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Merv Fingas

1 Introduction to oil chemistry

Abstract: This chapter is a review of petroleum chemistry, particularly as it relates
to environmental issues. The traditional separation of saturates, aromatics, resins,
and asphaltene (SARA) oil components is summarized. Further explanation of
these groupings is given. A more detailed look at compounds found in oil and the
amount of these common compounds is summarized. The compounds described
are related to the overall composition and the SARA composition. Details of more
than 500 compounds will be given in this introduction. The introduction provides a
link to the various chapters in this book.

1.1 Introduction

Oil is a general term that describes a wide variety of natural substances of plant,
animal, or mineral origin, and a range of synthetic compounds. This chapter covers
crude oil and petroleum products derived from such oils. Crude oils are made up of
hundreds of major constituents and thousands of minor ones.

The identification of compounds in an oil is known as “petroleomics.” This field
has expanded very rapidly in the past few years. Recently, it was possible to provide
the elemental composition of 30,000 compounds of 1 crude oil [1]. Only a few years
ago, it was considered advanced to have a few thousand compounds approximately
identified [2]. There may be as many as 1 million compounds in that same oil if one
were able to determine minor components. There is no doubt that in the future, there
will be still more significant advances. An important point is that determining the ele-
mental composition of compounds is not important in identifying the actual structure
of those same compounds. Structure identification remains the challenge of the future.

1.2 The general composition of oil

Crude oils are complex mixtures of hydrocarbons and hydrocarbons, sometimes
combined with other elements (such as N, S, and O), and ranging in size from
smaller, volatile compounds to very large, nonvolatile compounds [3]. The mixture
of compounds varies with the geological formation of the area in which the crude
oil is found. Crude oil’s compositions are often similar in a given region and when
drawn from a similar reservoir. Petroleum products, such as gasoline and diesel
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fuel, are still very complex mixtures but have fewer compounds and are refined to
specific operational standards in terms of their vapor pressures and viscosities.
Thus, their properties are more specific and less variable. Crude oil contains many
compounds of different sizes and different classes. In fact, there are so many that
as time goes by, more and more compounds are identified in oil.

Hydrocarbon compounds are composed of hydrogen and carbon, which are the
main elements in oils. Oils also contain varying amounts of sulfur, nitrogen, oxy-
gen, and trace metals such as nickel, vanadium, and chromium. This section will
detail some of these compounds. In general, the hydrocarbons found in oils are
characterized by their structures.

Saturates are those hydrocarbons saturated with hydrogen. The saturate group
includes straight-chain alkanes and branched-chain alkanes and also includes cy-
cloalkanes, which are compounds made up of the same carbon and hydrogen con-
stituents, but with the carbon atoms bonded to each other in rings or circular
structures. Straight-chain saturate compounds from C18 and up are often referred
to as waxes.

The elemental composition of oil is sometimes of interest. Crude oils have a typ-
ical composition as shown in Table 1.1 [4].

1.2.1 Assessment of whole oil

Total petroleum hydrocarbons or TPH is one way to assess the overall composition of
oils. TPH means different things for different situations [5]. For example, TPH of heavy
oils may be carried out by solvent extraction and then measured gravimetrically. TPH
in oil labs is often synonymous with gas chromatographic (GC)-resolvable hydrocar-
bons. TPH carried out by flame ionization detectors on a chromatograph responds only
to simple hydrocarbon compounds and not to most polar compounds. It is often
viewed as giving the GC-resolvable fraction of oil. GC-resolvable refers to single-column
GC resolution and not more advanced techniques as described later in this book.

Yang et al. [6] carried out TPH measurements of several oils and petroleum
products as shown in Table 1.2.

Table 1.1: Elemental composition of oil.

Element Contents (%)

Carbon –
Hydrogen –
Nitrogen .–
Sulfur .–
Oxygen .–.
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Table 1.2 shows that heavy oils have few GC-resolvable compounds. For exam-
ple, only about 30% of bitumen is readily resolvable by GC. On the other hand, die-
sel fuel can have about 95.7% readily resolvable compounds.

Worton et al. [7] studied Macondo oil that was spilled in the Gulf of Mexico inci-
dent and found that about 22% was not GC amendable. A summary of the findings
is listed in Table 1.3.

Table 1.3 shows that approximately 32% of the Macondo oil was not readily resolv-
able by GC. This 32% probably consists of polar compounds and high-molecular-
weight compounds.

On a similar note, there have been efforts to study the molecular weight of vari-
ous boiling point fractions of oil. Azinfar et al. [8] studied a bitumen and measured
the molecular weight of the various boiling point fractions. The summary data as
shown in Table 1.4 shows that the molecular weight of the bitumen fractions is
high. The average molecular weight of this sample is 641 dalton.

These findings are interesting in that the Azinfar findings show that the molec-
ular weight of oils may be higher than often thought and the Worton findings show

Table 1.2: Examples of TPH measurement data from [6].

Crude oils (mg/g)

Bakken Crude Prudhoe Bay Troll Platform Elly Oil sands bitumen

Class Light Medium Light Heavy Heavy

TPH (mg/g)     

Refined products

Jet A Diesel fuel IFO  Fuel oil # Bunker C Lube oil
( W-)

Class Heavy Heavy

TPH (mg/g)      

Table 1.3: The eluting mass fractions of Macondo oil
compared to simulated distillation (after Worton et al. [7]).

Mass fraction eluting Percent GC amendable

(C–C) 

(C–C) 

(C–C) 

(>C) 

Total 
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that there is a relatively large amount of material in even a light oil such as the Ma-
condo oil that is not GC amendable.

1.2.2 SARA

A common and older method of classification is by SARA – saturates, aromatics,
resins, and asphaltenes [3]. SARA’s composition of oil is a more general analytical
method which defines oils by precipitation and then by weight. Newer methods
now employ thin-layer chromatography with flame ionization detection, and the
values from both methods vary somewhat. This method is still useful, however, and
it provides useful data both to the refiner and to the environmentalist. The saturate
group of components in oils consists primarily of alkanes. The term, saturate, is
used because the carbons are saturated with hydrogen. The saturate group includes
straight-chain alkanes and branched-chain alkanes and also includes cycloalkanes,
which are compounds made up of the same carbon and hydrogen constituents, but

Table 1.4: Molecular weight of bitumen fractions
(after Azinfar [8]).

Percent
boiled off

Corrected molecular weight (dalton)

 .
 .
 .
 .
 

 

 .
 .
 .
 .
 .
 .
 .
 .
 .
 .
 .
 .
 .
 .
 .

Average 
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with the carbon atoms bonded to each other in rings. Straight-chain saturate com-
pounds from C18 and up are often referred to as waxes.

Table 1.5 shows the gross composition of some typical oils and petroleum prod-
ucts [3]. It is noted that the ranges of these compositions vary widely. Aromatics are
hydrocarbon compounds with at least one benzene ring. Resins and asphaltenes
are larger compounds containing mostly carbon and hydrogen but also containing
other elements such as oxygen, sulfur, nitrogen, and metals.

1.2.3 Saturates

As noted in the general discussion on SARA, saturates are important economical
constituents of oils. Saturates are largely used to produce gasoline and diesel fuel,
the most sold products of crude oil. Saturates are often the most abundant com-
pounds in any oil or petroleum product.

1.2.4 Alkanes

Alkanes, an important part of saturate composition, are hydrocarbons with a chain-
like structure and without double bonds or other elements such as sulfur, nitrogen,
or oxygen attached [9]. Alkanes, sometimes called paraffins, are typically the most
abundant compounds in crude oils as well as in most fuels such as diesel fuel and

Table 1.5: Typical composition of some oils and petroleum products.

Group (% – except for metals) Light
crude

Heavy
crude

IFO* Bunker C

Compound
class

Gasoline Diesel

Saturates – – – – – –
Alkanes – – – – – –
Cycloalkanes  – – – – –

Olefins – – nd nd nd nd
Aromatics – – – – – –

BTEX – .–. .–. .–. .–. .–.
PAHs nd – – – – –

Polar compounds nd – – – – –
Resins nd – – – – –
Asphaltenes nd nd – – – –

Sulfur . .–. – – .–. –
Metals (in parts per million) nd – – –, –,

*IFO is intermediate fuel oil which is residual fraction diluted by diesel fractions.
nd is not determined because quantities are very low.
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gasoline. Most crude oils have anywhere between a few percent up to 30% alkanes.
Alkanes are typically the target compounds sought by petroleum producers. It
should be noted, however, that larger alkanes are also called waxes, and these are
less desirable from a petroleum producer’s point of view.

Normal alkanes are those which are unbranched. All normal and branched al-
kanes have the generalized molecular formula of CnHn +2 where n is the number of
carbons present. All alkanes are saturated that is they contain the most hydrogen
that the configuration can have. The branching potential for alkanes increases as
the size of the alkane increases. Table 1.6 shows the typical alkanes contained in
crude oils and some fuels [10–16]. Some properties and content of n-alkanes in
some crude oils are also shown in this table. The column in Table 1.6 indicating the
number of isomers shows the possible number of branched compounds. As can be
seen in this table, the number of possible branched compounds rises to over 1 million
by the time that carbon number 22 is reached. In fact, it is impossible to separate
most branched compounds during chemical analysis. Thus, the specific nature of
branched compounds in crude oils may be unknown for some time to come. The
molecular weight of the compounds is given next and then the Chemical Abstracts
number (CAS) and the solubility of the compound in water. The solubility of alka-
nes is low and beyond C20 is not measurable. The selective ion GCMS monitoring
ion(s) (SIM) are given next.

Table 1.7 shows the amounts of alkanes in some typical oils. This table shows
that the lowest molecular weight alkanes are most abundant in these oils.

1.2.5 Cycloalkanes

Cycloalkanes, compounds containing rings or cyclic structures, are also saturated al-
kanes. These are sometimes called naphthenes and have the general formula CnH2n.
Figure 1.1 illustrates the three common baseline structures: cyclopentane, cyclohex-
ane, and decahydronaphthalene. These base structures contribute to the majority of
the cycloalkanes found in oil. The smaller cycloalkanes such as cyclopropane and
cyclobutane are not common because they are not as stable since the smaller ring
carbon bonds have considerable ring strain, being stretched above the normal
carbon–carbon tetrahedral angle of 109°. Because of the carbon-to-carbon bond
stress, there is no free rotation and thus there are stereoisomers (e.g., cis- and trans-
isomers) for molecules above carbon number 6 (C6). Some cycloalkanes found in
oils are shown in Table 1.8. Because cycloalkanes are low in abundance and may be
difficult to separate in chromatographic analysis, there is not much data on their
abundance in oils.
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1.2.6 Alkenes or olefins

The olefins, or unsaturated compounds, are another group of compounds that con-
tain less hydrogen atoms than the maximum possible. Olefins have at least one
double carbon-to-carbon bond which displaces two hydrogen atoms. Significant
amounts of olefins are found only in refined products; however, some cyclic al-
kenes have been observed in crude oils [2]. It should be noted that SARA analysis
does not include alkenes, and there is no simple method to separate to them from
many other hydrocarbons.

Table 1.7: Typical alkane compound quantity in oils.

Carbon
number

Formula IUPAC name Levels in
ASMB*
(mg/g oil)

Ref. Levels in
ANS*
(mg/g oil)

Levels in
diesel fuel
(mg/g oil)

Levels in
heavy fuel oil
(mg/g oil)

Ref.

 CH Pentane
 CH Hexane
 CH Heptane
 CH Octane  []  – []
 CH Nonane  []   – []
 CH Decane  []   – []
 CH Undecane  []   . []
 CH Dodecane  []    []
 CH Tridecane  []    []
 CH Tetradecane  []    []
 CH Pentadecane  []    []
 CH Hexadecane  []    []
 CH Heptadecane  []    []
 CH Octadecane  []    []
 CH Nonadecane  []    []
 CH Icosane  []    []
 CH Henicosane  []    []
 CH Docosane  []    []
 CH Tricosane  []  .  []
 CH Tetracosane  []  .  []
 CH Pentacosane  []  –  []
 CH Hexacosane  []  –  []
 CH Heptacosane  []  – . []
 CH Octacosane  []  – . []
 CH Nonacosane  []  – – []
 CH Triacontane  []  – – []

*ASMB is Alberta Sweet Mixed Blend crude oil.
**ANS is Alaska North Slope crude oil.
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1.2.7 Aromatic compounds

The aromatic compounds include at least one benzene ring of six carbons. Three
carbon-to-carbon double bonds float around the ring and all six carbons are equiva-
lent and thus providing high stability to the ring. Because of this stability, benzene
rings are very persistent and can have toxic effects on the environment. The most
common smaller aromatic compounds found in oil are often referred to as BTEX
(benzene, toluene, ethyl-benzene, and xylenes). BTEX compounds and data on
them are shown in Table 1.9. The quantity of BTEX compounds in typical oils is
shown in Table 1.10.

Polycyclic hydrocarbons or PAHs are compounds consisting of at least two
benzene rings. PAHs make up between 0% and 60% of the composition of crude
oil. Common PAHs and their substituted counterparts are shown in Table 1.11. As
these are easily separated, there are plenteous data on their presence in oils.
These compounds have also been used somewhat as indicators of presence of cer-
tain types of oils. Table 1.12 shows the typical amounts of PAHs in some oils and
oil products. Table 1.12 shows that naphthalenes have the highest concentrations
in these oils.

Figure 1.1: Structures of common cycloalkanes in oils.
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Table 1.9: BTEX compounds found in oils and petroleum.

Carbon
number

Name Formula Molecular
weight

CAS
number*

Ref. Solubility in
water** (g/L)

Ref. SIMS

 Benzene CH . -- [] ~. [] 

 Toluene CH . -- [] . to . [] 

 Ethyl-benzene CH . -- [] . to . [] 

 m-Xylene CH . -- [] . to . [] 

 o-Xylene CH . -- [] . to . [] 

 p-Xylene CH . -- [] ~ . [] 

 ,,-Trimethyl-
benzene

CH . -- [] ~  E− [] 

 ,,-Trimethyl-
benzene

CH . -- [] . E− [] 

 ,,-Trimethyl-
benzene

CH . -- [] ~  E− [] 

 -Ethyl--methyl-
benzene

CH . -- [] ~ . E− [] 

 -Ethyl--methyl-
benzene

CH . [] 

 -Ethyl--methyl-
benzene

CH . -- [] 

 iso-Propyl-
benzene

CH . -- []  to  E− [] 

 Propyl-benzene CH . -- [] ~  E− [] 

 ,,,-
Tetramethyl-
benzene

CH . -- [] 

 ,,,-
Tetramethyl-
benzene

CH . -- [] 

 ,,,-
Tetramethyl-
benzene

CH . -- [] . E− [] 

 ,-Diethyl-
benzene

CH . -- [] ~  E− [] 

 ,-Diethyl-
benzene

CH . -- [] 

 ,-Diethyl-
benzene

CH . -- [] ~ . E− [] 

 -Ethyl-,-
dimethyl-benzene

CH . -- [] 

 -Ethyl-,-
dimethyl-benzene

CH . -- [] 

 -Methyl--propyl
-benzene

CH . -- [] ~  E− [] 

 -Methyl--propyl
-benzene

CH . -- [] ~  E− [] 
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There exists a set of compounds designated by the U.S. EPA as priority PAHs
[10]. The priority is based on the toxicity to humans and the environment. The list
of 16 EPA priority chemicals is shown in Table 1.13 and the typical quantities of
these in some oils in Table 1.14. Table 1.14 shows that even moderate molecular
weight compounds are found in oils such as heavy fuel oil.

Table 1.9 (continued)

Carbon
number

Name Formula Molecular
weight

CAS
number*

Ref. Solubility in
water** (g/L)

Ref. SIMS

 -Methyl--propyl
-benzene

CH . -- [] ~  E− [] 

 -Ethyl-,-
dimethyl-benzene

CH . -- [] 

 -Ethyl-,-
dimethyl-benzene

CH . -- [] 

 -Ethyl-,-
dimethyl-benzene

CH . -- [] 

 -Ethyl-,-
dimethyl-benzene

CH . -- [] 

 Butyl-benzene CH . -- [] . to . E− [] 

 sec-Butyl benzene CH . -- [] . to . E− [] 

 iso-Butyl benzene CH . -- [] 

 m-Cymene CH . -- [] 

 p-Cymene CH . -- [] ~  E− [] 

 tert-Butyl-
benzene

CH . -- [] . to  E− [] 

 Pentyl-benzene CH . -- [] 

iso-Pentyl-
benzene

CH . -- [] ~ . E− [] 

 Diethyl-trimethyl-
benzene

CH . [] [] 

 Ethyl-tetramethyl-
benzene

CH . [] [] 

 Methyl-diethyl-
benzene

CH . [] [] 

 Methyl-butyl-
benzene

CH . [] [] 

 Pentamethyl-
benzene

CH . -- [] ~ . E− [] 

 C-Benzenes CH . --* [] [] 

 C-Benzenes CH . --* [] [] 

 C-Benzenes CH . --* [] [] 

*CAS number is applicable to simplest aliphatic compound only.
**Approximate sign ~ indicates that solubility values are variable; a range indicates the range of
values.
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Andersson and Achten [17] reviewed the toxicity of the 16 priority PAHs and
concluded that many NSO compounds are more toxic than these 16 priority com-
pounds. They advocate for a review of priority toxic compounds and made several
suggestions for toxic compounds as shown in Table1.15.

EPA also developed a list of 34 priority PAHs in addition to those found on their
initial list of 16 priority pollutants. The list of 34 EPA priority chemicals is shown in
Table 1.16. The quantities of these 34 compounds typically found in typical oils is
shown in Table 1.17. The concern with these compounds is that many of them are
known to be relatively toxic.

Aromatic compounds have the general formula CnH2n–6r, where r is the number
of rings. The amount of aromatics in a typical crude oil varies, but ranges from near
0% to 15%. Larger aromatics are frequently concentrated by distillation in the refin-
ing processes into the heavier or residual fractions. Diesel fuel typically contains
5–25% aromatics while gasoline contains 25–40% aromatics, mostly BTEX com-
pounds, but little or no benzene. In crude oils, the alkylated compounds occur
more frequently than the parent unalkylated rings. This can be of use in identifying

Table 1.10: Quantity of BTEX compounds found in oils and petroleum.

Carbon
number

Name Formula Levels in
ASMB
(µg/g oil)

Ref. Levels in
ANS (µg/
g oil)

Levels in
diesel
fuel (µg/g
oil)

Levels in
heavy
fuel oil
(µg/g oil)

Ref.

 Benzene CH , [] ,   []
 Toluene CH , [] , ,  []
 Ethyl-Benzene CH , [] ,   []
 m-Xylene CH ,** [] ,** ,** ** []
 o-Xylene CH – – – –
 p-Xylene CH – – – –
 ,,-Trimethyl-

benzene
CH ,** [] ,** ,** ** []

 ,,-Trimethyl-
benzene

CH – – – –

 ,,-Trimethyl-
benzene

CH – – – –

 -Ethyl--methyl
-benzene

CH – – – –

 -Ethyl--methyl
-benzene

CH – – – –

 -Ethyl--methyl
-benzene

CH – – – –

 iso-Propyl-
benzene

CH – – – –

 Propyl-benzene CH – – – –

**Quantitation for all isomers of these compounds.
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the source of contamination as many PAH pollution sources have more abundant
parent compounds than alkylated ones. Most alkylated PAHs are often less toxic
and soluble than their unalkylated counterparts [18].

Table 1.15: Suggested alternative priority candidates (after Andersson and Achten [17]).

Class Compounds Class Compounds

PAOH Metabolites
 Benzofuran NSO heterocycles
 Methylbenzofurans  Quinolinone
 Dimethylbenzofurans  Isoquinolinone
 Dibenzofuran  Methylquinolinones
 Methyldibenzofuran  Acridone
 Xanthene  Phenanthridone
PANH  Xanthenone
 Indole Oxy-PAHs
 Quinoline  -Indanone
 Methylquinolines  Fluoren--one
 Dimethylquinolines  Phenanthrene-,-dione
 Isoquinoline  -Methylanthracenedione
 Methylisochinolines  Cyclopenta[def]phenanthrenone
 Carbazole  Benzo[a]fluorenone
 Phenanthridine  Benzo[de]anthracene--one
 Acridine  Benzo[a]anthracene-,-dione
 Benzo[h]quinoline  Naphthacene-,-dione
 Dibenzo[c,g]carbazole  Benzo[cd]pyren--one
 Dibenzo[a,h]acridine Nitro-PAHs
 Dibenzo[a,j]acridine  -Nitronaphthalene
PASH  ,-Dinitrofluoranthene
 Benzothiophene  ,-Dinitrofluoranthene
 Methylbenzothiophene  -Nitropyrene
 Dibenzothiophene  -Nitropyrene
 Methyldibenzothiophene  ,-Dinitropyrene

 ,-Dinitropyrene
 -Nitrochrysene
 -Nitrobenzo[a]anthracene

 -Nitrobenzo[a]pyrene
Amino-PAHs

 -Aminonaphthalene
 -Aminonaphthalene
 Aminophenanthrenes
 -Aminoanthracene
 Aminofluoranthenes
 Aminopyrenes
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1.2.8 Naphthenoaromatic compounds

There exists a series of compounds that contain both aromatic and cyclic alkane
rings. These are not typically analyzed for either petroleum or environmental pur-
poses and thus there is not a large amount of data on their contents in crude oils or
in petroleum products. Table 1.18 shows some of the naphthenoaromatic com-
pounds found in crude oils and petroleum products.

1.2.9 Sulfur compounds

Sulfur compounds constitute a significant percentage of some crude oils and are
also found in petroleum products as an unwanted contaminant [9]. The sulfur com-
pounds found in oils and petroleum are generally found as one of four groups:
1. mercaptans or thiols with general structure of H-S-R, where R is another hydro-

carbon group,
2. Sulfides with the general structure of R-S-R,
3. thiophenes with a general structure of a five-membered rings with sulfur as one

leg and with two double bonds, or
4. as part of an asphaltene structure, and these structures are largely unknown.

Dibenzothiophenes are often used as forensic markers to track oil spills [11]. Sulfur
containing compounds found in typical oil and fuels are shown in Table 1.19.

Gascon et al. [19] analyzed a series of heavy Venezuelan oils and their residues for
a number of elements including sulfur. The first horizontal line in Table 1.20 shows the
percentage of the oil constituted by the particular SARA fraction. The second line in
the table shows the sulfur content in mg/kg (~ppm). The results of this analysis are
shown in Table 1.20. The results show that aromatic, resin, and asphaltene fractions
account for most of the sulfur in these samples.

Guadalupe analyzed oils for total sulfur and for sulfides [20]. Table 1.21 shows a
summary of the results. This table shows that the sulfides and asphaltenes correlate
with the total sulfur found in the oil. Nishioka and Tomich developed a method for
analyzing oils for thiols noting that many thiols had not yet been identified [21].

Most sulfur compounds in oil are foul-smelling and corrosive. The presence of
these compounds lowers the price of the crude oils, as sulfur compounds have to be
removed before or during refining. In recent years, the standards for the sulfur con-
tent of fuels have been lowered, increasing the expense of refining.
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1.2.10 Oxygen compounds

Oxygen compounds are found in oils and petroleum. Measurement of these com-
pounds is not frequent because they do not have known forensic potential, and
because they are generally soluble in water. They are more difficult to measure
than many hydrocarbons. The common groups of oxygen compounds found in
oils are:
1. naphthenic acids or their salts,
2. phenols and phenolic compounds,
3. fatty acids, and
4. inclusions in asphaltenes.

Some of the compounds that have been found in oils are shown in Table 1.22. Analy-
sis has shown that some of the acid species include complex compounds with 2 to 6
aromatic rings and often including sulfur and nitrogen compounds [22]. Porter et al.
analyzed several resins and determined the presence of carbazole and similar com-
pounds in these oils [23]. Fingas and Banta [24] prepared a literature review of polar
compounds and found the presence of dozens of oxygenated compounds in oils.

Table 1.20: Distributions of sulfur in crude oils and residues.

Sample Total (mg/kg) Saturates Aromatics Resins Asphaltenes

Crude  % SARA Total    

S , , , , ,
Crude  % SARA    

S , , , , ,
Crude  % SARA    

S , , , , ,
Crude  % SARA    

S , , , , ,
Vacuum residue % SARA    

S , , , , ,
Atmospheric Residue % SARA    

S , , , , ,

Table 1.21: Guadalupe results on sulfur in oil analysis.

Oil Total sulfur % Asphaltenes (%) Sulfides (% of total sulfur)

A . . .
B . . .
C . . .

1 Introduction to oil chemistry 31



Ta
bl
e
1.
22

:O
xy
ge

na
te
d
co

m
po

un
ds

so
m
et
im

es
fo
un

d
in

oi
ls

an
d
pe

tr
ol
eu

m
.

Co
m
po

un
d

M
ol
ec
ul
ar

fo
rm

ul
a

S
tr
uc

tu
re

CA
S
no

.
M
W

R
ef
er
en

ce
S
ol
ub

ili
ty

in
w
at
er
*
(g
/L
)

R
ef
er
en

ce

N
ap

ht
he

ni
c
ac
id
s

C
yc
lo
pe

nt
an

ec
ar
bo

xy
lic

ac
id

C

H


O






-

-




.





C
yc
lo
he

xa
ne

ca
rb
ox

yl
ic
ac
id

C 
H


O




-

-




.








C
yc
lo
he

xa
ne

ac
et
ic
ac
id

C 
H


O






–


-




.





Ph
en

ol
s

Ph
en

ol
C 

H

O




-

-



.









Re
so

rc
in
ol

C 
H

O





-

-




.










o-
C
re
so

l
C 

H

O



-

-




.









32 Merv Fingas



m
-C
re
so

l
C 

H

O




-

-




.









p-
C
re
so

l
C 

H

O




-

-




.









(D
im

et
hy

l)
xy
le
no

l
C 

H


O





.





to





-N
ap

ht
ho

l
C 


H

O



-

-




.




.




-N
ap

ht
ho

l
C 


H

O




-

-




.




.



Fa
tt
y
ac
id
s

Fa
tt
y
ac
id
s

C
H

-(
C
h 
) n
-C
O
O
H

C
H

-(
C
h 
) n
-C
O
O
H

M
an

y
M
an

y

*A
pp

ro
xi
m
at
e
si
gn

~
in
di
ca
te
s
th
at

so
lu
bi
lit
y
va
lu
es

ar
e
va
ri
ab

le
;a

ra
ng

e
in
di
ca
te
s
th
e
ra
ng

e
of

va
lu
es

;o
ft
he

se
va
lu
es

ar
e
th
e
av
er
ag

e
of

se
ve
ra
l

de
te
rm

in
at
io
ns

/
1
C
A
S
nu

m
be

rs
fo
r
di
m
et
hy

lx
yl
en

ol
s:

2,
3-

52
6
-7
5-
0
;2

,4
-1
0
5-
6
7-
9;

2,
5-

95
-8
7-
4;

2,
6
-5

76
-2
6
-1
;3

,4
-9

5-
6
5-
8
;1
0
8
-6
9-
9.

R
ef
er
en

ce
s
1
C
RC

H
an

db
oo

k,
20

20
2
Ya

lk
ow

sk
y,

20
10

.

1 Introduction to oil chemistry 33



1.2.11 Nitrogen compounds

Nitrogen compounds are abundant in most crude oils and constitute about 0.1–2 wt
% of the total. Several workers have carried out qualitative and quantitative analy-
ses on nitrogen compounds in oils [25–28]. Nitrogen compounds in oils are often
divided into two groups of basic or nonbasic compounds. This division is also use-
ful for separation schemes. Most compounds are present as cyclic compounds as
shown in Table 1.23. Furthermore, there is significant nitrogen content in the as-
phaltenes and in metal-binding compounds such as porphyrins.

1.3 Metals

Crude oils and their heavy refined petroleum products often contain significant
amounts of metals. Metals are found in oils as follows:
1. inorganic salts,
2. metal soaps,
3. organic metal complex compounds, and
4. attached to asphaltenes.

Table 1.24 shows the metal content in several oils. The metals shown here are the
most common metals identified in oils. In the past, some metals, notably chro-
mium, vanadium, and nickel, were used for crude oil identification. The ratios of
these metals have a tendency to remain constant. Further, the ratios of these metals
can be used to identify tanks from which the oils may have come, as there is ex-
change of metals with the tank bodies. At the present time, there is little use of this
type of identification as the use of biomarkers is easier and better understood.

Gascon et al. [19] analyzed a series of heavy Venezuelan oils and their residues
for vanadium and nickel. The results of this analysis are shown in Table 1.25. The
first horizontal line in the table shows the percentage of SARA constituted by the
SARA fraction. The second line in the table shows the vanadium content in mg/kg
(~ppm). The third line in the table shows the nickel content in mg/kg (~ppm). The
results show that resins and asphaltenes account for most of the vanadium and
nickel in these samples.

Quadros et al. studied the simultaneous measurement of nickel and vanadium
in Brazilian and Venezuelan crude oils [29]. They found that the total nickel in
three Brazilian crudes ranged from 9 to 25 µg/g and from 29 to 69 µg/g in three Ven-
ezuelan crudes. The total vanadium in the same Brazilian crudes ranged from 13 to
32.7 µg/g and in the Venezuelan crudes ranged from 224.7 to 277.0 µg/g.

The bonding of metals, particularly nickel, vanadium, iron, and cobalt into por-
phyrins, is a known source of metal stability in oils. Figure 1.2 shows the porphyrin
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skeleton. These compounds are residuals of chlorophyll from the original plant ma-
terial forming the oil.

Metals are concentrated into petroleum residuals and often in the asphalt frac-
tions of the oil. Metals are very low in the diesel fraction and absent in gasoline.

Table 1.25: Distributions of vanadium and nickel in crude oils and residues.

Sample In ppm Saturates Aromatics Resins Asphaltenes

Crude  % SARA Total (mg/kg)    

V . . .  

Ni . . .  

Crude  % SARA    

V . . .  

Ni . . .  

Crude  % SARA    

V . . .  ,
Ni . . .  

Crude  % SARA    

V . . .  ,
Ni . . .  

Vacuum residue % SARA    

V . . .  

Ni . . . . .
Atmospheric residue % SARA    

V . . .  ,
Ni . . .  

Figure 1.2: A typical porphyrin structure. This
compound is called porphin.
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1.4 Resins

Resins are polar compounds that are defined by precipitation or by open-column
liquid chromatography fractionation. The composition of resins is largely unknown.
The nitrogen compounds noted above may be present in resins, largely as alkylated
variants of the basic compounds.

Porter et al. [23] analyzed several resins and determined the presence of car-
bazole and similar compounds in these oils. They also looked at the average mo-
lecular weight of resins using electrospray tandem mass spectrometry. Table 1.26
shows the maximum and minimum of these molecular weights. It can be seen
from this table that the residual resins in diesel are of smaller molecular weight
than in crude oils.

1.5 Asphaltenes

The important fact concerning asphaltenes is that currently the structures and com-
positions of this broad class of compounds are not fully elucidated [30, 31, 32]. See
the chapter in this book by Mullins and colleagues (Chapter 5). Currently, asphal-
tenes are defined by their precipitation from oil in pentane, hexane, or heptane.
The mass of asphaltenes, typically defined as percentage by weight, increases as
one uses smaller compounds as solvents. As Mullins points out in his chapter that
until a number of structures of asphaltenes have been identified, asphaltenes will
remain a mystery such as the whole field of genetics before Watson and Crick iden-
tified the structure of DNA [31, 32]. Despite recent progress in the field, only a few
compounds have been positively characterized in the asphaltene mix.

Some basic facts about asphaltenes will be summarized below, but includes the
fact that the molecular weight has been found to be about 760, ranging from 500 to

Table 1.26: Average molecular weights of resins in various crude oils and petroleum products (from
[23]).

Crude oils

Alberta Maui Tchat Alaskan Arabian Heavy Hibernia Mars

Maximum       

Minimum      

Petroleum products

Fuel oil # Heating fuel oil Diesel

Maximum   

Minimum   
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1,000 [33]. The aromatic ring system is felt to contain about seven fused rings, a
range of four to ten rings, and that these rings are fused and thus the asphaltene is
felt to have a “hand-shape” with the alkenic chains (fingers) radiating outward
from the central fused ring (palm). Further, analysis has been problematic because
asphaltene molecules aggregate at low concentrations, typically about 150 mg/L in
toluene. These nanoaggregates can range up to 10 or more individual compounds
and do not easily lend themselves to analysis or separation.

Yen proposed that asphaltene molecule aggregates are like micelles and will
behave like stacks of fused aromatic ring systems [33]. This is now known as the
“Yen” model. The micelles will grow to a limiting size and reaggregate into “aggre-
gates” until there is again a limiting size. So, there is a double mode of aggregation.

Mass spectrometry can yield more information that just a series of peaks for
such complicated mixtures. There are two plotting techniques that can yield further
information about petroleum mixtures [33]. The Kendrick plot shows the IUPAC
14.0156 mass spacing associated with carbon (CH2 methylene groups) to show com-
pounds of the same class. The Kendrick mass is defined as

Kendrickmass ¼ IUPACmass spectrometrymass × 14=14:01565ð Þ (1:1)

Using the Kendrick mass thus changes the mass of CH2, the basic hydrocarbon
building block, to become exactly 14. A further unit is defined as the Kendrick mass
defect (KMD):

Kendrickmass defect KMDð Þ¼ nominalmass � Kendrickmassð Þ × 1;000 (1:2)

Each family of compounds shares the same mass defect, and thus a plot of KMD
versus nominal Kendrick mass yields a graph of the different families of com-
pounds, separated by the number of methylene groups. If one can identify the
smaller compounds of a particular family, then the larger members can be identified
by summing the methylene groups. Rodgers and Marshall show how this technique
can be used to yield three levels of compositional detail, starting from accurate
masses of complex mixtures obtained from FT-ICR MS [33]. First, a plot of class by
relative abundance is created. The classes include functional groups such as N, O2,
NO, and O3. These functional groups are noted by the unique masses of heteroatoms.
Then for a heteroatom, the relative abundance is plotted for the double-bond equiv-
alents (DBE). Then for each DBE grouping, the relative abundance of each carbon
atom can be plotted.

The DBE is calculated as

DBE double bond equivalentð Þ¼ C � H=2 þ N=2 þ 1 (1:3)

where C, H, and N are the number of carbons, hydrogens, and nitrogens, respectively.
Another value that can be used to provide discrimination in the mass spectrum

of numbers is the Z number or the total number of heteroatoms:
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Z number ¼ � 2ðDBEÞþ nþ 2 (1:4)

A simple plot of the KMD versus the nominal Kendrick mass can yield the points of
different compound families separated by methylene groups.

Another graphing technique which assists in the identification of various com-
pounds is the van Krevelen diagram [32]. A van Krevelen diagram employs the ratio
of noncarbon atoms and the H/C ratio to provide discrimination between various
compounds.
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2 Chemical fingerprints and
chromatographic analysis of crude oils
and petroleum products

Abstract: Crude oil is an extremely complex combination of a wide range of constitu-
ents. Petroleum products are derived from crude oil by a variety of refining processes.
The chemical compositions of oil released into the environment are affected by
weathering and mixing with background substances. Variation among crude oils pro-
vides a basis for differentiation and identification of oils and the sources of spilled
oils. Refined oil petroleum partially inherits fingerprints from the parent crude oil,
and weathered oil could retain the unique characteristics of the source oil, which
enables a potential to trace its origin. The most important criteria for a forensic oil
analysis are the concentration, distribution profiles, and diagnostic ratios of source-
specific petroleum compounds. In recent decades, the technologies of oil analysis
have continually progressed due to advanced and automated instrumental techni-
ques. This chapter overviews oil chemistry and analytical methodologies for separa-
tion, identification, and quantitative analysis of selected petroleum hydrocarbons in
crude oils and various refined petroleum products. We also discuss the effect on oil
chemical composition of weathering processes such as evaporation, photodegrada-
tion, and biodegradation.

2.1 Introduction

Crude oil is a fossil fuel. It is widely accepted that crude oil originates mainly from the
remains of prehistoric natural organic substances such as microscopic, photosynthetic
organisms as phytoplankton, buried in the primeval mud of swamps, lakes, and
oceans. The original chemistry of the organic matter, the environment of deposition,
and the time and heat imposed on the organic matter dictate the type of crude oil
formed [1]. Every crude oil exhibits a unique chemical fingerprint due to the variety of
original organic matter, geological conditions, and ages under which it was formed.
Oil composition may be altered to various extents by post-generation processes such
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as thermal alteration, migration, or biodegradation, consequently generating light,
medium, or heavy crude oils.

To classify petroleum, properties such as viscosity, sulfur content, and American
Petroleum Institute (API) gravity are usually used. The higher the API gravity, the
lighter (less viscous) the oil, and vice versa. API values of crude oil with commercial
value mostly fall within the range of 10° to 40°. Based on density, crude oils can be
roughly classified into light, medium, heavy, and extra heavy oil. Light oils have an
API > 31.1°. The medium oils are defined as having an API gravity between 22.3° and
31.1°. Heavy oils have a <22.3° API, and the extra heavy oils or bitumen have a gravity
below 10.0° API and tend to sink if spilled on water.

Although crude oil may be used directly as an energy source, the full benefit of
the different properties of the constituents may be realized only when they are sepa-
rated. Distillation is the principal method for separating crude oil into valuable prod-
ucts. Based on the distillation pointing, petroleum products can be generally classified
into light distillates, medium fuels, and heavy residuals with boiling points generally
<200 °C, 200–350 °C, and >350 °C, respectively. Specific products are also generated
from crude oil through a variety of refining and blending processes according to the
requirement for desired end uses. Each product is comprised of different constituents.
The chemical fingerprints of crudes are altered during the manufacture of refined pe-
troleum products in the refining processes. However, the refined oil partially inherits
its unique fingerprint from the parent crude oil, which enables the potential to track
back its origin.

The lightest distillate of crude oil, gasoline, is the combination of a mainly lower
boiling point C4 to C12 hydrocarbons, including alkanes, alkenes, benzene, and alkyl-
benzenes, and a small portion of performance additives such as metal deactivators,
corrosion inhibitors, oxygenates, and antioxidants. Now it has become universal to
blend a portion of alcohols in gasoline, for example, E10 is a blend of 10% ethanol
with petroleum-based gasoline.

Middle distillates generally include mineral spirits, kerosene, most jet fuels, auto-
motive and marine diesel, and light fuel oils. These products are characterized by a
predominance of C10 to C24 alkanes and polycyclic aromatics with no or little olefins.
Diesel is one of the most important fuels used by automobiles due to its high effi-
ciency. Marine diesel oil (MDO) is purposely produced for light marine and freshwa-
ter vessel fuel. MDO is formulated from mid-range distillates, typically containing a
more extended carbon range than on-road diesel.

