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1. INTRODUCTION TO AEROSOLS. 
Aerosols are liquid or gas particles suspended in a gas, with atmospheric aerosol particles 

typically ranging from a few nanometers to tens of micrometers in diameter. These particles remain 
suspended long enough to be transported from local to intercontinental scales, depending on their size, 
density, and meteorological conditions (Seinfeld & Pandis 2016). Aerosols influence climate by scattering 
and absorbing radiation, modifying cloud microphysics, and altering atmospheric chemistry. They also 
affect air quality and human health by penetrating into the respiratory tract (Delmotte et al., 2021; 
Lelieveld et al., 2015). 

In the atmospheric sciences community, the term “aerosols” includes the suspending gas phase 
(N₂, O₂, Ar, CO₂, etc.) and macroscopic hydrometeors such as raindrops, hail, and snowflakes (Pöschl 
2005). However, the term “aerosol particles” was coined when referring to particulate matter in aerosol, 
excluding the suspending gas (Laskin et al., 2015). For simplicity, the term “aerosol” is often used to 
apply to aerosol particles without the suspending gas, and this is the convention used in this thesis.  

Aerosols are introduced into the atmosphere through both primary emissions and secondary 
formation, through the direct release of particles or gas-to-particle conversion chemistry at higher 
altitudes, respectively. Their sources include natural processes such as desert dust uplift, sea spray, 
volcanic eruptions, and wildfires, as well as anthropogenic activities including fossil fuel combustion, 
industrial emissions, and biomass burning for energy or land clearing (Andreae & Rosenfeld 2008; 
Boucher et al., 2013). 

 
1.1 Aerosol Classes.  

Aerosol classifications are essential to understanding our atmosphere, as they can differ by origin, 
formation mechanism, size or composition. Because their chemical composition most directly determines 
their reactivity, optical properties, and aging pathways, this section focuses on composition-based classes. 

1.1.1 Primary and Secondary Aerosol Classifications. Aerosols can be divided into two 
classes: primary and secondary. Primary aerosols are emitted directly into the atmosphere as particulate 
matter, through either natural or anthropogenic processes. Secondary aerosols are formed from gas-phase 
species in the atmosphere during the condensation of aerosol precursors (Boucher 2015). These 
gas-phase particles can also undergo chemical transformation prior to condensation (Laskin et al., 2015), 
leading to a wider variety of secondary aerosols in the atmosphere; hence, investigating secondary aerosol 
formation is of highly interest in the atmospheric community. 

Primary and secondary aerosols encompass a wide variety of particulate matter, thus further 
classification is required to better understand aerosol optical properties and chemical behavior. Aerosols 
can be classified by source of emission giving rise to the following classes: mineral dust, sea-spray, 
combustion, and biological. Aerosols are further classified based on predominant composition as either 
organic, inorganic or mixed. 

1.1.2 Mineral Dust Aerosols. Mineral dust aerosols are inorganic aerosol particulates lifted from 
land surfaces, particularly in arid and semi-arid regions with little vegetation and low humidity, such as 
deserts. Winds suspend mineral dust particles into the atmosphere, where they can be transported over 
long distances (Boucher 2015). These particles are primarily made up of silicates, carbonates, and trace 
metals, capable of scattering and absorbing incoming radiation. In addition to their radiative effects, 
mineral dust can interact with anthropogenic pollution, altering the particles’ chemical reactivity and 
optical properties through heterogeneous chemistry (Laskin et al., 2015). 
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1.1.3 Marine/Sea Spray Aerosols. Marine aerosols are generated by wind, wave breaking and 
bubble bursting at the ocean surface, ejecting droplets into the atmosphere. As water evaporates, salt 
concentration increases, leaving behind hydrated sodium chloride, magnesium, calcium, potassium salts, 
and organic matter particulates (O’Dowd & De Leeuw 2007). However, impurities such as biological 
material may persist in these droplets, which is why this class of aerosols is more broadly referred to as 
sea spray aerosols (Boucher 2015). Biological material such as protein and polysaccharides in these 
particulates makes for an important source of cloud condensation nuclei (CCN), contributing to cooling 
effects in the atmosphere due to their reflective properties (Després et al., 2012). 

1.1.4 Biomass Burning Organic Aerosols. The focus of this thesis is centered around Biomass 
Burning Organic Aerosols (BBOA), emitted during burning of biological materials, predominantly trees, 
bushes, and grasses. More broadly, this includes burning of any vegetation-derived biomass, such as 
wood, animal dung, or peat while excluding fossil fuel smoke aerosols such as coal, gas or oil (Boucher 
2015). BBOA fall into a larger class of carbonaceous aerosols, all of which release 3 distinct types of 
carbon based particulates.  

1.1.5 Carbonaceous Aerosols. Carbonaceous aerosols represent one of the most chemically 
complex and climatically significant categories. This aerosol class consists of particles released through 
burning events, including smoke aerosols, polluted aerosols, and fossil fuel combustion aerosols. These 
aerosols are generated and suspended into the atmosphere during burning events such as fires, industrial 
emissions, volcanic eruptions, and the burning of fossil fuels (Boucher, 2015). They can be broadly 
divided into black carbon (BC) and organic carbon (OC), based on the thermal characteristics of the 
compounds from which the particles are made (Laskin et al., 2015).  

BC is produced through incomplete combustion, and often used synonymously with elemental 
carbon (soot) (Laskin et al., 2015). BC has a high carbon content, resulting in strongly light-absorbing 
visibly black compounds. BC absorbs broadly across the visible spectrum, contributing to atmospheric 
warming (Bond et al., 2013). 

OC encompasses a wide range of primary and secondary organic compounds with either 
light-absorbing or scattering properties. Organic aerosols are complex mixtures of thousands of 
compounds containing C, H, O, and sometimes N, S, or Cl. OC can be directly emitted as primary organic 
aerosol (POA) during burning events or formed in the atmosphere as secondary organic aerosol (SOA) 
through the oxidation of VOCs (Laskin et al., 2015).  

Brown carbon (BrC) is a type of OC of particular importance, as it absorbs solar radiation in the 
near-UV and visible region, but with a wavelength dependence distinct from BC. BrC originates from 
both direct emissions, such as biomass burning, and secondary processes, including aqueous-phase 
reactions of amino acids and other organics (Laskin et al., 2015). BrC is especially relevant to this thesis, 
as its optical properties and atmospheric lifetime are strongly influenced by chemical aging. 

1.1.6 Biological Aerosols. Bioaerosols include particles of biological origin such as pollen, 
spores, bacteria, viruses, amino acids, and fragments of plant or animal material. They are released 
naturally but often interact with other aerosol types. These aerosols play an important role especially as 
ice nuclei (Després et al., 2012); thereby linking biological activity directly to climate processes.  

1.1.7 Inorganic Aerosols. Inorganic aerosols are composed of ions such as nitrate, ammonium, 
chloride and sulfate (Seinfeld & Pandis 2016). Nitrate ions are produced from nitrogen oxides released by 
vehicles, power plants, lightning, and biomass burning (Xin et al., 2023). Ammonia, largely from 
agricultural activities and livestock, neutralizes acidic species to form ammonium salts such as 
ammonium sulfate and ammonium nitrate (​​Squizzato et al., 2012). Chloride is mainly derived from sea 
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spray, though it can also be generated by biomass burning and coal combustion (Boucher 2015). Sulfates 
form largely from the oxidation of sulfur dioxide emitted from fossil fuel combustion, industrial activities, 
volcanic eruptions, and marine dimethyl sulfide; and are among the most studied due to their strong 
hygroscopicity and their indirect role in secondary organic aerosol formation via acid catalysis of organic 
precursors (Kremser et al., 2016). Ammonium sulfate and sulfuric acid droplets are especially important 
as reaction media for organic compounds, facilitating aqueous-phase chemistry that contributes to 
secondary organic aerosol (SOA) and BrC formation (Laskin et al., 2015).  

