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Abstract

The detailed molecular characterization of petroleum-related samples by
mass spectrometry, often referred to as petroleomics, continues to present
significant analytical challenges. As a result, petroleomics continues to be a
driving force for the development of new ultrahigh resolution instrumenta-
tion, experimental methods, and data analysis procedures. Recent advances
in ionization, resolving power, mass accuracy, and the use of separation meth-
ods, have allowed for record levels of compositional detail to be obtained for
petroleum-related samples. To address the growing size and complexity of
the data generated, vital software tools for data processing, analysis, and vi-
sualization continue to be developed. The insights gained impact upon the
fields of energy and environmental science and the petrochemical industry,
among others. In addition to advancing the understanding of one of nature’s
most complex mixtures, advances in petroleomics methodologies are being
adapted for the study of other sample types, resulting in direct benefits to
other fields.
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1. INTRODUCTION

Energy sustainability and environmental protection for the provision of natural resources are now
the priority of many researchers, particularly in light of meeting human development goals upon
which the global economy and society depend (1). The depletion of fossil fuel reserves and the
environmental impact of the petroleum industry present challenges requiring deep scientific com-
prehension. Crude oil and natural mixtures such as organic matter in soil and water, bio-oils,
and lignin are characterized by their extraordinary chemical complexity and molecular diversity.
Therefore, their composition at the molecular level cannot be determined by conventional analyt-
ical techniques. The comprehensive analysis of complex mixtures is of pivotal importance for the
understanding of petroleum refining, exploration, and extraction, and the effects of this human
activity on different ecosystems.

Detailed chemical and molecular compositional profiles can be obtained using mass spectrom-
etry (MS) operating with sufficiently high resolution and mass accuracy. Therefore, ultrahigh
resolution (UHR) mass spectrometers are indispensable tools for complex mixture analysis.
Currently, Fourier transform ion cyclotron resonance (FTICR) mass spectrometers possess the
highest performance capabilities in terms of resolution and mass accuracy, followed by Orbitraps,
and multiple-pass time-of-flight (TOF) mass spectrometers (2). The improvements in UHR
MS technologies and subsequent development of data analysis methods have been a crucial
component in the development of the field of petroleomics, defined as the analysis of petroleum
at the molecular level, to understand its properties and reactivity (3-5). Regardless of the ana-
lytical advances, a vast array of challenges and questions remain unsolved in petroleum-related
research areas. In this review, we cover the recent analytical challenges, tools, and developments
encountered in the analysis of complex chemical systems.

1.1. Ultrahigh Resolution Mass Spectrometry

Ultrahigh resolution mass spectrometers are indispensable tools for the analysis of complex mix-
tures, such as petroleum. Their performance characteristics afford detailed compositional profiles,
with many thousands of unique molecular assignments obtained from a single spectrum.

1.1.1. Principles of operation. In order to be detected, a sample must be vaporized and ion-
ized, producing gas-phase ions that can be analyzed according to their mass-to-charge ratio (7:/2),
where the total charge (¢) is equal to the number of charges (z) multiplied by the charge of an
electron (e). A mass spectrum is produced by plotting abundance (as signal intensity) against 72/z.
In general, a mass spectrometer consists of a sample introduction system, an ion source, an an-
alyzer, and a detector. The combination of those systems defines the analytical capabilities (re-
solving power and mass accuracy) of the mass spectrometer. Here, some key concepts are briefly
discussed; detailed reviews of UHR MS can be found elsewhere (2, 6-8).

To date, the sample introduction system most widely used in petroleomics is direct infusion.
Some advantages of this method include minimal sample preparation, rapid analysis, and a wide
number of compounds detected in a single experiment. As a consequence of the high complexity of
crude oils, it is becoming increasingly common to perform offline or online separations of sample
analytes prior to analysis by MS. Some of these systems include gas chromatography (GC), liquid
chromatography (LC), supercritical fluid chromatography (SFC), pyrolizer/GC, and trapped ion
mobility spectrometry (TIMS), among others (3).

Ions may be produced through a number of different mechanisms. Depending on the ion-
ization source and polarity, radical ions (M** or M~*), protonated [M+H]*, and deprotonated
[M-H]~ species are typically detected in the mass spectra. Two of the most regularly used
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ionization sources for petroleomics analysis include electrospray ionization (ESI) and atmo-
spheric pressure photoionization (APPI). The remarkable softness of the ESI source makes
electrospray suitable to ionize polar species with high molecular weight, which led to the title
of the Nobel lecture “Electrospray Wings for Molecular Elephants” (9). In the case of APPI, a
UV light source, typically a krypton discharge lamp emitting 10-eV photons, is used to ionize
the sample that is commonly dissolved in a mixture of solvents that include toluene to assist the
ionization of the analytes. Ionization sources are discussed further in following sections.

Once generated, ions are discriminated according to their #7/z value in the mass analyzer. In
FTICR MS the ions are transferred into an ion cyclotron cell (Penning trap) embedded in a con-
stant high magnetic field (6). Orbitrap mass analyzers can be considered as variants of a Kingdon
trap, where the ions oscillate around a central electrode between two outer electrodes (7). There-
fore, in FTICR MS the ions with the same 72/z will have a fundamental oscillation frequency (w.)
or cyclotron frequency that depends directly on the magnitude of the magnetic field (B) and is in-
versely proportional to the 7/z (Equation 1) (6), while the frequency of the harmonic oscillations
of the ions in an Orbitrap depends inversely upon the square root of the 72/z value and directly to
the field curvature (%) (Equation 2) (10). Note that the charge, ¢, shown in Equations 1 and 2, is
determined by multiplying the number of charges, 2, by the charge of an electron, ¢; in this way,
m/q is related to the measured 7/z:

B

w, = q—, 1.
m
q

= |—. 2.
@ mk

FTICR and Orbitrap mass spectrometers are examples of Fourier transform MS instruments (11).
An image current of the ions is detected as a function of time and recorded as a composite sum
of sinusoidal waves with different frequencies called free induction decay (FID) or transient (8).
A Fourier transform is applied to the signal to convert to the frequency domain, followed by a
calibration of the signal with respect to the 7/z domain. Once the frequency domain is converted
to 72/, a mass spectrum is produced.