Blends of biodiesel and petroleum-derived diesel are now commonly distributed
for use in the retail diesel fuel marketplace. Typically, biodiesel consists of fatty acid
methyl esters (FAME) produced by transesterification of plant or animal-derived tria-
cylglycerols. The fatty acid chains can be saturated, monounsaturated, or polyunsat-
urated. The distribution profiles of free fatty acids, glycerol, and monoacylglyceride
congeners as well as the byproducts of biofuel could be applied for the differentiation
and identification of biodiesels.
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Heavy fuel oils (HFOs) are used for off-road diesel engines, boilers, furnaces, and
other combustion equipment. They are the heavy residual part of the vacuum distilla-
tion and cracking processes. These oils are often blended with lighter oils such as gas
oil and kerosene streams to meet the desired product specification for the conve-
nience of transportation and operation. These heavy fuels are considered to be less
acutely toxic relative to other lighter oil types. Heavy fuels have variable acute toxic-
ity, depending on the amount of the light fraction. Their composition is complex and
varies with the feedstock of crude oil. In general, these oils contain a mixture of satu-
rated, aromatic, and olefinic hydrocarbons with carbon numbers predominantly in
the C9 to C50 range. As residual distillates, these oils often contain relatively high con-
centrations of sulfur, oxygen, nitrogen compounds, and heavy metals (e.g., vana-
dium and nickel). Relative to other types of refined oil products, spills of HFOs
potentially cause the most significant environmental impact with respect to their vast
usage as well as their physical and chemical properties.

Lubricating oil (or simply lube oil) consists largely of base oil and a small portion
of chemical additives. Mineral base oil typically originates from petroleum products;
however, the use of high-performance synthetic lubricants that no longer containing
petroleum base oils has become widespread. Lube oil is usually distinguished from
other fractions of crude oil by its high boiling point and viscosity. Hydrogenation and
hydrocracking significantly influence the chemical structures of mineral oil mole-
cules. Unstable molecules are chemically stabilized by the removal of heteroatoms
(sulfur, oxygen, and nitrogen). Severe hydrogenation can convert aromatics into sat-
urated naphthenic and paraffinic compounds. In addition to hydrogenation, hydro-
cracking can break large molecules down into smaller ones.

Small and large crude oil spills occur frequently during their exploration, produc-
tion, and transportation. Inland oil spills may come from pipeline ruptures, tank
spills, and road transportation accidents. Most massive oil spills are usually related to
accidental crude oil releases on the oceans from drilling rigs, offshore platforms, and
super-tankers. The particular operating conditions and severe weather often make it
more difficult to control an ocean oil spillage than an on-land incident.

Spillages of refined oils frequently occur around oil development and production
facilities. Massive spills of refined petroleum products rarely occur like crude oil spills.
Small and chronic spillages of refined oils also pose a great environmental problem.
Unsurprisingly, fuel oils are among the mostly spilled petroleum products in waters,
both by volume and by occurrences [2]. Spillages of petroleum products on open
waters sometimes involve mystery illegal discharges of marine vessels and their ship
bilges. The waste from the cleaning engine chambers is sometimes accidentally or de-
liberately released from vessels. Biomarker compounds of lubricating oil in bilges can
provide a valuable clue to trace the spill source. Accurate analysis and unambiguous
results are critical to identify the spill source and allocate the legal liability.

Although oil spills in the open area are unlikely to cause an immediate health
threat to humans, they often have widespread damage to the ecosystem and influence
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the local economy; the long-term adverse effect could last decades. The analysis of
spilled oil is essential for monitoring the contamination and evaluating the recovery
of the environment.

2.2 General chemical components of petroleum

The composition of crude oil is extremely complex and is highly variable from field to
field, and even within a given field, it is possible to exhibit differences. Despite wide
variations in the chemical composition of crudes, their elemental compositions gener-
ally fall within the following narrow ranges: carbon (84–87%) and hydrogen (10–14%),
nitrogen (0.1–2.0%), oxygen (0.05–1.5%), sulfur (0.05–6.0%), and a small portion of
minerals and salts [3]. Crude oil contains proportions of hydrocarbons and nonhydro-
carbons including heterocyclic compounds of nitrogen, oxygen, and sulfur, organome-
tallic compounds, inorganic sediments, and water. Although the total number of
compounds in crude oil is still unknown, it is recognized that crude oil is likely com-
prised of thousands of compounds [4]. These petroleum hydrocarbons naturally exist
in gas, liquid, or solid state. The distribution pattern and profiles of components are, in
general, different from oil to oil and from oil to refined products.

Petroleum compounds are generally classified into saturates, olefins, aromatics,
as well as polar resin and asphaltene fractions [3].

Saturates: Saturates are hydrocarbons that only contain single bonds between car-
bon atoms. They are generally the predominant class of hydrocarbons in crude oil.
Overall, there are two major types of saturated compounds: paraffins and naph-
thenes. Paraffins, also called alkanes, are saturated hydrocarbons with straight or
branched chains but without any ring structure. They are one of the major constitu-
ents of crude oil and are found in refined petroleum products such as gasoline, kero-
sene, diesel fuel, and heating oil. The n-alkanes (linear alkanes) have carbon atoms
arranged in a line and there are only two ends to these molecules. Branched alkanes
have carbon atoms arranged similar to the n-alkanes; however, some of the carbon
atoms are branched, thus creating many different configurations. Paraffins (mainly
n-alkanes) ranging from C18 to C40, which occur in solid state at room temperature,
are often referred to as crude wax. Naphthenes, also known as cycloalkanes, are satu-
rated hydrocarbons containing one or more rings, each of which may have attached
paraffin side-chains. Naphthenes are also relatively stable compounds in petroleum.

A variety of petroleum saturates are composed of isoprenoid units (isoprene,
C5H8-). The following types are the most distinguished in crude oil: (1) monoterpanes
(C10), both aliphatic and monocyclic; (2) sesquiterpanes (C15), aliphatic, mono- and
bicyclic; (3) diterpanes (C20), aliphatic, bi-, tri-, and possibly tetracyclic; (4) triter-
panes (C30), aliphatic as well as tri-, tetra-, and pentacyclic. Among these terpenoids,
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tetra- and pentacyclic terpanes and steranes are the most important compounds for
petroleum chemistry and forensic oil analysis.

Olefins: Olefins are also called alkenes.These unsaturated hydrocarbons have one
or more pairs of carbon atoms attached by a double bond. Various types of olefins
have been identified in the oils and condensates worldwide [5]. Olefins are not pres-
ent in large amounts in crude oils or straight-run distillates such as kerosene, gas
oil, or fuels [6]. These compounds are found in large quantities only in some refined
products, produced primarily from larger molecules in cracking processes.

Aromatics: Aromatics contain one or more benzene rings as structural components.
A monoaromatic compound has one benzene ring with either six hydrogen groups
or a combination of alkyl and hydrogen groups, attached to that six-carbon aro-
matic ring. Polycyclic aromatic compounds (PACs) have multiple aromatic rings
such as naphthalene, phenanthrene, and pyrene.

Resin: Resin includes a large group of polar compounds in crude oil. These include
hetero-substituted aromatics (such as nitrogen, oxygen, and sulfur-containing polycy-
clic aromatic hydrocarbons (PAHs)), phenols, acids, ketones, alcohols, and monoaro-
matic steranes (MASs). Resins are assumed insoluble in liquid propane but soluble in
n-pentane. Because of their polarity, these compounds are more soluble in polar sol-
vents, including water, than the nonpolar compounds, such as waxes and aromatics,
of similar molecular weight. They are largely responsible for oil adhesion. Sulfur com-
pounds are among the most important heteroatomic constituents of petroleum and
may be present in several forms, including elemental sulfur, hydrogen sulfide, mer-
captans, thiophenes (thiophene, benzothiophenes, dibenzothiophenes, and naphtho-
benzothiophenes), and their alkylated homologues.

Asphaltenes: Asphaltene is defined as the part of petroleum, coal, or oil shale,
which is precipitated by the addition of a low-boiling paraffin solvent such as n-
pentane but soluble in benzene. Asphaltene constituents are the heaviest and polar
constituents in crude oil, together with other high molecular weight (HMW) content
resulting in the colloidal nature of crude oil. During petroleum refining, the asphal-
tene constituents are nondistillable and remain in the residual fuels as the distillable
fractions are removed [7]. The black color of crude oils and residues is due to the
combined effect of neutral resins and asphaltenes. On heating above 300–400 °C, as-
phaltenes are not melted, but decompose, forming carbon and volatile products. As-
phaltenes make up the largest percentage of the asphalt used to pave roads. As
asphaltenes are determined as a whole, this information provides little information
to distinguish an oil, and asphaltenes are not often listed as target analytes for foren-
sic oil analysis. However, its content can reflect the oil type.
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Other components: Other than the main fraction of hydrocarbons, crude oil also con-
tains compounds consisting of oxygen, sulfur, nitrogen, and trace amounts of phos-
phorus, and a trace amount of water. Crude oil also contains a small quantity of heavy
metals such as vanadium (V) and nickel (Ni). Metals are encountered in petroleum in
the form of salts of carboxylic acids or as porphyrin chelates. V and Ni predominantly
occur at the highest concentration in crude oil and residual fuel oils. Refined petro-
leum products contain variable content of these components due to their removal or
enrichment during refining processes.

In this chapter, we will mainly discuss the fingerprinting analysis of selected
gas chromatography (GC)-detectable aliphatic and aromatic compounds in petro-
leum. Later sections will further detail the chemical fingerprints of these petroleum
compounds.

2.3 Fingerprinting analysis of petroleum compounds

Database on the oil physical and chemical properties plays an important role in pre-
paredness and response to oil spill events. In the case of an oil spill, fingerprinting
analysis is essential to monitor the contamination, evaluate the damage, and over-
look the environmental recovery of an oil spill. Accurate analysis and unambiguous
results are critical to identify the spill source and allocate the legal liability.

The fingerprinting of oil spills can be a considerable challenge to analytical
chemists due to the complexity of petroleum oil and the low concentrations of many
constituents of interest. In addition, once released into the environment, oil is imme-
diately subjected to a series of weathering processes that alter its compositional dis-
tribution, and environmental samples are often a mixture of more than one oil and
background matrix, and subsequently becomes difficult to recognize its spill source.
These combined factors pose significant challenges in unequivocal spill source iden-
tification [8, 9].

The most commonly used methods for oil fingerprinting include those devel-
oped by Environment and Climate Change Canada (ECCC) [10–15] and European in-
stitutes [16–20]. These analytical methods, based on GC, have been demonstrated
to be efficient and suitable for the identification and quantitative characterization
of petroleum hydrocarbons in both crude oils and refined products.

Figure 2.1 depicts the procedure of an oil fingerprinting analysis used in the
ECCC. Forensic oil fingerprinting analysis usually involves three major approaches
[11, 13, 20]:
– Characterization of hydrocarbon groups by GC-flame ionization detection (GC-FID).

Information obtained from GC-FID analysis is used: to identify the oil type; to
determine total saturated hydrocarbons (TSHs), total aromatic hydrocarbons
(TAHs), total petroleum hydrocarbons (TPHs), and unresolved complex materials
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(UCM); to acquire the diagnostic ratios such as UCM/TPH, Norpri/Pri, n-C17/Pri;
n-C18/Phy, and Pri/Phy; to assess the weathering degree; and to visual prelimi-
nary examine the correlation of oils.

– Fingerprinting analysis of selected target analytes by GC-mass spectrometry
(GC-MS) (selective ion monitoring, SIM). Information obtained from GC-MS analy-
sis is used: to determine target analytes of interest including PAHs and biomarker
compounds; to investigate chromatographic characteristics of source-specific
compounds; and to acquire the diagnostic ratios of relevant analytes.

– Overview information from both GC-FID and GC-MS analyses; identification and
characterization of major unknown peaks (e.g., additives); determination of
weathering effect to the oil; and identifying the correlation of analyzed oils.

2.3.1 Sample preparation and separation

The collection of representative oil or environmental samples is not discussed in this
chapter, but it is a crucial step for a successful forensic approach. Valid oil analysis
must be obtained from the analysis of an aliquot representing the whole sample,
which is particularly important to heavy oils and solid environmental samples. It is
cautious that chemical fingerprints can be distorted or altered due to sample inhomo-
geneity and sample treatment prior to analysis [20].

Pure oil samples could be directly weighed and dissolved into suitable solvents
for analysis. The analysis of oil-contaminated environmental samples first involves
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Figure 2.1: Schematic of oil analysis procedure.
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the recovery of target compounds from their matrices such as water and soil. To select
the proper extraction technique, one should consider the complex nature of petro-
leum. Traditional liquid–solid and liquid–liquid extractions are still used as the first
choice in many laboratories due to their simplicity, relatively low cost, and proven
high extraction efficiency, despite being very time-consuming. Some other techniques
are used nowadays, but they may be unable to process highly oil-contaminated sam-
ples. Hexane and dichloromethane (DCM) are often used to extract oil for analysis.
DCM needs to be replaced by hexane if a silica gel column is used for cleanup and
fractionation. For environmental samples, if the extract appears very concentrated, it
is necessary to determine the total solvent extractable materials (TSEMs) to calculate
the proper aliquot of the extract to load on the chromatographic column for further
sample processing and analysis and to facilitate a comparison of abundance of target
compounds in samples. To determine TSEM, a 1.0 mL aliquot of extract is placed in a
preweighed vial and blown to dryness under nitrogen. Alternatively, the concentra-
tion sample can be firstly evaluated by a preliminary GC-FID analysis [20].

It is not a rare practice to directly inject diluted oil solutions or extracts into an
instrument, particularly for fast screening oil types. Fingerprinting analysis simply
accomplished without chromatographic column fractionation could provide effi-
cient qualitative information for oil identification but can prevent accurate quanti-
tation of certain analytes. Typical oil concentration for direct GC injection varied
from 1.5 to 10 mg/mL depending on oil types [20]. However, considering the complex
nature of petroleum, proper sample cleanup, and further fractionation are essential
prior to instrumental analysis in order to achieve accurate quantification of individ-
ual components and unbiased identification of the spill source, while protecting the
instrument from contamination. It is strongly recommended to clean the “black oils,”
such as HFOs, slops, and bilges, in order to remove the high amount of asphaltenes
and/or soot particles that are typically detrimental to instrumentation [20].

The most widely applied analysis scheme is to separate the petroleum compounds
into aliphatic (mostly saturated hydrocarbons), aromatic, and other component groups.
Silica gel and Florisil® column are often used to remove the alien objects and to sepa-
rate saturated and aromatic compounds for accurate quantitative analysis without in-
terference to each other. The chromatographic columns can be either lab-packed or
commercially available SPE cartridges such as the silica gel Resprep™ Massachusetts
EPH and the silica gel/cyanopropyl varieties [14, 15, 21–23].

According to ECCC’s methods, an aliquot of oil solution or extract with equivalent
TSEM of environmental sample is transferred to the top of a chromatographic column
for sample cleanup and fractionation, with the column preconditioned using hexane.
Saturated and aromatic hydrocarbons are effectively eluted with hexane and a mixture
of hexane–DCM (1:1, v/v), respectively. The column can be further eluted for the analy-
ses of other components such as FAME, nitrogen-containing polycyclic aromatic het-
erocycles (PANHs), and acid-extractable organics including naphthenic acids [24–26].
If these components are to be determined in the environmental samples, it is essential
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to effectively recover them in the sample extraction step, which is not discussed
herein. FAMEs as the primary component of biofuel are investigated where relevant.
Ion of m/z 74 is used to determine saturated FAMEs, and m/z 55, 67, and 79 for mono-
unsaturated, diunsaturated, and polyunsaturated FAMEs in biodiesel, respectively.

Saturated and aromatic fractions are carefully concentrated under a stream of ni-
trogen to appropriate volumes and spiked with internal standards. These fractions
are finally adjusted to an accurate preinjection volume for analyses. The saturated
hydrocarbon fraction (Fsat) is used for the analysis of TSHs, n-alkanes, acyclic isopre-
noids, diamondoids, bicyclic sesquiterpanes, and biomarker terpanes and steranes.
The aromatic hydrocarbon fraction (Farom) is used for the analysis of TAHs, unsubsti-
tuted PAHs, and alkylated PAHs (APAHs), aromatic steranes, and polycyclic aromatic
sulfur heterocycles (PASHs).

2.3.2 GC analysis of petroleum compounds

Petroleum contains a large number of different types of compounds. Analysis of the
whole composition of petroleum can be endless and impractical; therefore, the infor-
mation to be collected should be limited to those critical data. The technologies of oil
analysis have been continually progressed due to advanced and automated instru-
mental techniques in recent decades. The methods most commonly used are to ap-
proach the major petroleum components using GC and other techniques [12, 14, 15, 17,
18, 20, 27, 28]. This chapter does not intend to provide an exhaustive list of analytical
methods rather it discusses the well-established chromatographic methods. Capillary
GC has been routinely used in environmental laboratories to provide a detailed analy-
sis of most of the individual organic compounds. The characterization of individual
saturated and aromatic compounds in petroleum is mainly based on GC-FID and GC-
MS analyses. GC-FID is a robust, reliable, and universal technique for the detection of
all species of hydrocarbons. However, this technique only produces two-dimensional
data (i.e., retention time and abundance). GC-FID analysis aims to determine the oil
type and to investigate if the oil is weathered through the overall distribution of hy-
drocarbons. These methods do not give access to detailed information of individual
target compounds, and only the TPH concentration or carbon number fractions can
be obtained. GC-MS instrument can provide accurate quantitation for volatile and
semivolatile organic compounds in petroleum, particularly those petroleum bio-
markers, which are at relatively low concentrations but of interest to forensic oil
analysis.

By choosing a proper GC column based on its length, internal diameter, station-
ary phase, and film thickness, a wide range of petroleum hydrocarbons can be sepa-
rated under optimal instrumental parameters. The most commonly used columns for
petroleum hydrocarbon separation include nonpolar inert capillary columns such as
DB-1 and DB-5, filmed inside with 100% methylpolysiloxane and 5% phenyl–95%
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methylpolysiloxane, respectively. A conventional fused silica capillary column (30 m,
0.25 mm ID, and 0.25 μm film thickness) is used for most oil analyses. To reduce col-
umn bleeding under high temperature, some specific capillary column is used for
GC-FID analysis, such as DB-5HT fused silica column (30 m, 0.25 mm ID, and 0.10 μm
film thickness). Resolution of a capillary GC column is limited; it is impractical to re-
solve all individual oil components of interest with the chromatographic separation.

For GC-MS analysis of petroleum, electron impact ionization (EI) is most com-
monly used. To obtain the best sensitivity for quantitative measurement, the mass
spectrometer is usually operated in SIM mode that only acquires positive ions of inter-
est. A full scan MS is a useful mode of operation that acquires all ions formed in the
ion source. This is helpful information for developing SIM acquisitions and alerts ana-
lysts to untargeted compounds other than compounds of interest. At present, the
identification and characterizations of these petroleum compounds mainly rely on GC
coupled to single quadrupole mass spectrometers. Low-resolution and low-mass accu-
racy mass spectrometers (LRMS) are sufficient for general oil analysis. LRMS analyses
can face interference by other co-eluted petroleum components and external matrix
material even with chromatographic separation. This is especially true to analyze tar-
get compounds in refined petroleum products and environmental samples, where
their chemical fingerprints that are usually relied upon for the identification of target
compounds have been significantly altered. Inaccurate and inconclusive oil analysis
potentially results in misidentification and overestimation of target analytes [29].

Recently, high-resolution and high-mass accuracy mass spectrometry (HRAM-MS)
such as quadrupole time-of-flight mass spectrometer (QTOF-MS) and quadrupole
Orbitrap mass spectrometer has become more accessible for routine analysis with
improvements in instrumentation [31]. HRAM-MS provides the simultaneous univer-
sal screening of targeted and untargeted analytes, increases detection selectivity with
less sample preparation and compound optimization, and allows for retrospective
analyses, which are crucial factors contributing to the increasing interest in HRAM-
MS. An HRAM-MS coupled to capillary GC inherits both the advantages of both the
powerful separation of GC and the rapid and accurate detection of HRAM-MS. GC-
HRAM-MS can deliver higher resolution, a more accurate mass measurement, and
faster full spectrum acquisition than a single quadrupole MS. Thus, it simultaneously
provides good tools for solving complex analytical problems, resolving structural elu-
cidation of unknowns, and confirming untargeted compounds. To date, there are
only a few reports related to GC-HRAM-MS for oil analysis. Yang et al. have applied
GC-QTOF-MS in the quantitative analysis of PAHs and biomarkers in petroleum oils
and environmental samples from petroleum-impacted areas [29, 32]. The results dem-
onstrated that accurate mass measurement by GC-QTOF-MS effectively improved
characterization and differentiation of PASHs and PAHs, achieving significantly bet-
ter results compared to those from the single quadrupole GC-MS method.

The improvement in quantitative analysis of one specific target compound is
generally decided by many factors, such as the instrumental resolution and mass
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accuracy, uniqueness of quantitation fragment, difference of monoisotopic mass
between target and interfering compounds, abundance of analytes, natural com-
plexity of samples, and so on. Practically, high-resolution and accurate MS alone
cannot solve all analytical issues, particularly when the interference to a target
compound is from its isomers. Therefore, according to a specific case demand, proper
sample preparation, chromatographic separation, application of HRMS, and meticu-
lous data analysis still play a critical role in reliable oil analysis.

2.3.3 Identification and quantitation of target petroleum
hydrocarbons

The analysis of petroleum compositions is of particular importance in oil forensic
studies since they can provide valuable information toward achieving a better charac-
terization and identification of a petroleum sample. The determination of both con-
centrations and relative distributions of target petroleum hydrocarbons are equally
essential to unambiguously identify an oil spill because in some cases, a source can
have a similar distribution profile of analytes but significantly different amounts of
these compounds [30]. Quantitative analyses of BTEX and PAHs are often required to
access the health concern of an oil spill.

The data in this chapter were obtained by using our in-house methods [14, 33–38].
A large number of target analytes are identified and quantified by GC-FID (for n-
alkanes and isoprenoids) or by characteristic ions from GC-LRMS in SIM mode. These
compounds include n-alkanes, BTEX and alkylbenzenes, APAH series, aromatic ster-
anes, petroleum biomarkers, diamondoids, and bicyclic sesquiterpanes, and so on.
Figure 2.2 depicts the distribution of hydrocarbon groups according to their retention
time (generally equivalent to boiling point order) in a typical chromatographic analysis
using a nonpolar capillary column. The fingerprinting analyses of these components
are discussed in more detail in the following sections.

It is unnecessary to analyze all target compounds in each oil analysis. Appro-
priate target analytes can be selected based on the type of oil spilled, the particular
environmental compartments being assessed, and expected needs for current and
future data comparison. The identification of target compounds usually relies on
the application of reference oils since it is impractical to apply authentic standards
for all target compounds. Reference oils processed as a normal sample also provide
quality control for an oil study. For different case studies, different types of reference
oils can be applied. The Emergencies Science and Technology Section of Environment
and Climate Change Canada established a reference oil (13.1% artificially evaporated
Prudhoe Bay crude oil). This oil consists of most of the common target compounds
and at appropriate abundance. Other oils or blend oils such as NIST SRM 2779 (crude
oil, Gulf of Mexico) can be used as reference oils as long as they meet the requirement
as reference materials.
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Quantitative analyses of individual compounds are not always necessary and very
time-consuming. Quantitative analysis requires either external or internal standard
compounds. Most target compounds especially APAHs, biomarkers, and bicyclic ses-
quiterpanes, are not commercially available or extremely costly. Quantitation of these
analytes is usually based on the relative response factor (RRFs) of their corresponding
alternatives rather than authentic standards relative to the internal standards. APAHs

pentacyclic triterpanesSaturated compounds

Aromatic compounds

tri & tetracyclic terpanes

steranes
bicyclic sesquiterpanes

adamantanes diamantanes

decalins
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Figure 2.2: Distribution of target compounds for oil fingerprinting analysis.
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are usually quantified by using their parent unsubstituted PAHs instead of authentic
APAH standards, except for few groups such as C1-N, C2-N, and C3-N. As more alkyl-
PAH are commercially available now, some are used for APAH quantitation. Yang
et al. investigated the variation in RRFs of different APAH isomers and selected a suite
of authentic APAH standard materials as representative compounds to accurately
quantify APAHs [38]. By using the APAH standard, this could result in a 10–20% dif-
ference compared with that by using parent PAHs as quantitation standards. Many oil
analytical methods are similar with subtle differences between the actual experimental
procedures, while some methods differ considerably. Each lab has its specific oil ana-
lytical methodology (i.e., different quantitative standards are used), thereby quantita-
tion discrepancy for the same sample can occur.

For forensic oil fingerprinting analysis, the relative distribution of target com-
pounds is somewhat more important than their real-world concentration, hence
quantitation using alternative standards is still meaningful for oil characterization
and identification. Table 2.1 tentatively summarizes the overall distribution of these
chemical components in various crude oils and refined products. It is important to
note, based on our experience and knowledge from analyses of limited oil samples
thus far, that the information presented may not be representative in some cases.
For each petroleum fuel mixture, the table displays the approximate carbon number
range of predominant hydrocarbons and the relative abundance of common target
petroleum hydrocarbons in these oils. Their chemical fingerprints are described in
more detail later in this chapter.

2.4 GC-FID-detectable petroleum hydrocarbons

As mentioned above, typically, the first step in forensic oil fingerprinting is screen-
ing the petroleum hydrocarbons in the sample, identifying the oil type, and evaluat-
ing the weathering extent [10, 13, 15, 17, 20]. Incorrect identification of oil type
could misdirect subsequent tiered analysis, eventually leading to incorrect results.
The physical appearance such as color and odor is helpful to preliminarily identify
the type of oil samples. However, to unambiguously identify the oil, dedicated instru-
mental analysis is important, particularly to those samples that may lead to legal
issues.

Generally, preliminary identification of the oil type and weathering can be read-
ily achieved from their GC-FID traces. Measurement of TPH and other hydrocarbon
groups (including the total saturates, the total aromatics, the total resolved peaks,
and UCM) in oil samples, GC-FID chromatograms provide a distribution pattern of
petroleum hydrocarbons (e.g., carbon range and profile of UCM).

To address the diversity of petroleum contamination types, the GC-detectable
petroleum hydrocarbons are divided into four broad physicochemical subfractions
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according to the Canadian Council of Ministers of the Environment (CCME) methods
[39]. However, the oil analysis described herein could be very different from the
CCME methodology. Fraction 1 (smaller than C10) represents the volatile fraction of
most hydrocarbon mixtures and consists of the aliphatic and aromatic subfractions.
Fractions 2 and 3 represent the semivolatile fraction and comprise saturated and
aromatic subfractions in the ranges of C10 to C16 and C16 to C34, respectively. These
two fractions make up the most proportion of GC-detectable petroleum hydrocar-
bons in crude oils and petroleum products. Most of the target compounds fall
within these two fractions. PAHs with more than three rings are generally found in
fraction 3. Fraction 4 encompasses compounds of >C34 up to C50+, having low mo-
bility (volatility and solubility). Petroleum hydrocarbons within this range often
represent a significant proportion of heavy crude oils such as Alberta oil sand bitu-
men (24.4%) and refined products such as lubricating oil 10W-30 (15.2%).

The GC-FID chromatograms of petroleum hydrocarbons in representative crude
oils are shown in Figure 2.3, illustrating the difference of these crudes in the chro-
matographic profiles, carbon range, and UCM distribution patterns. The data in
Table 2.2 reports TPHs at a range of ~ n-C8 to n-C50 determined by GC-FID. These re-
sults do not include those components lighter than n-C8, which are lost during sam-
ple preparation or co-eluted with solvent peaks (DCM and/or hexane) during GC
analysis. This explains why some light oils containing high amounts of small hydrocar-
bons have smaller TPH values reported than some heavier oil samples. Heavy oils con-
tain heavy substances, which either are retained on the silica gel fractionation column
or are uneluted from GC capillary column, resulting in low TPH value for these oils.

The gross chemical composition of crude oils varies greatly, not only among geo-
logical sources but also among samples from a single deposit. In general, saturated
compounds and UCM dominate GC-detectable TPHs in crude oils. The extra light Sco-
tia crude (API = 53.2°, Nova Scotia, Canada) contains a large proportion of light com-
ponents with nearly half of the resolved peaks, in which <C16 hydrocarbons account
for about 70% of TPHs while > C34 account for only 0.6%. In addition, TSHs in this
crude make up 95.3% of TPH value, obviously higher than in any other oils presented
in Table 2.2. The heavy Platform Elly crude oil (API = 15.8°, US west coast, California)
contains about 87% of UCM contents, and >C16 fractions contribute to over 75% of
GC-detectable TPHs. As the heaviest form of petroleum, oil sand bitumen has a pro-
nounced chromatographic UCM hump eluting between n-C10 and n-C40, indicating
significant biodegradation of their original crudes. Normal alkanes and isoprenoid al-
kanes have been steadily depleted by biodegradation and/or water washing in this
bitumen. A few resolved peaks eluted between n-C27 and n-C31 on the shoulder of the
main UCM hump, which is contributed by high boiling point biomarker compounds.
Albian Heavy Synthetic (AHS) is a partially upgraded dilbit. It is a blend of sweet Pre-
mium Albian Synthetic (API ~ 34°) upgraded from oil sand bitumen with the uncon-
verted residue. The abundance and distribution of TPHs in AHS are significantly
different from those of oil sand bitumen. Since Premium Albian Synthetic consists
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Figure 2.3: GC-FID chromatograms of petroleum hydrocarbons in crude oils and petroleum
products.
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mostly of light hydrocracking hydrocarbons and is absent of vacuum residue, the
UCM contents are mainly constituted by the heavier portion of residues.

As observed from Figure 2.3 and Table 2.2, refined petroleum products vary sig-
nificantly with type to type and oil to oil in the carbon range, hydrocarbon distribu-
tion pattern, and UCM profiles. The distinguishable characteristics for various types of
products are attributed to parent crude oil feedstocks, refining processes, and the ma-
terials added in the products for specific purposes. Light distillates such as gasoline
are generally products of light-end-resolved hydrocarbons nearly without any UCM
content. The chemical composition of light distillate is relatively simple and has been
well characterized. The composition of gasoline generally includes a majority of light
PIANO compounds (paraffins, isoparaffins, aromatics, naphthenes, and olefins) and a
small portion of additives (such as alcohols).

Diesel fuel, a mid-range distillate, generally has a carbon range from C8 to C28.
In some regions, diesel is often blended with lighter components for winter use. Its
GC-FID chromatogram presents prominent n-alkanes in the GC-resolved peaks over
a single bell-shaped UCM hump. MDO contains a wider carbon range than on-road
diesel. In the analysis of diesel blended with biofuels, additional FAME peaks
eluted after n-C19 and one co-eluted with n-C21 in the GC-FID chromatograms were
readily observed [24]. It is notable that in a biodiesel blend methyl palmitate (C16:0
ME) peak elutes after n-C19 and methyl stearate (C18:0 ME) and methyl oleate (cis-9,
C18:1 ME) co-elute with n-C21 in the GC-FID chromatograms.

HFO are often burned in furnaces to generate heat or in maritime (such heavy
fuel is called bunker fuel) or industrial boilers to generate power. Typical marine
fuels include lighter fuel no. 5 (Bunker B) and heavier fuel no. 6 (Bunker C). These
fuel oils are mainly heavy distillate residue blended by lighter distillates to reduce
oil viscosity; therefore, these oils are characterized by two or more obvious chro-
matographic UCM humps and particular n-alkane distribution. HFOs could have a
wide carbon range, and some HFOs have similar chromatographic features with
weathered crude oils. Their unambiguous identification and differentiation need to
rely on the comparison of their fingerprint details from GC-MS analysis.

Commercial lubricating oil is either mineral-based or synthetic, and mineral-based
lube oils are most commonly used. The applications of lube oil are very diverse. Lube
oil can be classified into various categories such as motor oil and transmission oil ac-
cording to specific applications. Lubricating oil is distinguishable from other refined
products by its unique chromatographic profile. They generally consist of high boiling
point hydrocarbons ranging from n-C20 to n-C50 eluted as a characteristic UCM hump.
GC-resolved peaks only account for a very small portion of TPHs in lubricating oil, for
example, lubricating 10W-30 motor oil contains about 96% of UCM content (Table 2.2).
As shown in Figure 2.3, the synthetic lube oil has typical GC-chromatographic features
of regular lube oil: high UCM content but very little n-alkanes and resolved peaks. One
high sharp peak over the UCM hump is attributed to additives such as antioxidants
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(phenols and amines). It is impossible to differentiate this type of synthetic lube oil
from conventional mineral-based lube oils using GC-FID analysis alone.

The analyses of oils in environmental samples can be much more difficult and
complex than the analysis of pure oil. The oil in the environment is subjected to vari-
ous weathering processes and mixed with background substances, which alter oil char-
acteristics and complicate identification. Figure 2.4 shows the GC-FID chromatograms
of hydrocarbons in some petroleum-impacted environmental samples. The background
soil contains very little UCM, although nonpetroleum UCM content is detectable if not
properly removed by a silica-gel column cleanup procedure [40]. This sample has a
predominance of odd carbon numbers over even carbon number n-alkanes in C21 to C35
range, indicating hydrocarbon inputs from natural organic matter, plants, and bacteria.
The petroleum hydrocarbons in the vessel bilge clearly consist of primarily a diesel
range fuel and a slight amount of lubricating oil. More than two UCM humps are no-
ticeable in the river sediment, indicating multiple sources of contamination. Two UCM
humps ranging from n-C20 to n-C30 and n-C30 to n-C50 were detected for the waste lube
oil, indicating that the waste oil is mainly a mixture of 10W-30 and 20W-50 lube oils
[24]. Prominent odd n-alkanes were detected over the UCM hump, indicating that the
main hydrocarbons in the sediment from a water treatment plant are mainly attributed
to petroleum contamination and the contribution of biogenic sources. The waste lube
oil also contains a small portion of n-alkanes between n-C12 to n-C26 and about 5.0%
resolved peaks of TPH, which are certainly attributable to diesel fuel.

It is impossible to identify or quantify the petroleum biomarkers and PAHs
through GC-FID analysis alone, which are at relatively low concentrations but of inter-
est to forensic oil analysis. The GC-MS analysis provides data on the “source-specific”
markers including a suit of saturated and aromatic target compounds. These analyses
provide detailed information from each class of petroleum hydrocarbons to support
the findings from GC-FID analysis.

2.5 Saturated hydrocarbons in petroleum

Saturated petroleum fraction consists of aliphatic hydrocarbons such as n-alkanes,
branched alkanes, and cyclic hydrocarbons. Normal alkanes and branched alkanes
are typically attributed to the major resolved peaks in gas chromatograms of the
saturated fraction from light to medium crude oils and distillates.

Saturated cyclic hydrocarbons (naphthenes) comprise the most desirable petro-
leum hydrocarbons for the oil fingerprinting approach. Tables 2.3 summarizes the tar-
get saturated hydrocarbons frequently used for oil analysis including decalins, bicyclic
sesquiterpanes, diamondoids, polycyclic terpanes, and polycyclic steranes [10, 12, 13,
15, 16, 20, 27, 29]. In brief, the most commonly used fragment ions arem/z 191 for tri- to
penta- cyclic terpanes and m/z 217 and 218 for steranes. Bicyclic sesquiterpanes are
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determined at m/z 123 and confirmed by ions of m/z 179, 193, and 207. The ions for
diamondoid analysis include m/z 135, 136, 149, 163, and 177 for adamantanes and m/z
187, 188, 201, and 215 for diamantanes.

Some compounds in crude oils retain all or part of molecular structures from
their original biological molecules produced by organisms. These molecular fossils
are often called biological markers, or simply biomarkers. These compounds are re-
sistant to biodegradation relative to other hydrocarbons. Their analyses have played
an important role in exploring the depositional environment of crude oil and tracking
the genesis, maturation, migration, and biodegradation of petroleum. The informa-
tion from the analysis of backbone petrogenic compounds has been widely used to
investigate the source and history of petroleum-derived environmental contaminants.

NFLD background soil

Waste lube oil

Athabasca River 
sediment

Vessel bilge

Snowmelt water

Water treatment plant 
sediment

Figure 2.4: GC-FID chromatograms of hydrocarbons in environmental samples.
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Table 2.3: Target saturated hydrocarbons frequently used for oil fingerprinting analysis.

