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Direct “dilute and shoot” mass spectral analysis of complex naturally-occurring mixtures
has become the “standard” analysis in environmental and petrochemical science, as well
as in many other areas of research. Despite recent advances in ionization methods, that
approach still suffers several limitations for the comprehensive characterization of
compositionally complex matrices. Foremost, the selective ionization of highly acidic
(negative electrospray ionization ((—) ESI)) and/or basic (positive electrospray ionization
((+) ESI)) species limits the detection of weakly acidic/basic species, and similar issues
(matrix effects) complicate atmospheric pressure photo-ionization (APPI)/atmospheric
pressure chemical ionization (APCI) analyses. Furthermore, given the wide range of
chemical functionalities and structural motifs in these compositionally complex
mixtures, aggregation can similarly limit the observed species to a small (10-20%) mass
fraction of the whole sample. Finally, irrespective of the ionization method, the mass
analyzer must be capable of resolving tens-of-thousands of mass spectral peaks and
provide the mass accuracy (typically 50-300 ppb mass measurement error) required for
elemental composition assignment, and thus is generally limited to high-field Fourier
transform ion cyclotron mass spectrometry (FT-ICR MS). Here, we describe three
approaches to combat the above issues for (+) ESI, (=) ESI, and (+) APPI FT-ICR MS
analysis of petroleum samples. Each approach relies on chromatographic fractionation
to help reduce selective ionization discrimination and target either specific chemical
functionalities (pyridinic and pyrrolic species (nitrogen) or carboxylic acids (oxygen)) or
specific structural motifs (single aromatic core (island) or multi-core aromatics
(archipelago)) known to be related to ionization efficiency. Each fractionation method
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yields a 2-10-fold increase in the compositional coverage, exposes species that are
undetectable using direct “dilute and shoot” analysis, and provides coarse selectivity in
chemical functionalities that can both increase the assignment confidence and optimize
jonization conditions to maximize compositional coverage.

Introduction

Fossil fuels are immensely complex organic mixtures in terms of the number of
chemically distinct components.' Variations in this complexity are of significant
interest, because the composition determines their economic value and behavior.
Thus, detailed characterization of molecular structure and chemical functionality
in fossil fuels is paramount in all segments of the petroleum industry: explora-
tion, production, and refining.* Due to the compositional complexity and inability
of GC-based techniques to analyze high-boiling petroleum components, the
compositions of most petroleum fractions that boil at temperatures above light
gas oil (LGO, ~342 °C) are not yet completely defined.* Recent advances in ioni-
zation techniques, combined with the performance of high magnetic field FT-ICR
mass spectrometry, have led to an increased molecular-level understanding of
complex, high-boiling petroleum fractions.>” However, several reports have out-
lined the problems associated with selective ionization and/or matrix effects that
can occur prior to mass spectral detection.®***> Those effects limit the accessible
compositional information in petroleum-derived samples and other complex
systems by direct analysis, and pose a significant hurdle to a comprehensive
understanding of petroleum composition and its impact on behavior in explo-
ration, production, and refining. Thus, there is an ever-increasing need for
chromatographic fractionation methods designed to both separate suspected
chemical functionalities/structural motifs prior to mass spectral analysis and
overcome the limitations (selectivity) of current ionization methods. Tradition-
ally, separation prior to analysis is carried out by use of chemical class separation
schemes that involve combinations of selective solubility, extractions and column
chromatography.'*** The schemes for the separations vary, but are most often
driven by chemical functionality (i.e. acids, bases and neutrals) followed by
chemical group-type (compound class) fractionation. Generally, most separations
are designed for ultimate resolution of chemical functionality/group-types
without regard to the ionization method used for subsequent mass spectral
analysis.*

Heteroatom-containing petroleum compounds have long been of interest to
the petroleum industry because they are believed to have a significant role in
catalyst deactivation, refinery corrosion problems, formation of deposits, and
storage instability during upstream and downstream operations.*>*® Thus, it is of
the utmost importance to characterize the heteroatom-containing fractions in
petroleum in order to provide insight into the origin of these species with respect
to their biological precursors and their compositional dependence/correlation to
upstream and downstream problems. Such insight provides an understanding of
physiochemical transformations of the biomolecules in maturation into
heteroatom-containing species currently found in petroleum and provides
invaluable compositional information that can be used for remediation/
prevention strategies.'® It is most commonly termed the “polar fraction”,
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because it is isolated with solvents of higher polarity than heptane and toluene,
and it is enriched in nitrogen (N), oxygen (O), and sulfur (S) containing molecular
species.">'"*® Recently, there has been increased interest in the characterization
of heteroatom-containing compounds/fractions in petroleum feedstocks, specif-
ically those containing N, S, and O, as well as asphaltenes (the n-alkane-insoluble,
but toluene-soluble fraction of petroleum).?*>® Petroleum crude oils are typically
composed of ~0.1-2% wt of organic nitrogen compounds, ~0.1-6% wt organic
sulfur compounds, ~0.1-1.5% wt organic oxygen compounds, and ~0.1 to 19% wt
asphaltenes.?***> Nitrogen compounds in petroleum-derived streams are mostly
alkylated heterocycles with a predominance of neutral nitrogen (pyrrolic) struc-
tures over the basic nitrogen (pyridinic) forms.**** Sulfur compounds consist of
thiophenic structures (aromatic), linear/cyclic/aromatic sulfides, and mercap-
tans.**” Oxygen compounds are more functionally diverse, and consist of
carboxylic acids, ketones, aldehydes, alcohols, and furanic heterocycles.’®
Asphaltenes are a solubility class of petroleum that is enriched in aromatics and
heteroatoms. It is an ultra-complex fraction of crude oil that contains many, if not
all, of the chemical functionalities listed above.?**3

