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Interfacial Interactions of Organic Pollutants in the Marine Environment:

Selective Transfer and Photo-Initiated Reactions
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Contaminants like plastics, pharmaceuticals, illicit drugs, and personal care

products enter the oceans directly or indirectly from land runoff, rivers, and atmospheric
deposition. While known to accumulate at the ocean surface, the efficiency of transfer
into sea spray aerosols (SSA) at the ocean-air interface and their atmospheric lifetime
once airborne is relatively understudied. Photosensitizing materials found in marine

dissolved organic matter may lead to enhanced photochemical removal of pollutants. A
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complete analysis of these pollutants' transfer and environmental fate is warranted to
improve our collective understanding of the full impact of human activities on public and
ecological health. Additionally, the full complexity of the natural coastal marine
atmosphere remains poorly understood, compounding the difficulty in isolating and
understanding the impacts of anthropogenically introduced materials. Secondary marine
aerosol (SMA) formed from the oxidation and condensation of biogenically emitted
gases drives marine cloud formation, which may serve as a natural buffer system for
human-caused climate change. Deepening our understanding of these complex
systems requires detailed characterization of the organic compounds that constitute
polluted and natural marine aerosols.

Our findings identify SSA as an important vector for transporting several illicit
drugs, personal care products, and plastic additive compounds from the ocean to the
atmosphere. Quantifying selected contaminants in aerosol and water samples across
multiple coastal sites in San Diego revealed a regional hotspot near the Tijuana River
outflow, with the amount of pollutants transferred into SSA dependent on their ocean
concentration and lipophilicity. This airborne pathway underscores the need for revised
health assessments in polluted coastal regions due to the heightened exposure risk for
coastal residents and visitors.

An investigation of the photo-induced degradation kinetics of the toxic sunscreen
ingredient oxybenzone (BP3) in seawater and SSA mimics reveals rapid degradation in
aerosols compared to bulk solutions. Despite this rapid degradation, the formation of
toxic transformation products suggests sustained environmental and health risks.

Investigations into pure, binary, and ternary mixtures of BP3, NaCl, and the
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photosensitizer 4-benzoyl benzoic acid using solar-simulated light isolated the effects of
salt and photosensitization on BP3 degradation.

The first-ever measurements of SMA by extractive electrospray ionization mass
spectrometry highlighted the importance of hydrocarbons such as isoprene and
monoterpenes in producing organic aerosol mass, demonstrating how the organic
character of SMA shifts throughout a phytoplankton bloom, and identified the role of
phytoplankton and bacterial production sources of sulfur- and nitrogen-containing
substituents.

This dissertation emphasizes the intricate interactions between pollutants, natural
marine processes, and atmospheric dynamics. It contributes to a deeper understanding
of the complex interplay between coastal contaminants and marine atmospheric
chemistry, highlighting the urgent need for comprehensive environmental management

strategies.
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Chapter 1 Introduction
1.1 Atmospheric aerosols in the anthropocene

Aerosols are suspended liquid, solid, semisolid, or amorphous particles in a gas
ranging in size from about one nanometer to one hundred micrometers. Depending on
their size and meteorological factors, they may persist in the atmosphere for minutes to
weeks. The unique chemical and physical properties of the condensed phase
suspended in air can significantly impact air quality and climate.*

Aerosols are categorized into primary aerosols, which are directly emitted from
sources such as dust, pollen, volcanic ash, sea spray aerosol generation from crashing
waves, and smoke from incomplete combustion,'> and secondary aerosols, which are
generated in the atmosphere through reactions of gases that subsequently condense
onto existing aerosols or nucleate new particles.®® All aerosol particles undergo “aging”
in the atmosphere through physical and chemical processing, such as photochemical
and oxidative reactions, vapor condensation, particle-particle interactions such as
coagulation and coalescence, or incorporation into cloud droplets.®12 Aerosols exhibit
various sizes and compositions, significantly affecting their atmospheric reactivity and
impacts on air quality and Earth’s climate.

1.1.1. Impacts on air quality
Exposure to particulate matter (PM) is one of the leading causes of global

mortality, contributing to an estimated 8 million premature deaths per year, making it the
second leading cause of death worldwide.'3 PM is traditionally separated into two size
categories based on its interaction with the human respiratory system: PM2.5 (exhibiting
a mean diameter of less than 2.5 ym) and PM 10 (exhibiting a mean diameter of less

than 10 um.) The upper respiratory system mainly captures PM10, while PM2.5 may



penetrate the lungs. Additional size categories, such as submicron (PM1, exhibiting a
mean diameter less than 1 um) and ultrafine particles (exhibiting a mean diameter less
than 100 nm), may pass through biological barriers and further penetrate the pulmonary
circulation system.314

Inhalation poses an accelerated risk factor for acute and chronic toxic
compounds, as the lung-blood barrier is less efficient at inhibiting toxic uptake than the
dermal barrier and digestive system.3 Recent developments in aerosol toxicology have
demonstrated that not only the mass or number of particles matter but also their
composition.314-16 The US Environmental Protection Agency regulates aerosol-bound
lead as a criteria air pollutant, and hundreds of compounds are noted as “hazardous air
pollutants” without any safe levels of exposure. 1718 Pollutants are considered toxic if
they pose risks due to acute exposure (such as PM irritating lungs) or chronic exposure
(such as children growing up with regular exposure to PM developing asthma.)*92°

Traditionally, the focus has been on compounds associated with fossil fuel
combustion, such as polycyclic aromatic hydrocarbons and industrial emissions.?1-2°
Recently, researchers have shifted their attention to contaminants of emerging concern,
such as personal care products, pharmaceuticals, and plastics.1626:27

Aerosols also impact visibility through scattering light, which can create a haze if
aerosols are present in high enough concentrations. For example, the secondary
organic aerosol (SOA) produced by oxidizing biogenic volatile organic compounds
(BVOCs) in the Smokey Mountains gives the National Park its eponymous name.
Visibility impairment is a public nuisance but can also have significant implications,

especially in aviation. Indeed, a particularly bad air pollution episode has been



postulated to be a determining factor in the airplane crash that killed John F. Kennedy
Jr.28

1.1.2. Impacts on climate
Aerosol interactions with Earth’s climate system remain the least well-

parameterized anthropogenic forcing on the planet’s radiative balance, which dictates
global temperature.?®3 The climate crisis is caused primarily by the combustion of fossil
fuels, which leads to emissions of heat-absorbing gases such as CO2and CHa. The
impacts of these gases are well parameterized, with effective radiative forcings of 2.16 +
0.25 W m?for CO2 and 0.54 + 0.11 W m2for CH4.%! In contrast, anthropogenic
aerosols’ radiative forcings are less well-constrained. Direct aerosol-radiation
interactions (-0.22 + 0.25 W m?) and indirect aerosol-cloud interactions (-0.84+ 0.61 W
m2) have a net cooling effect.3! In essence, aerosols' cooling effect masks some of the
warming effects of anthropogenic greenhouse gas emissions. The high relative
uncertainties for aerosols (73-114%) compared to gases (12-20%) highlight our
collective lack of understanding of aerosol-climate interactions. The higher associated
uncertainties are due to the large variability in aerosol properties and composition,
especially in aerosol impacts on cloud properties, lifetime, and precipitation.32-34

Natural aerosols make up 70% of global aerosol mass load?®® with the largest
contribution from sea spray aerosol (50%.)3¢ Sea spray exhibits the largest direct
radiative forcing of all aerosol categories (-3.5 + 2.5 W m2,) which is a larger forcing
than total anthropogenic greenhouse gas emissions.®® Its indirect effect through cloud
formation is twice as high (-7 + 2.5 W m2.) Secondary aerosol is another major
contributor to aerosol cooling, with biogenic secondary aerosol (SOA and sulfate) each

exhibiting a direct radiative forcing of 1.0 + 0.5 W m-? and anthropogenic aerosol (soot
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and anthropogenic sulfate) each exhibiting a direct radiative forcing of +0.5 + 1.0 W m2
and -0.7 £ 1.0 W m2, respectively. This demonstrates that all aerosol, natural and
anthropogenic, lead to considerable variability in climate models.

As air quality improves globally, the subsequent loss of cooling aerosol may
exacerbate the rise in global temperature, leading to an unstable climate. This effect
was demonstrated in 2020 when the International Maritime Organization reduced the
sulfur content of shipping fuel from a standard of 3.5% to 0.5%, sharply reducing the
amount of sulfate aerosol over the world’s oceans.3” This termination shock, with an
individual estimated radiative forcing of 0.2 + 0.1 W m-238 combined with an EI Nifio
event in 2023, led to the most significant observed increase in global temperature in
2023%°, above the 1.5°C target set by the United Nations Paris Agreement.*°

Much discussion has occurred around using aerosols’ cooling effects to
geoengineer the atmosphere to counteract the warming impacts of greenhouse gas
emissions.**3 A complete understanding of aerosol interactions with Earth’s climate
system is necessary to fully constrain the anthropogenic forcings causing the climate
crisis and promote reasonable policy to balance their beneficial cooling effects with their
harmful side effects.

1.1.3. Regime shift from combustion to petrochemical product pollution
From the 1880s to today, humanity has extracted massive amounts of carbon

from fossil fuel deposits and released them into the atmosphere.?%4° As the world’s
nations race to net zero, we are focused on the emissions of greenhouse gases yet
continue to produce petrochemical products, many of which are volatile. As highlighted
in a seminal article by McDonald et al. 201844, the urban atmosphere is entering a

regime shift. Ambient air pollution, once caused by the combustion of fossil fuels, is now
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increasingly linked to volatile chemical products that serve as gaseous precursors to
secondary aerosols. Similarly, as anthropogenic sulfate aerosols rapidly decrease over
the world’s oceans, they are replaced by ever-growing amounts of airborne
microplastics transferring from the ocean’s surface.

We are entering “Anthropocene 2.0” as we rapidly decarbonize our energy
systems while continuing the exponential growth of our chemical product industries.#+0
The full impacts of this shift on public health and the Earth’s climate system have yet to
be quantified. This dissertation seeks to contribute to our collective understanding of a
subset of these petrochemical products most common at the coast: sunscreens.>-53

1.2 Marine pollution
Petrochemical products, including plastics, play an integral part in modern

societies. Production growth is greater than that of steel, cement, and aluminum
combined, and growth rates have increased by a factor of six since 1980.5° About
18% of global industrial CO2 emissions can be attributed to the chemical and
petrochemical industries.>* An additional environmental challenge is plastic
refuse and its accumulation in the environment. An estimated 33 billion tons of
plastics will be added to the planet by 2050.55% Most of these plastics come from
construction materials and personal care products. Almost 10% of the annual
production of plastics (~37 million metric tons) accumulate in the world’s oceans,
where they become incorporated into the food chain, sediments, or enriched at
the sea surface.® Over 40% of all plastics are unregulated and contain toxic
chemical additives.®” These include organic pollutants of emerging concern, such
as organic UV filters, which provide skin protection from the sun in sunscreens

and delay the photodegradation of some plastics.®>%58 These UV filters are
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ubiquitous in the marine environment and are known to cause mass devastation
of reef environments through coral bleaching and other developmental
abnormalities in marine biota.>%-%°

Our exponential production and consumption of plastics and organic
chemicals of emerging concern, and their subsequent mismanagement (only 9%
of plastic produced is recycled),*’ is creating a “contaminant cocktail” in the
marine environment, inciting urgency for policy action to protect the marine
biosphere.%67 Current policies regulating plastic and UV filter inputs to the ocean
cannot meet the scale of the marine productivity crisis. Proper solid waste and
wastewater disposal has been neglected in high-risk coastal communities.
Tourist areas such as beaches attract high volumes of consumers, perpetuating
plastic and organic chemical inputs to coastal marine ecosystems.%8

The ocean, once seen as the solution to pollution via dilution, is becoming
increasingly saturated with plastics and organic contaminants and serves not
only as a sink but also as a source of global transport.?7:6°

1.2.1. Organic UV filters: properties, sources, and marine concentrations
Organic UV filters absorb and dissipate incoming solar UV radiation. They are

found in personal care products, most notably sunscreens, and are also used as
additives in other materials, such as plastics and packaging materials, to protect
against photodegradation.>37%71 The primary organic UV filters used in sunscreens
are oxybenzone (benzophenone-3, BP3), homosalate, octinoxate (ethylhexyl
methoxycinnamate, EHMC), and octocrylene (OC).” The size of the global
sunscreen industry is challenging to estimate, but it was valued at $750 million in
2020 and is projected to increase to $3 billion by 2031.73
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Figure 1.1 Structures of three organic UV filters (octinoxate, octocrylene, and
oxybenzone) and their photo-initiated isomers. The orange highlighted regions
designate conjugated 1 bond networks.

UV filters’ chemical structures feature conjugated systems (highlighted in
orange in Fig. 1.1) that allow them to absorb incoming UV radiation through the
absorption of photons, which excite electrons from a 1T to T orbital. Another common
feature is unsaturated carbon chains (such as 2-ethyl hexane moieties in octinoxate
and octocrylene) that assist in their application as oily sunscreen agents. These
aromatic and aliphatic groups lead to their general hydrophobicity and lipophilicity,
which controls their transport in the environment and biological systems.”4-76

In the environment, UV filters have been demonstrated to partition into the sea
surface microlayer (SML) and particulate matter.””-"° UV filters enter the marine

environment through various routes. Primary pollution occurs at recreational beach



sites, where swimmers and other beachgoers wear sunscreens and other personal
care products, which may contain up to 10% organic UV filters.5372 Concentrations at
these sites range from 10 ppb upwards of 1 ppm at extremely crowded locations
(Hawaii and the U.S. Virgin Islands are shown as the most prominent data points in
Fig. 1.2),5859 This means that at some crowded beaches, concentrations of single

compounds rival that of the entire dissolved organic matter system.8°

@ v fiters (ppt) 100 1000 10000

A Microplastics (#/L) L 10 10

1
Ly

Figure 1.2 Global distribution of organic UV filters (in mass concentration) and

microplastics (in # L'l.) Circles represent UV filters, and spikes represent
microplastics.

Another major route of introduction to the oceans is through the wastewater
stream, where influents can range widely from 100 ppt up to 10 ppm and release in
the effluent and sludge at similar levels due to inefficient removal.”#8! Additionally,
over 80% of the world’s wastewater is untreated and mostly flows into the ocean.®?

These localized hotspots can travel globally, with background concentrations



postulated to result from global transport measured in the Arctic at ~10 ppt and
Central Pacific at ~10 ppb, as shown in Figure 1.25883

In addition to personal care products, UV filters are widely added during the
manufacturing of plastics.8* The estimated incorporation of UV filters and other
plastic stabilizers is 0.05-3% by weight.®> Roughly 8.3 million tons of plastics have
been produced as of 2015%7, suggesting a UV filter and stabilizer mass of 4-250
million tons.

The UV filter BP3 is the most reported UV filter in environmental
samples®859.74.75.78,81.86-94 gnd the most widely banned active ingredient in
sunscreen.®195-%° For that reason, it often serves as a model compound for studies
investigating the broad class of UV filters.63.100-113 However, critical knowledge gaps
remain regarding its environmental lifetime and reactivity in the aerosol phase.
Chapter 5 will investigate the photochemical transformations of BP3.

1.2.2. Sewage crisis in southern San Diego.
The discharge from the Tijuana River profoundly impacts coastal waters along

the southern border of San Diego, California, and Tijuana, Mexico.14117 QOriginating in
Mexico, the Tijuana River carries a complex mixture of raw sewage and runoff from
urban and agricultural sources into the Pacific Ocean. Despite collaborative efforts
between the United States and Mexico to divert and treat the river's flow, heavy
precipitation events within the river's watershed can overwhelm existing infrastructure,
leading to billions of gallons of untreated water entering the ocean near Imperial Beach.
This environmental challenge threatens marine ecosystems and poses significant public

health risks to densely populated coastal communities in both Tijuana and San Diego.



Studies have indicated a direct link between exposure to contaminated coastal
waters and increased iliness incidents among swimmers, notably from pathogens like
norovirus.'® Pendergraft et al. 20211 first investigated the potential ocean-to-air
transfer of pollutants in this region using a pollutant mimic dye released from the Tijuana
River, which was detected in aerosol samples as far as ~700 m inland. A follow-up
sampling campaign demonstrated a clear link between bacterial populations in the
Tijuana River and coastal air, but their analysis of chemical components was
inconclusive.?? This motivates further inquiry into the concentrations and transfer of
these pollutants in this highly impacted region, which will be detailed in Chapter 3.

1.3 Marine aerosol
The marine aerosol system is vital to understanding aerosols' impact on climate

and air quality, given that the ocean covers 70% of the Earth’s surface and over a third
of the world’s population lives within 100 km of the coast.'?! Marine aerosol can be
categorized as primary, directly emitted from the ocean by mechanical wave-breaking
action (sea spray aerosol, SSA), and secondary, produced from chemical reactions
involving marine-derived volatile compounds (secondary marine aerosol, SMA).
Contaminants present along the ocean’s surface can transfer into SSA or partition to the
atmosphere in the gas phase, where they can contribute to SMA. The following sections
detail these processes.

1.3.1 Sea Spray Aerosol (SSA)
Sea spray aerosol (SSA) represents the largest particle flux by mass emitted into

the atmosphere, estimated to be ~10 Pg yr.3¢ SSA is generated mechanically primarily
from the rupture of bubbles at the sea’s surface caused by crashing waves and wind-

driven whitecap formation.36:122.122 SSA contains a rich variety of components from
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inorganic constituents (Na*, K*, Ca?*, Mg?*, Cl, SO4%) to a wide variety of organic
compounds such as fatty acids, saccharides, alkanes, anionic surfactants, dicarboxylic
acids, amino acids, proteinaceous matter, and others.5124.125

SSA is produced through three discrete processes: spume droplets (from
shearing wind abrasion at the ocean’s surface), film droplets (from the popping of
bubbles at the surface), and jet droplets (from the collapse of a bubble cavity.) These
three processes produce three modes of SSA size (film — ultrafine, jet — fine, spume —
coarse.)'?6.127

SSA generation occurs at the ocean’s surface, which is covered by the sea
surface microlayer (SML.) This organic-rich film, often called the “ocean’s skin,” is a 1-
1000 um thick region that accumulates hydrophobic compounds such as fatty acids and
many anthropogenic pollutants.?8-130 These compounds may selectively transfer—that
is, undergo greater emission via SSA compared to other, more water-soluble
compounds of similar oceanic concentration.'3%:132 |ntact biological material, such as
viruses and bacteria, may be similarly concentrated in the SML and transferred into
SSA. 120133134 The transfer of organic contaminants of emerging concern is further
detailed in Chapter 3.

1.3.2. SSA as a vector for organic pollutants
Combining the widespread pollution in the ocean with research on the selective

transfer of organic components in SSA, interest has developed in the role SSA can play
in serving as a vector for organic pollutants.?7:69.119.120

A major research focus has been on per- and polyfluroalkyl substances (PFAS.)
PFAS are a diverse group of chemicals used in various products due to their water, oil,
and heat resistance.'® They are known as “forever chemicals” due to their persistence
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in the environment.3® PFAS have been identified to transfer into the atmosphere via
SSA, where they are prone to global transport.*3"-13 Incorporation into cloud droplets
and subsequently deposit onto land is another major pathway that can impact
freshwater and agricultural systems.26:140

Similarly, microplastics have been measured in SSA and shown to undergo
global transport.?76%141 Allen et al. 202227 provided the first attempt to consolidate
emerging research constraining the global fluxes of especially marine-relevant
microplastics. They estimated an open ocean SSA flux of 8.5 Mt (million tons) per year
with a marine atmospheric concentration of up to 25 Mt.242-144 Most (99%) is estimated
to be recycled through deposition into the ocean!#* with yearly onshore transport of
140,000 tons along the coast.®® These estimates are inconclusive, with recent reports
arguing an upper bound of 0.1 Mt yr?,145 and the terrestrial atmospheric microplastic
burden is mainly unknown.

The emission of personal care product pollution has not been sufficiently
identified and measured in coastal aerosol. Although sunscreens are a widely used
personal care product, the detection of their semivolatile UV filters is sparingly recorded
in atmospheric surveys. An early note was taken of the presence of octinoxate and
oxybenzone in Caribbean tradewinds in Mayol-bracero et al. 200114, suggesting large-
scale transport. Schoeib et al. 2016 reported combined UV filter concentrations of ~10
ng m=2 in aerosol above a wastewater treatment tank in Ontario, Canada. Pegoraro et
al. 2020 88 reported up to 14 pg m= of octinoxate in aerosol and 960 pg m-3 homosalate
in the gas phase in urban Toronto air. Generally, concentrations were higher in the gas

phase than in the aerosol phase in this environment. This held for the two UV filters
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investigated in this dissertation — oxybenzone had an aerosol partitioning coefficient
(i.e., percent in the aerosol phase out of total airborne concentration) of 5.3 £ 4.6% and
octinoxate 1.3 + 4.1%. One case of their detection was in SSA generated during
SeaSCAPE 2019.147:148 This dissertation aims to quantify the emissions of several
emerging contaminants for the first time (Chapter 2) and investigate the atmospheric
photochemistry of BP3 (Chapter 3.)

1.3.3. Secondary marine aerosol
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Figure 1.3 The secondary marine aerosol system, estimated fluxes, and contributions

to marine cloud formation.

As shown in Figure 1.3, secondary marine aerosol (SMA) is produced via the
oxidation of gas phase species, primarily dimethyl sulfide (DMS,) alkyl amines, and
other biogenic VOCs.1#9-151 Many of these species are produced by marine
phytoplankton!®2-155 and algae'®6-1%8Species emit VOCs for various reasons, including

signaling stress, serving as secondary metabolites, and protecting against predation.158

13



For this reason, the emissions of different VOCs increase and decrease at various
stages of biotic life cycles, contributing to a complex and ever-changing emission profile
from the ocean.159-162

Oxidation of VOCs adds functional groups such as aldehydes, alcohols, and
carboxylic acids, lowering their volatility.'63164 See Figure 1.4 for a generalized scheme
of these reactions. Oxidation in the presence of NOx may also produce organonitrogen
species, similarly showing lowered volatility.15166 This allows for the condensation of
organic material onto existing aerosol.18” The nucleation of new particles is also
observed, primarily through acid-base catalyzed interactions between acidic species
(such as SOz and methanesulfonic acid, both oxidation products of DMS) and basic

gases (such as NHz and alkyl amines.)168-170

isomerization
RONO -—

|-

Rrco+ HO, RCHO +~wr

Rl

Figure 1.4 A general -OH oxidation scheme of an alkane species initiated via hydrogen
abstraction. Adapted from Molina et al 2004.171
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There is a rich variety of hydrocarbon emissions from the ocean, including
isoprene and monoterpenes (the most abundant non-methane hydrocarbons and
terrestrial SOA precursors.)%9.160.172 A recent survey of Eastern Atlantic marine aerosol
by Kilgour et al.*®* found that the organic component of SMA can be well parameterized
solely through the incorporation of expected isoprene and monoterpene SOA products.
Unsaturated species such as isoprene and monoterpenes undergo addition reactions in
the presence of -OH (see Fig 1.5,) which are favored compared to hydrogen abstraction

when accessible.

R R R
H
. OH
*c 0,, - HO
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Figure 1.5 A general -OH oxidation scheme of unsaturated hydrocarbons initiated via
addition. Adapted from Gligorovski et al. 2015.173

DMS is the precursor for most of the sulfur in SMA. Its oxidation pathway
terminates with either SO2, which can form SOa in the condensed phase, or other acidic
sulfur-containing species, such as methanesulfonic acid (MSA). Alkyl amines are the

primary source of nitrogen-containing organic mass in SMA.1’4 They may directly
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interact with acidic species to nucleate new particles or oxidize into less volatile
organonitrate species, which may condense onto existing aerosol.15174-176

The nucleation of new patrticles is one of the largest areas of continued inquiry in
SOA and SMA research. Two main contributing factors are the formation of extremely
low volatility species (for example, 1217 or very high molecular weight organic
compounds'®®) as well as acid-base interactions (such as SO4 or MSA with NHz or alkyl
amines_)154,172,175,176,178,179

SMA drives cloud formation in the marine environment, especially under high
biological activity.14® SMA formation is highly dependent on ocean biological activity, as
DMS and other VOCs are primarily produced by oceanic species such as
phytoplankton.t52:153.180 Thjs relationship between DMS emissions and cloud formation
has been brought to prominence by the “CLAW hypothesis,” named after the initials of
coauthors Charlson, Lovelock, Andreae, and Warren, who produced a seminal
manuscript on a hypothesized negative feedback loop.153 They postulate that higher sea
surface temperatures in a warming climate will promote biological growth, emitting
sulfurous gases into the atmosphere that condense into aerosol and seed clouds,
increasing Earth’s albedo and cooling the planet. This hypothesis has been widely
argued, including by Lovelock himself, who, 30 years after the CLAW paper, proposed
that instead, there would exist a positive feedback loop—that increased temperatures
would stratify the ocean, leading to a decrease in nutrient cycling and less biological
activity.*® In either case, the impact of SMA is a net cooling effect from the refraction of

sulfate-containing aerosol and the increased albedo from cloud formation.
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It is important to note that in the Anthropocene, the primary productivity of the
oceans has halved in the last 50 years.*® This suggests either the viability of the anti-
CLAW hypothesis or points to additional anthropogenic stress factors such as pollution,
ocean acidification, and biodiversity loss in reducing phytoplankton populations that may
produce cooling aerosols.83184

A complete understanding of SMA must incorporate non-DMS VOCs, which will
have different temporal patterns along the lifecycle of marine phytoplankton. While the
potential precursors of SMA have been identified extensively in the literature,
comparatively little has been reported on its organic composition. Chemical properties
of the organic components in SMA, such as molecular weight and oxidation state, can
significantly impact the physical properties of aerosol, such as hygroscopicity and
phase.'85187 The ratio between organic and inorganic components of aerosol can have
similar effects.® Thus, understanding SMA's organic carbon properties and
environmental lifetime is important to better understand its interaction with Earth’s
climate system. Chapter 5 highlights key pathways in the production of organosulfur,
organonitrogen, and oxygenated organic compounds in SMA from measurements taken
at the Scripps Institution of Oceanography in collaboration with the NSF Center for
Aerosol Impacts on Chemistry of the Environment (NSF-CAICE).

1.4. Atmospheric photochemistry
1.4.1. Gas photooxidation
Solar radiation generates reactive oxygen species (ROS) such as Os and -OH in

the atmosphere. In the troposphere, Os is generated through reactions involving volatile
organic compounds (VOCs), NOx (NO+NOz2), and 02.18° The following is the net

reaction scheme in which NOx serves as a catalyst:
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RH 4+ 40, - R'CHO + 205 + H,0 R1
O3 can also be produced through the direct oxidation of CO with -OH. -OH itself
is produced through the photolysis of Os in the following two-step reaction scheme:
05 +hv (1 < 305nm) - 0(11D) + 0, R2
0('1D) + H,0 - 2 - OH R3
Additional sources of -OH are HONO photolysis and the decomposition of
Criegee intermediates of reactions of Oz and alkenes. -OH is known as the “detergent of
the atmosphere”®° due to its dominance of daytime oxidation chemistry and fast
reactivity compared to Os. As such, the lifetime of organic species in the atmosphere is
primarily dictated by their reactivity with -OH."3 Oxidation via -OH occurs for alkane
species via hydrogen abstraction. For functionalized molecules, -OH generally
preferentially abstracts hydrogens in order from -SH, HC-O/HC=0 carbons, and -NH
groups. In alkenes and aromatic compounds, -OH preferentially adds to the double
bond. Oxidation via -OH can generate additional radicals in the aerosol phase, such as
Cl- from reactions R4 and R5.
-OH + Cl” - HOCL-~ R4
HOCl-"*+ H* - H,0 + Cl - R5

1.4.2. Aerosol photochemistry
The Sun emits light via blackbody radiation at its surface temperature of 5250 °C,

ranging from 250-2500 nm with a peak of ~500 nm (green). The ozone layer absorbs
the lower end of solar irradiance, so the light reaching the troposphere has a lower end
of ~290 nm. Light in this UV range can be absorbed by components in aerosol, leading

to energy transfer, which results in either heat or photo-induced reactions.42:43:191-193
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Aerosols may either scatter light through Mie scattering or absorb incoming solar
light. Air molecules and the smallest ultrafine aerosols scatter light through Rayleigh
scattering. This process causes the blue color of the sky, as blue light at shorter
wavelengths is more efficiently scattered by ultrafine aerosol in the atmosphere.
Leonardo Da Vinci first remarked on this phenomenon when he wrote: “The atmosphere
assumes this azure hue by reason for the particles of moisture which catch the rays of
the sun.”%4

Aerosol color can be categorized based on how it interacts with solar light.192
Most inorganic and organic aerosols are categorized as “white” as they scatter solar
light, leading to a net cooling effect on the climate. Some organic aerosols may absorb
solar light, which can further be separated into Black Carbon (BC), which absorbs over
a broad spectral range from ultraviolet (UV) to infrared (IR), and Brown Carbon (BrC),
which sparingly absorbs in the visible range but absorbs in atmospherically relevant
ranges of UV light.1?51% Black carbon is typically produced through the incomplete
combustion of organic matter (leading to soot), while brown carbon can be made
through various sources.

Exposure to solar radiation is also a major removal pathway for organic aerosols.
When organic aerosol components in BC or BrC absorb light, this can lead to photo-
induced reactions. BrC has been shown to “photo-bleach” with atmospheric processing
due to photolytic and oxidative reactions breaking down the UV-absorbing components
into smaller molecules that do not absorb as strongly at tropospherically relevant

wavelengths.1®71% Photolysis can significantly impact aerosol composition, including
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degrading aerosol components into more volatile species that evaporate, reducing
aerosol mass.199-201

1.4.2.1 Direct photolysis
Here, we focus on direct interaction from photon absorption. When photons of

sufficient energy (higher than the enthalpy of formation) interact with chemical bonds,
the energy may be released through bond cleavage, photoisomerization,
decomposition, hydrogen abstraction, or energy transfer to other compounds

(photosensitization). General reaction schemes are found in Table 1.
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Table 1.1. Possible photochemical reactions for an excited molecule A-B-C*, adapted

from Calvert and Pitts1°!

Reaction pathway Name

A-B-C* — A-B+ +C- Bond cleavage (photolysis) into free
radicals

A-B-C* — A-C-B Photoisomerization (typically, heat is

released through rotational vibration.)

A-B-C* - E+F Photoisomerization followed by

decomposition into stable molecules

A-B-C* +RH — A-B-C-H+ R- H-abstraction from a neighboring
molecule

A-B-C* +D — A-B-C+D* Photosensitization (energy transfer of
all kinds)

A-B-C* +D — A-B-C* +D~ Photosensitization (electron transfer)

One common atmospheric photolysis reaction is the Norrish type 1 reaction,
which is the homolytic cleavage of a C-C bond next to an absorbing ketone group. A
representation of this reaction, using oxybenzone (a model UV filter compound

investigated in (Chapter 4), is shown below in Scheme 1.1.
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Scheme 1.1. Norrish Type 1 reaction of oxybenzone.

The efficiency of photochemical reactions is a function of the compound’s
absorption cross section (o(A), the effective 2-D area in which a compound’s conjugated
T system may accept photons of a particular energy), and the quantum vyield for the
reaction (@(A), the probability of a reaction occurring after the absorption of a photon.) It
is often helpful to incorporate the spectral flux density (I(A), the concentration of
photons) to calculate the effective photochemical rate coefficient, J. This relationship is

shown below:

= [ emomimar eq 1

1.4.2.2. Photosensitization

Compounds that do not directly absorb light may undergo photo-induced
reactions through interactions with an intermediary “photosensitizer” species.?92203 A
representation of a photosensitized reaction is shown below in Figure 1.6. This
Jablonski diagram represents the energy levels of electrons. Upon absorption, an
electron is promoted from its ground state, So, into an excited state, S1, where the
excited electron maintains the same spin as in its ground state. Depending on the
photon's energy, the electron may be promoted to a higher vibrational state within Si.

The electron typically rapidly transitions to the lowest vibrational excited state (S1.)
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Subsequently, it can release energy as a photon to return to its ground state
(fluorescence) or undergo intersystem crossing (ISC) to access a triplet state (T1) in
which the spin state of the excited electron parallels that of its previous paired election.
This allows the electrons to exchange between their energy levels, resulting in a more
stable and longer-lived excited state. From a triplet state, energy can either be released
as a photon (phosphorescence) or be transferred to a recipient molecule (energy
transfer.) This energy transfer similarly promotes the electron state of the recipient
molecule to an excited state. Suppose the recipient is an organic molecule or anything
other than ground-state oxygen. In that case, this is defined as a Type 1 reaction (R6.)
Because of the ubiquity of oxygen in the atmosphere, its photosensitization to form 'O2
from its ground state,30z, is defined as a Type 2 reaction (R7.) Oz can then go on to
generate additional reactive oxygen species (ROS) such as OH (R8), HO2- (R9) and Oz
(R10.) a complete mechanism of ROS formation in the atmosphere can be found

elsewhere.2%4

PBPs*+X > Ps+L3X* R6
LB3pPs*+ 1130, » Ps + 310; R7
ii10;+ H,0 »2-0H R8

- OH + 05 » HO, - +0, R9
P03+ e - 05 R10
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Energy
Photosensitizer transfer Recipient

Figure 1.6 Jablonski diagram of photon absorption and energy transfer. So: ground
state (singlet). S1: excited state (singlet). A: absorption. F: fluorescence. ISC: inter-
system crossing. T1 excited state (triplet.) P: phosphorescence.

In the marine environment, a major potential photosensitizer is a collection of
compounds named in bulk as marine chromophoric dissolved organic matter (m-
CDOM.) 80.198.205 This group of compounds varies significantly across locations, time,
and biological activity in the ocean.%82% Compared to terrestrial DOM, m-CDOM
contains less aromatic species and more carboxylic-rich alicyclic molecules and
nitrogen-containing species.?°2% |t has been shown that m-CDOM can preferentially
transfer in SSA, where it can initiate photosensitized reactions. 124:125.151,206

1.4.3. Differences between solution-phase and aerosol-phase photochemistry
Aerosols exhibit accelerated reaction kinetics compared to bulk solutions. 207-209

This can largely be attributed to increased interfacial reactivity, as the surface-to-volume
ratio of ultrafine particles is much larger than that of bodies of water. Compounds at the
interface between solutions (or aerosols) and air have incomplete solvation shells.209.210

This hinders organic compounds' ability to nonradiatively disperse excess energy
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through vibrational relaxation and the ability of dissociated fragments of photolyzed
compounds to recombine.?%%2t Additionally, the more ordered molecular orientations at
particle surfaces may sterically inhibit the vibrational relaxation of excited states.?*?