Compounds Code Empirical
formula

Molecular
weight

Target ions

Normal alkanes
n-Alkanes (n-C to n-C) n-Cn CnHn +  n +  , , 
Acyclic isoprenoids
(i-C to i-C)
Norpristane Norpri CH  , 
Pristane Pri CH  , 
Phytane Phy CH  , , 
Alkylated cyclopentanes CnHn  n , 
Alkylated cyclohexanes CnHn  n , 
Bicyclic alkanes
Decalin DE CH  

C-Decalins CDE CH  

C-Decalins CDE CH  

C-Decalins CDE CH  

Bicyclic sesquiterpanes
C-Decalin BS CH  , 
C-Sesquiterpane BS CH  , 
C-Sesquiterpane BS CH  , 
C-Sesquiterpane BS CH  , 
β(H)-Drimane BS CH  

C-Sesquiterpane BS CH  

C-Sesquiterpane BS CH  

C-Sesquiterpane BS CH  , 
C-Sesquiterpane BS CH  , 
β(H)-Homodrimane BS CH  , 
Adamantanes
Adamantane A CH  

-Methyladamantane -MA CH  

,-Dimethyladamantane ,-DMA CH  

,,-Trimethyladamantane ,,-TMA CH  

,,,-Tetramethyladamantane ,,,-TeMA CH  

-Methyladamantane -MA CH  

,-Dimethyladamantane, cis ,-DMA, cis CH  

,-Dimethyladamantane, trans ,-DMA, trans CH  

,,-Trimethyladamantane ,,-TMA CH  

,-Dimethyladamantane ,-DMA CH  

,,-Trimethyladamantane, cis ,,-TMA, cis CH  

,,-Trimethyladamantane, trans ,,-TMA,
trans

CH  

,,,-Tetramethyladamantane ,,,-TeMA CH  

-Ethyladamantane -EA CH  

-Ethyl--methyladamantane -E--MA CH  

-Ethyl-,-dimethyladamantane -E-,-DMA CH  

-Ethyladamantane -EA CH  
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Table 2.3 (continued)

Compounds Code Empirical
formula

Molecular
weight

Target ions

Diamantanes
Diamantane D CH  

-Methyldiamantane -MD CH  

,-Dimethyldiamantane ,-DMD CH  

-Methyldiamantane -MD CH  

, and ,-Dimethyldiamantane , and ,-
DMD

CH  

,-Dimethyldiamantane ,-DMD CH  

Trimethyldiamantane TMD CH  

-Methyldiamantane -MD CH  

,-Dimethyldiamantane ,-DMD CH  

Biomarker terpanes
C tricyclic terpane TR CH  

C tricyclic terpane TR CH  

C tricyclic terpane TR CH  

C tricyclic terpane TR CH  

Biomarker terpanes
C-Tricyclic terpane TR CH  

C-Tricyclic terpane TR CH  

C-Tricyclic terpane (a), (b) TRA, TRB CH  

Triplet: C tetracyclic + C
(S + R) tricyclic terpanes terpanes

TET + TR(A
+ B)

CH +
CH

,  

C-Tricyclic terpane (a), (b) TRA, TRB CH  

C-Tricyclic terpane (a), (b) TRA, TRB CH  

α(H)-,,-Trisnorhopane Ts CH  

α(H),α(H),β(H)-,,-
Trisnorhopane

TH CH  , 

α(H)-,,-Trisnorhopane Tm CH  

C-Tricyclic terpane  and  TRA,TRB CH  

α(H),α(H),β(H)-,-
bisnorhopane

H CH  

α(H),β(H)--Norhopane NORH CH  , 
α(H),β(H)--Norhopane H CH  

α(H),β(H)--Norneohopane CTs CH  

α(H)-Diahopane DH CH  

β (H),α(H)--Norhopane
(normoretane)

M CH  

α(H) and β(H)-Oleanane OL CH  , 
α(H),β(H)-Hopane H CH  

α(H)--nor--Homohopane NORH CH  

β(H),α(H)-Hopane (moretane) M CH  

S-α(H),β(H)--Homohopane HS CH  

 R-α(H),β(H)--Homohopane HR CH  

Gammacerane G CH  , 
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Table 2.3 (continued)

Compounds Code Empirical
formula

Molecular
weight

Target ions

S-α(H),β(H)-,-
Bishomohopane

HS CH  

R-α(H),β(H)-,-
Bishomohopane

HR CH  

S-α(H),β(H)-,,-
Trishomohopane

HS CH  

R-α(H),β(H)-,,-
Trishomohopane

HR CH  

S-α(H),β(H)-,,,-
Tetrakishomohopane

HS CH  

R-α(H),β(H)-,,,-
Tetrakishomohopane

HR CH  

S-α(H),β(H)-,,,,-
Pentakishomohopane

HS CH  

R-α(H),β(H)-,,,,-
Pentakishomohopane

HR CH  

Biomarker steranes
C α(H),α(H),α(H)-Sterane S CH  , 
C α(H),β(H),β(H)-Sterane S CH  

C α(H),β(H),β(H)-Sterane S CH  

C S-β(H),α(H)-Diasterane DIAS CH  

C R-β(H),α(H)-Diasterane DIAR CH  

C S-α (H),β (H)-Diasterane DIAS CH  

C R-α (H),β (H)-Diasterane DIAR CH  

C S-β(H),α(H)-Diasterane DIAS CH  

C R-β(H),α(H)-Diasterane DIAR CH  

C S-β(H),α(H)-Diasterane DIAS CH  

C R-α(H),β(H)-Diasterane DIAR CH  

C S-α(H),α(H),αH)-
Cholestane

CααS CH  

C R-α(H),β(H),β(H)-
Cholestane

CββR CH  , 

C S-α(H),β(H),β(H)-
Cholestane

CββS CH  , 

C R-α(H),α(H),α(H)-
Cholestane

CααR CH  

C S-α(H),α(H),α(H)-
Ergostane

CααS CH  

C R-α(H),β(H),β(H)-
Ergostane

CββR CH  , 

C S-α(H),β(H),β(H)-
Ergostane

CββS CH  , 

C R-α(H),α(H),α(H)-
Ergostane

CααR CH  
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The commonly analyzed HMW petroleum biomarkers are polycyclic triterpanes
and steranes. These conventional biomarker compounds are eluted after n-C21, indi-
cating their high boiling points, which occur within the residual range (Figure 2.2).
Smaller cyclic hydrocarbons such as diamondoids and bicyclic sesquiterpanes in
light to medium carbon range have attracted increasing attention due to their poten-
tial forensic applications especially for lighter oils and products [19, 33–36, 41–44].
These compounds have been detected in most crude oils and in a variety of distilled
petroleum products, which makes them particularly applicable to the analysis of ligh-
ter refined products such as diesel fuels that lack suitable alternatives. In these re-
fined products, HMW biomarkers have been removed during the refining processes.

2.5.1 Normal alkanes and acyclic isoprenoids

Normal and branched alkanes comprise a substantial portion of most crude oils and
certain types of petroleum products. These compounds can be readily separated into
resolved peaks by capillary GC columns. Normal alkanes in crude oil and petroleum
usually occur in high concentrations, which enables them to be quantitatively ana-
lyzed by GC-FID. However, if their concentrations in heavy oils and environmental
samples are too low or subject to interferences to obtain accurate analysis, GC-MS
analysis can be an alternative fingerprinting technique.

Normal alkanes in crude oils often vary significantly in their concentrations
and distributions (Table 2.2 and Figure 2.3). Total n-alkanes in Scotia Light crude oil
are as high as 172 mg/g, whereas only 21.5 mg/g in the Platform Elly crude oil and
almost no n-alkane are detected in Alberta oil sand bitumen. As shown in Figure 2.2,
n-alkanes could account for about 25% of GC-detectable TPHs and over half of the
resolved peaks in the high wax crude oil.

Refined petroleum products generally have their distinctive abundance and car-
bon range in their n-alkane profiles. Diesel consists of high levels of C8 to C28 n-

Table 2.3 (continued)

Compounds Code Empirical
formula

Molecular
weight

Target ions

C S-α(H),α(H),α(H)-
Stigmastane

CααS CH  

C R-α(H),β(H),β(H)-
Stigmastane

CββR CH  , 

C S-α(H),β(H),β(H)-
Stigmastane

CββS CH  , 

C R-α(H),α(H),α(H)-
Stigmastane

CααR CH  

C-Steranes CααS CH  
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alkanes and alkyl-cyclohexanes. The properties of a given diesel are largely a fraction
of the crude oil feedstock. Diesel no. 2 has a high concentration of n-alkanes of
128 mg/g, and its GC chromatogram has a nearly normal distribution with maxima
around n-C11 to n-C14. The GC-TPHs are dominated by the central UCM hump, totally
accounting for 77.7%. Heavy bunker fuels such as Bunker C generally contain lower n-
alkanes, whereas lubricating oils generally contain a very trace amount of long-chain
n-alkanes.

Normal Cl0–C40 alkanes, with a marked predominance of odd-numbered hydro-
carbons in the span of n-C23 to n-C35, are identified in higher plants (concentrations
of n-C27, n-C29, and n-C31 hydrocarbons are especially high) and soil, river, and ma-
rine sediments (see Figure 2.4). This characteristic is particularly useful to distin-
guish biogenic sources from petrogenic sources in environmental samples.

Some branched alkanes in petroleum are genetically related to acyclic isoprenoids
and norisoprenoids. These isoprenoids are composed exclusively of “head-to-tail”
links of isoprene units, whereas irregular isoprenoids have a “tail-to-tail” link. Com-
pared to other alkanes, these hydrocarbons are characterized by their structural stabil-
ity and preservation of genetic features, which are inherited from peculiarities of the
original organic matter and the conditions of its transformation into petroleum hydro-
carbons. Barakat et al. detected a suite of acyclic isoprenoids from C13 to C20 except
C17 in the crude oils from the Gulf of Suez region of Egypt [45]. The most abundant
acyclic isoprenoids in oil include farnesane (i-C15: 2,6,10-trimethyl-dodecane), 2,6,10-
trimethyl-tridecane (i-C16), norpristane (i-C18: 2,6,10-trimethyl-pentadecane), pristane
(i-C19: 2,6,10,14-tetramethyl-pentadecane), and phytane (i-C20: 2,6,10,14-tetramethyl-
hexadecane). The acyclic isoprenoids of pristane and phytane are widely assumed
diagenetic products of the phytyl side chain of chlorophyll, although alternative sour-
ces of precursors have been suggested. Branched alkanes normally exhibit lower
melting points and boiling points than those n-alkanes with the same carbon num-
bers; therefore, they tend to elute earlier than their normal isomers during GC analy-
sis. Pristane and phytane are eluted closely with n-C17 and n-C18 into two pairs of
characteristic peaks in chromatographic analysis. They are often investigated to-
gether with n-alkane analysis. Crudes with the same geological origin have similar
pristane/phytane ratios.

2.5.2 Diamondoids

Diamondoids and their various substituents are widely found in crude oils, intermedi-
ate petroleum distillates, and finished petroleum products [33, 34, 46–49]. Diamond-
oids are a class of cage-like cyclic hydrocarbons and consist of three-dimensionally
fused cyclohexane rings, resulting in a diamond-like structure. Diamondoids have
the general molecular formula C4n +6H4n +12. The simplest diamondoid is adamantane
(C10H16), followed by its homologues of diamantane (C14H20), triamantane, tetramantane,
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pentamantane, and hexamantane. Figure 2.5 illustrates a suite of adamantanes and
diamantanes identified in crude oils and petroleum products. Adamantane and its C1-
to C4-substituents are eluted between n-C10 and n-C13 (boiling point range: 180–230 °C),
while diamantane series are eluted between n-C15 and n-C17 (boiling point range:
270–300 °C) at given chromatographic conditions (Figures 2.2).

A series of petroleum polymantanes were determined in a gas condensate produced
from a very deep petroleum reservoir located in the U.S. Gulf Coast [50]. Dahl et al.
reported successful separation of a wide variety of the higher diamondoids contain-
ing 4–11 (undecamantane) diamond-crystal cages from petroleum [51]. Diamondoid
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compounds in petroleum are believed to be the result of carbonium ion rearrange-
ments of suitable cyclic precursors (such as multiringed terpene hydrocarbons) on
clay superacids in the source rock during oil generation [48, 52, 53]. The higher homo-
logues of diamondoids are considered to be formed from lower homologues under ex-
treme temperature and pressure [54].

Diamondoids are common in reservoir fluids and have been considered a problem
due to their deposition during production and transportation of natural gas, gas con-
densates, and light crude oils. The naturally occurring diamondoid compounds are
thermodynamically stable [49, 54, 55], and therefore, they are particularly useful in
oil-source correlation and differentiation. Environmental scientists have applied the
multiple criteria approach with the characterization of more than one suite of analytes,
including fingerprinting the diamondoid hydrocarbons for oil spill correlation and
identifications. Diamondoid analysis is particularly meaningful for those cases where
the conventional tri- to pentacyclic biomarker terpanes and steranes are absent due to
removal during the refining processes [34, 36, 41].

Diamondoids in crude oils: GC-MS chromatograms of adamantanes and diaman-
tanes were determined in various crude oils from light South Louisiana crude oil to
extra heavy Alberta oil sand bitumen are displayed [36]. The concentration of ada-
mantane, diamantane, and their alkyl-homologues in these crude oils are shown in
Table 2.4. Overall, the one-cage adamantanes are much more abundant than the
two-cage diamantanes.

As shown in Table 2.4, the concentrations of individual adamantane and its al-
kylated derivatives are in the range of ~1–30 μg/g for most crude oils, except ~
1–300 μg/g for the corresponding individual diamondoids in Troll (North Sea, Nor-
way) and South Louisiana (37.2° API, Louisiana, USA) crude oils. Among the de-
tected adamantanes, the principal dominant adamantanes are A, 2-MA, 1-MA, 2-EA,
1,2-DMA, and 1,3-DMA, together accounting for about 50% of all detected adaman-
tanes. Either 1-MA (bridgehead-substituted) or 2-MA is the most abundant homologue
in all oil samples. Tri- and tetra-methylated diamondoids have much lower relative
abundance compared to methyl- and dimethyl-homologues. Among the adamantane
series, 1,3,5,7- tetramethyl-adamantane has the lowest concentration probably due to
its relatively poor thermal stability; it has four methyl groups, which could spatially
interfere with each other and cause the molecular structure to be strained.

The dominant diamantane compounds in crude oils are D, 4-MD, 1-MD, 3-MD,
and 3,4-DMD. The concentrations of individual diamantanes range from undetected
levels to 10 μg/g for most crude oil samples and up to 10–53 μg/g for the South Lou-
isiana oil. The California Platform Elly heavy oil has the lowest concentration of
adamantanes among the surveyed oils. Cook Inlet (Southern Alaska, USA) crude oil
has a low concentration of diamantanes (9.10 μg/g), even though its adamantanes
are at a relatively high concentration of 209 µg/g.
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The concentrations of diamondoids do not appear to be dependent on the densi-
ties (or derived API gravities) of the crude oils. Diamondoids in oils from different
sources have dissimilar signatures of both absolute concentrations and relative distri-
bution patterns [34, 36]. These diamondoid fingerprints, as well as their molecular
ratios particularly from adamantanes, may be useful for oil source identification.

Diamondoids in petroleum products: The concentrations of diamondoids in refined
products are significantly influenced by the crude oil feedstocks used in the produc-
tion and the distillation cutpoint of the petroleum products. During the simulated
laboratory distillation of crude oils, the medium distillate fraction (174–287 °C) ac-
counted for >93% of all the adamantanes from the original crude oil. Diamantanes
were found mainly in the fractions of 174–481 °C, accounting for about 90% of their
total and were rarely found in the lightest fraction (initial boiling point to 174 °C)
[36]. These temperature ranges for diamondoid partitioning are consistent with the
observations based on GC chromatograms of n-alkanes and diamondoids.

Table 2.4 compares adamantanes and diamantanes measured in representative
refined products including gasoline, diesel fuel, Bunker C, lubricating oil, and two
distillate fractions of the Federated crude oil. The absolute concentrations and dis-
tribution patterns of diamondoids differ widely in petroleum products. As shown in
Table 2.4, adamantanes were found in all fuel oil samples. As expected, little or no
diamantanes were detected in light fuel and heavy-end lubricating oils. Generally,
the overall distribution pattern of individual diamondoid compounds in petroleum
products are comparable to that in crude oils, in which 1-MA and 2-MA, and D and
4-MD dominate the adamantanes and diamantanes, respectively.

2.5.3 Bicyclic sesquiterpanes

Bicyclic sesquiterpanes with drimane skeletons (C15H28) consist of two fused cyclo-
hexane rings (decahydronaphthalene), with various methyl-, dimethyl-, ethyl-, or
longer side chains [42, 56–58]. These compounds probably have a microbiological
source and are produced from the biodegradation of bigger terpanes or are formed
directly from bicyclic compounds of the same carbon framework.

Ten bicyclic sesquiterpanes commonly analyzed in petroleum fingerprinting
elute between n-C13 and n-C16 (boiling points: 235–287 °C), compared with conven-
tional polycyclic terpanes and steranes eluted between n-C21 and n-C37 (boiling
points: 345–500 °C) (see Figure 2.2). These terpanes are identified as C14 (BS1 and
BS2), C15 (BS3 to BS6) and C16 (BS7 to BS10) sesquiterpanes with molecular weights
being 194, 208, and 222 atomic mass units (amu), respectively (Table 2.3). These com-
pounds are determined at their characteristic ions at m/z 123 (C9H15

+), and confirma-
tion can be conducted using other prominent ions such asm/z 179, 193, and 207 [35].
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Due to the commercial unavailability of sesquiterpane standards, two hydrocar-
bons with a bicyclic molecular structure, cis-decalin and 1-methyldecalin, are applied
as alternative standards for the quantitation of bicyclic sesquiterpanes [33, 35]. In our
in-house method, the response factor for cis-decalin and 1-methyldecalin is determined
relative to the internal standard of decalin-d18. The average RRF of cis-decalin and
1-methyldecalin is then used to determine the concentrations of each target sesquiter-
pane compound [35]. Therefore, the quantitation results by this means do not necessar-
ily represent real-world concentrations in the oil samples. Nevertheless, this method
offers a quantitative comparison of bicyclic sesquiterpanes in various oils.

Crude oils from different sources and different petroleum products have varied
signatures of both the absolute concentrations and relative distribution patterns of
sesquiterpanes [33, 35]. Bicyclic sesquiterpanes are resistant against slight to medium
weathering, particularly biodegradation [33, 35, 42, 59]. Early studies on sesquiter-
panes have mainly focused on geological application in the maturity, depositional
environment, and the origin of oils. Recently, they have become a special interest in
oil-source correlation and differentiation of refined products with high ring number
biomarkers removed during refining processes [20, 33, 35, 42–44]. Stout et al. have
reported a successful forensic fingerprinting study of middle distillate fuels in the en-
vironment using sesquiterpanes [42]. Wang et al. have presented two real-world spill
case studies using unique sesquiterpanes for fingerprinting and identifying mystery
diesel spills [33]. However, it is recommended that the absence of bicyclic sesquiter-
panes should be used cautiously as an indicator of biodegradation rank because
there is a high potential for their alteration by water washing [59].

Bicyclic sesquiterpanes in crude oils: Bicyclic sesquiterpanes are ubiquitous com-
ponents of ancient sediments, coal, and crude oils [33, 35, 56, 57, 60]. Yang et al. re-
ported a quantitation of bicyclic sesquiterpanes in many crude oils and refined
petroleum products collected from various sources [35]. Their relative concentrations
in crude oils vary considerably from oil to oil. GC-MS chromatograms of sesquiter-
panes for representative crude oils and petroleum products are compared in Figure 2.6.
Figure 2.7 compared the total concentrations of ten target sesquiterpanes and normal-
ized percentages of major sesquiterpanes in crude oils.

Bicyclic sesquiterpanes occur in all of the crude oils studied. Their abundance
is likely independent of the densities of the crude oils [35]. In general, the GC-MS
chromatograms of sesquiterpanes at m/z 123 are often characterized by the dominance
of BS1, BS3, BS5, and BS10, with BS5 or BS10 being the most abundant. BS2, BS7, BS8,
and BS9 have much lower relative abundance. As shown in Table 2.5, the dominant
sesquiterpanes BS1, BS3, BS5, and BS10 together account for about 50–75% of the sum
of ten target sesquiterpanes. Bicyclic sesquiterpanes were also detected in extremely
heavy oils such as Alberta oil sand bitumen despite the depletion of n-alkanes by bio-
degradation [58, 61]. Bulk concentrations of target sesquiterpanes in oil sand bitumen
are at the same level as many other crude oils. The selected ion chromatograms at m/z
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123 show distribution patterns of BS10 > BS5 > BS1 for Alberta oil sand bitumen. It is
evident that bicyclic sesquiterpanes have been partially biodegraded in these heavy
oil samples. 8β(H)-Homodrimane is likely the most abundant homologue in oil sand
bitumen, which suggests that this compound has the least degradability among all ten
sesquiterpanes.
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Figure 2.6: GC-MS chromatograms of bicyclic sesquiterpanes (m/z 123) in crude oils and refined
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Bicyclic sesquiterpanes in refined products: Bicyclic sesquiterpanes are widely
found in intermediate petroleum distillates and finished petroleum products. The
abundances and distribution patterns of sesquiterpanes differ widely in petroleum
products, which are attributable to differences in the crude oil feedstocks and the
refining processes. Analyses of simulated laboratory distillates of crude oils show
that bicyclic sesquiterpanes were largely found in the 174–481 °C distillation frac-
tion of the crude oil. The concentrations of sesquiterpanes in this fraction are at the
same level as that found in mid-range fuels [33, 35]. Most of BS1 to BS7 from the
feedstock oil entered into the 174–287 °C fraction. About 55% of BS7, to about 95%
of BS1, were found in this fraction. It was also observed that in this fraction, all ten
target sesquiterpanes were concentrated up to approximately fivefold compared to
its parent crude oils. BS10 was found mainly in the 287–481 °C fraction, accounting
for about 62% of their total amount. For this fraction, only BS4 to BS10 were con-
centrated to varying extent. Sesquiterpanes were in low concentration in the light-
est fraction and were rarely found in the heaviest fraction.

The abundances of sesquiterpanes in various petroleum products are shown in
Figure 2.7. Bicyclic sesquiterpanes were found in most fuel oil samples at various
concentrations. In general, these compounds are abundant in most mid-range fuels
but relatively low in heavy residual fuels. Understandably, none to trace amounts of
sesquiterpanes was detected in gasoline and lubricating oils. However, light bio-
markers including bicyclic sesquiterpanes and diamondoids are typically evident in
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Figure 2.7: Bicyclic sesquiterpanes in crude oils and refined petroleum products.
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the used lube oil from diesel engine vehicles [24]. Overall, the distribution pattern of
individual sesquiterpane compounds in mid-range distillates is similar to that of
crude oils. BS3, BS5 and BS10 are the most dominant, while BS8 and BS9 often show
the lowest abundances. It is also noted that the dominance of 8β(H)-homodrimane
(BS10) is obvious in mid-range distillates and heavy residual fuels, and among ten
common bicyclic sesquiterpanes, BS10 is detected in 10W-30 motor oil.

2.5.4 Biomarker terpanes and steranes

Two groups of petroleum biomarkers (i.e., polycyclic terpanes and steranes) have
been extensively investigated and reported by geochemists and environmental
chemists [13, 15, 59, 61–66]. These hydrocarbons have played an important role to ex-
plore the depositional environment of crude oil and track the genesis, maturation, mi-
gration, and biodegradation of petroleum. The information from biomarker analysis is
also used to investigate the source and history of petroleum in the determination of
petroleum-derived environmental contaminations. Peters et al. discussed the basic
principles of biomarkers and their applications to studies on the origin, geological age,
and environmental conditions of oil formation [59]. Compared to acyclic alkanes, those
cyclic hydrocarbons are characterized by their structural stability and preservation of
genetic features, which are inherited from peculiarities of the original organic matter
and the conditions of its transformation into petroleum hydrocarbons. For example,
the ubiquitous pentacyclic hopanes are triterpenoids derived from cell membranes of
prokaryotes (heterotrophic bacteria) and phototrophic cyanobacteria [64, 66].

Biomarker abundances differ greatly from oil to oil and from oil type to type.
Biomarker concentrations in crude oils largely depend on the geological source of the
oils, while their concentrations in refined petroleum products vary with the feed-
stocks and the oil types [10, 12, 59].

Biomarker terpanes: Crude oils usually have a wide distribution of triterpanes with
a dominance of tricyclic and pentacyclic terpanes (Table 2.3 and Figure 2.8). These
traditional biomarkers are eluted between n-C20 and n-C38 in GC analysis (equivalent
to boiling points 343–500 °C) (Figure 2.2). Pentacyclic triterpanes include C30 hopane
(C30H52) and its homologues ranging from C27 trinorhopane to C35 homohopanes. A
series of hopanes beyond C40 were reported in crude oils and source rock extracts [67,
68]. As shown in Figure 2.8, the hopane series have a skeleton of 21 carbon atoms
with four fused cyclohexane rings and one cyclopentane ring (E-ring). Gammacerane
(G) and oleanane, the structural isomers of hopane, have a cyclohexane E-ring in its
molecular structure. These irregular triterpanes can be very useful in oil correlation
when they are detected in relatively high abundance. There are generally six methyl
substituents on the ring system, of which four methyls are positioned at the ring junc-
tions of C-8, C-10, C-14, and C-18, respectively. The molecular structure has two
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asymmetric carbons at C-17 and C-21. Atoms attached to the chiral centers in the
molecular structure are bonded together in the same sequence but the different
orientations of the atoms in space. Common homohopanes (C31 to C35) have an ex-
tended side chain at C-21 of the pental ring (E-ring). For cyclic biomarkers, α- and
β-nomenclature is used to describe asymmetric carbons at the ring, while the R-
and S-nomenclature is used for asymmetric centers out of the ring [13]. An addi-
tional asymmetric center at C-22 of the side chain results in two stereoisomers
with 22R and 22S configurations.

Each biomarker terpane has many potential isomers and stereoisomers. C30 ho-
pane has four stereoisomers: 17α(H),21α (H)-, 17α(H),21β(H)- (in petroleum), 17β(H),-
21β(H)- (the biological configuration), and 17β(H),21α(H)-hopane (moretane). These

TR
19

TR
20

TR
21

TR
22

TR
23

21 α or β (H)
stereoisomerism

17 α or β (H)
stereoisomerism

17 α or β (H)
stereoisomerism

14 α or β (H)
stereoisomerism

5 α or β (H)
stereoisomerism

Hopanes

m/z 191

22 R or S (C)
stereoisomerism

20 R or S (C)
stereoisomerism

X

26

25
24

2320

2221

18

15
8

7
64

3

2

1
19 11

12
17

1613
14

9
10

5A B

C D

20

281614

8
7

9
10

4

21
17

15
27

6
5

2423

3

2
1 25 26

12
11 13

18

19 X

3022

29

E

DC

A B

Te
R2

4

TR
25

(A
+B

)

TR
24

TR
28

A

Ts
Tm

TR
30

A
TR

30
B

H2
8

NO
R2

5H
H2

9

H30

IS

M
30

29
Ts

M
29

OL

H3
1S

H3
1R

G
H3

2S
H3

2R

H3
3S

H3
3R

H3
4S

H3
4R

H3
5S

H3
5R

TR
28

B
TR

29
A

TR
29

B

DH
30

S2
1(

αα
)

S2
1(

ββ
)

S2
2(

αα
) S2

2(
ββ

) DI
A2

7S

DI
A2

7R

C2
7α

αS

C2
9α

αS

C2
7β

βR

C2
8β

βR

C2
9β

βRC2
8β

βS

C2
9β

βSC2
7β

βS
C2

7α
αR

C2
8α

αS

C2
8α

αR

C2
9α

αR

TR
26

(A
+B

)

Steranes

m/z 217/218

Figure 2.8: Biomarker terpanes and steranes identified in a crude oil.
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hopane isomers have a decreasing order of thermodynamic stability: 17α(H),21β(H) >
17β(H),21α (H) > 17α(H),21αH) > 17β(H),21β(H) [59]. Therefore, the C27–C35 hopane series
in crude oils are dominated by the 17α(H),21β(H) stereoisomers. C30 17α(H),21β(H)-
hopane widely occurs in crude oil at high abundance, whereas 17β(H),21α(H)-hopane
occurs in relatively low concentration. It was found that C30 17α(H),21α(H)-hopane oc-
curs in low concentration in a ratio of typically 0.02–0.04 relative to C30 17α(H),21β
(H)-hopane in crude oils and mature sediments [69]. C30 17β(H),21β(H)-hopane is
thermodynamically unstable and naturally absent in petroleum, making it a desirable
internal standard for quantitative biomarker analysis [10–15]. The C-22 position in the
molecular structure is a chiral center resulting in R- and S-configuration epimers for
the C31–C35 homohopane series. The 22S epimers exist at a slightly higher concentra-
tion than their 22R epimers. 25-Norhopanes are a series of C26–C34 compounds that are
structurally equivalent to the regular hopanes, except for the absence of a methyl
group at the A/B ring junction.

These saturated biomarker terpanes are determined at their characteristic base
ions at m/z 191 (C14H23

+), which are derived from the cleavage of carbon bonds 9–11
and 8–14 in ring C of the molecule to form (A + B) ring or (D + E) fragment, respec-
tively (Figure 2.8). The most intensive ion in the mass spectra of norhopanes, such
as 17α(H),21β(H)-25-norhopane, is m/z 177 due to one less methyl group (CH3-, 15
amu) in their molecular structures.

Biomarker steranes: Steranes represent another important group of biological marker
compounds. Steranes and sterenes are believed to be principally derived from C27 to
C30 sterol precursors from the cell membranes of eukaryotes, mainly algae and higher
plants [70, 71]. These sterols generate a series of sterane homologs during diagenesis,
which inherit the carbon skeletons from biological precursors and only differ by the
addition of a sequence of CH2- units to a certain place in the molecule.

Regular steranes have a tetracyclic androstane skeleton with a methyl at the
ring junctions of the A/B ring and C/D ring and a side chain at carbon C-17 of the
pental ring (D-ring). As shown in Figure 2.8, steranes have three asymmetric carbon
centers at C-5, C-14, and C-17 on the ring structure, and another two asymmetric
centers at the C-20 and C-24 on the extended chained attached to C-17, respectively.
Chiral center at the C-20 position in the molecular structure results in R- and S-
configuration epimers. Therefore, each sterane has many potential isomers. For in-
stance, four isomers of cholestane (C27H48) including 20S-5α(H),14α(H),17α(H)-,
20R-5α(H),14β(H),17β(H)-, 20S-5α(H),14β(H),17β(H)-, and 20R-5α(H),14α(H),17α(H)-
are determined from crude oils. Besides regular steranes, petroleum also contains a
family of rearranged steranes of diasteranes (C26–C30). Diasteranes are likely formed
during diagenesis and catagenesis of biological precursors.

The typical ions for biomarker steranes arem/z 217 (C16H25
+) and m/z 218 (C16H26

+)
for GC-MS analysis, which are products of (A + B + C) ring due to the cleavage at junc-
tion carbon bonds 13–17 and 14–15 of the C/D ring under electron impact (Figure 2.8).
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For all epimers with cis-C/D-connection, the intensity of the m/z 218 ions is greater
than that of the m/z 217 ions. The βαα and ααα steranes have a base peak at m/z 217,
whereas the base peak of αββ steranes is at m/z 218. The distribution profile of C27 to
C29 steranes is of interest for oil exploration and oil forensic study, although it is more
or less the same in most crude oils.

Biomarkers in crude oils: Biomarkers in crude oils have been extensively investi-
gated and reported by geochemists and environmental chemists. Different crude oils
often have highly distinguishable chemical fingerprints of their biomarkers, varying
in both concentration and distribution patterns (Figure 2.9 and Table 2.5).

In fresh crude oils, C23 and C24 tricyclic terpanes and C29 αβ and C30 αβ hopanes
are generally the most abundant triterpanes (Figure 2.9). C30 αβ hopane is usually at
a higher concentration than C29 αβ norhopane in most crude oils; however, a reverse
feature was observed for some crude oils such as Arabian Heavy crude (a Middle East
crude oil). In Sockeye crude, a California heavy oil, H28, is even more abundant than
C29 and C30 αβ-hopanes. The homohopanes in Alberta oil sand bitumen account for
about 40% of the total 1,519 µg/g of target biomarker terpanes, while in the Bakken
crude oil they are very low and even undetectable (Table 2.5).

Some geologically rare acyclic alkanes (i.e., C30 17α(H)-diahopane, C30 18α(H)-
hopane, gammacerane, 4-methyl steranes, etc.) are found only in certain oils and
therefore used as unique markers for specific oil spill identification. As shown in
Figure 2.9, the presence of C28-bisnorhopane and gammacerane is evident in oil
sand bitumen and AHS. The occurrence of gammacerane may suggest a saline de-
positional environment of the original oil in the Alberta oil sands. The abundance
of C31–C35 homohopanes generally decrease with the increase of carbon numbers,
i.e., H31 > H32 > H33 > H34 > H35, and the S-configuration epimer is more common
than its R-epimer. One specific feature of H34S < H35S and H34R <H35R is noticed for
homohopanes in some crude oils such as Alberta oil sand bitumen, which suggests
that these oils were derived from source rocks deposited under anoxic conditions
[61]. C29 17α(H),21β(H)-norhopane and C31–35 homohopanes, especially C35 homoho-
panes are depleted in southeast Asian crude oils, whereas these compounds are
abundant in the Middle East crude oils [72].

C27, C28, and C29 steranes are referred to as cholestane, ergostane (24-methylcho-
lestane), and sitostane (or stigmastane, 24-ethylcholestane), respectively. The relative
abundances of C27 to C29 steranes in crude oils are controlled by the types of photosyn-
thetic organisms that contributed to the organic matter. A dominance of C27 steranes is
usually associated with marine organisms [73]. C27 ββ-, C28 ββ-, and C29 ββ-steranes in
crude oils generally have a relative abundance in an overall “V-shaped” distribution
pattern. Unlike most of the other crude studied, the Platform Elly crude oil has a re-
verse V-shaped steranes distribution with a particular abundant C28 ββ-steranes. As
observed from Figure 2.9, the Bakken crude and the Scotia Light crude oil contain very
low biomarker compounds. In contrast, the California Sockeye crude oil particularly
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contains a high concentration of biomarker steranes, which account for a large portion
of determined biomarkers.

Biomarkers in refined petroleum products: Biomarker terpanes and steranes are
found almost entirely in heavier fractions of the distillates of crude oil [15]. These bio-
marker compounds all exclusively come from their feedstock crude oil as they are un-
likely produced in distillation and refining processes.The biomarker fingerprint of a
refined oil may be totally or partially the same as that of its original feedstock crude.

Figure 2.10 presents the GC-MS chromatograms of biomarkers in representative
refined petroleum products from diesel to lubricating oil. Clearly, the abundances
and distribution of biomarkers vary greatly from oil to oil and from type to type
(Table 2.5 and Figure 2.10). For lighter petroleum products, refining processes have
removed most HMW biomarkers from the corresponding crude oil feedstocks. In
general, biomarker compounds are undetectable in light fuels such as gasoline. The
lower boiling C19- to C24-tricyclic terpanes are eluted before n-C24 during chro-
matographic analysis. These smaller biomarkers are within the carbon range of au-
tomobile diesel and marine diesel and are present in these medium fuel oils at a
considerable level. Typically, the higher boiling point biomarkers are not present in
light fuel. It is quite common for refineries to add light cycle oil (LCO) to the dis-
tilled light oil fraction. LCO is the diesel boiling range material that is produced in a
catalytic cracker and contains mainly aromatic compounds and a low concentration
of biomarkers [20].

Most triterpanes and steranes remain in the residual fraction during distillation.
Therefore, they are detected in heavy residual fuels in equivalent or higher concen-
trations than their feedstock crude oil. Lubricating oils are rich in terpanes and ster-
anes but contain relatively low lighter tricyclic terpanes (C21–C24). The target biomarker
terpanes and steranes in 10W-30 motor oil are as high as 3,652 and 1,666 µg/g, respec-
tively. These biomarker compounds are undetectable or at a trace amount in synthetic
lube oils.

2.5.5 Diagnostic criteria of saturated hydrocarbons

Forensic oil–oil correlations are based on the concept that the target components in-
vestigated in spilled oils are source-specific and do not significantly differ from those
in the source oils. Some of the petroleum compounds in spill samples, in particular
those biomarker compounds, show little or no changes in their relative abundance.
The abundance ratios between these target analytes serve as important diagnostic cri-
teria for many aspects of oil studies. Diagnostic ratios have been widely applied by
geochemists for oil–source rock correlation and oil–oil correlation, determination of
organic input and depositional environment, assessment of thermal maturity, and
evaluation of oil biodegradation. Environmental chemists frequently use them for the
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Figure 2.9: GC-MS chromatograms of biomarker terpanes and steranes in crude oils.
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identification, correlation, differentiation of spilled oil, and investigation of its spill
history. An important benefit of employing diagnostic ratios in oil identification is to
minimize the concentration effects. In addition, the use of ratios tends to induce a self-
normalizing effect on the data since variations due to the fluctuation of day-to-day in-
strument operating conditions, operator, and matrix effects are minimized. Therefore,
the comparison of diagnostic ratios reflects more directly differences in biomarkers of
samples. However, it should be cautioned that diagnostic ratios are not only oil-
dependent but also change with the method used for oil analysis; therefore, for the
same oil, the ratio values could vary from different data sources. Because of low abun-
dance or poor peak separation, the ratios of certain compounds can be heavily affected
by the measurement errors.

Numerous diagnostic ratios from petroleum compounds have been proposed
as molecular markers to identify the source of oil spills [12, 20, 74]. Diagnostic ra-
tios should be used in combination to avoid erroneous conclusions. It is impossi-
ble and unnecessary to include ratios from all target analytes. It is essential to
select source-specific representative and weathering-resistant diagnostic ratios for fo-
rensic oil analysis. Herein, we only select some diagnostic ratios frequently used for
detailed discussion.

N-alkane and isoprenoid ratios: These ratios of n-alkane and isoprenoids are gener-
ally based on results from GC-FID analysis or selected ion of GC-MS analysis if these
compounds are in very low concentration in weathered environmental samples. The
diagnostic ratios often used from the n-alkane analysis include n-C16/norpristane n-
C17/pristane, n-C18/phytane, and pristane/phytane. These n-alkane and isoprenoid in-
dices are source-specific, and the pristane/phytane ratio is widely used to assess the
environmental conditions of deposition of source rock. It was discovered that crudes
with the same geological origin have similar pristane/phytane ratios. In addition, n-
C17/pristane and n-C18/phytane elute in two close pairs during chromatographic analy-
sis. The ratios of n-C17/pristane and n-C18/phytane remain relatively constant through
evaporation, but their values decrease remarkably in biodegraded oil due to the pref-
erential depletion of n-alkanes. The ratio of pristane/phytane is relatively stable when
oil is subject to a certain degree of evaporation and biodegradation.

Carbon preference index (CPI) is the ratio of odd versus even carbon numbered
n-alkanes. The ratio of n-C17/n-C31 is a simplified parameter indicating relative contri-
butions from aquatic/marine and terrestrial sources. This ratio is used to estimate of
the thermal maturity of crude oil and to identify the source of hydrocarbons in an
environmental sample. The even and odd numbers of n-alkanes are generally equally
abundant in high maturity petroleum resulting in a CPI of 1.0 for these oils. CPI val-
ues significantly above (odd preference) or below (even preference) 1.0 indicates low
thermal maturity. A CPI value below 1.0 for low-maturity oils or bitumens suggests a
typical carbonate or hypersaline environment [59]. CPI is a key diagnostic parameter

88 Chun Yang et al.



to determine the relative importance of biogenic and anthropogenic alkane sources
to the ambient environment [75].

For the practice of environmental oil analysis, n-alkanes are examined within
their full span (generally from n-C8 to n-C44). CPI is particularly useful in an envi-
ronmental approach involving biogenic contribution. C23–33 n-alkanes, and espe-
cially those from n-C27 to n-C33, originate from waxes typical of terrestrial higher
plants, whereas anthropogenic sources, including fossil fuel combustion, show no
enrichment of odd carbon alkanes [76]. A strong odd-to-even predominance with a CPI
value ≫1 discloses predominant biogenic contribution from terrestrially derived com-
ponents in an environmental sample (e.g., soil and sediment). When petroleum is the
main contaminant, the CPI can be calculated from the sum of odd divided by the sum
of even carbon numbered n-alkanes. A CPI value of near 1.0 suggests a mainly petro-
genic source of hydrocarbons. The CPI values of biodiesel blends are also around 1.0
since n-alkanes are attributable to the petroleum components [24].

Biomarker diagnostic parameters have been long established and are widely used
by geochemists for oil correlation (oil–source rock correlation and oil–oil correlation);
determination of organic input and precursors, and depositional environment; assess-
ment of thermal maturity; and evaluation of oil in-reservoir biodegradation. Many diag-
nostic biomarker ratios currently used in oil spill studies and environmental forensics
originate from geochemistry.

Ratios of diamondoids and bicyclic sesquiterpanes are of special importance for
the analysis of light petroleum. Like traditional biomarker ratios, these ratios origi-
nate from geochemical investigation. Diamondoid hydrocarbon ratios, such as
methyl adamantane index and methyl diamantane index were applied to evaluate
the maturation and evolution of crude oils and to determine the thermal maturity of
thermogenic gas and condensate [46, 49, 77]. The ratio of methyladamantanes to
adamantanes rises with increasing biodegradation. The ratio changes significantly
at extreme levels, showing that diamondoids can be indicators of petroleum biodeg-
radation especially when most other hydrocarbons have been removed. Wang et al.
studied many possible diagnostic ratios and found that many diamondoids ratios,
such as 1-MA/2-EA, 1-MA/1,2-DMA, 1-MA/1,3,4-TMA, and 1-MA/1,2,5,7-TeMA, are likely
more sensitive and reliable parameters for correlation and differentiation of oils and
petroleum products [34]. Diamantane isomers generally occur in crude oils only in rel-
atively low abundance. High measurement uncertainty could be evident in oil analy-
sis, particularly when column fractionation of oil sample is not performed prior to GC
analysis. Therefore, diagnostic ratios associated with diamantanes should be used
cautiously as criteria [32, 74].

