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ABSTRACT

On December 9, 2014, ~94 000 gallons of furnace oil spilled into the Shela River in
Bangladesh, a designated World Heritage Site by the United Nations Educational, Scientific
and Cultural Organization. It was the largest recorded oil spill in the Sundarbans region.
Visually, furnace oil appears similar to heavy fuel oil, but little is known about its
composition even though it is heavily utilized worldwide. A shift in global oil production to
heavier, less well-known feeds (i.e.,, heavy oil and bitumen) requires molecular-level
knowledge for efficient response, damage assessment, and restoration in the event of any
oil spill. However, little is known about the chemical composition of furnace oil in chronic
and acute releases. For the first time, we catalog the molecular-level composition of a
relatively unknown furnace oil collected immediately after the 2014 Bangladesh spill and
compare it to a well-characterized intermediate fuel oil (IFO) spilled in Texas City, Texas
(U.S.A)) in March 2014. Through a combined technique approach, we apply comprehensive
two-dimensional gas chromatography (GCxGC) analysis and Fourier transform ion
cyclotron resonance mass spectrometry (FT-ICR MS) to contrast the unknown furnace oil to
IFO. Combined, these techniques capture the continuum of oil components and access the
less volatile, highly complex non-GC amenable compounds. GCxGC analysis provides
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biomarker signatures that suggest the furnace oil likely originated in the Middle East and is
a refined product. We further compared the furnace oil with the Arabian light crude from
Middle East origin (WP681) and revealed remarkable similarities between the two oils.
Simulated distillation for the furnace oil showed that 42% of the oil mass is not volatile
below 478 °C (equivalent to C40; the upper limit for GC-based techniques), whereas the IFO
contained 38% of the total mass >C40. Furthermore, FT-ICR MS extends the carbon number
range and unlocks the molecular composition of non-GC amenable compounds.
Atmospheric pressure photoionization (APPI) and electrospray ionization (ESI) FT-ICR MS
resolve and identify tens of thousands of molecular formulas in each oil and report furnace
oil composition similar to whole heavy crudes. To the best of our knowledge, this is the first
report of the detailed compositional characterization of any furnace oil.

KEYWORDS: Bangladesh Qil Spill, furnace oil, petroleomics, APPI, FT-ICR
MS, GCxGC, fuel oil, and heavy oil spills.



Introduction

On December 9th, 2014 the transport tanker Southern Star VII released
~94,000 gallons of furnace oil into the mangrove-lined Shela River
(Sundarbans, Bangladesh).1 The Sundarbans region includes the largest
contiguous mangrove forest in the world and is home to rare and protected
species such as the Irrawaddy and Ganges river dolphins and the Bengal tiger.
It is designated as a World Heritage Site by the United Nations Educational,
Scientific and Cultural Organization (UNESCO)1 (Figure S1). Less than three
days after the spill, the oil had spread over 350 km2 and had reached a second
river and canal network and produced black shoreline. The oil released severely
contaminated the Shela and Passur River, small creeks, canals and forest floor,
which compromised the food web and threatened aquatic.2-5 Natural
degradation of this highly viscous, heavy oil will occur slowly, and residual oil
will be persistent for years.6 Earlier in 2014, the Kirby 27706 vessel released
~168,000 gallons of intermediate fuel oils (IFOs, RMG-380) into Galveston Bay
(Texas, USA), the second largest volume oil spilled in the Gulf of Mexico after
the Deepwater Horizon oil spill in 2010.7, 8 IFOs are more viscous than most
crude oils and contain a high proportion of residual oil, and leads to prolonged
contamination in the environment.9

The term furnace oil refers to any dark, viscous residual fuel obtained by
blending heavy residues from a distillation unit with lighter residues and clarified
oil from a fluid catalytic cracker unit. Therefore, furnace oils cover a wide range
of crude oil products and blends, from relatively light number 2 (bunker A) fuel
oils to heavy number 6 (bunker C) fuel oils.8-12 Little is known on the molecular
composition of the furnace oil spilled in the Sundarbans region in 2014, or how
long the oil will persist in the region.13, 14 Marzan et al., isolated and
characterized hydrocarbonoclastic bacteria from the contaminated site and
determined the potential for degradation, but little is known about the oll
chemical composition.15 A multi-national response team organized by the
United Nations Environment Programme (UNEP) and the Government of
Bangladesh recovered a sample of the cargo oil from the tanker shortly after the
accident. Preliminary gas chromatography (GC) analysis reports a highly
viscous, high boiling, degraded product due to the absence of Ilow
molecular-weight hydrocarbons (cutting oil) compounds that are readily
degraded (e.g. evaporation, dissolution). The detection of 2-methyl anthracene
indicates that the furnace oil contains a refined product.14

