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ABSTRACT OF THE DISSERTATION 

 

Utilizing Extractive Electrospray Ionization Mass Spectrometry to Probe the Composition of Sea 

Spray Aerosol and the Photochemical Reaction Kinetics of Aerosol-Phase Bisphenol-A 

 

by 

 

Samantha Marie Kruse 

 

Doctor of Philosophy in Chemistry 

 

University of California San Diego, 2024 

 

Professor Jonathan H. Slade, Chair 

 

Plastics have become ubiquitous in the world’s oceans, and recent work indicates that they 

can transfer from the ocean to the atmosphere in sea spray aerosol (SSA). SSA is the largest 

contributor to annual aerosol mass load and is a significant source of plastic to the atmosphere. 

Plastic additives, including bisphenol-A (BPA), represent a sizable fraction of consumer plastics 

and have been measured consistently in air over both terrestrial and marine environments. 

However, the chemical lifetimes of BPA and mechanisms by which it degrades with respect to 
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photochemical and heterogeneous oxidation processes in aerosols are unknown. The work in this 

dissertation utilized an extractive electrospray ionization time-of-flight mass spectrometer (EESI-

TOF) to monitor changes in aerosol composition with high time resolution. In Chapter 3, the 

photosensitized and OH- initiated heterogeneous oxidation kinetics of BPA in the aerosol phase 

consisting of pure-component BPA and internal mixtures of BPA, NaCl, and dissolved 

photosensitizing organic matter are presented. OH-initiated degradation is enhanced in the 

presence of chloride, likely due to the enhanced mobility of BPA in the more liquid-like particle 

due to the hygroscopicity of NaCl increasing the liquid water content within the aerosol. In 

contrast, photosensitized reactions were limited in the presence of chloride, which was attributed 

to quenching of triplet state formation by dissolved Cl− in the less viscous aqueous aerosol 

mixtures. In Chapter 4, the composition changes in SSA during a phytoplankton bloom are 

determined, including the temporal variability and trends dependent on specific biological 

processes occurring in seawater. Through this study, it was also established that EESI-TOF 

sensitivity is critically dependent on the sample's relative humidity after adjusting for pressure 

variations at the inlet and normalization to the reagent ion. In Chapter 5, the photosensitized 

degradation of BPA at high and low pH is investigated. At pH 3 and pH 11, the photosensitized 

degradation of BPA is inhibited, and the potential causes are discussed. This dissertation highlights 

important heterogeneous and photosensitized reactions which BPA undergoes, as well as the role 

of particle viscosity. Ultimately, this work contributes to our understanding of the lifetimes of 

hazardous plastic pollutants in SSA with implications for pollutant transport and exposure risks in 

coastal marine environments.
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Chapter 1 Introduction 

1.1 Plastic Waste in Oceans 

The problem with plastic waste in our oceans was identified as early as the 1980s1, and the 

problem continues to grow today. It was estimated in 2014 that the ocean contained over 5 trillion 

pieces of plastic, weighing more than 250,000 tonnes.2 In a 2023 study, it was estimated that the 

number of plastic pieces in the ocean had grown to over 170 trillion, a 34x increase in less than a 

decade, and it is anticipated to increase exponentially.3 Plastic waste enters the ocean by 

mismanaging plastic waste due to littering or inadequate disposal, such as open landfills.4 While 

there are attempts to mitigate these problems in many countries, those same countries will ship 

their waste to other countries to mask the problem.5 Plastic waste can lead to the distribution of 

harmful organic and inorganic chemicals to the environment, the transfer of diseases, and the 

spread of invasive species.6 Additionally, plastics can cause a massive increase in the death of 

marine animals due to entanglement, ingestion, or laceration, all caused by plastic waste.7 Beyond 

concerns for the environment, it was estimated in 2021 that the damage to our oceans would cause 

economic losses of 1.5 trillion USD.8 

Microplastics 

One cause for the exponential increase in plastic waste in the ocean is the generation of 

microplastics and nanoplastics from the aging and breakdown of larger plastics (i.e., 

photochemical, thermal, and microbial wear) and direct inputs of engineered nano- and micro-

particles. Although definitions vary between fields, microplastics are generally defined as plastics 

with its largest diameter between 1-1000 μm and nanoplastics are defined as plastics <1 μm.9, 10 

Plastics are manufactured to resist biodegradation and, therefore, are not completely removed in 

nature. Instead, they tend to fragment into smaller and smaller pieces.11 Due to their small size and 

generally low density, microplastics tend to accumulate at the surface of the ocean,12 and from 
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there are susceptible to transfer into the atmosphere. It has been found that due to this enhancement 

at the surface of the ocean, plastics can get aerosolized through wave breaking activity, and this 

leads to an estimated annual global flux of 24 quintillion pieces, or 773 tons, of plastic into the 

atmosphere.13 

Plastic Leaching 

The problem with plastics goes beyond their sheer numbers in the ocean. As plastics 

become smaller, their surface area increases, which can lead to the leaching of chemical additives 

in the plastics.14, 15 Plastic additives have a number of different qualities, including dyes, lubricants, 

light stabilizers, plasticizers, and flame retardants.16 The overall quantity of these additives depend 

on the function that is desired for the plastic, and have a large range, from 10-70% w/w for 

plasticizers, 3-25% for flame retardants, and 0.001-10% for dyes.17 The rate of plastic leaching is 

dependent on factors such as the properties of the plastic (size and polymeric structure),18 

properties of the surrounding water (salinity and pH),19, 20 ambient temperature,21 solar 

irradiation,22 contact time,21 and age of the plastics.23 These leachates are not easily dissolved in 

water,14 and therefore concentrate in the sea surface microlayer (SSML). The sea surface 

microlayer is a thin layer at the surface of the ocean, which is a complex mixture of bacteria, 

microalgae, small invertebrates, dissolved organic carbon (DOC), and organic and inorganic 

molecules.24 Anthropogenic contaminants, due to their hydrophobicity, tend to accumulate in the 

SSML at concentrations up to 500x higher than within the water column.25  

Bisphenol-A 

One of the most widely used plastic additives is Bisphenol-A (BPA). BPA  was first 

synthesized in 1981 and is one of the most highly produced chemicals worldwide.26 It is used in 

the production of polycarbonate plastics as a co-monomer and additive,27 as well as a plastic 
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additive in dental sealants28 and thermal paper (i.e. receipts).29 The chemical structure of BPA is 

shown in Figure 1.1.  

  

Figure 1.1 Two-dimensional chemical structure of bisphenol-A (BPA) 

In July 2012, the US Food and Drug Administration restricted the use of BPA in baby 

bottles, sippy cups, and infant formula packaging.30 The reason for this regulation is the finding 

that exposure to BPA was leading to altered growth and behavioral problems in children.31 The 

leading reason for these problems was the activity of BPA as an endocrine disruptor, where in the 

body, BPA is recognized as estrogen, and causes an uptick in hormonal processes.32 While BPA 

has been regulated in baby products, these policies have not extended to other food products. 

However, the effects on adults can be just as severe as the effects on children. Beyond the effects 

as an endocrine disruptor, BPA is a known carcinogen,33 and it has been associated with type 2 

diabetes,34, 35 obesity,36 and heart disease.37, 38 It was estimated in 2014 that if BPA exposure were 

limited, 22,000 cases of coronary heart disease would be prevented.39 Aside from the health effects 

of BPA, it is also one of the most common environmental pollutants. BPA has been found to leach 

from plastic at rates up to 6x higher than other endocrine disrupting chemicals.22 BPA has been 

found in concentrations up to 17 mg/L in seawater, even when far away from wastewater 

effluent,40, 41 and BPA is known to concentrate at the SSML due to its hydrophobicity.42 Due to 

this concentration at the sea surface, one of the predicted routes of airborne exposure is from 

transfer of BPA into sea spray aerosol. 
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1.2 Importance of Aerosols  

Aerosols, which are solids, semisolids, and/or liquids suspended in gas, typically ranging 

in size from 0.001-10μm, at concentrations ranging from 4.8μg/m3 in remote areas to 88 μg/m3 

and higher in more polluted areas.43 Primary sources of aerosols include biomass burning, dust, 

sea spray, pollen, and volcanic emissions. Aerosols can also be generated through the oxidation of 

volatile organic compounds (VOCs), which creates lower-volatility species that partition into the 

condensed phase, called secondary organic aerosols (SOA).44 Individual aerosols are so small that 

they cannot generally be seen with the naked eye, but large collections of aerosols can be, such as 

smoke plumes, pollution haze, and fog. 

Radiative Forcing 

Aerosols influence the atmosphere through their impact on radiative forcing. Radiative 

forcing is the net warming or cooling of the atmosphere caused by the interactions between 

different atmospheric constituents and incoming solar radiation, generally in units of W/m2. A 

summary of atmospheric constituents and their impact on radiative forcing from the 

Intergovernmental Panel on Climate Change (IPCC) 6th Assessment Report is shown in Figure 

1.2.  
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Figure 1.2 Plot of the change in effective radiative forcing for nine different atmospheric 

constituents from 1750 to 2019 from the IPCC 6th Assessment Report.45 

Aerosols can interact directly with incoming solar radiation by absorbing or scattering 

light, however the degree of this impact is dependent on the type of the aerosol. For example, 

sulfate aerosols have a generally cooling effect while brown carbon has a generally warming 

effect.46, 47 Aerosols can also impact the Earth’s climate indirectly by acting as cloud condensation 

nuclei (CCN). When a particle is a CCN, it absorbs water from the surrounding air and becomes a 

liquid water droplet, which then can seed clouds.48 Aerosols and clouds scatter and absorb 

incoming solar radiation. The degree to which clouds have a positive or negative radiative forcing 

is dependent on the droplet size in the cloud, i.e. darker clouds with larger droplets tend to absorb 

radiation, whereas light clouds with smaller droplets are more likely to scatter radiation. Darker 

colored aerosol particles, including brown and black carbon (e.g., soot) absorb radiation causing a 

warming influence in the atmosphere, whereas lighter colored aerosol particles (e.g., ammonium 
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sulfates and salts) cause a cooling influence in the atmosphere. Understanding how aerosols 

interact with light directly and indirectly in the atmosphere is critical and the indirect effects 

represent the greatest uncertainty in global temperature predictions, largely due to their variety in 

composition and CCN activity.45 

Health Effects 

The negative health impacts of aerosols have been well documented for their effect on the 

pulmonary and vascular systems. Larger aerosols generally deposit higher in the pulmonary 

system, such as the throat and thorax, and smaller aerosols can penetrate deeper into the lungs, into 

the bronchi and alveoli.49 These smaller lung structures are utilized by the body to transfer gases 

like oxygen into the bloodstream and push carbon dioxide out, and damage to these structures can 

inhibit their function.50 Once inside the body, these aerosols can cause irritation and inflammation. 

On the shorter timescale, this can look like coughing after inhaling smoke or the initiation of 

asthma attacks.51, 52 However, over longer timescales, these effects compound, and disease such as 

heart disease due to prolonged vascular inflammation can take root.53, 54 These impacts 

disproportionately affect lower and middle income countries due to increased pollution.55 

1.3 Sea Spray Aerosols 

Sea spray aerosol (SSA) is one of the largest contributors to global aerosol mass per year, 

and are the primary aerosol system of focus in this dissertation.56 SSA is generated by wave 

breaking activity in the ocean. There are three known types of primary SSA: spume droplets, jet 

droplets, and film droplets, which decrease in size, respectively. Spume droplets are generated 

from mechanical shearing of waves by winds and their concentrations increase with higher wind 

speeds.57 They are much larger than both film and jet droplets, with the size range starting at 140μm 

and increasing to as large as millimeters, and therefore have extremely short atmospheric lifetimes 

due to gravitational settling.58 The primary mechanism for the generation of both film droplets and 
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jet droplets is bubble bursting at the ocean’s surface, as shown in Figure 1.3. When a wave breaks, 

bubbles are entrained underneath the surface of the water. As they rise to the surface and the bubble 

cap pops, the thin film on the surface fragments, which generates small film droplets less than 1μm 

in diameter.59 Collapse of the bubble cavity creates a slight vacuum, and the force of water into 

the cavity creates a jet, ejecting small droplets (0.1-25μm) known as jet droplets into the 

atmosphere.60 These size ranges are approximations; notably, the size of both film and jet droplets 

depend on the bubble’s size and the surface tension of the rupturing bubble.61, 62 Additionally, 

research has found that in number concentration, up to 43% of sub-micrometer SSA is comprised 

of jet droplets.63 

 

 

Figure 1.3 Illustration of the bubble bursting process. From left to right, first the bubble rises to 

the surface, then the bubble pops creating film droplets, and then as the bubble cavity collapses, 

jet droplets are formed. 

SSA Chemical Composition and pH 

It is critical to discuss the differences between film and jet droplets because their 

composition can vary wildly due to their respective production mechanisms, even though they may 

overlap in size.63-65 Atmospheric models parameterize SSA as sea salt,66, 67 however the chemical 

composition of SSA is highly complex, mirroring the chemical complexity of the ocean. Broadly, 
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SSA can contain whole cells, bacterium, and viruses,68 different organic molecules including 

hydrophobic molecules like surfactants69 and lipids70 and hydrophilic molecules like 

saccharides,71, 72 dissolved organic matter,73-75 and inorganic salts (primarily NaCl).72, 76, 77 SSA 

composition also depends significantly on size. Several studies show a large number of film 

droplets are primarily composed of organic carbon mimicking the SSML, whereas jet droplets 

contain a greater fraction of sea salt.63-65 Greater biological activity in the water increases the 

organic carbon fraction in SSA during phytoplankton blooms.72, 78-80 The greater organic carbon 

fraction modulates SSA’s ability to act as CCN81-83 and ice nuclei (IN).84 

Particle pH is a difficult process to study, due to rapid changes in acidity from evaporation 

and reactions with ambient gases.85, 86 Recent work has shown that SSA rapidly acidifies once it 

is emitted from the water, from the bulk water pH of 8.1 to a pH of 2, and this pH is also size 

dependent, with smaller aerosols being more acidic, independent of reactive gaseous species.87 

The presence of pollutants generally increases the acidity of ambient aerosols from the presence 

of nitric or sulfuric acid, leading to potentially worsening health impacts.88 Furthermore, there is 

evidence that plastic waste can contribute to ocean acidification via the release of organic acids, 

which could further acidify SSA.89 Studies have shown that increased particle acidity leads to 

higher rates of reactivity, as well as the production of larger molecular weight species from acid-

catalyzed reactions.90-92 Particle pH also influences phase separation within aerosol particles. As 

molecules are deprotonated at higher pH, they are more water-soluble due to water-ion 

interactions, and therefore can change the extent of liquid-liquid phase separation dependent on 

the composition of the aerosol.86 

SSA Morphology and Phase 

SSA has been shown to have multiple distinct morphologies wherein the particle is not 

well mixed and has different types of phase separation. Some examples of these morphologies that 
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have been identified in SSA are (i) prism-like, where there is a high amount of inorganic salt and 

low organic content, (ii)  core-shell, where a primarily inorganic core is surrounded by an organic 

shell of varying thickness, (iii) rounded, which are comprised primarily of different organic 

compounds, and (iv) rod-like, which are primarily composed of inorganic sulfate, shown in Figure 

1.4.93, 94 The ratios of these particle types in SSA depend significantly on the biological activity of 

the water.93, 94 Beyond these broad particle types, SSA can also exhibit different types of phase 

separation, including liquid-liquid phase separation,95, 96 and the creation of “islands” of 

monolayers of hydrophobic material at the surface of the particle.97  

  

Figure 1.4 Illustration of SSA particle types at low relative humidity (20% RH). From left to 

right: prism-like, core-shell, rounded, and rod-like particles, with the inorganic portion in grey 

and the organic portion in green. 

Particle viscosity is another important parameter of SSA. Viscosity, colloquially known as 

“thickness”, is the ability of a substance to resist deformation. A higher viscosity means the 

substance requires more force to deform. Solids are defined as >1012 Pa∙s, semi-solids as 102-1012 

Pa∙s, and liquids as <102 Pa∙s.98 For example, water has a viscosity of 10-3 Pa∙s whereas honey has 

a viscosity of 10 Pa∙s.99 Particle viscosity can affect gas diffusion,100 reactivity,101 and lifetime of 

aerosol particles.102, 103 Particle viscosity is also impacted by temperature and RH, where higher 

temperatures and higher RH reduce particle viscosity.104 Prior work has shown that SSA viscosity 

is dependent on biological activity, with a higher amount of biological activity leading to more 

viscous particles.93, 94, 105 When there is phase separation within a particle, each separate phase can 

have a different viscosity, increasing the complexity of aerosol processes.106-108 A higher particle 
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viscosity can lead to increased lifetimes of anthropogenic contaminants, where the surface of the 

aerosol becomes heavily reacted but the reactive gases are unable to penetrate into the unreacted 

core of the aerosol.102 

1.4 Aerosol Aging in the Atmosphere 

Aging in the atmosphere can influence both the climate properties109-111 and the health 

effects112, 113 of aerosols. Broadly, aging can be divided into physical aging and chemical aging. 

Physical aging includes processes such as (i) coagulation, where two particles collide and fuse, 

reducing total number concentration and increasing particle mass, (ii) condensation, where water 

vapor or semi-volatile VOCs absorb/adsorb into/onto a particle, increasing particle mass, and (iii) 

evaporation, where higher temperatures lead to the loss of volatile and semi-volatile compounds 

from the aerosol, decreasing particle mass.43 Chemical aging involves any kind of composition 

change within the aerosol, either through heterogeneous reactions with gases (OH, O3, NO3, etc.), 

or homogeneous reactions between reactive molecules within the aerosol.114 Chemical aging is an 

extremely broad category, so within the scope of this dissertation, the focus will be on 

heterogeneous oxidation (specific to hydroxyl radicals) and photochemical aging of aerosols.  

Heterogeneous Oxidation Processes and Hydroxyl Radicals 

Heterogeneous oxidation is a process where a gas phase molecule (e.g., oxidants like OH, 

O3, or NO3) reacts with (oxidizes) components in an aerosol particle either directly at the surface 

before adsorbing to the surface (known as Eley-Rideal kinetics) or following adsorption (known 

as Langmuir-Hinshelwood kinetics). Other interactions, including gaseous diffusion, mass 

accommodation, dissolution and diffusion at the surface or in the particle bulk affect the rate of 

heterogeneous reaction. These processes are summarized in Figure 1.5.114 When a gas molecule 

interacts with the surface of a particle, it can either react at the surface or it can diffuse through the 

particle following accommodation at the surface. If a gas molecule is taken up by the aerosol, it 
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can then diffuse through the bulk of the particle and react in the particle phase. The proportion of 

either of these processes is dependent on the reactivity of the gas molecule, where highly reactive 

molecules (such as OH) tend to participate in surface reactions, whereas molecules with a lower 

reactivity (such as O3) tend to partition into the particle, and participate in bulk reactions.115, 116 

  

Figure 1.5 Illustration of processes that determine heterogeneous gas uptake by a particle. The 

surface processes include gas-phase diffusion, mass accommodation, volatilization, and surface 

reaction, and the bulk processes include dissolution, bulk diffusion, and bulk reaction 

Hydroxyl radicals are known as the “detergent of the atmosphere” (coined by Nobel prize 

winner Paul Krutzen),117 because they are highly reactive and act as a major sink for other 

atmospheric gases such as methane and carbon monoxide.114, 118 Hydroxyl radicals are generated 

through the photolysis of ozone which generates electronically excited atomic oxygen, and the 

reaction of electronically excited atomic oxygen and water, as shown in R 1.1 and R 1.2:43 

 𝑂3 + ℎ𝜈 → 𝑂2 + 𝑂(1𝐷) R 1.1 

 𝑂(1𝐷) + 𝐻2𝑂 → 2𝐻𝑂 ∙ R 1.2 

Because hydroxyl radicals are dependent on the presence and intensity of light, daytime 

concentrations are location dependent, but are roughly on the order of 106 molecules cm-3.43, 119, 

120 OH radicals have a relatively short reacto-diffusive length in aerosols, meaning that they rapidly 
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react away with components at the particle surface (within a few nanometers) and less into the 

particle bulk.121 When oxidized, reduced organic carbon species can either undergo 

functionalization, which as defined, adds new functional groups contributing to an increase in 

particle mass assuming there is appreciable dissolved O2 in the particle phase, or  fragmentation 

(bond scission resulting in two new molecules from the parent molecule) reactions. Fragmentation 

increases the particle’s volatility and, in some cases, volatilization of the particle and a decrease in 

particle mass.116, 122 While this is a broad mechanism, it has been more refined for saturated 

hydrocarbons. First, the hydrocarbon is deprotonated by OH, creating an alkyl radical, which then 

reacts with oxygen to form an alkylperoxy radical, and after self-reaction, an alkoxy radical.114 

Beyond this point, the alkoxy radical can undergo functionalization via isomerization or chain 

propagation, which generates lower volatility species, or fragmentation via decomposition, leading 

to higher volatility species.114 These mechanisms make reactive intermediate species, which can 

react with other particle constituents, accelerating the level of particle oxidation. These processes 

depend on molecular structure, e.g., cyclic structures fragment less than acyclic molecules because 

more energy is required to break the chain. As these reactions alter the particle’s volatility, they 

can also impact the particle’s viscosity by modulating its molecular weight and water solubility.101, 

122, 123 

Photochemical Aging 

Aerosols undergo photochemical aging via direct photolysis or indirectly via 

photosensitization reactions.124, 125 The first process is direct photolysis, which only requires the 

presence of light. Direct photolysis leads to bond-breaking reactions of different chemical 

compounds in aerosols, and will lead to more volatilization of these chemicals due to their smaller 

molecular weight, which can decrease aerosol size.126, 127 The other type of photochemical aging 

is indirect, caused by the presence of photosensitizing molecules within the aerosol. 
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Photosensitizers are molecules that absorb light energy, which generally requires the molecule to 

have large, delocalized π systems. The process of photosensitization is shown in Figure 6, where 

first, the photosensitizer absorbs a photon from incoming radiation, promoting the photosensitizer 

to an excited singlet state.128 After this excitation, the molecule can undergo an intersystem 

crossing, to an excited triplet state.128 The excited triplet state is longer lived, which enables the 

photosensitizer to interact with neighboring molecules.128 

 

Figure 1.6 Jablonski diagram of the excitation of a photosensitizer from the ground state (S0) to 

the excited state (S1) after absorbance (A) of a photon, after which it may undergo fluorescence 

(F), or and intersystem crossing (ISC) to the triplet state (T1) and phosphorescence (P) or energy 

transfer to a neighboring diatomic oxygen molecule 

There are type I and type II photosensitization mechanisms. In type I photosensitization, 

the photosensitizer reacts with a neighboring molecule that is not diatomic oxygen.129 In type II 

photosensitization, the photosensitizer reacts with ground state triplet oxygen to generate excited 

singlet state oxygen that can react with neighboring molecules, as shown in Figure 1.6.129 Both 

processes are extremely important to the atmospheric lifetime of particles, because they can be a 

source of reactive oxygen species within the bulk of the aerosol, whereas the gaseous species 

would react before being able to penetrate into the bulk.130, 131  
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1.5 Dissertation Objectives and Research Aims 

The primary objective of this dissertation is to advance our understanding of the underlying 

photochemical aging kinetics and heterogeneous chemical kinetics of OH radicals with SSA 

constituents including BPA. While there has been a large focus on the lifetimes of plastic additives 

like BPA in wastewater and other ground-based sources, there have been less studies investigating 

their lifetimes in aerosols, which have important implications for air quality and airborne exposure 

to plastic additives in coastal environments impacted by plastic pollution. Specific objectives 

include determining (1) the effects of particle viscosity on the reactive uptake kinetics of OH with 

BPA, (2) the role of salt and photosensitizers on both the reactive uptake kinetics of OH with BPA 

and light degradation in the absence of OH, and (3) the effects of varying pH on the photosensitized 

degradation of BPA in SSA mimics. To achieve this, several well-controlled experiments 

involving model SSA generated in the lab and authentic SSA generated from real seawater in the 

presence of breaking waves were employed. A separate objective of this dissertation involved the 

online analysis of SSA molecular composition and how it evolved across a phytoplankton bloom 

via a state-of-the-art extractive electrospray ionization time-of-flight mass spectrometer (EESI-

TOF), the first application of this instrument for SSA composition analysis. We discovered 

fortuitously during the measurements that there is a strong sensitivity dependence on the aerosol 

phase (viscosity) and relative humidity of the sample aerosol, which had not been reported 

previously. At the date of publication of this dissertation, my works have been published as a first-

author publication in the Journal of Physical Chemistry A, co-author publication in ACS Earth and 

Space Chemistry, a first-author manuscript submitted to Analytical Chemistry, and a first-author 

manuscript in prep for submission to ACS ES&T Air. 
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Chapter 2 Methods 

 

 This chapter will describe the experimental methods and relevant theory utilized in future 

chapters in more detail. The following chapters will include the details of each method relevant to 

those specific experiments. Additionally, the method development of the EESI-TOF, which was a 

large portion of this thesis work, will be covered. The method portion of this chapter will cover (i) 

aerosol generation methods, (ii) aerosol separation and sizing, (iii) aerosol aging techniques, and 

(iv) the development of an EESI inlet for enhanced measurements of sea spray aerosols. The theory 

portion of this chapter will cover (i) reactive uptake coefficient derivation, (ii) gas-particle 

diffusion correction, and (iii) glass transition temperatures. 