Diagnostic ratios of selected sesquiterpanes were developed and calculated from
a large number of oils and petroleum products. Diagnostic ratios vary greatly be-
tween oils from different regions. Most of these diagnostic ratios are robust for corre-
lation and differentiation of lightly to moderately weathered oil samples. This implies
that the sesquiterpane ratios, in combination with other fingerprinting data, may be
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used to discriminate different oils and to identify the source of spill samples. How-
ever, for heavily weathered samples, the early-eluted lower molecular weight C14 ses-
quiterpanes could be preferentially depleted to certain degrees, resulting in some
changes in their corresponding diagnostic ratios [33, 35, 41].

As shown in Figure 2.8, crude oil contains many biomarker terpanes and ster-
anes in a wide carbon range. In theory, their analyses could derive a large number
of diagnostic ratios. Diagnostic ratios of these compounds include TR21/TR22, TR23/
TR24, H29/H30, Ts/Tm, H31S/H31, H32S/H32R, C27ββ/C29ββ, and C28ββ/C29ββ, as
well as ratios compared H30 with other petroleum hydrocarbons. These ratios are
regarded as source ratios for oil identification, among which the ratio TR21/TR22,
H29/H30, Ts/Tm, and C27ββ/C29ββ are the most commonly used as source tracers
[10, 12, 15, 20, 32]. Due to significant differences in boiling points, the ratios be-
tween lighter C21–24 tricyclic terpanes and C30 17α(H),21β(H)-hopane can provide a
useful tool to distinguish the refined oil type and to investigate the weathering
level. Ratios of certain unique biomarker compounds (i.e., C30 17α(H)-diahopane,
C30 18α(H)-hopane, gammacerane, and 4-methyl steranes, etc.) relative to C30 17α
(H),21β(H)-hopane can provide exceptional diagnostic information in oil analysis.

Cross-plots (i.e., a plot of one diagnostic biomarker ratio vs. another ratio) are
frequently used in oil geochemistry for oil–oil correlation and determination of oil
source and depositional environment [72, 78]. Zakaria et al. used the cross-plots of
H29/H30 ratio versus the homohopane index Σ(H31–H35)/H30 as key biomarker in-
dicators and successfully distinguished a large number of tarball samples origi-
nated from Southeast Asian crude oil sources from those of Middle East sources
[72]. Furthermore, the ratios of biomarkers with other classes of hydrocarbons can
be proposed as weathering ratios. The abundances of full-range targeted com-
pounds relative to C30 17α(H),21β(H)-hopane are plotted against boiling points (in
practice, GC retention time of analytes) providing a criterion where a spilled oil is
weathered compared with source oil [15, 20].

2.6 Aromatic hydrocarbons in petroleum

Aromatic hydrocarbons generally make up a smaller proportion of crude oils in
comparison with aliphatic hydrocarbons. However, certain refined products can con-
tain an extremely high concentration of these substances. For example, an oil prod-
uct designed for the preservation of wood products such as utility poles, cross-arms,
and railway ties can possess aromatic content as high as 80% [15]. Aromatic hydro-
carbons in petroleum can be classified into three main groups according to their mo-
lecular structures, including monocyclic aromatic hydrocarbons (MAHs), PAHs, and
naphthenoaromatic hydrocarbons. Petrogenic aromatics are generally dominated by
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the derivatives of one or more aliphatic substituents, and the alkylated homologues
usually occur in significantly higher concentrations than their parent PAHs.

Tables 2.6 summarizes the target petroleum aromatic compounds frequently
used for forensic oil fingerprinting analysis [10, 12, 13, 15, 16, 20, 27, 29]. PAH series
can be determined by GC-MS with a suit of parent molecular ions, for example, m/z
128, 142, 156, 170, and 184 for C0- to C4-naphthalenes; and m/z 178, 192, 206, 220, and
234 for C0- to C4-henanthrenes, and so on. Aromatic steranes are determined at m/z
231 for triaromatic steranes (TASs) and atm/z 253 for monoaromatic steranes (MASs).

2.6.1 BTEX and alkylbenzenes

BTEX (benzene, toluene, ethylbenzene, and o-, m-, and p-xylenes) are the major MAHs
in petroleum. BTEX are classified as priority pollutants regulated by many environmen-
tal organizations around the world. These small aromatics are the most water-soluble
and volatile fraction of petroleum. They frequently enter the air, soil, sediments, and
groundwater, due to accidental oil spills, leakage of gasoline and other petroleum fuels
from underground storage tanks and pipelines, and improper oil-related waste disposal
[79]. Because of their potential acute toxicity and health hazard, BTEX are often moni-
tored whenever a hydrocarbon fuel is suspected to have been spilled (especially in rela-
tively confined areas).

Benzene and its C7–C10 homologues have been thoroughly investigated in
many crude oils. Wang et al. identified a large number of alkyl-substituted benzene
components in Alberta Sweet Mixed Blend (ASMB) [79]. They also reported a quan-
titative analysis of the individual BTEX compounds and C3-benzene isomers in vari-
ous crude and weathered oils. Quantitative analyses of these highly volatile MAHs
are usually separated from the analyses of other hydrocarbons. To avoid the loss of
light-boiling BTEX during sample preparation, the oil sample is dissolved in n-
pentane for direct GC analysis. The use of n-pentane as solvent also precipitates
heavy asphaltenes content, thereby reducing column contamination. Accordingly,
mass spectra of alkylated benzenes are characterized by the presence of m/z 91 for
methylbenzene, m/z 105 for C2-benzenes, and m/z 119 for C3-benzene, similarly iso-
mers with larger alkylation can be determined using the characteristic (M-15)+ ion.

Concentrations of BTEX and selected C3- ~ C6-alkylbenzenes in different crude
oils and refined products are presented in Table 2.7. The total concentration of mono-
cyclic aromatics studied in crude oil is at the mg/g level, and varies between oils.
Overall, BTEX and C3-benzenes make up most of the determined monoaromatics. In
general, 1,2,4-trimethylbenzene is the most abundant C3-benzene isomer followed by
3- /4-ethyltoluene and 1,3,5-trimethylbenzene. Unlike in conventional crude oils,
these light aromatics are barely detectable in extra heavy oils like Alberta oil sand
bitumen.
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Table 2.6: Target aromatic analytes frequently used for oil fingerprinting analysis.

Compounds Code Empirical
formula

Molecular
weight

Target
ions

BTEX and alkylbenzenes
Benzene B CH  ,
Toluene T CH  ,
Ethylbenzene E CH  ,
Xylenes (p-, m-, o-) X CH  ,
C-Benzenes CB CH  ,
C-Benzenes CB CH  ,,
Cn-Benzenes CnB CnHn- ,,
Unsubstituted PAHs
Two-ring PAHs
Naphthalene N CH  

Biphenyl Bph CH  

Three-ring PAHs
Acenaphthylene Acl CH  

Acenaphthene Ace CH  

Fluorene F CH  

Phenanthrenes P CH  

Anthracene An CH  

Four-ring PAHs
Fluoranthene Fl CH  

Pyrene Py CH  

Benz[a]anthracene BaA CH  

Triphenylene TP CH  

Chrysene C CH  

Five-ring PAHs
Benzo[b]fluoranthene BbF CH  

Benzo[k]fluoranthene BkF CH  

Benzo[e]pyrene BeP CH  

Benzo[a]pyrene BaP CH  

Perylene Pe CH  

Dibenz[a,h]anthracene DA CH  

Six-ring PAHs
Indeno[,,-cd]pyrene IP CH  

Dibenzo[g,h,i]perylene BP CH  

Alkylated PAHs
C-Naphthalenes CN CH  

C-Naphthalenes CN CH  

C-Naphthalenes CN CH  

C-Naphthalenes CN CH  

C-Biphenyls CBph CH  

C-Biphenyls CBph CH  

C-Biphenyls CBph CH  

C-Biphenyls CBph CH  

C-Fluorenes CF CH  
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Table 2.6 (continued)

Compounds Code Empirical
formula

Molecular
weight

Target
ions

C-Fluorenes CF CH  

C-Fluorenes CF CH  

C-Fluorenes CF CH  

C-Phenanthrenes/anthracenes CP CH  

C-Phenanthrenes/anthracenes CP CH  

C-Phenanthrenes/anthracenes CP CH  

C-Phenanthrenes/anthracenes CP CH  

C-Pyrenes/fluoranthenes CPy CH  

C-Pyrenes/fluoranthenes CPy CH  

C-Pyrenes/fluoranthenes CPy CH  

C-Pyrenes/fluoranthenes CPy CH  

C-Benzanthracenes/
chrysenes/triphenylenes

CC CH  

C-Benzanthracenes/
chrysenes/triphenylenes

CC CH  

C-Benzanthracenes/
chrysenes/triphenylenes

CC CH  

C-Benzanthracenes/
chrysenes/triphenylenes

CC CH  

Triaromatic steranes
C TA-sterane CTA CH  

C TA-sterane CTA CH  

C TA-sterane CTA CH  

C TA-cholestane (S) SCTA CH  

C TA-cholestane ( R) RCTA CH  

C TA-ergostane (S) SCTA CH  

C TA-stigmastane (S) SCTA CH  

C TA-ergostane ( R) RCTA CH  

C TA-stigmastane ( R) RCTA CH  

Monoaromatic steranes
C MA-sterane CMA CH  

C MA-sterane CMA CH  

C MA-sterane CMA CH  

C β(H) MA-cholestane (S) CH  

C MA-diacholestane (S) CH  

C β(H) MA-cholestane ( R) CH  

C MA-diacholestane ( R) CH  

C α(H) MA-cholestane (S) SCMA CH  

C β(H) MA-ergostane (S) CH  

C MA-diaergostane (S) CH  

C α(H) MA-cholestane ( R) CH  

C α(H) MA-ergostane (S) CH  

C β(H) MA-ergostane ( R) CH  

C MA-diaergostane ( R) CH  
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Gasoline usually consists of a high concentration of small MAHs; for example,
according to Table 2.7, a fresh gasoline sample has 375 mg/g of monoaromatics. In
comparison, residual fuels contain a very low concentration of these components,
which are attributable to the portion of blended light fuels. MAHs barely occur in
fresh lubricating oils, but these compounds are found in used lube oils from gaso-
line and diesel engines [24], which are attribute to unburned fuels.

The plots of the concentrations of BTEX and Cn-benzenes versus weathering
percentages were used to estimate the weathering extent of weathered oil samples,
especially for short-term weathered oils in which loss of BTEX and Cn-benzenes is
significant [79]. For forensic oil spill analysis, these volatile aromatics are of little

Table 2.6 (continued)

Compounds Code Empirical
formula

Molecular
weight

Target
ions

C β(H)MA-stigmastane(S) CH  

CMA-diastigmastane (S) CH  

C α(H) MA-stigmastane (S) SCMA CH  

C α(H) MA-ergostane ( R) RCMA CH  

C β(H) MA-stigmastane ( R) RCMA CH  

C α(H) MA-stigmastane ( R) RCMA CH  

C β(H) MA-sterane (S) CMA CH  

Other naphthenoaromatics
Tetralin Te CH  ,
C-Tetralins CTe CH  ,
Tetrahydrophenanthrene THP CH  ,
PASHs
Benzothiophene BT CHS  

C-Benzothiophenes CBT CHS  

C-Benzothiophenes CBT CHS  

C-Benzothiophenes CBT CHS  

C-Benzothiophenes CBT CHS  

Dibenzothiophene DBT CHS  

C-Dibenzothiophenes CDBT CHS  

C-Dibenzothiophenes CDBT CHS  

C-Dibenzothiophenes CDBT CHS  

C-Dibenzothiophenes CDBT CHS  

Benzo[b]naphthothiophenes BNT CHS  

C-Benzo[b]naphthothiophenes CBNT CHS  

C-Benzo[b]naphthothiophenes CBNT CHS  

C-Benzo[b]naphthothiophenes CBNT CHS  

C-Benzo[b]naphthothiophenes CBNT CHS  

Dinaphthothiophenes DPT CHS  

C-Dinaphthothiophenes CDPT CHS  

C-Dinaphthothiophenes CDPT CHS  

C-Dinaphthothiophenes CDPT CHS  

C-Dinaphthothiophenes CDPT CHS  
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importance or interest. Alkyl-benzenes in crude oil are not so source-specific infor-
mative as PAHs and biomarker compounds, and these small aromatics are highly
volatile and susceptible to weathering; therefore, forensic oil identification and cor-
relation usually do not rely on them. However, chemical fingerprints of alkylben-
zenes and alkyltoluenes are still useful for a specific case involving gasoline as
other forensic information are not applicable in this situation [20, 80].

2.6.2 PAHs

PAHs have two or more fused benzene rings and their structural stability results
from concomitant electron pair delocalization. PAHs with three or more rings have
various structural isomers due to different ring fusions, for example, phenanthrene
and anthracene for C14H10; and chrysene, triphenylene, benz[a/b]anthracene, benzo[c]
phenanthrene, naphthacene, and acepyrene for C18H12. Moreover, PAHs can have
structural isomers with various alkylated groups. Some or all of the isomers and their
alkylated derivatives could occur in petroleum. The occurrence of one specific isomer
in petroleum can be much lower than others. PAHs are relatively persistent in the en-
vironment and are toxic, carcinogenic, and mutagenic.

PAHs have a fused ring structure and exhibit high stability due to the conjugated
effect. Under typical mass spectral 70 eV collision energy (EI source), these compounds
generally produce intensive molecular ions. Therefore, PAHs are normally determined
by using their prominent molecular ions, although other less intensive fragmentograms
can be used for confirmation [38]. Similar to unsubstituted PAH analysis, APAHs are
generally determined using their prominent parent ions. Other fragmentograms such
as (M-1)+, (M-15)+, and (M-29)+ can be applied for confirmation.

PAHs are ubiquitous in the environment and generally originate from three
main sources: petrogenic, pyrogenic, and biogenic. Petrogenic PAHs are related to
crude oils and refined petroleum products and are generated from geochemical al-
teration of organic matter. Pyrogenic PAHs, particularly HMW PAHs ranging from
benzo(a)anthracene to coronene, are prevalent contaminants resulting from heavy
anthropogenic and industrial activities such as incomplete combustion of fuel, in-
dustrial petrochemical practices, residential wood burning, vehicular emissions, and
power plant emissions. At high temperatures, the more reactive APAHs tend to be de-
stroyed. This explains why homologue groups in pyrogenic assemblages are domi-
nated by nonalkylated, parent compounds, with subsequently lower alkyl members
as the degree of alkylation increases [81, 82]. It has been reported that the PAHs found
in tire pyrolysis oil consist largely of alkylated naphthalenes, fluorenes, and phenan-
threnes, meanwhile the concentrations of individual five-ring benzo(a)pyrene ranged
from <10 to 600 ppm [83]. Biogenic PAHs are produced by organisms or formed during
the early stage of diagenesis in sediments. Unlike petrogenic and pyrogenic PAHs,
biogenic PAHs in the environment are non-anthropogenic, which are believed to be
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formed during the bacteriological breakdown of organic matter in marine sediments
by a process called early diagenesis. These compounds are generally found individu-
ally or in very simple mixtures, such as perylene, retene, and alkylated and partially
aromatized tetra- and penta-cyclic derivatives of chrysene and picene [84, 85]. Pery-
lene is one of the most abundant biogenic PAHs, and it is often used as an indicator
to identify the biogenic contribution.

PAHs in crude oils: Crude oils and refined products generally contain significant
amounts of PAHs, in particular the alkylated homologues of naphthalene, phenan-
threne, fluorene, and chrysene. Although many unsubstituted PAHs occur naturally,
only a selection of two- to six-ring PAHs are monitored as priority pollutants due to
their relatively high toxicity and wide occurrence in the environment. The abundance
and distribution profiles of these compounds in crude oils vary with the nature of the
original organic matter and the geological conditions of formation. These APAHs are
particularly useful for source identification because they occur in all crude oils and
most the refined petroleum products in considerable concentrations. Their relative con-
centrations also vary significantly between different oils making them source-specific.

Table 2.8 summarizes the quantitative analytical results of petroleum-characteris-
tic APAHs homologous series and 15 individual unsubstituted PAHs in crude oil sam-
ples. As shown in Table 2.8, the total concentration of unsubstituted PAHs in crude
oils spans from tens to hundreds of ppm. It is noted that the Platform Elly heavy
crude contains 30.2 µg/g of perylene, significantly more abundant than other four- to
six-ring PAHs. The PAHs determined in heavily biodegraded Alberta oil sand bitumen
are composed of relatively higher three- to five-ring compounds than conventional
crudes, particularly light crude oils. In the market, some synthetic crude oils such
as AHS (Alberta, Canada), are blended with hydrocracking residues, in which ex-
tremely high content of unsubstituted PAHs was detected with a total concentra-
tion of 624 µg/g [61].

The concentrations of target PAH alkylated homologues are roughly two orders
of magnitude higher than the total concentration of the unalkylated PAHs. APAH
concentrations in seven crude oils vary widely from 2,300 µg/g for Alberta oil sand
bitumen to 16,670 µg/g for Troll crude. Light crude oil does not necessarily contain
high concentrations of APAHs. In fresh crude oils, total APAHs are largely constituted
by naphthalene and phenanthrene series. Therefore, it is understandable that the
predominance of two- to three-ring PAHs including naphthalenes, fluorenes, and
phenanthrenes generally implies fresh petroleum pollution.

The overall distribution of APAHs (generally refer to C0- to C4-) in fresh crudes
usually have a characteristic bell-shaped profile, due to the different degree of alkyl-
ation. C1- to C3-naphthalenes are often the most abundant in fresh crude oils but are
readily removed in the formation of heavy oils, resulting in a very low concentration.
A distribution profile of C0- < C1- < C2- < C3- in nearly all five oil-characteristic APAH
series of Alberta oil sand bitumen is very apparent. This can be explained by the fact
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that susceptibility to microbial degradation decreases as the alkylation level increases
in each APAH family. Sometimes, a heavy crude like bitumen is mixed with diluent to
facilitate easy transportation; therefore, it is not surprising that C0- to C3-naphthalene
isomers can be detected in appreciable concentrations [61].

PAHs in petroleum products: Compared with crude oils, a certain types of refined oil
products can contain much higher concentrations of unsubstituted PAHs, while some
petroleum products such as lubricating oil only contain trace amounts. Table 2.8
summarizes the quantitative analytical results of petroleum-characteristic APAHs
homologous series and 15 individual unsubstituted PAHs in representative petroleum
products. In general, PAHs in light-distillate fuels are only limited to small two- and
three-ring compounds; however, obvious increments of four- to six-ring PAHs attrib-
uted to refining processes are found in residual fuels. For instance, four- to six-ring
PAHs in total comprise nearly 90% of parent PAHs in Bunker C, these high boiling
point PAHs are low in diesel and undetectable levels in gasoline.

APAHs in refined products are partially derived from feedstock crude oil and
are generated in the manufacturing processes. The distillation and refining process
often alters their abundance and distribution profile. Compared to conventional
crudes, many refined oil products, except for gasoline and lubricating oil, have
higher contents of APAHs with the predominance of naphthalene and phenan-
threne series. These compounds are extremely high in diesel fuels. For example,
the concentrations of total APAHs in diesel no. 2 are as high as 26,602 μg/g. The
small PAH compounds in these heavy fuels are usually attributed to blended light
products. PAHs in gasoline are dominated by naphthalene and its alkyl homologues
with a decreasing profile of C0- > C1- > C2- > C3-. Alkylated chrysene series are hardly
detectable in these light fuels such as gasoline and diesel; in contrast, the residual
fuels such as Bunker C usually contain them in relatively high amounts.

Waste or used oils are usually mixtures of different types of oils and other non-
petroleum material. Used and waste lube oils are mixtures of lube oils, unburned
diesel, and combustion exhaust of oils. Used lube oil from a diesel engine retains
some characteristics of diesel fuel while having some characteristics of additional
pyrogenic PAHs [24].

PAHs in environmental samples: The distribution of PAHs in environmental samples
is very important for decoding contamination sources. Most PAHs do not dissolve eas-
ily in water and their hydrophobicity generally increases with increasing molecular
mass. Consequently, these compounds tend to deposit and accumulate in the river
and marine beds, resulting in long-term hazards to the environment.

Figure 2.11 shows PAH distributions in some representative environmental sam-
ples including snowmelt water from an Alberta oil sands development site, a vessel
bilge, a recreational pond sediment, sediment from the oil industry affected river,
and a sediment from water treatment plant. Besides five series of determined APAHs
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(c) Recreational pond sediment
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(e) Water treatment plant sediment

Figure 2.11: PAHs in environmental samples.
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as clear evidence of petroleum contamination (oil sands particulate), the high amount
of four- to six-ring parent PAHs suggests other contribution sources of contamination
in the snowmelt water sample. In the filter, a high percentage of four- to six-ring par-
ent PAHs predominate the total determined unsubstituted PAHs. This typical PAH dis-
tribution pattern indicates a contribution from pyrogenic sources, such as runoff from
high levels of automobile emissions, which are known to contain a greater amount of
larger molecular PAHs relative to others. Perylene only accounts for 3.0% of the total
five5-ring PAHs suggesting only a minor biogenic contribution to the detected PHCs
in the sample.

The total PAHs were determined to be 14,613 µg/g TSEM with a predominance of
APAHs and no detection of the HMW alkylated chrysenes among target APAH homol-
ogous series in the bilge. Unsubstituted PAHs are dominated by low molecular weight
(LMW) PAHs with two and three rings. This is a typical feature in the chemical com-
position of light diesel fuels. It has been well known that, in general, PAH concentra-
tions are high in diesels while lube oils only contain trace amounts of APAHs [15, 24].
Therefore, it can be expected that the portion of lube oil in a mixture of diesel and
lube oil would only have minimal effects on the PAH distribution pattern and profile.
In addition, biogenic and pyrogenic contribution to the bilge sample was not ob-
served from PAH fingerprinting analysis.

As shown in Figure 2.11, only traces of unsubstituted PAHs plus C1-naphthalenes
were detected without other petroleum-characteristic APAH homologues in the recre-
ation pond sediment. These PAHs in trace amount are probably attributed to anthro-
pogenic inputs such as runoff and atmospheric deposition. Perylene in this sample is
at an unusually high concentration compared with other five-ring PAHs, accordingly
resulting in a high perylene index of 90.5%, which is far higher than the pyrogenic
input criteria of 10%. Therefore, the contribution of the natural biogenic sources to
the hydrocarbons in the sediment is evident.

PAHs in the Athabasca River sediment in Figure 2.11 are dominated by APAHs.
Except for the naphthalene series, the APAH families show an overall decreasing dis-
tribution pattern of C0- < C1- < C2- < C3-, which is consistent with the typical PAH distri-
bution of the oil sand bitumen [61, 86]. Meanwhile, alkylated naphthalenes are highly
abundant and in a bell-shaped distribution profile. This may indicate some anthropo-
genic contribution of oil hydrocarbons from lighter petroleum products, in addition to
oil sand bitumen contribution to the sample [86]. Among target unsubstituted PAHs,
perylene is the most abundant component, accounting for about 34.6% of the sum of
unsubstituted PAHs and over 70% of total five-ring PAHs, clearly indicating a contri-
bution of biogenic input to this sediment. Excluding the outstanding contribution of
biogenic perylene, other unsubstituted PAHs are relatively more abundant than those
in common oils and refined products. It may indicate a certain contribution of PAHs
from pyrogenic sources (such as emission particulates) to the sediment sample.
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2.6.3 Aromatic steranes

A series of bicyclic, tricyclic, and tetracyclic naphthenoaromatics are common in
refined petroleum products but also occur in crude oil. These include indane, tetralin,
tetrahydrophenanthrene, aromatic steranes, and their alkyl derivatives. These naph-
thenoaromatic hydrocarbons possess mixed structures of aromaticand alicyclic rings
(mostly hexyl or pentyl), as well as aliphatic side chains.

Tetracyclic aromatic steroids (also known as aromatic steranes) are detected in
most crude oils [37, 87, 88]. Aromatic steranes in the aromatic fraction have highly
similar skeletons to saturated biomarker steranes. These compounds have 17 carbons
to form a skeleton consisting of four fused rings and range from C20 to C30 homologs.
MASs are composed of four fused rings in their molecular structure including two cy-
clohexane rings (A + B), an aromatic ring (C-ring), and one cyclopentane ring (D-
ring). TASs have a similar molecular structure as MASs. The cyclohexane A and B
rings in TAS are replaced by aromatic rings. Aromatic sterane isomers have a charac-
teristic configuration of C-17 and C-20 chiral centers. Each aromatic sterane is usually
represented by two epimers (20R and 20S) with different concentrations. Due to the
aromatization of C-ring in monoaromatic and (A + B + C) rings in TASs, these com-
pounds have fewer substituents on the ring skeleton and have much fewer constitu-
tional isomers and stereoisomers than their saturated sterane analogs [37].

In a GC-MS analysis, MASs elute between n-C23 and n-C30, while TASs elute
slightly later between n-C24 and n-C34, similar to the elution range for biomarker ter-
panes in GC-MS analysis (see Figure 2.2). The base peak of TASs is m/z 217 (C17H13

+)
for the nucleus alone and m/z 231 (C18H15

+) if with a single methyl group. C26 TA-
cholestane (20 R) and C27 TA-ergostane (20S) are co-eluted and present as the highest
peaks in m/z 231 chromatograms. A cluster of TA-cholestanes (C26), TA-ergostane
(C27), and TA-stigmastanes (C28) are the most distinguishable aromatic steranes in
most oil samples. It was also observed that a cluster of peaks (at m/z 231) elute in the
boiling point range of C20 and C21 TASs, making it impossible to accurately identify
and quantify these triaromatic compounds in heavy fuels. This cluster is probably at-
tributed to PAHs and/or naphthenoaromatic hydrocarbons produced in refining pro-
cesses and their presence could be used as evidence of cracked heavy components.
MASs can be identified by their characteristic fragmentograms at m/z 253 (C19H25

+),
due to loss of the alkyl group attached on C-17. Quantitative analysis of MASs often
encounters serious interference at m/z 253 by saturated hydrocarbons if the oil sam-
ple is not fractionated prior to instrumental analysis, and sometimes insufficient
abundance of these compounds can hinder reliable measurement [37].

Aromatic steranes in crude oils: These aromatic steranes widely occur in various
crude oils and shales and are of utmost importance in petroleum chemistry and geo-
chemistry. In catagenesis, MASs are transformed into triaromatic hydrocarbons via
degradation of the aliphatic side chains. The aromatization of the B-ring in MASs
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(aromatic C-ring) occurs at a slow pace, but once completed, subsequent A-ring aro-
matization proceeds with considerable speed, which results in low concentrations of
diaromatic steranes (B- and C-rings) in crude oil [59, 62]. The abundance of MASs rel-
ative to TASs is used in various geochemical correlations, particularly in evaluating
crude oil maturity [59, 87].

Figure 2.12 illustrates the GC-MS chromatograms of TASs in crudes and refined
petroleum products. Aromatic steranes are widely detected in all of the crude oils,
but their abundances are very low relative to the total concentration of five APAH
series [37]. It is obvious from Figure 2.12 that crude oils from different sources and
various petroleum products have unique characteristics of aromatic steranes. The
abundances of aromatic steranes in crude oils vary significantly. Overall, aromatic
steranes in heavier crude oils are likely more abundant than in lighter oils. These com-
pounds occur only at low concentrations in light crude oils such as the Scotia Light
and the Bakken crude oils but high concentrations in the heavy California Platform
Elly crude oil [37].

Aromatic steranes in petroleum products: The abundance and distribution profiles
of petroleum hydrocarbons in refined products are often altered by the distillation
and refining process of their original feedstock. In general, TASs are undetectable to
very low concentrations in many refined oil products, although these oils probably
contain a high concentration of other APAHs. Predictably, these aromatic steranes
with relatively high boiling points are barely found in light and middle distillate fuels
such as volatile gasoline and light diesel. If simply based on the boiling point range of
petroleum products, the heavy fuels and lubricating oils should have a high content
of these aromatic steranes; however, in general, aromatic steranes are only at trace
levels in these oils. The absence of TASs in combination with the presence of the ho-
panes confidently indicates the presence of lubricating oil [20]. This is due to the hy-
drogenation and hydrocracking during the refining process removing most aromatic
hydrocarbons including the steranes, from the base oil [37]. As a result, aromatic ster-
anes and PAHs are absent or at a low abundance in the unused lubricating oils
(Figure 2.12).

2.6.4 Polycyclic aromatic sulfur heterocycles

Other than PAHs, petroleum also contains a large amount of heterocyclic N-, S-, O-
containing analogues of PAHs. As the third most abundant element in crude oil, sulfur
occurs in various forms and wide molecular weight fractions. Organosulfur compounds
commonly identified in fossil fuels and crude oil include thiols, thioethers, disulfides,
thiophenes, benzothiophenes, dibenzothiophenes, and benzonaphthothiophenes [89–
93]. Among these organosulfur compounds, the most abundant group of compounds
are analogues of PAHs, namely PASHs or thiaarenes. Similar to PAHs, three- to five-
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South Louisiana

Shengli crude

Troll crude
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Alberta oil sands bitumen
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28
TA

RC
27

TA
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Shengli FGO

Shengli HGO

Bunker C

Lube 10W-30

Figure 2.12: GC-MS chromatograms of triaromatic steranes in crude oils and petroleum products.
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ring PASHs have various structural isomers, for example, benzo[b]naphtha[2,1-d]
thiophene, benzo[b]naphtha[1,2-d]thiophene, and benzo[b]naphtha[2,3-d]thiophene
for C16H10S; Some or all of these isomers and their alkylated homologues could occur
in petroleum but are usually difficult to chromatographically differentiate [29].

PASHs have not been as intensively investigated as PAHs, but such studies may
lead to a great deal of information not available through the study of PAHs [94].
PASHs are of great interest to environmental monitoring, especially in relation to oil
spills and combustion emissions of hard coal. PASHs generally have very similar
chemical properties and may exhibit similar carcinogenicity and mutagenicity as
their PAH analogues. Eastmond et al. compared a series of PASH with their sterically
and structurally similar PAHs for toxicity and biotransformations [95]. Benzo[b]thio-
phene and benzo[b]naphtho[2,1-d]-thiophene were bioconcentrated to a greater ex-
tent than naphthalene and chrysene, respectively. It was reported that benzo[2, 3]
phenanthro[4,5-bcd]thiophene exhibited outstanding mutagenic activity exceeding
even that of its homocyclic benzo[a]pyrene [96].

Accurate characterization and measurement of these sulfur species are very
meaningful for unambiguous identification and differentiation of type and age of
petroleum products. PASHs generally concur with other PAHs and their large number
of possible alkyl-substituted isomers in crude oil [15, 92, 94]. During a chromatographic
analysis, PASHs are usually present at close retention time with PAHs. Moreover, some
PASHs by chance have the same nominal masses as other petroleum hydrocarbons,
for example, 184 amu for both C4-naphthalenes and dibenzothiophene, and 234 amu
for both C4-phenanthrenes/anthracenes and benzo[b]naphthothiophenes. PAHs and
PASHs could interfere with each other’s identification and quantitation. Their identifi-
cation and quantitation can be improved by using high-resolution and high-mass accu-
racy MS [29, 32].

Sulfur-containing compounds are removed from certain refined petroleum prod-
ucts as undesirable content. With deep desulfurization, the sulfur concentration in
refined products is lowered and the analysis of the remaining PASHs becomes in-
creasingly difficult in the presence of the PAHs, whose concentration is unaffected by
the refining processes.

PASHs in crude oils: Sulfur-containing compounds occur in the majority of crude
oils and certain refined petroleum products. Table 2.9 summarizes the quantitative
analytical results of four petroleum-characteristic PASH series and four PAH ana-
logues (C0- to C4-naphthalenes, phenanthrenes, chrysenes, and benzopyrenes) in rep-
resentative light to heavy crude oils. The distributions of APASHs (generally referring
to C0- to C4-) in fresh crudes usually demonstrate a characteristic bell-shaped profile,
which is similar to the profiles of other carbocyclic analogues.

PASH concentrations in seven crude oils vary widely from 405 µg/g for the
Bakken crude to 4,825 µg/g for Alberta oil sands extract (bitumen). Among these PASH
groups, tricyclic dibenzothiophenes are the most abundant, followed by tetracyclic
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benzonaphthothiophenes. Light bicyclic benzothiophenes and heavy pentacyclic di-
naphthothiophenes were both detected, but in relatively lower concentrations in all
studied crude oils. PASHs concentrations are lower overall than their corresponding
PAH analogues in most studied oils, while Alberta oil sand bitumen contains very
high concentrations of PASHs. Four groups of PASHs collectively account for only
4.6% of eight PAC families in the Bakken crude oil, compared to 57.1% for the Alberta
oil sand bitumen. Considering that PASHs have similar toxicities with their PAH ana-
logues, the impact of oil contamination will be significantly underestimated without
the determination of these sulfur-containing compounds.

PASHs in petroleum products: Sulfur oxide emissions from the combustion of fuels
containing sulfur compounds pose an environmental threat. Stringent limits on sulfur
levels in gasoline and vehicular diesel fuel were created to allay increasing concern on
the environmental impacts. In the last few decades, sulfur levels in vehicular and ma-
rine diesel fuels dropped significantly. Marine fuel oil has been condemned for its
abundance of sulfur. The International Maritime Organization has required that from
January 1, 2015, fuel with less than 0.1% sulfur content is used for vessels operating in
the sulfur emission control areas or the emission control areas (ECAs), unless the ves-
sel is fitted with equipment such as scrubbers to reduce the sulfur in exhaust fumes,
or is operating on alternative fuel such as liquefied natural gas, or has a dispensation
conferred. From January 1, 2020 onward, the limit for sulfur in fuel oil used on ships
operating outside designated ECAs will be reduced to 0.50% by weight. Low sulfur
(LSFO, sulfur content ≤1%) and ultra-low sulfur fuel oils (ULSFO, sulfur content ≤ 0.1%)
have become popular nowadays [97].

The abundance and distribution profile of components in oils are often altered by
the distillation and refining process. The high-sulfur diesel fuel contained a larger pro-
portion of PASHs with one or two rings [93]. PASH concentrations in selected refined
petroleum products vary significantly from type to type. The higher boiling fractions
contain a relatively high content of sulfur species, explaining why HFOs are usually
rich in sulfur-containing compounds. Because PASHs are deliberately removed by re-
fining processes, their profiles in refined products could be different from those of
their PAH analogues, where all bi- to penta-cyclic PASHs could be very low or even
undetectable in certain light petroleum products. Accurate analyses of PASHs in these
fuels become very difficult, making GC-HRAM-MS more and more necessary to under-
take these tasks [29]. PASHs in diesel produced from different generations probably
change significantly. As given in Table 2.9, the no. 2 diesel (Ottawa, 2002) contains
282 µg/mL of benzothiophenes and 321 µg/mL of dibenzothiophenes, while PASHs are
barely detectable in automobile diesel obtained in 2021 (Ottawa, ON). With implement-
ing strict environmental regulations, it is expected that PASHs are detected at much
lower concentrations or even undetectable in future marine fuel oils.
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2.6.5 Diagnostic criteria of aromatic compounds

PAHs in oils have been thoroughly investigated and are widely used for forensic oil
analysis. Certain PAH diagnostic ratios have been widely used in oil differentiation or
contamination source identification. To reduce the influence of weathering processes,
diagnostic ratios are traditionally restricted to parent PAHs with the same molecular
weight and similar properties or to ratios of alkylated versus parent PAHs. Various
PAH ratios between individual compounds or groups of compounds have been de-
scribed extensively and used to compare oil samples [15, 20]. Some PAH ratios can
often be diagnostic in crude oils, but can or may not have a similar diagnostic signifi-
cance in refined products in which their distributions can be affected by refinery pro-
cesses (e.g., cracking, reforming, and hydrotreatment) [20].

Excluding perylene and dibenz(a,h)anthracene, nine four- to six-ring higher
molecular PAHs (refer to Table 2.6) were classified as combustion PAHs. The ratios
derived from less stable versus thermodynamically stable PAH isomers, such as fluo-
ranthene to pyrene (Fl/Py), phenanthrene to anthracene (Ph/An), and methylphe-
nanthrenes to phenanthrene (C1P/C0P), are often used to investigate petrogenic
contamination against pyrogenic input in environmental samples [98–103]. In con-
trast to pyrogenic sources, petrogenic sources are characterized by high ratios of Ph/
An > 15 and C1P/C0P > 2 in association with lower ratios of fluoranthene/pyrene (Fl/
Py < 1) and benzo(a)anthracene/chrysene (BaA/CHR < 0.4) [102]. Yunker et al. re-
ported that the ratio of IP/(IP + BgP) < 0.20 likely implies petroleum; between 0.20
and 0.50 liquid fossil fuel (vehicle and crude oil) combustion; and over 0.50 imply
grass, wood, and coal combustion [101, 102]. Refining processes often altered the pro-
file of aromatic compounds in the stock crudes, particularly resulting in less stan-
dardized patterns of C1-phenanthrenes and C1-pyrene in heavy fuels [20].

Wang et al. proposed the “Pyrogenic Index,” which is defined as the sum of
three- to six-ring unsubstituted PAHs (see Table 2.8) over the sum of the five APAH
homologues (Σ3– 6-ring EPA priority PAHs/Σ5 series APAHs) [99]. The unsubsti-
tuted PAHs used PI measurement, including three-ring (acenaphthylene, acenaph-
thene, anthracene), four-ring (fluoranthene, benz(a)anthracene, pyrene), five-ring
(benzo(b)fluoranthene, benzo(k)fluoranthene, benzo(e)pyrene, benzo(a)pyrene, pery-
lene, dibenz(ah)anthracene), and six-ring (indeno(1,2,3-cd)pyrene, benzo(ghi)pery-
lene). The APAH series include C0–C4 naphthalenes, C0–C4 phenanthrenes, C0–C3
fluorenes, C0–C3 dibenzothiophenes, and C0–C3 chrysenes. This ratio is a robust
quantitative indicator for the identification of pyrogenic PAHs and for differentiating
pyrogenic and petrogenic PAHs. Lighter petroleum products and most crude oils
show ratios smaller than 0.01, while heavy oils and heavy fuels show significantly
higher ratios in the range of 0.01–0.05. The ratios for the oil-burn soot can be as high
as 2.0 [99].

Perylene comes primarily from diagenesis of biogenic precursors and partially
from petroleum or pyrolytic processes [84, 99]. Perylene index, defined as the
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concentration of perylene divided by the total of five-ring PAHs, is a very useful
tool to distinguish biogenic from pyrogenic hydrocarbons. This ratio is effective in
differentiating and characterizing biogenic sources from others in environmental
samples. Perylene indices greater than 10% often indicate diagenetic (biogenic) in-
puts, whereas those <10% indicate a pyrogenic or petrogenic origin.