The first step in mitigating the impact of an oil spill is to characterize the oil
based on gas chromatography, either coupled to a flame ionization detection
(GC-FID) or mass spectrometer (GCMS). 16-22 Heavy oils, however, such as
heavy fuel oil (HFO) and intermediate fuel oils (IFO), challenge GC-based
techniques due to the inherent low volatility of heavy, highly polar compounds
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that comprise a large percentage of the total mass.9, 23-25 For example, Uhler
et al. analyzed geographically distinct HFO and IFOs based on GC and
reported a wide range of physcial and chemical properties due to the inherent
polydispersity in their chemical composition, despite all being HFO or IFO.21
However, both IFO and HFO are blended products and not surprisingly, contain
a large mass fraction of compounds above C40 from refinery residues that are
blended with lighter distillates, and GC can only access a subset of the total
composition of these oils.24-26 FT-ICR MS, however, extends the carbon
number range (up to C120) without the volatility limitations characteristic of
GC-based techniques.27-30 High boiling, heavy crude oil fractions challenge
nearly all analytical techniques, and only FT-ICR MS can provide compositional
characterization at the level of elemental composition assignment and provides
access to high-boiling compounds.28, 30-35

As global oil production shifts to heavier crudes and blended feedstocks, the
likelihood of accidental spills increases worldwide as heavier products are
transported from remote areas of the world to local refineries and power
plants.36 The highly active, constant tanker traffic and plans to construct new
industrial facilities in the Sundarbans region require a robust chemical inventory
of furnace oil to provide effective remediation, planning, spill response, and
restoration efforts to protect the sensitive ecosystems. To the best of our
knowledge, we detail the first molecular-level, comprehensive characterization
of furnace oil spilled into the marine ecosytem derived. Through bulk elemental
analysis combined with advanced analytical characterization, comprehensive
two dimensional gas chromatography (GCxGC) analysis and FT-ICR MS, we
juxtapose furnace oil spilled in Bangladesh to IFO spilled in Texas City to detail
furnace oil composition.

Materials & Methods

Sample Collection. Furnace oil spilled in December 2014 (Bangladesh furnace
oil) was provided by Mr. Gary Shigenaka from the NOAA. The source oil of the
2014 Texas City oil spill (Texas City IFO) from the cargo ship was provided by
Professor Edward Overton (Louisiana State University).

Elemental Analysis. Bulk elemental analysis of Bangladesh furnace oil and
Texas City IFO was measured on a Thermo Finnigan Elemental Analyzer
(FLASH EA 112; San Jose, CA). Complete experimental methods can be found
in the Supporting Information.

Viscosity. The viscosity measurement was performed on a microVISC
viscometer ((RheoSense Inc., CA, USA) at 25 °C. We have precision
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High-Temperature Simulated Distillation (HTSD). HTSD was performed by
Triton Analytics Corporation (Houston, TX, USA) according to ASTM method
D7169.?° HTSD is a GC-technique that uses a flame ionization detector (FID) to
determine the weight percent composition of an oil sample as a function of
boiling point.?® This method provides the mass fraction that is volatile within a
boiling point range (cut point interval). It provides a means to determine the
crude oil type and content of individual fractions. Samples containing
compounds with carbon numbers up to C,,s can be characterized. By
operational definition, HTSD provides the inventory of compounds that are
amendable to traditional GC and GCxGC analysis used in forensic analysis and
compounds above C,, are better suited for FT-ICR MS.

GCxGC-FID and GCxGC-TOF MS Analysis. Texas City IFO and Bangladesh
furnace oil were analyzed by GCxGC-FID and GCxGC-TOF MS as previously
described.?” Chromatographic peaks were tentatively identified based on
retention times in both dimensions and mass spectral matches (above 80%
similarity; NIST/EPA/NIH 05 Mass Spectral Library). See the Sl for detailed
methods.

FT-ICR MS.

Sample Preparation. All solvents used were HPLC grade (JT Baker Chemical
Co., Centre Valley, PA). Approximately 1 mg of oil was dissolved in 1 mL of
toluene to prepare a stock solution (1 mg/mL) that was further diluted to 100
pg/mL for positive ion atmospheric pressure photoionization (APPI), and 500
pg/mL for electrospray ionization (ESI) FT-ICR MS analysis spiked with 4% (by
volume) formic acid (positve mode)® or 0.25% (by volume)
tetramethylammonium hydroxide (CAS n. 75-59-2, TMAH, 25% by weight in
methanol, negative mode) to ensure efficient protonation/ deprotonation. Mass
spectra were calibrated with custom-built software (MIDAS). Peak assignments
and data visualization were performed with PetroOrg software.?® lonization
source conditions and detailed experimental conditions are provided in the Sl.

Results and discussion

The most critical bulk properties characteristics of a crude oil or refined product
are viscosity, density, APl gravity, elemental composition, and boiling-point
distribution36 Table 1 summarizes the bulk property comparison for the two oils.
Unfortunately, there was no sufficient furnace oil sample for density and
viscosity measurements for the furnace oil.