The higher boiling point of all heteroatom-containing species due to N, S, and
O addition, combined with their high compositional complexity, limits charac-
terization by GC-based techniques.”” Thus, advances in the characterization of
these species has been led by high resolution mass spectrometry.*** Despite
these advances, many fundamental questions remain unanswered. First, since
mass spectral signal-to-noise is not always directly related to the concentration of
a specific analyte in the solution (due to ionization efficiency differences and
matrix effects), the overall coverage of the total compositional range captured in
the mass spectral data is unknown. Recent results suggest that direct “dilute and
shoot” analysis of complex petroleum samples can capture as little as 10% of the
overall compositional complexity, representing less than 15 wt% of the
sample.”*>* Proper selection of the ionization method can ease the impact of
selective ionization, but only subsequent fractionation followed by mass spectral
analysis of all fractions provides a measure of the effectiveness. Most researchers
in the field do not perform such analyses, due to the additional expense and effort
involved. Moreover, the impact of selective ionization within a chemical func-
tionality class (i.e. carboxylic acids) has largely been ignored, but can similarly
limit the compositional coverage to levels noted above.*>* Thus, even within
a chemical functionality class, separations are crucial. Finally, as discussed above,
aggregation can severely restrict the compositional information attained from
direct (whole) sample analysis. Although recently discussed for asphaltene anal-
ysis, the topic requires further investigation (see below).

Gas chromatography (GC) separates heteroatom-containing compounds
according to boiling point, whereas liquid chromatography (LC) can serve to
separate with respect to polarity and/or hydrophobicity (carbon number). Thus,
prior separation of heteroatom-containing compounds by LC has the potential
not only to simplify mass spectrometric analysis, but also to address selective
ionization in the ion source. Schemes for separating nitrogen compounds into
well-defined compound classes have been used to eliminate some of the ambi-
guities, and therefore assist in compound identification by MS.>® Here, water is
added to the oven-dried stationary phase to deactivate highly active sites. The
water increases the loading capacity of the stationary phase at the expense of high
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selectivity to further optimize the separation for ESI mass spectral analysis (the
separation of components with widely different chemical functionality or
polarity). Clinching evidence of the identification and partial recovery of the lost
selectivity of the stationary phase is provided by exploiting the selectivity of ESI.
Pyridinic (basic) nitrogen is readily detected as [M + H]" by protonation, whereas
pyrrolic (neutral) nitrogen species are detected as [M — H]~ by deprotonation.>***
Thus, polarity-based separation combined with selective ionization facilitates
detection and differentiation between the 2 major forms of nitrogen functional-
ities in petroleum. Hydrophobicity-based separation strategies further assist in
selective ionization within a chemical functionality class, because they separate
by carbon number (molecular weight).*>** Finally, extrography fractionation can
separate structural motifs (island (single pericondensed aromatic core) vs.
archipelago (multiple alkyl-linked aromatic cores)) in asphaltene samples that
exhibit wide variation (~50-fold) difference in ionization efficiency.***”** All three
approaches expand the compositional coverage relative to direct (unfractionated)
sample analysis and identify species that were not previously accessible.

Here, we describe three separations that can help overcome selective ioniza-
tion in the analysis of petroleum samples: (1) a column chromatography method
that fractionates deasphalted crude oils into four well-defined fractions that can
be classified as nonpolar and polar fractions. The column separation unequivo-
cally separates the two main types of nitrogen compounds found in crude oils.
The separation affords chemical class separation of polar species according to
aromaticity, polarity, and molecular weight prior to FT-ICR MS analysis. (2)
a modified aminopropyl silica (MAPS) fractionation that first retains acidic
species and subsequently separates them by hydrophobicity (degree of alkylation/
carbon number) for mass spectral analysis. (3) An extrography fractionation
method that employs silica gel as the stationary phase that selectively targets the
removal of asphaltene species that have high ionization efficiencies relative to
other asphaltene species. Removal of these species facilitates detection of less
efficiently ionized species that are not observable in the analysis of the whole
asphaltene sample. The ionization efficiency differences are related to molecular
structure and tendency to aggregate.’*