Ratios derived from APAHs are of special use for forensic oil identification.
Methylated PAHs are present in crude oils and refined products in high concentrations.
These C1-PAHs are well separated in the chromatographic analysis due to their small
number of isomers. The ratios among their isomers are often employed for oil analysis,
including 2-naphthalene and 1-naphthalene at m/z 142, 4-, 2-/3-, and 1-methyl dibenzo-
thiophene, and (3- + 2-methyl-phenanthrene) to (4-/9- + 1-methyl-phenanthrene). Rela-
tive abundance of five APAHs, ΣN:ΣP:ΣD:ΣF:ΣC, is an important ratio to distinguish oil
from oil and type from type. The relative distribution profile C0-:C1-:C2-:C3-:C4- of each
APAH family is often used to differentiate petrogenic source from other sources, and to
investigate the weathering effect.

Among the five APAH series, tricyclic phenanthrenes are frequently applied for fo-
rensic oil analysis. These compounds are detected in considerable abundance in crude
oils; in addition, they remain relatively stable under weathering and therefore are
widely applied to distinguish oils and investigate weathering. As an isomer of phenan-
threne, anthracene has three fused benzene rings in a straight linear arrangement.
Methylanthracenes are generally absent in most conventional crude oils, with some
present in low concentrations relative to methylphenanthrenes. 2-Methylanthracene (2-
MAn) is eluted between two pairs of methylphenthrarene isomers (2- and 1-, 4-/9- and
3-, m/z 192) in variable concentration in different types of oils. A relatively high pres-
ence of 2-MAn in the oil sample generally indicates cracking. Based on our experience
in analyzing a large number of crude oils and petroleum products, the ratio of 2-MAn
relative to the total of methyl-phenanthrenes ranges from 0 to 0.03 for most crude oils,
diesels, and lube oils studied, while this ratio is generally greater than 0.03 for heavier
refined petroleum products such as Bunker C. In addition, another aromatic cluster
at m/z 216 (methyl-fluoranthenes and methyl-pyrenes) has proven to be relatively sta-
ble and especially suitable for comparing light fuel oil samples.

Although aromatic steranes are in relatively low concentrations in oils, their
specific fingerprints and high weathering resistance make them desirable bio-
markers for forensic investigation [20, 37, 59, 88]. Most parent PAHs and APAHs are
susceptible to microbial degradation; however, aromatic steranes are highly resis-
tant to physical weathering and biodegradation, other than the usual biomarker ter-
panes and steranes. These features make them suitable candidates for forensic oil
analysis, particularly when the oils involved are heavily weathered. The relevant
diagnostic ratios associated with aromatic steranes are robust for oil-to-oil correla-
tion and oil source tracking.

PASHs have been extensively used as critical criteria for forensic oil analysis,
particularly for oil-type recognition. These compounds are particularly useful in oil
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spill source identification in a wide variety of weathering conditions such as evapora-
tion, photo-oxidation, and biodegradation [9, 94, 96, 104, 105]. It has been estab-
lished that, among the PASH markers, the ratios of methylated dibenzothiophenes
(C1-DBTs) vary widely with the source of petroleum. C1-DBT isomers are present in
crude oils at relatively high concentrations, and their distribution profiles vary signif-
icantly. Their relative distributions are subject to little interference from evaporative
weathering in a short term but are altered by biodegradation. Thereby, the chemical
profile of PASHs can be distinctively used as an indication of microbial degradation
of oils. For instance, bunker fuels have a 2-/3- to 4-methyldibenzothiophene (MDBT)
ratio around 1.0, which is unusually high compared to most crude oils [104]. The
presence of a clear V-pattern (4-methyl > 2- + 3-methyl < 1-methyl) for the MDBTs is
generally associated with oils from predominantly carbonate source rocks, while a
stair-step pattern (4-methyl > 2 + 3-methyl > 1-methyl) is associated with predomi-
nantly siliciclastic source rocks or advanced maturity (late- to post-oil window) oils
from carbonate sources. The MDBTs are also used as biodegradation indicators. 2-
and 3-MDBT are biodegraded at a higher rate, as shown by the strong decrease of
their ratio to 4-MDBT, while 1-MDBT is slightly more resistant to biodegradation than
4-MDBT, indicated by an increase of the ratio 1-MDBT/4-MDBT [106].

2.7 Weathering effect on oil chemical composition

Once oil enters the environment, it is immediately subject to natural weathering.
Weathering is termed as the combination of a series of physical, chemical, or biologi-
cal processes that affect the composition and change the physicochemical properties
of spilled oil in the environment. Oil weathering processes have an extensive influ-
ence on the behavior, effects, and ultimate fate of an oil spill and have therefore been
the topic of much research to inform spill-response activities. These processes highly
depend on the nature of the oil spilled and the weather conditions during and after
the spill (e.g., temperature, wave movement, wind speed, and sun incidence).

Numerous studies have been conducted to study the effects of weathering on oil
components [8, 20, 30, 35–37, 107–110]. These weathering processes to spilled oil in-
clude spreading, evaporation, dispersion, dissolution, and emulsification in the early
stage, following the longer processes of sedimentation, oxidation, and biodegrada-
tion. Multiple weathering processes can occur simultaneously and influence each
other. Herein we only selectively stress three weathering processes of evaporation,
photodegradation, and biodegradation. These processes often significantly alter the
physical and chemical properties of spilled oil, which bring challenges to oil identifi-
cation. However, weathered oil could retain the unique characteristics of some weath-
ering-resistant components, which enables the potential to identify the source oil.
Variations of certain analytes that are susceptible to specific weathering processes
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could be used as particular indicators of these weatherings, for instance, depletion of
n-alkanes suggesting oil biodegradation.

2.7.1 Evaporation

In the short term after an oil spill, among the potential physical weathering processes,
evaporation is usually one of the dominant weathering processes [8]. The evaporation
effect is particularly significant on the oil remaining on land or water surface after a
spill. Evaporation simply transports part or all oil mass from its bulk to the surround-
ing air. The evaporation speed of a specific oil mainly depends on its composition and
weathering conditions such as the ambient temperature.

Evaporation in sequence removes components from an oil according to their boil-
ing points, but in fact, the molecular interaction of the complex hydrocarbon mixtures
could affect their evaporation. In theory, the oil loses lighter compounds with low
boiling points first. As GC separation is based mainly on boiling points of the compo-
nents, a plot of relative abundance of target compounds in evaporated oil and source
oil against the retention time on the x-axis shows a sine-curve shape [20]. For lightly
evaporated petroleum, most mass loss is attributable to low-boiling point compounds
such as BTEX, alkylated benzenes, and alkanes. By this means, evaporation reduces
the acute toxicity of the remained oil. An oil with a high amount of light compounds
evaporates faster than one with a large proportion of heavier components. Gasoline
evaporates completely in a few hours, while diesel range oil evaporates more gradu-
ally. Since heavy oils have generally been severely weathered in their formation, evap-
oration has little effect on their chemical composition. Fingas indicated that, on the
land, ongoing oil evaporation could be considerably slowed down due to the “crust”
on the oil surface formed by resin and waxes [8]. Evaporation of crude oil leaves
heavier and viscous components, resulting in the formation of floating patches of oil
and tarballs (or tarmats) or sinking in freshwater [8, 20, 111]. Tarballs could be eventu-
ally found on shorelines hundreds of miles away. Stranded tarballs are very persistent
in the marine environment and could preserve essential information to determine the
extent of oil spillages and to trace the source of an oil spill [112–114].

Slight to medium evaporative weathering has little effect on distribution pat-
terns of most target petroleum hydrocarbons. Most target hydrocarbons were con-
centrated in proportion with the increase of the weathered percentages [15]. Heavier
weathering could lead to a significant reduction in abundances of light n-alkanes,
all adamantanes, and light sesquiterpanes in some oils [35, 36]. If evaporation con-
tinues and has affected the n-alkanes beyond n-C13, then a relative depletion of the
lower boiling C14H26 sesquiterpanes would be expected [42]. In a forensic investiga-
tion, the concentration reduction of the low boiling components and the buildup of
the high boiling components relative to the smaller n-alkanes could indicate that the
oil has been significantly weathered, even though its n-alkanes are not completely
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lost [78]. The distributions of target hydrocarbons, particularly biomarker terpanes
and steranes, high PAH compounds, and TASs, remain consistent through the evapo-
ration process. In addition, evaporation does not remove significant UCM content, re-
sulting in an increased UCM proportion for evaporated oils.

In summary, the main chemical composition changes caused by evaporative
weathering include [8, 13, 20, 104]:
– Evaporation is a physical weathering process. It does not cause preferential

loss of one isomer over another.
– Evaporation progressively reduces the abundances of the lower boiling com-

pounds then to heavier components.
– The concentrations of HMW components relatively increase due to the loss of

LMW components.
– Evaporation results in an increased UCM proportion in weathered oils
– The CPI values remain virtually unchanged through the entire evaporation

process.
– The distribution profiles of HMW terpanes, steranes, and aromatic steranes are

unaffected while they are concentrated during evaporative weathering. Relative
ratios of these compounds demonstrate great consistency.

2.7.2 Photodegradation

Besides physical weathering processes, oil spilled is also subjected to other destruc-
tive chemical weatherings such as oxidative photodegradation or photooxidation. It
is established that solar irradiation is an important effect for the alteration or re-
moval of petroleum from water surface and on the land, especially in tropical and
subtropical latitudes under conditions of intensive solar radiation and in oligotro-
phic waters when nutrients needed for biodegradation may be limited [115–122].
Photodegradation is generally not considered as an important process for the degra-
dation of oils in soils or deep-water sediments.

Photooxidation is a slow chemical process and only gradually breaks down
spilled oil. The speed and extent of photooxidation are dependent on the thickness
of the oil slick as well as sun exposure. Sunlight (particularly short wavelength
light <300 nm) directly or indirectly oxidizes petroleum compounds into more polar
ketones, aldehydes, carboxylic acids, esters, and so on. Because these products are
more soluble in water, photooxidation enhances the overall solubilization of intact
petroleum. In contrast, photooxidation may also result in HMW products through the
condensation of peroxide intermediates, ultimately leading to tar and gum-like resi-
dues [111, 115]. Moreover, photochemical processes are probably also important to oil
dissolution and the subsequent biological consumption of oil [117].

Oil photodegradation was not thoroughly studied and less understood by envi-
ronmental scientists in comparison with evaporation and biodegradation. The studies
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on photodegradation of petroleum mainly focused on polycyclic compounds in petro-
leum due to their high concentrations and potential high environmental impact. Nico-
dem et al. reported the photochemical weathering of crude oil as a film over seawater
by sunlight [118]. The fluorescence emission intensity of the crude decreases rapidly
and is only two-fifths of its initial intensity after 100 h of irradiation. It is believed that
the reduction of fluorescence intensity is due to the formation of oxygenated deriva-
tives, which are less fluorescent. Ali et al. used a laboratory photodegradation appara-
tus, incorporating a calibrated xenon lamp, controlled temperature unit, and quartz
reaction cells to simulate natural irradiation by sunlight [120]. They reported a pseudo-
first-order photodegradation constant (k) of phenanthrene in seawater at 25 °C.

Photooxidation affects different groups of petroleum composition in different
degrees. Andersson reported lower losses of sulfur heterocycles than phenanthrene se-
ries when oil was exposed to sunlight irradiation [119]. Their photodegradation follows
a declining order: phenanthrene > 1-methylphenanthrene = DBT > 2-methylphe-
nanthrene > 4-methyl-DBT > l-methyl-DBT > 2- + 3-methyl-DBT > 3,4-dimethyl-DBT > 1,
7-dimethyl-DBT > 3,7-dimethyl-DBT. Jacquot et al. [115] found that naphthalene and
its alkylated homologues in petroleum spilled in the marine environment were se-
verely altered by photooxidation whereas, phenanthrenes, dibenzothiophenes, and
their alkylated homologues were rather recalcitrant. Furthermore, methyl derivatives
were more degraded than their parent molecules. The degradation of methylated phe-
nanthrenes (MP) follows a decreasing order of 2-MP < 1-MP < 3-MP < 9-MP. It was re-
ported that the photosensitivity of petroleum hydrocarbons increased with increasing
aromaticity and alkylation [122]. Photooxidation significantly affects a series of PAHs,
that is, methyl anthracene, methyl pyrenes, C4-phenanthrenes, and methyl chrys-
enes. Pronounced photodegradation of TASs was also observed although these com-
pounds are traditionally considered robust at medium- to long-term environmental
exposure. In particular, the chromatographic patterns of C1-pyrenes and C2-pyrenes
are easily affected by sunlight, which can serve as markers to disclose photooxida-
tion. Observed from many real oil spills, the reduction of methyl-pyrenes by photode-
gradation follows an order of 1-MPy > 4-MPy > 2-MPy [20, 123].

It was also reported a preferential alteration of branched alkanes rather than
straight alkanes [115]. The distribution of biomarkers such as drimanes, hopanes, and
steranes remain stable in photodegradation. Therefore, the diagnostic ratios of these
biomarker compounds are still applied to oil identification when oil is exposed to
photodegradation.

In summary, the main effect of photodegradation on spilled oil [13, 115, 116]:
– Photochemical degradation yields a variety of oxidized compounds that are

more soluble in water than the starting compounds, enhancing the overall solu-
bilization of intact petroleum.

– Generation of the persistent residue by photooxidation may also result in the
formation of tarballs.
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– Photooxidation affects different groups of petroleum composition in different
degrees.

– APAHs are oxidized faster than their parent molecules.

2.7.3 Biodegradation

Oil biodegradation occurs during the formation of crude oils under geological condi-
tions. Natural biodegradation plays an important role in the cleanup of oil spilled into
the environment and recovery of the impacted ecosystem. Biodegradation is a long-
term oil weathering process, while its effect is not significant in the immediate after-
math of a spill. Besides the physical and chemical properties of the oils, many other
environmental factors including the nature of the environmental media (e.g., oxygen
concentrations, temperature, salinity, and pressure), the content of nutrient and haz-
ardous contaminant, the characteristics of the microbial population, and so on could
greatly affect the rate and extent of oil biodegradation [111]. The biodegradation of pe-
troleum can also be simulated in the laboratory under controllable conditions; how-
ever, the process in a laboratory environment could be significantly different from a
spill site. Many oil spill incidents around the world have offered scientists great oppor-
tunities to study oil biodegradation.

Biodegradation can considerably affect the composition of oil released into the
environment. One of the significant differences between biodegradation and physical
weathering processes is that the former selectively reduces an individual compound or
a group of petroleum compounds. Initial or mild biodegradation readily removes LMW
n-alkanes, which can be easily observed on whole-oil gas chromatograms. Moderate
biodegradation is marked by a nearly total loss of n-alkanes and the reduction of alkyl-
cyclohexanes, alkylbenzenes, and acyclic isoprenoid alkanes.

Different classes of petroleum hydrocarbons have different susceptibilities to bio-
degradation. There are many discussions in the literature about the biodegradation
order of petroleum hydrocarbons [15, 30, 59, 124, 125]. Some researchers tried to rank
oil biodegradation based on the depletion of petroleum hydrocarbon classes [59, 124,
125]. In general, the biodegradation effects on the oil composition can be summarized
in the following patterns [126, 127]: 1) smaller hydrocarbons are degraded faster than
larger hydrocarbons; 2) straight-chain n-alkanes are degraded faster than branched
alkanes; 3) GC-resolved compounds are degraded more than GC-unresolved complex
hydrocarbons; 4) small aromatics are degraded faster than HMW aromatics; 5) in-
crease in alkylation level within their alkylated homologous families significantly de-
creases susceptibility to microbial attack; 6) microbial degradation is often isomer
specific. Biodegradation of specific petroleum hydrocarbons generally follows an
overall declining order of n-alkanes > benzene > toluene > isoalkanes and anteisoal-
kanes > cyclohexylalkanes and/or methylcyclopentylalkanes > acyclic isoprenoids ≫
naphthalene > phenanthrene ≫ PAHs > C27–29 steranes > C30–35 hopanes > diasteranes
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> C27–29 hopanes > C21–22 steranes > tricyclic terpanes [30, 59, 124, 128]. However, this
sequence does not imply complete removal of one class before another is degraded
and does not necessarily always apply to all oil biodegradation.

Biodegradation of biomarkers: Small biomarker compounds such as diamondoids
and bicyclic sesquiterpanes are resistant to slight to medium weathering, particu-
larly from biodegradation [33, 35, 59]. These compounds are determined in signifi-
cant abundance in extra-heavy oil sand bitumen despite the depletion of n-alkanes
by biodegradation [58, 61, 129]. It was reported that adamantanes are more suscep-
tible to biodegradation than diamantane analogues [36]. Williams et al. found that a
series of diamondoid compounds demonstrated resistance to biodegradation in a se-
verely degraded crude oil, in which pentacyclic triterpanes were almost completely
demethylated [47]. The degradation resistance of adamantanes is at least as strong as
that of tricyclic terpanes and that the adamantine series should therefore be useful
for correlating severely biodegraded oils. Grice et al. investigated the effect of biodeg-
radation on diamondoid distribution in a series of crude oil reservoirs in two Austra-
lian sedimentary basins [54]. They reported variable susceptibility to microbial
degradation for different diamondoids. Wei et al. reported that the concentration
of total diamondoids tends to decrease as the biodegradation rank of oil deposits
increases [130].

High boiling point biomarkers of steranes and triterpanes, which are relatively
resistant to biodegradation, have been used extensively for the correlation of biode-
graded crudes [128]. Although terpanes and steranes are highly resistant to biodeg-
radation, several studies have shown that they can be degraded to a certain degree
under severe weathering conditions (i.e., extensive microbial degradation) [124,
131]. Studies on oil spills have demonstrated the degradation of C23 and C24 tricyclic
terpanes in intensive weathering [78, 104]. Microbial alteration and removal of the
regular steranes and 4α-methylsteranes from petroleum occur after the complete re-
moval of C15–C20 isoprenoids, and before or after the hopanes depending on the
circumstance.

As mentioned above, terpanes and steranes have many constitutional isomers
and stereoisomers. Certain molecular configurations could obstruct microbial degra-
dation. Wang et al. found that 17α(H),21β(H)-22,29,30-trisnorhopane (Tm) is degraded
faster relative to 18α(H),21β(H)-22,29,30-trisnorhopane (Ts), resulting in an increase of
the Ts/Tm ratio for heavily degraded oil samples [78]. In general, sterane susceptibility
to microbial degradation is as follows: ααα 20R > αββ 20R > αββ 20S > ααα 20S > diaster-
anes. The susceptibility of steranes to biodegradation typically decreases with increas-
ing carbon number for each isomeric configuration C27 > C28 > C29 > C30. Diasteranes
are particularly resistant to biodegradation. Evidence suggests that the C27–C29 ster-
anes are depleted before diasterane alteration. Pregnane and homopregnane have
high resistance to biodegradation, comparable to diasteranes [59].
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Biodegradation of aromatics: aromatic hydrocarbons comprise a large percentage
of crude oil and refined oil products. Many studies have been conducted to investi-
gate their biodegradation. George et al. studied the biodegradation of a suite of oils.
The breakdown of aromatic compounds by ring cleavage is an essential biochemical
step in the natural carbon cycle and is performed by several kinds of microorgan-
isms [132]. There are three main controls on the susceptibility to biodegradation of
cyclic, branched, and aromatic LMW hydrocarbons: carbon skeleton, degree of al-
kylation, and position of alkylation. The rate of degradation of PAHs decreases with
the increase of the number of rings in the PAH molecules. Among APAH homo-
logues, two-ring naphthalene homologues were the most susceptible to biodegrada-
tion, while the alkyl homologues of four-ring chrysene were the most resistant to
biodegradation. In addition, within each APAH class, the degradation rate tends to
decrease with the increase of alkylation level, resulting in a trend of C1 ~ > C2 > C3 >
Cn [78, 126].

The positions of alkyl substituents also strongly affect the rate of biodegradation.
The biodegradation of methylphenanthrenes is in a decreasing order of 3-MP or 2-
MP > 1-MP≫ 9-/4-MP [61, 126]. 2-/3-Methyl dibenzothiophene biodegrades at the fast-
est rate within all four isomeric series. In heavy oil sand bitumen, the most refractory
isomers of the m/z 216 cluster appear to be 4-methyl-pyrene (4-MPy) and 1-methyl-
pyrene (1-MPy), while other isomers were degraded in different degrees. The C26–28
isomers of TASs are very resistant to biodegradation and only degraded under ex-
treme conditions [124]. Preferential depletion of C20–C22 TAS isomers is found for the
severely biodegraded oils. Aromatic steranes changed slightly in their abundance
and distribution pattern in the m/z 231 fragmentograms, even though most aromatics
including methylphenanthrenes and methyldibenzothiophenes were nearly depleted.

In summary, biodegradation affects the oil composition in the following patterns
[13, 59, 126, 127, 131]:
– small hydrocarbons degrade faster than large hydrocarbons;
– straight-chain n-alkanes degrade faster than branched alkanes;
– GC-UCM in petroleum oil is more resistant to biodegradation than the GC-

resolved compounds;
– small aromatics are more susceptible to biodegradation than HMW aromatics;
– increased alkylation level of PAHs significantly decreases susceptibility to mi-

crobial degradation;
– microbial degradation is often isomer-specific, and the positions of the alkyl

substituents also strongly affect the rate of biodegradation;
– biomarker compounds such as diamondoids, bicyclic sesquiterpanes, triter-

panes, steranes, and aromatic steranes are resistant to biodegradation.
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3 Advances in Fourier transform mass
spectrometry forensic tools for naphthenic
acid fraction compounds in oil sand
environmental samples and crude oil

Abstract: During the past decade, there has been sustained interest in papers pub-
lished on naphthenic acids (NAs) and the broader class of naphthenic acid-fraction
compounds (NAFCs) as part of environmental and petroleomic studies. This in-
crease attention in part reflects that NAs and related NAFCs are principal toxicants
in oil sands process-affected water (OSPW). Furthermore, NAFCs are of industrial
concern because they cause infrastructure scaling and corrosion during petroleum
transport and processing. Many analytical strategies have therefore been developed
for the detection and characterization of NAFCs, but Fourier transform mass spec-
trometry (FTMS)-based methods provide powerful molecular-level insights into
these complex mixtures. This review focuses on the exceptional utility of ultrahigh
resolving power FTMS applications to environmental forensics of NAFCs and crude
oils. Highlighted are applications of Fourier transform ion cyclotron resonance
mass spectrometry and Orbitrap mass spectrometry as ultrahigh resolution methods
for (a) molecular-level measurement of environmental occurrence and fate of NAFCs
across the Athabasca oil sands region, Canada; (b) improvement of understanding
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of molecular mechanisms of NAFC-related toxicity in aquatic environments; (c) assess-
ment of treatment outcomes for OSPW; along with (d) compelling data visualizations
of organic components in crude oils. Advances in instrumental technology and data
processing continue to improve resolution and sensitivity across the mass range. The
processing of data generated by these methods can be challenging, but offers unparal-
leled levels of insight into NAFC composition. Future studies are encouraged to further
combine traditional petroleomic data visualization techniques with multivariate ordi-
nation methods. Such applications would be particularly useful for matching mo-
lecular characteristics with physical properties and with processes, such as toxicity,
corrosion, as well as the environmental behaviour and fate of these compounds.

3.1 Introduction

Bitumen extraction operations, such as those in the Athabasca region of Alberta, Can-
ada, require large volumes of water. As a result of substantial water use, large vol-
umes of oil sand process-affected water (OSPW) are generated. OSPW is acutely toxic
to a broad variety of aquatic organisms [1–3]. Discharge of OSPW has not yet been
permitted, so OSPW is retained in tailings ponds. As of 2018, tailings ponds covered
an estimated 220 km2 and contained approximately 1.2 billion m3 of water [4]. OSPW
is a complex mixture, which includes dissolved salts, fine suspended clay, residual
hydrocarbons, and naphthenic acid fraction compounds (NAFCs), including classical
naphthenic acids (NAs). NAs are typically described as aliphatic and alicyclic petro-
leum-carboxylic acids, following the general formula CnH2n +ZO2, where n denotes the
number of carbon atoms, and z is a negative even integer denoting the unsaturation
of a particular NA [5] (Figure 3.1). Additional complexity arises when further mixture
components such as the broader class of other acid-extractable organic compounds
(i.e., NAFCs) are considered; NAFCs include NAs, as well Ox–, N–, and S-containing
organic compounds [6, 7]. These definitions for NAs and NAFCs include many com-
pounds that would not normally be considered “naphthenic,” including unsaturated
and/or aromatic organic acids. Aromatic organic acids are of special concern as po-
tential environmental toxicants, acting as potential endocrine disruptors or affecting
overall acute toxicity [8, 9]. Aromatic organic acids are also present in NA fractions
collected from OSPW, leading to their inclusion as NAFCs despite the fact that aro-
matic compounds are, by definition, not “naphthenic.”

Despite the compositional complexity of OSPW, NAs and other components of
NAFCs have been consistently identified as principal toxicants in the mixture [10–12].
Given the complexity inherent to the measurement of such mixture components, there
are a myriad of methods available to test petroleum and petroleum-affected samples
for NAFCs. Such methods include Fourier transform (FT) infrared spectroscopy [13,
14], gas chromatography time-of-flight mass spectrometry (GC-TOFMS) [15–18], liquid
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chromatography-tandem mass spectrometry [19], and others, which have been re-
viewed elsewhere [6, 20–22]. Such methods can be useful, but cannot generate data
with comparable volume or accuracy. This review focuses specifically on ultrahigh
resolving power FT mass spectrometry (FTMS) applications to environmental foren-
sics of NAFCs and crude oils. Herein, we highlight the utility of FT ion cyclotron
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Figure 3.1: Reproduced from Headley et al. [34], with permission. Generic structures to represent
OSPW naphthenic acid fraction components.
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resonance mass spectrometry (FTICR MS) and Orbitrap mass spectrometry (Orbitrap
MS) for (a) characterization of NAFCs in natural waters from the Athabasca oil sand
region (AOSR), (b) molecular-level characterizations of NAFCs before and after treat-
ment of OSPW, (c) contributions to toxicity-directed analysis of OSPW, and (d) data
visualization and interrogation techniques empowered by ultrahigh-resolution mass
spectral data. The characterization of NAs and NAFCs in crude oils is of importance
to petroleum producers, as the acidic content of crude oil can result in corrosion
problems [23–32], and the environmental impact of naphthenic acids is also of con-
cern [33]. The characterization of petroleum-related samples using mass spectrome-
try, in particular ultrahigh-resolution mass spectrometry, has been referred to as a
field known as “petroleomics” and developments in this area have also directly led to
advances in the characterization of NAFCs in the environment.

3.2 FTMS instruments and performance

The term “FTMS” is typically used in reference to FT ion cyclotron resonance and
Orbitrap mass spectrometers. In the 1970s, Marshall and Comisarow were the first
to utilize a FT in combination with ion cyclotron resonance spectrometry [35–37].
FTICR MS offers the highest performance of all mass spectrometers and is based
upon ions orbiting (cyclotron motion) within a cell that is housed within a magnetic
field [38]. The cell is typically a cylinder of a few centimeters in diameter and in
length, which is maintained at ultrahigh vacuum to minimize collisions between
the ions and gases during the cyclotron motion. The Lorentz force, arising due to
the motion of ions within a magnetic field, serves as the centripetal force and re-
sults in the ions’ orbits. As the ions pass the detection plates of the ICR cell during
these orbits, an image current is induced; the motions of all the ions are detected
together, rather than individually. This composite signal is known as the “tran-
sient” or “FID” (free induction decay) and is recorded with respect to time (time do-
main data), and then a FT is used to convert this data to the frequency domain. In
effect, the FT is used to determine the frequencies of the waveforms that comprise
the complex time domain data that was recorded. As the frequency of each wave-
form detected is inversely proportional to the mass-to-charge ratio (m/z), a calibra-
tion equation is used to convert from the frequency domain to a mass spectrum,
where signal intensity is plotted as a function of m/z. The Orbitrap mass spectrome-
ter, first reported in the literature in 2000 [39], is another instrument based upon
the measurement of ion motion followed by the application of the FT. Unlike FTICR
mass spectrometers, Orbitrap instruments do not use magnetic fields, but rather
ions orbit about a spindle-shaped electrode while oscillating back and forth be-
tween a pair of outer electrodes [40]. Whereas orbital motion is detected during
FTICR MS experiments, oscillation back and forth between the outer electrodes is
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detected during Orbitrap MS experiments. As with FTICR instruments, an FT is used
to convert the time domain data to the frequency domain and then calibration is
used to produce a mass spectrum. The principles of FTMS are explained in greater
detail elsewhere in the literature [37, 38, 41, 42].

FTMS techniques are well known for their ultrahigh resolving power (narrow
peaks, making them well-suited to complex samples) and their mass accuracy (accu-
rate measurement of m/z to multiple decimal places). Accordingly, these technologies
are capable of assigning elemental compositions at molecular levels in complex mix-
tures such as crude oils, bio-oils, and oil sand environmental samples, given that anal-
yses follow well-established formulae assignment rules [43]. The ultrahigh resolving
power and mass accuracy afford greater detail when characterizing complex samples
through confident assignment of thousands of molecular formulas. The assignment of
these molecular formulae, however, does not constitute full structural information. For
that purpose, FTMS instruments would need to utilize tandem mass spectrometry ex-
periments (fragmentation of prior selected species) or combination with orthogonal
separation methods, such as chromatography, particularly where isomers may be pres-
ent. FTMS instruments can produce broadband mass spectra of complex mixtures with
mass errors below the parts-per-million (ppm) level, and even as low as parts-per-
billion [44, 45], provided that sufficient resolving power is achieved. It should be noted
that small mass error values are desirable because they afford higher confidence of as-
signments of molecular formulae. On the other hand, large resolution values are de-
sirable, as higher resolving power denotes narrower peaks and therefore a greater
number of components can be observed within a complex sample. Figure 3.2 shows a
broadband spectrum of a NIST crude oil acquired using FTICR MS, with enlargements
down to a 14 mDa window. The resolving power in this example allows for species with
well-known mass splits, such as C4 versus

13CH3S, to be separated [42]. For species com-
posed of C, H, N, O, and S atoms, unambiguous molecular formulae assignments are
possible up to approximately 500 Da when using traditional methods [42, 46]. In petro-
leomics, the difficulty in making high-confidence assignments above ~500 Da was over-
come by deploying the Kendrick mass scale; a treatment which sets the mass of CH2 to
exactly 14 Da [47–49]. This rescaling approach enables easy identification of molecules
belonging to the same homologous series, and thus higher mass molecular composi-
tions can be more confidently assigned as part of a series [48, 49]. The use of this ho-
mologous series principle for molecular assignments extends beyond petroleum and is
now being used to assist in the analysis of other natural complex mixtures [50, 51].

FTICR MS was first implemented in the analysis of samples derived from oil
sands in 2004 [52]. The study concluded that FTICR MS provided greater insights
into the compositions of the oil sand samples by achieving unique assignments, in-
cluding those of higher hydrogen deficiency [52], where hydrogen deficiency (z) is
typically a negative, even integer per CcH2c +ZOo. The first utilization of an Orbitrap
mass spectrometer to the characterization of oil sand NAs was in 2011, where oil
sand NAs were characterized in plant tissue samples [53].
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3.3 Contributions to informative data visualizations
and interrogation techniques

The acronym “NAFCs” loosely ties together a diverse variety of organic components,
grouped as such due to their common extraction during reverse-phase extraction of
acidified samples. Much attention has been given to approaches for visualization of
spatial or temporal trends for such complex mixtures. Indeed, the task of creating ef-
fective data visualizations has long been recognized as a challenge in environmental
forensics. An early application of ultrahigh-resolution mass spectrometry to environ-
mental forensics used FTICR MS for accurate formula assignments to compare
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commercial mixtures of NAs to OSPW from the Athabasca oil sands [52]. This
paper demonstrated the capability of FTICR MS methods to accurately assign mo-
lecular formulae comprising complex mixtures, showing clear differences be-
tween technical mixtures of NAs and OSPW-derived NAs. Technical mixtures of
NAs contained more straight-chain saturated NA species, whereas OSPW-derived
NAs were largely unsaturated.

Barrow et al. [54] described an approach for visualization of large datasets of
ultrahigh-resolution mass spectrometry data. For example, as is shown in Figure 3.3,
raw mass spectra are complex and difficult to interpret without software tools to
aide in the identification of compound classes and data processing.

As introduced above, the use of homologous series, which extends the range of reli-
able molecular formulae assignments, can be enabled by use of the Kendrick mass
scale and by calculating the Kendrick mass defect (KMD) for molecular composi-
tions [47–49] (eqs. (3.1) and (3.2)). Plots of KMD versus nominal mass allow for ho-
mologous series to be readily visualized, as members of a homologous series have
the same KMD [49]. By determining series within complex mass spectra, it is possi-
ble to greatly accelerate data analysis by determining the molecular formula for one
member of a series and then using automatically-determined formulae for the re-
maining species within a series, rather than performing the molecular assignment
process individually for thousands of peaks:

Figure 3.3: An example ultrahigh-resolution mass spectrum collected using Orbitrap mass spectrometry
describing water-soluble organic compounds from a simulated oil spill (unpublished data).
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Exact Kendrickmass= IUPACmass× 14:00000=14:01565 (3.1) [48, 55]

KMD= ½nominal Kendrickmass� � ½exact Kendrickmass� (3.2) [48, 55]

Once molecular formulae are assigned, the results may be organized and visualized.
Petroleum compounds can be categorized by: heteroatom class (sometimes also
called “compound class”), double bond equivalents (DBE), and carbon number.
The heteroatom class is derived from the atoms that are available within the compo-
sition, for example, the hydrocarbon (HC) and single sulfur atom (S1) classes. DBE
signifies the saturation of the compound by calculating the rings and double bonds
present within the carbon framework of the composition:

DBE= c−
h
2
+ n
2
+ 1 (3.3) [48]

Carbon number relates simply to the number of carbon atoms present in a molecule. It
is common to plot DBE versus carbon number as a useful visualization tool in petroleo-
mics-related research (Figure 3.4). Carbon number further enables the identification of
homologous series, where compositions have the same heteroatom content and same
number of DBE but are separated by CH2 units (alkylation). The alkylation series of a
composition having the same DBE and class will differ with 14.01565 Da [42, 48, 55].

The van Krevelen diagram [56–58] is another well-established and important visual-
ization tool for complex mixture analysis, especially for natural organic matter and
related samples [42, 59, 60]. Modern van Krevelen diagrams are scatter plots, typi-
cally of elemental ratios of H/C versus O/C, although other variants are also employed
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[60]. Biogeochemical compound classes are associated with characteristic elemental ra-
tios, and hence the regions of van Krevelen diagrams can be used tentatively to infer
the presence of certain species in complex mixtures [58]. Three-dimensional van Kreve-
len diagrams are also used, whereby the third dimension represents peak intensities or
a third molar ratio of elements (e.g., N/C) [42]. Such plots are typically used to visualize
results for samples where oxygen contents are observed [61, 62].

Visualization strategies described by Barrow et al. [54] further include dimen-
sional reduction techniques such as principal component analysis (PCA) [Figure 3.5]
which can helpfully cluster similar data, and separate dissimilar data. Barrow et al.
also highlighted relative abundance line plots, and heat maps which help highlight
particular points of interest within a given dataset. These visualizations exploit the
advantages of ultrahigh-resolution mass spectrometry, underscoring the impor-
tance of unequivocal formula assignment offered by FTMS technologies.

As was briefly mentioned earlier, studies of OSPW have typically focused on acid-
extractable components of OSPW due to the consistent association of NAFCs with
acute toxicity [11, 12, 64]. NAFCs are acutely toxic and therefore frequently the focus
of study, so visualization of the characterization of different fractions of the mixture
can add complementary forensic compositional information. Yi et al. [63] made use
of both acid- and base-adjusted liquid–liquid extractions to gather information
about the complementarity of each of these OSPW fractions under negative and
positive electrospray ionization (ESI) conditions, respectively. This work found that
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when acidic and basic fractions (analyzed by negative-ion and positive-ion ESI, re-
spectively) were separately analyzed with PCA, the basic fraction analyzed in posi-
tive-ion mode successfully distinguished OSPW from environmental samples and
was further able to distinguish different sources of OSPW from one another. Basic-
extracted organics were more abundant in SnOx compounds, whereas the acid-
extracted organics (i.e., NAFCs) had abundant Ox compounds. These analyses gen-
erated sufficient data for preliminary source distinction, demonstrating the benefits
of such analyses to future environmental forensic studies.

As an analytical tool, FTMS is also helpful as a validation step for techniques that
use lower resolution mass spectrometry, such as where time-of-flight mass spectrome-
try (TOF-MS) instruments are used. For example, Huang et al. [65] used FTICR MS to
add information about the relative abundance of S- and N-containing compounds
from NAFCs, as resolving these peaks requires mass resolution higher than 120,000
[66]. The additional information allowed the authors to attempt a broader suite of
analyses, adding plots wherein data were screened according to unique heteroatom
inclusions prior to PCA, shown in Figure 3.6. Unfortunately, additional data from
FTICR MS analysis did not consistently separate all sample data from one another.
Nonetheless, this approach to subsetting compositional data according to unique for-
mulaic heteroatom inclusions should prove useful in future analyses by greatly reduc-
ing noise in the data, leading to principal components that explain high overall
percentages of variation therein. Thus, differences observed in the PCA plots should
highlight distinct differences between samples, as is seen in Figure 3.6b, where the
first principal component (PC1) from analysis of O3S-NAFCs explained 97% of varia-
tion between samples in that subset of the data.

Helpful visualizations of complex datasets can also arise when traditional techni-
ques are combined in compelling ways. For example, Ajaero et al. [67] collected sam-
ples from a laboratory-scale constructed treatment wetland system (CWTS) wherein
OSPW recirculated through the system for 27 days. Samples were extracted by weak
anion-exchange SPE, then analyzed by negative-ion ESI Orbitrap MS. Data were ana-
lyzed by PCA, which indicated that gradual changes were happening over time in the
treatment wetland, and data separated accordingly from one end of the PCA plot to
the other. To investigate which specific factors were contributing to differences be-
tween samples, factor loadings from the PCA were color coded over a Kendrick plot to
show how formulae of varying molecular weights and unsaturation contributed to
sample separation over principal component 1, shown in Figure 3.7. This figure had pre-
dictive value, as shifts in NAFC distributions were concentrated among the highest m/z
unsaturated components, highlighted by the color-coding of Figure 3.7.