While photosensitized reactions have been studied extensively in
solutions®1:105,107,108,191,202,206,213,214 ' and more sparingly in aerosols92203215Tq our
knowledge, no studies have directly investigated the impact of photosensitization on the
same analyte in solutions and aerosols. This gap in understanding is especially relevant
in the marine coastal environment, where m-CDOM in seawater and SSA may
significantly enhance the photo-induced reactivity of organic species.?%%2% Chapter 4
will accomplish this investigation using the UV filter BP3 in SSA mimics as a model
system.

1.5. Dissertation objectives
This dissertation focuses on constraining the presence of anthropogenic

pollutants in coastal aerosol, understanding the role of organic UV filters in the coastal
ocean-air system, and advancing the knowledge surrounding secondary marine aerosol
composition.
The key scientific questions pursued are:
1. What is the impact of sewage release from the Tijuana River on airborne
exposure to organic contaminants of emerging concern?
a. Are organic chemical contaminants from untreated Tijuana River water
transferred to the atmosphere via sea spray aerosols?
b. How do the organic contaminant concentrations in coastal aerosols

vary with proximity to the Tijuana River outflow?
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c. Do more hydrophobic organic contaminants transfer to sea spray
aerosols more efficiently?
2. What factors influence the photo-induced degradation of oxybenzone in the
coastal environment?
a. How does the rate of photo-induced degradation differ in the solution
vs. aerosol phase?
b. What influence, if any, does the presence of salt and photosensitizing
material have on oxybenzone’s photo-induced degradation?
c. What transformation products are produced from the photo-induced
degradation of oxybenzone, and do they modulate aerosol toxicity?
3. How does the composition of secondary marine aerosol change throughout a
phytoplankton bloom and as a function of oxidative aging?
a. Which non-DMS precursor gases play the largest role in secondary
marine aerosol composition?
b. What is the abundance and role of sulfur- and nitrogen-containing
organic compounds in secondary marine aerosol?
1.6. Dissertation synopsis
Chapter 2 details the experimental methodologies and theoretical frameworks
used throughout this dissertation. This includes various techniques to characterize
aerosol composition and physical properties, generate aerosols and initiate photo-
induced degradation studies, and apply predictive computational tools.
Chapter 3 reproduces the manuscript by Cooper et al., 2024, currently under

review in Science Advances. It details a field sampling campaign, IBTJ 2020, which
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sampled contaminated water and air along San Diego’s coast from the U.S. Mexico
border to Silver Strand State Park and the Scripps Institution of Oceanography. The
occurrence, spatial distribution, and possible SSA transfer of several contaminants of
emerging concern, including illicit drugs, drug metabolites, pharmaceuticals, personal
care products, and plastics, are reported. Chemical drivers of SSA transfer and potential
public health impacts on nearby Imperial Beach are explored.

Chapter 4 reproduces the manuscript by Cooper et al., 2024, currently under
review in ACS ES&T: Air. It details the photo-induced degradation of oxybenzone, a
model organic UV filter, in both the solution and aerosol phase. Through stepwise
addition of secondary constituents of seawater and SSA (salt and photosensitizers,)
chemical and physical drivers of oxybenzone degradation are identified, as well as
potential impacts on toxicity.

Chapter 5 details measurements of secondary marine aerosol (SMA) generated
from the -OH oxidation of gaseous emissions of a phytoplankton bloom during the NSF-
CAICE led SeaSCAPE 2019 field intensive study, in preparation for submission to
Atmospheric Chemistry and Physics. This first application of online soft ionization mass
spectrometry to SMA provides detailed organic compositional information of SMA
throughout the progression of a phytoplankton bloom. The bulk properties of SMA are
calculated and modeled based on precursor gas concentrations. Biological drivers of
sulfur and nitrogen-containing components of SMA are identified.

Chapter 6 reproduces the published work by Cooper et al., 2023, in ACS
Environmental Science & Technology. It details the need for a “Keeling Curve”

approach to track the success of policies designed to reduce the concentration of
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pollutants in the atmosphere. It also includes the policy development work undertaken
during this dissertation and the policy recommendations based on the conclusions of
Chapters 3-5.

Chapter 7 summarizes the work's conclusions and proposes future research
directions, including an ongoing field study investigating the sea-to-air transfer of

pollutants and subsequent studies of photo-induced degradation of UV filters.
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Chapter 2 Methods and Background
2.1 Compositional analysis of organic aerosols using mass spectrometry

Traditional techniques for studying the organic composition of aerosols have
included both offline and online methods, which offer significant advantages and
weaknesses.?16-218 Offline approaches are susceptible to artifacts introduced in sample
handling and storage. Online techniques allow for better time resolution but often have
higher detection limits and require higher labor and financial costs.

Offline techniques involve collecting aerosol, typically onto a filter or into liquid,
followed by subsequent analysis using standard mass spectrometry techniques used for
solid or solution analysis. These include gas chromatography coupled to mass
spectrometry (GC-MS), typically using an electron impact (EI) ionization source, and
liquid chromatography coupled to mass spectrometry (LC-MS), typically using an
electrospray ionization (ESI) source. LCMS was used in Chapter 3 of this dissertation
and is further detailed below.

Online techniques to characterize aerosol particles offer the benefit of higher time
resolution, given the ever-evolving nature of aerosol particles. Real-time single-particle
mass spectrometry (RTSPMS) techniques have developed since the 1970s.21° Current
systems are primarily based on the Aerosol Time of Flight Mass Spectrometer,
developed by Prather et al. 1994220, which coupled aerosol sizing via light scattering
and aerosol composition via a pulsed layer, and the Aerodyne Aerosol Mass
Spectrometer??!, which also sizes aerosols and ionizes aerosols via flash vaporization
on a heated surface followed by El. Compared to the ATOFMS, the AMS lacks the
specificity of single particle analysis but has higher throughput and is used for sampling

the bulk characteristics of aerosol, such as the organic mass fraction and O:C ratio.
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However, both techniques are considered “hard” ionization sources, meaning they
decompose organic molecules into fragments during ionization. Continuous
developments of semi- and fully online techniques and semi- and entirely soft ionization
methods have been pursued to address this.

A semi-online approach to studying aerosol composition involves collecting
aerosols onto a cold surface and increasing the temperature over time, collecting time-
dependent spectra based on the molecules' volatility. This technique, named thermal
desorption, has been used since 1999.%2? Recent novel developments have been the
filter inlet for gases and aerosols (FIGAERO), which switches between the collection of
aerosols for semi-online analysis and online analysis of gases??3, and the coupling of
thermal desorption with fast gas chromatography and mass spectrometry.??*

Extractive electrospray ionization (EESI) is a fully online soft ionization technique
for studying aerosols. It couples real-time extraction and ionization of neutral aerosol
components.??®> EESI was first developed at Aston Labs at Purdue University to analyze
samples in complex matrices with limited sample preparation.??6 EESI was first used to
study atmospheric aerosols seemingly independently by both Gallimore & Kalberer
2013227 and Doezema et al. 2012.2%8,

EESI-MS, using a time-of-flight mass analyzer (TOF), or EESI-TOF, was
commercialized through the collaboration of Aerodyne, Tofwerk, and the Paul Scherrer
Institute.??® This mass spectrometer was used in Chapters 4 and 5 of this dissertation.
Below, we will explore the underlying principles behind EESI.

2.1.1. Extractive electrospray ionization mass spectrometry
The principle behind EESI relies upon combining a microdroplet extraction with

traditional electrospray ionization.??® Figure 2.1 provides a representation of the EESI
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inlet used in this work.??° To ensure that EESI is only sampling aerosol-phase species,
a charcoal denuder removes any gaseous background contaminants. A three-way valve
that selectively passes the sample stream through a HEPA filter allows for removing
aerosol-phase species. This is critical to measuring the background mass spectra of the
EESI spray, which can often dominate the measured ions.?2°

A charged electrospray first intercepts a neutral sample aerosol stream. These
two particle streams can interact via coalescence, bounce, disruption, or fragmentation.
The branching ratios of these interactions are based on the difference in aerosol size
(with similarly sized particles promoting more coalescence) and the velocity of
electrospray droplets (with faster electrospray droplets promoting more bouncing.)?3°
Incomplete coalescence can lead to differential ionization of compounds depending on
surface activity (i.e., if a compound is present at the surface where ionization occurs or
is buried in the bulk)?®! and aerosol size.??>232 Generally, larger and more viscous
aerosols exhibit higher rates of incomplete extraction and ionization. Subsequent
heating promotes the evaporation of spray solvent, as in ESI, leading to a concentration
of charge that results. When the droplets approach the Rayliegh limit, the maximum
amount of charge a droplet can hold, Coulombic fission occurs where droplets are
separated into smaller, stable droplets.?® This cascade continues until the full
desolvation of analyte species forms charged gas-phase species that can be analyzed

via various mass spectrometric techniques.
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Figure 2.1 Diagram showing the extractive electrospray ionization sampling inlet and
key processes occurring in the inlet. Adapted from Lopez-Hillfiker et al. 2019.%2°

One of the unique benefits of EESI is that it can conduct microdroplet-phase
chemical ionization by doping the charged electrospray with a specific reagent ion.
Indeed, ionization of solvent alone does not promote much useful ionization as the time
for charge transfer is significantly reduced compared to ESI. The most widely used
reagent ions are Na* and CH3;COO'. The following reaction schemes show the
production of ionized species from a neutral analyte X:

X+ Nat -» XNa* R1
XH + CH;C00~ - X~ 4+ CH;COOH R2

In R1, the ability for Na* to form a cluster with X is based on its binding affinity.

As such, it is helpful for the detection of species with nucleophilic moieties such as

carbonyls, alcohols, acids, and organic nitrates.??° In R2, the ability of acetate to
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abstract a proton depends on the analyte’s acidity. As such, it is helpful for the detection
of carboxylic acids and other acidic species, such as organosulfur and aromatic
nitrates.?34

The overall sensitivity (response factor — RF) of a particular compound X to EESI
is parameterized by the following equation:

IgEs
Mass,,

RFy = = Mass, * EE, * CE, x I[E, *x TEm eql
Z

Where EE is the extraction efficiency (how well the sample aerosol coalesces with the
electrospray and dissolves in the microdroplet,) CE is the collection efficiency (how well
the microdroplet is sampled into the inlet capillary to the heating region,) IE is the
ionization efficiency (how well charge transfer occurs within the collected microdroplet,)
and TE is the transmission efficiency (how well the charged analyte can be detected by
the back end of the mass spectrometer.) For convenience, the extraction terms may be
combined into an overall sensitivity term which is determined experimentally with a

calibration curve. An example calibration curve is shown in Figure 2.2.
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Figure 2.2 Example calibration curve of oxybenzone detected via EESI in negative
mode.

It is important to note which parameters are intrinsic to the analyte of interest or
dependent on other factors. EE and CE are functions of the positioning and stability of
the spray and the produced number and size distribution of charged microdroplets.
These are the most variable contributors to observed sensitivity and will often be
calibrated anywhere from once per day to once per hour. IE is intrinsic to the analyte of
choice and determined via in-lab calibrations. TE is dependent on analyte m/z and not
chemical identity. These variables can be tuned to maximize sensitivity through the
selection of solvent (EE), reagent ion (IE), and voltages applied throughout the “back-

end” mass analyzer (TE.)
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One important factor that changes EE and CE is the sampled aerosol size.
Kumbhani et al. 201823 analyzed core-shell particles with EESI and found that the
technique was more sensitive to compounds present at the surface of sampled aerosol.
In their conceptual model of EESI, they attribute the difference in sensitivity to
incomplete extraction of larger particles.

Lee et al. 2021%% further characterized this phenomenon systematically and
found a negative relationship between aerosol size and sensitivity with EESI. This study
used the same design EESI source as our work in this thesis. They showed that the
sensitivity of some individual compounds (levoglucosan, ammonium nitrate, and
sucrose) varied three orders of magnitude across a range of 20-600nm diameter
particles. Complex mixtures, such as alpha-pinene SOA, varied less (1 order of
magnitude over a 15-120 nm range.)

Lee tested the effects of coating thickness on the extraction of compounds found
at the aerosol core and did not observe the same surface-dependent sensitivity as
Kumbhani, noting complete extraction for particles up to 250 nm. Instead, they postulate
that the sensitivity of EESI is based on the Brownian coagulation coefficient—i.e., the
ability of two particles to coalesce based on their density and size while undergoing
random (Brownian) motion. In their conceptual model of EESI, they attribute the
difference in sensitivity to the reduced coalescence of larger aerosol into the charged
electrospray.

Our work observed a slight size-dependent sensitivity based on aerosol size, as
shown in Figure 2.3 for pure octinoxate aerosol. For fine mode aerosol (<100 nm,) we

observed a sensitivity three times higher than in larger aerosols (300-600 nm.) As our
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studied systems (lab-generated aerosols in Chapter 4 and nucleation mode aerosols in
Chapter 5) had consistent sizes, we did not incorporate size-resolved sensitivities in our

analysis. More discussion may be found in those chapters.
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Figure 2.3 Representative size-dependent calibration curves for octinoxate aerosol.

2.1.1.1. Data processing

EESI data requires sophisticated data post-processing to isolate analyte signals
from the relatively high backgrounds of the electrospray ions, determine which signals
are significantly above the background, and automatically assign chemical formulas to
unknown m/z values. Tofware is a graphical interface run in the Ilgor numerical

computing environment and used for analyzing data produced by Tofwerk instruments.
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EESI data is processed using a semiautomated workflow shown in Figure 2.4.
Mass spectra data relies on mass calibration to convert instrumental response (for TOF
mass analyzers, the time it takes for ions to pass along the length of the flight tube) to
ion mass to charge ratios, m/z. This is accomplished by selecting ions that can be
confidently predicted to be present throughout the sampling period. One benefit of
EESI’s high electrospray background is the presence of many known ion clusters that
may be used for mass calibration. For example, in positive mode, one may use the
sequence of (Nal)xNa* ions to calibrate over a wide range that brackets most small

molecules of interest.

Using a reference spectrum, often during a sampling period, you can refine the
baseline (the general background intensity of the detector across the entire m/z range)
and peak width and shape (the reference shape that the automatic peak fitting algorithm

will use as its prototypical peak).
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Figure 2.4 Example Tofware workflow for post-processing of EESI data

Separately, the detection limits are determined by taking a particular region's
average and standard deviation response during a blank period. Limits of detection
(being able to report an ion qualitatively) are calculated by eq 2, and limits of

guantification (being able to report the intensity of an ion) are calculated by eq 3.

LOD = Ipignk + 3 * Stdpiank eq?2

LOQ = Ipignk + 10 * Stdpiank eq3
Due to the limited resolution and mass accuracy of TOF instruments, exact
chemical formulas may not be easily calculated from identified unknown peaks. More
rigorous assignment validation is required to estimate the chemical identity of unknown
ions. To accomplish this, automatic peak fitting is performed by first generating a list of

chemically likely formulas based on an algorithm that begins with several “seed”
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compounds and applying chain lengthening and functionalization modifications. This
reduces the likelihood of assigning an unknown peak to a chemical formula that is
unlikely to exist. Then, unknown peaks are matched to the nearest formula on the list

based on their exact masses. This process is explained in more detail elsewhere.?3®

Combining the previous data processing steps makes it possible to confidently
report the identity and ion intensity of unknown ions. Figure 2.5 shows representative
annotated mass spectra from the photooxidation (hv + OH + O3) of the UV filter
octinoxate. Note that some compounds can be reported with a structure—such as our
precursor and its known transformation products that lack structural isomers. For

transformation products with many isomers, tandem mass spectrometry is required. The
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Figure 2.5 Annotated EESI mass spectra from the photooxidation of octinoxate.
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2.1.2 Liquid chromatography-tandem mass spectrometry
Liquid chromatography separates analytes by partitioning between the LC

column surface and the mobile phase (the solvent moving through the column). This is
often done as a function of polarity. Most modern columns are in the reverse phase,
containing packed particles covered in a hydrophobic material, and a mixture of
buffered water and a miscible organic solvent is used as the mobile phase.?%® A
common column type is a “C18” column made from silica gel particles functionalized
with octadecyl alkyl substituents.

The theoretical plate theory describes separation processes in which each
opportunity that a compound may equilibrate between the stationary and mobile phase
is assigned as a “plate,” with a column length consisting of many plates. This framework
allows for the calculation of resolving power through the following relationship (eq 4)

named the Van Deemter equation:
B
HETP=A+;+(CS+Cm)*u eq 4

where HETP is the height equivalent to a theoretical plate (m), A is an Eddy-diffusion
parameter (m,) B is a diffusion coefficient (m?s?,) C is resistance to mass transfer
between the stationary and mobile phase (s), and u is the speed of the mobile phase (m
s'1.) Through this relationship, the packing efficiency of particles, stationary and mobile
phase selection attenuate a compound’s attractiveness, and the speed of the mobile
phase can be manipulated to achieve better resolution.

Electrospray ionization functions similarly to generating the charged electrospray
in EESI (ESI being the precursor technique to EESI.) A high voltage is applied to the

solution containing the analyte in a solvent, which directly ionizes the solvent and some
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of the analyte. Aerosolization into charged microdroplets concentrates the analyte as
solvent molecules evaporate. As more solvent is evaporated, the proximity of charges in
the smaller microdroplets results in a Coulombic explosion, which results in the charge

transfer to analytes, which can then be analyzed via mass spectrometry.

Orbitrap mass analysis is preferred for LCMS systems, especially in nontargeted
analysis, due to its high mass resolution (~100,000) and fast scan speed (~1Hz.)?37:238
Mass resolution is calculated by eq 5 from the full width at half max of a mass spectral
peak. The sharper the peak (i.e., higher the resolution,) the greater the ability to

differentiate two compounds of similar mass.

m

z
FWHM

Resolution =

The fast scan speed offered by Orbitrap allows for rapidly determining major
peaks at each point in the LC chromatogram for tandem mass spectrometry (i.e., the
isolation of one molecular ion to subsequently fragment via the collision of high-energy
gases into smaller molecular ion fragments). Molecular identification becomes more
reliable with each layer of mass spectrometry. In this thesis, secondary mass
spectrometry (MS2) was performed. An example of MS2 spectra of 4-benzoyl benzoic

acid is displayed in Figure 2.6.
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Figure 2.6 Example MS2 spectra of 4-benzoyl benzoic acid, where ion masses are
labeled.

Orbitrap combines the fast scanning of an ion trap with the highly sensitive
detection of ions via an outer electrode connected to a differential amplifier (shown in
Fig. 2.7.). It relies on the following principle, in which trapped masses (m/z) have a

uniform angular frequency (w) based on the potential applied in the analyzer (k:)

0= m/z ¢4
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Figure 2.7 Orbitrap mass analyzer (adapted from Wikimedia Commons.)?3°

2.1.2.1 Global Natural Product Social Molecular Networking
A benefit of the wide adoption of LCMS for analysis of compounds, especially

anthropogenic pollutants investigated here, is the formation of library spectra
databases. These libraries are compiled through community-run resources like the
Global Natural Product Social Molecular Networking (GNPS) environment?49, which
provides a platform for automatic feature-based molecular networking and comparisons
with other public datasets and annotated compounds from other users.

Features are conjoined MS2 spectra and retention times, which serve as
identifiers for discrete chemical compounds. The GNPS platform runs a spectral

matching algorithm for each feature against public, private, and community-contributed

43



databases to identify compounds. More discussion on data products from this may be
found in Chapter 3. This platform also allows for exploring unknown compounds based
on structural similarity (i.e., two features with similar MS2 spectra suggesting a similar
structure that would fragment in similar patterns.) This feature was utilized to identify
novel transformation products in Chapter 5.

2.2. UV-visible spectroscopy
UV-visible spectroscopy is a robust method for the experimental detection of

light-absorbing organic compounds. This technique relies on the analyte’s ability to
absorb light in the UV-visible range, which was discussed comprehensively in Chapter
1. It applies the Beer-Lambert law, which relates the attenuation of light passing through
a physical material through eq 7 where A is the absorbance, ¢ is the absorptivity of the

analyte, | is the optical path length, and c is the concentration of the analyte.

log (170) =A=c¢lc eq7
As ¢ is wavelength dependent, spectrophotometers produce monochromatic light
that passes through a sample container (in most cases, a quartz cuvette.) A diagram of
the Perkin-Elmer Lambda 35 spectrophotometer used in this work is shown in Figure
2.8. This instrument is a “dual beam” instrument, in which the light beam is split to pass
through a “sample” cuvette and a “blank” cuvette. The instrumental response from the
blank is automatically subtracted from the response of the sample, allowing for the

isolation of absorption solely from the analyte in real-time.
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Figure 2.8 Diagram showing the path of light in the Perkin-Elmer Lambda 35 UV-Vis
Spectrophotometer. Adapted from its manual.?*

Scanning through different wavelengths produces a UV-Vis spectrum, as shown
in Figure 2.9. for oxybenzone. The wavelength exhibiting the maximum absorbance,
Amax, iS used to quantify the changes in concentration using eq 7. The positioning of Amax
and the spectra shape are dictated by the compound’s electronic structure. These

concepts are further explored in Chapter 4.
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Figure 2.9 Example UV-Vis absorption spectra of oxybenzone.

2.3. Aerosol and solution sample preparation
2.3.1. Standard aerosol generation
For laboratory studies investigating aerosols, a standard aerosol population must

be generated. Critical features include a stable number count and size distribution of
aerosols, as both parameters will influence planned experiments and instrument
readings. For this reason, a constant output atomizer (in our study, the TSI Model 3076)
is used to generate aerosols from a prepared solution. A representation of the Model
3076 is shown in Figure 2.10. Compressed air from a constant pressure source forces
a jet of solution drawn by the negative pressure above its sampling line into an atomizer
chamber. Large droplets collide with the chamber wall and are removed, and submicron
aerosol continues with the airflow.
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One can modify the number concentration and size of produced aerosol through
the concentration of analytes in the atomizer solution and by selecting different solvents.
Higher solute concentrations will generate larger aerosols as solute molecules are
closer to each other during the atomization process. Using water as a solvent results in
wet particles containing water, which will increase their size, while using organic
solvents will result in quick evaporation of the solvent and the production of smaller dry

particles.
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Figure 2.10 A representation of the TSI Model 3076 constant output atomizer. Adapted
from its instrument manual.?4?

2.3.2. Aerosol collection and extraction
Organic aerosol can also be analyzed offline by collecting it onto filters or into

liquids and using solution-phase techniques. The versatility of liquid chromatography

coupled with electrospray mass spectrometry has led to its widespread use in
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characterizing aerosol organic composition. Gas chromatography coupled to mass
spectrometry is also used depending on the volatility and molecular weight of the
analytes of interest.

Various sampling and extraction techniques can target different types of
pollutants. Sampling can either be active (typically using a vacuum pump) or passive
(relying on air masses to travel through the filter naturally.)?43-245 Passive air sampling
requires less equipment and access to electricity, but it also involves handling less air
(and thus collecting less aerosol per unit time). Active air sampling has the benefit of
collecting more air mass, although this may sometimes come at the cost of collection
efficiency for extremely high flow rates (>100 Ipm). In Chapters 3 and 4, offline aerosol
samples are actively collected at a moderate flow rate (~5-50 Ipm) onto quartz fiber
filters.

We note that quartz fiber filters have been shown to adsorb semivolatile gases,
increasing the apparent aerosol-bound fraction of semivolatile organic compounds.?%:246
The other filter material commonly used is polytetrafluoroethylene (PTFE), which may
sometimes adsorb more water during collection and introduce additional artifacts from
aqueous reactions occurring on filter media.?*624” Quartz is also easier to combust,
leading to less organic contamination. Weighing the tradeoffs between these two filter
media types is essential in designing sampling methodology.

Following collection, sample extraction is performed to solubilize the organic
compounds of interest and prepare them for analysis.?*® The choice of organic solvent
is another critical parameter for method design. Solubility may be a rough discriminator

between biogenic aerosols, which are typically more water soluble, and anthropogenic
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aerosols, which are generally less water soluble.?*® Additionally, mixtures of water and
organic solvents can separate the organic-soluble and water-soluble portions of
collected aerosol organics.?° As this work focuses on anthropogenic aerosols, organic
solvents (acetonitrile and methanol) were used for extraction. The Methods section of
Chapter 3 provides further details on the sample preparation and method.

2.4. Measurements of aerosol physical properties
Aerosols have relevant physical properties that are important to constrain, such

as size, viscosity, and hygroscopicity. For aerosol photo-induced kinetics, as
determined in Chapter 4, and identification of the total mass of an aerosol population,
as done in Chapter 5, aerosol sizing is an important function. This can be performed
using both offline and online techniques. In sample collection for offline analysis,
aerosols can be separated by size using one or several impactors to collect aerosol
above a specific size. This is done in standard PM10 and PM2.5 measurements,
typically gravimetrically.

Spectroscopic techniques are the most widely used method for online aerosol
sizing, where patrticles are detected directly or first grown into larger droplets for easy
detection by light scattering. The scanning electrical mobility spectrometer (SEMS)?% is
detailed in the following section.

2.2.1 Scanning Electrical Mobility Spectrometer
The SEMS is a two-part instrument consisting of a differential mobility analyzer

(DMA) and a condensation particle counter (CPC.) The DMA, shown in Figure 2.11, is
a flow chamber with a charged central rod that generates an electrical field between
itself and the outer chamber walls. By applying a specific voltage to the center rod, only

particles of specific electrical mobility will remain in the airflow according to eq 8:
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R
Qsheath lnRouter
V= inner eq 8

2nLlpmaZp

where Qsheath is the sheath flow (m3s™), Router is the outer cylinder inner radius (M), Rinner
is the center rod outer radius (m), Lowma is the center rod length (m), and Zp is the particle
electrical mobility (V m?s?). Z, is related to size based on eq 9 where n is the number
of charges, e is the unit of electrical charge, Ccis the dimensionless Cunningham slip
correction factor, y is the air dynamic viscosity (kg m s1), and Dy is particle diameter
(m):

7 - neC,
P 3muD,
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Figure 2.11. Cross section of a DMA. Adapted from Brechtel's SEMS manual.?>?

A neutralizer is used to apply a predictable Boltzmann distribution of charges to
produce a predictable number of charges, which can be accounted for in the processing
of the output data.

DMAs are either operated in “mono” mode, whereby a constant voltage is applied
to the center rod to produce one size of aerosol, or in “scanning” mode, whereby
voltage is changed stepwise to scan through different sizes.

A CPC typically counts particles leaving the spectrometer by first condensing a
supersaturated vapor (typically either water or, in the case of the SEMS used here,

butanol) onto each particle, producing larger droplets. Droplets are then sampled
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through a region containing a laser. When patrticles interrupt the laser beam, they
scatter light, which is detected via a photodiode.

An example output of a size distribution measured in scanning mode is shown in
Figure 2.12. Size distributions are often displayed as lognormal distributions to allow for
better size resolution at lower diameters and better visualization of different modes of
particles which may vary in concentration several orders of magnitude. For example, in
Figure 2.12., a linear x-axis would squeeze the two nucleation mode peaks (at 5 and 15

nm), and a linear y-axis would obscure the Aitken-mode peak (at 150 nm.)
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Figure 2.12 Example size distribution of secondary marine aerosol measured via an
SEMS

To account for counting aerosols within discrete sized bins, which may vary from

instrument to instrument or through selecting different ranges and bin counts on the
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instrument, number counts are normalized to the size of each bin. This calculation is
shown in eq 10 where dN is the number count per pin, Dp.u is the upper limit of the bin
and Dy, is the lower limit of the bin.

aNn dN
dlogD,, B logD, ., — logD,,

eq 10
2.3 Oxidative flow tube reactors

Flow tube reactors have long been used to study aerosols.?°325 Compared to
environmental chambers, which offer longer residence time at the expense of longer
experimental time and increased particle-wall interactions, flow tube experiments can be
conducted using much larger concentrations of gaseous oxidants.

This work utilized the Aerodyne Potential Aerosol Mass Oxidative Flow Reactor
(PAM-OFR) in Chapters 4 and 5. The PAM-OFR has four quartz sleeves that
interchangeable lamps can be inserted into to provide photon flux. The lamps can be
tuned via a ballast to provide different voltages, which results in different photon fluxes.
Nitrogen is run over the lamps to dissipate the heat produced by the lamps during
experiments. Nevertheless, the heat of the lamps and the absorption of the light by the
PAM-OFR walls and airborne constituents cause an increase in temperature inside the
PAM-OFR compared to room temperature outside the reactor. This has been shown to
lead to evaporative loss, which is generally kinetically limited to ~10% under typical
experimental conditions.?>> More discussion of the evaporation of one semivolatile

analyte, oxybenzone, is included in Chapter 4.
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2.3.1. PAM-OFR photooxidation
For -OH oxidation experiments, as in Chapter 5, 185nm and 254nm lamps in the

PAM-OFR produced -OH through the following scheme. First, the production of O3z and

some OH with 185 nm light:

0, + hv(185 nm) - 20(3P) R3
20(3P) + 0, - 04 R4
H,0 + 0, + hv(185 nm) »—- OH + HO, R5

254 nm light is used to produce OH from Os in the following reaction scheme:

03 + hv(254nm) - 0(*D) + 0, R6
0(D) + H,0 - 20H R7

Due to H20's involvement in both processes, it is essential to factor in the relative
humidity during calibrations and experiments.

A significant weakness of the PAM-OFR when studying organic-containing
aerosol is the highly energetic wavelengths used can be absorbed and initiate reactions,
which may not be the focus of the study or tropospherically relevant. Therefore, Os is
often generated in another chamber and introduced into the main flow tube. Because
OH has an extremely short lifetime (<1s), it must be generated in situ. To isolate the
effects of the remaining 254 nm light, control experiments should be performed, such as
in Kruse & Slade 2023215, where the impacts of 254 nm light with and without the
presence of Os (i.e., with and without the production of OH) should be quantified.

The standard method for calibrating the OH production in a PAM-OFR is
introducing a gas with a known and well-parameterized reaction rate with OH, such as
CO or SOz2. This work uses CO as a calibrant due to the accessibility of a CO monitor

and its oxidation product, CO2, remaining in the gas phase. SO2 oxidation may produce
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nucleated SO4-containing aerosols, which would take longer to remove from the
system.

2.3.2. PAM-OFR photo-induced degradation
Nontraditional lamp types may produce other oxidants, like the Cl radical, or

perform photo-degradation experiments. In Chapter 4, wideband UVB lamps (A=300-
350 nm) were used to simulate the most energetic region of the solar spectra present in
the troposphere.

Typically, the photolysis of NOz is used to calibrate photon flux, given its
guantum vyield of 1 for wavelengths less than 394 nm.2% By monitoring the decay of
NO: to light under this range, as used in this work, one can calculate the photon flux.
This process is described in more detail in Chapter 4.

2.3.3 Aerosol reaction kinetics
Many photooxidation reactions of interest are second-order reactions between a

compound of interest A and a photooxidant B. However, most photooxidation
experiments are conducted under conditions with a constant concentration of oxidants
(for example, OH produced in situ) or under a continual photon flux. This allows for
them to be treated as pseudo-first order reactions where the concentration of one
reactant, for example, OH or a photon, is held constant and incorporated into an
adjusted rate constant:
Rate = k'[A] eq 11

Where experimental data can be fit to the following equation:

[A] = [A],e~** eq 12

or
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A
In (%) =—k' eq 13

Gas or solution phase kinetics are considered in the context of the frequency of
collisions dictated by temperature. However, because aerosols have an accessible
surface and a buried bulk, with many transitory layers in between, aerosol multiphase
kinetics must also consider the aerosol’s available surface area. This is commonly
parameterized as vy, or the reactive uptake coefficient. It is the fraction of reactive
collisions compared to total collisions between the reactive gas and the aerosol
particles, ranging from 0 to 1. y can be calculated using eq 9 where Do is the mean
surface-area weighted aerosol diameter, pi is the density of the aerosol component, Na
is Avogadro’s number, con is the mean molecular speed of the reactive gas-phase

species, and M is the molecular weight of the aerosol component:

_ 2Dop;iNy

= 14
14 3COxMi €q

2.4 Computational methods to determine bulk properties of organic compounds
2.4.1 Quantitative Structure-Activity Relationships
There are an estimated 100 million or more chemicals worldwide and insufficient

human resources to rigorously characterize each one’s chemical and physical
properties. However, enough chemicals have been studied to provide a training set for
machine learning models, which may help estimate their properties. Estimation tools
have been developed using quantitative structure-activity relationship (QSAR) modeling.
QSAR relies on an underlying calculation of “chemical similarity,” based on
sharing common functional groups or sub-structures and molecular properties such as
molecular mass and average carbon oxidation state. The EPA Estimation Programs

Interface Suite (EPISUITE)”® is a comprehensive platform for predicting chemical and
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physical properties relevant to environmental behavior, such as volatility, partitioning
coefficients between octanol, water, air, and soil, atmospheric lifetime, aerosol
partitioning, bioaccumulation, and bulk aquatic toxicity.

The EPA also created the Toxicity Estimation Software Tool (TEST), a QSAR
model for a variety of toxicity endpoints for rats, fathead minnows, daphnia magna, and
tetrahymena pyriformis, which are model species for mammals (including humans), fish,
plankton, and protists, respectively.

