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ABSTRACT: Spilled oil is highly susceptible to sunlight-induced transformations, both as films on the surface of water and material
dissolved or dispersed in the water column. We utilized ultrahigh-resolution mass spectrometry and optical spectroscopy to
understand shifts in oil photoproduct distributions as a function of photo-oxygenation. Oxygenation of oil produces compounds that
have increased polarity, resulting in greater partitioning to the oil−water interface and eventually greater partitioning into the
aqueous phase. Such partitioning was shown to be dependent on the carbon number and oxygen content of the photoproducts,
providing an empirical basis for predicting the partitioning of oil photodegradation products between the oil phase, the interfacial
region, and into the aqueous phase to form petroleum-derived dissolved organic matter. While such photochemical transformations
have been predicted for many years, there has not been direct evidence previously for the photodissolution process. Furthermore, the
relationship of carbon number and oxygen content with progression from the oil phase to the interfacial phase to the aqueous phase
has not been demonstrated. This paper details this progression and observable properties that can be used to understand oil behavior
after a spill during sunlight exposure, thus providing greater predictability of oil fate, transport, impact, and effective remediation
strategies.

■ INTRODUCTION

Recent research has proven that sunlight initiates the
formation of oxygenated species from petroleum.1−6 Numer-
ous papers have reported on the composition of these
compounds in water through laboratory studies7,8 and in
field samples4,9 in an effort to gain knowledge regarding their
physical and chemical properties. However, none of these
reports touched on the chemical progression that yields the
introduction of these compounds into water. When oil
undergoes abiotic or biotic processes, it becomes physically
and chemically altered from the parent oil.10 Once this
chemical process occurs, newly oxygenated oil compounds are
no longer oil soluble and begin to increase in water solubility.
The process of becoming more water soluble depends on
molecular size, structure, and the degree and nature of
oxygenation. As the number of oxygen per molecule increases,
the polarity increases, forming petroleum-derived dissolved
organic matter or DOMHC.

4,6

The characterization of each fraction (oil, interfacial, and
water) during the conversion of essentially water-insoluble
petroleum molecules to DOMHC has not previously been
reported, and there is no existing evidence of the formation
and transport of oxygenated petroleum compounds from the
oil phase into water. While there have been several laboratory
studies on thin oil film photodegradation in the presence of
water,7,11 the mechanisms to date have been unclear.
Thingstad and Pengerud (1983) theorized that “photo-
chemical oxidation of oil components leads to the formation
of surface-active, oil-soluble compounds.”12 However, they did
not provide definitive evidence that the “surface active” layer

existed nor did they isolate or characterize all three of the
layers involved in the progression of oil-soluble to interfacially
active to water-soluble species.12 This process can be described
as a chemical transformation pathway of photodegraded
petroleum compounds into more highly oxygenated species,
which include photolabile (susceptible to light) and photo-
refractory (not susceptible to light) carbon. Although past
studies reported on the weathering of petroleum and the
formation of oxygenated, water-soluble petroleum com-
pounds,1,5,13−16 none has shown the existence of a progression
mechanism that transfers these oxygenated compounds from
oil to water (DOMHC) via interfacial intermediates. The
intermediate layer, interfacial material (IM), is a transitional
layer of intermediate polarity that can be formed when oil is in
contact with water, potentially creating a stable oil-in-water
emulsion at the oil−water interface.17 The IM layer is
important to study because it impacts oil transport (increased
viscosity), chemical character (increased oxygen content), and
bioavailability (transition from IM to water-soluble species).
Specifically, it plays a large role in emulsion formation and
understanding the physical and chemical composition of the
emulsion-stabilizing compounds in the IM fraction. This is an
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important factor to consider when oil is in contact with water
especially in refining18,19 and when an aquatic oil spill occurs.
Complex mixtures require the use of a wide variety of

