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We identify water-soluble (23 °C) crude oil NSO nonvolatile
acidic, basic, and neutral crude oil hydrocarbons by
negative-ion ESI and continuous flow FD FT-ICR MS at an
average mass resolving power, m/∆m50% ) 550 000. Of
the 7000+ singly charged acidic species identified in South
American crude oil, surprisingly, many are water-
soluble, and much more so in pure water than in seawater.
The truncated m/z distributions for water-soluble components
exhibit preferential molecular weight, size, and heteroatom
class influences on hydrocarbon solubility. Acidic water-
soluble heteroatomic classes detected at >1% relative
abundance include O, O2, O3, O4, OS, O2S, O3S, O4S, NO2,
NO3, and NO4. Parent oil class abundance does not directly
relate to abundance in the water-soluble fraction. Acidic
oxygen-containing classes are most prevalent in the water-
solubles, whereas acidic nitrogen-containing species are
least soluble. In contrast to acidic nitrogen-containing
heteroatomic classes, basic nitrogen classes are water-
soluble. Water-soluble heteroatomic basic classes detected
at >1% relative abundance include N, NO, NO2, NS,
NS2, NOS, NO2S, N2, N2O, N2O2, OS, O2S, and O2S2.

Introduction
Anthropogenic sources and natural seepage from the ocean
floor contribute to the millions of gallons of oil entering the
sea (1). The amount and composition of spilled oil water-
soluble components determine the subsequent aquatic toxic
risk and response. Successful aqueous partitioning requires
overcoming the inability of water molecules to direct their
electric dipole moments toward hydrophobic surfaces.

Despite the overall nonpolar nature of crude oil, some
heteroatom-containing classes nevertheless exhibit water
solubility. Therefore, it is reasonable that heterocyclic
aromatic NSO-containing crude oil species should display
similar water-solubility.

Research on polar water solubles primarily focuses on
naphthenic acids (surfactant-like acyclic, monocyclic, and
polycyclic acids) and pure hydrocarbons (2). Naphthenic
acids are soluble at neutral pH and ionize under slightly
basic solutions such as seawater (2). Up to ∼3% w/w of crude
oil may be acids, of which naphthenic acids are most
abundant (3). Crude oil heterocyclic/aromatic NSO com-
pound characterization and monitoring is fundamentally
necessary for environmental protection, because NSO-
containing compound solubilities are orders of magnitude
greater than those of purely aromatic hydrocarbons. For
example, the aqueous solubility of phenanthrene, a neutral
tri-aromatic hydrocarbon, is 1.1 mg L-1, whereas acridine (a
nitrogen-containing polar basic tri-aromatic) has a solubility
of 46.6 mg L-1 (4). Identification of solubility patterns for
organic NSO heteroatomic basic water-soluble species should
not go ignored, because basic nitrogen species are generally
more toxic than acidic nitrogen compounds (5).

Gas chromatography mass spectrometry (GC-MS) and
low voltage electron ionization Fourier transform ion cy-
clotron resonance mass spectrometry (EI FT-ICR MS) provide
detailed compositional information for volatile (typically low
molecular weight) and nonvolatile (typically higher molecular
weight) polar crude oil compounds (6-8). However, less is
known about the water solubility of petroleum hydrocarbons.
Furthermore, solubility differs between pure water and
seawater environments, because high molar volume or small
or multivalent seawater ions “salt out” hydrophobic species
(9). Here, we apply high-resolution electrospray ionization
(ESI) and field desorption (FD) FT-ICR MS for nonvolatile
(m/z > 225) polar and nonpolar heteroatomic species
compositional characterization of geographically distinct
crude oils and their water-soluble acids, bases, and neutrals.
9.4 T FT-ICR MS (10) attains mass resolving power, m/∆m50%