Materials and methods
Samples and preparation

Three crude oils of different geographical origin were used as supplied. The crude
oil properties are provided in Table 1. MacKay bitumen is highly degraded with
high sulfur (S), moderate nitrogen (N) and high oxygen (O) (naphthenic acid)
content.” South American crude oils are typically rich in both S and N with
complex “bottoms”, whereas the Central American “Maya” crude oil is sulfur-rich

Table 1 General properties of the parent crude oils

Sample Origin Crude oil (API gravity @ 15 °C, TAN)
Maya crude oil Central America 21.3°, 0.3 mg KOH per g oil

South American crude oil South America 25.9°, 0.70 mg KOH per g oil
MacKay bitumen Canada 8.0°, 2.49 mg KOH per g oil
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but has a low nitrogen content.®>* The South American crude oil was used for the
nitrogen separation, MacKay bitumen for the MAPS fractionation, and Maya
crude oil asphaltenes for the extrography separation. HPLC grade n-heptane,
toluene, tetrahydrofuran and methanol (J.T. Baker), Whatman No. 1 filter paper
(Fisher Scientific), deionized water, silicic acid n-hydrate powder, and anhydrous
sodium sulfate (Na,SO,) (J.T. Baker), sand (white quartz —50 + 70 mesh), chro-
matographic grade silica gel (100-200 mesh, type 60 A, Fisher Scientific), glass
wool, ammonium hydroxide (NH,OH) (20-35% ammonia in water), formic acid
(HCOOH) and tetramethylammonium hydroxide [TMAH ((CH3),N'OH )] (Sigma-
Aldrich) were used as supplied.

Preparation of 10% water-deactivated silicic acid and column packing

100 g of silicic acid n-hydrate powder was oven-dried (activated) at 120-140 °C
overnight. The activated silicic acid was allowed to cool in a desiccator. To
deactivate the silicic acid, 90 g of the dry silicic acid was combined with 10 mL of
deionized water. The deactivated silicic acid was put in a wide-mouthed jar,
agitated to eliminate lumps and allowed to equilibrate overnight. Sixty grams of
deactivated silicic acid was mixed with 100 mL of n-heptane to make a slurry. The
slurry was kept well-mixed and poured into a chromatographic column (25 x 300
mm) fitted with a 300 mL glass reservoir at its top and a medium glass frit and
stopcock at its bottom. The excess n-heptane was allowed to drain through the
stopcock until the solvent level reached the top of the stationary phase. Once all of
the deactivated silicic acid had settled into the column, the sides of the column
were rinsed with n-heptane, leaving several inches of solvent above the deacti-
vated silicic acid stationary phase. Approximately 12 g (1/2 inch) of sand was
added on top of the packed deactivated silicic acid stationary phase, followed by
an additional wad of glass wool. About 2 mL of n-heptane was left above the top of
the glass wool. The column could be dry-packed; however, better resolution and
a more consistent behavior can be achieved through the slurry packing technique.
The slurry packing eliminates air pockets and uneven flow down the column. The
sand and glass wool at the column top allow move even distribution during
loading of the sample.

Asphaltene precipitation and isolation

10 g of each of the two crude oils (South American and MacKay bitumen) was
deasphalted via precipitation of asphaltenes in an excess of saturated hydro-
carbon solvent (n-heptane) (40:1) prior to chromatographic separation. A
Whatman No. 1 filter paper was used to separate and collect the n-heptane
insolubles (asphaltenes) from the n-heptane solubles (maltenes). All of the -
heptane solubles washings were combined and the maltene solution reduced to 5
mL. Isolation and extrography fractionation of Maya asphaltenes are discussed
below.

Silicic acid sample separation

2-2.5 g of the maltenes were loaded onto the column. The flow rate of the column
was adjusted to ~2.5 mL min~'. Components of the crude oils were selectively
eluted by use of solvents of increasing polarity (i.e., solvent strength). The most
polar components are adsorbed on the active sites of the stationary phase
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(adsorbent) and the less polar compounds are least retained by the stationary
phase. Four fractions were collected in the following elution order; hydrocarbons
(non-polar), neutral nitrogen, basic nitrogen, and polars. Hydrocarbons (HC) were
eluted with 250 mL of 90 : 10 (vol : vol) n-heptane : toluene. The neutral nitrogen
fraction (neutral N) was eluted with 200 mL of 50:50 (vol:vol) n-hepta-
ne : toluene, whereas the basic nitrogen fraction (basic N) was eluted with 200 mL
of 90 : 10 (vol : vol) toluene : methanol. The polars fraction (polars) was eluted
with 200 mL of 85:15 (vol:vol) methanol : toluene. To overcome overlap
between the different fractions, intermediate fractions were collected between
fractions when the new eluent (different mobile phase composition) flowed down
the column. The methanol used in the elution of the polar fraction did strip some
of the water from the column. However, the water was removed by filtration of the
fraction through a bed of anhydrous Na,SO,. The excess solvent in the collected
fractions was reduced by evaporation, and the weights of the dry fractions were
recorded (see Table 2). A schematic representation of the separation is shown in
Fig. S1.1

MAPS fractionation

Deasphalted MacKay bitumen was isolated as described above and dried under
a stream of dry nitrogen gas. The APS and MAPS fractionation were performed as
previously described.** The first six fractions were analyzed (MA1-MAS6).

