Characterization of deasphalted crude oils using GC-

APLI-TIMS-TOF MS

. . - . . _3*
Clement A. Olanrewaju,’ Cesar E, Ramirez,'> Francisco Fernandez-Lima'>",

"Department of Chemistry and Biochemistry, Florida International University, Miami, FL 33199,

USA.
2Advanced Mass Spectrometry Facility, Florida International University, Miami FL 33199, USA
3Biomolecular Sciences Institute, Florida International University, Miami FL 33199, USA.

KEYWORDS. Crude oils, PAH, gas chromatography, trapped ion mobility spectrometry, mass

spectrometry.

ABSTRACT

In the present work, a novel workflow based on complementary gas-phase separations is applied
to the characterization of deasphalted light (Macondo and Calvert), medium (Duri) and heavy (San
Ardo) crude oils. The coupling of gas chromatography (GC), atmospheric pressure laser ionization
(APLI), and trapped ion mobility spectrometry - mass spectrometry (TIMS-MS) resulted in the
effective separation and candidate assignment of PAHs and similar compounds. The analytical

power of the GC-APLI-TIMS-TOF MS is based on the separation of the isomeric content using



the GC and TIMS (R = 50-90 with S;= 0.18 V/ms) gas-phase separations, followed by the high
mass resolution and mass accuracy (<2ppm) of the TOF MS analyzer. Previously reported PAH-
like known compounds (130 compounds) uniquely assigned based on their [retention time, RT;
collisional crossection, CCS; mass to charge, m/z] showed signature patterns and distinctive
diagnostic ratios representative of the thermal maturity, lithology, and microbial contribution to
each oil formation. The unsupervised T-Rex 4D analysis of the GC-APLI-TIMS-TOF MS
generated for the first time an exhaustive list of PAHs and similar unknown components (~8500),
each component characterized by a [RT; CCS; m/z value; chemical formula] and peak areas for
each replica analysis (i.e., 12 totals, 3x per crude oil). The inspection of the PAHs and similar
unknown compounds provided a list of unique identifiers for each crude oil (2-4% of the assigned
compounds) as well as molecular components common to all crude oils (~50% of the assigned
compounds). The analytical power of the GC-APLI-TIMS-TOF MS is illustrated using
unsupervised PCA analysis, where the four oils can be easily separated in two principal

components that account for 70% of the total variance.

INTRODUCTION

Over the last few decades, many analytical developments have been guided to a better
characterization of crude oils'. While crude oil features can be observed using infrared and near-
infrared spectroscopy, bulk sample measurements are limited and do not provide molecular
information®. The molecular component characterization is traditionally limited to mass
spectrometry (MS) based techniques. Multiple MS-hyphenated techniques have been
successfully applied to the characterization of crude oils (e.g., gas chromatography—mass

spectrometry (GC-MS)?, two-dimensional gas chromatography—mass spectrometry (2D GCMS)



+7 liquid chromatography—mass spectrometry (LC-MS)®°, and more recently ion mobility
spectrometry -mass spectrometry (drift tube IMS, DT-IMS!% ! traveling wave IMS, TWIMS!*
18 field asymmetric IMS, FAIMS!'® 2, and trapped ion mobility, TIMS?!:??)). Chromatographic
separations and curve deconvolution is problematic for crude oils due to the large number of
elemental compositions, high isomeric content, and large dynamic range. The unique advantages
of Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) for the
simultaneous determination of thousands of chemical components in a single analysis are well
documented®*. Moreover, when complemented with gas-phase separation techniques (e.g., GC-
FT-ICR MS?*, LC-FT-ICR MS?*26 and TIMS-FT-ICR MS?"%), the molecular isomers can be
separated and characterized; a typical drawback is the slow acquisition rates needed for ultrahigh
resolution mass acquisitions in the case of online GC and LC which have ultimately restricted
their use to high magnetic field platforms®!: 32, Despite these recent advances in GC, LC, IMS
and MS?%33-¥ for the characterization of PAHs, there is still a constant need for improved
technologies to further simplify and lower the cost of the molecular characterization in complex

mixtures while increasing the confidence of compound identification with minimum ambiguity.

Previous studies have shown that atmospheric pressure laser ionization (APLI) is more suitable
for accessing the PAH content in crude oils.** With the coupling of GC-APLI*!, the
characterization of PAH like components using commercial MS analyzers was realized.*> *
Recently, we described the advantages of complementary gas-phase separations for the
identification of isomeric PAHs from complex mixtures using GC-APLI-TIMS-TOF MS*;
noteworthy is the analytical capability for untargeted screening of isomeric and isobaric

compounds not available in traditional GC-EI-MS" workflows.