Such models can be useful in calculating the physical properties of chemicals
that have not been determined, as in Chapters 3 and 4, and in estimating the toxicity of
transformation products that may be less well characterized than starting analytes (as in
Chapter 4). More details on QSAR may be found elsewhere.?57:258
2.4.2 Volatility Basis Set

SOA formation relies on the oxidation and condensation of complex mixtures of
organic species. As compounds become more oxidized or functionalized with
heteroatoms, they tend to decrease in volatility (i.e., vapor pressure) and partition more
into the condensed phase. However, experimental determination of partitioning
coefficients (either via octanol to air as a proxy or in situ aerosol to air partitioning) is
labor intensive, especially for the diverse pool of compounds that comprise SOA. To
assist in describing this phenomenon, a multivariate algebraic relationship between a
molecule’s molecular formula and its volatility was developed by the Donahue research
group at Carnegie Mellon.25%-261

The 2-D volatility basis set (2D-VBS) plots the average carbon oxidation state

(OSc) against the volatility, parameterized as the saturation mass concentration (C°.)
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C% is defined as saturation vapor pressure, in ug m=3, above a subcooled liquid. An
example of VBS is shown in Figure 2.13, which demonstrates the trajectory of organic
compounds during the formation of SOA from VOCs and intermediate and semi-volatile
compounds. Notably, SOA formed from VOCs exhibits a trajectory in which compounds
may fragment into more volatile species. In contrast, SOA formed from IVOCs and
SVOCs may be less prone to evaporation through oxidative fragmentation. This has
implications for a shifting SOA system in the anthropocene, where more semivolatile
chemical products replace biogenic and combustion-based VOC precursors in urban

environments. 44262
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Figure 2.13 Representation of SOA formation pathways from VOCs (green) and
SVOC/IVOCs (purple) along a 2-D volatility basis set. Adapted by Donahue et al.
2012.26%

One of the major benefits of the methods employed in this dissertation (namely,
EESI and ESI) is the identification of molecular formulas through the formation of M+H,
M+Na, and M-H ions. This allows for the simple calculation of the average OSc by using

equation eq 15. The calculation of C° was determined using pentacosane (a Czs alkane
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with C°=1 ug m3) as a reference compound. using available data, effects of increasing
or decreasing carbon chain length as well as effects of functionalization (O=, HO(O)-
and HO- groups,) they developed eq 16, where nc and no are the number of C or O
atoms, n2=25, bc and bo are the contributions of each atom to log;o C3,, and bco is a

nonlinearity adjustment.

0S 2 o_H 15
=2 %= — —
c cTC eq
NcNnp
log C??oo = (ng —ng)be —npbg — ch + g bco eq 16

However, this parameterization does not account for the presence of nitrogen
and sulfur containing compounds. The presence of organonitrates and organosulfate
functional groups can significantly decrease the volatility of compounds. There are a
variety of approaches to account for this. Some groups attempt to subtract out these
moieties and treat them as -OH groups by subtracting twice the nitrogen number from
the oxygen number (essentially replacing a “~-ONQO2" moiety with a ”-O” moiety.253

Other attempts have been made to directly attribute volatility impacts to the
number of nitrogen and sulfur atoms, as in Li et al. 2016.2%4 In their case, they add new
“‘nnbn” and “nsbs” terms (see eq 17.) They report updated b terms from the NCI
database, which contains over 30,000 compounds, and rely on EPISUITE to estimate

the saturation vapor pressure. This approach and eq 17 were used in Chapter 5.

Ncno

logs, C3000 = (ng —n¢)bec —ngby — 2 bco — nyby — ngbs eq 17

nc+ng
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Chapter 3 Wastewater-Derived Pollutants in Coastal Marine Aerosols:
Spatiotemporal Distributions and Links to Sea Spray
Chapter 3, in part, has been submitted for publication of the material as it may
appear in Science Advances, 2024, Cooper, A, Pendergraft, M, Petras, D, Cancelada,
L, Belcher, K, Torres, R, Small, M, Garrafa-Luna, J, Belda-Ferre, P, Simpson, R, Morris,
C, Mitts, B, Aron, A, Zhang, J, Price, T, Dinasquet, J, Dorrestein, P, Knight, R, Slade,
J.H., Prather, K. The dissertation author was the primary investigator and author of this

material.

3.1. Abstract
At the US-Mexico border in southern San Diego, untreated and treated

wastewater and water pollution contaminate the coastal ocean, increasing health risks.
Previous research identified untreated sewage in the Tijuana River as a major source of
airborne bacteria via sea spray. This study investigates how this water pollution impacts
sea spray aerosols, revealing that wastewater-derived chemical pollutants, including
illicit drugs, drug metabolites, and chemicals from tires and personal care products,
enter the atmosphere. The Tijuana River notably increases ambient concentrations of
these pollutants following precipitation events. The hydrophobic nature of certain
pollutants makes them likely to concentrate on the ocean surface and aerosolize when
waves break. This airborne contamination pathway exposes even those not entering the
ocean to waterborne pollutants. This discovery highlights an overlooked atmospheric
pollution source, prompting the need for updated health assessments as global waters

become more polluted.

60



3.2. Introduction
Coastal waters in the San Diego-Tijuana border region are impacted by runoff from

land, offshore discharge from secondary wastewater treatment plants, and the Tijuana River,
which is majorly impacted by untreated sewage release.'’ Although international
collaboration has enabled diversion and treatment of the Tijuana River, precipitation in
the Tijuana River watershed can produce flows upwards of billions of gallons per day
that enter the Pacific Ocean in the San Diego South Bay region.?%° Such events
overload river diversion and treatment systems and lead to pollution entering the ocean,
impacting densely populated coastal towns in Tijuana and San Diego. Even during
periods of low flow conditions from the Tijuana River, untreated sewage released from
the Punta Bandera wastewater treatment plant south of the US-Mexico border and
insufficient removal of chemical pollutants in secondary wastewater plants can result in
sewage-related water and air pollution.*t®

The water pollution flow into the ocean led to the County of San Diego declaring a
regional public health crisis.?®® In 2017, an estimated 3.8% of swimmers became ill from
norovirus exposure in the impacted coastal region.18 In 2020, the US Environmental
Protection Agency committed $300 million in treatment infrastructure improvements to
address pollution from the Tijuana River.?¢” To date, a comprehensive strategy for
removing organic pollutants has not been identified.265268.269 Qrganic contaminants of
emerging concern include pharmaceuticals?™, illicit drugs?%® compounds used as active
ingredients or additives in manufactured biocides?’?, personal care products
(PCPs)%8270 and plastics.?’?> Many such compounds are not efficiently removed in
wastewater treatment?%® and can be introduced into the ocean through wastewater

discharge, land runoff, and direct industrial release. These compounds are often
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hazardous to environmental health 58272 and pose an emerging concern to human
health through the airborne exposure pathway.?”:119.274

Pollutants in the ocean can become enriched in sea spray aerosol (SSA), as shown
in both field 6°:119.138.275 gnd laboratory studies.'4"276.277 SSA is generated when waves
break and bubbles rupture at the ocean's surface, releasing chemical components into
the air in aerosol particles.*?427® The efficiency with which components from the ocean
get transferred into the atmosphere depends on their levels of surface enrichment?78.27°
and coastal environmental conditions, including wind speed, wave height, and white cap
coverage.3® Most research has focused on the emissions of microplastics?/:69:276.280 and
per- and poly-fluoroalkyl substances (PFAS)'37138.275.277 jn SSA. Franklin et al. 2022147
identified chemicals associated with sunscreen and plastic in SSA generated in a wave
flume using San Diego coastal ocean water. However, limited studies exist on this
broad range of chemical pollutants in ambient SSA.

In one study conducted in San Diego, Pendergraft et al., 2021''° demonstrated that
a dye used to mimic waterborne pollutants released from the mouth of the Tijuana River
dispersed several kilometers along the southern San Diego coast. The dye was
transferred to the atmosphere in SSA, where it was measured at distances up to 668
meters inland and 720 meters downwind of the ocean.(28) Later, bacteria in marine
aerosols were linked to the Tijuana River flowing into coastal waters, showing that up to
76% of the airborne bacterial community near Imperial Beach, a border town south of
San Diego, could be traced back to the Tijuana River. 12° However, most chemical

pollutants detected in that bio-focused study showed multiple atmospheric sources;
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none were quantified, and little evidence was provided to support a marine source of
aerosol-phase chemical pollutants.

This current study quantified select chemical pollutants in aerosols and water
sampled concurrently along coastal sites in San Diego during periods impacted by flow
from the Tijuana River. We analyzed chemicals from personal care products, tires, illicit
drugs, and pharmaceuticals, including metabolites and biocides. This study suggests
airborne exposure could lead to health risks for people in this Imperial Beach region,
where coastal water pollution has already shut down southern San Diego beaches for
900 consecutive days as of July 2024.281 Organic compounds may also be emitted
directly from the Tijuana River before reaching the ocean. Volatile compounds may
directly evaporate, and wind-driven bubble formation can produce aerosol from
rivers.?82:283 \While the importance of these pathways is yet to be quantified, this study
focuses on the coastline where we expect most aerosol formation to occur due to more
turbulent conditions and the higher salt content of ocean water.282

Continuous pollution from the Tijuana River and runoff from other land-based and
riverine sources impact pollutant levels in ocean water and aerosol along the San Diego
coast. We show that selective transfer from the ocean to the atmosphere in SSA can
significantly contribute to airborne pollutants. These findings have global implications as
3 billion people live within 100 km of coastlines?®*, most of which are impacted by
human sewage.?8® This work highlights an understudied route of airborne exposure to
waterborne pollutants that could influence the health of millions who live within
kilometers of contaminated bodies of water. As sea levels rise and flooding becomes

more intense, as predicted in future climate scenarios?®, the potential for airborne
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exposure to waterborne pollutants will occur even more frequently. This study serves as
a first step in determining the full scale of the impact of pollutant transfer in SSA in
coastal regions. Further studies are needed to understand the controlling ocean and
atmospheric factors, link these new pollutant sources to specific health effects, and

ultimately establish preventative policy interventions.

3.5. Methods
3.5.1. Sampling locations, collection, and study timeline
Aerosol and water samples were collected from the surf zone on the same days

at various coastal locations, starting from south-to-north: Border Field State Park (BF),
Tijuana River (TJR), Imperial Beach (IB), Silver Strand (SS), and the Scripps Institution
of Oceanography (SIO) in La Jolla, CA, which served as a comparatively “clean” site
located approximately 35 km north of the US-Mexico border (Fig. 3.1A). Samples were
collected surrounding periods of increased flow of the TJR (Fig. 3.1B) due to

precipitation events (Fig. 3.1C).
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Figure 3.1 (A) Map of the San Diego coastal region and border with Mexico. Field sites
are labeled from south to north: Borderfield State Park (BF), Tijuana River (TJR),
Imperial Beach (IB), Silver Strand (SS), and Scripps Institution of Oceanography (S10).
B) Hourly flow rate of the Tijuana River measured at the international boundary.?®” C)
Hourly precipitation measured at the international boundary.?®” Sampling dates are
designated as red markers.

Samples were collected between January 24" and March 14™, 2020, surrounding
five discrete precipitation events, where sample collection typically began a few days
before rainfall and continued a few days afterward. During the sampling periods, flow
from the Tijuana River reached the ocean.?®” Precipitation and Tijuana River flow levels
are plotted in Figure 3.1. Sampling locations were chosen to observe southbound and
northbound ocean and atmospheric transport of pollutants from the Tijuana River. The
first site was 2.4 km south of the Tijuana River outflow at Borderfield State Park (BF)
(32.5351, -117.1220). Aerosol samples were collected from a trailer 250 meters from
the coast from a height of 2 meters above ground level (AGL). The second site was

along the U.S. portion of the Tijuana River (TJR), 4 km inland and east of its outlet as it

65



passes under the Hollister Street bridge (32.5514, -117.0840), whereby river samples
were collected from the bridge. No aerosol samples were taken at that site. The third
site was 2.6 km north of the Tijuana River outflow at the Imperial Beach (IB) Pier
(32.5795, -117.1328). Aerosol samples were collected at the lifeguard tower 60 meters
from the ocean at a height of 3 meters AGL. The fourth site was 8.7 km north of the
Tijuana River outflow at Silver Strand State Beach (SS) (32.6357, -117.1427). Aerosol
samples were collected at the lifeguard tower 150 meters from the coast at a height of
10 meters AGL. The fifth site was 36 km north of the Tijuana River outflow at the
Scripps Institution of Oceanography pier (SIO) (32.8661, -117.2546). Aerosol samples
were collected at the pier over the surf zone at 10 meters above sea level. Water
samples were collected in the surf zone at all coastal sites by wading (BF, SS) or above
from an available pier (1B, SIO).

Aerosols were collected daily on 47 mm combusted quartz-fiber filters placed in a
stainless-steel sample holder for approximately 23.5-hour sampling times at a nominal
flow rate of ~50 liters per minute (LPM) from a vacuum pump. Aerosol field blanks were
collected by placing aerosol filters in the sample holder and immediately replacing them.
Water samples were acquired while the filters in the aerosol sampler were changed. We
used 5-gallon buckets (one bucket for each site), rinsing twice with collected seawater.
For each day of sample collection, water and aerosol samples were acquired roughly in
order: SS (10:30 AM PST), IB (12:00 PM PST), BF (3:00 PM PST), and TJR (5:00 PM
PST). SIO samples were acquired roughly at 11:00 AM PST.

3.5.2. Environmental conditions and air mass origin
Alongshore transport was evaluated using swell data from the CDIP Imperial

Beach nearshore buoy 155.(59) During this study, alongshore ocean currents were
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likely weak because swell came primarily from the west, normal to the coast (Fig. S3.1),
forcing Tijuana River outflow to the shore with some migration to the south and north.
Due to westerly swell, pollution discharge from the Tijuana River is localized along the
coastline.*” During this study, wave direction was primarily from the west (60%) and
southwest (40%) (see Fig. S3.1), predicted to drive pollution inputs to the ocean
northward, although some bidirectional and outward distribution through dilution and
turbulent mixing is expected.'® While aerosols can be emitted from bubbles and foams
formed in rivers,?82:283 the aerosol composition in southern California coastal areas
during onshore flows or transport over maritime regions is predominantly fresh and
aged sea salt aerosol, representing more than 57% of the total particles analyzed in one
study,?8 attributed to wave-breaking and bubble-bursting processes in the ocean.??
Particle origin was assessed with local winds and a particle dispersion model.
Local winds for the BF, IB, and SS southern sampling stations were acquired from the
Tijuana River Estuarine Research Reserve.?? Local winds for SIO were retrieved from
the Coastal Data Information Program SIO pier station.?°* Hourly winds during each
sampling period were plotted into wind roses, as shown in Figs. S2 and S3.2°2 Because
SSA may accumulate on land?®3 and because anthropogenic pollution may accumulate
over the ocean?®, wind direction alone is not entirely indicative of airborne sources.
Longer-range particle sources were evaluated using the FLEXPART Lagrangian
particle dispersion model.2% FLEXPART uses global gridded atmospheric wind data to
estimate the forward or backward transport of particles or air parcels in simulated
releases from a given location. Input atmospheric data came from the NCEP Climate

Forecast System Version 2 (CFSv2) 6-hourly products, Research Data Archive, at the
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National Center for Atmospheric Research, Computational and Information Systems
Laboratory.?% For each run, FLEXPART simulated the release of 1000 particles,
releasing a fraction at intervals over five days and tracking them backward through time.
Releases were simulated four times for each 23-hour sampling period, every six hours
at 1600, 2200, 0400, and 1000 hrs local time, to incorporate local, daily sea breeze
patterns. One set of 96 back trajectories released particles from the IB location for the
southern sampling stations, and another released particles from the SIO location.
Outputs from the two release locations are similar. Particles were released just above
ground level, at 10 m height, and transported horizontally and vertically, according to
the atmospheric winds. We limit our analysis to horizontal transport (lat/lon).

After reviewing the spatial coverage of the outputs, we used the two-day data for
each back trajectory, which was sufficient for visualizing and evaluating marine vs.
continental air mass origin. 48-hour FLEXPART back trajectories of each sampling
period (Figs. S3.2 and S3.3) indicate air masses originated from terrestrial and marine
locations. Our analysis attributes each sampling day to a marine, mixed, or land
influence to infer different potential terrestrial sources of varying pollutant classes. It is
important to note that the local land and sea breeze diurnal cycle, not accounted for in
the long-range back trajectories, can contribute to the mixing and accumulation of
background aerosol populations in the coastal atmosphere.122:297-299

3.5.3. Sample preparation procedures and analysis
Preparation of water samples for analysis involved the following procedure: from

5-gallon buckets, 1 L sub-samples were collected in high-density polyethylene (HDPE)
bottles rinsed in deionized water, once again rinsing twice with the water sample. These

1 L sub-samples were kept on ice throughout the sampling period from collection to
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laboratory preparation at ~ 7:00 PM PST. In the lab, water samples were acidified to a
pH of 2 using concentrated hydrochloric acid (HCI) following the well-established
protocol for DOM extraction described by Dittmar et al. 3%, They were subsequently
stored in a 4°C refrigerator before extraction (time between storage and extraction of
the organic compounds in water samples ranged from one day to one week).

Aerosol filters were switched daily with combusted tweezers to prevent
contamination, sealed in combusted aluminum foil, brought to the lab on ice, and stored
in a -80°C freezer before extraction. Aerosol filter blanks (combusted quartz-fiber filters
not used for aerosol collection) were handled similarly, and the time between storage
and extraction of the aerosol filter samples ranged from one day to one month.

Before organic extraction, aerosol filters were thawed for 30 minutes and
extracted with 2 mL of LC-MS-grade methanol. Then, the eluent was brought to 40 mL
with pH 2 LC-MS-grade water and agitated. From here, organic compounds of all
sample types were separated via solid-phase extraction using Priority PolLutant (PPL)
resin (Bond Elut, Agilent) following the methodology described in previous works by our
team.237:301 Briefly, PPL cartridges were rinsed and activated with methanol (LC-MS
grade, Fisher Scientific) and conditioned with pH 2 water (LC-MS grade, Fisher
Scientific). Then, water samples and aerosol filter eluent were pulled through the
cartridges at a flow rate of ~ 10 ml min-* under vacuum. After extraction, the cartridges
were rinsed with pH 2 water and dried under nitrogen flow. The PPL cartridges were
then stored in a -80°C freezer for eight months before analysis due to delays from the
COVID-19 pandemic. “PPL blanks” were taken by running pH 2 LC-MS grade water

through this protocol.
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External standards were prepared from a mixture of 15 standard compounds for
guantitative analysis and prepared at 1.37, 13.7, and 137 ng/sample, added to filters,
and extracted following the same procedure as with the aerosol samples. Thus, the filter
and PPL extraction efficiency was incorporated into calibrated response factors.

Strict quality assurance and quality control practices were followed. Aerosol field
blanks were taken from each site and handled the same as filter samples. Method
blanks were performed using deionized water and were handled the same way as water
samples. All compounds detected (ion counts >300) regularly (>50%) across blank
measurements were discarded from further analysis.

Organic chemical analysis was performed via a nontargeted LC-MS/MS workflow
detailed elsewhere?37:20! ysing a Thermo Vanquish UHPLC and a Thermo Orbitrap Elite
LTO Linear lon Trap-Orbitrap MS. Briefly, PPL cartridges were eluted with 2 mL of
methanol, dried under vacuum, and resuspended in 100 pL MeOH/H20/formic acid (FA)
(80/19/1). 10 pL of each solution was injected into the Thermo Vanquish reverse-phase
UHPLC system using a Phenomenex C18 porous core-shell column. Spectra were
collected using a data-dependent nontargeted method in positive mode.

Raw spectra were converted to .mzXML files using ProteoWizard32, and ion
features were generated from extracted ion chromatograms (XIC) using MZmine23%3
and linked to their tandem mass spectra, which provides a combination of relative
abundance (XIC) and qualitative (MS/MS) information. Pre-processed data is available
here:

https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?task=b121936ced6d4deebd7654bb4

40bf56¢. For peak picking in positive mode, an intensity threshold of 3000 ions for MS1
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spectra and 10 ions for MS/MS spectra were used. For the MS1 chromatogram building,
a 5 ppm mass accuracy and a minimum peak intensity of 3000 ions were used. XIC
were deconvoluted using the local minimum search algorithm with the chromatographic
threshold set to 1%, a minimum relative height of 10%, a minimum absolute height of
5000, a minimum ratio of 1.5 for peak top/edge, and a minimum peak duration of
0.1 min. MS1 features were then linked to MS/MS spectra within Sppm mass accuracy
and 0.3 min retention time windows. Isotope peaks were grouped using the isotope
grouper module, and features from different samples were aligned with 10 ppm mass
tolerance and 0.1 min retention time tolerance. MS1 features not accompanied by an
MS/MS spectrum were not considered further. MS1 features that did not occur in at
least two samples or contained a minimum of two peaks per isotope pattern, or both,
were also filtered out. After filtering, gaps in the feature matrix were filled with the peak
finder multithreaded algorithm with a retention time tolerance of 0.2 min, a mass
tolerance of 5 ppm, and an intensity tolerance of 10%. Finally, peak areas were
exported in a feature table as a .csv file and corresponding consensus MS/MS spectra
as a .mgf file for future analysis and processing.

The Global Natural Products Social Molecular Network did spectral matching and
source identification.?4° All data for this study is accessible on the Global Natural
Products Social Molecular Networking site here:

https://gnps.ucsd.edu/ProteoSAFe/status.jsp?task=f6ae3b3bbd1d45a9b0c02c8e503f80

32. Features were automatically matched to the GNPS library spectrum, including
community-provided spectra. Compound class tags were taken from GNPS and were

manually checked and updated (see Table S2 for annotated compounds included in this
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work). For non-targeted analysis in the Sl, abundances of each compound class are
calculated from the summed measured ion counts of individual compounds detected
above the background in each sample. Due to unknown differences in the extraction
efficiencies and sensitivities between compounds in this non-targeted analysis, a
complete or quantitative comparison between the compound classes identified in this
study cannot be made. However, semi-quantitative differences between sample types
and as a function of sampling location still yield useful information about how these
pollutants are distributed and transferred in the coastal environment.

Calibration curves and analytical figures of merit for the targeted analytes can be
seen in Fig. S3.4. and Table S3.1. Each compound's intensity and standard deviation in
solvent blanks determined the instrumental detection limits. The intensity and standard
deviation in field blanks and PPL blanks determined the method limits of detection.
Calibration limits of detection were defined as three times the error in the y-intercept of
the calibration curve for each quantified pollutant.

3.3. Results
3.3.1. Spatial distribution of targeted water pollutants between measurement sites
Fifteen compounds representing common and toxic PCPs, drugs, metabolites,

plastic additives, and biocides were quantified, exhibiting concentration gradients in the
water samples with sampling location; all were most concentrated in the Tijuana River
and least concentrated at SIO. Details of the collection, extraction, quantification, and
data analysis procedures are described in the Methods. Table S3.2 shows the median
water concentrations and detection frequencies. Figure 3.5A shows the concentration
distributions for each quantified pollutant from the different water collection sites,

arranged according to the highest median concentration in Tijuana River water.
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Figure 3.2 Concentrations of quantified pollutants in A) water and B) aerosol across all
sampling sites. Compounds are organized from top-to-bottom based on their highest-to-
lowest median concentrations in the water samples from the TJR site. Representative
pollutant categories and sources of the quantified compounds are shown: sunscreen
additive/personal care product marker (pink), illicit drugs and their metabolites (orange),
pharmaceutical drugs and their metabolites (blue), plastic/rubber residue (green), and
biocides (gray). The sampling sites are as follows: TJR (Tijuana River), BF (Borderfield
State Park), IB (Imperial Beach), SS (Silver Strand State Park), SIO (Scripps Institution
of Oceanography pier.)

The most concentrated pollutant quantified in water samples was octinoxate (octyl
methoxycinnamate), an organic UV filter in sunscreens. Octinoxate and other UV filters
enter coastal marine waters through wastewater effluent, heavily trafficked beach areas,
and diving locations.%? It should be noted its quantification exhibited some challenges
further explained in previous studies?®” and had a higher relative standard deviation in
its sensitivity (20%) compared to other compounds (typically <3%). Octinoxate
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concentrations in the water samples ranged from 600 ppt at Silver Strand (SS), a site
north of the Tijuana River, to almost a factor of ten higher at five ppb in the Tijuana
River samples (TJR). In comparison, these concentrations are similar to levels
measured off the coast of Hong Kong (89 ppt — 4 ppb)®8 but two orders of magnitude
lower than measurements made at Trunk Bay in the U.S. Virgin Islands (1.5 ppm).5° As
shown in Figure S3.5A, which compares each day’s concentration at SIO to southern
sites on the same day (i.e., the ratio of octinoxate at southern sites to SIO), their
concentrations were greater, approximately 1:10.

The stimulant caffeine, a well-studied chemical marker for human activity3°4,
exhibited median concentrations ranging from 3 ppt in the ocean water at SIO to 200
ppt in river water at the TJR site. For comparison, the riverine concentrations of caffeine
measured in this study are on the same order of magnitude as other measurements in
rivers such as the Thames (London, UK), Hai (Tianjin, China), and the Lambro (Milan,
Italy).2%°> Ocean concentrations were typically on the lower end of other reported
measurements, measured as high as 11 ppm in the Darwin Harbor of Northern
Australia.3% Caffeine showed a slight gradient of decreasing concentrations from the
southernmost sites moving northward to SIO, similar to other quantified
pharmaceuticals such as lincomycin, sulfamethoxazole, carbamazepine, and
erythromycin. The metabolite n-acetyl sulfamethoxazole showed a similar trend to its
parent compound, sulfamethoxazole.

Another waterborne compound measured was the illicit drug methamphetamine,
which exhibited median concentrations of 100 ppt in river water at the TJR site of 100

ppt. In contrast, concentrations in ocean water ranged from 5 ppt at BF to 350 ppq at
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SIO. These concentrations were the same magnitude reported in many wastewater-
influent samples and two orders higher than the Llobregat River (Barcelona, Spain).2®
Similar gradients were observed with other illicit drugs, including heroin and cocaine,
which showed overall lower concentrations in water (<100 ppq). Cocaine’s metabolite,
benzoylecgonine, was also detected in the Tijuana River, showing a gradient in median
concentrations with the highest concentrations in the TJR (29 ppt) followed by BF, IB,
and SS (1-2 ppt) and SIO (290 ppq.)

Concentrations of the biocides imazapyr, diazinon, and isoxaben were relatively
low in the water samples (<100 ppq) but exhibited strong concentration gradients
between the TJR site and others, with decreasing concentrations from BF to SIO and
significantly higher concentrations in river water compared to the ocean. These
compounds have not been previously reported in the TIR but are similar in magnitude
to some (endosulfan - 29.7 ppg and endrin - 10 ppqg) and lower than others (DDT - 2
ppt) 307

Dibenzylamine, a vulcanization activator used primarily in the rubber processing
industry, showed less variability in its concentration (~100 ppq) between TJR water and
all ocean samples. This compound is a component of rubber tires with a possible
emission source from road wear,3% which is a significant source of microplastics.'#4
Notably, water concentrations in this study were much lower than previous
measurements of dibenzylamine (400 ppt) in the polluted Cochin Backwater in Kerala,
India.3%® The lack of a gradient between TJR and ocean samples suggests that the TIR

is not an important point source of this compound to the ocean.
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3.3.2. Spatial distribution of targeted aerosol pollutants between measurement
sites

Median aerosol concentrations with detection frequencies are listed in Table S3.2
and displayed graphically in Figure 3.2B. Median concentrations of octinoxate in
aerosol ranged from ~1-10 ng m3. These ambient concentrations are comparable to
levels observed in air samples collected above wastewater treatment plants3° and
three orders of magnitude higher than those measured in other urban locations.®
Octinoxate has also been detected but not quantified in Caribbean trade winds.4¢ To
our knowledge, these are the first reported aerosol concentrations of this compound at a
coastal urban site, underscoring the potential increased inhalation exposure risk for this
toxic sunscreen chemical at beach sites compared to inland urban environments.

Airborne concentrations of methamphetamine (~500-3000 pg m3) and caffeine
(~100 pg m3) were higher than those measured by Johnson et al. 202331 in urban air in
Auckland, New Zealand, which reported average methamphetamine concentrations of
~25 pg m and caffeine concentrations of ~15 pg m=. As the cities’ populations are
similar, this suggests that untreated sewage from the Tijuana River amplifies the
airborne presence of these compounds.

Methamphetamine showed a strong gradient across different locations, with both
sites close to Imperial Beach (BF and IB) enhanced by a factor of five compared to the
background site at SIO. Interestingly, airborne methamphetamine concentrations were
generally higher than caffeine concentrations, even though caffeine showed higher
concentrations in ocean water. This may be due to the more effective ocean-to-air
transfer of methamphetamine, which will be discussed later.

Diazinon was the most concentrated airborne biocide with a concentration at BF
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of 5.9 pg m3, significantly less than concentrations following immediate application (10
ug m=3).312 |t exhibited a strong decreasing trend from BF to SIO, where the median
concentration was 780 fg m=. The other biocide compounds had similar concentration
gradients across all coastal sites.

Median pollutant aerosol concentrations (Fig. 3.2B) were highest near the TIR
site. This gradient was most evident for pollutants associated with wastewater
transported in the Tijuana River relative to more dilute ocean samples, including
octinoxate, methamphetamine, benzoylecgonine, erythromycin, imazapyr, and diazinon.
However, some pollutants in aerosol exhibited no discernable relationship to proximity
to the Tijuana River, including caffeine, lincomycin, cocaine, dibenzylamine, and
isoxaben. This may be attributed to different water and airborne sources along the
coast, such as treated wastewater, runoff in other rivers, or direct aerosol sources. For
example, while benzoylecgonine median concentrations in water and aerosol decreased
at northern sites, its precursor, cocaine, had no distinct spatial concentration gradients
in water or aerosol. This is consistent with benzoylecgonine as a primary wastewater
pollutant313314 which may get transferred in SSA, whereas cocaine can be exhaled into
the air directly®* as well as secondarily through wastewater release?%8.313 followed by
aerosolization.

Furthermore, we categorized the quantified pollutants based on whether the air
masses primarily passed over the marine environment, land, or a mixture of both, as
determined by local winds and FLEXPART air mass back trajectory analysis This
analysis shown in Fig. S3.6 revealed that pollutant concentrations in aerosols were

often lower under pure marine-origin local winds. However, no conclusions could be

77



drawn concerning whether more pollution is related to a specific air mass origin
because pure marine-origin local winds were also during precipitation events, reducing
their aerosol concentrations through wet deposition. This is further complicated by the
limited spatiotemporal resolution of the back trajectory analysis, as it cannot capture the
differences in pollutant concentrations due to variability in local wind direction,
turbulence, and sea breeze circulation.

The gradients observed with proximity to the Tijuana River outflow in water and
aerosol samples indicate a connection between pollution in the Tijuana River, ocean,
and air. While there was no apparent correlation between the ocean water and aerosol
concentrations of individual pollutants (see Fig. S3.7), Figure 3.3 shows a compelling
correlation between the concentrations of pollutants in ocean water and their
corresponding concentrations in aerosol when viewed over their seven orders of
magnitude concentration range, providing further evidence of a connection between
ocean and aerosol pollutants. The lack of any significant correlation between individual
pollutants’ aerosol and ocean water concentrations is unsurprising, as sea-to-air
transfer and detection at the measurement site will be impacted by highly variable
meteorological and oceanic conditions. These include wind direction and factors
affecting SSA emissions, including wind speed, white cap coverage, and sea surface
temperature.36:315-317 Therefore, it is essential to identify an SSA tracer, which could be
used to compare its concentration to pollutant concentrations in aerosols to know
whether the pollutants in aerosols originated from the ocean. In the following analysis,
we evaluate which pollutants were present in SSA by examining their correlation with a

unique indicator of polluted SSA from wastewater. Furthermore, we delve into the
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potential for the quantified pollutants to become airborne in SSA based on their

physicochemical properties and factors influencing selective transfer in SSA.
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Figure 3.3 Concentrations of all quantified pollutants in the aerosol samples are
displayed against their concentrations in ocean water samples at all sampling sites

3.3.3. Benzoylecgonine: a novel tracer of wastewater-contaminated sea spray
aerosol

While Na* is commonly used as an SSA tracer, ions in the samples were

selectively removed during solid-phase extraction. This was done to concentrate the
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organic components and to prevent ion suppression effects during the analysis with
ESI-MS for improved detection sensitivity. Furthermore, Na* could be transported locally
or regionally in both pristine and polluted SSA and, therefore, cannot be used to trace
polluted SSA unambiguously. Therefore, we used a common tracer for wastewater
pollution as a tracer of sewage-contaminated SSA, the cocaine metabolite
benzoylecgonine. Benzoylecgonine is metabolized in the liver and primarily introduced
to the environment via the wastewater stream following its excretion in human urine.
This metabolite is stable in the environment and concentrates in surface waters.3*3
Thus, detecting benzoylecgonine in aerosol samples can be related to the transfer of
components from wastewater from the TJR that entered the surf zone into SSA in this
coastal region. In other words, any pollutant that correlates with benzoylecgonine in
SSA suggests that the pollutant underwent the same river-to-ocean and ocean-to-air

transfer.
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Figure 3.4 (A) Time series of benzoylecgonine concentrations in IB water and Tijuana
River flow rates surrounding the precipitation event on 2/10. Boxes indicate the before
and after precipitation event used to calculate A[Benzoylecgonine]s in water and
ATijuana River flow rate shown in (C). (B) Time series of benzoylecgonine
concentrations in IB aerosol, precipitation rate, and predicted SSA mass flux. The box
indicates the accumulation period following the precipitation event used to calculate
A[Benzoylecgonine]is in aerosols and integrated predicted SSA mass flux, > Fluxssaoc
in (D). (C) The correlation between the increase in Tijuana River flow and
benzoylecgonine in IB water indicates river-to-ocean transfer dependent on river flow.
(D) The correlation between the integrated modeled SSA organic carbon mass flux and
the increase in benzoylecgonine in IB aerosols indicates ocean-to-air transfer
dependent on SSA generation. Error bars represent the propagated standard deviations
in the concentrations for those days.

Figure 3.4A demonstrates the increase in benzoylecgonine concentrations in IB
water after precipitation-induced transboundary flow in the Tijuana River during one
sampling period. Incorporating all five sampling periods (see Fig. S3.8 for the complete
time series) demonstrates a strong linear dependence between benzoylecgonine
concentrations in ocean water and the Tijuana River transboundary flow rate (Fig. 3.4C,
R?=0.90, p<0.01), indicating a source of benzoylecgonine in IB water from the Tijuana

River. While aerosol wet deposition during the precipitation event could re-supply

81



benzoylecgonine and other pollutants in the air to the ocean surface (shown by the
decrease in benzoylecgonine concentration during the rain event in Fig. 3.4B), we
calculated an insignificant increase of 0.02% in benzoylecgonine concentrations in 1B
water, assuming the deposition of ~5 pg m- of aerosol-phase benzoylecgonine
(difference in aerosol-phase concentration before and during 2/10 rain event in Fig.
3.4B) in a 200 m well-mixed marine boundary layer and 10 m surf zone width (see Sl for
calculations.) Therefore, while wet deposition can reduce airborne pollutant
concentrations, it does not significantly increase waterborne concentrations in this
environment.