Asphaltene extrography fractionation

10 g of Maya crude oil was mixed with 400 mL of heptane (dropwise added, with
sonication at 60 °C). After 12 h, solids were collected by filtration and Soxhlet-
extracted with heptane until the solvent appeared colorless (~84 h). Asphaltenes
were recovered via dissolution with hot toluene, and dried with N,. Further
asphaltene cleaning was conducted by use of a method reported elsewhere.®* In
short, asphaltene solids were crushed and Soxhlet-extracted with heptane; this
cleaning cycle was repeated four times to decrease the concentration of occluded/
entrained maltenes. Subsequently, cleaned asphaltenes were adsorbed on silica
gel (0.5% mass loading). The resulting solid material was Soxhlet-extracted with
acetone, followed by toluene and (1 : 1 vol : vol) toluene/THF. The extraction with
each solvent lasted 24 h. Fractions were dried under N, and stored in the dark for

Table 2 Weight yield of various fractions from silicic acid chromatographic separation of
the parent crude oil*

Crude oil South American (g)
Hydrocarbons (HC) 1.4922
Intermediate HC-NN 0.0122
Neutral nitrogen (NN) 0.0874
Intermediate NN-BN 0.0048
Basic nitrogen (BN) 0.0270
Polars (PLR) 0.0287

“ All weights are based on loading 2 g of deasphalted parent crude oils onto the column.

Faraday Discuss. This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9fd00005d

Published on 11 June 2019. Downloaded by Florida State University on 8/1/2019 10:11:48 PM.

View Article Online

Paper Faraday Discussions

MS analyses. The whole asphaltene and extrography fractions are denoted whole,
acetone, toluene, and Tol/THF.

Sample preparation for ESI FT-ICR MS

Sample preparation for the analysis of asphaltene, polar acidic, and polar basic
species in petroleum and petroleum-derived materials by atmospheric pressure
photo-ionization and negative-ion/positive-ion electrospray FT-ICR MS has been
previously reported.** Samples were analyzed at a concentration of 50-500 pg
mL ™" in a standard ESI spray mix (50 : 50 (vol : vol) toluene : methanol) or toluene
(APPI) for mass spectrometric analysis. For (—) ESI nitrogen species analyses,
a representative aliquot (1 mL) of each fraction was spiked with 10 uL of 2% TMAH
in methanol to facilitate the deprotonation of the acidic species to generate [M —
H] ™ ions, whereas 10 pL of 2% HCOOH in methanol was used to protonate the basic
species to generate [M + H]" ions. TMAH increases the degree of ionization of
slightly acidic nitrogen-containing classes relative to ESI with NH,OH.* Acidic APS
and MAPS (MA1-MA4) fractions were analyzed at concentrations of 10-250 pug mL "
in (50 : 50 (vol : vol)) toluene : methanol with 0.1% vol NH,OH. Due to poor ioni-
zation, the concentration of NH,OH was increased to 0.2% vol for the analysis of
fraction MA5, and MA6 performed so poorly even under standard conditions that
the solvent system and modifier required further optimization. For MA6, they were
changed to 250 pg mL ™" in (50 : 50 (vol : vol)) DCM : methanol with 0.125% vol
TMAH. Whole Maya asphaltenes and the extrography fractions were diluted in
toluene at 200 pg mL~* for positive-ion APPL

Mass analysis

Each sample was analyzed with a custom-built 9.4 T 22 cm horizontal room
temperature bore diameter (Oxford Corp., Oxford Mead, UK) FT-ICR mass spec-
trometer at the National High Magnetic Field Laboratory.*> A Predator data system
was used to acquire and process ICR data.®**® All elemental composition
assignments and subsequent data processing were performed with PetroOrg.®”
Mass spectrometer parameters and protocols are similar to those previously
described‘52754,57,68,69

Results and discussion
Nitrogen separation

LC-MS allows us to address important issues in heavy hydrocarbon character-
ization, including (i) differentiation of alkyl-aromatics from naphtheno-
aromatics, (ii) distinction between aromatic hydrocarbons and thiophenes, (iii)
analysis of basic and neutral polars, and (iv) correlation of molecular polarity
based on elution characteristics in different chromatographic fractions.**° Silicic
acid chromatographic separation was developed to fractionate polar compounds
with two main types of nitrogen compounds in shale oils, particularly in shale
high vacuum gas oils (HVGO), i.e., pyrrole and pyridine benzologs."* Mechanis-
tically, a layer of water supported by silicic acid provides an inherently acidic
stationary phase surface that separates polar molecules based on differences in
their ability to hydrogen-bond. Thus, it retains basic nitrogen functionalities
(proton acceptors) more effectively than neutral nitrogen functional groups
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(proton donors), thereby separating the benzologs of pyrrole from those of pyri-
dine. Highly alkylated compounds, such as N-alkylated pyrroles, exhibit very little
H-bonding. They elute as or with the aromatics, because adsorption by nitrogen
occurs perpendicularly at the edge of the molecule, and retention is limited by
steric accessibility.