Similar strategies have been applied for natural wetland environmental samples.
For example, Vander Meulen et al. [68] employed similar strategies analyzing NAFCs
detectable across two Athabasca oil sand wetlands. One wetland in this study had a
clear flow pathway from north to south, interrupted by beaver dams throughout, and a
suspected contamination point source at the north end of the wetland. The second
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wetland was an opportunistic wetland on overburden with unclear hydrology. Changes
in NAFC composition were examined and compared across the span of both wetlands.
Instead of a conventional PCA plot, sampling locations were mapped and color-coded
according to sample scores along the first principal component in each wetland,
shown in Figure 3.8. The sample maps were paired with Kendrick plots color-coded
similarly to those generated in Ajaero et al. [67], highlighting differences observed
across one wetland (Gateway Wetland, Figure 3.8a) similar to compositional changes
previously observed under controlled conditions. The most substantial changes in
spatial distributions of NAFCs were again observed among the highest-molecular
weight saturated compounds, and a simultaneous increase in the relative abundance
of low-molecular weight unsaturated species.

The data visualizations techniques described here are helpful tools for effectively
communicating diagnostic features for environmental forensics. Future work in visu-
alization methods may combine van Krevelen and Kendrick plots with multivariate
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Figure 3.8: Reproduced from Vander Meulen et al. [68] under a Creative Commons 4.0 License
(https://creativecommons.org/licenses/by/4.0/legalcode). Sampling maps, color coded according
to scores along principal component 1 from the individual principal component analyses (PCA) of
(a) Gateway wetland, which has a well-defined north-to-southwest flow pathway, and (b) Crane
Lake, which does not have well-characterized hydrology.
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data ordination techniques such as principal component analysis, nonmetric multidi-
mensional scaling, correspondence analysis, and detrended correspondence analysis.

3.4 Experimental design considerations

Experiments using FTMS analyses benefit from the inclusion of sample fractionation
steps prior to or during mass spectrometric analysis. Such separatory steps include
solid-phase extraction (SPE) [5, 69], extract fractionation [11, 70, 71], and chromatog-
raphy [72–74]. However, the addition of separatory techniques to complement FTMS
methods can also introduce complications in data analyses. For example, choosing
different SPE methods to extract NAFCs from water (i.e., weak anion exchange ver-
sus polydivinylbenzene reverse-phase adsorption) will selectively enrich particular
varieties of NAFCs [69]. Differing solvent-extraction procedures will also selectively
enhance extraction of particular NAFC components, influencing apparent sample
composition [75]. In particular, the pH of the extraction solvent has been demon-
strated to influence OSPW component characterizations via FTICR MS [76]. These
off-line extraction procedures are also influenced by matrix effects, such as sample
salinity, which can decrease the apparent proportion of more highly nonpolar NAFCs
[34]. Influences from different extraction procedures will therefore lead to disparate
mass spectra, even when a procedure starts with identical samples.

Such concerns are equally applicable to analyses with alternative ionization strate-
gies, including studies employing direct analysis in real time (DART) ionization [77, 78]
or matrix-assisted laser desorption ionization (MALDI) [79]. Studies have demonstrated
that DART is capable of producing stable ion signals suitable for FTMS instruments
and can be used in petroleum [78] and naphthenic acid analyses [77]. NAFC spectra
collected using DART-FTICR MS are somewhat similar to ESI spectra for petroleum
samples with fewer dimers and less sample preparation [78]. However, negative-ion
DART selectively enriches classical NAs in NAFC analysis, and positive-ion DART selec-
tively enriches N- and SO-containing NAFCs [77]. Direct comparisons between sample
data derived from different ionization and/or extraction methods must therefore do so
with caution, acknowledging the selectivity of different methods.

Online separations, such as high-performance liquid chromatography (HPLC), may
be used as an alternative or addition to offline separations. The use of chromatographic
techniques like HPLC can aide in minimizing potential ion-suppression effects in ESI
[80, 81]. However, discrimination can still result from different solvent composition at
the ionization source for particular NAFC components [81]. Likewise, ionization effi-
ciencies of NAFCs are dependent on the pH of the gradient elution and polarity, which
can substantially affect the apparent abundance of particular formulae [80]. In general,
the multiple factors affecting the relative abundance and distribution of NAFCs limit
FTMS analyses and data interpretation to semiquantitative measurements.
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Hyphenating chromatographic systems with FTMS systems effectively multiplies
sample data volume and complexity. Combining gas chromatography (GC) to FTICR
MS utilizing atmospheric pressure chemical ionization (APCI) can be useful to ionize
the sample of interest with minimal fragmentation. APCI ionizes species with lower po-
larity and molecular weight than those analyzed by ESI. GC-APCI-FTICR MS has been
used to characterize an OSPW sample and two groundwater samples from the Atha-
basca River Basin, Alberta, Canada [74]. As mentioned previously, FTMS affords power-
ful approaches for characterizing complex mixtures and assigning molecular formulae,
but ultrahigh resolving power and mass accuracy alone cannot provide full structural
information. The hyphenation of ultrahigh-resolution mass spectrometry and chro-
matography holds potential for identifying isomers present within complex oil sand
samples, shown in Figure 3.9. Isomeric information should empower more precise
descriptions of sources and mechanisms of oil sand NAFC-derived toxicity [42, 74].

The total ion chromatogram was manually divided into segments of 2 min each, in the
range of 9–21 min. For each segment, the associated mass spectrum was produced
and analyzed prior to the results being visualized. Figure 3.10 shows examples of DBE
plots for the O2, O3, and O4 classes associated with the OSPW sample. The predomi-
nant species within the O4 class were typically 1 DBE higher than the predominant
species within the O2 class, which aligns with the hypothesis that the O4 class includes
dicarboxylic acids. The study deduced that the use of GC-APCI FTICR MS offers experi-
mental advantages, as the combination of chromatography and ultrahigh resolving
power mass spectrometry can resolve co-eluted species and to determine isomeric

150
200

250
300m/z

10 12 14 16 18Retention time (minutes) 20

Figure 3.9: Reproduced from Barrow et al. [74], with permission. Three-dimensional
representation of m/z versus retention time for an OSPW sample.
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contributions, improving understandings of toxicity from OSPW and related environ-
mental samples [74]. Advances in data processing methods will contribute to increas-
ing nuance in the analysis of these complex sample types [82].

When the acid-extractable organic components from OSPW (i.e., NAFCs) are character-
ized using multiple ionization methods with FTMS, sample complexity becomes more
apparent [83]. OSPW and related samples have traditionally been analyzed using neg-
ative-ion electrospray ionization (ESI) to specifically target NAFCs. In 2010, OSPW-
derived NAFCs were analyzed by positive-mode ESI, negative-mode ESI, positive mode
atmospheric pressure photoionization (APPI), and negative-mode APPI, and resulting
spectra were recorded and compared. The study by Barrow et al. emphasizes the com-
plementary nature of data generated from different ionization modes, as well as the
importance of choosing the optimal ionization mode for analysis of particular analytes
of interest. For example, negative-mode ESI promotes the ionization of classic NAs
(i.e., O2-NAFCs), but negative-mode APPI further enhances the ionization of aromatic
and nonpolar NAFCs. In addition, positive-ion ESI promotes the ionization of NOx

species. Positive-ion APPI further promotes the ionization of neutral nonpolar or-
ganic NAFCs, N-, S-, and NOx-NAFCs, and leads to the widest variety of total detect-
able peaks among all possible ionization methods, as shown in Figure 3.11. The
complexity of the acidic polar organic fraction of OSPW was thus revealed by
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ss

O 4 c
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ss

11–13 minutes 15–17 minutes 17–19 minutes

Figure 3.10: Reproduced from Barrow et al. [74], with permission. Plots of DBE versus carbon
number for the OSPW sample shown as a function of time.
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complementary ionization modes [83]. Such a finding is of paramount importance
for monitoring purposes and reinforces the improved coverage and characteriza-
tion of NAFCs with different ionization methods.

In view that measurements of concentrations of NAFCs are semiquantitative, caution
must be exercised for comparisons of values reported for different methods, includ-
ing factors such as extraction techniques, sample preparation prior to analysis, chro-
matographic separations, and ionization methods. The FTMS methods described
here are best suited for comparison of relative trends for a given sample set. For ex-
ample, if NAFC distributions and amounts differ across a well-defined sample series,
meaningful results can be inferred from trends or relative changes of NAFCs. Thus,
relative trends in NAFC concentrations and abundance can be readily compared for
different studies reported in the literature, even though absolute values of individual
samples usually cannot.
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Figure 3.11: Figure reproduced from Barrow et al. [83], with permission. Plots of Kendrick mass
defect versus nominal Kendrick mass for four mass spectra in various ionization modes.
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3.5 Characterization of NAFCs in natural waters
of the Athabasca oil sand region

As was alluded to earlier, classical NAs and other classes of NAFCs are toxicologi-
cally relevant contaminants of concern in the Athabasca oil sand region (AOSR)
and have therefore been characterized in a number of studies. Both Orbitrap MS
and FTICR MS have empowered insights into the molecular characteristics of NAs
and NAFCs from in the AOSR.

The Athabasca River and its tributaries run through naturally occurring oil
sand deposits, so there is a need to be able to distinguish these natural inputs from
potential anthropogenic sources. A preliminary study used FTICR MS to distin-
guish natural and anthropogenic sources of bitumen-derived NAFCs [7]. Samples
in this preliminary study were taken from across the AOSR, including tailings
ponds, interceptor wells, groundwater, the Athabasca River, tributaries, and lake
surface waters. The FTICR MS data clearly differentiated OSPW from natural water
bodies, showing that O2-NAFCs (i.e., NAs) and O4-NAFCs dominated mass spectra
collected in negative-mode electrospray ionization (ESI). No particular heteroatom
type could be implicated as a tracer of anthropogenic versus natural polar organic
inputs, but principal component analysis of the ultrahigh-resolution dataset sug-
gested that such differentiation should be possible with more extensive sampling
and data analyses [7].

Steps to trace natural versus anthropogenic bitumen-derived inputs in the AOSR
have continued in earnest. In a later study from Frank et al., data from loop-injection
ultrahigh-resolution Orbitrap MS was used to complement data from comprehensive
two-dimensional gas chromatography-time of flight mass spectrometry (GCxGC-TOF-MS)
[84]. These data indicated that NAFCs from OSPW have a distinct character distin-
guishable from natural bitumen-derived inputs at high concentrations. Although
multiple techniques suggested that ratios of O2:O4-NAFCs from negative ESI-FTMS
may be an indicator of OSPW-derived NAFCs, later work found the ratio is not di-
agnostic for environmental forensics [80, 85–87].

A study reported by Sun et al. characterized NAFCs across the AOSR, including
samples from the Athabasca River, tributaries, and groundwater using SPE-HPLC-
Orbitrap MS [85]. This study revealed that while NA (i.e., O2-NAFC) concentrations
were elevated in tributaries to the Athabasca River, the presence of these NAs could
not be definitively attributed to industrial activity. In addition, O2:O4-NAFC ratios did
not consistently associate with known industrial inputs; groundwater far from indus-
trial activity had high O2:O4-NAFC ratios, similar to OSPW, limiting the usefulness of
this ratio. The extensive data set generated by HPLC-Orbitrap MS of organic acid ex-
tracts was used to conduct PCA, illustrated in Figure 3.12. PCA of negative-ion ESI data
revealed that separated OSPW from other samples, based primarily on the total abun-
dance of O2

– species, whereas other samples had a greater diversity among NAFCs.
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Likewise, for the PCA of positive-ion ESI data, OSPW also separated away from natural
water samples and most tributary sample data, but overlapped with some groundwa-
ter sample data. Further work would be needed to attribute the presence of bitumen-
derived organics in groundwater and tributaries to natural or anthropogenic sources.

More recent work used ultrahigh-resolution Orbitrap MS data in tandem with
other methods (i.e., isotope geochemistry) to help characterize water samples from
the AOSR for tracers of anthropogenic versus natural inputs by characterizing the
acid-extractable organics (here referred to as NAFCs). In work by Ahad et al. [88],
both ultrahigh-resolution Orbitrap MS and stable isotope mass spectrometry were em-
ployed to characterize water samples. Samples were initially screened by conducting
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PCA on log-transformed relative abundance data describing the percent abundances
of all heteroatom-containing NAFC classes detected. This initial PCA screen separated
data from McMurray Formation Groundwater (MFGW), seep-pipe samples, and OSPW
from other sample types; factor analysis of PCA eigenvectors suggested that the sepa-
ration was attributable primarily to relative abundances of O2 and SnOx-containing
NAFCs. By comparing δ13C abundance with the percent relative abundance of O2–
plus SnOx-containing NAFCs, a strong correlation between these two metrics was
identified (0.76), suggesting that C-containing compounds from other sources are
more 13C-depleted than NAFCs from OSPW. In addition, this plot helped effectively
visualize that although the relative abundances of O2 + OxSy-NAFC species from
MFGW are similar to those of OSPW, MFGW is statistically (p < 0.05) more C13-deplete
than OSPW in their dataset. Useful insights such as source discrimination can there-
fore be gained by pairing FTMS data with alternative methods such as stable isotope
analyses.

Further environmental forensic work of AOSR waters was reported that paired
HPLC-TOF-MS and supercritical fluid chromatography-Orbitrap MS (SCF-Orbitrap
MS) to identify conservative tracers by which to differentiate natural bitumen-
derived inputs from OSPW-derived inputs [89]. In this comparison study of the two
MS methods, samples included OSPW, OSPW-affected groundwater, and natural bi-
tumen-influenced groundwater. HPLC-TOFMS was used as an initial screening tech-
nique, and subsequent analyses of representative samples by HPLC-Orbitrap MS
and SCF-Orbitrap MS results verified unambiguous formula assignments. To en-
hance separation, a long column was used with SCF-Orbitrap MS to identify the
presence of structural isomers. Structural characterization of potential tracers was
then investigated using ultrahigh-resolution (240,000 at m/z 400) HPLC-MS/MS
during product-ion scanning mode. This strategy identified four potential tracers
unique to OSPW, and SCF-Orbitrap MS was used to investigate the presence of nu-
merous isomers of one tracer. Although this work successfully identified four poten-
tial OSPW tracers, the product ion spectra have not been compared to synthesized
authentic standards, so the structural analyses are considered tentative. Nonethe-
less, these findings report a helpful strategy for building weight-of-evidence for
tracing seepage of OSPW to groundwater.

Addressing seasonal variability for environmental monitoring of the Athabasca
River is of key importance, as accounting for this variability may assist in differentiat-
ing between natural and anthropogenic sources of NAs. In 2007, specialists investi-
gated the spread of toxicants arising from bitumen-related sources in the Athabasca
River and its surrounding regions. A field expedition was organized in 2008 to collect
samples from the river after 4 months of snow accumulation 50 km away from the
main contamination sources. The analysis of the samples revealed that a wide range of
toxic impurities within the snow samples affecting the contaminant intake within the
river system. It was also stated that erosion may be ascribed with the spread of the
pollutants [90].
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Kelly et al. studied the loadings of polycyclic aromatic compounds (PAC) to the
Athabasca River and its tributary creeks, as well as the Athabasca Delta and Lake Atha-
basca [91]. In 2008, water samples were collected in two periods: February to March
and June to August. Sampling sites upstream and downstream of oil sand industrial
activity were chosen, coinciding with erosion of the McMurray geological formation.

Figure 3.13 illustrates the concentrations of PACs in samples collected over two
seasons from six tributaries: upstream, midstream, and downstream. The PAC concen-
trations detected intensified from upstream to downstream, and were also greater in
summer than winter. Variations in PAC concentrations were closely linked to sam-
pling locations rather than seasonality in most cases. Nonetheless, the highest PAC
concentration was detected downstream during the summer; PAC concentrations in
the upstream and midstream were comparatively minor. Figure 3.13 shows a consis-
tent increase in PAC concentrations everywhere due to seasonal differences. Much of
this increase may be attributable to increased land disturbance from oil sand expan-
sion between 2006 and 2008. Dissolved PAC concentrations during winter and sum-
mer at the Athabasca River, Athabasca Delta, and Lake Athabasca are shown in
Figures 3.13C and 3.13D. Greater dissolved PAC concentrations were found in summer
than in winter [91]. Seasonality should therefore also be carefully considered in future
regional studies characterizing distributions of NAFCs, as seasons are likely to simi-
larly affect environmental dynamics of NAFCs.

Wetlands are key ecosystems in the AOSR, and comprise approximately 50% of the
landscape [92]. Mature reclaimed wetlands (i.e., >7 years old) are less toxic to amphib-
ians than immature reclaimed wetlands [93]. It was also observed that the molecular
characteristics of industrially sourced bitumen-derived NAFCs are consistent with lesser
toxicity to biota in mature wetlands than in young wetlands [86]. Orbitrap MS was
therefore used to characterize molecular differences in NAFCs extracted from a variety
of wetlands on an active Athabasca oil sand mine lease to characterize this phenome-
non [86]. In this exploratory analysis, natural and naturalized off-lease wetlands were
differentiable from on-lease wetlands by PCA. Two wetlands were experimental sites
that originated from oil sand processed materials (OSPM), and both wetlands segre-
gated from other wetlands during PCA. As shown in Figure 3.14, water from an opportu-
nistic wetland supplemented with OSPM (OWO) was indistinguishable from OSPW,
whereas water from an experimental constructed wetland with OSPM (CWO) was sub-
stantially different. As follow-up to PCA results, relative proportions of heteroatomic
NAFC components were examined, which revealed that NAFCs in CWO contained sub-
stantially greater amounts of Ox species (where x > 2), suggesting that oxidation and/or
breakdown may be occurring in that particular wetland. Future investigations are war-
ranted to unravel the different biogeochemical processes in such wetlands driving toxic-
ity reduction to aquatic organisms, as has been the focus of other studies [94–97].

Environmental samples in the AOSR containing NAFCs are complex, and can be
influenced by spatial and temporal sources of variability. The variability in samples
can be masked or exaggerated by matrix effects, making data trends difficult to
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Figure 3.13: Reproduced from Kelly et al. [91], with permission. Dissolved PAC concentrations in µg/L.
(A) Tributaries. (B) Development and changes from 2006 to 2008 in midstream and stream mouth
sites in Athabasca River and its side creeks the Athabasca Delta and Lake Athabasca. (C) Dissolved PAC
concentration in winter. (D) Dissolved PAC concentration in summer. N.B. MCMF: McMurray formation.

3 Advances in Fourier transform mass spectrometry forensic tools 147



decipher. However, FTMS technologies such as FTICR MS and Orbitrap MS allow for
the characterization of subtle differences in spatial and temporal samples. FTMS data
has provided forensic evidence to support the presence and/or absence of anthropo-
genic and/or natural bitumen-derived NAFCs in flowing water and in wetlands. Fur-
ther, these techniques have provided detailed semiquantitative descriptions of the
fate and behavior of NAFCs therein that would likely not have been possible with
lower resolution instruments. Such data will continue to support environmental mon-
itoring and help improve reclamation techniques and technologies to protect aquatic
ecosystems.
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Figure 3.14: Reproduced from Vander Meulen et al. [86] under Creative Commons 4.0 License
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3.6 Molecular-level characterization of treated
OSPW

There is active ongoing work assessing the treatment of NAFCs from the AOSR. Exam-
ples of OSPW treatment strategies include the use of engineered wetlands, and buoy-
ant photocatalysts, which contribute to changes in the molecular characteristics of
NAFCs in water. However, as a complex mixture, it is difficult to characterize the effi-
ciency of a given treatment based on reduction in the total NAFC concentration and
changes in the molecular distributions. The power of FTMS ultrahigh resolving power
and mass accuracy is well-suited to meeting this challenge, examples of which are
highlighted below.

One study evaluated dynamics of NAFCs in a CWTS wherein samples were
taken over the course of 27 days to measure the kinetics of NAFC degradation in the
system [98]. Samples were extracted using weak anion exchange (WAX) SPE car-
tridges, then analyzed by negative-ion ESI-Orbitrap MS using loop injection. Using
data from the Orbitrap MS analysis, it was concluded that after the 26 days of treat-
ment the relative abundance of classical NAs was substantially reduced, whereas
O3, O4¸ O5, and O6-NAFCs all increased in relative abundance. In addition, this labo-
ratory study used the ultrahigh-resolution data to examine the relationship of NA
unsaturation to degradation/removal kinetics by plotting progressive snapshots of
estimated analyte concentrations at 5 time points across the experiment, shown in
Figure 3.16. The visualization of the results in Figure 3.4 demonstrated that NAs
concentrations decreased across the range of possible unsaturation values (i.e.,
double bond equivalents ranging from 1 to 8), with the highest reduction for satu-
rated NAFCs.

Additional efforts have aimed to more completely characterize the fate and behav-
ior of OSPW-derived NAFCs in a broad suite of CWTS configurations [99]. Empowered
by ultrahigh-resolution mass spectra describing NAFCs, nonmetric multidimensional
scaling (NMDS) analysis was applied to NAFC heteroatom abundance data to interro-
gate sources of difference in the data, shown in Figure 3.16a. This NMDS, paired with a
plot of component vectors of the analysis, visually demonstrates that system A (a
CWTS with gravel and vertical up-flow planted with Sedge, or Carex aquatilis) was sig-
nificantly different from other systems tested, as evidenced by a permutational multi-
variate analysis of variance. Although the results of these systems are statistically
different, when changes in the NMDS coordinates of sample data, plotted over time,
are superimposed with factor vectors, shown in Figure 3.16b, it is clear that these sys-
tems are still similar, driven in a similar direction by similar factors. The authors subse-
quently examined relative proportions of major Ox-NAFCs (i.e., O2, O3, and O4-NAFCs),
and found that NAFCs in all systems decreased total concentrations, and relative abun-
dances of O2-NAFCs decreased in all systems, with corresponding increases in O3 and
O4-NAFCs. There were corresponding decreases in acute toxicity to Fathead minnows
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Figure 3.16: Reproduced from Simair et al. [99], with permission. An NMDS analysis was performed
using all the NAFC species to assess bulk changes in NAFC chemistry over the treatment period within
the CWTSs operated with OSPW as a closed loop over time. In (A) a permutational multivariate
analysis of variance (PERMANOVA) was used to determine statistical significance of beta-diversity
values. The overall NAFC distribution for system A was the most different relative to systems B, C, and
D. As an extension of NMDS analysis in (A), the component vectors (NAFC classes) are shown in (B)
and cells within a given system are linked to show change over time in relation to the NAFC classes.
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(Pimephales promelas). In addition, the CWTSs planted with sedge (Carex aquatilis) re-
duced O2-NAFCs and NAFC-related acute toxicity most quickly compared to other
CWTS investigated. This exploratory work on CWTS optimization empowered by FTMS
demonstrated the relative importance of plant selection in engineering a CWTS for
treatment of NAFCs.

Ultrahigh-resolution mass spectrometry has also made substantial contributions
to helping understand the molecular dynamics of photocatalytic treatment strategies.
One team treated OSPW with buoyant TiO2 photocatalysts and examined apparent ki-
netic rates of detectable dissolved organic components in basic, neutral, and acidic
fractions, ionized in both positive and negative modes [100]. Lab-scale photocatalysis
experiments were conducted, and samples were collected throughout the duration to
examine the treatment kinetics. Subsamples were pH-adjusted to acidic (pH < 2), neu-
tral (pH 7), and basic (pH 10.5) conditions, then liquid-liquid extracted prior to analy-
sis by ultrahigh-resolution Orbitrap MS applying both positive and negative ESI. By
using exact-mass data, empirical rate constants were determined for the removal and/
or emergence of new O2-containing components, shown in Figure 3.17. Oxidative deg-
radation of OSPW-derived organic species was observed across different heteroatomic
classes. For example, O2

–, SO+-, and NO+-NAFCs were consistently oxidized, decreas-
ing quickly in relative concentration. Photocatalysis degraded the heaviest and most
unsaturated O2-containing formulae, and this was consistent across most extraction
and ionization conditions, shown in Figure 3.17. The authors postulated that lower-
molecular weight compounds emerged as a result of bond scission in higher-molecular
weight mixture components; this observation was supported by related work evaluat-
ing the reaction kinetics and mechanics of photocatalytic degradation using model
compounds [101]. Such an experiment simultaneously evaluating degradation rate con-
stants of a voluminous number of analytes would not be feasible without ultrahigh-
resolution mass spectrometry.

Photocatalytic treatment is thus a promising technique for toxicity reduction
of OSPW. The question arises as to the effectiveness of naturally occurring rates
of photolysis of bitumen-derived water-soluble organics in OSPW, and effects
thereof on fate and behavior of these complex organic components in aquatic
systems. Challis et al. subjected whole OSPW, acid-extractable organic (AEO)
(i.e., NAFCs), and base-extractable organic (BEO) samples to simulated sunshine
under controlled conditions, and examined gradual changes to the composition
of whole OSPW, AEOs, and BEOs, as characterized by both positive- and nega-
tive-mode ESI-Orbitrap MS [102]. The investigation demonstrated that natural
photolysis can take place in OSPW, and that whole OSPW was the most suscepti-
ble to photolysis, as compared to either AEO or BEO fractions. Because this study
used ultrahigh-resolution mass spectral data, it was possible to observe that O2

–

containing species from OSPW with the highest double bonding equivalents (i.e.,
most unsaturated) were preferentially photodegraded, shown in Figure 3.18. The
authors use this data to estimate half-lives of OSPW-derived AEOs at approximately
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122–384 days, depending on seasonal light intensity. The authors emphasized that
whole OSPW is usually turbid, effectively preventing photolytic degradation from oc-
curring, making improvements in OSPW water clarity an important subobjective to
accelerate degradation of organic contaminants therein.

These studies collectively add to improve understanding of dynamics of NAFCs, and
related compounds in degradation studies. Ultrahigh-resolution Orbitrap MS helped
describe the results of pilot-scale treatment wetland experiments, showing that
these systems were capable of decreasing constituent concentrations in treatment
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systems across a wide range of compound classes [98]. In addition, similar studies
using multivariate ordination techniques demonstrated the capability of wetlands to
alter the makeup of NAFCs by preferentially increasing/decreasing particular heter-
oatomic classes of NAFCs, which correspondingly decreased acute toxicity to fathead
minnows (Pimephales promelas). Further insights into the mechanism of photodegra-
dation were also achieved [100–102], emphasizing the descriptive utility of FTMS tech-
niques for describing degradation of OSPW-NAFCs.

3.7 Contributions to toxicity-directed analysis
of OSPW for identification of principal organic
components

It is difficult to attribute causes of toxicity in a mixture such as OSPW, which contains
many thousands of organic components, including polar and nonpolar organic spe-
cies, as well as suspended and dissolved solids, salts, and metals. Nonetheless, the
acidic fraction from OSPW has been consistently implicated as the primary source of
acute toxicity [12, 103, 104]. The particular mechanism(s) by which acidic organic com-
ponents cause toxicity is not fully established.

One study compared toxicity assay results from fractionated OSPW to data from
HPLC-Orbitrap mass spectrometry [11]. Morandi et al. subjected OSPW to three se-
quential rounds of fractionation under neutral (F1-NE), acidic (F1-AEO), and basic
conditions (F1-BEO), and evaluated 96 h acute toxicity in fathead minnows (Pime-
phales promelas) and in Microtox assays to help identify specific sources of acute tox-
icity. The F1-BEO fraction (i.e., the compounds extractable from OSPW in the final
sequential fractionation at pH > 11) was the least toxic in both assays; F1-NE was the
most toxic, followed by F1-AEO. By examining profiles of dissolved components char-
acterized by negative-ion ESI Orbitrap MS, the authors found that the initial extraction
(i.e., F1-NE) had extracted most of the classical NAs, and so subsequent rounds of ex-
tract fractionation were carried out to separate NAs and/or other organic acids from
the neutral organic species present in F1-NE, shown in Figure 3.19. The secondary
fractionation procedure generated two fractions, where one should have contained
nonpolar organic species (F2-NE1), and the other fraction should have contained or-
ganic acids (F2-NE2). To further characterize the effects of the acidic organic fraction,
F2-NE2 was subfractionated chromatographically using repeated isocratic HPLC elu-
tions, generating a highly polar fraction (F3-NE2a), and a fraction of everything else
that remained (F3-NE2b), which should have contained polar neutral compounds. An
intriguing result of this fractionation was that the final two tertiary fractions (F3-NE2a
and F3-NE2b) were more toxic when recombined than when tested separately, sug-
gesting at least two separate toxicity mechanisms, which was supported by the
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ultrahigh-resolution mass spectrometry data; only F3-NE2a contained O– compounds
and the most O2

– organic acids (i.e., classical NAs), whereas only F3-NE2b contained
O+ compounds, suggesting polar neutral compounds therein. The characteristics of
NAs in each of these fractions are remarkably different from one another, as shown
in Figure 3.19. These findings reinforce that although O2

– organic acids are responsi-
ble for the bulk of acute toxicity, polar neutral compounds also contribute meaning-
fully to acute toxicity in fathead minnows. Overall, this application is an excellent
example of the utility of FTMS for providing insights on the mechanisms of toxicity
of OSPW-NAFCs, which would not otherwise be apparent.

Other studies have demonstrated the advantages of ultrahigh-resolution FTMS
for measuring chemical dynamics of NAFCs during biological treatment. One such
study by Yue et al. used ultrahigh-resolution Orbitrap MS to investigate the dynam-
ics of NAFCs in a continuous-flow biofilm reactor. Both treated and untreated
OSPW were fractionated by the use of SPE [105]. Estrogenic fractions, and those
fractions which had the greatest decrease in estrogenicity after treatment were fur-
ther fractionated by semipreparative reverse-phase HPLC. Results from this experi-
ment demonstrated that the biofilm reactor removed about 40% of total NAs as
compared to an abiotic control, and a corresponding decrease of 73%, and 22% de-
crease in estrogenicity, as measured using a Microtox assay. The biotreatment ap-
parently increased the proportion of O2-NAFCs, suggesting that O3- and O4-NAFCs
are more readily biodegraded than O2-NAFCs. Furthermore, NAs with a DBE < 5 de-
graded most readily, highlighting the recalcitrance of highly cyclic and/or aromatic
compounds to biological treatment, consistent with previous studies [106]; the rela-
tive abundance of most unsaturated NA species were observed to increase over the
course of treatment. The residual toxicity measured after treatment was most likely
attributable to recalcitrant NAs with DBE ≥ 5. This work highlights the utility of bio-
treatment, the need to better understand the biodegradation of aromatic com-
pounds where possible, and the limitations of biofilm treatment of aromatic and/or
polyaromatic NAs.

There is a significant need for reference standards to generate representative,
replicable results when assessing OSPW-related toxicity. One study sought to con-
tribute to addressing this need by assessing whether or not commercially available
mixtures of NAFCs could serve as representative surrogates of OSPW-derived NAFC-
related toxicity. In vivo toxicity testing was carried out on three different model or-
ganisms (Hyalella azteca, Allivibrio fischeri, and Lampisilus cardium), and samples
were characterized with ultrahigh-resolution Orbitrap MS [107]. The investigators
characterized samples of fresh OSPW (i.e., from tailings discharge or from active
tailings ponds) and aged OSPW (i.e., from an experimental pond) for both toxicity
and mass spectrometric characteristics for comparison. Mass spectrometric analysis
showed that O2-NAFCs (i.e., classical NAs) were the predominant mixture compo-
nent detected in all cases, but that OSPW-derived NAFCs have much greater under-
lying diversity of subclasses of NAFCs (i.e., species other than O2-NAFCs) than did
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Figure 3.19: Reproduced from Morandi et al. [11], with permission. Profiles of naphthenic acids
(O2

– class) by carbon number and double bond equivalents in each OSPW fraction, compared to
unfractionated OSPW. Intensity has been normalized to the response in unfractionated OSPW.
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commercially available NA mixtures. Commercial mixtures of NAFCs contained sim-
ilar amounts of O2-NAFCs when compared to fresh OSPW, but commercial mixtures
of NAs contained a greater proportion of saturated, straight-chain NAs, relative to
OSPW-derived NAFCs. Further, aged OSPW contained a lesser proportion of O2-
NAFCs relative to fresh OSPW and commercially sourced mixtures. Commercially
sourced NAFC mixtures were generally more toxic than OSPW-derived NAFCs, and
aged OSPW was more toxic to Lampsilis cardium than were any of the fresh OSPW
samples, shown in Figure 3.20. The toxicity endpoints illustrated in Figure 3.20 are
environmentally relevant, as NAFC concentrations in OSPW can range from 20 to
120 mg/L [108], and LC50/IC50/EC50 values measured ranged from approximately
1–100 mg/L. This work demonstrates that commercially available NA mixtures are
dissimilar to OSPW-derived NAs/NAFCs, implying that work intended to assess
Athabasca OSPW-derived toxicity ought to be derived from Athabasca oil sand
OSPW.
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Figure 3.20: Reproduced from Bartlett et al. [107], with permission. Sensitivity of three aquatic
species when exposed to naphthenic acid fraction components (NAFCs) extracted from four sources
of oil sand process-affected water (OSPW) and three commercial naphthenic acid (NA) mixtures.
The four NAFCs are 2009 Industry A Fresh (A-FR-09), 2011 Industry A Fresh (A-FR-11), 2011 Industry B
Fresh (B-FR-11), and 2011 Industry A Aged (A-AG-11). The three commercial NA mixtures are Acros
(ACR), Aldrich (ALD), and Merichem (MER). The three test species are Hyalella azteca (freshwater
amphipod), Vibrio fischeri (marine bacterium, Microtox® assay), and Lampsilis cardium
(freshwater mussel larvae). Data from NAFC tests are concentrations measured in exposure waters
from Hyalella azteca tests (mg/L). Data from commercial NA tests are concentrations measured
gravimetrically in stock solutions (mg/L). Toxicity endpoints were determined using nonlinear
regression methods. Error bars are 95% confidence intervals.
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Despite the fact that the toxicity of OSPW has long been understood to be strongly
associated with the dissolved acidic organic fraction [103, 104], it is still difficult to
definitively prove the toxicity of specific mixture components within the acidic frac-
tion. As mentioned above, studies have sought to understand the toxicity of OSPW
fractions with characterization by ultrahigh-resolution FTICR MS or Orbitrap MS. One
study sought to systematically account for the contributions of acidic and other con-
stituents to the toxicity of OSPW using rainbow trout (Oncorhynchus mykiss) for a tox-
icity identification evaluation (TIE) on different fractions of OSPW [12]. As a baseline
evaluation, trout fry were exposed to OSPW concentrations from 6.25% to 100% v/v,
and a negative control of dechlorinated municipal tap water. The authors of this
study took great care to account for potential interferences from metals, volatile or-
ganic components, suspended particulates, and salinity. The conclusions of this study
were largely in-line with previous findings, as metals, salinity, and suspended partic-
ulates did not significantly contribute to acute toxicity in rainbow trout. Furthermore,
extraction of OSPW with a C8-functionalized SPE cartridge removed all acute toxicity;
adding the eluent from the SPE cartridge back to the water reintroduced toxicity, dem-
onstrating that the primary toxicants of concern were retained during SPE. The molec-
ular characteristics of NAFCs from were measured by Orbitrap MS using additional C8-
adsorbent SPE extractions sequentially eluted in methanol:water with increasing pro-
portions of methanol to elute increasingly nonpolar fractions. Elevated mortality was
observed in SPE fractions eluted with 70–90% methanol; the 50% methanol fraction
had an NA concentration similar to the 85% methanol fraction but did not cause any
acute toxicity. A PCA procedure was used to nonspecifically characterize similarity or
differences between fractions. Plotting percent mortality data against PC1 scores re-
vealed a strong relationship between NAFC molecular characteristics and percent mor-
tality. Loading scores from the PCA revealed that O2-NAFCs (i.e., classical NAs) were
strongly associated with more toxic fractions. Further, structure–toxicity relationships
of individual NAs were modeled following the work of Scarlett et al. [109] investigating
the relationship between acute potency NA carbon number. When modeled toxicities
were compared to relative abundances of different NAs, it was shown that increasing
toxicity corresponded to decreasing polarity and increasing molecular size.

The aforementioned study by Hughes et al. [12] used rainbow trout (Oncorhyn-
chus mykiss) as a model organism for TIE testing because of the rainbow trout’s
known sensitivity to the acutely toxic effects of OSPW. Another study used ultra-high
-performance chromatography with ultrahigh-resolution Orbitrap MS to investigate
toxic mechanisms by examining uptake of NAFCs during an in vitro experiment
using a rainbow trout gill cell line, RTgill-W1 [110]. The authors hypothesized that
they would observe pH-dependent cytotoxicity as an elevated pH would prevent ioniz-
able organics such as NAFCs from partitioning across cell membranes, making them
less bioavailable. This study therefore assessed the dynamics of model compounds, as
well as technical mixtures, and OSPW with the trout gill cell line. After an initial in
vitro toxicity assessment, samples were extracted, and ionizable organic components
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were assessed by Orbitrap MS, only the acidic fraction of OSPW was observed to cause
cytotoxicity, consistent with prior studies, To further assess the effect of pH on mixture
components crossing the gill epithelium, cells were cultured in permeable 0.4 µm pore
diameter inserts suspended in 24-well plates; toxicants were loaded into the upper (api-
cal) chamber, and samples were taken from both the apical and lower (basal) chamber
of the well plates [110]. Mass spectrometric characterization of technical NA mixtures
and OSPW fractions from apical and basal chamber samples showed that weak acid
permeability was highly pH-dependent, being inversely proportional to pH with single
compounds and technical mixtures. It was suspected that NAFCs may be retained
within cells or membranes. At pH 8.5, cell extracts were relatively rich in NAFCs, de-
spite elevated pH, which suggested active transport and uptake of ionized compounds.
To investigate the role of active transport in uptake of NAFCs, the assay was repeated
with the addition of cyclosporin A to inhibit active transport proteins. The results of
this assessment are illustrated in Figure 3.21. After the addition of an inhibitor, the rela-
tive abundance of OSPW-derived compounds was substantially lower, seeming to sug-
gest that an active transport mechanism is required for uptake of OSPW-derived
toxicants. These results were compared to 96 h in vivo tests of rainbow trout fry with
10% v/v raw OSPW. The trout fry produced results seeming to contradict in vitro test-
ing, as the whole-body loadings of OSPW-derived NAFCs were observed in order of pH
7.4, 6, then 8.5. In contrast, gill cell loadings of NAFCs were observed, to be greatest at
pH 8.5, 7.4, then lowest at pH 6. In addition to having the highest concentration of
observed NAFCs, gill cells at pH 8.5 also contained the highest number of unique mo-
lecular species of NAFCs, as identified by Orbitrap MS. These collective findings sug-
gest that ionized organic acids, such as NAFCs are retained in the gills at higher pH, or
are actively transported into tissues, in contrast to the hypothesis that NAFCs would
permeate cells to a greater extent at lower pH.

The studies highlighted herein all benefit from the use of ultrahigh-resolution
Orbitrap MS for characterization of NAFCs in complex scenarios. The analyses pre-
sented here demonstrate the improved insights to toxic modes of action that may
have not otherwise been possible without detailed molecular characterization.

3.8 Examples from petroleum analysis

In addition to being contaminants of environmental concern in the Athabasca oil
sand region of Alberta, NAFCs are also a concern for petroleum processing infra-
structure due to their contributions to corrosion [23, 54]. There are therefore reviews
detailing methods to manage and remove acidic content from petroleum products
prior to added-value processing [111]. Oil with a low total acid number (TAN, which
describes the amount of solid KOH required in [mg KOH]/[g oil] to neutralize acidic
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components in the oil), is inherently more valuable than oil with a higher TAN,
owing to the need for additional capital expenditure to process acidic oil.

