction, such as, quinones [340]. The other first generation reaction products
were derived following the aromatic degradation scheme in Jenkin et al. [339] and
as shown in Figure 4.4 to produce a dihydroxyarene from the k,,; o, pathway, or an
epoxide and a bicyclic peroxy radical from the k,;;.0, pathway. Because OH can add
to the ring at multiple sites there are many isomers that can form; therefore, to calcu-
late the branching ratios of the aforementioned first generation products, the site with
the highest partial rate coefficient was chosen. As the ortho and para addition yield
the same partial rate coefficient, the branching ratios for the ortho position were calcu-

lated (Figure 4.4). However, para addition of OH would yield similar results (+ 10 %).
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Partial rate coefficients are calculated for the abstraction and addition of O, following
the protocol of the Jenkin et al. [339] SAR. Branching ratios for the first generation
products were then calculated as the ratio of ks 0, or k,44 02 to kror (Equation 4.2).

OH OH
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Figure 4.4: Degradation of the resulting hydroxyarene radical formed from OH addition at the ortho
position for the calculation of 15 generation branching ratios. The numbers in bold black font rep-
resent the partial rate coefficients (x 10712 cm> molecule™? s71) for the abstraction pathway (Kups.02)
or O, addition pathway to form a bicyclic radical (k,34.02). The percentages in blue represent the

branching ratio of each pathway as a percentage of the total rate coefficient (kups.02 + kaaa-02)-

kapso2 =11.4

F5
kagaor =5 ><—><—_325

V2 V2 (4.2)

kror = Zkabso2 +kaga02 = 48.9
However, the Jenkin et al. [339] SAR does not account for the formation of cate-

chol which has been reported as an oxidation product from OH chemistry [309, 326].
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Krofli¢ et al. [326] suggest the catechol formation route involves OH addition in the
ipso position to the OMe group and the subsequent addition of water where methanol
is lost as a by product. However, the addition of water to the ring will be compet-
ing with the addition of O, which is likely to be the dominant reaction producing the
bicyclic peroxy radical. Furthermore, GPM experiments were performed under dry
conditions (RH < 1%) so the concentration of catechol formed from oxidation could
be quite low relative to the amount which is present as an impurity of guaiacol. From
the SAR shown in Eq 4.1 the branching ratio for catechol formation is calculated from
the contribution of the methoxy ipso OH addition partial rate coefficient (OH,44¢4) to
the total rate (kpy). This yielded a branching ratio of 6 % for the catechol formation
route. Using the ratios in Figure 4.4 the remaining branching ratios are recalculated
after subtracting the 6 % of catechol and 16 % of nitroguaicol formation.

To determine the reactions of RO, species produced from the initial OH addition
reaction the Jenkin et al. [53] SAR was used. RO, can undergo several bimolecular
reactions with species such as NO, NO,, HO, and NOj, as well RO,-RO, cross and
self reactions including intramolecular rearrangements followed by autoxidation. The
rates of these reactions ultimately depend on the ambient conditions and the RO,
structure. The rates of RO, with species such NO, NO,, HO, and NOj are already
built in to the MCM from previous SARs. However, where updated branching ratios
are provided for these reactions, which typically depend on the RO, structure (i.e. pri-
mary, secondary, tertiary), then these new values are applied. For RO, cross and self
reactions to form carbonyls, alcohols, peroxides and alkoxy radicals the equations to
determine the rate coefficient and branching ratios in the updated Jenkin et al. [53] are
implemented. Future work and SARs should aim to incorporate a parameterisation for
potential intramolecular RO, chemistry.

Finally, a rate for the reaction of guaiacol with NO3; was calculated from the fully
explicit GECKO-A generator [341]; however, it is several orders of magnitude lower
than the reaction with OH and was deemed inconsequential in the observed chemistry
from the guaiacol GPM experiment. An experimental literature rate coefficient for
this NOj reaction (3.2 x 10! cm® molecule™ s7! at 298 K) [313] was higher than the
GECKO-A calculation but remains one order of magnitude lower than the OH rate

coefficient. However, the addition of NO3 chemistry in future work would be of value
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for the NTD and DTN experiments. Applying these equations [53, 339], the MCM
protocol rules [332, 335, 336], and using the existing MCM aromatic mechanisms as a
guide, the mechanism shown in Figure 4.5 was produced.

As can be observed from the mechanism in Figure 4.5, most species are not already
included in the MCM. Therefore, further SARs for guaiacol oxidation products were
carried out to determine reaction rates with OH in subsequent degradation. For exam-
ple, a subset of OH chemistry was added for the first generation OH addition product
(i.e a dihydroxyarene), referred to as OMCATECHOL in Figure 4.5. This added chem-
istry is shown in Figure 4.6 and indicates further SARs are required for the degradation
of OMCATECHOL oxidation products. An additional ko rate coefficient calculated in
the same way as shown in Eq. 4.1 was also supplied for the degradation of the second
generation OH addition product, OMBENZ1350H.

In total the mechanism proposed for guaiacol in this work contains 414 reactions
and 134 species. In comparison, the atmospheric degradation scheme for isoprene in
the MCM contains is significantly more complex with 1974 reactions and 610 species.
However, compared to the MCM mechanism for benzene degradation, the guaiacol
mechanism has a similar number of reactions (454) and species (157). It is important
to note, however, there are further reactions of guaiacol with NOj; to be incorporated.
The guaiacol mechanism used in the AtChem?2 box modelling of the EUPHORE exper-

iments described in Section 4.2.3 is provided in Appendix A.

4.2.5.2 Methods for mechanism evaluation

The newly developed mechanism, presented in Figure 4.5 and Figure 4.6, was evalu-
ated by comparing the experimental data from the EUPHORE guaiacol photo-oxidation
GPM experiment to the modelled concentrations from chamber box models (Section
4.2.3). Time profiles of key inorganics, oxidation markers and guaiacol decay were
used for comparison. This included species such as NO, NO,, O3, HCHO, nitric acid
(HNO3), and glyoxal (GLYOX). Furthermore, oxidation products shown in Figures 4.5
and 4.6 were compared to I-CIMS and PTR-MS measurements. However, as there are
no calibrations for these compounds only the shapes of the time profiles between mod-
elled and measured data are compared to confirm the rates of production and loss of

each product are occurring at the correct timings in the experiment.
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4.3 Results

4.3.1 Evaluation of the guaiacol mechanism

Using the initial chemistry presented in Figure 4.5 the modelled concentration of gua-
iacol shown in orange in Figure 4.7 is overpredicted by over 100 ppb compared to the
FTIR measurement. However, after the inclusion of the OMCATECHOL chemistry the
modelled guaiacol concentration (blue trace) is improved compared to the measure-
ment in Figure 4.7. The guaiacol overprediction remains, but is reduced to 64 ppb.
This indicates the propogation of the OMCATECHOL RO, is an important degrada-

tion pathway within the mechanism for increasing reactivity of the initial precursor.

GUAIACOL

400

w
=}
S

Concentration / ppb
3
o

100

08:30 09:00 09:30 10:00
Time

Added OMCATECHOL degradation
— experimental data

Initial model

Figure 4.7: Comparison of the observed guaiacol concentration (black) with the modelled concentra-
tions using the initial guaiacol mechanism (orange) and after adding the OMCATECHOL chemistry

in Figure 4.6 (blue). Error bars indicate the error on the measurement.

An analysis of the top OH production reactions was undertaken in the model before
and after adding the OMCATECHOL degradation scheme shown in Figure 4.6 and
observed that the addition of this chemistry increased the overall OH production rate
from HO, chemistry. From Figure 4.8, this is primarily the reaction of HO, with NO
but towards the end of the experiment it can be seen to also react with O3 to form OH.
This indicates the OMCATECHOL RO, further propagates the HO, cycle to produce

more OH in the system hence depleting the initial guaiacol precursor at a faster rate
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than in the initial scheme. However, further work is required to close the gap between
modelled and measured concentrations. Using the literature ko rate coefficient which
is faster than the SAR calculation in Eq 4.1, the guaiacol decay is slightly improved,
but still underestimates the guaiacol loss compared to the measurement by 44 ppb.
This overall indicates there is some missing reactivity as already mentioned in the

construction of the mechanism and as shown in Figures 4.5 and 4.6.
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Figure 4.8: Top 10 reactions contributing to OH production within the model in the initial model
with the initial guaiacol chemistry (orange data in Figure 4.7) and after inclusion of OMCATECHOL

degradation mechanism (blue data in Figure 4.7)

From Figure 4.7 it is evident that the OMCATECHOL chemistry is important for
guaiacol degradation. However, using the branching ratios from the SAR calculated
in Section 4.2.5.1 there is still further improvement required due to a significant over-
prediction of glyoxal concentrations (the blue model in Figure 4.9) of approximately
50 ppb. Bloss et al. [327] report in MCM v3.1 the 1,2-hydroxyarene is the dominant
product compared to the nitro-product and quinone yielding pathways for phenolic
compounds. As shown in Figure 4.5 the only known source of glyoxal is via the guaia-
col RO, (GUAIAO?2) pathway. However, other possible glyoxal sources may exist in the
degradation of later generational compounds. In order to constrain the mechanism to
the observed glyoxal concentrations the branching ratios between the GUAIAO?2 path-
way and the OMCATECHOL formation pathway were adjusted. Figure 4.9 shows the
effect of increasing the OMCATECHOL formation pathway by decreasing the branch-
ing ratio of GUAIAO?2. There is a relatively minimal impact on the guaiacol decay or

formation of HCHO, HNO3; and O3;. However, the fit of the modelled NO, decay with
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the experimental data improves, especially in the latter stages of the model, as the OM-
CATECHOL pathway increases and as the GUAIAO2 pathway decreases with optimal
fitting at a 30 % increase or decrease respectively (red model in Figure 4.9). In real
terms this means the branching ratios in Figure 4.5 are now 17.9 % (GUAIAOXMUC),
48.2 % (OMCATECHOL), 16 % (OMC6H40), 6 % (CATECHOL) and 11.9 % (GUA-
[AO2). As anticipated, the largest impact of changing the branching ratios is on the
prediction of glyoxal, changing by almost 10 ppb at each 10 % increase, with an im-
proved fit as the OMCATECHOL branching ratio increases. Yet, at the 30 % increased

branching ratio there is still an overprediction of the modelled glyoxal (= 10 ppb).
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Figure 4.9: Comparison of the observed concentrations of glyoxal (GLYOX), guaiacol (GUAIACOL),
formaldehyde (HCHO), nitric acid (HNO3), NO, NO, and O3 (grey) with increasing proportions
of the OMCATECHOL branch contributing to the mechanism and reducing contribution of the RO,

pathway (GUAIAO?2). Error bars indicate the error on the measurement.