Mass spectral data interpretation

Petroleum feedstocks are composed mainly of homologous series, C.H,..,X, in
which c is the carbon number, z is the “hydrogen deficiency” index, and X denotes
heteroatoms (N, S, and O) in each molecule, and successive members of the series
differ by multiples of CH,.”* Although hydrogen deficiency provides a measure of
aromaticity, each ring or double bond contributes —2, and z = +2 for a fully
saturated hydrocarbon. Thus, a more accurate index is double bond equivalents
(DBE), defined as the number of rings plus double bonds involving carbon for
a molecular elemental composition,”>”* C;H;,N,,0,S;:

. /
Double Bond Equivalents (DBE) = ¢ — %—i— g +1 )]

The two parameters are related by:
z = —2DBE + n + 2 or equivalently, DBE = —z/2 + n/2 + 1 )

We highlight the broadband ESI mass spectra of a South American crude oil
and its respective fractions to illustrate the molecular weight distribution and
compositional complexity. We further analyze the individual heteroatom classes
for the separated polar nitrogen compounds. Furthermore, each class is sorted
according to DBE and carbon number to reveal patterns of aromaticity and
alkylation that help to define their core structures and provide a visual indicator
of the compositional coverage achieved for the whole and/or chromatographic
fractions. Finally, for all three separation methods, we present monomer ion
yields (MIY, a measure of ionization efficiency) to highlight the impact of selective
ionization for the analysis of these complex samples.*® MIY is the inverse of the
product of ion accumulation period and analyte concentration required to reach
a target number of ions. Thus, a low monomer ion yield value indicates poor
ionization efficiency. When possible, all related samples and their respective
fractions are analyzed at the same sample concentration.

MIY = 1/[(accum. period)(analyte concentration)] (3)

Basic nitrogen characterization by (+) ESI FT-ICR MS

The crude oil and its respective fractions were analyzed by positive-ion ESI FT-ICR
MS to highlight trends in the basic nitrogen (pyridinic) species from the frac-
tionated South American crude oil. Fig. 1 summarizes the DBE and carbon
number compositional images for the four major heteroatom classes (N, N;S,
N,, and N;0,) along with their relative abundances (R.A.) from the (+) ESI FT-ICR
MS analysis. Each heteroatom specific image is composed of thousands of basic
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Fig. 1 Isoabundance-contoured isoabundance plots of double bond equivalents (DBE)
versus carbon number from the (+) ESI FT-ICR MS analysis (pyridinic nitrogen) of the whole
deasphalted South American crude oil and its hydrocarbon (HC), neutral nitrogen, basic
nitrogen, and polars fractions obtained from silicic acid column chromatography for the
four most abundant classes (N4, N;1S;, N,, and N;O,) detected in the whole crude oil
analysis.

species, predominately nitrogen (N, species) and nitrogen heteroatom-containing
(N0, or N,S,) compounds. The fractionation clearly extends the molecular weight
distributions of the hydrocarbon and neutral nitrogen fractions (carbon numbers
20-90) beyond the molecular weight distribution of the parent crude (carbon
numbers 20-60), and thereby enables the identification of higher molecular
weight species unobservable in the parent crude oil. As the fractionation prog-
resses from the HC to the neutral N, basic N, and finally the polars, the DBE and
carbon number ranges steadily decline. Thus, the least-retained species have the
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highest carbon numbers (most sterically hindered) and are the most alkylated N,
and N; S, species. Unsurprisingly, the molecular weight (carbon number) and DBE
ranges for the basic nitrogen and polar fraction more closely resemble those for
the parent crude (carbon numbers 20-60), given the monomer ion yield data
presented in Fig. 2. The basic N and polars fractions display monomer ion yields
between 3- and 10-fold higher than those for the preceding hydrocarbons and
neutral N fractions. Thus, without fractionation, the basic N and polars species
dominate the ionization process and limit detection of the compositional infor-
mation found in the hydrocarbons and neutral N fractions (higher carbon
number species). Hence, the chromatographic separation gives a broader class
composition (carbon number and DBE) and eliminates ambiguities such as
isobaric interferences, and somewhat reduces the effects of selective ionization.
The preferential ionization of lower molecular weight (lower carbon number)
species in complex petroleum samples is a reoccurring theme, as discussed below
for the analysis of neutral nitrogen (with this separation method) and acidic
(oxygen-containing) species (in MAPS fractionation).