advanced analytical techniques such as 3D-fluorescence and
ultrahigh-resolution mass spectrometry in order to succeed in
their characterization. Excitation emission matrix spectroscopy
(EEMs) is a quick, highly sensitive, 3D fluorescence technique
used to characterize complex mixtures and provide important
insights into the composition of fluorophores in a sample.
Ultrahigh-resolution mass spectrometry has the ability to
assign elemental formulas to a wide range of the compounds
present in complex mixtures. Specifically, Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS) is used
to understand compositional molecular level changes to
complex mixtures after they are weathered or heavily
processed.20−22 The main objectives for this study were to
(i) characterize the progression of oxygenated petroleum
compounds moving from oil to IM and water under simulated
sunlight conditions and (ii) provide optical data and elemental
formulae to show changes in composition occurring in each
fraction. These objectives help us understand an important
mechanism driving the fate of oil spilled in aquatic systems (or
refining) that will improve our knowledge of oil fate based on
mass spectrometric and fluorometric measures. The impor-
tance of this fraction lies in its contribution to emulsion
formation and stability. Its chemical polarity (induced by light)
directly determines the formation of the soluble fraction
(DOMHC), which is crucial for understanding interfacial
activity. To the best of our knowledge, this is the first reported
study on the composition and role of the IM fraction after
photo-oxidation.

■ MATERIALS AND METHODS
Samples and Reagents. Surrogate Macondo oil was provided by

BP (August 2011, chain of custody number 20110803-Tarr-072).
Seawater collected from the Gulf of Mexico by the Louisiana
Universities Marine Consortium (35 g/kg, pH 8.3) was previously
filtered through combusted (450 °C) 0.27 μm glass microfiber filters
(Advantec) and irradiated prior to use in experiments for 12 h to
decrease dissolved organic carbon (DOC) concentration (final
[DOC] = 1.5 ppm) and any terrestrial signatures. All glassware was
acid cleaned and combusted at 500 °C prior to use. Toluene, high-
performance liquid chromatography (HPLC)-grade dichloromethane
(DCM), heptane, and pentane were all purchased from VWR. For
isolation and analysis of IM, HPLC-grade DCM, methanol (MeOH),
n-heptane, toluene, and water were obtained from J.T. Baker
(Phillipsburg, NJ). The pH ∼11 water was prepared by dropwise
addition of Sigma-Aldrich (St. Louis, MO) ammonium hydroxide
solution (28% in water). Chromatographic-grade silica gel (Fisher
Scientific, 100−200 mesh, type 60 Å) was dried overnight in an oven
at ∼110 °C.
Sample Preparation. Thin oil films (120 μm)23 created with 325

mg of light oil were spread over 50 mL of preirradiated seawater. The
oil films were exposed to simulated sunlight using an Atlas Suntest
CPS solar simulator for 24 h (equivalent to 6 days of natural
sunlight)24 in 250 mL jacketed beakers thermostatically controlled at
27 °C. Exposures were performed in triplicate with a single dark
control. The oil was removed from the surface of the water with a
glass rod. The IM was isolated from the dark and oxidized oil
following the methods reported by Jarvis et al.25 and Clingenpeel et
al.17 The yield of the IM fraction was 24 wt % (77 mg) of the starting
material (325 mg). The oil and IM were blanketed with argon gas and
stored at 4 °C in the dark until analysis. DOMHC was collected by
separating the water from each oil after exposure. Water samples were
subsequently filtered through 0.27 μm glass-fiber filters and stored
under the same conditions as oil and IM.

Excitation-Emission Matrix Spectroscopy. Oil, IM, and
DOMHC samples were analyzed using excitation-emission matrix
spectroscopy measured on a Horiba Aqualog. Refer to Supporting
Information for instrument parameters, specifications, and blank EEM
spectra for seawater (Figure S1).

DOC Measurements. DOC analysis used the high temperature
catalytic/combustion oxidation method incorporating a Shimadzu
TOC Analyzer and a platinized alumina catalyst. The acidified
samples (pH 2) were sparged for 5 min at 75 mL/min with ultra-pure
air to remove inorganic carbon from samples prior to measurement.
The mean of three to five injections of 25 μL is reported for every
sample. Precision, described as a coefficient of variance, was <2% for
the replicate injections.

Mass Spectrometry. DOMHC was collected and preconcentrated
by the solid-phase extraction technique described by Dittmar et al.
(2008).26 Briefly, each sample was passed through a precombusted
0.27 μm glass-fiber filter and acidified to pH 2 prior to loading onto a
Bond Elut PPL (Agilent Technologies) stationary phase cartridge.
Previous studies report extraction efficiencies of DOMHC at an
average of 80 wt % when eluted from the PPL cartridge using
methanol.27 Each sample was then desalted with pH 2 Milli-Q water
and eluted with methanol at a final concentration of 100 μg C mL−1.
Oil and IM samples were prepared in concentrations of 250 μg mL−1

in 1:1 toluene/methanol and 1% methanolic NH4OH. The extracts,
along with the oil and IM samples, were stored in the dark at 4 °C in
precombusted glass vials until analysis by negative-ion electrospray
ionization coupled with a custom-built Fourier transform ion
cyclotron resonance mass spectrometer (FT-ICR MS) equipped
with a 9.4 T superconducting magnet (National High Magnetic Field
Laboratory (NHMFL), Florida State University, Tallahassee).28,29

