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The comical story that always keeps me grounded

A scientist investigating behavior in bullfrogs notices that when startled by a loud noise the frog jumps.

Deciding to experiment further he yells "Jump" and notes that the frog jumps a distance of 4 feet.
He then cuts off a front leg, yells jump and the frog jumps 3 feet.
He cuts off the other front leg, yells jump, the frog jumps 2 feet.
He cuts off a back leg, yells jump; the frog barely manages to jump 6 inches.
Cutting off the last leg when he yells jump the frog doesn't move. He yells louder; the frog doesn't move.

In his notebook the scientist concludes: "4 frog with no legs becomes deaf."

— Anonymous
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Abstract

Atmospheric brown carbon (BrC) aerosol absorbs light in the UV-Vis spectrum and has
poorly constrained but potentially large climate forcing impacts. Most current climate
models lack detailed chemistry and interlinked properties of atmospheric BrC, that induce
large uncertainties in radiative forcing predictions. BrC lifecycle and its atmospheric
lifespan have not been fully explored. It is suggested that strongly light absorbing primary
BrC (PBrC) may rapidly evolve into weakly light absorbing secondary BrC (SBrC) in the
atmosphere, which is considered as bleaching of PBrC. Therefore, formation,
transformation and optical properties of PBrC from biomass and fossil-fuel combustion
system were investigated in lab and field studies. On the other hand, non-absorbing
secondary/primary organic aerosol (SOA/POA) evolve into weakly light absorbing SBrC
referred as browning of SOA/POA. The chemical processes underlying SOA aging and the
subsequent formation and transformation of SBrC are not well understood. The presence
of reactive nitrogen, acidity and water is also thought to further drive the chemistry of SBrC
evolution and hence contribute to the global radiative forcing budget. These possibilities,
and others, were explored in detail and are presented in this PhD thesis.

Biomass is a major source of PBrC emissions, but also it is an important renewable
bioenergy source because of its economic and environmental advantages over fossil fuels.
The formation of PBrC and its optical properties in a modern Swedish small-scale biomass
burner were explored. The measured parameters include gas and particle concentrations,
optical absorption and chemical characteristics of gases and particles. Positive matrix
factorization (PMF) was performed to analyze data from a HR-ToF-CIMS equipped with
FIGAERO and PASS-3. Results from the factor analysis were linked to the optical
properties of the emissions, and lignin and cellulose/hemicellulose pyrolysis products were
the most important sources of PBrC under the tested burning conditions.

Further, formation of PBrC and its atmospheric transformation was studied at a remote
rural site, the Indo-Gangetic Plains — Centre for Air Research and Education (IGP-CARE)
in India,in the Indo Gangetic Plain in India where some of the most severe air pollution
episodes occur on Earth. The field measurements of short-lived climate pollutants including
BrC, black carbon (BC) and ozone (O3) were conducted over a period of one year. In this
study, the elevated concentrations of BrC co-emitted BC were identified, which was mostly
PBrC and can largely be attributed to the local biomass burning activities in the
neighbouring rural communities. This study's most important finding is that the BrC
concentration normalized by BC concentration (BrC/BC ratio) showed a very pronounced
diurnal variation throughout the year with distinct morning and evening peaks in general
and a minimum at around noon time i.e. boat shape pattern of BrC/BC. The profile of the
BrC/BC ratio evolved astonishingly during the day-time. An extremely sharp decline in the
BrC/BC ratio at the time of dawn each morning indicates the dominance of photochemical
processes in the transformation of PBrC. This is hypothesized to be associated with daytime
photochemical bleaching of the PBrC and transforming it into SBrC.
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PBrC formation and its optical properties were investigated in three distinct premixed
fossil-fuelled i.e. propane, flames. POA containing BrC constituted a high fraction (20—
40% by mass) of aerosol mass and was predominantly (i.e., 92-97% by mass) internally
mixed with soot particles. In these flames, aerosol mixture containing BrC, POA and BC
was found to be highly light absorptive, i.e., an Angstrém absorption exponent (AAE) value
at 405/781 nm > 1.5. The mass absorption cross-section (MAC - 5 m?g") of POA
containing BrC at 405 nm under a specific flame i.e. fuel-rich setting, was comparable to
MACs of BC particles (8-9 m? g™).

SBrC formation, transformation and its optical properties were explored under the
influence of reactive nitrogen (NOx, NHj3)-, acidity (H.SO4)-, and water-mediated
chemistry during the photo-oxidation of toluene and subsequent aging of its SOA. The
pattern of toluene SOA formation at [NOx]/[AHC] molar ratios 0.15 or below was
distinctly different (i.e. constant SOA mass) than that was observed at [NOx]/[ AHC] ratios
higher than 0.15 (i.e. here, SOA mass decreased). These distinguish between SOA formed
under nitrogen-poor (NP) conditions i.e. with low initial NOx concentrations, and nitrogen-
rich (NR) SOA formed at higher initial NOx concentrations, which has a higher content of
compounds such as organo-nitrates. This distinction is valuable for understanding trends in
the formation and properties of SOA containing BrC in the presence of varying
concentrations of NOx. Hereafter, NP SOA and NR SOA are referred to SOA formed under
nitrogen poor and nitrogen rich conditions, respectively. The light absorption coefficient
(Babs) and mass absorption cross-section (MAC) of the SOA increased with [NOx/AHC]
under both the NP and NR regimes. For NP SOA, the MAC increased with [NOy/AHC]
independently of the relative humidity (RH). However, the MAC of NR SOA was RH-
dependent. Under both NP and NR regimes, NH3 and acidity promoted SOA browning.
The highest MAC was observed at the lowest RH (20%) for acidic NR SOA, and it was
postulated that the MAC of SOA depends mainly on the pH and the [H Jgee/[SOA mass]
ratio of the aqueous SOA phase.

In the same preceding experiments, I additionally analyzed data from HR-ToF-CIMS. 1
found that several m/z (i.e. mass to charge ratio of a chemically ionized molecule detected
in mass spectrometry) mimicked the trend of observed bulk Ba,s — against [NOx/AHC]
increase, of SOA containing BrC. These m/z hereafter termed BrC molecules containing
chromophores. An interesting observation was that the key m/z contributing to the Baps
were distinct for each experiment. However, we found m/z 296 as a common dominant
BrC chromophore (m/z), under several experimental conditions. The RH played a vital role
in determining the BrC composition i.e. m/z distribution. The BrC molecules containing
chromophores corresponding to various identified m/z are suggested to be nitro-aromatic
compounds (NAC), which are primarily formed via OH oxidation of toluene followed by
the nitration processing of the oxidized aromatic ring. The suggested key BrC molecules
containing chromophores are the nitro-derivatives of the phenols, catechol, benzoic acid,
benzaldehyde and benzonitriles.

Keywords: brown carbon (BrC), primary organic aerosol (POA), secondary organic
aerosol (SOA), BrC bleaching, BrC browning, Toluene photo-oxidation, NOx, NH3 and
acidity effects, light absorption.



Abstract (in Swedish)

Atmosfariska aerosolpartiklar som innehéller brunt kol (BrC) absorberar ljus i UV-Vis-
omrédet. Detta gor att deras klimatpaverkan potentiellt kan vara véldigt stor &ven om den
idag &r daligt kvantifierad. I de flesta av dagens klimatmodeller saknas detaljerade kemin
med koppling till dessa egenskaper for atmosférisk brunt kol. Detta innebédr en stora
osékerheter i modellernas forutségbarhet att beskriva stralningsbalansen. BrC atmosfériska
livscykel, m.a.o. bildning och omvandling, kan inte beskrivas fullt ut. A ena sidan har det
papekats att den stark absorberande priméra BrC (PBrC) kan omvandlas i atmosféren till
mindre absorberande sekundir BrC via sé& kallad blekning. Darfor studerades bildning,
omvandling och optiska egenskaper for PBrC emitterad fran forbrénning av biomassa och
fossila brinslen. Detta genomfdrdes bade i filt- och laboratorieforsok. A andra sidan kan
icke absorberade sekundir (SOA) eller primér organisk aerosol (POA) omvandlas till svagt
ljusabsorberande SBrC via sé kallad “browning” av SOA/POA. De kemiska processerna
som ligger bakom denna omvandling/éldring av SOA ér inte sé vél karakteriserade. Dock
tror man att narvaro av kvéve, surhet och fuktighet driver pa kemin for BrC processerna
och dédrmed péverka den global strélningsbalansen. De dr dessa mojligheter tillsammans
med andra faktorer som har utforskats och nu presenteras i denna doktorsavhandling.

Biomassaforbréanning bidrar mycket till PBrC men har ekonomiska och miljomissiga
fordelar framfor fossila branslen. Hir studerades PBrC emissioner frén en modern svensk
biomassaforbrannare. = De  studerade  parametrarna  inkluderar  gas-  och
partikelkoncentrationer, optisk absorption och kemiska egenskaper hos gaser och partiklar.
Positiv matrisfaktorisering utfordes for att analysera data fran en hogupplost kemisk
joniseringsmasspektrometer (HR-ToF-CIMS) utrustad med ett filterinslédpp for gaser och
aerosoler (FIGAERO) tillsammans med data fran en fotoakustisk sotspektrometer med tre
véglangder (PASS-3). Resultatet fran faktoranalysen kopplades till emissionernas optiska
egenskaper dér lignin och cellulosa/hemicellulosa pyrolysprodukter var de viktigaste
kéllorna till PBrC under de testade forbranningsforhallandena.

Bildningen av PBrC och dess omvandling studeras &ven vid Indo-Gangetic Plains — Center
for Air Research and Education (IGP-CARE) som &r en lantligt och avldgsen plats i Indien.
Har patréffas oftast episoder med négra av jordens mest extrema halter av luftféroreningar.
Féltmitningar av kortlivade klimatféroreningar inklusive BrC, svart kol (BC) och ozon (O3)
genomfordes under ett ar. Hir identifierades forhdjda koncentrationerna av BrC och BC,
vilket till stor del kan hénforas till den lokala biomassafoérbrinningen i nirliggande
landsbygdssamhéllen. De viktigaste resultaten fran studien &r att den BC normaliserade
BrC-koncentrationen (BrC/BC-forhéllande) pévisade en mycket uttalad dygnsvariation
under hela aret med distinkta morgon- och kvéllstoppar i1 allmédnhet och ett minimum runt
middagstid, dvs. en slags batformsmdnster 6ver dygnet. Den extremt kraftiga minskningen
av BrC/BC-forhallandet vid gryningen varje morgon indikerar betydelsen av fotokemiska
processer i omvandlingen av BrC. Detta kan antas vara associerat med fotokemisk blekning
av PBrC.

PBrC bildningen och dess optiska egenskaper studerades vid tre olika bransleblandningar
for en propanlaga. Emissionen av primér organisk aerosol (POA) utgjorde en hog andel
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(2040 viktprocent) vid forbranning av propan och den var Overvigande (dvs. 92-97
viktprocent) internt blandad med BC.

For dessa forbranningsforhéllanden var partikelemissionerna som inneholl BrC, POA och
BC mycket ljusabsorberande, d.v.s. har en Angstrém absorptionsexponent (AAE) vid
405/781 nm >1.5. Massabsorptionstvirsnitt (MAC) var 5 m? g" for POA vid 405 nm for
en av sammanséttningarna (fet brénsleblandning) vilket ér jamforbar med MAC:er av BC-
partiklar (8-9 m? g).

BrC bildning, omvandlingen och optiska egenskapen studeras med avseende pé inverkan
av reaktivt kvive (NOy, NH3), surhetsgrad (H2SO4) och fuktighet for SOA bildad vid
fotooxidation av toluen.