As the pollutant concentrations in seawater increase following the Tijuana River
discharge, we observe the removal of benzoylecgonine in aerosols at first due to wet
deposition, followed by a sharp increase in concentration after the event (Fig. 3.4B.) We
hypothesize that this increase after the precipitation event is related to the accumulation
of SSA in the region. To test this, we compared the increase in benzoylecgonine
aerosol concentrations following periods of wet deposition to the integrated estimated
SSA mass flux (equivalent to total SSA mass generated) within that accumulation
period (Fig. 3.4D.) For this analysis, we used the SSA source function model developed
by De Leeuw 3¢ which parameterized SSA generation in the surf zone using
experimental data collected in San Diego.*?® While this function over-predicts SSA flux
in global models,3%® it is appropriate for predicting increased SSA generation in the surf
zone compared to the open ocean. Compared to a different model31 that parameterizes
SSA generation based on wind speed and sea surface temperature, the models agree

within an order of magnitude (see Fig. S3.9 and discussion on these calculations in the
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Methods.) This analysis revealed a strong correlation (Fig. 3.4D, R?>=0.99, p<0.01)
between the increase in benzoylecgonine concentrations in aerosol and integrated SSA
flux calculated over three days following each precipitation event, confirming that
aerosol concentrations of benzoylecgonine are linked to its transfer via SSA. The
precipitation event surrounding 3/11 was excluded from this correlation analysis
because we did not have measurements after precipitation ended.

Given this strong evidence of benzoylecgonine as a SSA tracer linked to Tijuana
River water pollution, positive linear correlations between the other pollutant
concentrations and benzoylecgonine in the aerosol samples indicate they are produced
by the same source, i.e., pollution from the Tijuana River that becomes aerosolized via
SSA. Therefore, benzoylecgonine is used as a tracer to expand the analysis from IB
(where we had wind speed measurements) to the other sampling sites. Two compounds
were removed for this subsequent linear regression analysis due to their low detection
frequency in the aerosol samples: sulfamethoxazole (DF<2%) and its metabolite N-
acetyl sulfamethoxazole (DF=0%). Figure 3.5 shows the linear regression analysis
between the remaining twelve quantified pollutants in aerosols and benzoylecgonine.
Spanning two orders of magnitude in aerosol concentrations, octinoxate (OCT),
methamphetamine (MET), and dibenzylamine (DIB) displayed the strongest correlation
coefficients (r-squared values) of 0.72, 0.76, and 0.71, respectively, with p<0.00001,
indicating a shared polluted SSA source with benzoylecgonine. Notably, octinoxate did
not show a clear gradient in water along the coast but still demonstrated a strong

correlation with benzoylecgonine in the air. This suggests that the correlation was driven
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by processes impacting sea-to-air transfer and airborne transport more than a river-to-

ocean release.

10° 71A)
10° - |
10°
2 _] : _ R*=0.41
e 10 T T T 10 T o 10 LELRALLL BN LR LLLL B R L
U —_ 2 e
“E E) 10 F) ERY"
g | =i - 3% "
~ = ) :- 10 N e :y"x e
[e) — - % [52
@ _ e 71 ,
e T IIIIIHI LB RALLL LA AL 10 T lllll"l T Illll"[ T IIIIHII
<
c 2 1_ . _
£ 10" @) HER* ., 10" TH) IMA ) ISO e
.g 0 i > i 10'1 7]
§- 10 P :r.:'v 3 _|
= " "% R™=049 |,
o 10 T e Q0 T om0
1
10 1J) LIN . 1K)
0 _| o 10
10 o, g : §:222 <l
3 10° - o4 A
5 R'=077) ] R’=0.76] R’=0.72
10 5 Ilel"I é I;l["ll é l;ll"‘l 10 é I;l'l”' é T;IIT”I é ]AIIT”] 10 é l;{lqu 5 I;I‘Tll é l;TI”l

-2 -1 0 1 -2 -1 0 1 -2 -1 0 1

10 10 10 10 10 10 10 10 10 10 10 10
. , -3
[Benzoylecgonine] in Aerosol (pg*m )

Figure 3.5 Linear regression plots between twelve targeted pollutant compounds
against benzoylecgonine concentrations in the aerosol phase from the BF, IB, and SS
measurement sites. Strong correlations (**) with R2>0.7 indicate a shared SSA source.
Moderate correlations (*) with 0.4<R2<0.7 indicate possible shared SSA and other
aerosol sources. Weak correlations (no asterisk) with R?<0.4 indicate different aerosol
sources from SSA or insufficient data points for the analysis. List of compounds: (A)
caffeine (CAF), (B) carbamazepine (CAR), (C) cocaine (COC), (D) diazinon (DIA), (E)
dibenzyl amine (DIB), (F) erythromycin (ERY), (G) heroin (HER), (H) imazapyr (IMA), (1)
isoxaben (1SO), (J) lincomycin (LIN), (K) methamphetamine (MET), and (L) octinoxate
(OCT). Error bars reflect the relative uncertainty in the calibrated sensitivity for each
compound. Horizontal error bars that extend to the left axis were below the
guantification limit of benzoylecgonine and extended to its detection limit. Vertical error
bars that extend to the bottom axis were below the quantification limit of the pollutant
and extended to their detection limits. The intercept of the line of best fit is set to zero.
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Weaker linear correlations were observed between benzoylecgonine and the
other quantified pollutants, consistent with originating from sources other than sewage-
contaminated SSA. For example, all biocide compounds (DIA, IMA, and ISO) exhibited
weak or moderate correlations with benzoylecgonine, with r-squared values of 0.23,
0.64, and 0.33, respectively, implying additional non-SSA, likely continental primary
aerosol sources. This is consistent with the common detection of biocides in agricultural
dust and the ability of biocides to evaporate upon application and condense onto
aerosols.®!8 Similarly, both heroin and cocaine, which can be released directly into the
air during use, were weakly-to-moderately correlated with benzoylecgonine in aerosols,
with r-squared values of 0.49 and 0.41, respectively. Although caffeine is a common
marker for human activity3%4, it is found within all environmental compartments. This is
consistent with caffeine’s relatively weak correlation with benzoylecgonine in the aerosol
phase (r-squared value of 0.32), which is exclusively present in the air due to its transfer
from the river to the ocean and then the ocean into SSA. A limited number of data
points prevents linking lincomycin to sewage-contaminated SSA.

Unigue chemical properties can help to account for the efficiency of sea-to-air
transfer. Two factors that impact the selective transfer of organic pollutants from the
ocean to SSA are accumulation at the air-sea interface in the sea surface microlayer
and entrainment in air bubbles.131278.27% Syrface activity can be estimated by the
octanol-water partitioning coefficient, Kow. While Kow directly parameterizes
hydrophobicity, it has been shown to constrain selective transfer in SSA.278319 Selective
transfer of organic compounds in SSA is also mediated by the entrainment of

compounds in air bubbles that rupture at the air-sea surface to produce SSA. This
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process can be parameterized by the air adsorption coefficient (Ka) and the aqueous
adsorption coefficient (Kag).*** Compounds where Ka>>Kaq will accumulate in water and
will not be efficiently transferred in SSA. Compounds where Ka~Kaq will accumulate at
the bubble-water interface and be incorporated into SSA. Compounds where Kag>>Ka
will accumulate within the bubble and may transfer in the gas phase or become
incorporated into SSA, depending on the compound’s volatility. The ratio of Kaq:Ka is
represented by the bubble scavenging coefficient, Ks. To constrain the ocean-air
partitioning of these compounds, the known Kow and calculated Ks for each quantified
pollutant (parameters provided in Table S3.3) were compared with an aerosolization
factor (AF) (Fig. 3.6), calculated as the ratio of the pollutant concentration in aerosol to
its concentration in water.2’® Given we had no measurements of [Na+], a marker for
SSA, we could not calculate enrichment to [Na+], as done in other studies of SSA
enrichment.126:278.279 The data plotted in Figure 3.6 takes into account sampling location
and timeframe and includes only periods of marine-influenced air at the southern
sampling sites (BF, 1B, and SS) to rule out additional impacts from continental transport.

AF is plotted directly against Ks in Figure S3.10.
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Figure 3.6 Average aerosolization factors (AF) of 13 different pollutants as a function of
their octanol-water partitioning coefficient, Kow.3?°. Data points are colored by their
scavenging coefficient, Ks, defined as the ratio between the aqueous adsorption
coefficient (Kaq) and air adsorption coefficient (Ka). As octinoxate is not expected to be
readily scavenged by bubble entrainment, it is not included in the linear fit. Only days
exhibiting predominantly marine-influenced air masses at BF, 1B, and SS are included.

This analysis shows a significant but moderate (R?=0.47, p<0.01) correlation
between AF and Ko, illustrating a potential connection between pollutant enrichment in
aerosols and the surface activity of these waterborne pollutants. (15, 46) The
uncertainties, representing one standard deviation from the mean in log AF, indicate
significant variability in pollutant concentrations between measurement days and across
locations.

Compounds with low Kow but high Ks, such as benzoylecgonine, caffeine, and
imazapyr, may not accumulate at the surface but still be scavenged and emitted by

bubble bursting. Compounds with high Kow but low Ks, such as octinoxate, may
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accumulate at the surface but not be efficiently scavenged by bubbles. Thus, they do
not transfer as efficiently into SSA as other compounds, as indicated by their relatively
low AF. For this reason, octinoxate was not incorporated into the statistical analysis of
AF vs Kow. However, its high abundance in aerosol and ocean water samples and its
large Kow demonstrates that even compounds not preferentially scavenged by bubbles
may still exhibit transfer into SSA if enriched at the surface and in high abundance.
Processes beyond the scope of this study may influence the measured AF of
octinoxate and similar compounds. One potential pathway for surface-active
semivolatile compounds like octinoxate to enter SSA is through volatilization from the
ocean surface, followed by partitioning into SSA, similar to the gas-to-aerosol transfer
mechanisms observed with other polycyclic aromatic hydrocarbons.3?! The precise
transfer mechanism of this compound from water to air warrants further investigation.
Additionally, photochemical degradation of UV-absorbing compounds like octinoxate is
known to occur rapidly in the aerosol phase®. This degradation, combined with
octinoxate’s estimated lower scavenging efficiency by bubbles, may contribute to its
observed lower AF. Further studies are needed to understand the chemical losses of
each component in the aerosol phase. For instance, considering the heterogeneous
oxidative loss rate of bisphenol-A — a common plastic residue pollutant — with an e-
folding lifetime of approximately four days in SSA mimics at an OH-radical concentration
of 1.5x10° molecules cm=3215, the measured aerosol pollutant concentrations after an
accumulation period following a rain event (between 3 and 4 days) could be two to three
times lower than those freshly emitted in SSA. These chemical losses are difficult to

guantify from field measurements but suggest that the true AF, determined from
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unreacted concentrations, for the most reactive species is greater than what can be
measured in the field.

This analysis shows that waterborne pollutants originating from the Tijuana River
and runoff that enters the ocean following precipitation events can be released into the
atmosphere, where they have the potential to travel long distances, 37322, persist in
urban air,?®° and impact airborne exposure to a broad range of those living in coastal

communities.

3.3.4. Estimated transfer between different environmental compartments
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Figure 3.7 Exploratory estimated median-to-max daily fluxes between different
environmental compartments at the coast for dibenzylamine, methamphetamine, and
octinoxate. Estimates based on measured concentrations are shown by the black
arrows, estimates using predictive models relying on additional assumptions are in dark
gray, and unknown processes are in light gray.

3.3.4.1. River-to-ocean transfer
Based on the pollutant concentrations measured in the Tijuana River and the river's

flow rates, we can estimate the release fluxes of individual pollutants into the Pacific
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Ocean, as shown in Figure 3.7. For this analysis, we multiply the daily flow rate for
each sampling day by each pollutant concentration measured in Tijuana River water.
The more concentrated pollutants, such as octinoxate and methamphetamine, have
estimated discharge rates of 10-100 kg day* and 0.1-1 kg day?, respectively, while
relatively lower concentration pollutants like dibenzylamine correspond to 1-10 g day*.
Since dibenzylamine is a rubber additive likely representing 1% of rubber mass3@, it
could indicate much higher concentrations of rubber microplastics than we can calculate
here. For comparison, the mass flux of octinoxate is an order of magnitude higher than
wastewater influent fluxes (pre-treatment) in Swiss cities.®® Methamphetamine flux from
the Tijuana River (0.1-1 kg day!) was slightly larger than that measured in Oslo,
Norway sewage influent (142-295 g day?).32 The large riverine fluxes of these
pollutants pose serious environmental concerns for surrounding riverine and marine
ecosystems and the health of hundreds of thousands of residents and beachgoers
frequenting areas such as Imperial Beach and Playas de Tijuana. Moreover, some fish
have exhibited addictive responses to methamphetamine at environmentally relevant
levels (below median concentrations measured at BF, IB, and SS), altering their
behavior and potentially influencing whole communities.3?* The UV filter octinoxate
found in sunscreens has been linked to the devastation of coral reefs, which provide
USD 375B annually to coastal communities worldwide through tourism and fishing. 32

3.3.4.2. Ocean-to-air transfer
The potential ocean-to-air transfer is estimated based on the previously described

SSA source function (see Sl for details.)*® The contribution of each compound to
produced organic SSA mass is predicted by applying an SSA enrichment factor (i.e.,

[X]ssa/[Na*]ssa/[X]sw/[Nat]sw) according to that measured for PFAS.13” While these
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calculations are exploratory due to the lack of experimentally determined enrichment
factors, we predict median mass fluxes transferred into SSA (shown in Fig. 3.7) ranging
from ~10 pg m? day* for dibenzylamine to ~100 pg m? day* for methamphetamine,
and ~100 pg m2 day* for octinoxate. These concentrations for single compounds are
similar to those that Johansson et al. 201937 estimated for the sum of PFOA and PFOS
compounds, which peaked at ~1 ng m= day in similar polluted coastal regions.

By assuming a well-mixed marine boundary layer height of 200 m and a steady
onshore breeze of 5 m s as done in Allen et al. 202089, the onshore mass transfer of
airborne contaminants can be estimated based on the airborne concentrations of each
compound. We estimate a transfer of ~1-10 g of dibenzylamine, ~10-100 g of
methamphetamine, and ~100-1000 g of octinoxate to air over the 1 km Imperial Beach
coast per day under these conditions. Allen et al. 2020%°, which investigated the sea-to-
air transfer of microplastics, estimated a mass flux of 1 kg day* of airborne
microplastics over a similar 1 km coastline. These calculations demonstrate that, on the
most polluted days, the mass of airborne octinoxate may be comparable to the mass of
microplastics entering terrestrial air masses at Imperial Beach and similarly polluted
areas. Over an annual and global scale, under the assumption that humans heavily
impact half the world’s coastline®?¢ and that wind is blowing onshore for half the time,°
we estimate a potential median transfer of ~50 tons of DBZ, ~8000 tons of
methamphetamine, and ~40,000 tons of octinoxate per year from the marine to the
terrestrial atmosphere. This extrapolation will vary by location depending on
meteorological and oceanic conditions and proximity to pollutant sources.

3.3.4.3. Airborne exposure
Exposure to waterborne pollution in the air has significant implications for the

91



health of marine and terrestrial ecosystems and humans. At a low-intensity inhalation
rate of 0.7 m3 hrt, Imperial Beach inhalation levels of octinoxate and methamphetamine
are approximately 1-10 ng hr, as indicated in Fig. 3.7. For octinoxate, this ambient
concentration is comparable to levels observed in air samples collected above
wastewater treatment plants®° and three orders of magnitude higher than those
measured in metropolitan Toronto, Canada.®® This finding illustrates, for the first time,
the increased health exposure risk at beach sites due to inhalation compared to urban
environments for this ubiquitous toxic personal care product ingredient. It represents a
novel exposure pathway that needs to be considered in future sunscreen policy and
investigation of these compounds in coastal aerosol. The estimated airborne exposure
levels of methamphetamine are significantly less than a single “dose,” indicating
minimal acute impact on public health. However, the health effects of chronic inhalation
of octinoxate, methamphetamine, and other pollutants examined here have not been
studied. This study serves as motivation to consider the health effects of airborne
exposure to what has been previously considered solely waterborne pollutants.

3.4. Broader implications for public health
This study shows SSA can serve as a vector for atmospheric transport of illicit and

anthropogenic chemicals. Further studies are needed to determine how far, frequently,
and consistently these pollutants are transported over land. Fundamental properties of
SSA, such as viscosity, which can affect the chemical lifetimes of toxic compounds, are
still poorly quantified.(53) Not only does this present a potential health concern in
coastal marine environments, but also regions near large freshwater bodies such as the
Great Lakes, which can experience high winds leading to aerosolization in similar

bubble rupture processes.(54) Further, this study has implications for other areas with
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polluted riverine and estuary input into the ocean near urban centers, such as the
Mississippi River, Yangtze River, and Ganges River Deltas, impacting even larger
populations than San Diego.(55) While aerosols may remain in the atmosphere for days
to weeks, they can be removed through wet and dry deposition, impacting ecosystems
and human water and food systems.33 This deposition can directly impact plant life and
contaminate food and drinking water. To constrain the impact of pollution in this region,
a comprehensive analysis of all environmental compartments should be performed.

Local, regional, and federal air monitoring organizations should monitor this novel
source of organic micropollutants to better inform the public of their exposure to these
pollutants and conduct long-term trend analysis to gauge whether this exposure is
increasing or decreasing due to policy action.33! There is also a critical need for source
control. Wastewater treatment agencies must detect a broader range of anthropogenic
pollutants before the water is released into local water. Wastewater treatment plants
should continue to pursue quaternary and water recycling techniques to fully remove
organic pollution from wastewater before releasing it as effluent or using it as
sludge.81:82,268,269.271,310 Thjs study highlights that coastal populations are exposed to
wastewater effluent released into the ocean and motivates an urgent need for improved
wastewater treatment infrastructure, greener alternative treatments such as seagrass
meadows(58) in areas with poor or no wastewater management, and consideration in
any policy interventions to reduce airborne exposure to waterborne pollutants and
pathogens.

As climate change accelerates the intensity of storms,?2® more coastal locations in

the US and beyond will experience severe flooding, overflowing combined stormwater-
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sewage systems, and increasing untreated release into oceans.(56) Beyond the
airborne transport of chemical pollutants, similar transport of pathogens from
wastewater streams into rivers and the ocean could increase our susceptibility to
diseases due to airborne bacteria and viruses that become aerosolized and then
inhaled or ingested.1?° An estimated 80% of all wastewater worldwide is untreated(57)
and flows into the environment, ultimately ending in the world's oceans.?8® The
traditional view is that this pollution is too dilute to have environmental implications.
However, as shown in this study, this waterborne pollution can become aerosolized and

expose billions living near the coast worldwide.
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3.6. Supplemental Materials

Wave ht., m
B Hs > 15 N
B <Hs<15
05 <Hs<1

60%

Supplemental Figure 3.1 Local swell during the sampling periods. Swell data are
shown for all sampling periods combined. Pictured is the percentage of time the swell
came from a given direction with a given swell height: light gray: 0.5-1 m; dark gray: 1-
1.5 m; black: 1.5+ m. The swell largely came from the west during the study period,
which would not have generated strong alongshore transport. However, no transport is
expected to the south, given some contribution from swell from the southwest.
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Supplemental Figure 3.2 Local winds and back trajectories for the southern sampling
locations BF, IB, and SS. Wind roses show the fraction of the sampling time wind blew
from a given direction at multiple wind speed intervals: light gray: 0-2 m/s; dark gray: 2-4
m/s; black: 4+ m/s. Local winds (a-w) primarily show a mixture of onshore and offshore
wind for each sampling period, common to coastal areas. Back trajectories (aa-ww)
show individual simulated particles in four colors for the four FLEXPART runs for each
sampling period. Like the local winds, the back trajectories show continental/terrestrial
and marine air mass histories for each sampling period.
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Supplemental Figure 3.3 Local winds and back trajectories for the SIO sampling
location. Wind roses show the fraction of the sampling time wind blew from a given
direction at multiple wind speed intervals: light gray: 0-2 m/s; dark gray: 2-4 m/s; black:
4+ m/s. Local winds (a-w) primarily show a mixture of onshore and offshore wind for
each sampling period, common to coastal areas. Back trajectories (aa-ww) show
individual simulated particles in four colors for the four FLEXPART runs for each
sampling period. Like the local winds, the back trajectories show continental/terrestrial
and marine air mass histories for each sampling period.
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Supplemental Figure 3.4 Calibration curve for 16 chosen pollutants. Analytical figures
of merit are given in Table S3. List of compounds: (A) Benzoylecgonine (B) Caffeine (C)
Carbamazepine (D) Cocaine (E) Diazinon (F) Dibenzylamine (G) Erythromycin (H) Heroin
() Imazapyr (J) Isoxaben (K) Lincomycin (L) Methamphetamine (M) N-
acetylsulfamethoxazole (N) Octinoxate (O) Sulfamethoxazole
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Supplemental Figure 3.5 Ratios of quantified pollutants in A) water and B) aerosol
compared to the SIO sampling site. Pollutants are organized from top-to-bottom based
on their highest-to-lowest ratios in the water samples to the TJR site. Representative
contaminant categories and sources of the quantified pollutants are shown:
pharmaceutical drugs (blue), illicit drugs and metabolites (orange), biocides (gray),
sunscreen additive/personal care product marker (pink), and plastic/rubber residue
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Supplemental Figure 3.6 Concentrations of quantified micropollutants in air at
southern sampling sites (BF, IB, SS) separated by air mass origin.
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Supplemental Figure 3.7 Correlation plots between aerosol concentrations of 13
different micropollutant compounds against water concentrations. Each data point
represents one data pair collected on the same day at the same site. List of compounds:
(A) Benzoylecgonine (B) Caffeine (C) Carbamazepine (D) Cocaine (E) Diazinon (F)
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Supplemental Figure 3.8(A) Time series of airborne pollutant concentrations
suspected to undergo sea-to-air transfer via SSA (left) as well as precipitation rates and
predicted SSA flux (right.) (B) Time series of waterborne pollutant concentrations (left)
and Tijuana River flow rate (right.)
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Supplemental Figure 3.9 (A) Time series of wind speed measured by a meteorological
station in IB. (B) Time series of SSA flux calculated using the De Leeuw 2011 source
function. (C) Time series of SSA flux calculated using the Salter 2015 source function.
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Supplemental Figure 3.100 Average aerosol enrichment factors (EF) of 13 different
micropollutant compounds as a function of their bubble scavenging coefficient, Ks
defined as the ratio between the aqueous adsorption coefficient (Kag) and air adsorption
coefficient (Ka).3?° Log Ks values below -2.5 imply a compound is primarily present in
water during the scavenging process. Log Ks values between -2.5 and 2.5 imply a
compound is present at the water-bubble interface. Log Ks values above 2.5 imply a
compound is primarily entrained inside the air bubble. Data points are colored by their
octanol-air partitioning coefficient, Kow. Only days exhibiting predominantly marine-
influenced air masses at BF, 1B, and SS are included.
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Supplemental Table 3.1 List of quantified micropollutant compounds and their classes

along with figures of merit — calibration curve R?, sensitivity to sample mass,

instrumental limits of detection (LOD) for water and aerosol samples and calibration
LOD for the same. Instrumental LOD was determined by the signal to noise ratio.
Method LOD was determined by field and method blank measurements. Calibration
LOD was determined by the external calibration curve. See Figure S3.11 for plots of
calibration curves.

Compound Class Calibrati | Sensitivit | Instrument | Method Limit | Calibration
on Curve | y (RSD) al Limit of | of Detection Limit of
R2 ) Detection Detection
(ions ng-
1) (%)
Benzoylecgoni | Metabolite, | 0.98 1.0E+06 1.2 |20 8.1 140 | 120 1.9
ne Cocaine (3%) ppq | fg*m- | ppq fg*m | ppq pg*
3 -3 m-3
Caffeine Stimulant 0.98 2.5E+05 49 |81 8.0 ppt | 130 | 130 2.2
(3%) ppq | fg*m- Pg* | pPq pg*
3 m-3 m-3
Carbamazepin | Pharmaceu | 1.00 1.0E+06 1.2 | 20 7.0 120 | 52 ppq | 87
e tical, (1%) ppq | fg*m- | ppq fg*m 0
anticonvuls 3 -3 fg*
ant m-3
Cocaine Illicit Drug 0.99 2.3E+06 05 |85 11 ppq | 180 | 100 1.7
(3%) 1 fg*m- fg*m | ppq pg*
ppq 3 -3 m-3
Diazinon Insecticide | 0.99 3.0E+06 04 | 6.6 860 14 67ppq | 1.1
(2%) 0 | fg*m" | ppq pg* pg*
Dibenzylamine | Materials, 0.99 6.0E+05 20 |33 320 5.3 61ppq | 1.0
Rubber (2%) ppa | fg*m" | ppq pg* pg*
3 m-S m-S
Erythromycin Pharmaceu | 1.00 1.2E+06 1.0 | 17 14 ppg | 230 | 64ppqg | 1.1
tical, (1%) ppq | fg*rm- fg*m pg*
Antibiotic 3 -3 m-3
Heroin Illicit Drug 0.92 1.4E+06 0.8 | 14 1.9 31 240 17
(6%) 5 fg*m" | ppq fg*m | ppq pPg*
ppq 3 ‘3 m'3
Imazapyr Herbicide 1.00 1.4E+06 08 |14 3.0 50 49 ppq | 82
(1%) 7 fg*m- | ppq fg*m 0
ppq | 3 3 fg*
m'3
Isoxaben Herbicide 0.99 9.6E+05 13 | 21 1.3 5.2 60 ppq | 1.0
(1%) ppq | fg*m- | ppq fg*m pg*
3 -3 m-3
Lincomycin Pharmaceu | 0.86 1.9E+05 6.3 | 110 1.6 26 330 5.4
tical, (8%) ppq | fg*m- | ppq fg*m | ppq pg*
Antibiotic 3 -3 m-3
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Supplemental Table 3.2 List of quantified micropollutant compounds and their classes

along with figures of merit — calibration curve R?, sensitivity to sample mass,
instrumental limits of detection (LOD) for water and aerosol samples and calibration

LOD for the same. Instrumental LOD was determined by the signal to noise ratio.

Method LOD was determined by field and method blank measurements. Calibration

LOD was determined by the external calibration curve. See Figure S3.11 for plots of
calibration curves. (Continued)

C

Methamphetamine | lllicit 0.99 4.2E+05 2.9 | 48 1.2 ppt | 19 82ppg |14
Drug (2%) ppq | fg*m- pg* pg*
3 m-3 m-3
N- Metaboli | 0.99 3.6E+05 3.4 | 56 2.2 36 68ppg | 1.1
Acetylsulfametho | te, (2%) ppg | fg*m- | ppq fg*m pg*
xazole Sulfame 3 -3 m-3
thoxazol
e
Octinoxate UV Filter | 0.59 1.2E+03 1.0 |17 56 ppt | 930 | 1.0ppt | 17
(21%) ppt | pg*m pg* ng*
-3 m-3 m-3
Sulfamethoxazole | Pharma | 0.92 2.4E+05 49 |82 2.2 37 240 4.0
ceutical, (6%) ppq | fg*m- | ppq fg*m | ppq pg*
Antibioti e -3 m-3
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Supplemental Table 3.3 Median concentrations in ppt and detection frequencies (DF in
%) for 15 organic pollutants in water samples collected at each sampling site (Tijuana
River — TJR, Border Field State Park — BF, Imperial Beach — IB, Silver Strand State
Park — SS, Scripps Institution of Oceanography Pier — SIO.)

Media Media
n B n SS
Compound Compound Class opt opt
Benzoylecgonine Metabolite, Cocaine (21900%) 2 (100%) (1 (100%) |1 (100%) [0.26 (100%)
Caffeine Stimulant 214 g (100%) [6 (100%) [6 (100%) [3 (100%)
(100%)
Carbamazepine Pharmaceutical, 7.0 0.41 0.25 0.183 0.062
P anticonvulsant (100%) |(98%) (97%)  |(95%) (100%)
Cocaine lllicit Dru 0.12 0.252 0.15 0.16 0.096
9 (100%) [(100%) |(100%) |(100%) |(100%)

.. - 0.054 0.018 0.014 0.021 o
Diazinon Insecticide (86%) (85%) (86%) (92%) 0.010 (75%)
. . . 0.060 0.070 0.073 0.060 o
Dibenzylamine Materials, Rubber (95%) (92%) (89%) (85%) 0.061 (95%)

. Pharmaceutical, 0.27 0.090 0.062  0.072 o
Erythromycin Antibiotic ©5%) |85%) |(79m) |(7506)  [0-019 (56%)
. - 0.051 0.033 0.027 0.025 o
Heroin Illicit Drug (100%)  |(96%) (94%) (95%) 0.025 (99%)
- 0.180 0.019 0.016 0.014 o
Imazapyr Herbicide (100%) |(80%) (81%) (80%) 0.015 (86%)
- 0.032 0.015 0.016 0.019 0
Isoxaben Herbicide (69%) (47%) (66%) (63%) 0.010 (57%)
, , Pharmaceutical, 23 0.50 0.51 0.78 o
Lincomycin Antibiotic (100%) |73%)  |6a%) |asw) 0050 (2%0)
Methamphetamine llicit Drug (11180% |5 (100%) f4 (100%) [2 (100%) [0.35 (100%)
N- Metabolite, o [0-59 0.49 0.32 0
Acetylsulfamethoxazole |Sulfamethoxazole 7 (100%) (98%) (87%) (85%) 0.039 (26%)
. . 5000 970 650 600 o
Octinoxate UV Filter (100%) |(100%) |(100%) [(100%) 710 (100%)
Pharmaceutical, 0.27 0.15 0.12
Sulfamethoxazole Antibiotic 8 (100%) (32%) (42%) (27%) 0.050 (15%)
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Supplemental Table 3.4 Median concentrations in ppt and detection frequencies (DF in
%) for 15 organic pollutants in air samples collected at each sampling site (Tijuana River
— TJR, Border Field State Park — BF, Imperial Beach — IB, Silver Strand State Park — SS,

Scripps Institution of Oceanography Pier — SIO.)

Compound

Identity

Median

Median BF |Median IB Median SS SIO
pg*m2 (DF) pg*m= (DF) pg*m (DF)

pgm
(DF)

Benzoylecgonine Metabolite, 2.0(100%)  [1.9(100%) |1.4 (100%)  [1.0 (100%)
Cocaine
Caffeine Stimulant 110 (100%)  [120 (100%) |90 (100%) |84 (100%)

Pharmaceutical,

Acetylsulfamethoxazol
e

Sulfamethoxazol
e

ND

0.8 (2%)

i 0, 0, 0 0,
Carbamazepine anticonvulsant 0.5 (81%) 0.6 (75%) 0.2 (50%) 0.1 (12.5%)
Cocaine Illicit Drug 10 (100%) 28 (96%) 20 (100%) 16 (100%)
Diazinon Insecticide 5.9 (100%) 2.2 (100%) 2.1 (96%) 0.78 (98%)
Dibenzylamine ';2"3;%2?'3' 14 (100%) |15 (94%) 9.6 (100%) 8.4 (100%)

. Pharmaceutical,

Erythromycin Antibiotic 3.9 (97%) 5.0 (94%) 1.9 (79%) 0.2 (40%)
Heroin Illicit Drug 1.7 (100%) 5.7 (79%) 2.6 (92%) 0.9 (98%)
Imazapyr Herbicide 0.1 (68%) 0.1 (65%) 0.1 (46%) 0.1 (10%)
Isoxaben Herbicide 1.3 (46%) 0.7 (56%) 1.7 (50%) 1.0 (60%)

. : Pharmaceutical,
Lincomycin Antibiotic 0.5 (2%) 1.3 (8%) 0.6 (15%) 1.0 (6%)
Methamphetamine lllicit Drug 3000 (100%) (3100 (100%) |1800 (100%) (660 (100%)
N- Metabolite,

ND

0.4 (6%)

Octinoxate

UV Filter

19000 (100%)

15000 (100%)

14000 (100%)

5800 (100%)

Sulfamethoxazole

Pharmaceutical,
Antibiotic

ND

ND

ND

ND
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Supplemental Table 3.5 Physical parameters for compounds used in aerosolization
factor (AF) analysis. Kow, Saturation vapor pressure, and Henry’s Law constant are from
the EPA EPI Suite from experimental databases or modeled estimates.334 Ka is calculated
as RT*pl. Kag is calculated as H**p1,131

Saturation Henry’s Law
vapor constant (H)

Compound log Kow oressure (p)  (Pa*m- log Ka log Kag
(Pa) 3*mol)

Benzoylecgonine

-1.32 1.1E-07 2.0E-08 14.64 10.35
Caffeine

-0.07 9.8E-07 7.2E-08 13.15 9.40
Carbamazepine

2.45 1.2E-05 1.6E-04 8.74 8.33
Cocaine

2.30 2.6E-05 4.3E-06 9.96 7.99
Diazinon

3.81 1.2E-02 1.1E-02 3.86 5.32
Dibenzylamine

2.67 7.9E-04 1.1E-02 5.07 6.50
Erythromycin

3.06 2.8E-23 4.0E-20 41.94 25.94
Heroin

1.58 1.0E-07 1.4E-06 12.84 10.39
Imazapyr

0.22 1.2E-08 4.8E-09 16.24 11.32
Isoxaben

3.94 5.5E-07 5.6E-05 10.51 9.65
Lincomycin

1.83 1.8E-15 7.9E-15 28.85 18.14
Methamphetamine

2.07 6.0E-01 6.7E-03 2.40 3.62
Octinoxate

5.80 1.9E-03 3.5E+00 2.19 6.13
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3.6.1. Flux calculations
We estimate the SSA flux of compounds using the updated DLOO source

function?® from De Leeuw et al. 201136 which is appropriate for estimating fluxes of
SSA in the surf zone below 9 m s, as in this study. Of note, this parameterization was
conducted at the Scripps pier, one of our sampling locations, making it particularly well
suited for use in this study. The function shown in calculates number flux as a function
of Dp (particle diameter) and Uio (wind speed at 10 m):

Zg: — 4£9-23U10 U13(')41D51'5 eq 1
We modify this to mass flux assuming a spherical particle and a density of 2.2 g
cm'3317:

dF, 16

We separately integrate the source function for three modes of aerosol identified
in Salter et al 2015 (Dp=0.095, 0.6 and 1.5 um)3® to calculate the summed volume flux

of each mode:

0.2 16
Fluxssamode 1 = f ?ne°'23U10U13641D;-5 = 0.12e23V0 341 eq 3
045
1.03 16
Fluxssamode2 = f ?neo.zww Ut Dy = 6.73e2300 g3t eq 4
0.35
2416
_ 0.23U10 77341015 — 0.23U40 773.41
FluxSSA.mode 3 — J ?ﬂe 10 U10 Dp = 54e¢ 10 U10 eq 5
0.94

We then calculate the total Na* produced in each mode by applying the mass
fraction of Na* from Bertram et al 201824:

FluxNa+ = 0055 * FluXSSA,mode 1 + 0055 * FluxSSA'mOde 1 + 026 * FluxSSA,mode 1 eq 6

110



As well as the total OC produced by applying the following:

Fluxge = 0.82 * Fluxssa moge 1 T 0.82 * FluXssa moge 1 T 0.08 * FluXssa mode 1 eq7

For comparison, we also calculated SSA flux using the following
parameterization from Salter et al 201531 where Fuio is the volume flux in m®m2 s, N;
is the number flux of the i nm mode in # m2 st and T is the sea surface temperature in
°C. A, B, C, and D are experimentally determined fitting parameters.