Kinematic Viscosity. Kinematic viscosity is the ratio of the absolute viscosity to
the density and is traditionally used to classify marine fuels. The viscosity of
Texas City IFO is 157 mm2/s at 50°C which suggest that it can be classified as
IFO 180 (Intermediate fuel oil with a maximum viscosity of 180) according to
ISO 8217.36



Density. Density measurements provide a rough estimation of the content of a
particular petroleum fluid at a standard temperature, reported as grams per
cubic centimeter.36 Marine fuels must have a density that allows them to be
separated from the water during purification process before use. The density for
IFO is 0.9773 g/m3 at 15 °C (Table 1) which is similar to a standard
intermediate fuel oil (ISO 8217, IFO 380, RMG 35).

API Gravity. American Petroleum Institute (API) gravity is another parameter to
measure the density of liquid petroleum products relative to water. The lower
the density of the oil, the higher it's API gravity, which suggests the petroleum
product contain more lower-boiling fractions (i.e., the Macondo source oil with
an API gravity of about 37 is considered a light oil).45, 46 In this study, the API
gravity of Texas IFO is measured at 13.2. Heavy (low API gravity) are more
resistant to dispersion.46

Table 1. Elemental analysis of Bangladesh furnace oil and Texas City IFO.

Bangaldesh |85.9+ 1.31° | 11.2+0.18 0.2+0.01 2.39+0.02 0.73+0.03
furnace oil

Texas City [ 87.1£0.40 [ 10.5+0.02 0.4+0.07 0.67+0.07 0.91+0.02
IFO

& average weight percentage by mass
b standard deviation based on quadruplicate analyses

Elemental Analysis. Table 1 shows elemental weight percentage differences in
carbon, hydrogen, nitrogen, oxygen for the furnace oil and IFO. Typically, IFOs
contain low percentages of sulfur, nitrogen and oxygen compounds, although
IFO 180 and IFO 380 can have a maximum sulfur content of 3.5% according to
ISO 8217. The IFO contains nearly twice the amount of nitrogen compared to
the furnace oil (0.4+£0.07 and 0.2+0.01, respectively), with slightly higher oxygen
content in IFO (0.91+0.02) relative to furnace oil (0.73+0.03). Sulfur content,
however, is over three times higher in the furnace oil (2.39£0.002) compared to
the IFO (0.67+0.07). Sulfur presents a host of challenges for upgrading of heavy
crude oil due to its recalcitrance, and combustion of sulfur-rich fuels is linked to
increased mortality and morbidity in local regions.47, 48 Sulfur must be
removed prior to refining strategies through hydrodesulfurization to minimize
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sulfur dioxide emissions that occur in combustion reactions with organic
sulfur.49-53

Boiling Point Distribution by Simulated Distillation. The assessment of boiling
points that constitute any petroleum fluid released into the environment is
instrumental for determination of the distillate yields to design remediation
strategies.36, 50, 54 One way to determine the boiling point distribution of a
crude oil is to run a simulated distillation to determine the type, content and
amount of distillate fractions, critical to ascertain longterm impact on marine
ecosystems.28, 37, 55, 56 Figure 1 shows the boiling point distribution
recovered as a function of oven temperature for both oils. Less than ~7% of the
total mass of furnace oil is recovered at 350 °C compared to ~25% for the IFO.
As the oven temperature increases (400 °C), 36% of the IFO is recovered, but
only 14% of the furnace oil. At oven temperature of 459 °C, half of the mass of
IFO is recovered, whereas half of the furnace oil is not recivered until 502 °C.
Therefore, the majority of the compounds for both samples are not volatile
below 400 °C, the upper temperature limit of most traditional GC columns.29