Bildningen av toluen SOA vid [NOx]/[AHC] molférhallande fran 0.15 och nedat skilde sig
tydligt (var konstant) frdn molforhéllanden 6ver 0.15, dar SOA massan dkade. Detta skiljer
SOA bildade vid kvévefattiga (NR, laga NOx halter), och kvdverika (NP, hoga NOx halter)
forhallanden vilka ger hogre halter av organiska nitrater. Denna distinktion &r ett vérdefullt
verktyg for att forstd och beskriva trender i bildning och egenskaper av BrC innehéllande
SOA vid olika NOx halter. Dérfor klassificeras SOA bildad vid kvévefattiga och kvaverika
forhéallanden som NP SOA och NR SOA, respektive. Ljusabsorptionskoefficienten (Baps)
och massabsorptionstvirsnittet (MAC) av SOA o6kade med [NOx/AHC] for bade NP- och
NR-regimerna. For NP SOA o6kade MAC med [NOx/AHC] oberoende av den relativa
fuktigheten (RH). MAC for NR SOA var emellertid RH-beroende. Under bade NP- och
NR-regimer framjade surhet SOA-"browning” medan NH3 6kade Baps och MAC vid 80 %
RH. Den hogsta MAC observerades vid den ldgsta RH (20%) och pH for NR SOA. Det
antogs ddrmed att MAC for SOA beror huvudsakligen pa pH och forhallandet [H+]g/[SOA
massa] for den vatteninnehallande SOA-fasen

I samma fors6k som ovan analyserades dven data fran HR-ToF-CIMS. Jag noterade att vid
flera m/z (detta 4r massa laddningsforhallanden av detekterade joner som bildas vid kemisk
jonisation) var trenden for topparna samma som trenden for bulkljusabsorptionen Bays vid
okad [NO/AHC] for BrC innehédllande SOA. Dessa m/z namnges som BrC molekyler
innehallande kromoforer. En intressant observation var att det var unika m/z som
framforallt bidrog till Baps for varje experiment. Dock var m/z=296 en av det vanligaste
jonerna detekterad under flera av de utvalda experimentella forhallandena. RH spelade en
viktig roll f6r m/z-fordelningen. De BrC-kromoforer som motsvarar olika identifierade m/z
foreslds vara nitroaromatiska foreningar (NAC). Dessa bildas primért via OH-oxidation av
toluen foljt av nitrering och/eller demetylering av den oxiderade aromatiska ringen. De
foreslagna nyckel BrC-kromoforerna ar nitroderivat av fenoler, katekol, bensoesyra,
bensaldehyd och bensonitriler.

Nyckelord: brunt kol (BrC), primér organisk aerosol (POA), sekundér organisk aerosol

(SOA), BrC-blekning, BrC-browning, Toluenfotooxidation, NOx, NH3 och surhetseffekter,
ljusabsorption
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PART- 1

Extended Summary



1 Chapter I: Introduction

Atmospheric aerosols markedly affect the radiative balance in Earth’s atmosphere and play
key roles in climatic processes [ 1]. However, current air quality and climate models cannot
accurately describe the influence of aerosols on the radiative forcing of the planet. The
uncertainties exist because their formation and transformation in the atmosphere are
complex processes that strongly affect their composition and hence their properties. For
instance, one common aerosol component, organic aerosol (OA) is thought to cool the
planet [1]. However, some components of OA can absorb light and warm the planet. These
warming components of OA are collectively referred as brown carbon (BrC). Atmospheric
brown carbon aerosol absorbs light in the UV-Vis spectrum and has poorly constrained but
potentially large climate forcing impacts. Most current climate models lack detailed
chemistry and interlinked properties of atmospheric BrC, that induce large uncertainties in
radiative forcing predictions. BrC has complex lifecycle and many unknown still remaining
[2]. It is suggested that strongly light absorbing primary BrC (PBrC) may rapidly evolve
into weakly light absorbing secondary BrC (SBrC) in the atmosphere, which is considered
as bleaching of PBrC. On the other hand, non-absorbing secondary/primary organic aerosol
(SOA/POA) evolve into weakly light absorbing SBrC referred as browning of SOA/POA.

The processes underlying the formation and transformation of primary BrC from both
biomass and fossil fuel combustion systems are still unclear. Further, the SOA aging and
the subsequent formation and transformation of secondary BrC in the atmosphere are also
obscure. The presence of reactive nitrogen, acidity and water is also thought to further drive
the chemistry of BrC evolution and hence contribute to the global radiative forcing budget.
These possibilities, and others, were explored in the laboratory and field experiments and
are presented here.

In this thesis, I tried to explore and improve the understanding of the formation and
transformation of the atmospheric brown carbon - both the primary and secondary in nature
and interlinked optical properties of the browning molecules. The thesis is a comprehensive
summary of various articles that have been published or are in the process of publication.

Paper I: Concentrations, optical absorption and chemical characteristics of gases and
particles emitted from modern Swedish small-scale biomass burner. Positive matrix
factorization was performed to analyze data from a high-resolution time-of-flight chemical
ionization mass spectrometer (HR-ToF-CIMS) equipped with a filter inlet for gases and
aerosols (FIGAERO), which yield six well-interpreted factors. Ordinal analysis enabled the
automatic identification of the most characteristic molecules for each individual factor.
Correlations of factors and optical properties are discussed.

Paper II: In this paper, the sources and atmospheric processes of formation and
transformation of key short-lived climate pollutants (SLCPs) - black carbon (BC), brown
carbon (BrC), and ozone (O3) were characterised at our long-term air pollution monitoring
station in a remote rural IGP site, the Indo-Gangetic Plains Centre for Air Research and
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Education (IGP-CARE) in India. The elevated BrC concentrations were identified, which
can be attributed to the local and regional atmospheric events and processes, including very
pronounced diurnal variation.

Paper III: In this paper, the formation of primary BrC in fossil fuelled flames was explored
under several specific settings, e.g. fuel-rich to lean flames, and the BrC was characterized
to understand its warming potential i.e. MAC of the POA. POA was found to be constituted
of highly light absorptive BrC and interestingly, its mass absorption cross-section (MAC)
at 405 nm for some testing conditions was comparable to BC.

Paper IV: In this paper, the influence of reactive nitrogen (NOx, NH3)-, acidity (H2SO4)-,
and water-mediated chemistry on SOA formed by the photo-oxidation of toluene, the
subsequent formation and transformation of BrC, and its optical properties were
investigated. A framework describing browning of toluene SOA with respect to NOx to
reacted toluene [NOx/AHCT] ratio, NH3 to reacted toluene [NH3/AHC] ratio, and aerosol
acidity was developed.

Paper V: In this paper, the potential BrC chromophores i.e. m/z with some probable
empirical formulas, were identified that mimic the light absorption (Bays). The chemical
pathways of specific BrC chromophore formation were explored in the purview of reactive
nitrogen (NOx, NH3)-, acidity (H2SO4)-, and water-mediated chemistry.

Studies of primary BrC formation and transformation are reported in Papers I, II and III:
Paper I presents a characterization of gases and particles emitted from the biomass burning
in a modern Swedish small-scale biomass burner. Results from the PMF analysis were
linked to the optical properties of the emissions, and lignin and cellulose/hemicellulose
pyrolysis products were assessed to be the most important sources of PBrC under the tested
burning conditions. Paper II outlines that the BrC formed during biomass burning and
transformed subsequently in the atmosphere is highly photosensitive i.e. photobleaching is
significantly noticeable during daytime. While Paper III underlines the BrC formed in the
propane fuel-rich flames was highly absorptive and its MAC was comparable to BC.

Studies of secondary BrC formation and transformation are reported in Papers IV and V:
Paper IV outlines the browning of toluene SOA under the influence of reactive nitrogen
(NOx, NHj3)-, acidity (H2SOs)-, and water-mediated chemistry. Contrary to Paper II the
SOA was transformed into darker BrC as NOx concentration was increased. Paper V
describes the key SOA chromophores that mimic the bulk optical absorption properties
under the influence of reactive nitrogen (NOx, NHj)-, acidity (H2SOs)-, and water-
mediated chemistry. This paper may have far reaching implications for mitigating the
negative impact of key SOA chromophores on human health, biodiversity ecosystems and
climate.

The above papers constitute a knowledge that enriches the understanding of atmospheric
processes involved in the formation and transformation of BrC in lab and field. The new
findings improve the understanding of BrC contribution to estimate the radiative forcing in
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the atmosphere and finally culminate in the paper V that describes the molecular nature of
secondary BrC and thus it might contribute towards mitigating the negative impacts of BrC.
Thus, this thesis altogether provides a holistic picture of both PBrC and SBrC of sources
and formation and transformation processes in the atmosphere.



2 Chapter II: State-of-the-art

2.1 Atmospheric sources and processes of BrC

Atmospheric BrC has two major sources: (i) primary BrC aerosol directly emitted due to
incomplete combustion of either fossil fuels [3] or biomass [4,5] and (ii) secondary BrC
produced via aging of SOA in the atmosphere involving carbonyl and/or aromatic
compounds [6]. The formation of strongly light-absorbing primary OA-containing BrC has
been observed in open biomass fires, combustion chambers and flames [7,8], and secondary
BrC is also formed by the oxidation of precursor VOCs and further aging of both primary
and secondary organic aerosol (POA and SOA) [7,9].

Recent studies suggest that aerosol components from biomass burning are more prevalent
than previously thought [10] and may strongly contribute to observed high background BrC
[11]. Since there is a thrust to reduce fossil fuel consumption, warming climate increases
risk of more wild fires, increasing population that burns biomass for sustenance and burn
crop wastes, increases the relative and total impacts of biomass burning on air quality and
climate forcing [12]. There is a growing body of evidence that atmospheric primary BrC
evolves differently from non-absorbing SOA/POA due to production of BrC from SOA
and loss of BrC from photo bleaching [13-15], volatilization, or aerosol-phase reactions.
For instance, the photo- induced bleaching of SBrC — produced by limonene ozonolysis in
presence of ammonia, was much faster with an effective half-life of <0.5hr [16].
Understanding the sources, formation, atmospheric evolution, and environmental effects of
BrC requires molecular identification and characterization of light-absorption properties of
BrC chromophores. Identification of BrC components is challenging due to the complexity
of atmospheric aerosols composition, chemistry and dynamics. The key BrC evolution
processes are illustrated in Figure 1.
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Figure 1: Summary of formation and transformation processes of BrC in the atmosphere: Strongly light
absorbing primary BrC (PBrC) aerosol from FF/BB/BG emissions evolve into weakly light absorbing
secondary BrC (SBrC) as it ages in the atmosphere; while non-light-absorbing SOA/POA from various
sources is transformed into weakly light absorbing SBrC and vice-versa (SBrC>SOA)
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2.2 Primary BrC formation and transformation

Primary BrC is directly formed and emitted to the atmosphere mostly during the
combustion process or insignificantly through direct anthropogenic/biogenic aerosol
emissions. As outlined in Figure 1, PBrC comes from fossil fuel (FF), biomass burning
(BB) and biogenic (BG) sources. BB is estimated to contribute about 62% of the global
POA and SOA budget annually [17]. Therefore, BB emissions significantly affect air
quality and the climate system. Primary BrC is a component of POA and may be constituted
of many light absorbing molecules called chromophores. A major class of chromophores
from BB includes lignin-pyrolysis products, which are typically substituted aromatics with
a high degree of unsaturation, such as conifer-aldehyde [18-20]. Another class is
nitroaromatics, such as nitro-catechols, which are readily produced in the presence of NOx
and strongly absorb light at lower wavelength i.e. 340nm [16,21]. Large polycyclic
aromatic hydrocarbons (PAHs) resulting from incomplete combustion processes can be
significantly light-absorbing at the near-UV-vis range [22]. Sulfur-containing species result
from pyrolysis of fern and peat, and are thought to be formed via acid-catalyzed
heterogeneous reactions [18]. Tar balls from BB are largely externally mixed aggregates
produced from smouldering combustion or through multiphase chemical processes [23,24].
Tar balls are thought to be composed of oxygenated organic compounds [23,25-28].

