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ABSTRACT: We present a solid-phase extraction method followed by
derivatization with a charged tag to characterize ketone/aldehyde-containing
functionalities (proposed photo-oxidation transformation products) in weathered
petroleum by Fourier transform ion cyclotron resonance mass spectrometry (FT-
ICR MS). A photo-oxidation-only microcosm mimics solar irradiation of crude oil
in the environment after an oil spill. A biodegradation-only microcosm enables
independent determination as to which of the two weathering processes
contributes to the formation of oil-soluble ketone/aldehyde species. Results
confirm that photo-oxidation produces ketones/aldehydes in crude oil when
exposed to solar radiation in laboratory experiments, whereas biodegraded oil
samples do not produce ketone/aldehyde compounds. Field samples collected after different time periods and locations after
the Deepwater Horizon oil spill are also shown to contain ketones/aldehydes, and comparison of field and photo-oxidation-only
microcosm transformation products reveal remarkable similarity. These results indicate that the photo-oxidation microcosm
comprehensively represents ketone/aldehyde-formation products in the field, whereas the biodegradation microcosm does not.
Solid-phase extraction coupled with derivatization leads to selective identification of ketone/aldehyde species by MS. Although
improved dynamic range and slightly reduced mass spectral complexity is achieved by separation/derivatization, comprehensive
molecular characterization still requires mass resolving power and mass accuracy provided by FT-ICR MS.

■ INTRODUCTION

The United States Department of Energy estimates that more
than 1 million gallons of petroleum are spilled into United
States waters from oil production facilities every year.1 Major
oil spills such as the Deepwater Horizon (DWH) (2010) and
Taylor oil spill (2004 to the present day) further increase the
amount of oil released into aquatic ecosystems.2 Petroleum is
one of the most complex naturally occurring mixtures,
composed of a wide variety of chemical species of known
toxicity.3−6 Extensive research suggests that polycyclic
aromatic hydrocarbons, which are abundant in petroleum,
have carcinogenic effects in living organisms.7 Therefore, a
more detailed understanding of the transformation products of
petroleum species upon release into aquatic ecosystems is
critical for environmental science and health applications.
After release into the sea, petroleum undergoes chemical and

physical changes evidenced by the appearance of oil mousses,
mats, sheens, and slicks on the ocean surface and throughout
marshes.8−10 Physical differences between the unweathered
crude oil and the weathered products suggest extensive

changes in the molecular composition that may be caused by
bio- and/or photo-oxidation.11 Research efforts that target bio-
and photo-oxidation of petroleum highlight the critical role of
photo-oxidation and identify transformation products with
multiple oxygen-containing functionalities.12−15 Studies of
model compounds demonstrate that sun-light irradiation of
polycyclic aromatic hydrocarbons produces a plethora of
oxidation products, including carboxylic acids, aldehydes, and
ketones.13,16−19 For instance, naphthalene irradiation can
produce more than 20 unique transformation products,
identified by gas chromatography and low-resolution mass
spectrometry, and include diketones and oxygen-containing
heterocycles that result from opening/closing reactions of the
naphthalene ring system.12,20 Moreover, in vitro studies
suggest that polycyclic aromatic ketones have toxic effects in
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animals.21 Therefore, a comprehensive characterization of the
photo-oxidation products derived from petroleum spills,
especially ketone/aldehyde-containing compounds, is of para-
mount importance for toxicological studies. However,
molecular-level characterization of these products is difficult
due to petroleum’s complexity in composition, thermal lability,
polarizability, and boiling point.22−24

