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ABSTRACT: The comprehensive chemical characterization of crude oil is important for the
evaluation of the transformation and fate of components in the environment. Molecular-level
speciation of naphthenic acid fraction compounds (NAFCs) was investigated in a mesoscale
spill tank using both negative-ion electrospray ionization (ESI) Orbitrap mass spectrometry
(MS) and positive-ion atmospheric pressure photoionization Fourier transform ion cyclotron
resonance mass spectrometry (APPI-FT-ICR-MS). Both ionization techniques are coupled to
high-resolution mass spectrometric detectors (ESI: Orbitrap MS; APPI: FT-ICR-MS at 9.4 T),
enabling insight into the behavior and fate of petrogenic compounds during a simulated
freshwater crude oil spill. Negative-ion ESI Orbitrap-MS reveals that oxygen-containing (Ox)
classes are detected early in the spill, whereby species with more oxygen per molecule evolve
later in the simulated spill. The O2-containing species gradually decreased in relative
abundance, while O3 and O4 species increased in relative abundance throughout the simulated
spill, which could correspond to a relative degree of oxygen incorporation. Nonpolar speciation
by positive-ion APPI 9.4 T FT-ICR-MS allowed for the identification of water-soluble nonpolar and less polar acidic species.
Molecular-level graphical representation of elemental compositions derived from simulated spill water-soluble and oil-soluble species
suggest that biological activity is the primary degradation mechanism and that biodegradation was the dominant mechanism based
on the negative-ion ESI Orbitrap-MS results.

1. INTRODUCTION
Large volumes of crude oil are transported across North
America annually. In 2022, approximately 52 billion barrels of
crude oil were moved across this region.1 Accidental spills can
occur during various stages of crude oil transportation,
consumption, and exploration, such as during the loading
and unloading of tankers, pipeline leaks, or accidents involving
oil drilling platforms. Such spills of crude oil can pose
significant hazards to aquatic environments,2 including fresh-
water ecosystems. The average annual accidental release of
petroleum into North American marine waters is 260 million
liters,3 which varies from spill to spill and year to year, but
typically amounts to tens of thousands of liters.2 Weathering of
oil released into aquatic environments may occur through
evaporation, emulsification, dissolution, microbial, and/or
photochemical degradation.4 Most oil-derived compounds
are only moderately soluble in water, but some oil-derived
substances may become polar from oxidation, effectively
enhancing their water solubility. Weathering processes change
the chemistry of crude oil and increase its compositional
complexity.5 Many constituents of oil have the potential to be
hazardous to marine organisms, but their poor solubility
prevents them from being widely bioavailable in the environ-
ment. Enhanced solubility of some components increases the

likelihood that molecules can distribute and become
bioavailable, resulting in increased environmental prevalence
and toxicological significance.6,7

The fate and ecotoxicity of spilled crude oil depend on its
initial chemical composition and predominant environmental
conditions during weathering.5 For these reasons, under-
standing the composition of dissolved oil components at the
molecular level in freshwater environments is crucial. However,
the complexity of petroleum composition makes it extremely
challenging to characterize the constituents, which complicates
standardizing emergency responses to oil spills.8 Fourier
transform ion cyclotron resonance (FT-ICR) and Orbitrap
mass spectrometry (MS) are often applied to crude oil analysis
because of their ability to capture wide swathes of a mixture’s
chemical complexity with ultrahigh resolution and mass
accuracy.9,10 These methods enable unambiguous assignment
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of molecular formulas (e.g., CcHhNnOoSs) and subsequent
classification based on formula heteroatom inclusions,11,12 size,
and unsaturation to obtain a molecular-level characterization of
samples.13−15 Electrospray ionization (ESI) and atmospheric
pressure photoionization (APPI) are two frequently employed
methods for crude oil studies,9 and these different ionization
techniques are suited to specific classes of compounds.
Negative-ion ESI is well suited for characterizing more polar
acidic species, while positive-ion APPI is more suited for the
characterization of less/nonpolar heteroatom and aromatic
species in crude oil.10 Ion suppression, which makes it simpler
to detect easily ionized species (that may not be the most
abundant) at the expense of other mixture constituents, is the
main challenge in nontarget analysis. A complete sample
characterization is made possible by using several ionization
techniques, such as ESI and APPI in the negative and positive
ionization modes, maybe the solution to this issue.16,17 The
primary reason for the use of APPI in analysis is because of its
potential to ionize chemical species that ESI cannot access,
thus providing a more detailed composition of the constituents
in crude oil.16,17