Neutral nitrogen characterization by —ESI FT-ICR MS

The same fractions summarized in Fig. 1 ((+) ESI) were analyzed using (—) ESI FT-
ICR MS to highlight trends in neutral nitrogen (pyrrolic) species. Fig. 3 summa-
rizes the compositional information for the whole crude and the HC, neutral N,
basic N, and polars fractions for neutral nitrogen (pyrrolic) species and reveals
trends similar to those previously observed in the analysis of the pyridinic species
using +ESI. Most notably, the HC and neutral nitrogen fraction contain the
highest molecular weight (carbon number) species, and, as the fractionation
progresses to the basic N and polars fractions, the N; and N;S; class species
rapidly drop to lower carbon number values but maintain roughly the same DBE
range (10 < DBE < 30). As for the previous analysis of pyridinic species (basic N),
the compositional information obtained in the whole crude analysis most closely
matches the species that are selectively ionized by the respective ESI mode (+). In
the previous discussion, it was the basic nitrogen (pyridinic species) fraction for

South American Crude Oil
100

Monomer lon Yield
[4)]
o

Fig. 2 Monomer ion yield for the whole deasphalted oil and hydrocarbon (HC), neutral
nitrogen, basic nitrogen, and polars fractions obtained from silicic acid fractionation of
South American crude oil.
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Fig. 3 Isoabundance-contoured plots of DBE versus carbon number from (—) ESI FT-ICR
MS analysis (pyrrolic nitrogen) of the whole deasphalted South American crude oil and its
hydrocarbon (HC), neutral nitrogen, basic nitrogen, and polars fractions obtained from
silicic acid column chromatography for the 5 most abundant classes (N1, N1S;, N5, N;O4
and O,) detected in the whole crude oil analysis.

(+) ESL Here, it is the neutral nitrogen (pyrrolic species) fraction for (—) ESL As the
fractionation continues to the basic nitrogen fraction, the least sterically hindered
(lowest degree of alkylation) pyrrolic species elute (N, class) along with their thio-
phenic sulfur-containing analogues (N;S;) class. These 2 classes reside on, or
immediately adjacent to the polycyclic aromatic hydrocarbons (PAH) line and are
thus bare, or near bare, pyrrolic aromatic cores.**”” The polar polyfunctional
nitrogen species (N, and N;0; data) begin to dominate, and account for ~50% of
the total relative ion abundance. Although N, and N;0, constitute ~22% of the
total relative ion abundance, other polyfunctional species, such as N,S;, N;0O;S;,
N,Oj, and N; O, contribute to the remainder (data not shown). The trend continues
into the polars fraction, for which polar polyfunctional species that contain 2 or
more N or O heteroatoms account for nearly 65% of the total relative abundance.

The deactivated silicic acid column chromatography method discussed above
enables the coarse separation of the 2 dominant forms of nitrogen (pyridinic and
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pyrrolic) in petroleum by carbon number, DBE (aromaticity), and polarity, and is
therefore better suited for subsequent MS analysis. It achieves the separation
through interaction of the nitrogen functionality with the stationary phase. As
a result, the most sterically hindered nitrogen-containing species (highest carbon
number) elute first and the carbon numbers decline as the separation proceeds. The
most strongly retained species elute in the latter 2 fractions (basic N and polars), for
which lower-abundance polyfunctional species in the whole crude oil begin to
emerge. The greatest difference in this elution window is evident in the mono-
functional basic nitrogen species, which continue to elute into the polar fraction.
The weaker interaction between the stationary phase and pyrrolic nitrogen species
terminates their elution in the basic nitrogen fraction, and polyfunctional species
dominate the polars fraction. Analysis of the fractions by both (+) and (—) ESI FT-
ICR MS reveals selective ionization, because there are defined monomer ion yield
trends and similarity between the whole crude and specific fractions that depend on
the ionization mode. Simply, the basic nitrogen fraction from (+) ESI and the
neutral nitrogen fraction from (—) ESI are similar to the whole crude results. To
further investigate the carbon number dependence of selective ionization, we revisit
the modified aminopropyl silica (MAPS) fractionation of MacKay bitumen,* which
enables separation by molecular weight (carbon number).