Although preliminary studies relied on infrared (IR)
spectroscopy and low-resolution mass spectrometry, recent
advances in analytical techniques allow for enhanced under-
standing of photo-oxidation reactions. Specifically, Fourier-
transform ion cyclotron resonance mass spectrometry (FT-
ICR MS) has revealed the composition of samples collected
after the DWH spill, because it identifies molecular elemental
compositions for components of ultracomplex mixtures,
irrespective of boiling point.6 Post-DWH samples revealed
oxygenated hydrocarbons such as hydroxyl and carboxylic acid
functionalities selectively ionized by negative ion electrospray
ionization (−) ESI, detected by FT-ICR MS. Positive ion (+)
ESI with formic acid solvent modification at high concen-
tration (up to 5%), also revealed a continuum of oxygenated
compounds, which were hypothesized to contain ketones or
aldehydes, and recognized as weakly basic oxygen function-
alities.25 Although two-dimensional gas chromatography time-
of-flight (GC×GC TOF) analysis confirmed the presence of
ketones, GC×GC is limited to the characterization of volatile
species and therefore provides incomplete characterization of
petroleum-derived samples.25 The use of high formic acid
concentration was suggested as an effective means to ionize
ketones and aldehydes preferentially; however ketones cannot
be unambiguously differentiated from other O-containing
functionalities, such as alcohols and furans. Thus, techniques
that can unambiguously detect ketone/aldehyde transforma-
tion products in weathered petroleum, irrespective of boiling
point, and definitively confirm the process (bio- or photo-
oxidation) that created them is fundamental for determining
the long-term impact of DWH oil in coastal ecosystems. To
identify ketone/aldehyde species in weathered oil trans-
formation products, we apply a technique that isolates and
tags ketone/aldehyde-containing compounds in petroleum27 to
field and laboratory-irradiated oil residues for subsequent FT-
ICR MS analysis.
It is important to consider that incorporation of oxygen-

containing functionalities in petroleum compounds through
solar photo-oxidation can lead to solubility changes,28 which
are of substantial interest due to potential environmental and
public health effects, because these compounds become
increasingly water-soluble. Determining the processes that
results in the presence of ketone/aldehyde-containing oil- and
water-soluble compounds in the environment and the effect of
sunlight on the transformation of petroleum species is critical
to development of improved models to understand past spills
and predict long-term impacts of future spills, and design
efficient cleanup strategies.
Biodegradation of petroleum compounds occurs after oil is

released into the environment, and also produces oxygenated
hydrocarbons.29 In field samples, it is not possible to discern
which process, photo- or bio-oxidation, selectively produces
oxygen-containing species, because the process(es) that
produce them are pathway-dependent, and thus unknown.
However, in laboratory microcosms, the relative contribution
of each process (photo-only or bio-only) can be isolated and
tied to specific degradation products.

The molecular composition of petroleum comprises a
structural/compositional continuum in carbon number,
aromaticity,30−33 heteroatom content, and molecular motifs
(e.g., single-core versus multicore structures).34−36 Particularly,
the continuous composition of oxygen-containing species is of
major interest because these compounds have significant
impact on petroleum solubility, aggregation, and emulsifying
behavior.17,37−46 Previous work demonstrated a continuum
distribution of Ox species (e.g., O1, O2, O3, O4, O5, O6), in
weathered DWH samples, accessible by both positive and
negative ESI FT-ICR MS.26,47 The negative-ion species were
identified as hydroxy and carboxylic acid functionalities and
the positive-ion species contained ketone functionalities, based
on GC×GC time-of-flight mass spectrometry through
previously established fragmentation pathways.25 However,
only some of the ions produced by (+) ESI are amenable to
GC due to boiling point limitations, and therefore full
characterization of the entire mass range was not possible.
Furthermore, the boiling points of hydrocarbon compounds
increase with the addition of oxygen atoms, limiting their GC-
based access to only single oxygen-containing species below
∼C30.

48 Because positive-ion ESI FT-ICR MS is amenable to
characterization of the entire range of carbon number species
(petroleum molecules may contain in excess of 100 carbons),49

as well as compounds with high heteroatom content, these
limitations may be overcome to better characterize ketone-
containing species if isolated prior to high resolution mass
spectral analysis.
Here, we use a solar simulator and the National Institute of