Mesoscale crude oil spill tests in freshwater at different
temperatures and durations were simulated by using an indoor
spill tank. In a 28-day test using freshwater at a temperature of
15 °C, an increase of unidentified oxidized organic compounds
was detected.18 During a 56-day test at a warmer temperature
(24 °C), the concentration of acidic organic compounds
reached a value between 1 and 2 mg/L during the
investigation, and the relative abundance of the Ox-containing
compounds (i.e., where x > 2) gradually increased during the
experiment.
Our study was intended to provide a comprehensive

characterization of the water-accommodated fractions con-
taminated by crude oil using a complementary approach to
elucidate the composition of both polar and nonpolar water-
accommodated organic compounds in a simulated freshwater−
oil spill using negative-ion ESI Orbitrap-MS and positive-ion
APPI FT-ICR-MS. Here, we review the application of negative-
ion ESI Orbitrap-MS for the characterization of polar water-
accommodated organic compounds, focusing on detailed
molecular-level changes during the experiment.19 The study
presented here explored the detailed distribution of carbon
number and double bond equivalent (DBE)20 of components
to analyze changes in the molecular-level composition of both
polar and nonpolar water-accommodated organic compounds.

2. EXPERIMENTAL SECTION
2.1. Wave Tank Experiment. A 3 m × 2.1 m × 1.5 m (L × W ×

H) size mesoscale tank, situated in a well-vented indoor environment,
was used to simulate oil spill conditions. A low-energy LED light with
a wavelength range outside of ultraviolet was turned on only during
operation (less than 2 h daily); these conditions were used to
minimize/prevent photo-oxidative weathering. The detailed oil spill
operating conditions have been reported previously.21,22,19 Water was
sampled directly from the North Saskatchewan River (NSR) (Alberta,
Canada) with filtration (>0.45 μm) to remove particulates and
undissolved material. To conduct the spill test, the NSR water was
used to fill the mesoscale tank. When the water in the tank reached
the designated temperature of 24 °C, the sediment content of the
water was increased to 2000 mg/L by post hoc addition of 2.4 kg of
river sediment obtained from the NSR flood plain, Alberta, Canada,
and mixed for several minutes to distribute the sediment evenly
throughout the test tank. A conventional crude oil (Mixed Sweet
Blend, or MSW) obtained from a pipeline operator in Edmonton,

Alberta, was then introduced to the tank at a volume of 10 L. The
properties of the crude oil used are listed in Table 1. All of the

properties of the crude oil sample were measured using the ASTM
standard methods.18 The simulated spill scenario was 56 days long,
and 15 water samples were collected at regular intervals throughout
the test. Further details can be found elsewhere.19,21,22 Water samples
from the tank were subjected to extraction and cleanup prior to MS
analysis.
2.2. Sample Preparation. Solid-phase extraction (SPE) (Isolute

ENV+, Biotage, Charlottesville, VA) was used, and the procedure
followed existing protocols.23 All SPE cartridges were labeled, rinsed,
and conditioned with Milli-Q water, then aqueous samples (100 mL)
were acidified with formic acid (pH < 2) and then passed through an
SPE cartridge under vacuum. Cartridges were rinsed with 5 mL of
Milli-Q water and then dried under gentle vacuum. The organic
fraction retained in the column was eluted with 6 mL of methanol and
dried under nitrogen. The organic fraction was reconstituted with 1
mL of acetonitrile/Milli-Q water (50:50) solution containing 0.1%
ammonium hydroxide solution. All solvents used were liquid
chromatography−mass spectrometry (LC−MS) grade products
obtained from Fisher Scientific, Ottawa, ON, Canada, and used
without any further purification.
2.3. Mass Spectrometry Analysis. 2.3.1. Negative-Ion ESI

