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ABSTRACT OF THE THESIS

Phthalate Transfer and Enrichment in Artificial Sea Spray Aerosols

by

Molly Hedin

Master Science in Chemistry
University of California San Diego, 2026

Professor Jonathan Slade, Chair

Phthalates (Phthalic Acid Esters; PAEs) are widely used toxic plasticizers, and their
contamination in oceans and air is widespread due to their leachability. Previous studies have
detected PAEs in air and water in remote marine environments worldwide, suggesting their
transfer from the ocean to the atmosphere. However, no prior work has quantified PAE
enrichment in the ocean surface layer or in marine aerosols. Here, we investigate the transfer

characteristics and enrichment factors (EFs) of three common PAEs: dimethyl phthalate (DMP),

XV



dibutyl phthalate (DBP), and di(2-ethylhexyl) phthalate (DEHP), from artificial seawater to an
artificial (i.e., palmitic acid) sea surface microlayer (SML) and in nascent sea spray aerosols
(SSA). The relative extent of enrichment was found to depend on PAE hydrophobicity and
volatility. DBP exhibited the highest EFs in both the artificial SML and nascent SSA compared
to other phthalates. DBP EFs in the artificial SML from two independently prepared tanks were
34.3(£1.6) and 20(£3) when present alone and 21.1(+0.9) and 16(£3) when mixed with DMP and
DEHP. DMP EFs in the artificial SML were 1.25(£0.10) and 5.45(£0.19) when alone and
1.47(%£0.10) and 1.47(+0.07) when mixed. DBP was also significantly more enriched than DMP
in nascent SSA, with EFs of 28800(+1300) and 16000(+7000) when alone, and 57400(£2500)
and 35000(£8000) when mixed. DMP EFs in SSA were much lower, with values of 6(+12) and
450(+50) when alone and 3(£1) and 542(+24) when mixed. EFs for DEHP were inconclusive
due to potential matrix effects, contamination, or degradation. Greater EFs were measured when
particles with Dp > 300 nm were absent, suggesting a size dependence in phthalate enrichment in
SSA, consistent with other contaminant enrichment studies. These results demonstrate, for the
first time, that the sea surface layer and sea spray aerosols may strongly enrich certain PAEs,
particularly DBP. This highlights the importance of the ocean surface in mediating the transfer of

toxic phthalates from the ocean to the atmosphere.
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Chapter 1: Introduction

1.1 Phthalate Contamination, Environmental, and Health Risks

Phthalic acid esters (PAEs) are widespread environmental contaminants used in a variety
of products as plasticizers, with a base chemical structure shown in Fig. 1. First synthesized in the
1920s, the use of PAEs drastically increased with the production of polyvinyl chloride (PVC).!?
The production of PAEs continued to increase and by the 1970s, with over 1 billion pounds of
PAEs being produced.! The uses had then diversified, PAEs were now being used in food and
beverage packaging, personal care items, pharmaceuticals, laboratory equipment, and many other
applications.’ Table 1 from Mansuri et al. 2025 identifies just a few of the most common PAEs
and their uses.® Since the 1970s, scientists have recognized the ubiquitous contamination of PAEs

in the environment, but the impacts were unknown. ’

O

R=Akyl group

Figure 1. Base chemical structure of PAEs. 8



Table 1. Common PAEs and their applications.®

Molar
Phthalate Abbreviation Formula logKow mass Uses
(g/mol)
Dimethyl perfumes, hair sprays, lubricants,
phthalate DMP CroH100s 1.61 194.2 children’s toys and medical devices
toothbrushes; automobile parts; tools;
Diethyl phthalate DEP C12H1404 2.54 222.2 toys; food packaging; cosmetics;
insecticides; aspirin
Di-n-butyl nail polishers; plasticizer; an additive
phthalate DnBP CreH204 4.27 2784 to adhesives or printing inks
Diisobutyl DIBP Ci16H2204 4.27 278.4 plasticizer; adhesive
phthalate
Butyl benzyl -
phthalate BBP Ci9H2204 4.70 312.4  plasticizer
Dihexyl phthalate DHP CoHnO:s 600 3344  Plastisols forautomobile parts and dip-
molded products
Diisoheptyl -
phthalate DIHpP C22H3404 6.87 362.5 plasticizer
Di(2-ethylhexyl) DEHP CaHuOs 773 390.6  plasticizer
phthalate
di-n-octly household items and building
phthalate DnOP C2aHs0 7.73 390.6 products; food applications
Diisononyl -
phthalate DINP C26H4204 8.60 418.6  plasticizer
Diisodecyl .
phthalate DIDP C28Ha604 9.46 446.7  plasticizer
Diundecyl DUP CsoHsoOs 1033 4477 .elect.rlcal wire insulation and car
phthalate interiors
Ditridecyl plasticizer for polyvinyl chloride in
eey DTDP C34Hs804 12.06 530.8 cable and high-temperature wire
phthalate ) .
insulation

PAEs are not covalently bound to plastic products and readily leach into the
environment.” !9 PAEs are found throughout the oceans, with concentrations ranging from .04 ng/L
to 168,000 ng/L in seawater and .002 ng/g to 35,000 ng/g in sediment.!"!? Their ability to integrate
into organisms, cross physical interfaces, and degrade, pose threats to the environment.!*-!°
Redistribution of PAEs occurs through interface partitioning, including air/sea, air/particle,
sea/sediment, and sea/organism.!® Degradation of PAEs occurs via hydrolysis, photodegradation,
and biotic processes.!%!7-20 The abiotic degradation half-lives of PAEs via hydrolysis range from

>0.3 years for butyl benzyl phthalate (BBP) to 2000 years for (DEHP).!” Atmospheric

photooxidation half-lives range from as low as .02 days for DEHP to 93 days for DMP.!7-!



Products of PAE degradation, such as phthalate monoesters, are associated with endocrine
disruption, and health risks.?

Effects of PAEs in biological systems has been documented from fish to humans.>*%> PAEs
have been identified as endocrine disrupting and of having negative reproductive and health
effects.??2*26 Human uptake of PAEs occur through consumption, skin contact, and inhalation.?®
Concentrations are tracked in humans through PAE metabolites, monoester phthalates. PAEs are
metabolized in the body, and while shorter molecular weight (MW) PAEs are often excreted in
urine, bulkier ones stay in the system longer and are subject to further oxidation.?® Kolatorova et
al. 2018 found that monoester phthalates were present in cord plasma of pregnant women, of which
included metabolites of DBP, mono-butyl phthalate (MnBP), and DEHP mono-(2-ethylhexyl)
phthalate (MEHP), mono-(2- ethyl-5-hydroxyhexyl) phthalate (5-OH-MEHP), and mono-(2-
ethyl-5-oxohexyl) phthalate (5-oxo-MEHP).2” Park et al. 2019 studied the reproductive
dysfunction in zebrafish due to endocrine disruption by MEHP.28 These studies found a correlation
between PAE exposure and hormone disruption. Other health effects are known to be influenced
by PAE exposure. Wen et al. 2022 investigated the impacts DEHP and its metabolites have on
cardiovascular disease (CVD), finding that they can increase the severity of CVD.? The
prevalence of PAE contamination in our environment, and adverse effects on human health via
endocrine disruption requires a deeper examination into how we manage and regulate the
ubiquitous existence of PAEs.