 

1.2 Aerosol Formation. 
Atmospheric aerosol formation can be categorized into two main pathways: (i) primary emission 

of particles and (ii) secondary formation via gas-to-particle conversion. Following particle generation or 
formation, growth by heterogeneous and interfacial chemistry determines aerosol impact on human 
health, visibility, radiation, and clouds. 

Primary Emission of Aerosols. Primary aerosols are directly released into the atmosphere 
following formation via primary emissions from both natural and anthropogenic activities, as discussed in 
section 1.1.2. Once in the atmosphere, primary aerosols may facilitate secondary aerosol formation, or 
drive interfacial particle formation by providing surfaces for the condensation of volatile aerosol 
precursors, often acting as CCN (Seinfeld & Pandis, 2016; Laskin et al., 2015). 

1.2.1 Secondary Inorganic Aerosol (SIA). Secondary inorganic aerosols (SIA) arise when 
gaseous precursors undergo chemical transformation forming low-volatility compounds that condense 
into the particle phase. This process involves the oxidation of sulfur dioxide (SO₂) and nitrogen oxides 
(NOₓ) into strong acids such as sulfuric acid (H₂SO₄) and nitric acid (HNO₃) (Seinfeld & Pandis, 2016; 
Kremser, et al., 2016). Due to their low volatility, they partition into the particle phase as liquid droplets 
under humid conditions in the lower troposphere or crystalize at low humidity in the upper troposphere, 
where they are readily neutralized by ammonia (NH₃) to form ammonium sulfate or ammonium nitrate 
salts (Squizzato et al., 2012). The high hygroscopicity of these salts allows them to attract water via 
hydrogen bond stabilization, making them particularly effective CCN (Seinfeld & Pandis, 2016). 
Similarly to ice, hydrogen bonds stabilize solid structures, thereby contributing to the incorporation of 
aerosol precursors into the growing aerosol particulate (Laskin et al., 2015). 

1.2.2 Secondary Organic Aerosol (SOA). Similarly to SIA, SOA arise via oxidation of volatile 
organic compounds (VOCs), which creates oxidation products with low volatility, enabling their 
condensation into the particle phase (Boucher 2015). The major oxidants involved are hydroxyl radicals 
(OH) during the day, nitrate radicals (NO₃) at night, and ozone (O₃) reacting with unsaturated VOCs 
(Zhang et al., 2024). These reactions generate reactive oxygen species (ROS), including highly reactive 
organic intermediates such as hydroperoxyl radicals (HO₂), peroxy radicals (RO₂), organic peroxides 
(ROOH), and organic nitrates (RONO₂), which subsequently transform into low-volatility products such 
as organic acids, carbonyls, and multifunctional organics (Chaturvedi et al., 2023; Laskin et al., 2015). 
Reduced volatility allows these compounds to partition into existing particles, increasing organic aerosol 
mass, thereby enhancing their ability to act as CCN following further oxidation (Seinfeld & Pandis, 
2016). 

Another pathway of SOA generation involves aqueous-phase reactions within cloud, fog, or 
aerosol water. For example, small, water-soluble dicarbonyls, such as glyoxal, dissolve into droplets, 
where they undergo hydration and further oxidation by aqueous OH radicals, forming non-volatile organic 
acids (Chen et al., 2018). Under acidic conditions, these compounds can also undergo oligomerization and 
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react with ammonium, amines, or amino acids, such as glycine, which is frequently observed in 
atmospheric samples. This results in the formation of nitrogen-containing heterocycles as well as other 
cyclic compounds characterized by their light absorption, formally classified as BrC chromophores. 
Acidic sulfate aerosol may further catalyze the formation of organosulfates, adding to SOA mass and 
altering aerosol hygroscopicity (Laskin et al., 2015).  

The complexity of SOA formation pathways produces a chemically diverse mixture of 
constituents (Laskin et al., 2015), many of which remain poorly characterized (Zhang et al., 2024), 
highlighting their importance as a continuing area of research. 

1.2.3 Heterogeneous & Interfacial Chemistry. Finally, heterogeneous and interfacial chemistry 
plays a critical role in aerosol growth and aging by modifying composition, volatility, hygroscopicity, and 
optical properties, frequently yielding additional SOA/BrC mass. Gas molecules can be taken up by 
pre-existing particles, where they undergo reactions such as the oligomerization of carbonyl compounds 
in acidic droplets, producing SOA (Laskin et al., 2015; Chen et al., 2018).  

Low-volatility vapors can also cluster into stable particles a few nanometers in size while 
undergoing new particle formation (NPF). NPF is initiated by nucleation of low-volatility vapors, such as 
sulfuric acid, and stabilized by bases like ammonia or amines, and sometimes by highly oxidized organics 
(Seinfeld & Pandis, 2016; Kremser et al., 2016); ion-mediated pathways can further lower the activation 
energy barrier in certain environments, such as stratospheric. While only a small fraction of these initial 
clusters survive, those that do can grow to sizes capable of acting as CCN (Zhang et al., 2024).  

Alongside condensation of vapors and particle–particle coagulation discussed, these surface and 
bulk aqueous processes govern additional pathways for aerosol growth, lifetime, and their ultimate ability 
to act as CCN (Laskin et al., 2015; Chen et al., 2018; Chaturvedi et al., 2023). 

 

1.3 Aerosol Optical Properties. 
Alongside chemical reactivity leading to atmospheric particle formation and growth, aerosols also 

impact the climate through their light absorption and scattering (Seinfeld & Pandis, 2016). Aerosols 
exhibit highly variable optical properties, in how they absorb, scatter, or reflect solar radiation. Optical 
behavior is strongly dependent on aerosol composition, size, mixing state, and degree of aging (Liu et al., 
2015). Radiation emitted by sunlight can interact with atmospheric particles either directly or indirectly, 
as radiation reflected from earth surfaces is redirected towards higher altitudes. Aerosol light scattering 
leads to a net cooling effect, as part of the incoming solar radiation is backscattered to space and surface 
insolation is reduced. In contrast, light absorption causes atmospheric heating because the absorbed 
shortwave energy is converted to thermal energy within the aerosol layer and subsequently emitted back 
into the surrounding environment as thermal infrared radiation. The angular distribution of scattered light 
is set by particle size, shape, and the complex refractive index via Mie scattering; in the geometric-optics 
limit interpretable as contributions from diffraction, reflection, and refraction (Kokhanovsky, 2008); 
refraction itself is the deterministic bending governed by the real refractive index and does not by itself 
send light in all directions. These behaviors, coupled to the formation pathways summarized in Section 
1.1.3, control visibility, radiative forcing, and cloud interactions. This section focuses on the optical 
properties in relation to aerosol type as discussed in previous sections.  

Before diving into aerosol absorption, it is important to define radiative forcing (RF); defined as 
the change in the net balance between incoming solar radiation and outgoing infrared radiation at the top 
of the atmosphere. Positive RF correlates to a net gain of energy in the Earth system, producing a 
warming tendency following light absorption, while negative RF signifies a net loss of energy to space, a 
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cooling tendency, resulting from scattering (Boucher 2015). Absorption and scattering play a key role in 
RF, though other major contributors, such as greenhouse gases, are also important. 

1.3.1 Black Carbon (BC). BC is the most efficient light-absorbing aerosol species, exhibiting 
broadband absorption across the visible and near-infrared (≈ 400–1000 nm). Internal mixing with 
non-absorbing coatings, such as sulfates and organics, can enhance absorption, depending on mixing state 
(Bond et al. 2013). With strong absorptivity and relatively weak wavelength dependence, BC is a major 
contributor to atmospheric warming, making BC one of the most significant short-lived climate forcers. 