Orbitrap-MS Analysis. Sample extracts were analyzed using an LTQ
Orbitrap Elite mass spectrometer (Thermo Fisher Scientific, Waltham
MA) at 240,000 resolution (measured at 400 m/z) operating in
negative-ion ESI mode, and each mass spectra achieved a resolving
power of 220,000 at m/z 400. Mass spectra were collected with a mass
range of 100−600 m/z. In this work, we looked at molecular
composition using both the Orbitrap-MS and FTICR-MS methods.
The Orbitrap-MS mass scan range was from 100 to 600 m/z, while
the FTICR-MS covers a wider range of 150−1000 m/z. The selected
mass range of the Orbitrap-MS captures the mass region of the
naphthenic acid mass envelope using negative-ion ESI typically found
in historical samples. As this was our first analysis using APPI on these
samples, a broader mass range was selected on the FTICR-MS to
ensure full coverage was obtained from our unknown samples. The
instrument conditions are set as follows: sheath gas flow rate 25
(arbitrary units); spray voltage 2.90 kV; auxiliary gas 5 (arbitrary
units); S lens radio frequency level 67%; capillary temperature of 275
°C; heater temperature 50 °C; injection volume 5 μL. The infusion
solvent was 50:50 acetonitrile:water with 0.1% NH4OH at a flow rate
of 200 μL/min.24−28

An oil sands process water-derived extract was used to calibrate the
MS response to naphthenic acid fraction compounds (e.g., polar
acidic organic compounds).21−24 Oil sands process affected water
from Fort McMurray, Alberta, Canada, which was collected in July

Table 1. Properties of the Crude Oila,b

parameter value

saturates (wt %) 57.0
aromatics (wt %) 27.5
resins (wt %) 13.7
asphaltenes (wt %) 1.8
carbon (wt %) 86.2
hydrogen (wt %) 13.0
nitrogen (wt %) 0.03
sulfur (wt %) 0.7
oxygen (wt %) <0.1
water (wt %) 0.1
density (g/mL) at 20 °C 0.8197
R2 0.9999
viscosity (cSt) at 20 °C 4.7
R2 0.9984

aReproduced with permission from refs 18. Copyright 2020 John
Wiley and Sons. bBP�boiling point.
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2005. The concentration of the extract was measured using a
calibration curve that links the concentration of the commercial
standard to infrared (IR) peak absorbance.29 The calibration solution
containing the analytes of interest was prepared within the linear
range of the calibration curve from 10 to 100 mg/L. Full details on
the quantitation, quality control, and quality assurance steps are
described elsewhere.19 Sample extracts were diluted where necessary
to bring sample extract concentrations into the linear detection range
of the method. The method is considered semiquantitative; a lack of
reference standards similarly limits other quantification methods.30−32

An oil sand process-affected water-derived extract was used to
calibrate the MS response to NAFCs (e.g., polar acidic organic
compounds).21−24

Orbitrap mass spectra were initially processed for semiquantifica-
tion and baseline subtraction using Xcalibur version 2.2 software
(Thermo Fisher Scientific, Waltham MA). Formulas were assigned
using Composer64 1.5.6 software (Sierra Analytics, Modesto CA).
Composer64 formula assignment parameters were limited to
compounds between 100 and 500 m/z and were restricted to
assignments where mass error was <3 ppm.