In the present work, a novel workflow based on complementary gas-phase separations is
presented for the characterization of deasphalted light (Macondo and Calvert), medium (Duri)
and heavy (San Ardo) crude oils. By coupling gas chromatography (GC), atmospheric pressure
laser ionization (APLI), and trapped ion mobility spectrometry — TOF mass spectrometry
(TIMS-TOF MS), effective separation the isomeric content at the molecular formula level is
showcased. Using a list of previously reported PAH-like known components, this workflow
permits the crude oil identification based on the [RT; CCS; m/z] as well as their use as
differentiation markers based on their relative abundance across the crude oils. Alternatively, the
capability for deasphalted crude oil differentiation is demonstrated based on unsupervised T-Rex
4D analysis of the GC-APLI-TIMS-TOF MS datasets. For the first time, an exhaustive list of GC
accessible deasphalted crude oil components is reported based on [RT; CCS; m/z value; chemical

formula; relative abundance].

EXPERIMENTAL SECTION

Chemicals and Materials. Certified standards of Naphthalene-d8, Acenaphthene-d10,
Phenanthrene-d10, Chrysene-d12, and Perylene-d12 were purchased from AccuStandard (New
Haven, CT). Four crude oil samples categorized into light (Macondo and Calvert), medium
(Duri) and heavy (San Ardo) were used as received. (Note that Macondo oil was received from
Professor Piero Gardinali, Department of Biochemistry and Chemistry, Florida International
University). All solvents were optima grade or better and purchased from Fisher Scientific

(Waltham, MA).

Sample Preparation. All standards were diluted in hexane before use to a final concentration of 4

mg/L. Details on the preparation of deasphalted crude oil samples can be found elsewhere*.



Briefly, 50 mg of the crude oil were carefully weighed and mixed with 100 uL of the deuterated
PAHSs (Table S1). The mixture was homogenized and suspended in 30 mL of hexane causing
precipitation of asphaltenes, and the resulting suspension was left overnight for equilibration.
After that period, asphaltenes were removed by filtration using a glass wool in a glass funnel.
The filtrate was finally concentrated to about 2 mL under a gentle stream of nitrogen gas and

injected without further treatment.

GC-APLI-TIMS-TOF MS Analysis. Details on the GC-APLI-TIMS-TOF MS setup and
operation can be found elsewhere**. Briefly, gas chromatography separation was performed
using a Bruker Scion 436 Gas Chromatograph (GC) equipped with a Varian CP-8400
autosampler (Holland). The GC was equipped with a TG-PAH column (60 m X 0.25 mm, 0.1
pm: Thermo Scientific, USA). Aliquots of 1 pL were injected in split-less mode and the
injection port was held at 270 “C. The GC column flow was 1.2 mL/min with the following
temperature program: 100°C held for 0.5 min, increased at 6°C/min to 330°C and then held for
10 min for a total run time of 48.83 min. The GC was interfaced via a transfer line heated to
350°C to an APLI ionization source coupled to a commercial TIMS-TOF MS instrument (Bruker
Daltonics, Inc., Billerica, MA). Details of the APLI source can be found elsewhere?* 4. Briefly,
the APLI was equipped with a 266 nm laser beam (CryLas GmbH, Berlin Germany; Type
1HP266-50), orthogonal to the glass capillary source inlet. Other APLI source parameters were
endplate offset 500 V, capillary 750 V, dry gas temperature 320 °C and vaporizer temperature

320 °C.

Parameters for TIMS operation were as follows: 0.51 — 1.01 V-s/cm? inverse mobility range
(AViamp = 63 V); 20 ms ion accumulation time; 350 ms ramp time, and a mobility scan rate Sr =

0.18 V/ms. The TOF instrument was operated in full scan, positive mode, and ion transmission



was optimized for the m/z 75 — 950 range. Different from previous TOF systems, the timsTOF
provides over four orders of dynamic range. The acquisition method mass and mobility
calibrations were performed using APCI/APPI Tuning Mix calibration standard (Agilent
Technologies G2432A). The mobility (Ko) values of 1.3663 and 1.0154 cm? V! s! were used
for the m/z 322 and m/z 622 calibrants, respectively. These are the Ko values recommended by
the manufacturer and in close agreement with others reported in the literature**’. Mobility
values were correlated with the ion—neutral collision cross section (Q, A?) using the Mason—

Schamp equation?®:
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where z is the charge of the ion, kg is the Boltzmann constant, m; is the ion mass, my is the bath

gas molecule mass, T is the temperature (305 K), and N* is the gas number density. All samples

were analyzed in triplicates.

