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ABSTRACT: We report a novel chromatographic method to enrich and
separate nickel and vanadyl porphyrins from a natural seep sample and
combine molecular level characterization by positive-ion electrospray ionization
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS).
Vanadyl and nickel porphyrin model compound elution from primary
secondary amine (PSA) stationary phase combined with UV-vis spectroscopy
confirms enrichment and subsequent fractionation of nickel and vanadyl
porphyrins into polarity-based subfractions. A more than 100-fold increase in
signal-to-noise ratio for nickel porphyrins enables unequivocal elemental
composition assignment confirmed by isotopic fine structure for all isotopes
>1% relative abundance, and the first mass spectral identification of 61Ni
porphyrin isotopologues derived from natural seeps. Oxygen-containing
vanadyl porphyrins and sulfur-containing vanadyl porphyrins are isolated in
the same fraction simultaneously from the same sample. We provide the first chromatographic evidence of carboxylic acid
functionalities peripheral to the porphyrin core, in agreement with previous studies.

Vanadium and nickel porphyrins are the most abundant
metal-containing compounds in crude oil and the first

molecules that linked petroleum to its biological origin in the
1930s by Alfred Treibs.1,2 Porphyrins are degradation products
of biological pigments (i.e., algal and bacterial chlorophylls and
hemoglobin),3 and chromatographic distribution profiles
correlate to deposition environment and thermal history of
sedimentary deposits.4−6 Oil composition, geological origin,
and depositional environment contribute to variations in
vanadium and nickel concentration.4,7 The concentration of
nickel and vanadium increases with viscosity, with reported
vanadium concentrations >1200 ppm.8 Heavily degraded,
weathered oil derived from natural seepage represents the
most complex natural organic mixture to date, and previous
studies catalogue the structural diversity of nickel and vanadyl
porphyrins detected directly by FT-ICR mass spectrometry in
natural seeps at Coal Oil Point in the Santa Barbara Channel,
California.9 However, the complex hydrocarbon matrix
challenges direct identification of a wide range of porphyrin
structural classes.
Nickel and vanadyl porphyrins abundant in crude oil exist as

homologous series of a few major structural classes,10,11

although more than 80 different porphyrins have been
identified from organic-rich sediments and crude oils.4,11 The
porphyrin carbon skeleton consists of a tetrapyrrolic, planar,

cyclic molecule linked with methine bridges,1,11 and etiopor-
phyrins are the simplest structural class, with ethyl and methyl
substitution at the Cβ position on each pyrrole.4,12 Structures
of nickel and vanadyl porphyrins have been characterized by X-
ray crystallography13 and vibrational spectroscopy.14

Vanadium and nickel porphyrin chemical and physical
properties have been studied extensively15 based on enrichment
and isolation strategies16,17 and mass spectral analysis.10,18−21

The main porphyrin structures identified in petroleum
correspond to etioporphyrin (Etio) and deoxophylloerythroe-
tioporphyrin (DPEP) structure complexes in nickel and vanadyl
forms,1,2 and recent reports have identified sulfur- and oxygen-
containing porphyrins.4,5,17,22 Chromatographic isolation of
vanadyl and nickel porphyrins from heavy crude oil combined
with FT-ICR mass spectrometry identified sulfur- and oxygen-
containing porphyrins by reducing interferences from the
complex hydrocarbon matrix.17,23 However, these methods
focus on enrichment of all porphyrins, with little separation
between type and structural class.
The immense compositional complexity and increased

polarity associated with heavily degraded natural petroleum
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seeps challenge nearly all routine analytical techniques. Fourier
transform ion cyclotron resonance mass spectrometry can
address the compositional complexity of heavy crude oil at the
molecular level.24 Because vanadyl and nickel porphyrins
concentrate in heavy oils, previous studies rely on atmospheric
pressure photoionization (APPI) coupled to FT-ICR MS to
identify nickel and vanadyl porphyrins at the molecular
level.9,19,20,22 However, positive-ion APPI yields protonated
ions and radical cations for each neutral molecule and produces
two mass spectral peaks per neutral analyte molecule. APPI FT-
ICR mass spectral characterization of asphalt volcanoes in
Southern California reported more than 85 000 unique
elemental compositions and catalogued the structural diversity
of nickel and vanadyl porphyrins in the same sample.9