> 200 000 (∆m50% is the mass spectral full peak width at
half-height) throughout the range, 225 < m/z < 1000, suitable
to differentiate compounds of the same nominal mass, but
different exact mass, at an accuracy to within better than 0.3
ppm (7, 11). Negative-ion ESI selectively generates [M-H]-

quasimolecular ions at atmospheric pressure by deproto-
nation without fragmentation (12, 13). ESI selectively ionizes
nonvolatile acidic and basic species, and low emitter current
FD ionizes nonvolatile neutrals in addition to acids and bases
without extensive ion fragmentation or matrix interference.
FD ionization generates primarily M+. ions and, to a lesser
degree, [M-2H]+. and [M-H]+ ions from samples deposited
on a field ionization emitter and desorbed by an ionizing
electric field and thermal assistance (14, 15). Traditional FD
is a pulsed ionization technique that requires multiple emitter
dosages to accommodate signal averaging. Continuous-flow
FD enables sustained FD ion formation for improved mass
resolution, dynamic range, and signal-to-noise ratio (15, 16).
Positive-ion ESI and continuous-flow FD FT-ICR MS have
proved successful for complex mixture hydrocarbon analysis
(6, 15, 16). In an effort to project general water solubility
profiles of oils for the future, we systematically map het-
eroatom class, aromaticity, and alkylation trend solubility
for heavy North and South American and Middle Eastern
oils in pure water and seawater.
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Experimental Section
See Supporting Information (6, 7, 15-28).

Results and Discussion
Molecular Size and Electrostriction. Figure SI-1 (see Sup-
porting Information) shows isoabundance-contoured Ken-
drick mass defect (KMD) plots based on mass spectra of the
parent oil (left), pure water-soluble acids (middle), and
seawater water-soluble acids (right). KMD plots best illustrate
the extent to which aromaticity (number of rings plus double
bonds, or double bond equivalents (DBE)) influences water
partitioning. KMD vs nominal Kendrick mass (NKM, i.e., the
nearest integer value of the Kendrick mass) for all ions of a
single mass spectrum) concisely displays type (DBE) de-
pendence for complex mass spectra typical for FT-ICR MS
analysis of petroleum derived materials.

The utility of the Kendrick plot is that members of a given
homologous alkylation series (i.e., same heteroatom class
and type (DBE value) but different number of -CH2 groups)
have the same KMD. Thus, members of such a series fall on
a horizontal line, with successive members separated by
exactly 14.0000 Da (Kendrick exact mass of CH2) along that
line (29, 30). Also, Kendrick mass defect increases with DBE,
so that the Kendrick plot gives a simultaneous graphical
picture of the degree of unsaturation (y-axis) and degree of
alkylation (x-axis). In Figure 1, we highlight inside an oval
the Kendrick plot entries for species from the positive-ion
ESI South American crude oil water-soluble bases (The
outlying peaks are from internal calibrants of high mass
defect). The overlay clearly confirms the lower water solubility
with increasing alkylation (i.e., higher NKM for a given
Kendrick mass defect (KMD)). The three parent oils exhibit
widely variable spectral shape, distribution, and composition.
In contrast, the water-soluble fractions share many common
spectral and compositional features, starting with similar
mass range. Despite the large number of highly abundant
high molecular weight species in the parent oils, the water-
soluble species populate a much lower m/z range (upper
mass limit of ∼600 Da in pure water and ∼550 Da in 30 ppt
salinity seawater), presumably due to salt ion water com-
pression (electrostriction) and salt-water complexation. The

most abundant species in each water-soluble fraction,
independent of geographical origin, fall between 300 < NKM
< 400 with a second abundance maximum from 450 < NKM
< 500. [C18H29O3S]- (exact mass 325.1843 Da, DBE 4 SO3)
is the most abundant anion in South American pure water,
South American seawater, and Middle Eastern seawater
soluble acids. Consequently, O3S is the most abundant class.
An additional commonality between the water-solubles is
DBE 11 O2 [C32H43O2]- (exact mass 459.3269 Da). It is the
most abundant ion in the 450 < NKM < 500 segment of the
South American pure water-soluble, South American sea-
water-soluble, and the North American pure water-solubles.
Of the >7000 South American crude oil singly charged
negative ions, we identify 1441 pure water-soluble, and 768
seawater-soluble species; 1800+ pure water-soluble ions of
the 8000 parent oil positive-ion ESI species; and 1205 pure
water-soluble FD ions of the 2171 parent oil ions. The greatly
reduced compositional complexity for the water-soluble
spectra relative to that of the parent oil implies that
heteroatom class, molecular weight, and/or structure sig-
nificantly influence solubility.