GCxGC. GCxGC has many advantages over conventional 1D GC, specifically
higher peak capacity that increases the signal-to-noise ratio and orthogonal
separation that groups chemical classes into distinct regions in the
two-dimensional chromatographic plane, and has been applied to petroleum
characterization in both oil production and oil spill research.16, 24, 45, 56-58
Figure 2 shows GCxGC-FID chromatograms for furnace oil (top) and IFO
(bottom). Briefly, compounds separated based on volatility in the first dimension
(x-axis), labeled based on elution of pure n-alkane standards and separated by
relative polarizability in the second dimension (y-axis). Branched isoprenoid,
and normal alkanes elute first in the second dimension and group along the
x-axis (bottom of the chromatogram). Polar, aromatic compounds are retained
by the second-dimension column and elute after alkanes (top of the
chromatogram). The furnace oil contains an abundance of alkanes between
C22-C36 and a low proportion of aromatic compounds compared to the more
aromatic IFO with majority of alkanes between C8-C18 due to its intrinsic
blended nature (Figure 2b). In addition, the cumulative total mass recovered
from the simulated distillation is overlayed on the GCxGC chromatogram,
further highlighting that ~53% of the total mass of material contains compounds
that can be accessed by GCxGC (up to C38), and 60% of IFO compounds are
accessed by GCxGC. Therefore, ~42% of the furnace oil compounds and 38%
of IFO compounds are not volatile below 478 °C (equivalent to C40) and are
thus undetected in GC techniques.
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Biomarker Fingerprinting. Environmental and petroleum geochemistry studies
rely mainly on analysis of petroleum biomarkers, in particular individual steranes
and pentacyclic triterpanes (e.g., hopanes) are particularly useful for the
differentiation of crude oils and the characterization, fingerprinting, and
monitoring of the degradation processes. Steranes and hopanes are natural
organic compounds that are highly resistant to degradation under environmental
conditions produced by ancient organisms (eukaryotes and prokaryotes
correspondingly) millions of years ago. Figure. 3 shows zoomed inset
GCxGC-FID chromatograms of the biomarker region from (a) Bangladesh
furnace oil and (b) Texas City IFO. Both of these refined petroleum spills contain
common and unique biomarkers (Figure S2, S3) that can aid source
identification of the released product. List of biomarkers abbreviations, names,
formulas, and atomic mass data are provided in Table S1.

Hopanoids. For example, the Texas City IFO and Bangladesh furnace oil both
contain a suite of hopanoids that are commonly found in crude oils worldwide.
The Texas City IFO also contains 25-norhopanoids, 8,14-secohopanoids, and
robust sesquiterpenoids. The presence of 25-norhopanoids suggests that the
refinery feedstock for this IFO may have included crude oil from a reservoir that
was severely biodegraded.59, 60 The presence of a suite of
8,14-secohopanoids in the Texas City IFO provides further evidence of a
biodegraded petroleum feedstock as these compounds are frequently found in
biodegraded crude oils, asphalts, and bitumens.59, 61-63

Methyl Hopanoids. In addition to the suite of normal hopanes, methylhopanoid
analogs, likely derived from cyanobacteria are identified in the Bangladesh
furnace o0il.64 The methyl hopanoids are tentatively identified as
2a-methyl-hopanoids based upon (a) elution position relative to the normal
hopanes and (b) by mass spectral similarities to 2a-methyl-hopanoids (Figure 3,
Figure S2).64 The presence of 2a-methyl-hopanoids combined with a robust
17a(H),21B(H)-30-norhopane peak (NH) with an NH/H ratio of > than 1.2, and
17a(H),21B(H)-29-norhomohopane (29-nor-HH) point to the Middle East as the
origin of the Bangladesh furnace oil.

Comparison to Light Crude. To explore similarities and or differences between
the furnace oil spilled in Bangladesh and crude oil from the Middle East, a light
crude oil from Saudi Arabia was also analyzed. Figure 4 is a side by side
comparison of Arabian Light Crude (The United States Environmental
Protection Agency’s standard reference material, WP681) and Bangladesh
furnace oil that shows a striking similarity between the hopanoid biomarkers
released during the Sundarbans Bangladesh spill and the EPA Arabian Light
Crude standard (EPA WP681). Biomarkers are molecular fossils derived from
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the remains of deceased organisms that provide information about the source of
the organic carbon in petroleum forming sediments/source rocks along with
clues to the depositional environment (what the environmental conditions were
like during sedimentary deposition and burial).59 Biomarkers also chronicle
molecular diagenesis transformations and provide information about the thermal
history of a crude oil as biomarker molecules rearrange to more stable
configurations during geologic heating. Biomarkers can also provide information
about the geologic age of a crude oil, for example; flowering plant biomarkers
such as oleanane may be present in crudes younger than 65 million years but
are absent in pre-angiospermogenesis age crude oils. Thus, varying
depositional environments (marine, tidal, lacustrine) combined with varying
diagenesis, burial, and geologic heating (thermal maturity transformations)
regimes produce unique biomarker profiles which are of great forensic value in
differentiating petroleum sources worldwide.65

Hopanoids. A quantitative comparison of thirty-two hopanoid and
2a-methyl-hopanoid biomarker ratios (Figure S4) highlights the similarities
between the furnace oil hopanoids and these same compounds in Arabian Light
Crude. 2a-methyl-Ts coeluted with an unknown compound in both the furnace
oil and the EPA WP681 standard. This unknown compound was not found in
the Texas City IFO, and thus the presence of the unknown in both the furnace
oil and Arabian Light Crude provides further evidence that the origin of the
furnace oil was from the Middle East.

