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Abstract

The degradation of petroleum-derived organic pollutants in aquatic systems occurs
through lengthened exposure to UV and visible light. In this thesis, organic pollutants include
crude oil, refined fuels, and plastic particles or films. The photo-oxidation of these pollutants are
monitored over natural waters. To characterize the molecular signatures of photo-oxidized
petroleum, bench-scale spills of refined fuels and crude oil were irradiated over Alaskan waters.
A 4-component fluorescence PARAFAC model revealed a unique feature associated with photo-
oxidized refined fuel unlike traditional “microbial”- or “terrestrial-like” components. In contrast,
crude oil photolytically decomposed into humic-like components and oxidized aliphatics. FT-
ICR MS data corroborated the optical data. Overall, refined fuels produce a significantly higher

mass of photoproducts than crude oil and carry a unique chemical signature.

To characterize degradation pathways of plastic particles mediated by reactive oxygen
species (ROS), chemical probes were added to solutions of plastic in water to react with reactive
transients produced from plastic irradiation. ROS examined were hydroxyl radical and singlet
oxygen. A higher ROS production rate was observed in nanosized particles versus microsized
particles, and higher in plastics with backbones containing ester bonds than that of backbones
made of carbon-carbon bonds. Cloud point extraction was successfully used to separate plastic
particles from water, and surface chemistry changes on shopping bags show early signs of
degradation from UV light. Results in this thesis give encouraging precedent to future methods

of studying photodegradation of environmentally relevant organic pollutants.

Keywords: photo-oxidation; dissolved organic matter; petroleum; PARAFAC fluorescence;

reactive oxygen species; nanoplastics
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Chapter 1: Introduction

The widespread use, and subsequent rise in pollution, of petroleum-derived products is of
current environmental concern. The introduction of foreign materials in the environment has
been studied due to the increase of oil drilling and spills, as well as the rise in manufacturing,
use, and pollution of single-use, petroleum-derived products. Introduction of pollutants is an
unnatural disturbance to existing energy and matter levels in the environment, which may lead to
the modification and degradation of a natural system.! Photochemical transformations of crude
oils, refined fuels, and petroleum-derived products such as plastics, have been studied in multiple
fashions in attempts to identify their fate in the environment. However, despite prior studies,
little has been done to understand photochemical impacts of fuel spills in high latitude conditions
where drilling is present, the climate is unique, and spills are remote and difficult to remediate.
In a similar fashion, the short-term mechanisms of photooxidative patterns in plastics are poorly
understood.

This thesis addresses three topics:

1. Monitoring of photoproducts in Arctic conditions using optical techniques
2. Role of ROS in photo-oxidation of plastic polymers

3. Surface chemistry changes of plastic polymer films after light exposure

Photochemistry

Chemical reactions initiated by light only occur when a compound absorbs light.
Compounds with the ability to absorb light are known as chromophores. Absorption of light
allows for compounds to move from a ground state energy level to an excited state energy level,

which is equal to the energy, E, of incident quantum light:

1



E=hv

Where h is Planck’s constant and Vv is the frequency of light absorbed.

Electronic excitation leads to the promotion of an electron from a bonding to an
antibonding or nonbonding orbital.? The electronic transition responsible for the majority of
organic photochemical reactions are = — n* transitions.? In environmental photochemistry, the
effect of light energy on organic compounds comes from the solar spectrum which is highest
between 300 — 750 nm. Molecular bonds absorb at different wavelengths of light according to
the structure of the molecule. Several organic compounds have maximum absorption sensitivity
within the UV-visible wavelengths of the solar spectrum. Plastic polymers absorb at 290-400
nm, which is entirely in the UV region of the solar spectrum.® Oil is made of a mixture of
aromatics, naphthenes, paraffins, and olefins in which aromatics absorb in both the UV and
visible region.*

After a molecule absorbs a photon and transitions from ground state (So) to an excited
state, the excited state of the molecule can exist in two arrangements: an excited singlet state (S1)
where electrons are paired and an excited triplet state (T1) where the electron spins are unpaired
(Figure 1.1). A series of relaxation stages in aromatic or conjugated molecules may convert
electrons from S to Ty through intersystem crossing.? Relaxation eventually returns the molecule

to its ground state energy level by losing energy through a variety of transitions.



Singlet Excited States Triplet Excited States
Internal
Conversion Vibrational
7 v Relaxation
S \ Intersystem
2 \1/\1/ v - ) Crossing
v__
VWAV v 7
S
| . (VAVAVAVAN
7 T
T \b T T T T
| 1 1 1 1
| 1 1 1 1
| 1 1 1 1
>‘ | 1 1 1 1
20 Internal and P i i
(5] 1 | | 1 |
= External 1 | | 1 1
eS Conversion N
| 1 1 1 1
|
pa— Fluorescence Phosphorescence !
T T
| 1 1 1 1
| 1 1 1 1
| | | 1 |
| 1 1 1 1
\ | 1 1 1 \l/
S V2 H
0 v 7
\/ HERV
Ground \ V
State " » A Ay

Figure 1.1. Jablonski diagram

Photochemical reactions occur through direct or indirect photolysis mechanisms. Direct
photolysis occurs when chromophoric material directly absorbs light, leading to changes to
chemical structure such as bond cleavage, chain scission or fragmentation.® Indirect photolysis
occurs when a reaction is initiated as a result of light absorption by some other chromophore
separate from the substrate of interest.® Reactive intermediates are produced through these
processes, which can initiate chemical change to the substrate of interest by a series of reactions.

58 These reactions are the focus of all processes taking place in this thesis.

Environmental Phototransformations:

Naturally occurring dissolved hydrocarbons in environmental waters have been studied to

show that light interacts with organic material in water to produce chemically altered products.’



These hydrocarbons, with accompanying oxygen and nitrogen substances, are also known as
dissolved organic matter (DOM), a heterogeneous mixture of humic substances, hydrocarbons,
carbohydrates, and proteins derived from decomposed plant material and other organisms.” 8
DOM in natural waters contains chromophores that allow for light absorption and subsequent
generation of photochemical products, in which the nature of production varies according to its
source and precursor materials. Photo-oxidation can occur through the presence of oxygen and
light radiation. It has also been found that hydrophobic organic substances, such as crude oil and
fuels, are able to transform into hydrophilic substances due to photo-oxidative processes.® A
significant chromophoric component of crude oil consists of polycyclic aromatic hydrocarbons
(PAH); these moieties are susceptible to photo absorption and are able to undergo
photooxidation and phototransformation. The chromophoric composition in DOM allows
fingerprinting methods to trace DOM back to its source, which has been used to monitor the

dissolvable photoproducts from oil spills in the environment.1%-1°

Through exposure to sunlight, DOM and crude oil can produce reactive oxygen species
(ROS) such as hydroxyl radical (-OH), singlet oxygen (*O), organic radicals and superoxide.> 2>
26 The role of ROS has been established as being a vital species involved in the photo-oxidation
of DOM and oil films.? 5 6 8 20-26 sing methods and research established for monitoring ROS
produced from DOM and oil spills, the production of ROS from nano- and micro-sized plastics is
another focus of this thesis. Plastic polymers have vastly different structures than DOM or crude
oil, but some plastic structures have chromophores that allow them to absorb UV radiation and
photo-degrade. Even if polymers do not have naturally occurring chromophores, it is likely that

there will be impurities and additives in the polymer structure which absorbs light and promote



photo-oxidative chemical reactions.?’-?® By using chemical probes to monitor for the presence of

-OH and 'O;, the photo-oxidative mechanism of plastic degradation can be established.

The ground state of molecular oxygen is a triplet; the indirect degradation of plastic
polymers involving oxygen occurs with the use of radical species.?’ This occurs when a polymer
absorbs photons of light and excited electrons are transferred to a molecular oxygen forming into
a superoxide anion. The formation of superoxide anion can lead to the production of other ROS
such as hydroxyl radical. These ROS species are reactants for indirect photolysis of polymer

materials.

Hydroxyl Radical:

Hydroxyl radical is the most reactive ROS involved in photo-oxidative pathways due to
its strong oxidation potential, high electrophilicity, and ability to react with multiple species.?> *°
Because of its high reactivity, -OH has a low steady state concentration and is difficult to
monitor directly using common methods of analysis (electron spin resonance).?® Therefore,
methods performed by Zhou and Mopper were used to indirectly monitor total -OH trapped and

the -OH steady state concentration of UV-exposed micro- and nano-sized plastic particles.?®

Pathways for the production of hydroxyl radical from plastic polymers have been
proposed,?”: 2% 3132 where hydroxyl radical is formed from superoxide. After initial reduction of
O- to form superoxide, subsequent dismutation reactions with superoxide yields hydrogen
peroxide. Hydroxy! radicals are then finally produced from the reduction of hydrogen peroxide.?
5.27,29-32 The presence of free radicals in aquatic systems leads to further reactions; the hydroxyl
radical is a reactive species that can aid in the photo-oxidation of a hydrocarbon polymer and by

doing so, can result in fragmentation, chain-breaking, and cross-linking of polymer chains.%



Singlet Oxygen:

Singlet oxygen is an ROS that has been found to be another vital species to photo-
oxidative pathways.> Singlet oxygen is produced through reactive pathways with molecular
oxygen. When an organic compound absorbs light and is promoted to an excited state, a change
of electron spin may occur transitioning the compound to an excited triplet state. Singlet oxygen
is produced when the triplet state molecule transfers energy to the ground state molecular
oxygen, thereby quenching the excited triplet state of the sensitizer compound.> ?° Like hydroxyl

radicals, singlet oxygen can be indirectly monitored through the use of a chemical probe.?°



Chapter 2: Instrumentation

Solar Simulation and Merry Go Round Photoreactor

For simulated oil spills, an Atlas XLS+ solar simulator was used to irradiate oil over the
entire spectrum of solar radiation at an intensity of 250 W/m?, which is equivalent to the daily
summer maximum in Southcentral Alaska.®® For plastics studies, a merry-go-round (MGR)
photoreactor equipped with 350-nm lamps was employed. These lamps were chosen due to

absorbance capabilities of plastic (290 — 400 nm)?® and the chemical probes.?® 2>

Fluorescence Spectroscopy

By absorbing photons of light at specific wavelengths, a molecule will be excited from its
ground electronic state to an excited electronic and vibrational state. After excitation, a molecule
can relax back to its ground electronic state through multiple mechanisms. Fluorescence occurs
when a molecule relaxes from its singlet excited state (S1) back to its ground state (So), emitting
light energy in the process (see Jablonski Diagram, Figure 1). Fluorescence spectroscopy
measures the wavelength of light that successfully excites a given sample as well as the
wavelength that is emitted from the sample through relaxation. In this way, both fluorescence
excitation and emission will exhibit relative maximum values based on the fact that aromatic
bonds accept photons with wavelengths of light, and in turn, emit wavelengths of energy through
relaxation. The fluorescence intensity of both the excitation and emission wavelengths will be
unique to a chromophore within a sample and can be used to display a unique, three-dimensional

excitation-emission matrix.



Substances possessing aromatic molecules capable of absorbing light are naturally
fluorescent allowing easy measurement of characteristic fluorescence behaviors that may be
present in a sample. In the following studies, fluorescence spectroscopy was used to observe
dissolved organic matter in natural waters. Fluorescence measurements were taken using a
Horiba Aqualog Fluorometer (Horiba Scientific, Kyoto, Japan). Excitation, emission, and
fluorescence intensity data were exported for identification of chromophores in a complex

aquatic sample.

Parallel Factor Analysis

Parallel Factor Analysis (PARAFAC) is a statistical technique that can be used to
deconvolute an excitation-emission matrix from fluorescence spectroscopy into multiple
components statistically different from one another. PARAFAC assumes that: no two chemical
components have identical fluorescence spectra, the same three factors underlie every dataset,
and the total signal is due to linearity of a fixed number of components.3* PARAFAC

decomposes a given fluorescence signal into trilinear variables with an allowed residual:

PARAFAC model:

F

Xk = ) airbyey + ey

/=1

Variables in the PARAFAC algorithm are achieved where i, j, and k are consistent with the
sample, emission and excitation, respectively. Each variable f represents a spectral component

where each component has i number of a-values (scores) for each sample, j number of b-values



for each emission wavelength, and k number of c-values for each excitation wavelength. ejj is
the sum of squares of the residuals and F represents the number of total samples measured.3*
For this research, data collected from the Aqualog was imported into MATLAB and modeled
using the drEEM toolbox, where outliers were removed and the scatter regions were smoothed.3

A multidirectional analysis by PARAFAC was generated.

Fourier Transform lon Cyclotron Resonance Mass Spectrometry

Mass spectrometry is a method used to examine multiple analytes in a sample based on
their different mass to charge (m/z) ratios. Analytes are ionized and desolvated by an ion source
then directed through electric and/or magnetic field for mass separation and analysis. lons will
travel through the applied electric or magnetic fields respective and characteristic to their m/z. In
this way, mass and structural information of the analytes may be determined based on
fragmentation behavior. Mass spectrometers utilize different types of ion sources and mass
analyzers. A mass analyzer used for ultrahigh resolution capabilities is the Fourier transform ion
cyclotron resonance mass spectrometer (FTICR-MS). This mass analyzer utilizes a hybrid linear
ion trap mass spectrometer equipped with a 21 tesla superconducting solenoid magnet. This
technique is able to confine ions and measure the ion cyclotron motion using the ion’s frequency

of travel amongst an applied magnetic field.36: 3

High-Performance Liquid Chromatography
Reverse-phase high performance liquid chromatography (HPLC) is an analytical
technique that is used to separate nonvolatile and thermally fragile species in a complex

mixture.®® This method utilizes a mobile and stationary phase to separate molecules based on



their polarity and affinity to a nonpolar stationary phase and a polar mobile phase. Molecules that
are more nonpolar have a higher affinity for the nonpolar mobile phase, while more polar
molecules have a higher affinity for the polar mobile phase. After separation, analytes can be
detected by absorption spectroscopy. In this way, analytes in a complex mixture are separated,
detected, and measured for respective concentration levels using an Agilent 1200 series high-

performance liquid chromatograph (HPLC) (Agilent Technologies, California, USA).

Fourier Transform Infrared Spectroscopy

Since each type of chemical bond within a molecule can populate specific vibrational and
rotational energies, each bond absorbs specific frequencies of infrared (IR) radiation. IR
radiation is not energetic enough to produce electronic transitions; instead, small energy
differences exist between vibrational and rotational states of a chemical bond. As a result of
vibrational and rotational change, a molecule undergoes change in its dipole moment brought
about by atomic electron densities. The frequency of radiation must exactly match the vibrational
modes within a molecule for a transfer of energy of molecular vibration to occur.®® *° Polar
molecules with naturally occurring dipole moments are easily measured by Fourier transform
infrared spectroscopy (FTIR) where the vibrational and rotational energy transitions in a
molecule reveal a net change in dipole moment indicative of a specific molecular bond or group
of bonds. The absorption of infrared radiation at various frequencies are collected and each
chemical compound possess a unique FTIR absorbance spectrum.

In comparison to traditional FTIR transmittance methods, attenuated total reflectance
(ATR) is an accessory used with FTIR spectrometers allowing for non-transparent materials to

be measured. This technique works by pressing a sample with a refraction index larger than air

10



toward an ATR crystal. Incident IR radiation permeates the sample at an incident angle (45°) and
is absorbed partly by the sample. The IR radiation not absorbed by the sample will be reflected
from the crystal interface. This signal is compared to total reflectance of the incident IR radiation
when no sample is pressed toward the ATR crystal. Absorbance is measured as the difference
between IR radiation reflected back from the crystal with and without a sample present.3®

These techniques are useful for classifying unknown substances by functional group
identification, inspecting qualitative changes among a known sample, and measuring quantitative
information of increase or decrease of infrared absorption.® This thesis describes the use of these
methods to observe aging and changes to surface functional groups in polymer particles and

films.

11



Chapter 3: Unique Molecular Features of Water-Soluble Photo-oxidation
Products among Refined Fuels, Crude Oil, and Herded Burn Residue under
High Latitude Conditions
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Abstract:

Photo-oxidized petroleum hydrocarbons are a unique class of water soluble bioavailable
compounds that have gained emerging recognition within toxic regulatory management bodies as
an urgent and priority research need in high latitudes. In order to characterize the molecular
signatures of photo-oxidized petroleum, bench-scale spills were irradiated over Alaskan seawater
and freshwater at 5.5 °C. “Refined fuels” included heating oil, diesel, Jet-A, kerosene, and
gasoline, with ANS crude reference. An additional experiment assessed the photolytic aging of
ANS crude “remediated” using a recently-popularized strategy of in-situ burning with and
without herder application. A 4-component fluorescence PARAFAC model revealed a unique
short-wavelength feature associated with photo-oxidized refined fuel that is not associated with

traditional “microbial”- or “terrestrial-like” components. In contrast, crude oil photolytically

12
Reprinted with permission from Whisenhant, E. A.; Zito, P.; Podgorski, D. C.; McKenna, A.
M.; Redman, Z. C.; Tomco, P. L., Unique Molecular Features of Water-Soluble Photo-
Oxidation Products among Refined Fuels, Crude Oil, and Herded Burnt Residue under High
Latitude Conditions. ACS ES&T Water 2022, 2 (6), 994-1002. http://pubs.acs.org/articles
onrequest/AOR-UC64BU2C52339BATES7N. Copyright 2022 American Chemical Society.



decomposes into long wavelength humic-like components (high humification index) and
oxidized aliphatics. FT-ICR MS data corroborated the optical data. Overall, on a per-volume
basis, the refined fuels diesel, heating oil, kerosene, and Jet-A produce a significantly higher
mass of photoproducts than crude oil and carry a unique chemical signature. This warrants new
considerations regarding marine biota toxicity. This study also highlights new potential for
tracking photo-modified water-soluble fractions of crude and refined fuels in high latitudes with

fluorescence spectroscopy.