2.3.2. Positive-Ion APPI 9.4 T FT-ICR-MS Analysis. Positive-ion
APPI FT-ICR-MS was performed with a custom-built 9.4 FT-ICR
mass spectrometer33 equipped with a modular ICR data station and a
22 cm horizontal room temperature bore 9.4 T magnet (Oxford
Corp., Oxney Mead, U.K.).34 Mass spectra were phased-corrected35 in
absorption mode, “walking”36 calibrated based on internal homolo-
gous series, acquired with Predator data station38 and element
PetroOrg software.37 To identify homologous series for each
heteroatom class, a Kendrick mass defect analysis38,39 was performed
to verify the accuracy of the elemental composition assignments (i.e.,
species that have the same CcHhNnOoSs composition but differ only in
the extent of alkylation).39,40 For each APPI FT-ICR mass spectrum,
more than 20,000 unique elemental compositions were assigned at
<100 ppb RMS mass error, and the number of peak assignments and
mass measurement accuracy of all molecular species identified are
listed in the Supporting Information (SI) for the negative-ion ESI
Orbitrap-MS (S1) and the positive-ion APPI FT-ICR-MS (S2). To

rapidly visualize the tens of thousands of individual species APPI-FT-
ICR-MS data, carbon number (#C) versus DBE and heteroatom class
distribution profiles were created. The following elemental
compositions were assigned: H unlimited, 0 < C < 100, 0 < O <
12, 0 < N < 2, 0 < S < 2, 0 < DBE < 30. Only chemical formulas with
appropriate 13C peaks for hydrocarbons and 34S peaks for sulfur
assignments m/z in the 150 < m/z < 1000 range were taken into
consideration.40

2.4. Data Analysis. All formula data from all samples, as assigned
by Composer64 or PetroOrg, were imported into R version 4.0.3
software where plots were prepared with ggplot2, a component of the
tidyverse package.41

3. RESULTS AND DISCUSSION
3.1. Heteroatom Class Species Characterized by ESI

Orbitrap-MS and APPI FT-ICR-MS. To assess a broad
selection of compound classes and polarities, data from both
negative-ion ESI Orbitrap-MS and positive-ion APPI FT-ICR-
MS were initially evaluated using bar plots of percent spectral
heteroatom abundance. Figure 1 shows the class analysis
diagram for the major heteroatoms obtained from negative-ion
ESI Orbitrap-MS. Prior to the spill, Ox (x = 1−8) heteroatom
classes were the most prevalent in the water. As illustrated by
the formula diversity in Figure 1, natural organic matter
(NOM) detected in negative-ion ESI in river water (pre-spill)
included mostly Ox compounds, with <15% of formulas
represented by other single heteroatom classes. As oil was
introduced to the spill tank, the molecular diversity shifted
rapidly, where O2-containing formulas became dominant
across sample spectra within 3 h (Day 0.125), reaching a
maximum relative abundance after 5 days. Thereafter, O3, O4,
and O5 compounds gradually increased in relative abundance,
especially for the O3 and O4 classes, whereas the O2
compounds gradually decreased. A trend in the data was
apparent where more-oxidized formulas (e.g., O3, O4, and O5)

Figure 1. Relative abundance of heteroatom classes for the crude oil at different time points derived from the negative-ion ESI Orbitrap mass
spectra. Note: others (black bars) indicate heteroatom classes with relative abundance of <1%. Reproduced with permission from ref 19. Copyright
2022 Elsevier.
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emerged chronologically relative to the degree of oxygen
incorporation, which may suggest sequential oxidation of
petroleum-derived mixture components. From Day 0.125 (i.e.,
3 h) to Day 6, the relative abundances of the O2, O3, and O4
classes increased (in the order of O2 > O3 > O4), consistent
with earlier work.42 From Days 21 to 56, the O2 class appeared
to have reached a steady state, whereas there was a noticeable
increase in the relative abundances of the O3 and O4
compounds over the same period. Oxygen-rich Ox (x ≥ 3)
compounds are presumably intermediates produced through
transformation of the O2 class.