Naphthenic acid characterization by MAPS fractionation and (—) ESI FT-ICR MS

The MAPS fractionation procedure first isolates acidic species through their
interaction with the amino functionality of the stationary phase. However, once
isolated, the solvent system is changed from normal to reversed-phase, and the
retained acids then elute by hydrophobicity through their interaction with the
propyl functionality of the stationary phase. The retained acids are therefore
separated into fractions of increasing carbon number, and thus the separation
allows for further investigation of the carbon number dependence of selective
ionization (ionization efficiency/monomer ion yield). Fig. 4 summarizes the mass
spectral analysis of the whole bitumen APS extract (top), versus the MAPS fractions
(MA1-MAS6, bottom). The MAPS fractionation method clearly extends the detected
molecular weight range, as MAPS fractions MA5 and MA6 extend well beyond 1
kDa. The monomer ion yield (ionization efficiency) data for the whole APS
bitumen extract and all MAPS fractions are presented in Fig. 5. As the fraction-
ation progresses, the molecular weight also increases. However, the monomer ion
yield data precipitously decreases and reaches a value 80-fold less for MA5 than
for MA1. MA5 and MAG6 performed so poorly in the standard NH,OH modified
toluene : methanol solvent systems commonly used for (—) ESI analysis, that MA5
required the use of twice the normal volume of NH,OH, and MA6 required
elimination of toluene and NH,OH, and replacement with dichloromethane and
TMAH for successful analysis. Despite these efforts, the monomer ion yield is still
~25x% less than for the MA1 fraction, and is thus presented for comparison
purposes only. The monomer ion yield for the whole bitumen APS extract is
roughly the average of that for MA1-MA3, and the mass spectrum spans a similar
molecular weight range and chemical composition (dominated by the O, class) of
these 3 fractions. Thus, as for the pyridinic and pyrrolic nitrogen results, higher
molecular weight (higher carbon number) species appear to ionize less efficiently
(lower monomer ion yield) than their lower molecular weight forms. The exact
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Traditional APS Acid Isolation
Whole Fraction Analyzed

e absad it asdasmdrncilindddsdadihehid

MA1 MA3 MA4 MAG6

MAPS
Fractionation
(MA1 — MAG6)

200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400
m/z
Fig.4 Broadband (—) ESI FT-ICR mass spectrum of the aminopropyl silica combined acids
extract obtained from MacKay bitumen (top). Broadband (—) ESI FT-ICR mass spectra of

the modified aminopropyl silica extracts (MA1l (black)-MA6 (purple)) obtained from
MacKay bitumen (bottom).

reason is currently unknown, but clues are provided from the analysis of ultra-
complex asphaltene samples by APPI FT-ICR MS (see below).

Asphaltene characterization via extrography fractionation and +APPI FT-ICR MS

The mass spectral analysis of asphaltenes has been plagued by difficulties for
decades.*>*”**7%7% Most notably, the H : C ratio of species readily observed based
on mass spectrometry (H : C ~ 0.8) is much lower than that obtained via bulk

Athabasca Bitumen Crude Acids

® >
100 = MAPS Fractions

3801 Aps

Acids MA1 MA2 MA3 MA4 MA5 MA6

Fig. 5 Monomer ion yield for the seven mass spectra presented in Fig. 4. The whole
deasphalted oil APS extract is on the left, and is followed by MAPS fractions MA1-MAG.
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analysis (H: C ~1.0-1.1), and the mass spectral decomposition products ob-
tained from tandem MS experiments did not match thermal decomposition
products observed in lab-based experiments or readily encountered in normal
refinery operations.*”***” Thus, it was obvious that some form of selective ioni-
zation influences not only the observed H: C ratio, but also the accessible
structures. Briefly, multiple reports of tandem MS results of unfractionated
asphaltenes yielded simple dealkylation products (with no change in the
precursor ion DBE), strongly suggesting that the dominant asphaltene structural
motif is a single, alkyl-substituted aromatic core (known as the island motif).*”-*
However, multiple other reports contradicted those findings and suggested that
the dominant motif was composed of multiple aromatic cores linked by alkyl or
cycloalkyl groups (known as the archipelago motif).>*#:*** Irrespective of the
conflicting reports, it is readily apparent that the mass spectral analysis of
asphaltenes suffers from selective ionization, and the species readily ionized have
H : C ratios of ~0.8, corresponding to 3-9 ring aromatics with a very low degree of
alkyl substitution (0-14 CH, groups).***”**** Recently, a three-part series of
manuscripts investigated the selective ionization of asphaltenes and proposed an
extrography fractionation method to reduce its impact on the mass spectral

Maya Asphaltene Analysis by (+) APPI

Heteroatom Class

o, 0,S, 0,s, 0,8,
40
RA. =3% RA. =5% RA.=6% RA.=8%
30 o ,
2
S 20
= 10
0 11 = |
10 20 30 40 50 60 70 10 20 30 40 50 60 70 10 20 30 40 50 60 70 10 20 30 40 50 60 70
40
RA. =3% RA. =4% RA. =5% RA. =7%
— 30 ' ) \
w2
a 22
= 8
o < 10
u% 10 20 30 40 50 60 70 10 20 30 40 50 60 70 10 20 30 40 50 60 70 10 20 30 40 50 60 70
4
2 TRA =5% RA.=8% RA. =6% RA.=3%
2 30 : ’
o o
@ c
s $ 2
3 3
o o A
a F 10 i
0 = B L
10 20 30 40 50 60 70 10 20 30 40 50 60 70 10 20 30 40 50 60 70 10 20 30 40 50 60 70
40
RA. =4% RA. =7% RA. =4% RA.=2%
w 30 )
£ h
Z 20
°
~ 10 \