Data Processing: The GC-APLI-TIMS-TOF MS data was processed using Metaboscape 2021.0
(version 6.0.2 Build 744, Bruker Daltonik GmbH). The peak detection parameters were as
follows: 1000 counts intensity threshold, 100 points minimum 4D peak size, 8 points minimum
4D peak size (recursive) and 120-450 m/z range. Data was first internally m/z calibrated using the
labeled PAHs (Table S1) and then loaded into the Composer software for m/z calibration using
internal standards and homologous series; a Ci-100H1-20000-5No-5S0-4 general formula, odd and
even electron configurations, and a 2.0 ppm mass tolerance were used for the elemental
composition assignment. The T-ReX 4D workflow yielded buckets with retention time,
collisional cross section, m/z of precursor ion and peak areas for all crude oils analyzed in

triplicate. Peak areas were normalized using the five internal deuterated standards (Table S1)



using Naphthalene-d8, Acenaphthene-d10, Phenanthrene-d10, Chrysene-d12, and Perylene-d12

for the m/z range 128-156, 157-176, 178-206, 207-234 and 252-278, respectively.

RESULTS AND DISCUSSION

The analysis of the deasphalted crude oils using GC-APLI-TIMS-TOF MS resulted in the
observation of radical cations [M**], hydride abstracted ions [M — 1]* and methyl abstratcted
ions [M — CH;]" ions over the m/z range 100-600 (Figure 1). In addition to direct APLI
ionization, data suggest that charge transfer via dopant effect may be responsible for the
ionization of low DBE compounds. The m/z range was limited by the volatility of the compounds
during the GC separation. Inspection of Figure 1 shows complementary separation between the
IMS and the GC domains, resulting in a net increase of the peak capacity of the analysis and a

better separation of molecular features from these complex mixtures.

Mobility;

Mability

1K, Calvert Oil Int. 1/k, {Macondo oil | Int:
1 " 500 ] - _ . '+|>00 Calvert oil
0.84 " k] 400 0.84 - ul‘:.al. Y 400
] - L‘I "A--' “.‘, ) ulh
0.74 W 300 0.7 .. b 300
b Wi vy, U ARER .
0.6 v 200 0.69 -+ “ 200 Macondo oil
1 100 100
0 10 20 30 RT[min 0 10 20 30 RT[min]
Mobility - Mobil —
1/K,|San Ardo Ol C | e 01/',.'(:’ Duri Oil |t
] 500 1 w4, %] 500 Duri oil
0.8 SN 400 0.8 o 400
0.7 B 300 0.7] Nt 300
0.6] y 200 0.6 ol 200 San Ardo ol
—— . 100 ek b
0 10 20 30 RT[min] 0 10 20 30 RT[min] 100 200 300 400 500 600 m/z

Figure 1. Typical 2D IMS-GC and MS projection plots for the analysis of deasphalted light
(Macondo and Calvert), medium (Duri) and heavy (San Ardo) crude oils using GC-APLI-TIMS-

TOF MS.



The isomeric complexity of the deasphalted light (Macondo and Calvert), medium (Duri) and
heavy (San Ardo) crude oils is illustrated for the case of alkylated PAHs and PASHs isomers
commonly used for diagnostic ratios (Figure 2). In addition to the separation of all the isomers,
changes in relative abundance are observed based on the type of crude oil. Each molecular feature
is characterized by their retention time (or index), CCS and m/z value (see details in Table S2).
Chemical formula assignment was performed with sub-ppm mass errors and isomer determination
was based on previously reported retention index and mobility measurements**. The added TIMS
separation when compared with traditional GC-HRMS workflows resulted in high mobility
resolving power R~ 50-90 at Sr =0.18 V/ms (R = CCS/ACCS), with the added benefit of accurate
CCS confirmation during the assignments. Previous reports of TIMS analysis of PAHs have shown
mobility resolving powers of R = 80—120 at slower scan rates?**¢. The current scan rate resolution
(or expected resolving power) was chosen to efficiently sample the GC domain (i.e., 350 ms

intervals across a typical 0.1-0.2 min GC base peak, leading to at least 18 points per GC peak).
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Figure 2. Typical 2D IMS-GC projection plots of alkylated PAHs and PASHs isomers commonly
used for diagnostic ratios during the analysis of deasphalted light (Macondo and Calvert), medium

(Duri) and heavy (San Ardo) crude oils using GC-APLI-TIMS-TOF MS.