In some cases, extraction techniques contribute to the final NAFC concentrations
and characteristics in crude oil. As an example, NAFCs may be generated by in situ
combustion (ISC) oil recovery techniques [112]. ISC is a recently developed petroleum
production technique for heavy oil recovery where burning is induced within the re-
serve by injecting oxygen gas and igniting the mixture. By allowing partial combus-
tion of petroleum products, the deposit is heated, easing flow without the use of
solvents or steam; this heat can also “crack” some components to lower molecular
weight, further easing the recovery of oil from heavy petroleum deposits [113]. One
study by Zhang et al. [112] used FTICR MS to characterize lab-generated samples and
to demonstrate how ISC recovery may contribute to loads of NAFCs in oil. Zhang et al.
compared oil put through simulated ISC to oil produced using typical steam-recovery
methods. The oil processed by ISC had a notably lower average m/z when analyzed by
negative-ion ESI FTICR MS, but little apparent difference when analyzed by positive-
ion APPI FTICR MS. In addition, heteroatomic NAFC species were characterized by
negative-ion ESI, which showed that O2-NAFCs, as well as O- and O3-NAFCs to a lesser
extent, increased in relative abundance over the course of ISC. The unsaturation and
molecular weight of these components also shifted, as was communicated by carbon
number versus DBE plots, shown in Figure 3.22.

Figure 3.21: Reproduced from Brinkmann et al. [110], with permission. Inhibition of calcein AM
efflux in RTgill-W1 cells (A) and reduction of the abundance of various chemical species from OSPW
in basal media (B, C) following exposure to the active transport inhibitor cyclosporin A (CsA) at pH
8.5. (A) Data points represent mean values, error bars the standard deviation of n = 6 technical
replicates. A four-parameter logistic model was used to fit experimental data (solid lines) and 95%
confidence intervals computed (shaded areas). (B) Data represent the mean ± standard deviation of
raw abundances (areas) of n = 2 replicate inserts. Only those chemicals present in both treatments
are shown. The solid red line indicates the x-fold reduction in chemical abundance following CsA
treatment compared to OSPW alone. (C) Data represent the mean ± standard error of the mean and
were normalized to the mean of the group with the greatest relative abundance. The respective
number of chemicals with the greatest permeability in each group is provided within the bars.
Relative abundance in basal media was significantly lesser following CsA treatment compared to
OSPW alone (paired Student’s t-test).
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For complex crude oil, it is useful to understand how components biodegrade,
and to elucidate particular mechanisms of biodegradation. Liu et al. used FTICR
MS to characterize the generation or degradation of polar organic compounds, includ-
ing NAFCs during biodegradation of crude oil [106]. Two bacterial strains endogenous
to the region where the oil was extracted were used to biodegrade the oil under aerobic
conditions for 90 days. After degradation, polar organic compounds in the crude oil
were liquid–liquid extracted and analyzed by negative-ion ESI on a 9.4 T FTICR MS.
One strain of native bacteria (Pseudomonas aeruginosa XJ16) degraded the oil to a
greater extent than the other (Acinetobacter lwoffii XJ19) across almost every category.
Nonetheless, both strains successfully degraded n-alkanes, n-alkylcyclohexanes, and
dicyclic sesquiterpanes. These strains affected polar organic species differently, where
P. aeruginosa slightly increased the amount of NO-, NO2-, O-, and O3-containing species
relative to raw crude, and slightly decreased N-, O2-, and O4-containing components. In
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Figure 3.22: Reproduced from Zhang et al. [112], with permission. Double bond equivalents values
versus carbon number plots of the O2 (left) and O1 (right) species by negative-ion ESI FTICR MS,
progressing from top to bottom in order of least-to-most processed by simulated in situ
combustion. Dot size is representative of relative abundance of each component formula.
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comparison, A. lwoffii substantially decreased the relative abundance of N- and O-
containing components. Notably, polar organic components became more composi-
tionally complex after treatment by either bacterial cultures, as degraded oils contained
higher relative abundances of unsaturated molecular formulae as compared to crude
oil, shown in Figure 3.23 [114]. These observations are similar to trends observed in
treatment wetlands, as treatment wetlands preferentially degrade saturated high-
molecular weight compounds, which leads to increasing relative abundances of more
highly unsaturated NAFCs [67, 98, 115], suggesting potentially common degradation
mechanisms between wetland treatment systems and bacterial treatment.

FT-based mass spectrometry technologies therefore continue to offer powerful
insights for the characterization of polar components in petroleum, such as NAFCs.
These techniques provide data that helps characterize the fate of NAFCs through
processing, as well as in biodegradation. As instrumentation continues to be further
developed, it is reasonable to anticipate improvements in data processing capabili-
ties and enhanced insights for molecular characterization of crude oils.

3.9 Further advancements in FTMS

The challenges faced by the field of petroleomics help to drive advances in FTMS
instrumentation and data processing [42, 116], offering improvements to a variety of
complex mixture analyses, including analyses of OSPW and NAFCs.

Improvements in Orbitrap technology have resulted in resolving power as high as
1,000,000 at m/z 200 [117]. Until such recent innovations, FTICR MS was typically re-
quired for molecular level characterization of complex crude oil samples. Some work
has sought to assess whether improvements to Orbitrap technology have been able to
provide adequate resolving power to characterize components of crude oil [118]. Oil
samples were dissolved in methanol and toluene and analyzed for polar organic com-
ponents under both negative and positive-ion ESI using an Orbitrap Elite instrument,
a “MegaOrbitrap,” and a 7.2 T FTICR MS for comparison. Sample data were compiled
from stitched mass transients. This work found that for all mass spectrometers tested,
resolution was sufficient for assignment of formulae to negative-ion ESI data; in con-
trast, during positive-ion ESI, the 7.2 T FTICR MS and MegaOrbitrap MS detected the
widest varieties of formulae. Overall, the performance of a MegaOrbitrap MS was simi-
lar to the 7.2 T FTICR MS, with lower transient times, and similar formula assignment,
shown by Figure 3.24. However, this technology has yet to be commercially available,
while there have also been advances in commercially available FTICR instrumentation
in the meantime.

Improvements to FTICR MS instrument performance have also recently been
afforded by ongoing analyser cell innovations and higher magnetic field strengths.
The dynamically harmonized ICR cell, introduced in 2012, enables longer ion
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Figure 3.23: Reproduced from Liu et al. [114], with permission. Iso-abundance plots of DBE versus
carbon number for the O-class in the original oil, and oils degraded for 90 days by Pseudomonas
aeruginosa (Pa-90) and Acinetobacter lwoffii (Al-90).
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Figure 3.24: Reproduced from Schmidt et al. [118], funder a Creative Commons 3.0 license (https://
creativecommons.org/licenses/by/3.0/legalcode). Carbon number versus DBE for the N-class of
petroleum compounds as determined by positive-ion ESI data as collected with a standard
Orbitrap, a 7.2 T FTICR MS, and a MegaOrbitrap.
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detection times by compensating for magnetic field inhomogeneities, resulting in signif-
icantly increased resolving power [119]. ICR analyser cells may also be designed to pro-
vide quadrupolar detection (2 ω) utility, offering either a twofold increase in resolving
power for the same acquisition time or else the same resolution but at twice the speed
[120, 121]. The latter mode of operation is suitable to hyphenation with GC, as recently
demonstrated for the analysis of petroleum-contaminated sediment extracts from Staten
Island [121]. Suwannee River fulvic acid and petroleum samples were recently ana-
lyzed using a FTICR mass spectrometer with a 21 Tesla magnet, demonstrating
improvements to mass accuracy and resolving power, and greater numbers of mo-
lecular assignments compared to a lower field FTICR MS instrument [122].

A major innovation in data processing of FTICR MS data is the use of “stitched”
spectra, wherein mass spectra with limited ranges can be collected in series to im-
prove resolving power, and then the full mass range of a reconstituted spectrum
can be stitched together from the smaller scans [123–125]. This technique minimizes
space-charge effects in FTICR instruments, increasing dynamic range, maximizing the
number of detectable peaks, and mass accuracy of peak assignments. In one example,
a South American vacuum residue sample was analyzed by a 12 T FTICR MS with posi-
tive-ion APPI across a detection range of m/z 250–3,000, and a broadband spectrum
was compared to a mass spectrum which was produced by stitching segments using
the novel algorithm, Rhapso [123]. As part of the processing, the algorithm corrected
the abundances at the edges of the segments due to the influences of the isolation
steps. As is shown in Figure 3.25, the Rhapso-reconstituted mass spectrum detected a
wider mass range of components with greater sensitivity, as compared to a broadband
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spectrum. This technique also led to peak assignments with lower overall mass error
across most of the mass spectrum versus a broadband spectrum.

The spectral stitching approach and Rhapso algorithm were recently employed in com-
bination with a new experimental approach to provide a new mode of operation for
FTMS instruments: operation at constant ultrahigh resolution (OCULAR) [45]. This
workflow was developed to overcome some of the challenges to complex mixture anal-
ysis via conventional broadband FTICR MS, namely limitations of dynamic range and
the well-known decrease in resolving power with increasing mass-to-charge ratio for a
given experiment. Importantly, the classic spectral stitching approach was modified to
increase the time domain signal length for each subsequent spectral window, enabling
operation at constant ultrahigh resolving power across the full m/z range. The effec-
tiveness of this workflow was demonstrated for a nondistillable fraction of a vacuum
residue of a South American crude oil; this particular sample was so complex that it
could not be analyzed via a traditional FTICR MS broadband experiment. Analyzing
this sample via OCULAR, the authors demonstrated a complexity of up to 300 individ-
ual peak assignments per nominal m/z (Figure 3.26), establishing a new world record
of 244,779 unique molecular assignments for a single sample [45].

In addition to improvements to instrumentation and workflow approaches, com-
plex sample mass spectra may be enhanced through refined data processing [126]. For
decades, data output from FTMS instruments has been in the form of a magnitude
mode spectrum, which is “phase-independent” and so more easily calculated, but the
performance is lower than could potentially be achieved [127]. More recent advances
have led to the ability to apply phase-correction to obtain absorption mode spectra [35,
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Figure 3.25: Reproduced from Gavard et al. [123], with permission. (A) A density plot based on all
the m/z measured in both broadband and stitching mode. The plot shows the broader peak
distribution in stitching mode due to the increased number of peaks in the low intensity regions.
(b) Comparison of the number of assignments per m/z width of using both techniques.
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127, 128]. A phase-corrected spectrum is improved over the magnitude mode spectrum
with increased signal-to-noise ratio, and up to a twofold increase in resolving power.
Commercial software packages now offer absorption mode (also known as “phasing”)
data processing for FTMS data.

Other notable data handling developments include the use of the aromaticity
index (AI), developed by Koch and Dittmar, which indicates the density of the
carbon–carbon double bonds in a specified molecule. AI is uniquely calculated from
the exact molecular masses of a NOM component [129]. The AI was modified (AImod)
to offer improvements such as for the consideration of carbonyl groups. This AImod

parameter can only be calculated with further bulk sample data, however. To describe
a compound as aromatic, the AImod values should be ≥0.5; for nonaromatic com-
pounds, the AImod is <0.5. For the purpose of data visualization, color coded AI factor
is used in parallel with van Krevelen plots to distinguish compositional profiles [42].

The application of statistical techniques to complex FTMS dataset analysis con-
tinues to progress. Recently, the volcano plot was applied by Hur et al. to petroleo-
mics data [130]. The volcano plot is a scatterplot obtained by plotting the negative
log of statistical significance (p-value) versus the log of fold change, representing
the magnitude of change. The fold change will have positive values where peaks are
more intense in the second sample compared to the first. The significant peaks can
then be categorized following filtering, and the peaks of the desired category can be

Figure 3.26: Reproduced from Palacio Lozano et al. [45], with permission. Number of peak
assignments per nominal Dalton for the mass spectrum of a nondistillable fraction (ND-F) of crude
oil, processed using the OCULAR workflow (green profile). Assignments per nominal Dalton also
shown for the mass spectra of a distillable fraction (D-F) of crude oil obtained using OCULAR
(orange profile) and via a traditional broadband experiment (blue).
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represented visually with DBE versus carbon number plots and van Krevelen plots.
Statistical analysis can also be used for improved data processing of replicated data
arrays. Gavard et al. used batch processing with the Themis algorithm [131]. The al-
gorithm recognizes anomalous replicates, normalizes peak magnitudes, identifies
peak configuration throughout the replicates, and eliminates peaks that are incon-
sistent across replicates to provide a single peak list for subsequent analysis [42].

Languages such as Python and R are increasingly being used for advanced data
processing. These data processing and analysis tools are combined with visualiza-
tion tools, such as interactive plots. In metabolomics and proteomics data analysis,
a kit of selected R packages, called bioconductor, is used to obtain visualization
outlines [132]. An i–van Krevelen data analysis website was created by Kew et al. in
Python to develop interactive visualizations [60]. The tool generates centroid mass
spectra, van Krevelen diagrams, DBE versus carbon number plots, and modified AI
versus carbon number plots. Connecting several interactive plots simultaneously by
highlighting the same selected data in different plots facilitates prompt assessments
within different outlines. UltraMassExplorer is an online tool developed using R,
providing a comprehensive data assessment by assigning molecular compositions.
Two-dimensional and 3D interactive van Krevelen plots can be generated with the
options of free rotation and data focusing, and a library-based approach depending
on rules recommended by Kind and Fiehn was employed to assign the elemental
compositions [42].

3.10 Conclusions

Ultrahigh-resolution FTMS mass spectrometry methods such as FTICR MS and Orbi-
trap MS allow for the observation of data sets, generating unique insights for environ-
mental forensics in unparalleled detail. With carefully designed experiments using
nontargeted mass spectrometric methods, it is now possible to make novel advances
in the environmental forensics, such as highlighting geographic differences in NAFCs
across the Athabasca oil sands. In addition, these analytical tools have enriched our
understanding of particular molecular mechanisms of NAFC-related toxicity in aquatic
environments. Furthermore, the molecular insights offered by FTMS methods also
now allow for helpful assessment of treatment outcomes for OSPW, especially in rela-
tion to the aforementioned characterizations and identifications of the most toxic com-
ponents of NAFCs. It is worth remembering that data generated by the different
varieties of mass spectrometers, including FTMS instruments, will be influenced by a
number of experimental parameters. These include the choice of sample extraction
methods, preparation of the sample prior to analysis (including the choice of solvents
and of pH), the ionization method selected, and the instrument tuning. As a result,
there are limitations to the interpretation due to the semiquantitative nature of the
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data, which can be partly addressed by combining the methods with chromatography
and the use of authentic standards to represent all isomers. Regardless of these con-
siderations, however, FTMS methods afford data of greater volume and far greater de-
tail, when compared to other methods. The sheer volume of information generated by
ultrahigh-resolution mass spectrometry presents management and interpretational
challenges, but also offers the opportunity for the creation of compelling data visu-
alizations from these data. In addition, FTMS methods continue to empower unique
insights into the character of polar organic components of petroleum samples, and
this usefulness may expand as FT-based mass spectrometry technology continues
to develop. Future studies are encouraged to continue finding ways to combine tra-
ditional petroleomic data plotting methods with multivariate statistical and data or-
dination methods to highlight similarities and/or differences between samples.
Such applications would be particularly useful for monitoring programs examining
temporal and spatial trends in NAFCs.
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4 Heavy oil resin composition and their
influence on asphaltene stability

Abstract: This chapter shows the features of vanadium and nickel content changes in
the resins of heavy oils, characteristics of their structural and group composition, the
content of heteroatomic (N, S, O) compounds, which indicates the relationship of aro-
matic and aliphatic structures with vanadyl complexes. The composition of vanadyl
porphyrins in resins of heavy oils with increased vanadium content was also investi-
gated. The influence of different fractions of resins as well as concentrates of heteroa-
tomic (N, S, O) compounds with increased content of nitrogen, vanadium, and vanadyl
porphyrins on the stability of asphaltenes has been determined.

4.1 Introduction

Resin and asphaltene contents are the most important factors, which affect the dif-
ference in petroleum characteristics. Composition of resins and asphaltenes have
much in common due to their structural similarity [1–3]. Heavy oils (HOs) are char-
acterized by the increased resin and asphaltene contents which are the main reason
for their increased viscosity and usually high content of undesirable heteroatomic
(S, N, O) compounds. In addition, HOs often possess high vanadium and nickel con-
tents, which may amount to 0.1 wt% [4, 5].

Formation of heavy oils is associated with ancient or modern hypergenesis, dur-
ing which physical weathering, oxidation, biodegradation, and sulfurization of oils
occur as a result of biochemical or chemical oxidation. Mentioned processes influence
not only the hydrocarbon composition of oils and their physicochemical properties,
but also metal content. As a result of secondary alteration of oils during ascending
migration of fluids, giant and largest deposits of HOs and natural bitumens were
formed in the hypergenesis zone in Western Canadian (Peace River, Cold Lake, Atha-
basca, and other deposits), Eastern Venezuelan (Ofisina, Temblador, Cerro Negro, and
other deposits), and Western Venezuelan (Mara, Tia Juana, Bochakero, and other de-
posits) oil-and-gas bearing basins (OGBs), as well as a large number of deposits in the
United States, Russia, Kazakhstan, and others [6–9].
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In Russia, mainly in the Volga-Ural OGB, more than 100 HO deposits are being
developed. All the recovered HO is high in sulfur and has vanadium content of
more than 0.01 wt% [10], which largely restricts the potential of conventional pro-
cesses for upgrading such raw material. It is necessary to have the data on the con-
tent and distribution of metals in petroleum components for optimal choice of the
schemes of processing or upgrading of HO, which is particularly important for the
choice of catalytic processes [11–14]. Deasphaltization is one option to eliminate
metal from heavy petroleum, as a result of which asphaltenes and resins with or-
ganometallic compounds are separated upon dilution by light alkanes [15]. As a re-
sult, most vanadium and nickel content in the form of metalloporphyrins and their
counterparts remains in the nontarget residual fraction (asphalt). The asphalt from
HO with the increased vanadium content can be considered as a source for the pro-
duction of metalloporphyrins with the aim of their further use as a basis for dyes,
catalysts, drugs, and semiconductors. However, the absence of effective methods
for concentration and purification of porphyrins from petroleum residues does not
allow for the evaluation of their practical potential [16]. The quantitative distribu-
tion of heteroatomic (S, N, O) components between asphaltenes and resins can dif-
fer remarkably in the oils from various deposits [13, 17–19]. At present, chemical
composition of petroleum resins is investigated using physicochemical methods of
analysis, such as infrared and ultraviolet spectroscopy, nuclear and paramagnetic
resonance, X-ray analysis, electron microscopy, and mass spectrometry [20]. Molec-
ular mass of resins determined by various methods on average is always lower than
that of asphaltenes recovered from the same oils [1, 21]. Fourier IR spectroscopy
could evaluate features of structural–group composition of petroleum resins ac-
cording to the relative content of various functional groups [22–24]. One example is
that the presence of ethers and esters in the resins of HO of Usinskoe deposit was
shown by IR spectra in [25]. The presence of carbonyl groups in the resins from vac-
uum residues of HO was also shown using Fourier IR spectroscopy [26]. Comparison
of IR spectra of resins and asphaltenes from the same oil showed that there is a
higher content of carbonyl groups in resins [27]. It was discovered in article [28]
that there are C–O bonds that link polycyclic aromatic hydrocarbons and hetero-
rganic compounds in the molecules of the resins of heavy oils, whereas C–S bond is
more common in the resins of light oil. In works by various authors [29–32], analy-
sis of various petroleum fractions using electrospray ionization mass spectrometry
(ESI-MS), chromatograph mass spectrometry, X-ray absorption spectroscopy (XAS)
showed that there are various sulfur-containing (sulfoxides, sulfides, sulfones, and
thiophenes) and nitrogen-containing (amides, pyridines, quinolines, and carba-
zoles) compounds and structural groups in resins. It was determined that nitrogen
is mainly represented by organonitrogen bases (OBs) in the molecules of resins
(pyridine and its homologues), and neutral compounds (pyrrole compounds) and
porphyrin metallocomplexes [33]. Preliminary concentration of heteroatomic com-
pounds from petroleum resins provides more accurate study of their composition
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and structural features. An original methodology was developed in the Institute of
Petroleum Chemistry of the Siberian Branch of the Russian Academy of Sciences
[25] for the recovery of OBs concentrates from resins through their preliminary treat-
ment with gaseous hydrogen chloride and acetic acid solution of sulfuric acid
(H2SO4:CH3COOH:H2O = 25:60:15) with subsequent exposure to diethylamine with
the aim of recovering additional quantities of nitrogen compounds [34]. Nitrogen in
resins was also studied in detail within oil porphyrins [35–38].

The ability to provide colloidal stability of asphaltenes is an important character-
istic of petroleum resins [39–41]. However, there are yet scattered data on the effect
of heteroatomic S-, N-, and O-containing components in resins, which determine
their different solubilizing effectiveness toward asphaltenes. For this reason, their ef-
fect on the stability of asphaltenes should firstly be investigated, in particular, in the
resins with the increased content of vanadium metallocomplexes and heteroatomic
compounds, with the aim to increase the effectiveness of recovery and refining of HO
[42–46].

In [47], the model for stabilization of asphaltenes with resins was suggested,
according to which the process can be divided into four stages:
– adsorption of resins on the asphaltene surface;
– penetration of resins into microporous structure of asphaltenes;
– degradation of asphaltene micropores with resins;
– diffusion of resin–asphaltene particles into solvent.

The resins from various oils are distinguished by the inhibition activity of asphaltene
precipitation. It was determined in [48] that the adsorption behavior of two heavy
high-viscous oils on the asphaltene surface corresponds to the Freundlich adsorption
model. It was shown that the sorption of resins is governed by their polarity and
aromaticity.

Alcazar-Vara et al. [49] investigated the effect of resins from light and heavy
Mexican oils on the inhibition of asphaltene precipitation. The effectiveness of the
resins from two oils as asphaltene precipitation inhibitors was better at the resin-to-
asphaltene ratio close to unity.

In [50], the resins from the HO residues of the oilfields of Venezuela and Canada
were separated using column chromatography into two fractions, more specifically,
light and heavy resins. The fraction of heavy resins is structurally similar to asphal-
tenes. As a result of the study of the effect of the fractions of resins on the asphaltene
precipitation using dynamic light scattering, it was shown that heavy resins are more
effective inhibitors of asphaltene precipitation. However, at a particular concentra-
tion of heavy resins, the aggregate sizes of asphaltenes increased. Some works also
mention the inability of resins to stabilize asphaltenes and they could even precipi-
tate them. One example is that isothermal microcalorimetry revealed [51] that resins
and asphaltenes interact only through weak van der Waals forces. This interaction
cannot avoid flocculation and precipitation of asphaltenes. It was also reported by
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Goual and Firoozabadi [52] that the mass of asphaltene precipitate increased with the
addition of resins. This controversy could be rationalized by an alternative model of
repulsion/adhesion of resins, where the adsorbed layer of resin molecules could self-
aggregate and further increase the particle size of asphaltenes [53].

In petroleum resins with high vanadium content, vanadyl porphyrins can have a
particular effect on the stability of asphaltenes [54, 55]. Vanadyl porphyrins, which
contain paramagnetic vanadyl ion and alkyl substituents at ring periphery, can sig-
nificantly affect flocculation of asphaltenes. For example, it was shown by Yakubov
et al. [56] that addition of vanadyl porphyrins to resins enhances their inhibition ac-
tivity toward asphaltene precipitation.

Thus, there are currently scattered data on the features of content and distribu-
tion of vanadium and vanadyl porphyrins, as well as heteroatomic (N, S, O) com-
pounds in the resins of heavy oils. No relationship between resin characteristics and
their structural–group and elemental composition and content of various chemical
compounds was investigated. Results of the studies on the effect of the composition of
resins on their effectiveness toward colloidal stabilization of asphaltenes in oil products
are contradictory. Investigations in this field are critical for the development of funda-
mental and applied aspects of petroleum chemistry. There are unique perspectives
from the determination of the features of the relationship between structural–group
and elemental composition of the resins of heavy oils and the increased vanadium con-
tent along with the evaluation of the potential of the production of new valuable prod-
ucts for the development and improvement of processes in oil recovery and upgrading.

4.2 Materials and methods

HOs from various deposits of Russia and Kazakhstan were studied. Most HO deposits
are related to Permian and Carboniferous. There is reducing medium in the HOs in
Carboniferous deposits, as well as most deposits of conventional oils. There is evi-
dence of oxidizing medium and biodegradation processes in the HOs of Permian de-
posits due to their shallow depth (80–350 m).

All HO specimens were dehydrated on a centrifuge at 2,000 rpm. Asphaltenes
were separated from HO using a 40:1 v:v ratio of hexane to crude oil at ambient
temperature for 24 h. The precipitated asphaltenes were then washed from coex-
tracted maltenes using Soxhlet apparatus up to full decoloring of the effluent solvent
(Figure 4.1). Then, asphaltenes were washed out with benzene and after evaporation
of solvent were dried to a constant weight in vacuum furnace at 80 °С. Maltenes were
separated into oils (hydrocarbons) and resins using chromatography column with silica
gel of ASKG brand as a stationary phase and n-hexane as an eluent of oils. After sepa-
rating of oils, the resins (R0) were eluted using the benzene–isopropyl alcohol mixture
(50:50 v/v). After that, the fraction of the resins was fractionated again into benzene
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(R1) and alcohol–benzene (R2) using chromatography column. Benzene was used as an
eluent for the fractions of resins R1, while the benzene–isopropyl alcohol mixture
(50:50 v/v) was used for fraction R2. All the specimens of resins and their fractions
were dried in vacuum 80 °С up to a constant weight after evaporation of solvent [57].

Sulfur content was evaluated using X-ray fluorescent method using a Speсtrosсan
MAKS-GV X-ray spectrometer according to ASTM D 4294–98. Vanadium content
was determined through atomic-absorption spectrometry with electrothermal atom-
ization on an MGA-1000 spectrometer. The liquid shot was transferred to the graph-
ite cuvette of the spectrometers using adjustable microdispensers. Calibration plots
were recorded using organovanadium standards on a hydrocarbon matrix.

IR spectra of the resins and their fractions were recorded on a JFS-183 V Bruker
infrared Fourier spectrometer in the range of 4,000–400 cm−1 and processed using
the OPUS special program.

The content of vanadyl porphyrins (VPs) was determined on a PE 5400 UV–vis
spectrophotometer. For this purpose, the specimen under study was dissolved in tol-
uene of “chemically pure” brand (for spectroscopy) up to the necessary concentration
in such a way that the absorbance of the solution would in the minimum error range
(0.4–0.8). The concentration of vanadyl porphyrins was calculated at 570 nm, the
long-wave band α.

Figure 4.1: Diagram of recovery and fractioning of the resins.
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4.3 Features of concentration of heteroatomic
components in heavy oil resins with the
increased vanadium content

In order to study the features of vanadium content in HO resins, a total of 27 HO
specimens from various deposits were analyzed, where the asphaltene content
varies in the range of 3.5–21.2 wt%, whereas the resin content varies from 21.3 to
38.6 wt% (Table 4.1). HOs of Permian deposits differ in composition by the lower
content of light (I.B.P. – 200 °С) fractions and on average higher total content of
resins and asphaltenes, which is the reason for their higher density values.

Table 4.1: Density and component composition of heavy oils of Carboniferous and Permian
deposits.

No. Deposit, well no. Density, g/cm Content, wt%

Fractions
i.b.p.- °С

Oils Resins Asphaltenes

Carboniferous deposits

 Adelyakovskoe,  . . . . .

 Aksenovskoe,  . . . . .

 Bulatovskoe,  . . . . .

 Bulatovskoe,  . . . . .

 Bulatovskoe,  . . . . .

 Zarechenskoe,  . . . . .

 Zyuzeevskoe,  . . . . .

 Kazakovskoe,  . . . . .

 Kazakovskoe,  . . . . .

 Lugovoe,  . . . . .

 Maiorovskoe,  . . . . .

 Maiorovskoe,  . . . . .

 Maiorovskoe,  . . . . .

 Maiorovskoe,  . . . . .

 Mar’inskoe,  . . . . .

 Smorodinskoe,  . . . . .

 Smorodinskoe,  . . . . .
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The V content in HOs varies in the broad range of 0.004–0.084 wt%. There is a
clear differentiation in the V content in resins between HO of Permian and Carbonif-
erous deposits; the variation range of V is 0.087–0.140 wt% in HOs of Carboniferous
deposits and this range is 0.006–0.063 wt% for HO resins of Permian deposits
(Figure 4.2).

Table 4.1 (continued)

No. Deposit, well no. Density, g/cm Content, wt%

Fractions
i.b.p.- °С

Oils Resins Asphaltenes

 Strelovskoe,  . . . . .

 Strelovskoe,  . . . . .

 Yuganskoe,  . . . . .

 Yuganskoe,  . . . . .

Permian deposits

 Ashal’chinskoe,  . . . . .

 Gorskoe,  . . . . .

 Ekaterinovskoe,  . . . . .

 Karazhanbas,  . . . . .

 Mordovo-Karmal’skoe,  . . . . .

 Yaregskoe,  . . . . .
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Figure 4.2: Variation of vanadium content in HO with the change of vanadium content in resins.
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In order to reveal features of vanadium distribution in the fractions of HO res-
ins, a total of four objects from Carboniferous and Permian deposits were chosen
with the assumption of the mean value of vanadium content in resins. The resins
were separated using column chromatography on silica to give benzene (R1) and
alcohol–benzene (R2) fractions. As a result, it was shown for HOs that the fraction
of benzene resins is always higher and, accordingly, the mean value of R1/R2 is 1.73
in the case of HOs of Carboniferous deposits and 1.35 in the case of HOs of Permian
deposits.

Results of the determination of V content using atomic-absorption spectroscopy
and spectrophotometric determination of the concentration of vanadyl porphyrins
(VPs) according to the intensity of the absorption band at 575 ± 5 nm (Figure 4.3)
reveal for the HOs regardless of the specific producing complex that V and VPs are
concentrated in benzene resins (Table 4.3).

It was determined from the intensity ratio of the absorption bands at 570 nm (α-band)
and 530 nm (β-band) in the absorption spectra of resins (Figure 4.3) that vanadyl por-
phyrins of etio type are more common than those of deoxophylloerythroetio type
(DPEP) (Figure 4.4).

The HO resins of Smorodinskoe deposit (well no. 254) with the high V content
were used as the object of study for separation and study of the concentrates of heter-
oatomic compounds. Concentration of OBs was carried out from the solution of the
resins in n-hexane following the procedure of the Institute of Petroleum Chemistry of

Table 4.2: Content of vanadium and vanadyl porphyrins in fractions of resins (R1, R2).

No. Deposit, well no. Content

V, wt% VP, mg/ g

R R R R

Carboniferous deposits

 Adelyakovskoe,  . . . .

 Kazakovskoe,  . . . .

 Maiorovskoe,  . . . .

 Yuganskoe,  . . . .

Permian deposits

 Ashal’chinskoe,  . . . .

 Gorskoe,  . . . .

 Ekaterinovskoe,  . . . .

 Karazhanbas . . . .
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the Siberian Branch of the Russian Academy of Sciences (scheme in Figure 4.5) with
subsequent separation of high-molecular OBs using hot n-hexane into soluble and
insoluble parts.

Main fraction of the OBs extracted from resins is represented by high-molecular-
weight bases К-1, the yield of which is 10 wt% of the amount of initial resins. The yield
of high-molecular-weight OBs К-2 and low-molecular-weight OBs К-3 is significantly
lower and corresponds to less than 1 wt%. Using chromatography-mass spectrometry,
С4–С10-qionolines (m/z 185, 199, 213, 227, 241, 255, 269), С2–С5-benzoquinolines (m/z
207, 221, 235, 249,), С4–С7-azapyrenes (m/z 259, 273, 287, 301), as well as С1–С7-
thiophenoquinolines (m/z 199, 213, 227, 241, 255, 269, 283) were identified in low-
molecular-weight OBs К-3. In hexane-soluble high-molecular OBs (К-1 GR), С3–
С7-benzoquinolines, С4–С8-azapyrenes, and С3–С9-thiophenoquinolines were
identified.

Derived from the intensity of intrinsic absorption bands in IR spectra, spectral coef-
ficients, which characterize structural–group composition of OB concentrates, were cal-
culated [58]. Aliphaticity (Al) shows the total content of methylene and methyl groups
relative to aromatic С=С bonds (D720 + 1380/D1600). Aromaticity (Ar) represents the

Figure 4.4: Chemical structure of main types of oil VP.
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Figure 4.3: Absorption spectrum of HO resins of Adelyakovskoe deposit.
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fraction of С=С-bonds in aromatic fragments relative to С–H-bonds in aliphatic struc-
tures (D1600/D720 + 1380). Condensation degree (Cn) shows the fraction of С=С-bonds
in aromatic fragments relative to С-H-bonds in aromatic structures (D1600/D740 +
860). Oxidation degree (Ox) shows the fraction of carbonyl groups R–C=O (when there
is OH-group) relative to С=С bonds in aromatic fragments (D1700/D1600). Sulfonation
degree (S1) reflects the fraction of S=O bonds in sulfoxide fragments relative to aro-
matic С=С-bonds (D1030/D1600). Analysis of the composition of OBs and raffinate of
the resins without OBs according to spectral characteristics and V and VP contents
(Table 4.3) showed that К-1 is intrinsic for the maximum aromaticity and condensation
degree, as well as the maximum content of V and VPs. Raffinate of the resins is intrin-
sic for the minimum aromaticity and condensation degree; however, it is characterized
by the increased content of carbonyl and sulfoxide groups. In the case of К-3, the V
and VP contents are several times as low as those in К-1 and raffinate of the resins.

Recovery and comparison of the concentrate of oxygen-containing compounds (OCs)
from resins were performed on the samples of two HOs of Smorodinskoe (well
no. 254) and Ashal’chinskoe (well no. 232) deposits with various vanadium contents.
Method for recovery of OCs is based on the treatment of the solution of resins in

Resins

1) HC1

Raffinate

High-molecular
organonitrogen bases

K-1

n-hexane
K-1

hexane-soluble

K-1
insoluble hexane

N
Quinoline N

S

N

N+R1

R2

Benzoquinoline

Azapiren

Thiophenoquinoline

High-molecular
organonitrogen bases

K-2

Low-molecular
organonitrogen bases

K-3

Figure 4.5: Diagram of separation and fractioning of organonitrogen bases from resins.

Table 4.3: Characteristics of the concentrates of organonitrogen bases and raffinate from the heavy
oil resins of Smorodinskoe deposit.

Object Al Ar Cn Ox S Content

V, wt% VP, mg/ g

К- . . . . . . .

К- . . . . . . .

Raffinate of resins . . . . . . .
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benzene with aqueous solution of potassium hydroxide followed by oxidation of the
extract with sulfuric acid and extraction of water-insoluble oxygen-containing or-
ganic compounds with petroleum ether 40–70. As a result, the concentrate of OCs
and the residue after treatment of resins with aqueous solution of potassium hydroxide
were obtained. The yield of OCs from HO resins of Smorodinskoe deposit (0.3 wt%)
with the higher vanadium content is significantly lower as compared to the HO resins
of Ashal’chinskoe deposit (2.5 wt%).

Fourier IR spectra of OCs show the absorption bands of carboxyl groups at 1,
700–1,740 cm−1; –С=О groups of chelate complexes, diketones, and ketoesters at 1,
630–1,638 cm−1; and absorbance of ether bonds at 1,170 cm−1 along with the absorp-
tion bands of aliphatic and aromatic structures. In addition, there is a strong ab-
sorption band of free and associated hydroxyl groups at 3,100–3,600 cm−1 as
compared to initial resins (Figure 4.6b).

Analysis of structural–group composition using spectral coefficients showed that
the concentrates of OCs differ from initial resins of the HOs by the increased aroma-
ticity, condensation degree, and oxidation degree (Table 4.4).

Recovery and comparison of the concentrate of sulfur-containing compounds
from resins were also carried out on the example of two HOs of Smorodinskoe (well
no. 254) and Ashal’chinskoe deposits. The procedure of concentration of sulfur-
containing compounds was performed in analogy to the procedure developed by
the Institute of Petroleum Chemistry of the Siberian Branch of the Russian Academy
of Sciences employed for oils and deasphaltizates. The procedure is based on the
liquid adsorption chromatography on silica modified with 5% NiCl2, where benzene
and, then, ethanol–chloroform (1:1 v/v) mixture were used as eluents. As a result,
aromatic (AF) and polar (PF) fractions were recovered from the resins, whose ratio
varied among the chosen targets. In the case of the HO of Smorodinskoe deposit, the
main fraction is represented by AF (81.5 wt%), whereas in the case of the HO of Ashal’-
chinskoe deposit the AF content is significantly lower (30.6 wt%). Comparison of
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Figure 4.6: Fourier IR spectra of (a) initial resins and (b) OCs of HOs of Ashal’chinskoe deposit.
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structural–group composition of the fractions of resins was performed on the basis of
spectral coefficients in IR spectra with the S2 coefficient, which reflects the fraction of
S = O-bonds in sulfonate fragments with respect to aromatic С=С bonds (D1160/D1600)
(Table 4.5).

Thus, it was shown that there is concentration of sulfur-containing compounds in PF,
where the maximum content of C=O and S=O bonds in sulfoxide and sulfonate groups
are indicated along with an increased sulfur content. The AF fraction from resins is
characterized by the increased aromaticity and condensation degree, as well as the
higher V and VP contents.

Table 4.4: Characteristics of resins and concentrates of oxygen-containing compounds from heavy
oils resins of various deposits.

Object Al Ar Cn Ox S

Smorodinskoe deposit

Resins . . . . .

OC . . . . .

Ashal’chinskoe deposit

Resins . . . . .

OC . . . . .

Table 4.5: Characteristics of the fractions of sulfur-containing compounds from heavy oils resins.

Object Al Ar Cn Ox S S Content

V, wt% VP, mg/ g S, wt%

Smorodinskoe deposit

AF . . . . . . .  .

PF . . . . . . .  .

Ashal’chinskoe deposit

AF . . . . . . .  .

PF . . . . . . .  .

188 M. R. Yakubov et al.



4.3 Concentration of vanadyl porphyrins from heavy
oil resins

High catalytic activity of natural metalloporphyrins motivated chemists to develop
catalytic processes on the basis of their synthetic representatives and the porphyrins
recovered from crude oil. A sufficiently high cost of synthetic porphyrins including
their closest counterparts, such as phthalocyanines, is a limiting factor for their exten-
sive incorporation in commercial catalytic processes. The porphyrins from heavy oil
crude with the increased vanadium content is a promising alternative to expensive
synthetic porphyrins.