43 In addition, the SOx classes
increased in relative abundance while the relative abundance of
the NOx species increased slightly with the duration of the
spill, which suggests that other nitrogen and sulfur compounds
may convert into these species, consistent with previous
findings.44,45 It is worth noting that on Day 5, there was no
presence of the SO3 species. These compounds may be more
affected by transformation than other classes. The relative
abundance of SO3 classes increased from day 6 to Day 56,
which could be due to the relatively rapid transformation of
other sulfur-containing classes, such as SO4.
To better characterize nonpolar aromatic compounds in oil-

affected river water from the oil spill test, positive-ion APPI
was used to examine compounds and classes that might
otherwise be missed by ESI. The same sample extracts
described above were subsequently characterized using
positive-ion APPI FT-ICR-MS. Like negative-ion ESI, the
heteroatom content of river water was dominated at the outset
by oxygen-containing compounds. Over time, the composition
and relative abundances of sulfur (SOx) and nitrogen (NOx)
compounds varied compared to those of background river

water DOM (pre-spill). No discernible trend could be
observed for the relative abundances of the SOx and NOx
species over time. Greater diversity of sulfur-containing classes
with high relative abundances of the SO and SO3 classes
occurred over time, which may be a result of oxidation or
breakdown of other sulfur-containing species. The crude oil
used in this study contains S (0.7 wt %). The increase in the
relative abundance and diversity of SOx species observed over
time during the spill test may indicate that oxidation of the S
class was at least partly responsible for these changes. It has
been suggested that the reason for the existence of the SOx
classes is probably the oxidation of the S species.45,46 Positive-
ion mode is typically used to identify sulfur compounds.
However, since there was no S detected, it is likely that their
further oxidation to the SOx classes in the samples may have
reduced them to a nondetectable level, which could have
provided information at the molecular level on the formation
of the SOx species from the S class. To better characterize
nonpolar aromatic compounds in crude oil, positive-ion APPI
was used. Compounds and classes that might otherwise be
unresolved by the Orbitrap-MS were studied. The high
prevalence of peak coalescence behavior limits the ability of
the Orbitrap MS to resolve closely spaced mass spectral peaks
(<3.4 mDa) with ion number targets required for complex
mixture analysis (i.e., AGC > 5E5).47 This results in multiple
ionized species coalescing inside the Orbitrap detection cell
and an incorrect elemental composition assignment. Therefore,
we applied APPI FT-ICR-MS, which routinely achieves
resolving powers in excess of 1,000,000 at m/z 400,48 sufficient
to identify isobaric species that differ in mass by roughly the

Figure 2. Relative abundance of heteroatom classes for the crude oil at different time points derived from the positive-ion APPI FT-ICR mass
spectra. “Other” (black bars) indicate heteroatom classes with relative abundance of <1%.
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mass of an electron. Figure 2 shows heteroatom class
distribution plots for the APPI FT-ICR-MS mass spectra.
As observed by negative-ion ESI Orbitrap-MS, oxygen-

containing compounds dominated river water early in the spill.
However, further evaluation by APPI FT-ICR-MS highlights
the limitation of negative-ion ESI Orbitrap-MS for oil spill
characterization. Importantly, this study highlights the

limitations of simply using negative-ion electrospray ionization
for weathered oil studies, where the resolving power and
resolution achieved by Orbitrap-MS are ineffective in
accurately evaluating weathered oil oxygen-rich compounds.
The plot of the fraction of total signal assignable over time
detected by the negative-ion ESI Orbitrap-MS and positive-ion
APPI FT-ICR-MS is shown in Figure S1. Quantitation of total

Figure 3. Distribution of the relative abundance average of #C versus DBE of major heteroatom compounds observed by negative-ion ESI
Orbitrap-MS in selected chronological samples. Formulas detected by the Orbitrap-MS used in principal component analysis are color-coded
according to their associated scores along PC1.

Figure 4. Chronological #C and DBE plots of the increases and decreases of formulas from major heteroatom classes between selected time points
observed by negative-ion ESI Orbitrap-MS. Red indicates a lower relative abundance of a particular formula (i.e., a net decrease across time), and
green indicates a net increase across time. The relative ion abundance in the spectra is shown by the magnitude of the circles.
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NAFCs, the water-accommodated fraction, and polar acidic
compounds (PACs) was previously reported.19