Introduction:

As the Subarctic and Arctic continue to be a hub for oil exploration and production,
methods of drilling, transportation, and product storage form a combination of efforts that
enhance the risk of oil and fuel residuals entering the environment by large-scale spills and
mechanical failures. Since tracking began in 1970, there have been over 57,000 spill incidents in
Alaska reported by the Alaska Department of Environmental Conservation with 12,000 of these
reported incidents resulting from a structural or mechanical leak, line failure, or tank failure.*°
Spill incidents pose an increased risk in Alaska as spill detection is logistically difficult and
expensive to access in remote regions. Additionally, the fate and transport of spilled chemicals in
high-latitude regions are uniquely different from temperate environments due to sub-zero surface
temperatures, short annual thaw season, and for terrestrial systems, restricted flow regimes from
permafrost.*! The ability to detect and fingerprint spilled fuel products, and to develop spill
response strategies in remote areas is imperative to locations susceptible to oil drilling and

exploration, as well as in areas that store aging fuel oil containers.

13
Reprinted with permission from Whisenhant, E. A.; Zito, P.; Podgorski, D. C.; McKenna, A.
M.; Redman, Z. C.; Tomco, P. L., Unique Molecular Features of Water-Soluble Photo-
Oxidation Products among Refined Fuels, Crude Oil, and Herded Burnt Residue under High
Latitude Conditions. ACS ES&T Water 2022, 2 (6), 994-1002. http://pubs.acs.org/articles
onrequest/AOR-UC64BU2C52339BATES7N. Copyright 2022 American Chemical Society.



Petroleum introduced into the environment is subject to abiotic and biotic degradation
processes. Photodegradation can oxidize petroleum to produce photoproducts by reacting with
aromatic compounds that absorb light in the solar spectrum.'® 2-2* Microorganisms also produce
oxygenated products through aerobic and anaerobic biodegradation processes.*>* Both
photodegradation and biodegradation pathways can enhance water solubility of petroleum
products, resulting in the production of hydrocarbon-derived dissolved organic matter (DOM#nc),
which encompasses the entire continuum of parent and partially-degraded compounds.® 14 1946
Once mobilized as a result of dissolution, DOMwc can spread throughout the water column,
potentially traveling undetected vast distances ahead of any signs of a visible oil front, increasing
bioavailability, and impacting aquatic ecosystems both marine and freshwater. Photo-oxidized
DOMHc has received significant recent attention and has been identified as an urgent research

priority to support oil spill response models.*" 48

Several recent methods of petroleum fingerprinting have been described that characterize
DOM @ in aquatic systems.'? 4-°2 DOMyc contains chromophores that allow measurement and
visualization through optical tools such as three-dimensional excitation-emission matrix
spectroscopy (EEMs).34 These approaches have been shown to be an effective method of
detecting dispersed oil and chemically dispersed oil in open oceans, fingerprinting oil based on
EEMs, determining concentrations of benzene-toluene-ethylbenzene-xylene (BTEX), as well as
total petroleum hydrocarbons (TPH) and polycyclic aromatic hydrocarbons (PAH).53-%
Fluorescence spectroscopy has also been applied to dissolved organic matter in arctic systems,
largely in the context of labile and refractory pools. % %65 DOMc is also commonly analyzed
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using modern Fourier Transform lon Cyclotron Resonance Mass Spectrometry (FT-ICR MS).**
21,50.60.61 These tools are complementary as parallel factor (PARAFAC) analysis can be used to
deconvolute EEM spectra into individual components in an effort to identify chromophores
present in DOMuc!® 28, while FT-ICR MS can deconvolute complex petroleum spectra into
molecular components aliphatic, aromatic, condensed aromatic, and unsaturated high/low
oxygenated species in van Krevelen space.® % DOMyc, treated as a unique complex mixture,
has received recent attention in cold climates.®* However, the photolytic decomposition of
DOMHc has not been classified in this regard, and to-date, no information to our knowledge
exists that assess water-soluble photo-oxidized molecular features across a spectrum of fuel types

and a gradient of irradiation times using these advanced techniques.

This study investigates the molecular properties of DOMuc produced from films of crude
oil and refined fuels (heating oil, diesel, Jet A, kerosene, and gasoline) that were subjected to
simulated spill conditions of high-latitudes. Additionally, this study assesses photo-modified
dissolution of a popular crude oil spill remediation strategy, in-situ burning following chemical
herder application, which has gained recent popularity as a strategy for oil removal in cold
regions.®*®" This study aims to discover two main areas that are of urgent concern to
stakeholders in the Arctic: 1) the extent of photo-modified solubility potential of each of these
fuel types, and 2) patterns in DOMnc that can be used for early detection of spills in remote
Arctic regions. We hypothesize that there is a positive relationship between DOC concentration
and irradiation period, and that photo-oxidation will produce unique molecular signatures as
evidence of added petroleum-derived DOMuc to aquatic ecosystems. The ability to identify
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distinct optical signatures of the DOMHuc formed from each treatment may facilitate new methods
to rapidly screen for leaked DOMHc in remote areas of the Arctic that are susceptible to spills

and are unable to be reached in a timely manner.
Materials and Methods:
Materials and Sample collection:

Refined fuels were commercially obtained throughout Southcentral Alaska in January
2020. Heating oil and diesel fuel were obtained in Anchorage, Alaska by Shoreside Petroleum,
Jet A-50 fuel was provided by International Aviation Services, and both kerosene and unleaded
gasoline were sourced locally in Anchorage. Alaska North Slope (ANS) crude oil was obtained
from the Valdez Marine Terminal in March 2018. Freshwater was collected from Otter Lake on
Joint Base EImendorf-Richardson, Alaska, and seawater was obtained from Resurrection Bay in
Seward, Alaska at the Alaska Sealife Center. Water was filtered through pre-combusted (500 °C,
>5 h) 0.27 um glass microfiber filters (Advantec) prior to experiments. Glassware was acid-

washed and combusted at 500 °C for 5 hours.

Simulated exposures

In the first experiment, films of fuel/crude oil were created at an oil load of 1.15 mL per
90 mL water in thermostatically controlled 100 mL jacketed beakers (Chemglass USA). Fuel
types included heating oil, Jet A-50 fuel, unleaded gasoline, diesel fuel, kerosene, ANS crude oil,
and burnt ANS crude oil. Each fuel treatment was applied over either freshwater or seawater

(replicates of 3, total of 384 samples) and placed inside a solar simulator 12 samples at a time
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(Atlas Suntest XLS+, Atlas Material Testing Technology LLC). Solar irradiance was
programmed at 250 W/m?, equivalent to the daily summer maximum in Southcentral Alaska.®?
Each jacketed beaker was thermostatically controlled at 5.5 °C and represents a single time
period from 0 to 240 h (0 to 10 days). Beakers were covered with quartz lids to allow for light
transmittance and secured to reduce evaporation. After incubation, samples were transferred to
separatory funnels in order to isolate undissolved fuel from water. Water layers were filtered
with 0.27 um glass fiber filters. Samples were stored at 4°C in the dark until analysis within 24

hours or kept frozen until analyzed.

In the second experiment, crude oil (50 mL) was added to 4.5 L seawater in 5 L HDPE
jars secured with acrylic UV-transmitting covers. Two treatment types were tested: (1) in-situ
burned crude oil and (2) in-situ burned crude oil after addition of a chemical herder (Siltech OP-
40). In the first treatment group, crude oil was set aflame immediately after a thin film of oil
covered the water. In the second treatment, Siltech OP-40 chemical herder was added to the
perimeter of the spilled oil film, then burned. After burning, treatment groups underwent light
regiments of UV exposure or complete darkness for 0 to 240 h (0 to 10 days). Each exposure
chamber was controlled at 15 °C, the lowest achievable temperature for the given light intensity
and experiment duration using the SunCool air conditioner. The remaining exposure and post-

processing parameters followed procedures outlined in the first microcosm experiment.
Dissolved Organic Carbon and Excitation-Emission Matrix Measurements:

Dissolved organic carbon measurements occurred on a Shimadzu TOC-L (Kyoto, Japan).

Samples were acidified to pH 2 using 12M HCI and sparged for 5 minutes with ultrapure air to
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eliminate volatiles and inorganic carbon. Excitation-emission matrix (EEM) spectra were
collected using a Horiba Aqualog Fluorometer (Horiba Scientific, Kyoto, Japan). Further details
of spectral acquisition, processing, and model validation are provided in Supplemental

Information.

Ultrahigh resolution mass spectrometry:

DOMHc was isolated by a solid-phase extraction (SPE) method and prepared for Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS) analysis. Aqueous samples
were first acidified to pH 2 and passed through a Bond Elut PPL (Agilent Technologies)
cartridge.®® Acidified water (pH 2, Milli-Q water) was then passed through the cartridge to rinse
any salts from the sample. DOMwc selectively adsorbed onto the solid stationary phase, which
was then dried by N gas and eluted with 100% MeOH to a final concentration of 50 ugC mL™.
DOMc extracts were infused by microelectrospray ionization at 500 nL min, then analyzed by
a hybrid linear ion trap FT-ICR mass spectrometer equipped with a 21 tesla superconducting
solenoid magnet.® 3" ESI(-) is a common ionization source for determining oxidized petroleum
products due to its ability to ionize acidic and polar compounds. Molecular formulas were
assigned to signals with a magnitude greater than 66 from RMS baseline noise at m/z 500 using
PetroOrg(c) software developed at the National High Magnetic Field Laboratory.®® The
reproducibility of FT-MS spectra for DOM analysis is reported in detail by Hawkes et al. 2020.7
The molecular formulae were classified based on stoichiometry: condensed aromatic (CA)

(modified aromaticity index (Almod > 0.67), aromatic (0.67 > Almod > 0.5), unsaturated, low
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oxygen (ULO) (Almod < 0.5, H/C < 1.5, O/C < 0.5), unsaturated, high oxygen (UHO) (Almod <

0.5, H/C < 1.5, O/C > 0.5), aliphatic (H/C >1.5).52.63.71

Results and Discussion:
Dissolved Organic Carbon:

Non-purgeable dissolved organic carbon (DOC) concentrations in treatments exposed to
sunlight increased with exposure time (Figure 3.1), while minimal change was observed in the
treatments without light. DOC among all samples without light ranged from 0.79 + 0.08 mg/L to
3.34 £ 2.95 mg/L at Day 0 and ranged from 2.72 + 0.30 mg/L to 10.58 + 11.12 mg/L at Day 10
(Table S3a-d). DOC among all samples after light treatment ranged from 0.80 + 0.08mg/L to
2.50 £ 0.95 mg/L at Day 0, and 1.65 = 0.56 mg/L to 323.67 = 29.27 mg/L at Day 10 (Table S3a-
d). Concentrations of DOC at Day 10 varied significantly by fuel type after light treatment but
did not show a positive correlation between the boiling point of fuel and concentration of DOC
present (Figure 3.1). Increases in DOC for refined fuels (kerosene, jet fuel, diesel, heating oil)
were greater compared to crude oil, consistent with what is known about the heavy components
of crude oil requiring more extensive oxygenation before becoming water soluble.”? Gasoline did
not exhibit an increase in DOC concentrations as the samples were sparged prior to analysis.
DOC concentrations, along with other molecular features (discussed below) did not differ
between freshwater and seawater conditions; for Figure 3.1, data were pooled for both water

types (N=6).
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Figure 3.1. Temporal trends in non-purgeable dissolved organic carbon (DOC) accumulation in water-soluble
fraction following solar irradiation (top) and dark-incubated (bottom) among crude and refined fuels, with no-fuel

control (natural water) (N=6, +/- 1 SE). Petroleum types are listed in order of decreasing boiling point.”™

Parallel Factor (PARAFAC) analysis:

PARAFAC highlights several changes in the DOMuc composition over time. Figure 3.2
presents the four-component model validated for the DOMuc samples. Component 1 (C1)
exhibited excitation and emission (Ex/Em) maxima of 245/440 nm associated with signatures
similar to terrestrial fulvic and humic-like substances (98% OpenFluor similarity score),
suggesting that as petroleum is photodegraded, DOMwc products resemble, among others,
terrestrial materials (i.e., high MW, oxidized, alicyclic/aromatic compounds).1% 77 The
remaining components identify with common fluorophores with a 95% OpenFluor similarity

score. Component 2 (C2, ExX/Em: 240/350 nm) resembles a tryptophan-like peak and is
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comparable to sources of seawater and freshwater streams.** # Component 3 (C3, Ex/Em:
275/300 nm) represents a tyrosine-like peak comparable to terrestrial DOM offshore studies.*” ™
Component 4 (C4, ExX/Em: 260/284 nm) exhibited Ex/Em similar to one other component in the
OpenFluor database, which matches the amino acid phenylalanine.”® However, no phenylalanine
was present in the samples when further examined (data not shown, see supporting information).
C4 is a new signature that is not indicative of a microbial-like (C2, C3) or terrestrial-like (C1)

component, suggesting that there is a unique component revealing a petroleum fingerprint.

Humification index (HIX) values are determined by a ratio of long:short wavelength
fluorescence. Typically, large HIX values are consistent with “humified”, water soluble,
oxidized compounds.”” An increase in HIX is an indication of a relative increase in long
wavelength DOM and/or depletion of short wavelength DOM. HIX changes were noted across
the incubation period for light-exposed treatments versus dark controls (Table S3a-d). Among
irradiated samples, there is a consistent HIX increase for crude oil (Table S3d). For heating oil
and jet fuel, HIX increased from 0 to 4 days, while no increase was noted for gasoline, diesel, or
kerosene. This trend is consistent with the compounds that are expected to be present within the
reported boiling points of each fuel type. Among the fuels we tested (N=6 and 4 for EEMs and
FT-ICR MS, respectively), DOMuc produced from crude oil exhibited the most consistent
increase in humification. This result is due to the broad range of molecular structures that are
present in a whole crude, including those with high boiling points.*® Conversely, gasoline
revealed no increase in humification because it consists of a narrow range of carbon numbers
from C4-C12. However, among DOC measurements (Figure 3.1), we observed greater extent of
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photo-modified DOC production from fuel types that are lighter than crude oil. This result
indicates that the compounds that comprise these relatively (to whole crude oil) narrow carbon
number range distillation cuts are susceptible to photo-oxidation. This point can be visualized by
double-bond equivalent versus carbon number plots (Figure S3) and nominal oxidation states of
carbon (NOSC, Figure S4). Moreover, the concentration of DOC produced from the refined fuels
was an indication of the higher per-volume proportion of compounds in a distillate cut that can
partition into the aqueous phase after a given period of photo-oxidation. This process provides a
plausible explanation for the high DOC concentrations produced after 10 days of exposure from
the diesel relative to the heating oil. It is expected that an increase in exposure period would
result in an increase in DOC production from the fuel oil which would eventually exceed that of
the diesel fuel. This result would be consistent with a DOC production continuum model that
was previously reported on two crude oils with different chemical compositions.” Nevertheless,
the compounds in the refined fuels are photolabile and more susceptible to photolysis, yet the
product of degradation (DOMHuc) does not appear to be humic-like. Further study is needed to
test optical variances among products of different refining techniques to understand how these

processes react photochemically.
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Figure 3.2. Two-dimensional contour plot of 4-component model validated by PARAFAC.

Temporal Molecular Characteristics of DOMuc following irradiation:

Ultrahigh resolution mass enables closer examination of the chemical composition of the
polar DOMc products derived from each fuel type at the molecular level.”® The percent relative

abundance of the formulae classifications for each treatment are reported in Table S6a-b. In

23
Reprinted with permission from Whisenhant, E. A.; Zito, P.; Podgorski, D. C.; McKenna, A.
M.; Redman, Z. C.; Tomco, P. L., Unique Molecular Features of Water-Soluble Photo-
Oxidation Products among Refined Fuels, Crude Oil, and Herded Burnt Residue under High
Latitude Conditions. ACS ES&T Water 2022, 2 (6), 994-1002. http://pubs.acs.org/articles
onrequest/AOR-UC64BU2C52339BATES7N. Copyright 2022 American Chemical Society.



summary, the results obtained by mass spectrometry indicate that the chemical composition of
photosolubilized DOMHc is dependent on the composition of the initial distillate. This result
corroborates previous reports showing that the composition of DOMwuc from whole crude oils is
dependent on the initial composition of the crude.'® To emphasize oxidation trends among the
entire range of distillate cuts, Figure 3.3 highlights compositional differences in the aliphatic and
unsaturated, low oxygen classes DOMnc produced from kerosene, crude oil, and heating oil after

10-days of light exposure and a dark control.

