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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 the Alaska North Slope (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
four-component fluorescence parallel factor 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
decomposes into long-wavelength humic-like components (high humification index) and oxidized aliphatics. Fourier transform ion
cyclotron resonance mass spectrometry 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.

KEYWORDS: dissolved organic matter, PARAFAC fluorescence, crude oil and diesel spill, FT-ICR MS, petroleum, photo-oxidation,
photodegradation

■ INTRODUCTION

As the Subarctic and Arctic continue to be a hub for oil
exploration and production, methods of drilling, trans-
portation, 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.1 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.2 The ability
to detect and fingerprint spilled fuel products and to develop
spill response strategies in remote areas are imperative to

locations susceptible to oil drilling and exploration as well as in
areas that store aging fuel oil containers.
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.3−7 Microorganisms also produce oxygenated prod-
ucts through aerobic and anaerobic biodegradation pro-
cesses.8−11 Both photodegradation and biodegradation path-
ways can enhance the water solubility of petroleum products,
resulting in the production of hydrocarbon-derived dissolved
organic matter (DOMHC), which encompasses the entire
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continuum of parent and partially degraded compounds.7,12−14

Once mobilized as a result of dissolution, DOMHC 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.15,16

Several recent methods of petroleum fingerprinting have
been described that characterize DOMHC in aquatic
systems.17−21 DOMHC contains chromophores that allow
measurement and visualization through optical tools such as
three-dimensional excitation-emission matrix spectroscopy
(EEMs).22 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,
and determining concentrations of benzene-toluene-ethyl-
benzene-xylene as well as total petroleum hydrocarbons and
polycyclic aromatic hydrocarbons.23−28 Fluorescence spectros-
copy has also been applied to dissolved organic matter in arctic
systems, largely in the context of labile and refractory
pools.28−30 DOMHC is also commonly analyzed using modern
Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS).6,7,20,31,32 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 DOMHC,

33,34 while
FT-ICR MS can deconvolute complex petroleum spectra into
molecular components aliphatic, aromatic, condensed aromatic
(CA), and unsaturated high/low oxygenated species in van
Krevelen space.35,36 DOMHC, treated as a unique complex
mixture, has received recent attention in cold climates.32

However, the photolytic decomposition of DOMHC has not
been classified in this regard, and to date, no information to
our knowledge exists that assesses 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 DOMHC

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.37−40 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 DOMHC that can be used for early detection of spills in
remote Arctic regions. We hypothesize that there is a positive
relationship between dissolved organic carbon (DOC)
concentration and irradiation period and that photo-oxidation
will produce unique molecular signatures as evidence of added
petroleum-derived DOMHC to aquatic ecosystems. The ability
to identify distinct optical signatures of the DOMHC 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 from 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 Elmendorf-
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 μm glass microfiber filters (ADVANTEC) prior to the
experiments. Glassware was acid-washed and combusted at 500
°C for 5 h.

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 (Atlas Suntest XLS+, Atlas Material Testing Technology
LLC). Solar irradiance was programmed at 250 W/m2,
equivalent to the daily summer maximum in Southcentral
Alaska.41 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, the samples were transferred to separatory
funnels in order to isolate undissolved fuel from water. Water
layers were filtered with 0.27 μm glass fiber filters. Samples
were stored at 4 °C in the dark until analysis within 24 h or
kept frozen until analyzed.
In the second experiment, crude oil (50 mL) was added to

4.5 L of seawater in 5 L high-density polyethylene jars secured
with acrylic UV-transmitting covers. Two treatment types were
tested: (1) in situ-burned (ISB) crude oil and (2) ISB 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, the
Siltech OP-40 chemical herder was added to the perimeter of
the spilled oil film, and 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 a
SunCool air conditioner. The remaining exposure and post-
processing parameters followed procedures outlined in the first
microcosm experiment.

DOC and EEM Measurements. DOC measurements were
carried out using a Shimadzu TOC-L (Kyoto, Japan). Samples
were acidified to pH 2 using 12 M HCl and sparged for 5 min
with ultrapure air to eliminate volatiles and inorganic carbon.
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 the Supporting Information.