Aqueous solubility is inversely related to hydrophobic
surface area (31). Polar functional groups, alkyl branching,
and aromatization decrease hydrophobic surface area,
whereas alkyl chains increase hydrophobic surface area. The
effect is more exaggerated for the seawater sample because
electrostriction decreases the area into which hydrophobes
may solvate between ordered water molecules. The red
highlighted area defining the main seawater-soluble com-
ponents (Figure SI-1 right) is overlaid on the Kendrick plots
for the parent oil (left) and pure water-solubles (middle) for
comparison.

Heteroatomic Class Distribution. Table SI-1 (see Sup-
porting Information) lists the parent crude oil and water-
soluble acidic, basic, and neutral class composition for classes
of g1% relative abundance. Abundance is scaled relative to
the highest-magnitude peak in each mass spectrum, so that
even if the absolute abundance of a given class is the same
for two samples, its relative abundance depends on differ-
ences in the abundances of other species. Ox and OxS
compounds are the most abundant water-soluble classes;
therefore, oxygenated functional groups appear to promote
aqueous solubility. In comparing the NSO classes for the
water-solubles and parent oils, we do not find a direct
relationship between heteroatomic class abundance in the
parent oil and its corresponding water-soluble fractions.
Species of high abundance in the three parent oils are not
necessarily high in abundance for their respective water-
soluble fractions. For example, the positive-ion NO2 class is
only 2% abundant in the North American crude oil but is the
most abundant (26%) in the water-soluble base fraction. We
observe NO2 species in the North American crude oil water-
solubles sample by positive and negative-ion ESI at similar
abundance and the same DBE range of 5-17. The simplest
explanation is that we detect the hydrophilic carboxylic O2

functional group by negative-ion ESI and the pyridinic
functional group in the same molecule by positive-ion ESI.
The high abundance of the NO2 class may relate to the
presence of the highly hydrophilic carboxylic and pyridinic
functional groups in the same molecule.

Pure hydrocarbons compose >80% of the parent oils, and
12-15% O, O2, O4, and S heteroatomic classes. In contrast,
the water-soluble base and neutral fraction FD ions consist
of ∼34-45% pure hydrocarbons and ∼53-59% O, O2, and
O4 classes. Although class abundances do not differ drastically
from one parent oil to the other, DBE and carbon number
distributions are unique to each oil. The near 5:1 HC:NSO
parent oil abundance ratio vs 1:1 HC:NSO water-soluble
fraction abundance ratio indicate preferential class, DBE,
and carbon number water-solubility among neutrals.

FIGURE 1. Isoabundance-contoured Kendrick mass defect vs
Kendrick nominal mass plot for positive ions from a South American
crude oil and its water-soluble bases. An oval highlights the water-
soluble bases and is overlaid on the parent oil Kendrick plot. “Bases
and neutrals” is an operational definition denoting components
obtained by liquid/liquid solvent extraction at pH 12.

Kendrick mass ) IUPAC mass × (14.00000/14.01565)
(1)