1.1.2. Mass accuracy and resolving power. Complex natural mixtures may contain many hun-
dreds of thousands of molecular compositions with close mass differences within clusters per nom-
inal mass, normally extended over a wide mass range (12). Mass accuracy is important for confident
assignment of individual molecular compositions within a mass spectrum. The mass error (in parts
per million, ppm) is defined by Equation 3. UHR MS can achieve mass accuracy at the sub-ppm
or even parts-per-billion (ppb) level (13, 14):

MMexperimental — ?theoretical

Mass error = x 109, 3.

Miheoretical

"To achieve a high mass accuracy, it is also essential to resolve a peak of interest from compositions
of similar 72/z. For instance, a mass split of 0.1 mDa must be resolved in order to assign unique
molecular compositions up to 500 Da for species containing C, H, N, O, and S (15). The mass
resolving power of FTTICR mass spectrometers and Orbitraps is defined according to Equations 4
and 5, respectively (2, 6).
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in which % and T are a peak width constant and the acquisition time of the signal, respectively.
Equations 4 and 5 illustrate that, for a chosen 72/z range for an experiment, the resolving power
in both instruments decreases as the #/z increases. Thus, in a traditional experiment, where a
wide m2/z range of compositions is detected in a single mass spectrum, the resolving power and
mass accuracy decrease with 7/z (6, 8). Equations 4 and 5 also show that the resolving powers of
FTICR and Orbitrap instruments are proportional to acquisition time. As shown in Equation 6,
the acquisition time can be increased by acquiring larger data set sizes (IN) (normally in megawords
such as 4 M, 8 M, and so forth) or by reducing the sampling frequency (f;) (determined by the
low m/z cutoff for detection, where lower 7:/z values correspond to higher frequencies:

N
T==—. 6.
e

2. PETROLEOMICS TOOLS
2.1. Kendrick Mass Defect

With sufficient resolving power and mass accuracy, it is possible to determine the composition
of complex mixtures at the molecular level. The elemental compositions define the composi-
tional space that is the unique, characteristic signature, also called a fingerprint or profile, of
the sample (12). An example of the molecular mass distribution of a crude oil can be found in
Figure 1.

Use of Kendrick mass defect (KMD) greatly aids complex mixture analysis. The Kendrick
mass scale (16) exploits the 14.01565 Da (CH,) alkyl repeat unit to sort members of the same
heteroatom class and double bond equivalents (DBE) (17) into homologous series. Examples of
patterns depending upon a difference of CH, and H; can be found in Figure 1. The Kendrick
mass and KMD can be calculated using Equations 7 and 8, respectively:

Exact Kendrick mass = IUPAC mass x (14/14.01565), 7.

KMD = (nominal Kendrick mass — exact Kendrick mass). 8.

Plotting KMD against nominal Kendrick mass yields a plot with vertical separation of compo-
nents, differing by heteroatom classes and DBE, and a horizontal separation based on alkylation
(compositions separated by CH,) (18). Recently, KMD analysis was extended to polymer research
(19) by using the exact mass of the relevant repeat unit as the reference mass to calculate defects
and further developed with the use of fractional base units (20). This has allowed the visualization
of complex mass spectra in resolution-enhanced KMD plots (21). The use of mass defect analysis
has been also used in metabolomics (22) and mass remainder analysis (MARA) for an elemental
compositional assignment algorithm (23).

2.2. Categorization

Elemental compositions are commonly assigned using the form C.H,N,,O,S;, where ¢, h, n, o and
s are the numbers of the respective elements. The compositions are then categorized according
to () heteroatom class, () DBE, and (¢) carbon number. For instance, species corresponding to
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Figure 1

(@) Mass spectrum in absorption mode of a NIST crude oil obtained by positive-ion APPI FTICR MS. (b)) Homologous series of
species separated by 14.01565 Da and 2.01565 Da, typical of petroleum-related substances. () Enlarged region at nominal mass 72/z
479, showing selected assignments, class designations, and common mass splits. The mass difference of 3.37 mDa corresponds to C3
versus H4S, and the mass difference of 1.1 mDa corresponds to C4 versus '3C H;S. Abbreviations: APPI, atmospheric pressure
photoionization; FTICR MS, Fourier transform ion cyclotron resonance mass spectrometry; NIST, National Institute of Standards and
Technology.

class HC have general molecular formulae C.Hy, species including only two sulfur atoms would
be designated to class S,, and so forth; ion types are also reflected, where the tag [H] is sometimes
used to denote protonated or deprotonated species, while an absence of this tag indicates radical
ions. The DBE of each composition is calculated using Equation 9:

h n
DBE=c¢— -+ - +1. 9.
¢ 3 + 3 +
Petroleomics data are typically presented in four main plot types: heteroatomic class contribution,
DBE versus carbon number (4) (Figure 2), KMD versus nominal Kendrick mass (16, 18), and
van Krevelen plots of H/C versus O/C ratios (24, 25). Van Krevelen plots have been extended
to three-dimensional (3D) space, with the third dimension used for the relative peak intensity
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Figure 2

Petroleomics plots obtained using data shown in Figure 1. () Heteroatom class distribution and (5) double bond equivalent (DBE)
versus carbon number for the S class. The projection above the DBE plot shows the carbon number distribution of the Sy class, while
the projection to the right of the DBE versus carbon number plot represents the total intensity contribution at each DBE. Species with
a DBE of 6 and 9 are detected at higher relative abundance, a trend commonly observed in the Sy class.