2.1 Aerosol Generation Methods 

Mesocosm Studies of Sea Spray Aerosol 

 The same number and size of bubbles generated in the water column following a wave 

break are required to reproduce SSA accurately in the laboratory. In the absence of winds, SSA is 

generated from the rupturing of bubble films at the sea surface (known as film droplets) and the 

jet produced by the displaced water following the bubble's collapse (known as jet droplets). These 

different SSA generation mechanisms are well characterized, with film droplets producing 

relatively smaller and more organic carbon-enriched SSA. Methods to generate synthetic SSA 

include bubbling through glass frits, plunging waterfalls, and wave flumes.1 Glass frits produce a 

size distribution that is more narrow and shifted to smaller sizes (<100 nm) than both plunging 

waterfall and real breaking waves, which have a peak number-weighted aerosol size distribution 

around 140-180 nm.2 The synthetic SSA studied in this work was generated from a wave flume 

developed in the Ocean–Atmosphere Interaction Facility at the Scripps Institution of 

Oceanography (SIO). This wave flume was described in detail in Sauer et al. 20223 and is only 

briefly covered here. The wave flume is a glass tank (33m in length×0.5m in width×0.8m in height) 
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and holds 11,800L of water at a depth of 0.56m. Waves are generated inside of the large wave 

flume by a 0.96 m2 paddle, operated at 3Hz with an amplitude of 73 cm. These waves then break 

on an artificial beach midway down the flume, which is 2.4 m long and sits at a 16⁰ angle to the 

bottom of the channel, with the top edge of the beach ~5 cm from the surface. Near the end of the 

wave flume, there is a secondary beach to eliminate resonant waves by dissipating the remaining 

energy after the initial wave break. This setup produces an aerosol sample size distribution similar 

to that of the real ocean due to the size and persistence of the bubbles entrained by wave breaking.2, 

4 

 To probe how SSA properties changed with seawater biological activity, we collaborated 

with the National Science Foundation - Center for Aerosol Impacts on Chemistry of the 

Environment (NSF-CAICE) during the Sea Spray Chemistry and Particle Evolution 2019 

(SeaSCAPE 2019) study, the focus of Chapter 4.3, 5-7 One of the major benefits to this study was 

the ability to compare results from ~50 different methods all sampling from the same aerosol 

source. In this study, real seawater was sampled off the Scripps Pier in La Jolla, CA (32° 52' 01.0" 

N, 117° 15' 25.7" W). The water was filtered using 50 µm Nitex nylon mesh (Flystuff; Cat # 57-

106) to remove larger biological species. To initiate the bloom, f/2 growth media were added to 

the wave flume. F/2 growth media was developed by Guillard and Ryther 1962.8 The f/2 media 

contains NaNO3, NaH2PO4, Na2CO3, Na2SiO3, trace metals (iron, copper, zinc, cobalt, manganese, 

and molybdenum salts), and trace vitamins (thiamine, biotin, and B12), which are all critical to the 

growth of coastal marine algae, especially diatoms.8 The other critical component to the growth of 

a phytoplankton bloom is the presence of light. During these studies, fluorescent lights (Spectra 

5700K F32-T8, Full Spectrum Solutions, Inc.) were equipped onto either side of the flume. These 

lamps produced a flux of ~80 μE m-2 s-1 of photosynthetically active radiation, which is sufficient 
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for the growth of phytoplankton blooms.9 To simulate diurnal cycles, the lamps were set on a timer 

for 15 hours with lights on (07:00-21:59 PST) and 9 hours with lights off (22:00-06:59 PST). 

Sea Spray Aerosol Mimics 

 To perform more mechanistic studies in the lab, models, or so-called “mimics”, of SSA 

were generated in the lab using a commercial atomizer (Model 3076, TSI Inc.).10, 11 Constant 

output atomizers such as the TSI model have the benefit of producing large, stable quantities of 

polydisperse aerosols (~1×107 particles cm-3) with known composition based on the bulk solution 

that is used. The specific Model 3076 has been cited in over 3000 papers (Google Scholar) and is 

a common way to generate aerosols in the laboratory. This atomizer is a type of Collison nebulizer, 

where a high-pressure stream of gas creates an area of negative pressure due to Bernoulli’s 

principle.12 More specifically to the TSI atomizer, a 20 psi stream of zero air (zero-air generator, 

Sabio, 1001), is sent into the atomizer block, which creates a slight vacuum that pulls the bulk 

liquid solution up into the block. Once the solution reaches the stream of air, the solution is 

atomized, as shown in Figure 2.1.13 



30 

 

 

Figure 2.1 Schematic of atomizer assembly block, adapted from TSI Instruments.13 

 The atomizer was run in recirculating mode with bulk solutions containing analytes of 

interest that were dissolved into 75:25 water/methanol at concentrations between 100-300 ppm. 

The TSI atomizer has been characterized with solution concentrations up to 400 ppm, and when 

varying the concentration of analytes within the atomizer, the particle size distribution changes, 

shifting to larger particle diameter as the solute concentration increases. For example, in the case 

of sodium chloride particles, a 1ppm solution produces mostly 25 nm particles and a 120 ppm 

solution produces mostly 50 nm particles.13 Within these tested parameters, 99% of the large drops 

(>1um) generated by this process stick onto the side wall of the atomizer, rather than being emitted 

from the atomizer.13 
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2.2 Aerosol Separation and Sizing 

Scanning Electrical Mobility Spectrometer 

 The scanning electrical mobility spectrometer (SEMS, Brechtel) consists of a differential 

mobility analyzer (DMA) and a mixing condensation particle counter (MCPC) which takes the 

incoming aerosol, separates it by size with the DMA, and then counts the number of particles in 

each size bin with the MCPC.14, 15 The DMA also serves as a monodisperse aerosol generator. 

Differential Mobility Analyzer 

 Broadly, the DMA works by generating an electric field which, depending on the strength, 

will separate certain sizes of aerosol. First, the air being sampled is passed through a polonium-

210 neutralizer, which reduces static and creates a Gaussian dispersion of charge of about 0 across 

the aerosol surface, i.e., an equal number of positive and negative charges. Due to their larger 

surface area, particles with larger diameter can hold more charge. Inside the DMA column, there 

is an outer wall and an inner wall that are both charged to act as electrodes. The outer wall is held 

at a constant voltage, and the inner wall has a varying voltage at a constant polarity to create an 

electrical field of varying strength. Only particles of a certain size with a certain number of charges 

at a determined electrical field strength will pass through the DMA outlet, as shown in Figure 

2.2.14-16 
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Figure 2.2 Schematic of a differential mobility analyzer16 

 The particle sizes that make it through at a certain voltage are based on their electrical 

mobility, as defined by Eq. 2.1 

 
𝑍𝑝 =

𝑛𝑒𝐶𝑐
3𝜋𝜇𝐷𝑝

 Eq. 2.1 

 where Zp is the electrical mobility (V m-2 s-1), n is the number of charges carried by the 

particle, e is the unit of electrical charge (1.6×10-19C), Cc is the Cunningham slip correction factor 

(unitless), μ is the air dynamic viscosity (kg/m/s), and Dp is the particle diameter (m). The voltage 

that determines the size of particles that pass through is determined by Eq. 2.2 

 

𝑉 =
𝑄𝑠ℎ𝑒𝑎𝑡ℎ𝑙𝑛

𝑅𝑜𝑢𝑡𝑒𝑟
𝑅𝑖𝑛𝑛𝑒𝑟

2𝜋𝐿𝐷𝑀𝐴𝑍𝑝
 Eq. 2.2 

 Where V is the voltage applied to the inner wall, Qsheath is the sheath flow (m3 s-1), Router is 

the outer cylinder radius (m), Rinner is the inner wall radius (m), LDMA is the center rod length (m), 

and Zp is the particle electrical mobility (V m-2 s-1). This method was developed and characterized 

in Sorooshian et al. 2008.14 
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Condensation Particle Counter 

 The condensation particle counter (CPC) is an optical particle counter. First, the sample 

aerosol enters the CPC at a flow rate of 0.36 LPM, where it enters the saturator, which is filled 

with butanol vapor. It then enters the condenser, where the butanol vapor can condense onto the 

particles. After the condenser, it passes through the optical block assembly, and as particles pass 

through this assembly, the beam light is scattered by the particles, and the number of times this 

scattering occurs is counted as the number of particles that have passed through. When combined 

with the DMA, where the particles are first separated by size, a size distribution of the sample 

aerosol is generated.  

Data Output and Program Development in Igor Pro 8 

 To analyze the particle sizing data more efficiently, I developed a script and graphical user 

interface (GUI) written in Igor Pro 8 that converts the raw SEMS data outputs into user-friendly 

plots and tables of the aerosol size distribution properties. An example output is shown in Figure 

2.3.  
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Figure 2.3 Image of SEMS Calculator V3.7 

 The primary output of the SEMS is bin data and concentration data, and each size 

distribution collected are referred to as “scans”. In this context, “bins” are the midpoint diameters 

of the particles, and concentration is the log-normalized concentration (Dn/DlogDp) of particles. 

Depending on the data resolution desired, the number of bins can be changed to a higher number 

for higher resolution or vice versa, and the number of times spent at each bin size can also be 

changed, thus changing the overall scan time. Functionally, this means that any program written 

for this data needs to be able to adjust easily to changing dimensions. In this program, it first 

separates the matrix into the size bins measured and the concentrations for each bin. It then 

calculates the non-normalized concentrations (Dn) by multiplying the log-normalized 

concentrations by the logarithm of the bin size. Additional calculations were automated, including 

total number, volume, and mass concentrations, and mean-weighted diameter. It can also separate 

the data by scan number and generate a size distribution plot as well as an average of the bulk 
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information for individual time ranges. By developing this program, the processing time of particle 

size data was significantly reduced, from 20+ minutes in Excel to <5 minutes with this program. 

Furthermore, it ensured quality control in the processing of the SEMS data, because it does not 

require typing and retyping formulas in Excel. 

2.3 Aerosol Aging and Kinetics Experiments with a Potential Aerosol Mass Oxidative Flow 

Reactor 

 

Figure 2.4 Example experimental setup for the PAM-OFR. 

 Oxidative Flow Reactors (OFRs) can be used for measuring reactive uptake kinetics 

between gases and particles at short residence times and over a range of oxidant levels.17, 18 The 

potential aerosol mass oxidative flow reactor (PAM-OFR) is a commercially available OFR 

developed by Aerodyne Research Inc.19, 20 The PAM-OFR is a 13.3L cylindrical aluminum tube 

equipped with four concentric lamps, protected by a quartz sleeve, to photochemically generate 

oxidants. As shown in Figure 2.4, the PAM-OFR was equipped with 254nm (GPH436T5L; Light 

Sources, Inc.) and 369nm (F436T5/BLC/4P-369; Aerodyne Research, Inc.) lamps. The PAM-OFR 

is different from typical larger-scale smog chambers in its internal volume and the concentrations 

of oxidants that are generated. Smog chambers operate under relatively lower oxidant 

concentrations and have a smaller surface area to volume ratio than the OFR, and experiments can 

last for several hours to days. The PAM-OFR exposes the sample gases and aerosols to relatively 
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high concentrations of oxidants on much shorter timescales, on the order of minutes, but the higher 

concentrations lead to exposure levels equivalent to days or weeks of exposure in the atmosphere, 

where oxidant exposure level = [oxidant]×time. Different oxidant concentrations can be accessed 

in the PAM-OFR by adjusting the lamp intensity with a ballast. For the experiments with 254 nm 

(setup B in Error! Reference source not found.) or 369 nm (setup C in Error! Reference source 

not found.) light only, and no gaseous oxidants, the light intensity was also modulated by varying 

the voltage sent to the lamps, and the flux from the lamps was monitored with a photodetector 

(TOCON-C6, sglux GmbH). 

 When equipped with 254nm lamps and either an external flow of ozone or the addition of 

185nm lamps to generate ozone in situ from water vapor (setup A in Error! Reference source 

not found.), the PAM-OFR can generate OH radicals by the photodissociation of ozone and 

subsequent reaction with water vapor, following the reactions R 2.1 and R 2.2 below 

 
𝑂3 + ℎ𝜈 → 𝑂2 + 𝑂(1𝐷) R 2.1 

 𝑂(1𝐷) + 𝐻2𝑂 → 2𝑂𝐻 R 2.2 

 While the concentration of ozone can be monitored using an external ozone monitor (106-

M, 2B technologies), OH radicals are difficult to measure due to their high reactivity and short 

lifetime. To determine the concentration of OH radicals, we measured it indirectly via reaction 

with CO, as done previously.21 Here, a low concentration of CO gas (Airgas, 25 ppm ± 5% at 0.24 

LPM), ultra-high purity nitrogen (Airgas, 4.76LPM), and ozone from an external ozone generator 

(Aerodyne, 1.2ppm at 1 LPM) are mixed within the OFR in the dark until a stable concentration 

of CO is reached, as measured by the CO monitor. Then, the 254 nm lamps are turned on while 

monitoring the output of the PAM with a CO monitor. During the experiment, the 254 nm lamps 

are set to a range of voltages (1.7-4V) to generate a calibration curve, as shown in Figure 2.5.  
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Figure 2.5 Calibration of OH Exposure (black circles) based on 254nm lamp voltage (error bars 

in red) 

The reaction of OH and CO generates CO2, as shown in R 2.3 

 𝑂𝐻 + 𝐶𝑂 → 𝐶𝑂2 + 𝐻 R 2.3 

 To calculate the overall OH exposure (molecules s cm-3), the following formula is used, 

which is the integrated differential rate equation for CO and assumes a pseudo-first order reaction 

between OH and CO ([OH]>>[CO]) shown in Eq. 2.3 

 
𝑂𝐻 𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 =  

1

𝑘𝑂𝐻,𝐶𝑂
∗ −ln (

[𝐶𝑂]𝑓

[𝐶𝑂]𝑖
) Eq. 2.3 

 Where kOH,CO=1.5×10-3 cm3 molecules-1 s-1,22 and [CO]i and [CO]f are the initial and final 

concentrations of CO, respectively. From the OH exposure, “days” of equivalent aging can be 

calculated using Eq. 2.4 

 
𝐷𝑎𝑦𝑠 =

𝑂𝐻𝑒𝑥𝑝

[𝑂𝐻]𝑎𝑚𝑏
∗
1

𝑡
 Eq. 2.4 

 where OHexp is the calculated OH exposure, [OH]amb is the average ambient concentration 

of OH, which is 1.5×106 molecules cm-3, and t is 4.3×104, or the number of seconds in 12 hours, 

assuming a 12-hr sunlit day.    
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2.4 Extractive Electrospray Ionization Mass Spectrometry 

 The extractive electrospray ionization time-of-flight mass spectrometer (EESI-TOF) is an 

online aerosol composition measurement.23-25 It has been used previously for measurements of 

ambient biogenic26-31 and cooking-generated SOA,32 biomass burning aerosol,33 

pharmaceuticals,34 perfume,35 and even gases.36 The work in this thesis is the first time that EESI 

has been applied specifically to the measurements of plastics in aerosol and SSA. This section will 

cover (i) the operation of the inlet, (ii) the time-of-flight mass spectrometer, (iii) the data analysis 

procedure, and (iv) the advances made to the method by this work.  

The EESI Inlet 

 

Figure 2.6 Diagram of the EESI inlet.25 

 A diagram of the EESI inlet is shown in Figure 2.6. The sample containing aerosols and 

gases first passes through a charcoal denuder (Aerodyne), which scrubs ambient gases from the 

sample, reducing the background noise level in the mass spectra. This denuder has a measured 

gas-phase hydrocarbon removal efficiency of > 99.999%, and a particle transmission efficiency of 

75-90% for particles between 100-750 nm.37 After scrubbing, it enters the inlet, where it can 
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interact with the reagent ion spray. The reagent ion spray is a solution consisting of 50/50 v/v 

organic solvent/water that is doped with 100ppm of salt (e.g., NaI) or acid (e.g., CH3COOH) that 

dissociate in solution to Na+ and I- or CH3COO- and H+, respectively. The solution gets charged to 

a maximum of +2500V/-2500V (positive/negative mode) from an external power supply and a 

source of pure nitrogen gas (from a liquid nitrogen dewar, Airgas) pushes the solution through a 

360 μm OD and 50 μm ID fused silica capillary by 350mbar of pressure. The resulting fluid flow 

rate is adjusted between 0.1 and 10μL min-1. The charged solution exiting the capillary forms 

electrospray droplets as the solution break apart, on the order of 1-10 µm.25, 38, 39 These droplets 

then interact with the incoming aerosol sample, which can undergo several different forms of 

ionization, including coalescence, bounce, disruption, or fragmentation, as shown in Figure 2.7.39 

The relative ratios of these different interactions is still unknown, with one study finding no 

evidence of coalescence of the EESI spray and sample,38 another showing evidence that EESI is a 

surface-mediated process exhibiting more of a bounce or disruption mechanism,39 and others 

showing that the intensity of the sample ion peaks being proportional to the overall sample particle 

mass, and therefore exhibits coalescence.25, 33 These discrepancies regarding the EESI method are 

explored further in Chapter 4.  
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Figure 2.7 Diagram of a sample aerosol (blue) interacting with the EESI reagent spray (red) 

forming mixtures (purple). The four aerosol–droplet modes of interaction are shown for context. 

 Once the spray has interacted with the sample aerosol, it enters a stainless steel 0.5mm ID 

1/16” OD 70mm long capillary that is heated to 220C. The particle then undergoes solvent 

evaporation, and then coulombic explosion where the sample ions become charged. In positive 

mode, the sample molecules (M) form Na+-adducts and the sensitivity of adduct formation depends 

on the binding affinity between the analyte and Na+, as shown in R 2.4. 

 𝑁𝑎+ +𝑀 → [𝑀 + 𝑁𝑎]+ R 2.4 

 Several classes of compounds except for organosulfates, nonoxygenated alkanes, alkenes, 

and aromatic hydrocarbons, can be detected by Na+-adduct ionization.25 This is the preferred 

ionization method for EESI because the organic sodium adducts are sufficiently stable that they 

do not fall apart while evaporating during transmission through the heated inlet. Na+ also has no 

isotopes, leading to less complication in sample identification. Furthermore, it serves as an internal 

measure of the spray’s stability and clusters between NaI and Na+, or [(NaI)n]Na+, can serve as 

mass calibrants.  
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Atmospheric Pressure Inlet Time-of-Flight Mass Spectrometer 

 Time-of-flight mass spectrometry is based off the kinetic energy of a charged molecule, 

where after a pulsed acceleration voltage is applied, smaller molecules travel more quickly to the 

detector, and larger molecules travel more slowly, as shown in Eq. 2.540  

 

𝑡 = 𝑘√
𝑚

𝑞
 Eq. 2.5 

 where k is a proportionality constant, m is the mass of the ion, and q is the charge of the 

ion. The mass spectrometer that the EESI inlet is attached to is an atmospheric pressure inlet time-

of-flight mass spectrometer (APi-ToF), which is described in detail in Bertram et al. 2011 and 

shown in Figure 2.8.41  

 

Figure 2.8 Diagram of the ToF-MS (adapted from Bertram et al. 2011) 

 The Api-TOF is divided into four primary segments. The first segment, S1, is the inlet, 

which is interchangeable depending on the type of measurements desired. When the EESI inlet is 

used, it is at atmospheric pressure. The second segment, S2, is a short, segmented RF-only 

quadrupole (SSQ) that acts as a collisional dissociation chamber and is held at ~2 mbar. This 

segment is primarily used to encourage strong and discourage weak adduct transmission into the 

rest of the mass spectrometer, while also focusing the incoming sample beam from the inlet. 
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Correct tuning of this segment is especially important for EESI, because while adduct formation 

is typically desired, larger ion clusters can also be formed, which will convolute the resulting 

spectra and make analysis additionally challenging. S3 is also an RF-only quadrupole (big 

segmented quadrupole, or BSQ) held at ~3×10-2 mbar, which further improves the focus of the ion 

beam, which generally improves the signal resolution. In S4, the ion beam is focused by a series 

of DC optics that focuses and accelerates the ion beam. This ion beam is then directed towards the 

orthogonal extraction reflectron ToF-MS, which is held at ~2×10-6 mbar.  

EESI Data Analysis 

 Data analysis was conducted in Tofware (Aerodyne), a program which is described in more 

detail in Stark et al 2015 and will be described here briefly.42 The mass spectrometer exports an 

.hdf5 file, or hierarchical data format version 5 file, which is a file format designed to hold large 

amounts of data. Once imported, the file is processed through a high-resolution workflow. This 

consists of mass calibration, baseline refinement, and peak width and shape refinement. Time-of-

flight mass spectrometers are extremely susceptible to ambient temperature variations, because 

small fluctuations will cause slight changes in the ion beam path within the ToF-MS, thus changing 

the measured mass of the compound. To mitigate this, the measured masses are calibrated post-

collection. During this process, a peak list of known ions that are present throughout the entire 

experiment are loaded, and the timings of each m/z between the known ions is slightly shifted to 

match the known values, with a target mass error of <5ppm in the known ions. For positive mode, 

these ions are listed below in   
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Table 2.1. 
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Table 2.1 List of mass calibrants used in positive mode EESI-TOF 

Ion m/z 

Na+ 22.989221 

C2H4N
+ 42.033826 

C2H3NNa+ 64.015770 

(C2H3N)2Na3
+ 151.022406 

NaNaI+ 172.883462 

(C2H3N)3Na4
+ 215.038724 

Na3I2
+ 322.778252 

Na4I3
+ 472.672493 

Na5I4
+ 622.566734 

 

 Then, the baseline is refined, which defines the extent of the background noise. Finally, the 

peak shape and width are defined. The ideal peak shape would be a Gaussian curve, but typically 

there is some tailing on the left-hand side of the peak, which is accounted for within the peak shape 

processing. The peak width is also determined, which has a direct impact on peak resolution, as 

wider peaks will have a larger overlap at the same m/z, leading to less certainty in peak 

assignments. 

Improvements to EESI 

 There are still many areas of improvement in the detection of different molecules that are 

underway with the EESI technique. This section will focus on the additional steps taken to examine 

chemical components of plastics in a SSA matrix, namely (i) detection in negative ionization mode 
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and (ii) optimization using Thuner. Improvements have also been made in our understanding of 

the effects of sample viscosity on the detectability with EESI as discussed in Chapter 4. 

Advancements in Negative Mode EESI-TOF 

 While Na+-adduct EESI is the type of ionization recommended by Aerodyne Research Inc. 

and is commonly used in the literature,25 it was unable to detect certain analytes, including 

Bisphenol-A. To work around this challenge, the analysis was tested in negative mode. Initially, 

potassium acetate was used to deprotonate the sample molecules, as shown in R 2.5.  

 𝐶𝐻3𝐶𝑂𝑂
− +𝑀 → [𝑀 − 𝐻]− + 𝐶𝐻3𝐶𝑂𝑂𝐻 R 2.5 

 This worked initially, and had clusters for mass calibration; however, it suffered from 

significant corona discharge caused by ionized air around the spray due to the high voltage applied 

to the spray. This effect has been seen in negative mode electrospray ionization (ESI-), leading to 

loss of spray stability and ultimately loss of signal.43, 44 In EESI, this corona discharge led to 

extreme spray instability, where in some cases the spray could not be re-established. It was also 

correlated to a significant amount of O2
- generation, which was observed in the mass spectra. The 

corona discharge made the use of potassium acetate in negative mode nearly impossible, because 

even if the spray was stable for periods of time, the source of the ionization was unclear when the 

O2
- signal was significant, leading to potential drift in sensitivity that could not be accounted for.  