KMD ) (NKM - Kendrick mass) × 1000 (2)
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As revealed by FD FT-ICR MS, the parent oils are highly
aromatic: DBE ) 0.5-11 for the South American crude and
DBE ) 0.5-13 for the North American crude oils. We find
an aromaticity limit of DBE e 9 for HC water-solubility with
DBE 2 and 6 C16-30 ions most abundant. For the present
extraction at pH 12, carboxylic and di-carboxylic acids are
completely ionized and not extracted in the base fraction.
Therefore, water-soluble bases and neutral fraction O2 and
O4 ions may include neutral O2 and O4 classes common to
crude oils including di- and tetra alcohols, furans, ketones,
aldehydes, esters, and ethers un-ionized at pH 12. DBE 0.5-6
C14-40 O2 and DBE 1.5-5.5 C15-35 O4 class neutrals are
enriched in the South American crude oil water-soluble
fraction, and DBE 0.5-5 C14-40 O2 and DBE 1.5-5.5 C15-36 O4

class neutrals are enriched in the North American crude oil
water-soluble fraction. DBE 1.5 O2 and DBE 5.5 O4 class ions
are most abundant in each water-soluble base and neutral
fraction. FD ionization produces ions of integer DBE values
by loss of an electron from a neutral, whereas half-integer
DBE ions are produced by FD as [M-H]+. ions.

Pyrrolic vs Pyridinic Solubility. Our negative-ion ESI FT-
ICR MS water-solubility experiments indicate poor water
solubility of pyrrolics (acidic nitrogen) independent of their
abundance in the parent oil (Table SI-1). Moreover, nitrogen-
containing species at >1% abundance are water-soluble only
if an oxygenated functional group is present in combination
with a pyrrolic group (i.e., NOx classes): not surprising,
because carbazole (DBE 9, N class) solute-solvent hydrogen
bonding with water is inefficient because of strong water
molecule self-associations that repel carbazole from the bulk
solvent. Thus, the parent oil heteroatomic classes that survive
in the water-soluble fractions must contain functional groups
that strongly hydrogen bond with neighboring water mol-
ecules (32, 33). However, positive-ion ESI FT-ICR MS reveals
high water solubility for basic nitrogen-containing (pyridinic)
hydrocarbons. Pyridinic vs pyrrolic nitrogen water-solubility
is nicely illustrated in 0.5 Da segments of the negative- and
positive-ion ESI mass spectra for the South American crude
oil and its water-soluble acids and bases in Figure SI-2.
Negative-ion ESI spectra are on the left in Figure SI-2, and
positive-ion ESI spectra are to the right. Parent oil spectra
are plotted normally, and water-soluble spectra are inverted
for comparison. DBE and class labels are shown for peaks
with magnitude higher than 3σ of baseline noise. For the
crude oil, pyrrolic species are highly abundant as negative
ions, whereas pyridinic species are highly abundant as
positive ions. South American crude oil negative ions include
N, NS, and NO classes that are not seen in the corresponding
water-solubles spectral segment. Even at 37% relative
abundance in the parent oil, the negative 15 N class ions are
absent in the acidic water-soluble fraction. Acidic 13C
oxygenated species were most abundant in the acidic water-
solubles 364.0-364.5 Da segment. Pyridinic species dominate
the positive-ion ESI crude oil and water-soluble 364.0-364.5
Da inset. Peaks noted by an asterisk are oxygenated pyridines.
It is reasonable that oxygenated pyridines are low in
abundance in the parent oil spectrum, but enriched in the
water-soluble fraction due to hydrogen bonding with water
molecules.

Among several explanations for differences in pyrrolic vs
pyridinic solubility, specific hydrogen bond interactions are
likely the main factor. Interactions between organic molecule
hydrogen bond acceptors with hydrogen atoms of water
molecules mainly influence partitioning. Pyridinic molecules
contain an easily accessible lone pair of electrons on the
nitrogen atom to interact with hydrogen atoms of water (34).
Pyrollic molecules contain a hydrogen atom bonded to the
nitrogen atom and a lone pair of electrons on the nitrogen
atom to interact with oxygen atoms of water. However,
because of steric hindrance, it is believed that the lone pair

of electrons belonging to the nitrogen atom of pyrollic
molecules is not easily accessible to hydrogen atoms of water,
and pyrrollics are thus less soluble than pyridines (34).