Norhopanes. The presence of C29-Ts is worth discussing in the context of
measuring norhopane, also present and abundant in the furnace oil. C29-Ts and
norhopane generally co-elute on 30 meter GC columns and many oil spill
researchers inadvertently integrate both of these peaks together yielding
erroneously high norhopane concentrations. This compromises the comparison
of ratios of both norhopane and C29-Ts with all other biomarker compounds.
Figure S5 shows a zoomedin view of a GCxGC-FID chromatogram of
Bangladesh furnace oil and highlights the chromatographic resolution between
NH and C29-Ts. Although GCxGC expands the analytical window beyond
conventional GC, by increasing peak capacity approximately 10 fold, the high
proportion of compounds heavier than n-C40 highlights the necessity of using
complementary techniques to analyze the remaining oil content.

Molecular Characterization of Furnace Oil and IFO Requires Ultrahigh
Resolution FT-ICR MS. APPI. APPI produces protonated and radical cations
from nonpolar and polar compounds simultaneously, and when coupled to
FT-ICR MS has been applied to heavy crude oils, its refinery residues,
asphaltenes, and deposits.30, 33-35, 66-70 Figure S6 shows broadband
positive-ion APPI FTICR mass spectra of the Texas City IFO (Figure S6a) and
Bangladesh furnace oil (Figure S6b) with absorption-mode resolving power of
1,500,000 at m/z 500 is sufficient to resolve and identify more than ~21,000
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mass spectral peaks (each with signal magnitude greater than six-times the
baseline noise level) in the IFO and ~34,00 peaks in the furnace 0il(200 < m/z <
1100).71, 72 The previous characterization of heavy distillates shows that as
the boiling point increases, the molecular weight distribution shifts to higher
molecular weight.30, 54, 73-75 However, both the IFO and furnace oil contain a
wide range of compounds of varying boiling points and span approximately the
molecular weight distribution. For the blended IFO, a bimodal distribution occurs
between m/z 250-450 that corresponds to the low boiling, more aliphatic cutting
oil and the more aromatic, higher boiling residue between m/z~350-950.
However, the furnace oil distribution ranges from ~250<m/z<1000, centered at
m/z 425, in agreement with previous reports of whole heavy crudes. A slight
increase in compositional complexity occurs in the furnace oil, which contains
more higher boiling compounds compared to the IFO, and correspond to higher
molecular weight species.73 The molecular distribution of furnace oil indicates
that its composition resembles a whole, heavy crude oil, rather than the blended
IFO; however, the presence of 2-methyl anthracene by GC analysis indicates a
refined product.14

Heteroatom Class Distribution. lonization in APPI produces radical cations and
protonated ions from aromatic functionalities and is well-suited for heavy boiling
crudes and blended oils.24, 52, 76, 77 Figure 5 shows the heteroatom class
distribution for all detected species of >0.25% relative abundance in the APPI
FT-ICR mass spectra for the furnace oil and IFO. Compounds containing a
single S atom were the most abundant in the furnace oil, whereas hydrocarbon
compounds were the most abundant in the IFO, as expected since furnace oil
contains more than three times the mass of sulfur (by weight) than IFO,
followed by hydrocarbons and S2. Multiheteroatomic compounds, such as
S101 and S102, and oxygen-containing polar species have higher boiling
points due to increased intermolecular attraction and therefore are enriched in
high boiling, heavy crudes. Heavy crudes and bitumens are rich in
sulfur-containing species, with heteroatom class distributions similar to the
furnace 0il.30, 33 The higher relative abundance of sulfur-containing classes
and lower relative abundance of nitrogen-containing corroborate the results of
bulk elemental analysis in Table 1.

Hydrogen Deficiency versus Carbon Number. The tens of thousands of
elemental compositions obtained from FT-ICR MS can be rapidly visualized in
three dimensional isoabundance colorcontoured plots of carbon number versus
double bond equivalents (DBE, the number of rings plus double bonds to
carbon DBE = C-h/2+n/2+1, calculated from each elemental composition,
CcHhNNOo0Ss)78, or hydrogen-to-carbon ratio calculated from the neutral
elemental composition.29, 35 Figure 6 shows DBE (left) and H/C ratio (right)
versus carbon number from elemental compositions determined by APPI
FT-ICR MS for members of the hydrocarbon, S1, S2 and O1 classes in each oil.
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Conversion of elemental compositions derived from APPI FT-ICR MS to DBE or
H/C ratio provides rapid visualization and comparison of the aromaticity (DBE)
and degree of hydrogen deficiency (H/C ratio) of compounds within a
heteroatom class. Relative abundance-weighted average carbon number, DBE
and H/C ratio derived from neutral elemental compositions obtained for
molecular ions are shown for each class. For a given carbon number,
aromaticity for polyaromatic hydrocarbons (PAHs) cannot exceed a maximum
value that increases linearly with higher carbon number as shown by the red
dashed line in each panel.79, 80