In the 1970s, when the contamination prevalence of PAEs was identified, the US
Environmental Protection Agency (EPA) recognized six different PAEs as priority pollutants,
three of which are included in this study: DMP, DBP, and DEHP.*° The recognition of PAEs as

hazardous pollutants spans continents; Canada, Mexico, the European Union (EU), Australia, New



Zealand, India, Japan, and China all have regulations regarding PAEs.® While many countries
focus on consumption limits, Australia, New Zealand, and the EU have environmental regulations,
limiting the concentrations of PAEs in freshwater ecosystems.®’ Despite the recognition of the
dire effects of PAEs, little action has been taken in tightening regulations or finding a solution to
the contamination. Dated December 31, 2025, the EPA announced an intent on regulating the use
of five PAEs: butyl benzyl phthalate (BBP), dibutyl phthalate (DBP), dicyclohexyl phthalate
(DCHP), diethylhexyl phthalate (DEHP), and diisobutyl Phthalate (DIBP).?! The need for stricter
regulations on PAE production is imperative to the health of the environment and its inhabitance.

The contamination of PAEs has integrated seamlessly into the environment, spanning the
biosphere, lithosphere, and atmosphere.*?-* The ability and ease to cross physical interfaces makes
PAEs highly susceptible to contamination spread.'® Benson and Fred-Ahmadu 2020 sampled
sediment from the Gulf of Guinea, finding there to be a concentrations of PAEs as high as 164.09
mg/kg dw, of which was largely dominated by DEHP, DBP, and DMP.** Xie et al. 2007 found an
air-sea exchange of phthalates occurring in the Arctic, where concentrations of DEHP in the ocean
reached 3330 pg/L and 735 pg/m? in the particle phase in air.!> Another account of air-sea
exchange of PAEs was reported in Mi et al. 2023. They found that concentrations reached 0.17
ng/L in sea water and 0.072 ng/m3 in the particle phase for DEHP.!3 In marine ecosystems, PAEs
can transfer into the air via particulate phases, such as sea spray aerosols (SSA). Physical
mechanism of wave breaking, and bubble bursting likely promote this transfer of PAEs from the

ocean into the atmosphere.



1.2 Sea Spray Aerosol Formation

Nascent SSA are produced via wave breaking and bubble bursting mechanisms (Fig.
2.)%738 When a wave breaks, it entraps and pushes pockets of air underneath the surface. These
then rise to the surface as bubbles; film droplets are produced when the bubble ruptures,
followed by jet droplets when the bubble cavity collapses.’® A third SSA type, spume, is
produced from droplets emitted from the crest of breaking waves.**3° SSA range in radii from 10
nm to millimeters, and are the largest source of atmospheric particles by mass.*® The chemical

composition of SSA depends greatly on the size of the particle, and sea surface microlayer

components>®-37:40
L
8
o " -
I \ ®
AN .
g — .\u /‘/o
e
a. b.

Figure 2. Bubble breaking mechanism, producing SSA. a. Film droplets, creating smaller
aerosols with higher concentrations of surface contaminates. b. Jet droplet, producing larger
aerosols containing primarily bulk sea matrix. DBP is shown as a representation of the
orientation of molecules in bubbles.

Surface residing molecules, including surfactants and other weakly soluble compounds,
interacting with the sea sea-surface micro layer (SSML) are able to transfer at the air-sea
interface of bubbles.?® Enrichment of surfactants in SSA is dependent on the absorption of
molecules on to the bubble on its path to the surface.*! Bubbles entrapped beneath the ocean’s
surface not only facilitate transfer of surfactants to the atmosphere, but are also key in
transporting surface active molecules to the SSML.#> Bubble scavenging is essential to the
facilitation of surfactants to the SSML, and SSML reformation after a wave break. Composition

of the SSML is directly related to the composition of SSA. Highly surfactant enriched SSA are



formed from film droplets, when the bubble reaches the surface and the bulk water is able to
drain off.*> Cochran et al. 2016, identified a key role of surface active molecules and the transfer
in film droplets. This results in organic carbon compounds becoming more enriched in smaller
submicron particles produced from film droplets.?”**> Larger droplets in the super micron
range are impacted more by water soluble components emitted in the jet (i.e., Na*, K, Mg?",
Ca?*, and CI").%’ Specific chemical properties of a species can also affect transfer in SSA. The
octanol-water partitioning coefficient, Kow, governs the ability of molecules to integrate in the
SSML. Parameters such as the air absorption, and aqueous absorption coefficients will predict
the molecules entrainment in bubbles on the way to the ocean’s surface.*® Studies on the SSML
and SSA have identified the enrichment of supramolecules such as viruses, to trace
contaminants.*’~>2 Liu et al. 2026, found an enrichment temperature dependance for
Perfluoroalkyl acids (PFAAs) in SSA. Size-dependent SSA composition has been noted in
several studies, and these findings are a key aspect in understanding the effects SSA has on
human health, and the environment.**>* Although this study does not directly investigate the size
dependance of PAE transfer, results are indicative of size selective transfer, further discussed in
results and discussion, and future work.

Chapter 1, in part, coauthored with Slade, Jonathan H., is currently being prepared for
submission under the title, “Phthalate Transfer and Enrichment in Artificial Sea Spray Aerosols.”

The thesis author is the primary author of this chapter.



1.3 Thesis Objectives

This thesis aims to determine the enrichment of PAEs in the sea surface layer and in
nascent SSA produced under controlled laboratory conditions. Matrices containing one phthalate
species were studied and compared to a matrix with all the PAEs used in this study. An artificial
seawater matrix containing a lipid layer with added quantities of PAEs in a Marine Aerosol
Reference Tank (MART) was used to better mimic the conditions of SSA generation in the
environment. Size distributions of the SSA are also analyzed using a Scanning Electrical

Mobility Spectrometer (SEMS).

The scientific questions of this thesis address:

1. What are enrichment factors of phthalates, specifically DMP, DBP, and DEHP, in the
sea surface layer and in nascent SSA, and do the physicochemical properties of PAEs
influence enrichment?

2. Does the presence of different PAEs species affect the enrichment factor of a given
PAE?

3. Does PAE enrichment in the sea surface layer correlate with enrichment in nascent

SSA?