Furthermore, in the red model shown in Figure 4.9 it is clear there is still missing
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OH reactivity from the guaiacol decay, with a difference of ~ 58 ppb between mod-
elled and measured guaiacol concentration, and at the same time an overprediction
of O3 (= 110 ppb). In Figure 4.9 the initial formation of NO, is also too fast indi-
cating the rate of NO-NO, conversion via reactions with RO, is too quick and other
OH production pathways such as RO, isomerisation [327] and autoxidation may be
required to increase reactivity whilst reducing NO-NO, conversion. Existing aromatic
degradation schemes in the MCM have similar known deficiencies [295]. These are an
overprediction of O3 from missing OH reactivity and underprediction of OH concen-
tration, as well as, underprediction of NO oxidation rate i.e. NO reactions with peroxy
radicals (RO;). The missing reactivity and O3 overestimation shown here for guaia-
col are on a similar magnitude to those in Bloss et al. [295] for toluene, p-xylene and
1,3,5-trimethylbenzene.

From the mechanism in Figure 4.5 the only known production of glyoxal occurs at
the degradation of the guaiacol alkoxy radical (GUAIACO) to form either a quinone
product (OMPBZQONE) or an unsaturated dicarbonyl product (OMC5CO140H). The
branching ratios presented in Figure 4.5 for this reaction are taken from the observed
relative branching ratios for toluene in Bloss et al. [295]. Using the 30 % increased OM-
CATECHOL model (red model in Figure 4.9) the ratio of OMPBZQONE:OMC5CO140H
was adjusted from the original 30:70 ratio shown by the red model to 70:30 as shown
in Figure 4.10.

Increasing the ratio to favor the formation of OMPBZQONE reduces the production
of glyoxal with an optimal fit at 70:30 in the green model. There is no effect of this ra-
tio on the prediction of the other inorganic species, therefore, this model is considered
the final optimised mechanism. There is still an underprediction of the guaiacol decay
and overprediction of O3 which has been linked with missing OH reactivity; therefore,
more SARs and experimental studies are needed to evaluate second-generation prod-
ucts or confirm the reaction rate of guaiacol with OH as there is only one experimental
study in the literature [319].

A study of the rates of production and loss of RO, was carried out to understand
the dominant reactions propagating the chemistry. Figure 4.11 shows the top 9 re-
actions as a percentage of the total instantaneous RO, production (Figure 4.11a) or

loss Figure 4.11b). Reactions outside the top 9 are shown as a lumped sum "other" in
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Figure 4.10: Comparison of the observed concentrations of glyoxal from FTIR (grey) with increasing
proportions of the quinone product (OMPBZ) to the dicarbonyl product (OMC5CO140H or DI-
CARB) from the GUAIAO2 degradation pathway.

Figure 4.11. In both cases the RO, formed from OMCATECHOL degradation are the
greatest contributors after the initial formation of OMCATECHOL via the GUAIACOL
+ OH reaction. This indicates that OMCATECHOL degradation is important for radi-
cal propagation in the system and therefore agrees with the improved guaiacol decay
through inclusion of this chemistry (Figure 4.7).

Interestingly, despite the formation of CATECHOL as a relatively small branch (6
%) the reaction of nitrocatechol is important for the generation of nitrogenated RO,
(Figure 4.11a) which has implications for SOA formation given the high SOA yield of
catechol and low volatility of nitrocatechol [325]. Furthermore, Chapter 3 shows nitro-
catechol contributes to the SOA formation from wood burning which indicates guaia-
col as a potentially important SOA precursor in the Chapter 3 experiments. Quinones
are known toxic species [96] and the contribution of quinone derived species to RO,
production in Figure 4.11a such as OMPBZQO2 may have significant implications
for toxicity with the formation of increasingly oxidised quinone type species. Fur-
thermore, in both RO, production and loss (Figure 4.11) peroxyacetylnitrate species
(PANSs) are important and may be of significance for ambient biomass burning plumes,
where injection of plumes into the free troposphere at higher altitudes and colder tem-

peratures could allow PANs to be transported over large distances [110]. The trans-
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Figure 4.11: a) Top reactions contributing to RO, production in the modelled GPM experiment as
a proportion of the total rate of RO, production. b) Top reactions contributing to RO, loss in the

modelled GPM experiment as a proportion of the total rate of RO, loss.

portation of PANs from biomass burning is a large reservoir of NO, that may impact
on the tropospheric O3 production in the remote atmosphere where the O3 budget is
driven by NO, rather than VOCs [342]. Tropospheric O3 has important implications
for climate and air quality as it is a greenhouse gas [343, 344] and photolysis of Oj is
a major source of OH radicals [39] thereby influencing the oxidising capacity of the
atmosphere and the loss of other important greenhouse gases.

Typically, the dominant loss of RO, is through reactions with NO [53] as seen in the
early stages of Figure 4.11b, however, as NO is used up (Figure 4.9) the contribution of
"other" RO, loss routes increased which were largely RO,/RO; cross and self reactions.
The dominant products of these "other" RO,/RO, reactions in Figure 4.11b are alkoxy
radicals which typically form carbonyl products in subsequent reactions [345]. These

"other" reactions may also be important for later stage SOA formation from guaiacol
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oxidation from the production of large low volatility peroxide dimers [346]. These
"other" RO,/RO, reactions therefore may become important as the biomass burning
plume ages and the NO, concentrations decreases, with Takegawa et al. [347] reporting

in an ambient plume a short NO, lifetime of 0.1-0.3 days.

4.3.2 Identification of oxidation products

[-CIMS and PTR-MS were used to measure the realtime formation of guaiacol oxida-
tion products from the mechanism presented in Figure 4.5. There are no standards for
the I-CIMS or PTR-MS data, therefore the species response is measured in normalised
counts per second (ncps). ncps for I-CIMS was calculated by dividing the counts per
second of the oxidation product by the sum of the reagent ions (I" and H,IO") at the
same timestamp. It is important to consider that the I-CIMS and PTR-MS may be
more sensitive to different chemical spaces and therefore care must be taken when
analysing the measured signals of guaiacol oxidation products. An intercomparison of
the I-CIMS and PTR-MS was taken to evaluate the trends observed by each instrument
for any common detected oxidation products (Figure 4.12). For 4 of the 6 common
compounds between the two measurements, both instruments largely report the same
trend in their formation and evolution in Figure 4.12 but PTR-MS measurements of
catechol do indicate the presence of a potential impurity [326] which is present in all
guaiacol experiments presented throughout this Chapter. Furthermore, it is possible
to see a small increase in the catechol I-CIMS signal before the roof is opened after
the initial addition of guaiacol to the chamber but this signal is 3 orders of magnitude
lower than during the oxidation experiment and therefore not clearly visible in Figure
4.12. Further work is needed to quantify the production of catechol from guaiacol or
the magnitude of the potential impurity observed in these experiments.

There are also significant exceptions for GUAIAOXMUC and OMPBZQONE. For
GUATAOXMULC there are two other known products in the guaiacol mechanism at the
same mass. GUAIAOXMUC, OMPBZQOH and OMBENZ13450H all have m/z 172
and the same molecular formula of C;HgOs5. The modelled concentrations of these
compounds are presented in Figure 4.13 which shows the increase in each product
at different times in the experiment, with GUAIAOXMUC as a first generation, and
OMPBZQOH and OMBENZ13450H as third generation products. However, there is
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little formation (< 1 ppb) of OMPBZQOH. Compared to the modelled timeseries in
Figure 4.13 the PTR-MS signal shown in Figure 4.12 resembles more closely that of the
OMBENZ13450H product whereas the I-CIMS data agrees more closely with that of
the GUAIAOXMUC epoxide. The sum of the profiles show the main contributor to the
total concentration at this m/z is GUAIAOXMUC. This example shows the advantage of
having chromatographic separation prior to mass spectral measurement, which would

improve the mechanism evaluation of these compounds.
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Figure 4.12: Intercomparison of the guaiacol oxidation products measured by I-CIMS and PTR-MS

for the model duration period of the gas phase mechanism experiment on 15-05-2023.
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Figure 4.13: Modelled concentrations of the evolution of m/z 172 oxidation products for the gas

phase mechanism experiment on 15-05-2023

Figures 4.14 and 4.16 show the timeseries of first and second generation oxidation
products identified during the photo-oxidation GPM experiment with the modelled
data shown in grey and the mass spectral data in colour for each compound. As there
are no available standards for quantification the profile is compared between the mod-
elled MCM concentrations in parts per billion (ppb) on the left axis and the species
response measured by I-CIMS or PTR-MS in normalised counts per second (ncps) on
the right axis. Note that the products from the bicyclic peroxy radical route, such as
GUAIACOH and GUAIACOOH, were considered to be second generation after con-
sulting the modelled timeseries data and are hence not presented in Figure 4.14.

Generally the measured profiles of the first generation products show good agree-
ment with the modelled concentration profiles in Figure 4.14. However, there are some
deviations between the modelled and measured profiles.

Firstly, it can be seen that the rate of production of NGUAIACOL is faster than ob-
served. NGUAIACOL is a lower volatility compound and is likely to be in the aerosol
phase as a previous study observed nitroguaiacol as the dominant particle phase prod-
uct [94]. NGUAIACOL in the form of 4-nitroguaiacol could be identified using an
authentic standard in UHPLC-HRMS analysis (Figure 4.15) indicating the deviation
in Figure 4.14 could be due to gas-to-particle partitioning. Secondly, after the first

30 minutes there is a deviation in the comparision between modelled GUAIAOXMUC
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Figure 4.14: Comparison of the modelled concentrations (grey) of 1 generation oxidation products
from Figure 4.5 to the detected I-CIMS signal in normalised counts per second (ncps) shown in colour

for each species.

concentrations and the I-CIMS signal for the detected C;HgOsI™ ion. As already men-
tioned and shown in Figure 4.13 there are other oxidation products forming at the
same m/z that may also contribute to the I-CIMS signal resulting in some deviations in
the agreement. For instance, at 09:00 UTC when the deviation starts to occur in Figure
4.14 the OMBENZ13450H product begins to increase (Figure 4.13) which could con-
tribute to the slower decay in the I-CIMS signal. However, the sum of all modelled at
m/z 172 products produces a similar profile (Figure 4.13) and indicates there are other
missing oxidation products. Catechol was unfortunately unable to be quantified by ei-
ther mass spectrometry measurements or FTIR, however, the modelled profile shows
it is significant source of reactivity rapidly decaying 15 minutes (08:45 UTC) into the
experiment. In the case of FTIR the catechol concentration was thought to be too low

for quantification.
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Figure 4.15: Chromatograms of the guaiacol nitroaromatic oxidation products in the aerosol phase

detected by the UHPLC-HRMS analysis

Similarly the I-CIMS measurement of second generation products also show good
agreement with the modelled concentration profiles (Figure 4.16). However, devia-
tions between the model and measurement occur again for nitrocompounds such as
DNGUAIACOL and NOMCATECHOL. Although for NCATECHOL the modelled and
measured I-CIMS profiles are in agreement. Note that the measured ncps for the GUA-
IACOH product is noisy towards the end of the modelled period due to a peak fitting
drift but overall has a similar trend to the model. The [-CIMS measurement timeseries
in Figure 4.16 for HCOCO2H shows a faster production than would be expected for a
third generation product of guaiacol. However, it is an early decomposition product
from the OMCATECHOL RO, (OMCATECO?2) in Figure 4.6 and the improved fit in
this profile after addition of the OMCATECHOL degradation adds further support to
the inclusion of the OMCATECHOL chemistry into the mechanism as an important

source of reactivity.
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Figure 4.16: Comparison of the modelled concentrations (grey) of 2" generation oxidation products
from Figure 4.5 to the detected I-CIMS signal in normalised counts per second (ncps) shown in colour

for each species.