Standards and Technology (NIST) Macondo well, Mississippi
Canyon (MC) Block 252 Gulf of Mexico crude oil,50 to
compare the molecular composition determined by FT-ICR
MS of oil spill field samples and lab-irradiated samples. Oil
compounds derived from field and laboratory samples are first
fractionated by strong anion exchange (SAX) solid phase
extraction (SPE) to enrich ketones/aldehydes. Ketones/
aldehydes are then derivatized by use of a charged tag that
selectively modifies ketone/aldehyde-containing compounds
during subsequent FT-ICR MS analysis.27,51 In addition,
ketone/aldehyde compounds isolated from a biodegradation-
only (bio-only) microcosm is compared to field and photo-
only oil compounds. Molecular-level analysis reveals the
carbon number distribution and degree of aromaticity (double
bond equivalents (DBE) = number of rings plus double bonds
to carbon), derived from the molecular elemental composi-
tion,52 whereas previous studies accessed only the small
fraction amenable to GC analysis. Furthermore, extensive lab-
conducted biodegradation does not appear to produce
abundant oil-soluble ketone/aldehyde species and exhibits a
different composition than field samples. Comparison of
transformation products formed in the photo-only microcosm
to field samples highlights the structural similarity between
ketone/aldehydes, and strongly suggests that photo-oxidation
is the dominant mechanism for formation of oxygenated
hydrocarbons in weathered DWH oil.
High resolution FT-ICR MS analysis uniquely determines

the elemental composition of thousands of compounds in
complex matrices through exact mass measurement, Kendrick
mass defect, and isotopic fine structure.53,54 The thousands of
elemental compositions identified from a single mass spectrum,
can be sorted according to heteroatom class (e.g., those
compounds that each contain carbon, hydrogen, two nitrogen
atoms, and one oxygen atom define the N2O1 heteroatom
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class), number of carbon atoms, and double bond equivalents
(DBE). Moreover, for a given heteroatom class, an
isoabundance-contoured plot of DBE vs carbon number
provides a fingerprint that combines molecular size (from
carbon number) and aromaticity (from DBE), which can be
useful in predicting a variety of behaviors, such as emulsion
stability.55

■ EXPERIMENTAL METHODS
Field Samples. Gulf of Mexico Crude Oil (SRM 2779)

(Macondo Well Oil, MWO) was purchased from the National
Institute of Standards and Technology (NIST, Gaithersburg,
MD). Three field samples were used in this study: (1) an
offshore floating oil mat collected near Pensacola, FL (30.068°
N, 86.89° W) on June 10, 2010 (57 days after the initial spill,
and before the well was capped); (2) sand patty collected in
Gulf Shores, AL (30.25° N, 87.69° W) on November 27, 2011
(586 days postspill); and (3) rock scraping collected on
Dauphin Island, AL on January 27, 2014 (1368 days postspill).
Samples were placed in precombusted glass containers,
transported on ice for one to three days, and then stored at
−20 °C until further analysis. Approximately 20 g of oiled sand
from each location was homogenized with an equal weight of
sodium sulfate drying agent, loaded into a 30 × 100 mm2

cellulose thimble, Soxhlet-extracted with 90:10 (v/v) toluene/
methanol for 12 h and desolvated under dry nitrogen (N2).
Oiled extracts not consumed in this study remain preserved for
future studies. Amplifex Keto-Reagent was obtained from AB
Sciex (Framingham, MA). All solvents were HPLC grade from
JT Baker chemicals (Phillipsburg, PA) and used as-received.
All glassware was acid-washed and subjected to a Thermo
Scientific Lindberg/Blue M Moldatherm box furnace
(BF51828C-1, Thermo Scientific, U.S.A.) at 550 °C for 4 h
for combustion of any organic material prior to experiments.
Solar Simulation Microcosm. A thin oil film (120 μm)

generated with 325 mg (385 μL) oil was layered onto 50 mL
autoclaved 70% artificial seawater (Instant Ocean Aquarium
Systems, Inc., Mentor, OH, U.S.A.) in a jacketed beaker
attached to a water chiller.
Samples were subsequently placed in an ATLAS Suntest

CPS solar simulator, where they were irradiated by artificial
sunlight for 48 h (equivalent to 12 days of natural sunlight22)
at 27 °C. A dark control was covered with aluminum foil and

allowed to stir for 48 h for comparison with the irradiated
sample. After irradiation, water was removed by pipet and the
oil layer was isolated and dried under nitrogen gas.