Ultrahigh-Resolution Mass Spectrometry. DOMHC was
isolated by a solid-phase extraction method and prepared for
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FT-ICR MS analysis. Aqueous samples were first acidified to
pH 2 and passed through a Bond Elut PPL (Agilent
Technologies) cartridge.42 Acidified water (pH 2, Milli-Q
water) was then passed through the cartridge to rinse any salts
from the sample. DOMHC selectively adsorbed onto the solid
stationary phase, which was then dried using N2 gas and eluted
with 100% MeOH to a final concentration of 50 μg C mL−1.
DOMHC extracts were infused by microelectrospray ionization
at 500 mL min−1 and then analyzed using a hybrid linear ion
trap FT-ICR mass spectrometer equipped with a 21 Tesla
superconducting solenoid magnet.43,44 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 6σ from the root mean squared baseline noise at
m/z 500 using PetroOrg(c) software developed at the National
High Magnetic Field Laboratory.45 The reproducibility of FT-
MS spectra for DOM analysis is reported in detail by Hawkes
et al. 2020.46 The molecular formulae were classified based on
stoichiometry: CA (modified aromaticity index (AImod ≥ 0.67),
aromatic (0.67 > AImod > 0.5), unsaturated, low oxygen (ULO)
(AImod < 0.5, H/C < 1.5, O/C < 0.5), unsaturated, high oxygen

Figure 1. Temporal trends in non-purgeable DOC accumulation in water-soluble fractions 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.49

Figure 2. Two-dimensional contour plot of a four-component model validated by PARAFAC.

ACS ES&T Water pubs.acs.org/estwater Article

https://doi.org/10.1021/acsestwater.1c00494
ACS EST Water XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acsestwater.1c00494?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00494?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00494?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00494?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00494?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00494?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00494?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsestwater.1c00494?fig=fig2&ref=pdf
pubs.acs.org/estwater?ref=pdf
https://doi.org/10.1021/acsestwater.1c00494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(UHO) (AImod < 0.5, H/C < 1.5, O/C ≥ 0.5), aliphatic (H/C
≥ 1.5).35,36,47

■ RESULTS AND DISCUSSION

Dissolved Organic Carbon. Non-purgeable DOC con-
centrations in treatments exposed to sunlight increased with
exposure time (Figure 1), while minimal change was observed
in the treatments without light. DOC among all samples
without light ranged from 0.79 ± 0.08 to 3.34 ± 2.95 mg/L at
day 0 and ranged from 2.72 ± 0.30 to 10.58 ± 11.12 mg/L at
day 10 (Table S3a−d). DOC among all samples after light
treatment ranged from 0.80 ± 0.08 to 2.50 ± 0.95 mg/L at day
0 and 1.65 ± 0.56 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 1). Increases in DOC for refined fuels
(kerosene, jet fuel, diesel, and 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.48 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 1, data
were pooled for both water types (N = 6).
PARAFAC Analysis. PARAFAC highlights several changes

in the DOMHC composition over time. Figure 2 presents the
four-component model validated for the DOMHC 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 photo-
degraded, DOMHC products resemble, among others,
terrestrial materials (i.e., high MW, oxidized, alicyclic/aromatic
compounds).30,50,51 The remaining components identify with
common fluorophores with a 95% OpenFluor similarity score.
Component 2 (C2, Ex/Em: 240/350 nm) resembles a
tryptophan-like peak and is comparable to sources of seawater
and freshwater streams.34,52 Component 3 (C3, Ex/Em: 275/
300 nm) represents a tyrosine-like peak comparable to
terrestrial DOM offshore studies.51,53 Component 4 (C4, Ex/

Em: 260/284 nm) exhibited Ex/Em similar to one other
component in the OpenFluor database, which matches the
amino acid phenylalanine.54 However, no phenylalanine was
present in the samples when further examined (data not
shown, see the 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.55 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), DOMHC 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.7

Conversely, gasoline revealed no increase in humification
because it consists of a narrow range of carbon numbers from
C4 to C12. However, among DOC measurements (Figure 1),
we observed a greater extent of 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.