1.3.2 Brown Carbon (BrC). Brown carbon refers to a subset of organic aerosol particulates with 
wavelength dependent absorption strongest in the UV and near-visible range (≈ 300–500 nm). Although 
BrC is less absorbing than BC, BrC aerosols exhibit more optical activity than most weakly or 
non-absorbing organic aerosols. Furthermore, BrC is optically distinct from other aerosol light absorbers 
in that its absorption decreases sharply with increasing wavelength, giving rise to its characteristic 
“brownish” appearance (Laskin et al., 2015). In addition to altering the radiation budget, BrC provides a 
sensitive tracer of atmospheric aging processes due to its evolving optical and chemical properties with 
chemical changes. 

1.3.3 Secondary Organic Aerosol (SOA; Weakly and Non-Absorbing Fraction). The majority 
of secondary organic aerosols are weakly absorbing or primarily light-scattering. Hence these aerosols 
typically contribute to atmospheric cooling as optically reflective particulates, such as white organics, 
reflect incoming radiation by increasing planetary albedo (Zhang et al., 2024). However, aqueous-phase 
SOA chemistry pathways can yield BrC chromophores, imparting selective near-UV and blue-visible 
absorption (Chen et al., 2018; Laskin et al., 2015). 

1.3.4 Mineral Dust and Sea Salt. Mineral dust exhibits mixed optical behavior due to their 
heterogeneous mineralogy. They primarily scatter visible light but can absorb in the UV and near IR, with 
optical efficiency depending on particle size, shape, and iron oxide content (Teri et al., 2025). Sea salt 
aerosols, in contrast, are essentially non-absorbing in the visible and predominantly scattering, especially 
in clean marine air, enhancing cooling (Schulz et al., 2004).  

 

2. ORGANIC AEROSOL AGING OVERVIEW. 
Aerosol aging refers to any chemical or physical transformations occurring after formation that 

modify particle composition, phase state, volatility, hygroscopicity, and ultimately optical properties. Key 
atmospheric aging drivers include oxidation by reactive species (OH/O₃/NO₃), aqueous-phase reactions in 
cloud and fog droplets, acid-catalyzed processes in sulfate-rich particles, and heterogeneous surface 
reactions via gas uptake. Together these pathways alter functional groups and particle morphology, 
thereby influencing viscosity/phase separation, and can lead to either enhancement or photobleaching of 
brown-carbon (BrC) absorption (Laskin et al., 2015).  

2.1 Oxidative Aging. Oxidative aging is driven by gas-phase oxidants, resulting in either 
functionalization or fragmentation of condensed-phase organic matter. Atmospheric oxidants driving 
these two chemical transformation pathways include hydroxyl radicals (OH), ozone (O₃), and nitrate 
radicals (NO₃). 

Functionalization occurs through the addition of oxygen-containing functional groups to organic 
molecules, such as hydroxyl, carbonyl, carboxylic acid, or peroxides. This generally increases the 
oxygen-to-carbon ratio (O:C), enhances hygroscopicity, and reduces volatility, thereby increasing the 
stability of particulates and likelihood of gas-phase aerosol condensation into the particle phase (Kroll et 
al., 2011). 
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In contrast, fragmentation involves carbon-carbon bond cleavage, producing smaller, and often 
more volatile molecules such as carbon monoxide, carbon dioxide, formaldehyde, and acetaldehyde. 
Fragmentation tends to reduce aerosol mass, shortening particle lifetime (Kroll et al., 2011).  
The oxidation reaction pathway depends on the oxidation state of the aerosol, with the initial stages of 
oxidation favoring functionalization and later stages favoring fragmentation of highly oxidized 
compounds (Kroll et al., 2011).  

Oxidative aging alters the balance between light scattering and absorption. The addition of groups 
via functionalization generally increases particle scattering through enhanced hygroscopic growth, 
producing a negative RF. Fragmentation, reducing mass and particle size, can reduce aerosol lifetime and 
optical efficiency; producing positive RF in highly oxidized compounds in reducing scattering and 
increasing absorption; while fragmentation of compounds at lower oxidation states reduces aerosol mass 
and optical activity altogether (Liu et al., 2014).  

2.2 Aqueous-Phase Aging. Aqueous-phase aging involves chemical transformations that occur in 
liquid water associated with clouds, fog, or deliquesced aerosol particles. This provides a highly soluble 
environment for polar organics, enabling condensed-phase reaction pathways otherwise unavailable in the 
gas phase (Ervens et al., 2011; McNeill, 2015).  

A key class of precursors for aqueous aging are small, water-soluble carbonyls such as glyoxal 
and methylglyoxal. Once dissolved, these compounds undergo hydration to form gem-diols, aldol 
condensation to produce oligomers, and acetal formation in the presence of alcohols. In addition, aqueous 
oxidation by OH and HO₂ radicals produces low-volatility products such as oxalic acid and other 
dicarboxylic acids, increasing aerosol mass, which contribute substantially to aqueous secondary organic 
aerosol (aqSOA) mass (Ervens et al., 2011). 
​ Ammonium-mediated aging of SOA can lead to the formation of nitrogen-containing 
chromophores with imidazole-like structures that absorb strongly in the near-UV and visible range (Bones 
et al., 2010). These products act as brown carbon (BrC) chromophores, imparting strong light absorption 
in the near-UV and visible ranges. 

These reactions can either increase light absorption, by forming conjugated chromophores, or 
reduce it through oxidative bleaching. Oligomerization and nitrogen-containing chromophore formation 
enhance BrC absorption, resulting in positive RF. Conversely, advanced oxidation can degrade 
chromophores and lead to photobleaching, shifting the radiative impact toward cooling in decreasing 
absorption (Laskin et al., 2015). 

2.3 Heterogeneous Processes. Heterogeneous reactions occur directly at the interface between 
gases and aerosol particle surfaces, often involving trace gases. Unlike aqueous-phase aging, which takes 
place in bulk liquid water, these transformations are restricted to the particle surface, where gas uptake 
rates and microenvironmental conditions strongly influence reaction efficiency (George & Abbatt, 2010). 

Several trace gases participate in heterogeneous uptake. For example, the uptake of nitrogen 
oxides (NO₂, N₂O₅) by organic-rich particles promotes nitration and organonitrate formation. These 
reactions introduce nitro (–NO₂) and nitrate ester (–ONO₂) functionalities, often onto aromatic systems, 
resulting in the formation of nitroaromatics and organonitrates, which act as strong brown carbon (BrC) 
chromophores (Laskin et al., 2015). 

In acidic or sulfate-rich environments, oxidative SO₂ uptake yields organosulfates through 
acid-catalyzed reactions with alcohols, polyols, or epoxides. The incorporation of sulfate ester groups 
(–OSO₃⁻) increases particle polarity and hygroscopicity, leading to greater water uptake and CCN activity 
(Surratt et al., 2008).  
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Ozone reacts with unsaturated organic bonds through ozonolysis, cleaving double bonds and 
forming smaller, oxygenated products such as carbonyls and carboxylic acids. These reactions may also 
occur in the aqueous phase. However, they differ from direct oxidative aging by ozone (radical-driven 
pathways) discussed previously, because they often proceed via ozonolysis followed by oligomerization 
mechanisms. Instead of primarily producing small oxidized species, these reactions generate larger, 
low-volatility oligomers, although oxygen-containing functional groups can also be incorporated during 
the process (Niu et al., 2020). 

The optical consequences of heterogeneous surface chemistry vary strongly by reaction pathway. 
Reactive uptake of nitrogen oxides produces nitroaromatics and organonitrates, both of which are efficient 
brown carbon chromophores that enhance near-UV and visible absorption, driving positive RF. In 
contrast, SO₂ uptake generates organosulfates that, while weakly absorbing, increase aerosol polarity and 
hygroscopicity, thereby strengthening light scattering and contributing to negative RF. By contrast, ozone 
uptake via ozonolysis cleaves unsaturated bonds thereby degrading conjugated chromophores, resulting in 
photobleaching of BrC and reduced absorption (Laskin et al., 2015). 