At 08:45 UTC the NCATECHOL profile shows a significant increase as catechol
simultaneously decays in Figure 4.14. For DNGUAIACOL which contains two nitro
groups the deviation occurs within 15 minutes and after 1 hour for NOMCATECHOL
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which contains only one nitro group. The nitro group functionality again indicates
these compounds as likely candidates for SOA formation and as observed in Chap-
ter 3 C¢-Cg nitroaromatics were the main contributors to the aromatic organonitrogen
(CHON) mass in aged OA from wood burning. DNGUAIACOL and NOMCATECHOL
were observed in UHPLC-HRMS analysis (Figure 4.15) and suggest nitroaromatic com-
pounds are important in the early stages of SOA formation in this guaiacol + OH sys-
tem. Similar to NGUAIACOL the model is not accounting for gas-to-particle partition-

ing which could result in the observed profile difference.

4.3.3 Guaiacol SOA yield

It is clear that guaiacol can rapidly produce SOA from the particle number concentra-
tion timeseries shown in Figure 4.2 and the presence of certain nitroaromatic oxidation
products in offline UHPLC-HRMS analysis (Figure 4.15). The guaiacol SOA yield (Y)
was calculated according to Equation 4.3 using the mass of SOA formed from SPMS
in ug m> (ASOA) and the amount of guaiacol reacted in yg m> (AVOC). In this ex-
periment the SOA yield is described as the homogeneous nucleation yield and was
calculated to be 0.15 which is less than previously reported at similar concentrations
of guaiacol (0.54-0.65) [94, 320]. However, Lauraguais et al. [94] conduct the exper-
iments under dry conditions, Liu et al. [320] used an oxidation flow reactor and the
NO, concentrations were different which may be important in the formation of SOA
for phenolic compounds [320]. Over a wider range of guaiacol concentrations and in
seeded or unseeded experiments previous studies have reported yields of 0.003-0.87
[94, 309, 320]. Therefore, it is evident that further experiments are required over a
greater range of conditions than that studied here to accurately determine the SOA

yield.

_ ASOA
~AVOC

4.3.4 Evolution of guaiacol products between night and day

At present, many studies experimentally evaluate biomass burning chemistry in the
presence of one oxidant, and there are few studies analysing the transitions in SOA

composition between day and night. Understanding this transition is important for
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the oxidation of real word emissions in the atmosphere over the course of 24 hours.
Furthermore, in the case of biomass burning events such as wildfires the active emis-
sion period can exist over numerous days and certain plumes have been described as
optically thick, meaning there is a significant contribution of dark aging processes dur-
ing the plume transport despite "daytime" emission [113]. As well as domestic com-
bustion occurring predominantly at night [238]. Therefore, the day-to-night (DTN)
and night-to-day (NTD) experiments described in Section 4.2.1.2 and Table 4.3 aimed
to understand the changes in chemical regime and resulting differences in the SOA
composition formed between these two transitions. The SOA composition was mon-
itored online by FIGAERO-I-CIMS and offline by UHPLC-HRMS. Figure 4.17 shows
the timeseries of the guaiacol precursor, NO, and O3 for each experiment where the

vertical line represents the change between day or night chemistry.
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Figure 4.17: Timeseries of guaiacol, NO, and O3 during the DTN and NTD experiments conducted
on 29-05-2023 and 30-05-2023. The vertical black solid line indicates when the roof was either
closed (DTN) or opened (NTD) and the dashed line in the DTN shows the end of the NO, and O3

injections to the chamber to produce NO3.

During the night there is decay of guaiacol from reactions with NOj3, as evident
by the decay of NO, and O3 in Figure 4.17 and subsequent increase in the N,O5 ion
signal observed by I-CIMS indicating the production of NOj; radicals. However, as
previously mentioned it is possible that there may also be ozonolysis reactions due
to the high concentrations of O3 inside the chamber and further experiments should
be designed to investigate ozonolysis of guaiacol oxidation products. Whilst in the
day there is production of both NO, and Oj indicating photochemical oxidation by

the OH radical. From Figure 4.17 in the DTN experiment guaiacol is used up at the
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end of the day period whereas in the NTD experiment 123 ppb of guaiacol remains
unreacted at the end of the dark period. Due to high humidity in the night portion
of the DTN experiment, the FTIR data could not be collected during the entire two
hour dark period. Furthermore, the O3 profile shown in the day portion of the NTD
experiment peaks shortly after roof opening before increasing again in the final half
hour when the guaiacol precursor is used up. The reasoning for this trend remains

unclear and would benefit from further repeats.

4.3.4.1 Trends in SOA mass concentration

Distinct differences in the formation of aerosol was observed using SMPS which showed
significant and sustained particle growth in the day compared to the night in Figure

4.18.
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Figure 4.18: SMPS particle number concentrations for the DTN and NTD experiments conducted
on 29-05-2023 and 30-05-2023. The orange vertical line represents when the chamber roof is either
closed (DTN) or opened (NTD).

This was true for the daytime period of both the DTN and NTD experiment. It can
also be seen that when guaiacol was injected in the dark there is some growth of parti-
cles but to a lesser extent than when the injection began during the day. After the night
period in the chamber and upon transition to the daytime conditions the particle mass

concentration in the chamber increased by 153 %. Additionally, the transition from
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day to night shows an overall loss of particles equating to a 32 % decrease in particle
mass concentration. This trend in PM concentration was observed previously with ele-
vated mass concentrations in the day compared to the night [348] and higher numbers
of nucleation particles in the day [349]. However, the rapid increase of particles from
night to day could also be due to the difference in the initial guaiacol precursor left.
In the DTN experiment, water was continuously added during the day to maintain
a relative humidity (RH) of = 50 %, however, upon closing the roof there is a drop
in temperature from 306 K to 300 K and a subsequent increase in humidity to 80 %
over the course of the nighttime period. Figure 4.19 shows the correlation between
the aerosol mass concentration measured by SMPS and RH. During the day there is
negligible influence of RH on the aerosol mass concentration with a widespread of data
points across the mass concentration range (Figure 4.19). However, in the nighttime
period, there is a strong inverse relationship in Figure 4.19 indicating the potential loss
of particles from wet deposition. In a previous study of the OH oxidation of m-xylene,
an aromatic analogous to guaiacol, a lower SOA yield in humid conditions was also

observed [350].
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Figure 4.19: Correlation between SMPS particle mass concentrations in ug m> and the percentage
relative humidity (RH) for the DTN experiment as a function of the roof closed (blue) or opened

(orange)
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4.3.4.2 Differences in overall SOA composition

The FIGAERO-I-CIMS was used to monitor the particle composition in real-time over
the NTD and DTN experiments. The measurement occurs over a 1 hour cycle in which
particle phase species are sampled for 15 minutes onto a filter whilst the gas phase
species are simultaneously monitored. After these 15 minutes, the particle prod-
ucts from the filter are gradually thermally desorbed over 45 minutes. Figure 4.20
shows the mass spectra from the end of each phase of the NTD and DTN experiment,
where peaks shown in colour represent compounds with identified molecular formu-
lae. These are predominantly compounds from the guaiacol mechanism (Figure 4.5)
but some additional compounds were identified as part of the peak fitting algorithm in
the I-CIMS data processing or from previous literature. However, only 5 products that
were identified from previous literature [95, 309, 351, 352] were not part of the origi-
nal mechanism in Figure 4.5. In total, the mechanism products contribute to 49.2-78.7
% of the total product signal, whereas including all identified compounds results in a
contribution of 50.4-85.3 %. Therefore, the majority of products shown in Figure 4.20
are from the guaiacol mechanism and improving the NO3 chemistry in the mechanism
would increase the proportion of identified compounds in the nighttime spectra which
had the lowest contribution (49.2 %). In both experiments the mass spectra show the
ion counts are higher in the daytime compared to the nighttime, which is in agreement
with the greater particle mass observed during the day in Figure 4.18.

From the full mass spectrum it can be seen that the highest intensity peaks are from
CHON compounds shown in orange across both NTD (Figure 4.20a) and DTN (Figure
4.20b) experiments as well as HNO3; shown in purple. The dominant CHON signals
belong to nitrocatechol at m/z 281.9269 and nitroguaiacol at m/z 295.9425. It is clear
that during the day nitrocatechol is the most prominent SOA product, for example,
from night to day the nitrocatechol signal increases by more than one order of magni-
tude. In a previous study the gas phase nitrocatechol yield from guaiacol was 0.6 %,
and was determined to be a minor reaction pathway under high NO, conditions [94].
However, this work shows the yield of nitrocatechol could be much higher especially
in the particle phase. Therefore, future work should aim to quantify the production
of catechol from guaiacol to constrain the branching ratio for this pathway. Nitrocat-

echol can also be observed in the mass spectra of the NTD experiment in the night
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Figure 4.20: Average FIGAERO-I-CIMS mass spectrum at the end of the night or day period coloured
by the chemical composition of the identified compounds in the a) NTD experiment b) DTN experi-

ment

period, though this could be due to the presence of catechol as a natural impurity of
commercial guaiacol standards [326]. Furthermore, as expected, when the experiment
is started in the night nitroguiacol is more abundant than nitrocatechol but not when
the experiment started in the day. At the time of roof closure in the DTN experiment,
the guaiacol precursor is fully depleted which may result in the lower intensity of the
nitroguaiacol peak in the night portion of the DTN experiment compared to the NTD
experiment. Although in a direct comparison of counts the nitroguaiacol peak still
increased by a factor of 2 from day to night.