Figure 2 shows van Krevelen plots for South American
crude oil and its water-soluble bases, constructed from
positive-ion ESI FT-ICR MS Nx species. From the assigned
chemical formula for the Nx ions, we plot the H/C ratio vs
the N/C ratio for each observed elemental composition. Thus,
the N/C ratio separates compositions horizontally by com-
pound class (N, N2, N3, etc.) and the H/C ratio separates the
same class but with different type (DBE value) and carbon
number distribution. Ions of the same homologous series
fall along the same diagonal plane with increasing alkylation.
The data shift vertically downward with increasing DBE (i.e.,
increasing aromaticity or a decrease in H/C ratio) (35). Among
all basic Nx classes, N1 species are more prevalent in the
whole oil, whereas N2 species are most prevalent for the water
solubles.

Isoabundance-contoured DBE vs carbon number plots
for the South American crude oil and water-soluble N class
ions are displayed in Figure SI-3. We emphasize DBE and
carbon number solubility limits, by highlighting the oval
region enclosing the water-soluble N class ions and overlaying
it on the parent oil plot in Figure SI-3 (left). The positive-ion
ESI water-soluble N class species span the range, 6 < DBE
< 13 and C22-28, i.e., only a small fraction of that for their
parent oil N class ions, 4 < DBE < 20 and C25-55. Similarly
(not shown), the water-soluble North American crude oil N
class positive ions range from DBE 6 < DBE < 15 and C20-36,
i.e., a fraction of the range for their parent crude oil, 5 < DBE
< 20 at C25-48. We do not expect the DBE range for the water-
soluble bases to extend as high as for basic species in the
parent crude oils because solubility decreases as aromati-
zation increases (36). South American crude oil C32-40 DBE
9 N class ions are most abundant, whereas C22-30 DBE 9 N
class water-solubles are most abundant. For the nitrogen-
containing heteroatomic classes, the South American crude
oil and water-solubles most abundant species share the same
DBE values; however, the water-solubles span only about
one-quarter of the carbon number distribution range of the
parent oil. The North American crude oil and its water-soluble
fraction follow the same pattern.

Ox Classes. The South American crude oil has a carbon
number distribution of C19-45 and DBE range 4-27 for the
O1 class. We observe DBE 4-13 C23-40 pure water-soluble,
and DBE 12-13 C22-33 seawater-soluble O1 ions at low ion
abundance. O1 class ions are presumably phenols because
electrospray ionization selectively ionizes phenolic species
(37). Furthermore, phenolic species exhibit DBE values g4,

FIGURE 2. Relative isoabundance-contoured van Krevelen plots
for Nx positive ions from a heavy South American crude oil and its
water-solubles.
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consistent with the lowest DBE range for O1 ions from each
sample. Low molecular weight short chain (C0-C3) alkyl
phenols are extremely soluble in water, as evident in
petroleum formation waters (38). However, a C13 alkyl phenol
is the lowest molecular weight (275.23796 Da) O1 class ion
we observed in the South American crude oil. C13 alkyl phenols
fall outside the typical water solubility range observed by
Bennett et al. (39). Indeed, we observed only slight water-
solubility for phenolics (Table SI-1).

We observed significant enrichment (relative to the parent
oil) of O2, O3, and O4 classes in the pure water and seawater
(Table SI-1) suggesting preferential solubility related to
molecular structure. Compared to all crude oil O2 compounds
(i.e., diols, aldehydes, esters, etc.), carboxylic acids are most
toxic because of their low volatility (40). ESI selectively ionizes
these toxic acids, which occupy wide H/C distributions in
the water-soluble fractions, an indication of preferential water
solubility. We further examine the type and carbon number
dependence of the parent oil and corresponding water-
soluble O2 compounds through isoabundance-contoured
plots of DBE vs carbon number (Figures 3 and 4). South
American crude oil (Figure 3, left) O2 species include C14-C44

fatty acids (DBE 1) and acids with up to five aromatic cores
(DBE 17). Low molecular weight fatty acids, monocyclic, and