(26) or an additional ratio axis (27), which allows the H/C, O/C, and N/C ratios to be compared
simultaneously.

2.3. Complex Organic Mixtures

Petroleomic tools have been utilized in the analysis of crude oil and their fractions (3, 4, 13),
dissolved organic matter (DOM) (28-31), biofuels (32, 33), oil sands (34), bitumen (35, 36), and
lignin (37, 38), with a wide range of related studies that include environmental applications. The
main complex mixture types may be summarized briefly as follows.

m Crude oils: A mixture of thousands of compounds in which the major elements are carbon
(85-95%) and hydrogen (10-14%), followed by sulfur (0.2-3 %), nitrogen (<0.1-2%), and
oxygen (1-1.5%), plus trace organometallic compounds. Crudes can be separated into four
fractions: saturates, aromatics, resins, and asphaltenes (SARA), depending on their solubility
and polarity (39). Extra-heavy crude oils, with specific gravity lower than the density of water
(or less than 10° American Petroleum Institute gravity) (40), are one of the largest reserves
of oil and can contain 40-60% vacuum residue (a fraction with boiling point >540 °C or
540+ atmospheric equivalent temperature) (41).

m Bio-oils: A sustainable source of energy, biomass-derived fuels can be generated from
lignocellulosic materials (42). The fuel produced is a complex mixture of oxygenated and
nonoxygenated hydrocarbons. Its properties include low calorific value, high oxygen and
water contents, low pH, low stability, and immiscibility with conventional petroleum (32).

m Natural organic matter (NOM) and DOM: Products of plant and animal tissue decay
that may be found in soil, sediments, and natural water, or as aerosol in the atmosphere
(43, 44). NOM consists largely of carbon, hydrogen, and oxygen, and contributions from
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heteroatoms such as nitrogen, sulfur, and phosphorus are found in minor traces (12). DOM
may be defined as the components capable of passing through a 0.45-pm filter pore (43).
DOM is predominantly found in oceans but may also be detected in terrestrial sources
such as biomass, soil, and plant litter before being transferred to waterways. Assessing the
composition of NOM and DOM is a pivotal environmental and ecological concern and can
aid the understanding of global carbon and other elemental cycles (43).

m Oil sands: A natural mixture of clay, sand, water, and bitumen. Bitumen is highly viscous
and immobile in reservoir conditions (45, 46). The production of synthetic oil engenders
a high cost and considerable impact on the environment; 2—4 barrels of water are required
to produce 1 barrel of oil (47), with the water subsequently stored in expansive on-site tail-
ings ponds (48). One of the major areas of environmental concern is therefore oil sands
process-affected water (OSPW), a complex mixture that includes polycyclic aromatic hy-
drocarbons (PAHs), naphthenic acids (INAs) known to be toxic to aquatic organisms, and
trace elements (e.g., metals and metalloids). Short- and long-term sustainable water man-
agement practices, such as recycling and remediation, are required while minimizing the
effects on human health and the natural environment.

3. ANALYTICAL CHALLENGES

The primary analytical challenges for complex mixture characterization can be summarized as
follows:

m Ionization: As a consequence of chemical complexity, comprehensive characterization re-
quires the use of a combination of ionization methods.

m Resolving power and mass accuracy: Unique assignments can only be attained if composi-
tions with very small mass difference can be separated from one another.

m Isomer separation: MS coupled to prior separation is required to differentiate structural
isomers of species with the same elemental composition.

m Data handling and visualization: The growing size and complexity of the data necessitate
that software and new visualization tools need to be developed.

A time line summarizing selected advances in the field of petroleomics is shown in Figure 3.

3.1. Ionization

A variety of ionization sources have been used for the study of petroleum (49) and petroleum-
related substances (50); two of the most commonly used are ESI and APPI. In ESI, a solution is
passed through a capillary, at a high voltage, forming charged droplets. The solvent component
of the droplet evaporates, concentrating the charge; once the charge exceeds the Rayleigh limit,
the droplet dissociates generating charged ions. ESI generally ionizes more polar components:
basic polar species in positive (+) mode and acidic polar species in negative (—) mode. In APPI
the sample solution is vaporized and then absorbs photons emitted by a discharge lamp, forming
ions. APPI ionizes a wider range of compounds than ESI (49), including nonpolar compounds.
Other atmospheric pressure ionization methods have been used to perform petroleomics anal-
yses, including atmospheric pressure laser ionization (APLI) (51-53). In APLI, radical species
predominate, and the technique ionizes a broader range of compounds than ESI, with sensitiv-
ity toward nonpolar aromatic hydrocarbons (52). In atmospheric pressure chemical ionization
(APCI), the compounds are ionized by a corona discharge needle after desolvation. APCI has been
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Figure 3 (Figure appears on preceding page)