However, direct identification of vanadyl and nickel porphyrins
in a whole, unfractionated sample is limited to the most
abundant porphyrin compounds due to low ionization
efficiency and dynamic range limitations.
Previous separation methods to target petroporphyrins

combine normal phase fractionation on silica and/or alumina
stationary phase, followed by elution with mobile phase of
increasing solvent strength, but result in coelution of nickel and
vanadium porphyrins.17,21 Xu et al. performed an online HPLC
separation to improve selectivity with amino propyl silica25 and
separated nickel and vanadyl porphyrins and isomers on a
chromatographic time scale. The nonplanar structure and lone
pairs of electrons on the oxygen atom increase the hydrogen
bonding capabilities for vanadyl porphyrins and result in
increased retention.25

Mass spectral identification of novel petroporphyrin
structural classes has been based on separation and enrichment
strategies to simplify the complex hydrocarbon matrix. Shi et al.
combined chromatographic fractionation with electrospray
ionization (ESI) FT-ICR mass spectrometry and identified
three new series of oxygenated vanadyl porphyrins.17 Qian et al.
applied cyclograph enrichment to identify nickel porphyrins19

and solubility enrichment to identify sulfur-containing vanadyl
porphyrins20 and combined with positive-ion atmospheric
pressure photoionization (APPI) FT-ICR mass spectrometry
identified petroporphyrins contained in each subfraction, as
previously reported.9,22 However, the multiple ionization
pathways possible in APPI increase spectral complexity and
require resolving power (m/Δm50%, where Δm50% is the mass
spectral peak width at half-maximum peak height) m/Δm50% >
1 000 0009 to resolve isobaric overlaps critical for accurate
elemental composition assignment.19

Rodgers et al. first applied positive-ion electrospray
ionization to petroporphyrin-enriched chromatographic frac-
tions and identified monomer and dimer porphyrin species.21

Dopant-assisted APPI26 produces ions from nonpolar and polar
compounds through charge-exchange and proton transfer
reactions, whereas electrospray ionization produces protonated
cations from polar species through solution-based protonation
reactions.27 Moreover, ESI selectively ionizes the most polar
compounds and yields one ion for every neutral, compared to
APPI, which requires higher resolving power to identify isobaric
species due to multiple ionization pathways that produce a
more complex mass spectrum. Here we combine targeted
enrichment and chromatographic separation of vanadyl and
nickel porphyrins with positive-ion electrospray ionization FT-
ICR MS to highlight the structural diversity of porphyrins
inherent in natural seep samples. To the best of our knowledge,
this represents the first molecular catalogue of nickel and

vanadyl porphyrins separated in chromatographic space and
characterized at the molecular level confirmed with isotopic fine
structure.

■ EXPERIMENTAL METHODS
Sample Description. A previously studied asphalt volcano

sample9,28 (Il Duomo (#4332-1)) with 514 (±2) ppm
vanadium and 158 (±2) ppm nickel was collected as chunks
of oil and sand and extracted with toluene in a Soxhlet
extractor.

Materials. HPLC-grade solvents (hexanes (95% n-hexane,
CAS no. 110-54-3), toluene (CAS no. 108-88-3), and methanol
(CAS no. 67-56-1)) were purchased from J.T. Baker/Avantor
Performance Materials (Center Valley, PA). Reagent grade
formic acid (CAS no. 64-18-6, ≥95%), 2,3,7,8,12,13,17,18-
octaethy l -21H ,23H -porphine vanadium(IV) ox ide
(C36H44N4OV, CAS no. 27860-55-5, VO(IV)OEP), and
2,3,7,8,12,13,17,18-octaethyl-21H,23H-porphine nickel(II)
(C36H44N4Ni, CAS no. 24803-99-4, Ni(II)OEP) were
purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO). Chromatographic fractionation conducted on primary
secondary amine (PSA) solid-phase extraction (SPE) cartridges
(Bond Elut Plexa; Mega BE-PSA, 2 g/12 mL, PSA; 40 μm,
60A; Agilent Technologies, Santa Clara, CA) followed by
secondary purification with a weak cation exchange (WCX)
SPE cartridge (Phenomenex Strata WCX; 55um 70 A; 1 g/6
mL, Phenomenex, Torrance, CA).