Figure 4.21 shows the mass spectra for the DTN and NTD experiments zoomed in
to capture the lower intensity peaks and with nitroguaiacol and nitrocatechol removed.
It can be seen that from night to day there is significant change in the composition with

a decrease in the main unidentified peak at m/z 225 and an increase in the number of
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identified compounds which are primarily oxygenated organics (CHO). On the other
hand, from day to night there is an overall decrease in signal intensity but less change
in the overall distribution of peaks, especially for CHO compounds. Overall, these
spectra show that CHO compounds have important daytime formation routes. For
CHON there is some small changes in the dominant peaks. The CHON peaks in Figure
4.21 predominantly include other nitroaromatic compounds such as C¢HsNOs5 and
PANs. Particulate N,O5 was also identified in the NTD experiment but at very low

counts therefore is not visible in the spectra shown in Figures 4.20 and 4.21.
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Figure 4.21: Average FIGAERO-I-CIMS mass spectrum at the end of the night or day period zoomed
in to the lower intensity ions and coloured by the chemical composition of the identified compounds

in the a) NTD experiment b) DTN experiment

4.3.4.3 Trends in SOA products

SOA products predicted using the guaiacol mechanism (Figure 4.5) were monitored in

detail by FIGAERO-I-CIMS. Many of the guaiacol mechanism SOA products showed
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enhancements during the day compared to the night due to their formation from OH
and from Figure 4.21 these are predominantly CHO compounds. However, some of the
proposed oxidation products in Figure 4.5 will also have a nighttime formation route
via the NOj radical. Nitroaromatics have been previously identified as dominant prod-
ucts from methoxyphenolic NO3 oxidation [310, 313] and were the prominent signals
in Figure 4.20. Therefore, the guaiacol nitroaromatic products compounds were se-
lected as ideal candidates to study between night and day (Figure 4.22) and as Section
4.3.2 shows these products already have an affinity to be present in the aerosol phase
(Figure 4.15).

Figure 4.22 shows the particle ramp data in pink across the entire desorption and
the average gas phase normalised counts per seconds per 15 minute sample period
in orange for the nitroaromatic compounds in the guaiacol mechanism between NTD
and DTN experiments. Note that increases and decreases in the particle abundance
is evaluated against both the baseline trend of the ramp data and the height of each
ramp.

In the night period of the NTD experiment there is a rapid increase in both gaseous
and particulate phase NGUAIACOL which subsequently decays in the day as a re-
sult of photolysis [353]. Furthermore, in the DTN experiment NGUAIACOL shows an
initial increase and then starts to decrease in the final hour of the daytime. After the
nighttime transition there is a slight enhancement in the gas and particle phase NGUA-
TACOL signal. Overall, compared to the NTD experiment the evolution of NGUA-
IACOL from day to night is different and the abundance of NGUAIACOL is signifi-
cantly less in the DTN experiment. This difference is consistent with a previous study
which observed the NOj oxidation of wildfire emissions led to a larger enhancement in
CHON compounds in the resulting aerosol compared to daytime oxidation [354] which
showed the loss of chromophoric species, such as nitroaromatics, on longer timescales
[354, 355]. However, Figure 4.20 does show significant daytime production of nitro-
catechol in the early stages of oxidation.

In the NTD experiment, the particulate phase signal of DNGUAIACOL shows some
increase in the night, however, it is less compared to the day. This could be the result
of a slower rate of reaction of NGUAIACOL with NO3 compared to OH and a faster re-

action of NOj3; with the guaiacol precursor than other nitrocompounds as observed for
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Figure 4.22: FIGAERO-I-CIMS ncps timeseries for nitroaromatic oxidation products in the guaiacol
mechanism. Average gas phase ncps per 15 minute gaseous sampling period are shown as orange
markers. Particulate ncps are shown across the full 45 minute desorption ramp averaged to 1 minute
intervals in pink markers. Pale yellow backgrounds indicate the daytime period and grey background
indicate the nighttime period. a) NTD b) DTN. Note the particle phase DNGUAIACOL signal is
multiplied by 10 in panel a) for visibility.

other phenolics present in the MCM. In the NTD experiment once the roof is opened
the DNGUAIACOL gas phase signal decreases as the particulate phase signal increases
which could suggest condensation onto pre-existing aerosol as well as new formation
from NGUAIACOL which shows a decrease in the day. However, these trends are com-
plex and require further study to form a conclusion. Whereas for the DTN experiment,

although the particulate phase DNGUAIACOL decreases in the night consistent with
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the overall loss of aerosol (Figure 4.18) there is an increase in the gas phase concentra-
tion which could be the nitration of pre-existing gas phase NGUAIACOL from daytime
oxidation.

As expected, NOMCATECHOL shows significant enhancement in the particulate
phase during the day in both NTD and DTN experiments due to the formation via the
OH addition of guaiacol to OMCATECHOL and subsequent nitration to form NOM-
CATECHOL. There is some gas-phase formation of the NOMCATECHOL (C;H;NOs5I")
ion in the nighttime, however, the reasoning for this remains unclear. A possibility is
the presence of an interfering species at the same mass, however, it is clear further
investigation is needed.

The same trends in the particle phase abundance can also be observed in the ther-
mogram data from the FIGAERO-I-CIMS, however, the thermogram from nitroguaia-
col is not included due to a potential interference upon switching from the gas phase.
From the thermograms in Figure 4.23 it can be clearly seen that NOMCATECHOL
rapidly forms in the particle phase in the second hour of the daytime in the DTN
experiment and subsequently decays which is likely due to further oxidation [355].
Furthermore, the peak temperature in the thermogram for each compound in both
NTD and DTN experiments is similar over the course of the experiment which could
indicate the formation of similar isomers [356] as observed by the presence of peaks at
the same retention time in UHPLC-HRMS analysis (Table 4.5).

Whilst ionisation effects can exist for I-CIMS [166—168] similar to those mentioned
in Chapters 2 and 3 for ESI mass spectrometry the ratio of the counts are compared
between the NTD and DTN to observe enhancements of the day- or night-time period
on the subsequent chemistry. For NGUAIACOL, the ncps during the NTD experiment
are significantly higher than that of the DTN experiment, indicating that the emission
of guaiacol during the night will yield NGUAIACOL as the dominant product in the
night and at higher concentrations than if the emissions began during the day. Whereas
for NOMCATECHOL and DNGUAIACOL the DTN experiment shows enhanced ncps
in both the day and night periods compared to the NTD experiment. This suggests the
prior daytime period enhances the nighttime particulate phase concentration of these
compounds compared to their nocturnal formation. As shown in Figure 4.18 there

is less particle growth in the night compared to the day as well as potentially slower
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Figure 4.23: Measured ion thermograms for DNGUAIACOL and NOMCATECHOL across the day-
to-night and night-to-day experiments. The cycle numbers represent the time of the experiment where
2-5 are the first 4 hours and 6-8 are the final 2 hours of the experiment. The linetype shows whether

the chamber is irradiated or in the dark for day and night respectively.

reactions of the precursors with NO3; compared to OH.

The trend of the nitroaromatics abundance in Figure 4.22 was also investigated us-
ing the relative peak areas in the UHPLC-HRMS analysis (Table 4.5) where the ratio
represents the peak area after roof change:peak area before roof change. The same
trends in the relative increase or decrease after transition shown in Figure 4.22 can be
seen in the relative ratio of the UHPLC-HRMS peak area in Table 4.5. Furthermore, in
the case of DNGUAIACOL it can be seen the nighttime peak area is greater in the DTN
experiment than the NTD experiment, in agreement with the I-CIMS. For NOMCAT-
ECHOL, a peak at 6.90 min is only observable in the daytime spectra which is in line
with NOMCATECHOL as an OH addition derived product. These differences in ob-
served aerosol composition depending on the start time of the emission have important
implications for toxicity. For instance, in a residential setting the major use of combus-
tion stoves will be during the night [238] allowing a build up of large concentrations of
nitroguaiacol which is considered to be a toxic pollutant. The following morning, there

can then be the conversion of nitroguaiacol to dinitroguaiacol and other photolysis or
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photo-oxidation products of unknown toxicities.

Table 4.5: Nitroaromatic compounds from the DTN and NTD experiments detected by UHPLC-
HRMS analysis and their corresponding retention time (RT), peak area in the night and day periods

and relative changes in signal intensity after transition.

Compound RT Experiment Day Peak Area Night Peak Area Ratio
nitroguaiacol 7.62 DTN 2.06 x 107 3.64 x 10° 1.76
dinitroguaiacol  8.55 DTN 3.97 x 108 2.62 x 108 0.66
NOMCATECHOL 6.88 DTN 6.11 x 10° - -
nitroguaiacol ~ 7.60 NTD 8.59 x 10° 1.93 x 1010 0.45
dinitroguaiacol ~ 8.55 NTD 5.71 x 108 1.83 x 108 3.12
NOMCATECHOL  6.90 NTD 1.26 x 107 - -

In the atmosphere PANs are a large reservoir of NO, and are important for control-
ling the oxidative capacity of the atmosphere. As shown in Figure 4.11 the production
and loss of PANs in the gas phase is an important factor in controlling the radical bud-
get of the guaiacol oxidation system. Furthermore, PANs were also tentatively identi-
fied in the aerosol in Figure 4.20 in both day and night periods. Therefore, to further
investigate the transformation of particulate CHON species, PANs were also selected
for study in detail by FIGAERO-I-CIMS shown in Figures 4.24 and 4.25. From Figures
4.24 and 4.25 the particulate formation of PANs occurs predominantly in the day time.
For EPXDLPAN and HCOCOHPAN there could be some nighttime particle formation
in the NTD experiment but it is more unclear due to presence of background peaks.

The production of PANSs relies on the presence of RO, and NO, and therefore the
availability of NO; in each system may result in the different observed formation rates
of PANs. For example, there are multiple known competing loss routes of NO, during
the night such as the formation of NOj radicals as seen in the decrease of NO, and
O3 in Figure 4.17, HNO3; or HONO production (Figure 4.26) and the formation of
nitroaromatic compounds discussed in Figure 4.22. It was observed in Figure 4.26
that during the night of the NTD experiment up to approximately 12 ppb of HONO
is formed compared to a maximum of 8 ppb during the day of the DTN experiment.
A previous study observed the formation of HONO at night in Beijing was primarily

via heterogeneous chemistry on wet surfaces [357]. After the transition, it can be seen
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Figure 4.24: FIGAERO-I-CIMS ncps timeseries for peroxyacetyl nitrates (PANs) products in the
guaiacol mechanism during the DTN experiment. Average gas phase ncps per 15 minute gaseous
sampling period are shown as orange markers. Particulate ncps are shown across the full 45 minute
desorption ramp averaged to 1 minute intervals in pink markers. Pale yellow backgrounds indicate
the daytime period, dark grey backgrounds indicate the nighttime period and light grey backgrounds
show the pre experiment data. The structures of each PAN compound are shown to the right of each

panel.

the nighttime HONO reservoir decreases, likely due to HONO photolysis to form OH.
This is in agreement with previous observations where the dominant production of
OH after sunrise was the photolysis of HONO [45].