Hydrocarbons. The relative-abundance weighted average DBE and carbon
number for hydrocarbon (HC) compounds in both samples are fairly similar, with
both samples containing an average C40-C41 and DBE 15 (furnace oil) and
DBE 16 (IFO). However, the most HC abundant compounds in the furnace oil
(denoted by red arrows) contain a range of DBE values (8-16) across C30-C36
similar to a whole Middle Eastern crude oil, whereas IFO counterparts have a
more narrow DBE range (15-16) across C25-C26 similar to products that
contain cutting oils and residues (e.g. HFO).24, 33 The bimodal distribution in
the IFO corresponds to the cutting oil (more aliphatic, higher H/C ratio) and the
heavy distillate (more aromatic, lower H/C ratio), whereas the furnace oil spans
similar compositional space as heavy crudes.30, 33

Sulfur. For S1 compounds in both samples, the most abundant compounds
contain C40 with DBE 14 (furnace oil) and 15 (IFO). Two regions of high relative
abundance (hot spots) appear in the furnace oil between C27-C33 at DBE 6
and DBE 9-15, which correspond to benzothiophene (DBE 6),dibenzothiophene
(DBE 9) and dinaphthothiophene (DBE 15) core structures with
alklysubstitution. DBE 10-15 likely correspond to cyclohexane and cycloalkane
intercalated analogues. Compounds that contain a single sulfur in the IFO of
highest relative abundance correspond to DBE 15 and C22-C23 and
correspond to condensed aromatic rings with minimal alkylation compared to
IFO counterparts. As noted for the HC class, the most abundant S1 compounds
in the furnace oil contain a range of DBE (6-15) values across ~C28-C34,
whereas the most abundant S1 in IFO have narrow DBE values (15-17) and
C25-C28. Compounds that contain two sulfurs (S2) are less abundant in the
IFO as noted in bulk elemental analysis (Table 1) and heterotaom class
distribution (Figure 5) for both oils contain DBE 16 across a similar carbon
number range but are less abundant in the IFO.

Test of the Boduszynski Continuum. Because petroleum composition is
continuous in carbon number, heteroatom content, aromaticity as a function of
boiling point, crude oils that are distillate products can be identified from whole
crudes based on compositional trends.30, 33, 54, 73-75, 81, 82 Briefly, each
addition of a heteroatom from hydrocarbon to S1 or N1 or O1 results in a
decreased of 2-3 carbons per molecule to remain in the same boiling point
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range (i.e., defined distillation ranges). Therefore, comparison of the carbon
number of highest relative abundance for hydrocarbons to S1 would decrease if
the sample was a distilled product, as previously reported.8 However, no
decrease in carbon number occurs from hydrocarbons to S1, which indicates
that neither sample is solely the result of distillation (i.e., a product with a
defined upper and lower boiling point) (Figure 6). However, GC analysis
indicates that the furnace oil is a refined product due to the presence of
2-methyl anthracene, with composition similar to Middle Eastern heavy crude oil
based on APPI FT-ICR MS.14, 33

Acidic Speciation by Negative-ion ESI FT-ICR MS. Polar species, in particular,
acidic compounds, are potentially water-soluble and therefore environmentally
relevant to assess oil spill toxicity.83-89 Acidic compounds, specifically the
carboxylic acids, represent the most polar fraction of crude oil and are therefore
the least volatile. With the increase in carbon number, volatility for compounds
with carboxylic acid moieties decreases, and characterization relies on
electrospray ionization that can generate quasi-molecular ions through
protonation and deprotonation reactions.90, 91 Figure S7 shows the
heteroatom class distribution for acidic species derived from negative-ion ESI
FT-ICR MS analysis for the two samples. Modification of a conventional ESI
solvent system with tetramethylammonium hydroxide (TMAH) significantly
increases the compositional coverage for weakly acidic and neutral species in
crude 0il.92 The most abundant compound class detected by negative-ion ESI
for both oils correspond to pyrrolic nitrogen (N1), followed by O1 in the IFO and
hydrocarbons (HC) in the furnace oil. Sulfur classes (N1S1) and S1 are more
abundant in the furnace oil than IFO, in agreement with previous reports on
Middle Eastern crudes.

Aromaticity versus Carbon Number and H/C Ratio. Figure S8 shows
isoabundance color coded contoured plots of DBE and H/C ratio versus carbon
number for the acidic hydrocarbons (HC), pyrrolic nitrogen (N1), phenols (O1)
and carboxylic acids (0O2) for both samples. Relative-abundance weighted
averages are labeled for each class in red, in addition to the planar stability limit
(red dashed line). Five-Member Ring Hydrocarbons.

Five-membered ring fused to flanking six-member aromatic hydrocarbon rings
(e.g., C-9 in fluorine) can be deprotonated in TMAH-modified solvent
systems.29, 92 The most abundant five-member ring hydrocarbons in the IFO
correspond to DBE =12 at C20, and DBE 15 at C24, likely benzofluorene and
dibenzofluorene structures.92 A single hot spot occurs in the furnace oil at DBE
15 and C24, with alkylsubstitution detected up to C60 in both samples.