Biodegradation Microcosm. Biodegradation experiments
were conducted with a microbial population isolated from live
seawater collected from the Gulf of Mexico (29.91 N, 84.51
W); (temperature 23.1 °C; salinity 30.8 parts per thousand;
pH 7.6; dissolved oxygen 5.21 mg L−1). Samples were stored
for 3 h during transport the National High Magnetic Field
Laboratory (Tallahassee, FL), where they were filtered and
stored. Filtration was performed with a 0.8 μm membrane filter
to remove debris and large organisms. Additional filtration with
a 0.2 μm membrane filter allowed for isolation of the microbial
population. The microbial population was then added to sterile
artificial seawater. Crude oil (325 mg) was then added to the
biomicrocosm to generate an oil film of the same thickness as
for the photo-oxidation microcosm. The biomicrocosm was
wrapped in aluminum foil to prevent photo-oxidation and
incubated (Thermo Scientific MaxQ 4000 orbital shaker)
while shaken at 110 rpm at 23 °C for 30 days. The sample was
monitored every 10 days throughout incubation. After 30 days,
5 mL of toluene was added to the sample to dissolve oil,
shaken, and the oil layer was isolated by glass pipet. The
sample was subsequently dried under nitrogen gas and stored
in the dark at 4 °C to prevent further oxidation of samples
prior to mass analysis.

Ketone Isolation. The lab-simulated photo-oxidized oil, a
dark control, and three different field samples were then
subjected to a previously reported ketone isolation method
which has been previously developed (Figure S1 of the
Supporting Information, SI). A strong anion exchange (SAX)
solid phase extraction cartridge (Agilent Bond Mega BE-SAX)
separated compounds based on polarity, and yielded 3
fractions: unmodified oil (pentane), ketone and aldehyde
fraction (DCM), and carboxylic acids (methanol).51 Approx-
imately 15 mL of each solvent was used to elute fractions.

Ketone/Aldehyde Derivatization. The ketone and
aldehyde-containing dichloromethane (DCM) fraction was
then reconstituted in toluene (1 mg/mL) and derivatized for
FT-ICR MS analysis. For derivatization, the ketone/aldehyde

Figure 1. Heteroatom Ox class relative abundance distribution for lab-irradiated (orange), dark control (black), and three replicate field samples
(yellow, blue, green) of Gulf of Mexico Crude Oil (SRM 2779) (Macondo Wellhead Oil, MWO). The lab-irradiated and field samples exhibit
higher relative abundances of oxygen-containing compounds as well as an increased number of oxygen-atoms relative to the dark control. The class
distribution does not reveal the functionality of the oxygen-containing species.
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fractions (dissolved in 200 μL toluene) were added to 200 μL
of the charged tag (Amplifex Keto Reagentsee below)

and mixed for 1 h at ambient temperature.27 Samples were
subsequently dried under nitrogen gas and stored in a dark
fridge at 4 °C.
FT-ICR MS Analysis. All samples were dissolved in toluene,

and further diluted in methanol to a final concentration of 250
μg/mL prior to analysis by (+) ESI FT-ICR MS. Underivatized
crude oil samples were spiked with 4% formic acid prior to
analysis, whereas derivatized crude oil samples were analyzed
without solvent modifier. Samples were then infused at 0.5 μL/
min for (+) ESI 21 T FT-ICR MS analysis, as described
previously.53 Molecular assignments were performed by
Predator56 and PetroOrg computer software.57

■ RESULTS AND DISCUSSION
Detection of Ox Compounds by Positive-Ion ESI.

