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ABSTRACT:We have determined the absolute upper limit of hydrocarbon compositional space for petroleum and other fossil oils.
The upper limit for the double-bond equivalent (DBE) to carbon is 90% of the carbon number. The DBE lower limit is zero. Any
hydrocarbonmolecular formula outside of those boundaries is not observed in hydrocarbon resources, petroleum, coal, and oil shale.
These boundaries provide working limits for elemental compositions of fossil fuels for computer searching and model building.

’ INTRODUCTION

Although the general molecular nature of the components in
heavy petroleum fractions, i.e., gas oils and higher boiling
fractions, has been understood for some time based on bulk
physical property measurements and spectroscopic results, the
lack of proper analytical tools or instrumentation prohibited
determination or confirmation of the elemental composition or
structure of individual molecules. Recent advances in Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR
MS), in addition to the availability of various ionization methods
designed for liquid chromatography (LC), such as electrospray
ionization (ESI),1�4 atmospheric pressure chemical ionization
(APCI),5 and atmospheric pressure photoionization (APPI),6

greatly extend the molecular characterization of hydrocarbons to
petroleum fractions beyond the gas oil boiling range (>500 �C)
for identification of elemental composition of individual
molecules.7 Thus, it is possible to look into the nature of the
very heavy petroleum molecules in extremely complex mixtures,
such as residues and asphaltenes. ESI and APCI can ionize only
polar molecules, providing an opportunity to filter out the
dominant and interfering nonpolar species to enhance signals
of polar species.8,9 APPI, on the other hand, can ionize less polar
or nonpolar components to complement the inefficient ioniza-
tion of nonpolar species by ESI.4,6,9 However, it is more energetic
and prone to fragmentation of ionic species without careful
controls. In the residues and asphaltenes, it is common to detect
more than 50 000 ionic species in a single sample.10,11 The
identification of these species by their molecular formulas
through ultrahigh-resolution accurate mass measurement en-
ables us to probe the previously inaccessible compositional space.

Only a handful of pure polycyclic aromatic hydrocarbons
(PAHs) are commercially available through synthesis or separa-
tion from fossil fuel fractions for structural determination by
various spectroscopic techniques to validate mass spectrometric
and chromatographic identifications. Most of the highly con-
densed PAHs reported in the literature for very complex high
boiling fractions can, therefore, be determined only by mass
spectrometry. Their structures are inferred from lower molecu-
lar-weight-known analogues based on the elemental composition

of the molecules because the pure components are impossible to
synthesize or be separated from very complex mixtures.

The compositions of the components of petroleum fractions
and hydrocarbonmixtures can be expressed by the distribution of
components according to hydrogen-deficiency z series or double-
bond equivalents (DBE = double bonds to carbon plus number of
rings).10�13 The hydrogen-deficiency z series is defined by the
general formula, CnH2nþzX, inwhichX represents functional groups
or heteratoms.11,12 For example, the most saturated hydrocarbons
are paraffins, for which z = þ2. The smallest fully aromatic
hydrocarbons are benzenes, for which z = �6. Recent FT-ICR
MS experiments have made it possible to represent the composi-
tional distribution by isoabundance-contoured plots of DBE versus
carbon number.14 Thus, it becomes convenient to determine the
limit or boundary of the fully aromatic hydrocarbons, i.e., PAHswith
no naphthenic (cycloparaffinic) substructures, for comparison to
experimental data.

’RESULTS AND DISCUSSION

Hydrocarbons. The compound type and carbon number
distribution span all possible structures. The most saturated
hydrocarbons are paraffins of DBE = 0. Therefore, in a plot of
DBE against carbon number, the paraffin line coincides with the
abscissa, providing the lower boundary. The most condensed
hydrocarbons are the PAHs to define the upper boundary of all
possible hydrocarbons.
The smallest aromaticmolecule is benzene, C6H6, withDBE= 4