dicyclic naphthenic acids (DBE 1-3) are the most abundant
species in the parent oil. Interestingly, the parent oil and
pure water-soluble fraction (Figure 3, middle) O2 species span
the same DBE range, but with markedly different relative
abundances. Aromatic acid solubility is favored over naph-
thenic acid solubility in both the pure water and seawater
solubles fractions. In fact, the 11 O2 [C32H43O2]- tri-aromatic
acid is the most abundant ion of the O2 class in the South
American pure water-soluble and the North American pure
water-soluble acids. Despite the high abundance of particular
di- and tri-aromatic acid ions, overall the 1 O2 fatty acids are
the most abundant O2 type overall for the South American
seawater-soluble, South American pure water-soluble, and
the Middle Eastern seawater-soluble acids. However, the 11
O2 type is most abundant in the North American pure water-
soluble acid fraction because of [C32H43O2]- at unusually high
1.78% relative abundance. Finally, the 1 O2 fatty acids type
is the second most abundant type of the O2 class in the North
American pure water-soluble acid fraction. Note that the
abundances of ions in the mass spectrum of water-soluble
species are not necessarily directly proportional to their
abundances in the parent oil.

At DBE 1-3, C18-32 O2 species are more soluble in seawater
relative to C20-41 for pure water. Salting out increases with
the addition of naphthenic rings and increased alkyl carbon
chain length. However, ∼C31 DBE 5-7 O2 species are soluble
in pure water. The truncated DBE and carbon number
distributions for the O2 class in seawater are not surprising,
in view of the 5-fold increase in hydrophobicity of di-(2-
ethylhexyl) phthalate (oxygenated polar hydrocarbon) in
seawater relative to freshwater (31). However, seawater
accommodates DBE 1 (fatty acids), short-chain DBE 8 (di-
aromatic acids), and short-chain DBE 11 (tri-aromatic acids).
For medium Arabian crude oil seawater-soluble and North
American crude oil pure water-soluble negative-ion ESI O2

species, the DBE vs Cn profiles (see Figure 4) show similar
solubility trends and electrostriction effects. In prior naph-
thenic acid extraction from freshwater via oil sands hot water
extraction, only acids at DBE 1-7 C14-33 were identified (2).
Here, we expand the identification with high-resolution FT-
ICR MS and find that di- and tri-aromatic acids are soluble
as well.

The South American crude oil is low in O2 species, whereas
the O2 class is highly abundant in its seawater soluble acid
fraction. Likewise, the O2 class is most abundant for North
American and Middle Eastern Crude oils, but is greatly
reduced in their water-soluble acid fractions. On the other
hand, the O2 class is established both here and elsewhere as
a highly water soluble heteroatomic class. What then are the
physical parameter(s) or abiotic conditions that determine
solubility? The North American parent oil is most abundant
in di-cyclic acids (DBE 3). However, aside from the peak at
DBE 11, the most abundant species in its water-soluble
fraction are DBE 1 fatty acids, even though they are less than
1% abundant in the parent oil. South American crude oil,
lowest in the O2 class abundance, is most abundant in low
molecular weight eC20 DBE 1 fatty acids (Figure 3, left). In
contrast, the Middle Eastern and North American oils are
low in abundance for low DBE O2 species <C22 (Figure 4),
reflecting low solubility in the water-soluble fraction. There-
fore, we infer that oils highly abundant in low carbon number
fatty acids (i.e., South American crude in Figure SI-3) generate
water-soluble fractions relatively enriched in the O2 class.

S and OxS Classes. We find negative-ion OS, O2S, O3S,
and O4S species ranging widely from long alkyl chain acyclic
to polyaromatics in the parent oil. In contrast, both water-
soluble fractions are limited mainly to O3S species; OS, O2S,
and O4S classes are very low in abundance and have short
alkyl chain distributions relative to the parent oil. Figure 5
shows the parent oil and water-soluble O3S and O4S DBE vs

FIGURE 3. Relative isoabundance-contoured plots of double bond
equivalents vs carbon number for O2 class compounds in a heavy
South American crude oil, pure water-solubles, and seawater-
solubles. Highly alkylated O2 species soluble in pure water
preferentially “salt out” in seawater.