3.2. Visualizations of Distribution of Carbon Number
(#C) and DBE from ESI Orbitrap-MS and APPI FT-ICR-
MS. To gain insights into the transformation of water-soluble
organic compounds and enhance our understanding of the fate
and behavior of the oil spill in freshwater at a molecular level,
we examined the changes in the distribution of carbon number
and DBE of components. From selected samples, #C versus
DBE plots of major heteroatom classes were prepared and
reported with weighted average #C and DBE to compare
chronological distributions of formulas. The weighted average
DBE and carbon number values of all of the detected ions were
calculated for each formula to reduce the data to a
representative value for each formula by adding together the
product of the mass-to-charge (m/z) ratio and the relative
abundance of each detected ion associated with the formulas
and dividing by the total relative abundance of all of the
detected ions for each time point. As illustrated in Figure 3
(only shows ESI Orbitrap), and formula diversity of all
heteroatom classes increased over time, For example, the
number of O2 compounds detected increased rapidly in
relative abundance by Day 2, reaching a maximum weighted
average #C by Day 6, where species detected thereafter tend to
decrease in relative abundance of #C. Notably, the DBE of O2
species increased throughout, demonstrating that the most-

unsaturated O2 species tend to persist under these conditions.
This observation suggests that the saturated O2-containing
compounds preferentially degrade compared to unsaturated O2
species. This finding is consistent with the reported higher rate
of biodegradation associated with lower DBE distribu-
tions.49−51 In comparison, O3, O4, and O5 compounds were
more abundant from Day 6 onward, where the relative
abundance of #C and DBE increased over the rest of the
experiment. The apparent chronological emergence of Ox
species with an increasing value of x suggests that these
compounds may be sequentially related (e.g., that O3 are
emerging as products of O2 oxidation, O4 of O3− oxidation,
etc.).52 Compounds that have comparable weighted average
#C values but relatively more oxygen (i.e., Ox where x > 2)
might be expected to be more water-soluble than those O2
compounds that emerge first in the simulated spill conditions.
In comparison, SO3 species may partition slowly from the oil
or could emerge over time as byproducts of oxidation of sulfur-
containing hydrocarbons. The sequential increase in the
relative abundance of the Ox (where x ≥ 3) compounds
provides additional evidence that oxidation occurs in series and
that once oxidized, these compounds likely become more
susceptible to further oxidation.
To show which mixture components more clearly were

increasing or decreasing during the spill, base-peak-normalized
relative abundance plots comparing negative-ESI spectra by #C

Figure 5. Distribution of the relative abundance of #C versus DBE of major heteroatom compounds observed by positive-ion APPI FT-ICR-MS in
selected chronological samples. The relative abundance-weighted average is indicated by the asterisk (*).
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versus DBE were prepared, as illustrated in Figure 4. These
plots show net changes in the base-peak-normalized relative
abundance of particular formulas.53 The O2 and O3 species
initially increased in relative abundance from pre-spill to Day 2
in Figure 4, whereas other compound classes emerged later.
From Day 6 to Day 56, decreases in O2 species were most
prominent among higher-#C (C > 13) formulas, whereas
coinciding increases in O2 species were concentrated among
lower-#C species (#C < 12) with higher DBE (>4). These
combined observations are consistent with biodegradation.
Despite specific decreases in particular formula abundance, the
whole of the O2 species gradually increased in diversity and
molecular complexity (i.e., increasing DBE) from Day 2 to Day
56, with a greater number of identified formulas present by
Day 55 compared to any prior sample. Simultaneously, O3 and
O4 compounds tended to increase in relative abundance
throughout the duration of the simulated spill, where increases
in relative abundances of these formula classes were generally
among low-#C formulas with elevated DBE. In the absence of
advanced oxidation treatments, highly unsaturated compounds
tend to be more recalcitrant to biodegradation or bio-
uptake.54−56