Summary of the main developments in UHR MS instrumentation, data processing, and visualization. A summary of the total individual
elemental compositions, the smallest mass splits, and oil spill events are also reported. The developments of UHR MS instrumentation
and data analysis have been of pivotal importance for the development of new fields, the analysis of more complex samples, and further
insights into the isomeric composition of complex mixtures. From 17,000 compositions in a crude oil reported in 2004 to almost a
quarter of a million compositions reported in 2019, crude oils have proved to be the most complex natural organic composition,
challenging FTICR MS capabilities and promoting new analytical methods and software developments. References for this figure can
be found in the Supplemental Materials. Abbreviations: APCI, atmospheric pressure chemical ionization; APPI, atmospheric pressure
photoionization; ARN, high molecular weight naphthenic acids; ASAP, atmospheric solids analysis probe; CID, collision-induced
dissociation; DART, direct analysis in real time; DI, direct infusion; DOM, dissolved organic matter; EI, electron ionization; ESI,
electrospray ionization; FAIMS, high field asymmetric waveform ion mobility spectrometry; FTICR MS, Fourier transform ion
cyclotron resonance mass spectrometry; GC, gas chromatography; GCxGC, two-dimensional GC; HPLC, high-performance liquid
chromatography; IMS, ion mobility spectrometry; IRMPD, infrared multiphoton dissociation; KMD, Kendrick mass defect; LC, liquid
chromatography; LIAD, laser-induced acoustic desorption; mol wt, mean molecular weight; NOM, natural organic matter; OCULAR,
operation at constant ultrahigh resolution; OSPW), oil sands process-affected water; PAH, polycyclic aromatic hydrocarbon; UHR MS,
ultrahigh resolution mass spectrometry; WAEF, water accommodated fraction.

Supplemental Material >

commonly used when coupling GC (54, 55), and APCI generally ionizes less-polar and smaller
molecules than EST (12).

Hertzog et al. (50) used a combination of ESI, APPI, and laser desorption ionization (LDI)
methods for the analysis of bio-oils. ESI, APPI, and LDI were found to ionize more highly sat-
urated compounds, more unsaturated compounds, and compounds with intermediate saturation,
respectively. Although LDI can ionize a wide range of crude oil species, it is well known that
high laser fluence leads to greater fragmentation and accompanying formation of carbon clusters
(fullerenes) characterized by 24-Da separations (56, 57).

Laser-induced acoustic desorption (LIAD) utilizes laser pulses fired onto the rear side of a tita-
nium foil, with sample deposited on the other side. The laser pulses generate acoustic waves that
vaporize the samples as neutral molecules, which can then be ionized by electron bombardment
or chemical ionization (58). The technique may be particularly useful for analyzing samples of
lower volatility and has been applied to the analysis of asphaltene molecular weight distributions.

Atmospheric solids analysis probe (ASAP) ionization has been used for analysis of crude oils and
paraffins by TOF MS (59, 60). ASAP provides a rapid analysis without any sample preparation,
as the sample can be applied directly to the glass capillary probe of the source. The ionization
mechanism in ASAP is analogous to APCI with both protonated and radical ions formed.

In addition to the ionization method selected, the ionization polarity used in an experiment
determines the ions observed. Additionally, ion suppression and matrix effects can change the
ionization profile of a sample. Peru et al. (40) showed that solvent pH has a significant impact on
the class distribution of naphthenic acid fraction compounds detected by (—) ESI MS. In a series of
chromatographic separations used to assess ionization selectivity, Rodgers et al. (61) demonstrated
that a range of ionization methods preferentially ionize the lower molecular weight species (62).

3.2. Resolving Power and Mass Accuracy

The resolving power and mass accuracy are defining performance characteristics of UHR mass
spectrometers. As instrumentation continues to advance and capabilities increase, ever-greater
compositional understanding of complex mixtures is afforded.

3.2.1. UHR MS developments. The mass accuracy and resolving power of FTICR mass
spectrometers can be increased by increasing the strength of the superconducting magnet. In

early 2018, the first two 21 tesla (T) instruments to be brought into operation were applied to the
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analysis of complex mixtures. The literature demonstrated a resolving power of 2,700,000 at 7/
400 with a 6.3-s-length transient and absorption mode (63), and a resolving power of 1,200,000
at m/z 393 with a 3-s transient and magnitude mode (64).

An alternative approach to increase resolving power was presented by Nikolaev and coworkers
in 2012 (65). The new dynamically harmonized ICR cell design (ParaCell) compensates for inho-
mogeneities, extending the detection time and, in consequence, increasing the resolving power.
The ParaCell is currently implemented in Bruker Daltonics’ solariX XR, solariX 2xR, and sci-
maX, and in the 21 T FTICR mass spectrometer located at the National High Magnetic Field
Laboratory (65, 66). FTICR mass spectrometers can now operate using quadrupolar 2w) detec-
tion; while conventionally two electrodes are used for detection, quadrupolar detection utilizes
four electrodes. Instrumentation equipped with 2w detection can therefore offer double resolu-
tion for a set acquisition time or equivalent resolution in half the time, making it particularly well
suited to hyphenation with chromatographic methods. Cho et al. (67) demonstrated the use of a
7 T FTICR equipped with 2w detection for the analysis of crude oil, achieving a mass resolving
power of 1,500,000 at 7/z 400. The 7 T FTICR instrumentation equipped with 2w detection was
also used for hyphenated GC experiments by Thomas et al. (55) for profiling of environmental
contaminants in soil core samples from Staten Island, and for hyphenated LC experiments by Kim
et al. (68) for the analysis of NOM.

Orbitrap instruments continue to advance, with the recent development of the MegaOrbitrap
analyzer achieving favorable performance comparable to a 7.2 T FTICR instrument (69) for the
analysis of petroleum samples. Specifically, a resolving power (in absorption mode) of 841,000 at
m/z 400 was an improvement of more than twofold when compared to the resolving power of
337,100 achieved on the 7.2 T FTICR instrument.