Heteroatom class distributions determined by positive-ion ESI
FT-ICR MS (Figure 1) report higher relative abundances for
Ox heteroatom classes detected in field samples and laboratory-
irradiated oil compared to the dark control, which contains
only O1 species. However, the laboratory-irradiated and field
samples contain abundant O1−O5 compounds, with a higher
relative abundance for Ox species in field samples than in the
laboratory-irradiated sample. For both field and laboratory-
irradiated samples, a continuous distribution of O-containing
species, from O1 to O5 is observed. Furthermore, the lower
relative abundance of Ox species in lab-irradiated samples is
consistent with their irradiation periods, because the field
samples were likely exposed to sunlight for several months, or
even years. The most heavily weathered field sample (collected
27 January 2014, 1368 days post spill), was the only sample for
which O6 species were detected in appreciable amount.
However, the chemical functionality of these basic Ox species
not detected in the parent oil remains unclear based simply on
analysis of the whole oil samples.
Assigned molecular formulas for the O1, O2, and O3 classes

detected in field and laboratory-irradiated samples, determined
by (+) ESI 21 T FT-ICR MS, are converted to graphical
images of DBE vs carbon number plots in Figure 2, which
reveals the presence of Ox compounds that span a wide range
of carbon number and DBE (aromaticity). Moreover, the lab-
irradiated samples contain low carbon number species (down
to carbon number 12 for O1), whereas the field samples lack
low carbon number species (O1 containing-compounds begin
at C18, C15, and C16 for the three field samples). Thus, to
determine whether or not ketone- and/or aldehyde-containing
species are formed through photo-oxidation reactions, and to
mitigate limited characterization that results from selective
ionization, field and lab-irradiated samples were fractionated by
a SAX method and derivatized prior to MS analysis.
Derivatization of Ketone/Aldehyde Species. A pre-

viously developed SAX method was shown to effectively isolate
ketone/aldehyde containing species for petroleum, as con-
firmed by the use of a derivatization agent prior to (+) ESI FT-
ICR MS analysis.51 Although originally developed to analyze
naphthenic acid degradation products for corrosion studies, the

method is also effective for isolation of ketone-containing
species in petroleum samples. Note that the above
derivatization agent does not differentiate between aldehyde-
and ketone-containing species.

Detection of Ketone/Aldehyde Compounds. Isolation
and derivatization of ketone/aldehyde-containing species
results in higher relative abundance of the O1−O5 classes for
the field and laboratory-irradiated samples. Figure 3 shows the
increased relative abundance of ketone-containing oxygen
species for the laboratory-irradiated samples relative to the
dark control, (see Figure S2). The dark sample exhibits low
relative abundance of O1 and O2 species, whereas the
irradiated samples are enriched with O1−O5 ketone/
aldehyde-containing compounds. Furthermore, ketone/alde-
hyde-containing field samples exhibit an Ox distribution similar
to that for the lab-irradiated sample. The oxygen continuum
observed for ketone/aldehyde-containing lab-irradiated and
field samples resembles the oxygen continuum accessed by
positive-ion ESI with high formic acid concentration (Figure
1).
For comparison with photo-oxidized oil, biodegraded

Macondo well oil (MWO) was also SAX-fractionated,
derivatized, and analyzed by ultrahigh-resolution MS. Bio-
degraded species exhibit significantly lower abundance of O1−
O4 species (Figure 3), suggesting that biodegradation does not
lead to ketone/aldehyde-formation.
These results suggest that photo-oxidation of petroleum

produces ketones/aldehydes, in agreement with reports of sun-
light oxidation of petroleum model compounds,12,58 whereas
biodegradation does not play a critical role in producing
ketone/aldehyde functionalities. The similarity between field
samples and lab-irradiated samples points to photo-oxidation

Figure 2. Isoabundance-contoured plots of double bond equivalents
(DBE) vs carbon number for lab-irradiated MWO and three replicate
field samples for the O1−O3 classes. Although all samples span similar
carbon-number and DBE ranges, the lab-irradiated sample exhibits
lower relative abundances of the lowest-DBE species in the field
samples.
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as an important source of ketone/aldehyde formation in
weathered petroleum. Moreover, the significantly lower relative
abundance of ketone/aldehyde species in biodegraded oil
suggests that photo-oxidation is the dominant mechanism in
the formation of oil soluble ketone/aldehyde-containing
transformation products derived from the Deepwater Horizon
oil spill.
Additional data processing was conducted to account for the

derivatization tag. Heteroatom class plots are labeled to
indicate O1−O5 species, whereas N2O1−N2O5 classes were
assigned from the ICR mass spectral data and N2 was manually
removed from N2Ox assignments due to the derivatization tag.