BrC components undergo photochemical transformations i.e. photobleaching or browning,
during its atmospheric aging. For instance, a substantial decay in aerosol UV light
absorption in biomass burning plumes was observed within half a day time span in the
atmosphere [2,16,29]. However, there can be a recalcitrant fraction of BrC that may persist
even after long aging times. It is likely that lower-weight chromophores (< 500 Da) evolve
into higher-molecular-weight chromophores (> 500 Da) within plume transport time, on
the order of hours to days [30]. Further, primary BrC is thought to evolve in the atmosphere
via processes including heterogeneous photooxidation (exposure of particles to gaseous
OH and other oxidants), aqueous photooxidation (exposure of BB-POA compounds to OH
within cloud/fog water droplets), direct photolysis (exposure of particles or their aqueous
extracts to actinic UV radiation), and indirect photolysis (photosensitized reactions
between BB-POA molecules and electronically excited triplet states of photosensitizers).
Several studies have characterized changes in the UV—Vis spectra of nitrophenols
commonly found in BB-POA [15,31,32]. Lignin pyrolysis products and other lignin
derived molecules can be heterogeneously oxidized into more light absorbing compounds
[33-36]. In Kaur et al. [37], five BB-POA model compounds were irradiated and hydroxyl
radicals, singlet molecular oxygen, and triplet excited-state molecules were detected with
probe molecules and all model compounds decayed on the order of hours from indirect
photooxidation. The photodegradation of PAHs on ice surfaces, ocean water mimics, and
soil has been studied significantly [38-40].

Biomass fuel type and their combustion condition determine the composition of BrC, and
which in-turn determines the lifetimes of individual BrC molecules. UV photodegradation
of BB with lignin and flavonoid sources mostly has longest lifetimes [41]. While individual
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BrC chromophores may not survive for many days, the net light absorption by the sample
normally persists longer due to slow condensed-phase photochemistry leading to
photobleaching of BB-POA. Therefore, competing chemical aging mechanisms, such as
heterogeneous oxidation by OH, may be more important for controlling the rate of BrC
photobleaching in BB-POA [41].

The photochemical transformation of real mixtures of BB-POA compounds, not just model
compounds, have also been widely investigated [42,43]. BB-POA after irradiation to
UV/sunlight enhanced the light absorption initially, and then decreased significantly
[14,43,44]. These indicate that BrC in BB-POA evolved through photo-enhancement and
photobleaching processes to produced secondary brown carbon (SBrC). During these PBrC
transformation processes, the low-molecular-weight BrC chromophores (< 400 Da) were
quickly formed and subsequently photo-degraded, giving yield to a photo-enhancement due
to the formation of high-molecular weight species (> 400 Da) and this high molecular-
weight fraction was responsible for long-lived light absorption [44]. Sumlin et al. [45]
found that the mass absorption coefficient of BB-POA upon Photo-oxidation decreased
roughly 45% at 375 nm after an equivalent of 4.5 days of photochemical aging.

Modeling studies have also demonstrated that BrC can have large positive effects on the
radiative forcing [46-50]. However, field measurements to date indicate that BrC has a
short lifetime of 10 h, which would considerably reduce its impact if included in models
[2,29]. Light absorption by BrC can also result in a significant decrease in the photolysis
rates of photochemically active gases, such as HONO and NO,, which affect the mixing
ratios of atmospheric oxidants [51,52]. To better quantify the effect of BrC on climate, the
chemical composition and lifetimes of individual BrC chromophores, as well as the effect
of photochemical aging on the optical properties of BrC particles, should be studied.
Further, for a comprehensive understanding, we should consider the diversity of BrC,
spanning nonpolar to polar molecules, and BB-POA from a range of sources.

2.3 Secondary BrC formation and transformation

Secondary BrC is generated via complex oxidation reactions of volatile organic compounds
(VOCs) in anthropogenic and biogenic BB emissions [9,43,53,54]. The secondary BrC
sources are straightforward to identify. However, the mechanisms that generate light-
absorbing SOA are highly uncertain [55]. Candidates include: nitration of polycyclic
aromatic hydrocarbons, yielding light-absorbing nitrophenols [56,57]; reactions of NHj3,
NH.", or amino acids with condensed-phase carbonyl products [6,49,58-61]; acid-catalyzed
aldol condensation of volatile aldehydes [62,63]; reactions of OH radicals with aromatic
hydroxyacids and phenols in cloud water [33,64]; heterogeneous reactions of isoprene on
acidic aerosol particles [65]; aqueous photochemistry of pyruvic acid in the presence of
atmospheric electrolytes (e.g., SOs and NHs") [66,67]; and reactions of isoprene
epoxydiols on sulfate aerosol forming absorbing oligomers [68]. The complexity of
resultant light-absorbing organic compounds and variations in their relative concentrations
complicate attempts to characterize the molecular composition of BrC and identify the
molecules or aggregates governing its optical properties. Despite these analytical
difficulties, several classes of compounds have been identified as potential contributors to
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BrC’s light absorption, including nitroaromatic compounds, such as nitrophenols,
imidazole-based and other N-heterocyclic compounds, and quinones. Less is known about
the molecular composition of light-absorbing oligomers produced through condensation
reactions and humic like substances (HULIS) [49]. It has also been proposed that
supramolecular aggregates and complexes of organic molecules with transition metals may
be responsible for BrC’s observed optical properties. However, it is unclear if typical BrC
includes a few strong chromophores or diverse weak chromophores. The latter would be
more consistent with the featureless UV—visible spectra of BrC observed in most field
studies. However, analyses of BrC’s spectra in some field studies have identified clear
peaks in the visible range [69-71], indicating that both molecular and supramolecular
chromophores may coexist in ambient BrC. Several laboratory proxies of BrC, have also
been shown to exhibit distinct absorption spectra (such as the 510 nm band in the aged
limonene SOA shown in Figure 1. The identification and structural characterization of BrC
chromophores clearly require highly sensitive molecular approaches capable of detecting
both strongly and weakly absorbing species. Quantifying BrC’s contribution to light
absorption is critically important for accurate interpretation of aerosols’ optical depth
(AQOD), the atmospheric column’s light extinction due to both scattering and absorption

2.4 Aqueous phase SBrC formation and transformation

Dark and photochemical processes of the aqueous-phase reactions can promote the optical
spectra of organic aerosols, and are also the important process of secondary BrC formation
[72-75]. Formation and light absorption of BrC are affected by many environment factors
such as concentrations and compositions of VOCs and oxidants, aerosol aqueous phase
acidity, and meteorological conditions.

In recent years, increasing laboratory and field observational studies have shown that
aqueous inorganic-organic reactions in the atmosphere can be major sources of SBrC
[15,76,77] For example, light-absorbing substances can be generated from water-soluble
carbonyl compounds’ interactions with ammonium sulfate (AS) and amine compounds in
aqueous phase.

Formation of aqueous SOA (aqSOA) via photochemical reactions involves oxidation
reactions, in which the hydroxyl radical ((OH) usually considered to be the primary oxidant
[78,79]. For example, organic compounds in triplet excited states (3C*) generated by
irradiation of light-absorbing organics (e.g. non-phenolic aromatic carbonyls), oxidized
phenols at higher rates and with greater agSOA yields than ‘'OH [79-82]. Thus, they
strongly enhance SBrC production.

As well as being an oxidant, 3C" can also be a precursor of singlet oxygen ('O,), superoxide
(037) or hydroperoxyl ("(HO) and "OH (via HO"; /05 formation) radicals upon reactions
with O, and substrates such as phenols [83]. The estimated 3C" concentration in typical fog
water is >25 times higher than that of "OH, indicating that it is the primary photo-oxidant
for BB-generated phenolic compounds [37,84]. However, recent studies on triplet-driven
oxidation of phenols have mainly focused on changes in physicochemical properties (e.g.,
light absorption) and agSOA yields [36,79,85], with few reports on reaction pathways and
products [72,86,87].
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BB is a significant atmospheric source of both phenolic and non-phenolic aromatic
carbonyls [88-91]. Upon exposure to sunlight, aromatic carbonyls in BB emissions are
excited to triplet excited states, which (as mentioned) can initiate oxidation leading to
aqSOA formation [36,79,85]. Inorganic salts such as ammonium nitrate are major
components of aerosols and cloud or fog water, and frequently co-exist with BB emission
products [92-94]. In cloud and fog water, inorganic nitrate levels can vary from 50 to 1000
uM, and are typically higher in polluted conditions [95-100]. Upon photolysis
[82,101,102], inorganic nitrate in cloud and fog water can contribute to SBrC [103] and
aqSOA formation [73,104,105] by generating ‘OH and "NO, (also a nitrating agent). For
example, agSOA yields from photo-oxidation of phenolic carbonyls in ammonium nitrate
are twice as high as yields in ammonium sulfate solution [73]. Thus, nitration is a
significant process in the formation of light-absorbing organics or SBrC in the atmosphere
[5,49,56,76,106-108].

The effects of NO; on secondary BrC formation were also studied in laboratory studies. A
scientific assessment on the optical role of BrC [109] indicated that the wavelength
dependent absorptive component (k) values of secondary organic aerosols (SOA) formed
in the presence of NO, are greater than those without NO», and the nitrogen-containing
organic compounds (NOCs) are the key components enhancing light absorption. Liu et al.
[109] and Xie et al. [110] reported that the light absorption of SOA generated in the
presence of NO; is higher than in presence of hydrogen peroxide (H>O:), and the mass
absorption coefficient (MAC) of nitro-aromatic compounds is more than twice as that of
the whole SOA.

2.5 Current knowledge gaps and challenges

Understanding the environmental effects of BrC, its sources, formation, and atmospheric
aging mechanisms requires robust description of relationships between its molecular
composition and light absorption properties. Available evidence suggests that even a very
small weight fraction of strongly absorbing BrC chromophores may substantially affect
OA’s optical properties [55]. Because of the low concentrations of light-absorbing
molecules in the complex organic mixtures present in both laboratory-generated and
ambient OA, identifying BrC chromophores is highly challenging [55]. A recent review
[49] clearly indicates that various BrC chromophores may be present in both POA and SOA
originating from diverse sources. However, knowledge of their chemical identities, light-
absorbing properties, concentrations, and atmospheric stability is fragmentary. Thus, we
have insufficient understanding for practical parametrization of BrC properties in
atmospheric and climate models. To obtain sufficient observations and scientific
knowledge for constraining and validating future models there it is a need to do
investigations that include fundamental molecular level studies of BrC chromophores,
including characterization of their chemical composition and optical properties, sources,
formation mechanisms, and atmospheric degradation.

However, due to its complex chemical composition, analytical obstacles and other factors,
there is still very limited knowledge and theoretical understanding of its sources, formation,
degradation mechanisms, and the chromophore transformations involved.

8



3 Chapter III: Experimental methods

Advanced and the state-of-the-art experimental techniques are required to understand BrC
formation and transformation processes. This section briefly introduces the experimental
methods used to characterize and investigate different formation and transformation
processes and properties of PBrC and SBrC.

3.1 Experimental methods

3.1.1 Molecular characterization and optical properties of primary emissions
from a residential wood burning boiler

The residential wood burning boiler testing facility at the Research Institute of Sweden AB
accessed to study the BrC formation and properties from various type of wood and pellets
commonly used in Swedish homes. The configuration of the experimental setup is shown
in Figure 2. Details of the experiments are available in attached paper I.
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Figure 2: Schematic view of the experimental setup for paper [

3.1.2 Sources and characterization of BrC at a rural site in the Indo-Gangetic
Plain (IGP) of India

To facilitate long-term measurement of SLCPs in the IGP region, a new monitoring site
was established in 2016 in a rural area. This site, the Indo-Gangetic Plains - Centre for Air
Research and Education (IGP-CARE), is situated in agricultural fields adjacent to a forest
by the River Burma (a tributary of the River Betwa) surrounded by six villages in the
Hamirpur district of Uttar Pradesh (25° 48° 55.5” N; 79° 55° 07.5” E), India (Figure 3).
Real-time long-term measurements of SLCPs (e.g., O3, NOx, CO, black carbon, brown
carbon) have been conducted continuously at the IGP-CARE site since January 2017. The
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dataset examined in this study covers the period from January 2017 to December 2017.
Details of the experiments are provided in the paper 11 appended with this thesis.
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Figure 3: The rural Indo-Gangetic Plains Centre for Air Research and Education (IGP-CARE)
monitoring station (red circle) in the IGP region, Hamirpur, India (left panel). A satellite view of haze
spread over the IGP region, India, and the IGP-CARE location (middle panel), and a map of the AOD
(right panel) over the IGP region (source: https://earthdata.nasa.gov/).