In Figure 4.25 there is also evidence of some gas phase production of PANs during
the night, especially for OMPAN, however, the abundance is generally lower than when
the emission begins during the day (Figure 4.24). Interestingly, in the NTD experiment
(Figure 4.25) the gas phase of the daytime ncps of nearly all PAN species, except for
C6135CO20H40OMPAN, reach a higher intensity than if the emissions begin during

the day (Figure 4.24). To investigate plausible explanations for this phenomenon the
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Figure 4.25: FIGAERO-I-CIMS ncps timeseries for peroxyacetyl nitrates (PANs) oxidation products
in the guaiacol mechanism during the NTD experiment. Average gas phase ncps per 15 minute
gaseous sampling period are shown as orange markers. Particulate ncps are shown across the full 45
minute desorption ramp averaged to 1 minute intervals in pink markers. Pale yellow backgrounds
indicate the daytime period, dark grey backgrounds indicate the nighttime period and light grey
backgrounds show the pre experiment data. The structures of each PAN compound are shown to the

right of each panel.

NO:NO, ratio was evaluated. As shown in Figure 4.27 between the NTD transition
and the start of the daytime period of the DTN experiment NO:NO, is comparable (=
0.2), however, the NO, concentration is 15 ppb higher. Therefore, this rapid increase
in PANs after the nighttime period could be due to the photolysis of NO3 and HONO
during the day to produce NO, and OH radicals. The newly formed OH radicals can
then propagate the VOC-HO, cycle to produce RO, which in the presence of NO,
yields PAN products. This difference in the production of PANs was observed in a
previous case study of a wildfire after sunset which observed the main NO, reservoir

pre-sunset was the formation of PANs whereas after sunset the NO, is used up in
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Figure 4.26: HONO concentration timeseries, measured by the LOPAP, for the DTN and NTD ex-
periments conducted on 29-05-2023 and 30-05-2023. Solid vertical black line indicate when the
roof is closed (DTN) or opened (NTD)

the formation of nitrophenolic compounds [113]. In the case of wildfire plumes, this
indicates nighttime burning can have large impacts on oxidant budgets especially if
able to be transported to remote atmospheres. However, future investigations into
the NOj3; chemistry of guaiacol should be undertaken to fully elucidate the nighttime

formation of guaiacol derived PANs.
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Figure 4.27: Ratio of NO:NO, concentrations timeseries for the DTN and NTD experiments con-
ducted on 29-05-2023 and 30-05-2023. Solid vertical black line indicate when the roof is closed
(DTN) or opened (NTD)

The thermograms from the FIGAERO-I-CIMS analysis were also examined for the
PAN products in Figure 4.28, except for OMPAN which had a considerably noisy pro-

file. In Figures 4.24 and 4.25 it is possible to observe in the particle phase counts the
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shape of the desorption curve changes between night and day. In Figure 4.28 com-
pounds such as EPXDLPAN and OMC40OHCO14PAN show different peaks in the des-
orption in the day and night periods. For OMC4OHCO14PAN in the second hour of
the DTN experiment there is a peak at ~ 175 °C which then decays over the course of
the experiment. However, when the emission begins in the night this peak doesn’t
occur in the daytime period. Similarly, EPXDLPAN shows a peak at ~ 175 °C at
the start of both DTN and NTD experiments which decays over time. Whereas, the
day period of the NTD experiment has a main peak at 100 °C. It is possible that
the shift of the peak to lower temperatures could be from the presence of a desorp-
tion product [356]. Furthermore, certain products such as OMC40OHCO14PAN and
C6135CO20H40OMPAN show a higher intensity desorption peak in the daytime pe-
riod of the NTD experiment compared to the DTN experiment, similar to that observed
for the gas phase as explained above. However, further work is needed to examine
these profiles in greater detail to draw conclusions on the shape of the peak and trend

in volatility.
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Figure 4.28: Measured ion thermograms for particulate phase PAN compounds across the day-to-
night and night-to-day experiments. The cycle numbers represent the time of the experiment where
2-5 are the first 4 hours and 6-8 are the final 2 hours of the experiment. The linetype shows whether

the chamber is irradiated or in the dark for day and night respectively.
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4.3.4.4 Atmospheric implications

There has been studies showing the relative differences between the toxicities of ring
opening products and ring retained species formed from aromatic precursors, where
it was observed that ring retained nitroaromatics and quinones were considered more
harmful towards human health [96]. A targeted analysis was undertaken wherein the
species proposed in the guaiacol mechanism detected by FIGAERO-I-CIMS were split
into species which retained the original aromatic ring from the guaiacol precursor and
those which broke down the aromatic ring based on the proposed structures in Fig-
ure 4.5 and Figure 4.6. Certain products at the same m/z were comprised of both ring
opened and ring retained species and are therefore labelled as "open+close isomers"
in Figure 4.29. Catechol and the oxidation products of catechol, such as nitrocatechol,
were originally removed from the analysis to reflect the "guaiacol-only" products from
Figure 4.5 and due to the likely presence of a catechol impurity at the start of the ex-
periments which wasn’t able to be quantified. Figure 4.29 shows relative contribution
of ring opened and ring closed products to the total ncps signal of the particle ramp
data at each timestep and the average gas phase contribution per 15 minute sampling
interval. There is a significant contrast between the proportion of ring opened and
ring closed products in the NTD and DTN experiments and the changes upon transi-
tion. For the NTD experiment during the night over 75 % of the particle phase and
over 90 % of the gas phase signal is dominated by ring closed products, likely to be
nitroguaiacol. In the particulate phase the proportion of ring closed products con-
tinues to increase over the night until the roof is opened where after there is a rising
contribution of ring opened products from photo-oxidation. The gas phase however
remains dominated by the nitroguaiacol signal into the daytime. In the DTN experi-
ment there is less change in the relative contributions of ring opened and ring closed
products between the day and night periods. Overall the DTN particulate phase is
largely comprised of ring opened guaiacol products throughout the day and night.
However, inclusion of nitrocatechol to the analysis does increase the contribution
of the ring closed compounds to the total signal in the DTN experiment to a maximum
of 75 % near the start of the experiment indicating it as an important daytime product
in the initial SOA formation with increases in ring opened species thereafter, but fur-

ther investigations are needed with quantifiable measurements. Nonetheless the same
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Figure 4.29: Percentage contribution to the detected ncps signal from FIGAERO-I-CIMS of ring
opened and ring closed guaiacol SOA products for NTD (top panel) and DTN (bottom panel). Species
with molecular formulas of ring retained and ring opened compounds are referred to as "ring open
+ close isomers”. Data is shown across the full particle ramp (bars) and as an average for each gas
phase sampling period (circular point). Grey backgrounds represent the night period and pale yellow

backgrounds show the daytime periods

overall trend of less compositional change upon nighttime transition is still observed.
In the relative gas phase contributions during the DTN experiment a shift is observed
with increasing amounts of ring closed species until the contributions are equal to that
of ring opened compounds during the day. Following the roof closure the ring retained
compounds become the dominant gas phase contributors. These separate regimes in-
dicate particulate emissions starting in the night have the potential on an equal mass
basis to be more toxic with the greater accumulation of ring closed compounds over

the nighttime aging period [96] than those when the emissions begin in the day and
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are aged for the same equivalent number of hours. Furthermore, the ring closed prod-
ucts may also contribute more to BrC formation, from nitroaromatics for example, and
have important implications for climate [253].

However, from the total ion count profile for each particle desorption (Figure 4.30)
it is clear that the daytime in each experiment exhibits a greater abundance of products
from the higher number of counts, which is consistent with the observed particle num-
ber timeseries (Figure 4.18). Therefore, whilst the composition is an important factor
in determining the toxicity as discussed in Chapter 3, the concentration must also be
taken into consideration to draw conclusions about the relative toxicity. Overall, these
results highlight an important case study of how emissions age between night and day

which warrants further study.
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Figure 4.30: Total ion count averaged per minute in each thermal desorption cycle of the FIGAERO-
I-CIMS measurement, coloured by the experiment type. Dashed lines indicate the transition from

day-to-night (blue) or night-to-day (orange).

4.4 Conclusions

A new photo-oxidation mechanism for inclusion into the Master Chemical Mechanism

was proposed for guaiacol, a methoxyphenol emitted by biomass burning, for which
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the current understanding of its reactivity is limited. The mechanism was evaluated
and optimised against smog chamber experiments at EUPHORE during May 2023
and model simulations well reproduced the observable chemistry through compari-
son with the temporal evolution of organic oxidation products. Deviations between
modelled concentrations and measured timeseries arose in certain oxidation products
containing nitro functionality (-NO;) due to the partitioning of these compounds to
the particle phase. However, the current mechanism still underpredicted the guaia-
col loss and overpredicted the O; production which is a common feature of oxidative
chamber experiments of aromatic systems with missing OH reactivity. Therefore, fur-
ther work is required to close this gap by adding further subsets of chemistry for later
generational guaiacol oxidation products or by performing chamber studies with the
guaiacol products as the initial precursors. In addition, more experimental rate coef-
ficients are needed as only one measurement exists for the reaction of guaiacol with
OH. SOA formation from guaiacol oxidation was investigated between night-to-day
and day-to-night conditions which showed different particle growth rates and relative
quantities of oxidation products depending on the start time of the guaiacol emission.
For instance, increased contributions of nitroguaiacol were observed from a nighttime
emission as well as a greater change in the proportion of ring opened compounds con-
tributing to the particle phase composition upon transition from night-to-day than
from day-to-night. Nitrocatechol was also identified as a key SOA product and further
work is needed to constrain the photochemical production of catechol from guaiacol
oxidation. Furthermore, it was observed that the nighttime formation of NOj3 and
HONO could enhance the formation of PANs during the following day compared to
when the start of the emission (i.e. guaiacol injection) occurred in the daytime. Ulti-
mately, these results highlight differences in the composition, and therefore potential
toxicity, of the resulting aerosol between night- and day- time biomass burning emis-
sions and the important implications for global oxidant concentrations from the rela-
tive production of PANs. Furthermore, the addition of seed in the SOA experiments
could add more complexities to the observed chemistry such as the uptake of NO;3
to the aerosol in the form of N,O5 during the night. Therefore, more repeats of the
SOA and GPM experiments are required under different VOC:NO, ratios, in the pres-

ence or absence of seed and for longer oxidation times to observe the chemistry over
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multiple hours. Lastly, to better replicate the chemistry of an optically thick wildfire
plume, experiments involving the transition between dark-light-dark periods could be

performed to simulate the majority dark oxidation with intermittent photo-oxidation.
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Conclusions

5.1 Summary

Organic aerosol (OA) is a significant component of particulate matter with a diameter
less than 2 ym (PM; 5) which has detrimental impacts on todays society through the
adverse health effects and climatic influence it can cause. Therefore, an improved un-
derstanding of the chemical composition of OA as well as the formation of secondary
organic aerosol (SOA) could yield significant benefit for improving air quality. How-
ever, there are certain barriers affecting this understanding, such as the quantification
of OA and the mechanism of SOA formation from certain volatile organic compounds
(VOCs), which remain poorly understood. The work in this thesis pertains to the sec-
ond largest global source of OA, biomass burning, for which the atmospheric chemistry
and SOA formation pathways are largely unknown and understudied. One of the cen-
tral themes of this work is the chemical characterisation of SOA from biomass burning
sources in order to gain a better understanding of the potential health effects from
exposure to such sources and improve future policy.