Pyrrolic Nitrogen. The most abundant compounds in the IFO and furnace oil
contain one nitrogen (N1), and correspond to five-membered ring (pyrrolic)
nitrogen, the most recalcitrant nitrogen compound class reported in petroleum

12


https://structures.92
https://systems.29
https://reactions.90

refining and upgrading.93-95 Pyrrolic nitrogen, in particular, has lower reactivity
than sulfur counterparts and therefore increased recalcitrance in the
environment.95

Pyrrolic  nitrogen compounds in both samples contain relative
abundance-weighted average carbon number (C39-C40) and DBE (16) with
carbon number distributions up to C60.

Phenols Carboxylic Acids. Phenolic compounds are deprotonated and more
efficiently ionized in negative-ion ESI with TMAH solvent modification. The most
abundant members of the O1 class in the furnace oil contain C39 with an
average DBE=15, corresponding to an H/C ratio of 1.5. Compounds that
contain a single oxygen in the furnace oil correspond to two structural groups:
aromatic furans with high DBE values that approach the planar stability limit,
and aliphatic phenolic compounds at low DBE.80 At DBE = 4, which could
correspond to four-cyclic biomarker compounds (e.g., sterane or diasteranes),
the most abundant compounds occur at C26, C28, C30, C32, C34, and C36,
likely could indicate C26 steranes with varying length alkylsubstitution.

Carboxylic Acids The O2 class identified by negative ESI FT-ICR MS for crude
oil corresponds to the most polar chemical functional group, the carboxylic
acids. Both the furnace oil and IFO contain O2 compounds across a range of
carbon numbers and a DBE values from 1 (fatty acids) to 20-25. The blended
IFO contains a higher abundance of O2 compounds compared the furnace oil,
and indicates a polar, acid rich residue to create the blended product. One area
of high abundance in the furnace oil corresponds to C28 at DBE 8, which could
correspond to hopanoic acid.

Nitrogen Speciation: Pyridinic versus Pyrrolic Nitrogen. Electrospray ionization
selectively targets polar compounds through protonation and deprotonation
reactions and speciates pyridinic versus pyrrolic nitrogen based on polarity.27
Figure S9 shows pyridinic nitrogen (N1, top) detected by positive-ion ESI
compared to the pyrrolic nitrogen (N1, bottom, negative ESI) for both samples.
For pyridinic nitrogen compounds native to the furnace oil (top, left), the
relative-abundance weighted average carbon number (C41) and DBE (15)
convert to an average H:C ratio of 1.4, and IFO basic nitrogen contain C53 and
DBE 17 (H:C ratio 1.5). These compounds likely correspond to
dibenzoacridine-type compounds (DBE 16) and its analogs. Figure S9 (bottom)
highlights the five-member ring nitrogen compounds selectively targeted in
negative-ion ESI FT-ICR MS. Furnace oil and IFO pyrrolic N1 compounds
contain approximately the same weighted average carbons per compound with
DBE between 12-15, which correspond to benzocarbazole structures.
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m CONCLUSIONS