Traditional GC-MS workflows base the oil comparison in group of isomers (e.g., C0-C4-
Naphthalenes); however the resolution achieved in GC-APLI-TIMS-TOF MS workflow permits
the evaluation at the molecular level of the deasphalted crude oils based on reported retention time
(or index), CCS and chemical formula of standards and known components previously reported
(~130 components, Figure 3)**. Most of 130 components were observed in all the oils and their
relative abundances change from light to medium to heavy crude oils and within light oils (see
Table S3); all components were normalized using deuterated analog standards to correct for
variations between replica runs. The analysis of the triplicate runs revealed small deviations in the

retention time (RSD < 1%), mobility (RSD< 0.6%) and m/z assignments (RSD < 1ppm). Of



particular interest is the measurement of sixteen priority pollutants by the Environmental

Protection Agency (EPA) due to their high toxicity, mutagenicity, and carcinogenicity risks

(highlighted in red in Figure 3)
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Figure 3. Variation of previously identified compounds in ref* in the deasphalted light (Macondo

and Calvert), medium (Duri) and heavy (San Ardo) crude oils. Notice the sixteen EPA PAHs

highlighted in red. Mixed color were used at chemical formula C12Hio and CigHi» to differentiate

Biphenyl and Triphenylene from EPA PAHs with the same chemical formula. Error bars represent

the standard deviation across triplicate measurements and data are normalized using internal

deuterated standards.
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The relative abundances of particular PAHs can be used for the evaluation of thermal maturity, oil
rock lithology, and microbial contribution indicators across crude oils**!. Traditionally, alkyl
homologs of Phenanthrene (Phe), dibenzothiophene (DBT), phenyl dibenzothiophenes (PhDBT)
and benzo[b]naphthothiophenes (BNT) are utilized>!~?; a typical caveat during traditional GC-MS
analysis is the number of potential interferences. To this end, complementary GC-TIMS-HRMS
has the added advantage in achieving accurate estimations by filtering interferences coming from
fragments and isobars (see SI excel, Metaboscape raw worksheet). Eleven PAHs diagnostic ratios
are displayed in Figure 4 and summarized in Table S4. Results show crude oils facile
differentiation using the spider plots. For example, the ratio of dibenzothiophene and phenanthrene
(DBT/Phe) has been used as an indicator of crude oil lithology with values >1 defined as
carbonates while values <1 as shale lithology>*. The DBT/Phe values for the oil samples are within
the range of 0.006-0.023 (Table S4), suggesting crude oils with shale lithology. The (1+4)-/(2+3)-
MDBT values in the oil samples vary between 0.476-1.000 also suggesting shale lithology>2. The
abundance of benzo[b]naphthothiophenes is characterized by the predominance of
benzo[b]naphtho[2,1]thiophene. This observation is consistent with previous reports on crude oil
samples® and it has been attributed to significant microbial contribution on the source rock that
expelled the oils®’. All crude oil shows three isomers of phenyl-dibenzothiophenes (Ph-DBT)
which have been unambiguously identified using co-injection of synthetize standards and retention
indices®!. Result show that all crude oils are characterized by predominance of 4-PhDBT, 3-

PhDBT and 2-PhDBT isomer indicating high thermal maturity of the oils’".
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Figure 4. Variation of eleven diagnostic ratios representing thermal maturity, lithology, and
microbial contribution to the oil formation for the deasphalted light (Macondo and Calvert),

medium (Duri) and heavy (San Ardo) crude oils. See details in Table S4.

In addition to the evaluation of the deasphalted crude oils using known molecular components
(~130 listed), further analysis can be performed using the known unknowns. While the GC-TIMS-
TOF MS workflow provide accurate RT, CCS, and m/z measurements, which leads to the

candidate assignment of the elemental composition and relative quantification, an identification

12



with significant certainties will require the comparison with known standards. Moreover, in the
case of PAHs, the use of MS/MS strategies for structural elucidation are limited due to the large

similarity across fragmentation patterns, especially for highly isomeric samples.

The unsupervised T-Rex 4D analysis of the GC-APLI-TIMS-TOF MS data of the four deasphalted
oils resulted in the observation of 8586 buckets, each characterized by a RT, CCS, m/z value,
chemical formula (< 2ppm criteria) and peak areas for each replica analysis (i.e., 12 totals, 3x per
oil). The principal component analysis (PCA) revealed that the four oils can be easily separated in
two principal components that account for about 70% of total variance (Figure 5a, Figure S2).
Differences between the light oils were easily separated in the PC1 component, while differences

across the light, medium and heavy oils were easily separated in the PC2 component.