Chapter 2: Methods and Instrumentation
This section describes the experimental procedures, theory, and chemicals employed to
study the EF of select PAEs in artificial sea surface water and nascent SSA. The PAEs selected
for this study were DMP (>99.5% purity), (DBP; (= 98% purity), and DEHP (> 98% purity),
structures shown in Fig. 3. The deuterated internal standard was DEHP-d4 (> 99% purity). The
standards were PESTANAL® analytical standards purchased from Sigma Aldrich (St. Louis,

MO). Stock and

0] (0] o
:;i :O/ {:i :o/\/\ i:: :OW
ONg o _~_~ o]
T i I M
dimethyl phthalate dibutyl phthalate bis(2-ethylhexyl) phthalate

Figure 3. Chemical structures of Dimethyl phthalate (DMP, MW=194.184), Dibutyl phthalate
(DBP, MW=278.344), and Bis(2-ethylhexyl) phthalate (DEHP, MW=390.556).

working solutions were prepared and diluted in dichloromethane (DCM; submicron filtered,
high-performance liquid chromatography (HPLC) grade, sourced from Fisher Chemical
(Pittsburgh, PA)). Other solvents used were acetone (submicron filtered) and methanol (0.2
micron filtered), both high-performance liquid chromatography (HPLC) grade, sourced from
Fisher Chemical (Pittsburgh, PA). The artificial seawater matrix made to resemble
environmental conditions was comprised of Milli-Q water, Biopak® Polisher sourced from
Sigma Aldrich (St. Louis, MO), a reef sea salt mixture (Instant Ocean; SpectrumBrands,
Blacksburg, VA), and palmitic acid (Ci6H320z2), >95% purity, sourced from Sigma Aldrich (St.

Louis, MO). To collect SSA, Whatman 90mm quarts microfiber filters (QFF), purchased from



Agilent (Santa Clara, CA), were used, then stored in VWR®, Sterile Sample Bags purchased
from (Avantor). SSA size distributions were measured using a scanning electrical mobility
Spectrometer (SEMS). Figure 4. shows the experimental setup. PAE analysis used Bond Elut
PPL (Priority PolLutant) solid-phase extraction (SPE) cartridges (200 mg, 125 ng, 3 mL),
purchased from Agilent (Santa Clara, CA). All experimental glassware was borosilicate glass,
washed with acetone and DCM, and combusted at 200°C for 24 hours. Vials used for gas

chromatography (GC) were cleaned and processed in the same way. These cleaning procedures

helped minimize PAE contamination.*

DMA

MCPC

REI Probe
v MFC

i —

RH Chamber Filter Holder Vacuum pulling
4 L/min

MART

MEFC MEC

t t

ZAG 3 L/min ZAG 1.5 L/min

Figure 4. Experimental set up for PAE aerosol collection using a MART to mimic wave breaking
and aerosol production. Collection occurred on QFF over 24 hours, SEMS and RH data were also
collected simultaneously.



2.1 SSA Generation with a Marine Aerosol Reference Tank (MART)

The MART enabled production of nascent SSA in the lab. The MART was first described
in Stokes et al. 2013, and has since been used in many studies.*>>*>7 The MART used in this
study is a sealed rectangular plexiglass enclosure measuring 91 cm x 45 cm x 53 cm. An acrylic
tube above the water line creates a plunging sheet of water, mimicking a wave break in the
ocean. The water is continuously recirculated by an AMT commercial-duty pump. The intervals
at which the sheet plunges can be set to a range of modes, affecting the concentration of SSA
sampled. This study utilized intervals of 10s plunging, 10s off.

The MART generates SSA size distributions like those in natural conditions. However,
it’s noted that SSA size distributions may differ from the real marine atmospheric environment
due to winds, differences in wave height, foam coverage, and biological activity. A constant
supply of air from a Sabio model 1001 zero air source (zero air generator, ZAG), pressurizes the
MART, preventing room air from entering the tank. Utilizing different air flows manipulates the
relative humidity (RH) of the collected SSA, which can modify particle size due to changes in
the equilibrium water content in the particles. This study flowed 1.5 L/min through the MART,
controlled by an Alicat Mass Flow Controller (MFC), and was diluted by 3 L/min of dry ZAG air
in a stainless-steel mixing chamber until the RH was constant. The RH and temperature of the air
samples were continuously measured during aerosol collection using a Vaisala RH and T probe,
which averaged 61(£6) % and 24(10.8) °C, respectively. The RH was sampled after dilution
from the ZAG, the RH in environmental conditions would be higher. It is likely that some

evaporation of water from the aerosol after dilution with dry air reduced the particle size after the
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aerosols left the MART. However, since the RH was consistently around 61%, the particles
remained in a deliquesced liquid state during sampling.

In this study, conditions in the MART were used to mimic conditions in the environment.
The MART was filled with 141 L of Milli-Q water (18 MQ cm resistivity), then brought to an
average salinity of 35.01 g/L with artificial reef salt. Details on the matrix for each experiment
are presented in Table 2. Palmitic acid was dissolved in acetone and applied to the surface of the
artificial sea matrix at concentrations of 35 uM, or .0089 g/L, as a chemical proxy of the sea
surface microlayer.*-® While other studies use chloroform to dissolve PA, the solubility
increases in acetone, allowing a more even application to the surface.’® Continuous sampling of
aerosols, RH, temperature, and size distributions occurred during the extent of each experiment

running 24 hrs.

Table 2. Experimental components of the artificial sea matrix, including amount of water, salt,
PA, and PAEs. The PAE concentration units are grams of PAE per gram of seawater.

Experiment  Volume (L) Salt (g/L) PA (g/L) DMP (g/g) DBP(g/g) DEHP (g/g)
-07
! 138.834.02 3504+ .99  0.0089+.0002 3&%ng-1:: 0 0
-07
2 14250+ 02 35.00=.99  0.0089+.0002 0 3 ézéfE_f 0
-07
3 14175+ .02 35.00=.99  0.0089+.0002 0 0 36381§EE'10i
380EV:  404EV:  317EV:
4 14231402 3501599 00089+.0002  rgrie g p et
-07
5 14050+ .02 35.00=.99  0.0089+.0002 0 0 3619653_1?
6 14273402 3500+ .99  0.0089+.0002 3.67'88143‘3)_17& 0 0
7 143424+ 02 35.00=.99  0.0089+.0002 0 3 'g;%ig?oi 0
2.69E-07+ 2.60E-07+ 2.81E-07+
8 14287402 3500+.99  00089+.0002 Ol 20O ey
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2.2 Aerosol Size Distribution Measurement

This study utilized a Brechtel 2100 Scanning Electrical Mobility Spectrometer (SEMS),
comprised of a Differential Mobility Analyzer (DMA) column in tandem with a model 1720
Mixing-based Condensation Particle Counter (MCPC), shown in Fig. 5. The SEMS measures
submicron (<1 um) aerosol size distributions. The scanning mode was utilized for this study,
collecting a size distribution between 5 nm and 850 nm across 100 bins at an 80 s sampling rate

for 24 hours. Sections 2.2.1 and 2.2.2 further discuss the theory of the DMA and MCPC.