Fy,, =2 %1078 % (Uyp)** eq 8
N;=Fy *(A;*T>+B;*T* +C; *T + D;) eq9

The Na* and OC fluxes were calculated using eqs 6 and 7 and generally agreed
within an order of magnitude with the estimates using the updated DLOO
parameterization. We decided to use the updated DLOO estimates for the remainder of
the analysis.

To estimate the increase in water concentrations due to wet deposition, we use
the following equation where 4[X],;, is the decrease in airborne concentrations, hair is
the height of the marine boundary layer (estimated at 200 m here,) hwater is the height of
the surfzone (estimated at 10 m) and pg,, is the density of seawater (~1,025,000 g m3):

h.;
A[X]water = _A[X]air * — Psw

hwater

To estimate the ocean to air transfer of each compound, we use the following
equation from Johansson et al 20193 where EF is the enrichment factor of each
compound, [X]sw is the concentration in seawater and [X]particle iS the concentration in

SSA:

Klow

[X]particle = EFy * m

[Na+]particle eq 10
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We calculate the mass flux release from the TJR using equation 1 where
FluxTir is the mass flux in kg day?, [X]itsris the concentration of compound X on day i
in the TJR in ppt, and Flowitiris the flow in million gallons day*:
Fluxrjp = 3.8+ 1073 * [X]; /g * Flow; 1ijuana river eq 11
We calculate the Fluxonshore in g day* for compound X on day i using equation 8
from Allen et al 2020 %° where [X]iea is the concentration of compound X on day i in IB
air in pg m=3, Uwind is the average wind speed33® and hwsL is the height of the marine
boundary layer (200 m.)®°
Fluxonshore = [X1iipa * Uwina * huaL eq 12
We calculate the CTEix, central tendency exposure, for compound X on day i,
using equation 7 where [X]isa is the concentration of compound X on day i in IB air in
pg m= and IR is inhalation rate (parameterized as 0.7 m3 hr! in the EPA Exposure
Factors Handbook)33:
CTE;x = [X]iipa * IR eq 13

3.6.2 Addendum: Nontargeted analysis of organic pollutants in water and aerosol
Non-targeted mass spectrometry analysis allows a more significant portion of the

organic pollutant pool to be considered when interpreting broad trends across sampling
sites and environmental compartments of water and air. A total of 390 compounds were
identified based on library and community-provided spectra and categorized based on
their Global Natural Product Social Molecular Networking (GNPS)?%° source categories,
which included plastics, biocides, personal care products, metabolites, and drugs (see
Methods).

It should be noted that the extraction and ionization efficiencies (sensitivities) for

many compounds within each pollutant class remain unknown. Summed ion counts for
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each compound class are normalized to the total summed ion counts of all pollutants
during the study for each sample type. These values should be compared between sites
or compartments (aerosol and water) and not between different compound classes within
the same sample type and location.

The relative abundances of pollutant ions in the water samples, integrated across alll
classes (the shaded bars in Fig. S3.12A), indicate that the TJR site had the highest
abundance. In contrast, the lowest abundance was measured at the background site, SIO.
Despite day-to-day variability, BF, 1B, and SS exhibited similar abundances across all
pollutant classes, confirming the river and ocean as significant sources of airborne pollution
in southern San Diego. Waterborne pollution includes inputs from the Tijuana River and
runoff in San Diego and the San Diego River.?38337 Across all compound classes, these
three southern San Diego locations are statistically like each other and the TJR except

for plastics.
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Supplemental Figure 3.11(A) Average relative ion abundance of pollutant classes in
water samples as a fraction of shared pollutant ion signal across all measurement sites.
Values should be compared between sampling sites and compartments (aerosol &
water) and not between compound classes within one site. Variation between different
sampling days (n=23 for aerosol and n=28 for water) is shown in error bars. *Denotes a
statistically significant difference (p<0.05) between the same compound classes in
different locations unless otherwise noted. (B) Same as (A) but for the aerosol samples.
No TJR data is shown since no aerosol sampling occurred at the TJR site. (C) Ratio
between pollutant levels at SIO and TJR in water samples, binned by pollutant class
and matched by sampling period.

The ratio between the most polluted water (TJR) and the “cleanest” water (SIO) on
each sampling day is shown in Fig. S3.12C. As all values are larger than one, TJR is a
possible point source for various San Diego coastal region pollutants, particularly plastic-
related compounds and personal care products (ratio >10). The TJR is statistically

significantly enhanced in all compound types except for human metabolites, which is
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unexpected as previous work investigating TJR pollution has primarily focused on
untreated sewage. This may be biased from natural sources of compounds identified as
human metabolites in the GNPS database. The disparity in plastic abundance is likely
due to the TJR receiving urban runoff from the entire Tijuana River watershed, while SIO
is less affected by localized terrestrial runoff. The difference in personal care product
enhancement (generally >10) compared to biocide, drug, and drug metabolite
enhancement (generally <10) suggests a more significant presence of personal care
products in Tijuana River wastewater. Ratios between SIO water and BF, IB, and SS
water (see Fig. S3.13) demonstrate higher enhancements in personal care products,
followed by drugs, indicating that these pollutant classes may be persistent waterborne

pollutants originating from the TJR that accumulate in southern San Diego air.
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Supplemental Figure 3.12 A) Ratio between pollutant levels at SIO and BF in water
samples, binned by micropollutant class and matched by sampling period. B) Same as
A) but between SIO and IB. C) Same as A) but between SIO and SS.

In aerosol samples (Fig. S3.12B), waterborne pollutant concentrations were highest

in southern San Diego at BF and IB, the aerosol sampling locations closest to the Tijuana
River outflow and Tijuana itself, followed by SS and SIO. A direct comparison between
all sites and SIO is shown in Fig. S3.14. These gradients likely result from contributions
from SSA as the polluted Tijuana River outflow becomes diluted in ocean water and
migrates to other sites. Consequently, pollutant abundances in the ocean water samples
decrease, resulting in lower transfer to SSA at the sites furthest away from the TJR. This
hypothesis is supported by Pendergratft et al., 2023, which demonstrated the presence of

sewage originating from the Tijuana River in marine aerosol lofted over land at coastal

sites in San Diego.*?° Similarly, waterborne pollutants in the aerosol phase will undergo
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airborne dilution, photochemical degradation,?'> and deposition as air masses travel.338
Previous research has shown that airborne pollution in southern California can travel over
a hundred miles while maintaining similar aerosol concentrations at sites only 12 miles
apart.2%* Thus, the observed gradients may be influenced by terrestrial airborne pollution
sources, such as the urban atmosphere of the San Diego-Tijuana region itself. The
following section will examine the abundances of different measured pollutant classes in

aerosols according to their air mass origin.
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Supplemental Figure 3.13 A) Ratio between pollutant levels at SIO and BF in aerosol
samples, binned by micropollutant class and matched by sampling period. B) Same as
A) but between SIO and IB. C) Same as A) but between SIO and SS.

3.6.1. Dependence of pollutant class abundance on air mass origin
To determine the primary marine, land, or mixed origins of different pollutant classes

in aerosols, the relative abundances of these classes in aerosol samples from the most

polluted sites, BF and IB, were analyzed based on their air mass origin (Fig. S3.15), as
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determined by local winds and FLEXPART air mass back trajectories (see Methods).
Most 23-hour sampling periods exhibited a combination of onshore and offshore winds,
classified as mixed air masses (n=17). In contrast, three sampling periods had pure sea-
based air mass origins, and three had purely land-based sources. Ratios of average
signal intensity between marine and land-influenced air masses are presented in Fig.

3.15B.
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Supplemental Figure 3.14 (A) Relative abundance (fraction of ion share) of pollutant
classes in IB, BF, and SS aerosol samples separated by air mass origin (n=9 for marine
and land influence, n=51 for mixed influence). Variation between different sampling
days is shown in error bars. * denotes statistical difference (p<0.05) between compound
classes in different air mass origin categories. (B) Ratios of average signals from
marine-influenced to land-influenced air masses. Propagated error between signal
variation is shown in error bars.

The averaged ratios of airborne biocides, drugs, and metabolites were statistically
similar (p>0.05), with approximately equal distribution between marine- and land-
influenced air masses (i.e., ratio ~1). Plastic additives, on the other hand, were statistically
significantly more abundant in aerosols when air masses originated from land. This aligns

with a dominant terrestrial source of plastic compounds, possibly from urban dust and

direct aerosolization of tire microplastics.?”3%® |In contrast, PCPs were over twice as

119



abundant in aerosol samples when air masses primarily originated from the ocean. This
suggests the sea is a dominant source for these compounds in the coastal region
sampled. The reasons behind the greater abundance of biocides, drugs, and plastics
during mixed air mass influence periods are unclear but could be attributed to increased
SSA production or higher levels of terrestrial pollution during those sampling periods.
However, due to the significant day-to-day variability in pollutant abundance and the
variability in wind direction and local sea breeze circulation within a day, we cannot
conclusively attribute any pollutant class to land-influenced or marine-influenced air
masses.
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Chapter 4 Photo-initiated degradation kinetics of the organic UV filter oxybenzone
in solutions and aerosols: impacts of salt, photosensitizers, and the medium

Chapter 4, in full, has been submitted for publication of the material as it may
appear in ACS Environmental Science & Technology: Air, 2024, Cooper, A, Shenkiryk,
A, Morris, M, Chin, H, Mehndiratta, L, Roundtree, K, Tafuri, M, Slade, J.H. The

dissertation author was the primary investigator and author of this paper.

4.1 Abstract
Organic UV filters like oxybenzone (BP3) in sunscreens are persistent seawater

pollutants suspected to transfer to the atmosphere via sea spray aerosol (SSA). This
study examines the photo-initiated degradation of BP3 in artificial and real seawater
compared to SSA mimics containing NaCl and 4-benzoyl benzoic acid (4-BBA). We
investigated pure, binary, and ternary mixtures of BP3, NaCl, and 4-BBA using solar
simulated light to isolate the effects of salt and photosensitization on BP3 degradation.
Results showed significantly faster degradation in the aerosol phase (Jeff,env =103-102 s
1 or t12<10 min) compared to bulk solutions (Jeff,env=10° st or t12>1 day). The
photosensitizer enhanced BP3 photodegradation in both phases, more so than when
mixed with salt or all three components in solutions. BP3 photodegradation was most
enhanced by salt in the aerosol phase. High-resolution molecular analysis via Orbitrap
LC-MS/MS revealed rapid formation of more acutely toxic compounds (benzophenone,
benzoic acid, and benzaldehyde) in aerosols. These findings highlight that seawater
may serve as a reservoir for BP3 and that upon aerosolization to SSA, BP3 may rapidly

transform and increase aerosol toxicity.
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4.2 Introduction
Personal care products are an emerging environmental concern due to their

increased use and ecotoxicological impacts.33° Organic UV filters, particularly
benzophenone-3 (BP3 or oxybenzone), are common in these products as well as in
coatings and paints as a photo-protectant®3111.340 gand prevalent in coastal
environments*8:52,58.59,74.341 que to direct application or through wastewater
discharge.®®279BP3 is effective in absorbing incoming UV radiation and dissipating
energy non-radiatively through a photo-induced keto-enol tautomerization, leading to its
environmental persistence.53111

BP3'’s extensive use and ubiquity in the marine environment raise concerns
about its toxic impacts.58342:343 Market research by Euromonitor reports a combined use
of benzophenone class UV filters at 11.4 mg capita’* day*, amounting to 1386 metric
tons per annum in the U.S.%? Marine BP3 concentrations typically range between 100
ppt and 10 ppb,>%58 with levels as high as 1 ppm in crowded beach areas.*®In a
National Academies review, the HC5 (hazardous concentration for 5% of species) of
BP3 is calculated at 353 ppb for acute toxicity and 48.5 ppb for chronic toxicity.>?
Additionally, BP3 is an endocrine disruptor®’:3*4 and may contribute to developmental
disorders.3%

Airborne BP3 has been detected in gas and aerosol phases. Studies have
reported varying concentrations of BP3 in urban and indoor air,28346 with notable levels
above wastewater treatment plants.31° BP3 can enter aerosols directly from sunscreen
sprays®*’ or through evaporation and condensation processes.® Selective transfer from
the ocean surface into sea spray aerosols (SSA) through bubble rupturing and wave-

breaking processes is another pathway by which hazardous organic and biological
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pollutants enter aerosols,119:120.137-139.348 gjyen BP3’s hydrophobic nature (Kow=3.793%°)
and tendency to accumulate at the sea surface.*® Franklin et al 20224’ demonstrated
that other organic UV filters (homosalate and octisalate) may transfer into artificial SSA
generated in a wave channel using real collected seawater. While BP3 has not been
reported yet in SSA samples, its widespread presence in the ocean motivates this
investigation into its photochemical transformations in seawater and SSA. Moreover,
BP3’s photochemical lifetime in aerosols is unknown, critical for understanding its
environmental fate.

Previous studies have shown that BP3 in seawater is resistant to direct
photolysis but susceptible to indirect photolysis, with marine chromophoric matter
playing a significant role.1%® The environmental medium, e.g., solutions, thin films, or
aerosols, and its physicochemical properties, such as viscosity, affect photochemical
reaction pathways and rates.192:203.206.212215 Eqgr example, octinoxate, another UV filter,
degraded rapidly in thin films or suspended colloids but minimally in solution.?*? Lignell
et al. 20143% found that 2,4-dinitrophenol underwent faster photodegradation (by one
order of magnitude) in a more viscous medium.3>°Barsotti et al. 2017 found that
photolysis quantum yields for other nitrophenols were the same in both aqueous (i.e.,
liquid) and more viscous media, suggesting that this phenomenon may be compound-
specific.3%!

Aerosols??7-20° and microdroplets?!! exhibit accelerated reaction kinetics
compared to bulk solutions. Studies have shown that smaller droplets and aerosols can
concentrate light and components at the particle surface, where organic compounds

have incomplete solvation shells.?%%219 This can enhance molecule-to-molecule
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interactions and inhibit the recombination of fragmented compounds, leading to faster
degradation in aerosols.?%%2!1 Furthermore, more ordered molecular orientations at the
particle surface may sterically inhibit the vibrational relaxation of excited states.?'?

This study aims to explore the role of environmental medium (bulk solution and
aerosol) and secondary constituents (NaCl and photosensitizers) in the photo-initiated
degradation of oxybenzone. By systematically increasing the complexity of mixtures and
lab-generated aerosols, from pure components to real seawater and lab-generated
SSA, we seek to understand the environmental fate of BP3 and its potential impact on
particle toxicity.

4.3 Materials and Methods
4.3.1. Bulk solution experiments
Solutions of BP3 (TCI, 99%) and the model photosensitizer 4-benzoylbenzoic

acid (4-BBA, Acros Organics, 99%) were prepared at ~10 parts per million (ppm) by
weight in a 50:50 solvent mixture of methanol (MeOH, Fisher, 99.9%) and water (H20;
Milli-Q, 18 MQ cm resistivity). This solvent mixture was chosen due to the insolubility of
BP3 and 4-BBA in water. NaCl (Fisher, 99.5%) was added with a final solution mixing
ratio of 35 parts per thousand for mixtures mimicking ocean water's salinity.
Additionally, one set of experiments was conducted by adding 10 ppm of
oxybenzone to real seawater collected from the end of Scripps Pier in La Jolla,
California (32.867° N, 117.257° W) on September 7™, 2023. The nearby Southern
California Coastal Ocean Observing System (SCCOOS) Automated Shore Station35?
reported 10 ug L of chlorophyll a (the threshold for a phytoplankton bloom)3%3, 8.2 mg
L of dissolved oxygen, 33.14%o salinity, and a pH of 8.11 for this date. While the 10

ppm concentration of BP3 introduced into seawater is much larger than concentrations
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expected in ocean water®8, this was done to match experimental concentrations and for
detection purposes via UV-Vis Spectrophotometry.

Blanks containing the full solution matrix except for oxybenzone were prepared
for each experiment. For example, this would mean solutions of BP3 in 50:50
MeOH:H20 would be paired with a blank of 50:50 MeOH:H20, and solutions of BP3+4-
BBA+NaCl in 50:50 MeOH:H20 would be paired with a blank solution of 4-BBA+NaCl in
50:50 MeOH:H20.

The prepared solutions were placed in 10 mm path-length quartz cuvettes
(Fireflysci Type 21) sealed with a Teflon cap. The cuvettes were positioned on a
magnetic stir plate and mixed with a stir bar operating at 300 revolutions per minute to
ensure continuous mixing during each trial. Irradiation was achieved using an Air Mass
16S-Series Solar Simulator (Solar Light) calibrated to produce light intensity equivalent
to 1 sun (1360 W m). Light flux was measured by a Model PMA2144 Digital Class I
Pyranometer (Solar Light) at the beginning and end of each experiment. Minimal (<1%)
drift was observed in spectral irradiance.

Photodegradation was monitored with a PerkinElmer Lambda 35 UV-Vis
spectrometer operating in dual beam mode, i.e., with automatic background subtraction.
In this configuration, a blank cuvette was prepared consisting of the same solvent and
co-solute mixture as the sample (i.e., all constituents of the sample except for BP3.)
Measurements were taken at predetermined time intervals (0, 1, 5, 10, 15, 30, 60, and
120 minutes of light exposure) to monitor the evolution of the solutions over time.

Separately, for offline analysis, samples of each mixture type were prepared at 100
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ppm, and subsamples were exposed to solar-simulated light for 24 hours to maximize
photoproduct formation.

Cuvettes were also weighed with an analytical balance (Mettler Toledo model
ME204) to measure any evaporation of the solvent (typically <1% throughout the
experiments.) Subsequent spectra intensities were corrected to account for changes in
the analyte concentration from solvent evaporation. The collected spectra were
processed and analyzed using Spectragryph.3>* Experimentally determined absorption
spectra for each experimental solution type and further discussion can be seen in Fig.
S4.1 and the SI.

Samples were analyzed using a Vanquish UHPLC (Thermo Scientific) combined
with Atmospheric Pressure Chemical lonization (APCI) on the Orbitrap Elite Hybrid
Linear lon Trap-Orbitrap (Thermo Scientific.) 20 uL of each sample were injected onto a
Waters Symmetry C18 column (100A pore size, 5 pm particle size, 4.6 mm x 250 mm).
The elution gradient consisted of pure HPLC-grade water (solvent A) and methanol
(solvent B.) At a flow rate of 1 mL min-t, the gradient was as follows: 0 to 1.0 min at 70%
B, 1.0 to 2.5 min transitioning from 70% to 5% B, 3.5 to 8.5 min transitioning from 5% to
85% B, followed by a 1.5-minute equilibration phase at 70% B.

Following separation, samples were immediately analyzed using data-
dependent acquisition in both positive and negative modes. APCI vaporizer temperature
was set to 350°C with a sheath, auxiliary, and sweep flow rate of 10, 30, and 5 arbitrary
units, respectively. Discharge current was set to 5uA with a capillary temperature of

300°C and an S-lens RF level of 60.0. MS/MS scans were collected at a resolution of
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60,000, collision energy of 35kV, in an m/z range of 150.00-1500.00. Data were
analyzed using Xcalibur (Thermo Scientific.)

4.3.2. Aerosol experiments
For experiments in the aerosol phase, solutions were atomized with a

commercial constant output atomizer (TSI Inc. Model 2076) and diluted to 5 L min- with
zero air provided by a Zero Air Generator (ZAG; Sabio, Model 1001). The solutions
were prepared at 100 ppm by weight for each substituent in 100% MeOH. This was
necessary to ensure the complete dissolution of BP3 and 4-BBA, while NaCl is miscible
in MeOH. The 100 ppm solution produced aerosol after atomization with mean
geometric diameters between 90 and 140 nm (see Table S4.1 for more details.) For the
spiked seawater trial, the seawater sample was first diluted to a salt concentration of
100 ppm, and BP3 dissolved in MeOH was added dropwise until a final BP3
concentration of 100 ppm. Aerosol size distributions were measured with a Scanning
Electrical Mobility Sizer (Brechtel Model 2100.) The differences and similarities of the
atomized particles to real SSA is discussed in the Sl.

Aerosol populations were subsequently introduced into a PAM-OFR3%® (Potential
Aerosol Mass Oxidative Flow Reactor, Aerodyne.) See Sl Fig. S4.2 for a flow diagram
of our experimental setup. Inside the flow reactor, aerosol was exposed to wideband
UV-B light provided by two lamps (LCD Lighting.) Lamp spectral irradiance was
between 300 and 350 nm, the highest energy range of incoming solar radiation at
Earth’s surface. Output spectra can be found in Fig. S4.3. Irradiance was controlled
using a ballast at five different levels to the lamps.

Photon flux was measured directly by a TOCON GaP6 photodiode (sglux). It was

also calculated by calibrating the lamps' output photon flux via the photodegradation of
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NO: as described in Lambe et al. 2019%%¢ (see Fig. S4.4) and adjusted to the average
NO:2 absorptive cross-section between 300 and 350 nm. The photon flux was fitted to a
0-D box model run in KinSim3%7 (see Fig. S4.5) and was determined to be between
8x104 - 3x10*° photons cm for the five different lamp settings. Using the standard
reference solar spectrum at a 37° zenith angle, this photon flux between 300 and 350
nm is equivalent to 5%-73% solar irradiance. Both methods showed good agreement,
as shown in Fig. S4.6. The photon flux from photodiode measurements was used for
the remainder of this study.

Aerosol composition was measured with an Extractive Electrospray lonization
Time-of-Flight (EESI-TOF) Mass Spectrometer (Aerodyne.)??° This online (1 Hz) soft
ionization approach allows for determining chemical formulae due to its high resolution,
~5000 m/Am in negative mode for m/z=59.013853 (CH3COO"). Thus, it is particularly
well suited to kinetics experiments of simple mixtures where the targeted analyte has no
isomers.?15

The EESI-TOF was operated in negative mode using a reagent solution of 2%
(by weight) acetic acid, 48% H20, and 50% acetonitrile spiked with 100 ppm Nal for
mass calibration with I, I, and Is. Using acetate as a reagent ion promotes the
formation of [M-H] peaks via deprotonation.?'> No iodide-analyte clusters, which may
form in negative mode, were observed. Data was processed using Tofware (Aerodyne.)
Oxybenzone was detected as its [M-H] peak at m/z 227.

Photodegradation experiments under constant photon flux may be treated as
pseudo-first-order reactions. Kinetic data was prepared by first drift-correcting and then

normalizing signal intensities to 1=1 at t=0 (see Sl for discussion on aerosol evaporation
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and drift correction.) Taking the natural log of the normalized intensities for each
exposure data point results in a linear decay plot where the slope represents the

observed effective photolysis rate constant, Jeftobs (&S Shown in eq 1).

lnﬂ = —Jeffobs X t (eq 1)
[4o] '

This rate reflects the loss of BP3 from the sum of all photo-induced decay
processes in the cuvette or the OFR. This includes both direct photolysis and
photosensitized (or indirect) decay. No further analysis was performed to isolate the
effects of direct and indirect photo-initiated decay.

Jeffobs determined under experimental conditions was converted to an effective
photolysis decay constant in the environment (Jeftenv) by normalizing the output photon
flux during experiments to the photon flux of standard spectral irradiance over the same
wavelengths and multiplying by Jeft.obs as shown in eq 2 from Sareen et al 2013.° This
correction factor was 1 for all experiments in the bulk solution and ranged from 0.05 to

0.72 for experiments in the aerosol flow tube dependent on the different lamp voltages.

F lamp

]eff,env =]eff,obs X (eq 2)

P;env

Aerosol samples for HPLC-MS/MS analysis were collected onto 90 mm quartz
fiber filters inside a stainless-steel filter holder (Millipore). Samples were collected at the
experimental flow rate of 3 L min-t without an external pump. Flow rates were monitored
by a flow meter (Siargo MF5700). Separate filters were used for aerosol collection in the
dark, light, and blanks. The aerosol filter blanks followed EPA Method 10-53%8, which
consisted of loading the filter holder, unloading, and storing the filters the same way as

the samples. Immediately after collection, the filter was submerged in ~15 mL of
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acetonitrile (Fisher, 99.9%) inside a cleaned and baked Pyrex scintillation vial and
sonicated for 30 minutes in an ultrasonicated bath (Branson 3800.) Since water was not
used during extraction, our analysis may not include all water-soluble components in the
particles. This solution was then dried via rotary evaporation (Buchi R-100) and
reconstituted in 1 mL of acetonitrile for analysis using the same HP-LCMS/MS
procedure described earlier.

4.3.3 Modeling of electronic structures and toxicity
The nuclei positions of ground state BP3 and its degradation products were

constructed using the Avogadro 4.2 molecular visualization program on a Windows
platform. The quantum chemistry package ORCA (version 5.0.3) performed all
computations.35°3¢0 The initial geometry optimizations were performed using DFT with
B3LYP functional with def2-TZVP basis set, and bond angle constraints were applied
when appropriate. Coulomb integrals and COSX numerical integration for HF exchange
were adopted for the RI-J approximation. The geometry was further optimized using
ethanol as an implicit solvent. Finally, a coupled cluster technique, STEOM-DLPNO-
CCSD?®¢, was employed to calculate the energy of the electronic transitions of the
molecules.

Separately, the geometry of a BP3 molecule was optimized using wB87x-D3 with
the def2-TZVP basis set. Its anionic and cationic counterparts were subsequently
computed using the same geometry to perform the analysis of the Fukui function. The
representations were generated using the VESTA36? visualization package.

Compound toxicity was estimated by calculating the rat oral LDso of BP3 and its
detected products using EPA’s Toxicity Estimation Software Tool (TEST)33, a

guantitative structure-activity relationship model that predicts toxicological endpoints
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based on molecular descriptors of experimental data. When experimental data is
available within TEST, as for oxybenzone and benzophenone, this value was
preferentially used over simulated LDso values.

4.4. Results & Discussion

4.4.1. Differences in the photo-initiated decay kinetics of pure-component BP3
between bulk solutions and aerosols

We observed profound differences in photo-induced decay between the bulk
solution and aerosol phase experiments. BP3 exhibited slow decay over hours in the
bulk solution while undergoing rapid degradation in the aerosol phase on the order of
minutes of exposure time.

Employing a pseudo-first order kinetics treatment (see Methods) to the average
degradation observed during each experiment, we calculated effective photolysis decay
constants, Jettenv, and environmental lifetime, 7, plotted in Fig. 4.1 and listed in Table
S4.2. The effective BP3 photodegradation rates of pure-component BP3 in bulk solution
were ~2x10° st compared to ~2x102 st in aerosols. These are equivalentto 7= ~6

days and 8 minutes, respectively. Average decay curves are plotted in Fig. S4.8.
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Figure 4.1 Effective photolytic rate constants and estimated chemical lifetimes of BP3
upon exposure to solar irradiation in the aerosol and bulk solution phases for the
different mixtures. Previous studies by Li et al. 2016 and Vione et al. 2013 are shown for
comparison. The range for Li et al. 2016 is between real seawater (upper) and
freshwater (lower). The range for Vione et al. 2013 is between low concentrations of
nitrate and carbonate (upper) and high concentrations (lower).

The relatively slow photo-induced decay in solution was expected. Most studies
show no significant degradation of oxybenzone in solution to solar-simulated light for
experimental times up to 24 hours.?14:364.365 Vjone et al. 2013 reported photolysis of
oxybenzone in freshwater with an environmental lifetime of 9-15 days, depending on
carbonate and nitrate concentrations.%” In contrast, Li et al. 2016 reported an

environmental lifetime of 9 hours in freshwater and 20 hours in seawater.103
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Figure 4.2 lllustration of the different factors impacting BP3 loss in solutions and
aerosols. a) BP3 solution in a cuvette with a full solvent cage. Dimensions of the
cuvette, radius of the aerosol, and calculated surface area to volume ratios (SA: V) are
shown. b) BP3 aerosol with incomplete solvation at the air-particle interface. c) BP3
aerosol with BP3 distributed through the bulk and interface. d) BP3+NaCl aerosol with
BP3 driven to the surface. e) Type | photosensitization scheme of excited state transfer
between 4-BBA and BP3.

We ascribe the enhanced degradation in aerosols primarily to the much larger
surface area-to-volume ratio (see Fig. 4.2a,b). This leads to a higher proportion of BP3
molecules at the particle-air interface than the bulk, where incomplete solvation may
greatly enhance photochemical reactivity.?0720%211 Splvation can often slow reactions in
solutions compared to the gas phase. The partial solvation at the air-particle interface
often exhibits rates between that of fast gas phase reactions and slow solution phase
reactions.?!!

Additionally, organic-containing aerosols may exhibit higher viscosities akin to
semisolids and solids.3%¢ More viscous environments limit the rotational freedom of

excited states' rotations, 367368 which BP3 relies on to relax vibrationally. Thus, a higher-
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viscosity molecular environment would prolong BP3's excited state, allowing it greater
opportunity to decay rather than relax.

4.4.1.1. BP3+NaCl binary mixtures
In bulk solutions, there was a minor but statistically insignificant (p>0.05)

increase in BP3 degradation for the BP3+NaCl binary system compared to BP3 alone.
Berembeim et al. 2020 found that the presence of Na* can interfere with BP3's ability to
relax via keto-enol tautomerization by disrupting its intramolecular hydrogen bond.3°
This would extend the lifetime of BP3’s excited state and promote its decay instead.

In contrast to the bulk solution, adding NaCl in the aerosol phase led to the
greatest increase (4.5x) in rate compared to pure BP3. As shown in Fig. S4.9, the
particles mixed with NaCl exhibited visual characteristics of phase-separated and
partially engulfed particles with a possible NaCl core and BP3 coating. These are similar
morphologies observed in other inorganic salt-organic carbon mixtures.3’° As illustrated
in Fig. 4.3d, this separation of components leads to a population of BP3 molecules
preferentially occupying the particle’s surface, where this more viscous and less
solvated molecular environment could lead to enhanced degradation,07:209.211
suggesting the aerosol particle’s morphology could significantly influence BP3’s photo-
induced degradation.

4.4.1.2. BP3 + 4-BBA binary mixtures
In the bulk solution, there was a significant (p<0.01) increase (2x) in the rate

constant calculated for the BP3+4-BBA binary system compared to BP3. This confirms
that 4-BBA acts as a photosensitizer in increasing the photodegradation rate of BP3,
either through direct triplet state energy transfer (Type 1, Fig. 4.3e) or through the

formation of reactive oxygen species (Type 2).2°2 While we did not perform oxidant
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guenching experiments to determine differences between Type 1 and Type 2 initiated
processes, Vione et al. 2013 found that both forms of photosensitization occur in
freshwater systems, with Type 1 prevailing under high dissolved organic matter (DOM)
concentrations (where there would be more 3Ps*-BP3 interactions) and Type 2
prevailing under low photosensitizer concentrations (where there would be less
scavenging of OH by organics other than BP3.)1%7

In the aerosol phase, the addition of 4-BBA to BP3 also significantly (p<0.01)
increased (2.5x) rates of degradation. We expect similar mechanisms of
photodegradation to occur in the aerosol phase as in the bulk solution. However, the
larger increase in the aerosol phase may be explained by the closer proximity and
incomplete solvation of organic molecules in the condensed particle phase compared to
the bulk solution leading to more BP3-4-BBA* interactions.?07:209

4.4.1.3. BP3+NaCl+4-BBA ternary mixtures
In the bulk solution, adding NaCl to the BP3+4-BBA binary system led to an

insignificant (p>0.05) but a minor decrease in reaction rate compared to BP3+4-BBA but
a significant (p<0.05) increase compared to BP3+NaCl. We hypothesize that this could
be due to the presence of NaCl leading to vibrational collisions between NaCl and 4-
BBA3*, which may quench the triplet state that may have otherwise reacted with BP3.
This effect has been seen in other mixtures of halides and photosensitizing molecules,
e.g., NaCl and 4-BBA in aerosols?'® and sea salt halides and Imidazole-2-
carboxaldehyde in bulk solution 371,

In the aerosol phase, a similar modulating effect was observed where the ternary
mixture was faster than one binary mixture (BP3+4BBA, insignificant - p>0.05) and

slower than the other binary mixture (BP3+NaCl, p<0.05.) One reason for the
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decreased rate compared to the BP3+NacCl aerosol is that 4-BBA may competitively
occupy the surface of the aerosol, driving more of the BP3 into the bulk of the aerosol
compared to the binary mixture. Although including 4-BBA would introduce additional
photosensitized decay pathways, this appears less impactful than the surface
enrichment caused by NaCl.