Sample Preparation. Stock solutions of VO(IV)OEP
and Ni(II)OEP (2 μM) were prepared in 1:1 (by volume)
hexane/toluene. Whole chunks of Il Duomo were finely ground
in a mortar and pestle, extracted with toluene (∼12 h), and
desolvated with dry N2, and chromatographic fractions were
collected and desolvated. Extracts and fractions were dissolved
in toluene to yield stock solutions (1 mg/mL) and further
diluted in toluene with equal parts (vol:vol) methanol spiked
with 10% (by volume) formic acid to a final concentration of
10−50 μg/mL prior to analysis. Total percent yield for whole Il
Duomo extract (i.e., asphaltenes and maltenes) is shown in
Table S-1, Supporting Information.

UV−Visible Spectroscopic Analysis. UV−vis spectrosco-
py (Agilent 8453, Agilent Technologies, Santa Clara, CA)
identified petroporphyrins within Il Duomo subfractions. A
UV−vis spectrophotometer equipped with a 1 cm cuvette and
HPLC-grade toluene was used, scanning from 300 to 700 nm.
Three classical absorptions that arise from the allowed π−π*
transitions occur in porphyrins: a strong β-band (Soret band)
in the violet region (390−410 nm) and two weaker bands (α
and β) in the yellow-green region (500−580 nm).4,29 Nickel
porphyrin absorptions blue-shift to slightly lower wavelength,
due to the increased planarity of the porphyrin macrocycle.30

Ionization: ESI Source. Sample solutions were infused via a
microelectrospray source31 (50 μm i.d. fused silica emitter) at
500 nL/min by a syringe pump. Ions formed at atmospheric
pressure enter through a dual-stage rf-focusing ion funnel
interface32 (funnel 1:2.7 Torr; funnel 2:270 mTorr) with a
voltage gradient transfer of ions into the mass spectrometer
(DC1 = 120 V; DC2 = 70 V; DC3 = 40 V; DC4 = 10 V).

9.4 T FT-ICR Mass Spectrometer. Whole Il Duomo
extract and chromatographic fractions were analyzed with a
custom-built FT-ICR mass spectrometer33 equipped with a 9.4
T horizontal 220 mm bore diameter superconducting solenoid
magnet operated at room temperature and a modular ICR data
station (Predator)34 facilitated instrument control, data

Analytical Chemistry Article

dx.doi.org/10.1021/ac502672b | Anal. Chem. 2014, 86, 10708−1071510709



acquisition, and data analysis. Due to increased complexity at
higher m/z, broadband phase correction35 was applied to mass
spectra for seep extracts and fractions to increase the resolution
of isobaric species as previously described.36 For all mass
spectra, the achieved mass spectral resolving power approached
the theoretical limit37 across the entire mass range, e.g., average
resolving power, m/Δm50%, in which Δm50%, the mass spectral
peak width at half-maximum peak height, was ∼1 000 000−1
500 000 at m/z 500. Additional information for data processing,
mass calibration, and data analysis are detailed in Supporting
Information.

■ RESULTS AND DISCUSSION

Porphyrin Standard Analysis. PSA stationary phase, a
silica-based ethylenediamine-N-propyl sorbent, provides both
primary- and secondary-amine functionalities that retain both
nickel and vanadyl porphyrin model compounds for subsequent
separation, likely due to chelation properties of the bidentate
diamine functionality.38 PSA solid-phase extraction (SPE)
cartridges were preconditioned with ∼12 mL of hexane.
Model compounds were dissolved in toluene and diluted
with hexane to a final concentration of 2 μM, and a 1 mL
aliquot was loaded onto a SPE cartridge and allowed to
equilibrate (15 min). Sequential elution began with pure
hexane, and the concentration of toluene was increased
stepwise in small increments (5−10% by volume). Band
broadening of Ni(II)OEP that was observed on aminopropyl
silica (APS) was not observed on PSA and remained in a
narrow band (see Figure S-1, Supporting Information). The
nickel band does not begin to migrate until the mobile phase
composition reaches 15−20% toluene. VO(IV)OEP remains
in a narrow, uniform band, and migration occurrs when the
mobile phase composition exceeds 60% toluene by volume and
elutes completely with 70% toluene.
Petroporphyrin Fraction Analysis. Figure 1 shows the