SEMS Chassis

OMA Column
Sheatt

MCPC Exhanst Flow
[Centains Butanol Vapor)

Sample Fxcass

&

Excess P
| o
Py sampleln | (e
= Rt
-V 5%

2 Internal MCPC Vacuum Pump (optional)

~
Polenium Charger (optional)

Sampie In

2%

- AN Impactor {opticnal)
Nafion Dryer (optional)

Figure 5. Schematic of Brechtel 2100 SEMS, including a DMA column, and MCPC. *° This
diagram shows an optional Nafion dryer, which was not used in this study.
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2.2.1 DMA

-

Sheath In ——=2

SampleIn

SEMS Column

Typical Particle Path —___|

C ]

... e,

Excess Flow ————=

_T I

Selected Sample Flow

Figure 6. Cross section diagram of DMA.>

The differential mobility analyzer (DMA, Fig. 6) size segregates charged particles
according to their electrical mobility in an applied electrical field. At the instrument inlet,
aerosols are charge neutralized (i.e., given an equal number of positive and negative charges) by

passing the aerosol sample over Polonium-210 strips. The particles enter the DMA at a flow rate
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of 0.36 LPM, then mixed with a sheath flow set to 3.6 LPM. Inside the DMA is an unipolarly-
charged stainless steel rod. The oppositely charged particles are attracted to the rod. Particles are
either recirculated through the DMA, deposited to the rod, or exit the DMA. This is controlled by
the rod’s set voltage. Smaller particles with less momentum exit the DMA at low voltages while
larger particles are recirculated. As the DMA voltage increases, larger particles exit the DMA
while smaller particles deposit to the rod. By scanning the voltage to higher voltages, larger
particles exit the DMA where they are counted by the condensation particle counter (CPC),
described in more detail in section 2.2.2. The electrical mobility (Z) is related to particle mobility

diameter (dm) through the following equation:

Equation 1. Z(p, d) = neKpTCc(dm)

3nngdm

Here, n is the number of elementary charges, Kg is Boltzmann’s constant, 7' is temperature, C. is
the Cunningham slip correction, and ng is the dynamic air viscosity. Factors that can affect the
accuracy of particle transmission through the DMA include multiple charges on the particles.
The difference in the targeted mobility and actual mobility depends on the charge state at a given
diameter. The particles are assumed to adopt a Boltzmann distribution of positive and negative
charges centered around neutral (zero charge, when the number of positive and negative charges
are equal) to as many as three or more charges in either the positive or negative direction. For
such cases, large particles with a greater amount of charge may be attracted to the central rod at
lower voltages than anticipated, leading to erroneously detected smaller particles. We apply the

manufacturer-provided multiple-charge correction algorithm to eliminate these issues.
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222 CPC
The particles exiting the DMA are then counted optically by the condensation particle

counter (CPC). The Brechtel mixing CPC (MCPC) employs butanol vapor to saturate the aerosol
sample with butanol. The particles grow due to butanol condensation to sizes detectable with an
infrared laser detector. The count rate is 180 milliseconds dependent on the transit time through
the detector. Here, particle number concentrations can be detected accurately between 0 and
100,000 cm™ with an uncertainty of £8% at 100,000 cm™. Particle losses in the sample tubing
from the inlet of the DMA to the CPC are accounted for automatically using a diffusion
correction algorithm. For all experiments, the diffusion correction was applied to correct for

losses to the wall due to diffusion.
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2.3 PAE and Na* Sampling and Extractions

2.3.1 SSA Sampling and Extraction

Aerosols generated in the MART were collected for 24 hours continuously onto QFFs
(90 mm in diameter; 1 pm pore size) housed in a Millipore stainless steel filter holder. The filters
were kept in an oven at 200°C for 24 hours prior to sampling. An external vacuum pump was
attached behind the filter holder and sampled at a rate of 4 L/min measured by a Sairgo MF5700
Mass Flow Meter (MFM). This flow rate and collection time were chosen to ensure sufficient
PAE aerosol mass had deposited onto the filters for analysis.

Filter extractions were performed using a modified method from Cooper et al. 2025.46 The
filter was cut using metal scissors and tweezers, first cleaned with acetone and methanol. Three
fourths of the filter was used for PAE analysis, while a quarter was used for Na* analysis. For PAE
extraction, the filter was submerged in glass scintillation vials with DCM and sonicated for 1 hour
in a Branson Bransonic® Mechanical Bath 3800. The sonicated solution was then filtered using a
Hamilton 50 mL glass syringe, and Acrodisc® 13mm .45um Supor® filters. The filtered solution
was aliquoted into GC vials, spiked with DEHP-d4, and analyzed on the day of extraction or stored
at -20°C until the next day.

Na* filter extractions were performed on the quarter portion of the filter not used for PAE
analysis. The filters were placed in plastic vials, submerged in Milli-Q water, and then sonicated
for 30 min. The sonicated solution was then syringe-filtered, and aliquots were placed in IC vials

for processing on the day of extraction.
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2.3.2 Sea Surface Layer Sampling and Extraction

Sea surface layer samples were collected using a 28 x 20 cm glass plate, a glass funnel,
and a rubber squeegee.’®> It was noted that the rate of plate removal from the MART to collect
the surface layer sample was faster than desired, resulting in larger sample volumes than
anticipated. The rate of removal was 5 cm s'!. However, the plate was not allowed to drain for 20
s, as described by Cunliffe and Wurl 2014.%° The potential effects of the larger sample volume on
the reported PAE concentrations from the surface layer are explored in section 3.1.3 Sea Surface
Layer Analysis.

Sea surface layer samples were extracted via solid phase extraction (SPE), using the
Bond Elut PPL SPE cartridges and a Restek Visiprep vacuum manifold.>**6! Samples were
frozen on the day of collection and thawed on the day of extraction. The cartridges were
successively cleaned three times with 3 mL of acetone, then 3 mL of DCM. Conditioning of the
cartridges used the same solvents; they were washed with 3 mL of acetone, 3 mL of DCM, and 3
mL of Milli-Q water. The total sample size for SSML was less than 5g; the sample was thus
poured directly into the PPL tube, and filtered through the cartridges under vacuum at a rate of 1-
2 drops per second.®® After filtration, the cartridges were rinsed with 3 mL of Milli-Q water to
remove excess salt and dried under vacuum for 30 minutes.® PAEs retained were eluted twice
with 3 mL of DCM into pre-combusted glass vials. Paluselli et al. 2018, from which this
extraction method was derived, obtained recovery rates for DCM being used as both the elution
fractions.®® DMP had a 100% recovery rate, DBP with 85%, and DEHP with 87%. 1 g aliquots
were then transferred to GC vials, spiked with DEHP-d4, and analyzed the day of the extraction

or placed in a -20°C freezer until the next day.
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For Na* extraction, 5 mg samples were aliquoted by a PU07709 Thermo scientific pipette
into 10 mL conical vials and filled with 5-10 g of Milli-Q water. The samples were then
sonicated for 30 min to ensure a homogenous solution. Aliquots were then placed in ion

chromatography (IC) vials and analyzed on the same day.