 

3. INTRODUCTION TO STRATOSPHERIC BrC AGING.  
A study on sulfate aerosols found a correlation between global climate and volcanic eruptions 

(Robock 2000). Following large scale volcanic eruptions, a net negative radiative forcing was observed, 
with global temperatures falling by ~0.5 °C after 8 months, gradually returning to baseline after 1-3 years 
(Soden et at., 2002). Robock’s work supports this observation, suggesting that sulfate aerosol formation 
may drive global cooling following major volcanic events. Oxidation of volcanic SO₂ by OH radicals 
generates SO₃, which subsequently hydrates into sulfuric acid. These low-volatility products condense 
into droplets, enabling effective light scattering due to their size and optical properties, while also 
providing an interface for multiphase chemical processes (Robock 2000). 

3.1 The Stratospheric Environment. The stratospheric environment is characterized by low 
pressures and temperatures, with temperatures reaching -80°C and pressures as low as 0.001 atm (Karl et 
al., 1999). Higher altitudes are also associated with a systematic decrease in relative humidity, as water 
molecules at higher elevations mainly originate from tropopause transport and methane oxidation, 
resulting in relatively negligible, though non-zero, vapor pressures (National Aeronautics and Space 
Administration, 2021; solomon et al., 2010). Under such low pressure and temperature conditions, the 
limited water molecules present in the stratosphere either participate in ice nucleation on solid surfaces, or 
partition into surrounding liquid droplets, forming supercooled aqueous droplets via hydrogen bonding 
interactions with surrounding polar molecules (Roy et al., 2023). Thus, deposition into sulfuric acid 
droplets is expected with molecules that can participate in intermolecular force interactions, including 
bisulfates, sulfur trioxide, amines and ozone, diversifying possible reaction pathways with varying global 
implications. 

3.2 Stratospheric Implications of Volcanic Eruptions. Unlike typical volcanic eruptions which 
lead to global cooling, studies on the 2022 Hunga Tonga–Hunga Haʻapai found an increase in RF activity. 
The submarine eruption injected ~146 Tg of water vapor into the stratosphere, increasing the total 
stratospheric water content by ~10% (Millán et al., 2022). The co-emission of SO₂ and water vapor 
facilitated the formation of larger, more dilute sulfuric acid droplets, which persisted longer and scattered 
solar radiation more efficiently. This enhanced scattering contributed to global cooling, while the 
increased particle size also led to localized warming in the lower stratosphere due to absorption of 
terrestrial infrared radiation by larger sulfate particles that settle downward (Zhu et al., 2020; Li et al., 
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2022; Chen et al., 2025). In contrast, under more concentrated acidic conditions typical of the stratosphere 
(~70–80 wt% H₂SO₄), the reduced water content may favor acid-catalyzed pathways such as dehydration, 
esterification, and fragmentation, producing small, light-absorbing organic and inorganic species (Sicard 
et al., 2023). Such products could increase aerosol absorption of radiation, potentially offsetting or 
counteracting scattering-driven cooling with localized stratospheric warming, though the magnitude of 
this effect, and humidity influences, remain uncertain. 

3.3 Stratospheric Aerosol Formation. As discussed in section 1.1, volcanic events may result in 
the formation of primary carbonaceous and inorganic aerosols (sections 1.1.4 and 1.1.6., respectively). As 
discussed, combustion generates primary organic carbon aerosols, including BrC, as well as SOA 
precursors in the form of VOCs. Meanwhile, SO2 released during volcanic eruptions is oxidized into 
sulfuric acid, playing an important role in SIA formation, and potentially in acid-catalyzed SOA pathways 
(Jang et al., 2001). 

While aerosol formation is well understood, SOA, SIA, and heterogenous aging processes remain 
poorly characterized in highly acidic conditions (Surratt, et al., 2008). In previous studies, sulfuric acid 
droplet formation has been directly linked with the partitioning of VOCs into the liquid phase (Lin et al., 
2012; Jang et al., 2001). However, these studies primarily focus on ammonium aerosol formation 
processes, or SOA formation under mildly acidic conditions (Guo et al., 2015; Altieri et al., 2008). Thus 
little is known about stratospheric aging processes where nucleophiles like ammonia, which are 
instrumental in ammonium aerosol formation, are absent; as they are quickly protonated in highly acidic 
environments (Pye et al., 2020). On the other hand, many SOA formation mechanisms rely on aqueous 
phase processes, thus it remains unclear whether highly acidic conditions will favor organosulfate 
formation (Surratt, et al., 2008; Tolocka et al., 2004) or prevent it in inhibiting oligomerization (Cooke, et 
al., 2024). Furthermore, work on oxidative SOA processes support the formation of organic acids, 
carbonyls, and multifunctional organics, though it is unclear which subsequent reaction pathways are 
underway (Surratt, et al., 2008); these products are often understood to yield organosulfates and 
oligomers, yet stratospheric conditions may suppress such pathways, leaving open the possibility that 
these VOCs either remain volatile, undergo further oxidation, or participate in alternative acid-catalyzed 
transformations (Surratt et al., 2010). Moreover, the role of heterogeneous chemistry under highly acidic 
conditions in the stratosphere is poorly understood, emphasizing the need for further investigation into 
stratospheric SOA formation (Hanson et al., 1994). In an attempt to bridge this gap, this next section 
primarily focuses on potential stratospheric acid-catalyzed pathways underway.  

3.4 Acid Catalyzed BrC Aging Mechanisms. Acidic conditions can drive the formation of 
numerous products, though reaction pathways strongly depend on the chemical environment. This thesis 
investigates BrC aging under stratospheric conditions, thus this section will focus on acid catalyzed 
pathways under strongly acidic conditions (pH < 1).  

Sulfuric acid particulates, formed from gaseous precursors released through volcanic eruptions, 
tend to cluster into weakly hydrated droplets (~75 wt% H₂SO₄); as low pressure and temperatures prevent 
the accumulation of many compounds in this environment. Under such conditions, the formation of 
acetals, oligomers, esters, and anhydrides is favored (Zhu et al., 2022; Jang et al., 2002). Carbonyls, 
alcohols and polyols may undergo nucleophilic substitution [1] forming acetals, as low water conditions 
suppress hemiacetyl formation; though it is important to note that acetal formation is limited by 
stratospheric alcohol availability, and thus potentially suppressed. Though stratospheric alcohol 
availability and acetal formation is not heavily researched or understood, remaining speculative. 
However, alongside organic acids, alcohols and polyols may also undergo esterification [2] forming 
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organic esters. Carboxylic acids and alcohols can participate in dehydration [3] pathways as well, 
generating acid anhydrides, especially in the absence of nucleophiles, as substitution pathways are 
suppressed. Oppositely, dehydration of sugars [4] under such low water conditions result in HMF and 
furfurals that can polymerize into humins-like oligomers. Though, oligomerization under acidic 
conditions is not strictly reserved for dehydration driven pathways alone, as resinization [5] and aldol 
condensation [6] pathways may proceed under strongly acidic conditions; forming phenolic oligomers 
from phenolics and small aldehydes [5], or aldol oligomers from enolizable carbonyls [6], respectively. 
Moreover, polymerization [7] of unsaturated alkenes and trepenes may occur, yielding C-C linked 
oligomers, though limited by the presence of olefins available to react in BBOA (Fleming et al., 2020). 
Resinization, polymerization, and aldol condensation pathways are possible, though less favored under 
stratospheric conditions as such pathways are hydration state independent, thus dehydration and 
acetylation pathways are favored under such low water conditions.  

Other potential reaction pathways may form organosulfates, aromatics, and oxygenated 
compounds, though such pathways are dependent on the presence of other reactive species. In the 
presence of sulfates or bisulfates, alcohols and phenols may undergo sulfation (esterification) pathways 
[8] forming organosulfates. Sulfur trioxide under strongly acidic conditions drives the formation of 
aryl-sulfonic acids and sulfonates from aromatic precursors [9]. Conversely, in the presence of nitronium, 
aromatics tend to form nitro-aromatic compounds [10] (Fleming et al., 2020). Thus, sulfonate and 
nitro-aromatic formation equilibrium is strongly dependent on stratospheric sulfur trioxide and 
HNO3/NOx availability.  