Crude oil produced the highest relative abundance of aliphatic DOMnc (43.0 £ 4.0%).
The DOMHc produced from the heating oil, which has the highest boiling point of the distillates
that we analyzed, has the second most abundant class of aliphatics (17.1 + 3.8%). The abundance
of aliphatics in the DOMwc from kerosene, the second lowest boiling distillate cut, was the least
(6.8 £ 0.3%) relative to the crude oil and heating oil. On the other hand, trends in unsaturated
low oxygenated relative abundances were inversely correlated to aliphatics for these fuels
(Figure 3.3), with crude oil, heating oil, and kerosene at 41.0 + 1.9, 46.9 = 2.3, and 55.8 + 2.5 %,
respectively. These data indicate a relationship exists between the distillate fraction boiling
point and abundance of water-soluble photoproducts. van Krevelen subtraction plots for
endmember timepoints TO, T10, and T10-0 further illustrate the compositional patterns for each

fuel type in seawater and freshwater (Figure S5-S6).

When compared to dark controls, aliphatic-like DOMuc was produced by photo-
irradiating crude oil, heating oil and kerosene. This is consistent with previous studies that

investigated other photo-oxidized crude oils and weathered tarballs, where similarly, water-
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soluble aliphatic production was noted following exposure to simulated sunlight.® 2% 727
Unsaturated low oxygen (ULO) relative abundances increased only for kerosene (Figure 3.3).
This suggests that distillate cuts at lower boiling points will form photoproducts with higher
relative abundances of ULO and lower relative abundances of aliphatics. Nominal oxidation state
of carbon (NOSC) was, in general, lower for irradiated samples versus dark controls (Figure S4).
Interestingly however, the NOSC data indicates temporal variations among fuel types. Jet fuel
and heating oil exhibited minimum NOSC with 1 day irradiation, while NOSC decreased with
irradiation time throughout 10 days. These trends note the unique temporal and fuel type

dependency on photoproduct formation.
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Figure 3.3. Aliphatic and unsaturated low oxygen molecular characteristics of DOMyc at 10 day irradiation time for
crude oil, heating oil, and kerosene. Data are expressed as % relative abundance, N=4 + SE. Connecting letters for

aliphatic (a,b,c,f) and ULO (d,e) are student’s t-test pairwise comparisons at 95% confidence.
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Principal component analysis (PCA) further supports the uniqueness of component C4; as
refined fuel samples experienced photo-irradiation, fuel-derived DOMwc fluorophores were
formed with an increased relative abundance of molecular signatures representative of C4
(Figure 3.4A). This trend is consistent for most refined fuels (Figure 3.4B), as PCA of all fuel
types at 10-day exposure demonstrates that DOMpc produced from diesel, kerosene, Jet-A, and
heating oil clustered with loadings for C4, which itself clustered with the loadings for
unsaturated low oxygen, aromatic, and condensed aromatic. It is important to note that these
groupings represent ESI(-) ionizable compounds, which are polar in nature and the operational
definition of CA, aromatics, and aliphatics are not bracketed by O/C; therefore the features
observed represent polar, oxidized forms. Crude oil is unique from these other fuel types, closely
resembling C2 and aliphatic (oxidized aliphatic) over time. The temporal trends toward C4 did
not differ between freshwater and seawater (Figure S1, S2). We found C4 to be a unique
fluorescent component accompanying the photo-production of DOMwuc from diesel and kerosene,

and to a lesser extent, jet fuel and heating oil.
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Figure 3.5. DOC and PCA plots of in-situ burned crude oil treatments. (a) Non-purgeable dissolved organic carbon
under light and dark conditions (N=3, +/- 1 SE). Significance (*) between light and dark conditions for the same
time point are denoted by pairwise comparisons (student’s t-test, 95% confidence). (b) Principal Components

Analysis of photo-irradiated ISB and OP40+ISB samples over time, day 0 and 10.

Photo-modified solubility of burned vs. herded burned crude oil

Following exposure to simulated sunlight, DOC concentrations for both in-situ burned
(1SB) and OP40 (herder)+ISB increased relative to samples under total darkness (Figure 3.5A).
Samples that were irradiated for 10-days yielded DOC concentrations that were 13.3 and 3.5
times higher than Day 0 for Oil+ISB and Oil+OP40+ISB, respectively (Table S8). Absent of
photo-irradiation, DOC concentrations for Oil+OP40+1SB and Oil+ISB at Day 10 were 1.2 times
lower and 1.7 times higher, respectively, than at Day 0. Furthermore, the overall DOC
concentrations in Oil+OP40+1SB were higher than that of Oil+ISB (Figure 3.5A). This result
indicates strongly that herder addition increases DOC relative to non-herded burned oil, and that
herded burnt residues are capable of producing more photo-products that have more oxidized
aromatic and oxidized condensed aromatic character (Figure 3.5B). These results are consistent
with known pathways of formation, dissolution, and reactivity of other classes of pyrogenic
black carbon substrates in aquatic ecosystems.8%# PCA plots revealed that samples at day 0 are
dominated by C3 (tyrosine-like), and over 10-day sunlight exposure, modulate towards C1
(humic-like) (Figure 3.5B). Still, DOMnc produced from each crude oil treatment yields

terrestrial-like chromophoric products under sunlight exposure and there is a consistent HIX
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increase for both crude oil treatment groups among irradiated samples (Table S8). Future

research is needed to better classify specific byproducts and their corresponding toxicity. > 84-%
Conclusions

This study presents preliminary, but important data comparing the photo-modification
effects of spilled petroleum on solubility, which is a significant factor that accompanies
weathering. We describe the temporal trends in molecular features among several common fuel
types, primarily indicating an increased production of oxidized aliphatics and aromatics.
Increased DOC concentrations were observed in all spilled samples after light treatment relative
to no fuel, with the exception of gasoline, which did not weather into a non-purgeable form of
DOMHc. Most notable is the uniqueness of photo-products between crude oil and refined fuels.
PARAFAC and FT-ICR MS analysis highlighted the continuum where spilled fuels and crude
oil were oxidized into DOMwuc and were discernible by specific fluorescence components and
molecular features. All crude oil samples, including burnt and herded burnt residues, exhibited
humic-like fluorescence wavelengths while refined fuels exhibited an undefined component
discernable from crude oil-derived and protein-derived components. PCA and HIX demonstrated
that DOMuc from refined fractions may not weather into humic-like components but rather C4-
like, oxidized aromatics, and oxidized condensed aromatics. This difference sets an encouraging
precedent for fuel photo-oxidation studies and detection protocols of these compounds in cold

climates.
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Chapter 4: Mechanisms of Plastic Particles and Films Photodegradation: The
Role of Reactive Oxygen Species and Surface Chemistry Change

Abstract:

Efforts to understand degradation processes of plastic polymers in the environment and
the risks posed to organisms is essential for future mitigation solutions. Total hydroxyl radical
(-OH) trapping and steady state concentration were monitored for the photodegradation of micro
and nanoplastics using a benzoic acid chemical probe under UV radiation. Polystyrene micro and
nano particles as well as polyethylene terephthalate microparticles produced -OH as a result of
UV exposure. Hydroxyl radical production rates were higher for nanoplastics than for
microplastics, owing to higher surface area of nano-size plastics. Initial experimentation on
polystyrene in natural waters showed that plastic in natural organic matter had a decreased -OH
production rate. Alternatively, singlet oxygen (*O,) production from plastics under UV radiation
remained indecisive using chemical probes described in this study. Cloud point extraction (CPE)
successfully separated plastic particles from aqueous systems giving encouraging precedent for
further studies of pollutants in the environment where isolation is needed. Finally, surface
chemistry changes on plastic shopping bags were monitored for functional group changes as a
result of UV radiation exposure. This study introduced methods that will help understand the

behavior of plastic photodegradation in natural waters.

Introduction:

Plastic manufacturing, and subsequent pollution, is a present and future global reality.
Presently, pollution by plastics in the environment is an emerging and widespread issue with 19-
23 metric tons of plastic waste reaching aquatic environments per year.®* This number is

expected to reach 80 metric tons by the year 2030.%! Plastic pollution is an emerging concern
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because as plastic manufacturing increases over time (334 - 422 metric tons from 2010 to 2016)
%2 total plastic waste has also increased (reaching 242 metric tons in 2016).%% % Renowned
examples of the severity of aquatic plastic pollution lies with the existence of large gyres of

plastic in the Pacific, Indian, and Atlantic Oceans.*> %

Primary sources of plastic can be deposited in waterways by directly releasing plastic into
the ocean from ships, carried to the ocean from land, or from losses in transport.”” 8 Items
deposited include domestic articles such as packaging, shopping bags, beverage bottles, personal
care products, cigarettes and more.! %7 % These items mostly fit in the criteria of mega (>100 mm
diameter) and macro (<20 mm diameter) sized plastics, however micro (1-5000 pm) and nano (<
100 nm) sized plastics exist through secondary sources: Fragments of larger plastic pieces.*®
Mega and macro sized plastics can fragment to produce micro and nano-sized particles through
mechanical, chemical, and oxidative processes often leading to the dissolution of plastic
polymers into the environment.?® 3! The distribution of all sizes of plastic in natural ecosystems
poses a risk to biological systems; various human health conditions have been associated with
plastic pollution such as obesity, diabetes and reproductive harm as well as damage to gut health,

DNA, and lungs.® 1%

The degradation of micro and nano sized plastic particles is of utmost concern due to its
wide presence in the environment, its larger surface area, and physical and chemical ability to
interact with biological organisms. One of the most important types of degradation in the
environment is photo-oxidation.!®* Research on plastic photo-oxidative degradation mechanisms
and pathways has been ongoing for the last 50 years, leading to our current understanding
today.2® 31192112 Dyring this process, chromophores of plastic polymers may absorb UV

radiation and produce polymer radicals or be converted to an excited triplet state by intersystem

31



crossing.? 31113 The excited species can react with ground state molecular oxygen and produce
reactive oxygen species (ROS) such as hydroxyl radical (-OH) and singlet oxygen (*Oz). ROS
induce chemical bond cleavage and formation of functional groups containing oxygen.*% 114
However, the subsequent propagation by which a polymer photodegrades depends on the
polymer backbone: Carbon-carbon backbone or backbones containing heteroatoms.3* Common
plastic polymers with a carbon-carbon backbone are polystyrene (PS), polyethylene (PE),
polypropylene (PP) and polyvinyl chloride (PVC), while plastics with heteroatoms are
polyethylene terephthalate (PET) and polyurethane (PU).?% 3! Photo-oxidation of carbon-carbon
backbones occurs through the production of polymeric radicals through hydrogen abstraction and
integration of oxygen into the polymer structure, both of which ultimately leads to chain scission,
cross linking, and autoxidation. This process generates low molecular weight species such as
carboxylic acids, alcohols, aldehydes, and ketones. Photo-oxidation of backbones with

heteroatoms often produces carboxylic acid and vinyl end groups via ester bond attack.?” 3% 32

Recent studies have demonstrated that ROS induced chemical bond cleavage and
formation of functional groups containing oxygen largely attributes to photodegradation of
plastic.3 1** Hydroxy! radical and singlet oxygen have been shown to be produced from plastic
microparticles placed in water after irradiation, providing evidence for formation of ROS from
plastic. 1** However, this study did not examine free radical formation of micro or nano size
plastics irradiated in water. ROS generated from microplastics in water suspensions was
analyzed by Duan et al. using electron spin resonance spectrometry and also found that
microplastics undergo attack by both hydroxy! radical and singlet oxygen.3® This study
quantified ROS and proposed new photodegradation pathways but did not test true nanosized

plastics (<100 nm) and did not examine plastics in relevant environmental media. Despite
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research on common polymer degradation mechanisms, little to no research has been done on
ROS production from nanoplastics, especially in natural waters. Due to the high reactivity of free
radicals, there have been multiple studies done to indirectly monitor for free radicals using
chemical probes.?0-2> 115116 Zhoy and Mopper proposed a mechanism to determine the
production of -OH from irradiated organic matter utilizing a chemical probe that reacts directly
with -OH.% Similarly, Haag and Hoigne used chemical probes to monitor the production of *O2
in natural waters.?% 17 These methods have proved to be effective in studying ROS production
from natural organic matter and crude oils.?%-?> 115116 This study utilized these techniques to

determine ROS production from micro- and nano-size plastics.

Furthermore, mechanisms of polymer degradation have largely been studied using
methods such as FTIR to examine chemical structure and functional group changes.!*? As a
result of photo-irradiation, carbonyl groups and ketones were observed in exposed PE, PS, PP
and PET?" 112118, 118 "and changes to functional groups were identified as a variable of
degradation in plastic shopping bags and packaging materials.*?® However, these studies did not
research plastic films in aquatic systems. Lee et al. and Walsh et al. performed irradiations on
plastic bags and films and found that photo-degraded plastic films and commercial shopping
bags produce DOM and inorganic additive leachates in natural waters.' 122 While these studies
showed that polymers photodegrade to produce dissolvable, petroleum-derived DOM in water,
surface chemistry changes were not observed. Little research has been done to characterize aging

and functional group changes to plastic films (e.g. plastic bags) in water using FTIR.

It is clear that research gaps exist concerning the degradation and transport of ROS mediated
pathways of plastic photo-oxidation, including micro- and nanoplastics as well as plastic films.

More work is needed to understand the behavior of plastic pollution under sunlight and in
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aquatic systems. This study focused on two key areas: 1) the hydroxyl radical and singlet oxygen
production and steady state concentrations from commonly used plastic particles in water:
polystyrene (PS) and polyethylene terephthalate (PET); and 2) the surface chemistry changes of
plastic films and shopping bags in water. Additionally, research was conducted that will help
isolate plastics in environmental media for future purposes of chemical analysis. Knowledge of
these concepts will help further understanding of the fate and behavior of photodegraded plastic

in the environment.

a. Role of Reactive Oxygen Species

Methods and Materials:
Materials:

Nanopure water was acquired from a Milli-Q water purification system (Sigma Aldrich).
Dissolved natural organic matter (NOM) fulvic acid from Suwannee River, Georgia was
obtained from the International Humic Substances Society. Benzoic acid (99%) and furfuryl
alcohol (98%) were purchased directly from VWR. Polystyrene nanoparticles (50 nm) were
obtained from Bangs Laboratories, polystyrene microparticles (10 um) were acquired from
Sigma Aldrich, and polyethylene terephthalate was purchased as a rod from Curbell Plastics
(New York, USA) and ground to micro-sized particles using a cryo mill then sieved down to 75
pm diameter particles using precleaned metal sieves. 20-mL quartz tubes purchased from the
Southern New England Ultraviolet Company (Rayonet, Connecticut, USA). 100-mL jacketed
beakers were obtained from Chemglass (New Jersey, USA). Three-inch quartz lids were
purchased from VWR. Acetonitrile (ACN) and trifluoroacetic acid (TFA), both HPLC grade,

were obtained from VWR.

Hydroxyl Radical Trapping:
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10 mM of benzoic acid (BA), pH altered to benzoate (pH 8), was prepared with 0.1
mg/mL of a plastic particle and diluted to a total volume of 17 mL with nanopure water. Plastic
particles tested were polystyrene nanoparticles (PSn), polystyrene microparticles (PSm), and
polyethylene terephthalate microparticles (PETm). For a comparison of water types, the same
amounts of BA and PSn were prepared and diluted with 5 ppm of Suwannee River fulvic acid

natural organic matter water (NOM water) in place of nanopure water.

Each solution was transferred to a 20 mL quartz tube. Quartz tubes were capped with
aluminum foil and placed in a merry-go-round (MGR) photoreactor (Southern New England
Ultraviolet Company, Rayonet) equipped with 350 nm lamps. Samples were irradiated for 24 —
72 hours. After irradiation, samples were removed from the photoreactor, filtered with 45 pm
polypropylene syringe filters, transferred to 2 mL vials and acidified to pH 2 for detection of p-
HBA using an Agilent 1200 series high-performance liquid chromatograph (HPLC) (Agilent
Technologies, California, USA). An Agilent Zorbax Eclipse Plus C18 column (4.6 x 250 mm, 5
pum particle size) was used for separations. The mobile phases were acetonitrile with 0.1 % TFA
(A) and 0.1 % TFA in nanopure water pH 2.5 (B). The gradient used was 20 % A initially,
increasing to 50 % A linearly over 5 minutes, then kept constant at 50 % A for 5 more minutes.
A flow rate of 1.00 mL/min was used. Absorbance spectra of the eluents were collected, and

quantitation was performed at 254 nm.