Negative mode electrospray ionization highlights the most acidic
compounds in each fraction, as photo-oxidation yields abundant
carboxylic acid-containing transformation products and other oxy-
genated compounds that can be ionized under the same electrospray
conditions. Each mass spectrum was internally calibrated with a
“walking” calibration equation with internally developed software
provided by the NHMFL (Predator) followed by a molecular formula
assignment by PetroOrg.30,31 The structural features of these
oxygenated compounds were refined based on classifications in a
modified aromaticity index (AI), which provides definitive criteria for
assignment of aromatic compounds detected in complex mixtures.32

Using AI and elemental ratios of molecular formulas (H/C and O/C),
the molecules can be classified according to stoichiometry.32 Refer to
Supporting Information for mass calibration and data analysis
specifications.

■ RESULTS AND DISCUSSION

FT-ICR Mass Spectrometry Reveals a Molecular
Progression. Heteroatom Oxygen Class Graphs. FT-ICR
mass spectrometry exposes the molecular level progression of
oxygenated compounds through comparison of the elemental
compositions of the oil soluble, IM, and DOMHC after
photoirradiation. A comparison of the phototransformation
products is provided in Figure 1, which summarizes the
heteroatom oxygen class graphs for the FT-ICR MS data
obtained in the triplicate analysis of the oil (black), IM (red),
and DOMHC (blue) fractions after simulated sunlight exposure.
For each fraction, the graph presents the relative abundance of
detected molecular formulae as a function of oxygen content
from 1 to 18 oxygens per molecule with their associated
relative abundance error. These data provide clear evidence
that a molecular progression exists in photo-oxidized oil
through the presence of pseudo Gaussian shifts to higher
oxygen content as the compounds become less oil soluble and
consequently partition away from the oil and into the IM and
DOMHC fractions. From the data shown in Figure 1, the
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following observations were made that increase our under-
standing of the oil photo-oxygenation process.

(1) Species that remained oil soluble contained 1−8 oxygens
per molecule, with the most abundant species in the O2
class (highlighted with a black star).

(2) Species that contained 1−12 oxygens were interfacially
active and thus had an increased tendency to bind water,
yet they remained associated with oil.

(3) The most abundant interfacially active species contained
four oxygens per molecule (highlighted with a red star).

(4) The most water soluble species (DOMHC) had the
widest oxygen range and were composed of species that
contained between 1 and 18 oxygens per molecule, with
the most abundant DOMHC species comprising between
6 and 7 oxygens per molecule (highlighted with a blue
star).

Thus, the progression from oil- to water-soluble species
contains an intermediate step (IM) that remains oil-associated
but interfacially active. Evidence for interfacial activity is based
on selective recovery of the IM.17,25 Subsequent photo-
oxidation of these photogenerated surfactants (IM) yields
water-soluble species.
van Krevelen Diagrams Highlight Molecular For-

mulae of Each Fraction. Another way to visualize the data is
through van Krevelen (vK) diagrams, which highlight global
shifts in H/C versus O/C ratios for all assigned Ox species.
Each dot on the graphs represents molecular formula of the
same O/C and H/C ratios assigned from the mass spectral
data.22 Figure 2 is composed of the vK diagrams of the
molecular formulae of each fraction and reveals the progression
of higher oxygenated species from the oil to IM, and finally the
produced DOMHC (refer to Figures S2 and S4 for dark
control). For the oil, the species have a narrow distribution of
O/C ratios, predominantly less than 0.3, with the most
abundant species at an O/C ratio of 0.1 (highlighted by red
arrow). The IM material has a broader distribution of O/C
ratios, including a shift in the most abundant O/C ratio and an
increase in the most abundant species to an O/C ratio of 0.2.
The change in the distribution is more pronounced for the
DOMHC, with the highest observed O/C ratios approaching 1,
the most abundant O/C ratio ∼0.5, and the characteristic
DOM “star pattern” centered at H/C = 1 (highlighted by black
arrow) and O/C = 0.5. The vK diagrams shown in Figure 2