Additionally, the quenching of 4-BBA by CI- may lead to the formation of reactive
chlorine species either directly or through -OH-mediated oxidation pathways, which
have been shown to contribute to the UV-initiated removal of BP3.100.102.372 This may be
an additional pathway leading to enhanced degradation in the bulk solution compared to
the BP3+NaCl binary mixture, but it does not appear to fully compensate for the
inhibitory effects of 4-BBA in the ternary aerosol compared to the BP3+NaCl binary
aerosol.

4.4.1.4. Photo-induced decay of BP3 in real seawater
For the bulk solution experiment conducted by spiking BP3 into real seawater,

we observed no degradation and instead observed a steady enhancement (up to 8%)
for the first three days of irradiation. We ascribe this to the general insolubility of BP3 in
seawater and expect it first to be adsorbed to particulate matter in the seawater. Light
exposure can lead to the release of organic matter from particulate matter, explaining its
enhancement over time. However, after this period of enhancement, BP3 decreased
steadily and we used this period to calculate its photo-induced decay. We caution that
this may not account for particulate adsorption and desorption and instead reflects the
decay after a steady state was reached.

The resulting decay (with an environmental lifetime of over one month) is

significantly slower than the experimental mixtures (in days) and the decay observed by
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Li et al. 2016 in real seawater (with an environmental lifetime of 20 hrs.)1° However,
other studies simply state that BP3 persists in ocean water without reporting any
degradation.?14:365

Another reason for the slower observed kinetics in the seawater solution may be
the difference in the protonation state of BP3. The seawater experiment was conducted
at a final pH of 7.1 compared to 6.0 in the other solutions. Because BP3 has an acid
dissociation constant (pKa=7.1), a higher pH leads to more deprotonated BP3 in the
solution. The impacts of the protonation state on BP3’s photodegradation are
inconclusive. A study by Wong et al. 2019, which investigated the gas-phase
photodegradation of protonated, neutral, and deprotonated BP3, found reduced
absorption for anionic BP3.1%2 In contrast, Li et al. 2016, which studied BP3 in real
seawater, found that only the anionic form was susceptible to direct
photodegradation.1%® As oceanic pH is typically 8.0, this is a limitation of this study, and
thus, the bulk solution experiments primarily serve to inform chemical mechanisms and
intercomparisons between environmental phases.

Additionally, real seawater contains a more complex DOM system than the 4-
BBA used in experimental mixtures. This may screen incoming light, reducing direct
photolysis and quench any 3CDOM?* or reactive oxygen species produced, reducing
photosensitization efficiency.'%” Trueblood et al. 2019 found that the photosensitized
degradation of nonanoic acid was slower in the presence of an extracted marine DOM
sample than with 4-BBA and humic acid. They explain this as resulting from the high
abundance of carboxylic-rich alicyclic molecules, which are less photoactive than

aromatic photosensitizers.2%
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The experiments conducted by spiking oxybenzone into seawater followed by
atomization exhibited an insignificant (p>0.05) decrease compared to the ternary
mixture. This could mean that the components atomized in seawater have similar
properties and effects on BP3 photodegradation as the ternary mixture. While this result
suggests the photo-initiated decay of BP3 in SSA may be as fast as those from other
mixed aerosols in this study, it is important to note that the components transferred into
SSA produced from the natural process of wave breaking and bubble rupturing at the
sea surface are different from those that get atomized.'?6 Only dissolved materials get
atomized, whereas non-dissolved components, like lipids, surfactants, and particulate
organic carbon, at the sea surface can transfer into SSA.'2* These components
modulate SSA's physicochemical properties, surface tension, and mixing states,
potentially different from the particles generated from atomized seawater. Therefore,
this analysis does not say that the same degradation rates would be observed in real
SSA,; instead, it shows no significant inhibition of BP3 degradation as observed in the
bulk seawater solution.

4.4.2. Identified transformation products
Offline analysis via HPLC MS/MS was conducted in a separate set of

experiments where all bulk solutions were irradiated continuously for 24 hours in the
cuvettes by the solar simulator and aerosols for 8 minutes of equivalent solar exposure
by the UV-B lamps inside the OFR. The resulting mass spectra of samples before
irradiation (i.e., in the dark) were subtracted from mass spectra after irradiation, plotted
in Fig. 4.3. The compounds identified in the mass spectra that were significantly above

the background (i.e., 3 standard deviations above the background for at least one
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sample type) are listed in Table 4.1. MS2 spectra of each identified BP3 product are
shown in Fig. S4.10.

As our analysis is semiquantitative, we cannot confidently compare the branching
ratios between different organic species but can compare the formation of each
compound between different mixture types. Almost all transformation products (TPs)
exhibited the highest production in the BP3+4-BBA binary mixture in the bulk solution.
This is to be expected, as these experiments showed the greatest degradation of BP3.
Indeed, the order of TP production was completely in line with the rates of photo-
initiated decay.

Interestingly, this trend was not observed in the aerosol phase. Instead, the
ternary aerosol showed more TP production than BP3+NaCl, which exhibited the
greatest decay. This may be due to additional TPs from the transformations of 4-BBA in
this aerosol sample. In subsequent sections, we will deconvolute the contributions of

BP3 from those of 4-BBA.
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Figure 4.3 a) Summed ion intensities of the detected transformation products in bulk
solutions based on mixture type. b) Same as a) but for the aerosol phase. c-j) Photo-
transformation product mass spectra for the different indicated mixtures in bulk solutions
(left) and aerosols (right).
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Table 4.1 Detected compound IDs, MS1 parent ions, and major MS2 fragmentation ions.

Compound ID Parent ion Major fragmentation ions
BP3 229 105, 151

(M+H)*
BP3-TP1 106 (M-H)* | N/A

(Benzaldehyde, BzO)

BP3-TP2 (BzOH, Benzoic Acid) 122 (M-H)* | N/A

BP3-TP3 153 109, 135
(2-hydroxy-4-methoxy (M+H)*

benzaldehyde)

BP3-TP4 183 (M+H)* | 105

(benzophenone, BP)

BP3-TP5 199 (M+H)* | 105, 121

(2-hydroxy-benzophenone, BPOH)

BP3-TP6 213 (M+H)* | 153, 181, 198
(4-methoxy benzophenone,

BPMeO)

BP3-TP7 241 (M-H)* 105, 163

(2-4-dimethoxy benzophenone)

4-BBA (4-benzoyl benzoic acid) 227 (M+H)* | 105, 149

4-BBA-TP1 (4-benzoyl benzoic 213 105, 135, 183

methylalcohol)
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Previous work by Vione et al. 2013 identified major photoproducts of BP3
photolysis in the bulk solution to be benzoic acid and benzaldehyde resulting from the
rupture of the carbon-carbon bond linking the carbonyl group to the aromatic ring
containing the methoxy and hydroxyl moieties.'?” We observed the formation of
benzaldehyde transformation product (BP3-TP1, BzO) in all experiments conducted in
the bulk solution phase and aerosol experiments containing NaCl. In contrast, benzoic
acid (BP3-TP2, BzOH) was a minor product (<1000 ions) in all bulk experiments and
was detected in aerosol experiments not containing NaCl. A substituted benzaldehyde
with hydroxyl and methoxy moieties (BP-TP3) was also detected in bulk experiments in
the binary or ternary mixtures containing 4-BBA. This suggests that the C-C bond
connecting the substituted ring and the central ketone is more prone to cleavage than
the C-C bond in the unsubstituted ring.

Additional transformation products were identified by their MS2 spectra as less
substituted compounds resulting from the removal of the hydroxyl and/or methoxy
groups from oxybenzone. Notably, removing both constituents results in the formation of
benzophenone, a known carcinogen.3”® Benzophenone (BP), 2-hyroxybenzophenone
(BPOH), and 4-methoxybenzophenone (BPMeO) were all observed.

In the bulk solution, the production of BPMeO was observed in both the binary
BP3+4-BBA trial and the ternary mixture. BP was only measured in the BP3+4-BBA
experiment. In the aerosol phase, all experiments led to the production of BPOH and
the formation of BP. To our knowledge, this is the first study reporting this sequence of

degradation products from BP3.
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The transformation products detected at the greatest intensity in aerosol samples
were the derivatives produced by removing either the hydroxyl or methoxy group from
BP3 and removing both to form benzophenone. Because these products are formed in
pure BP3 aerosols, we expect them to result from direct photolysis, which results in the
lysing of these C-O bonds.

As BP, BPOH, and BPMeO remain the dominant TPs, we expect these
degradative pathways to be enhanced by Type 1 photosensitizing reactions with 34-
BBA*, which behave similarly to photon absorption. We did not observe direct evidence
of Type 2 photosensitizing reactions with reactive oxygen species, which would
generally result in more functionalized products.

While we could not confidently determine every transformation product observed,
the relative production levels provide additional confirmation of the different rates of
photodegradation of different mixtures. Notably, trials containing 4-BBA exhibited the
production of products with integrated signal intensities an order of magnitude greater
than other bulk experiments (Fig. 4.4a).

As both BP3 and 4-BBA are benzophenone derivatives, care was made to
deconvolute similar transformation products. To identify transformation products of 4-
BBA, experiments with only the photosensitizer were run. In the bulk solution, the
primary TP (m/z of 213) was tentatively identified as 4-benzoyl benzoic methyl alcohol
formed from the reduction of 4-BBA’s carboxylic acid group (see Fig. S4.11.) Itis
important to note that 4-benzoyl benzoic methyl alcohol shares a chemical formula and
thus m/z with BPMeO and were deconvoluted via LC and identified based on their MS2

spectra. In Grzyb et al. 2022198, the formation of 4-benzoyl methyl aldehyde was
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observed following 4-BBA’s use as a photosensitizer, showing precedence for the
reduction of 4-BBA while acting as a photosensitizer.

4.4.3. Computational investigation of photo-initiated reactive sites
We employed a computational frontier molecular orbital model to investigate the

observed cleavage of C-C and C-O bonds. This approach assumes that the breakage of
a bond originates from an excitation of an electron from the highest occupied molecular
orbital (HOMO), and that the formation of a bond is the consequence of an acceptance
of an electron from a donor to the lowest unoccupied molecular orbital (LUMO). Janak's
theorem further suggests that HOMO and LUMO could serve as proxies to understand
the ionization potential and electron affinity, respectively, of the molecule. In other
words, through studying the HOMO and the LUMO of a molecule, we can provide an

additional layer of insight if the proposed mechanism of a reaction is reasonable.

a) HOMO c) f*(r)

b) LUMO

Figure 4.4 Graphic representations of BP3’s a) HOMO b) LUMO c) cationic Fukui
function d) anionic Fukui function e) radical Fukui function.
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A model of BP3’'s HOMO (see Fig. 4.4a.) shows a prominent orbital lobe over the
C-C connecting the substituted ring (carbonyl-a carbon bond) with a mix of both n and
pi-character. An available electron may be promoted to an excited state via an
electromagnetic wave with an energy higher or equal to its HOMO-LUMO gap, which is
3.92 eV, or 316 nm; the electron may relax back to the ground state, or may overcome
the ionization potential and dissociates, providing a pathway to photodegradation. The
LUMO of BP3 (see Fig. 4.4b.) exhibits a dominant pi*-character across both benzene
moieties. This may explain the observation of both benzaldehyde and 2-hydroxy-4-
methoxy benzaldehyde production upon photolysis: carbonyl-a carbon bond breakage
of either side of the two rings may be the result of an intermediate species or transition
state accepting a relaxing electron to either one of the benzene moieties which will
destabilize its opposing C-C bond.

The above analysis can be further investigated in conjunction with the Fukui
function.®”* In short, the Fukui function takes advantage of the approach of DFT to look
for changes in electron density in frontier orbitals induced by changes in the number of
electrons at a specific geometry and the potential of the molecule. The Fukui functions

are described below:

fr() = ppn+y () — ppy (1) (eq.3)
()= P{N}(T) - P{N—1}(T) (eq.4)

1
fr(r) = 3 [P+ () — pv—13 ()] (eq.5)

Where p is the electronic density and N is the number of electrons. For a neutrally
charged molecule with the number of electrons N, N+1 will be its anionic counterpart

and N-1, cationic. Hence, eq.3 is related to reactivity towards nucleophiles and eq.4 is

145



related to reactivity towards electrophiles. Eq.5 provides information to reactivity in the
case of radical attack.

As shown in Fig. 4.4c, the electrophilic sites of BP3 are located almost
exclusively on the carbonyl carbon, attracting nucleophiles. The tertiary structure of the
carbon allows lone pair electrons or unpaired electrons to be stabilized and promotes
further reactions after photo-irradiation, such as the cleavage of the a- carbon bond
discussed earlier.

The nucleophilic sites (See Fig. 4.4d) of BP3 are spread across the more
substituted aromatic ring of the two. In particular, the oxygen on the hydroxyl and the
methoxy groups are susceptible to protonation, which may promote their stability as
leaving groups, leading to the observed formation of BPOH and BPMeO. We note that
the increase in reactivity of the two -carbons of the two functional groups is
counteracted by their participation in the aromatic ring.

The Fukui function for radical attack is a straightforward pictorial prediction of the
fate of the BP3 upon photo-irradiation (See Fig. 4.4e), showing prominence in electron
density differences on all reactive sites leading to each observed transformation
products.

4.4.4. Proposed mechanism of photo-induced decay and effects of medium and
secondary constituents

Upon exposure to UV light, BP3 can regeneratively dissipate its energy through
an excited state hydrogen transfer (ESHT) followed by a keto-enol tautomerization
paired with molecular rotation.*!! If this process does not occur, it may instead undergo
photo-initiated degradation.1%” Fig. 4.5 illustrates both of these pathways. Physical and

chemical changes that promote or inhibit these pathways will impact the photo-induced
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degradation kinetics observed. Here, we separate the different impacts of the
environmental medium and the presence of salts and photosensitizers and quantify their

impacts on environmental lifetime.

BP-MeO BP-OH OH O Bz0 O 24820 OH O
~,
™o o ~o
1) hv absorption or Ps* L oxidation ¢
2) C-O bond cleavage
P o BzOH fo) 24-Bz0H OH O

- - Rae i<,

Figure 4.5 Transformation pathways of BP3 either regenerate ground-state BP3 or
undergo photo-induced degradation. Detected compounds are shown in boxes and
labeled according to their abbreviations listed in Table 4.1. Effects of the medium are
shown in green, effects of Na* are shown in red and effects of photosensitizers are
shown in blue.

As explained earlier, the impact of environmental medium is predominantly
concerned with the concentration of the population of BP3 at the surface and generally
increased viscosity in organic aerosol layers. BP3 at the surface is less well-solvated

and thus has less of a hydrogen bonding network to facilitate its ESHT.?1° Additionally,
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the increased molecular order at the interface?'® and higher viscosity of organic-rich
aerosol®®® may inhibit the molecular rotations needed to release its excited state energy
and back isomerize into BP3.

The introduction of salt led to a small increase in photo-initiated decay in solution
and the largest increase in aerosol. Na* may directly interfere with the ESHT by
occupying the space between the hydroxyl and ketone groups on BP3.3° Additionally,
the presence of NaCl, especially in the moderate RH in this study, may drive the
population of BP3 further to the surface due to salting-out effects®’>37¢, amplifying the
effects of interfacial reactivity.

The introduction of 4-BBA has the combined impact of acting as a
photosensitizer by directly exchanging energy with BP3 (Type 1) or producing reactive
oxygen species (Type 2).202203.206 Qur study did not observe direct evidence of any
Type 2 reactions. As both BP3 and 4-BBA absorb UV radiation, they may also screen
incoming light from BP3, reducing its direct photolysis. This did not seem to outcompete
the effectiveness 4-BBA has as a photosensitizer except for in the ternary aerosol,
where the addition of 4-BBA to BP3+NaCl aerosol led to a small but significant (p<0.05)
decrease in reactivity.

4.5. Environmental implications
Notably, every transformation product identified in this study exhibits higher

experimental and/or predicted toxicity than BP3 (See Table S4.3). This shows that the
toxic loading of BP3 in the environment may not be reduced via photolysis, at least
through its first few generation products. Fig. 4.6 shows a representation of the toxic
burden, calculated as the inverse of the estimated LDso, doubling over 40 minutes in the

atmosphere. Differences between pure BP3 (in pink) and BP3 in the SSA mimic (in
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blue) are most pronounced within this short timescale, which may be relevant to the

SSA locally generated and inhaled at the coast. In the real atmosphere, this may be

representative of BP3 aerosol produced by a spray sunscreen vs. BP3 as an organic

component of SSA.
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Figure 4.6 Estimated toxic burden over time for BP3 in the aerosol phase for pure BP3
aerosol (pink) and BP3 in a SSA mimic (blue.) Experimental values were used for BP3,
and the average of detected BP3 photoproducts was used to estimate product toxicity.

These results suggest that BP3 may be under-detected in environmental assays

due to its rapid photo-transformations in the aerosol phase to a diversity of

transformation products. This is likely the case for other UV-absorbing compounds.
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This work identified the first two generations of transformation products, but
subsequent reactions may occur over the lifetime of aerosols in the atmosphere (up to
weeks). Generally, fragmented photoproducts shift their absorption further into the UV
range, making them more resistant to photolysis at tropospherically relevant
wavelengths via a process called photobleaching.*®> However, BP3 and its
photoproducts may also be oxidized by reactive atmospheric trace gases, such as Cl,
-OH, and 03.11:12.215 The hydroxyl radical is often referred to as the “detergent of the
atmosphere'®®” as it is the major removal pathway for many organic compounds. The
EPA AOPWIN model estimates reactivity with -OH based on structural characteristics.
Estimated atmospheric lifetimes (which the model conducts in the gas phase) are listed
in Table S4.3. This reveals that some TPs, such as benzoic acid, may be very long-
lived to -OH, with an estimated atmospheric lifetime of 9 days. Others, like 2-hydroxy-4-
methoxy benzoic acid, have estimated lifetimes as short as 0.9 hrs. Thus, a more
comprehensive environmental lifecycle analysis of BP3 is necessary to fully constrain
the toxic burden of BP3 and its photoproducts in the atmosphere.

These results demonstrate the importance of the marine matrix when
determining the environmental lifetime and fate of oxybenzone in seawater and SSA. In
particular, the competing influences of photosensitizing organic molecules and NacCl
modulate the environmental photo-initiated degradation of this compound. The aerosol
phase promotes significantly faster photo-induced decay of BP3 compared to bulk
solutions, likely due to differences in surface activity and viscosity. The role of
photosensitizing material is most pronounced in the bulk solution, and NaCl is the most

influential in aerosols.
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Organic UV filters such as BP3 are common and increasingly found in all
environmental mediums. These results suggest that BP3 may persist in the ocean but,
upon aerosolization, is prone to rapid photo-induced decay which produces more toxic
compounds. Further studies on the ecotoxicological impacts of its transformation
products should be performed to fully constrain this compound's environmental and
public health impacts.

4.6. Supplemental Information
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Supplemental Figure 4.1 UV Vis absorption spectra of the pure, binary, and ternary
solutions prior to irradiation normalized to Amax=1. On the right axis, spectral irradiance
of the standard solar spectra is shown for atmospheric reference.
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Supplemental Figure 4.2 Experimental setup for a) bulk solution and b) aerosol phase
photodegradation experiments. Brief experimental details may be found in panel c¢) and
are detailed more in the text.
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Supplemental Figure 4.7 The normalized decay of BP3 over equivalent solar exposure
times in solution (a,c,e,g,i) compared to aerosols (b,d,f,h,j). Error bars show one
standard deviation from the mean normalized decay for n=3 trials at each lamp
intensity, except for the solution trial in seawater, a one-week exposure. Lines of best fit
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Supplemental Figure 4.8 Confocal microscopy photos of each experimental aerosol
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Supplemental Figure 4.9 Secondary mass spectra of compounds identified as a) BP3,
b) 2-hydroxy-4-methoxy benzaldehyde, c) benzophenone, d) 2-hydroxy benzophenone,
e) 4-methoxy benzophenone, and f) 2-4 dimethoxy benzophenone. The numbers refer
to the ion's mass-to-charge (m/z) ratio.
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Supplemental Figure 4.12 A representative experimental time series for one trial of
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Supplemental Figure 4.13 Comparison between temperature-driven changes in signal
intensity during experimental trials and a control experiment (where no lamps were
used) upon heating.
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Supplemental Table 4.1 Experimental conditions for aerosol experiments.

Experiment | Solution Type | Solution | Relative Temperature | Surface Area
Number pH Humidity Weighted
Diameter (before
exposure)
1-3 BP3 ~6.1 ~50%- 225-245C |117+2nm
55%
4-6 BP3+NaCl ~6.1 ~50%- 22.5-24 C 95+ 2 nm
55%
7-9 BP3+4-BBA ~6.1 ~35-40% | 22.5-24 C 140 £ 5 nm
10-12 BP3+NaCl+4- | ~6.1 ~45-50% | 23-245C 125+ 5 nm
BBA
13-14 Spiked ~6.9 ~40-45% | 22.5-245C |112+5nm
Seawater
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Supplemental Table 4.2 Effective rate constant Jetenv for each bulk solution and

aerosol mixture type.

Mixture type

Bulk solution effective rate
constant Jeftenv (sunts?)

Aerosol effective rate
constant Jeftenv (sunts?)

BP3 (1.7+0.6)*10° (2.330.3)*10°
BP3+NaCl (2.5+0.4)*10° (11.0£0.5)*10°
BP3+4-BBA (4.2+0.7)*10° (6.5+0.9)*107

BP3+NaCl+4-BBA

(3.3+0.4)*10°°

(8.5£0.5)*1073

BP3+SW

(0.19+0.03)*10°

(6.6+0.5)*107
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Supplemental Table 4.3 Toxicity of BP3 and its photodegradation products estimated
by EPA T.E.S.T. Note — these values are reported as negative log values where higher
values are more toxic.

Compound name Experimental or predicted Atmospheric lifetime in the
toxicity log (mol/kg) (EPISTAR, gas phase to hydroxyl
LDso rat) radicals (EPI Suite)

Oxybenzone 1.49 (exp) 1.9 hrs

Benzaldehyde 1.91 (exp) 30 hrs

Benzoic acid 1.86 (exp) 9 days

2-hydroxy-4-methoxy 2.33 (pred) 0.9 hrs
benzaldehyde

2-hydroxy-4-methoxy 2.27 (pred) 0.9 hrs

benzoic acid

Benzophenone 1.58 (pred) 36 hrs

2-hydroxy- 1.51 (pred) 4.0 hrs
benzophenone

4-methoxy- 1.63 (exp) 5.8 hrs
benzophenone
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4.6.1. UV-Vis Spectra of prepared solutions
For all trials, the absorbance of solutions was dominated by oxybenzone with

characteristic Amax peaks at ~289 nm and a shoulder at ~323 nm.11%:113 As such, we
expect oxybenzone to be neutral or protonated as the pH of all experiments was ~6-7
(determined from pH strips) and less than its pKa (7.6). Above this pKa, the anionic
form of oxybenzone exhibits greatly reduced UV absorbance.13

The photosensitizer 4-BBA absorbs around a Amax of ~257 nm. This is blue-
shifted from its previously reported absorbance at 264 nm in pure H20.37” We expect 4-
BBA to be deprotonated, as the pH of all experiments (~6-7), like pH levels in surface
water, was greater than its pKa (3.4-4.85 in different solvents3’’). While care was made
to subtract the influence of 4-BBA through blank subtraction, some enhancement in
absorbance near its Amax can be seen in solutions containing 4-BBA (the purple and
brown traces in Fig S4.1.) As the same concentration of 4-BBA was present in the
blank, this could potentially be a product of BP3-4-BBA interaction in solution before
irradiation.

Due to the shifting of Amax between the different samples and throughout some
experiments, quantification was conducted by integrating within BP3’s Amax region
between 270 nm and 310 nm, which showed minimal influence in samples containing 4-
BBA.

Upon irradiation, all experiments showed a growth in the 200-210 nm wavelength
range (shown in Fig S4.12), suggesting the formation of less conjugated products. The
BP3+4-BBA binary mixture (Fig S4.12c) exhibited an additional decrease in the 300-

325 nm region and growth in the 240-270 nm region.
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4.6.2. Atomized aerosol properties compared to sea spray aerosol
The MeOH in the sample evaporates immediately upon atomization, producing

residual dissolved and internally mixed inorganic and organic aerosols.3’® Atomizing
aerosols in the lab differs from producing SSA from bubble bursting processes.3?7:370
The zero-air carrier flow had an RH of 50%, as measured by an RH probe adapted to
the flow tube, which was the same for all experiments. This RH is below the
deliguescence RH of pure NaCl (DRH~75%?3"°) but above its efflorescence RH
(ERH~45%).37° Internally mixing organic compounds to inorganic aerosol, as done in
this study, can allow for water uptake before the DRH. The combination of organic
compounds and ammonium sulfate has been shown to reduce particle DRH380:381
although this is less well explored with aerosols containing NacCl.

We visually inspected the particles’ physical characteristics (i.e., morphology) at
the same RH as during the experiments using confocal microscopy (Horiba LabRaman
HR Evolution) after collecting the particles onto quartz substrates coated in Rain-X. The
aerosol morphologies of much larger, micron-sized particles visible under the
microscope were consistent with rounded patrticles for the pure organic aerosols and
partially engulfed or phase-separated structures in the mixtures with NaCl (See Sl Fig
S4.9). In real SSA, the particle morphologies evolve with RH and differ with particle
size, exhibiting both rounded and phase-separated morphologies.3’°

4.6.3. Aerosol phase drift correction
Aerosol signal drift was observed throughout each experimental trial and must be

corrected before calculating photo-induced degradation kinetics. One representative

experiment is shown in Fig S4.13. Fig S4.13a shows the signal of oxybenzone
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(detected as its deprotonated form at 227 m/z) throughout five increasing photon fluxes,
which are plotted in Fig S4.13c.

Note that the drift in signal maxima while under no irradiation negatively
correlates with temperature. This is attributed to evaporation caused by the change in
temperature inside the PAM-OFR due to each incremental step up in lamp intensity
(Fig. S4.13c). Such temperature deviations inside the PAM-OFR have been shown
before to influence aerosol mass.?%°

To account for this drift, we normalized each “dark” period to the level of the first
dark period, followed by a linear interpolation between the signals in the dark upon each
change in lamp intensity (see Fig. S4.13b for a drift-corrected time series). By
performing this drift correction, changes in the normalized signal intensities after
correction can be attributed to photo-initiated reactions.

We conducted a controlled study of BP3 evaporative losses in the aerosol phase
by heating the OFR wrapped in heat tape in the dark in the presence of BP3 aerosol.
This yielded a similar evaporative loss decay rate (24+1% loss per 1°C increase) as
observed during the experiments during periods of no light exposure (18+2% loss per
1°C increase), indicating the signal drift was due to loss in aerosol mass from the lamps'
heating. See Fig. S4.14 for a direct comparison.

4.6.4. Aerosol evaporation
In addition to the changes in aerosol mass due to temperature fluctuations, we

observed decreases in mass concurrently with decay in the BP3 signal. This suggests
that BP3 transformation products, which may be less volatile than BP3, evaporate from
the aerosol upon formation. This phenomenon is well studied from the fragmentation of

compounds due to photooxidation.(Lambe et al., 2012; Wong et al., 2015) Figs. S4.15-
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S4.19 shows representative trials for each aerosol type. The simultaneous decrease in
aerosol size and volume (shown in Figs S4.15-S4.19b) corresponds temporally with
photon flux but not flow reactor temperature (shown in Figs S4.15-S4.19c).

Aerosol evaporation rates are plotted directly in Fig S4.20. Experimental
mixtures containing NaCl exhibited the lowest evaporative losses (~4% min-t), followed
by pure organic aerosol (~8% min-t), with the spiked seawater aerosol showing the
largest losses (~14% mint). This suggests that NaCl in aerosol can lead to a stabilizing
effect that inhibits the evaporation of organic matter in the particles. We hypothesize
that additional, potentially more volatile components of seawater DOM led to the high
observed evaporation rates in the spiked trials.
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5.1. Abstract
Marine aerosol plays a unique role in the stability of Earth’s climate system.

Secondary marine aerosol formed through the photooxidation of biogenic volatile
organic compounds is important for forming marine clouds. In this work, we employ
extractive electrospray ionization mass spectrometry to characterize the organic profile
of secondary marine aerosol generated during a large-scale phytoplankton bloom
mesocosm. Elevated biological activity increased the presence and sulfur- and nitrogen-
containing compounds. We identify the major contributions of isoprene and
monoterpenes to organic aerosol mass and demonstrate how their changing
concentrations throughout the bloom modify the organic composition of SMA. We
observed primarily fragmentation-led oxidative aging at lower exposures than in
previous single and simple mixed precursor studies. These findings provide a
foundational basis for the organic speciation of SMA.

5.2 Introduction
Secondary organic aerosol (SOA) formed from the nucleation and condensation

of marine gases plays a critical role in marine cloud formation.14°.150.177.383 However, due
to challenges in separating SMA from primary sea spray aerosol (SSA), they remain

relatively understudied compared to SSA.815° The predominant formation pathway of
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SMA has been typically considered to be dominated by the oxidation of dimethylsulfide
(DMS) and methanethiol (MeSH) into methanesulfonic acid (MSA) and sulfate (SO4)
aerosol.'%384 However, recent advances have demonstrated other important
precursors, such as alkyl amines!**178, benzothiazole38® and terpenes (isoprene and
monoterpene species)'®%161 to contribute to a significant fraction of the organic
component of SMA.

Some studies of marine aerosol have attempted to attribute the contribution of
secondary organic mass relying on detecting known terrestrial SOA tracers and
performing an extrapolation, introducing large errors. Fu et al. 20133, which sampled
open ocean aerosol, reported a secondary organic mass ratio (organic mass as a
percentage of total mass) of 21.6% (ranging from 9.6 to 40.2%) more than that of
primary marine aerosol (16.3%, ranging from 8.3 to 34.0%.)

The ratio between aerosols' organic and inorganic components may significantly
impact the particle’s physical properties, such as phase, hygroscopicity, and refractive
index.5188.327,366.387 For example, SO4 aerosols (which are more hygroscopic) produce
clouds that reflect five times as much solar radiation as those seeded by MSA.%88 In a
survey of North Atlantic SMA, Kilgour et al. 202461 report an OA:SOa4 ratio of 1:2.7. In a
mesocosm experiment of an induced phytoplankton bloom in real seawater, Mayer et al.
2020%*° reported OA: SOa ratios ranging from 1:1.5 to 1:7. They also found the
hygroscopicity (k) of SMA was predicted by the ratio ranging from k=0.52-0.64.

Additionally, the identity of the organic component of mixed aerosol can
significantly affect its viscosity and hygroscopicity. While significant advancements have

been made in identifying key marine VOC precursors!°0.151,155,159-161,386,389,390
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comparatively little research has been done on the organic composition of
SMA_150,386,390

Generally, organic compounds that are more functionalized (i.e., contain oxidized
and heteroatom moieties) are more hygroscopic.32:33.185.187.188 Qrganosulfur and
organonitrate compounds significantly reduce the volatility of compounds (leading to
greater incorporation in aerosols over evaporation to the gas phase)3°1-3% and increase
the hygroscopicity (leading to greater water uptake and eventual cloud nucleation.)393:3%
Organosulfate components of SMA may be produced via aerosol-phase reactions
between sulfate and oxidized compounds?392:394:397-399 or through the oxidation of sulfur-
containing compounds (such as DMS and MeSH.)*8%384 Qrganonitrate components of
SMA may be formed in gas-phase oxidation reactions in the presence of nitrogen
oxides (NO and NO2)165166.168 or through the oxidation of nitrogen-containing
compounds (such as alkyl amines.)">178

This work investigates the organic composition of pure secondary marine aerosol
from sampled gases produced during a phytoplankton bloom in real seawater. To our
knowledge, this study represents the first high-resolution characterization of the organic
components of SMA without the influence of SSA. A contributing factor to this gap in the
literature is the difficulty in separating small nucleation-mode patrticles in the field,
collecting enough small aerosols onto filters for offline analysis, or using harsh
ionization schemes for standard techniques like aerosol mass spectrometry. For this
reason, here we employ extractive electrospray ionization, which is highly sensitive to
small aerosols and provides detailed compositional information through soft

ionization.?2°263 Determining bulk molecular composition and estimating bulk molecular
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properties will help identify which gas precursors may contribute most to secondary
aerosol mass and their behavior in the atmosphere.

5.3. Methods
5.3.1 SMA formation at SeaSCAPE 2019
In the summer of 2019, the NSF Center for Aerosol Impacts on Chemistry of the

Environment ran a controlled mesocosm experiment titled Sea Spray Chemistry and
Particle Evolution (SeaSCAPE). Sauer et al. 2021 provides an overview of this study.4®
Briefly, real seawater samples were collected from the Scripps pier in La Jolla, CA,
USA, and transported to the SIO Hydraulics Laboratory glass wave channel. A
sequence of three phytoplankton blooms was initiated via nutrient addition and diurnal
fluorescent light. This work focuses on Bloom 3, the last and longest of the blooms.
Secondary marine aerosol was generated at SeaSCAPE by sampling volatile
gases from a borosilicate glass isolated sampling vessel (ISV) in which water was
continuously transferred from the main wave channel to a vessel with an isolated
headspace (see Fig. 5.1.) Zero air was introduced to the ISV with a residence time of 5
minutes. Gases that evaporated from the water's surface were sampled by this zero-air
flow into a Potential Aerosol Mass Oxidative Flow Reactor (PAM-OFR, Aerodyne.)3%5:400

In the PAM-OFR, O3 and -OH radicals are generated via the following scheme:

0, + hv(185 nm) - 20 R1

20 + 0, > 05 R2

H,0 + 0, + hv(185 nm) »— OH + HO, R3
03 + hv(254nm) - 0(*D) + 0, R4
0(*D) + H,0 - 20H RS
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Due to its higher reactivity and relatively high concentration, -OH is expected to
dominate OFR oxidation pathways compared to Os and HO2 species.?®44% The
secondary organic aerosol produced in this manner exhibits characteristics like those
generated by environmental chamber studies.*%* A ballast changed the intensity of the
185nm and 254nm lamps to generate -OH concentrations between ~2*108-3*10° mole
cm3, This is equivalent to -OH exposures ranging between 0.5-8 days in the
atmosphere (assuming an average of 1.5*10% mole cm3.) Due to the effects of
equilibration time after an initial “10 V blast” to warm the lamps up, the first exposure
(0.5) days was discarded, and the following four exposures (1,3,5 and 8) were used for
analysis.