For samples tested under solar simulation, 10 mM of BA (pH 8) was prepared with 0.1
mg/mL PSn and diluted to 30 mL with nanopure water. Samples were transferred to 100 mL
jacketed beakers, secured with quartz lids, and placed in a solar simulator (Atlas XLS+) for 10
days. Each beaker was thermostatically controlled at 20°C and solar simulation parameters were

set at instrument maximum irradiance (765 W/m?).
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The number of moles of hydroxyl radical can be calculated indirectly from the number of
moles of p-HBA produced in the reaction. Based on the research of Zhou and Mopper (1990), for
every 1 mol of p-HBA produced, 5.9 mol of OH is trapped.?® These calculations were then

utilized to determine the production rate of hydroxyl radicals from every plastic and water type.

Steady State Concentration:

A mixture of benzoic acid, plastic, and pure water was added to quartz tubes to a total
volume of 17 mL. Benzoic acid was added in varied concentrations (1 — 10 mM). All samples
were irradiated for 48 hours. The steady state hydroxyl radical concentration ([OH]ss) was

determined following the work of Zhou and Mopper (1990).%

Singlet Oxygen Steady State:

Furfuryl alcohol (FFA) was used as a chemical probe to monitor YO, produced from
polystyrene nanoparticles in nanopure water. The major product from the reaction of FFA and
10, is 6-hydroxy-2H-pyran-3(6H)-one, shortened as 6-hp-one, and is easily monitored through
HPLC. The method established by Haag et al. to determine steady state concentration of singlet
oxygen using FFA as a chemical probe was applied to this study.'” Here, the concentration of 6-
hp-one is determined, converted to loss of FFA, then used to determine pseudo first order rate

constant for the reaction with *O».

FFA was prepared with 0.1 mg/mL of polystyrene nanoparticles and diluted to a total

volume of 17 mL with nanopure water in 20-mL quartz tubes. Samples were capped with foil
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and placed in a MGR photoreactor equipped with 350-nm lamps. Samples were irradiated for
five to 60 minutes. Since FFA absorbs at <290 nm, 350-nm lamps were chosen for irradiations.
Following irradiation, samples were filtered with 45 pum polypropylene syringe filters and
transferred to 2 mL vials for analysis with HPLC. The HPLC mobile phases were prepared as
follows: Acetonitrile (A) and nanopure water (B). The mobile phases were kept constant at 20 %
A for eight minutes. A flow rate of 1.00 mL/min was used. Absorbance spectra of the eluents

was collected, and quantitation was performed at 219 nm.

Results and Discussion:

This study exhibits the production of hydroxyl radical and singlet oxygen from the
irradiation of micro- and nano-sized plastic particles. For hydroxyl radical determination, this
was done in two ways: First by determining the total moles of hydroxyl radical produced by
adding a large amount of a chemical probe which would react with all hydroxyl radicals
produced and then increasing the time at which the plastic would be irradiated; and second, by
adding a chemical probe in varying concentrations in order to determine the steady state
concentration of hydroxyl radical. In addition to particle size, plastic and water type were altered

to examine changes in different photochemical systems.

For singlet oxygen determination, research and subsequent results focus on the
concentration of product formed from reaction of FFA and 'O, under a pseudo first order rate
constant. FFA was added at low concentrations to react with singlet oxygen species. Irradiation

times in which samples were exposed were increased. Using the known rate constant of furfuryl
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alcohol, the initial concentration of FFA, and the concentration of product formed from the

reaction and the subsequent concentration of singlet oxygen could be explored.

Total hydroxI radical trapping:

p-HBA and -OH were produced in all plastic irradiations, while control samples without
plastic or light produced no detectable p-HBA/-OH. Figure 4.1 shows the production of -OH
from PSn, PSm, PETm, and PSn + NOM water versus control exposures of only BA in nanopure
water. The lack of p-HBA formed in control experiments shows that -OH trapped in all photo-
exposures with plastic is indeed a result of -OH production from plastic photo-oxidation. Table
4.1 shows a comparison of production rates between different plastic types: PSn, PSm, and
PETm in nanopure water, as well as different water and light types: PSn in NOM water, and PSn

under solar simulation.
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Figure 4.1. Moles of -OH produced under UV irradiation from 24 to 72 hours for PSn, PSm, PETm, and control
exposures in nanopure water; and PSn in NOM water.
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Between PSn and PSm, PSn had higher production rates than PSm exhibiting that the

rates of -OH production is correlated to size. Nanosize particles had higher exposure surface

areas than microsize particles, thereby resulting in faster production rates of reactive transients.

Between microsize particles, PET had higher production rates than PS. This could be due to a

multitude of reasons: 1) PS is manufactured into spheres while PET is milled into jagged

fragments, jagged fragments increase surface area and thus increase areas susceptible to photo-

oxidation; 2) milled polymer material contains a range of sizes from micro to nano particles

which would also increase total exposure surface area; and 3) hydroxyl radical is produced

according to different mechanisms in PET versus PS. It has been found that PET and PS degrade

similarly due to the presence of aromatic rings in the plastic polymer; the addition of hydroxyl

radical to aromatic rings leads to chain scission and the presence of carboxylic acid end

groups.®*-32 However, it has also been discussed that the ester bond of the PET polymer breaks

forming carboxylic acid and vinyl end groups.?” 3132 Possible differences in hydroxyl radical

production from plastic degradation and higher amounts produced from PET could be due to

cleaving of ester bonds versus the complete lack of heteroatoms in the PS polymer backbone.

Average Rate of -OH Production (mol/s)

PSn PSm PETm |PSn + NOM water | PSn + Solar Simulation
®x10) | 107y | x10™) x10") (x10)
Average Rate = 9.2 2.7 6.5 2.2 14
Standard Deviation= 1.3 0.2 1.8 1.0 0.4

Table 4.1. Production rates of OH from plastic types: polystyrene nanoparticles (PSn), polystyrene microparticles
(PSm), polyethylene terephthalate microparticles (PETm); and from different water sources: PSn in NOM water
(N=12 % s.d.). PSn under solar simulation represents production from triplicate samples (N=3 + s.d.).

Hydroxyl radical had a lower observed production rate from polystyrene in NOM as

opposed to that in nanopure water. NOM easily absorbs light and produces reactive transients
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due to its aromaticity, meaning that NOM can either have the ability to promote
photodegradation due to the production of reactive species, or to act as a light screening agent so
that PSn is unable to absorb any photons.®> NOM can also influence and even inhibit ROS
degradation performance with plastic by acting not only as a sensitizer but a scavenger.®? The
lower production rate of polystyrene in NOM is likely due to competitive inhibition as NOM acts
as a scavenger to hydroxyl radicals. These studies show initial change in ROS concentration due
to scavenging in natural waters versus that in nanopure water but are largely indecisive as to the
exact relationship and mechanism of plastic degradation in NOM water. Applying additional
analytical methods, such as FTIR of surface chemistry changes or electron spin resonance
spectrometry of reactive transients, would help understand plastic pollution degradation in

natural waters.

Finally, PSn was also reacted in a solar simulator to allow for initial insight of
experimentation parameters using this light source. At 10-days of irradiation under solar
simulation, polystyrene produced -OH at a production rate of 1.44 + 0.41 x 10"** mol/s which
was orders of magnitude larger than the -OH production rate of PSn in the MGR photoreactor
(Table 4.1). Solar simulation exposure would allow plastic particles to be subject to excitation
wavelengths and thus yield more photo-oxidative products. This value gives encouraging
precedent for future exposure studies using solar simulation to determine total hydroxyl radical
and steady state concentrations. Despite long irradiation times, solar simulation might serve as a

source of more environmentally relevant data.

Steady state determination

Hydroxyl radical has a low steady state concentration in natural waters, which makes directly

monitoring its production difficult.?® Therefore, a chemical probe is used in various
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concentrations to conduct competition Kinetics experiments with scavengers. The hydroxyl
radical reaction rate is measured in the presence of an added scavenger at different probe
concentrations. This study examined the role of plastic polymers as a source of hydroxyl
radicals. Hydroxyl radical reaches a steady state concentration when the formation rate (For) is
equal to the rate of reaction with scavengers (S) in the sample, including any added probe (P), Rs
and Rp, respectively. This relationship is given by Equation 1.
(1) Fon = Rs+ Rp

The steady state concentration of hydroxyl radicals [OH]ss produced under these conditions
is measured through a pseudo first order reaction with a chemical probe with a known rate
constant (ke = 5.87 x 10° M"!s'!) using multiple concentrations of the probe across
experiments.*?? The pseudo first order rate constant (k’s) and [OH]ss are then calculated from

Equations 2 and 3.

1 1 krg 1

= X —

2 Rp  Fon + FoH x kp [P]
_ ['s+kp)

The plot of 1/Rp and 1/[P] gives a line where the slope can be used to find the pseudo first order
rate constant (k’s) and the y-intercept is equal to 1/Fro. [OH]ss can then be found from this

information (Equation 3).

Figure 4.2 exhibits a plot of 1/Rp and 1/[P] where the slope and intercept of this line are
used to determine k’s and Fon, respectively. The average [OH]ss produced in this system was
5.74 + 1.81 x 10*" M. Average values of [OH]ss from all triplicate samples of PSn in nanopure
water, PSn in NOM water, and PETm in nanopure wate are included in Table 4.2 and were

calculated following equations included above. Compared to the value reported previously for
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PSn in nanopure water, PSn in NOM water had a larger steady state concentration of 1.04 + 0.52
x 1071® M. The increase of steady state concentration in NOM waters is expected due to the fact
that NOM is an added source of hydroxyl radicals. PSn and PETm in nanopure water did not
show significant differences between one another. A possible reason is that the production and
scavenging of -OH in both PS and PET initially occurs through the aromatic rings of both
polymers.3%-32 48-hours of irradiation time may not be long enough to notice significant changes
to -OH steady state concentrations. Further research and controls should be experimented with to

have a better understanding of how size and plastic type differ.

PSm steady state concentrations were not established due to the need to increase radiation
time to obtain results. As established previously, there is lower production of hydroxyl radicals

in microparticles than in nanoparticles.
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Figure 4.2. Plot of 1/[BA] vs. 1/Rate for the irradiation of 0.1 mg/mL PSn in 17 mL of 10 mM benzoic acid in
nanopure water. The slope and intercept of this line are used to find Fro and k’s to determine [OH]ss. This
relationship was determined and employed for each plastic type.
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PSn PSn (in NOM water) PETm
Average [OH]_ = 5.7 10.4 4.2
Standard Deviation = 1.8 5.2 0.7

Table 4.2. Average [OH]ss of polystyrene nanoparticles (PSn) in nanopure water, PSn in NOM water, and
polyethylene terephthalate microparticles (PETm). Samples are irradiated in triplicates.

Singlet Oxygen Steady State Determination

The production of singlet oxygen from polystyrene nanoparticles were determined. The
formation of 6-hp-one from the reaction of FFA and 'O, was monitored using HPLC where the
concentration of 6-hp-one was determined and converted to singlet oxygen steady state
concentration ([*O2]ss). Using a kinetic model approach by Haag et al., pseudo first order
kinetics was applied to the loss of the chemical probe and the production of 6-hp-one to
determine [102]ss.!!’ It was understood that the concentration of singlet oxygen produced from
an organic source can be monitored if FFA is added in a low enough concentration to allow for
minimal alteration of the singlet oxygen concentration.!” Under these conditions, Equations 4-7

were employed:

4) R=k[10:][FFA]
(5) R=Kk'[FFA]
(6) k'=k/[102]ss

() [10z]ss =%

These equations exist where R is the rate of reaction for FFA with 1Oy, k is the second
order rate constant for FFA with 10, (k = 1.2 x 108 M1s1)12% and & is the pseudo first order rate
constant which can be obtained from the slope of In[FFA] versus exposure time. Figure 4.3

gives a plot of In[FFA] vs. time from FFA+PSn and FFA only treatment groups where the slope
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of each line was used to determine &’ and subsequently [*O2]ss for each treatment group. The
slope of FFA+PSn is -6.88 x 10, while the slope of FFA-only is -6.55 x 107, (p = 0.71).
Statistical analysis shows that there is no significant difference between k’ values of FFA+PSn
and FFA only. Table 4.3 shows [1O;]ss for PSn with FFA and FFA only. However, under the
current exposure conditions, there is a degree of interference from FFA chemical probe, [*O2]ss
from these results are not significantly different, and little mechanistic determinations can be
established from the role of O, in plastic degradation. Possible changes to this experiment might
yield effective results for plastic degradation, these changes include repeating this exposure

under solar simulation and increasing degradation time for over 10-days.
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Figure 4.3 Plot of In [FFA] versus exposure time for FFA+PSn and FFA only treatment groups. The slope of each
line was used to find the pseudo first order rate constant (k) for respective groups. The slope of FFA+PSn is -6.88 x
10, while the slope of FFA only is -6.55 x 10, (p = 0.71).
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[10,]l¢s M x 10-13)

FFA + PSn FFA only
5.74 5.46

Table 4.3 Steady state concentration for singlet oxygen ([1Oz]ss) produced from FFA+PSn and FFA only. [*O2]ss
produced from PSn irradiated under UV light for up to 60 minutes of exposure (FFA + PSn). FFA was used as a
chemical probe; control experiments are included (FFA only).

b. Isolating Plastic Particles in Aqgueous Media: Cloud Point Extraction

To determine a method of plastic particle isolation from complex aqueous media, cloud point
extraction procedures were tested. Plastic particles undergoing extraction from this method were
examined by FTIR to confirm that no aging or functional group changes occurred from the

procedure.
Methods and Materials:
Materials

Polystyrene microplastic with a diameter size of 10 um was obtained from Sigma
Aldrich. All reagents used, including magnesium sulfate and TX-45 surfactant, were purchased
from VWR and were used without additional purification. Nanopure water obtained from a

MilliQ purification systems was used throughout the extractions.

Cloud Point Extraction (CPE)

The cloud point extraction technique closely follows the research of Zhou et al. and is
described in detail here.*?* 12 First, 10 mL of 1.0 mg/mL suspension of polystyrene microplastic

in nanopure water was added to a 15 mL centrifuge tube. 30 pL of 10% (m/v) TX-45 aqueous
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solution was added next, followed by the addition of 100 puL of 1 M MgSO4 solution. The
solution was mixed, and the centrifuge tube was placed in water bath set at 45°C for 15 minutes.
The tube was then centrifuged at 3000 rpm for 10 minutes at 4°C. At this stage, the TX-45-rich
phase with plastic particles separated from the salt-rich phase. The surfactant rich phase was
removed from the tube and transferred to a 2-mL glass amber vial, then placed in a muffle

furnace for 3 hours controlled at 190°C to remove the TX-45 surfactant from the plastics.

Fourier Transform Infrared Spectroscopy (FTIR):

After CPE, samples were tested with FTIR to ensure that the isolation technique yielded
pure plastic product. Attenuated total reflection Fourier transform infrared spectroscopy (ATR-
FTIR) was used to monitor possible aging and changes to the material’s functional groups.
Spectra was obtained using an Agilent Cary 630 FTIR with a diamond crystal and recorded in
the range of 650-4000 cm®, with a resolution of 4 cm™ and scan number of 100. The samples
were in contact with the diamond crystal for spectra collection. The common polymer functional
groups were normalized and compared to common polymer spectra of an internal library. In this

way, a qualitative and quantitative analysis of the polymer sample is obtained.

Results and Discussion:

Separation of plastic particles from aqueous media was evident using CPE following the
technique outlined by Zhou et al.1?® Figure 4.4 shows a visualization of CPE before and after

thermal treatment and centrifugation. While there is no separation of plastics with the aqueous
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media observed in Figure 4.4a, there is clear separation evident between plastic particles at the

bottom of the vial in Figure 4.4b.

NG SRERFEN SN A
Figure 4.4. Visual of centrifuge tube before and after cloud point extraction. A) Before CPE temperature treatment
and centrifugation; no separation is observed. B) After CPE centrifuge step; surfactant-rich phase with polystyrene
microparticles is evident at bottom of the tube.

To ensure that the technique yields only plastic particles, the product of CPE was
measured on FTIR. FTIR group frequencies observed in pure polystyrene before CPE (Figure
4.5a) show a C-H aromatic stretch at 3000 — 3100 cm™ and a C-H aliphatic stretch at 2850 -
2970 cm™*, A C=C aromatic bend is noted at 1450 - 1510 cm™ and a vinyl C-H in-plane bend at
1410 - 1420 cm™. Several small peaks can be observed between 1500 — 2000 cm-1 which can be
attributed to aromatic combination bands.*?® In the fingerprint region, two strong peaks are
observed between 600-800 cm™ which is indicative of monosubstituted C-H bonds in alkenes
and in aromatics. Polystyrene microparticles before CPE was done clearly match the spectra for
pure polystyrene; this spectra served as a basis for comparison for CPE separated particles
(Figure 4.5a). After CPE was conducted, pure polystyrene particles continued to closely match

the spectra for polystyrene with no other added materials present (Figure 4.5b). However,
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qualitative results show that peak amplitude decreased slightly which indicate that less bonds in
the fingerprint area exist. Loss of single bonded C-H bonds could be affected by factors

manipulated in CPE isolation such as high temperatures and hydrolysis.