2.3.3 Bulk SW Sampling and Extraction

Bulk artificial SW was collected via a side port on the MART into cleaned and pre-
combusted 1 L amber glass bottles. Na* samples were taken from the same port into 10 mL
conical vials. PAE extraction was performed using the same procedure as extraction of the sea
surface layer samples, described above, with slight modifications. The 1 L samples were filtered
through the cartridges through SPE tubing adaptors, under vacuum at a rate of 1-2 drops per
second.®® After, the cartridges were rinsed with 3 mL of Milli-Q water to remove excess salt and
dried under vacuum for 1 hour.®® The PAE elution and GS/MS prep is as described in the
procedure for sea surface layer sampling.

10 mL samples of bulk SW were diluted in a series of dilutions for analysis. 5 mg
samples were aliquoted from the sample by a PU07709 Thermo scientific pipette into 10 mL
conical vials. The procedure then follows the exact steps of the sea surface layer extraction and

IC prep.
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2.4 GC/MS

Gas chromatography-mass spectrometry is a widely used analytical tool for analyzing
PAEs.*13:2060.62 Extracted sample analysis was performed on a Thermo Trace 1300 GC coupled
with a TSQ 8000 Evo triple quadrupole (TSQ) mass spectrometer (GC/MS), using EI ionization
(70 eV). An Agilent HP-5MS capillary column (30 m x 0.25 mm, 0.25 um film thickness), with
a GC oven temperature ramp starting at 50°C for 5 minutes, and then up to 250°C at 25°C/min,
with a final isothermal hold for 5 min, was used for separation. Helium was used as a carrier gas
at a flow rate of 1 L/min. The samples (1 pL) were injected using an automatic spitless sampler.
Data was analyzed on Xcalibur, and PAE concentrations were quantified using external

calibration curves. Calibrations and mass spectra are discussed in section 3.1.1 and 3.1.2.

251C

Extracted Na" samples were analyzed using a Thermo Dionex ICS-2000 IEC-CD. The
instrument ran on positive mode using 18 mM methanesulfonic acid (MSA) as the solvent. An
isocratic flow of .25 mL/min ran 20 min, with the suppressor set at 14 mA. 25 uL samples were
injected into the loop and eluted in Thermo Dionex IonPac CS12A (2 x 250 mm) column, with a
Thermo Dionex IonPac CG12A (2 x 50 mm) guard. Data was analyzed on Chromeleon, and

concentrations were quantified using external calibrations. Calibrations are discussed in section

3.2.
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2.6 Enrichment Factor Calculation

The EF values were calculated from Eq. 2.5° Here, EFx is a unitless value of chemical X.
Xaer, Xsmr and Xsw are concentrations in the aerosol (AER), sea surface layer (SML), and bulk
seawater (SW) phases, respectively. These are normalized to the concentrations of Na™, a
seawater tracer, in the sample media, and then dividing the same ratio in bulk seawater. An
EF>1.0 means that the PAE/Na" ratio is greater than in the bulk water, indicating PAE is
enriched with respect to Na* in that sample. An EF=1.0 means the ratio of PAE/Na" is the same
as in the bulk water, indicating no PAE enrichment. An EF<1.0 means PAE is enriched in the

bulk water with respect to the sample and therefore depleted in the sample.

[X]aer
EFX — /[Na+]aer

Equation 2. XTsw
/ [Na*]sw

Chapter 2, in part, coauthored with Slade, Jonathan H., is currently being prepared for
submission under the title, “Phthalate Transfer and Enrichment in Artificial Sea Spray Aerosols.”

The thesis author is the primary author of this chapter.
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Chapter 3: Results and Discussion

3.1 PAE Detection and Analysis
3.1.1 Mass Spectra of PAEs

PAEs were detected and quantified from GC/MS data on Xcalibur. Specific m/z ratios
were used as qualification and quantification peaks described in previous studies.6%-60-64-66 Yin et
al. 2014 described the fragmentation pathway of common PAEs using GC/MS (Fig. 7). Although
DBP and DEHP are described to have a similar fragmentation pathway, the mass spectra show
different m/z abundances and retention times. Quantification and qualification peaks were chosen
based on previous studies analyzing PAEs in the environment, listed in Table 3.136067 149 was
used as a quantifier peak for both DBP and DEHP, however they have different qualifier

fragments, displayed in Figs. 8 and 9.
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Figure 7. GC/MS fragmentation pathway of A. DMP, and B. DBP and DEHP. *¢
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Table 3. Retention times, qualification, and quantification ions of PAEs by GC/MS.

xf MW Retention time Quantification Qualification

DMP 194.2 12.25 163 194, 135,77
DBP 278.4 14.76 149 223,205
DEHP 390.6 15.53 149 279, 167

100, 148.97
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Figure 8. Mass spectra of DEHP

22



278.11

[
250

|
200

205.05 223.05

®
o g
® -
= |
‘_‘ i
N P
— N £
N o C
— 2
_ —
o =3
) :
o™ 3
(@) r
<t -
ST
N o
@ Fw
[TT T T T T T T [T T T T[T T T T [T T T T[T T T T[T T T T [T T T T[T T T T [T T T T T T T T[T T T I T T T[T T T T[T T T T [ TTT T[T T T T[T TTT T TTT[TTTT
o Yol o Yo} o Yol o Yo} o Yol o w0 o Yol o [Yel o wn o (Yol o
o (o>} (o) (o] (e} ~ N~ o o 0 w0 < < o o N N -~
20ouepunqy aAne|ay
o
[ce)
(o)}
a
o
Ne) 3
— ©
o
s
o
N
oo}
o
on
= ES
— E~
~ L
Tp) S F
o e
"
N~ o e
~ 20;
~ R
to
E(.D
Fo
Eﬂ'
\HH\\H\\H\\\\H\\HH\HH\HH\HH\\\H\\H\\H\\\\\H\H\\\\\H\HH\HH\HH\HH\H\\\HHE
o 0 o 0 o n o 0 o 0 o 0 o 0 o [Ye] o n o [Te) o
o (o>} (2] [ce) o ~ N~ © © [Te) n < <t ™ ™ N N ~ ~
2ouepuUNqy aAle|oY

Figure 9. Mass spectra of a. DMP and b. DBP from signal in bulk sea water sample.

23

m/z

m/z



3.1.2 PAE Calibrations

External calibrations were performed on each PAE and used for quantification of PAE in
the sample extracts. Both external calibration standards and the extracts were prepared in DCM.
Because these calibrations were preformed using DCM, there is added uncertainty in the
accuracy of calculating a samples concentration due to matrix differences. To minimize matrix
effects, DEHP-ds was added to the samples as an internal standard. The calibration curves were
linear across .5ng/g to 500ug/g, in the same range as the experimental data. Calibration curves
for DMP, DBP, and DEHP are displayed in Figs. 10-12. Calibrations for DMP and DBP were
run for the two data sets analyzed. One calibration curve was calculated for DEHP because the
samples were run in immediacy. The limit of detections (LODs) of DMP, DBP, and DEHP are
displayed in Table 4. The calibration curves used for the second round of DMP and DBP

extractions were a higher range because of higher PAE concentration added to the MART.

Table 4. LODs of DMP, DBP, and DEHP. Values were calculated using calibration curves.