3.1.3 Formation and characterization of PBrC in fossil fuel flames

To perform controlled experiments in the laboratory, a propane burner was designed and
built to generate submicron particles with adjustable (albeit interdependent) particle size
distributions, BC fractions, BrC fractions, and mixing states with POA. The experimental
setup used to characterize lab-scale flame emissions is shown in Figure 4. I have provided
details of these experiments in the paper I1I appended with this thesis.

MFC: Mass Flow Controller
DMA: Differential Mobility Analyser
TD: Thermo-Denuder

CPC: Condensation Particel Counter M

PASS-3: Photo Acoustic Soot Spectrometer
(3 wave lengths: 405, 532, 781 nm)
APM: Acrosol Particle Mass Analyzer

Figure 4: Schematic of the experimental setup for characterizing soot from lab-scale flames for Paper
I

3.1.4 Formation and transformation processes, characterization and optical
properties of Toluene photo-oxidation SOA

The experiment was designed to generate conditional SOA and has three serial zones as in
Figure 5: (i) the reactants input control zone, (ii) the reaction zone, and (iii) the
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instrumentation and measurement zone. Detailed description of these experiments are
provided in the paper IV and V appended with this thesis.

Experimental Matrix

The experiments performed in this study are summarized in Table 1 Controlled
experimental variables included the toluene concentration (AHC), the initial ozone
concentration, the relative humidity, the NOx ramp and initial concentration (31 ppb to 362
ppb for experiments Tol-1 to Tol-4 and 30 ppb to 351 ppb for experiments Tol-7 to Tol-9),
and the NH3 ramp (42 ppb to 203 ppb for experiments Tol-5 and Tol-6).

Table 1: The experimental input matrix for paper IV and V

NOx 0s NH: HiSO4 OHexpo (Calculated)

X 1011
Reacted Toluene (NO: NO; . 3 3
Exp.ID (AHC) Concentration Ratio =1:1) (Initial, ppb) RH% Ramp (hgm™) (em™s) Remarks
(ppb) * Range Range
(Initial to (Initial to
Final, ppb) Final, ppb)

Tol-1 1161 31to 362 999 80 No No 2.8 NOx ramped
Tol-2 1064 31 to 362 999 65 No No 23 NOx ramped
Tol-3 870 31to 362 999 35 No No 1.6 NOx ramped
Tol-4 774 31to 362 999 20 No No 1.3 NOx ramped
NH; ramped
Tol-5 1161 61 999 80 4210 203 No 2.8 and NOx
constant
NH; ramped
Tol-6 1161 360 999 80 4210 203 No 2.8 and NOx
constant
Tol-7 1161 30 to 351 999 80 No Yes (22.3) 2.8 NOx ramped
Tol-8 1161 30 to 351 999 65 No Yes (22.3) 2.8 NOx ramped
Tol-9 780 30 to 351 999 20 No Yes (22.3) 1.6 NOx ramped

§ Toluene reacted is calculated by measuring residual toluene from Go:PAM outlet with a VOC monitor with
and without reaction at Go:PAM.

3.2 Instrumentation

This subsection describes the key components of the setups and apparatus used for field
and lab measurements and formation and transformation of PBrC and SBrC.

3.2.1 FIGAERO-HR-ToF-CIMS

In Paper I, IV, and V, the mass/charge (m/z) spectrum was measured using a FIGAERO
instrument of Aerodyne Research Inc., Billerica, Massachusetts, USA and by HR-ToF-
CIMS, (Aerodyne Research Inc. and Tofwerk AG) as shown in Figure 6 and Figure 7 and
discussed in details in many literatures [111,112]. In Figure 7: A) FIGAERO overview.
The main manifold (green) and the movable tray (red) are made of Teflon. The movable
tray switches between the two modes. The two sampling ports (gas phase inlet and aerosol
inlet) and the thermal desorption port connected to the heating tube are mounted at the inlet
plate. B) FIGAERO during gas phase sampling and particle collection. The desorption port
is blocked by the tray. C) FIGAERO during desorption. The filter holder moves under the
heated N, stream while the gas sampling port is blocked by the tray. The Figure 7 is
reproduced from [111].
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3.2.2 Go:PAM

The Potential Aerosol Mass (PAM) reactor as show in Figure 5, is an oxidation flow reactor
(OFR), which provides a highly oxidizing environment, enabling simulation of
atmospheric oxidation processes of timescales ranging from one to several days, in a few
minutes in the laboratory [114]. The Gothenburg Potential Aerosol Mass (Go:PAM) reactor
has been developed in the University of Gothenburg and is described in the study by [115].

3.2.3 Absorption measurement with a PASS-3

PASS-3 shown in Figure 8 (Droplet Measurement Technologies) [116] is a sensitive, high-
resolution, fast-response commercially available instrument for measuring the absorption
coefficient of aerosol particles. In Papers I, III, IV, and V, a PASS-3 instrument was used
to measure particles in-situ light absorption coefficients simultaneously at wavelengths of
405, 532, and 781 nm with a time resolution of 2s.

13



/

Integrating
L o Sphere
532 nm laser "‘./ ?
==Y

&L .
781 nm laser [ %4 o

S—

¢
405 nm laser | h ‘
2 " 1 t

Figure 8: Main components of the PASS-3

3.2.4 Scanning mobility particle sizer (SMPS) spectrometer

The measurement of the particle number size distribution of the aerosol particles was
performed with a scanning mobility particle sizer (SMPS) spectrometer, which is a
combination of a DMA and a CPC in series.

3.2.5 Size Distribution with DMA + CPC

A DMA (DMA2) (Vienna type, length 280 mm, inner/outer radius 25.0/33.3 mm, aerosol
flow rate 1.6 L min™', and sheath flow rate 10.0 L min™") and a CPC were used to measure
the number size distributions (9—430 nm) of both fresh soot particles and thermo-denuded
samples.

3.2.6 Particle mass mobility relationship using a DMA-APM system

The particle mass mobility relationship and, hence, the effective density were determined
using the DMA2, an APM, and a CPC in series followed by previous literature McMurry
etal (2002) [117].

3.2.7 Other instruments

A few auxiliary instruments were utilized during the experiments. Briefly, the following
instruments were used: an ozone monitor (2B Technologies, USA, model 205), VOC
monitor (ALPHASENSE LIMITED, UK, model: PID AH2), CO Monitor (Ecotech,
ACOEM Group, model:Serinus® 30), O3 monitor (Ecotech, ACOEM Group, model:
Serinus® 10), NOX (Ecotech, ACOEM Group, model: Serinus® 40), BC monitor (Met
One Instruments, Inc, USA, Model: BC 1050 series).
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3.3 Data analysis

Details of the methods used for data analysis can be found in Papers I-V. The most
important parameters considered in these studies are briefly discussed below.

3.3.1 Data Processing

All results obtained using the SMPS and PASS3 instruments as well as the acidity values
and concentrations of NOx and NHj; presented in this work are average of 30 min
measurements data. Molecular speciation of toluene SOA was performed by analysing gas
and aerosol samples drawn from the GO:PAM flow tube outlet at a rate of 4 litres per
minute by the FIGAERO-HR-ToF-CIMS, operating in particle collection mode. The
FIGAERO-HR-ToF-CIMS was operated in this mode in 30-min intervals.

The potential m/z that absorbed light were identified and selected as the following: (i) m/z
must mimic the trend of bulk light absorption i.e. Baps against the [NOx/AHC] increase; (ii)
for the straight line trends, the correlation regression coefficient (R?) must be significantly
high (> 0.75) between the m/z signal (counts per second — CPS) and [NO/AHC] ratio.
Further, for non-linear patterns of Bays against the [NOx/AHC] increase, I visually selected
the m/z, which exactly matched the Bays trend (see Figures 1S to 42S in Supplementary
Information of the paper V).

It is to be noted that in the lon Molecule Reaction (IMR) chamber of a mass spectrometer
(MS), ionization of any molecule can occur in any of the following ways: (i) proton transfer,
(i1) electrophilic addition, (iii) anion abstraction, and (iv) charge exchange due to (a)
electrochemical potentials of reactants, (b) energy available for ionization and (c) other
multiple parameters at various maintenance cycles of an MS. However, predicting the exact
m/z obtained from the MS is challenging. The exact empirical formula of an obtained m/z
when cannot be estimated without isotopic analysis, it must be complemented with
chromatography and/or spectroscopy and calibrated with internal standards.

Here, I must acknowledge that I translated several m/z data into probable empirical
formulae and molecular structures without validating them through above procedure. My
motivation for doing the same is to narrow down the search of m/z empirical formula and
structure with the aid of published literature for the similar set up.
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4 Chapter IV: Results and discussion

The scientific content of this thesis includes sources, formation and transformation
processes and characterization of BrC i.e. primary and secondary BrC. The results were
obtained from: (i) the characterization of primary BrC from the emissions of modern
Swedish residential biomass burner and laboratory scale fossil fuelled flames, (ii) the field
measurements of ambient BrC from anthropogenic open biomass burning at the IGP-CARE;
(iii) the characterization of secondary BrC from the aging of toluene SOA using state-of-
the-art laboratory facilities at the University of Gothenburg.

The above experiments pertaining to formation and transformation processes of PBrC and
SBrC provided the following data: (i) size and number distributions, molecular mass-
spectra, light absorption coefficients of POA containing PBrC from the modern Swedish
residential biomass burner; of toluene SOA containing BrC from GO:PAM; (ii) light
absorption of ambient PM, 5 containing BrC, ambient O3, NOx, CO at the pristine rural site
in the IGP region, (iii) light absorption coefficient of PBrC particles of five different sizes
(75, 100, 150, 200 and 250 nm) from three lab-scale propane premixed flames.

The key findings are presented in five major sections:

4.1 Characteristics of PBrC from combustion of several wood types under the designed test
conditions in the residential biomass burner;

4.2 Characteristics and transformation processes of ambient BrC from local biomass
burning at the IGP-CARE;

4.3 Formation and characteristics of PBrC from lab scale fossil fuelled flames;

4.4 Formation, transformation and characterization of SBrC from the photooxidation of
toluene under the influence of reactive nitrogen, acidity and water-mediated chemistry;
4.5 Key SBrC molecules containing chromophores i.e. m/z in the SBrC from the
photooxidation of toluene under the influence of reactive nitrogen, acidity and water-
mediated chemistry;

4.1 Characteristics of PBrC from the residential biomass burner
4.1.1 Factor profile and time series of PMF solution of HR-ToF-CIMS Data

Mass to charge ratio (i.e. m/z) intensity (arbitrary unit — a.u.) data obtained from the HR-
ToF-CIMS were analyzed by PMF. The number of factors were varied to find the optimal
solution, and the allocations for solutions using from two to seven factors shown in Figure
9. A seven-factor solution was concluded to produce physically and chemically meaningful
results. These seven factors were identified based on their temporal behaviour and
molecular properties. The representative names for these factors are: cellulose — products
of cellulose/hemicellulose pyrolysis; lignin I — products of lignin pyrolysis; N-compounds
— nitrogen-containing compounds, volatile — characterized by volatile nature of the
compounds; semi-volatile — characterized by semi-volatile compounds, and a separate
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factor termed filter was associated with compounds formed on the filter used to collect
particles in the FIGAERO inlet. An additional factor was also associated with
decomposition of lignin (/ignin 2). The time series and chemical properties of the two
lignin-related factors showed similar chemical properties and time series but did not merge
into one factor when using a six-factor solution instead of seven factors. Therefore, in this
thesis, I combined the two lignin factors into one, which provided the six interpretable
factors. In the five measurement days with three different woods (birch, spruce and aspen),
these factors were repeatedly identified indicating the robustness of the PMF solutions.
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Figure 9: Factor allocations of the PMF solutions with 2-7 factors. The indicated names for individual
factors correspond to the seven-factor solution.