FIGURE 4. Relative isoabundance-contoured plots of double bond
equivalents vs carbon number for O2 ions from a North American
and a Medium Arabian crude oils and their water-solubles.
Polyaromatic O2 are less soluble in seawater than in pure water,
indicating the “salting out” of those organic species in seawater.
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carbon number distributions. DBE 1 and DBE 4 O3S species
are most abundant in the parent oil, whereas DBE 4 O3S
species are most abundant in the water-soluble fractions
and DBE <4 O3S species are absent. The O3S class structure
is currently unclear. They may represent polyhydroxylated
or carboxylated thiophenes, sulfoxides, or linear alkylbenzene
sulfonates (LAS) (34, 41). LAS (DBE ) 4) are the commercially
and domestically widest-used surfactants in the detergent
industry and are highly soluble. Blanks collected from the
extraction equipment and vials used for sample storage
showed no detectable polar species. Thus, the suspected LAS
species do not arise from sample contamination.

Surfactants such as LAS are amphiphilic molecules that
self-assemble into quasi-micelles, normal micelles, inverted
micelles, and mixed micelles for the enhanced solubility of
less polar compounds in aqueous systems, and below their
critical micelle concentration by pseudomicelles (CMC) (42).
Crude oils possess many surfactant species (e.g., metallic
salts, organic acids, organic bases, and organometallics)
capable of self-assembly so as to promote water-in-oil
emulsions (inverted-micelles), and water solubility (normal,
quasi-, mixed micelles) (43). In fact, at elevated pH, naph-
thenic acids and their soaps form micelles in the aqueous
phase, thereby increasing the solubility of low-polarity
compounds (44). Because of their high abundance, O3S ions
in the water-soluble spectra are most likely LAS species, due
to known high solubility of standard LAS compounds.
Therefore, the suspected surfactant ability of DBE >4 O3S
species may enhance and explain the solubility of the
polyaromatic and long alkyl chain species seen here.
Moreover, DBE <4 O3S species in the parent oil are most
likely carboxylated and polyhydroxylated thiophenes.

The parent oil O4S class and O3S class (Figure 5) DBE vs
carbon number distribution profiles are similar. We find DBE
0-14 C12-42 O4S species in the parent oil, with DBE 1-5 C15-37

O4S species most abundant. Molecular size and structure
regulate O4S species solubility in pure water and seawater.
The red border in Figure 5 highlights the limited DBE 1-8
C16-27 O4S class solubility in seawater (right), for comparison
to the DBE vs carbon number plots for the pure water-solubles

(middle), and the parent oil (left). The significant reduction
in abundance of O4S species in the DBE 1-9 C16-36 range for
seawater relative to pure water attests to seawater salting
out effects. However, some O4S species in the narrow range
of DBE 1-5 C16-22 are present in both the pure water and
seawater-soluble fractions. O4S species may be aromatic
sulfur-containing carboxylates (i.e., phenylthio and phenyl-
sulfonyl carboxylates). Yin et al. state that the dominant
factors for aqueous solubility of organosulfur compounds
are the carboxyl group that hydrogen bonds with water
molecules, the electron-donating ability to water molecules,
and hydrophobic surface area (45). Their work illustrates
increased hydrophobicity for molecules of larger volume and
thus larger hydrophobic surface area (45). A similar effect is
visible in Figure 5 by the absence of O4S water-soluble species
at the higher carbon numbers and low DBE values seen in
the whole crude oil.

Positive-ion multi-heteroatom sulfur-containing com-
pounds are prevalent in the distilled water-soluble fraction
of each crude oil (Table SI-1). The South American crude oil
water-soluble bases include the following basic sulfur-
containing species in order of increasing abundance: NS2,
OS, O2S, NO2S, NOS, NS, and O2S2. The South American crude
oil and water-soluble fraction nitrogen-sulfur and oxygen-
sulfur compounds exhibit similar carbon number distribu-
tions, but different DBE distributions. NxSy compounds are
polyaromatic, whereas OxSy compounds are less aromatic.
The O2S2 class (DBE 2-8 and C11-31) is second most abundant
of all classes in the South American crude oil water-soluble
base fraction.