 To circumvent this issue, acetic acid was incorporated into the electrospray reagent 

solution. Acetic acid as an EESI reagent was first discussed in Law et al. 2010.24 Figure 2.9 shows 

that potassium acetate (0% glacial acetic acid) had a ratio between O2
- and CH3COO- of 54%, but 

upon switching the solution containing a greater fraction of glacial acetic acid, the ratio was 

reduced to 31-33%. 
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Figure 2.9 Ratio of O2
- to acetate ion with varying percentage of acetic acid. 

 This improvement marked a significant advancement in our ability to use negative mode 

with EESI. However, the lack of molecular clusters from the reagent ion spray made it difficult to 

calibrate the mass accurately. The solution discovered was to incorporate 100ppm NaI to the 

reagent ion mixture, while tuning the instrument to detect deprotonated ions following the 

molecule’s reaction with acetate ions (CH3COO-), as shown in R 2.6. 

 𝐶𝐻3𝐶𝑂𝑂
− +𝑀 → [𝑀 − 𝐻]− + 𝐶𝐻3𝐶𝑂𝑂𝐻 R 2.6 

 The mass calibration list for negative mode is shown in   
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Table 2.2. 
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Table 2.2 List of mass calibrants used in negative mode EESI-TOF 

Ion m/z 

O2- 31.990378 

CH3COO- 59.013853 

I- 126.90502 

IO- 142.899935 

IO2- 158.89485 

IO3- 174.889764 

I2- 253.809492 

(CH3COO)I2- 312.822797 
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Signal Improvement using Thuner 

 

Figure 2.10 Tuning results of potassium, levoglucosan, and glucose, with the sensitivity of the 

old tuning (black) and new tuning (red) 

 One of the primary objectives during analysis with mass spectrometry is to enhance 

sensitivity and resolution. This is done by optimizing the voltages within the different mass 

spectrometer compartments that focus the ions into the detector and modulate the extent of 

clustering and fragmentation. This can be performed manually or automated. The automated 

program, Thuner (Tofwerk AG) was used to achieve this goal. Thuner can adjust all relevant 

voltages within the mass spectrometer (>40,000 combinations) to enhance sensitivity, resolution, 

and peak shape, as well as to determine the type of clustering desired between the reagent ion and 

the sample.45 It does this iteratively until the peak resolution and shape are optimized. Figure 2.10 

illustrates the outcomes of using Thuner with an aerosol sample that contains potassium, 

levoglucosan, and glucose. The results demonstrate that Thuner can improve sensitivity towards 

the target analyte by up to three times for K+.  
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2.5 Theory 

Reactive Uptake Coefficient Derivation 

 Reactive uptake coefficients (γ) describe the heterogeneous reaction kinetics between a gas 

and particle, and it is the ratio of reactive collisions with the particle that result in loss of the gas-

phase molecule to the particle and the total number of particle collisions. This relationship is 

defined in Eq. 2.6 

 
𝛾 =

𝐽𝑎𝑑𝑠 − 𝐽𝑑𝑒𝑠
𝐽𝑐𝑜𝑙𝑙

 Eq. 2.6 

 

 Where Jads is the adsorption flux, Jdes is the desorption flux, and Jcoll is the number of total 

collisions between the gas and the particle. Historically, γ has been determined by measuring the 

change in concentration of the gas-phase reactant with increasing residence time or particle surface 

area. γ can be described by either Eley–Rideal or Langmuir–Hinshelwood kinetics. In the Eley–

Rideal mechanism, the gas immediately reacts with particle phase constituents on the particle 

surface before adsorbing.46 Conversely, the Langmuir–Hinshelwood mechanism is based on the 

idea that the gas must first adsorb to the surface before reacting with the particle.47 To isolate the 

mechanism, γ is often measured as a function of the reactant concentration. In Eley–Rideal 

kinetics, γ is unchanged with increasing concentration, whereas in Langmuir–Hinshelwood 

kinetics, γ decreases. To better understand the mechanism, γ can also be measured through the 

reactive decay of components in the condensed phase, expressed mathematically in Eq. 2.7.48  

 
ln (

𝑃

𝑃0
) = −𝑘𝑃[𝑂𝐻] Eq. 2.7 

 First, the experimentally determined second-order rate constant, kp, is determined by the 

slope of the logarithmic decay of P (particle phase reactant) plotted against the concentration of 

OH.  

The change in P with time is defined in Eq. 2.8, 
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 𝑑[𝑃]

𝑑𝑡
= −𝛾𝑃,𝑂𝐻 ∙ 𝑓 ∙ 𝐽𝑐𝑜𝑙𝑙 ∙ 𝐶𝑝 ∙ 𝐴 Eq. 2.8 

 and depends on the reactive uptake rate of P and OH, γP,OH, the fraction of unreacted P 

molecules in the particle, f, the flux of OH at the surface of the particle, Jcoll, the surface area of 

the particle, A, and the particle number concentration, Cp. Next, to solve for γP,OH, d[P]/dt is 

substituted with Error! Reference source not found., f=[P]/[P0], and Jcoll= c̄[OH]/4 to give Eq. 

2.9 

 
𝛾𝑃,𝑂𝐻 =

4 ∙ 𝑘𝑃 ∙ [𝑃]0
𝑐̄ ∙ 𝐴 ∙ 𝐶𝑃

 Eq. 2.9 

 where c̄ is the mean speed of gas phase OH, equal to 661 m s-1. [P]0 can be simplified by 

incorporating the initial particle density ρ0 using Eq. 2.10, 

 
[𝑃]0 =

𝐶𝑝 ∙ 𝑉 ∙ 𝜌0 ∙ 𝑁𝐴

𝑀𝑃
 Eq. 2.10 

 where V is particle volume, MP is the molar mass of the particle-phase reactant, and NA is 

Avogadro’s number. Substituting this into Error! Reference source not found. we get the final 

formula for γP,OH in Eq. 2.11 

 
𝛾𝑃,𝑂𝐻 =

4 ∙ 𝑘𝑃 ∙ 𝐷𝑠𝑢𝑟𝑓 ∙ 𝜌0 ∙ 𝑁𝐴

𝑐̄ ∙ 6 ∙ 𝑀𝑃
 Eq. 2.11 

 where V/A is substituted for Dsurf/6 and Dsurf is the mean surface-weighted particle diameter 

of the sample aerosol.  

 One caveat of this approach is that it does not account for secondary reaction products due 

to radical intermediates reacting with the particle phase reactant. Secondary reactions in the 

particle or reactions with other gas-phase molecules would lead to an overestimation of γ.49 

Gas-Particle Diffusion Correction 

 Another consideration for the calculation of γ is potential underestimation caused by 

concentration gradients close to the surface of the particle. This parametrization was defined by 

Fuchs and Sutugin 1970 and employed in the reactive uptake model from Smith et al. 2009.48, 50 

This is anticipated to be less of a problem in particle-based uptake studies rather than coated-wall 
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uptake studies, because the gas-particle collisions are driven by Brownian motion, but it still must 

be considered. This relationship is defined by Eq. 2.12 

 1

𝛾
=

1

𝛾𝑒𝑥𝑝
−
0.75 + 0.286𝐾𝑛

𝐾𝑛(𝐾𝑛 + 1)
 Eq. 2.12 

 where γ is the true reactive uptake coefficient, γexp is the experimentally determined 

reactive uptake coefficient, and Kn is the Knudsen number, which is the ratio of the mean free path 

and the characteristic length. The Knudsen number for monodispersed particles can be defined by 

Eq. 2.13 

 
𝐾𝑛 =

3𝐷𝑂𝐻
𝜔𝑟

 Eq. 2.13 

 where DOH is the gas phase diffusion coefficient of OH, r is the particle radius, and ω is the 

average molecular speed of OH. For DOH, a value of 0.26 cm2 s-1 was used, which was determined 

by George et al. 2007 and employed in the Smith et al. 2009 work.48, 51 ω was calculated to be 661 

m s-1 using Eq. 2.14 

 

𝑣𝑎𝑣𝑔 = √
3𝑅𝑇

𝑀
 Eq. 2.14 

 where R is the gas constant (8.314 J mol-1 K-1), T is the temperature (298 K), and M is the 

molar mass of the molecule (1.701×10-2 kg mol-1). When fully calculated for a 100 nm particle, 

Kn is 2.36×10-2 (unitless) and results in <1% correction for a γexp of 0.1. 

Glass Transition Temperature and Viscosity 

 The glass transition temperature, Tg, is the temperature interval at which amorphous 

organic particles transition from a liquid/semisolid to a glass upon cooling, and it is dependent on 

the rate of change in temperature and relative humidity, O:C ratio of the organics, and the mixing 

state of the particle.52 The relationship between Tg and RH is that as RH increases, the greater 

liquid water content in the particle can act as a plasticizer, decreasing Tg.
52 When Tg decreases, the 

particle becomes more liquid-like, or less viscous, and therefore, is directly proportional to the 
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viscosity of the material. These definitions are important for Chapter 3 of this thesis, where the 

viscosity of BPA-containing aerosols is parametrized using Tg based upon the method described 

in Tumminello et al. 2021.53, 54 Tg can be defined by Eq. 2.15 

 
𝑇𝑔 =

𝑇𝑔,𝑤𝑘𝐺𝑇 + 𝑓(𝑅𝐻)𝑇𝑔(𝑅𝐻 = 0%)

𝑘𝐺𝑇 + 𝑓(𝑅𝐻)
 Eq. 2.15 

 where Tg,w is the glass transition of pure water and kGT is the Gordon-Taylor constant for 

interactions between water and an organic solute. f(RH) is defined in Eq. 2.16 

 
𝑓(𝑅𝐻) =

𝑤𝑜𝑟𝑔

𝑤𝑤
=
100 − 𝑅𝐻

𝑅𝐻

1

𝜅𝑜𝑟𝑔

𝜌𝑜𝑟𝑔

𝜌𝑤
 Eq. 2.16 

 where worg and ww are the mass fractions of organics and water within the particle, ρorg and 

ρw are the density of the organics and water within the particle, and κorg is the hygroscopicity 

parameter of the organic fraction, which is effectively how well the organics can take up water.  
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Chapter 3 Heterogeneous and Photosensitized Oxidative Degradation Kinetics of the Plastic 

Additive Bisphenol-A in Sea Spray Aerosol Mimics 

 

3.1 Abstract  

 Plastics have become ubiquitous in the world’s oceans and recent work indicates they can 

transfer from the ocean to the atmosphere in sea spray aerosol (SSA). Hazardous chemical residues 

in plastics, including bisphenol-A (BPA), represents a sizable fraction of consumer plastics and 

has been measured consistently in air over both terrestrial and marine environments. However, the 

chemical lifetimes of BPA and mechanisms by which plastic residues degrade with respect to 

photochemical and heterogeneous oxidation processes in aerosols are unknown. Here, we present 

the photosensitized and OH-initiated heterogeneous oxidation kinetics of BPA in the aerosol phase 

consisting of pure-component BPA and internal mixtures of BPA, NaCl, and dissolved 

photosensitizing organic matter. We found that photosensitizers enhanced BPA degradation in 

binary-component BPA+photosensitizer aerosol mixtures when irradiated in the absence of OH. 

OH-initiated degradation of BPA was enhanced in the presence of NaCl with and without 

photosensitizing species. We attribute this enhanced degradation to greater mobility and thus 

reaction probability between BPA, OH, and reactive chlorine species (RCS) formed through 

reaction between OH and dissolved Cl- in the more liquid-like aerosol matrix in the presence of 

NaCl. Addition of the photosensitizers in the ternary-component BPA+NaCl+photosensitizer 

aerosol led to no enhancement in the degradation of BPA following light exposure compared to 

the binary-component BPA+NaCl aerosol. This was attributed to quenching of triplet state 

formation by dissolved Cl- in the less viscous aqueous aerosol mixtures containing NaCl. Based 

upon measured second-order heterogeneous reaction rates, the estimated lifetime of BPA with 

respect to heterogeneous oxidation by OH is one week in the presence of NaCl compared to 20 

days in the absence of NaCl. This work highlights the important heterogeneous and 
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photosensitized reactions and the role of phase state, which affect the lifetimes of hazardous plastic 

pollutants in SSA with implications for understanding pollutant transport and exposure risks in 

coastal marine environments.  

3.2 Introduction 

 An estimated 5% of the 275 million metric tons (MT) of annually produced plastics, 4.8 to 

12.7 MT, accumulate in the world’s oceans.1 Epoxy resins and hardeners in plastics, including 

bisphenols such as bisphenol-A (BPA) represent 10 to 70% of the mass of additives in plastics and 

have known carcinogenic and teratogenic properties.2, 3 BPA can leach from plastics into the 

surrounding water and due to its hydrophobicity and lipophilicity, accumulate at the ocean surface 

along with other organic material and inorganic salts. BPA concentrations in ocean water have 

been measured in the range of 0.04-17,000 µg/L depending on proximity to terrestrial inputs and 

are found to be more persistent in ocean water than in freshwater.4-6 BPA is ubiquitous in the 

atmosphere with mass concentrations in the range of 1-17,400 pg m-3 in atmospheric aerosol 

sampled across urban, rural, marine, and polar regions.7 A major source of atmospheric BPA is 

through plastic incineration, although a non-negligible portion (1-32 pg m-3) has been measured in 

aerosol over the remote ocean.7  

 Non-volatile contaminants at the ocean surface can become airborne via selective transfer 

in sea spray aerosol (SSA), which is comprised of a complex mixture of inorganic salts, fatty acids, 

saccharides, and chromophoric (light-absorbing) dissolved organic matter that accumulate at the 

sea surface microlayer.8-11 SSA contributes the largest aerosol flux by mass to the atmosphere per 

year. In recent work, SSA was found to be an important source of airborne plastics, with an 

estimated emission flux from the ocean of up to 22 megatons annually.12 Due to its relatively high 

lipophilicity (logP=3.3), BPA is expected to selectively transfer into SSA following the rupture of 

films produced by bubbles at the ocean surface, which are enriched in surfactants and other 



62 

 

lipophilic material.13, 14 Currently, the chemical lifetimes and pathways by which contaminant 

molecules such as BPA degrade in the presence of SSA constituents are unknown.  

 In the atmosphere, aerosols undergo chemical aging through photochemical and 

heterogeneous reaction pathways when exposed to sunlight and atmospheric oxidants including 

ozone, OH radicals, and Cl radicals.15-17 Oxidation reactions can degrade organic components in 

aerosol and alter aerosol particle physicochemical properties, such as hygroscopicity, leading to 

greater wet depositional losses.18-21 In addition to heterogeneous oxidation reactions, 

photosensitized reactions in atmospheric aerosols can promote further oxidative degradation via 

formation of transient reactive oxygen species22, 23 or by enhancing the reactive uptake of 

atmospheric oxidants including ozone.24 These reactions that alter the chemical composition of the 

aerosol can also modulate their toxicity, having implications for public health.25 Photosensitizers 

play an important role in the marine-atmospheric environment and at the sea surface due to their 

accumulation at the sea surface and ability to transfer into SSA.9, 26, 27 Prior work has shown that 

BPA can undergo enhanced degradation in the presence of photosensitizers in bulk water.28 

However, the photochemical and oxidative degradation pathways, reactive uptake kinetics by OH, 

and degradation kinetics of plastic additives including BPA in marine-relevant aerosol matrices 

have not been studied. 

 In this work, we examine the photochemical and heterogeneous oxidative degradation 

pathways and kinetics of BPA following OH reactive uptake to model SSA mixed with BPA. Lab-

generated SSA “mimics” consisting of BPA, NaCl, and different photosensitizing organic 

material, including 4-benzoylbenzoic acid (4-BBA) and humic acid (HA), were irradiated in an 

oxidation flow reactor at varying exposure levels of light and OH. An extractive electrospray 

ionization time-of-flight mass spectrometer (EESI-TOF) was employed to measure aerosol 
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composition and the decay of BPA in real time following exposure to light and OH. This work 

highlights the importance of NaCl and photosensitizers as reactive species in the degradation of 

emerging contaminant molecules present in plastics that become airborne over the ocean with 

important implications regarding the persistence of organic contaminants in SSA. 

3.3 Methods 

 An extractive electrospray ionization time-of-flight mass spectrometer (EESI-TOF; 

Aerodyne Research Inc and Tofwerk AG) was utilized to measure concentrations of BPA and its 

oxidation products in the aerosol phase. EESI-TOF was used in our previous analysis of SSA 

organic components and in other studies for the analysis of secondary organic aerosols.18, 29-32 

Briefly, a reagent ion spray was generated by passing the reagent solution through a 365 𝜇m OD 

fused silica capillary (IDEX Health and Science, LLC) at a pressure of 350 mbar and charged at a 

voltage of -2500V. The EESI-TOF was operated in negative mode using a reagent solution of 2% 

(by mass) acetic acid (99.7%, Fisher Chemical), 48% H2O (18mΩ, Millipore Synergy System), 

and 50% acetonitrile (≥99.95%, Fisher Chemical) spiked with 100 ppm sodium iodide (99%, 

Sigma-Aldrich) for the purposes of mass calibration.  The aerosol was sampled through the EESI-

TOF inlet at a rate of 1 liter per minute (LPM) and mixed orthogonally with the reagent ion spray. 

The mixed aerosol/reagent ion droplets were heated and volatilized at a temperature of 220॰C.29 

Under these conditions, ionization occurred primarily via deprotonation as C15H15O2
-. 

 Solutions of 25/75 (% by mass) water/methanol (≥99.9%, Fisher Chemical) were prepared 

with 100 ppm of BPA (≥99%, Sigma-Aldrich), 4-benzoylbenzoic acid (4-BBA; 99%, ACROS 

Organics), humic acid (HA; ≥95%, Alfa Aesar), and sodium chloride (99.5%, Fisher Chemical). 

Under these conditions, the pH of the atomizer solution was neutral for pure-component BPA and 

BPA+NaCl solutions and slightly more acidic when mixed with 4-BBA and HA. It is assumed 

because the pKa=10.6 for BPA that BPA remained in its molecular form for all experiments. 
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However, the predicted pKa=3.79 of 4-BBA indicates it would have been present in its carboxylate 

form. Particle- and hydrocarbon-free zero air (Airgas) was used as carrier flow. The solution was 

then atomized by zero air using a constant output atomizer (Model 3076, TSI Inc.) and sent through 

a silica bead diffusion dryer and an activated charcoal denuder to dry the aerosol particles and 

remove volatile species. The aerosol was then neutralized, and size selected by a differential 

mobility analyzer (Model 2100; Brechtel) to generate monodisperse aerosol with a nominal 

electrical mobility diameter of 100 nm to maintain size consistency across experiments. 

 The aerosol was exposed to differing levels of light, ozone, and OH in a potential aerosol 

mass oxidative flow reactor (PAM-OFR; Aerodyne Research Inc.).33-36 The PAM-OFR was 

equipped with four interchangeable, narrowband lamps either operated at wavelengths of 254nm 

(GPH436T5L;  Light  Sources,  Inc.) or 369nm (F436T5/BLC/4P-369; Aerodyne Research, Inc.) 

and arranged concentrically along the inner walls and protected by a quartz sheath tube and cooled 

with a gentle flow of nitrogen. The light intensity inside the PAM-OFR was adjusted with a ballast 

and measured with a photodetector (TOCON-C6, sglux GmbH). OH was generated via the 

photolysis of ozone in the presence of water vapor and 254 nm radiation in a mix with zero air 

(RH~80% and air flow rate of 3 LPM). Ozone was generated in an isolated external chamber via 

photolysis of O2 in a flow of zero air (1 LPM) in the presence of 185 nm radiation. Ozone 

concentrations were measured with an ozone monitor (106-M, 2B Technologies) and were 1.2 (± 

0.1) ppm for all experiments. OH concentrations in the PAM-OFR were calibrated by measuring 

the decay of CO with a CO monitor (Model APMA-370, Horiba) at the different lamp voltage 

settings and were varied from 1.5 to 5.0 ×109 molecules cm-3. This concentration range of OH is 

2-3 orders of magnitude greater than ambient OH levels but chosen to achieve the equivalent of 

up to a week of aging in the atmosphere at the residence time in the PAM-OFR of 123 s. At higher 



65 

 

concentrations of OH, the rate of OH uptake by the aerosol may be affected, although other studies 

have shown that the elemental composition of aerosol is similar whether at low concentrations of 

OH over long exposure times or high concentrations of OH over short exposure times.37, 38  

 Losses of BPA resulting from exposure to ozone were insignificant and no further 

corrections were applied. While heterogeneous OH oxidation was conducted in the presence of 

254 nm radiation, separate control experiments were conducted to determine the photodegradation 

rates of BPA by 254 nm light in the absence of OH. The additional losses of BPA resulting from 

photodegradation in the presence of 254 nm light alone were subtracted from the losses of BPA in 

the presence of OH. Studies of the photosensitized degradation kinetics of BPA were conducted 

in the presence of 369 nm light in the absence of OH and 254 nm light, representing more relevant 

conditions of irradiation in the troposphere. 

 All mass spectrometer datasets were processed in Tofware version 3.2.2 (Aerodyne LLC 

and Tofwerk AG), which ran in Igor Pro 8 (Wavemetrics). Mass spectral peaks were assigned 

based upon elemental formulae applying high-resolution peak fitting analysis at a nominal mass 

resolution (m/Δm) ~3000 for m/z 59 (CH3COO-) in negative mode. Signal intensities were 

corrected for drift applying a linear interpolation of the ion intensity of BPA measured prior to and 

after exposure to OH or light. Potential changes in sensitivity were accounted for by introducing 

an “internal standard” of BPA aerosol directly to the EESI-TOF inlet (bypassing the PAM-OFR) 

between different OH exposure levels. The intensity of the BPA signal measured at each OH 

exposure level was then normalized to the ratio of the internal standard signal measured before 

and after each OH exposure level as shown in Figure 3.6 and described in more detail in the SI. 

Background signal intensities (blanks) were acquired at the start and end of each trial after passing 
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the aerosol flow through a HEPA filter (99.99% removal efficiency at 0.1 μm) and were subtracted 

from the sample signal intensities of BPA.  

 Heterogeneous reactive uptake kinetics were assessed by measuring the diffusion-

corrected reactive uptake coefficient (γ), defined here as the ratio of reactive collisions to total 

collisions between OH and the aerosol that result in the loss of BPA.37, 39, 40 γ has been determined 

previously to evaluate such heterogeneous processes as the uptake kinetics of water onto acidic 

aqueous surfaces and the uptake of trace reactive gases by various organic aerosol compounds.15, 

37, 39, 41, 42 γ was calculated using Eq. 3.1:  

 𝛾 =
2𝐷0𝜌𝑖𝑁𝑎
3𝑐̄𝑂𝐻𝑀

𝑘𝑂𝐻 Eq. 3.1 

 Here, D0 is the mean surface area-weighted aerosol diameter, ρi is the density of BPA, NA 

is Avogadro’s number, cOH is the average speed of OH in the gas phase, and M is the molecular 

weight of BPA. kOH is the measured second-order heterogeneous loss rate, determined via the slope 

of the natural logarithm of the normalized BPA signal as a function of the OH exposure level 

measured in the PAM-OFR. γ was corrected for OH diffusion losses following the approach by 

Sutugin and Fuchs (1970),43 resulting in less than 1% correction at 1 atm. 
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3.4 Results and Discussion 

 

Figure 3.1 Natural logarithm of the decay of BPA as a function of OH exposure averaged over 

multiple experiments for BPA (circles) and BPA+NaCl (triangles). The slope of the exponential 

fit was a parameterization from Davies and Wilson et al. 2015 (large dashed line).44 The slope of 

the linear fit (small dashed line) represents the second-order reaction rate constant.  
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Pure-Component BPA Degradation by OH.  

 Pure-component BPA aerosol was exposed to different OH exposure levels ranging from 

0 to 6.1×1011 molecules s cm-3 corresponding to the equivalent of 0 to 9.4 days of aging in the 

atmosphere assuming an average daily OH concentration of 1.5×106 molecules cm-3 (Figure 3.1). 