The observations reflected throughout the CPE process as well as the lack of impurity to
the polystyrene particles in FTIR spectra give encouraging precent for further use of this
technique in more complex sample mixtures. Efforts to separate plastic particles from
environmental media is of particular interest due to the existence of plastic pollution in water
habitats. In order to study the photochemical degradation of plastic in more complex
environmental media, methods of separation and extraction techniques that leave minimal
damage on a plastic polymer are critical. By using cloud point extraction, analytical monitoring
may be conducted on photo-effected environmental samples with little external contamination

from separation.
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Figure 4.5. Pure polystyrene microparticles tested on ATR-FTIR (a) before CPE and (b) after CPE. The red line
signifies the sample tested, while the blue line represents a material in the Agilent ATR library with peaks matching
the given sample. The samples both matched library settings for common polystyrene peaks.
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c. Surface Chemistry Changes on Plastic Films and Bags

To observe surface changes to commonly used and polluted plastic substances, both additive-
free films and shopping bags were irradiated under UV light. Surface chemistry was analyzed by

ATR-FTIR before and after irradiation of plastic bags and films.
Methods and Materials:
Materials:

Additive-free polyethylene and polystyrene films (both 0.05 mm thick) were purchased
from Goodfellow and cut into 2 cm x 2 cm squares. Target, Walgreens and Lowes bags were
obtained directly from respective stores and cut into 2 cm x 2 cm squares. Each bag had a
different dye coloration with Target being the lightest color to Walgreens being the darkest.
Swagelok steel tube fittings were obtained from Swagelok Louisiana (New Orleans, Louisiana,

USA). All plastic films and bags were used as received.
Plastic Films and Grocery Bag Exposures:

Two types of plastic films (PE and PS) and three types of shopping bags (Target,
Walgreens, Lowes) were irradiated. Each film and bag were secured in % inch Swagelok fittings,
respectively, to normalize irradiated surface area of each plastic (Figure 4.6). Each Swagelok
fitting with a plastic bag and film was placed in a glass beaker and filled with nanopure water to
completely cover each sample. The fittings were placed in a MGR photoreactor equipped with
300-nm lamps for up to 72 hours. An Agilent Cary 630 FTIR was used for all ATR-FTIR spectra

collection. FTIR instrumentation parameters precisely follow those outlined in Chapter 4b.

49



Targét Walgreens | Lowes
. e AP & e
Figure 4.6. Target, Walgreens, Lowes bags secured in % inch Swagelok fittings.

Results and Discussion:

Pure, additive-free PE and PS films were irradiated under 300-nm lamps in a MGR
photoreactor for up to 72 hours. Both types of films were tested with ATR-FTIR to determine if
any changes to the plastic film surface resulted after exposure to UV-radiation. PE films before
and after irradiation have peaks that match characteristic PE peaks of Agilent’s library for plastic
samples in Figure 4.7a. There is a CHz asymmetric C-H stretch at 2920 cm™, a CH, symmetric
C-H stretch at 2850 cm™, a CH; bend at 1470 cm™, and a split CH2 rock at 720-730 cm™. Peaks
measured for PS samples before and after irradiation also directly match characteristic PS peaks
in the software’s library (Figure 4.7b). Little change is exhibited in the functional groups present
in each sample type. Despite how thin the tested plastic films were, it is likely that 72-hours
under direct UV-light is not enough time to observe noticeable changes to surface functional
groups; studies have shown surface chemistry changes in polyethylene films for up to 60 days of
constant UV-light.*?” The plastic samples used fall underneath the criteria of macro-sized
particles (>1mm diameter); a larger diameter size significantly diminishes the affected surface
area owing to the slow degradation seen here. It is also important to note that very little change

to color and consistency was observed for these plastics.
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Figure 4.7. ATR-FTIR absorbance spectra of (a) pure polyethylene films (0.05 mm) at 0- and
72-hours irradiation, and (b) pure polystyrene films (0.05 mm) at 0- and 72-hours irradiation.

Using the same methods, commonly used shopping bags were tested under ATR-FTIR to
determine if changes to functional groups are present after irradiation. It is well known that these
plastic bags contain large amounts of polyethylene polymers.*?* Figures 4.8 — 4.10 show
characteristic peaks for polyethylene in each shopping bag with two large C-H stretching peaks
at 2920 cm™* and 2850 cm™, however other peaks are present: two sharp peaks at ~870 and 720
cm™* which may signify TiO, and CaCOj3 additives, and a large evidently split peak ~1450 cm™
could be due to C-H bending vibrations.*?® After 72 hours of irradiation time, there is evident
decrease in absorbance of peaks at ~870 and 720 cm™ in each plastic bag as well as the split peak
around 1450 cm?, but very little in C-H stretching peaks at 2920 and 2850 cm™ (Figures 4.8-

4.10). Evidence of photodegradation of polyethylene includes hydrogen abstraction and oxygen
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addition resulting in the formation of double bonds between carbon and oxygen (C=0) as well as
between carbon and carbon (C=C) in the polymer backbone.?? This effect is not evident in the
FTIR spectra of irradiated plastic bags. This could possibly be due to the fact that conjugated
double bonds are less stable to the effects of photodegradation and so the polymer breaks into
smaller fragments. Less intense peaks at 1450 cm™ (C-H bending vibrations) among all plastic

bags could be the result of this process.
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Figure 4.8. ATR-FTIR absorbance spectra of an irradiated Target bag at 0- and 72-hours under 300-nm lamps.
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Figure 4.9. ATR-FTIR absorbance spectra of an irradiated Walgreens bag at 0- and 72-hours under 300-nm lamps.
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Figure 4.10. ATR-FTIR absorbance spectra of an irradiated Lowes bag at 0- and 72-hours under 300-nm lamps.
Plastic PS and PE films (Figure 4.7a-b) showed very little functional group change due

to 72-hours of photodegradation, while plastic bags largely made of polyethylene showed
noticeable changes of photodegradation after 72-hours. A possible reason for this is that the
plastic PS and PE films were additive free, while it is possible that the plastic shopping bags used
had an additive within its polymer structure. It has been found that plastic retail bags contain
additives that may act as UV screeners, exited state deactivators, hydroperoxide decomposers,
and radical scavengers. 2”48 121 One common additive detected in plastic bags is TiO2 which is
used as a white pigment in the bags.?” Further examination into additive composition in
commercially available shopping bags is imperative to understanding “real world” pollution

photodegradation.
Conclusions:

Baseline experimentation on studying plastic in environmentally relevant media is
established in this study: ROS production of plastic in nanopure and NOM water, the isolation of

plastic from aqueous media, and the surface photochemistry changes of commonly used plastic

53



bags. This study also establishes that further research into plastic degradation mechanisms in

natural waters is necessary.

By using chemical probes with known rate constants, total moles and steady state
concentrations of -OH and O, were able to be monitored indirectly. It has been established in
this study that -OH is readily produced from UV-degraded nano and micro-sized plastics, while
multiple interferences with 102 monitoring under UV-degradation still exist. As expected, nano-
sized plastics produce more -OH than micro-sized plastics due to increased surface area. Little to
no differences to -OH production were noticed between PS and PET plastic types likely due to
immediate reaction with aromatic structures. Elongating exposure time is expected to uncover
changes to -OH production between PS and PET due to differences in chemical bonds of the two
polymer backbones. Additionally, the present study shows that degradation of nanosized plastic
in the presence of NOM water adds complexity to current methods of ROS monitoring due to
natural water’s ability to be a source and scavenger of reactive transients. There is yet room to

establish if NOM inhibits or promotes the production and degradation of plastic by ROS.

The present study also exhibits initial steps to understand surface chemistry changes to
shopping bags commonly polluting the environment. Small decays to absorbance spectra show
that shopping bags are being affected by UV-light in water, but no additional functional groups
are present at 72-hours exposure. To view further evidence and changes to the plastic material, it
is suggested that exposure to UV-radiation should be elongated to observe possible changes to

functional groups.

Further experimentation of ROS production and utilization in plastic degradation, and
subsequent surface chemistry changes, is needed. The apparent production of ROS from plastic,

namely -OH, can have both helpful and harmful effects on environmentally relevant scenarios:
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ROS production is helpful in that photo-oxidation can be deemed a tool to degrade large amounts
of plastic in aquatic ecosystems, but is also harmful in that ROS can increase solubility of
organic matter thereby increasing the likelihood of plastics entering the bloodstreams of
organisms. Regardless, additional study into the behavior of ROS and subsequent functional
group changes, especially of real-world plastic pollutants, is essential to understanding the

behavior and toxicity of plastic pollution in aguatic ecosystems.
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Chapter 5: Future Work

Optical Methods for Monitoring Oil Photoproducts in the Arctic

Future studies with ANS crude oil and refined fuels should include large scale
experimentation using similar methods of photoproduct monitoring employed in this thesis.
Large-scale oil and fuel spills have the potential of adding supplemental variables not included in
laboratory settings, such as mechanical breakdown of wind, rain, and waves, as well as the
addition of biotic degradation pathways. Using optical techniques such as fluorescence
spectroscopy and molecular analytical techniques such as FT-ICR MS, photoproducts of large-

scale and real-world degradation pathways can be determined.
Reactive Transients

Determination of -OH from nano and micro plastics with hydrocarbon backbones, such
as PE, should be tested in comparison to plastics with natural chromophores, such as PS and
PET. Additionally, experiments should be lengthened for all degradation exposures for up to 60
days of UV-degradation, and more for solar simulation. Determination of *O, steady state
concentration under short-wavelength UV radiation using FFA as a chemical probe is not an
effective method. However, experiments discussed in this thesis are preliminary and encourage
further experimentation where singlet oxygen production from degraded plastics might be

measurable and significantly different under solar simulation.

It has been shown that plastics have the ability to transport other persistent organic
pollutants. In this way, persistent organic pollutants should be added to plastic degradation

experiments to determine the effect of OH production when plastics adsorb to pollutants.
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Persistent organic pollutants to be tested include polycyclic aromatic hydrocarbons,
pharmaceuticals, and per and polyfluoroalkyl substances. Methods of OH production should use

the methods utilized in this thesis.
Surface Chemistry and Real-World Plastic Pollution

FTIR has been used extensively to determine degradation mechanisms and observe
changes to surface functional groups of plastic polymers. Similar methods should be used for
plastic particles collected from the environment. Continuing laboratory-controlled studies of
photo-degraded plastic bags should be continued under UV-radiation with longer irradiation
times. Present exposures lasted for up to three days, while other studies have exposed plastic
under UV-radiation for upwards of 60 days.'?” Additionally, it is well known that most
manufactured and used plastic contains metal additives. ICP-MS should be used to test for Ti and

Cainitially.
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Appendix B: Chapter 3 Supporting Information

Experimental Design:

Samples were thermostatically controlled at 5.5°C to match the annual water temperature

in the Gulf of Alaska.
Measurement Parameters:

The dissolved organic carbon concentration of samples was determined using a
calibration curve of five standards between 1 and 50 ppm of potassium hydrogen phthalate
(KHP) solutions. Checks were put into place to ensure that the TOC instrument was measuring
correctly by washing sample lines with nanopure water after each sample measurement and

adding KHP standards after 12 samples were measured.

Samples were measured in a 10 mm quartz cuvette in an excitation range of 240 to 800
nm at 5 nm increments, and in an emission range of 247.40 nm to 829.36 nm at 2nm increments.
Prior to EEM measurements, all samples were dilution corrected to Azs4 = 0.09 to reduce inner
filter effects. The collected EEMs were corrected for Rayleigh and Raman Scattering, blank

nanopure water acquisition detracted, and further inner filter effect modified.

Processed excitation and emission matrix DAT files were exported and entered into the
drEEM toolbox for MATLAB (Mathworks, Natick, MA, U.S.A.). A four component PARAFAC
model was validated after inspection of spectral loadings and split-half validation, where each
component peak characterizes a common chemical feature bound by fluorescent similarities.®*
The Fmax values from drEEM were calculated in relative percent contributions of each sample.

Maximum excitation and emission wavelengths were uploaded onto OpenFluor database for
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comparison and characterization of each fluorescent component where components are compared

with a 95% similarity criteria.®’

Relative contributions of the fluorescence components are visually analyzed using
principal component analysis (PCA) for specific sample and time point visualization. The
humification index (HIX)"" was exported from drEEM, and the specific ultraviolet absorption
(SUVA) at a wavelength of 254 nm was obtained by dividing the measured absorption

coefficient at 254 nm by the DOC concentration.®

Analytical examination for phenylalanine:

According to component matching, a similarity exists between C4 Ex/Em and the fluorophore
wavelengths of phenylalanine. To test if phenylalanine is present in the samples, samples were
analyzed (1000 pgC/mL) on a Vanquish UHPLC system coupled to an Exploris 120 orbitrap
mass spectrometer (Thermo Scientific) at 10 day irradiation, where fluorescence data predicts
phenylalanine would be in greatest abundance. Samples were injected (20 pL) onto a Kinetix
C18 column (150 x 2.2mm; 1.7u) with a UHPLC C18 2.1 mm Security Guard Column
(Phenomenex) and eluted using a gradient of water (A) and acetonitrile (B) each containing 0.1%
formic acid (v/v). The column was maintained at 60 °C while the mobile phase composition was
ramped from 5 to 99% B over 15 min and held for 10 min before resetting to initial conditions;
total run time was 32 min. Eluted compounds were ionized via negative mode electrospray
ionization (3200V). The nitrogen sheath gas, auxiliary gas, and sweep gas flows were 50, 5, and
5 arbitrary units, respectively. The vaporizer and ion transfer tube temperatures were 350 and

300 °C. lonization parameters were optimized by infusing the calibration solution (FlexMix,
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Thermo Scientific) into 0.4 mL/min 50% A post column at 5 uL/min. Full scans were collected
over the range 150-1500 m/z with a resolution of 120,000 and RF lens set to 70%. Automatic
gain control was used to accumulate 1e6 ions in the trap using 1 microscan and a maximum
injection time of 200 ms. Orbitrap mass accuracy was externally calibrated prior to analysis via
infusion of the calibration solution while a mass lock was established during each scan using the
fluoranthene (M-, 202.0788 m/z) internal calibrant discharge source (Easy-IC, Thermo
Scientific). A 5 pL injection containing 10 pg/mL phenylalanine yielded a signal in ESI(-) m/z
=164.0717 ([M-H]", CoH10NO2") with retention time = 1.46 minutes. Phenylalanine was not
detected in the 10 day irradiated samples. From these tests, it is evident that phenylalanine is

absent from our dataset and the compound is not a major product of hydrocarbon metabolism.
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Table S1. Experiment design. Triplicates of each treatment group were prepared with both seawater and freshwater. 10ppm of
each treatment were tested with both freshwater and seawater under UV exposure and no UV exposure, thermostatically
controlled at 5.5°C. Each beaker represented a single point; these being 0-, 24-, 96-, and 240-hour. Total samples, N=384.

Water . Temperature Test
Treatment Medium Light Treatment Control Duration
No Fuel
Heating Oil
Jet A-50 Fuel
Unleaded Freshwater Sunlight
Gasoline Simulation +
+ 55°C 240 h
Diesel Fuel Complete
Kerosene
ANS Crude Oil
ANS Crude Oil +
Burning

Table S2. Crude Oil in-situ burn experiment design. Triplicates were taken from HDPE jars at 0-, 24-, 96-, and 240-hour. Total
samples, N=48.

Treatment | Water Medium Light Temperature Test Duration
Treatment Control
Oil + ISB Slll’llight
Simulation
Seawater + 15°C 240 hr
Oil +1ISB + Complete
OP40 Darkness
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Table S3a. DOC, SUVA254, and Spectral Index data for treatments containing no fuel and heating oil.