In positive-ion ESI FT-ICR MS, South and North American
crude oil water-soluble base O2S2 compounds are protonated
and sodiated OxSy ions. The sodium adduct, potassium
adduct, and proton-bound dimer OxSy species have previously
been reported as sulfoxides by positive-ion ESI FT-ICR MS
in diesel fuel and petroporphyrins (6, 46). The nature of the
presently observed O2S2 compounds is not entirely clear. To
test for the presence of O2S2 dimers, trapped ions were
subjected to infrared multiphoton dissociation in the ICR
cell. No fragmentation occurred, as in similar IRMPD
experiments by Hughey on model compound sodiated,
protonated, and potassium-bound sulfoxide dimers. There-
fore, we infer that the present OxSy-containing species may
also be sulfoxides. We find O2S2 species of DBE 2-7 in the
North American and DBE 2-8 for the South American crude
oil water-soluble bases. FT-ICR and other mass spectrometric
studies suggest that positive-ion OxSy ions are linear sulfoxides
rather than aromatic sulfur species due to low DBE (6, 47).

Benzothiophene (DBE 6), dibenzothiophene (DBE 9), and
5-carboxybenzothiophene exhibit water solubility (17, 48).
Carboxythiophenes are acidic, and therefore, not extracted
into our water-soluble base and neutral fraction. Sulfur
compounds observed in the oils and not in the water-soluble
fractions presumably represent mercaptans, thiophenes, and
polycyclic and polyaromatic thiophenes (based on their DBE
1-10 distribution in the parent oils). The ion optics of our
FD instrument limits the transmission of ions below m/z
200, such as benzothiophene and dibenzothiophene. How-
ever, alkylthiophenes and alkylpolyaromatic thiophenes of
significant carbon chain length fall within the detectable m/z
range. We observe North American crude oil DBE 6 C23-33

and DBE 9 C25-28 ions, and South American crude oil DBE
6 C20-45 and DBE 9 C25-36 S class ions. For benzothiophenes
(C8) and dibenzothiophene (C12) core structures, North
American crude oil benzothiophenes have C15-25 alkyl carbons
and dibenzothiophenes have C13-16 alkyl carbons. Similarly,
South American crude oil benzothiophenes have C12-37 alkyl
carbons and dibenzothiophenes have C13-24 alkyl carbons.
Oil neutral organic water solubility experiments by Ali report
alkylbenzothiophene and alkyldibenzothiophenes solubility

FIGURE 5. Relative isoabundance-contoured plots of double bond
equivalents vs carbon number for O3S and O4S ions in a heavy South
American crude oil, pure water-solubles, and seawater-solubles.
The most saturated members of this class are highly abundant in
crude oil but are negligibly water-soluble. As in Figure 1, the
seawater-soluble region is outlined in red in all three plots.
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in trace amounts relative to alkylbenzenes, alkylphenols, and
other neutral molecules solubility (17). The absence of alkyl
monosulfur compounds of long carbon chain length in our
results supports that finding. The South American crude oil
water-soluble fraction is not completely devoid of sulfur
species. We see the O2S2 class at 0.8% abundance. O2S2 class
South American crude oil water-soluble base ions are the
only positive-ion electrospray ionizable species detected by
FD FT-ICR MS, yet second most abundant for positive-ion
ESI classes (Figure SI-3). Moreover, at 0.2% abundance, North
American crude oil water-soluble NO2 ions are the only
positive-ion electrospray ionizable species detected by FD
FT-ICR MS, even though they are the most abundant for
positive-ion ESI classes, suggesting a close direct relationship
between positive-ion ESI ionization efficiency for the O2S2

and NO2 classes and actual concentration within the basic
polar fraction of petroleum samples.
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