A summary of resolving powers achieved by UHR mass spectrometers for the analysis of com-
plex mixtures can be found in Table 1.

3.2.2. Absorption mode. Phase correction is a data processing method that increases the re-
solving power of Fourier transform MS instruments by up to a factor of two and improves the
signal-to-noise by a factor of /2 compared to traditional magnitude mode (8). Absorption mode
is available for both FTICR and Orbitrap instruments.

3.2.3. Spectral stitching. Spectral stitching is a growing area of interest for FTICR and Or-
bitrap MS, allowing space-charge effects to be reduced and leading to an increase in resolving
power. Stitching employs a mass filter, such as a quadrupole, to selectively accumulate ions for
a succession of narrow 7/z windows. The resulting mass spectra are then stitched together to
generate a mass spectrum spanning the entire #7/z range. Gaspar & Schrader (70) demonstrated a
sevenfold increase in the number of assigned peaks when using a spectral stitching approach with
FTICR MS. Vetere & Schrader (71) showed that spectral stitching can be used with Orbitrap mass
analyzers to improve sensitivity, yielding an up to tenfold increase in the number of assignments
compared to a nonstitched experiment. In 2017 Krajewski et al. (72) achieved 126,264 assignments
using an 8-s acquisition for each mass window. While this approach reduced space charge and ex-
tended the mass range detected, the typical drop in resolving power with increasing 7/z was not
overcome, and higher 72/z species were therefore not resolvable.

3.2.4. OCULAR. Palacio Lozano etal. (13) recently developed a new method named operation
at constant ultrahigh resolution (OCULAR). OCULAR uses narrow 7/z segments of increasing
acquisition times by raising the low 72/z cutoff of each subsequent window, maintaining a near con-
stant resolving power across the full mass range. Additionally, a novel algorithm, named Rhapso,
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Table 1 List of resolving powers obtained by UHR MS analysis of complex organic mixtures, reported in the literature
since 2012

Sample Resolving Acquisition
Year Instrument type type power time (s) Notes Reference
2012 12TLTQ Petroleum 380,000 1.4 12,573 assignments, stitcched | 70
(m/z 400) data
2016 21 T homebuilt Organic 1,200,000 3 Magnitude mode, SD of 64
matter (m/z 367) 0.09 ppm
2017 9.4 T homebuilt Petroleum 1,700,000 8 126,264 assignments, 72
(m/z 400) stitched data, absorption
mode, RMS error of 0.13
ppm
2017 Orbitrap Petroleum 960,000 3 71,166 assignments, stitched | 71
(m/z 400) data, absorption mode,
sub-ppm mass errors
2018 MegaOrbitrap Petroleum 841,000 3 Absorption mode, mass 69
(modified (m/z 400) error of 0.93 ppm
Orbitrap Elite)
2018 21 T homebuilt Organic 2,700,000 6.3 49,040 assignments, 63
matter (m/z 400) absorption mode, mass
error of <0.5 ppm
2019 7 T solariX 2xR Petroleum 300,000 1.5 Average mass error of 73
(m/2 400) 0.29 ppm
2019 12 T solariX Petroleum 1,792,000 2.3 to 10.7 50,000 assignments, 13
(average for constant resolving power
m/z 270-1,000) across the full 7/z range,
absorption mode,
OCULAR method
2019 12 T solariX Petroleum 3,120,000 54 1to 32 244,779 assignments, 13
(average for constant resolving power
m/z 260-1,505) across the full 7/z range,
absorption mode, RMS
mass error of 0.11 ppm,
OCULAR method

*For the measured resolving power, the associated #/z is listed in each case.
Abbreviations: OCULAR, operation at constant ultrahigh resolution; RMS, root mean square; SD, standard deviation.

was developed to facilitate noise removal, correct signal attenuation, and perform the segment
stitching. OCULAR enabled analysis of an extremely challenging truly nondistillable fraction of
crude oil, with a record number of 244,779 unique molecular assignments at a near constant re-
solving power of approximately 3 million. The method reduces space-charge effects and increases
resolving power, mass accuracy, and dynamic range, and can be used across multiple instrument
designs, improving both low- and high-field instrument performance.

3.3. Isomer Separation

Various chromatographic methods have been coupled to UHR MS, utilizing separation to reduce
matrix effects and identify previously low ion yield species, and with the aim of structural fea-
ture identification through isomer resolution. Online chromatography, where the eluent from the
column is directly transferred to the mass spectrometer, offers isomeric information through the

www.annualreviews.org o Petroleomics 415



416

generation of extracted ion chromatograms (EICs) of individual molecular compositions. The data
analysis and processing time is greatly increased when compared to direct infusion data, however,
given that each experiment represents approximately 1,000 MS scans (74). Offline separation, or
fractionation, has also been widely used, imparting greatly reduced time resolution but offering
the advantage of simplified data analysis.

GC was first coupled to FTICR instrumentation in 1980 (75) and used for the fingerprint-
ing of complex fuel samples in 2002 (76). GC separates components largely by boiling point, but
only volatile species can be accessed, which limits the applicability of GC to light and medium
cuts of crude oils. GC-APCI-FTICR MS has been used for the analysis of OSPW (54), fuels and
particulates (77, 78), and environmental samples (55). Additionally, GC-APLI-FTICR MS and
GC-APPI-Orbitrap MS have been applied to the analysis of crude oils (53, 79). LC has been used
for NOM characterization by LC-ESI-FTICR MS (68), while high-performance liquid chro-
matography (HPLC)-ESI-Orbitrap MS with a size exclusion column has been used for the study
of DOM (80). LC suffers greater band broadening than GC, which leads to lower resolution of
isomers, although the technique is more useful for lower boiling point samples. The need for LC-
compatible solvents can preclude those commonly used for petroleum analysis, such as toluene,
which in turn restricts the ionization sources that can be coupled with LC. SFC allows elution of
high-molecular-weight components inaccessible by GC and has been successfully coupled with
APCI-Orbitrap MS for the analysis of isomeric compositions of OSPW (81).