Water Light Irradiation Period DOC SUVA254(L mg-1

Treatment Type Type (day) (mg/L) cm-1) C A T B M FI HIX FRESH BIX
0 1.81 0.013 0.51 1.09 0.25 0.11 0.61 1.68 6.85 0.74 0.74

..m. 1 5.51 0.005 0.29 0.81 0.29 0.18 0.39 1.55 3.55 0.77 0.76

3 4 4.26 0.006 0.18 0.61 0.23 0.29 0.26 1.56 2.17 0.74 0.73

= 10 2.28 0.015 0.17 0.84 0.50 0.77 0.27 1.47 0.84 0.73 0.74

] 0 1.28 0.026 0.52 1.11 0.22 0.07 0.62 1.66 8.41 0.73 0.72

- 1 2.82 0.011 0.58 1.30 0.36 0.15 0.69 1.68 545 0.75 0.75

— A 4 3.04 0.008 0.64 1.41 0.28 0.13 0.77 1.71 8.55 0.74 0.73
m 10 3.33 0.007 0.57 1.35 0.25 0.17 0.71 1.71 6.63 0.72 0.72
No 0 0.80 0.011 0.07 0.19 0.19 0.18 0.10 1.71 1.17 1.17 1.14
= 1 3.57 0.003 0.05 0.18 0.14 0.17 0.08 1.69 1.04 1.08 1.05

a 4 297 0.005 0.08 0.33 0.13 0.14 0.11 1.42 2.02 0.84 0.84

= 10 1.65 0.014 0.11 0.52 0.51 0.66 0.16 1.52 1.25 0.88 0.86

@ 0 0.79 0.013 0.07 0.19 0.21 0.19 0.10 1.73 1.19 1.13 1.12

- 1 1.71 0.005 0.07 0.17 0.08 0.11 0.09 1.81 1.97 1.06 1.06

a 4 1.79 0.002 0.07 0.18 0.09 0.11 0.09 1.72 1.97 1.08 1.05

10 2.90 0.004 0.07 0.18 0.12 0.12 0.09 1.80 2.00 1.10 1.09

0 1.46 0.028 0.71 1.54 043 3.59 0.86 1.65 1.63 0.74 0.73

= 1 39.94 0.012 4.00 30.08 117.05 72.38 9.07 8.65 1.89 9.59 9.24

= 1 89.63 0.015 6.69 37.51 127.69 21233 16.09 21.19 2.80 17.07 16.29

= 10 132.94 0.011 4.02 30.27 95.59 178.84 11.11 23.50 2.79 18.24 17.63

b 0 245 0.017 0.69 1.48 0.42 3.57 0.84 1.64 1.56 0.74 0.73

.m 1 227 0.015 0.60 1.57 1.46 15.51 0.79 1.69 0.35 0.84 0.81

3 = 4 245 0.012 0.86 235 1.96 2342 1.18 1.74 0.35 0.86 0.85
o0 10 5.34 0.005 0.96 3.82 2.05 18.61 1.17 1.98 0.51 0.81 0.79
m 0 1.03 0.009 0.07 0.18 0.24 31 0.11 1.77 0.24 1.35 1.33
T = 1 78.72 0.007 3.40 23.62 97.37 64.65 7.71 7.46 1.62 8.90 8.49
= 4 83.49 0.014 9.40 47.10 116.27 233.14 17.11 19.85 3.59 14.11 13.54

= 10 94.57 0.014 3.67 26.36 9231 199.40 10.01 22.14 2.39 17.86 16.79

“« 0 1.66 0.006 0.07 0.18 0.20 3.42 0.12 1.64 0.24 1.28 1.24

- 1 1.61 0.011 0.14 0.51 1.14 17.01 0.22 1.61 0.10 1.42 1.31

a 4 1.71 0.006 0.18 0.87 1.44 20.21 0.29 2,05 0.12 1.39 1.31

10 2.87 0.006 0.16 0.83 1.38 18.09 0.25 1.88 0.12 1.39 1.40
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Table S3b. DOC, SUVA254, and Spectral Index data for treatments containing Jet A-50 Fuel and unleaded gasoline.

Water Light Irradiation Period DOC SUVA254 (L mg-1

Treatment Type Type (day) (mg/L) cm-1) C A T B M FI HIX FRESH BIX
0 1.79 0.024 0.71 1.53 0.43 4.39 0.86 1.65 1.39 0.74 0.73

- 1 41.00 0.013 3.54 25.69 119.40 83.76 9.15 9.12 1.64 11.21 10.73

...m. 4 96.91 0.008 5.10 47.80 176.90 159.07 14.22 13.96 247 15.52 14.84

= 10 98.79 0.011 4.12 32.72 106.42 216.34 11.07 19.29 2.03 15.33 14.71

= 0 1.53 0.028 0.74 1.61 0.49 5.29 091 1.66 1.25 0.75 0.74

.m 1 223 0.014 0.55 1.40 1.41 17.09 0.74 1.66 0.29 0.91 0.88

e a 4 1.82 0.018 0.77 222 1.95 2297 1.09 1.73 0.31 0.85 0.85
[ 10 9.40 0.005 0.91 3.44 2.14 19.09 1.13 1.90 0.47 0.86 0.84
3 0 2.50 0.005 0.07 0.21 0.29 4.67 0.12 1.66 0.18 1.43 1.31
m. 1 24.02 0.025 2.83 20.27 79.24 47.95 5.88 5.52 1.27 6.26 6.08

,.u 4 91.97 0.008 4.75 41.33 149.04 155.47 12.14 14.13 2.66 15.95 15.21

= 10 176.26 0.012 4.25 30.89 120.75 297.08 11.45 3251 2.65 28.02 26.31

« 0 3.34 0.005 0.08 0.21 0.31 4.50 0.13 1.75 0.18 1.41 1.30

Lm 1 2.08 0.015 0.33 1.29 1.62 18.93 0.66 1.50 0.22 1.24 1.17

(] 4 1.74 0.008 0.14 0.66 1.43 18.16 0.26 1.88 0.11 1.31 1.24

10 4.91 0.003 0.21 1.14 1.47 18.03 0.30 1.99 0.15 1.37 1.33

0 1.79 0.025 0.66 1.44 0.28 0.99 0.79 1.64 1.93 0.71 0.70

.m. 1 2.39 0.022 0.47 2.18 1.95 6.84 0.66 1.53 0.52 0.91 0.89

a 4 4.72 0.019 0.57 3.89 5.64 13.14 1.02 1.58 0.30 1.17 1.14

= 10 3.98 0.014 0.28 1.83 1.85 4.94 0.56 1.52 0.31 1.07 1.02

- 0 2.33 0.018 0.75 1.64 0.29 0.61 0.90 1.67 3.52 0.71 0.71

.m 1 1.64 0.014 0.53 1.14 0.34 2.70 0.63 1.79 0.66 0.78 0.76

o a 4 231 0.014 0.73 1.79 0.49 0.75 0.92 1.69 2.30 0.75 0.74
= 10 5.27 0.006 0.65 1.58 0.45 0.52 0.80 1.67 2.48 0.73 0.72
m 0 1.36 0.007 0.07 0.19 0.10 0.41 0.10 1.70 0.67 1.14 1.11
© m_ 1 3.28 0.016 0.37 2.70 4.31 9.02 0.52 1.67 0.30 1.45 1.44
s 4 247 0.009 0.15 0.98 0.85 1.67 0.27 1.72 0.49 1.10 1.07

= 10 3.05 0.010 0.14 0.79 1.00 1.65 0.27 1.53 0.37 1.41 1.32

@ 0 1.90 0.006 0.07 0.18 0.09 0.40 0.10 1.77 0.69 1.10 1.08

m 1 0.93 0.008 0.08 0.19 0.14 1.67 0.11 1.73 0.20 0.99 0.97

a 4 2.88 0.003 0.09 0.28 0.23 0.72 0.13 1.73 0.52 1.06 1.04

10 7.53 0.001 0.08 0.25 0.49 0.70 0.11 1.81 0.21 1.30 1.24

72



Table S3c. Experiment 1; DOC, SUVA254, and Spectral Index results for treatments containing diesel fuel and kerosene.

Water Light Irradiation Period DOC SUVA254 (L mg-1

Treatment Type Type (day) (mg/L) cm-1) C A T B M FI HIX FRESH BIX
0 1.87 0.022 0.54 1.24 0.18 0.18 0.67 1.69 8.36 0.72 0.71
= 1 26.06 0.011 3.00 16.65 51.38 102.82 4.64 4.79 0.94 3.59 3.57
= 4 59.23 0.008 2.15 10.26 21.93 117.59 3.36 6.92 0.94 4.07 393
= 10 323.67 0.012 4.71 40.22 65.90 657.97 9.58 57.08 2.99 3246 31.24
b 0 2.39 0.017 0.51 1.15 0.20 0.21 0.62 1.70 6.28 0.72 0.72
¥ 1 1.59 0.013 0.51 1.13 0.32 0.98 0.63 1.76 2.24 0.76 0.75
(=] 4 2.78 0.017 0.62 1.54 0.45 1.48 0.78 1.67 1.82 0.73 0.72
F 10 3.31 0.007 0.59 1.36 0.45 1.64 0.72 1.70 1.55 0.75 0.74
.m 0 1.17 0.008 0.07 0.19 0.12 0.23 0.09 1.77 1.36 111 1.09
= 1 22.32 0.011 2.30 12.35 33.63 70.56 2.75 4.58 0.99 327 3.30
= 4 37.34 0.012 247 9.91 11.21 133.18 2.82 8.31 1.04 3.00 3.02
= 10 228.11 0.012 2.93 13.79 36.06 325.28 5.13 44.95 2.07 20.64 19.56
@« 0 1.78 0.005 0.07 0.17 0.13 0.22 0.09 1.75 1.30 1.11 1.09
y- 1 0.85 0.007 0.07 0.19 0.08 0.54 0.09 1.69 0.80 1.03 1.02
a 4 1.61 0.006 0.14 0.47 0.31 0.95 0.20 1.65 0.86 0.93 091
10 10.58 0.002 0.10 0.28 0.21 0.99 0.13 1.34 0.45 1.06 1.02
0 1.65 0.024 0.61 1.39 0.28 0.37 0.75 1.67 517 0.72 0.72
= 1 7.23 0.014 1.18 9.24 22.54 14.49 1.62 2.25 0.85 1.51 1.51
S| ) 41.17 0.015 242 18.88 81.20 131.56 5.56 10.64 1.14 10.42 10.04
= 10 123.20 0.012 249 16.10 67.82 300.79 5.35 23.34 1.05 16.87 16.11
- 0 1.60 0.025 0.69 1.58 0.35 0.43 0.85 1.68 4.85 0.73 0.72
- 1 1.88 0.016 0.60 1.40 0.58 1.92 0.76 1.68 1.12 0.75 0.74
v a 4 10.13 0.003 0.65 1.58 0.61 2.02 0.81 1.65 1.25 0.74 0.74
g 10 4.47 0.009 0.70 1.66 091 2.15 0.88 1.70 1.06 0.78 0.76
z 0 0.95 0.009 0.08 0.20 0.21 035 0.09 1.78 0.96 1.16 1.14
M = 1 491 0.012 0.63 5.06 13.04 8.39 0.76 1.91 0.75 1.26 1.30
= 4 33.05 0.014 1.99 13.62 40.69 77.10 3.26 8.35 1.13 6.29 6.12
= 10 80.02 0.011 1.50 8.69 31.35 178.62 291 13.88 0.65 8.62 8.27
v 0 0.80 0.010 0.07 0.20 0.20 0.29 0.09 1.76 1.04 1.23 1.19
- 1 1.92 0.005 0.09 0.24 0.21 1.03 0.12 1.77 0.45 1.24 1.17
a 4 8.80 0.002 0.09 0.23 0.28 1.36 0.13 1.80 0.33 1.21 1.16
10 3.01 0.005 0.12 0.32 0.68 1.91 0.19 1.55 0.26 1.42 1.32
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Table S3d. Experiment 1; DOC, SUVA254, and Spectral Index results for treatments containing crude oil and crude oil under ISB.

Water Light Irradiation Period DOC

SUVA254 (L mg-1

Treatment Type Type (day) (mg/L) cm-1) C A T B M FI HIX FRESH BIX
0 1.72 0.026 0.64 1.55 0.77 1.20 0.83 1.70 1.94 0.90 0.89

.Inc 1 6.37 0.011 1.22 6.98 9.63 11.46 2.44 1.64 0.72 1.75 1.69

NS 4 27.17 0.010 3.48 21.35 2249 23.30 7.04 443 2.66 3.68 3.57

= 10 43.50 0.013 6.71 45.02 48.07 43.43 12.43 9.30 5.57 8.43 8.21

B 0 1.50 0.030 0.63 1.52 0.67 1.16 0.81 1.68 1.92 0.86 0.85

.m 1 237 0.016 0.76 2.60 7.40 14.39 1.52 1.72 0.30 2.07 1.97

= a 4 3.02 0.018 0.88 3.19 8.79 18.28 1.81 1.69 0.30 2.13 2.03
w 10 7.34 0.007 0.87 3.50 10.74 19.53 1.96 1.66 0.28 2.16 2.06
m 0 2.04 0.007 0.07 0.23 0.35 0.85 0.12 1.69 0.50 1.71 1.64
v .lm...u 1 6.47 0.009 0.87 5.77 7.49 10.55 1.88 1.63 0.75 2.02 1.92
N 4 18.34 0.012 2.90 17.27 20.38 19.44 5.47 3.66 2.17 3.49 3.39

= 10 38.93 0.015 6.51 43.64 39.31 33.68 12.06 8.96 6.18 6.98 6.78

@ 0 1.36 0.010 0.08 0.25 0.39 0.96 0.14 1.70 0.50 1.72 1.65

.m 1 2.11 0.008 0.21 1.15 4.29 12.23 0.70 1.86 0.19 3.26 297

(a] 4 2.69 0.007 0.18 1.28 5.72 16.44 0.81 1.75 0.15 3.97 3.61

10 3.42 0.005 0.22 1.49 6.23 15.83 0.90 1.57 0.17 3.69 3.35

0 1.83 0.019 0.87 2.75 5.75 12.06 1.50 1.74 0.36 1.66 1.61

..m. 1 10.63 0.012 222 12.32 17.16 16.88 4.51 221 0.95 2.20 2.11

N 4 2221 0.016 5.41 3333 34.67 31.37 10.98 6.32 4.05 5.89 5.67
= 10 67.39 0.014 12.67 86.05 77.17 53.82 24.54 15.53 12.16 13.19 12.80

= 0 1.44 0.020 0.78 2.52 5.53 11.67 1.42 1.73 0.35 1.79 1.71

.me .m 1 2.86 0.012 0.80 3.08 8.95 15.29 1.71 1.74 0.28 2.19 2.08
m (a] 4 3.52 0.014 0.96 3.98 10.91 20.92 2.08 1.71 0.29 224 2.13
M 10 3.65 0.013 0.94 4.24 12.92 21.10 2.16 1.69 0.26 237 2.24
S 0 1.56 0.009 0.20 1.01 3.38 10.34 0.53 1.86 0.17 3.20 2.95
2 .M 1 7.15 0.012 1.74 10.59 10.39 14.11 344 1.62 0.67 1.85 1.78
m N 4 21.29 0.013 4.54 28.19 29.22 2534 8.74 4.89 3.29 4.68 4.52
= 10 52.80 0.013 12.00 79.88 76.06 50.87 22.87 12.40 9.25 10.82 10.51

@ 0 1.55 0.009 0.19 1.05 3.43 10.54 0.55 1.89 0.18 3.20 2.95

.m 1 245 0.010 0.32 1.96 6.01 13.35 0.99 1.74 0.22 2.75 2.56

(a] 4 3.37 0.007 0.29 2.02 7.00 17.49 1.03 1.77 0.19 3.25 298

10 2.72 0.008 0.36 2.39 8.18 15.61 1.15 1.63 0.22 2.99 2.80
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Table S4a. Fluorescence component contributions (%) of no fuel, gasoline, kerosene, and jet fuel

Fluorescence Component Contributions: C1 (%) C2 (%) C3 (%) C4 (%)
Treatment Light Type Lt on Average Std. Dev. Average Std. Dev. Average Std. Dev. Average Std. Dev.
[Period (day)

0 50.98 27.35 24.85 11.96 23.34 16.27 0.83 1.30

=} 1 39.31 18.43 36.06 8.62 17.71 8.34 6.92 5.49

— — 4 38.88 5.92 34.79 8.03 17.27 5.04 9.06 6.12
m 10 20.21 12.42 38.49 9.23 2091 4.39 20.38 5.18
o 0 54.16 31.15 22.79 14.21 22.52 17.38 0.54 1.18
& - 1 53.48 17.40 24.74 7.13 14.12 6.92 7.66 5.57
m 4 59.66 23.85 20.26 10.81 14.41 7.62 5.67 6.41

10 56.68 23.46 22.42 15.98 15.92 6.57 4.98 6.19

0 21.98 10.68 6.48 5.97 2.89 7.07 68.66 14.72

z 1 6.58 5.81 24.83 9.57 19.38 9.96 49.21 20.58

@ s 4 7.85 3.59 40.70 6.03 32.49 5.27 18.96 10.14
m 10 7.04 2.18 41.45 5.45 27.73 7.44 23.78 7.00
Z 0 30.62 2147 6.17 5.66 3.54 6.33 59.68 24.07
© = 1 8.51 5.29 3.49 0.91 2.32 3.53 85.69 7.24
a 1 30.60 19.77 20.47 6.40 20.21 5.65 28.72 17.57

10 30.97 26.50 32.59 12.08 31.52 12.39 4.93 2.86

0 43.92 26.26 18.79 8.05 31.16 17.90 6.13 3.50

z 1 5.82 4.88 55.43 4.50 33.72 2.17 5.03 1.38

g g 1 0.46 0.74 45.00 4.13 27.19 3.09 27.35 6.19
- 10 0.06 0.15 26.73 2.45 23.38 0.89 49.83 2.74
m 0 43.35 24.19 20.71 9.83 28.25 15.28 7.69 1.72
< = 1 18.31 8.76 13.98 1.53 36.31 7.26 3141 1.69
[a] 4 18.04 11.83 14.19 2.38 34.98 5.67 32.79 5.79

10 15.31 11.62 25.23 6.72 32.29 3.55 27.16 8.19

0 16.39 13.13 2.44 4.22 77.49 10.98 3.68 1.52

= 1 0.29 0.39 69.12 2.96 20.10 3.59 10.49 4.19

— 4 4 1.10 1.49 62.71 3.94 17.58 4.21 18.61 3.99
M 10 0.18 0.43 41.76 3.26 20.98 1.42 37.08 3.36
= 0 15.42 11.74 2.14 3.75 78.64 9.59 3.80 1.44
= .m 1 6.13 3.17 5.98 5.78 86.13 8.44 1.76 0.97
A 4 5.26 2.78 4.75 1.50 87.24 5.42 2.75 2.55

10 7.33 5.14 7.92 3.64 84.05 8.18 0.70 0.94
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Table S4b. Fluorescence component contributions (%) of diesel, heating oil, crude oil and crude oil/burning.