The heterogeneous oxidation kinetics of BPA were determined by plotting the natural logarithm 

of the normalized BPA signal (m/z=227.1077533 Th) as a function of OH exposure as shown in 

Figure 3.1. The slope of the fit to OH exposure is the effective second-order heterogeneous reaction 

rate constant (kOH) expressed in cm3 molecule-1 s-1, which is reported in Table 3.1 for all 

experiments.39 As noted in the Methods, some of the BPA loss in the aerosol phase is attributed to 

direct photolysis by exposure to the 254 nm lamps in the PAM-OFR.45 This loss, which was in 

addition to the reactive losses by OH, was subtracted from the measured decay when BPA was 

exposed to OH and 254 nm radiation. Following this correction and applying the linear fit as shown 

in Figure 3.1, the effective kOH=0.773 (± 0.082) × 10-12 cm3 molecule-1 s-1. This result is 

comparable with previous studies of OH heterogeneous oxidation of different organic aerosol 

compounds, which are on the order of 1.0 × 10-12 cm3 molecule-1 s-1.37  

 Our calculated γ = 0.211 (± 0.002) is of the same magnitude but lower when compared to 

other reported γ values for OH uptake by single-component and mixed organic aerosol. In the case 

of water-soluble organic aerosol such as levoglucosan, γ = 0.65 (± 0.17) at 40% RH and γ = 0.21 

(± 0.18) at 0% RH, while OH uptake by erythritol was measured to be γ = 0.77 (± 0.10).19, 37 In 

contrast, sparingly soluble organic aerosol components including 4-methyl-5-nitrocatechol, 

exhibited slower OH uptake kinetics with γ = 0.07 (± 0.02) at RH = 26%.19 The reactive uptake 

kinetics of OH have also been shown to depend on the concentration of OH via competitive 

reactions between co-adsorbed species, including OH with itself and reactions between OH and 

co-adsorbed O3 or intermediate products, which occupy reactive sites for OH at the surface.37, 46, 
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47 In our experiments, it is likely that the relatively high [O3] ~1 ppm affected the reactive uptake 

kinetics of OH, but not unlike in other studies of heterogeneous oxidation kinetics using the PAM-

OFR, which employed similarly large [O3] and [OH].33 Furthermore, [O3] and [OH] were the same 

for all experiments, therefore would not cause the relatively slower kinetics between OH and BPA 

compared to the other aerosol mixtures studied here. While the experiments presented here were 

performed at RH = 80%, the very low water solubility of BPA suggests the particles remained in 

a highly viscous or solid-like phase state, which conceivably could have slowed the rates of 

molecular diffusion and thus extent of reaction between OH and BPA in the particle phase. 

Evidence of this is demonstrated in Figure 3.1 for pure-component BPA, which did not 

significantly further degrade in the aerosol phase above an OH exposure level of ~4×1011 

molecules s cm-3, whereas the aqueous particle mixture with NaCl led to further degradation of 

BPA. In the work by Davies and Wilson 2015, reactive uptake of OH by citric acid decreased with 

increasing OH exposure level when RH<50%, whereas the reactive uptake of OH was enhanced 

when the RH was greater than 50% , attributed to better mixing of reactive components in the less 

viscous aqueous aerosol phase.44 Based upon the applied parameterized fits in Figure 3.1, even at 

the high RH, apparent mixing lengths of BPA in the pure-component BPA aerosol were not 

considered well mixed. Further descriptions of this parameterization are provided in the SI but 

what this analysis indicated was that unreacted BPA was not readily replenished at the particle 

surface for reaction with OH. 
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Figure 3.2 Dominant pathways of BPA degradation via OH and Cl radicals and light.28, 48, 49  
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 The oxidative degradation of BPA by OH is expected to proceed via addition to the phenol 

ring generating a catechol.49 Exposure to 254 nm radiation is known to decompose BPA by 

breaking the carbon-carbon bond between the quaternary carbon and carbon on the phenol group, 

and subsequent oxidation of these fragmented products by OH can form smaller molecular weight 

oxidation products.28 These mechanisms are summarized in Figure 3.2. These products were not 

detected in the mass spectral data above the experimental background, which could result from the 

degradation of the first-generation oxidation products at the relatively high OH exposure levels in 

the PAM-OFR that subsequently fragment and volatilize from the aerosol surface, and therefore 

would not be detected in the aerosol phase by the EESI-TOF. As shown in Figure 3.7, ~3% of the 

particle mass was lost due to volatilization at the equivalent of 9.4 days of OH exposure. This 

indicates a shift in reaction pathways of BPA degradation by OH from functionalization at the 

lowest OH exposures (up to 3 × 1011 molecules s cm-3) to fragmentation as the OH exposure was 

increased from 3 × 1011 to 6 × 1011 molecules s cm-3.  
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Table 3.1 Experimentally-derived kOH, k254nm, k369nm, γ, and atmospheric lifetime in days. 

Experiment kOH (10-12 cm3 

molecules-1 s-

1) 

k254nm (10-3 s-

1) 

k369nm (10-3 s-

1) 

γ BPA lifetime 

by OH 

reaction 

(days) 

BPA 0.773 ± 0.082 1.153 ± 0.398 1.457 ± 1.027 0.211 ± 0.022 20.0 

BPA+NaCl 2.091 ± 0.098 1.928 ± 1.626 1.711 ± 1.418 0.398 ± 0.019 7.38 

BPA+NaCl+

4-BBA 

2.016 ± 0.064 2.105 ± 0.772 0.545 ± 0.512 0.546 ± 0.017 7.66 

BPA+NaCl+

HA 

2.062 ± 0.069 1.801 ± 0.586 1.168 ± 0.843 0.580 ± 0.019 7.48 

BPA+4-BBA 1.226 ± 0.047 5.381 ± 1.797 7.050 ± 3.821 0.313 ± 0.012 12.6 

BPA+HA 0.791 ± 0.008 5.577 ± 1.373 3.478 ± 1.375 0.210 ± 0.002 19.5 
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Figure 3.3 Experimentally-derived second-order rate constants of BPA degradation in aerosol by 

OH reactive uptake (kOH; red) and the corresponding OH reactive uptake coefficients (γ; black) 

for all aerosol systems studied.  
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Degradation of BPA in the Presence of NaCl by OH and the Role of Phase State.  

 Sea salt (NaCl) was mixed with BPA (50:50 by wt.%) in the atomizer solution to mimic 

the bulk chemical composition of SSA. In the presence of NaCl, heterogeneous loss of BPA by 

reactive uptake of OH increased significantly in comparison to the pure-component BPA aerosol. 

The measured kOH=2.091 (± 0.098) × 10-12 cm3 molecule-1 s-1, and γ = 0.398 (± 0.019), a factor of 

1.8 greater reactive loss of BPA when in the presence of NaCl, as shown in Figure 3.3. Previous 

work has also observed increased BPA degradation in aqueous systems containing NaCl, in which 

it is suggested that this is due to the generation of HOCl•- and other reactive species that would 

otherwise not form in the absence of NaCl.50 This is the first such observation of enhanced 

heterogeneous reactive loss of an organic component in the aerosol phase upon exposure to OH in 

the presence of NaCl. In Trueblood et al., 2019, heterogeneous OH oxidative aging of real SSA in 

a PAM-OFR led to a significant depletion in the fraction of the non-volatile organic components 

in the aerosol phase.20 This was attributed to direct OH oxidation of the organic species in sea 

spray including amino acids that resulted from C-C bond scission. The effects of NaCl were not 

accounted for in that study. In Sakamoto et al. 2018, which measured the uptake of OH onto pure 

deliquesced NaCl aerosol, γ varied from 0.77 to 0.95, which is within the reported range of γ in 

this study for the aerosol mixtures containing NaCl measured above the deliquescence relative 

humidity (DRH~75%) of NaCl.51 They attribute the greater uptake to greater diffusion and reaction 

in the aerosol bulk in the deliquesced state. 

 In the presence of NaCl, the degradation of BPA in the aerosol phase following OH uptake 

may be further impacted by the formation of reactive chlorine species (RCS), i.e., Cl radicals, Cl 

radical-ion species, and chlorine gas as shown in R 3.1-R 3.4, which subsequently could have 

reacted with neighboring BPA molecules in the aerosol phase, as shown in Figure 3.2.52 
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 •OH + Cl- ↔ HOCl•- R 3.1 

 HOCl•- + H+ ↔ Cl• + H2O R 3.2 

 Cl• + Cl• ↔ Cl2 R 3.3 

 Cl• + Cl- ↔ Cl2•
- R 3.4 

 

 As shown in Figure 3.8, we observed depletion of the Cl- signal (m/z= 34.969401) in the 

EESI-TOF following exposure to OH when NaCl was present in the aerosol phase. This depletion 

of Cl- is indicative of heterogeneous reactions between OH and Cl- and thus formation of RCS in 

the aerosol phase. 

 As shown in Figure 3.1, BPA continued to decay with increasing OH exposure levels above 

4×1011 molecules s cm-3 in the binary component BPA+NaCl aerosol, unlike for the pure-

component BPA decay, which did not decay further with increasing OH exposure. As described 

in Sakamoto et al., 2018, if we considered OH reactions as occurring only on the surface of the 

aerosol, OH reactive uptake (i.e., decay rate of BPA in this study) would slow with increasing OH 

exposure. In contrast, no apparent limitations to OH reactive uptake exist when bulk reactions are 

considered. This highlights the potential importance of phase state in the reactive uptake kinetics 

of OH and degradation of contaminant species in aerosol in general. NaCl is hygroscopic, and the 

high RH of the PAM-OFR (80%) was above its DRH. Here, the binary-component BPA+NaCl 

aerosol would hydrate, which would encourage mixing of reactive components in the aerosol 

phase. In contrast, BPA is hydrophobic and sparingly soluble in water, thus no appreciable water 

uptake is expected in the pure-component BPA aerosol experiments even at this RH. To investigate 

this further, we performed theoretical calculations of the viscosity of pure-component BPA aerosol 

at RH=80% and contrasted with the estimated viscosity of binary-component BPA+NaCl aerosol 

at RH=80% (full details included in SI).53 We considered two different conditions, one whereby 
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the hygroscopicity parameter of BPA was set to κ=0.01 (characteristic of sparingly water-soluble 

organic matter), and one whereby κ=0.1 (often used for parameterizing the hygroscopicity of 

organic aerosol).54 In the case of κ=0.01 for BPA, the viscosity of pure-component BPA aerosol 

at RH=80% and temperature of 295 K was a factor of two more viscous compared to the binary-

component BPA+NaCl aerosol at the same temperature and RH. Assuming κ=0.1 for BPA, pure-

component BPA aerosol was nearly a factor of ten more viscous compared to the binary-

component BPA+NaCl aerosol. This indicates that the bulk diffusivity and mixing timescales of 

BPA, OH, and RCS were approximately two to ten times faster in the presence of NaCl than in the 

pure-component BPA aerosol, which could explain the factor of four enhancement in the reactive 

uptake and degradation rates of BPA in the presence of NaCl. In addition to these viscosity 

calculations, we also applied the parameterization from Davies and Wilson described in the BPA 

only section to the BPA+NaCl case and shown in Figure 3.1 (further details in SI).44 In this case, 

the kOH values for the linear and parameterized exponential fits were within error of each other, 

further indicating that in the presence of NaCl, the particle was well-mixed, which can lead to 

greater replenishment of unreacted BPA at the surface and thus greater fractional loss of BPA in 

the aerosol phase. In other mixed organic/inorganic aerosol systems, phase state and RH are shown 

to regulate heterogeneous oxidation.55 This suggests further that uptake and reactions between OH 

and BPA were enhanced and more likely driven by both surface and bulk reactions in the binary-

component BPA+NaCl aerosol with lower viscosity, whereas OH oxidation of BPA was limited 

to the surface in the more viscous pure-component BPA aerosol. 

 The Setschenow (salting-out) coefficient of BPA in NaCl has been measured as 0.174 M-1 

.56 The polarity of the di-substituted phenyl rings suggests that BPA may have a propensity for 

both the bulk and the surface of the particles even with high ionic strength. Given the increased 
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ionic strength of the particles with NaCl, however, some BPA is likely to be promoted to the 

particle surface. In addition to the greater mixing of BPA in the less viscous aqueous aerosol matrix 

containing NaCl, the effect of salting out could accelerate reactions between OH and BPA as 

reactions with OH are expected to occur within the near-surface layer of the particle (predicted 

reacto-diffusive length of OH is ≤1 nm).19 This effect by salting out has been observed in other 

aerosol systems, e.g., in the accelerated oxidation of sulfur by O3 in the presence of optically-

trapped sodium thiosulfate/sucrose/aqueous droplets.57 Furthermore, the larger surface area-to-

volume ratio (SA/V) of BPA in the mixed BPA/NaCl aerosol compared to pure BPA could lead 

to greater reactive loss of BPA as observed in the heterogeneous oxidation of squalane by reaction 

with OH on squalene-coated ammonium sulfate particles compared to pure squalane particles.46 

Degradation of BPA in the Presence of NaCl and Photosensitizers by OH.  

 Mimicking the complexity of SSA, we added to the mixture of BPA and NaCl two 

photosensitizing molecules as substitutes for the chromophoric dissolved organic matter found in 

SSA: 4-benzoylbenzoic acid (4-BBA) and more complex humic acid (HA). Both 4-BBA and HA 

have been employed in previous work as representative photosensitizing molecules but notably 

may lack some of the key photosensitizing properties and chemical features of real chromophoric 

material present at the ocean surface, which includes enriched levels of nitrogen.9, 58 These 

experiments were performed in the absence and in the presence of NaCl to elucidate possible 

additive effects on the degradation of BPA by NaCl and the photosensitizers. The decay rates of 

BPA in the ternary-component aerosol comprised of either photosensitizer were considerably 

higher than the binary-component BPA+NaCl aerosol. kOH for the BPA+NaCl aerosol mixture was 

2.091 (± 0.098) × 10-12 cm3 molecule-1 s-1 while kOH for the BPA+NaCl+4-BBA aerosol mixture 

was 2.016 (± 0.064) × 10-12 cm3 molecule-1 s-1 and kOH for the BPA+NaCl+HA aerosol mixture 

was 2.062 (± 0.069) × 10-12 cm3 molecule-1 s-1, which are all within error of each other. These 
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corresponded to uptake rates of 0.546 (± 0.017) for BPA+NaCl+4-BBA and 0.580 (± 0.019) for 

BPA+NaCl+HA. This is expected, as there is the impact of the lowered viscosity with the addition 

of NaCl, which can lead to increased photodegradation by better mixing of the photosensitizer 

molecules, allowing more photosensitizer molecules to be activated by light at the surface of the 

particle. kOH = 1.226 (± 0.047) × 10-12 cm3 molecule-1 s-1 in the presence of 4-BBA and kOH = 0.791 

(± 0.008) × 10-12 cm3 molecule-1 s-1 in the presence of HA. This corresponded to γ = 0.313 (± 

0.012) and γ = 0.210 (± 0.002), respectively, which was an enhancement of up to 49% in γ for the 

BPA mixture with 4-BBA. Interestingly, the photosensitizers behave quite differently without 

NaCl present. Analogous to our findings, Trueblood et al., 2019 reported that HA was a less 

efficient photosensitizer than 4-BBA with respect to the degradation of nonanoic acid thin films, 

although a mechanism was not provided. However, the larger molecular weight and predicted 

viscosity of HA in comparison with 4-BBA and BPA could lead to morphology changes at the 

high RH in this study, including phase separation between organic components with different 

solubilities, in analogy to the liquid-liquid phase separation as observed for mixed aqueous 

organic-inorganic aerosol.59 If phase separation occurred, we speculate that the slower degradation 

of BPA in the aerosol mixture with HA was due to less interaction of reactive species formed by 

HA under light exposure. 
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Figure 3.4 First-order loss rates of BPA for the different aerosol systems following exposure to 

369 nm light (yellow boxes) and 254 nm light (purple boxes).  
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Degradation of BPA in the Presence of 254 nm and 369 nm Light.  

 In a separate set of experiments, BPA was exposed to either 254 nm light or 369 nm light 

inside the PAM-OFR in the absence of OH and ozone but with the same RH and flow rates as in 

all experiments. In the 254 nm experiments, the irradiance was adjusted systematically from 24 to 

171 W/m2, which corresponded to the same levels in the OH experiments. In the 369 nm 

experiments, the irradiance was adjusted from 30 to 267 W/m2. First-order loss rate constants, k254 

and k369, were calculated from the slope of the natural logarithm of the fractional decay of BPA 

(before and after irradiance) as a function of the residence time (123 s) in the PAM-OFR. The 

results for the different aerosol systems are displayed in Figure 3.4. k369 for the pure-component 

BPA was 1.457 (± 1.027) × 10-3 s-1 and k254 = 1.153 (± 0.398) × 10-3 s-1. In the binary-component 

BPA+NaCl aerosol mixture, mean k369 = 1.711 (± 1.418) × 10-3 s-1 and k254 = 1.928 (± 1.626) × 10-

3 s-1, which was not statistically different from the first-order decay rate of pure-component BPA 

aerosol upon irradiation. Irradiation of the ternary-component BPA+NaCl+photosensitizer aerosol 

by 369 nm light led to a slight but insignificant decrease in the degradation of BPA compared to 

the binary-component BPA+NaCl aerosol. Here, k369 = 0.545 (± 0.512) × 10-3 s-1 and k254 = 2.105 

(± 0.772) × 10-3 s-1 for the BPA+NaCl+4-BBA aerosol mixture and k369 = 1.168 (± 0.843) × 10-3 

s-1 and k254 = 1.801 (± 0.586) × 10-3 s-1 for the BPA+NaCl+HA aerosol mixture. In contrast, in the 

absence of NaCl, the addition of the photosensitizers to BPA led to a significant enhancement in 

the degradation of BPA following exposure to 369 nm light, increasing to k369 = 7.050 (± 3.821) × 

10-3 s-1 and k254 = 5.381 (± 1.797) × 10-3 s-1  for the binary-component BPA+4-BBA and k369 = 3.478 

(± 1.375) × 10-3 s-1 and k254 = 5.577 (± 1.373) × 10-3 s-1  for the binary-component BPA+HA aerosol 

mixtures. Zhan et al. 2006 found similarly that the rate of BPA degradation in bulk aqueous 

solutions under solar-simulated light was insignificant with BPA alone but increased in the 

presence of humic acids.28  
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 It is possible that BPA degradation in the ternary-component aerosol mixtures was 

suppressed due to quenching of the excited triplet state of the photosensitizer by halide ions. As 

discussed in Tinel et al. 2014 and shown in R 3.5, the excited triplet state of the photosensitizer, 

imidazole-2-carboxaldehyde (IC), which has been shown in other work by Tinel to exhibit similar 

photosensitizing capabilities as 4-BBA, gets quenched in the presence of halides:60, 61 

 

 IC* + X- → IC•- + X• R 3.5 

 

 In the absence of NaCl, the photosensitizers can access the excited triplet state and upon 

energy transfer can degrade neighboring organic molecules via formation of reactive oxygen 

species. The greater loss rates measured for BPA in the binary-component BPA+photosensitizer 

aerosol mixtures following exposure to 254 nm and 369 nm radiation are attributed to 

photosensitized degradation processes. Singlet oxygen can be produced in the presence of UV/VIS 

radiation due to an electronic energy transfer between the excited triplet state of the photosensitizer 

and the ground triplet state of molecular oxygen, which could readily react with BPA.23, 62 

Alternatively, direct interactions between the triplet state of the photosensitizer and BPA can 

promote the formation of radicals such as HO2, accelerating the loss of BPA when irradiated.63 

Notably, there is little difference between the first-order loss rates of BPA mixed with the 

photosensitizers when exposed to 254 nm light compared to irradiation at 369 nm, which is 

indicative that these photosensitized processes do not require absorption of highly energetic light 

to proceed, and could proceed under more relevant daylight conditions in the atmosphere. Using 

the Atmospheric Chemistry Observations & Modeling tool from the National Center for 

Atmospheric Research, it is estimated that during an average summertime afternoon, San Diego, 

CA would receive roughly 2.02 × 1013 photons s-1 cm-2 of 369 nm light.64 While the lowest light 

exposure in the 369 nm experiments was still an order of magnitude greater than that predicted by 
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the model, light exposures are expected to increase with altitude to ~1 × 1014 photons s-1 cm-2 at 

369 nm and 6 km in the atmosphere. Additionally, integrated light exposure across all UV and VIS 

wavelengths of the solar spectrum could lead to even greater photosensitized degradation rates of 

BPA than what was reported here at only 369 nm. Furthermore, longitude and solar zenith angle 

(or time of day) will affect the intensity and wavelength of light absorbed by the aerosol. 

3.5 Conclusions 

 In this study, we demonstrated that OH-initiated heterogeneous reactivity and 

photodegradation kinetics of aerosol-phase BPA, representative of the toxic additives in airborne 

micro- and nano-plastics, are greatly impacted by the presence of sea salt (NaCl) and 

photosensitizing species. The heterogeneous and photosensitized processes that promote the decay 

of BPA depend on the particle viscosity or phase state. Aerosol mixtures comprised of BPA and 

NaCl, the least viscous phase states, exhibited the greatest loss of BPA following exposure to OH 

due to greater diffusive mixing of reactive species in the particle bulk. Calculated uptake 

coefficients based on the decay of BPA were a factor of four greater in the presence of NaCl 

compared to pure-component BPA aerosol and bulk diffusion mixing timescales of reactants in 

the particle phase were shown to be a factor of two to ten faster in the presence of NaCl. The 

addition of a photosensitizer to BPA promoted the loss of BPA following light exposure to 369 

nm radiation in the absence of OH. No significant enhancements in the reactive losses of BPA by 

OH or light exposure were observed when a photosensitizer was added to the BPA+NaCl aerosol 

mixtures. These differences were attributed to surface-enhanced photosensitized reactions in the 

case of the more viscous BPA+photosensitizer aerosol and quenching of the excited triplet state 

of the photosensitizer in the more liquid-like aqueous-phase NaCl aerosol.  

 In the context of SSA in the real atmosphere, particularly in the marine boundary layer 

where the RH is ~85% or greater, photosensitized reactions between chromophores emitted in SSA 
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and plastic contaminant molecules such as BPA may be limited due to quenching of the triplet 

state by halide ions, whereas heterogeneous oxidation via OH could promote the formation of 

reactive halogen radicals. The more liquid-like phase states of SSA in the marine boundary layer18 

could increase the probability of reaction with BPA as OH, BPA, and RCS diffuse more readily in 

the particle bulk in the presence of aqueous sea salt, promoting the degradation of BPA. As 

contaminated SSA becomes lofted over land and mixed in the vertical to higher altitudes above 

the marine boundary layer to regions of lower RH and exposure to more intense solar radiation, 

the particles dry and BPA and chromophoric organic molecules get salted out and promoted to the 

particle surface wherein photosensitized reactions may become more prevalent. 
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Figure 3.5 (A) Chemical lifetimes of BPA with respect to heterogeneous OH oxidation as a 

function of OH concentration. (B) Averaged chemical lifetimes of BPA in the different aerosol 

mixtures based on [OH]=1.5×106 molecules cm-3.  
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 The e-folding lifetimes (τ) of BPA following exposure to OH in the different aerosol 

mixtures studied here are shown in Figure 3.5 and were calculated from Eq. 3.2:  

 𝜏 =1/kOH[OH] Eq. 3.2 

 

 The e-folding lifetime is equivalent to the average time that BPA would remain chemically 

viable in aerosol and calculated assuming [OH] = 1.5×106 molecules cm-3. BPA alone is expected 

to decay due to heterogeneous reaction with OH with a 𝜏 equivalent to about three weeks in the 

atmosphere, which is longer than the physical lifetime of the aerosol of around a week due to wet 

deposition. In the presence of NaCl, the lifetime of BPA is reduced by more than half to 7.4 days, 

competitive with wet depositional lifetimes. In drier areas like the Pacific Southwest where rain 

events are infrequent, heterogeneous and photo-initiated oxidation processes could thus serve as 

the major sinks for airborne particulate BPA. In the absence of NaCl but presence of a 

photosensitizer, the chemical lifetime of BPA is reduced with respect to pure-component BPA to 

12.6 days in the presence of 4-BBA and 19.5 days in the presence of HA. These timescales are 

important as they suggest BPA and other additives in plastics that become airborne can remain in 

appreciable amounts in the aerosol phase for up to a week following their emission.   