The chemical formula analysis permitted candidate assignment of the heteroatom classes. The
internal standards and known compounds described in Figure 3 (and Table S3) were also observed
in the bucket list and were used for the validation of the elemental formula assignment. Closer
inspection of the heteroatom distribution shows that, while most of the classes are present in all
the oils, their number is unique to each oil (Figure 5b and S1). In addition to the differentiation of
the crude oils using PCA and heteroatom classes, the unknowns that are common and unique across
the four samples can be better visualized using a Venn diagram (Figure 5c). For simplicity
purposes and to account for detection variability of the low abundant species across replica

measurement, we used a binary system for presence (1) or absence (0) based on the detection in at
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least 2 of the 3 replicas above a peak area threshold (1500, defined as 3x the lowest measured peak
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Figure 5. Summary of the unsupervised T-ReX 4D analysis of the GC-APLI-TIMS-TOF MS of
the deasphalted light (Macondo and Calvert), medium (Duri) and heavy (San Ardo) crude oils. a)
Principal Components Analysis, b) Heteroatoms class distribution and c¢) Venn Diagram showing

common and unique components across the four crude oils.

Different from previous crude oil differentiation strategies, the unique and common bucket
assignment is based on the [RT, CCS, m/z] vectors, which differentiates across isomeric content
per molecular chemical formula, thus significantly increasing the specificity of the candidate

assignment. The highest number of assignments is found to be common to all four oils (A6 with



4082 members), while there are unique compounds to each deasphalted crude oils: Calvert (A3,
174), Macondo (A1, 382), Duri (A14, 183) and San Ardo (A9, 207). Number of compounds for
the Venn regions can be found in SI. This result showcases the high fingerprinting capability of
the T-Rex 4D - GC-TIMS-TOF MS workflow. The list of unique compounds observed for each
deasphalted crude oil can be easily used as markers to differentiate them apart from the
differentiation based on the known 130 compounds previously described in Figure 3, and does not
require quantitative measurement to uniquely identify/differentiate the crude oil. Further structural
identification of these unique compounds requires the use of standards and/or complementary
theoretical and experimental strategies like the ones described in ref **; a major caveat during the
analysis of PAH-like compounds is the poor structural information that can be extracted from the
MS/MS profiles. Nevertheless, the integration of MS/MS to the GC-TIMS-TOF MS workflow can
provide significant structural information since the GC and IMS domains mostly account for

potential isomeric interferences.

CONCLUSIONS

The application of GC-APLI-TIMS-TOF MS to the analysis of common deasphalted crude oils
resulted in the effective separation and identification of PAH and similar compounds from
complex mixtures. The analytical power of the GC-APLI-TIMS-TOF MS is based on the
separation of the isomeric content using the GC and IMS separations, in addition to the high mass
resolution and accuracy of the TOF MS analyzer. The comparison of the relative abundance across
the four crude oils using previously reported PAH-like known compounds (130 compounds)
uniquely identified based on their [RT; CCS; m/z] showed signature patterns. Moreover, these
compounds provided distinctive diagnostic ratios (11x) representative of the thermal maturity,

lithology, and microbial contribution to each oil formation.
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The unsupervised T-Rex 4D analysis of the GC-APLI-TIMS-TOF MS permitted the classification
of the four crude oils in 8586 buckets, each bucket characterized by a [RT; CCS; m/z value;
chemical formula] and peak areas for each replica analysis (i.e., 12 totals, 3x per crude oil). This
bucket list not only included the 130 known compounds and standards (used for verification of the
algorithms), but also provided for the first time a comprehensive list of unknowns. While this list
of unknowns is exhaustive, is limited to the GC accessible compounds from the deasphalted crude
oils. The inspection of the unknows provided the identification of unique and common molecular
components to each crude oils. The unique components to each crude oil can be use as identifiers
solely based on their presence and represented 2-4% of the total number of assigned compounds;
near half of the components were common to all four crude oils. Unsupervised PCA analysis of
the GC-APLI-TIMS-TOF MS dataset revealed that the four oils can be easily separated in two
principal components that account for 85% of total variance; the PC 1 and PC2 have a variance of
50% and 20%, respectively. We attribute this specificity to the high resolution obtained in the GC

and IMS (R-50-90) separations, leading to the isomeric breakdown of each molecular formula.
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