Fluorescence Component Contribution:| C1 (%) C2 (%) C3 (%) C4 (%)
Irradiation
Treatment Light Type Period Average Std. Dev. Average Std. Dev. Average Std. Dev. Average Std. Dev.
(day)

[1] 55.21 30.02 13.98 10.98 23.24 14.07 7.57 6.59

.w 1 2.04 0.63 33.99 6.86 39.92 217 24.05 7.65

i 4 248 1.20 15.73 7.79 34.00 2.01 47.79 9.84

M 10 0.00 0.00 16.93 1.15 24.58 0.69 58.49 0.63
a 0 50.57 27.15 18.53 11.19 23.94 13.04 6.96 3.76
.m 1 28.26 12.41 8.62 4.56 25.94 7.28 37.18 741

a 4 2493 10.25 19.10 7.65 23.23 3.38 32.75 4.65

10 21.22 10.99 13.10 3.33 30.26 5.73 3542 5.80

0 19.06 14.56 4.46 342 73.45 11.45 3.03 1.69

.m 1 0.55 0.48 69.73 1.71 19.08 2.49 10.65 341

M 3 4 1.21 1.04 47.10 12.86 19.85 5.29 31.84 7.94
ons 10 1.98 3.49 4223 7.40 20.01 2.05 35.78 5.20
= 0 18.82 13.94 2.02 0.88 76.34 13.05 2.82 1.61
m ..m 1 5.59 3.20 4.46 1.66 89.09 5.38 0.86 0.84
A 4 5.90 3.07 443 0.88 89.30 3.26 0.37 0.64

10 7.52 4.98 7.45 2.39 84.74 6.99 0.30 0.73

0 22.02 14.18 30.74 1.78 23.41 4.77 23.83 10.88

w 1 10.58 0.32 54.97 291 24.23 1.67 10.22 3.97

= a 4 13.35 1.82 59.08 5.03 17.72 4.88 9.85 2.14
w 10 13.19 2.50 61.25 6.44 12.04 6.80 13.53 2.14
m 0 21.35 13.54 28.19 3.99 21.11 6.60 20.35 3.63
._m 1 3.70 1.41 43.84 4.03 4222 5.65 10.24 1.90

a 4 322 1.77 44.08 4.12 43.15 6.38 9.56 5.29

10 3.04 1.27 48.52 4.85 42.86 5.14 5.58 4.96

o 0 4.73 2.63 42.67 3.76 44.31 4.69 8.28 1.89
.m .Io.ur 1 11.08 0.75 61.64 1.53 20.94 1.88 6.34 1.61
= A 4 14.42 2.59 61.80 6.93 15.35 7.51 8.43 2.11
w 10 15.74 1.56 68.11 1.82 7.76 1.43 8.38 2.65
= 0 4.59 232 43.18 3.87 4443 4.69 7.80 1.53
- ..m 1 3.79 0.96 49.80 3.65 37.80 3.52 8.61 0.89
m a 4 3.39 1.21 48.84 313 41.68 3.31 6.08 1.05
10 3.03 0.82 54.20 2.57 38.47 1.98 4.31 1.64
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Table S5. Fluorescent component matches to studies on the OpenFluor database. Tucker congruence coefficient (TCC) is
indicated for excitation (Ex) and emission (Em) wavelengths. Each comparison is given by model name and link to publications.
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Model Name DOl Link: Component (this study) Component comparisons TCCen TCCp, TCCe, x TCCn
Grasber 2012(ID: T) hitps:// doi.omg/10.1016/] scitotenv. 2012.08.087 1 4 0.97 095 092
Grasber 2012(ID: T) hitpe:// doi.omm/10.1016/] 2citotenv. 2012.08.087 3 7 0.99 0.96 095

IPY-C30(D: 9 https://dei.org/10.10022013JC009173 1 1 0.97 099 096
Omdrev (ID : 10) hitps:/doi.org/ 10.1111/geb. 12488 1 4 0.96 0.96 092
AMT20 (D - 12) hitpe://doi.om/10.1016/] marchem 2013.10.004 3 4 0.98 099 097
Lema2013 (ID: 13) hitps://doi.org/10.338 9/fmarz 2015.00108 1 1 0.97 0.97 094
dEEM(D : 18) hitps:/idoiorg/10.1030/C3AY41160E 1 1 0.97 098 095
Horsens (ID - 19) LEN: 9780521152594 2 b] 0.96 099 095
Kauai (D : 200 hitpe:// doi.omg/10.1016/] marchem 2007.10.003 2 7 0.99 099 098
RecseleBY (D : 21) ://doi.org/10.1021/es103015e 2 3 0.97 098 095
RecyeleGT (ID : 22) :/ldoi.org/10.1021/es103015e 3 7 0.99 099 098
ReeycleRH(ID : 24) :/ldoi.org/10.1021/251030152 2 4 0.95 095 09l
RecyeleWRANE (ID : 26) ://doi.org/10.1021/e21030135e 3 3 0.95 098 093
RecyeleWRAMS (ID : 26) https:/idei.org/10.1021/es103015e 4 7 0.95 0.95 091
SalmeDOM(ID : 35) hitps:/ doiom/10.1016/] scitotanv 2015.07. 160 1 4 0.96 0.93 094
Shutova F (ID: 42) hitps:// doi.org/1 0.1016/].watres.2014.01.033 1 1 0.98 0.97 0.96
Shutova G (ID: 43) hitpe:// doi.org/1 0.1016/].watres.2014.01.033 1 2 0.96 0.97 093
Drink (ID : 49) hitps:// doi.org/l 0.1016/].watres.2011.08.066 1 1 0.98 097 095
Galathea (ID : 51) hitps:// doi.om/10.1016/] marchem 2011.03.002 1 1 0.98 099 097
Galathea (ID : 51) hitpe:// doi.omg/10.1016/] marchem 2011.03.002 2 6 0.97 098 094
Homen 003 (ID : 33) hitps: //doi.org/10.431910.2003.50.2 0686 2 7 0.98 0.97 095
Hormen 003 (ID : 53) hitps: //doi.org/10.431910.2005.50.2 .0686 3 g 0.96 098 094
Kattegat (ID : 54) hitps:// doiomg/10.1016/] marchem 2011.06.007 2 b 0.96 096 092
vale3C (ID: 36) hitps://doi.org/ 10.1002/1n0.102 58 1 1 0.97 099 095
Beringia (ID : 58) https://dei.org/10.1029/2009JG0 00990 1 1 0.98 099 096
Partrers (ID : 39) https://doi.org/10.1002/201 37G002320 2 b] 0.96 0.97 093
ONsteams (ID @ 61) hitps: //doi.org/10.431910.2010.55.3 1159 1 3 0.97 0.97 0935
Osganic Compoundz] (ID : 62) hitps://doi.org/ 10.338 9/fmars 2015.00098 3 6 0.98 099 097
Oganic Compounds2 (ID : 63) hitps://doi.org/ 10,338 9/fmars 2015.00098 3 3 0.97 098 095
CWT(D: &hH hitps://doi.org/10.1007/:10021-011-9460-= 1 1 0.98 097 096
CWT(D: &) https://dei.org/10.1007/510021-011-9469-z 2 b 0.98 099 097
CWT(D: &) httpe://doi.org/10.1007/s10021-011-9469-= 3 4 0.97 098 095

FCE (ID: 66) hitps://doi.omm/10.1007/s10021-010-9370-1 1 3 0.96 097 093

FloridaKeys (ID : 67) hitps:/doiog/10.1016/].c50.2013.06.010 3 3 0.98 099 098
TropicalRivers (ID : 70) httpe://doi.org/10.1029/2009JG000987 1 1 0.99 0.96 095
WAIS LD 2(ID: 171) hitps://doi.org/10.3194/ep-13-333-2017 3 2 0.98 099 097

WAL LGM 2(ID:172) hitps://dot.org/10.5194/ep-13-333-2017 3 2 0.98 099 097

Meuse River (ID : 198) hitps://doi.oE/10.1007/510533-017-0337-2 1 1 0.97 0.96 093

Congo River (ID : 199) httpe://doi.org/10.5194/bg-13-5403-2016 2 6 1.00 099 099
SovangWatzrshed (ID : 222) hitpe:// doi.om/10.1016/] seitotanv. 2017.11.067 1 1 0.98 099 097
Sealee (ID: 243) hitps: doi.om/10.1016/] scitotenv. 2018.01.251 1 2 0.99 099 0.98
Leafleachate (ID : 269) https://dei.org/10.1002/201 6JG003677 2 2 0.95 097 093
Painter NorthSea (ID : 281) https:// doi.org/10.1016/j.scitotenv.2018.02.237 1 2 0.98 099 098
Painter NorthSea (ID : 281) hitps://doi.omm/10.1016/].scitotenv. 2018.02.237 3 3 0.99 099 097

Rainwater (ID : 289) hitps://doi.org/10.1016/.2e55.2018.11.002 1 3 0.99 097 0.96

Skio dock(ID:377) hitps://doi.org/10.1016/.2c22.2016.08.046 1 1 1.00 0.96 096

Skio dock(ID:37T) hitps://doi.org/10.1016/.2¢52.2016.08.046 2 3 0.96 098 094

osPARAFAC Lillsjoen (ID : 380) hitps://doi.org/ 10.102 1/acs.2st. TRO3260 1 1 0.96 0.96 092
0sPARAFAC RioNegro (ID: 381) hitpe://doi.org/ 10.102 1/acs est Th03260 1 1 0.96 098 094
0sPARAFAC PonyLake (ID : 336) hitps://doi.org/ 10.102 1/3cz 22t TH03260 2 1 1.00 1.00 099
Minjiang Estuary (ID : 534) hitps://doi.org/10.1007/211356-019-05700-2 1 1 0.96 099 095
Mimjiang Estuary (D : 334) hitps: //doi.org/10.1007/:11356-019-05700-2 3 b] 0.96 0.97 093




Model Name DOl Link: Component (this study) Component comparisons TCCg,, TCCp; TCCp x TCCgy
ArcticFords org (ID : 660) hitps:// doi.og/10.1016/]. marchem 2 018.08.010 2 6 0.96 0.96 0.92
ArcticFords PPL (ID : 661) hitps:// doi.org/10.1016/{ marchem 2 018.08.010 2 4 0.98 094 097
ArcticFords PPL (ID : 661) hitps:// doi.og/10.1016/{ marchem 2 018.08.010 3 b 0.97 0.99 0.97

Antarctic DOM(ID : 663) hitps:// doi.ore/10.1016/].waires. 2019.114901 3 1 0.95 0.96 091
LaSelvaDOM (D : 630) https://doi.org/10.1 002,201 7TGH03960 2 6 0.96 0.95 092

DW Sweden Gavle (ID : 691) https:/ doi.org/10.1016/]. wates.2017.08.020 2 4 0.98 0.96 0.94
ES&T MEKE River (ID: 748) hitps://doi. org/ 10.102 1/acs.est 9607123 1 1 0.95 0.99 0.94
Landscape DOM(ID : 880) hitps:// doi.om/10.1016/] seitotenv.2019.03.396 2 3 0.9¢ 0.96 0.96
Qilian (ID : 929) https://doi.org/10.10292020JG006222 1 3 0.98 0.96 0.94

Qilian (ID : 929) hitpe://dod org/10.1028/2020JG006222 3 2 0.98 094 097
GrassLeafPine Stream (ID : 939) https: //doi.org/10.1007/510533-018-00334-3 1 1 0.99 1.00 0.99
GrassleafPine_Steam (ID : 959) hitps: //dod org/10. 1007/s10535-018-00534-3 3 2 0.99 1.00 0.99
NICE_4C{ID:1015) hitpe://doi.org/10. 1016/ zcitotenv 2019133740 1 2 0.9¢ 0.98 097
EndMembershMixine (ID - 1109) hitps:// doi.ome/10.1016/] scitotenv.2019.02.258 1 1 0.98 0.99 0.98
POM zubtropical estuary (ID: 1119) hitps: //doi.org/10. 1016/ .jmarsy= 2019. 103264 1 1 0.96 0.97 0293
BeaufortPW (ID - 1130) hitps:// doi.oe/10.1016/{ marchem 2 019.03.009 1 1 0.98 0.96 0.94
BeaufortPW (ID : 1130) hitps:// doi.org/10.1016/| marchem 2 019.03.00% 3 4 0.95 0.96 091

Korean porwaters and bottom waters (ID : 1138) https://dod.org/10.1016/ . wates.2017.05.022 1 1 0.99 1.00 099
Korean porwaters and bottom waters (ID : 1138) https://dod.org/10. 1016/ watres 2017.05.022 3 3 099 099 098
mud volcanoes water (ID : 1164) hitps: //doi.org/10. 1038/241 598-021-82632-3 1 1 0.97 0.9 093
Borisover_Kishon river (ID : 1206) https:/ doi.org/10.1007/s11270-011-0821x 1 1 0.98 0.97 0.93
Borisover_Kishon river (ID - 1206) https// doiomm/10.1007/s11270-011-0821x 2 2 0.96 0.97 0.93
RaskaDOM(ID : 1434) hitpe://dod.org/ 10.1016 /. jaridenv. 201 9.04.013 1 1 0.97 0.98 093

ES&T VeteransLagoon (ID : 1609) hitps://doi. org/ 10.102 l/acs.est 9607123 1 2 0.98 0.96 093
Porewater Degradation (ID : 1633) hitps://doi.org/10.1016/ scitotenv. 2019.133714 3 3 0.95 099 093
Shakil Peel2 0152017 Scomp (ID: 1778) hitps://doi.org/ 10.1088/1748-9326/abac36 1 3 0.97 0.97 0.94
Shakil Peel2 0152017 Scomp (ID: 1778) hitps://doi.org/ 10.1088/1748-9326/abac36 3 3 0.97 0.95 0293
Amammox EPS (ID : 1896) hitps://doi.org/ 10.102 1/acs.est 6605761 1 3 0.99 0.99 0.97
ORCA flume (ID : 2094) hitps://doi.org/ 10.33 Hwl2 113246 2 2 0.97 0.95 0.93

Vines LakeT (ID : 2301) hitps://doi.org/10.1002/aw=2. 1201 1 1 0.9¢ 099 0o

Vines BWE. (ID : 2302) https:/idoi.org/10.1002/aws2. 1201 1 1 0.98 0.98 0.93
Biodegradation ArfificialSediment (ID : 2332) hitps:!/ doi.ore/10.1016/]. watres. 2020.115588 1 1 0.96 0.95 091
BacTank (ID : 2472) hitps: //doi.org/10.1007/311356-021-13148-6 1 1 0.95 0.96 091

Dimer (ID : 2493) hitps:/ided org/10.10021012.10154 3 1 0.97 099 093
MEX-DOC-GOLD (ID : 2601) httpe:// doi.omm/10.1016/] watre= 201 9.115460 1 1 1.00 0.95 093
CavialmeNatural Samples (ID : 2619) https://doi.org/10.10167.5a2.2020.118278 1 1 0.96 0.99 0.96
FREEDOMproject (ID - 2684) doi_org/10. 1002/1no. 11606 1 2 0.935 0.9 0293
FREEDOMproject (ID : 2694) doi.org/10. 1002/1n0. 11606 2 4 0.96 0.96 091

SPE augmentation (ID : 2877) hitps:// doi.ore/10.1016/]. watres. 2020.116730 1 b] 0.97 0.96 0.93
ES&T GreenBay(ID : 3169) hitps://doi. org/ 10.102 1/acs.est 9507123 1 1 0.9¢ 1.00 089
v2015 WS KS LS NZ({D : 3853) hitps://doi.org/ 10.1016/7. chemolab.2020.104 176 1 1 0.96 097 094
Gueguen JOIS (D - 4431) hitps://doi.org/10.1029/2020JC016578 3 6 0.97 084 097
Dainard Bering2013 (ID : 4440) hitps:// doi.og/10.1016/{. marchem 2 013.10.007 2 3 0.96 0.96 0.92
Dainard BeaufortBering2013 (ID : 4442) hitps:// doi.ore/10.1016/] marchem 2013.10.007 2 4 0.97 0.97 0.94
Combinations-R. (ID : 5496) hitpe://doiorg/10.1016/.2aa 2021.119800 2 3 0.9¢ 0.97 0.96
Combinations-L (ID : 3497) https:/idoi.org/10.1016/7.5aa 2021.119800 1 2 0.96 0.96 092
Combinations-Q/R/S (ID : 5498) hitps://doiorg/10.1016/.52a 2021.119800 2 3 0.99 0.97 0.96
Combinations-O/L (ID : 5499) https:/idoi.org/10.1016/.5aa 2021.119800 1 1 0.96 0.93 092
Combinations-F/S/L (ID : 5500) hitps://doi.org/10.1016/.saa 2021.119800 1 1 0.98 0.99 0.98
Combinations-O/R/S/L (ID : 5502) hitps://doi.org/10.1016/.2aa 2021.119800 1 1 0.95 099 0.94
Urban Coastal Drainage (ID : 5519) https://doi.org/10.10292020JG006146 1 1 0.97 0.99 0.96
Kungalv 5 (ID : 5631) httpe://doi.ore/10 1021/ acsestwater. Oc001035. 2 3 0.96 093 094

PYL Jrivers & lakes (ID: 3734) hitps://dol.org/10. 1016/ |.chemosphere. 2021. 131604 1 1 0.29 0.97 0.97
Arctic Circle Traverse keCor 3 (ID: 6385) hitps://doi.ore/10.1017 0g. 2021. 51 4 3 0.97 0.95 0.92
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Figure S1. Optical differences between freshwater and seawater at 10 days light exposure. Shaded by boiling points
(i.e. dark color to light color; highest boiling point to lowest boiling point).*® Triangle shapes represent freshwater

samples while circle shapes represent seawater samples.
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Table S6a. FT-ICR MS molecular classifications and average masses for no fuel, gasoline, kerosene, and jet fuel. Averages represent N=2.