Aside from acid catalyzed reactions, strongly acidic conditions enable oxidative and electrophilic 
substitution pathways. Low water conditions alongside ozone uptake leads to ozonolysis [11] of alkenes 
and unsaturated aromatics, generating small oxygenates. Acidic conditions also allow for imidazole 
formation [12] of amines by unprotonated amines. However, strongly acidic conditions (pH < 1) tend to 
suppress such pathways due to lack of available nucleophiles, as they are rapidly protonated.  

[1]–[12] refer to acid-catalyzed mechanisms described in Carey and Sundberg (2007). 
3.5 Experimental Introduction to Stratospheric Acid Catalyzed Aging. Guided by the 

mechanisms above, the present experiments use low pH-controlled sulfate matrices to quantify how 
sulfuric acid rich conditions regulate acid catalyzed BrC formation. As discussed in section 1., aerosol 
formation pathways, including Aldol condensation, Sulfation, Ozonolysis, and Imidization may also play 
a role in stratospheric aerosol aging mechanisms discussed in section 3.4, which leads to the question of 
whether sulfuric acid aging may generate BrC via SOA mechanisms guiding carbonaceous BrC 
formation. The objective of this study is to characterize the molecular and optical changes in BBOA 
following acid-catalyzed aging under simulated stratospheric conditions. Understanding these aging 
mechanisms is critical for improving climate models, as BrC optical properties influence RF and 
atmospheric lifetime. 

To investigate whether sulfuric acid-rich stratospheric conditions promote BrC formation via 
acid-catalyzed SOA pathways, this study investigates aged BBOA in simulated stratospheric matrices. 
BBOA samples were extracted into either water or concentrated sulfuric acid (16 M H₂SO₄) and incubated 
in the dark for 24 hours to mimic nighttime aging. Post-aging, samples were neutralized and analyzed 
using UV-Visible spectroscopy, wavelength-resolved absorption photodiode array detection (PDA), and 
LC–ESI–MS to quantify changes in optical properties and molecular composition. Mass spectrometry 
data was processed using homologous series extension calculations in RStudio (Schum et al., 2020) to 
assign molecular formulas and identify structural trends in aged aerosol products; analysis focused on 
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aerosol structural properties to uncover potential acid-catalyzed formation and aging pathways. This 
approach allows for direct assessment of how extreme acidity influences BrC evolution in volcanic 
stratospheric aerosols. 

 

4. MATERIALS AND METHODS 
4.1 Sample Extraction. BBOA coated (~3-4 mg) quartz slides were received from the University 

of British Columbia (UBC) and extracted in either water, for aqueous phase acid catalyzed aging, or 16 M 
H2SO4 for acid catalyzed aging in sulfonated water droplets. Extraction solvents were placed in an ice 
bath in preparation, though extractions were completed on the benchtop at ambient temperature. BBOA 
extraction involved placing the slide at the bottom of a glass vial prior to solvent addition. However, 
degradation of organic material was observed in some trials where the slide landed face down in the vail, 
producing black material. Furthermore, under such circumstances BBOA, would remain stuck between 
the bottom of the vail and quarts slide, leading to inconsistent BBOA content across samples. For 
consistency across multiple experiments and retention of aging products, solvent was placed into the vial, 
followed by addition of the slide and immediate capping. Samples were placed on the shaker for ~10 
minutes for near-complete BBOA extraction. The water extracted BBOA samples were treated with 16 M 
H2SO4  immediately following extraction by dilution with an 18 M stock H2SO4 solution. 

4.2 Aging & Incubation. BBOA night time aging was simulated by placing samples in a dark 
room for 1 day. Samples were placed in a dark drawer immediately following extraction on the shaker and 
initial UV/Vis measurements, and were removed after 24 hours for aged UV/Vis measurements, followed 
by immediate neutralization. 

4.3 Neutralization. Neutralization of acidic samples was necessary for LCMS analysis and 
solvent separation in liquid-liquid extractions. Samples were placed in an ice bath during the 
neutralization procedure to prevent thermal degradation. In order to prevent inaccurate pH paper readings, 
water was used to dilute solution upon K2SO4 solid formation, and samples were fitted with a flat teflon 
stir bar. A 20 M potassium hydroxide (KOH) stock solution was used to neutralize the sample mixture in 
100 μL increments. Once a pH of 2 was reached, a 10 M potassium hydroxide (KOH) stock solution was 
added in 50 to 100 μL increments until a pH of 3 was reached. 

4.4 Extraction with Organic Solvent. A liquid-liquid extraction was performed in order to 
isolate BBOA aging products from the aqueous salts formed during neutralization. Ethyl acetate was 
chosen as the extraction solvent for collection of the organic aging products. The water fraction was 
extracted three times, and the resulting ethyl acetate fractions were combined. A sealable glass vial with a 
teflon cap was chosen as the extraction chamber in order to induce BBOA partitioning into the organic 
phase by shaking. The organic phase was isolated from the extraction chamber using a 10 mL 
micropipette to prevent salts accumulation in the organic phase, as observed once flowing through a 
separatory funnel.   

4.5 LCMS Sample Preparation. BBOA aging products were isolated by removing the ethyl 
acetate solvent via rotary evaporation to dryness. The rotovap was set to ~300 rpm and 32°C (the 
relatively low T was chosen to prevent loss of volatile organic products during evaporation). The resulting 
products were redissolved in a 1:1 mixture of HPLC grade nanopure water acetonitrile solution (MS 
solvent). Impurities were removed using a 0.2 µm hydrophilic PTFE syringe filter (Millex-LG, 
MilliporeSigma) pre-treated with MS solvent.  

4.6 Quality Controls. Experimental quality controls included three blank solutions (B1, B2, B3) 
and three control samples (V2, V22, V44). Experimental blanks included an MS solvent blank (B1), 
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extracted MS solvent blank (B2) and a neutralized MS solvent blank (B3). B1 was prepared by combining 
equal parts of HPLC grade nanopure water and acetonitrile. B2 was prepared by extracting HPLC grade 
nanopure water in ethyl acetate, followed by solvent evaporation to dryness. B2 was redissolved in the 
MS solvent and pushed through a filter syringe. B3 was prepared by neutralizing 16 M SA, following the 
same procedures for organic solvent extraction and MS sample preparation as outlined for the 
experimental sample preparation.  
​ Samples extracted directly in sulfuric acid, as opposed to water, contained a greater initial BBOA 
concentration, thus three controls were used for each trail. V2 and V22 were prepared alongside the WS 
BBOA aged sample, as equal volumes of a water extracted BBOA solution were separated into three 
vials. The samples were diluted with water as opposed to sulfuric acid. The first control (V2) was diluted 
in acetonitrile for a 1:1 HPLC grade nanopure water acetonitrile solution. The second control (V22) was 
extracted in ethyl acetate, following the extraction and LCMS preparation procedures used for the water 
extracted aged sample sample. The BBOA control (V44) for the sulfuric acid extracted sample was 
prepared in a similar manner to V22, with one deviation, as a greater volume of the water-extracted 
BBOA solution was used to match the BBOA concentration of the total BBOA aged sample. Following 
dilution, V44 was prepared following the V22 preparation procedure.  

4.7 UV-Visible Spectroscopy. UV-Visible absorbance spectra were collected immediately 
following BBOA extraction and repeated after 24 hours of aging. Blanks were prepared using the 
corresponding solvent for each sample type; a 16 M H₂SO₄ solution was the chosen blank for UV/Vis 
measurements of acid-treated samples, while a water blank was used for controls. Samples were 
transferred to quartz cuvettes with a 10 mm path length for absorbance measurements. Spectra were 
recorded on a Shimadzu UV-2450 UV-Vis spectrometer equipped with UVProbe software over the 
200–700 nm range, with analysis focused on 300–650 nm. 