 Future work could aim to increase the complexity of the aerosol to understand how BPA 

degrades in real SSA matrices, e.g., by generating SSA from bubble-bursting in real seawater 

employing a marine aerosol reference tank.65 The composition of the chromophores in the 

dissolved organic matter in real SSA can differ from 4-BBA and HA studied here, potentially 

leading to different photosensitized degradation rates.9 In addition, photosensitized reactions and 

degradation rates are known to differ depending on if the organic matter is in its anionic or neutral 

(zwitterionic) forms and shown to increase with increasing pH.66 In Angle et al., 2021, the pH of 

SSA was shown to vary with particle size and differ from the pH of seawater at the ocean–air 
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interface.67 Although the pH of the atomizer solutions (neutral to slightly acidic) indicated that 

BPA was in its molecular form and 4-BBA was in its carboxylate form, pH of the aerosol could 

be important in dictating the photosensitized kinetics, requiring further study beyond the scope of 

this work. Overall, this study provides a basis for understanding the different heterogeneous and 

photochemical degradation pathways of a key atmospheric plastic additive present in 

microplastics, which is an emerging concern for air quality in coastal marine environments.  
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3.6 Supplemental Information 

Bisphenol-A (BPA) Signal Correction Method 

 We applied a single-point standardization of the EESI-TOF during the experiment to 

monitor potential drifts in sensitivity. Here, atomized BPA aerosol periodically bypassed (byp) the 

PAM-OFR. The adjusted (Iadj) BPA signal was calculated using formula Eq. 3.3: 

 𝐼𝑎𝑑𝑗 = 𝐼𝑁 − (𝐼𝑁 (
𝐼𝑏𝑦𝑝,2

𝐼𝑏𝑦𝑝,𝑁
)) 

Eq. 3.3 

 

 Here, IN represents the BPA signal (ions s-1) while the aerosol is flowing through the PAM-

OFR during OH exposure (red shaded regions in Figure 3.6), Ibyp,2 is the signal of the second single 

point standard (the second grey shaded region in Figure 3.6), and Ibyp,N is the signal of the single 

point standard that correlates to IN. The first grey shaded region in Figure 3.6 is not utilized for 

correction because everything is normalized to the signal of aerosol flow through the PAM-OFR 

with no OH exposure (region in Figure 3.6 with no shading) and is only used to ensure proper 

instrument function after the filter blank (green shaded region in Figure 3.6) before starting the 

experiment. 
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Radial Reaction Depth Modeling for BPA Only and BPA+NaCl 

 To investigate the nonlinearity of the BPA only system, we chose to incorporate the 

parameterization from Davies and Wilson 2015.44 In this model, we used Eq. 3.4 to determine the 

effective second order rate constant, kOH, radial reaction depth, L, and the radial probing depth, d: 

 ln (
[𝐵𝑃𝐴]

[𝐵𝑃𝐴0]
) = ln (

𝐷3 − (𝐷 − 2𝐿)3

𝐷3 − (𝐷 − 2𝑑)3
𝑒𝑥𝑝(−𝑘𝑂𝐻𝑥) +

(𝐷 − 2𝐿)3 − (𝐷 − 2𝑑)3

𝐷3 − (𝐷 − 2𝑑)3
) Eq. 3.4 

 In this equation, D is the diameter of the particle, and [BPA]/[BPA0] is the concentration 

as determined from the EESI-MS. Initially, kOH was allowed to vary, and in the case of BPA and 

NaCl, this kOH value was within that of the linear fit, indicating that the particles were well-mixed. 

However, in the case of BPA only, the values varied significantly, so the data was fit again, 

allowing k, L, and d to vary. In the case of EESI-MS, d is not defined, as it is dependent on the RH 

and solubility of the sample molecules in the reagent spray, so it was also determined by the fitting 

procedure. In this fitting, L was determined to be 2.5 (± 1) nm, kOH was determined to be 5.93 (± 

1.23) × 10-12 cm3 molecule-1 s-1, and d was determined to be 9 (± 5) nm. After these parameters 

were determined, the new gamma was calculated using Eq. 3.5 from Davies and Wilson 2015: 

 𝛾 =
2 ∗ 𝜌𝑎𝑞 ∗ 𝑚𝑓 ∗ 𝑁𝐴

3 ∗ 𝑐̄ ∗ 𝑀𝑜𝑟𝑔 ∗ 𝑘𝑂𝐻
∗
𝐷3 − (𝐷 − 2𝐿)3

𝐷2
 Eq. 3.5 

 Where mf is the mass fraction of BPA, ρaq is the density of BPA, NA is Avogadro’s number, 

c is the mean velocity of OH, Morg is the molar mass of BPA, and kOH is the effective second order 

rate constant determined in the fitting procedure. This gives us gamma of 0.268 (± 0.056), which 

is within error of the gamma calculated based off the linear fit, 0.247 (± 0.026). 
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Estimated Glass Transition Temperature and Viscosity Calculations for Pure Component and 

Salt-Containing BPA Aerosol 

 The methods shown here closely follow those from Tumminello et al 2021.18 Viscosity of 

the BPA aerosol was estimated from the aerosol’s glass transition temperature (Tg), defined as the 

approximate range of temperatures over which a transition between semi-solid to amorphous solid 

(glassy) states occur.68, 69 Here, we estimate the dry Tg of BPA (Tg,org) applying the formulations 

described in DeRieux et al.53 Tg,org was calculated using Eq. 3.6, where M and O:C are the molar 

mass and O:C of BPA with M=227 g mol-1, O:C=0.13, and A, B, C, D, and E are best fit 

parameters.53 

 𝑇𝑔,𝑜𝑟𝑔  =  𝐴 +  𝐵𝑀 + 𝐶𝑀2  +  𝐷(𝑂: 𝐶)  +  𝐸𝑀(𝑂: 𝐶) Eq. 3.6 

 To account for the impact of aerosol liquid water content on the Tg,org of BPA, we calculated 

the volume of liquid water associated with BPA (Vw,org) in equilibrium with the relative humidity 

(assuming the water activity, aw, is equal to relative humidity) applying Eq. 3.7:54  

 𝑉𝑤,𝑜𝑟𝑔 = 
𝑎𝑤

1 − 𝑎𝑤
𝑉𝑜𝑟𝑔𝜀𝑜𝑟𝑔𝜅𝑜𝑟𝑔 Eq. 3.7 

 The volume of the organic component in SSA (Vorg) was determined based on the mean 

surface-area weighted diameter of 100 nm and the organic volume fraction (εorg) from Eq. 3.8: 

 
𝜀𝑜𝑟𝑔 = 

𝑓𝑜𝑟𝑔

(𝑓𝑜𝑟𝑔 + (1 − 𝑓𝑜𝑟𝑔) (
𝜌𝑜𝑟𝑔
𝜌𝑜𝑟𝑔

))
 

Eq. 3.8 

 Here, forg is the mass fraction of BPA, and ρorg and ρinorg refer to the densities of the organic 

material (1.2 g cm-3) and inorganic material (2.2 g cm-3),70 respectively. The volume mixing rule54 

was applied to solve for κorg based two κ assumptions of 0.1 and 0.01 and assuming κinorg=1.51 for 

NaCl.71 Note that there are certain assumptions in the calculated κorg applying the volume mixing 

rule, including (1) that the aerosol population is considered homogeneous and contains both salt 
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and organic material as an internal mixture, (2) the hygroscopicity parameter of the inorganic 

component is known, and (3) aerosol water uptake behaves as a linear combination of the organic 

and inorganic components. Vw,org was converted to mass of water (mw,org) from the density of water 

of 1.0 g cm-3. The Gordon-Taylor equation Eq. 3.9 was applied to calculate the average Tg of the 

organic-water mixture, Tg,org,w, where fALW= mw,org/(morg+mw,org) and Tg,w is the glass transition of 

pure water (136 K).53 

 𝑇𝑔,𝑜𝑟𝑔,𝑤 =
𝑇𝑔,𝑤(𝑓𝐴𝐿𝑊) +

1
𝑘𝐺𝑇

𝑓𝑜𝑟𝑔𝑇𝑔,𝑜𝑟𝑔

(𝑓𝐴𝐿𝑊) +
1
𝑘𝐺𝑇

𝑓𝑜𝑟𝑔

 

Eq. 3.9 

 

 Finally, Tg,org,w values were converted to viscosity, ηorg (Pa·s) utilizing Eq. 3.10 and Eq. 

3.11, where z, the fragility parameter was set to 12, a value used for organic compounds in previous 

studies.53, 69 

 𝑇0 =
39.17𝑇𝑔,𝑜𝑟𝑔,𝑤

𝑧 + 39.17
 

Eq. 3.10 

 

 log 𝜂 = −5 + 0.434
𝑇0𝑧

𝑇 − 𝑇0
 Eq. 3.11 

 The viscosities of BPA and NaCl were calculated separately and then combined to estimate 

the viscosity of the mixture, which assumes the organic and inorganic components are 

homogeneous and internally-mixed, so we caution the following calculations are only appropriate 

for homogeneous internally-mixed organic/inorganic salt particles. To determine the viscosity of 

the aqueous salt solution, we first calculated the volume fraction of the inorganic portion (assuming 

an equal atomization efficiency of 0.5 for NaCl and 0.5 for BPA) (εinorg) as εinorg = 1 – εorg, where 

εorg was derived from Eq. S4. We then estimated the aerosol liquid water derived from the 

inorganic components in analogy to that for the organic components using Eq. S4 and applying a 
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κinorg=1.51 for NaCl.71 The viscosity of the aqueous salt solution, ηinorg, was calculated adapting 

the formulations described in Goldsack and Franchetto, 1977.72 In its simplest form, the ηinorg can 

be calculated using Eq. 3.12: 

 
𝜂𝑖𝑛𝑜𝑟𝑔 =

𝜂𝑤𝑒
𝑋𝑐𝐸

1 + 𝑋𝑐𝑉
 Eq. 3.12 

 Here, ηw is the viscosity of water at 25°C, 0.8904 cP, Xc is the mole fraction of cations in 

solution, defined as Xc=mc/(55.51+2m), which applies to an aqueous solution on the molal scale 

given there are 55.51 moles of water per kg of water and 2m moles of salt (anion plus cation) for 

an m molal solution of a 1:1 salt, which we apply here for NaCl. E is the free energy based on the 

relationship, E=(ΔGc
* + ΔGa

*- 2ΔG1
* 116 )/RT, determined from a data table (Table 3 in Goldsack 

and Franchetto, 1977)72 for NaCl. V is the molar volume of the hole in the liquid created by the 

cations and anions moving in the liquid, also determined from the same data table. Assuming the 

organic components and salt are well mixed in the aerosol, the component viscosities of each were 

combined to calculate the viscosity of the BPA/NaCl aerosol based on the following classic mixing 

rules for liquids73 Eq. 3.13: 

 

ln(𝜂𝑚𝑖𝑥) =∑ 𝑥𝑖ln (𝜂𝑖)
𝑁

𝑖=1
 Eq. 3.13 

 Here, xi is the mole fraction and ηi is the viscosity of the component, i=organic or inorganic 

salt. 
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Figure 3.6 Full time series of BPA signal for one experiment. The green shaded regions indicate 

filter blanks, the grey shaded regions indicate the internal standards, and the red shaded regions 

indicate the OH exposures, corresponding to the right y-axis. 
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Figure 3.7 Normalized pure-component BPA aerosol mass concentrations as a function of OH 

exposure in the PAM-OFR. 
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Figure 3.8 Chloride signal (m/z= 34.969401 Th) at no OH exposure (green), the lowest OH 

exposure (red), and the highest OH exposure (blue). Black represents the fitted spectrum 

baseline, and the light grey line represents the high-resolution fit for the no OH exposure signal. 
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Chapter 4 Effects of Relative Humidity and Phase on the Molecular Detection of Nascent Sea 

Spray Aerosol using Extractive Electrospray Ionization 

4.1 Abstract 

Online mass spectrometry techniques, such as extractive electrospray ionization time-of-

flight mass spectrometry (EESI-TOF), present an attractive alternative for analyzing aerosol 

molecular composition due to reduced aerosol sample collection and handling times and improved 

time resolution. Recent studies show a dependence of EESI-TOF sensitivity on particle size and 

mixing state. This study measured authentic sea spray aerosol (SSA) components generated during 

a phytoplankton bloom, specifically glycerol, palmitic acid, and potassium ions. We demonstrate 

temporal variability and trends dependent on specific biological processes occurring in seawater. 

We found that the EESI-TOF sensitivity, after adjusting for pressure variations at the inlet and 

normalizing to the reagent ion, critically depends on the sample's relative humidity. Relevant SSA 

species exhibited heightened sensitivity at an elevated relative humidity near the deliquescence 

relative humidity of sea salt and poorer sensitivity with sparse detection below the efflorescence 

relative humidity. Modeling the reagent ion’s diffusive depth demonstrates the sample aerosol 

particle viscosity governs the relative humidity dependence because it modulates the distance the 

reagent ion diffuses and reacts with components in the particle bulk. Furthermore, the particle’s 

stickiness and coagulation efficiency with the electrospray droplets increase at higher relative 

humidity. The effects of particle size and mixing state are discussed, revealing improved sensitivity 

of phase-separated components present along the particle surface. This work highlights the 

importance of the particle phase state in detecting and quantifying molecular components within 

authentic and complex aerosol particles and the utility of EESI-TOF for measuring SSA 

composition. 
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4.2 Introduction  

Sea spray aerosols (SSA) play a crucial role in the climate system by influencing the global 

radiative budget through the direct and indirect scattering and absorption of solar and terrestrial 

radiation.1-6 SSA constitutes the most abundant aerosol by mass in the atmosphere alongside 

mineral dust,7, 8 with an estimated global production rate ranging from 3 to 70 Pg yr-1.8, 9 This mass 

significantly surpasses anthropogenic aerosols and contributes substantially to the global aerosol 

burden, providing a considerable amount of cloud condensation nuclei (CCN).10 Atmospheric 

models commonly parameterize SSA as pure sea salt.11, 12 Yet, they are far more chemically and 

physically complex, encompassing varying mixtures of dissolved and crystalline inorganic salts,13 

dissolved and particulate organic carbon,14, 15 and whole cells.16 The proportions of these 

components vary with particle diameter due primarily to their production method via bubble 

bursting.17-19 Though organic matter may not dominate the total SSA mass, it can constitute a 

significant portion of SSA particles smaller than 1 µm in the ambient marine atmosphere, with 

film droplets that are primarily organic carbon constituting ~57% of the number concentration of 

submicron SSA.17, 18, 20 Moreover, studies show a higher organic carbon mass fraction in ultrafine 

(<0.1 µm) SSA, with purely organic SSA particles exceeding the SSA particles comprised only of 

sea salts or sea salts mixed with organic carbon.17, 18, 21, 22 Identified organic molecules in SSA 

include free and polysaccharides,23 lipids and fatty acids,24, 25 and amino acids.26, 27 Organic matter 

can modulate water uptake and the CCN activity of SSA.4, 28, 29 Therefore, characterizing the 

molecular composition of SSA and factors such as biological activity altering the organic carbon 

proportion of SSA particles is crucial for better understanding their indirect radiative effects, the 

least understood aspect of global radiative forcing.30 

Several techniques have contributed to the growing knowledge of SSA composition. For 

example, liquid chromatography coupled with high-resolution mass spectrometry (HRMS) can 
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detect individual organic molecules and elemental ratios in SSA.31-33 While highly sensitive, these 

measurements face challenges such as long sample collection times (between 5 and 12 hours)34 

needed to obtain sufficient particulate mass for detection, storage, incubation, sample extraction, 

and derivatization.35, 36 Techniques like Raman37, 38 and IR spectroscopy39, 40 focus on identifying 

specific functional groups and compound classes. These methods can be coupled with microscopy 

to determine inter- and intra-particle chemical variability with high chemical specificity for the 

particle’s surface,40, 41 but they focus on a single particle at a time. While such measurements have 

been critical to understanding SSA composition, in dynamic marine environments with rapidly 

changing conditions such as variations in water biological activity, air temperature, relative 

humidity, air mass history, and wave break conditions occurring on short timescales, online 

methods become indispensable for accurately capturing the temporal variability in SSA 

composition. Currently, online techniques, such as aerosol mass spectrometry (AMS) and aerosol 

time-of-flight mass spectrometry (ATOFMS), have been employed for size-dependent chemical 

composition analysis of SSA particles,42, 43 but extensive molecular fragmentation prevents 

unambiguous detection of individual molecules in SSA, necessitating softer ionization approaches. 

Extractive electrospray ionization time-of-flight mass spectrometry (EESI-TOF)44 is a 

promising yet untested online technique for analyzing SSA chemical composition. During EESI, 

aerosol components are extracted following collision and coalescence between the aerosol and a 

charged solvent spray (electrospray). Sample molecules are ionized based on their binding affinity 

with a reagent ion in the electrospray droplet (commonly Na+), and the ionized sample molecules 

are then detected downstream after being heated and evaporated into the gas phase.45 With the 

entire EESI process occurring in a fraction of a second, this technique enables high temporal 

resolution aerosol chemical composition measurements. Operating in positive mode ionization 
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with Na+, EESI-TOF has achieved detection limits of 1-10 ng m-3 or even lower for some organic 

molecules.44-46 While applied in various field studies,47-51 its application to SSA has been limited, 

with only one study from this lab conducted thus far.52 

The exact EESI mechanism is still debated, and although there have been a few studies 

employing single-component organic aerosols and internally mixed binary-component 

organic/inorganic aerosols generated in the lab that examined the effects of particle size,53 

component volatility,54 relative humidity (RH),44 and particle organic coating thickness55 on EESI 

extraction efficiency, none have considered such effects on aerosols sampled in the field or 

authentic SSA. SSA particles adopt different phase states (viscosities), morphologies, and mixing 

states that change with RH and biological activity.22, 52, 56-58 Changes in RH can induce complex 

multistep phase transitions in SSA.56 Such changes likely affect the extraction and ionization 

efficiencies of EESI, e.g., by altering the coagulation efficiency between the aerosol sample and 

electrospray droplets and the bulk diffusion rates of ions and molecules within the droplet-aerosol 

mixture. To our knowledge, factors such as particle viscosity and RH-induced phase transitions 

have not been characterized in how they affect EESI. 

This study investigates the effects of sample RH (spanning a range of 20% to 75% near the 

sea salt efflorescence and deliquescence RH, respectively) and subsequent changes to particle 

viscosity on the molecular detection of components in authentic SSA produced while inducing a 

phytoplankton bloom in natural seawater in a wave flume. The study also aims to provide insights 

into the temporal variations in specific SSA molecular components during the bloom, emphasizing 

the method’s capability to detect and track SSA compositional changes with higher temporal 

resolution and softer ionization than previous techniques throughout a bloom cycle. This work 

underscores the importance of the particle phase state in the molecular detection of components 
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by EESI in authentic SSA, which needs to be considered in other ambient aerosol measurements 

that use EESI.  

4.3 Experimental Section 

SSA Generation and Biological Activity Measurements 

This study was conducted as part of the Sea Spray Chemistry and Particle Evolution 

(SeaSCAPE) study in 2019 with the National Science Foundation Center for Aerosol Impacts on 

Chemistry of the Environment (NSF-CAICE). Comprehensive details of the study can be referred 

to in previous works,32, 34, 40, 41, 52, 59-61with a brief overview provided here. Water was sampled 

from the Scripps Pier in La Jolla, CA (32° 52' 01.0" N, 117° 15' 25.7" W) on 7/23. The water was 

filtered using 50 µm Nitex nylon mesh (Flystuff; Cat # 57-106) to remove larger biological species. 

This water was placed into the 11,800 L, 33 m-long glass tank equipped with fluorescent lamps 

along the outer walls and a moving paddle to simulate a diurnal solar cycle and generate SSA 

through wave breaking. A phytoplankton bloom was induced by spiking the water with f/2 growth 

media and sodium metasilicate. This work focuses explicitly on SSA measurements during the 

third bloom between 7/31 and 8/9, which generated the largest biomass. Biological activity was 

monitored by measuring chlorophyll-a concentration via continuous fluorescence (ESP),62 an 

indication of algal biomass, bacterial cell counts with a Liquid Spot Sampler (SS110A, Aerosol 

Devices Inc) and flow cytometry, and dissolved organic carbon (DOC) concentrations with a 

Shimadzu TOC-VCSH catalytic combustion oxidation instrument. 

Sampling Apparatus and Conditions 

The sampling apparatus and conditions followed the details outlined in Tumminello et al., 

2021.52 Briefly, filtered air was supplied to the wave flume’s headspace to prevent outside 

contamination, and the headspace air was drawn through one silica gel diffusion dryer and into our 

sampling setup at a flow rate of 5 L min-1. A Pyrex flow tube (inner diameter of 5 cm and 50 cm 
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long) facilitated the mixing and equilibration of particles at the tube’s RH, adjusted by varying 

zero air (747-30, AADCO) flows through a bubbler containing pure water or a “dry” bypass 

sampling line. These RH values were measured by an inline RH/temperature sensor (Sensirion 

AG). The sample flow was split for particle size and composition analysis, passing through a 

honeycomb-type activated charcoal denuder to remove volatile hydrocarbons before entering the 

mass spectrometer inlet, as shown in Figure 4.1. Two two-way valves directed the flow either 

directly into the inlet or through two particle filters connected in series (HEPA Capsule Versapor, 

99.97% efficiency for 0.3 μm) for a background, or “blank” measurement. Filter blanks were taken 

at the start of every measurement period at four flow settings to modulate RH (20 min total, 5 min 

each). Then the sampling and long RH cycles began (1 hr at each setting, four settings total), also 

shown in Figure 4.6. SSA size distributions were measured every two minutes with a Brechtel 

scanning electrical mobility sizer (SEMS; Model 2100; size range of 5 nm to 850 nm across 100 

size bins). Measurements occurred in approximately three to four (dependent on start time) 

subsequent 4-hour cycles overnight (8-11 P.M. to 7-8:30 A.M. local time), systematically adjusting 

between four RH regimes within a cycle from a maximum RH of ~75% to a minimum RH of 

~20%, covering a range that extended to the deliquescence RH (DRH) (~75%) and below the 

efflorescence RH (ERH) (~44%) of NaCl. We categorized RH into four regimes depending on the 

wet-to-dry flow ratio: 20-35%, 35-50%, 50-65%, and 65-75%. 
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Figure 4.1 EESI-TOF sampling apparatus and visualization of the ionization mechanism 

EESI-TOF Description 

The nascent SSA molecular composition was measured using an extractive electrospray 

ionization time-of-flight mass spectrometer (EESI-TOF; Aerodyne Research Inc. and Tofwerk 

AG). EESI involves exposure of the aerosol sample to suspended electrospray droplets, resulting 

in a signal proportional to the mass concentration of components in the aerosol phase.44, 47, 48, 50, 52, 

63, 64The reagent ion spray was generated by passing the reagent solution through a 365 μm OD 

fused silica capillary (IDEX Health and Science, LLC) at a pressure of 350 mbar. It was charged 

at −2500V in negative mode and +2500V in positive mode. The reagent solution for negative mode 

consisted of 50% (by mass) H2O (18 mΩ, Millipore Synergy System) and 50% acetonitrile 

(≥99.95%, Fisher Chemical) spiked with 100 ppm potassium acetate (99%, Sigma-Aldrich), 

resulting primarily in ionization by deprotonation [M-H]-. In positive mode, the reagent solution 

consisted of 50% acetonitrile (≥99.95%, Fisher Chemical) and 50% H2O spiked with 100 ppm 

sodium iodide (99%, Sigma-Aldrich), which ionized the sample by clustering with sodium 

[M+Na]+. Negative and positive mode EESI-TOF measurements were conducted, but only positive 

mode results are described here because of their broader coverage throughout the measurement 

period. The aerosol was sampled at 1 liter per minute (LPM), mixed with the reagent ion spray, 

and heated to 220 °C before detection by the TOF mass analyzer.46  
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Mass Spectra Data Processing 

The mass spectra were processed using Tofware (Version 3.3.0, Aerodyne Research Inc. 

and Tofwerk AG) in IGOR 9 (Wavemetrics). Files with 1-second time resolution were averaged 

in 60-second increments before further high-resolution analysis. After data processing, there was 

<10 ppm error in the mass calibration and a resolution of ~5000 m/Δm in negative mode for 

m/z=59.013853 (CH3COO-) and ~5500 in positive mode for m/z=22.989221 (Na+). Chemical 

formulae were determined using a pre-determined peak list based on compounds previously 

identified in SSA (Table S1) and the formula generator developed by Stark et al. 2015.65 The 

generator allowed for all combinations of C, H, O, and N with m/z in the range from 50 to 400, 

with maximum oxygen-to-carbon ratios (O:C) of 2, double bond equivalences (DBE) from 0 to 1, 

and minimum hydrogen-to-carbon ratios (H:C) of 0.5.65, 66 Due to some clustering between 

molecular ions and the acetonitrile organic solvent, which could flag as false positives for CHON 

compounds when they are possibly CHO compounds clustered with acetonitrile, all nitrogen-

containing elemental formulae were omitted from the peak list, except for those with the same 

formulae as amino acids previously measured in SSA.27   

Peaks were identified as present if their mass accuracy was within 15 ppm and intensities 

were above the limit of detection, determined by the area near the peak, as done in Lopez-Hilfiker 

et al. 2019.44 It is important to note that some volatile components that transmit through the 

charcoal denuder and break through the particle filters used for blank measurements can dissolve 

into or become solvated in the electrospray and lead to elevated background levels.48 The filters 

and denuder were new as of the start of the study and regularly cleaned by flushing with dry zero 

air and, for the charcoal denuder, baking it in an oven at 150 ℃. Detected molecular ions were 

filter-blank subtracted and normalized to the background Na+ reagent ion intensity at the 
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corresponding RH without further corrections, mitigating interferences from gas breakthrough, 

Na+ in SSA, and accounting for potential sensitivity differences with varying RH. 