separation scheme based on elution profiles of model
compounds (Ni(II)OEP and VO-OEP). Whole Il Duomo
extract was dissolved in 500 μL of toluene and further diluted
with 500 μL of hexane, loaded dropwise onto the
preconditioned PSA SPE cartridge, and allowed to equilibrate
(∼15 min). Fraction 1 contains the compounds that do not

interact with the polar stationary phase (i.e., hydrocarbons,
saturated compounds) and elute in three steps: 10 mL of
hexane, 15 mL of 90:10 hexane:toluene (v/v), and 5 mL of
85:15 hexane:toluene (v/v). Elution with 15 mL of 85:15
hexane:toluene (v/v) yields fraction 2, which shows slight
absorption at the Soret band, but an increase to 80:20
hexane:toluene (v/v) elutes nickel porphyrins. Both fractions
contain nickel porphyrins, but fraction 3 shows absorption at
the nickel α-band. The nickel porphyrin-containing fraction
(fraction 3) was passed through a weak cation exchange
(WCX) sorbent with an isocratic mobile phase composed of
80:20 hexane:toluene (v/v) for further purification. Table S-1
(Supporting Information) shows the percent yield across all
PSA fractions, with a total percent recovery of 87% for the
whole Il Duomo sample (i.e., asphaltenes and maltenes).
Replicate fractionations of Il Duomo, a terrestrial seep, and an
asphaltene verified reproducibility and will be expanded in
future studies. In all cases, more than 100 different types of
porphyrins were identified in the purified porphyrin fractions.
For brevity, we report the first replicate of Il Duomo for
method validation
Figure 2 shows UV−vis spectra of Il Duomo and

subfractions. Three classical metalloporphyrin absorptions

arise due to the allowed π−π* transitions: a strong Soret
band in the violet region (390−410 nm) and two weaker bands
(Q0 or α and Q1 or β) in the yellow-green region (500−580
nm).4,29 Characteristic vanadyl porphyrin absorbance at the
Soret band (410 nm), β-band (533 nm), and α-band (572 nm)
occurred in the whole extract and fractions 5−7. A blue-shifted
nickel Soret band at 393 nm and an α-band at 553 nm were
only observed in fraction 3WCX. No porphyrin mass spectral
peaks were observed in fraction 4 and no significant absorbance
at Soret, α-, or β-bands, which indicates complete separation of
nickel and vanadyl porphyrins. Weak absorbance observed for

Figure 1. Separation scheme employed to isolate petroporphyrin
fractions from Il Duomo toluene extract.

Figure 2. UV−vis spectra of Il Duomo toluene extract and
chromatographic subfractions.
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fractions 8 and 9 and elution with formic acid (fraction 9)
indicate carboxylic acid-functionalized porphyrins, in agreement
with naphthenic acid literature.39 Quantitation of total
vanadium and nickel concentrations in each subfraction will
be the focus of future studies.
Heteroatom Class Distributions. Figure 3 shows the class

distribution for all heteroatom classes of >0.5% relative

abundance derived from positive-ion ESI FT-ICR mass spectra
of the whole Il Duomo extract and nickel (fraction 3WCX) and
vanadyl (fraction 6) fractions. Figure 3a shows the increased
relative abundance of 58Ni and 60Ni porphyrins only detected
after weak cation exchange, likely due to reduced matrix effects
by removal of easily ionized pyridinic nitrogen and N1Sx
compounds. The nickel porphyrins constitute the seventh
most abundant class in fraction 3WCX but were not detected in
the whole sample, and only the most abundant nickel
porphyrins were detected in fraction 3. Vanadyl porphyrins
are detected at >5% relative abundance in fraction 6 but less
than 0.5% relative abundance in the whole extract (Figure 3b).
The increased relative abundance of vanadyl compared to
nickel porphyrins agrees with previous reports of more than
three times the total vanadium content in Il Duomo compared
to nickel.9 Vanadyl porphyrins in fraction 6 are selectively
ionized in positive mode because they coelute with SxOy
compounds that have lower ionization efficiency in positive-
ion ESI compared with pyridinic nitrogen species that coelute
with nickel porphyrins (fraction 3). Nickel porphyrins have also

been reported to have ionization efficiencies lower than those
of vanadyl porphyrins.19