Degradation of components may also occur via other
pathways. For example, abiotic sorption may be possible, as
there was river sediment present during the simulated oil spill.
However, sorption of NAs in well-mixed systems is reported to
occur rapidly.57,58 As the rates of degradation of the oil appear
to be relatively slow, occurring over days, sorption to
sediments may not be dominant for the polar acidic organic
compounds over the 56-day period of the oil spill. In addition,

previous studies evaluating sorption of model compounds onto
soils occurred in the absence of petroleum.58,59 The extent to
which nonpolar compounds preferentially sorb onto sediments
and occupy binding sites that would otherwise be available to
polar organic compounds is not known.
To more closely examine the distributions of the major

compound classes derived from the positive-ion APPI FT-ICR
mass spectra, a plot of the relative abundances of #C and DBE
was prepared (Figure 5). A clear trend in the transformation of
oxygen-containing compounds during the simulated spill was
observed. Initially, the pre-spill sample contained substantial
amounts of naturally occurring oxygen-containing components
from the sediment (O3, O4, O5, and O6). The oxygen-
containing classes found in the river water sample were found
in significant relative abundances, which may have biogenic
origins. By Day 2, the abundance of these compounds had
noticeably decreased, and this trend continued until Day 14.
From Day 28 onward, the relative abundances of these
compounds started to increase again in different regions of the
#C and DBE plots. By Day 56, more unsaturated and high
carbon number species of oxygen-containing compounds were
prevalent. In summary, the data revealed a dynamic process
involving the transformation of oxygen-containing compounds.
The initial decrease in relative abundance followed by an
increase in the relative abundance of the same components
may suggest a multiphasic behavior where the compounds
partition selectively between the aqueous and organic phases.
The transformations observed may also be due to time-
dependent pathways resulting in either the degradation or

Figure 6. Distribution of chronological #C and DBE showing the increases and decreases of formulas from major heteroatom classes between
selected time points observed by positive-ion APPI FT-ICR-MS. Red indicates a lower relative abundance of a particular formula (i.e., a net
decrease across time), and green indicates a net increase across time. The relative ion abundance in the spectra is shown by the magnitude of the
circles. The arrows show the net change in the weighted average carbon number and DBE. The < shows a decrease in weighted average, and the >
shows an increase in weighted average.
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formation of components, a topic that warrants further
investigation.
There were also trends related to sulfur-containing

compounds (SO, SO2, and SO3) during the experiment. The
sulfur-containing compounds were present in the pre-spill at a
very low relative abundance. By Day 2, the relative abundances
of these sulfur-containing compounds had increased substan-
tially, after which high levels were maintained throughout the
spill. The relative abundance of the SO3-containing com-
pounds showed a gradual increase relative to that of the SO
and SO2 compounds. This observation may suggest that over
time, there was a shift in the composition of sulfur-containing
compounds toward a higher proportion of SO3-containing
species.
To further investigate temporal trends in the molecular

distribution of the heteroatom classes, from positive-ion APPI
FT-ICR-MS mass spectra, a net-change visualization of
formulas according to #C and DBE of formulas is given in
Figure 6. As illustrated in Figure 6, there were substantial
amounts of naturally occurring dissolved organic matter Ox (x
≥ 3) species present in the water pre-spill. Most of the Ox-
containing compounds observed on Day 2 decreased
substantially by Day 6 to 14. The initial decrease in the
relative abundances of the Ox-containing compounds may be
due to the partitioning of oxygen-containing compounds to
natural organic matter (DOM) in the alluvial sediment over
this period. The relative abundances of Ox-containing
compounds gradually increased after Day 14, and components
were generally more unsaturated with higher #C by Day 56
compared to the pre-spill conditions.
The relative abundances of sulfur-containing compounds

increased gradually from Day 2 onward. Their abundances did
not change appreciably up to Day 14, but increased
substantially from Day 14 onward, likely because of further
weathering. The number of sulfur-containing compound
classes (i.e., SO, SO2, and SO3) generally increased throughout
the simulated spill (except for the slight net-loss from Day 2 to
6 and Day 6 to 14). In contrast, the relative abundances of
higher-molecular-weight SOx-containing compounds increased
during the experiment. Increases in the SO3 compound class
were more prominent than those in the SO-containing
compounds throughout the experiment. Figure 6 highlights a
trend observed within the sulfur-containing classes (SO and
SO3), where higher #C and DBE compounds persisted. The
latter may thus be relatively stable transformation products
from the weathering of the oil in the simulated spill.
The molecular-level characterizations above demonstrate the