and carbon number = 6. Its homologues, alkyl benzenes, extend
the distribution to higher carbon numbers at a constant DBE
value of 4. Hence, the bare benzene molecule sets the lowest
carbon number bound for the alkylbenzene series. The next largest
aromatic hydrocarbons are naphthalenes, with DBE = 7. Hydro-
aromatic (naphthenoaromatic) and olefinic aromatic compounds,
such as indans/styrenes, withDBE= 5, and indenes/cyclo-olefins/
divinyl benzenes, with DBE = 6, occupy the DBE versus carbon
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number space between benzenes and naphthalenes and are thus
located below the straight line connecting benzene and naphtha-
lene in a plot of DBE versus carbon number (Figure 1).
The PAHs beyond naphthalenes can be cata- or peri-con-

densed. In the cata-condensed PAHs, no single carbon atom is
shared by more than two aromatic rings. The subsequent series of

cata-condensed PAHs can be formed by successive addition of a
C4H2 unit, as shown in Figure 2. Note that the transformations
shown hereafter are conceptual for adding an additional carbon
skeleton unit to represent subsequent condensed aromatic ring
series and are not intended to represent actual chemical reactions.
In peri-condensed PAHs, at least one carbon atom is shared by

three aromatic rings. Thus, the next peri-condensed PAH “con-
densation” member differs by a C2 or C6 unit from a cata-
condensed PAH with a net gain of C2 or C6H2, as shown in
Figure 3. Another transformation is by inclusion of an additional
C4 unit, with a net gain of C4H2, as shown in Figure 4.
The “condensation” with a C3 unit to represent fully peri-

condensed PAHs is not possible because at least one carbon
atomwould have five covalent bonds (see the circles in Figure 5).
In this case, only hydroaromatic hydrocarbons containing at least
onemethylene carbon in the ring are possible, a commonmistake
in attempts to relate the molecular structure to mass spectral
interpretation.
The most compact PAHs are fused peri-condensed species

that are also the most stable, both thermodynamically and
kinetically.15 Hence, we employ peri-condensed PAHs as core
structures for the compositional space boundary calculations.
The first (bare or C0-substituted) members of the homologous
series in the “aromatic ring condensation” series are calculated by
consecutive “cata-condensation” of the corresponding first mem-
bers shown on the left side of the tables displayed in Figure 6. For
example, the next condensation series of benzenes are naphtha-
lenes, obtained by adding one condensed aromatic ring through

Figure 4. Derivation of next peri-condensed PAH member through an addition of a C4 unit with a C4H2 net gain, as for “cata-condensation” shown in
Figure 2.

Figure 3. Derivation of a peri-condensed PAH from a cata-condensed PAH through an addition of a C2 or C6 unit with a C2 or C6H2 net gain.

Figure 2. Next largest member of a cata-condensed PAH series, derived by the addition of a C4 unit with a net gain of C4H2.

Figure 1. DBE versus carbon number plot for benzene (DBE = 4),
styrene (DBE = 5), indan (DBE =5), indene (DBE = 6), divinylbenzene
(DBE = 6), and naphthalene (DBE = 7). The straight line sets the upper
DBE boundary for aromatic hydrocarbons. No aromatic compounds are
possible above the line in this carbon number range.
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cata-condensation. Only the first member of the new condensa-
tion series, namely, naphthalene itself with no substitution,
C10H8, is listed in the table displayed in Figure 6. The tables

displayed in Figure 6 list the carbon number, hydrogen number,
z number, and DBE for the first members of condensation
series.
Highly condensed PAHs up to DBE = 100 provide the data

points shown in Figure 7. C112H26 is selected as an “anchor”
point because it is the most condensed PAH beyond C100. Its
carbon number and DBE value exceed confidently determined
experimental values reported in the literature. Among several
elemental compositions having the same DBE, only those
compounds of the lowest hydrogen/carbon (H/C) ratio are
used to define the boundary for aromatic hydrocarbons. For
example, dibenzochrysene, C26H16, has the same DBE, i.e., 19, as
coronene, C24H12. Thus, coronene is kept because of its lower
H/C ratio as more aromatic than dibenzochrysene for setting the
boundary for PAHs of DBE = 19.Figure 5. Unallowed peri-condensation forming impossible PAHs.