4.8 Mass Spectrometry. Samples for mass spectrometry were prepared by dissolving in a 1:1 
volume ratio of water and acetonitrile (ACN). Large and insoluble particles were removed by filtration 
through a 0.2 µm hydrophilic PTFE syringe filter (Millex-LG, MilliporeSigma) to protect the instrument. 
Blanks consisted of 1:1 water:ACN solvent and filtered solvent blanks. Experimental controls included an 
untreated BBOA sample dissolved in 1:1 water:ACN, the same BBOA sample extracted with ethyl 
acetate prior to dissolution, and a sulfuric acid only control. Samples were analyzed in both positive and 
negative electrospray ionization modes. 

Orbitrap output data was processed in Rstudio using molecular formula assignment software 
(Schum et al., 2020). MS data analysis involved PDA plots generated in the Qual browser of Xcaliber to 
determine the retention time (RT) of chromophores at the orbitrap photodiode detector. The time laps 
between the orbitrap photodiode detector and MS detector was corrected by adding 0.06 s to RT’s found 
in Xcaliber. MZmine was then utilized to match m/z values with their corresponding MS RT’s. Single ion 
chromatograms for each m/z value at each respective RT were checked in freestyle to identify 
chromophore m/z values. Predator formula calculator and Rstudio MSassignR outputs were compared and 
formulas with the most plausible DBE values and elemental ratios were chosen for m/z formula 
assignments.  
 
5. RESULTS: ACID CATALYZED AGING MOLECULAR COMPOSITION 
IMPLICATIONS  

A comprehensive analysis across multiple compositional metrics suggests sulfuric acid aging 
produced new sulfur and nitrogen containing compounds with high DBE and elevated O/C, consistent 
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with the formation of light-absorbing BrC chromophores such as conjugated carbonyl/phenolic oligomers 
and organosulfate-bearing species. UV–Vis spectra confirmed that these transformations translated into 
measurable optical effects, with enhanced absorbance within the 300–500 nm range. 

Water extraction reduced the contribution of sulfur- and nitrogen-containing species, highlighting 
that extraction methodology strongly influences observed BrC composition. Nonetheless, both 
acid-treated pathways clearly demonstrated that sulfuric acid catalysis is a major driver for secondary BrC 
formation from BBOA.  

5.1 UV/Vis Spectra. The first set of UV/Vis experiments aimed to investigate the hydration state 
dependence of acid catalyzed BrC formation. This was achieved by comparing absorbance (a.u.) across 4 
different samples: WS BBOA aged in 10M H2SO4, Total BBOA aged in 10M H2SO4, WS BBOA aged in 
16M H2SO4 and Total BBOA aged in 16M H2SO4 as illustrated in figure 1. The experimental control was 
unaged BBOA extracted in water, which was also used to prepare each experimental sample via serial 
dilutions in 18M sulfuric acid. Thus it is important to note that the BBOA concentration was not 
standardized across samples, as the 10M H2SO4 treated samples were prepared via a 2 fold dilution of the 
control, while the 16M H2SO4 treated samples involved a 10 fold dilution. Nevertheless, samples treated 
with highly concentrated acid exhibited a significant increase in absorption within the 300-500 nm region 
following 24 hours of aging, with the most profound enhancement observed in H2SO4 extracted samples. 
Samples treated with more dilute H2SO4 concentrations showed a much less profound change in 
absorbance intensity within the visible and near visible region, with a similar trend across samples as 
water extracted samples treated with 10 M H2SO4 showed a much less profound change in absorption as 
compared to H2SO4 extracted samples.  

Interestingly, samples treated with the more concentrated acid showed absorbance maxima at 
around 350 nm and 375 nm, absent in the less concentrated acid-treated samples. despite the 5 fold 
difference in BBOA content. These wavelengths fall in the canonical BrC window (300–500 nm), typical 
of conjugated carbonyl/phenolic oligomers, likely formed via dehydration pathways. These results 
indicate that acid catalyzed BrC formation is likely hydration state dependent, reflecting that the 
formation of chromophores in highly acidic environments, such as the stratosphere, are governed by 
different reaction pathways than those observed with more hydrated sulfate aerosol droplets found at 
lower altitudes. Thus, 16 M approximates poorly hydrated stratospheric sulfate aerosols, while 10 M 
represents a more hydrated UT/LS endmember, consistent with weaker BrC production at 10 M.  

The next set of UV/Vis experiments aimed to investigate acid catalyzed BrC formation time 
dependence by comparing unaged BBOA with both total and WS BBOA after 24 hours of aging, as well 
as total BBOA after 1 week of aging (see figure 2). Sample preparation followed the same procedure as 
previous experiments, with the experimental sample 10 times more dilute than the control. Although 24 hr 
experiments showed consistent absorption enhancement in the total BBOA fraction, as in previous 
experiments, further aging to 1 week produced anomalous increases in the total BBOA fraction. These 
absorption changes are likely laboratory artifacts of extended exposure to concentrated H₂SO₄ under 
static, closed conditions, as atmospheric sulfate aerosols are subject to continuous dilution, gas exchange, 
and photolysis; thus, such long-term static reactions are unlikely to be environmentally relevant. Our 
results therefore suggest that the dominant acid-driven pathways occur on short timescales (<1 day), with 
little evidence for progressive changes over extended durations under stratospherically relevant 
conditions. Following this finding, proceeding experiments were performed over a 24 hour aging period. 
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Figure 1: Hydration State Dependence 
UV/Vis Spectra. Absorption intensity 
wavelength dependence of 24 hour aged 
BBOA across varying acid 
concentrations and extraction procedures, 
including: WS BBOA aged in 10M 
H2SO4 (red), Total BBOA aged in 10M 
H2SO4 (green), WS BBOA aged in 16 M 
H2SO4 (yellow), Total BBOA aged in 16 
M H2SO4 (orange), and an unaged BBOA 
control (blue) with colors indicating 
sample identity. Values are reported as 
absorbance (a.u.), normalized to path 
length with baseline subtraction. 

Figure 2: Time Resolved UV/Vis 
Spectra. Absorption intensity wavelength 
dependence of aged BBOA across 
varying aging time periods and extraction 
procedures, including: WS BBOA after 
24 hours of aging in 16M H2SO4 (yellow), 
Total BBOA after 24 hours (red) and 1 
week (green) of aging in 16M H2SO4, and 
unaged BBOA (blue), with colors 
indicating sample identity. Values are 
reported as absorbance (a.u.), normalized 
to path length with baseline subtraction. 

5.2 Molecular Composition of Control vs. Acid-Aged BBOA. Double bond equivalent (DBE) 
versus carbon number distributions are compared in figure 3 for both untreated BBOA (3a) and sulfuric 
acid aged BBOA under two extraction conditions; water-extracted (3b) and acid-extracted (3c). Control 
samples exhibited primarily CHO and CHNO compounds centered at DBE values of 0–10 and carbon 
numbers between 10–30. Sulfur- and nitrogen-containing species, including CHNOS, CHOS, CHNS, 
CHS and CHN, were largely absent in the control, as expected with unprocessed, resin-free biomass 
burning emissions. 

In contrast, both acid-treated samples showed expanded distributions of CHOS and CHNOS 
containing species, along with a shift toward higher DBE values at similar carbon numbers. This indicates 
incorporation of sulfate groups and enhanced aromaticity. There is also a notable change in the oxygen to 
carbon ratio with greater carbon numbers, indicating that larger molecules lose oxygen functionality 
under acid treatment, while smaller molecules gain oxygen through addition reactions.  