utility of complementary characterizations for a comprehensive
description of oil spill chemistry. The negative-ion ESI
Orbitrap-MS was sensitive to a range of low-molecular-weight
polar compounds, where the emergence of the Ox species with
the passage of time describes an oxidizing trend. Furthermore,
positive-ion APPI FT-ICR-MS revealed additional compounds
with higher #C and DBE values that were not observed using
negative-ion ESI Orbitrap-MS. The negative-ion ESI analysis
showed a dominance of the Ox classes (particularly the O2
species) compared to those identified using positive-ion APPI.
The O2 acidic classes may be oxidized to species that are more
recalcitrant over time. Polar organics in the freshwater spill can
therefore progressively become oxygen-rich over time, and the
highly unsaturated and/or conjugated species were the most
stable in this system. A recent study examined NAs affected by
diluted bitumen (DB) in a spill tank using high-resolution

negative-ion ESI Orbitrap-MS. The researchers observed a
decrease in the relative abundance of O2 species and a
corresponding increase in the relative abundance of O3 species
over time.22 The carbon number and DBE distribution for the
O2 species can provide further evidence of biodegradation. The
Ox species with higher DBE distributions were found to be
more stable in the system over time in this study. Similar
findings were reported in a previous study by Monaghan et
al.,22 where O3 compounds with higher DBE were also
observed to be more persistent in the system over time. These
consistent observations across different studies indicate that
the shifts in relative abundance and DBE distribution data for
the Ox species are likely attributed to oxidative mechanisms
facilitated by diverse microbial populations present in the
systems. The apparent enrichment of oxygen-rich species over
the duration of the spill, specifically higher abundances of O3-
and O4-containing species, is a possible indicator of
biodegradation.60

For the positive-ion FT-ICR-MS APPI studies, an increased
relative abundance of the higher-molecular-weight SOx
coincided with a decrease in the relative abundances of the
lower-molecular-weight species. This observation is of environ-
mental importance as SOx-containing compounds are
implicated as principal toxicants in aquatic systems.61 Lower-
molecular-weight species may have progressively diminished
through volatilization or degradation. Selective loss of lower
mass compounds led to the emergence of the heavier and more
unsaturated analogues, for which the latter are likely more
recalcitrant. Like results for negative-ion ESI Orbitrap-MS
data, an increase in the relative abundances was observed for
the more unsaturated and high-#C species over time.

4. CONCLUSIONS
Conventional crude oil was used to simulate a freshwater−oil
spill and was characterized by both negative-ion Orbitrap-MS
and positive-ion APPI-FT-ICR-MS. Detailed molecular-level
characterization of chemical components improved our
understanding of factors affecting the environmental trans-
formation and fate of the spilled oil. According to negative-ion
ESI Orbitrap-MS data, oxygen-containing species were the
primary compounds observed in the water samples. Changes in
the distribution of Ox-containing components occurred with
increasing levels of oxygen incorporation with the duration of
the spill. Thus, compounds with increasing degrees of
oxidation (e.g., O2, O3, and O4) tended to emerge later in
the spill. The relative abundance of the most-unsaturated
compounds increased with the duration of the spill, consistent
with recalcitrance of such compounds to biodegradation. On
the other hand, positive-ion APPI FT-ICR-MS analysis
provided complementary insights for an improved under-
standing of the weathering of oil spills in freshwater. APPI data
demonstrated an increased abundance of higher-molecular-
weight SOx-class compounds with time, and reinforced
observations from the ESI Orbitrap analysis, mainly the
increase of unsaturated and high-molecular-weight compounds
in later days of the simulated spill. The use of both analytical
techniques on the same sample set leverages the benefits of
both, capturing lower-molecular-weights with Orbitrap, and
larger, more complex molecules with FT-ICR-MS. There are
many complex weathering and transformation mechanisms
occurring after a spill, and this work has provided a more
thorough understanding of the oxidation of hydrocarbons in a
freshwater system.
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