The emission characteristics of these six factors based on the measurements performed on
15™ May 2018 are shown in Figure 10 and summarized here. The signal intensity of factors
including lignin, cellulose, volatile, N-compounds and semi-volatile exhibited sharp rises
during the start-up stage i.e. ignition (IG) phase, of the burning cycle. The intensity of the
volatile factor remained steady throughout the combustion cycle, while the N-compounds
factor exhibited a peak that was broader than /ignin and cellulose peaks and occurred later
in the burning cycle. Lignin, volatile and N-compounds were dominant in the gas phase,
while cellulose, semi-volatile and filter factors showed their dominance in particle phase.
Nevertheless, significant fraction of particle phase was also observed in the /ignin and N-
compound factors. Therefore, these five factors were considered in the BrC analysis. The
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same factors were repeatedly identified between days and for different fuels under the
tested conditions.
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Figure 10: Example time series of the six PMF factors during birch combustion. The gas and particle
phase measurements are indicated by different colors, including separate periods with temperature
ramping and stable temperature of the filter in the FIGAERO inlet. The moments of ignition (IG), main
load (ML) and char burning (CB) are marked in the panels

4.1.2 Molecular composition of the factors

An ordinal analysis was carried out to rank and identify the major molecular components
i.e. mass to charge (m/z) observed for each factor. The most significant masses for each
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factor i.e. those with highest factor fractions and an excellent fuel-independent
reproducibility, were used for the data evaluation. The HR-ToF-CIMS spectra of the
highest ranked masses were deconvoluted and the corresponding molecules were identified.
The composition of key factors linking to the optical properties of BrC particles are
discussed here and listed in Tables 1,2,3 and 4 in the paper I, appended to this thesis.
These include: (i) a cluster of masses around m/z = 270 was consistently observed for lignin,
which consists mainly of iodide adducts of methoxyphenols and phenols released from
lignin during pyrolysis [118-127] (ii) the compounds associated with the cellulose factor
formed early during the start-up (IG) with relatively high m/z values and are known to be
products of cellulose and hemicellulose pyrolysis e.g. levoglucosan (LG) — a tracer for
biomass burning in the ambient atmosphere [22,128-132] and its isomers mannosan, and
galactosan [133], saccharides (e.g. methyl galacturonate, ethylidene glucose and
mannoheptulose), phenolic derivatives (e.g. trimethoxybenzaldehyde, benzal diacetate and
acetate vanillin), and nitrophenazine.

4.1.3 Optical properties of the factors

The light absorption due to the aerosol particles was measured at wavelengths of 405 nm
and 781 nm using PASS-3. The absorption Angstrom exponent (AAE), which describes
the optical properties of aerosol particles and served as an indicator of the fractions of BrC
and BC, was calculated using eq.1 [134-136].
_InCby/b) "
In(A1/22)

Time series of AAE and other optical properties can be found in Figure 11. The absorption
enhancement at 405 nm (F4s) is due to the BrC content [137] which is

AAE =

b
Esos = J5c - (2)
405
The BrC absorption fraction (fa:c) is calculated as
bBrC
fBre = Siotar 3)
405

For pure graphite soot, AAE is approximately 1 [47,138]. By assuming that the absorption
at 781 nm (b7g1) is exclusively due to BC the 781 nm signal is directly related to the BC
concentration, and eq.4 is used to compute the equivalent BrC concentration based on the
measured values of bsg; and baos.

equ __ b405

BrC — MAC4,05 CBC (4)
The PMF solutions show excellent reproducibility between experiments and when using
different wood fuels. Figure 12 shows that during the start-up stage both BC and BrC levels
increased rapidly, and the AAE ranged from 2 to 3. Values in this range are typical for
biomass burning [135,136]. The bursts of BC and BrC observed upon ignition match the
profile of the lignin factor well. The cellulose factor probably also shares this profile,
although detection of the corresponding compounds would have been delayed by the
applied FIGAERO filter mode. This suggests that primary pyrolysis products are
potentially significant contributors to BrC from wood burning, which is in agreement with
what has been proposed in early BrC studies [139]. Moreover, nitro- and aromatic
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compounds are known to absorb strongly at wavelengths of 400 - 600 nm [140] and have
therefore traditionally been regarded as major contributors to BrC [5,56,141,142]. However,
no significant correlation between the N-compounds factor and BrC levels was observed
in this study.
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Figure 11: Times series of (a) AAE and SMPS mass concentration, (b) E4s and fg.c. The red time periods
indicate when the aerosol flow went through the TD.
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Figure 12: Time series for Factor Lignin (upper panel), and AAE values and concentrations of BC and
BrC (lower panel) measured during birch wood combustion. The large spike amid the burning cycle at
around 12:40 was due to the main loading of wood. The measurement was performed on 15" May 2018.

Based on the optical properties and factor time series, the lignin and cellulose factors were
the main contributors to BrC emissions from biomass burning under the tested conditions.
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4.2 Characteristics of ambient BrC at the IGP-CARE

The key short-lived climate pollutants measured at the IGP-CARE include BC, BrC, O3,
NOx and CO. During Jan-Dec 2017, the BC concentration ranged from 2.1 to 16.6 pg m™
with an overall mean of 5.1 + 2.2 pg m™, while the BrC concentration ranged from 0.5 to
32.3 ug m™ with an overall mean of 2.6 + 1.3 ug m™. The overall mean concentrations of
03, CO, and NOx were (31.0 = 23.1) ppbv, (659 £ 437) ppbv, and (8.6 £ 3.5) ppbv,
respectively.

The BC was moderately positively correlated with BrC in all seasons except monsoon (r*
=0.61 in autumn; r* = 0.56 in summer; r* = 0.52 in winter; and r* = 0.32 in monsoon). Both
BC and BrC had moderate to high association with CO in winter and autumn seasons. This
1s an indication of similar sources of emissions of BC, BrC, and CO, such as biomass
burning in autumn and winter and local burning (mud-brick firing or crop residue burning
etc.) in summer. Both BC and BrC had moderate and positive association with NO; in the
autumn season. BC and co-emitted species from biomass burning e.g. BrC, NOx and CO
are considered primary pollutants.

4.2.1 Temporal trends of BrC

Figure 13 shows a time series of concentration of BC (top panel), BrC (middle panel), and
regional fire counts (bottom panel). To outline their sources, characteristics, and processes
at the IGP-CARE site, multiple episodic events were selected for further investigation,
which also highlights thirteen episodic events using green shading in the Figure 13.
Episodic events (E1 to E13) were defined as events during which the BC and BrC
concentration was at least three times the hourly mean (3xhourly mean) for the study period.
The episodic hourly mean BC and BrC levels along with the corresponding BrC/BC ratios,
atmospheric process data, and their physical interpretations are summarized in 7able 2 of
Paper II. BrC/BC ratio in the atmosphere signifies the abundance of BrC relative to BC,
types of emission sources, and atmospheric formation and transformation of organic
aerosol. In this study, a higher (larger than the annual hourly mean) BrC/BC ratio is used
as an indicator of biomass burning, while lower BrC/BC ratio (less than the annual hourly
mean) are hypothesized to be contributed from non-local sources and atmospheric
transformation of organic aerosol. In addition, some studies have used the BrC/BC ratio to
identify dominant contributions from biomass burning and other fossil fuel combustion
sources [143-146]. The ventilation coefficient (VC = PBLH X WS) is used as an indicator
of the capacity for dilution of pollutants via atmospheric processes, during the episodic
events [147].

These episodic events showed the following characteristics of BrC: (i) BrC was mostly
well correlated with BC, indicating that they originated from the same source e.g. all
episodes except E13 (refer to Figure S3 to Figure S7 in Paper II); (i) BrC concentrations
showed both the seasonal and dial variability during the episodic events, e.g. winter (E1-
E6: 8 - 3 pg m™); summer (E7: ~2 pg m> and E8: ~5 pg m™ due to local brick firing)
(refer to Table S4 and Table S5 in Paper II); (ii1) BrC concentrations sometime correlated
well with daily fire counts i.e. fire radiative power (FRP) indicating influence of regional
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agriculture residue burning at the site e.g. E2, E7, E11; (iv) BrC/BC ratios during the
episodic events varied significantly depending upon their sources and season, e.g. BrC/BC
was high during the winter and autumn episodic events (E1- E6 : ~1 to 0.4) than summer
episodic events (E7: ~0.3); however, E§ had a huge local biomass burning event from
brick firing leading high BrC/BC ratio(~1.5), (v) BrC concentration and BrC/BC ratio
usually showed a strong peak of concentration in the morning and evening linked to the
morning and evening biomass burning for cooking.
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Figure 13: Hourly and daily variations in BC (top panel), BrC (middle panel), and daily fire counts
(bottom panel) over IGP-CARE during the sampling period (January 2017 to December 2017). The light-
green shaded areas correspond to episodic events, i.e. events during which the concentrations of BC and
BrC were at least three times the hourly mean (3xhourly mean) over the sampling period.

Overall, episodic events of elevated BC and BrC concentrations can be attributed to the
local biomass burning activities in the neighbouring rural communities. Therefore, it is
suggested that high concentrations of BrC were mostly primary in nature and thought to be
co-emitted with BC from biomass burning activities. However, above results showed that
the observed episodic events are complex and influenced by several factors including
sources and meteorological conditions as well as interlinked atmospheric process such as
dilution and dispersion of pollutants, condensation-evaporation of organic species due to
interlinked thermodynamics, heterogeneous chemical reactions, and photo-chemical
processes. The influence of meteorology on the BrC at the IGP-CARE is discussed in the
section 3.7 of the paper 11.

4.2.2 Diurnal variation of BrC

The diurnal profile of BrC, BrC/BC ratio, along with BC and NOx/BC ratio in different
seasons are shown in Figure 14(a-d). In winter, BC and BrC concentrations had a bimodal
diurnal distribution with concentrations peaking in the early morning (6.0 and 4.0 ug m™
for BC and BrC) and night (6.5 and 4.4 pg m™ for BC and BrC, respectively) and being
lowest during the daytime (4.2 and 1.8 pg m>). The t-test indicated that the BC
concentration in the mornings in winter was significantly higher (p <0.05) than in other
seasons. The low VC and calm winds during winter suggest that the regularly observed
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high peaks of BC and BrC in the morning and evenings can be attributed to local biomass
burning for cooking and heating. During morning hours (6:00-8:00 AM), low PBLH and
VC, limited solar radiation, low temperature, and low wind speeds all favoured substantial
increases in BC concentrations, as shown in Figure 14(a). During evening and late at night,
BrC concentrations increased gradually due to the low VC and low temperature, especially
in winter and autumn seasons. However, the morning and early night peaks were less
prominent during monsoon season than in other seasons due to the wash-out effect ( Figure
14(b)). The diurnal variation of BC and BrC from other studies was similar to the present
study [148,149].

The BrC/BC ratio can suggest the formation process of BrC and/or BC and their sources,
e.g., biomass burning, fossil fuel combustion sources, and SOA formation etc. [143-146].
The low BrC/BC ratio in combination with higher NOx to BC ratio indicates fossil fuel
combustion [150] e.g diesel vehicles (11-47); gasoline vehicle (1940-4407), while high
BrC/BC ratio suggests the dominance of biomass burning with low NOx to BC ratio (0.9-
2.5) [151]. This is because high temperature in fossil fuel combustion systems emit higher
NOx and low BrC. In these lights, an interesting diurnal variation of the BrC/BC ratio was
also observed at IGP-CARE. The humps of BrC/BC ratio in the morning and evening in all
seasons were clearly observed (see Figure 14(c)). These humps were not associated with
NOx/BC ratio, however similar CO humps were observed in mornings of all seasons
indicating CO and BrC were co-emitted from biomass burning (see Figure 14(d); and
Figure 5b in paper II). These suggest BrC, BC, and CO were co-emitted from local biomass
burning from cooking and/or heating activities. Further, BrC/BC ratio decreased sharply
during daylight hours and increased at night (see Figure 14(c)). The BrC/BC ratio was
higher in winter and autumn than in summer and the monsoon season. This can partially be
attributed to more BrC partitioning to gas phase, photo-bleaching, and interlinked
atmospheric chemistry during the latter two seasons.