Calibration Curve LOD (g/g)
DMP (25/07/22) - (25/08/23) 3.08x10°%
DMP (25/11/18) - (25/12/23) 2.05x10°8
DBP (25/07/25) - (25/08/23) 2.76x10°%
DBP (25/11/18) - (25/12/23 1.06x10°7

DEHP 1.46x1078
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Figure 10. Calibration curves for DMP. Calibration A. was calculated with the first experiments
(25/07/22) - (25/08/23), with a concentration range of 4.927x107°7 to 4.389x107! g/g. The slope is
4.97x10"® with an R? value of 0.9928. B. was calculated with the second set (25/11/18) -
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0.9685.
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3.1.3 Sea Surface Layer Analysis

The thickness of the artificial SSML, or sea surface layer, was calculated using Equation
3, described by Cunliffe and Wurl 2014.%° Where V is the sample volume (cm?), A is the
immersed plate area, total of both sides (cm?), N is the number of dips per sample, and h is the

SSML thickness in pm.>’

Equation 3. h = 10* x V/(A x N)

The average calculated sea surface layer thickness was 15(£2) um, and values for each trial are
displayed in Table 5. Wurl et al. 2017 sates that the SSML ranges from 1-1000um depending on
the collection method, where other studies find the thickness to lie around 50(+10) pm.®-"! The
values for this study are on the lower end of what was collected from environmental samples.
This difference may be due to the artificial surface containing only one compound, whereas the
real SSML contains thousands of compounds mixed with biological material that form extensive
networks of colloidal material and hydrogels, contributing to a thicker, and more viscous SSML.
The in-lab sampling may have also influenced on the thickness because of the state of the water.
The ocean surface is in constant motion with no surrounding walls; here, however, the water was
contained on all sides by plexiglass. It is likely that the cascading waterfall, when activated,

disrupted the surface layer, pushing some of the surface components to the walls.

28



Table 5. SSML thickness in um, calculated using Equation 3.

Experiment Sample Mass (g) SSML thickness pm
DMP (25/07/22) 9.6607 15.7084
DBP (25/07/25) 10.3179 16.7770
ALL PAE (25/08/23) 10.8458 17.6354
DMP (25/11/18) 6.4236 13.9266
DBP (25/11/20) 6.0071 13.0236
ALL PAE (25/12/13) 6.6200 14.3522
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3.2 Na* Detection and Calibration Curve

External calibration curves performed with IC were used to determine the concentrations
of Na* in the collected samples. Concentrations for the curve ranged from 1.147x10% to

3.460x10™ g/g (Fig.13). The calculated LOD was 3.82x10°%.
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Figure 13. Na* calibration curve ranging from 1.147x10°% to 3.460x10"” g/g, with a slope of
1.01x10% and an R? value of 1.
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3.3 Enrichment Factors of PAEs in the sea surface layer and nascent SSA

We first examine the EFs, presented in Fig. 14 and Table 6, for DMP and DBP in the
surface layer samples. High enrichment in the surface layer is indicative of the presence of more
hydrophobic and surface-active species.®> Two independent MART trials of each, DMP by itself,
or DMP mixed with all other PAEs, were performed using similar starting concentrations on

different dates in freshly made artificial seawater. The EF values for DMP by itself in the SML
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Figure 14. EF SSA and SSML values calculated using Equation 2.

were 1.25(+0.10) and 5.45(£0.19) for the two trials. The EF values for DMP mixed with other
PAEs in the SML were 1.47(+0.10) and 1.5(0.7), within the uncertainty and range of the EFs
for DMP alone. Reasons for the greater SML enrichment in one of the trials of DMP alone are
difficult to quantify, though enrichment in the SML can be affected by water temperature, the

presence of dissolved ions and organic matter, and the stability of the SML.4>6872-74 These were
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prepared and sampled in the same way between trials. However, it is possible that the SML was
more stable and that more SML sample mass was collected in the higher enrichment trial.
Conversely, DBP EFs in the SML were 34.3(+1.6) and 20(+3) when present by itself and
21.1(%£0.9) and 16(+3) when mixed with other PAEs. None of these are significantly different
from each other, though they are significantly more enriched in the SML than DMP.
Previous studies report varying EFs for different organic species in the SML, though none have
reported on PAEs. In Trilla-Prieto et al., 2024, a series of organophosphate esters (flame
retardants) were found to be relatively more concentrated in the SML compared to underlying
waters in the Atlantic and Southern Oceans.*® The EFs were reported as 5.84(+8.97) and
9.10(£9.48) for the Atlantic and Southern Oceans, respectively. EFs of polychlorinated biphenyls
(PCB) and other organochlorine compounds in the SML were reported as ranging from 0.2 to
7.4 in offshore waters in Barcelona.*’ In Casas et al., 2020, ionizable perfluoroalkyl substances
(PFAS) measured in maritime Antarctica exhibited EFs of 1.2 to 5 in the SML.” In one study by
Karnatz et al., 2025, naturally occurring organic matter, including dissolved amino acids were
enriched in the SML by a factor of 2.88, while the EF for glucose was 8.79, with enhancements
in the EF during or following a phytoplankton bloom.”® While our experiments did not grow a
phytoplankton bloom, it is useful for comparing EFs with other organic molecules with different
structure and moieties.

In nascent SSA generated by the MART, DBP was significantly more enriched than
DMP. For DBP alone, the two trials showed EFs of 28800(+1300) on 7/25/25 and 16000(+7000)
on 11/20/25, whereas DMP EF values were 6(+12) on the 7/22/25 trial and 450(£50) on the

11/18/25 trial. When mixed with all PAEs, DBP EF values were 57400(£2500) on 8/23/25 and
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35000(£8000) on 12/13/25. In contrast, DMP EF values when mixed with all PAEs were
2.5(%1.0) on 8/23/25 and 542(+24) on 12/23/25.

While there are currently no other studies that have reported PAE EFs in SSA, others
have reported significant enrichment of other organic contaminants. In Trilla-Prieto et al.,
2024, they estimated EFs of organophosphate esters in SSA (based on previously measured
concentrations in aerosols) ranged from 36,900 to 3,330,000.* In Casas et al.,

2020, PFAS sampled in maritime Antarctica SSA exhibited EFs from 522 to 4,690, in the same

order of magnitude as DMP and DBP in this study.*
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Table 6. Concentrations and calculated EF values for DMP and DBP in different matrices.
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3.3.1 Differences in the Enrichment of DBP compared to DMP in the sea surface layer and SSA

The greater enrichment of DBP compared to DMP in both the aerosol phase
and SML may be attributed to several compounding factors, including differences in molecular
size, hydrophobicity, volatility, and surface activity. Due to its longer alkyl
chain, DBP has a significantly higher octanol/water partitioning coefficient (Log K..~4.5), as
shown in Table 7, and specific gravity near 1 compared to DMP (Log K,.~1.6), with a higher
specific gravity, making it more available to be suspended in the water column and relatively
less interaction with lipids in the SML. Based on the definition of K., the concentration of
DBP relative to DMP in octanol is approximately 800 times larger (i.e., 10*3/10') compared to
that in pure water. In comparison, the ratio of DBP to DMP in the SML samples in our
experiments was approximately 3-34x greater compared to the underlying seawater. This
highlights a key difference in the hydrophobicity of the samples in our experiments. Namely,
palmitic acid exists in its more soluble de-protonated form in artificial seawater, whereas octanol
lacks an acidic proton and is insoluble in water. Therefore, DBP would likely be less enriched in

the more soluble palmitate SML than a pure octanol layer.