Furthermore, the formation of smaller oxygenated compounds and an increase in the oxygen to 
carbon ratio is observed at lower carbon numbers and DBE values, further suggesting oxygen addition via 
acid-catalyzed pathways such as sulfation, esterification, or acetalization. Notably, sulfuric acid extracted 
BBOA produced a broader distribution of CHNO compounds, suggesting enhanced stability of aromatic 
reaction pathways or accumulation of nitrogen-containing products under strongly acidic conditions. 
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Figure 3a: Untreated BBOA Figure 3b: WS BBOA Aged 

Figure 3c: Total BBOA Aged 

Figure 3: DBE vs. Carbon Number indicates the 
degree of saturation of unaged BBOA (top left) and 
sulfuric acid treated experiments: water extracted 
BBOA (right) and sulfuric acid extracted BBOA 
(bottom). Clusters indicate chemically similar 
compounds while color intensity corresponds to the 
degree of oxidation.  

5.3 Elemental Ratios and Degree of Unsaturation. The van Krevelen diagrams provide 
additional insight into the oxidation states of control versus acid-aged BBOA (Figure 4). The untreated 
BBOA control (4a) showed a relatively narrow O/C (<1.0) distribution and H/C values centered near 
0.0–0.75, consistent with moderately oxidized organics. Acid-treated samples, however, displayed a 
substantial increase in O/C (>1.0) and a spread of H/C values centered near 0.0–2.0, suggesting the 
formation of more oxygenated, unsaturated products.  

Moreover, a substantial decrease in DBE values is observed at higher H/C ratios; meanwhile, high 
DBE values cluster at lower H/C ratios, especially in highly oxygenated compounds, further supporting 
the formation of more oxygenated, unsaturated products. Importantly, the acid-extracted sample (3c) 
showed clustering of high-DBE CHNO and CHNOS species at low H/C (<1.0), consistent with 
polyaromatic and conjugated nitrogen/sulfur functionalities. Such structures are strongly light-absorbing, 
consistent with brown carbon chromophores. The water-extracted sample exhibited a comparatively 
broader spread in O/C and less clustering at high DBE, consistent with more moderately oxidized BrC. 
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Figure 4a: Untreated BBOA  Figure 4b: WS BBOA Aged 

Figure 4c: Total BBOA Aged  

Figure 4: H/C vs. O/C Rations indicate the degree of 
oxidation and saturation, or aromaticity, in the 
untreated BBOA (4a), WS BBOA aged (3b) and Total 
BBOA aged (3c). Clusters indicate chemically similar 
compounds while color intensity corresponds with 
saturation. 

5.4 Carbon Number and Atomic Number Distributions. Carbon number trends are 
summarized in Figure 5. The untreated-aged control BBOA displayed primarily CHO and CHNO species 
centered around C₁₅–C₂₅, with limited sulfur incorporation. Upon sulfuric acid treatment, the distributions 
shifted toward higher numbers of sulfur- and nitrogen-containing species (CHOS, CHNOS, CHNS), 
particularly at C₁₀–C₂₀. The water-extracted sample showed enhanced contributions from CHOS species, 
whereas the acid-extracted sample retained a stronger CHNOS distribution, and species with greater 
carbon content.  

These observations suggest that sulfuric acid catalysis not only promotes sulfation but also 
facilitates the incorporation of nitrogen containing species. The differences in extraction reflect 
partitioning behavior, with water extraction preferentially retaining polar organosulfates, while direct acid 
extraction preserves less polar, conjugated nitrogen-containing species. 
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Figure 5a: Untreated BBOA  Figure 5b: WS BBOA Aged 

Figure 5c: Total BBOA Aged  

Figure 5: Aged Product Distributions in Relation to 
Carbon Content. Colors indicate different chemical 
families, with color distribution across the y-axis 
corresponding to the relative abundance of a chemical 
family among compounds of equal carbon content, 
hence similar in size.  

5.5 Oxygen Number Distributions. Oxygen number distributions across molecular classes are 
summarized in figure 6. The untreated-aged BBOA control exhibited formulas containing 5–10 oxygen 
atoms on average, typical of moderately oxidized biomass burning organics. Acid-aged samples showed a 
pronounced shift toward higher oxygen numbers (10–20), with enhanced contributions from CHOS and 
CHNOS species. 

The water-extracted sample demonstrated formation of high oxygen containing species, 
suggesting enrichment in organosulfates and carboxylic acids. By contrast, the acid-extracted sample 
retained a broader mix of moderately oxygenated CHNO compounds as well as a shift towards highly 
oxygenated compounds, highlighting a balance between oxidation and reduction pathways. These 
findings suggest that while acid catalysis broadly increases oxidation, the extraction method dictates the 
extent of reduction pathways.  
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Figure 6a: Untreated BBOA  
 

Figure 6b: WS BBOA Aged 

Figure 6c: Total BBOA Aged  

Figure 6: Aged Product Distributions in Relation to 
Oxygen Content. Colors indicate different chemical 
families, with color distribution across the y-axis 
corresponding to the relative abundance of a chemical 
family among compounds with equal oxygen content, 
hence, similar in oxidation state.  

5.6 Optical Signatures of Acid-Catalyzed BrC Formation. PDA spectra confirmed that these 
compositional changes translated into measurable optical effects. Acid-treated samples exhibited 
enhanced absorbance within the 300–500 nm range with visible chromophore formation, especially at 
later retention times, suggesting formation of conjugated carbonyl/phenolic oligomers and organosulfates; 
as nitroaromatics would require NOx and imidazoles unprotonated amines, which are not confirmed 
under these conditions. Water-extracted samples showed fewer chromophores in comparison to the 
sulfuric acid extracted samples, likely resulting from stronger scattering signatures due to increased 
polarity and hygroscopicity. Meanwhile, acid-extracted samples exhibited more pronounced absorption 
features, attributable to highly conjugated chromophores, as well as strong absorption near 300 nm across 
a broad retention time range, suggesting crosslinking acid catalyzed pathways. 

Figure 7a: Untreated BBOA 
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Figure 7b: WS BBOA Aged 

Figure 7c: Total BBOA Aged 
Figure 7: 3D PDA Plots illustrate changes in absorption intensity over wavelengths of 380 - 640 nm and a retention 
time range of 2-15 minutes across three different samples: untreated BBOA (top panel), water extracted-sulfuric acid 
aged BBOA (middle), and sulfuric acid extracted and aged BBOA (bottom). Taller peaks with darker colors indicate 
higher relative absorption intensities across their corresponding wavelengths and retention times. 
 
 

 

Figure 8a: Untreated BBOA 

Figure 8b: WS BBOA Aged 

Figure 8: 2D PDA Plots 
of Identified 
Chromophores illustrates 
absorbance intensity with 
assigned chromophores 
over wavelengths of 
380-682 and retention 
time range of 8-15 
minutes across three 
different samples: 
untreated BBOA (top 
panel), WS BBOA aged 
(middle), and Total BBOA 
aged (bottom). 
Chromophore identities 
were found using MZmine 
to identify m/z values at 
expected retention times, 
which were found using 
Xcalibur in Qual browser, 
and were verified with 
single ion chromatograms 
viewed in freestyle. 
Predator formula 
calculator was used to find 
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Figure 8c: Total BBOA Aged 

 

chemical formulas 
corresponding to the 
proposed m/z values found 
in freestyle. Formula 
assignments are 
speculative, while m/z 
values are confident. 

Table 1: Assigned Chromophores with Corresponding m/z Values; tentative formula assignments, m/z values are 
confirmed by SICs, but structural attribution remains speculative. 

m/z Value  Proposed MF Assignment  Confidence  

177.056 (ESI-) C10H10O3 Coniferyl aldehyde; very confident.  

271.0271 (ESI-) C14H8O6 Likely tetrahydroxyanthraquinone; high DBE 
value consistent with chromophores.  

351.0713 (ESI+) C16H14O9 Confident but speculative due to other possible, 
though less probable, matches. 

251.0876 (ESI+) C20H10 Speculative; likely insoluble in extracting 
solution. 