ESI FT-ICR MS of Nickel Porphyrin Fractions:
Elemental Composition Assignment. Figure 4a shows

broadband positive-ion ESI FT-ICR mass spectra of whole Il
Duomo (top), fraction 3 (middle), and fraction 3WCX (bottom).
More than 17 000 peaks were assigned in the whole sample,
and ∼10 000 peaks were assigned in fraction 3 and fraction
3WCX. The mass-scale-expanded segment (Figure 4b) for all
three spectra at m/z 561 shows a DPEP nickel porphyrin
monoisotopic peak at signal-to-noise ratio (S/N) < 5 in the
whole sample. After initial fractionation, the same peak is
observed at S/N = 35. After weak cation exchange, the DPEP
monoisoptopic peak increases 14-fold to S/N ratio = 500,
suffic ient for e lementa l composi t ion ass ignment
([C34H38N4

58Ni+H]+ at mass error of −5 ppb).
Validation of 58Ni Porphyrin Elemental Composition

Assignment with 60Ni, 61Ni, 62Ni Isotopologues. Figure 5
shows the mass-scale-expanded segment from fraction 3WCX at
561 < m/z < 566. The DPEP [C34H38N4

58Ni+H]+ (DBE 18)
nickel porphyrin monoisotopic peak and corresponding 13C
isotopologues at 1.0033 Da higher in mass, 60Ni isotopologue at
1.9954 Da higher in mass, 61Ni at 2.995 Da higher in mass, and
62Ni isotopologue 3.9930 Da higher in mass provide
unequivocal confirmation of nickel porphyrin elemental
composition assignment. The etio [C34H40N4

58Ni+H]+ (DBE
17) nickel porphyrin monoisotopic peaks and corresponding
60Ni isotopologue at 1.9954 Da higher in mass are also shown.
All elemental compositions are identified within 100 ppb mass
error. Previous identification of 62Ni porphyrin isotopologues
relied on APPI ionization.19 To the best of our knowledge, this
is the first mass spectral identification of 61Ni and 62Ni
isotopologues of DPEP nickel porphyrin by positive-ion
electrospray ionization, and the first identification of 61Ni by
any ionization technique. Table S-2 (Supporting Information)
lists the elemental composition, the theoretical mass,

Figure 3. Heteroatom class distribution for whole Il Duomo extract
and fraction 3 and fraction 3WCX (top) and fraction 6 (bottom).
Nickel porphyrins are observed at >1.8% (58Ni) and >0.6% (60Ni)
relative abundance after secondary purification by weak cation
exchange (top), and vanadyl porphyrins not detected in the whole
extract are observed at >5% relative abundance in fraction 6 (bottom).

Figure 4. Broadband positive-ion ESI FT-ICR mass spectra of Il
Duomo extract (a, top) and fraction 3 before (a, middle) and after
secondary purification (a, bottom). A total of 17 186 mass spectral
peaks were assigned with signal magnitude greater than 6 times the
signal-to-noise ratio baseline root-mean-square (rms) noise in the
whole extract and ∼10 000 assigned peaks before and after weak cation
exchange. Mass-scale-expanded segment at m/z 561 (b) for all three
samples highlights the ∼100 fold increase in signal-to-noise for an etio
nickel porphyrin monoisotopic peak.
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experimental mass, and theoretical and experimental isotopic
ratios for the two most abundant nickel porphyrins in fraction
3WCX.
Nickel Porphyrin Elemental Composition Assignment

by ESI FT-ICR MS. Figure 6 shows the isoabundance color-

countered plot of DBE versus carbon number for nickel
porphyrins identified, with the most abundant compounds
corresponding to DBE 17 (Etio) and DBE 18 (DPEP)
structural classes, each as a homologous series with carbon
number C26−C54. Table S-3a−e (Supporting Information) lists
the elemental composition, experimental mass, theoretical
mass, mass error, and mass resolving power for each
homologous series, with RMS error for each nickel porphyrin
series <60 ppb.
ESI FT-ICR MS of Vanadyl Porphyrin Fractions:

Elemental Composition Assignment. Figure 7 shows the
broadband positive-ion ESI FT-ICR mass spectra of Il Duomo
asphalt volcano sample (top) and fraction 6 (bottom). The
achieved resolving power of m/Δm50% = 1 300 000 at m/z 550
enables elemental composition assignment to 17 186 mass
spectral peaks in Il Duomo (Figure 7a, top) and 9570 in
fraction 6 (Figure 7a, bottom), each with signal magnitude

greater than 6σ of baseline rms noise (m/z 200−1000). All ions
are singly charged, as evident from the unit m/z spacing
between species differing by 12Cc versus 13C1