TIMS is a development of ion mobility spectrometry, in which ions are initially trapped using
radially confining radiofrequency voltages and an axial electric field that counteracts the drag
force from the flow of gas. Ions are eluted as the magnitude of the axial field is progressively
increased (82). Ion mobility techniques coupled with mass spectrometers are used to separate
isomers and ions according to their collision cross section (which, in turn, allows the size or shape
of the structure to be elucidated), charge, and drift gas polarizability (83, 84). TIMS coupled to
FTICR MS has been used with several complex mixtures, including PAHs (85), NOM (86), DOM
(87), and aerosols (88).

A variety of offline fractionation and separation methods, in addition to traditional SARA sepa-
ration, may be used to address selective ionization (61). Thin-layer chromatography coupled with
LDI has also been assessed for use with crude oil fractions (89).

3.4. Data Handling and Visualization

The need to more efficiently analyze data, visualize samples, enable fingerprinting, and improve
comparisons between samples continues to grow. Several new types of visualizations have been
recently developed.

One development is aromaticity index (Al), developed by Koch & Dittmar (90, 91). The Al
reflects the C-C double bond density in a given molecule and is a parameter that can be calculated
solely from the exact masses of single NOM compounds. A modified Al parameter termed Alj,oq
can be calculated by assuming that only half the oxygen is present in carbonyl groups; however,
this procedure requires additional bulk sample information. Al ;.4 values of >0.5 may be described
as indicators of aromatic compounds (92), values >0.67 are unambiguous indicators of aromatic
compounds, and values <0.5 correspond to nonaromatic compounds (92). The Al parameter is
typically used in conjunction with a van Krevelen plot for data visualization, with different Al
values mapped to data point color (93).

Zhurov et al. (94) developed a hexagonal class representation for characterization of an en-
tire sample. Using 3D vector space, each axis represents a commonly found heteroatom: N, O,
and S. Each heteroatom class can then be represented by its (N, O, S) coordinate. This type of
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representation facilitates sample comparison and may be applicable to fingerprinting, having been

applied to both fuels (77) and crude oil (72).

3.4.1. Interactive visualization software. The growth of data processing technologies, such
as Python and R programming languages, as well as associated data manipulation and plotting,
have enabled researchers to develop interactive analysis and visualization tools. Bioconductor, a
toolbox of curated R packages, has been widely used to great effect within the metabolomics and
proteomics communities (95) to produce software-enhanced analysis. Only recently, however, has
development of visualization tools for petroleomics started to grow (95).

Kew etal. (96) published their i-van Krevelen tool, which was developed in Python to generate
interactive visualizations that can then be accessed through an internet browser. The tool incor-
porates a centroid mass spectrum, van Krevelen diagram, DBE versus carbon number plot, and
modified Al versus carbon number plots. A key feature is the linking of several interactive plots, so
that data selected in one plot highlight the same points in other plots, enabling rapid comparison
across several differing plot types.

Another browser-based tool is UltraMassExplorer (97), offering a complete data evaluation
process, from assignment of elemental compositions to data visualization. UltraMassExplorer was
written in the R language and utilizes the Shiny package to generate the Web application. Compo-
sitional assignments are performed using a library-based approach built upon the rules suggested
by Kind & Fiehn (98). The interactive visualizations include 2D and 3D van Krevelen plots, with
the 3D plot allowing free rotation and enlargement of data set regions.

3.4.2. Statistical methods. Statistical treatments of data following complex mixture analysis
are becoming commonplace; multivariate analyses perform well in translating raw data into a
model (99). Approaches such as principal component analysis (PCA) have previously been applied
to petroleomics samples to indicate variability between samples (100, 101). Similarly, Hur et al.
(102) have recently applied the volcano plot, a scatterplot of univariate analysis, to the analysis of
petroleomics data. The volcano plots were generated by plotting statistical significance (p-value)
versus degree of change (fold change), where fold change is positive if the peak magnitude is
higher in the second sample than in the first. The plots can then be used for characterization or
as a filter by only selecting significant peaks. The filtered peaks are then plotted using traditional
DBE versus carbon number plots and van Krevelen plots.

Another area of statistical analysis has been the treatment of replicate data sets. In 2017,
Gavard et al. (103) developed the Themis algorithm for batch processing of replicate data sets.
The Themis algorithm utilizes several steps to ensure reproducibility: detection of anomalous
replicates, normalization of peak magnitudes, alignment of peaks across replicates, and removal of
inconsistent peaks to produce a combined peak list.