337.122 (ESI+) C24H16O2 Polyaromatic compound; confident potential 
match. 

414.2499 (ESI-) C21H37O7N Highly speculative due to low DBE value. 

 
Together, these results demonstrate that sulfuric acid catalysis efficiently transforms BBOA into 

more conjugated, oxygenated, nitrogen- and sulfur-containing species with enhanced light absorption. 
Extraction methodology further modulates the molecular fingerprints of BrC formation, contributing to 
the balance between absorption-driven warming and scattering-driven cooling. 

 
6. DISCUSSION 

6.1 Untreated BBOA. Unaged BBOA exhibited what is expected for untreated, resin-free BBOA 
as UV/Vis experiments showed a smooth UV tail with relatively weak absorption into the visible. 
Moreover, mass spec analysis revealed formulas dominated by CHO/CHNO constituents with moderate 
oxidation state (narrow O/C, H/C typically <~0.75). These spectral characteristics fall outside the strong 
“brown carbon window” (300–500 nm) where organic chromophores begin to contribute appreciable 
absorption (Moise et al., 2015; Laskin et al., 2015), providing a suitable baseline for detecting 
acid-induced changes in both optical response and molecular composition. The optical framing and 
wavelength dependence used here follow established definitions of BrC and its canonical UV–blue 
absorption behavior (Laskin et al., 2015). 
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6.2 Acid Treatment: Reaction Environment Controls BrC Formation. Exposure of BBOA to 
concentrated sulfuric acid produced rapid and reproducible increases in absorbance across 300–500 nm, 
with distinct enhancements near ~350–400 nm, consistent with BrC chromophores (Moise et al., 2015; 
Laskin et al., 2015). The effect was strongest in 16 M H₂SO₄ despite a ten-fold dilution relative to the 
UV/Vis control (note: this non-standardized BBOA concentration pertains only to the UV/Vis dataset; 
composition-resolved analyses were interpreted independently). The response in 10 M was modest by 
comparison. This contrast indicates that the reaction environment (low water activity and strong acidity) 
dominates over initial BBOA concentration in governing BrC production. Mechanistically, the 
composition shifts toward higher DBE at similar carbon number, growth of CHOS/CHNOS classes, and 
increased O/C at lower carbon number together point to acid-catalyzed functionalization coupled to 
condensation/dehydration. Pathways of acid catalyzed functionalization span sulfation of alcohols and 
epoxides (Surratt et al., 2010; Lin et al., 2011), esterification, and acetal/hemiacetal formation (Ervens & 
Volkamer, 2010) while condensation and dehydration pathways include carbonyl and phenolic 
oligomerization as well as sugar to HMF pathways with subsequent polymerization (Laskin et al., 2015; 
Liu et al., 2022). These routes are well documented in the literature for concentrated sulfate media, 
producing conjugated, low-volatility products that absorb in the UV–blue (Laskin et al., 2015). In 
atmospheric terms, 16 M is a reasonable analog for poorly hydrated stratospheric sulfate aerosol after 
major injections, whereas 10 M reflects a more hydrated UT/LS endmember; the weaker response at 10 M 
is consistent with reduced reactivity under higher water activity (Kremser et al., 2016). 

6.3 Water-Extracted vs. Acid-Extracted Pathways: Two Environmental Scenarios. The two 
extraction protocols were designed to represent distinct atmospheric trajectories. Water-extracted (WS) 
samples simulate BBOA partitioning into aqueous droplets or hydrated aerosols before encountering 
stratospheric concentrated sulfate aerosol droplets; On the other hand, acid-extracted (Total) samples 
parallel direct uptake of BBOA into concentrated acid droplets (Kremser et al., 2016). Consistent with 
these scenarios, WS systems showed weaker, less structured absorption, with formula dominated by 
highly oxygenated CHOS classes, suggesting formation of organosulfate and carboxylic-acid-rich 
material. This pattern indicates that higher water activity suppresses condensation/dehydration while 
favoring functionalization (Ervens & Volkamer, 2010; Surratt et al., 2010); sulfation of polyols/epoxides 
and formation of acetals/esters can proceed, but extensive conjugation is less favored, yielding more 
moderately absorbing BrC and relatively greater scattering from polar, hygroscopic products (Laskin et 
al., 2015). By contrast, acid-extracted samples exhibited stronger UV–blue absorption with reproducible 
features near ~350–400 nm, clustering of high-DBE CHNO/CHNOS at low H/C, and broader 
distributions toward larger carbon numbers. These signatures are consistent with cross-linked, conjugated 
oligomers and organosulfate-bearing species that are stabilized in highly acidic media (Laskin et al., 
2015). Increases in CHNO/CHNOS suggest enrichment or, more plausibly, preservation of N-containing 
material and acid-stabilized conjugation; as formation of nitroaromatics requires NOx/HNO₃ or 
imidazoles with unprotonated amines, which is not supported under the strongly acidic conditions 
employed here. Together, these results show that hydration state and matrix composition co-determine 
both the reaction pathways accessed and the products recovered, in line with prior work identifying 
sulfation/functionalization and oligomer growth as key acid-driven routes to BrC aging and SOA 
chromophore formation (Moise et al., 2015; Laskin et al., 2015).  

6.4 Kinetics and Atmospheric Relevance. Time-series experiments indicate that the dominant 
acid-driven transformations occur rapidly, as the main spectral changes were established within 24 h, with 
little consistent evolution thereafter. Week-long, static exposure in 16M sulfuric acid produced 
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inconsistent anomalies, which were interpreted as laboratory artifacts of BBOA over-aging toward tar- or 
humins-like material, rather than atmospherically representative chemistry (Liu et al., 2022; Laskin et al., 
2015). Because stratospheric sulfate aerosols persist for a few weeks to several months or upwards of a 
few years (Kremser et al., 2016), rapid establishment of BrC signatures is atmospherically relevant. 
Particles likely acquire their absorbing character early, with subsequent fate governed more by mixing, 
dilution, photolysis, and transport than by continued acid-only processing. The product classes and optical 
behavior observed here are consistent with the broader understanding of organic–sulfate interactions and 
BrC optical evolution. 
 
7. CONCLUSIONS 

This study demonstrates that BrC formation from BBOA is strongly governed by the chemical 
environment into which it is introduced, particularly under stratospherically relevant conditions. 
Acid-catalyzed reactions in concentrated sulfuric acid media, analogous to post-volcanic stratospheric 
sulfate aerosols, drive rapid, reproducible transformations in both molecular composition and optical 
properties. The emergence of UV–blue absorbing chromophores, coupled with the growth of CHOS and 
CHNOS classes and increased double bond equivalence, reflect acid-driven pathways including sulfation, 
esterification, acetal formation, and condensation. These mechanisms yield conjugated, low-volatility 
products that contribute significantly to BrC absorption. 

Comparative analysis of water-extracted and acid-extracted samples reveals that hydration state 
plays a critical role in determining reaction pathways. Hydrated systems favor functionalization and 
organosulfate formation, while concentrated acid environments promote oligomerization and conjugation. 
The preservation of nitrogen-containing species and the absence of nitroaromatic formation under 
strongly acidic conditions further constrain reaction pathways accessible to BBOA in the stratosphere. 

Time-resolved experiments confirm that BrC signatures are established rapidly, with minimal 
evolution beyond the initial 24-hour exposure. This kinetic behavior supports the atmospheric relevance 
of the observed transformations, suggesting that BBOA particles acquire their absorbing character early in 
their stratospheric lifetime. Subsequent changes are likely dominated by physical processes such as 
mixing, dilution, and photolysis rather than continued acid-only chemistry. 

Together, these findings provide a mechanistic and compositional framework for understanding 
BrC aging in the stratosphere. They highlight the importance of acidity, hydration, and matrix 
composition in shaping the optical and molecular evolution of BBOA, offering new insight into the role 
of organic–sulfate interactions in post-volcanic aerosol chemistry and climate relevant radiative forcing.  
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