Figure 3. Aliphatic and ULO molecular characteristics of DOMHC 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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It is expected that an increase in the exposure period would
result in an increase in DOC production from the fuel oil,
which would eventually exceed that of 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.7 Nevertheless, the compounds in the
refined fuels are photolabile and more susceptible to
photolysis, yet the product of degradation (DOMHC) does
not appear to be humic-like. Further study is needed to test the
optical variances among products of different refining
techniques to understand how these processes react photo-
chemically.
Temporal Molecular Characteristics of DOMHC follow-

ing Irradiation. Ultrahigh-resolution mass enables a closer
examination of the chemical composition of the polar DOMHC
products derived from each fuel type at the molecular level.56

The percent relative abundances of the formulae classifications
for each treatment are reported in Table S6a,b. In summary,
the results obtained by mass spectrometry indicate that the
chemical composition of photosolubilized DOMHC is depend-
ent on the composition of the initial distillate. This result
corroborates previous reports showing that the composition of
DOMHC from whole crude oils is dependent on the initial
composition of the crude.7 To emphasize oxidation trends
among the entire range of distillate cuts, Figure 3 highlights
compositional differences in the aliphatic and ULO classes of
DOMHC 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 DOMHC (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
DOMHC from kerosene, the second lowest boiling distillate
cut, was the least (6.8 ± 0.3%) relative to that of crude oil and
heating oil. On the other hand, trends in ULO relative
abundances were inversely correlated to aliphatics for these
fuels (Figure 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 that a relationship exists between the distillate

fraction boiling point and the abundance of water-soluble
photoproducts. van Krevelen subtraction plots for endmember
timepoints T0, T10, and T10-0 further illustrate the composi-
tional patterns for each fuel type in seawater and freshwater
(Figures S5 and S6).
When compared to dark controls, aliphatic-like DOMHC 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-soluble aliphatic production was
noted following exposure to simulated sunlight.6,7,48,57 ULO
relative abundances increased only for kerosene (Figure 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. NOSC was, in
general, lower for irradiated samples versus dark controls
(Figure S4). Interestingly however, the NOSC data indicate
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.
Principal component analysis (PCA) further supports the

uniqueness of component C4; as refined fuel samples
experienced photo-irradiation, fuel-derived DOMHC fluoro-
phores were formed with an increased relative abundance of
molecular signatures representative of C4 (Figure 4A). This
trend is consistent for most refined fuels (Figure 4B) as the
PCA of all fuel types at 10 day exposure demonstrates that
DOMHC produced from diesel, kerosene, Jet-A, and heating oil
clustered with loadings for C4, which itself clustered with the
loadings for ULO, aromatic, and CA. 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 (Figures S1 and S2). We found C4 to be a unique

Figure 4. PCA biplots; loadings represent molecular features (fluorescence components C1−C4 and FT-ICR MS van Krevelen Space). (a)
Compositional trends illustrated across time (irradiation period) from 0 to 10 days for two representative refined fuels, diesel and kerosene. These
fuels exhibited similar trends compared to most other distillate cuts. (b) Molecular features present at an irradiation period = 10 days, the end
irradiation time, and where maximum photo-product formation had occurred.
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fluorescent component accompanying the photo-production of
DOMHC from diesel and kerosene and, to a lesser extent, jet
fuel and heating oil.
Photo-Modified Solubility of Burned versus Herded

Burned Crude Oil. Following exposure to simulated sunlight,
DOC concentrations for both ISB and OP40 (herder)+ISB
increased relative to samples under total darkness (Figure 5A).
Samples that were irradiated for 10 days yielded DOC
concentrations that were 13.3 and 3.5 times higher than
those of day 0 for oil + ISB and oil + OP40 + ISB, respectively
(Table S8). Absence of photo-irradiation and DOC concen-
trations for oil + OP40 + ISB 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 +
ISB were higher than that of oil + ISB (Figure 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 CA character (Figure 5B).
These results are consistent with known pathways of
formation, dissolution, and reactivity of other classes of
pyrogenic black carbon substrates in aquatic ecosystems.58−61

PCA plots revealed that samples at day 0 are dominated by C3
(tyrosine-like), and over 10 day sunlight exposure, they
modulate toward C1 (humic-like) (Figure 5B). Still, DOMHC
produced from each crude oil treatment yields terrestrial-like
chromophoric products under sunlight exposure, and there is a
consistent HIX 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.62−69

■ 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 DOMHC 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
discernible from crude oil-derived and protein-derived
components. PCA and HIX demonstrated that DOMHC from
refined fractions may not weather into humic-like components
but rather C4-like, oxidized aromatics, and oxidized CAs. This
difference sets an encouraging precedent for fuel photo-
oxidation studies and detection protocols of these compounds
in cold climates.
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