Table 7. Physiochemical properties of DMP, DBP, and DEHP.

PAE Molec;iifo\lVeight Specif(izcﬂ(o})ravity Log Kow VP (mmHg, 25°)
DMP 194.2 1.192 1.46-1.90 2.0x 1073
DBP 278.4 1.042 3.74-5.15 2.7 X 107°
DEHP 390.6 0.986 5.11-8.35 1.0 x 1077

Furthermore, DMP is more volatile than DBP, which means it can escape to the
atmosphere directly via gas exchange rather than being carried upward in bubble films. The

vapor pressure of DBP is 1.0 x10-> mmHg at 25°C, two orders of magnitude less than the vapor
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pressure of DMP (4.19 x10* mmHg at 20°C).”” Due to its greater hydrophobicity, DBP can
adhere more strongly to rising bubbles and therefore become scavenged more efficiently than
DMP. This could explain the significantly higher ratios of DBP to DMP in the collected nascent
SSA, which range from 29x to 29,000x greater than in the underlying seawater. The study by
Cooper et al., 2025 showed that the aerosol-to-water ratios of several contaminants of emerging

concern in field samples in coastal San Diego, California increased with their hydrophobicity.*®

3.3.2 Potential Reasons for Variability in the EF between Trials

There were significant differences in the EF values between trials for the PAE systems
studied. Most notable are the differences in the EFs of DMP in nascent SSA, which varied by
two orders of magnitude between trials for both DMP alone and DMP mixed with all PAEs. We
will focus on DMP, as the EFs of DBP between trials, although different, were all within the
same order of magnitude. When examining the aerosol size distributions between trials (Fig. 15),
there are clear differences in both the total aerosol concentration and the size of nascent SSA that
was generated. For example, on 11/18/25 (DMP EF = 450+50), there is a single number
weighted size mode of ~50 nm (orange plot in Fig. 15A), whereas on 7/22/25 (DMP EF=6+12)
there were three apparent modes of ~70 nm, ~120 nm, and >~300 nm (red plot in Fig. 15A).
While the nascent SSA size distributions for the DBP experiments varied too, each exhibited one
larger and one smaller size mode. On 11/20/25 (DBP EF=16000+7000), the broader smaller
mode peaked at ~35 nm and the larger mode peaked at ~400 nm (purple in Fig. 15B). In
comparison, on 7/25/25 (DBP EF=28800+1300), the size distribution was like that for DMP on
7/22/25, with a smaller mode ~120 nm and a larger mode >~300 nm (teal in Fig. 15B). This

importantly demonstrates a possible size dependence in the EF of the PAEs studied here. Several
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studies have observed a similar size dependence in the level of enrichment of other chemical
species in aerosols. For example, the enrichment of divalent cations (Mg?* and Ca®*) in nascent
SSA is greater with smaller aerosol diameter.*> There are other examples of the enrichment of
transparent exopolymers (TEP) in smaller SSA particles collected from field samples in the
North Atlantic and greater mass fractions of organic carbon in smaller SSA.5*78 In Fang et al.,
2025, various types of perfluoroalkyl substances exhibited size dependent EFs in artificial lab
SSA and field-collected samples, with an order of magnitude greater EF in 100-200 nm SSA
compared to 500 nm SSA..>! Here, like in these other studies, the smaller SSA particles
generated in the MART contain a greater fraction of organic material (i.e., PAEs), resulting from
the bursting surface film, which is enriched in surface active material. The MART experiments
producing a larger fraction of smaller SSA (or smaller fraction of larger SSA) would contain

relatively larger fractions of PAEs. %!
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Figure 15. Particle size distributions of A. DMP matrix experiments, B. DBP matrix experiments,
and C. all PAE matrix experiment. Only one experiment is plotted due to the instrument being under
repair. Concentration of particles (Dn/dlogDp) is plotted versus particle diameter. Error bars
illustrate the concentrations standard deviation. The vertical bars (dashed) indicate the position of the

different size distribution peaks (modes).x
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3.4 DEHP Analysis

The results from the DEHP data were inconclusive, and no EF values were able to be
calculated. In the DEHP experiments, when only DEHP was added to the matrix, the samples
contained apparently less DEHP than the blank samples, as shown in Fig 16. The mass spectral
analysis resulted in high concentrations of DBP being detected when only DEHP was added to

the matrix. This was true for the matrix of DEHP alone, and with DMP and DBP.
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Figure 16. Relative peak area signal from DEHP filter extractions. Signal intensity for filter blanks
were consistently higher in DEHP signal than the sample filters.

The reasons for this are not clear. It may be related to fragmentation in the MS. In general,
phthalates form similar fragmentation patterns through either the McLafferty+1 rearrangement or
the loss of the alkoxy.” In complex matrices, it can be difficult to distinguish different phthalates
from each other using EI MS.%° However, the GC/MS data was cross-referenced, confirming that
the signal was from DBP even with having the same quantification fragment of 149 m/z. Fig. 17
displays the concentrations in g/g from filter extractions from a DEHP matrix, and a matrix with

all PAEs. The filter blanks for DEHP have higher signal than the actual filter samples, making
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Figure 17. Concentrations of DEHP and DBP from a DEHP matrix and a matrix with all PAEs.
Filter blanks have been subtracted from filter samples.

the concentration negative in the sample. The signal for DBP is what is expected, the filter blank
has contamination, but the signal for the actual sample is much higher. The results from the DBP
confirms that no human error, such as mislabeling samples was the reason for this anomaly. Data
from the DEHP experiments consistently showed higher signal in the blanks and SW matrices
without DEHP added; the signal from DBP from these samples showed what was expected, low
signal in blanks, and high signal in the sample. DEHP was unable to be calculated in the final
total PAE experiment due to GC/MS signal shifts. This indicates systematic error in DEHP data
collection and experiments. Signal intensity for SW and sea surface layer samples also varied.
Most experiments show higher signals for DEHP in the blank, and high signals for DBP when
DEHP was added. Overall, the data for DEHP did not have a detectable trend and was

inconsistent in all matrices.
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Degradation pathways for DEHP have been studied but are unlikely representative of the
experiments. In Staples et al. 1997, DEHP degraded by photo-oxidation and hydrolysis with half-
lives of .2-2 days and 2000 years, respectively.!” Many studies show biodegradation of DEHP
within the presence of biotic factors, and can form the corresponding phthalate monomers and
DBP; however, as no biological components were in this experiment, this degradation pathway

can be ruled out.!”#1:82 This is a subject of future work.
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3.5 Implications

Our findings show that phthalate esters are substantially enriched in both the sea surface
microlayer and sea spray aerosols relative to bulk seawater, demonstrating that the ocean-
atmosphere interface is an active and efficient pathway for their atmospheric emission. DBP
exhibits EFs far greater than those of DMP and comparable to those reported for highly surface-
active PFAS, indicating that DBP is especially prone to bubble-mediated transfer into the air.
These results highlight that phthalates are not merely dissolved contaminants but can be
selectively concentrated and aerosolized, with important implications for the environmental fate
and potential human exposure.