The lack of commercially available standards for use in OA analysis means quan-
tification of species without standards is challenging. This has led to either studies
only targeting a selected number of compounds or using limited metrics such as in-
strument response in the form of peak area or number of molecular formulas as a
measure of concentration in previous compositional OA analysis. Both approaches
have drawbacks such as the small number of compounds analysed relative to total OA

composition or the lack of accounting for ionisation efficiency. More recently, there
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have been a number of developments in the quantification of unknown compounds de-
tected by non-target analysis. However, many fail to address quantification of species
lacking fragmentation mass spectra (MS?) in typical non-target workflows or the wide
spread in ionisation efficiency of closely eluting surrogate standards. Chapter 2 illus-
trates the development of a new quantification strategy for use in non-target analysis
of OA using Ultra-High-Performance Liquid Chromatography coupled to High Resolu-
tion Mass Spectrometry (UHPLC-HRMS) using negative mode electrospray ionisation
(ESI) wherein retention time window and functional group specific calibration fac-
tors are applied to the quantification of unknowns. More specifically, unknown com-
pounds are quantified using the corresponding retention time window scaling factor
calculated from averaging the calibration factors of multiple standards eluting within
the same retention time window as the unknown. This approach enabled more reli-
able quantification compared to previous approaches adopting a singular close elut-
ing standard for quantification [183, 184]. The newly developed approach reported a
quantification error, defined as the ratio of the semi-quantified concentration to that
from an authentic standard, of 1.52 which improved on previous single standard stud-
ies. Compared to machine learning approaches predicting relative ionisation efficien-
cies (RIE), which require MS? to do this, the semi-quantification performed similarly
or surpassed the model quantification error [185]. This improvement compared to the
model was largely for nitroaromatic compounds for which there are fewer observations
resulting in difficulty predicting RIE and indicates even with a relatively small number
of standards it is possible to semi-quantify to reasonable accuracy. Another barrier in
OA analysis using UHPLC-HRMS are matrix effects which occur in complex matrices,
such as SOA, containing many co-eluting species. For a non-target analysis it can be
even more challenging to address this issue as it is unknown how much the quantifi-
cation of a species may be affected in the sample matrix without a standard and means
the matrix effect cannot be accurately determined for unknown compounds. The ma-
trix effect was evaluated for the known compounds in the biomass burning organic
aerosol (BBOA) samples analysed by the semi-quantification method and observed to
be within an accepted range of + 20 %. However, it is impossible to say with certainty
whether this magnitude of signal suppression or enhancement would be the same for

unknown compounds and is a significant drawback of the current approach. The main
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advancement of this approach, however, is in the comparison with peak area for de-
termining the relative contributions of different chemical groups to total OA, where
using peak area would lead to an underestimate of oxygenated organic compounds
(CHO) compounds and overestimate of organonitrogen (CHON) compounds in BBOA
in negative mode ESI. Generally, CHON compounds in BBOA are assigned as nitroaro-
matic compounds which have been widely used as tracers whereas this work shows
that these compounds may contribute less to the SOA composition than previously
thought and future work should adopt tracers with greater compositional contribu-
tion. This work observed these tracers should be CHO compounds, contributing on
average to more than 85 % of the total mass detected in negative mode ESI, and are
likely organic acids.

Chapter 3 leads on from the methodology developed in Chapter 2 to observe bulk
compositional differences between flaming and smouldering burn phases in a domes-
tic wood burning context. As well as the change after aging and the implications these
changes may have on OA toxicity, subsequent atmospheric chemistry and climate. At
present, wood burning is a significant area for policy improvement in the UK to reduce
both detrimental impacts on the local air quality and on health from regular exposure
to such sources. In recent years shifts in consumer trends has meant indoor wood
burning is more commonplace in domestic homes, but unfortunately the vast majority
of users have alternative sources of heating and burn wood inside their homes out of
personal choice. It is currently estimated of the 8% of the UK population which burn
wood indoors that only 4% is for necessity [14], and the number of users is likely to
grow especially amongst the most affluent in society. Similar movements are occurring
across Europe. However, in some of the poorest regions of the world there is a lack of
access to clean fuels, and 2.1 billion people are forced to use solid fuel combustion for
cooking and heating [123]. Therefore, there is an urgent need to evaluate the chemical
composition of domestic combustion emissions, which over the course of a lifetime
represents a chronic exposure. The results from this work show that fresh emissions
in both burn phases are largely comprised of oxygenated aromatic compounds which
can be harmful towards health and in particular smouldering combustion emits signif-
icantly higher concentrations of all oxygenated organics. At present, most policy sur-

rounding PM, 5 is based on mass concentration and therefore smouldering emissions
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are likely considered more adverse to health in this respect. Interestingly, after aging,
flaming emissions could become more toxic due to the formation of nitroaromatics and
nitro-PAHs which are generally more harmful than the parent polyaromatic hydrocar-
bon (PAH). Whereas, smouldering emissions show substantial loss of aromaticity and
indeed nitroaromatics potentially altering the relative toxicity compared to flaming on
an equal mass basis. The differences upon aging also led to the identification of cer-
tain products which could be used as tracers for each burn phase in ambient air. For
example, aged smouldering OA observed the presence of low mass C4-C5 compounds
which were lacking in flaming mass spectra. Whereas, C;,H9yNO,4 was identified as a
nitro-PAH and was unique to the aged flaming emissions. For future policy, it is appar-
ent from this work that both mass concentration and composition must be taken into
account when considering the adverse health effects of wood burning emissions. As
well as, for how long a person may be exposed to the emissions from each burn phase.
Furthermore, The International Energy Agency has set a goal of delivering clean fuels
for all by 2030 which would require significantly greater efforts in sub-Saharan Africa
where access is most lacking [123]. However, until access to clean fuels is granted for
all guidance on the optimal procedure for solid fuel combustion that delivers both low
particle mass concentrations, as well as, lower primary emissions or indeed secondary
formation of toxic products must be considered.

To further investigate the role that oxygenated aromatics play in SOA formation
from biomass burning, the chemistry of an understudied methoxyphenol, guaiacol,
was evaluated in smog chamber experiments at the EUropean PHOtoREactor (EU-
PHORE). Guaiacol was chosen as it has both a high OH reactivity and SOA yield
and it is not currently represented in the Master Chemical Mechanism (MCM, https:
[ Imcm.york.ac.uk/MCM/). Reported emissions of guaiacol from biomass burning are
currently estimated as 172-276 mg per kg of fuel [318] which represents a significant
source of SOA, especially when considering the millions of hectares of land and thus
fuel burnt in wildfires across the globe. Furthermore, it is likely that the oxidation
products from guaiacol could have contributed to the SOA characterised in Chapter 3.
Ojis also an important secondary product from biomass burning with adverse impacts
on health and crop productivity. In this work it was observed that the guaiacol SOA

yield was 15 % and per 1 ppb of guaiacol reacted in daytime conditions in VOC:NO,
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ratios similar to wildfires, 0.41 ppb of ozone (O3) was produced. Therefore, an im-
proved understanding of the gas and particle products from guaiacol oxidation could
improve air quality models that predict the detrimental local, regional and global ef-
fects of wildfires. The main findings of Chapter 4 showed that the proposed guaia-
col OH oxidation mechanism developed from structure activity relationships (SARs)
well reproduced the observable chemistry. However, there was some missing OH re-
activity resulting in an overprediction of the O3 production which is a well known
phenomenon for aromatic VOC oxidation with missing chemistry [295]. Deviations
between modelled concentrations and measured timeseries for low volatility oxida-
tion products such as nitroaromatic compounds were also observed and attributed to
missing aerosol partitioning. This gas-to-particle partitioning of low volatility prod-
ucts was not possible to incorporate into the current MCM framework, however, with
other atmospheric chemistry modelling tools it may be possible. One such option is
the indoor air quality model INCHEM-Py [358] which could be adapted to represent
the EUPHORE chamber. Therefore, further work is required to improve the SARs
for methoxyphenols and add further chemistry or gas-to-particle partitioning for later
generational products. This work also highlighted the importance of conducting ex-
periments beyond that of single oxidant chamber studies for improving the under-
standing of transitions between night and day chemical regimes. The results indicated
that guaiacol emissions that first undergo nighttime oxidation rapidly accumulates
ring closed nitroguaiacol particle products which then subsequently forms ring open
products during the day, whereas from day to night there was less change in the over-
all proportions of ring closed and ring opened products. Although this is just one
case study it highlights a potential difference in the toxicity of the resulting aerosol
which warrants further investigations as this understanding could be vastly important
for wildfires which begin after sunset or in the context of domestic wood burning for

heating which predominantly occurs at night.

5.2 Future work

There are a number of ways the work presented in this thesis could be improved upon

and where further understanding is still required. As already mentioned the quantifi-
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cation of OA remains a significant challenge to the aerosol community going forwards
due to the lack of authentic standards. Whilst the methodology developed in Chapter 2
showed reasonable quantification accuracy in the BBOA samples it remains unknown
in other OA applications and future work should test the methodology for OA samples
from different sources. For example, in the York archive there are filters collected from
different megacities (e.g Delhi, Beijing, Singapore, Manchester) and from chamber ex-
periments of OA from cooking or vehicular emissions. Furthermore, to examine the
complete chemical composition it is required to analyse the positive mode ESI mass
spectra and future work must develop a similar semi-quantification method. This is
however hampered by the lack of standards available, and as there is a greater quan-
tity of chemical functionality that can be analysed in positive mode ESI an increased
quantity of standards is needed. The lack of commercially available standards can be
somewhat overcome through the synthesis of SOA markers but is significantly more
time consuming. Furthermore, it would greatly benefit the advancement of analyti-
cal aerosol science to share any synthetic or commercial standards between research
groups so that open source quantification methods such as in Chapter 2 can be more
readily developed and then shared amongst the community. Future work should also
investigate matrix effects which, by obtaining more authentic standards, may allow a
better understanding of their occurrence and accounting for them. The phenomenon
of ionisation efficiency is not isolated to UHPLC-HRMS analysis and the procurement
of analytical standards for SOA markers may also enable the development of methods
to account for instrument sensitivity in online measurements such as Iodide Chemical
Ionisation Mass Spectrometry (I-CIMS) [167]. Quantification of the I-CIMS measure-
ments of guaiacol oxidation products would enable an improved assessment of the
model prediction accuracy compared to measured concentrations. Furthermore, the
main disadvantage to I-CIMS measurements is the lack of isomeric separation which
affected the comparison of the modelled products to measurement in Chapter 4 when
guaiacol oxidation products had the same m/z and molecular formula. The commu-
nity would greatly benefit from advancements in measurement technology coupling I-
CIMS with separation methods, such as gas chromatography, which would enable the
separation of these isomeric products and improve the model evaluation presented in

Chapter 4.
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In addition to improving measurement capability, the work from this thesis would
benefit from repeating the experiments with some adaptions to the presented protocol.
Firstly, in the University of Manchester chamber experiments described in Chapter 3
the fresh samples were taken on a different day to the aged samples and whilst the
composition between different days is reasonably repeatable, an improved compari-
son would analyse fresh emissions once injected inside the chamber before aging. The
main barrier to this is the need for high mass loading for offline UHPLC-HRMS anal-
ysis and future work would need to redesign the experiments to use a much greater
initial particle concentration. Secondly, the guaiacol mechanism was validated against
a single experiment, therefore, further repeats across a wider range of conditions are
required. For example, across different VOC:NO, ratios for high to low NO, environ-
ments to determine the sensitivity of certain mechanistic pathways and to better con-
strain the OH abstraction versus addition pathways from the initial precursor as well
as probing for RO, autoxidation in the early stages of the experiment to produce OH.
It would also be beneficial to conduct experiments at different RH for determination
of SOA yields or in the presence of seed. As I-CIMS measurements can be impacted by
humidity, conducting experiments over a wide range of RH could help determine to
what extent the results presented in Chapter 4 may have been impacted by the exper-
imental design. Furthermore, high concentrations (= 500 ppb) of guaiacol were used
in these experiments and future work may benefit from using more atmospherically
relevant concentrations of the VOC precursor.