Figure 6. Calculated carbon number, hydrogen number, z number, and DBE for the first member of each homologous cata-condensation series. The
structure shown on the left of each table is the base structure of the first (bare) “cata-condensed” member of the series.
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Figure 7 dislays the most condensed bare aromatic compounds
of a given DBE value, as a function of the increasing carbon
number of the denuded members. All of those data points fall
below a straight line between the origin and the PAHof the highest
DBE considered here, namely, C112H26 (DBE = 100 and carbon
number = 112). Therefore, that straight line serves to represent the
upper boundary for hydrocarbons because all PAHs lie below that
line. Thus, the upper boundary line of the compositional space for
hydrocarbons with DBEs from 0 to 100 and carbon numbers
between 1 and 112 may be expressed by the following equation:

DBE ¼ ð100=112Þðcarbon numberÞ
� 0:893ðcarbon numberÞ ð1Þ

Equation 1 can be further simplified as a rule of thumb as DBE <
0.9(carbon number). That is, no hydrocarbon molecule DBE can
exceed 90% of the number of carbons in its molecular formula.

Heteroatom-Containing Compounds. Equation 1 also
holds for heteroatom (N, O, and S)-containing compounds, if
each heteroatom is treated as a carbon atom, regardless of the
number of heteroatoms that the molecule contains. The same is
true for compounds with a carbon number smaller than benzene.
For example, furan, thiophene, and pyrrole all have a carbon
number of 4 with a DBE of 3. If each of these heteroatoms is
replaced by a carbon atom, then the upper bound determined by
the “90% rule” is valid.
Applications. ESI and APPI FT-ICRMS enable the detection

and unique identification of the most highly condensed aro-
matics in heavy petroleum fractions, such as residues and
asphaltenes.15 Molecular compositional complexity increases
rapidly with an increasing molecular weight. It is therefore
important to avoid misidentification of molecules with impos-
sible structures in the compositional analysis. The theoretical
upper boundary of the DBE versus carbon number composi-
tional space must therefore be validated from experimental data
for highly condensed PAHs resulting from the most extensive
hydrotreating conditions. We previously reported the presence
of dealkylated highly condensed multi-ring aromatic hydrocar-
bons in the most severely hydrotreated asphaltene from an
ebullated-bed reactor with the longest residence period.16 Fig-
ure 8 shows similar data overlaid with the hydrocarbon composi-
tional space boundary line (upper bound) determined from the
“90% rule”. Note that all of the experimental data fall below that
boundary.
In conclusion, FT-ICRMSwithmass resolving power,m/Δm50%

> 800 000, in whichm is ion mass andΔm50% is mass spectral peak
full width at half-maximumpeak height, i.e., sufficient to distinguish
compositions differing in mass by less than the mass of an
electron, has been used to determine elemental compositions
of up to tens of thousands of components from complex
hydrocarbon mixtures.10,11 Elemental composition is deter-
mined by matching the experimental mass (to within measure-
ment error) with that calculated for each of the possible
elemental compositions containing selected elements (C, H,
N, O, S, etc.). Although higher mass accuracy narrows the
window for the number of putative elemental combinations,
one cannot always eliminate elemental compositions whose DBE
values fall above the compositional space boundary limit for a

Figure 7. DBE versus carbon number for a series of the most condensed aromatic compounds.

Figure 8. DBE versus carbon number plots for the most severely
hydrotreated asphaltene residue from an ebullated-bed reactor
(positive-ion APPI data with experimental conditions described in ref
14) and for the hydrocarbon compositional space boundary (dashed
blue line) based on the “90% rule”, i.e., DBE = 0.9(carbon number).
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given carbon number. Thus, when impossible structures are
eliminated, the presently established compositional space bound-
ary limit will further improve the reliability and validity of
elemental composition determined by mass spectrometry, for
prediction of the properties and behavior of petroleum and fossil
fuels based on detailed chemical composition.17�20
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