also begin to shed light on the significant Ox heteroatom class
overlaps highlighted previously in Figure 1, as the progression
to a higher O/C ratio (red arrows) contains a concurrent
progression to a lower H/C ratio (black arrows).
While these data do not show the molecular structures

present, they clearly indicate a progression of O/C ratio
(Figures 1 and 2) and a change in compound classes (Figure
S3) between the three fractions. This progression is consistent
with increased partitioning to the aqueous phase as oxygen-
ation increases. As oxygenation initially increases, compounds
become more likely to remain in the interfacial region because
of the presence of both polar and nonpolar functional groups.
Further oxygenation shifts the solubility more to the aqueous
fraction. Molecular structure, not just oxygen content, is an
important factor in the partitioning behavior, and modeling
efforts must take into account both factors that have been
illustrated by these measurements and molecular analysis.
Compositional classifications illustrate the chemical differences
of each fraction.
Figure S3 shows the percentage of observed molecules

corresponding to each of these classifications within the oil,
IM, and DOMHC fractions. The majority of the compounds
found in the oil fraction were unsaturated low oxygen (43%)
and aliphatic (48%) classes. The IM fraction had the highest
percentage of unsaturated low oxygen classes (53%) and about
38% aliphatic classes. The chemical differences of oxygenated
oil compounds observed for the three fractions provides an
additional tool for understanding and predicting the fate and
behavior of these photoproducts. The presence of unsaturated,
high oxygen compounds exclusively in the aqueous phase
indicates that an oxygen content threshold exists for
compounds to remain in the oil or interfacial fractions.

Oxygen Partitioning is Dependent on Oxygen/
Carbon Content. Although the mass spectrometry results
do not identify individual structures, they do identify tens-of-
thousands of elemental compositions in each step of the
progression, enabling a unique opportunity to investigate the
oxygen/carbon content dependence of partitioning behavior
and expose the reasons behind the large Ox heteroatom class
overlap (Figure 1). A plot of all identified elemental
compositions in each step of the progression by O/C versus
carbon number (Figure 3) reveals the tendency of lower
oxygenated species to remain oil soluble over the entire carbon
number range (left). A further increase in oxygen content
yields interfacially active material at higher O/C ratios than the
oil-soluble species but at the expense of higher carbon number
species (middle). Thus, higher carbon number species require

Figure 1. Heteroatom oxygen class graphs for the FT-ICR MS data
obtained in the triplicate analysis of oil (black), IM (red), and
DOMHC (blue) fractions after simulated sunlight exposure.

Figure 2. vK diagrams of the molecular formulae unique to each
fraction shows the progression of higher oxygenated species from oil,
IM, and DOMHC fractions after simulated sunlight exposure. For each
sample, black and red arrows highlight the most abundantH/C and
O/C values, respectively.
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higher O/C ratios to become interfacially active. The trend
continues and is readily apparent in the DOMHC species, as the
most abundant O/C ratio increases to 0.5 (also highlighted in
Figure 2) but is accompanied by a narrowing of the carbon
number range and exclusion of the highest carbon number
species (highlighted by red lines, right). Thus, irrespective of
the structure, species that contain 50 carbons require at least
14 oxygens per molecule to become water soluble, and the
required oxygen decreases with decreased carbon number.
Similar trends can be seen for all species presented. Finally, the
reason for the large overlap in Ox heteroatom classes between
the three progressions is revealed: there is a clear carbon
number dependence on partitioning that is not captured by
grouping transformation species by heteroatom content; it is,
however, revealed by plotting the data by O/C ratio versus
carbon number. These results include quantitative measures of
overlapping carbon number and oxygen number dependencies
that were not previously known.
All of the results discussed above are in clear agreement with

equilibrium models of solubility.33 As the carbon number of a
molecule increases, it is more likely to be soluble in a
hydrocarbon-like solvent (oil). As the oxygen content of a
molecule increases, it is more likely to be soluble in a polar
solvent (water). Molecules containing both polar and nonpolar
regions in appropriate proportions will tend to be most stable
as interfacial species with the nonpolar regions in the oil phase
and the polar regions in the water phase. It is important to
recognize that any molecule will partition among these three
fractions, but the equilibrium will shift across these fractions
according to the extent of polar and nonpolar functional
groups in each molecule. Figure 3 illustrates that there is both
O/C dependence and H/C dependence on partitioning
behavior, a point, to our knowledge, that has not previously
been reported. While these trends are very clear, the detailed
molecular structures remain unknown. However, the results of
this study provide an empirical tool for assessing the
partitioning behavior of petroleum oxygenation products. For
the oil used in this study, solubility shifted to the aqueous
phase for molecules with an O/C ratio of greater than 0.4. For
species with O/C < 0.4, the partitioning between the three
phases followed clear trends based on carbon number.
Light-Initiated Changes in DOC and Optical Proper-