4. EXAMPLES OF APPLICATIONS
4.1. Crude Oil

Only the lowest boiling or polar components (104) and average or bulk properties (105, 106) of
crude oils can be assessed using conventional analytical techniques (107). Studies of crude oils us-
ing UHR MS methods include characterization of whole oils (69) and SARA fractions following
prior separation (108-110). Extensive studies of multiple petroleum samples have demonstrated
that the profiles obtained using FTICR MS correlate with bulk properties (110). The analysis
of crude oils has also included focused investigation into the naphthenic acids (111, 112) and
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sulfur-containing (113-115) compounds known to cause corrosion in refineries (116, 117). In ad-
dition to causing corrosion, sulfur-containing compounds are prone to fouling catalysts used to
hydrotreat sour crude oils (116), and removal of sulfur can be particularly problematic when con-
tained within thiophenic structures (118, 119). Recent work has focused on the analysis of polar
sulfur compounds and sulfoxides in crude oils, which could lead to developments in catalysts and
improvements in desulfurization processes (113). Fragmentation of different crude oil cuts has
demonstrated that sulfur is located in a diverse range of structures and may be more difficult to
remove in heavier fractions (114).

4.2. Asphaltenes

Asphaltenes are defined as the fraction of crude oil insoluble in 7-alkanes, such as z-heptane, and
soluble in aromatic solvents, such as toluene. Asphaltenes are known for causing major problems
in downstream and upstream processing (120) due to their propensity to flocculate above a criti-
cal concentration (120), under extreme conditions (121), or when constituent in an incompatible
blend (122), and their subsequent deposition is a major problem in the field. Asphaltenes consist
of PAH cores (123), may contain heteroatoms such as N, O, or S, and exist as island or archipelago
structures, defined as a single alkyl-substituted PAH core or multiple PAH cores bridged by alkyl
chains, respectively (124, 125). Fragmentation methods such as collision-induced dissociation
(CID) (126), high-energy collision dissociation (HCD) (127), and infrared multiphoton disso-
ciation IRMPD) have been used to assess the prevalence of island and archipelago asphaltenes in
different petroleum samples (128).

4.3. Environment

Assessing the impact of petroleum on the environment is an important application of petroleomics
(55, 129). The long-term effects of anthropogenic activities, including major spills into the New
York/New Jersey Estuary, were assessed by studying the hydrophobic components of soil sampled
at a range of depths (55). Following the Hebei Spirit spill in South Korea, FTICR MS was used
for fingerprinting and demonstrated that there had been a significant increase in polar species
containing N, O, and S in weathered oil (129). In the aftermath of the Deepwater Horizon in-
cident (130) in the Gulf of Mexico, GC studies demonstrated that hydrocarbon residues from
multiple contamination sites exhibited increasing O content over 18 months (131), whereas stud-
ies employing FTICR MS showed that Macondo well oil irradiated with simulated sunlight has
a greater proportion of Os- and N;O,-containing compounds concurrent with a decrease in O,
and N; compounds relative to a dark control sample (132). In an earlier FTICR MS study pub-
lished in 2014, Griffiths et al. (133) investigated the effects of simulated sunlight on crude oil, with
respect to heteroatom class and DBE. In a study demonstrating the persistence of petroleum con-
taminants, contributions from the HC class decreased over time and were not detected 43 months
after the Deepwater Horizon spill, concurrent with an increase in oxygen-containing compounds,
in samples extracted from salt marsh sediments (134).

4.4. Oil Sands

High-resolution LC-MS and GC x GC-MS have recently been used to study oil field—produced
water, tentatively identifying constituents and assessing the importance of these unknowns as
potential toxicity contributors (135). Similarly, monitoring the impact of oil production on the
environment by analyzing OSPW presents another important petroleomics application (136).
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Petroleomics methodologies are regularly used to understand OSPW composition (136-138) and
toxicity as it ages (139, 140). Recent research has demonstrated the effectiveness of catalytic pro-
cesses aimed at reducing the concentration of organic compounds in OSPW, a promising prospect
for the remediation of tailings ponds sites (34). The impact of experimental parameters on the ob-
served OSPW profile has also been demonstrated, which may lead to the development of more
robust environmental monitoring (40, 47).

4.5. Biofuels

With production shifting to unconventional oil sources, petroleomics methodologies also play
a role in profiling renewable fuels, such as bio-oils (32, 141). As oxygen-containing species pre-
dominate in bio-oils, van Krevelen (24) plots are used widely for their analysis (142), with the
population density at coordinate locations known to be characteristic of differing biogeochemical
compound classes such as lignin, fatty acids, and carbohydrates (26, 142, 143). Although desorption
APPT allowed biochar to be studied without the need for sample dissolution (144), the use of com-
plementary ESI, APPI, and LDI allowed the composition of biochars produced under different
pyrolysis conditions to be compared (33).

4.6. Natural Organic Matter/Dissolved Organic Matter

Advancing petroleomics methodologies and capabilities benefit other research fields, such as the
study of NOM (145) and DOM (63, 146), and including the use of H/D exchange reactions to
characterize oxygen functionalities (145). Fingerprinting of DOM from spatially distinct surface
waters has allowed the identification of common and unique formulae and aided understanding
of observed differences between their reactivity in aquatic processes (29). More recently, FTICR
MS has been used in combination with other analytical methods to compare the profiles of DOM
and disinfection by-products in untreated and treated ship ballast (31). Hyphenated techniques
have also been used in recent studies of DOM, including HPLC-Orbitrap MS/MS (147) and a
recent study that used TIMS-FTICR MS to assess the isomeric diversity, with approximately 6-10
isomers per molecular formula assigned (28).