Overall, a wealth of data was collected in the preparation of this thesis and there
are many possible future directions of research. For example, applying the semi-
quantitative methodology in Chapter 2 to OA collected in the Manchester burn ex-
periments from different fuel types to probe differences in chemical composition and
in the development of SOA markers. During the EUPHORE campaign in Chapter 4,
data was also collected for furanic compounds across a similar set of experiments.
The atmospheric chemistry of these compounds is also relatively unknown and clos-
ing this gap would help constrain the impact of biomass burning on air quality and
climate in models. Future mechanism development would certainly benefit from an
improvement to the SAR protocol through experimental evaluation of kinetic rate coef-

ficients belonging to oxygenated aromatics. With the range of experiments conducted
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throughout this thesis SOA markers could be developed that are source-specific or dis-
tinct to fresh and aged emissions. For example, the EUPHORE experiments could be
used to develop unique SOA tracers to each biomass burning VOC. Finally, as the gua-
iacol mechanism developed in Chapter 4 still has missing OH reactivity compared to
observations and this is most likely from missing chemistry of the oxidation products,
it would be of value to conduct experiments starting with the oxidation product rather

than the precursor VOC.

5.3 Final remarks

It is hoped that the work in this thesis addresses some fundamental challenges in the
analytical study of organic aerosols and contributes to the chemical understanding
of biomass burning emissions in the atmosphere. However, the complexity of the at-
mosphere will likely continue to present challenges for analytical scientists and at-
mospheric chemists in the future study of biomass burning emissions in the years to

come.
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6.99D-11*0.16 : GUAIACOL + OH = OMC6H40 ;
6.99D-11%0.06 : GUAIACOL + OH = CATECHOL ;
6.99D-11%0.119 : GUAIACOL + OH = GUAIAO2? ;
6.99D-11*0.179 : GUAIACOL + OH = GUATAOXMUC + HO2 ;
6.99D-11*0.482 : GUAIACOL + OH = OMCATECHOL + HO2 ;
2.10D-17: GUAIACOL + NO3 = NO3GUAIACOLPROD ;
2.08D-12: OMC6H40 + NO2 = NGUAIACOL ;

2.60D-10 : NGUAIACOL + OH = NGUAIA1O;

2.08D-12: NGUAIA10 + NO2 = DNGUAIACOL ;
KRO2NO : GUAIAO2 + NO = GUAIACO + NO2;
KRO2NO3 : GUAIAO2 + NO3 = GUAIACO + NO2;
4.378D-12*0.8*RO2 : GUAIAO2 = GUAIACO ;
4.378D-12*0.2*RO2 : GUAIAO2 = GUAIACOH ;
KRO2HO?2 : GUAIAO2 + HO2 = GUAIACOOH ;

J<41>: GUAIACOOH = GUAIACO + OH;;

2.56D-10 : GUAIACOH + OH = GUAIACO ;

KDEC*0.3 : GUAIACO = OMC5CO140H + GLYOX + HO2 ;
KDEC*0.7 : GUAIACO = OMPBZQONE + HO2;

J<31>: GLYOX =CO + CO+ H2;

J<32>: GLYOX = CO + HCHO ;

J<33>: GLYOX = CO + CO + HO2 + HO2;
3.1D-12*EXP(340/TEMP) : GLYOX + OH = HCOCO ;
KNO3AL : GLYOX + NO3 = HCOCO + HNO3 ;

KAPNO : HCOCO3 + NO = CO + HO2 + NO2;
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KFPAN : HCOCO3 + NO2 = CO + HO2 + NO3;
KRO2NO3*1.74 : HCOCO3 + NO3 = CO + HO2 + NO2;
KAPHO2*0.41 : HCOCO3 + HO2 = HCOCO3H ;
KAPHO2*0.15: HCOCO3 + HO2 = HCOCO2H + O3 ;
1.00D-11*0.7*RO2 : HCOCO3 = CO + HO2;
1.00D-11*0.3*RO2 : HCOCO3 = HCOCO2H ;

1.58D-11 : HCOCO3H + OH = HCOCO3 ;

J<41>: HCOCO3H = CO + HO2 + OH;;

J<15>: HCOCO3H = CO + HO2 + OH ;

1.23D-11 : HCOCO2H + OH = CO + HO2;
5.4D-12*EXP(135/TEMP) : HCHO + OH = CO + HO2 ;
J<11>: HCHO = CO + HO2 + HO2? ;

J<12>: HCHO =CO + H2;

5.5D-16 : HCHO + NO3 = CO + HNO3 + HO2;

J<34>: HCOCO2H = CO + HO2 + HO2;

KAPHO2*0.44 : HCOCO3 + HO2 = CO + HO2 + OH;;
7.00D11*EXP(-3160/TEMP) : HCOCO = CO + CO + HO2;
5.00D-12*02 : HCOCO = CO + CO + HO2;
5.00D-12*02%*3.2*EXP(-550/TEMP) : HCOCO = HCOCO3 ;
5.00D-12%02*3.2*(1-EXP(-550/TEMP)) : HCOCO = CO + OH ;
1.73D-10%0.03 : OMCATECHOL + OH = OMCATEC10 ;
1.73D-10*0.618 : OMCATECHOL + OH = OMCATECO?2 ;
1.73D-10*0.265 : OMCATECHOL + OH = OMCATOXMUC + HO2;
1.73D-10%0.087 : OMCATECHOL + OH = OMBENZ1350H + HO2 ;
2.08D-12: OMCATEC10 + NO2 = NOMCATECHOL ;
KRO2NO : OMCATECO2 + NO = OMCATECO + NO2;
KRO2NO3 : OMCATECO2 + NO3 = OMCATECO + NO2;
KRO2HO2 : OMCATECO2 + HO2 = OMCATECOOH ;
1.25D-13%0.2*RO2 : OMCATECO2 = OMCATECOH ;
1.25D-13*0.8*RO2 : OMCATECO2 = OMCATECO ;

J<41>: OMCATECOOH = OMCATECO ;

2.72D-10 : OMCATECOH + OH = OMCATECO + OH ;
KDEC*0.3 : OMCATECO = OMCATPBZQONE + HO2 ;

KDEC *0.7 : OMCATECO = OMC4CO1420H + HCOCO2H + HO2 ;
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J<4>*0.5: OMC4CO1420H = OM20OHFUONE ;

J<4>*0.5: OMC4CO1420H = OMC420HCO1402 + HO2 ;

5.59D-11 : OMC4CO1420H + OH = OMC420HCO1402 + HO2;
KAPNO : OMC420HCO1402 + NO = OMC420HCO140 + NO2;
KRO2NO3 : OMC420HCO1402 + NO3 = OMC420HCO140 + NO2;
KAPHO2*0.5 : OMC420HCO1402 + HO2 = OMC420HCO140 + OH ;
KAPHO2*0.37 : OMC4C20HCO1402 + HO2 = OMC420HCO1400H ;
KAPHO2*0.13 : OMC4C20HCO1402 + HO2 = COOMEC20HCO2H + O3;
1.00D-11*R0O2%0.2 : OMC4C20HCO1402 = COOMEC20HCO2H;
1.00D-11*R0O2%0.8 : OMC4C20HCO1402 = OMC420HCO140 ;
KFPAN : OMC420HCO0O1402 + NO2 = OMC420HCO14PAN ;
KBPAN : OMC420HCO14PAN = NO2 + OMC420HCO1402;
J<24>: COOMEC20HCO2H = HCOCO2H + COOMECOHO?2 ;
J<23>: COOMEC20HCO2H = HCOCO2H + COOMECOHO?2 ;
4.89D-11 : COOMEC20HCO2H + OH = OMC420HCO140 ;
KDEC*0.8 : OMC420HCO140 = MALANHYOH + CH303 ;
KDEC*0.2 : OMC420HCO140 = OMCOCO2H + HO2 + CO ;
1.73D-9%0.13: OMBENZ1350H + OH = OMBENZ13450H + HO2 ;
1.73D-9%0.26: OMBENZ1350H + OH = OMBENZ135EPOX + HO2 ;
1.73D-9%0.61: OMBENZ1350H + OH = OMBENZ13502 ;

7.95D-11 : OMPBZQONE + OH = OMPBZQO?2 ;

KRO2NO : OMPBZQO2 + NO = OMPBZQO + NO2;

KRO2NO3 : OMPBZQO2 + NO3 = OMPZQO + NO2;
2.00D-14*0.6*RO2 : OMPBZQO2 = OMPBZQO ;

2.00D-14*0.2*RO2 : OMPBZQO2 = OMPBZQCO;

2.00D-14*0.2*RO2 : OMPBZQO2 = OMPBZQOH ;

KRO2HO2 : OMPBZQO2 + HO2 = OMPBZQOOH ;

J<41>: OMPBZQOOH = OMPBZQO + OH ;

1.43D-10 : OMPBZQOOH + OH = OMPBZQCO + OH ;

7.45D-11 : OMPBZQOH + OH = OMPBZQCO + HO2 ;

5.32D-11 : OMPBZQCO + OH = C613CO20H40MCO3 ;

KDEC : OMPBZQO = C613CO20H40MCO3 ;

2.62D-11 : OMC5CO140H + OH = OMC5C014CO2 ;

J<24>: OMC5C0O140H = HCOCO2H + HO2 + CO + OMCO3;
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J<23>: OMC5C0O140H = HCOCO2H + HO2 + CO + OMCO3;

KFPAN : OMCO3 + NO2 = OMPAN ;

KBPAN : OMPAN = OMCO3 + NO2 ;

KDEC*0.01 : OMC5C014CO2 = OMGLYOX + HO2+ CO;