4.4 Results and Discussion 

Temporal Trends and Variability in Measured SSA Components with Changing Seawater 

Biology  

This section elucidates the temporal trends and variability in tracer components within 

nascent SSA measured by EESI-TOF. We focus on the temporal behavior and enrichment during 

a controlled phytoplankton bloom of K+, palmitic acid, and glycerol, which are representative 

components in nascent SSA that depend on seawater biological activity.23, 24, 67, 68  

 

Figure 4.2 Time series of (A) chlorophyll-a concentrations in μg L-1 (green) and bacterial cell 

counts in cells x 10-9 L-1 (gray). Hourly-averaged normalized intensities of (B) palmitic acid 

(squares) (C) glycerol (diamonds), and (D) potassium (circles). 

Marine biological activity can be assessed through various biological markers, as depicted 

in Figure 4.2A. This section provides a brief overview of the results concerning these markers, 

with a more comprehensive analysis in Sauer et al. 2022.34 Chlorophyll-a is the primary marker 
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for monitoring phytoplankton growth, as they produce chlorophyll-a to capture sunlight energy. 

While phytoplankton can generate different types of chlorophyll, measurements of chlorophyll-a 

remain the most reliable indicator of overall phytoplankton growth.69 Diatoms (mainly 

Skeletonema sp. and Cylindrotheca sp.) and diatom aggregates (mostly Cylindrotheca sp. and 

Navicula sp.) dominated the phytoplankton communities in this study.34 Following the 

phytoplankton bloom, there was an extended period of senescence after 8/5, succeeded by a surge 

in bacteria, as confirmed by bacterial cell counts, a characteristic feature of post-bloom conditions 

established in prior research.34, 70 Table 1 shows the r2 values for each identified compound versus 

the chlorophyll-a concentration and bacterial cell counts, with the correlation plots in Figure 4.10. 

Table 4.1 Correlation coefficients (R2 values) for the linear regression analysis of chlorophyll-a 

and bacteria cell counts with palmitic acid, glycerol, and potassium. 

 Palmitic Acid Glycerol Potassium 

Chlorophyll-A 0.06 0.48 0.11 

Bacteria 0.05 0.11 0.62 

 

Figure 4.2B shows the temporal variability in C16H32O2Na+ (m/z=279.229451), tentatively 

identified as palmitic acid, the predominant saturated fatty acid in nascent SSA at concentrations 

between 20 and 214 ng m-3.14, 24 The highest palmitic acid levels in SSA coincided with the end of 

the chlorophyll-a peak on 8/4, diminishing as the bacterial levels increased. It is unclear if the 

palmitic acid levels in nascent SSA were greater in earlier stages of the phytoplankton bloom 

before the positive mode EESI-TOF measurements, but studies show an increase in fatty acid 

concentration within SSA after nutrients are exhausted during a phytoplankton bloom.24, 25 In a 

diatom-dominated bloom, palmitic acid and other 16-carbon fatty acids are produced by the 

phytoplankton,71 potentially increasing palmitic acid levels in SSA near the chlorophyll-a peak’s 

end. Following the peak, palmitic acid levels decreased, then decreased more rapidly as the 
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bacteria grew on 8/6 and 8/7. This decline may result from its usage by bacteria, as all bacteria can 

incorporate exogenous fatty acids for use in the β-oxidation cycle to yield acetyl-coenzyme A, 

which the bacteria can then use to make phospholipids to build the cell membrane.72 The 

decreasing trend in palmitic acid across the bloom did not align with the total SSA volume, surface 

area, or number concentration trends, which remained relatively stable except when the lamps 

were on (Figure 4.11). Additionally, the concentrations of palmitic acid did not strongly correlate 

with chlorophyll-a or bacteria (r2=0.06 and 0.05, respectively). Although previous work suggests 

a diel cycle in SSA production,73-76 our study lacked sufficient measurements during lamp-on 

periods to identify any diurnal trend in SSA composition. 

Figure 4.2C shows the temporal variability in C3H8O3Na+ (m/z=115.036565), tentatively 

identified as glycerol due to it having no naturally occurring structural isomers, its prevalence in 

marine biota,77 and SSA.78 Glycerol, a small saccharide and the backbone of triglycerides and 

phospholipids, showed decreasing levels in nascent SSA from 8/4 to 8/8. However, unlike palmitic 

acid, glycerol exhibited consistently higher signals at the start of the night, decreasing through the 

night during all five nighttime measurement periods. Glycerol, a byproduct of photosynthesis,79 

can be exuded by phytoplankton into surrounding water, varying in quantity with phytoplankton 

type.80-83 As photosynthesis stops once the wave flume lights are turned off, glycerol levels 

decrease. This could explain the glycerol signal decay throughout the nighttime sampling period 

and the better correlation between glycerol and chlorophyll-a (r2=0.48), as chlorophyll-a reflects 

the photosynthetically active phytoplankton abundance. Additionally, bacteria can metabolize 

glycerol for energy, potentially explaining the near-zero glycerol signal by the end of the bloom 

following the bacterial spike on 8/7.84 
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Figure 4.2D presents temporal variability and trends in K+ in SSA (detected at 

m/z=38.963158), with K+ confirmed by its isotopic abundance in the mass spectra (Figure 4.12). 

K+ is known to be enriched relative to Na+ in SSA compared to seawater.17, 23 The signal remained 

relatively low and stable immediately following the bloom but subsequently increased, coinciding 

with gradual bacterial growth after 8/5 (r2=0.62). A similar trend in K+ enrichment relative to Na+ 

was observed in Jayarathne et al. 2016,23 coinciding with the maxima in chlorophyll-a and bacterial 

cell counts. This enrichment was attributed to the complexation of cations with dissolved organic 

carbon components at the sea surface, including oligo/polysaccharides selectively transferred in 

SSA. Such cation enrichment has been observed in other studies.85, 86 While Mg2+ and Ca2+ in SSA 

are expected to be enhanced alongside K+, they were not detected in this study, possibly because 

the TOF mass analyzer was tuned to Na+-ion adducts and not to doubly charged species like Mg2+ 

and Ca2+. 

Local changes in water pH could influence these observations, as pH can affect 

complexation.87, 88 Flynn and Mitra et al., 2023, demonstrated that phytoplankton activity can 

impact local pH, where growth leads to increased pH due to CO2 uptake, and subsequent 

heterotrophic consumption results in decreased pH.89 Throughout this phytoplankton bloom, the 

average pH of the bulk water increased from ~7.9 on 7/31 to as high as ~8.3 at peak chlorophyll-

a concentration on 8/4 and 8/5, followed by a subsequent decrease in pH, as shown in Figure 4.8. 

The pH of the sea surface microlayer (SSML) remained relatively stable between 7/31 and 8/5, 

decreasing following the bloom from a high of ~8.0 on 8/5 to a low of ~7.7 as the bacteria grew 

in. Hakim et al. 2019 indicated that pH can influence the complexation of cations with DOM, 

where an increase in pH, especially above the pKa of DOM, enhances binding between anionic 

forms of the organic carbon and divalent cations.90 Considering that previous work shows 60% of 
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marine DOM exhibits carboxylic-like pKa values of 3.6 and 4.8,87 we conjecture that the increase 

in K+ in SSA coinciding with the peak in bacteria cell counts could be due to a smaller proportion 

of K+ bound to anionic forms of DOM in the SSML at the lower pH, effectively “releasing” the 

carbon-bound K+ and forming free K+ in SSA, which becomes detectable by EESI. 

Relative Humidity Effects  

Substantial variations in the EESI-TOF intensity for specific ions (normalized to the 

background reagent Na+) were noted in response to changes in the sample RH, as shown in the 

color scale of Figure 4.2. We illustrate this further in Figure 4.3A for palmitic acid during a 

representative measurement cycle, showing a significant decrease in the reagent ion-normalized 

signal as the RH was stepped down from ~70% to ~20%. As shown in Figure 4.9, changes in 

intensity were evident in nearly all signals associated with SSA with varying RH, with less signal 

variability (i.e., relative error) for ions at lower m/z and elevated RH. For the majority, though not 

all, of the identified MS peaks, intensities were prominent under elevated RH, while most 

approached background levels or were undetected (i.e., below background) at RH < 40%. 
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Figure 4.3 (A) Example temporal profile of the normalized C16H32O2Na+ (palmitic acid) 

intensity with changing relative humidity (black). The background measurement period is 

highlighted in the gray-shaded region. The measured relative humidity is indicated in the 

blue trace. The blue diamonds show the calculated particle extraction (%) from Eq. 2  

Figure 4.4 shows an intercomparison of the detection frequencies and normalized signal 

intensities from the hourly-averaged palmitic acid, glycerol, and K+ data presented in Figure 4.2 

for each RH range, considering the full measurement period. Despite the effects on their signal 

intensities due to changing biological activity, the most significant and reproducible impact was 

due to sample RH. In Figure 4.4A, we present the fraction of the hourly-averaged samples detected 

above background. Detection frequencies increased for all three ions with increasing RH, with 

glycerol demonstrating the most substantial increase from ~0% detection frequency at 20% RH to 

100% detection frequency at 70% RH. In contrast to glycerol, K+ and palmitic acid were still 

detected in about half of the measurements at 20% RH. These trends also held in terms of their 

normalized signal intensities shown as averages at the different RH ranges in Figure 4.4B. Both 

glycerol and palmitic acid exhibited significantly greater average ion intensities with increasing 
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RH across the bloom. In comparison, K+ showed some but insignificant enhancement in signal 

with increasing RH.  

 

Figure 4.4 Variations in (A) detection frequency and (B) average normalized intensities of 

potassium, glycerol, and palmitic acid at different sample relative humidity ranges. 

In the study by Lopez-Hilfiker et al. 2019 using EESI-TOF, insignificant perturbations in 

the MS intensities were observed for homogeneously nucleated alpha-pinene secondary organic 

aerosol (SOA) components in the RH range between 0% and 80%, with most showing no 

perturbation at all.44 We hypothesize that the change in RH can influence EESI-TOF sensitivity 

primarily in two ways: (1) the change in RH modulates the particle size of mostly water-soluble 

or hygroscopic aerosol particles, i.e., “shrinking” the particles with decreasing RH and “growing” 

the particles with increasing RH, affecting the coagulation efficiency between the sample aerosol 

particles and electrospray droplets, and (2) RH-induced phase transitions that modulate the 

aerosol’s sticking probability or coagulation efficiency with the droplets and distance that 
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components in the sample aerosol and the reagent ion (e.g., Na+) in the electrospray droplet must 

diffuse before they interact. These two pathways are explored further in the following sections. 

Particle Size Effects 

As depicted in Figure 4.11, throughout the study, the surface area-weighted diameter varied 

with RH, ranging from 180(±10) nm to 239(±15) nm across the phytoplankton bloom, generally 

exhibiting a stepwise decrease in diameter between the highest and lowest RH. In Gallimore and 

Kalberer, 2013, the EESI-TOF response to components in purely organic aerosol particles was 

linear for particles with mobility diameters ranging from 70 nm to 200 nm.46 In contrast, Lee et al. 

2021 reported a significant and non-linear increase in the EESI-TOF sensitivity as the particle 

diameter decreased from 300 nm to 30 nm for organic-coated NH4NO3 particles.53 They attributed 

the heightened sensitivity for smaller particles to differences in the coagulation rates between the 

sample aerosol particles and electrospray droplets, estimated from the Brownian coagulation 

coefficient,91 calculating a coefficient of ~1 for 100 nm particles and ~10 for 30 nm particles. This 

translated to a 30x increase in sensitivity for the 30 nm particles compared to the 100 nm particles 

in that study. Furthermore, the coagulation coefficient varies dramatically and decreases above 

100 nm. It is proposed that this variation is due to a reduced coagulation rate between the 

electrospray droplets (ranging from 0.5 to 5 µm) with larger sample aerosol and that a decrease in 

the difference between the size of the electrospray and the aerosol sample leads to a reduced 

coagulation rate. Without direct measurement of the electrospray droplet size distribution, these 

impacts remain unknown for other EESI-TOF measurements. However, based on the results in 

Lee et al. 2021, 200 nm particles, approximately the size of the peak number-weighted SSA 

particles measured here, have one to three times lower coagulation efficiency than 100 nm 

particles.53 In this study, the decrease in the sample aerosol particle size at the lower RH is expected 

to enhance sensitivity because of the greater anticipated coagulation efficiency between smaller 
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aerosol particles and larger electrospray droplets. Despite the anticipated increase in sensitivity 

with decreasing particle size with lower RH, the opposite is observed – a marked decrease in 

sensitivity for most aerosol components at the lower RH. This suggests that the change in particle 

size with RH was either too small to influence coagulation rates significantly or that another RH-

dependent mechanism is responsible. 

Viscosity effects 

A different explanation is the increased mobility of reactants resulting from the reduced 

SSA particle viscosity at higher RH.22, 40, 52 This would heighten diffusive mixing and facilitate 

interactions between Na+ at the particle surface and the molecular components in nascent SSA, 

akin to the enhanced reaction probabilities between molecules at the particle interface and in the 

bulk of lower viscosity aerosols at higher RH.63, 92-94 
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Figure 4.5 Modeled diffusive depths of the reagent ion, Na+, in SSA particles at different particle 

diameters and as a function of relative humidity according to the relative humidity-dependent 

SSA viscosities reported in Tumminello et al., 2021, which was conducted jointly with this 

study. The color scale is the estimated percent particle volume extracted according to Eq. 2. 

To examine the influence of RH-dependent viscosities on the diffusion and reaction 

between the Na+ reagent ion and components in the particle phase, we modeled the “diffusive 

depth” of Na+ entering an SSA particle between an RH of 5% to 95% in Figure 4.5. The modeled 

diffusive depth represents the solution to the Stokes-Einstein equation under the assumption of 

atomic radii for Na+ and the maximum residence time of a particle within the EESI-TOF inlet, as 

shown in Eq. 4.1: 

 

𝐷𝑒𝑝𝑡ℎ = √𝑡 ∗
𝑘𝑏𝑇

6𝜋𝜂𝑟
 Eq. 4.1 

Here, t represents the residence time inside the EESI-TOF inlet (16.96 milliseconds), kb is 

the Boltzmann constant, T is the ambient temperature (K), η is the particle viscosity (Pa·s) 
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estimated from Tumminello et al. 2021 for SSA, and r is the ionic radius of Na+ of 1.02×10-10 m. 

η of SSA was taken directly from the estimated η for the organic carbon reported in Tumminello 

et al. 2021.52 On the higher end, the η of SSA was estimated to range from 9.14×1010 Pa∙s at 5% 

RH to 1.88×10-3 Pa∙s at 95% RH, coinciding with the peak in chlorophyll-a, and between 5.58×109 

Pa∙s at 5% RH to 1.55×10-2 Pa∙s at 95% RH on the lower end, during a period of low biological 

activity. Other particle properties, e.g., solubility, surface tension, morphology, mixing state, and 

localized differences in pH and concentration of other reactants between the particle surface and 

bulk might also play a role in the mass transfer of components.95 Therefore, the reported diffusive 

depths are treated as estimates to demonstrate viscosity's effects on mass transfer. If components 

at the particle surface dissolve into the electrospray droplet upon collision with the droplet, the 

Na+ ion will likely interact with and diffuse to greater depths in the particle than predicted by this 

model. The reported mixing depths may serve as a lower limit in such cases. Figure 4.5 illustrates 

these outcomes as a function of RH. At a relatively low RH of 20%, Na+ is estimated to penetrate 

the particle only to within 1 nm from the surface (black curve), while at a relatively high RH of 

70%, the depth is around 200 nm, i.e., diffusing completely through the sample particle in the time 

the particles spend in the EESI inlet. While the modeled diffusive depth is independent of the 

sample’s particle size, fewer molecules in larger particles will interact with Na+ than in smaller 

ones with the same viscosity. To illustrate these different size-related effects, we can estimate the 

percentage of the sample aerosol particle volume extracted for spherical particles (Eq. 4.2), 

approximating the thickness of the particle layer extracted as the diffusive depth. 

 
% 𝑉𝑜𝑙𝑢𝑚𝑒 𝐸𝑥𝑡𝑟𝑎𝑐̄𝑡𝑒𝑑 =

𝑟𝑠
3 − (𝑟𝑠 − 𝑑)3

𝑟𝑠
3 ∗ 100 Eq. 4.2 

In Eq. 4.2, rs is the sample particle radius (nm), and d is the diffusive depth (nm). For a 

nascent SSA particle with a mobility diameter of 211.5±15.4 nm, the estimated percent volume of 
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the particle extracted and ionized by Na+ is ~1.8% at 25% RH and 100% at 70% RH. This closely 

follows the relative palmitic acid signal intensity trends with RH shown in Figure 4.3A (blue 

diamonds). This implies that in this study's sample RH range and the size range of SSA, 

increasingly smaller volume fractions of the nascent SSA were extracted and measured by the 

EESI-TOF with decreasing RH and that the extraction depends on the viscosity. 

Potential Combined Effects of Viscosity and Particle Morphology on the Coagulation Efficiency 

and Extraction of Palmitic Acid, Glycerol, and K+ in SSA 

The ionization of glycerol and palmitic acid in SSA by EESI necessitated Na+-adduct 

formation. Due to the lower η of SSA at elevated RH, we attribute the heightened detection 

frequencies at the higher RH to greater diffusivity and mixing of Na+ with glycerol and palmitic 

acid. In addition, the less viscous, or stickier, SSA particles are expected to exhibit less bounce off 

and, thus, greater coagulation efficiency with the electrospray droplets with increasing RH,96-98 

promoting interactions between the molecules and reagent ion during EESI. As shown in Figure 

4.13, within the post-bloom period (between 8/5 and 8/9), the measured SSA particle bounce 

fractions, a proxy for particle viscosity,52 were inversely proportional to the normalized intensities 

of all three ions. Within the peak bloom period (8/2 to 8/5), the highest normalized intensities 

coincided with the minimum bounce fraction and the smallest with the maximum bounce fraction. 

Although no clear or robust dependence between signal intensity and bounce fraction absolute 

values could be made, these results further indicate that less bouncy or stickier SSA particles yield 

higher detection frequencies and signal intensities with EESI-TOF compared to their bouncier 

counterparts at a lower RH. 

Furthermore, particle morphologies were investigated with atomic force microscopy 

during SeaSCAPE for the same bloom, demonstrating an increasing number of larger core-shell 

SSA particles with solid-like organic shells across the bloom at the lower RH of 20% compared to 
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an RH of 60%.40 Such phase separation is common in SSA22, 40, 56, 99 and may facilitate interactions 

between molecules at the particle surface and the EESI reagent ion. The observation that EESI 

demonstrates greater specificity for extracting and ionizing molecular components at the particle 

surface is not novel. Kumbhani et al. 2018 found minimal signal for NaNO3 in the particle core 

and mostly glutaric acid from the particle surface for NaNO3 particles coated with glutaric acid.55 

However, a substantial sampling of malonic acid and the glutaric acid core occurred, with malonic 

acid coating on glutaric acid particles.55 As a surfactant, palmitic acid has a greater surface activity 

than glycerol, which could explain the higher detection frequencies for palmitic acid than glycerol 

at the lower RH. By a different mechanism, K+ can be enriched at the surface of nascent SSA.24, 

100 Because K+ is already ionized and does not require Na+ ions to diffuse within the particle and 

react, less change in the K+ signal intensity with RH was observed. 

4.5 Conclusions 

This study demonstrates the capability of the EESI-TOF method for measuring components 

in nascent SSA, namely palmitic acid, glycerol, and K+. The finer temporal resolution enabled key 

new findings in our understanding of SSA molecular composition: (1) K+ in SSA correlated with 

bacteria levels in seawater, possibly from complexation with anions in the DOC, and did not 

correlate with chlorophyll-a, (2) palmitic acid did not strongly correlate with either chlorophyll-a 

or bacterial cell counts but generally decreased in intensity as the chlorophyll-a concentrations in 

seawater decreased, and (3) glycerol correlated with chlorophyll-a, decreasing with time after the 

lamps were turned off. The different K+, palmitic acid, and glycerol levels in SSA at different 

bloom periods could be important for understanding the evolution of SSA CCN activity throughout 

the bloom. Glycerol and other polyols are relatively hygroscopic organic compounds.101 While 

palmitic acid is poorly soluble in water, it is surface active and, hence, expected to increase CCN 

activity via the Kelvin effect by suppressing the droplet’s surface tension. In Tumminello et al., 
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2021, we observed this effect where the SSA CCN activity remained elevated even with a greater 

organic carbon mass fraction during the peak of the phytoplankton bloom.6 

The impact of RH on sample extraction via the EESI-TOF method is significant, depending 

on the sample aerosol's size, viscosity, and morphology. Within the context of SSA, imaging of 

different authentic SSA particles has demonstrated that phase separation occurs in SSA in as many 

as six multistep phase transitions upon changes in RH.22, 56 EESI extraction depends upon the 

ambient RH as shown here, and particle properties such as viscosity, and processes such as phase 

separation that depend on RH could critically impact the ability to detect molecular components 

by EESI-TOF, emphasizing the need for understanding the EESI extraction mechanism more 

precisely for different particle phases and multiple phases together. Phase-separated or core-shell-

type particles, like the mixed glutaric acid/NaNO3 particles studied in Kumbhani et al., 2018, and 

those common to SSA at a low RH,22, 40, 52, 56 favor the extraction of components from the particle 

surface. On the other hand, well-mixed and deliquesced organic carbon/aqueous electrolyte 

particles with low viscosity, such as the nascent SSA near the deliquescence RH of sea salt,52 favor 

complete extraction and ionization of the particles. Future work should also focus on the role of 

phase in other aerosol systems, e.g., in SOA, which undergoes liquid-liquid and liquid-solid phase 

transitions depending on the aerosol’s composition and ambient RH.95, 102  

The impact of phase on EESI is expected to be more relevant in detecting components in 

larger particles when the particle diameter is greater than the diffusive depth of the reagent ion. In 

the case of SSA, this suggests that the components in film droplets, which are smaller than jet 

droplets,18 potentially have a higher probability of complete extraction based on their smaller size, 

contingent on particle viscosity. Our results suggest that studies quantifying molecular components 

in ambient aerosols with EESI-TOF could be underestimated, mainly if the ambient RH is lower 
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(or the particles are more viscous) than when calibrated. These results highlight the importance of 

knowing the aerosol sample’s physicochemical properties (i.e., phase state, viscosity, and 

morphology) for meaningful analysis of the results. 
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4.6 Supplemental Information 

 

Figure 4.6 Time series of the sampling periods for positive (dark grey) and negative (light grey) 

mode, including filter blanks (red). The times of three major events (black lines) during the 

bloom are included.34 Line 1 corresponds to the outdoor tank being added to the waveflume. 