A suite of instruments sampled the generated SMA from the PAM-OFR for
aerosol composition, size distribution, hygroscopicity, and particle bounce (phase state)
analysis. Before oxidation, a proton transfer reaction time-of-flight mass spectrometer
(PTR-ToF-MS, Aerodyne) sampled headspace gases in a separate ISV to report gas

phase species.
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Figure 5.1 Diagram showing the sample handling flow and measurements of marine
VOCs and SMA composition. Water is exchanged from the wave flume to the dome,
where volatilized gases are analyzed by Benzene-CIMS and PTR-MS and introduced to
a PAM OFR to simulate oxidative aging. The produced SMA is sampled via (+) and (-)
EESI-TOF MS modes.

5.3.2. Compositional analysis
5.3.2.1. Precursor gas quantification
A Vocus proton transfer reaction time-of-flight mass spectrometer (PTR-MS,

Aerodyne) was used to measure headspace gas-phase VOCs.*? It relies upon the
following scheme to ionize gases:
H;0*+ M - H,0 + MH* R3

PTR offers the benefit of most VOCs having a higher proton affinity than water,
while most ambient air molecules have a lower proton affinity. This results in the
selective ionization of trace VOCs of interest.*°? Unspeciated monoterpenes were
detected as CioHi7** and DMS was detected as (CH3)2SH*. Further details on the
operation of the PTR at SeaSCAPE may be found elsewhere.148162

Due to the PTR’s inability to distinguish isoprene from the fragmentation products

of larger organic molecules found in marine air/*°® A chemical ionization mass
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spectrometer using benzene cation reagent ions was used to detect isoprene as a
[(CsHs)(CeHe)]* cluster.4%4The instrument used was a home-built system modeled on
one built by Zercher et al. 2009.4% Further details on this instrument’s operation may be
found elsewhere.

5.3.2.2. SMA compositional measurements
This study utilized an Aerodyne extractive electrospray ionization high-resolution

time-of-flight chemical ionization mass spectrometer (EESI-HR-ToF-CIMS).22?% EESI is
applied to aerosol systems to speciate organic aerosol with a fast time resolution (>1
Hz) and low fragmentation (detecting analytes either as (M+Na)+ or (M-H)—ions). This
is accomplished via the coalescence of a sample aerosol stream with a charged
electrospray, in which the electrospray extracts and then ionizes organic compounds of
the sample aerosol.??°226 To our knowledge, this study was the first time EESI was used
to measure generated SMA.
We employed the following ionization schemes in positive mode (via clustering
with Na* ions)?2° and negative mode (via proton abstraction)?15327:
M+ Na* - (M + Na)* R1
M + C,H;05; - (M — H)™' 4 C,H,0, R2
Positive mode detects oxidized compounds, in which electronegative moieties
form strong clusters with sodium ions.229406.407 Negative mode is useful for detecting
acidic carboxylic acids and organosulfur components.21%234.327 During bloom 3,
ionization modes were switched to capture each phase of the phytoplankton bloom in
both modes.
Additionally, the bulk chemical composition of SMA was measured by high-
resolution time-of-flight aerosol mass spectrometry (HR-ToF-AMS, Aerodyne).*%® The
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AMS was operated in V-mode with standard MS mode (5s open, 5s closed) 410 and
PTOF (10s) with typically 5-min sampling averages.

5.3.3. SMA sizing
SMA size distribution was measured by a scanning electrical mobility

spectrometer (SEMS, Brechtel.)?>* The SEMS was operated in a scan range between 5-
850 nm at a resolution of 100 bins with a total scan time of two minutes. Aerosol
masses were converted from aerosol volume assuming a density of 1.2 g cm*, which
we note is more representative of organic (p=1-1.2 g cm™) than sulfate aerosol (p=1.8 g

Cm-1.)409,410

5.3.4. SMA formation modeling
The oxidation pathways of isoprene and monoterpene species (specifically, a-

pinene, B-pinene, and limonene) are relatively well-parameterized. 163.164411-414 Based
on the speciation of monoterpenes at SeaSCAPE reported by Franklin et al. 2022,'4” we
parameterized monoterpenes as limonene due to its overwhelming (>95%) abundance
compared to other species.

To model the expected gas phase products of isoprene and limonene oxidation,
the Master Chemical Mechanism (MCM)#!® using the framework for 0-D atmospheric
modeling (FOAM)*'6 was used. It predicted the oxidative removal of precursors and the
generation of products of each in the PAM-OFR at each stage of oxidative aging.

To determine which species would partition into the aerosol phase, we estimate
@, the percentage of each compound that is bound to the aerosol phase, using the
AEROWIN model as a part of the EPA EPISUITE.”?AEROWIN estimates phi through
three methods: the Junge-Pankow adsorption model (based on vapor pressure,) the

Mackay adsorption model (based on a calculated gas-particle partitioning coefficient),
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and the octanol-air partition coefficient model (based on the octanol-air partition
coefficient.)*!” Where experimental values are unknown, AEROWIN estimates these
values for each compound based on structural similarities to its training set.

5.4 Results

5.4.1. Biological activity, biogenic VOC concentrations, and SMA mass during the
bloom
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Figure 5.2 Time series of a) chlorophyll-a and bacteria cell counts, b) DMS, isoprene,
and total monoterpene concentrations, and ¢) modeled aerosol mass yields from
individual DMS, isoprene, and monoterpene compared to measured mass (red) and
modeled yield of a mixture of DMS and isoprene (red.)

The organic composition of SMA is driven by the diversity of precursor gases
emitted from biological components in the water throughout a phytoplankton bloom.
Chlorophyll a, as a marker for photosynthetic activity of phytoplankton, and
heterotrophic bacteria counts are plotted in Figure 5.2a to track biological activity. This

is a typical progression of the “microbial loop,” in which phytoplankton populations
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bloom, as indicated by increasing chlorophyll concentrations, die off, as indicated by
decreasing chlorophyll concentrations, and are replaced by bacteria that consume the
discarded organic matter, as indicated by increasing bacterial cell counts.41841°
Throughout this process, biogenic VOCs are released (see Fig. 5.2b.) For this analysis,
we focused on DMS, isoprene, and total monoterpenes. These are major SOA
precursors in the environment,150.160.161,386,3%0 DMS originates from the breakdown of
dimethyldisulfide (DMDS,) produced by phytoplankton and released upon mass death
and cell rupture.®® Monoterpenes exhibited a steady decline throughout the bloom. This
could suggest they had a source removed during the transfer process from the ocean to
the wave flume, perhaps macroscopic species removed by the 50 um used in
SeaSCAPE8, as seen with anthropogenic compounds during this study.4” Isoprene
generally increased and decreased alongside chlorophyll a, as it is emitted continuously
from phytoplankton biomass (though isoprene emissions do vary with temperature and
light.)t>°

The oxidation pathways of isoprene, monoterpenes, and, to a lesser extent, DMS
are relatively well studied. Using SOA yield values from the literature (DMS — 36-40%,
isoprene — 1-5%, and monoterpenes — 30-50%),149.163401 e can predict the SOA mass
produced from each precursor for each equivalent OH exposure, as shown in Figure
5.2c. We note that this does not consider VOC mixture effects. Previous studies!?%:38°
have found that mixtures of DMS and isoprene led to reduced yields from DMS (due to
competition for OH) and increased yields from isoprene (due to DMS forming sulfate
seed patrticles for semi-volatile isoprene oxidation products to condense onto.) For

comparison, we plot the predicted SMA generated using the yield values of
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SMA+isoprene from Moore et al. 2024.38 Interestingly, the predicted SOA mass from
the oxidation of the VOC mixture underestimated the measured SOA mass, while during
periods of relatively low chlorophyll a in the water, in general, modeled SOA mass
integrated from individual SOA yields slightly overestimated the measured aerosol
mass. This suggests that using individual SOA yields of individual VOC precursors in
the model overestimates total SOA mass and that either additional SOA precursors
were missed when using the SOA yield from a VOC mixture or there were additional
interactions in the particle phase leading to lower volatility species and enhanced SOA
yields.

Measurements of dry aerosol mass measured via SEMS at one day of equivalent
aging by OH are shown for comparison, which generally agrees well (see Fig 5.3. for a
direct comparison between the measured SMA mass and the modeled SMA mass from
the individual contributor and mixture yield methods.) The individual contributor model
overestimates produced aerosol mass for some data points, each corresponding to a
sampling day. The mixture yield from Moore generally underpredicts aerosol yields,
demonstrating that our mixture of real marine VOCs exhibits higher aerosol yields than
the simple mixture of DMS+isoprene. This is expected, as monoterpene and alkyl
amines (of which we have no measurements but expect are present) demonstrate

higher yields than isoprene. 163175401420
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Figure 5.3 Scatter plot of modeled SMA mass compared to measured SMA mass. Each
data point represents SMA generated via one day of equivalent exposure for each study
day. The dashed line is a 1:1 line. Error bars represent the standard deviation in mass
measurements for each sampling period.

This demonstrates that, for this system, the contributions of DMS, isoprene, and
monoterpenes are significant drivers and contributors to SMA mass and can be used to
parameterize its composition and properties. This was also the case in the modeling of
marine gas oxidation in Kilgour et al. 2024.1%1 They found that oxidation of DMA, MeSH,
isoprene, and monoterpenes reproduced the measured OC: SO4 ratio of eastern
Atlantic SMA 16!

5.4.2. SMA size distributions and aerosol yield
Figure 5.4 shows representative aerosol size distributions of SMA generated at

three stages of the phytoplankton bloom: before the increase in chlorophyll a (Pre

Bloom), at peak chlorophyll a (Peak Bloom), and after the decline in chlorophyll a (Post
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Bloom). Strong growth in sub-10 nm diameter particles indicates newly nucleated
particles that grow into Aitken mode nuclei (sub-40 nm), generally increasing with
increasing OH exposure. Aerosol concentrations (>100 nm) in the accumulation mode
were relatively low and near the background, exhibiting no significant difference with
variable OH exposure. The largest difference in aerosol generation is between 0.5 days
of equivalent aging and one day, followed by smaller increases over the range of

oxidation conditions.

Pre Bloom Peak Bloom Post Bloom

Days of Equivalent Exposurel
0.5 Day
1 Day
—— 3 Days 10°F
= 5 Days
— 7 Days

Days of Equivalent Exposure Days of Equivalent Exposurel
0.5 Day Day
1 Day a 1 Day

- 3 Days 10 F - 3 Days

w— 5 Days — 5 Days

— 7 Days —— 7 Days

N dLogDp”
1

dN dLogDp

dN dLogDp’

0 d 1 1
10 2 sts‘sl 2 3 45678 678 2 45678 2 3 46 678 2 3 45678 2 3 45878
10 100 10 100 10 100

Electrical Mobility Diameter (nm) Electrical Mobility Diameter (nm) Electrical Mobility Diameter (nm)

Figure 5.4 Median size distributions of SMA produced during the SeaSCAPE
experiment during three representative days during the lifetime of the phytoplankton
bloom (Pre Bloom 7/30, Peak Bloom 8/4, and Post Bloom 8/10). Distributions are
colored by the extent of equivalent oxidative aging ranging from 0.5 to 7 days in the
atmosphere; all distributions provided are at an RH = 70%. Adapted from Tuminello
2024.

The observed steady increase over a week of equivalent aging is typical for SOA
formed from DMS, in which aerosol yields increase with increasing oxidation levels as
oxidation pathways terminate in inorganic sulfate.14%172:38 |n contrast, organic SOA
precursors such as monoterpenes and isoprene undergo two processes during
oxidation: functionalization (adding mass to organics and increasing volatility) and

fragmentation (breaking carbon-carbon bonds and thus lowering volatility).382
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For comparison, we plot the aerosol yields from this study against relevant yields
from single- and two-component SOA studies in Figure 5.5. SOA yields (Ysoa) were
calculated as

S AM
504 7 Alvoc]

eql

where AM and A[VOC] are the changes in aerosol mass and VOC concentration
(units of ug m3) before and after VOC oxidation. We note that AVOC in this study was
not measured but calculated from the box model from the relative change in DMS,
isoprene, and monoterpene concentrations in the PAM-OFR before and after OH
exposure and over the 200s timeframe of exposure in the PAM-OFR.

Lambe et al.*%1 reported isoprene and monoterpene yields that generally
increased (due to functionalization) from 0 —6 days of equivalent aging, followed by a
decrease with increasing OH exposure. In contrast, Moore et al.®® observed increased
aerosol yields for isoprene were up to 17 days of equivalent OH exposure. The aerosol
yield for DMS also increased, to a greater extent, as expected. The combined
DMS+isoprene mixture exhibited lower aerosol yields, which they ascribe to competition
between the different precursors for -OH.

Our calculated aerosol yield was the highest at one day of equivalent aging. It
decreased with increasing exposure, suggesting that fragmentation reactions led to a
loss in organic mass greater than the increase in SO4 mass expected from DMS
oxidation. This indicates that highly oxidized molecules prone to fragmentation reactions
are produced more in this mixed precursor system than in previous single precursor
systems. This warrants additional study with direct measurements of AVOC for complex

mixtures of SMA precursors.
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Figure 5.5 Aerosol yields for SMA (this study) isoprene and monoterpenes (Lambe
2015), and isoprene, DMS, and isoprene+DMS (Moore 2024) plotted as a function of
equivalent days of aging via OH oxidation.

5.4.3. Comparison between EESI-MS and AMS

To determine if the EESI-MS response represents the total organic mass, we
compared the integrated EESI-MS signal to the organic mass measured via AMS in
Figure 5.6., as done by Qi et al. 2019.4?! We observed a higher rate of positive
correlation (80% of days) in negative mode (N=5 days) and a lower rate (33%) in
positive mode (N=3 days). This may indicate that the ionization scheme in the negative
mode is relatively more sensitive than that of the positive mode to a broader diversity of
components in SMA representative of the total organic mass. In a later section, we will
further explore which subsets of SMA organics are sampled within each mode using a

volatility-based approach.
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Figure 5.6 Direct comparisons of summed EESI ion counts compared to AMS organic
aerosol masses. a-e) show days with overlapping measurements in negative mode and
f-h) in positive mode. The magnitude of EESI ion counts varied widely with different
electrospray configurations due to switching back and forth between (+) and (-) modes.
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5.4.4. SMA molecular composition determined by EESI-MS.
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Figure 5.7 a-c) Number of organic species identified separated by carbon number and
presence of nitrogen (CHON), sulfur (CHOS), or no heteroatoms (CHO) in a) negative
mode, b) positive mode, and ¢) both modes combined. d-f) is the same as a-c) but
weighted by ion intensity and normalized to 1. This represents a full average over the
course of the entire bloom in all four levels of oxidative aging.

During the 14-day phytoplankton bloom, we detected 584 unique oxidized

organic components in SMA. Molecular formulas were matched with a 10 ppm tolerance

to the nearest formula generated via iterative peak finding in TofWare, as described in

Stark et al. 2015.23%°

Bulk molecular composition is displayed in Figure 6.7, where panels a) and d)

plot qualitative (count) and semiquantitative (relative abundance) distributions in positive
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mode, panels b) and e) in negative mode, and panels c) and f) show an average of the
two. The most comparable investigation of SMA to ours is Siegel et al. 20214%?, which
analyzed filter samples of collected Arctic aerosol with a large contribution from SMA.
They note that the method used, FIGAERO-CIMS, is less efficient at ionizing primary
SSA.#4?2 This method has also been shown separately to detect oxidized SOA
compounds similarly to EESI.?%3 Direct comparisons will be made below.

Across both methods of ionization, most detected compounds were oxidized
hydrocarbons (64% CHO) with significant contributions from nitrogen (32% CHON) and
sulfur (5% CHOS) containing organic compounds. As expected, the negative ionization
mode was more sensitive to sulfur-containing compounds, and the positive mode was
more sensitive to nitrogen-containing compounds. Assuming a uniform sensitivity,
weighing the background subtracted intensity to the peak list strengthens the non-
heteroatom organic signal (76%) relative to nitrogen-containing (23%) and sulfur-
containing (1%) compounds. Siegal*?? observed an average of 66% CHO, 30% CHON,
and 2% CHOS, demonstrating that our techniques and samples were similar at this

level of compositional detail. A direct comparison can be found in Table 5.1.

Table 5.1 Distribution of CHO, CHON, and CHOS compounds in this work as well as
Siegal et al. 2021.

CHO CHON | CHOS

This work, # 64% 32% 5%
This work, | 76% 23% 1%
Siegal*?? | 66% 30% 2%
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Plotting these peaks as a function of carbon number reveals a distribution around
carbon #'s 5 and 10, which is strengthened by weighing by intensity. This suggests the
potential contribution of isoprene (CsHs) and monoterpene (CioHis) oxidation
products*?3424 which typically maintain the carbon backbone (Cs and C1o) or fragment
into slightly smaller compounds (Cs-4 and C7-9.) Notably, Siegal also saw elevated
abundance at carbon numbers 5 and 10, as well as 8.

5.4.5. Differential detection of organic compounds in negative and positive modes
Plotting compounds on a 2-dimensional Volatility Basis Set (2-D VBS) with

oxidation state on the y-axis and volatility (saturation vapor pressure, logio C°) on the x-
axis allows for the observation of a photooxidation trajectory, where precursor
compounds become more oxidized and less volatile when undergoing
photooxidation.?®%-261 \We use the parameterization by Li et al.?%4, which includes
volatility contributions from sulfur and nitrogen atoms, to calculate the estimated CP° for
each detected compound. We then plot the intensity-weighted average for each data

point (four levels of oxidative exposure per sampling day) in Figure 5.8.
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Figure 5.8 2-D volatility basis set showing bulk organic properties of precursor gases
(green), their modeled aerosol-phase oxidation products (purple), and organic
components of SMA measured by EESI in positive (blue) and negative (red) modes.

This visualization shows distinct distributions of organic compounds in volatility
space depending on the ionization method. In EESI-MS(+), there was a distinct
grouping of carbon-containing compounds in the intermediate (IVOC) and semi-volatile
(SVOC) ranges, indicating that this ionization scheme is more selective of compounds
in this volatility range. Due to their relatively low but greater carbon oxidation states
than the VOCs measured by the PTR-ToF-MS, these components could be early
oxidation products or fragments of lower-volatility products. This is expected, as the
ionization scheme (Na* clustering) in positive mode is sensitive to organic compounds
with alcohol and carbonyl (aldehydes and ketones) functionalities. In contrast, the

ionization scheme in negative mode (deprotonation) detected more oxidized (-
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0.5=0Sc¢=<0.5) products spanning semi-volatile to extremely low volatile compounds.
Such components may be highly oxygenated (HOMs) and acidic compounds, including
carboxylic acids, organo-sulfates, and nitrates, likely more persistent to further oxidation
and evaporation.?6!

We also plot the output of our FOAM model of isoprene, monoterpene & DMS
oxidation for comparison (in purple.) We estimate the fraction of each compound
present in the aerosol phase by adjusting the output concentration of each compound
with its estimated aerosol partitioning coefficient, ¢.”° This output occupies the same
volatility space as compounds measured in negative mode, although with a lower
carbon oxidation state. The larger carbon oxidation state measured with the EESI-MS
compared to the box model output suggests that either other non-isoprene or non-
monoterpene VOCs were present or that additional oxidation reactions in the gas phase
(e.g., autooxidation) and particle phase (e.g., organo-sulfate, hydrolysis, or reactions
between oxidized intermediates including RO2: + RO2- interactions) occurred but could
not be modeled.

Compared to other SOA oxidation pathways,?6! the components in SMA
measured here in volatility space follow an intermediary path resembling that of a
mixture of biogenic SOA from highly volatile compounds and anthropogenic SOA from
semi- and intermediately volatile compounds. This is primarily driven by the presence of
heteroatoms observed in SMA, which shifts the volatility of observed species to the left

(lower volatility) and upwards (higher carbon oxidation state).
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5.4.6. Organic carbon number is driven by precursor gas speciation
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Figure 5.9 a) time series of monoterpene: isoprene ratio. b) heat map of carbon number
distribution throughout the study. All columns add to 1 relative abundance.

The ratio between monoterpene and isoprene concentrations steadily decreased
throughout the bloom, as shown in Figure 5.9a. Concurrently, the profile of the SMA
organic species measured by EESI-MS generally shifted from larger to lower carbon
numbers, as shown in Figure 5.9b. Between 7/27 and 8/1, the relative abundances of
Ci0 and Cs organic compounds measured by EESI-MS when [C10H16]/[CsHs] was

between 0.5 and 1.0 were greater than those between 8/2 and 8/7 when
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[C10H16)/[CsHs]<0.2. After 8/2, the relative abundances of aerosol-phase organic
compounds with a Cio0 backbone never exceeded 0.2. In contrast, C3-Cs compounds
were elevated during this period following the bloom’s peak.

5.4.7. Organosulfur formation
Organosulfur abundance, measured as a percentage of the total organic signal,

increased slightly with increasing oxidative exposure, as shown in Figure 5.10a. This is
explained by increased SOz gas generated from oxidized DMS at higher exposures,
leading to increased particulate sulfate (Fig. 5.10b) and gaseous SOz, which may react

with organics to form organosulfur compounds.392:395.399
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Figure 5.10 Relative abundance of a) sulfur-containing oxidized organics (CHOS) and
b) SO4 as a function of oxidative aging. Error bars represent the standard deviation
between different days of the bloom used for each average.

A time series of CHOS and MSA relative abundance compared to DMS
concentrations is plotted in Figure 5.11. While there is a general increase in CHOS over
time, the lack of negative mode analysis during the peak of the bloom makes any direct
correlation weak and difficult to constrain. This is expected, as the abundance of CHOS
components is not related solely to the oxidation of DMS but also to the availability of

other organic compounds that may interact with SO4 to make CHOS species. However,

200



a slight, statistically insignificant correlation (R>=0.47, p=0.09) exists between DMS and
MSA (see Fig 5.12.) Interestingly, the detection frequency of particulate MSA
decreased with oxidative exposure from 75% at one day of equivalent aging to 38% at
eight days of equivalent aging. The hydroxyl radical can further oxidize particulate MSA

to produce sulfite radicals, which contribute to the production of organo-sulfates.*2°
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Figure 5.11 Time series of a) gas-phase DMS concentrations and b) aerosol-phase
CHOS, MSA, and SO4 concentrations throughout the bloom.
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Figure 5.12. Correlation between aerosol-phase MSA concentrations and gas-phase
DMS concentrations.

5.4.8. Organonitrogen formation

160 &

9 ~ —_

= 12x10 I T 2

= 1 =,

8 ~ 120 O ®

g3 S

g% 80 & 8

g k8
L0 —8

Q 05_b) @ Bacteria

s} . L.

c —— Productivity (bulk)

S 0.4 1 —=— Productivity (SML) '\‘\.—.

5 ~® CHON

3 0.3

S /_\_‘\\.

) 0.2

n'd

prd _ .\o

& 0.1

T

o 0.0-

'7127'7128'7129'7/30'7/31' 8/1 '8/2 ' 8/3 '8/4 '8/5 ' 8/6 ' 8/7 ' 8/8 "' 8/9 '8/10'

Figure 5.13 Time series of a) bacteria counts and productivity and b) CHON species
relative abundance throughout the bloom.

202



Higher relative amounts of nitrogen-containing organic species were detected
during the early and late stages of the bloom, correlating with areas of increased
bacterial production following the death of phytoplankton (see Fig 5.13). The first die-off
followed the transport, filtration, and temperature adjustment-related stress of moving
the body of water from the ocean into the laboratory, and the second from the crash of
the phytoplankton bloom.** During periods of high bacterial production, processing of
larger biomolecules into smaller reduced nitrogen species such as alkyl amines occurs,
which have been shown to contribute to new particle formation.1’41> We did not
observe any direct linear correlations between CHON abundance and any markers of
bacterial abundance and productivity. However, CHON abundance was greatest during
and following the peak abundance in bacteria on 8/7.

5.5. Atmospheric implications
The results presented in this work provide a comprehensive yet preliminary

analysis of the complex SMA organic profile with EESI-MS, the first time this instrument
has been utilized to measure the composition of SMA. Specifically, during high
biological activity and biogenic VOC release periods, increased amounts of sulfur—and
nitrogen-containing compounds lead to lower volatility oxidation products, promoting
SMA growth.

Phytoplankton bloom cycles control the DMS budget, which controls the general
sulfur budget in the marine atmosphere, especially as coastal pollution levels fall. The
source of the large amounts of nitrogen measured in SMA was not conclusively

identified but may originate from alkyl amines!®4155.174.178 or other marine nitrogen-
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containing gases like HONO.#?® Further study is required to isolate the impact of these
potentially important species.

As studied here, the decrease in organic aerosol yields with increasing oxidative
exposure observed in our study suggests a conversion from mixed organic-inorganic
aerosols to predominantly inorganic aerosol surrounding areas of high biological
activity. As inorganic aerosols serve as more efficient cloud nuclei'4®185, these results
give evidence to the CLAW hypothesis!®® in which marine phytoplankton emissions may
serve as a negative feedback loop in a warming world. However, this generation was
done in the absence of SSA. Other work from SeaSCAPE, which oxidized the same mix
of marine VOCs in the presence of SSA, observed a significant accumulation of new
organic mass onto existing SSA particles.*?” Therefore, our simulation of SMA is likely
more representative of a marine airmass with high biological activity and low SSA
generation, such as an Arctic phytoplankton bloom under low wind conditions.

This study represents the first time EESI-TOF MS has been used to measure
secondary marine aerosol. Our results highlight its strength in providing online
measurements of bulk organic properties. Additionally, we demonstrated that specific
ion chemistries are more adept at probing different portions of SMA. Specifically,
positive mode (Na* clustering) ionization measured early oxidation products and SVOC-
IVOCs, and negative mode (dehydrogenation) favored more oxidized organics,
organosulfur compounds, and ELVOCs-SVOCs. Further development in EESI ionization
schemes and coupling EESI sources to higher-resolution mass spectrometers*?® will

further increase its efficacy for the online characterization of organic aerosol.
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Chapter 6 Policy Implications
Section 6.1. reproduces the publication “We Need a “Keeling Curve” Approach

for Contaminants of Emerging Concern” by Cooper et al., 2023, in Environ. Sci.
Technol. This manuscript has been published with open access under license CC-BY
4.0.

6.1. Action on monitoring contaminants of emerging concern

6.1.1. We need a “Keeling Curve” approach for contaminants of emerging
concern

Several chemical and particulate species have been designated as contaminants
of emerging concern (CECs) due to their persistence in the environment, detrimental
effects on human health and ecosystems, and lack of current regulations. According to
the definitions provided by the US Environmental Protection Agency (EPA) and the
United Nations Environmental Programme (UNEP), CECs encompass various
substances, including industrial additives such as per- and polyfluoroalkyl substances
(PFAS), pharmaceuticals and personal care products (PPCPs), as well as
microplastics.'® These CECs have been detected around the globe in previously pristine
environments that were once considered untouched by human influence, such as
remote high-elevation mountain areas, Arctic air, snowpack, and the open ocean.627
Like greenhouse gases, CECs pose a pervasive threat to all regions of the world.

Monitoring the levels of CECs in the air, land, and water is challenging due to a
lack of standardized methodology for collection and analysis and uncertainty
surrounding the effectiveness of regulations. Thus, a crucial question is raised: is the
current approach, which relies on non-standardized measurements and reporting of
CEC:s, effective in gaining widespread public support for reduction targets? Without

clear indications that such policies are leading to reduced presence of CECs, we must
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consider the need for standardization. In this viewpoint, we contend that the
standardization of methodologies and consistent reporting of CEC concentrations over
time, both at a single reference measurement site and across different environmental
compartments, will be essential in comprehending the science behind CECs in the
environment and guiding future policy decisions.

6.1.2. Historical precedence
The challenges of method standardization and policy action to reduce CEC

concentrations can be likened to the historical challenge of measuring and reporting
global atmospheric carbon dioxide (CO2) concentrations, a greenhouse gas, before the
establishment of the renowned Keeling Curve in the 1950s.4?° This curve graphically
displays the long-term increase and seasonal variations of CO:z in the atmosphere. Prior
to the Keeling Curve, measurements of CO2 were conducted inconsistently using
various analytical techniques and locations, resulting in less reliable data for monitoring
global averages and trends over time. The creation of the curve and its effectiveness in
promoting international collaboration on climate policy was based on two fundamental
principles: (1) the development and widespread adoption of a single instrument, the gas
manometer, and (2) the meticulous selection of a reference measurement site.

6.1.3. Policy recommendations
We demonstrate how the principles that underpinned the construction of the

Keeling Curve and its ongoing success in fostering international collaboration can be
applied to the monitoring, reporting, and implementation of policies concerning CECs.
To draw a parallel, we focus on the pressing issue of airborne microplastic pollution,
which serves as a representative CEC found in all environmental compartments.

Microplastics are a prominent topic leading up to the anticipated UN Plastics Treaty
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scheduled for 2024, which aims to establish a legally binding agreement to "End Plastic
Pollution."43°

Various techniques are currently employed to analyze microplastic particles in
the air. Some rely on single-particle counting paired with spectroscopic technigues to
identify plastic chemical signatures; however, these often have a limited size resolution.
Conversely, promising methods can quantify the constituent polymers of the plastic in
near real-time, with detection capabilities down to the picogram level. These techniques
differ in physical and chemical resolution and are inconsistently applied across different

monitoring sites.

Current Approach Proposed Approach
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Figure 6.1 lllustration demonstrating challenges in interpreting global trends of
contaminants of emerging concern (CECs) concentrations based on current monitoring
approaches, using airborne microplastics as a representative example. Number
concentrations of airborne microplastics over time, as currently analyzed using various
methods and measurement sites (left).280%.431-437 Anticipated outcomes using a
standardized method at a reference measurement site (right). The red arrow represents
an expected upward trend in airborne microplastic concentration if the 2024 UN Plastics
Treaty is unsuccessful, while the green line represents an expected downward trend if
the treaty succeeds.
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There are limitations to using different techniques when quantifying airborne
microplastics over time (Figure 6.1). Due to the lack of consistent measurements, there
are no discernible trends over time, and there is significant variability within and
between rural and urban locations. Similar graphs can be constructed for other
microplastics and CECs measured in different environmental compartments. Thus,
implementing a live and continuously updated graph that charts the concentrations of
airborne microplastics over time, akin to the iconic Keeling Curve for COz2, holds
significant potential as a powerful tool in addressing the issue of microplastic pollution.
This proposed solution, applicable to all CECs, consists of two critical steps that mirror
the principles the Keeling Curve was founded on: (1) the adoption of a standardized
technique for continuous online monitoring and (2) the identification of a representative
measurement site, similar to the Mauna Loa observatory for monitoring CO2, and the
creation of a global sampling map that acknowledges regional variability. This is crucial
as microplastics and other CECs are not as long-lived or uniformly distributed in the
environment as greenhouse gases like CO2. One such potential measurement site for
airborne microplastics is the Pic du Midi observatory in the pristine French Pyrenees,
which experiences the impact of intercontinental transport of airborne microplastics.*38
Additionally, dedicated networks like the US EPA's National Air Toxics Trends Sites
(NATTS) have consistently monitored hazardous air pollutants in the US since their
establishment in 2003. Similar networks and reference sites should be established to
monitor CECs in terrestrial, atmospheric, and aquatic environments.

Although no single technique can unambiguously identify and quantify all CECs

in various environmental compartments, the international scientific community must
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reach a consensus on a standardized technique suitable for specific CECs and
matrices. For airborne microplastics, techniques that directly quantify the constituent
polymers in a mass-based format, eliminating biases in counting techniques, would
reduce human error and particle count inflation caused by plastic breakdown in the
environment. Moreover, these techniques would allow for the timely dissemination of a
large volume of results. This standardized approach will ensure accurate and verified
comparisons between measurements over time and enable tracking progress in
reducing the presence of CECs in the environment. Such trends can be illustrated to
assess the efficacy of policy action, as shown for airborne microplastics in Figure 6.1.

Persistent environmental contaminants of emerging concern (CECs), such as
plastic, which is widely used in daily life, can endure for hundreds of years or even
indefinitely.*3° Given this sobering reality, it becomes crucial to meticulously measure
their background concentrations across all environmental compartments in a
standardized manner to grasp the long-lasting effects of such pollution fully.

The development of a standardized and easily understandable graph, similar to
the Keeling Curve, has the potential to serve as a powerful catalyst for global action
against CECs. By taking these necessary steps, we can provide stakeholders with a
clear and comprehensive roadmap to track progress toward policy objectives. Such a
graph has the potential to inspire international collaboration as an effective response to
this pressing issue.

6.2. Action on the Tijuana River Valley Sewage Crisis
6.2.1 Background and history
The Tijuana River has been a source of sewage and other pollutants for almost a

century. Still, the causes of this transboundary environmental crisis have roots that

210



stretch back far longer.#4%441 The Kumeyaay were the original inhabitants of the San
Diego-Tijuana region for more than 12,000 years. They led resistance to settler
occupation throughout Spanish and Mexican rule and the early part of U.S. rule.
Spanish settlers established the San Diego Mission (1769-1821), followed by Mexican
rule (1821-1848). After the Mexican-American War of 1848, a new border line was
drawn an arbitrary distance south of San Diego, turning the small town into an important
port and border city.

Beginning in the 1880s, the San Diego region boomed as an important military
base and port, eventually becoming the eighth largest city in the U.S. Tijuana grew
alongside it, eventually becoming the fifth largest city in Mexico.*4? The San Diego-
Tijuana border remains the most frequently crossed border in the world. American
capital and tourists cross south into Tijuana, while Mexican labor crosses north. Due to
Tijuana’s leading industries (tourism and manufacturing) being linked to Californian
population growth and foreign investment by manufacturing companies, the
infrastructure of Tijuana, including its wastewater treatment systems, considerably
lagged its population explosion accelerated by San Diego’s growth.

In 1935, San Diego first collaborated with Tijuana in constructing a sewage
outflow pipe that brought Tijuana’s sewage into the Pacific Ocean just north of the
border—this year also marked the formation of the International Boundary Water
Commission. This outflow pipe initially resolved the issue, but from the 1930s to the
1960s, Tijuana boomed from 16,000 people to more than 340,000. San Diego offered to
connect Tijuana to its wastewater system in 1958, but Tijuana decided to construct their

own. The industrial boom in Tijuana, primarily from American and Asian companies,
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accelerated Tijuana’s growth, quickly overwhelming this new system. As Tijuana
continues to grow, industrial and wastewater pollution continues to flow northwards in
the Tijuana River.