4.2.3 Ambient BrC transformation chemistry

In general, the BrC time series indicates that BrC, BC, CO, and NOx followed similar
patterns in various seasons (see Figure 13 and Figure 3 in paper II). This suggests that BrC
was co-emitted with BC from the local biomass burnings for cooking and heating needs.
Thus, mostly the measured BrC in this study was primary in nature, which is hypothesized
to be transformed significantly during the day-time. As shown in Figure 14(b and c), the
profile of BrC/BC ratio evolved astonishingly during the day-time. An extremely sharp
decline in BrC/BC ratio at the time of dawn each morning indicates the dominance of
photochemical processes in the transformation of BrC. This transformation of ambient BrC
was observed to decrease the attenuation of light absorption at 375 nm in this study. The
decrease in the ability to absorb light by organic aerosol in reference to BrC was termed as
bleaching. To investigate the bleaching of brown carbon, I analyzed the variability of BrC,
BC, and O3 levels during the daytime and the night-time at IGP-CARE as functions of
temperature and solar radiation. BrC bleaching reduced the BrC/BC ratio, as shown in
Figure 14(c) and was strong during the daytime. Recent studies have suggested that
strongly light-absorbing primary BrC may rapidly evolve into weakly light-absorbing
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secondary BrC in the atmosphere; this process is known as BrC bleaching [2]. Several
factors could potentially explain the day-time decrease in the BrC/BC ratio, including
photochemical processes (which would be consistent with the sharp decrease in the BrC/BC
ratio during the early morning hours), radical chemistry (i.e. reactions with OH and/or O3)
and the volatilization of BrC compounds at elevated temperatures during the midday hours.
Interestingly, temperature correlated better with BrC/BC during the daytime than at night.
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Figure 14: (a-d). Diurnal variation of BC, BrC, BrC/BC ratio, and NOx/BC ratio in four seasons at the
IGP-CARE site during the sampling period 2017. The black, green, blue, and brown lines show results
for the winter, summer, monsoon, and autumn seasons.

4.3 Characteristics of primary BrC in lab-scale flames

4.3.1 Composition and mixing state of BrC in fossil-fuelled premixed-flame
emissions

In this PhD thesis, emissions from three propane-fuelled premixed flames were examined
to characterize primary BrC co-emitted with soot. Here, five different particle sizes (75,
100, 150, 200 and 250 nm) from three lab-scale propane flames (Exp. F1, Exp. F2 and Exp.
F3, refer Table I in Paper III) were studied. Two main components were found in particles
of all five sizes i.e. BC and POA. The mass fraction of POA contributed 20—40% of the
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total particle mass in soot (BC+POA) from all three flames. The results have been discussed
in detail in the Paper III appended in this thesis and are summarized as following:

The diffusion-to-premixing air ratio (d/p ratio) may have affected the mechanism of POA
formation and their size dependence of the POA mass fraction because the POA mass
fraction was strongly size-dependent when the d/p ratio was small (13.8) but negligibly
size-dependent when the d/p ratio increased to 19.9 (refer to Figure 3 in paper Il and
Figure S2 in its Supplementary Information). This suggests that the formation of smaller
POA particles may have been favoured by reductions in the d/p ratio. The POA mass
fractions in the largest (250 nm) soot particles were very similar for all three flames,
indicating that POA of this size was not significantly influenced by changes in the
proportions of premixing air and diffusion air.

The size-resolved mixing state of POA and BC was determined by measuring the number
concentration and mass of particles from the flame exhaust using the Non-Thermal
Desorption (NTD) at 25 °C and Thermal Desorption (TD) at 400 °C setups with VTDMA
[152]. Figure 15(a-f) shows the number size distributions of particles in the three flames at
25 °C and 400 °C, and the mass concentration and mixing states of the size-resolved soot

in all three flames at 25 °C.
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Figure 15: Top: Number size distributions of particles in (a) Exp. F1, (b) Exp. F2 and (c) Exp. F3 flames
at 25 °C and 400 °C. Bottom: Mass concentrations and mixing states of size-resolved soot particles in (d)

Exp. F1, (e) Exp. F2 and (f) Exp. F3 flames at 25°C

Figure 15(a-c) clearly demonstrate that: (i) POA and hence BrC was significantly
internally mixed with BC in all flames; (ii) the fraction of internally mixed POA and hence
BrC exhibited a strong size dependence; (iii) size dependence of fraction of internally
mixed POA influenced by the flame settings, e.g. in F1, fraction of internal mixing of POA
with BC was higher in the 75 and 100 nm particles, while in F2 and F3 it was higher in
the particle larger than 100nm. However, previous studies had reported that POA was only
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formed in small particles of 1-10 nm by homogeneous nucleation of organic vapors or
hydrocarbon combustion reactions [153,154], and grew by condensation of PAH vapors,
making it difficult for these externally mixed POA particles to grow appreciably. These
findings suggest that the formation of internally mixed BrC with soot can also be important
in fossil fuel combustion systems..

4.3.2 Light absorption properties of BrC

The AAE is a parameter that describes the wavelength-dependence of light absorption for
particles of various sizes. The average AAEios7s1 values (calculated from absorption
measurements at 405 and 781 nm) for BC+POA from the Exp. F1, Exp. F2 and Exp. F3
flames were 2.06+0.11, 1.65+0.08 and 1.84+0.06, respectively; the corresponding values
for BC alone were 1.01+0.12, 1.08+0.11, and 1.28+0.07. These results indicate that all sizes
of soot particles in all three flames had significant contents of light-absorbing POA (i.e.
BrC). Hence, it is concluded that BrC existed in the from POA and was internally mixed
with soot particles.

The estimated mass absorption cross-section (MAC) values of POA containing BrC in all
three flames at all three wavelengths i.e. 405 nm, 532 nm and 781 nm, were significant as
shown in Figure 15. However, at the wavelength of 405 nm, the MAC value of BrC (5 m?
g") under a certain flame setting (Exp. F2) was comparable to that of BC (8-9 m*g™"). The
MAC values and the corresponding imaginary part of the RI for POA (kpg,) derived from
equation given at [140] for all three flames are shown as functions of the wavelength in
Figure 16, together with literature data for POA formed during propane combustion (Kim
et al. [155] and Lu et al. [156] and extracted from biomass samples Kirchstetter et al.[134]).
At the short wavelength of 405 nm, POA from all three flames examined in this study
exhibited strong absorption, which decreased significantly at longer wavelengths. The
particles in the Exp. F1 and Exp. F3 flames had the same MAC at 405 nm, which was lower
than that for Exp. F2 flame particles. This indicates that the flame conditions had a
significant influence on the MAC of POA. Differences in the molecular composition of
POA originating from different emission sources could cause differences in MAC and
kpoa values at wavelengths below 530 nm [156,157]. The absorption of POA increases
almost continuously with the extent of m-system conjugation [139], indicating that the
particles from the Exp. F2 flame may have had higher contents of polycyclic aromatic
hydrocarbons (PAH) or PAH-like materials than those from the Exp. F1 and Exp. F3 flames.
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4.4 Influence of reactive nitrogen, acidity and water-mediated
chemistry on the SBrC of toluene SOA

4.4.1 Summary of key results

The pattern of toluene SOA mass formation at [NOx]/[AHC] molar ratios at or below 0.15
was distinctly different (i.e. higher and constant) than that was observed at higher
[NOx]/[ AHC] ratios. The SOA mass decreased as the [NOx]/[ AHC] ratio increased above
0.15 (see Figure 1 in paper IV). These distinguish between SOA formed under nitrogen-
poor (NP) conditions i.e. with low initial NOx concentrations, and nitrogen-rich (NR) SOA
formed at higher initial NOx concentrations, which has a higher content of compounds such
as organo-nitrates [158,159]. Therefore, this distinction is valuable for understanding trends
in the formation and properties of SOA under the variable NOx conditions. Hereafter, NP
SOA and NR SOA are referred to SOA formed under nitrogen poor and nitrogen rich
conditions, respectively. The main experimental results obtained in this work are
summarized in Table 2 and described in section 3.1 of paper IV.
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Table 2: Summary of experimental results for Paper IV

OH

(Molecules Average
3.
Exp. SOA SOA Babs. 405 Babs 781 Biscat 05 Bscat 781 MAC 4n< msc cm lf) X Mobility
Mass ey - ey O 405 10 .
D Type 3 Mm Mm Mm Mm m’g! 2 1 Diamete
pgm m'g [SOA
L. r (nm)
Aging in
Days]

NP 552 11.8 0.320 1259 66.5 0.021 2.29 65.0
Tol-1 NR 520 252 0.112 1258 67.4 0.048 2.38 28 [1.61] 64.7
NP 372 8.15 0.000 805 39.1 0.022 2.13 X 60.8
Tol-2 NR 358 14.5 0.000 788 383 0.040 2.20 2.3 [133] 62.8
NP 261 531 0.937 516 223 0.020 1.88 58.8
Tol-3 NR 223 10.3 0.195 451 203 0.045 1.95 1.6:[0.93] 57.7
NP 162 3.73 0.000 318 14.0 0.024 2.05 X 57.0
Tol-4 NR 134 6.10 0.042 258 114 0.041 1.77 1.3:10.77] 55.0
Tol-5 NP 465 133 0.246 2958 285.8 0.029 6.39 2.8;[1.61] 94.6
Tol-6 NR 432 40.1 0.025 1500 0.000 0.093 3.48 2.8;[1.61] 64.5
NP 375 115 0.000 1582 113.8 0.030 4.19 X 63.9
Tol-7 NR 416 25.6 0.626 1950 139.6 0.061 4.57 28 [1.61] 64.5
NP 348 124 0.085 1747 127.4 0.035 5.05 91.2
Tol-8 NR 321 214 0.987 1632 117.9 0.068 5.06 28 [1.61] 89.3
NP 192 7.86 0.000 807 55.2 0.041 4.14 X 87.8
Tol-9 NR 182 10.3 0.000 738 51.4 0.058 4.05 1.6;:[0.93] 88.1

4.4.2 Influence of NOx and RH on SBrC formation and properties (Exp. Tol-
1 to Tol-4)

As discussed above, in Exp. Tol-1 to Tol-4, SOA mass was independent of [NOx]/[AHC]
under NP conditions ([NOx]/[AHC] < 0.15) but decreased with increasing [NOx]/[AHC]
under NR conditions ([NOx]/[AHC] > 0.15). Conversely, the light absorption of the SOA
(measured in terms of the aerosol absorption coefficient at 405 nm, i.e., Baps 405) increased
with [NOx]/[AHC], irrespective of NP or NR regimes as shown in Figure 17. These trends
confirm the formation of SOA chromophores due to toluene-OH-NOx-water mediated
chemistry. These indicate that [NOx]/[AHC] has two opposing effects on SOA formation;
higher [NOx]/[AHC] levels promote the formation of light absorbing chromophores
(browning of molecules) but reduce that of molecules contributing to SOA mass.
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Figure 17: The aerosol absorption coefficient B,ys as a function of [NOx]/[AHC] at 80% RH, 65% RH,
35% RH and 20% RH. Empty and filled symbols show results for NP and NR SOA, respectively. Dashed
lines are included to guide the eye.
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As outlined above, NOx enhanced the formation of BrC in SOA. Similarly, at the higher
RH, both the absolute values of Bays and the slope of the plot of Bays became higher as the
NOx increased as shown in Figure 17. The trend towards higher Bays values at higher RH
is consistent with the trends observed for SOA mass (see Figure 3 and Figure 1 in paper
IV). These results indicate that toluene-OH-NOx-water-mediated chemistry promoted the
both SOA mass and BrC formation at high RH values (e.g., 80%) due to the synergistic
effects of water vapour and high OH concentrations.