Here, we present the first molecular-level characterization of furnace oil
released into the environment in 2014, and compare bulk properties and
composition to an IFO spilled within the same year. Furnace oil contains more
than 3.5 times the amount of sulfur compared to IFO, and is more similar in bulk
elemental composition to whole, heavy crude. Compounds that had boiling
points above 500 °C comprise more than half the total mass of the furnace oil,
whereas half the mass of IFO was volatile at 450 °C. Both oils contain a high
proportion of non-GC-amenable compounds that are accessible by FT-ICR MS
coupled to APPI and ESI ionization. Comprehensive GCxGC MS to identify
biomarker signature in furnace oil and comparison to Arabian Light crude
standard indicates that the furnace oil origin is from the Middle East. We
catalogue a suite of biomarkers for the furnace oil spilled in Bangladesh to
provide future studies to track and identify this oil from other spilled sources.
FT-ICR mass spectral analysis extends the characterization to more 55,000
nonpolar aromatic and polar compounds. Compositional complexity in
Bangladesh furnace oil converts to a ~60% increase in the number of mass
spectral peaks detected and assigned across the same molecular weight range
(200-1000 m/z) compared to IFO. The most abundant heteroatom class in the
furnace oil corresponded to sulfur-containing compounds that spanned a wide
carbon number and aromaticity range similar to bitumen and heavy crudes.
Furthermore, the blended nature of HFOs and IFOs creates bimodality in
molecular composition that can be visualized in DBE vs carbon number image
and was not observed in the furnace oil. GC identification of 2-methyl
anthracene indicates that the furnace oil contains some fraction of a refined
product, and FT-ICR MS confirms that it is not a true distilled product.
Collectively, these results converge on furnace oil composition similar to heavy
whole crude from the Middle East rather than a blended product, important to
mitigate the impact of future spills with proper and efficient remediation
strategies.
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Figure1. Simulated Distillation (ASTM D-7169)
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Figure 1. High temperature simulated distillation for Bangladesh Furnace Oil
(blue square marker) and Texas City IFO (red circle marker) analyzed by Triton
Analytics Corp, showing percentage removed as a function of temperature. For
the furnace oil, half of the mass of the furnace oil is recovered at 502 °C,
whereas half the mass of the IFO is recovered at a lower temperature (459 °C).
For both samples, ~97% of the total mass was recovered at 732 °C.
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Figure 2. GCxGC-FID chromatograms of the (a) Bangladesh furnace oil and
(b) Texas City IFO. First dimension axis is expressed in terms of n-alkane
carbon number and the corresponding cumulative mass recovered at each
carbon number in the HTSD analysis.
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Figure 3. An enlargement of the biomarker region of the GCxGC
chromatogram of Bangladesh furnace oil and Texas City IFO. This portion of the
chromatogram features the diasteranes, steranes, and hopanoids. The labeled
peaks include the hopane and 2a-methyl hopane series in the Bangladesh
furnace oil along with C,,-diasterane (DiaC,;fa-20S), and 8,14-secohopane.
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Figure 4. GCxGC-FID comparison of the hopanoid compounds from the
Bangladesh furnace oil spill and Arabian Light Crude (EPA WP681).
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Figure 5. Comparison of hopanoid and 2a-methyl-hopanoid biomarker ratios
from Arabian Light Crude and Bangladesh furnace oil. Peak integration data
was collected from GCxGC-FID chromatograms. Comparison of thirty-two peak
ratios indicates that the furnace oil spilled in the Sundarbans (Bangladesh)
share many similar chemical attributes with crude oil from Saudi Arabia.
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Figure 6. GCxGC-FID mountain plot of Bangladesh furnace oil showing the
resolution between 17a(H),21B(H)-30-norhopane (NH) and
18a(H),21B(H)-30-norneohopane (C,-Ts) and GCxGC-TOF mass spectra for
each compound.
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Fig.7 Positive-lon APPI FT-ICRMS at 9.4 Tesla
m/Amsy, = 1,500,00 at m/z 500
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Figure 7. Broadband positive-ion APPI FT-ICR mass spectra at 9.4 tesla for the Texas City IFO
(a) and Bangladesh furnace oil (b). The blended IFO distribution highlights a bimodal
distribution that corresponds to the low molecular weight cutting oil (250<m/z<450) and
higher molecular weight residue (450<m/z<950). Although often a blended product, the

furnace oil distribution is centered at m/z 425 similar to whole heavy crudes.
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Figure 8. Heteroatom class distribution for all detected species of >0.25% relative abundance in
Bangladesh furnace oil and Texas City IFO derived from positive-ion APPI FT-ICR MS. HC
denotes molecules containing only hydrogen and carbon.
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Figure 9a Figure 9b
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Figure 9. Isoabundance-contoured plots of double bond equivalents (DBE, left) and H/C ratio
(right) vs. carbon number for the hydrocarbon, S1, S2 and O1 classes obtained from
positive-ion APPI FT-ICR MS of Bangladesh furnace oil (a) and Texas City IFO (b). Relative
abundance-weighted average carbon number, DBE and percentage relative abundance
calculated from elemental compositions are shown in red for each heteroatom class.
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Figure 10 Heteroatom Class Distribution Derived from
Negative-lon ESI FT-ICRMS at 9.4 Tesla

30 1
[ Bangladesh Furnace Oil

N
[3)]
L

B Texascity IFO

N
o
L

% Relative Abundance
> o

HC N, N.O, N,O, NS, N, 0O, 0SS, O, S,
Heteroatom Class

Figure 10. Heteroatom class distribution for all detected species of >0.25% relative abundance
in Bangladesh furnace oil and Texas City IFO derived from negative-ion ESI FT-ICR MS.
HC denotes molecules containing only hydrogen and carbon.
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Figure 11a Figure 11b
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Figure 11. Isoabundance-contoured plots of double bond equivalents (DBE, left) and H/C ratio
(right) vs. carbon number for the hydrocarbon, N;, O, and O, classes obtained from
negative-ion ESI FT-ICR MS of Bangladesh furnace oil (a) and Texas City IFO (b). Relative
abundance-weighted average carbon number, DBE and percentage relative abundance
calculated from elemental compositions are shown in red for each heteroatom class.
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Figure 12 Furnace Oil
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Figure 12. Isoabundance-contoured plots of DBE vs. carbon number for the N, class obtained
from positive-ion (top) and negative-ion (bottom) electrospray ionization FT-ICR MS.
Negative-ion ESI FT-ICR MS selectively ionizes pyrrolic nitrogen through deprotonation,
and positive-ion ESI produces protonated molecular ions from pyridinic nitrogen.
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