0
10 20 30 40 50 60 70 10 20 30 40 50 60 70 10 20 30 40 50 60 70 10 20 30 40 50 60 70
Carbon Number [ W Relative Abundance (Total %)

Fig. 6 Isoabundance-contoured plots of DBE versus carbon number from the (+) APPI
FT-ICR MS analysis of the whole Maya crude oil asphaltene fraction and its acetone,
toluene, and toluene/THF fractions obtained via extrography fractionation for the 4
heteroatom classes (04, O1S;, O1S,, and O,S,).
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Fig.7 Mass distribution (left) and monomer ion yield (right) for the extrography asphaltene
fractionation for Maya asphaltenes.

analysis.*****” Fig. 6 provides further evidence of its success for APPI FT-ICR MS
analysis of a whole Maya asphaltene and its associated acetone, toluene, and
toluene/tetrahydrofuran extrography fractions collected from a simplified version
(3 fractions instead of the original 8 fractions) of the previously reported
method.* Results for the O, O;S;, 0;S,, and O,S, classes are presented for the
whole asphaltene and 3 extrography fractions. Comparison of the whole asphal-
tene data to that obtained for the acetone fraction reveals striking similarity and
exposes the problem of selective ionization in asphaltene analyses. Simply, as
highlighted in Fig. 7, the acetone fraction is only 16% wt of the whole asphaltene,
but ionizes 20x more efficiently than the toluene fraction (~65% wt) and 45x
more efficiently than the toluene/THF fraction (17% wt). Thus, analysis of the
whole asphaltene sample captures the compositional information of only 16% wt
of the entire sample, and thereby fails to account for the species highlighted in
the toluene and toluene/THF fractions that account for 80+% wt of the asphaltene
sample. The proposed reason behind the large differences in monomer ion yield
was suggested to be the effects of aggregation, because the precipitated mass
versus heptane dilution yielded dramatic differences between the two end
members in monomer ion yield (acetone and toluene/THF fractions).***” At 40%
vol heptane into a toluene solution, only ~5 wt% of the acetone fraction precip-
itated, whereas more than 90 wt% of the toluene/THF fraction precipitated. The
difference in ionization efficiency also appears to be linked to molecular struc-
ture, as the dominant structural motif in this and other asphaltene acetone
extrography fractions is the island motif. Conversely, the dominant structural
motif in this and other asphaltene toluene and toluene/THF extrography fractions
is the archipelago motif. Although convincing and correlated with monomer ion
yield data for a handful of samples, the impact of aggregation in complex matrices
appears to be very important, and warrants future study.

Conclusions

The compositional complexity of crude oils requires a separation method that can
generate manageable fractions that can be selectively characterized based on the

This journal is © The Royal Society of Chemistry 2019 Faraday Discuss.


https://doi.org/10.1039/c9fd00005d

Published on 11 June 2019. Downloaded by Florida State University on 8/1/2019 10:11:48 PM.

View Article Online

Faraday Discussions Paper

ionization method, analyte functional group(s), aromaticity, and molecular
weight. The silicic acid separation method successfully addresses the separation
and targeted ionization of pyridinic ((+) ESI) and pyrrolic ((—) ESI) nitrogen-
containing species, but exposes the preferential ionization of lower molecular
weight pyridinic and pyrrolic species at the expense of higher molecular weight
species. The monomer ion yields for the basic nitrogen fractions, combined with
the similarity between the whole sample results and those of the basic nitrogen
fraction ((+) ESI) and neutral nitrogen fraction ((—) ESI), strongly suggest that
selective ionization is a major problem for the comprehensive characterization of
complex samples based on direct “dilute and shoot” analyses. Selective isolation
of acidic species by aminopropyl silica and subsequent analysis of the whole acid
extract revealed identical selective ionization issues (for acids) compared to the
MAPS fractions for the same extract (further separated by hydrophobicity (carbon
number)). Ionization favors the lowest molecular weight species over higher
molecular weight species, as exemplified by up to 80-fold+ difference in monomer
ion yield for the later eluting (higher molecular weight) species. Finally, we
revisited selective ionization in an ultra-complex asphaltene fraction isolated
from Maya crude oil. Consistent with similar analyses, mass spectral analysis of
the whole (unfractionated) asphaltene yielded results nearly identical to those for
the acetone extrography fraction, which had a monomer ion yield 20-fold higher
than the next eluting fraction (toluene) but comprised only 16% wt of the whole
sample. Previous reports have linked this selective ionization to aggregation, and
given the present results for nitrogen-containing (pyridinic and pyrrolic), oxygen-
containing (carboxylic acids), and oxygen and sulfur-containing (OxSy) species,
the link(s) between structure, carbon number, aggregation tendency, and
monomer ion yield require(s) further research.
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