ties. The focus of this study was on characterizing aspects of
the photo-oxygenated products across all three fractions, oil-
soluble, IM, and DOMHC and to provide evidence regarding
the progression to DOMHC during sunlight-driven trans-
formation processes. Analysis of DOC revealed high
concentrations in the DOMHC fraction at 65.7 ± 4.8 mg C
L−1 compared to the dark (3.3 mg C L−1). These results are in

agreement with previous studies that implicate photochemical
transformation as a dominant process for production of large
quantities of DOMHC from petroleum.4,27,34,35

The contour plots of the EEMs show unique characteristics
between the three fractions. Figure 4 illustrates color-contour

plots for the oil, IM, and DOMHC fractions before and after
light exposure. The dotted white lines indicate the maximum
excitation (Exmax) and emission (Emmax) between the dark and
light samples. The oil-soluble dark versus light fraction
indicated a very slight shift to shorter wavelengths (blue
shift). After irradiation, the IM fraction shifted to shorter
wavelength (blue shift) with an Exmax of 250 from 270 nm and
an Emmax of 383 nm from 437 nm. We hypothesize that the
blue shift in both excitation and emission indicates a loss of
light-absorbing species in the IM fraction after photo-
oxidation. According to Bugden et al. (2008),10 high intensity
bands observed at emission wavelengths around 340 nm are
associated with 1−3 ring aromatic structures, and 3+ ring
aromatics are associated with emission wavelengths of 445
nm.36 Applying these guidelines to Figure 4, the irradiated oil
contour plots likely contain 1−3 ring aromatic compounds, the
IM contour plots likely comprise 3+ ring aromatics, and the
DOMHC has signatures of both.10,36 The EEMs data reveal the
difficulties associated with mass spectral characterization of the
IM fraction and give insights into the emulsion behavior of
these fractions, as stated in Clingenpeel et al. 2017.18 For
example, the IM fraction in Figure 4 shows clear evidence that
the material is highly aromatic, yet the FT-ICR MS data in
Figure S3 show only a small percentage of aromatics. This is
why other analyses are necessary in combination with FT-ICR
MS to characterize complex mixtures.

Figure 3. O/C ratio vs carbon number plots identifying elemental
compositions in each step of the progression.

Figure 4. Color-contour plots obtained by EEM spectroscopy for the
dark and irradiated oil, IM, and produced DOMHC. Dotted white lines
represent the maximum intensities for excitation and emission (shown
in red).
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■ CONCLUSIONS

It has long been postulated that sunlight alters the
biogeochemical cycling of oil entering aquatic environments.
This study deepens our understanding of the mechanism of IM
formation when oil is exposed to water and/or sunlight. The
FT-ICR data provides empirical values that can be used to
predict shifts from oil solubility to interfacial activity to
aqueous solubility. Furthermore, there is a clear continuum of
oxygenated compounds that contribute to the formation of
each fraction after sunlight exposure which is governed by
polarity. Our data corroborate with the proposed mechanism
of Thingstad and Pengerud (1983), which states that
“photochemical oxidation of oil components leads to the
formation of surface-active, oil-soluble compounds.”12 Fur-
thermore, we provide evidence that all of the polar compounds
do not stay entrained in the oil layer. In fact, we show that the
polar groups undergo transition into the IM fraction and
eventually become water-soluble (DOMHC) after light
exposure. These data definitively show the existence of a
sunlight-induced intermediate layer at the oil−water interface
that to our knowledge has not previously been characterized.
The formation of interfacially active compounds from
oxygenation of oil is extremely important because these
compounds can act as emulsifying agents or otherwise alter the
exchange of reactants and nutrients at the oil−water interface.
Consequently, the physical, chemical, and biological behavior
of oil is impacted by the presence of the IM fraction. For the
aqueous material, increased water solubility and bioavailability
are imparted because of photo-oxygenation. Additional studies
are needed to understand the kinetics and mechanisms of the
progression of oil into IM and DOMHC fractions as well as to
understand the behavior of these photoproduct pools as they
evolve in the environment.
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