KDEC*0.99 : OMC5C0O14CO2 = MALANHY + CH303;

1.4D-12: MALANHY + OH = MALANHYO?2 ;

KRO2NO : MALANHYO2 + NO = MALANHYO + NO2;

KDEC : MALANHYO = HCOCOHCO3 ;

KAPNO : HCOCOHCO3 + NO = GLYOX + HO2 + NO2 ;

KFPAN : HCOCOHCO3 + NO2 = HCOCOHPAN ;

KBPAN : HCOCOHPAN = HCOCOHCO3 + NO2 ;

KRO2NO3*1.74 : HCOCOHCO3 + NO3 = GLYOX + HO2 + NO2;
KAPHO2*0.56 : HCOCOHCO3 + HO2 = HCOCOHCO3H ;

1.00D-11*RO2 : HCOCOHCO3 = GLYOX + HO2 ;

6.97D-11 : HCOCOHPAN + OH = CO + GLYOX + NO2 ;

J<41>: HCOCOHCO3H = GLYOX + HO2 + OH ;

7.33D-11 : HCOCOHCO3H + OH = HCOCOHCO3 ;

KRO2NO3 : MALANHYO?2 + NO3 = MALANHYO + NO2;
KRO2HO2*0.625 : HO2 + MALANHYO2 = MALANHYOOH ;
8.80D-13%0.6*RO2 : MALANHYO2 = MALANHYO ;

8.80D-13*0.2*RO2 : MALANHYO2 = MALANHY20H ;

8.80D-13*0.2*RO2 : MALANHYO2 = MALNHYOHCO ;

J<41>: MALANHYOOH = MALANHYO + OH ;

4.66D-11 : MALANHYOOH + OH = MALNHYOHCO + OH ;

2.55D-11: MALANHY2OH + OH = HO2 + MALNHYOHCO ;

5.68D-12 : MALNHYOHCO + OH = CO + CO + CO + HO2;

KAPHO2*0.44 : HCOCOHCO3 + HO2 = GLYOX + HO2 + OH ;

KAPNO : C613CO20H40MCO3 + NO = C5134CO20H40M + HO2 + CO + NO2;
KRO2NO3 : C613CO20H40MCO3 + NO3 = C5134CO20H40OM + HO2 + CO + NO2;
KAPHO2*0.42 : C613CO20H40MCO3 + HO2 = C5134CO20H40OM + HO2 + CO + OH ;
1.00D-11*RO2 : C613CO20H40OMCO3 = C5134CO20H40M + HO2 + CO;
KFPAN : C613CO20H40MCO3 + NO2 = C6135CO20H40OMPAN ;

KBPAN : C6135CO20H40OMPAN = C613CO20H40MCO3 + NO2;
KAPHO2*0.58 : C613CO20H40OMCO3 + HO2 = C613CO20H40OMCOOH ;
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5.74D-11 : C6135CO20H40OMCOOH + OH = C613CO20H40MCO3 ;
J<34>: C5134CO20H40M = OMCO23CHO + HO2 + CO;
J<15>: C5134CO20H40M = OMCO23CHO + HO2 + CO;
1.11D-11: C5134CO20H40M + OH = OMC44CO + HO2;
J<41>: C613CO20H40OMCOOH + OH = C5134CO20H40M + HO2 +CO + OH ;
1.65D-12 : DNGUAIACOL + OH = DNGUAIAQO?2 ;

KRO2NO : DNGUAIAO2 + NO = DNGUAIAO + NO2 ;
KRO2NO3 : DNGUAIAO?2 + NO3 = DNGUAIAO + NO;
4.39D-12*0.8*RO2 : DNGUAIAO2 = DNGUAIAO ;
4.39D-12*0.2*RO2 : DNGUAIAO2 = DNGUAIAOH ;
KRO2HO?2 : DNGUAIAO2 = DNGUAIAOOH ;

J<41> : DNGUAIAOOH = DNGUAIACO ;

KDEC : DNGUAIAO = NC4DOMCO2H + HCOCO2H + NO2 ;
7.91D-11 : GUATAOXMUC + OH = EPOXPRODUCTS ;
J<4>%0.1%0.5 : GUATAOXMUC = EPXC4DIAL + HO2 + CO;
J<4>*0.1*0.5 : GUAIAOXMUC = OMC4CO140H2CO3 + HO2 + CO ;
J<15>*2: C320H13CO = CO + GLYOX + HO2 + HO2 ;
1.36D-10: C320H13CO + OH = HCOCOHCO3 ;

KRO2NO : C3DIALO2 + NO = C3DIALO + NO2;

KDEC : C3DIALO = CO + GLYOX + HO2 ;

KRO2NO3 : C3DIALO2 + NO3 = C3DIALO + NO2;
KRO2HO2*0.520 : C3DIALO2 + HO2 = C3DIALOOH ;
8.80D-13*R0O2%0.6 : C3DIALO2 = C3DIALO ;
8.80D-13*R0O2*0.2 : C3DIALO2 = C320H13CO ;
8.80D-13*R0O2%0.2 : C3DIALO2 = C33CO;

J<41>: C3DIALOOH = C3DIALO + OH ;

J<15>*2: C3DIALOOH = CO + GLYOX + HO2 + OH ;
1.44D-10: C3DIALOOH + OH = C33CO + OH;;

J<15>%*2: C33CO =CO + CO + CO + HO2 + HO2;
5.77D-11: C33CO + OH =CO + CO + CO + HO2;

J<17>*2 : EPXC4DIAL = C3DIALO2 + CO + HO2;

4.32D-11 : EPXC4DIAL + OH = EPXDLCO3;

2*KNO3AL*4.0 : EPXC4DIAL + NO3 = EPXDLCO3 + HNO3;
KAPNO : EPXDLCO3 + NO = C3DIALO2 + NO2;
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KFPAN : EPXDLCO3 + NO2 = EPXDLPAN ;

KBPAN : EPXDLPAN = EPXDLCO3 + NO2 ;

KRO2NO3%*1.74 : EPXDLCO3 + NO3 = C3DIALO2 + NO2 ;
KAPHO2*0.41 : EPXDLCO3 + HO2 = EPXDLCO3H ;
KAPHO2*0.15 : EPXDLCO3 + HO2 = EPXDLCO2H + O3 ;
1.00D-11*RO2*0.7 : EPXDLCO3 = C3DIALO?2 ;

1.00D-11*R0O2*0.3 : EPXDLCO3 = EPXDLCO2H ;

2.29D-11 : EPXDLPAN + OH = C33CO + CO + NO2 ; J<41> : EPXDLCO3H = C3DIALO2 +
OH;

J<17>: EPXDLCO3H = C3DIALO2 + OH ;

2.62D-11 : EPXDLCO3H + OH = EPXDLCO3 ;

J<17>: EPXDLCO2H = C3DIALO2 + HO2;

2.31D-11 : EPXDLCO2H + OH = C3DIALO2 ;

KAPHO2*0.44 : EPXDLCO3 + HO2 = C3DIALO2 + OH ;
2.93D-11*0.82 : NOMCATECHOL + OH = NOMCATECO2;
2.93D-11*0.18 : NOMCATECHOL + OH = NOMCATEC10 ;
KRO2NO : NOMCATECO2 + NO = NOMCATECO + NO2;
KRO2NO3 : NOMCATECO2 + NO3 = NOMCATECO + NO2;
KRO2HO2 : NOMCATECO2 + HO2 = NOMCATECOOH ;
8.00D-13*RO2 : NOMCATECO2 = NOMCATECO ;
1.90D-12*EXP(190/TEMP) : NOMCATECOOH + OH = NOMCATECO?2 ;
J<41>: NOMCATECOOH = NOMCATECO ;

KDEC : NOMCATECO = NC4DOMCO2H + HCOCO2H + HO2 ;
1.90D-12*EXP(190/TEMP) : NC4DOMCO2H + OH = NC4DOMCO?2 ;
KDEC : NC4DOMCO2 = OMMALANHY + NO2;

2.08D-12 : NOMCATEC10 + NO2 = DNOMCATECHOL ;

1.0D-10 : CATECHOL + OH = CATEC10;

9.9D-11 : CATECHOL + NO3 = CATEC10 + HNO3 ;

9.2D-18 : CATECHOL + O3 = CATECOOA ;

KDEC : CATECOOA = HCOCO2H + HO2 + MALDALCO2H + OH ;
2.08D-12: CATEC10 + NO2 = NCATECHOL ;

2.86D-13: CATEC10 + O3 = CATEC102;

KRO2NO : CATEC102 + NO = CATEC10 + NO2;

KRO2NO3 : CATEC102 + NO3 = CATEC10 + NO2;
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KRO2HO2*0.770 : CATEC102 + HO2 = CATEC100H ;
8.80D-13*RO2 : CATEC102 = CATEC10O;

J<41>: CATEC10O0OH = CATEC10 + OH;;
1.90D-12*EXP(190/TEMP) : CATEC10OOH + OH = CATEC102 ;
3.47D-12 : NCATECHOL + OH = NCATECO2 ;

2.60D-12 : NCATECHOL + NO3 = NNCATECO?2 ;

KRO2NO : NCATECO2 + NO = NCATECO + NO2;

KRO2NO3 : NCATECO2 + NO3 = NCATECO + NO2;

KDEC : NCATECO = HCOCO2H + HO2 + NC4DCO2H ;
KRO2HO2*0.770 : HO2 + NCATECO2 = NCATECOOH ;
8.00D-13*RO2 : NCATECO2 = NCATECO ;

J<41>: NCATECOOH = NCATECO + OH ;
1.90D-12*EXP(190/TEMP) : NCATECOOH + OH = NCATECO2 ;
KRO2NO : NNCATECO2 + NO = NNCATECO + NO2 ;
KRO2NO3 : NNCATECO2 + NO3 = NNCATECO + NO2;

KDEC : NNCATECO = HCOCO2H + NC4DCO2H + NO2 ;
KRO2HO2*0.770 : HO2 + NNCATECO2 = NNCATECOOH ;
8.00D-13*R0O2 : NNCATECO2 = NNCATECO ;

J<41>: NNCATECOOH = NNCATECO + OH ;
1.90D-12*EXP(190/TEMP) : NNCATECOOH + OH = NNCATECO?2? ;
1.90D-12*EXP(190/TEMP) : NC4DCO2H + OH = NC4DCO2 ;
KDEC : NC4DCO2 = MALANHY + NO2;

J<18>: MALDALCO2H = CO + CO + HCOCO2H + HO2 + HO2 ;
J<19>: MALDALCO2H = CO + CO + HCOCO2H + HO2 + HO2 ;
3.70D-11 : MALDALCO2H + OH = MALDIALCO?2 ;

KDEC*0.40 : MALDIALCO2 = CO + GLYOX + HO2 ;

KDEC*0.60 : MALDIALCO2 = HO2 + MALANHY ;
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