Line 2 corresponds to the scraping of the waveflume walls. 
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Figure 4.7 Time series of background-subtracted potassium signal normalized to the background-

subtracted sodium signal. The blue color scale (white at 0% and black at 100%) represents the 

relative humidity (%). 
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Figure 4.8 Time series of the daily average pH for the bulk water of the flume (blue circles) and 

the SSML (black circles). 
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Figure 4.9 (A) Heat map of the relative intensity (yellow at zero and black at one) for each m/z 

identified during the same period as Figure 3, normalized to the maximum for each m/z. (B) Heat 

map of the relative error (yellow at zero and black at one) m/z identified during the same period 

as Figure 3. 
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Figure 4.10 Correlation plots between normalized palmitic acid signal and (A) chlorophyll-a 

(green squares) and (B) bacteria (black squares), normalized glycerol signal and (C) chlorophyll-

a (green diamonds) and (D) bacteria (black diamonds), and potassium signal and (E) chlorophyll-

a (green circles) and (F) bacteria (black circles) 
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Figure 4.11 Time series of the hourly average (a) total scan concentration (circles), (b) total 

surface area (squares), (c) total volume (triangles), and (d) surface area weighted diameter 

(diamonds). The blue color scale (white at 0% and black at 100%) represents the relative 

humidity during each period. The grey shading represents daytime. 
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Figure 4.12 The mass spectra of the normalized intensity (grey), high-resolution fit (red), and 

isotopic abundance for potassium (blue lines). The second peak at 41 m/z is a sodium water 

cluster (H2ONa+). 
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Figure 4.13 Bounce factor from Tumminello et al. 2021 during the peak bloom (circles) and post 

bloom (squares)52 plotted against the intensity of palmitic acid (A), glycerol (B), and potassium 

(C). The blue color scale (white at 0% and black at 100%) represents the relative humidity 

during each period. 
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Table 4.2 List of compounds previously identified in SSA from Mandalakis et al. 2011,103 

Decesari et al. 2020,67 Cochran et al. 2016,24 Triesch et al. 2021,104 and Jayarathne et al. 201623 

Chemical Formula Molecular 

Weight (g/mol) 

Chemical Name Reference 

C2H5NO2 75.032028 glycine Mandalakis et al. 2011 

C3H7NO2 89.047678 alanine Decesari et al. 2020 

C3H8O3 92.046796 glycerol Decesari et al. 2020 

C3H4O4 104.010959 propanedioic acid Cochran et al. 2016 

C3H7NO3 105.042593 serine Mandalakis et al. 2011 

C4H7N3O 113.058363 creatinine Decesari et al. 2020 

C5H9NO2 115.063329 proline Mandalakis et al. 2011 

C5H8O3 116.047344 oxopentanoic acid Cochran et al. 2016 

C6H12O2 116.08373 hexanoic acid Cochran et al. 2016 

C5H11NO2 117.078979 valine Mandalakis et al. 2011 

C4H6O4 118.026609 butanedioic acid Cochran et al. 2016 

C5H10O3 118.062994 hydroxy-pentanoic acid Cochran et al. 2016 

C4H9NO3 119.058243 threonine Mandalakis et al. 2011 

C6H10O3 130.062994 oxohexanoic acid Cochran et al. 2016 

C5H9NO3 131.058243 hydroxyproline Mandalakis et al. 2011 

C6H13NO2 131.094629 leucine Mandalakis et al. 2011 

C5H8O4 132.042259 pentanedioic acid Cochran et al. 2016 

C4H8N2O3 132.053492 asparagine Mandalakis et al. 2011 

C6H12O3 132.078644 hydroxy-hexanoic acid Cochran et al. 2016 

C4H7NO4 133.037508 aspartic acid Triesch et al. 2021 

C3H8SO4 140.01433 monopropylsulfate Cochran et al. 2016 

C7H12O3 144.078644 oxoheptanoic acid Cochran et al. 2016 

C8H16O2 144.11503 octanoic acid Cochran et al. 2016 

C6H10O4 146.057909 hexanedioic acid Cochran et al. 2016 

C5H10N2O3 146.069142 glutamine Mandalakis et al. 2011 

C7H14O3 146.094294 hydroxy-heptanoic acid Cochran et al. 2016 

C5H9NO4 147.053158 glutamic acid Triesch et al. 2021 

C5H11NSO2 149.05105 methionine Mandalakis et al. 2011 

C4H10SO4 154.02998 monotetrasulfate Cochran et al. 2016 

C6H9N3O2 155.069477 histidine Mandalakis et al. 2011 

C8H14O3 158.094294 oxooctanoic acid Cochran et al. 2016 

C9H18O2 158.13068 nonanoic acid Cochran et al. 2016 

C7H12O4 160.073559 heptanedioic acid Cochran et al. 2016 

C8H16O3 160.109944 hydroxy-octanoic acid Cochran et al. 2016 

C9H11NO2 165.078979 phenylalanine Mandalakis et al. 2011 

C5H12SO4 168.04563 monopentasulfate Cochran et al. 2016 

C9H16O3 172.109944 oxononanoic acid Cochran et al. 2016 
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Table 4.2 List of compounds previously identified in SSA from Mandalakis et al. 2011,103 

Decesari et al. 2020,67 Cochran et al. 2016,24 Triesch et al. 2021,104 and Jayarathne et al. 201623 

(continued) 

Chemical Formula Molecular 

Weight (g/mol) 

Chemical Name Reference 

C10H20O2 172.14633 decanoic acid Cochran et al. 2016 

C8H14O4 174.089209 octanedioic acid Cochran et al. 2016 

C6H14N4O2 174.111676 arginine Mandalakis et al. 2011 

C9H18O3 174.125594 hydroxy-nonanoic acid Cochran et al. 2016 

C11H14O2 178.09938 undecatetraenoic acid Cochran et al. 2016 

C6H12O6 180.063388 glucose Jayarathne et al. 2016 

C9H11NO3 181.073893 tyrosine  Mandalakis et al. 2011 

C6H14SO4 182.06128 monohexylsulfate Cochran et al. 2016 

C10H18O3 186.125594 oxodecanoic acid Cochran et al. 2016 

C11H22O2 186.16198 undecanoic acid Cochran et al. 2016 

C9H16O4 188.104859 nonanedioic acid Cochran et al. 2016 

C10H20O3 188.141245 hydroxy-decanoic acid Cochran et al. 2016 

C12H16O2 192.11503 dodecatetraenoic acid Cochran et al. 2016 

C7H16SO4 196.07693 monoheptasulfate Cochran et al. 2016 

C12H20O2 196.14633 dodecadienoic acid Cochran et al. 2016 

C12H22O2 198.16198 dodecenoic acid Cochran et al. 2016 

C11H20O3 200.141245 oxoundecanoic acid Cochran et al. 2016 

C12H24O2 200.17763 dodecanoic acid Cochran et al. 2016 

C10H18O4 202.120509 decanedioic acid Cochran et al. 2016 

C11H22O3 202.156895 hydroxy-undecanoic acid Cochran et al. 2016 

C8H18SO4 210.09258 monooctylsulfate Cochran et al. 2016 

C13H22O2 210.16198 tridecadienoic acid Cochran et al. 2016 

C13H24O2 212.17763 tridecenoic acid Cochran et al. 2016 

C12H22O3 214.156895 oxododecanoic acid Cochran et al. 2016 

C13H26O2 214.19328 tridecanoic acid Cochran et al. 2016 

C11H20O4 216.136159 undecanedioic acid Cochran et al. 2016 

C12H24O3 216.172545 hydroxy-dodecanoic acid Cochran et al. 2016 

C14H22O2 222.16198 tetradecatrienoic acid Cochran et al. 2016 

C9H20SO4 224.10823 monononasulfate Cochran et al. 2016 

C14H24O2 224.17763 tetradecadienoic acid Cochran et al. 2016 

C14H26O2 226.19328 tetradecenoic acid Cochran et al. 2016 

C13H24O3 228.172545 oxotridecanoic acid Cochran et al. 2016 

C14H28O2 228.20893 tetradecanoic acid Cochran et al. 2016 

C12H22O4 230.151809 dodecanedioic acid Cochran et al. 2016 

C13H26O3 230.188195 hydroxy-tridecanoic acid Cochran et al. 2016 

C10H22SO4 238.12388 monodecylsulfate Cochran et al. 2016 
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Table 4.2 List of compounds previously identified in SSA from Mandalakis et al. 2011,103 

Decesari et al. 2020,67 Cochran et al. 2016,24 Triesch et al. 2021,104 and Jayarathne et al. 201623 

(continued) 

Chemical Formula Molecular 

Weight (g/mol) 

Chemical Name Reference 

C15H26O2 238.19328 pentadecadienoic acid Cochran et al. 2016 

C15H28O2 240.20893 pentadecenoic acid Cochran et al. 2016 

C14H26O3 242.188195 oxotetradecanoic acid Cochran et al. 2016 

C15H30O2 242.22458 pentadecanoic acid Cochran et al. 2016 

C13H24O4 244.167459 tridecanedioic acid Cochran et al. 2016 

C14H28O3 244.203845 hydroxy-tetradecanoic acid Cochran et al. 2016 

C16H24O2 248.17763 hexadecatetraenoic acid Cochran et al. 2016 

C16H26O2 250.19328 hexadecatrienoic acid Cochran et al. 2016 

C11H24SO4 252.13953 monoundecylsulfate Cochran et al. 2016 

C16H28O2 252.20893 hexadecadienoic acid Cochran et al. 2016 

C16H30O2 254.22458 hexadecenoic acid Cochran et al. 2016 

C15H28O3 256.203845 oxopentadecanoic acid Cochran et al. 2016 

C16H32O2 256.24023 hexadecanoic acid Cochran et al. 2016 

C14H26O4 258.183109 tetradecanedioic acid Cochran et al. 2016 

C15H30O3 258.219495 hydroxy-pentadecanoic acid Cochran et al. 2016 

C12H26SO4 266.15518 monododecylsulfate Cochran et al. 2016 

C17H30O2 266.22458 heptadecadienoic acid Cochran et al. 2016 

C17H32O2 268.24023 heptadecenoic acid Cochran et al. 2016 

C16H30O3 270.219495 oxohexadecanoic acid Cochran et al. 2016 

C17H34O2 270.25588 heptadecanoic acid Cochran et al. 2016 

C15H28O4 272.198759 pentadecanedioic acid Cochran et al. 2016 

C16H32O3 272.235145 hydroxy-hexadecanoic acid Cochran et al. 2016 

C18H26O2 274.19328 octadecapentaenoic acid Cochran et al. 2016 

C18H28O2 276.20893 octadecatetraenoic acid Cochran et al. 2016 

C18H30O2 278.22458 octadecatrienoic acid Cochran et al. 2016 

C13H28SO4 280.170831 monotridecylsulfate Cochran et al. 2016 

C18H34O2 282.25588 octadecenoic acid Cochran et al. 2016 

C17H32O3 284.235145 oxoheptadecanoic acid Cochran et al. 2016 

C18H36O2 284.27153 octadecanoic acid Cochran et al. 2016 

C16H30O4 286.214409 hexadecanedioic acid Cochran et al. 2016 

C17H34O3 286.250795 hydroxy-heptadecanoic acid Cochran et al. 2016 

C14H30SO4 294.186481 monotetradecylsulfate Cochran et al. 2016 

C16H26SO3 298.160266 decylbenzenesulfonate Cochran et al. 2016 

C18H34O3 298.250795 oxooctadecanoic acid Cochran et al. 2016 

C19H38O2 298.28718 nonadecanoic acid Cochran et al. 2016 

C18H36O3 300.266445 hydroxy-octadecanoic acid Cochran et al. 2016 
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Table 4.2 List of compounds previously identified in SSA from Mandalakis et al. 2011,103 

Decesari et al. 2020,67 Cochran et al. 2016,24 Triesch et al. 2021,104 and Jayarathne et al. 201623 

(continued) 

Chemical Formula Molecular 

Weight (g/mol) 

Chemical Name Reference 

C20H30O2 302.22458 eicosapentaenoic acid Cochran et al. 2016 

C20H32O2 304.24023 eicosatetraenoic acid Cochran et al. 2016 

C15H32SO4 308.202131 monopentadecylsulfate Cochran et al. 2016 

C17H28SO3 312.175916 undecylbenzenesulfonate Cochran et al. 2016 

C20H40O2 312.302831 eicosanoic acid Cochran et al. 2016 

C18H34O4 314.24571 octadecanedioic acid Cochran et al. 2016 

C21H34O2 318.25588 uneicosatetraenoic acid Cochran et al. 2016 

C16H34SO4 322.217781 monohexadecylsulfate Cochran et al. 2016 

C18H30SO3 326.191566 dodecylbenzenesulfonate Cochran et al. 2016 

C21H42O2 326.318481 uneicosanoic acid Cochran et al. 2016 

C22H32O2 328.24023 doeicosahexaenoic acid Cochran et al. 2016 

C19H36O4 328.26136 nonadecanedioic acid Cochran et al. 2016 

C22H34O2 330.25588 doeicosapentaenoic acid Cochran et al. 2016 

C17H36SO4 336.233431 monoheptadecylsulfate Cochran et al. 2016 

C19H32SO3 340.207216 tridecylbenzenesulfonate Cochran et al. 2016 

C22H44O2 340.334131 dodeicosanoic acid Cochran et al. 2016 

C12H22O11 342.116212 sucrose Decesari et al. 2020 

C20H38O4 342.27701 eicosanedioic acid Cochran et al. 2016 

C20H34SO3 354.222866 tetradecylbenzenesulfonate Cochran et al. 2016 

C23H46O2 354.349781 trieicosanoic acid Cochran et al. 2016 

C24H48O2 368.365431 tetracosanoic acid Cochran et al. 2016 

C22H42O4 370.30831 doeicosanedioic acid Cochran et al. 2016 
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Chapter 5 Impacts of pH on the Photoinitiated Degradation Kinetics of Aerosol-Phase 

Bisphenol-A in the Presence of a Photosensitizer and NaCl 

 

5.1 Abstract 

 Plastics are a rapidly growing concern in the Earth’s oceans, and plastics and their leachates 

can become airborne in sea spray aerosol (SSA). Bisphenol-A (BPA), a significant component of 

plastics, is ubiquitous in ocean water and aerosol globally. BPA photodegradation is an expected 

major loss pathway in aerosol, but only one study by this group has measured its photodegradation 

rates in SSA laboratory mimics, while previous studies have focused on its photodegradation in 

surface waters. SSA is chemically and physically distinct from the sea surface, exhibiting different 

pH, ionic strength, surface tension, and mixing states. These properties can affect the 

photodegradation of organic molecules. In this study, BPA, 4-benzoyl benzoic acid (4-BBA) as a 

photosensitizer, and NaCl were prepared in 1:0:0, 1:1:0, 1:0:1, and 1:1:1 (w:w:w) solutions and 

atomized as 100 nm monodispered aerosols and exposed to 369 nm light in an irradiated flow 

reactor. The BPA photodegradation and photosensitized kinetics were monitored in the aerosol 

phase using extractive electrospray ionization time-of-flight mass spectrometry (EESI-TOF). We 

contrast the BPA photodegradation kinetics with and without a photosensitizer between acidic 

(pH=3.0), slightly acidic (pH=5.8), and basic (pH=11.0) conditions, spanning below and above the 

pKa of BPA and 4-BBA. The findings indicate that photodegradation is inhibited at pH=3.0 and 

pH=11.0 compared to pH=5.8. At pH=5.8, BPA photodegradation was enhanced in the presence 

of 4-BBA and suppressed when BPA was mixed with 4-BBA and NaCl, attributed to quenching 

of 34-BBA* by Cl-. While BPA photodegradation rates were slower by a factor of five to ten at 

pH=3.0, adding 4-BBA did not enhance BPA photodegradation. No change in BPA 

photodegradation rates were detected under basic conditions with or without a photosensitizer 

within error, although the EESI-TOF signals of BPA were close to the background noise. We 
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conjecture no BPA photodegradation at pH=11.0 because of Coulomb repulsion between ionic 

forms of BPA and 4-BBA. In contrast, in the presence of NaCl, BPA photodegradation rates were 

faster at pH=11.0 compared to pH=3.0. Compared to bulk solution studies, the first-order rate 

constants determined here in the aerosol phase are about 10 times faster. We attribute this relatively 

enhanced BPA photosensitized degradation in aerosol to less of a “solvent cage” effect than bulk 

solutions. Additionally, the sensitivity influence of particle pH on EESI-TOF detection is 

discussed. Modeled lifetimes of BPA are 0.4-10.4 days with respect to the lowest and highest rates 

of degradation. 

5.2 Introduction 

 As of 2023, there is an estimated total of 82-358 trillion plastic pieces in the ocean, 

weighing 1.1-4.9 million tonnes, which is increasing daily.1, 2 Plastics contain various chemical 

additives that increase the durability and longevity of plastics. However, weathering can lead to 

increasing fragmentation of larger macroplastics into smaller microscopic and nano-sized plastics 

over time. The increasing plastic surface area-to-volume ratios enhance the leaching of chemical 

additives in the plastic.3 Some of these additives are harmful to organisms, accumulate in the 

environment, and are regulated by the US Food and Drug Administration (FDA) and 

Environmental Protection Agency (EPA).4-6 Bisphenol-A (BPA) is one of these harmful additives 

and is of significant concern due to its ubiquity in the environment and impacts on humans.6 BPA 

is used in the production of plastics, primarily as a co-polymer, as well as in epoxy resins and as a 

plastic additive.7 BPA is a known endocrine disruptor in the body,8, 9 and can have both 

carcinogenic10 and teratogenic11 effects. Among other endocrine-disrupting chemicals (EDCs) also 

found in plastics, BPA has been found to leach from the microplastics in the marine environment 

at rates up to 6x higher than other EDCs studied.4 BPA in its molecular form is known to persist 
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for up to 25 days12 in seawater at concentrations of up to 17 mg/L 12-15 and has been identified in 

aerosol globally at concentrations up to 17.4 ng/m3.16 

 Sea spray aerosol (SSA) is a potential source of airborne BPA. The production mechanism 

of SSA leads to enhanced aerosol concentrations of compounds that reside at the ocean–air 

interface, including surface active and hydrophobic molecules.17, 18 Due to BPA’s relatively high 

lipophilicity (logP = 3.3),19 it is expected to transfer preferentially into SSA along with other 

lipophilic material.20 This lipophilic enhancement has been observed previously for both 

biogenic21 and anthropogenic compounds22, 23 including perfluoroalkyl acids. However, there 

hasn’t been prior motivation demonstrating SSA as a source of atmopheric BPA.  

Photosensitizers are compounds that absorb light and due to extensive pi networks, through 

promotion to an excited triplet state, transfer energy and react directly or indirectly with 

neighboring molecules. Photosensitizers interacting with oxygen occur as either Type I or Type II. 

This is shown in R 5.1 and R 5.2:  

 
𝑃ℎ 
3 ∗ +𝑀 → 𝑃ℎ 

0 + 𝑃 R 5.1 

 𝑃ℎ 
3 ∗ + 𝑂2 

1 → 𝑃ℎ 
0 + 𝑂2 +𝑀 → 𝑃 

3  R 5.2 

 Where Ph is a photosensitizer, M is the molecule being reacted, and P is the photoproduct. 

Photosensitizers include chromophoric dissolved organic matter (CDOM), which is broadly 

defined as DOM that absorbs light. Photosensitizers are an important source of reactive oxygen 

species (ROS) in aerosols. Studies have shown that marine CDOM is present in atmospheric 

aerosols,24, 25 and that it can perform the same types of photosensitized chemistry as in bulk 

solutions.26, 27 There have been multiple studies showing that the presence of photosensitizers and 

salt increase the photodegradation of anthropogenic compounds in bulk water, including BPA.28-

32 Prior work in this group has investigated the photochemical degradation of BPA in different 

SSA-mimicking aerosol systems, including photosensitizers (4-benzoylbenzoic acid (4-BBA) and 
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humic acid (HA)) and salt (NaCl). 4-BBA and HA have been used as proxies for real marine 

CDOM; however, they differ chemically in their elemental ratios, with marine CDOM containing 

more nitrogen associated with amino acids, which was found to lead to less photosensitized 

degradation of nonanoic acid compared to HA and 4-BBA.33 Kruse and Slade, 2023 found that 4-

BBA and HA can enhance BPA photodegradation by a factor of three compared to pure BPA in 

the presence of 369 nm light.34 However, NaCl inhibited photosensitized degradation of BPA when 

mixed with either 4-BBA or HA, attributed to quenching of the photosensitizers triplet state.34  

 One of the factors regulating the photolytic and photosensitized lifetimes of BPA in bulk 

water28, 30, 35 that has not yet been investigated in the aerosol phase is pH. As reported in Angle et 

al., 2021, the pH of nascent, or freshly-emitted, SSA is significantly more acidic than the bulk 

ocean water and the sea surface microlayer, from a pH of 8.1 in bulk water to a pH as low as 2 in 

SSA between 0.1-1µm.36 In this work, the photodegradation of pure BPA, BPA in the presence of 

the photosensitizer 4-BBA, and BPA in the presence of 4-BBA and NaCl is explored at a bulk 

atomizer solution pH of 3 and 11.  

5.3 Methods 

 An extractive electrospray ionization time-of-flight mass spectrometer (EESI-TOF; 

Aerodyne Research Inc and Tofwerk AG)34, 37, 38 was utilized to measure the concentrations of 

BPA and its transformation products in the aerosol phase. Briefly, a reagent ion spray was 

generated by passing the reagent solution through a 365 𝜇m OD fused silica capillary (IDEX 

Health and Science, LLC) at a pressure of 350 mbar and charged at a voltage of -2500V. The EESI-

TOF was operated in negative mode using a reagent solution of 2% (by mass) acetic acid (99.7%, 

Fisher Chemical), 48% H2O (18mΩ, Millipore Synergy System), and 50% acetonitrile (≥99.95%, 

Fisher Chemical) spiked with 100 ppm sodium iodide (99%, Sigma-Aldrich) for mass calibration 

purposes. The aerosol was sampled through the EESI-TOF inlet at a rate of 1 liter per minute 



153 

 

(LPM) and mixed orthogonally with the reagent ion spray. The mixed aerosol/reagent ion droplets 

were then heated and volatilized at a temperature of 220॰C. Under these conditions, ionization 

occurred primarily via deprotonation and BPA was detected at m/z=227.107753 with an elemental 

formula of C15H15O2
-. BPA has two different pKas at 9.59 and 10.2 as shown in Figure 5.1. 

 

Figure 5.1 Two-dimensional chemical structure of BPA in its neutral, anionic, and dianionic 

forms35 

 Solutions of 25/75 (% by mass) water/methanol (≥99.9%, Fisher Chemical) were prepared 

with 100 ppm of BPA (≥99%, Sigma-Aldrich), 4-benzoylbenzoic acid (4-BBA; 99%, ACROS 

Organics), and sodium chloride (99.5%, Fisher Chemical). To modulate the pH of the solutions, 

37% HCl in H2O (>97% purity, Fisher Scientific) and NaOH (≥97%, Sigma-Aldrich) were added 

to the solutions, and the pH of the solutions was confirmed with a pH meter (Model IQ 150, I.Q. 

Scientific Instruments). These conditions resulted in an average pH of 3.0±0.1 and 11.2±0.2 for 

the low and high pH experiments, respectively, for all systems. The pH for the data from Kruse at 

Slade et al. 2023 is 5.8±0.1.34 For ease of reading, the systems will be referred to as pH 3, 6, and 

11 respectively. It is assumed because the pKa1=9.59 and pKa2=10.6 for BPA that BPA remained 

in its molecular form for the low pH experiments and its dianionic form for the higher pH 

experiments (Figure 5.1).35, 39 For 4-BBA with a predicted pKa=3.79, it is anticipated to be in its 

molecular form during the low pH experiments and its anionic form for the high pH experiments. 