The mass absorption cross section (MAC) of the SOA was estimated by normalizing Bays
against the SOA mass (see Table S2 in the Supplementary Information of Paper IV and
Table 3). Alike the Bas, MAC of the SOA increased with [NOx]/[AHC] under all RH
conditions, with a clear “switching point” at [NOx]/[AHC] = 0.15 as shown in Figure 18.
However, MAC of NP SOA showed no influence of RH when [NOx]/[AHC] increased,
while slope of MAC increase against [NOx]/[AHC] was steeper at higher RH under NR
conditions (See Figure 18).
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Figure 18: MAC (mass absorption cross-section) as a function of the [NOx]/[AHC] ratio at 80%, 65%,
35% and 20% RH. Empty and filled symbols show results for NP and NR SOA, respectively. The dashed
lines are included to guide the eye.

At a given RH, the Bays value of the SOA reflects only the amount of chromophores formed
as a result of toluene-OH-NOx-water-mediated chemistry. The increase in Bas with
[NOx]/[AHC] indicates that NOx-water chemistry has an important effect on MAC at high
RH levels. At the same time, hygroscopic growth at high RH enhances the contribution of
aerosol liquid water i.e. ALW, to the SOA mass measured by the SMPS, which is calculated
using the SOA density functions of Ng et al. [160]. This in turn leads to underestimation of
the MAC at high RH. These two processes may have opposing effects on the MAC because
hygroscopic growth increases SOA mass, while toluene-OH-NOx-water mediated
chemistry promotes BrC formation. At high RH, hygroscopic growth reduces MAC, while
toluene-OH-NOx-water-mediated chemistry increases Baps.
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4.4.3 Influence of NH3 and NOx on SBrC formation and properties at high
RH (Experiments: Tol-5 and Tol-6)

Two results shown in Figure 19 are particularly noteworthy: (i) the Ba,s and MAC under
low NOx conditions (Tol-5) showed a peak at [NH3]/[AHC] ~0.11 — a similar behaviour
as SOA mass (see Figure 8 in paper IV) in response to increasing [NH3]/[AHC]; (ii) the
Bas and MAC under high NOx conditions (Tol-6) were much higher than low NOx
experiment (Tol-5). The similar behaviours of B.,s and MAC as functions of [NH3]/[AHC]
suggest that N-H-containing organic chromophores (e.g., cyclic amines) with similar light
absorption profiles were formed under low NOx regime [48,49]. In the high NOx regime,
SOA formation via the toluene-OH-NOx-water-mediated chemistry appears to dominate
because the Ba,s and MAC in this case behaved similar to those of the NR SOA formed in
Tol-1.
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Figure 19: B,ps and MAC as a function of the ([NH3]/[AHC]) ratio at 80% RH under low and high NOx
scenarios. Blue and red dotted lines are the eye guiding lines for low and high NOx scenarios,
respectively. The dashed lines are to guide the eye.

Figure 20 compares the effects of NH; on the optical characteristics of toluene SOA. Finally,
the presence of NH; enhanced Baps and MAC values under both the low and high NOx
conditions. These results indicate that NH3 increases the N:C ratio of the SOA under high
NOx conditions.
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Figure 20: Compare the effects of NH; on the optical characteristics of toluene SOA. Finally, the presence
of NH3 enhanced B,,s and MAC values under both the low and high NOx conditions. These results
indicate that NH; increases the N:C ratio of the SOA under high NOx conditions.

4.4.4 Influence of NOx, acidity and RH on SBrC formation and properties
(Experiments: Tol-7 to Tol-9)

The key results of H,SO4 seeded experiments are:
(i) alike the non-seeded experiments, Bays increased with [NOx]/[AHC] in the H,SO4 seeded
experiments, but, with slightly steeper slopes in the seeded case at all RH values except at

80% RH (See Figure 13 (a) —(f) in paper IV). At 80% RH, the Bays trends in the non-seeded
(Tol-1) and H>SO4 seeded (Tol-7) experiments were almost identical, indicating that acidity
had no obvious effect on B.ps under either the NP or the NR regime.

(i) MAC of the all H,SO4 seeded experiments was higher than non-seeded experiments at
all RH, signifying that acidity promoted the browning of the SOA (refer to Figure 14 (a—
¢) in paper 1V).

(iil) MAC in the H>SOs-seeded experiments was higher than that in the corresponding non-
seeded experiments and increased as the RH decreased. (refer to Figure 14 (a—c) in paper
).

(iv) The higher MAC of acidic SOA at lower RH values is tentatively linked to the
formation of organo-sulphate chromophores, which is suggested to be governed by two
major parameters: (a) the pH of the SOA aqueous phase, and (b) the ratio of [H ]see (the
concentration of free protons in the aqueous phase) to the SOA mass.

Under NP conditions, the highest acidity i.e. the lowest pH (see Figure SI0 in
Supplementary Information of paper IV) and the highest [H']fee/ SOA mass ratio (see
Figure 14(c) in paper IV) were both observed with H,SO4 seeding, supporting our
hypothesis. In addition, a modelling study conducted by McNeill et al. [161] suggested that
organo-sulphate formation was maximized at low pH and low RH (<60%), i.e., when the
aerosol was more concentrated. Conversely, under NR conditions the MAC of non-seeded
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SOA reached a minimum at an intermediate RH (65%), whereas the MAC of the H,SO4
seeded SOA peaked at the same RH (65%) and was lowest at 80% RH (see Figure 14 (b)
in paper IV). These contrasting trends for seeded and non-seeded SOA under NR conditions
are interesting and suggest that NOx has a strong influence on light absorption at the
intermediate RH (65%). These observations indicate that the browning of toluene SOA is
driven by complex interactions between the effects of acidity, NOx, and water vapor.
Influence of reactive nitrogen, acidity and water-on molecular composition of SBrC in
toluene SOA

4.4.5 Identification of BrC molecules containing chromophores

The molecular characterization of toluene SOA experiments discussed in the previous
section ie. 4.4, was performed using their FIGAERO-HR-ToF-CIMS data. Here, I
considered only 7 out of previous 9 experiments (i.e. Tol-1, Tol-3 to Tol-7 and Tol-9). The
mass spectra data from HR-ToF-CIMS provided the mass to charge ratio for peaks/ions i.e.
m/z representing the BrC molecules containing chromophores. In the light of the facts
discussed in the section 4.4 of this thesis — the bulk Bay increased against the increase of
[NO4/AHC] ratio, a criterion was set up to identify the key BrC molecules containing
chromophores (i.e. m/z). The counts per seconds (CPS) signal of the peaks with a specific
m/z must exhibit a positive correlation with both bulk B.ys and [NO/AHC] ratio and mimic
the trend of Baps against [NO/AHC] ratio. The detailed methods, calculations and results
of m/z identification are provided in the section 3.1 and supplementary Information of
paper V and the finally identified key m/z are listed in Table 3.
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Table 3: BrC composition i.e. identified key m/z that mimic bulk B,y trends in various experiments under
the influence of RH, reactive nitrogen and acidity

Experiment ID

sr. Tol-1 Tol-3 Tol-4 Tol-5 Tol-6 Tol-7 Tol-9
no. keym/z key m/z key m/z key m/z key m/z key m/z key m/z
(Av.CPS (Av.CPS (Av.CPS (Av.CPS (Av.CPS (Av.CPS (Av.CPS

range) range) range) range) range) range) range)
| 281.929 295.946 226.918 257.931 252.078 260.922 226.924
) (11-30) (47-59) (57-75) (34-36) (1-2) (19-27) (62-89)
5 293.942 311.938 227.925 348.061 274.939 289.921
) (5-10) (8-11) (4-6) (1-2) (57-79) (3-5)
3 295.942 315.985 402.001 281.922 295.947
) (13-99) (17-24) (2-3) (20-53) (32-67)
4 311.934 363.960 519.010 286.942(7 327.941
) (4-13) (8-13) (1-2) 1-101) (3-7)

5 313.957 435.991(4 570.985 295.937 329.956
) (10-21) -6) (1-2) (75-273) (10-28)
6 315.983 638.985 299.932 345.956
) (7-23) (0-1) (14-21) (7-15)
7 329.948 311.930 361.957

) (6-19) (8-21) (5-8)
] 333.944 313.951
) (6-11) (11-22)
9 361.939 314.971
) (3-12) (26-36)
10 363.958 342.991
- (417 (17-21)

It was observed that the sets of key BrC molecules containing chromophores (m/z) in each
experiment were different, which indicates that BrC composition was influenced by RH i.e.
Tol-1, Tol-3 and Tol-4; NH3 i.e. Tol-5 and Tol-6, and acidity i.e. Tol-7 and Tol-9. Further,
as outlined above, a significant influence of NOx on the Bays suggest that NOx also
promoted the growth of key BrC molecules containing chromophores.

4.4.6 Influence of NOx, NHj3, acidity and RH on the m/z formation

As outlined in the section 4.4, NOx has a positive influence on the BrC formation and its
composition i.e. m/z (see Table 3). NOx not only positively enhanced m/z CPS, but also
significantly influenced their relative abundance at higher [NO/AHC] ratio as shown in
Figure 21 for Tol-1. In Tol-1, the m/z 296 increased from about 20% to 40%, while relative
distributions of other m/z was decreased, .e.g. the relative abundance of m/z 282 decreased
from 16% to 11%. Thus, in Tol-1, m/z 296 significantly dominated the BrC composition at
the higher [NO/AHC] ratio. Similar characteristics of m/z 296 dominance were also
observed in the Tol-3, Tol-7 and Tol-9.
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Figure 21: Abundance of m/z CPS to total sum of the all identified m/z (see Table 3) CPS during the NOx
ramping in the Exp. Tol-1

Relative CPS Distribution (%)

The influence of RH on the BrC molecular composition i.e. relative distributions of the key
m/z, was clearly visible. For instance, as shown in Table 3, at the higher RH, the number
of key m/z contributing to BrC was higher (e.g. Tol-1: 10 key m/z at 80% RH; while for
Tol-3: 5 key m/z at 35% RH and for Tol-4: merely 2 key m/z at 20%RH). Tol-1 and Tol-3
had several common m/z i.e. 296, 312, 316 and 364, which indicated similar chemical
pathways of their formation. However, in the Tol-4, no common m/z were observed with
either Tol-1 or Tol-3. These show that RH below 35% critically suppressed the formation
of BrC molecules containing chromophores such as 296, 312, 316 and 364 etc. Interestingly,
despite that experimental conditions of Tol-7 and Tol-9 (in presence of H.SO4 seeds) were
chemically different than Tol-1 and Tol-3 (no acid), there were several common m/z among
these four experiments. Tol-1 and Tol-7 were similar experiments at 80% except that Tol-
7 has low concentration of H>SO4 seeds. Hence, Tol-1 and Tol-7 had significant (50% or 5
key m/z) overlap of m/z in the BrC composition. On the other hand, only two m/z of Tol-9
were common with Tol-1 i.e. m/z 296 and 362 and only one m/z common with Tol-3 and
Tol-7, i.e. 296 and Tol-4 i.e. 227 (see Table 3). These suggest irrespective of acidity, RH
played vital role in the formation of m/z 296. It can be inferred that even under the drier
condition i.e. 20% RH (Tol-9) the formation of m/z 296 was feasible in the presence of
acidity.