Modern efforts to address the cross-boundary sewage crisis included the
construction of the International Treatment Plant (ITP) in 1997. See Figure 6.2 for a
map of sewage and Tijuana River Flows. The ITP processes a portion of the raw
sewage produced by Tijuana, while another portion is treated by the San Antonio de los
Buenos (SAB) treatment plant. Due to disrepair, this portion is functionally untreated,
leading to a steady release of raw sewage six miles south of the border. At every point
along this sewage system, leaky pipes release raw sewage into the Tijuana River. Due
to Tijuana’s shared wastewater/stormwater system, every time a moderate amount of
rain falls, wastewater plants cease to operate, and all raw sewage is released into the
Tijuana River. During the summer, when the Tijuana River flows slowly or not at all, a

pump processes a portion of the river (currently 25 million gallons per day.)
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Figure 6.2 Tijuana wastewater and river flow schematic. Adapted from EPA’s “USMCA
Tijuana River Watershed” webpage.1®

Despite decades of seemingly little progress, some hope was restored in 2018
with the free trade agreement negotiations between the U.S., Mexico & Canada
(USMCA.) The USMCA directed the Environmental Protection Agency (EPA) to commit
$300 million to infrastructure solutions to the cross-boundary sewage crisis. This
significant financial commitment prompted the EPA to review infrastructure options to
address the sewage crisis comprehensively. They began stakeholder engagement with
eligible public entities as well as community groups. The following section is a personal
recount of this process from the community's point of view.

6.2.2. Personal Narrative: Clean TRV Now!

During the summer of 2021, the Tijuana River was constantly in my thoughts. A

year after the field campaign investigating pollution transfer along the San Diego Coast,

detailed in Chapter 3, we finally thawed the samples and conducted LCMS analysis in
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Spring 2021. Through NSF-CAICE'’s summer undergraduate research program (SURP,)
| mentored Katy Belcher, an undergraduate researcher from the University of Michigan,
in annotating the nontargeted output of our analysis.

| was also in an intensive period of development in my role as a community
organizer. One year after the summer uprisings following the murder of George Floyd, |
had become a leader within the Sunrise Movement (the youth movement that helped
elect President Joe Biden, pass the Inflation Reduction Act, and create the Civilian
Climate Corps.) | had just finished a 70-mile, four-day march carrying the ashes of a
home in Paradise, California, to Speaker Pelosi and Senator Feinstein's front doors to
win their support for a Civilian Climate Corps in President Biden’s Build Back Better bill.

In early July, my organizing mentor and friend, Ido Shoshani, pointed out an
upcoming community-led cleanup in the Tijuana River Valley. Little did | know this would
be the first step of a campaign that would challenge my skills in new ways and firmly
ground me in my career path toward working at the intersection of environmental justice
and science policy. The full timeline of events is listed below in Figure 6.3. This
community-led initiative was a crucial step in our journey towards a cleaner Tijuana
River Valley, highlighting the importance of grassroots efforts in addressing

environmental issues.
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CAMPAIGN TIMELINE:

CLEAN
TRV NOW
2021

tleamup crew

JULY 15TH

Sunrise Movement San Diego-led
Rally for a Civlian Climate Corps
(CCC), targeting Senator Diane
Feinsfein at the Son Diego Federal
Building

AUGUST 5TH

Sunrise Movement San Diego meets with
Senator Feinstein's office to discuss her
support of CCC & advocacy around funding
the clean-up of the TRY

AUGUST 9TH

SVCC-led Rally to Double the Budget,
targeting Congressman Juan Vargas at his
district ffice

Broad codlition-led protest to stop Line 3,
targetting the EPA. Victoria gives a speech
linking land rights in San Diego to Minnesota

SEPTEMBER 1NTH

SVCC-led codlition protest in Downtown San
Diego to Double the Budget and Close the
= Campground

NOVEMBER 9TH

EPA selects the comprehensive plan! “Double
the Budget” demand has a eritical
transactional win.Continued advocacy efforts
slow down but never stop

215

COMMUNITY-LED EFFORTS TO FIX THE SEWAGE
CRISIS AND PROTECT PUBLIC HEALTH

e

JULY 9TH

First Spring Valley Cleanup Crew (SVCC)-led
Tijuana River Valley (TRV) Cleanup at
Borderfield State Park

JULY 23RD

Second TRV cleanup. Victoria Abrenica &
Adam Cooper interviewed on KPBS

AUGUST 6TH

EPA leads a public engagement workshop
attended by Adam Cooper who pushes for more
selection of the most ambitious option

AUGUST 1ITH

Meeting with then-Vice Chair Nora
Vargas to Close the Campground

SEPTEMBER 6TH

SVCC-led Campground Sit-In & protest to
raise awareness about foxic exposure

OCTOBERG6TH AND 20TH

Board of Supervisor Land Use Meetings where
SVCC led Public Comment tumout

Figure 6.3 Timeline of events for the “Clean TRV Now” campaign.



| met Victoria Abrenica, founder of the Spring Valley Cleanup Crew and
coordinator of the “Clean TRV Now” campaign that | helped to codevelop during that
summer and fall. | felt my worlds collide. | was standing in the sewage-contaminated
trash, explaining the early preliminary findings of my research and seeing the dedication
of young volunteers put in the effort to address a crisis that decades of government
neglect had caused. This work is the work of the government, and | linked the jobs that
needed doing to our campaign for a Civilian Climate Corps. | led my first rally the week
after going to that first clean-up to call on Senator Feinstein to support a Civilian Climate
Corps. In the organizing world, a common saying is “Direct Action gets the goods.”
Immediately after our protest, we met with her senior staff to pitch the benefits of the
Civilian Climate Corps. We linked it to her office’s work in securing Federal money for
the Tijuana River Valley Crisis.

This pattern repeats in a typical “escalation arc.” A campaign has three phrases
that repeat themselves on a short (weekly) and long (yearly) cycle: Building Support,
Escalating Pressure, and Negotiating a Win. SVCC'’s cleanups helped to build broad
awareness and support by bringing together a coalition of organizations and everyday
people to the frontlines of the crisis.

Rallies and protests escalated pressure by pointing at a specific target and
issuing a particular demand. We wanted the EPA to choose their most comprehensive
solution to the TRV crisis, costing ~$600M, more than double the allocated $300M from
USMCA. We wanted our federal representatives to “Double the Budget” —appropriate an

additional $300M from the federal budget to fund the EPA fully. We wanted our local
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representatives to “Close the Campground” — a newly built collection of yurts and
campsites near the sewage flow.

We met with the EPA, the staff of Borderfield State Park, U.S. Senator
Feinstein’s office, and Vice Chair of the San Diego County Board of Supervisors Nora
Vargas. We brought stories of impacted Imperial Beach residents, insights from our
scientific inquiries, and ideas on how to address the crisis holistically (see the following
section.) This wasn’t easy — it took months of work, outside pressure from the
campaign, and internal politics from Victoria (who was Vargas’ constituent and an
elected Democratic official sitting on multiple boards and committees.) To academics
privileged with access to elected officials, | recommend sharing that access with
frontline communities who often are not consulted during our research or heard by our
elected officials.

By building momentum through recruitment via cleanups, escalation via protests,
and negotiation via meetings, we found both successes and roadblocks. The EPA
chose the comprehensive solution in 2021, but in 2024, the extra funding has still not
been allocated. Indeed, the vast majority of the initial $300M has not been spent or
assigned to specific projects. The Civilian Climate Corps became the American Climate
Corps, which President Biden formed in September 2023, with the first 9000 young
workers sworn in June 2024.442 The Tijuana River Valley Regional Park Campground
was never closed, and signage was never placed on the website or in the location to
alert campers of their increased exposure to pollutants.

6.2.3. Policy recommendations
As this dissertation is being written in June 2024, the Tijuana River Valley is a

declared environmental and public health crisis in the County of San Diego. However,

217



despite the efforts of local leaders, an emergency declaration is still lacking at the State
and Federal levels.*** So far, in addition to the $300M promised in 2020 and transferred
in 2022, $100M of emergency funding has been granted in FY 2024.44° This funding
was to make emergency repairs to the plant in preparation for the ~$600M
comprehensive plan, which remains half-funded. The following policy recommendations
would help meet the challenges of the Tijuana River crisis:

1. Declare a federal state of emergency

Following the leadership of impacted residents, local elected officials, and San Diego’s
congressional delegation, California and the United States should declare a state of
emergency in the Tijuana River Valley and Southern San Diego to unlock additional and
expedited funding mechanisms and support from Federal Agencies.

2. Form the Tijuana River Public Health and Water Quality Restoration Program

In current negotiations around the 2024 National Defense Authorization Act (NDAA,) the
San Diego Congressional Delegation (Reps. Vargas, Peters, Jacobs, and Levin) have
introduced an amendment to form the “Tijuana River Public Health and Water Quality
Restoration Program.”

Federal programs are congressional directives to dedicate Federal Agency funding and
staff hours to collaborative projects. This would increase inter-agency collaboration and
provide a mechanism for continued policy development across the Federal government.

3. Negotiate a bilateral agreement to build a modern sewer system for Tijuana

Ultimately, even the EPA’s comprehensive solution has significant shortcomings. A
treatment plant with the volume capacity to treat an entire river during periods of heavy

precipitation is not feasible. Tijuana, which has grown in response to the U.S.-Mexico
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border, should be treated equitably as San Diego’s twin city, which provides significant
economic and cultural inputs into the United States. Building a comprehensive sewer
system is not simple and would likely take billions of dollars over a decade.*40:442
However, only a modern sewer system will fully respond to the Tijuana River Valley
crisis and make the diversion and treatment of the Tijuana River obsolete.

4. Invest in the public health of impacted residents

The ultimate responsibility of governments is the health and well-being of the residents
it represents. The County of San Diego declared a public health crisis, but it is still
poorly understood. Long-term health monitoring studies are currently being
implemented and should be well supported. Any findings of environmental damage to
public health should lead to additional funding for healthcare to be allotted to impacted
residents. The Social Security Act has a sparingly used provision that allows for the
granting of free healthcare to residents affected by environmental crises.**¢ This
provision should be used more generally, especially in the impacted regions of Imperial
Beach and along San Diego’s Southern Coast.

As with all ambitious policy proposals, the actions outlined here have actual costs
that must be weighed against other uses of funding and agency labor. However, this
crisis deserves the utmost attention and more support than is currently being provided.

6.3. Action on sunscreen pollution
6.3.1 History of regulatory action
Reducing the impacts of plastic pollution is a priority for the general

public.#47448 Regulation can expedite the removal of plastic pollution and harmful
chemicals like UV filters from the marketplace. Rapid environmental policy has

historically successfully reversed the widespread use of chemicals, such as
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coolants, in refrigerators regulated by the Montreal Protocol.**° Following suit,
society can decrease damage to marine environments and humans by drastically
reducing the production and environmental input of micro(nano)plastics and UV
filters.

Various regulatory approaches, shown in Table 6.1, have been utilized to
reduce organic UV filter pollution by banning certain substances or implementing
better safeguards against their release into the environment. United States
jurisdictions such as the US Virgin Islands, the State of Hawaii, Key West, FL, and
the Northern Mariana Islands have banned octinoxate and oxybenzone.96:450-452
Legislation in Hawaii to expand the list of banned substances to octocrylene and
avobenzone failed to pass. Other countries have more expansive lists of banned UV
filters, including Palau (11 UV filters)®® and the Marshal Islands (25 UV filters and

ten preservative ingredients.)*>3
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Table 6.1 Current and proposed legislation on organic UV filters

Year/Location/Bill Title

Summary

2014/USA/Sunscreen Innovation Act#*

"Amends the Federal Food, Drug,
and Cosmetic Act to establish a
process for the review and approval
of over-the-counter (OTC) sunscreen

active ingredients."”

2018/Hawaii, USA/SB 2571: Relating

to Water Pollution. 450

"Beginning January 1, 2021, bans
the sale, offer of sale, or distribution
in the State of any sunscreen that
contains oxybenzone or octinoxate,
or both, without a prescription
issued by a licensed healthcare
marine

provider to preserve

ecosystems.

2018/Aruba/AB2019 no.674%

"The Ministry of Spatial
Development, Infrastructure, and
Environment presented a law
concept that prohibits the use of
some products that are harmful to
the environment in Aruba," including

oxybenzone-containing sunblock.
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Table 6.2 Current and proposed legislation on organic UV filters (Continued)

2018/Palau/Responsible Tourism

Education Act3!

"No reef-toxic sunscreen shall be
manufactured or imported for
sale... sold in the Republic ... no
person shall bring a reef-toxic
sunscreen on or after January 1,

2020."

2019/US Virgin Islands/Act No. 8185%7

"A ban on the retail sale or offer for
sale, and the distribution or
importation for retail purposes of
topical sunscreen products
containing [octocrylene,] oxybenzone

and octinoxate."

2019/Marshall Islands/ Safe Sunscreen

Act30

"Prohibition on the sale, importation,
and distribution of sunscreen
products containing certain chemical
ingredients.” This law covers 25
chemical UV filters, including
octinoxate, oxybenzone, octocrylene,

and ten chemical preservatives.
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Table 6.3 Current and proposed legislation on organic UV filters (Continued)

2020/Northern Mariana Islands, "Beginning July 1, 2021, it shall be
USA/HB No. 21-282° unlawful to sell, offer for sale, or
distribute for sale any sunscreen that
contains oxybenzone or octinoxate,
or both, without a prescription issued

by a licensed healthcare provider."

These regulatory approaches are not always popular. The Florida state
government later overruled the city of Key West's sunscreen ban. 4% Primarily,
alternative sunscreens use titanium oxide and zinc oxide, which do not absorb but
reflect incoming solar radiation. 52 However, these alternatives have been criticized
as not providing complete UV protection, may serve as catalysts for oxidation in
aquatic systems, and early inorganic UV filter sunscreen formulations led to
undesired chalkiness.**"#58 This gap in safe products was brought to national
attention in the US with the passage of the Sunscreen Innovation Act in 2014, which
directed the FDA to streamline the approval process for new, potentially more
benign, sunscreen agents.*** However, this act was never thoroughly pursued. It
was terminated by language in the 2020 Coronavirus Aid, Relief and Economic
Security (CARES) Act alongside nullifying the reclassification of 15 organic UV

filters as not proven safe.%
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6.3.2 Policy recommendations
Given the past successes and failures of regulatory and marketplace approaches,

we offer the following policy recommendations:
1. Reintroduce and fiscally support efforts such as the Sunscreen Innovation Act to

develop and test new organic UV filters

The ban on unsafe UV filters is a pressing issue that necessitates the immediate
development and rigorous testing of suitable replacements. Studies have shown
promise in the efficacy of safer alternative inorganic UV filters and stabilizers, such
as organic-inorganic hybrid structures.**” These structures, composed of TiO2
nanoparticles grafted onto cellulose nanocrystals and hydroxyapatite and cerium
dioxide, absorb a broad UV range and have been proven safe against degradation
and skin erythema formation.**° The development of modern high-throughput
ecotoxicology assays for UV filters and other commodity chemicals should be a top
priority for regulatory agencies.

2. Phase out personal care products containing the most widely agreed-upon unsafe UV

filters, namely octinoxate, oxybenzone, and octocrylene.

This process would involve a gradual reduction in the production and sale of these
products, accompanied by public education campaigns to inform consumers about
the risks of these UV filters and the availability of safer alternatives. Given their
toxicity and the alarming percentage of marine life, including phytoplankton and
corals, affected, and the growing consensus of their toxicity to human development,

personal care products containing octinoxate, oxybenzone, and octocrylene must
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be phased out of production. This is a crucial step in protecting marine life and

human health from the harmful effects of these UV filters.

3. Include labels citing the dangers of organic UV filters in personal care products

It is crucial that information on the dangers of everyday-use compounds, such as
UV filters known to cause endocrine disruption and develop cancer, be quickly and
succinctly labeled for public trust to be built in regulatory agencies. These labels
should be part of existing lists such as California’s "Safe Drinking Water and Toxic
Enforcement Act of 1986," known widely as Prop 65, and should be prominently
displayed on all personal care products containing these UV filters.46° Similar lists
should be available nationwide and in other countries. This will help promote public
awareness and informed decision-making about personal care products,
empowering individuals to make responsible choices for their health and the
environment.

4. Promote the use of less toxic mineral sunscreens

Current legislation being debated in Hawaii would place free mineral sunscreen
dispensers on state beaches to provide photoprotection for beachgoers and
educate the public on the benefits of choosing mineral sunscreens to keep marine
life safe.6! Such signage should also include the health risks associated with toxic
organic UV filters.

Implementing policy change concerning UV filters has historically been
unpopular and complex, so additional research into the toxicity of established and

newly developed UV filters will grant further insight into which are safe for use and

225



can be used as easily implemented alternatives. The difficulty surrounding UV filter
bans is the lack of viable alternatives. Thus, future policy action must support the
development of new UV filter chemicals with minimal toxicity and phase out the
current harmful options. Until suitable alternatives emerge, public education around
alternative means of sun protection (covering up, limiting exposure) must be
prioritized. Ultimately, a cost-benefit analysis must be carefully considered before
widespread bans occur.

6.4. Action on preserving phytoplankton populations
As demonstrated in Chapter 5, phytoplankton emissions play a critical role in

producing SMA, which is expected to regulate Earth’s radiative balance through a
general cooling effect and direct and indirect albedo effects.14%153 However, marine
primary productivity has decreased by 50% since 1950, motivating concern that this
crash can impact the food web and Earth’s climate.8! As discussed in the previous
section, organic UV filters can exhibit ecotoxicological effects. Their interaction with
another emerging contaminant- microplastics- may amplify their impact through
synergistic toxicity.

6.4.1 Ecotoxicology of individual & combined exposure to micro(nano)plastics &
UV filters

Due to their position at the base of the marine food web, many studies looking at
the impacts of micro(hano)plastics on marine organisms have focused on the impacts
on various species of phytoplankton. Adverse effects on phytoplankton exposed to
micro(nano)plastics were found, including reduced cell growth#62-464 increased levels of
reactive oxygen species,*62465 decreases in lipid content*®® and chlorophyll content.6”
However, most studies assessing the impact of micro(nano)plastics on phytoplankton

use either small virgin microplastic beads (1-2 um in size) or virgin nanoplastic beads
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(40-500 nm in size). These commercially made beads allow for consistent
experimentation; however, they may not reflect the most common polymer type, shape,
or chemical additive concentrations of micro(nano)plastics in the environment. Many
organic UV filters act as xenobiotics in marine communities and directly harm aquatic
life.48:91,339,342,468 Most research has focused on their impacts on coral reefs, with
adverse effects such as coral bleaching, DNA damage, planula deformities, mortality,
and skeletal endocrine disruption observed.>%99:325469 However, adverse effects of UV
filters have also been documented in phytoplankton. Environmentally relevant
concentrations (22.8ng/L) of BP3 were found to significantly reduce chlorophyll content
in Chlorella sp. after 20 days,''? with higher concentrations of BP3 (1000ug/L) reducing
growth rate and chlorophyll content in Chlamydomonas reinhardtii within ten days.6
Although UV filters are expected to be present in many micro(nano)plastics in the
environment, no studies have assessed the combined toxic effects of
micro(nano)plastics and UV filters on phytoplankton. Na et al., 2021%%4 reports
synergistic toxicity, where combined effects are more harmful than the sum of individual
effects, in Daphnia magna, a freshwater zooplankton, following exposure to microplastic
fragments with sorbed BP3. However, using virgin microplastics, Beiras et al. 201847°
reported no toxic effects on marine zooplankton, even at higher concentrations of both
microplastics and BP3. A few studies have been done on other marine organisms,
including clams and marine medaka, demonstrating neurotoxic effects, oxidative stress,
and reduced growth when exposed to microplastics with sorbed BP3.10°471 Due to these

varied effects, it is necessary to establish acute and chronic effects of combined
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exposure to micro(nano)plastics and UV filters on many types of marine species to
understand the relative risk to marine food webs.

6.4.2 Policy recommendations
The global toxic burden in the oceans is increasing, and this impact is

placing oceanic biodiversity and primary productivity at risk. Phytoplankton constitute
much of the primary productivity in the ocean and are vital to the planet's health.
Plastics and UV filters adversely impact and modulate the life cycle of
phytoplankton and other biological organisms in the oceans. It is imperative to
better constrain the ecotoxicology of these anthropogenic pollutants in realistic
marine matrices and mixtures. If the primary productivity of phytoplankton continues
its downward trend, the oceans will have a reduced ability to sequester carbon,
leading to increased ocean acidification. Additionally, reductions in phytoplankton
will lead to destabilized food webs, threatening ecologically and economically
significant fish stocks. It is essential to guard the ocean’s health through careful
research and policymaking around reducing marine pollutants.

Micro(nano)plastic prevalence is overwhelmingly documented in the literature
yet has been the recipient of limited policy action. However, macroplastic pollution
policy has had a lot of success in the US and abroad, and we can use a similar
methodology to incite interest in implementing policy directed towards reducing and
preventing micro(nano)plastic pollution. Therefore, we recommend the following:

1. Reduce plastic production and use

Most micro(nano)plastics are generated from the breakdown of macroplastics into

small particles.*’? To reduce micro(nano)plastic pollution in the environment, the
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volume of macroplastics produced, used, and disposed of must be drastically
reduced. Because this requires an overhaul of the entire consumer-based
economy, legislation must be passed banning the production and sale of
unnecessary and harmful plastic products until this can be achieved. Current
negotiations around the Global Plastics Treaty will outline a legally binding
international approach to eliminate plastic waste.*3° A funding mechanism that
charges a small fee for producing primary plastic polymers would help reduce their
production and provide funding for other portions of the circular economy.*”3

2. Pass local policy measures that require microplastic catchment technology in storm

drains

In many municipalities across the US, particularly in California, storm drains are
required to contain catchment filters for trash larger than 5mm. However, this leaves
all micro(nano)plastics to flow into storm drains and local waterways. For
municipalities with identified issues with micro(nano)plastic input into stormwater
from tire wear or litter, micro(nano)plastic catchment technology needs to be
implemented to reduce micro(nano)plastic input into local waterways.

3. Create incentives for washing machine manufacturers to include microfiber filters in all

new washing machines

Microfibers, tiny flexible fibers shed from textiles during use and washing, are often
the most prevalent microplastic shape found in marine surface waters,*’%474 yet
input through wastewater can be efficiently and drastically reduced with simple
microfiber filters on washing machines. Currently, washing machine filters are

available to consumers but are expensive and must be installed by the buyer.
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Washing machine manufacturers must be pressured to include microfiber filters in
all washing machines and provide maintenance instructions to all customers.

6.5 Academic service during a climate crisis
On September 20, 2019, over 4 million people worldwide protested as a part of

Fridays for Future’s Global Week for Future, led by Greta Thunberg. At UC San Diego,
the “Green New Deal at UCSD” was formed to put on a protest to begin our Fall
Quarter. As a second-year graduate student, | stood in the crowd as Dr. Veerabhadran
"Ram" Ramanathan, a world-renowned climate scientist, spoke. His speech outlined our
shared “climate predicament,” and he spoke directly about the responsibility of those
who know the most about the climate crisis, i.e., climate and climate adjacent scientists,
to speak out and promote positive change. | took his message to heart and sought to
make UC San Diego and the UC System a better place. | accomplished this formally
through the student government (as the Legislative Liaison for State Affairs, as a
member of the Climate Action & Policy committee, and as the Director of Organizing for
the UC Graduate and Professional Student Council) and as a student representative on
the Academic Senate Committee on Campus Climate Change and the University of
California Office of the President’s Pathways to a Fossil Free Future Taskforce. | also
organized as a member of the UC Green New Deal Coalition, a social movement
throughout all ten UC campuses dedicated to transforming our institutions to prepare
our students better to face the climate crisis. In our first five years, in which | was a
principal member, we accomplished:

1. Implementation of a climate change general education requirement for UCSD’s

>30,000 undergraduate students, the largest student body with such a

requirement in the world
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. A change in the UC Policy on Sustainable Practices from a “carbon neutral”
policy focused on procurement of controversial carbon offsets to a policy focused
on emissions reductions

. The procurement of $13M to produce plans to decarbonize the ten-campus UC
system, which will reduce annual carbon emissions by 1 million metric tons per
annum

. The most robust funding transparency policy in the U.S., based on the observed
strategy of the fossil fuel industry to abuse donations and research funding to
produce favorable research

. The replacement of the Chase Bank retail location on campus with a University

Credit Union branch

| repeat the message that shaped my understanding of my role in graduate school

with the reader: we do not only inhabit academic spaces for our research. We also exist

to provide institutional service to the systems that support us, those around us, and the

community that hosts us in whatever way our unique skills and talents may be helpful.
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Chapter 7 Conclusions and Future Work
7.1. Synopsis

This thesis explores three interconnected studies broadly investigating the
dynamics of chemical contaminants and biogenic gases in coastal marine
environments. Chapter 3 reveals significant concentrations of emerging pollutants in
ocean and air samples influenced by pollution from the Tijuana River. Sea spray
aerosols (SSA) are identified as vectors for transporting illicit drugs and chemicals from
various sources, posing heightened health risks to coastal residents and visitors. This
airborne pathway underscores the need for revised health assessments in polluted
coastal regions worldwide. Chapter 4 examines the photo-induced degradation kinetics
of oxybenzone (BP3) in seawater and SSA mimics, highlighting its faster degradation in
aerosols compared to bulk solutions. Despite this rapid degradation, the formation of
toxic transformation products suggests sustained environmental and health risks.
Chapter 5 explores the organic composition of secondary marine aerosols (SMA)
generated during phytoplankton blooms, revealing high concentrations of sulfur- and
nitrogen-containing compounds that promote SMA growth and influence marine
atmospheric chemistry. The study introduces EESI-TOF MS for real-time
characterization of SMA, showcasing its efficacy in identifying organic aerosol
components and their transformation pathways. These findings emphasize the intricate
interactions between pollutants, natural marine processes, and atmospheric dynamics,
calling for integrated approaches to mitigate environmental impacts and safeguard

public health in coastal ecosystems.
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7.2. Conclusions

7.2.1. lllicit and Anthropogenic Chemicals in Coastal Marine Aerosols:
Spatiotemporal Distributions and Links to Sea Spray

Chapter 3 reported novel and significant concentrations of emerging
contaminants in ocean and air samples from an area heavily affected by pollution from
the Tijuana River. The study reveals that sea spray aerosol (SSA) could be an
atmospheric source of illicit drugs and chemicals from tire and personal care products.
We estimate that 100 g of methamphetamine may transfer onshore per day and could
expose residents to an inhaled dose of 240 ng per day. Pollutants with high octanol-
water partition and bubble scavenging coefficients are found to be more likely enriched
in aerosols during onshore winds from the sea, thereby posing increased health risks to
residents and visitors, including those inland from the coast. Global estimates indicate
substantial onshore fluxes of these contaminants. This airborne pathway underscores a
previously overlooked route of exposure, necessitating a reassessment of health
evaluations near polluted coastal areas worldwide.

7.2.2. Photo-initiated degradation kinetics of the organic UV filter oxybenzone in
solutions and aerosols: impacts of salt, photosensitizers, and the medium

Chapter 4 demonstrated the photo-induced degradation kinetics for oxybenzone
(BP3) in seawater and SSA mimics. Our findings indicate that BP3 degrades
significantly faster in the aerosol phase than in bulk solutions, which we attribute to
reduced solvent cage effects in aerosols with greater surface area-to-volume ratios than
bulk seawater. This implies that the ocean is a reservoir while the daytime atmosphere
is a rapid removal pathway for these compounds. Analysis of transformation products
reveals a potential twofold increase in aerosol toxicity, highlighting that rapid

degradation does not mitigate public health risks. Furthermore, our systematic
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investigation shows that photosensitizing materials notably accelerate degradation in
seawater, whereas salt has minimal impact. Conversely, salt enhances degradation
rates in SSA more prominently than photosensitizing materials, likely due to surface
enrichment of BP3 within aerosols.

7.2.3. Online Characterization of Secondary Marine Aerosol Using Extractive
Electrospray lonization Mass Spectrometry

Chapter 5 provided a comprehensive initial analysis of secondary marine
aerosols (SMA) generated from the oxidation of marine-derived volatile organic
compounds (VOCs) emitted throughout a phytoplankton bloom by OH and Os. Elevated
biological activity and the release of biogenic VOCs lead to increased sulfur- and
nitrogen-containing compounds in SMA, which exhibit lower volatilities and promote
SMA growth. Phytoplankton-driven dimethyl sulfide (DMS) emissions regulate the
marine sulfur budget, particularly in cleaner coastal environments. From our
measurements of organonitrogen compounds in SMA, we hypothesize that alkyl amines
from bacterial blooms can impact the nitrogen budget, affecting the abundance of
CHON species like organonitrates under low NOx conditions. Rapid oxidative
degradation of SMA's organic components suggests a smaller proportion of organic
material in highly aged plumes. This research represents the first use of EESI-TOF MS
for online characterization of SMA, highlighting its capability in real-time measurement
of bulk organic properties and identifying ionization strategies that effectively probe
different SMA components, from early oxidation products and SVOCs-IVOCs in positive
mode to highly oxygenated molecules, organosulfur compounds, and ELVOCs-SVOCs

in negative mode.
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7.3. Ongoing and future work

7.3.1. Measuring Airbourne Toxins and Determining Oceanic Relationships
(MATADOR) field study

| helped design and supervise the first two field deployments of the Slade Lab’s
“Measuring Airbourne Toxins and Determining Oceanic Relationships (MATADOR)”
field study at the SIO pier. Specifically, | developed our offline sample collection and
analysis protocol alongside Slade Group members Maya Morris and Diana Tran, who
will lead the analysis of collected samples.

Compared to a distributed approach, as in Chapter 3, our decision to focus
solely on the SIO Pier as our research location has some unique benefits. The Pier's co-
located, publicly available suite of measurements allows for greater incorporation of the
environmental parameters that influence ocean-to-air transfer. We were fortunate to
coincide with the Atmospheric Radiation Measurement’s (ARM) Eastern Pacific Cloud
Aerosol Precipitation Experiment (EPCAPE), further enhancing the scope and depth of
our data collection. However, we do lose insights into the spatial distribution of these
pollutants.

The main modifications to the offline sample collection were to collect diurnal
samples by switching sample filters near sunrise and sunset to allow both the
investigation of daytime and nighttime chemistry and the separation of the diurnal sea
breeze circulation. An essential offline analysis technique added was lon
Chromatography to determine the presence of NaCl in collected aerosols to allow for
the determination of aerosol enrichment factors.

Additionally, | supervised the first field deployment of our EESI-ToF mass
spectrometer to sample real marine aerosol. To our knowledge, this is the first time

EESI was used in a natural coastal environment. Preliminary data analysis
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demonstrates our capability to detect airborne pollutants and link the changes in their
airborne concentrations with factors that control SSA generation, like wind speed and
wave height. The higher time resolution offered by EESI compared to offline techniques
allows for better correlative analysis to environmental parameters such as wave height
and wind speed & direction. A representative analysis can be found below in Fig 1, in
which hourly periods with higher wave heights lead to larger concentrations of seven

different pollutants in the aerosol phase.
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Figure 7.1 Background subtracted signal intensity of different pollutants as a function of
wave height.

Future incorporation of eddy flux measurements of SSA emissions would allow
for more confident reporting of SSA emissions in the real marine atmosphere. This
would address challenges in identifying ocean-to-air transfer solely from ambient

measurements of ocean water and air. However, this remains technically challenging
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due to the very high sensitivity required to detect trace amounts of freshly aerosolized
SSA. Additional instrumental development, including the development of new ionization

schemes for EESI, would enable this type of analysis.

7.3.2. Photo-induced degradation of UV filters and other pollutants
This dissertation focused on oxybenzone in Chapter 5 as a well-studied and

well-behaved model compound. An expansion of analysis to other organic UV filters,
such as octinoxate and octocrylene, is planned to better capture the dynamics of photo-
induced degradation across various compounds. Additionally, studies using more
realistic SSA generation (using a Marine Aerosol Reference Tank) and investigating the
photochemistry of mixtures of different UV filters together will be conducted by other
members of the Slade Group. This will allow for experimental insights into my field
measurements — such as if octinoxate had a low observed aerosolization factor in
Chapter 3 because of insufficient scavenging or via rapid removal via photolysis (as
shown for BP3 in Chapter 4.)

Similar photo-induced degradation studies are planned for other UV-absorbing
contaminants of concern, such as Triclosan.

An unexplored area of inquiry is to determine the contribution of anthropogenic
compounds like UVF filters to marine chromophoric dissolved organic matter. As UV
filters absorb light themselves, they may act as photosensitizers in the marine
environment. A study investigating their efficiency as photosensitizing the degradation
of nonabsorbing compounds could reveal their potential significant contributions to

marine photochemistry in highly polluted regions.
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7.3.3. Secondary organic aerosol formation from organic UV Filters
In a study by McDonald et al. 201844, it was noted that volatile chemical products

are becoming the dominant VOC precursors to secondary aerosol in urban
environments, surpassing combustion. Subsequently, a study by Shah et al. 2020252
found that sunscreen vapors are highly effective precursors of SOA, using a similar
PAM-OFR to the one utilized in this research.

However, robust studies of SOA formation of UV filters must contend with the
influence of large photon fluxes of UV light typically used to generate OH in situ. To
address this challenge, the Slade Lab is developing techniques for dark OH generation
(through the ozonation of tetramethyl ethylene) and OH using higher wavelength light
(utilizing isopropyl nitrite and 369 nm light). These advancements will enhance our
ability to study the OH oxidation of UV-absorbing compounds.

As Os is a long-lived enough oxidant to generate in a separate chamber,
preliminary work was done to investigate the Os-initiated SOA formation from BP3
vapor. Figure 2 shows a preliminary SOA yield curve from an initial experiment. It
exhibits a yield between that of two common biogenic SOA precursors, isoprene and
alpha-pinene. These preliminary findings motivate the potential large contribution of

SOA mass from UV filters in urban atmospheres.
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Figure 7.2 SOA yield curve for the ozonation of oxybenzone, compared to literature
yields for isoprene and alpha-pinene.
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