4.7. Compositional Space of Complex Mixtures

The remarkable difference in oxygen-containing species between crude oil and other complex
mixtures, such as bio-oils and DOM, defines their distinctive compositional space. For instance,
asphaltenes and crude oil in general typically comprise hydrocarbons with up to five N, O, and
S heteroatoms; in contrast, the compositional space of DOM comprises species that can contain
up to 30 oxygen atoms (12). In Figure 4, (—) ESI data for a Suwannee River fulvic acid (SRFA)
standard, as an example of a complex NOM-type sample, and (+) APPI data for asphaltenes are
compared. Figure 4 demonstrates that SRFA compositions are found at lower 72/z values, and the
total number of compositions assigned by nominal mass is comparatively higher in the asphaltene
sample compared to the DOM sample. Additionally, the SRFA assignments are shifted to the lower
end of each nominal 7/, indicating a greater hydrogen deficiency. In the particular case of highly
oxygenated complex mixtures, the hydrogen deficiency may be attributed to the limitations in
number of C, O, and H atoms given the mass range of their compositions (26). As can be seen in the
van Krevelen diagrams for the two samples, distinctive molecular distributions can be observed.
In general, DOM compositions are distributed across the van Krevelen diagram, while asphaltene
compositions have predominantly low O/C ratios.
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Comparison of the mass distribution of SRFAs obtained by (—) ESI FTICR MS and asphaltenes from a Mexican crude oil obtained by
(+) APPI FTICR MS (#). Note that the SRFA and asphaltene mass spectra were obtained at 4 M and 8 M, respectively. Therefore, a
longer transient and, in turn, a higher resolving power were achieved for the asphaltene sample. In general, species with smaller mass
difference are detected in crude oils and their fractions. A mass split of 3.37 mDa corresponding to C3 versus SHy is commonly found
in crude oil when using APPIL. A total of 40 and 13 individual molecular compositions were assigned at 72/z 605 in the asphaltene and
SRFA mass spectra, respectively. Visualization using van Krevelen plots allows the oxygen-to-carbon ratio (O/C) and hydrogen-
to-carbon ratio (H/C) of multiple molecular assignments to be compared simultaneously (4). Abbreviations: APPI, atmospheric
pressure photoionization; ESI, electrospray ionization; FID, free induction decay; FTICR MS, Fourier transform ion cyclotron
resonance mass spectrometry; SRFA, Suwannee River fulvic acid.
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5. FUTURE ISSUES

Despite the recent developments in petroleomics and the analysis of other complex mixtures, there
remain pertinent and immediate challenges in the field.

Although a plethora of ionization methods are available, offering complementary informa-
tion by preferentially accessing different compound types, there are undoubtedly fractions of
petroleum that currently remain unseen, even with prior separation improving access to the com-
positional space (109, 148, 149). Where samples are solid or absorbed in situ, for example, asphal-
tene deposits or biochar, the challenge remains to successfully desorb intact molecules to avoid
overcomplicating the resulting spectrum with fragments or adducts and to provide a representa-
tive analysis of nonhomogeneous substances (144).

The relative abundance or intensity of compounds detected in MS is known to be dependent on
a multitude of factors, including relative ionization efficiencies, concentration, sample preparation

Palacio Lozano et al.
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Figure 5 (Figure appears on preceding page)

Examples of researchers working in petroleomics and related fields. The research groups perform detailed analysis of complex organic
mixtures and investigate their properties and reactivity. Categories of different sample types and method developments are shown.
Abbreviations: DOM, dissolved organic matter; NOM, natural organic matter.

steps, matrix interferences, ionization parameters, and instrument tuning parameters. The impact
of these factors on observed profiles needs to be better understood, particularly when comparing
recently acquired and historical data, or data obtained at different laboratories.

Given that the relative abundance of different compounds cannot be taken to relate directly
to their concentration, quantification of individual components remains a major challenge for
petroleomics. The use of standards spiked at known concentrations for hyphenated experiments
may make possible quantification of known compounds of concern, although quantification of
a broader range of components, particularly those with high isomeric diversity (147), presents a
greater task (104). The use of hyphenated techniques would also allow the isomeric complexity
underlying each molecular composition to be better understood.

With the shift toward petroleum production from unconventional sources continuing, the
characterization of ever heavier and more complex samples presents an ongoing challenge. While
arecord resolving power of 3 million across the full mass range (/2 260-1,505) has recently been
achieved, to resolve the mass split of 0.1 mDa at#2/z 1,000, a resolving power of around 10 million
will be required (13, 104).

While UHR MS is capable of unrivaled compositional analysis of petroleum samples, assess-
ment of molecular structure remains a challenge. Methods including CID and IRMPD fragmenta-
tion can be used on small mass windows, but the inherent complexity of petroleum samples means
that multiple compositions and their isomers are fragmented simultaneously. Although isolation,
for example, using quadrupoles prior to detection efficient enough to isolate a single molecu-
lar assignment would be desirable, the multiple composite isomers would lead to complicated
fragmentation spectra representative of several parent ions. For instance, for the single molecular
composition C14H;o, as many as 5.3 x 109 isomers are possible. Prior chromatographic separation
of isomers, followed by efficient mass isolation, could afford the separation required for fragmen-
tation of single molecular species and aid our understanding of supramolecular interactions that
impact bulk properties (69, 148); results have been achieved for highly simplified samples (150).

Improvements in petroleomics methodologies engender larger and ever more complex data
sets, particularly when hyphenated with prior chromatographic separation; the handling of such
data presents an ongoing challenge (78, 149). Visualizing and comparing multiple ultracomplex
data sets and identifying key differences and similarities between them also become increasingly
challenging (104). Data processing software and visualization tools are expected to continue to
evolve to keep up with these growing requirements.

Improvements in UHR MS instrumentation, separation, data processing, and visualization
all benefit other fields, helping to push the frontiers of complex mixture analysis. As shown in
Figure 5, a large number of scientists around the world are currently working in the fields of
petroleomics and related areas, utilizing the wide variety of UHR MS techniques.
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