Molecular Classification: UHO ULO Aliphatic CA Aromatic Average Mass %RA
Treatment| Light Type | Irradiation Period (days) | Average Std.Dev.|Average Std.Dev. |Average Std.Dev.|Average Std.Dev.|Average Std.Dev.|Average Std. Dev.

= .w.r 0 45.39 2.30 40.63 5.21 2.59 0.84 1.72 1.03 9.56 2.89 532.34 20.90
e = 10 31.50 3.95 46.10 4.70 12.89 3.62 1.19 0.52 8.26 2.46 509.56 21.89
No m 0 44.46 0.30 41.39 3.16 2.717 0.56 1.64 1.00 9.45 2.83 530.45 17.68
/A 10 34.04 9.20 44.41 6.30 11.27 5.62 2.18 2.10 8.04 2.50 515.01 18.35

0 43.87 1.04 39.18 5.91 6.07 2.27 1.81 1.19 8.98 3.01 480.29 39.91

.,m. 1 40.93 3.26 40.92 233 4.86 0.65 2.23 1.15 10.95 2.72 477.97 29.25

) = 1 40.59 4.23 41.29 2.66 4.37 0.53 2.20 0.74 11.46 3.61 491.09 26.61
= 10 37.39 242 41.10 212 8.45 2.68 2.36 0.72 10.63 2.61 485.94 28.56
S 0 44.72 1.90 40.39 4.28 5.18 1.76 1.64 1.39 8.00 4.80 493.21 38.11
= m 1 40.16 1.50 42.50 3.70 5.67 2.05 1.98 1.42 9.60 3.75 488.34 40.11
A 1 40.77 3.30 42.72 297 6.73 1.99 1.60 1.06 8.12 3.50 490.24 48.36

10 40.95 2.58 41.23 2.11 6.09 2.27 2.09 1.45 9.53 3.54 486.76 41.84

0 45.21 0.92 41.92 3.98 311 0.85 1.62 1.35 8.04 3.87 489.65 44.51

.wnr 1 26.83 6.27 47.28 2.25 5.82 0.43 2.95 1.07 17.09 4.20 460.11 53.80

= = 1 18.69 7.82 49.80 3.03 5.84 1.20 4.00 0.89 21.63 4.02 455.79 56.83
m 10 16.67 3.47 55.84 4.96 6.83 0.60 2.90 0.82 17.69 1.47 453.31 35.69
3 0 45.30 1.68 42.52 4.59 3.41 0.82 1.33 1.09 7.41 3.99 490.12 45.40
M m 1 43.14 1.60 43.46 5.54 3.09 0.86 1.57 1.28 8.69 3.85 489.84 49.78
A 1 42.73 3.88 42.41 4.74 5.97 2.80 1.28 1.15 7.56 3.69 480.39 51.19

10 40.81 1.79 41.47 4.28 5.08 0.87 2.14 1.06 10.40 2.19 498.43 36.86

0 41.30 4.75 42.39 4.87 5.80 1.62 1.68 1.26 8.75 3.87 507.40 24.04

.,mﬁ 1 7.74 2.10 30.59 243 54.97 1.83 0.45 0.14 6.23 1.16 360.16 2.56

= = 1 10.08 1.35 45.10 0.88 27.38 233 2.26 0.73 15.15 0.70 409.08 10.72
nm 10 15.32 0.99 46.71 5.68 20.01 5.73 2.44 0.52 15.44 1.28 438.49 17.03
M 0 43.06 299 41.36 4.14 4.31 1.52 1.87 1.38 9.30 3.84 505.98 23.46
km 1 41.48 1.80 42.76 3.75 3.90 0.83 1.91 1.46 9.86 3.84 521.24 18.11

A 1 39.96 2.00 42.49 4.06 5.70 3.18 1.97 1.43 9.81 3.70 512.22 10.79

10 41.24 2.95 43.02 3.92 3.20 0.77 2.08 1.50 10.34 4.03 513.37 22.77
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Table S6b. FT-ICR MS molecular classifications and average masses for diesel, heating oil, and crude oil. Averages represent N=2.

81

Molecular Classification: TUHO ULO Aliphatic CA Aromatic Average Mass %RA
Treatment| Light Type | Irradiation Period (days) |Average Std.Dev. |Average Std.Dev.|Average Std.Dev.|Average Std.Dev. | Average Std.Dev. |Average Std. Dev.

0 44.06 2.00 42.12 4.72 341 0.72 1.69 1.45 8.65 3.92 483.40 49.68

.lon_.; 1 20.26 5.62 52.93 2.24 5.98 1.32 2.41 0.35 18.38 1.95 453.25 49.35

- 4 18.96 7.24 57.54 9.29 5.42 0.86 222 0.54 15.83 1.30 453.31 47.73

M 10 22.64 1.73 54.76 1.69 6.69 0.78 1.72 0.25 14.08 0.93 468.55 27.39
a 0 44.99 3.65 41.89 4.48 3.86 0.66 1.60 1.44 7.61 5.02 477.84 51.83
m 1 4145 5.34 4333 542 3.88 0.75 1.75 1.07 9.53 245 488.40 50.96

A 4 40.99 4.37 41.85 5.48 5.93 2.38 1.80 1.16 9.38 3.33 480.59 4431

10 43.43 4.14 40.22 4.23 8.42 6.03 1.31 1.23 6.57 5.08 483.87 57.63

0 40.96 4.01 43.30 5.63 4.62 1.31 1.59 1.16 9.37 3.13 523.07 18.20

ha.ur 1 7.17 1.38 34.37 3.59 47.47 10.52 2.68 4.55 8.31 3.52 363.06 11.35

m = 4 8.42 2.03 45.23 5.71 3233 8.76 2.38 3.25 11.61 4.43 403.70 22.99
m_b 10 16.13 3.43 46.92 4.55 17.13 7.52 2.96 2.37 16.77 4.67 438.85 8.23
= 0 43.16 4.55 42.83 7.12 3.49 1.50 1.56 1.28 8.83 3.83 526.65 23.26
m m 1 40.40 5.51 43.22 6.31 4.81 3.56 1.64 1.16 9.74 3.30 514.69 30.54
A 4 39.92 4.52 42.78 5.06 5.55 3.02 1.73 1.18 9.83 3.55 510.80 15.33

10 39.43 5.58 43.40 4.51 6.20 4.20 1.78 1.82 8.97 5.68 516.36 6.36

0 42.09 3.85 41.67 3.89 6.47 1.76 1.61 1.24 8.11 3.93 464.57 46.35

“.u.ur 1 13.93 4.89 28.45 4.73 52.33 11.55 0.63 0.43 4.65 1.84 381.37 29.93

= = 4 8.35 4.15 34.73 6.42 48.76 14.07 0.99 0.64 7.16 3.18 384.98 40.27
M 10 7.07 1.51 40.95 3.74 43.04 7.96 1.14 0.66 7.80 2.76 388.43 37.32
= 0 45.93 2.79 40.43 4.82 4.12 1.18 1.37 1.05 8.07 3.72 494.64 42.79
& .m 1 40.20 4.06 41.18 4.33 9.17 3.94 1.52 1.19 7.92 4.00 475.24 37.41
A 4 43.47 3.23 41.78 4.39 6.50 322 1.22 1.27 6.99 4.67 481.11 56.37

10 41.41 1.13 40.34 3.90 7.54 5.76 1.93 1.61 8.72 5.01 475.05 42.37




Table S7. FT-ICR MS molecular classifications and average masses for diesel, heating oil, and crude oil. Averages represent N=2.

Molecular Classification: UHO ULO Aliphatic CA Aromatic Average Mass %RA
Treatment | Light Type Irradiation Period (days) | Average Std.Dev. | Average Std.Dev. | Average Std.Dev. | Average Std.Dev. | Average Std.Dev. | Average Std. Dev.

_ 0 38.52 0.84 43.41 2.44 12.23 4.66 0.49 0.17 533 1.18 458.30 56.16
M 1 10.05 2.89 24.94 3N 61.54 727 0.39 0.02 3.08 0.64 360.98 28.16
ﬂ 10 3.21 1.08 33.57 2.86 57.43 4.82 0.50 0.08 5.29 0.79 365.00 24.00
m 0 38.72 0.36 41.88 1.94 14.54 3.28 0.39 0.13 4.45 1.56 459.19 45.84
<) .m 1 38.40 1.02 42.92 1.84 13.84 4.63 0.35 0.13 447 1.62 463.12 48.24
A 4 37.66 0.74 42.69 1.44 14.00 251 0.44 0.05 5.19 0.30 455.12 43.93
10 36.89 1.71 42.19 2.03 15.48 5.62 0.47 0.12 4.92 1.72 450.45 56.27

_ 0 36.27 - 40.05 - 22.73 - 0.10 - 0.84 - 408.38 -
m m 4 10.62 2.81 36.53 4.16 4492 873 1.15 0.43 6.77 1.33 390.63 33.50
w 10 10.17 0.62 38.69 3.24 41.10 3.45 1.73 0.08 8.31 0.75 392.95 30.60
% 0 3233 1.04 51.09 8.21 12.84 9.45 0.23 0.04 3.48 0.24 474.50 33.23
5 .m 1 37.05 3.76 47.73 6.78 12.73 485 0.17 0.08 2.30 1.74 460.14 57.53
M A 4 33.28 1.64 51.52 2.64 11.00 0.71 0.28 0.10 3.90 0.18 466.06 19.46
10 29.77 1.23 50.94 1.02 12.36 0.24 1.99 0.15 4.89 0.61 473.96 25.37
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Figure S2. PCA plot. Molecular differences between freshwater and seawater at 10 days light exposure as expressed
by FT-ICR MS van Krevelen space. Data are shaded by boiling points (i.e. dark color to light color; highest boiling
point to lowest boiling point).*® Triangle shapes represent freshwater samples while circle shapes represent seawater
samples.
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Figure S3. a) Double-bond equivalent (DBE) versus carbon number plots for freshwater(a) and seawater(b) samples
at 10-days of light exposure and dark controls.
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Figure S4. Nominal carbon oxidation states (NOSC) of fuel types in light-exposed and dark controlled treatments
for 0-10 days (N= +/- 1 SE).
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Figure S5. Van Krevelen plots of refined fuel and crude oil samples in freshwater. Subtraction plots (Te - To) show
oxidative molecular differences between samples undergoing 10-days of light exposure (T¢) and samples without
light exposure (To).
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Figure S6. Van Krevelen plots of refined fuel and crude oil samples in seawater. Subtraction plots (Tr - To) show
oxidative molecular differences between samples undergoing 10-days of light exposure (T¢) and samples without
light exposure (To).
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Table S8. DOC, SUVA254, and Spectral Index results of Experiment 2, testing differences of ISB versus ISB with a chemical herder (Siltech OP-40).

Water Light Irradiation DOC  SUVA254 (L mg-1
Treatment Type Type Period (day) (mg/L) cm-1) C A T B M FI HIX FRESH BIX
0 1.61 0.034 0.25 1.98 4.93 11.54 0.87 1.77 0.20 222 211
.m 1 543 0.012 0.97 6.90 13.69 15.86 2.83 1.65 0.36 2.75 2.55
m s} 4 11.73 0.013 2.90 18.38 28.76 19.38 6.80 2.80 1.09 3.63 342
“ = 10 21.37 0.016 8.22 48.72 62.83 30.00 17.77 6.49 3.80 6.56 6.27
Hn « 0 1.77 0.012 0.19 1.49 4.55 11.49 0.72 1.78 0.17 2.79 2.59
© bm 1 2.01 0.011 0.22 1.65 5.24 14.17 0.81 1.66 0.17 292 2.74
] 4 2.20 0.011 0.25 1.89 6.61 14.59 0.99 1.66 0.17 295 2.75
10 298 0.009 0.33 222 6.57 11.61 1.14 1.60 0.25 2.67 248
0 8.11 0.003 0.30 2.01 4.87 9.73 0.89 1.79 0.26 230 2.18
= ,m 1 9.05 0.006 0.74 4.62 7.99 11.32 1.39 1.56 0.39 1.98 1.92
@ s} 1 16.84 0.008 1.73 11.02 11.29 12.20 2.81 222 1.07 1.76 1.75
4 = 10 28.51 0.010 3.27 2241 15.30 18.63 5.49 5.14 3.73 343 3.40
m « 0 7.40 0.003 0.30 1.98 4.93 9.63 0.87 1.77 0.26 232 221
+ = 1 5.60 0.004 0.32 230 521 9.82 0.94 1.72 0.28 233 223
C a 4 5.83 0.005 0.38 2.64 7.05 11.49 1.20 1.63 0.25 247 236
10 6.21 0.005 0.54 3.36 8.76 8.93 1.53 1.67 0.34 243 2.26
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Table S9. Fluorescence component contributions (%) of Oil + ISB and Oil+ISB+OP40.

Fluorescence Component Contributions: C1 (%) C2 (%) C3 (%) C4 (%)
Treatment Light Type wr...n.u_»:a: Average Std. Dev. Average Std. Dev. Average Std. Dev. Average Std. Dev.
eriod (day)

0 3.18 0.05 46.10 1.79 36.61 1.73 14.11 0.06

5 1 5.96 0.28 63.09 0.60 22.70 0.55 8.25 0.34

= 4 10.35 0.08 72.61 0.11 12.79 0.15 4.25 0.05

m 10 14.51 0.02 75.34 0.01 7.75 0.06 2.40 0.04

W 0 2.15 0.01 43.01 0.82 39.44 0.45 15.39 0.52

a2 1 2.25 0.06 43.67 0.21 42.06 0.15 12.02 0.18

M_ 4 2.09 0.06 48.14 0.11 38.99 0.18 10.78 0.13

10 3.65 0.25 54.98 0.85 34.39 0.65 6.97 0.44

0 4.14 0.07 50.46 0.15 3435 0.05 11.06 0.18

5 1 5.84 0.18 54.25 3.26 30.04 2.06 9.86 1.02

m = 4 11.94 0.09 54.34 0.16 23.56 0.04 10.15 0.09

w 10 16.07 0.04 50.89 0.18 16.25 0.18 16.79 0.09

m 0 4.00 0.17 51.06 0.14 34.41 0.34 10.53 0.31

W = 1 4.28 0.07 51.93 0.06 33.22 0.17 10.57 0.14

A 4 3.61 0.06 55.63 0.24 30.74 0.16 10.03 0.36

10 4.78 0.21 67.75 0.23 22.10 0.22 5.38 0.18

89



Vita
The author was born in Fairbanks, Alaska. Elizabeth A. Whisenhant worked as a laboratory
technician in an analytical chemistry lab for one year in Anchorage, Alaska. She received her
bachelor’s degree in chemistry at the University of Alaska Anchorage in 2019. She joined the
University of New Orleans chemistry graduate program in analytical chemistry and became a

member of Dr. Matthew Tarr’s and Dr. Phoebe Zito’s groups in 2021.

90



	Photoproducts and Transformations of Organic Pollutants in Aquatic Environments
	Recommended Citation

	tmp.1667967844.pdf.eYNwD