Although Exp. Tol-5 and Tol-6 were also performed under high RH (80%), their key m/z
distributions for BrC were completely different than rest of the other experiments. This
indicates that presence of ammonia significantly altered the chemical pathways of
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formation of m/z i.e. BrC molecules containing chromophores. For instance, as outlined
in Table 3, many higher numbered m/z were prevalent especially in Tol-6. In Tol-5, at low
NOx (i.e. [NO/AHC] ratio = 0.052) and significantly low NH; (i.e. [NH3/AHC] ratio =
0.05), Babs was 13.5) which is higher almost by a factor of 2 relative to the Bays of Tol-1 at
the similar [NOx/AHC] ratio (Babs ~7; see Figure 6 in paper V). This suggests that presence
of ammonia enhanced the formation of stronger light absorbing chromophores. In Tol-5,
only one key m/z 258 was found to exactly match the Bays pattern as shown in Figure 8 of
paper V. Unlike NOX, this non-linear behaviour of ammonia indicates complex chemistry
of toluene-OH-NH3;. There were also found other m/z in Tol-5, which were also found in
Tol-1e.g.296,282,312,314,316, 362 and 364 (see Figure 9 in paper V). These potentially
resulted from the toluene oxidation chemistry in the presence of low NOy i.e. [NO/AHC]
ratio = 0.052, and high RH (80%) and contributed to the observed Bays in Tol-5.

In the Exp. Tol-6 at high NOx i.e. [NO/AHC] ratio = 0.32, and high RH (80%) during the
ammonia ramping (42 to 203 ppb), the distribution of the key m/z were significantly
different than low NOx scenario i.e. Tol-5, that matched the observed B patterns as
shown in Table 3. Alike Tol-5, presence of low NH; under high NOx i.e. [NOx/AHC] ratio
=0.32 in Tol-6, significantly enhanced (e.g. ~20% higher) Bays than Tol-1 under the similar
[NOy/AHC] ratio = 0.32. Further increasing ammonia, B.ps also increased; and also the m/z
CPS increased and alike Tol-5, both Bays and all m/z CPS peaked at [NH3/AHC] ratio =
0.13 (see Figure 10 in paper V). Further increasing [NH3/AHC] ratio, the Bas and all m/z
decreased. These are very similar patterns as discussed above for Tol-5. Thus, ammonia
has positively enhanced the formation of light absorbing m/z in both Tol-5 and Tol-6.
Similar to Tol-5, there were also found several m/z in Tol-6, which did not exactly match
with Baps pattern e.g. m/z 296, 282, 312, 314, 316, 362 and 364 as shown in Figure 11 in
paper V. These potentially contributed to the observed high Bays in Tol-6.

The experimental conditions of Tol-7 were similar to Tol-1 except that Tol-7 used the
H,SO4 seeds. Therefore, I focus to discuss similarities and differences in the BrC
composition i.e. m/z distribution in these two experiments. First the final Bays values and
its correlation with [NOy/AHC] ratio were similar in Tol-1 (see Figure 5 in paper V) and
Tol-7 (see Figure 13 in paper V). There was observed a significant overlap in the m/z
distribution in Tol-1 and Tol-7 as shown in Table 3.

The effect of acidity on the key m/z distribution i.e. BrC composition was much prominent
at low RH (20%). Here Tol-9 was similar to Tol-4 except that Tol-9 used the HSO4 seeds.
The Baps values have similar patterns in both Tol-9 and Tol-4. However, the BrC
composition in Tol-9 was drastically affected by acidity. As outlined in Table 3, the m/z in
the BrC composition of Tol-4 was dominated by the m/z 227, while in presence of H>SOs
seeded experiment along with m/z 227 many other m/z contributed to BrC composition of
Tol-9. These include m/z 296, 330, 346, 290, 362 and 324 (see Figure 15 in paper V).
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4.4.7 Potential molecular tagging to m/z and their formation Pathways

Although the BrC composition (i.e. distribution of key m/z) was distinct for each
experiment, there were also several common m/z in the similar set of experiments (See
Table 3). For instance, Tol-1 and Tol-3 had four common m/z i.e. 296, 312, 316 and 364.
In the Tol-1 and Tol-3, the primary difference was the RH and commonality was the similar
ramping of [NOx/AHC] ratio during each experiment. Out of these, m/z 296 was the most
prominent BrC molecule containing chromophores. The m/z 296 i.e. 295.942 is potentially
an iodide adduct of 3-methyl 4-nitrocatechol (3M4NC) or its isomers i.e. SM4NC or
6MANC or 4 nitro-guaiacol (4NG). In fact, 4NG and 3M4NC have been identified as
products in atmospheric aerosol and toluene oxidation products by several previous studies
[162-167]. Formation of nitro-aromatic compounds (NAC) are thought to be the key players
in the BrC in the urban areas due to high NOx scenarios [168]. Formation of these NACs
has been described in previous studies involving the oxidation of toluene leading to
formation of nitro-catechol derivatives in presence of NOx [110,169-173].

Ji et al. [171] outlined the key pathways for toluene OH oxidation for the formation of o-
cresol (MW=108) and further leading to formation of derivatives of catechol or Guaiacol
(MW =124) as shown in Figure 22. Frka et al. [170] has outlined that nitration of catecho!l
derivatives in aqueous phase leads to the formation of light absorbing nitro-catechol
derivatives as shown in Figure 23. The enhancement of m/z 296 CPS with increase of NOx
in several experiments e.g. Tol-1, Tol-3, Tol-7 and Tol-9, indicates the formation of nitro-
catechol derivatives as the key BrC molecules containing chromophores in these
experiments (see Table 3). Similarly other m/z such as 282, 294, 312, 314 and 330 also
appeared to be derivatives of nitro-catechol during the processes of OH oxidation,
demethylation or nitration processes as shown in Figure 22-Figure 25 [168,170,171,174].

The potential empirical formulae of several m/z and their corresponding structures are
proposed here e.g. e.g. Pyridine, 4-methoxy-1-oxide- (m/z 252); Benzonitrile, 4-formyl-
(m/z 258); 5-Methylbenzofurazan (m/z 261); 2-nitro-Benzonitrile (m/z 275); 4-nitro
Catechol (m/z 282); 3-nitro Benzoic acid (m/z 294); 3M4NC /4 NG ( m/z 296); 6-hydroxy
3 methyl 4-nitro Catechol (m/z 312); 3,5-dihydroxy 4-nitro Catechol (m/z 314); 3,5,6-
trilydroxy 4-nitro Catechol (m/z 330). These are also popular BrC molecules reported in
the previous studies and are listed in [110,162-178] Table 4 in paper V. These are derivatives
of aromatic nitro-compounds formed under the influence of reactive nitrogen, acidity and

water.
CHy CHy CHy
OH OH
—+OH +OH
02 02
OH

Toluene o-Cresol 6-methyl Catechol
MW=92 MW=108 MW = 124

Figure 22: Dominant pathways of Toluene OH reaction leading to formation of Catechol [171] (Ji et al.
2017)
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MW=155;m/z = 282

Figure 23: Dominant pathways of Toluene OH reaction leading to formation of nitro Catechol derivatives

[170] (Frka et al. 2016)

o~ -0

3 methyl 4- nmo Catechol(3M4NC) 3-methyl 6-hydroxy
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MW=185; m/z = 312

OH OH
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MW=155; m/z = 282 MW=187; m/z = 314

3,5-dihydroxy 4-nitro Catechol

&

5,6-dihydroxy 4-nitro Catechol
MW=187; m/z = 314

bes

3,5,6- lnhydroxy 4-nitro Catechol
MW=203; m/z = 330

Figure 24: Proposed pathways of nitro Guaiacol and nitro-Catechol OH reaction leading to formation of

Catechol derivatives [171] (Ji et al. 2017)
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Figure 25: Proposed formation pathways of nitro-aromatic compounds (NAC)
Chromophores via toluene photooxidation chemistry mediated by NOx and water

[179,180]
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5 Conclusions

This thesis is comprised of five research papers published or in process of publication.
Studies of primary BrC formation and transformation are reported in Papers I, II and III
and studies of secondary BrC formation and transformation are reported in Papers IV and
V: These lab and field studies provided a holistic understanding of the formation and
transformation processes and properties of atmospheric BrC. Final conclusions are
summarized as following:

HR-ToF-CIMS data from the Swedish residential biomass burner were analysed using
PMF, resulting in the identification of six factors: lignin pyrolysis products,
cellulose/hemicellulose pyrolysis products, nitrogen-containing compounds, volatile
molecules, semi-volatile compounds, and a factor related to instrument behaviour. Based
on the optical properties and factor time series, the /ignin and cellulose factors appeared to
be the main contributors to PBrC emissions from biomass burning under the tested
conditions.

At the IGP-CARE, thirteen episodic events (E1-E13) of elevated BC and BrC
concentrations were characterized. The observed elevated concentrations of BC and BrC
can be attributed to the local biomass burning (wood, agricultural residues, and dung cakes)
for cooking and heating by the surrounding rural neighbourhoods. The high concentrations
of BrC observed are suggested to be primary in nature and thought to be co-emitted with
BC from biomass burning. The BrC/BC ratio decreased sharply during daylight hours
(08:00—-17:00 IST) and slowly increased at night (18:00-23:00 IST), especially in the
winter and autumn; this may have been associated with BrC bleaching, which is thought to
be affected by temperature, solar radiation, and ozone/radical chemistry.

The AAE at 405/781 nm of soot mixtures in the exhaust of three propane fuelled flames
were higher than 1.5 in all the selected sizes i.e. 75, 100, 150, 200 and 250 nm. This
suggested the highly absorptive nature of POA. Extremely high MAC values of POA (2-5
m* g') were measured at 405 nm. This strong light-absorbing POA containing BrC, is
thought to be co-produced with BC and was attributed to the incomplete combustion of
fuel. The flame settings, i.e., premixing and diffusion air flows, have a significant influence
on the MAC values of POA containing BrC.

In the toluene photooxidation experiments, I observed that the pattern of SOA mass
formation at [NOx]/[AHC] molar ratios below 0.15 differed markedly from that seen at
higher [NOx]/[AHC] ratios. I therefore distinguish between nitrogen-poor (NP) SOA
formed under conditions with low initial NOx concentrations and nitrogen-rich (NR) SOA,
which has a higher content of compounds such as organo-nitrates. In addition, NOx
promoted SOA browning under both regimes. Under the NP regime, MAC increased with
[NOx]/[AHC] independently of the RH. However, for NR SOA, the MAC depended
significantly on both [NOx]/[AHC] and the RH. The RH also had a complex effect on SOA
browning (measured in terms of the MAC) under NR conditions but did not promote
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browning under NP conditions. Both B.ys and MAC increased with the [NH3]/[AHC] ratio,
suggesting that NH3 promotes the formation of N-H-containing organic chromophores such
as cyclic amines and azo compounds with similar peak Bays values under low NOx
conditions. Acidity strongly promoted SOA mass formation. The results show that acidity
has complex effects on S BrC formation that depend on both the NOx concentration and
the RH. The MAC was significantly enhanced in both NP and NR regimes in the H>SO,
seeded SOA, indicating that acidity plays an important role in SOA browning. In addition,
the MAC:s of the H,SOs-seeded SOA were higher at intermediate and low RH than at high
RH (80%). This finding was rationalized by suggesting that the MAC enhancement of
acidic SOA is linked to the formation of organosulphate chromophores and governed by
two major parameters: the pH of the SOA aqueous phase and the ratio of the free hydrogen
ion concentration in the aqueous phase ([H Jsec) to the SOA mass.

The BrC composition i.e. set of the m/z contributing to the Bas were different for different
experimental conditions. However, within the same experiment, NOx affected the relative
distributions of various m/z because the growth rate of different m/z were different.
However, I found m/z 296 as a common dominant BrC molecule containing chromophore,
under several experimental conditions. The RH played a vital role in determining the BrC
composition i.e. m/z distribution under the influence of reactive nitrogen and acidity. The
BrC molecules corresponding to various m/z identified are suggested to be nitro-aromatic
compounds (NAC), which are primarily formed via OH oxidation of toluene followed by
the nitration and/or demethylation processing of the oxidized aromatic ring. The suggested
key BrC chromophores are the nitro-derivatives of the phenols, catechol and benzonitriles.
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