12Cc−1. Strong
vanadyl porphyrin UV−vis absorbance occurs in fraction 6,
with weaker absorbance in fractions 5 and 7. Vanadyl
porphyrins in fractions 5 and 7 are much lower in abundance
and structural diversity. Therefore, we selected the fraction with
the strongest UV−vis porphyrin signature (fraction 6) to
catalogue vanadyl porphyrin structural diversity. DPEP vanadyl
porphyrins (CnH2n−30N4V1O1) are the most abundant
porphyrin class, in agreement with previous reports.9,21,22

Mass zoom insets at 556 < m/z < 558 (Figure 7a, inset)
highlight the 50-fold increase in signal-to-noise ratio for DPEP
vanadyl porphyrins in fraction 6 compared to whole Il Duomo.
Figure 7b shows the mass-scale-expanded segment at m/z

554−558 for Il Duomo (Figure 7b, top) and fraction 6 (Figure
7b, bottom). Mass spectral peaks with highest signal magnitude
correspond to nonporphyrinic petroleum compounds in the
whole sample (top) based on elemental composition assign-
ment. Across the same m/z range, the most abundant mass
spectral peaks correspond to vanadyl porphyrins and
isotopologues after fractionation. A DBE value of 18
corresponds to a DPEP (CnH2n−30N4V1O1) structure that is
most abundant, and Di-DPEP structure (CnH2n−28N4V1O1)
corresponds to DBE 19, in agreement with previous
reports.21,22 The increased signal-to-noise ratio after PSA
fractionation enables identification of >90 unique elemental
compositions that correspond to vanadyl porphyrins (Table S-
4a−g, Supporting Information). The rms error for each
homologous series ranged between 8 and 60 ppb.

Vanadyl Porphyrin Structural Diversity. Figure 8 shows
the isoabundance color-contoured plot of DBE versus carbon
number for vanadyl porphyrins identified in fraction 6, with the
most abundant structures corresponding to DPEP (DBE = 18).

Figure 5. Mass-scale-expanded segments (561 < m/z < 566) of the
positive-ion ESI FT-ICR mass spectrum of chromatographic fraction
3WCX from Il Duomo toluene extract. The resolution and
identification of 60Ni, 61Ni, and 62Ni isotopologues validate elemental
composition assignments based on etio and DPEP monoisotopic
peaks (see text).

Figure 6. Isoabundance color-contoured plot of double bond
equivalents (DBE) versus carbon number for the nickel porphyrin
class of fraction 3WCX from Il Duomo toluene extract.

Figure 7. Broadband positive-ion ESI FT-ICR mass spectra of Il
Duomo extract (a, top) and fraction 6 (a, bottom). The more than 17
000 mass spectral peaks (each with magnitude greater than 6σ of
baseline root-mean-square (rms) noise) were resolved and identified
in the whole extract, and 9570 peaks were assigned in fraction 6. Mass-
scale-expanded segment at 556 < m/z < 558 (a) for both samples
highlights the ∼50 fold increase in signal-to-noise for a DPEP (DBE
18) vanadyl porphyrin monoisotopic peak and its 13C isotopologue at
1.0033 Da higher in mass (a, inset). The most abundant mass spectral
peaks in the whole Il Duomo extract correspond to N1S1 and O2S2
classes (b, top), while DPEP (DBE 18) and Di-DPEP (DBE 19)
vanadyl porphyrin monoisotopic peaks and 13C isotopologues are the
most abundant compounds in fraction 6 across the same mass range
(b, bottom).
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Vanadyl porphyrins with DBE = 17−23 were also observed
with carbon number distributions between C25 and C45.
Sulfur-Containing Vanadyl Porphyrins. Qian et al. first

identified sulfur-containing vanadyl porphyrins by APPI FT-
ICR MS in asphaltenes (n-heptane insoluble) derived from
vacuum residue and proposed benzothiophene sulfur addition
to etio porphyrin core structures.20 More than 60 unique
elemental compositions that correspond to sulfur-containing
vanadyl porphyrins were identified and assigned in fraction 6.
Figure 9 shows the isoabundance contour plot of DBE versus

carbon number for sulfur-containing vanadyl porphyrins, with
DBE 19−25 and carbon number ∼C35−C48. The most
abundant structural class corresponds to DBE 24. Qian et al.
reported that the most abundant sulfur-vanadyl porphyrins
increased in z-number by ∼10, which converts to approximately
5−6 DBE, and postulated benzothiophene addition to etio
vanadyl porphyrin cores.20 The most abundant Il Duomo
vanadyl porphyrins (DBE 18) and sulfur-vanadyl porphyrins
(DBE 24) could occur through benzothiophene addition.
(Table S-5a−g, Supporting Information) Structural inter-
rogation of these compounds will be the focus of future work.20