Particle- and hydrocarbon-free zero air (Airgas) was used as carrier flow. The solution was then 

atomized by zero air using a constant output atomizer (Model 3076, TSI Inc.) and directed through 

a silica bead diffusion dryer and an activated charcoal denuder to dry the aerosol particles and 

remove volatile species. A secondary activated charcoal denuder scrubbed MeOH and other 
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volatile hydrocarbons. The aerosol was then neutralized, and size selected by a differential 

mobility analyzer (Model 2100; Brechtel) to generate monodisperse aerosol with a nominal 

electrical mobility diameter of 100 nm to maintain size consistency across experiments. 

The aerosol was exposed to 369nm light in a potential aerosol mass oxidative flow reactor (PAM-

OFR; Aerodyne Research Inc.). The PAM-OFR was equipped with four interchangeable, 

narrowband lamps operated at wavelengths of 369nm (F436T5/BLC/4P-369; Aerodyne Research, 

Inc.) and arranged concentrically along the inner walls and protected by a quartz sheath tube and 

cooled with a gentle flow of nitrogen. The residence time inside the PAM-OFR was adjusted by 

adjusting the dilution flow rate, with three residence time settings of 219s, 253s, and 301s. The 

light intensity inside the PAM-OFR was adjusted with a ballast and measured with a photodetector 

(TOCON-C6, sglux GmbH).  

 All mass spectrometer datasets were processed in Tofware version 3.3.0 (Aerodyne LLC 

and Tofwerk AG), which ran in Igor Pro 9 (Wavemetrics). Mass spectral peaks were assigned 

based upon elemental formulae applying high-resolution peak fitting analysis at a nominal mass 

resolution (m/Δm) ~4000 for m/z 59 (CH3COO-) in negative mode. Once the aerosol concentration 

stabilized in the PAM-OFR, the lights were turned on and off in seven-minute intervals. 

Background signal intensities (blanks) were acquired at the start and end of each trial after passing 

the aerosol flow through a HEPA filter (99.99% removal efficiency at 0.1 μm), which was 

subtracted from the BPA sample signal intensity. The BPA intensity was normalized to the 

CH3COO- intensity before further manipulation. Because each run had a t0 concentration of BPA, 

no further correction was applied. 
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5.4 Results and Discussion 

Influence of aerosol pH on EESI Sensitivity 

 
Figure 5.2 BPA sensitivity is presented as a function of the three aerosol systems at pH 3 (red 

bars) and pH 11 (blue bars). The error bars represent the standard deviation of three trials. 

  

 pH is an important consideration for detection of different small molecules in standard 

electrospray ionization (ESI), but their effects on EESI sensitivity, to our knowledge, have not 

been investigated. Figure 5.2 shows the sensitivity of BPA in all three aerosol systems with pH 3 

and pH 11. BPA sensitivity was calculated as the slope of the linear fit of normalized BPA intensity 

versus total aerosol mass. In the low pH experiments, EESI-TOF sensitivity to BPA decreased 

from 0.885(±0.142) μg-1 m3 for pure BPA aerosol to 0.824(±0.259) μg-1 m3 in BPA+4-BBA and 

0.511(±0.155) μg-1 m3 in BPA+4-BBA+NaCl. These sensitivities have been adjusted for changing 

quantities of BPA in each particle system. In other words, we expect that when two components 

are well mixed as in the 1:1 BPA:4-BBA mixture, the relative BPA mass concentration to the total 
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aerosol mass concentration reduces by half and the sensitivity would also decrease by half. To 

amend this, the sensitivity of BPA presented here is x2 and x3 the original values in the BPA+4-

BBA and BPA+4-BBA+NaCl cases respectively. Interestingly, there is a decrease in sensitivity 

when NaCl is added to the system. This could be due to peak splitting from adduct formation. In 

ESI, one of the driving reasons that the presence of salt causes signal suppression of different 

analytes is because the analytes can form adducts with the salt ions.40 However, because the EESI-

TOF in negative mode is tuned for the transmission of deprotonated ions, these formed adducts 

may not be effectively transmitted to the TOF, as these adducts are not observed in the mass 

spectra.  

 At pH 11, the sensitivity decreases significantly compared to pH 3. For pure-component 

BPA aerosols, the sensitivity is 0.014(±0.019) μg-1 m3 or about 63x less than in pH 3 solution. The 

sensitivities for the BPA+4-BBA and BPA+4-BBA+NaCl systems improved slightly, increasing 

to 0.211(± 0.043) μg-1 m3 and 0.228(±0.099) μg-1 m3 respectively. Prior EESI work has shown that 

sensitivity depends on the sample particle size.41, 42 In this study, the sample particle size was held 

constant at 100 nm and did not vary significantly between the outlet of the monodisperse aerosol 

generator and the inlet of the SEMS, as shown in Figure 5.4. Therefore, these sensitivity changes 

are not due to changes in particle size. In the pH 11 solution, BPA is likely to be doubly 

deprotonated (as shown in Figure 5.1), which could change the m/z where BPA is detected. 

However, there is no discernable change in the mass spectra at the doubly deprotonated mass (m/z 

113) or any potential clusters. It is also possible that this decrease in detection could be due to the 

incoming aerosol neutralizing the reagent ion spray. Considering that acetic acid, the ion within 

the reagent ion spray, is a weak acid whereas the sample droplets contained a strong base, if this 

were the case, the reaction would proceed as follows in R 5.3: 
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 CH3COOH (spray) + NaOH (sample) → CH3COONa (coalesced droplet) + H2O R 5.3 

 While the difference between the sample aerosol and reagent ion spray particle mass is 

significant (1000x assuming a reagent ion spray of 1µm diameter), atomized aerosols are also 

significantly more concentrated than the bulk solution they sample from due to evaporation of the 

solvent. The neutralization of the reagent ion spray due to an acidic reagent spray and basic particle 

sample has also been seen in Law et al. 2010, where a pH sensitive dye showed less fluoresence 

when the droplets coalesced.43 If this reaction dominates upon collision between the aerosol 

sample and the electrospray droplet, Na+ would compete with neutral and anionic forms of BPA 

for CH3COO- leaving less CH3COO- to react with BPA. A similar process involving reaction of 

Na+ with anionic forms of BPA could form neutral salt clusters with BPA as shown in R 5.4, and 

since NaOH is a strong base, the salt clusters may be more energetically favorable than 

deprotonation of the BPA molecules in these conditions.  

 Na+ + C15H15O2
- → C15H15O2Na R 5.4 

 Beyond the solution ionization mechanism, it is also important to consider the droplet 

dynamics of EESI and how they are dissimilar from ESI. Work by Liu et al. 2011 found that 

contrary to what would be expected for particles coalescing, droplets of different pH oppose each 

other and do not coalesce.44 They worked with emulsions, which are a type of colloidal suspension. 

Coalesence of droplets in an emulsion (through electrostatic attraction of the droplets) would lead 

to the destruction of the suspension, which was anticipated with the oppositely charged droplets. 

In this work, they conclude that electrostatic attraction is not a full explanation for how these 

droplets behave, but that the full mechanism is not fully understood and needs to be investigated 

further.  
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BPA Photodecomposition Rates at Different pH in Pure-, Binary-, and Ternary-Component 

Aerosol Mixtures 

 

Figure 5.3 Bar chart of the measured first-order rate constants (y-axis) of the three different 

aerosol systems at pH 3.0±0.1 (red), pH 5.8±0.1 (grey, Kruse and Slade et al. 2023)34, and pH 

11.2±0.2 (blue). Estimated atmospheric lifetimes are presented on the top axis for systems that 

had statistically significant (at least 1σ) k369nm values. 

 Figure 5.3 shows the first-order rate constant of BPA degraded by 369nm light, k369nm, for 

all three aerosol systems (BPA, BPA+4-BBA, and BPA+4-BBA+NaCl) at three different pH (3, 

6, and 11). The pH 6 data was published in Kruse and Slade et al. 2023.34 The data used for the 

calculation of k369nm are presented in Figure 5.5. In the pH 3 experiments, the only system which 

had statistically significant (at least 1σ) degradation of BPA was BPA alone (1.83×10-4 ± 1.05×10-

4 s-1), and in the pH 11 experiments, only the BPA+4-BBA+NaCl had statistically significant 

degradation of BPA (2.52×10-4 ± 1.71×10-4 s-1). 

 For the BPA system at the three pH settings, the degradation increases between pH 3 and 

pH 6, from 1.83×10-4 ± 1.05×10-4 s-1 to 1.46×10-4 ± 1.07×10-4 s-1 and is not observed at pH 11. 
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Wang et al. 2007 demonstrated that in bulk solution when irradiated with 254nm light, BPA 

degradation increases significantly with increasing pH.28 This was attributed to the deprotonation 

of BPA at the high pH, leading to increased light absorbance in the 240nm to 260nm range. 

Increased degradation at higher pH has also been seen for other bisphenols, such as bisphenol-s, 

which was also attributed to deprotonation of the bisphenol at higher pH enabling more extensive 

absorption of incoming light.29 Wang et al. 2007 also demonstrated that under irradiation by 

365nm light at pH 7, BPA has a degradation rate of 2.9×10-4 s-1, which is slightly higher than seen 

here for pH 3, and an order of magnitude lower than at pH 6.28 These discrepancies may be due to 

differences in phase. In Nissenson et al 2006, there was an enhancement observed in the photolysis 

of a molybdenum complex in the aerosol compared to the bulk phase.45 Their conclusion was that 

in the bulk solution phase, there is an effect called the “solvent cage”, where photoproducts are 

temporarily stabilized by surrounding solvent, and can recombine with the original molecule. This 

is not expected in aerosols because of the smaller amount of solvent remaining in the particle phase 

and some partitioning of the photoproducts into the gas phase. This effect has also been seen for 

the photodissociation of OClO at the liquid-gas interface when compared to the bulk of solution.46 

 In the BPA+4-BBA system, degradation was only observed at pH 6, at 7.05×10-3 ± 

3.82×10-3 s-1. Multiple studies have found that BPA degradation increases in the presence of 

photosensitizing material.12, 31 However, few have investigated the influence of pH. Tsai et al. 

found that when using TiO2 as a photocatalyst at pH 3, photodegradation of BPA is slower than at 

pH 6, and then decreases again at pH 11, which is quite similar to the results seen here, and it is 

possible that with a longer residence time, degradation would be seen at pH 3 and 11.30 Work from 

Bilski et al found that the quantum yield of 1O2 (type II photosensitization) by the photosensitizer 

norfloxacin is highly pH dependent, with a sharp increase in yield at pH 3.4 and a subsequent 
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decrease at pH 7.4.47 In contrast, work by Horiuchi et al. 2016 found that for amino-substituted 

tetraphenylporphorins, the type II photosensitization pathway is very weak when the molecule is 

in its neutral form, and it is the acidic moieties that allow the porphorins to behave as 

photosensitizers.48 Comparing the results in Kruse and Slade 2023, pure BPA will degrade on its 

own under irradiation by 369nm light, but there is a clear increase in the degradation with the 

addition of the photosensitizer, which may indicate that the pH influence of the mechanism would 

follow those for either type I or II photosensitizers rather than photolysis. However, it is still 

unclear which pathway would be dominant. 

 In the BPA+4-BBA+NaCl system, the rates of degradation are within error of each other 

for the pH 5 and pH 11 system (k369nm= 5.45×10-4 ± 5.12×10-4 s-1 and 2.52×10-4 ± 1.71×10-4 s-1), 

and degradation is not observed in the pH 3 system. Zhang et al. 2019 found that in solutions with 

high ionic strength from NaCl, photodegradation of oxytetracycline was diminished,49 with the 

same conclusion from Kruse and Slade 2023, that the energized triplet state photosensitizer is 

being quenched by the chloride anions present in the solution, which was discovered by Tinel et 

al. 2014.50  

 It is suspected that the lack of degradation rate for the organic pH 11 systems but observed 

degradation for the BPA+4-BBA+NaCl system may be due to the poor sensitivity of BPA at pH 

11, and not due to a lack of photosensitized reactions. As shown in our lab’s prior work, even at 

80% RH, the pure organic systems have semisolid viscosities, and the organic/inorganic systems 

are liquid.50, 51 The reason that the BPA+4-BBA+NaCl system was not negatively influenced by 

the pH effects as discussed in the previous section is potentially because BPA in its dianionic form 

(nonpolar) will likely be enhanced at the surface of that aerosol system due to the salting out 
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effect,51, 52 mitigating the decrease in sensitivity, coupled with the lower viscosity of the particle 

system. 

 For the systems with observed degradation of BPA, the estimated atmospheric lifetime was 

calculated using Eq. 5.1: 

 
𝜏 =

1

𝑘369𝑛𝑚
∗
𝐹𝑆𝑎𝑛 𝐷𝑖𝑒𝑔𝑜

𝐹𝑃𝐴𝑀−𝑂𝐹𝑅
∗

1

43,200
 Eq. 5.1 

 Where t is the characteristic lifetime, k369nm is the pseudo first order rate constant, FSan Diego 

is the average photon flux of 369nm light in San Diego during the summertime afternoon 

(2.02×1013 photons s−1 cm−2), FPAM-OFR is the photon flux inside the PAM-OFR at the voltage 

setting used in these experiments (1.78×1015 photons s−1 cm−2), and 43,200 is the number of 

seconds in 12 hours, so that the lifetime accounts for nighttime. In the BPA+4-BBA+NaCl system, 

which is the closest approximation to real SSA in this study, the lifetime of BPA is approximated 

to be between 3.6-7.8 days in the atmosphere. 

5.5 Conclusions 

 In this work, we demonstrate that at low pH, BPA photodegradation is inhibited with and 

without the presence of a photosensitizer. The results are less clear for the high pH condition, but 

in the BPA+4-BBA+NaCl system, it appears to be in the same range as the neutral condition. The 

calculated first-order photodegradation rate constants were on the order of 10-4 s-1 for all the 

aerosol mixtures in this work. Putting these results in a broader context, this may indicate that BPA 

found in real SSA would have a longer atmospheric lifetime than BPA in other systems, such as 

plastic-burning aerosol. While studies on the pH of plastic-burning aerosols are limited, 

Balasubramanian et al. 1999 found that the pH of rain after the Indonesian forest fires of 1997 had 

pH values between 3.79 to 6.20, with a volume-weighted mean of 4.35.53 It is important to consider 

that each unit of pH represents a ten-fold change in concentration of H+, so in the comparison of 

the pH of SSA from Angle et al. 2021 of 2 versus even the low value from Balasubramanian et al. 
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1999 of 3.79, this is a 190x change in the concentration of H+.36 In the results shown here, that 

difference could mean nearly (1.9x) halving the lifetime of BPA in plastic-burning aerosols vs 

SSA.  

 This work also underscores the complexity of the EESI measurement, and the further steps 

that need to be taken by the community to make quantitative measurements. In the case of BPA 

being measured in negative mode, based on the results shown here, the quantitation of BPA in 

SSA versus a lab generated aerosol at a pH of 6 would underestimate the total concentration of 

BPA by roughly 60%. These considerations are especially important in EESI quantitation, where 

lab-generated calibration aerosols may or may not be within the relevant pH range for the ambient 

aerosol sample. For example, levoglucosan, a common tracer for biomass burning, has a pKa of 

12.21. If the lab-based calibrations are performed at a neutral pH, but the pH of the ambient aerosol 

is the same as in Balasubramanian et al. 1999 of 3.79, this could result in serious discrepancies 

between the actual and measured quantity of levoglucosan and other common aerosol tracers. 

While this is less of an issue when EESI is paired with more traditionally quantitative methods 

such as the FIGAERO-CIMS, it is a major issue for EESI to be used as an independent 

measurement tool without further characterization.  
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5.6 Supplemental Information 

 

Figure 5.4 Average surface-area weighted diameter for each aerosol system at all three residence 

times (A=219s, B=253s, C=301s) for the pH 3 (red) and pH 11 (blue) systems. Error bars 

represent the standard deviation of three runs at each residence time. 
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Figure 5.5 Linear fits to the first order decays for the six different aerosol systems. 
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Chapter 6 Conclusions 

6.1 Synopsis 

 This thesis focused on probing the composition, heterogeneous oxidation kinetics, and 

photosensitized kinetics of SSA components with EESI-TOF. Chapter 3 targeted the oxidative 

degradation of BPA, an important plastic additive and environmental pollutant, in the aerosol 

phase via heterogeneous OH oxidation and photosensitized reactions in SSA mimics. Chapter 4 

focused on high-temporal measurements of SSA molecular composition with EESI-TOF, the 

influence of biological activity on SSA molecular composition, and how varying relative humidity 

impacted the EESI efficiency. Lastly, Chapter 5 targeted the influence of pH on the degradation 

of aerosolized BPA in the presence of a photosensitizer, NaCl, and light. The main conclusions 

from each chapter and suggested future directions of related study are provided in the following 

sections. 

6.2 Conclusions 

Heterogeneous and Photosensitized Oxidative Degradation Kinetics of the Plastic Additive 

Bisphenol-A in Sea Spray Aerosol Mimics 

 Chapter 3, published in the ACS Journal of Physical Chemistry A,1 reports the 

heterogeneous oxidation kinetics of BPA by OH and photochemical degradation of BPA by light 

in different aerosol mixtures, including salt and photosensitizers to mimic real SSA. The results 

show BPA degradation rates in the aerosol phase increase when mixed with photosensitizers and 

exposed to 254nm and 369nm light. Adding NaCl to the aerosol enhanced the heterogeneous OH 

oxidation kinetics of BPA, attributed to enhanced surface reactivity by salting out and greater 

diffusive mixing of reactive components in the lower viscosity particles containing hygroscopic 

NaCl and water. However, adding NaCl inhibited the photosensitized degradation of BPA, which 

was attributed to the quenching of the photosensitizer’s triplet state by Cl-. Based on the results, it 

is hypothesized that heterogeneous oxidative degradation of plastic additives by OH is likely 
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enhanced in SSA. In aerosols with less salt mixed with chromophores, photosensitized degradation 

may play a more significant role in BPA degradation. 

Effects of Relative Humidity and Phase on the Molecular Detection of Nascent Sea Spray 

Aerosol Using Extractive Electrospray Ionization 

 Chapter 4, submitted to Analytical Chemistry, discussed the temporal variability of three 

different SSA constituents during a phytoplankton bloom using EESI-TOF. The work showed that 

glycerol, a polyol related to photosynthesis, in SSA, was correlated with phytoplankton biomass, 

as monitored by chlorophyll-a. The relatively high temporal resolution of the EESI method assisted 

in elucidating an apparent diurnal cycle in glycerol coincident with chlorophyll-a. There was also 

a strong correlation observed for K+ with the peak in bacteria during the senescent phase of the 

phytoplankton bloom. This was proposed to result from the enrichment of cations complexed with 

marine-derived organic matter at the sea surface. Significant differences in the ionization 

efficiency of all measured SSA molecular components were observed with changing RH. This was 

attributed to enhanced coagulation and “sticking” between less viscous SSA and the electrospray 

droplets with elevated RH. Employing a simple theoretical framework, the diffusive depth of the 

reagent ion (i.e., Na+) in the particle phase at different particle viscosities was modeled. The model 

results showed, consistent with the measurement data, that most SSA particles with a geometric 

mean diameter of 200 nm could be fully extracted at the deliquescence RH of sea salt, whereas 

there was only sporadic detection near the efflorescence RH. 

Impacts of pH on the Photoinitiated Degradation Kinetics of Aerosol-Phase Bisphenol-A in the 

Presence of a Photosensitizer and NaCl 

 Chapter 5, which is in preparation for submission to ACS Environmental Science & 

Technology Air, demonstrated that pH is critical in the photoinitiated degradation (at 369nm) of 

aerosol-phase BPA. In these results, statistically significant BPA degradation was observed for all 

particle mixtures at pH 6 (Kruse and Slade 2023),1 whereas significant BPA degradation was only 
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observed for the pure BPA aerosol at pH 3, and for BPA+4-BBA+NaCl at pH 11. This work 

demonstrated that BPA photodegradation when mixed with 4-BBA at pH 3 (i.e., both in neutral 

form) or at pH 11 (i.e., both in anionic form) were slower by about a factor of ten compared to pH 

6. The measured first-order rate constants at pH 6 were about ten times faster than previously 

measured in bulk solutions. It is argued that differences in pH contribute to different degrees of 

protonation, altering the molecule’s electronic state and absorption properties. The slower 

degradation at pH 11 may result from Coulomb repulsion between ionic forms of BPA and 4-

BBA. It was also poorly detected by EESI-TOF, potentially due to neutralization by electrospray. 

The enhanced reactions in the particle phase compared to bulk may be attributed to less solvent 

caging due to greater solvent evaporation in the aerosol phase compared to bulk solutions. 

Similarly to Chapter 3, this has important implications for the source of BPA and other plastic 

additives to ambient aerosols, where plastic-burning aerosol may degrade BPA in the presence of 

other photosensitizers faster than in SSA, but further work is needed to make these conclusions. 

6.3 Future Work 

Increased complexity of SSA “Mimics” 

 Future work with respect to the plastic additives focused on in this thesis should aim to 

increase the complexity of the aerosol systems being studied. For example, the presence of 

different surfactants in SSA may “protect” plastic additives from degradation by enhancing more 

at the surface of the aerosol and forming a well-organized layer.2 Furthermore, Chapter 3 only 

explored the influence of NaCl. CaCl2 and other salts are relevant in SSA and vary in their ratios 

with particle size and some cations are enhanced relative to Na+ in SSA compared to seawater.3-5 

These other cations may form complexes with either the plastic additives or dissolved organic 

matter.6 Ca2+ can also encourage the formation of microgels that may otherwise inhibit degradation 

of plastic additives in SSA.7 Another area to probe specific to BPA is the influence of different 
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types of photosensitizers on BPA degradation. One area this could be applied in is testing 

photosensitizers that exhibit primarily Type 1 photosensitization vs Type II, potentially 

incorporating furfuryl alcohol or some other chemical trap to observe the change in singlet oxygen 

over time.8 This could then be applied to real samples of marine CDOM to better understand the 

mechanism of photosensitized degradation. 

 There is also the general perspective of performing these same kinds of studies on different 

plastic additives or anthropogenic contaminants. Work from this lab has demonstrated that for the 

antimicrobial triclosan, direct photolysis is competitive with OH degradation in the presence of 

254 nm light, which was not the case for BPA. New additives for plastics are constantly being 

created and used with little to no federal restriction. As of 2020, there were over 400 unique 

chemical compounds being added to plastics,9 which demonstrates the need for more studies like 

this one, to rapidly determine the lifetimes and degradation products of these additives in order to 

write effective legislation that serve to protect the health and safety of the public. 

EESI Mechanism Determination 

 There is significant disagreement and variability in the scientific literature on the exact 

EESI mechanism. Some EESI studies suggest that the reagent ion spray does not coalesce with the 

aerosol sample and extraction happens only at the surface,10, 11 whereas others insist that it captures 

the entire particle.12, 13 Two complementary approaches to clarify the mechanism are proposed in 

the following section and include lab-based aerosol studies and particle interaction modeling. 

Lab-Based EESI Mechanism Determination 

 Some of the EESI mechanism work that has been done previously utilizes different spray 

configurations and fluorescence to determine the degree of particle coalescence. However, this 

could be done in a more standardized way that is more relevant to the way the EESI inlet works. 

By detaching the inlet of the EESI and hooking it up to a filter sampling stage at the same flow 
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rate as the TOF, one could take samples of the real coalesced (or not) EESI spray and perform 

imaging studies using microscopy. This could be coupled with pH-sensitive dyes added to the 

incoming sample aerosol to identify the degree of coalescence. To this end, RH could be modulated 

while sampling to determine the influence of particle viscosity. The role of morphology and phase-

separation on EESI sensitivity also needs more research. Systematic studies could be carried out 

inducing different aerosol phases by modulating the RH or temperature of the flow tube and 

varying the mixture of aerosol phase components based on their solubility in water and volatility.  

KM-GAP Particle Modeling 

 Recent work by Schervish et al. 2023 demonstrated the newest development of the kinetic 

multilayer model of gas-particle interactions (KM-GAP).14 In this newer model, particle-particle 

interactions can be determined based on properties of both the aerosol surface and the aerosol bulk. 

This probes the influence of both aerosol properties, such as viscosity and mass fraction, as well 

as interactions between the two particles such as solvation. I propose that this model be applied to 

a representative EESI extraction process. As in the lab-based studies, this could be approached 

from the SOA perspective of a predominantly organic aerosol system with consistent viscosity 

compared to SSA with different viscosities between the core and the shell of the particle. 
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