Furthermore, for DBE vs carbon number plots for derivatized
samples, the molecular assignments were shifted by 6 carbons
to the left to account for 6 extra carbons introduced by
derivatization. The charged derivatization tag removes the
need for a protonation modifier for electrospray ionization and
provides preferential analysis of ketones/aldehydes relative to
other compounds in the sample, therefore reducing chemical
noise.

Molecular-Level Comparison of Field vs Microcosm.
The FT-ICR MS signal-to-noise ratio is significantly higher for
the isolated and derivatized ketone/aldehyde-containing
fraction, as seen for a mass scale-expanded 0.3 Da segment

Figure 3. Relative abundance distribution throughout the O1−O6 classes for the derivatized ketone/aldehyde-containing fraction of biodegraded
MWO (purple), lab-irradiated MWO (orange), as well as three replicate field samples (yellow, blue, and green). Higher relative abundances of
ketone/aldehyde-containing species is observed for the three field samples and lab-irradiated sample than for to the biodegraded oil. Furthermore,
the biodegraded oil lacks appreciable ketone-containing species with more than four oxygen atoms.

Figure 4. Mass scale-expanded (+) ESI-derived 21 T FT-ICR mass spectra for underivatized whole crude oil and the derivatized ketone/aldehyde
fraction for a field sample collected on June 16, 2010. The derivatized ketone sample exhibits higher signal-to-noise ratio than the whole sample.
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at nominal mass at 707 Da (Figure 4). The broadband mass
spectrum of the underivatized crude oil from a field sample
collected on 16 June 2010 for 707 < m/z < 708 exhibits 27 015
resolved peaks vs 22 546 for the DCM/derivatized fraction for
the same sample. Although the number of species detected for
the two samples is comparable, the separated/derivatized
sample maximum S/N in Figure 4 is ∼3-fold higher for the
DCM/derivatized fraction (∼202) than the underivatized
whole crude oil (∼70). In any case, the weathered petroleum
samples are still compositionally complex and extend to
relatively high molecular weight. Therefore, reliable molecular
information for these samples is accessible only by ultrahigh-
resolution high-field FT-ICR MS.
Plots of DBE vs carbon number are displayed in Figure 5 for

derivatized biodegraded, lab-irradiated, and field samples from
the dichloromethane (DCM) fraction. The lab-irradiated oil
sample and the weathered field samples span remarkably
similar carbon number and DBE ranges. Conversely, the
biodegraded oil exhibits a completely different compositional
profile, further indicating that biodegradation does not lead to
the formation of oil-soluble ketone/aldehyde-containing
species. Thus, the current results suggest that photoirradiation
generates abundant, oil-soluble, ketone-containing transforma-
tion products similar to those identified in field samples.
Concluding Remarks. Samples from the photo-oxidation

microcosm and those collected in the field exhibit higher
relative abundance of oxygen-containing species than that of a
dark control, and display an Ox continuum similar to those
previously reported for weathered oil.25 Ketones and aldehydes
can be successfully isolated and identified by FT-ICR MS in
field samples collected after DWH. Although these function-
alities typically comprise a small fraction of unweathered/virgin
crude oil, we show that they form in high relative abundance

through photo-oxidation in the laboratory. Furthermore, a
separation and derivatization method allows for observation of
ketone/aldehyde species in both lab-irradiated and field
samples. The ketone/aldehyde fractions from lab-irradiated
and field samples share remarkable similarity in terms of
carbon number and DBE range, as well as relative abundances
of Ox ketone/aldehyde species. A biodegradation microcosm
yields no oil-soluble transformation products that resemble
field samples collected after the DWH spill. Collectively, these
results suggest that photo-oxidation constitutes the dominant
mechanism in production of oil-soluble ketone/aldehyde-
containing species in weathered petroleum.
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