Once airborne, PAEs can undergo long-range transport, oxidation, and deposition back to
the ocean or land, with atmospheric lifetimes ranging from hours to months depending on
molecular structure.!” Although the effects of PAEs in the atmosphere remain poorly
constrained, our work provides quantitative evidence that they are efficiently injected into the air
and therefore capable of participating in atmospheric processes. Recent observations of
microplastics acting as cloud condensation nuclei and ice-nucleating particles, along with their
measurable radiative forcing, underscore the need to understand whether aerosolized phthalates
similarly influence cloud formation or the radiative balance. 83%+85 Given the global production
of PAEs reaching 6 — 8 million tons and their integration into nearly all environmental
compartments, determining how phthalates in SSA affect CCN activity, INP behavior, and
atmospheric scattering and absorption represents an important next step. ¢7-8¢ Future studies
should expand measurements to additional phthalate species, assess their chemical evolution

once airborne, and evaluate their impacts on atmospheric processes and human health.
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Chapter 3, in part, coauthored with Slade, Jonathan H., is currently being prepared for
submission under the title, “Phthalate Transfer and Enrichment in Artificial Sea Spray Aerosols.”

The thesis author is the primary author of this chapter.
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Chapter 4: Conclusions and Future Work

4.1 Conclusions

The identification from past studies of PAEs in many parts of the ocean and atmosphere,
indicate a transfer occurring via evaporation, or SSA. This study investigated the transport of
PAEs via SSA from artificial seawater. The experiments, conducted in a MART, utilized varying
matrices to identify different transfer aspects of PAEs. EF values were calculated for SSA and
the sea surface layer, for both individual PAs matrices, and when all the PAEs were present. The
EF values found, for DMP and DBP, two of the three PAEs used in the study, provide insight
into the fate of PAEs in the ocean.

The EF values calculated for DMP exhibited a slight preference for transfer via SSA and
no great difference when mixed with other PAEs. In two independent MART experiments, DMP
EFs exhibited a two-order of magnitude difference. The particle size distributions also differed
between experiments and the results suggested particle size plays a critical role in enrichment.
DBP was preferentially transferred in SSA compared to DMP, with EF values in the tens of
thousands. Again, the data sets differed in values, and the SEMS data provided different size
distributions. Unlike DMP, DBP showed a significant difference in EF values between trials with
and without other PAEs. It was found that DBP is more likely to transfer when present with other
similar surface-active PAE species.

Sea surface layer EF values for DMP displayed a slight enrichment across all
experiments. With a low specific gravity near 1, DMP is expected to be suspended in the water
column rather than on the surface, consistent with the lower measured EF. DBP was found to
have a higher SML EF value than DMP. In the matrix with other PAEs, the EF values were

calculated to be lower than on its own, but on the same order of magnitude. These trends were
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consistent between trials. It was expected that DBP would be more enriched than DMP in the sea
surface layer because of a high Log Kow, making it more likely to interact with hydrophobic
species.

The results for the DEHP studies remain inconclusive. Signal intensity varied and had no
distinct relationship between blanks, filter sample collection, and bulk water samples. While
DBP signal was present in DEHP experiments, it is unknown why this is occurring. This subject

requires further investigation to fully comprehend the behavior of DEHP.
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4.2 Future Work

This study provided insight into the behavior of PAEs in in the ocean. The calculated EF
values are foundational to understanding the long-term effects of PAEs in our environment.
Many additional studies should expand upon the data collected, and aid in completing a broader
representation of the fate of PAEs. Below are suggested future directions including (1)
improving methodologies for detection of longer-chained PAEs including DEHP, (2) size-
dependent studies, (3) representative sea surface conditions, and (4) introducing atmospheric
chemistry.

The EF value of DEHP was unable to be calculated for reasons including high
backgrounds and potential degradation of DEHP in the sample forming DBP. The GC/MS
temperature ramp used for PAE detection did not reach a temperature at which other papers
measured DEHP.%%¢187 Increasing the final temperature from 250°C to 280°C may improve
DEHP detectability. To improve detection of DEHP, a different temperature ramp with an
increased maximum temperature is suggested. Mi et al. 2023 utilizes a temperature ramp
increased to 280°C. Paluselli et al. 2018 also uses a program that reaches 280°C. Both studies
detected DEHP without issue.!>* Other studies should be conducted of the degradation of DEHP
under various conditions. Other MART studies use nitrogen as a carrier gas, where this study
used a ZAG.>*38 Nitrogen is relatively inert gas under normal conditions and does not readily
react with compounds. This could lead to interesting results and perhaps shed light on some of
the properties of DEHP in SSA.

The SEMS data collected had varied results between experiments. The particle size
distributions and correlated EF values indicated that there might be a size correlation to EF

values of PAEs. SSA composition is dependent on size and can vastly alter the properties.** This
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work is currently being investigated by our group. Utilizing an electrical low-pressure impactor
(ELPI), different aerosol particle sizes are collected on the collection plates, allowing particle
size specific EF values to be calculated. This will provide information on the behavior of PAEs
in size specific particles.

Palmitic acid was used as a SSML proxy in the MART experiments to replicate real
environmental conditions. To expand upon the environmental relevance of this study, other
components should be added to the matrix, such as phytoplankton blooms. Biological activity
could lead to different SSA enrichment, as well as unidentified chemistry in this study.
Biodegradation and bioaccumulation is a common fate of PAEs in many systems and could have
a significant impact on the EF values of PAEs.%

This study focused on how PAEs transfer into the atmosphere via SSA. To further
investigate the effects that PAEs have on our environment, air chemistry experiments should be
explored. Instruments such as the Potential Aerosol Mass Oxidation Flow Reactor (PAM-OFR),
would allow targeted degradation experiments to be conducted. Using a PAM-OFR,
photochemical reactions, and heterogeneous oxidative reactions can be studied.”!
Photodegradation of PAEs has been identified to occur in water and in the air, but specifics on
SSA chemistry remain unknown.!”*2%3 Feng et al. 2022 describes chlorinated photoproducts of
DMP from studies conducted in DCM.*? SSA being an abundant source of CI-, could promote
high concentrations of chlorinated PAE products.”! The results of these experiments will aid in
understanding the behavior of PAEs in the aerosols, and the impact they have on our atmosphere.

Chapter 4, in part, coauthored with Slade, Jonathan H., is currently being prepared for
submission under the title, “Phthalate Transfer and Enrichment in Artificial Sea Spray Aerosols.”

The thesis author is the primary author of this chapter.
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