Oxygen-Containing Vanadyl Porphyrins. Zhao et al.
first identified oxygenated vanadyl porphyrins by positive-ion
electrospray FT-ICR MS characterization of chromatographic
fractions derived from Venezuelan heavy crude and reported
three new vanadyl porphyrin structural classes (CcHhN4VO2,
CcHhN4VO3, and CcHhN4VO4) that were proposed to

incorporate ketone, aldehyde, and carboxylic acid moieties to
known porphyrin core structures.17 Figure 10 shows the DBE

distribution for all porphyrin classes identified after chromato-
graphic fractionation. The percent relative abundance for each
class was normalized to 100% total abundance for each class.
The addition of one oxygen atom (N4O2

51V) corresponds to
DBE values of 18 and 19, which indicates preferential
incorporation of ketone/aldehyde functionalities to etio and
DPEP core structures (Table S-6, Supporting Information).
The observed increase in DBE and coelution of N4O3

51V
porphyrins with naphthenic acids provides mass spectral and
chromatographic evidence of carboxylic acid-functionalized
vanadyl porphyrins, as previously proposed.17 CcHhN4VO2
porphyrins were detected in fraction 6, and all homologous
series identified are listed in Table S-6, Supporting Information.

Identification of “Acidic” Porphyrins. The addition of
two oxygen atoms (N4O3

51V) was only observed in fraction 9,
where formic acid was added to the eluent to displace acidic
species from the amine-based stationary phase. Oxygen in
carboxylic acid moieties increase the strength of adsorption on
amine-based stationary phase and require elution with formic
acid.39 Elution of fraction 9 with 5% (by volume) formic acid
identified N4O3V1 porphyrins with DBE 19 and 20, which
correspond to the addition of one DBE to the two most
abundant N4O1V1 types. This increase in DBE and elution of
N4O3V1 porphyrins along with naphthenic acids in fraction 9
suggest the presence of carboxylic acid-functionalized porphyr-
in structures (Table S-7, Supporting Information).17

■ CONCLUSIONS
Here, we present selective fractionation and separation of nickel
and vanadyl porphyrins from a heavily weathered asphalt
volcano sample based on adsorption and sequential elution on
primary secondary amine stationary phase coupled to positive-
ion electrospray ionization FT-ICR mass spectrometry.
Chromatographic optimization of the separation with porphyr-
in model compounds combined with UV−vis absorption at
characteristic porphyrin wavelengths and positive-ion electro-
spray FT-ICR MS provides elemental composition assignment
confirmed by isotopic fine structure for both vanadyl and nickel
porphyrins within the same sample. Secondary purification
based on weak cation exchange for the nickel fraction increases
the signal-to-noise ratio greater than 10-fold and extends the
structural diversity of nickel porphyrins up to DBE 26. Oxygen-
containing and sulfur-containing vanadyl porphyrins are

Figure 8. Isoabundance color-contoured plot of double bond
equivalents (DBE) versus carbon number for the vanadyl porphyrin
class of fraction 6 from Il Duomo toluene extract.

Figure 9. Isoabundance color-contoured plot of double bond
equivalents (DBE) versus carbon number for the sulfur-containing
vanadyl porphyrin class of fraction 6 from Il Duomo toluene extract.

Figure 10. Combined normalized DBE distribution for N4
58Ni,

N4O1
51V, N4O1S1

51V, N4O2
51V, and N4O3

51V porphyrin classes
observed within fractions 3WCX and fractions 6 and 9.
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identified, and we propose chromatographic evidence of
carboxylic acid incorporation in porphyrins that are retained
on PSA until the mobile phase composition is modified with
formic acid. This method can be applied to all crude oils, and
future studies will apply tandem mass spectrometry to further
interrogate the structure of novel porphyrins.
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