Study of the variants of concentration and recovery of VPs from resins is exempli-
fied by two HOs of Smorodinskoe (well no. 254) and Ashal’chinskoe (well no. 232) de-
posits with various vanadium contents. Comparison of the extraction concentration
of VPs by various polar solvents (acetone, isopropyl alcohol, acetonitrile, and dime-
thylformamide (DMF)) was performed on the example of the resins and their fractions
(benzene R1 and alcohol-benzene R2). The maximum yield of the extract in all objects
was achieved when using DMF as extractant, whereas the yield of the extract was
minimum in the case of acetonitrile (Figure 4.7).

It was determined from the comparison of the V distribution between extracts and
the residues from the resins and their fractions that V is usually concentrated in the
residues from resins (47.9–97.4 wt%). Main fraction of VPs is also concentrated in
the residues from resins when using acetonitrile, acetone, and isopropyl alcohol as
extractants (57.8–94.0 wt%). The maximum content of VPs from resins and frac-
tions of resins is achieved using DMF as extractant (57.8–91.2 wt%); therefore, fur-
ther studies were carried out with DMF extract.

A fundamentally different approach to the recovery of VPs from oil objects is
based on the ability of metalloporphyrins to react with electrophilic addends and
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Figure 4.7: Yield of extracts from resins and their fractions (R1) and (R2) for HOs of various
deposits.
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form molecular complexes, which are insoluble in hydrocarbon systems [59–62]. Var-
ious metal halides are used as complexing agents, more specifically, NiCl2, SnCl4,
TiCl4, and FeCl3. The centers of localization of the bond of metal ion with organic ma-
trix in the complexes are represented by the fragments of molecules containing heter-
oatoms, free stable radicals, and vanadium (IV).

In order to evaluate the degree of concentration of VPs through complexation
under various conditions, DMF extract from HO resins of Smorodinskoe deposit
(well no. 254) was studied as initial object. This method is based on the dilution of
the mixture of the solution of specimen in benzene with the solution of metal halide
in a polar solvent (ethanol or DMF) at the salt-to-N molar ratio in DMF extract of
resins of 1:1 or 2:1 (calculated from elemental analysis data) with aliphatic hydro-
carbons. As a result, filtrate (F) and residue (R) are obtained after purification from
NiCl2 with the mixture of chloroform with water.

Distribution of VPs in filtrate and residue without complexing agent was evalu-
ated at 25оС (Table 4.6). With the aim of preliminary control of the purity of filtrate,
the coefficient (К) was introduced, which characterizes the degree of purity of VPs
from the impurities of heteroatomic non-porphyrin structure. The coefficient (К) was
calculated from the recorded spectrum as the intensity ratio of the absorption band
at 280–350 nm (absorption band of heteroatomic structures) to 409 ± 2 nm (Soret
band of porphyrins) excluding background absorption. The lower the magnitude of
the coefficient К, the lower the content of coextracted heteroatomic compounds in
the VP concentrate.

Thus, it was shown that the main fraction of VP is extracted into filtrate when there
is no complexing agent. A series of experiments with NiCl2 complexing agent under
various conditions provided the optimal parameters of production of VP concen-
trate with the minimum fraction of coextracted heteroatomic compounds. The effec-
tive concentration of VP from DMF extract of resins using NiCl2 under various
temperature conditions is mentioned when using ethanol as solvent (the fraction of
VP in filtrate is 92.0–98.4 wt%) (Table 4.7).

It was determined that the coefficient K in filtrates is lower as compared to the
blank experiment during reaction of heteroatomic components of the object under
study with complexing agent. The yield of filtrates in the presence of NiCl2 is higher

Table 4.6: Results of extraction with ethanol and DMF without complexing agent.

Solvent Yield of filtrate, wt% VP content, mg/ g Fraction of VP in filtrate, wt% К

Residue Filtrate

Ethanol . . . . .

DMF . . . . .
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than 86 wt% under various conditions. As a result of the studies, the lowest magni-
tude of coefficient K was recorded for residues. Assuming coefficient K, employ-
ment of ethanol as a solvent for salt at the temperature of 25 °С represent favorable
conditions for the concentration of VP from the DMF extract of resins using NiCl2.

Column chromatography with sulfocationite as a solid phase is one of the variants
of purification of VP concentrates from coextracted heteroatomic compounds. Idea of
chromatographic purification in this case is based on the ability of polar components
with heteroatomic sulfur-, oxygen-, and nitrogen-containing groups to react with
sulfo groups of cationite. As a result, heteroatomic compounds are retained in the col-
umn, while vanadyl porphyrins do not react with acidic centers of cationite, because
nitrogen atoms are protected by chelated by vanadium. This work was not previously
carried out; therefore, optimization of chromatography conditions for the isolation of
the fractions with the maximum content of vanadyl porphyrins and the minimum

Table 4.7: Results of recovery of vanadyl porphyrins (VP) concentrates from DMF extract of resins in
the presence of complexing agent in ethanol and DMF under various conditions.

Solvent NiCl-to-N
ratio (mol:mol)

Yield of
filtrate, wt%

VP content
in filtrate,
mg/ g

Fraction of
VP in F, wt%

К

R F

T =  °С

Ethanol : . ,. . . .

: . ,. . . .

DMF : . ,. . . .

: . . . . .

T =  °С

Ethanol : . ,. . . .

: . ,. . . .

DMF : . . . . .

: . . . . .

Tb =  °С

Ethanol : . ,. . . .

Ethanol : . ,. . . .

Tb =  °С

DMF : . . . . .

: . ,. . . .
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content of impurities was the main problem. As a result, gradient elution of VP con-
centrate (A0) with a gradual increase in the polarity of eluent was carried out at the
first stage, which gave the fractions А1–А10 according to the diagram in Figure 4.8.
Vanadyl porphyrin concentrate А0 was obtained from the resins through their adsorp-
tion-chromatographic separation on silica (Figure 4.8). Sulfocationite CU-2-8 (analog
of Amberlite IR120), which represents a sulfonated copolymer of styrene and divinyl-
benzene, was used as a sulfocationite after being crushed into fine powder.

In order to evaluate VP distribution into fractions, UV–vis absorption spectra were
analyzed (Figure 4.9). The fractions can be divided into two main groups: А1–А4
containing the lowest amount of impurities and А5–А10, in which the absorption
bands from impurities (~300 nm) exceed the Soret band intensity (409 ± 2 nm). Each
UV–vis absorption spectrum was processed using MS Excel 2010 program. Summa-
tion of the heights of Soret bands in the fractions A1–A4 and A5–A10 states that there
are ca. 65% of vanadyl porphyrins in A1–A4 fractions and remaining content is in the
fractions А5–А10.

As a result of the revealed features of distribution of VPs by fractions, an express
approach to the recovery of vanadyl porphyrins from primary concentrate with the
retention of the maximum purity of porphyrin fractions was suggested. Three stages
of gradient elution were carried out within the improved procedure for VP concentra-
tion: 10% chloroform solution in hexane (fraction В1), pure chloroform (fraction В2),
and 10% isopropyl alcohol solution in chloroform (fraction В3), which significantly
accelerates the process and reduces solvent consumption.

During recovery of VPs according to the improved procedure, fractions В1–В3
were isolated, whose color could be distinguished without preliminary evaporation of
solvent and varies frommagenta to yellow and yellow-brown. In spite of slight changes

Resins

Nickelporphyrin
concentrate

Vanadyl Porphyrins
concentrate A0

hexane / chloroform

SILICA GEL

SULFOCATIONITE KU-2-8

100:0

A1 A2

* - 10% isopropanol solution in chloroform

A3 A4 A5 A6 A7 A8 A9 A10

98:2 95:5 90:10 80:20 60:40 40:60 20:80 0:100 10:90*

1) benzene 2) chloroform

Figure 4.8: Diagram of preparation of vanadyl porphyrin (VP) concentrate from resins and its
fractioning via gradient elution through sulfocationite.
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of chromatography conditions, quantitative distribution of VPs by fractions calculated
from their absorption spectra remained nearly constant: 66% for the first fraction and
34% for the sum of two other fractions.

In this regard, the result is novel, because there are yet no data on analogous
experimental methods, which provide two-stage concentration of nearly 70% of va-
nadyl porphyrins of such a high spectral purity from oil object. Spectra of the so-
formed fractions В1, В2, and В3 are given in Figure 4.10.
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300 350 400 450 500 550 600 300 400 500 600 λ / nm
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Figure 4.9: UV–vis absorption spectra of the fractions obtained after gradient elution of vanadyl
porphyrin (VP) concentrate.
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Figure 4.10: Absorption spectra of the fractions obtained after gradient elution of vanadyl
porphyrin (VP) concentrate according to optimized procedure.
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The achieved degree of purification of vanadyl porphyrins allowed us to record a
MALDI-TOF mass spectrum of fraction В1 using p-nitroaniline as matrix (Figure 4.11).

The peaks of homologues С28–С42 of two most common types of oil vanadyl por-
phyrins were identified in the mass spectrum of fraction B1: etio- and DPEP. The
maximum content of both types is represented by the homologue С33 (m/z = 557.18
and 555.14 [M] + for etio and DPEP types, respectively), structure of which is given
in Figure 4.12. It was also shown that the fraction of etio-VP is slightly lower than
that of DPEP-VP (ΣDPEP/ΣETIO = 1.18). A significant complication of the spectrum
at higher masses is presumably caused by impurities.

Thus, the possibility of recovery of high-purity vanadyl porphyrins from the heavy oil
resins through successive extraction concentration and adsorption-chromatographic
purification using sulfocationite based on CU-2-8, was demonstrated for the first
time. This fact would further extend opportunities of analysis of the structure and

900

I (rel. units)

600

300

500 550 600 650 700 m/z

Figure 4.11: MALDI-TOF mass spectrum of fraction В1.
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N N

NO

a) m/z = 557,18 b) m/z = 555,14

N V

N N

NON

Figure 4.12: Proposed structure of С33 homologue of vanadyl porphyrin (VP) of (a) etio and (b)
DPEP types.
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characteristics of oil metalloporphyrins via physicochemical methods of study and
form basis for the development of industrial methods for the preparation of porphyrin
concentrates from oil crude.

4.4 Spectrophotometric evaluation of the effect
of heteroatomic components of resins
on the stability of heavy oils to asphaltene
precipitation

During the recovery and transport of heavy oil, it is necessary to use more expensive
technologies due to the increased instability of such oil systems. Change of pressure
and temperature in the deposit may result in precipitation and formation of asphal-
tene sediments, which decreases the permeability of collector in the bottom-hole zone
and downhole pumping equipment. Raw material is diluted with hydrocarbon sol-
vents in the technologies of heavy oil transport in order to decrease viscosity and mix
the products of various deposits. If the oils are incompatible, their mixing can give
rise to the sediment formation in pipelines and significantly complicate flow pro-
cesses. To solve this problem, precipitation inhibitors (stabilizers) of asphaltenes are
sometimes employed in oil industry. Inhibitors of asphaltene precipitation can kineti-
cally slow down the formation of the solid phase of asphaltenes; thus, stability of oils
and oil objects is provided during their recovery, transport, and processing. The com-
ponents in the oil resins acting as natural asphaltene stabilizing agents are of particu-
lar interest. One example is that vanadyl porphyrins in resins can alter asphaltene
stability.

Investigation of resins as natural asphaltene stabilizers was carried out on the
example of the HOs of Smorodinskoe (well no. 254) and Ashal’chinskoe (well no. 232)
deposits. The resins recovered from oils according to the general procedure as well as
the concentrates of resins in the form of heavy deasphaltizate residue (HDR) after dis-
tillation of the fractions up to 500 °С were used as the inhibitors of asphaltene precip-
itation (Table 4.8). The yield of HDR corresponds to 31–39.5 wt%, which is slightly
higher than the resin content.

Comparison of the composition of resins and HDR revealed that there is a
nearly double difference in the V content for each HO (Table 4.8). The VP content in
HDR is 2.5 and 4.5 times as low as that in the resins (in the case of HOs of Smorodin-
skoe and Ashal’chinskoe deposits, respectively). Simultaneously with the extracts
from resins (yield of which is given in Figure 4.7), the V and VP content in the ex-
tracts from HDR were recovered and analyzed for VP. The V and VP contents in the
extracts from resins are larger than those in the extracts from HDR for each HO. The
V and VP contents for the extracts from resins and HDR for HO of Smorodinskoe
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deposit are higher than those of the HO of Ashal’chinskoe deposit. The maximum
content of V and VPs was determined for DMF extracts of all HOs.

Effect of resins and HDR on asphaltene precipitation was investigated through
the analysis of variation of absorbance (light absorption coefficient, Kla) of oil upon
dilution with n-heptane. In this case, there is colloidal destabilization of oil and as-
phaltene precipitation at a particular solvent-to-n-heptane precipitator ratio (40:1). As
a result, there is particular decrease in absorbance, which would evaluate the amount
of asphaltene precipitate upon dilution of oil with n-heptane and, accordingly, effec-
tiveness of various substances that alter this process. Results of comparison of stabi-
lizing effect of resins, HDR, and extracts from them are given in Figure 4.13.

Analysis of the results showed that an increased V and VP contents in the oil
resins, HDR, and extracts from them is an important criterion for the effectiveness
of inhibition of asphaltene precipitation. One example is that DMF extract from res-
ins showed a comparable result according to the effectiveness of inhibition of as-
phaltene precipitation with synthetic nonylphenol.

In order to reveal features of asphaltene precipitation, the kinetics of their floccu-
lation in the solvent/precipitator system can be analyzed. This method provides extra
information on the asphaltene stability and could test various substances as inhibi-
tors of their precipitation due to the possibility to form various model systems.

Table 4.8: Content of V and vanadyl porphyrins (VPs) in resins, heavy deasphaltizate residue
(HDR), and corresponding extracts.

Object Deposit

Smorodinskoe Ashal’chinskoe

Content

V, wt% VP, mg/ g V, wt% VP, mg/ g

Resins . . . .

HDR . . . .

Resin extracts

Solvent Acetone . . . .

Isopropyl alcohol . . . .

DMF . . . .

HDR extracts

Solvent Acetone . . . .

Isopropyl alcohol . . . .

DMF . . . .
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Example series of experiments of the asphaltenes from Ashal’chinskoe deposit
on the UV–vis spectrophotometer evaluated the change of absorbance in kinetic
mode for asphaltene solutions in the precipitator/solvent system with the additives of
concentrates of N- and S-containing components. The spectra were recorded from the
onset of asphaltene flocculation (destabilization of the system) until asphaltene pre-
cipitation (steady state) [63–65]. Various fractions of resins were evaluated as addi-
tives for inhibition of asphaltene precipitation: OBs (high-molecular-weight OBs К-1
and low-molecular-weight OBs, such as К-3 and raffinate of resins after OB recovery),
as well as S-containing (AF and PF). Dynamics of variation of absorbance at 610 nm
for toluene solutions of asphaltenes (2 g/L) without/with additives of resins and re-
covered fractions from resins with the concentration of 3 g/L upon dilution with n-
heptane (n-heptane/toluene = 1.9) over period of 3,600 s is given in Figure 4.14.

As a result, features of the effect of various concentrates of heteroatomic com-
pounds from resins on the aggregation stability of asphaltenes in the solvent/coag-
ulator system were determined. It was shown that the inhibition activity of the
concentrates of N-containing components toward asphaltene precipitation increases
with an increase in the content of basic nitrogen, vanadium, and vanadyl porphyrins.
A series of experiments for the fraction of high-molecular-weight OBs (К-1) revealed
the maximum inhibition of asphaltene precipitation, which exceeds that of initial oil
resins. It was also discovered on the example of the fractions of resins with various
content of S-containing components that the effectiveness of inhibition of asphaltene
precipitation increases with an increase in the vanadium and vanadyl porphyrin con-
tents. In this case, an increase in the content of C=O and S=O groups in the fractions
of resins does not alter their inhibition activity toward asphaltene precipitation.
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Figure 4.13: Results of determination of minimum amounts of asphaltene precipitation inhibitors.
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4.5 Results

1. It has been shown using the example of heavy oils from various deposits that
the vanadium content in resins is proportional to the vanadium content in oils.
The vanadium content in the resins of the oils of Carboniferous deposits is 1.
5–3.0 times as large as that in initial oils and 1.1–1.9 times as large as that in
the resins of the oils of Permian deposits. An increased vanadium content in
the resins of oils of Carboniferous deposits as compared to Permian deposits is
associated with a larger content of benzene fractions of resins and a higher va-
nadium content in these fractions.

2. Analysis of the products after chromatographic and extraction fractioning of the
resins has shown that vanadium and vanadyl porphyrins are concentrated in
benzene resins, which are characterized by the decreased content of aromatic
and oxygen-containing structures. The maximum content of vanadyl porphyrins
in the extracts from benzene resins is achieved using N,N-dimethylformamide as
extractant, 57.8–84.6% out of their potential content in initial resins.

3. Fourier IR spectroscopy technique has revealed features of structural–group
composition of the concentrates of heteroatomic (N, S, O) compounds from
heavy oil resins with the increased vanadium content. It has been shown that
the concentrates of OBs in the form of alkyl and naphthene derivatives of quin-
oline, benzoquinoline, azapyrene, and thiophenoquinoline are characterized
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Figure 4.14: Dynamics of variation of absorbance of asphaltene solutions (2 g/L) in toluene after
addition of (1) n-heptane without additives and with addition of concentrates of N- and S-
containing components in n-heptane (3 g/L): (2) AF, (3) PF, (4) K-1, (5) resins R0, (6) raffinate of
resins without OB, and (7) K-3.
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by the decreased fraction of carbonyl and sulfo groups. The maximum aroma-
ticity and condensation degree are indicated in the concentrates of oxygen-
containing compounds from resins, whereas these values are lowest in the case
of the concentrates of polar sulfur-containing compounds.

4. Preparation of purified vanadyl porphyrins from heavy oil resins with the high
vanadium content has been demonstrated. Methods for recovery and purification
of vanadyl porphyrins are based on their successive extraction-chromatography
concentration using sulfocationite at the final stage.

5. Comparison of various fractions of resins has revealed a stabilizing effect of va-
nadyl porphyrin extracts and concentrates of OBs on the asphaltene precipita-
tion stability of heavy oils. It has been shown that the inhibition of asphaltene
precipitation among fractions of resins increases with an increase in the con-
tent of basic nitrogen, vanadium, and vanadyl porphyrins.

Funding: This work was performed as part of the state assignment (no. AAAA-A18
-118032690290-1) of the Kazan Scientific Center, Russian Academy of Sciences
(studying the features of the influence of concentrates of heteroatomic compounds
from resins on the aggregate stability of asphaltenes) and was supported by a grant
of the Russian Science Foundation (project no. 19-13-00089) (studying the vanadium
distribution in resins and production of purified vanadyl porphyrin concentrates).
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5 Asphaltenes: structures and applications

Abstract: Asphaltenes are complex chemical mixtures which represent a solubility
fraction of crude oil and of carbonaceous materials, typically defined as toluene sol-
uble and n-heptane insoluble. Almost every chemical attribute of asphaltenes has
been the subject of significant literature debate, especially asphaltene molecular
weight. This debate was resolved ultimately with agreement among many mass
spectrometric techniques and also molecular diffusion measurements. Artifacts in
some molecular weight measurements, especially colligative techniques and some
mass spectrometric methods associated with asphaltene aggregation, have been
identified. Asphaltene molecular architecture had been less well resolved; however,
recent extensive studies of direct molecular imaging using atomic force microscopy
(AFM) and scanning tunneling microscopy confirm early findings of the dominance
of the “island” molecular structure and have led to definitive conclusions regarding
dominant molecular structural motifs of asphaltenes, thereby resolving this impor-
tant issue. In addition, AFM has proven to be a valuable probe of other related ma-
terials and the corresponding reaction chemistry. The distribution of asphaltene
molecular structures and characterization of molecular species at lower concentra-
tions is also of interest. In addition, species present in low concentrations exhibit
atypical structures and can have measurable impact of some asphaltene properties.
Nevertheless, the effective centroids of the molecular and colloidal distributions are
important and indeed required for some applications such as thermodynamic model-
ing. The Yen–Mullins model specifies these molecular and hierarchical nanocolloidal
centroids, and when combined with the Flory–Huggins–Zuo equation of state ac-
counts for asphaltene gradients in oilfield reservoirs. The molecular structure from
the Yen–Mullins model combined with the Langmuir equation of state accounts for
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many interfacial properties of lower concentrations of asphaltene solutions. Never-
theless, accounting for more subtle effects of interfacial properties requires more
than a single representative structure of asphaltenes. The interplay between basic sci-
ence measurements of asphaltene properties and of important oilfield applications of
these properties provides a stringent test platform and validation for these advances
in asphaltene science.

5.1 Introduction

“If you want to understand function, study structure,” instructs the Nobel laureate
Francis Crick, an axiom he exemplified with elucidation of the structure of DNA.
The most important attribute of a chemical is its elemental composition. There is no
debate about the measurement of elemental constituents of asphaltenes. Atomic
composition of petroleum asphaltenes is dominated by roughly equal amounts of car-
bon and hydrogen with percent levels of sulfur, nitrogen, and oxygen and trace vana-
dium and nickel. There is some variability in elemental composition depending on
the source materials (virgin (unprocessed) crude oil, resid, coal-derived materials, im-
mature source rock bitumen, etc.) as well as on the choice of precipitating solvent,
typically n-heptane but sometimes n-pentane [1, 2]. Herein, the term “asphaltenes”
refers to those compounds obtained from virgin crude oil, unless otherwise specified.
In addition, from a practical point of view, some studies are performed on carbona-
ceous materials that have been constrained to precipitate in n-heptane but without
the constraint of dissolution in toluene; such materials can possess larger molecules
than actual asphaltenes. Table 5.1 lists the elemental composition for a few asphal-
tenes obtained from black oils. The dominant elements are carbon and hydrogen
along with lesser and variable amounts of sulfur, nitrogen, and oxygen. The Yen
model [3] proposed that the primary chemical moieties are aliphatic and aromatic
carbon as confirmed repeatedly with NMR and IR spectroscopies [4, 5]. In addition,
13C NMR spectroscopy shows that roughly half of the asphaltene carbon is aromatic
and half is aliphatic [4–9].

The heteroatoms will be discussed subsequently in more detail in Section 5.7.
The most significant heteroatom is generally sulfur; x-ray absorption near-edge
structure (XANES) determinations of asphaltene sulfur show that thiophene and
sulfide sulfur dominate and occasionally sulfoxide contributes [10, 11]. Nitrogen
XANES studies show that all asphaltene nitrogen is aromatic with pyrrolic nitrogen
that is present more than pyridinic nitrogen [12]. Oxygen moieties include a substan-
tial phenolic component [13] and a lesser carbonyl component which can include or-
ganic acids especially for biodegraded crude oils [4, 5, 14].
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5.1.1 The Yen–Mullins model

A summary of many results across a multitude of techniques applied to asphaltenes
is summarized in the Yen–Mullins model. This model was introduced in 2010 show-
ing the dominant molecular structure of asphaltenes and the two hierarchical nano-
colloidal structures that can exist in solution and in crude oil for geologic time [15,
16]. This model, originally called the modified Yen model [15], was built upon the
Yen model introduced by Professor Teh Fu Yen in 1967 that captured specific chem-
ical moieties in asphaltenes but could not identify specifics of molecular colloidal
structures [17]. The Yen–Mullins model and its predecessor, the Yen model, are de-
signed to provide an overview of the most important structures in asphaltenes but
are not intended to capture the incredible range of structures and properties of as-
phaltenes. Nevertheless, for some purposes, such as modeling gravitational gra-
dients of asphaltenes in oilfield reservoirs, the centroids of each of the three species
of the Yen–Mullins model are required; otherwise, the effects of gravity are indeter-
minate. This is discussed in the section 5.8 in this chapter, Flory–Huggins–Zuo
equation of state (FHZ EoS). Indeed, this modeling of reservoir crude oils is very
useful and has led to the development of the new technical discipline, “reservoir
fluid geodynamics,” as described in the eponymous chapter in this book [18]. In
addition, the molecular structure of the Yen–Mullins model has found utility with
modeling interfacial properties of asphaltene solutions by utilizing the Langmuir
equation as discussed in Section 5.2.8 [19, 20]. The applications of the Yen–Mullins
model with bulk and interfacial thermodynamic modeling with minimum parame-
ters validate these related results.

The Yen–Mullins model provides the centroid of three species of asphaltenes
that are routinely found in crude oils and in laboratory solvents [15, 16, 18]. At low
concentrations, such as light oils, asphaltenes are present as true molecular solu-
tions. At moderate concentrations such as in black oils asphaltenes are present as

Table 5.1: Elemental composition for selected n-heptane asphaltenes from black oil.

Asphaltene C H N S O H/C atomic

CAL . . . . . .

FRA . . . . . .

KUW . . . . . .

KUW . . . . . .

KUW . . . . . .

CAN . . . . . .
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nanoaggregates, and at high concentrations such as found in heavy oils, asphaltenes
are found as clusters of nanoaggregates. This model clarifies key features of asphal-
tenes that have been the subject of literature debates, especially molecular weight and
molecular architecture. This chapter emphasizes recent key findings on these topics.
Other previous controversies such as aggregation concentrations and aggregation
numbers are also discussed, and their relationship to hindering accurate determina-
tions of molecular properties are clarified.

5.2 Asphaltene molecular weight and molecular
structure

The second most important attribute of a chemical compound after elemental com-
position is molecular weight. There was a substantial debate regarding asphaltene
molecular weight [21]. Popular colligative methods for molecular weight determina-
tion of other crude oil components such as vapor pressure osmometry (VPO) gave
variable and typically large values of asphaltene molecular weights. Subsequent
analysis proved that aggregation thresholds for asphaltenes [22, 23] were below con-
centrations used for VPO; consequently, the weight of the aggregate species were

Figure 5.1: The Yen–Mullins model of asphaltenes consisting of approximations of the centroids or
most probable molecular structure and two hierarchical nanocolloidal species, the nanoaggregate
and the cluster [15, 16]. This model provides an overview of important features of asphaltene
science. In addition, such a model is required for the gravity and other terms for some applications
such as modeling asphaltene gradients in reservoir crude oils [18]. In addition, to the centroids,
this chapter emphasizes the range of molecular structures found in asphaltenes.
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determined. Specifically, the existence of two nanocolloidal aggregation thresholds
(cf. Figure 5.1) caused significant confusion. VPO measurements were often per-
formed at concentrations below the higher threshold and led to the belief that a mo-
lecular dispersion had been achieved; it had not. These experiments were performed
at concentrations above the lower nanoaggregation threshold [21]. Indeed, these VPO
studies often obtained molecular weights too high by a factor of ~6, thereby provid-
ing a preview of nanoaggregate aggregation numbers.

Moreover, a then popular mass spectrometric method for asphaltene molecular
weight determination, laser desorption–ionization mass spectrometry (LDI MS), was
also subsequently shown to suffer from aggregation effects as well [21, 24–26]. This
unfortunate “confirmation” of artifactually high asphaltene molecular weights led to
proposals of the “archipelago” molecular structure of asphaltenes with many polycy-
clic aromatic hydrocarbon (PAH) units cross-linked with aliphatic bridges within sin-
gle molecules [27].

5.2.1 Asphaltene molecular weight and structure from
molecule diffusion

In a series of experiments, the first molecular diffusion measurements by time-resolved
fluorescence depolarization (TRFD) obtained strikingly different results [6, 28–34].
These experiments are performed with dilute to very dilute solutions obviating concern
of aggregation effects. Figure 5.2A shows the concepts of the TRFD experiment. A polar-
ized laser electronically excites a dilute solution of asphaltenes, and the electric polari-
zation vector is fixed within the molecular framework. Molecular rotational diffusion
proceeds, which reorients the polarization direction. At some point, fluorescence emis-
sion takes place characterized by the reoriented polarization direction. For an ensemble
of molecules, polarization reorientation yields an ensemble depolarization; the rota-
tional diffusion constant is obtained by measuring the decay rate of the polarization [6,
28–33]. The rotational correlation time, τ, the time it takes the polarization vector to
displace one radian, is given by eq. (5.1) for a sphere, where η is viscosity, V is the vol-
ume of the sphere, k is Boltzmann’s constant, and T is temperature:

τsp =
Vη
kT

(5:1)

By keeping the wavelength difference between the excitation laser and the detected
fluorescence emission to a minimum (~40 nm), a subset of asphaltene molecules were
selected that have their HOMO–LUMO gap at that excitation energy (HOMO–LUMO is
the highest occupied molecular orbital–lowest unoccupied molecular orbital). By uti-
lizing many pairs of excitation and emission wavelengths always with small differen-
ces, the entire population of fluorescent asphaltene molecules can be interrogated.
Figure 5.1B shows typical TRFD data for asphaltenes. Asphaltenes are characterized by
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Figure 5.2: (A) Concepts of TRFD for determination of rotational diffusion rates [6, 28–35]. (B) TRFD
data obtained for asphaltenes. Rapid rotational rates are obtained, indicating asphaltene
molecules are small. A large dispersion is obtained because small, blue emitting chromophores
rotate much faster the large, red-emitting chromophores. Thus, these chromophores are not
cross-linked in asphaltenes; asphaltene molecules consist predominantly of molecules with a
single PAH. The increased fluorescence wavelength for increasing an increasing number of rings is
depicted. These TRFD experiments represented the birth of the island molecular model for
asphaltenes [6, 28–33]. Reprinted with permission from the American Chemical Society.
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rapid rotational diffusion, and, in comparison with model compounds, an average mo-
lecular weight of 750 g/mol was obtained for petroleum asphaltenes, and a much
smaller molecular weight was obtained for coal-derived asphaltenes.

The very large dispersion exhibited by asphaltene correlation times is in accord
with the “quantum-particle-in-a-box.” Larger PAHs generally have redshifted spectra
associated with the increased length scale of the molecular orbital (MO) wave func-
tions. The geometry of the ring systems also plays a very large role in the energy of
electronic transitions of PAHs [36]. Careful accounting of the number and geometry
of PAH rings confirms that indeed the results in Figure 5.2B for the dispersion of the
rotational correlation time for asphaltenes are consistent with expectations from
“quantum-particle-in-a-box” considerations [37–42]. Figure 5.2B indicates that as-
phaltene molecules contain predominantly a single PAH per molecule. The molecules
with a single blue-emitting PAH rotate ten times faster than the asphaltene molecules
with a single red-emitting PAH. Cross-linking multiple PAHs into a single molecule
would preclude such a large dispersion effect of a factor of 10 [6, 28–33, 35]. The opti-
cal spectral analysis of asphaltenes compared to model compounds and to MO calcu-
lations of over 500 PAHs is consistent with the average asphaltene PAH possessing
seven rings [37, 39–42]. As will be discussed in the atomic force microscopy (AFM)
and scanning tunneling microscopy (STM) sections, this assessment closely matches
observations obtained in direct molecular imaging of asphaltenes [35, 43, 44].

There is consistency between the determinations of the average asphaltene mo-
lecular weight being 750 g/mol for asphaltenes and the average asphaltene PAH
ring system containing 7 rings with half of the asphaltene carbon being aromatic
and half being aliphatic. The PAH size gives a molecule with roughly 50 carbon
atoms with other elemental constituents; this brings the total weight to about
750 g/mol. Certainly, multiple PAHs are inconsistent with 750 g/mol. Several other
diffusion measurements are consistent with the TRFD results, including NMR [45],
fluorescence correlation spectroscopy [46–49], and Taylor dispersion [50].

5.2.2 Asphaltene molecular weight from mass spectrometry

The divergent results obtained from VPO and some LDI MS studies, on the one
hand, and the molecular diffusion measurements, on the other hand, spurred sub-
stantial interest in many mass spectrometry groups, and a broad agreement has
been obtained with ~750 g/mol with distribution width of 500–1,000 g/mol. The
methods that contributed to the resolution of asphaltene molecular weight include
electrospray ionization (ESI) and Fourier-transform ion cyclotron resonance mass
spectroscopy (FT-ICR MS) [51–55]. This ultrahigh resolution method is capable of as-
signing a unique elemental composition to each peak, a tremendous capability.
However, this method has substantially variable cross sections for different molecu-
lar types and has difficulties associated with asphaltene aggregation as well [54], so
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other mass spectrometric methods are important for validation purposes. The prob-
lems with LDI MS methods for asphaltenes were identified in large part associated
with high plasma densities; at low plasma densities, LDI MS results for asphaltenes
are consistent with all other techniques [24–26]. Other important methods applied
to asphaltenes gave consistent results and include laser-induced acoustic desorp-
tion mass spectroscopy (LIAD MS), [56] tandem mass spectrometry [57, 58], atmo-
spheric pressure chemical ionization mass spectrometry (APCI MS) [59], and laser
desorption–laser ionization mass spectrometry (L2MS) [60–65].

L2MS suppresses aggregation and fragmentation and is characterized by a rela-
tively flat ionization cross section for different classes of asphaltene molecules,
thereby giving accurate mass distributions [62, 64, 66, 67]. In L2MS, the volatilization
of the asphaltene is achieved with an IR laser, which yields no ionization. L2MS ap-
plied to very strongly aggregating compounds such as caffeic acid with its organic
acid and two phenoxy groups exhibits no aggregation in the mass spectrum [67]. In
addition, with the very rapid heating achieved with the IR laser (108 K/s), fragmenta-
tion is suppressed [68]. At a controllable time after desorption, a UV laser performs
ionization. A combination of low power of the UV laser and a delay between desorp-
tion and ionization avoids plasma formation, thereby suppressing aggregation.

Figure 5.3 shows the asphaltene molecular weight distribution obtained by L2MS.
The distribution is independent of surface concentration of asphaltenes and of the
laser powers, factors which are known to strongly affect LDI MS results on asphal-
tenes [24–26]. In addition, the distribution is independent of the timing between laser
pulses showing that the desorption (neutral) plume density is not introducing arti-
facts. The molecular weight distributions are consistent with many other mass spec-
trometric determinations. Little controversy remains regarding asphaltene molecular
weight determination. This former controversy in the field of asphaltene science had
been particularly pernicious because the determination of structure–function rela-
tionships requires reasonably accurate molecular weights.

It is important to note that there is a dependence of asphaltene molecular weight
for very different source materials. All petroleum samples exhibit similar molecular
weight distributions. However, asphaltenes have been obtained from the process of
(1) coal liquefaction via hydrogenation followed by (2) distillation of coal liquids and
then (3) separating asphaltenes from the resulting resid [34]. These CAs contain a
much smaller fraction of aliphatic carbon than petroleum asphaltenes [6]. All com-
parisons of these CAs show that they have a molecular weight on order one half of
those of petroleum asphaltenes [6, 26, 29, 33, 34, 48, 58, 69]. A broad agreement
across many experimental techniques for differences in petroleum asphaltenes versus
CAs is important for validation of all these results.
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5.2.3 Asphaltene molecular structure from L2MS

As noted above, TRFD gave rise to the first results that indicated asphaltene molec-
ular architecture is dominated by the “island” structure with predominantly a sin-
gle PAH ring system per molecule. The smaller molecular weights now broadly
accepted are incompatible with a large number of PAH per molecule that had previ-
ously been accepted. Nevertheless, it is important to utilize methods that have
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relatively flat cross sections for virtually all potential classes of molecular structures
of asphaltenes. TRFD detects only fluorescent molecules. While there is no reason
a priori to expect a bias with TRFD, it remains important to establish the molecular
structure with methods utilizing invariant or flat cross sections.

L2MS has been established to have relatively flat cross section for different as-
phaltene molecular types [67]. The only type of asphaltene molecule excluded in
typical L2MS studies is those with no PAH, thus high ionization threshold. Conse-
quently, L2MS is a good candidate to obtain bulk asphaltene information. Moreover,
as noted above, L2MS methods do not suffer from aggregation effects of molecules
such as caffeic acid with strong intermolecular interactions [67]. In addition, a
lower energy laser desorption method than L2MS, surface-assisted LDI MS (SALDI
MS), shows that asphaltene aggregates can be preserved only at the lowest desorp-
tion energies; thus, L2MS is not expected to have any aggregation concerns [62, 69].
SALDI MS on asphaltenes is discussed in greater detail in the section 5.6.4. Many
mass spectrometric methods do not involve flat cross sections. For example, ESI
and atmospheric pressure ionization methods such as APPI (atmospheric pressure
photoionization) and APCI are widely acknowledged to have huge variations of
cross section.

L2MS has been used to probe the asphaltene molecular architecture [63]. As
noted in the L2MS data for asphaltenes presented in Figure 5.3, the desorbing IR
and ionizing UV laser powers can of be independently controlled. If higher powers
are used for the ionizing laser pulse, then in some cases molecular fragmentation
can result. This fragmentation can be represented as a reduction of the average mo-
lecular weight at higher laser powers. Figure 5.3 shows L2MS applied to asphaltenes
and 23 model compounds at various ionization laser powers.

Figure 5.4 shows powerful evidence that asphaltenes are dominated by island
architecture with a single PAH per molecule. Asphaltenes and all 13 island model
compounds remain stable and resist fragmentation at higher ionization laser powers
while all 10 archipelagos are less stable and fragment at higher ionization laser
powers. This instability of archipelago compounds might account for why they are
not found in crude oil asphaltenes that have survived for geologic time. To be precise,
one of the “island” model compounds (I-4 in Figure 5.4) is actually more accurately
referred to as an aryl-linked core [35] even though it behaves like an island com-
pound in its resistance to fragmentation. In any event, the data in Figure 5.3 is a
strong indicator that the island structure dominates asphaltenes. The flat cross sec-
tion of L22MS and the clear distinction between island and archipelago model com-
pounds in Figure 5.4 are compelling. Nevertheless, a direct method of determination
of asphaltene molecular architecture is highly desirable to resolve this long-standing
debate of island and archipelago and more importantly to characterize the different
classes and distributions of molecular types.
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5.3 Single-molecule imaging applied to asphaltenes
and related materials

5.3.1 Atomic force microscopy

The ability to obtain a real-space, atomically resolved image of a single molecule
was first accomplished about a decade ago when the group led by Gerhard Meyer
and Leo Gross at IBM Research – Zurich recorded the five-ring structure of penta-
cene by noncontact AFM (nc-AFM) using a CO-functionalized tip [70]. Since then,
this technique has emerged as a new interdisciplinary research field interfacing
chemistry, condensed matter physics, nanotechnology, and materials and energy
sciences. Single-molecule imaging enables new opportunities to address various

I-4

Island: 1 PAH/Conjugated system
Stable.

Asphaltenes & 13 Island Models

No decomposition

Decomposition

Ionization laser pulse energy / mJ

AM
W

 / 
Da

AM
W

 / 
Da

Ionization laser pulse energy / mJ

Asphaltenes vs 10 Archipelago Models

Archipelago: >1 PAH Unstable.
Unstable.

I-1

I-2

A-3

A-7

A-1

Figure 5.4: Average molecular weight (AMW) versus laser power for 23 model compounds and
asphaltenes [63]. The structures of several island and archipelago model compounds are shown at
the top and were evaluated by L2MS. (Left) At higher UV laser power, island molecules and
asphaltenes remain stable. (Right) However, under these same conditions, archipelago molecules
with more than one PAH cross-linked with aliphatic linkers, fragment; thus, their AMW decreases.
This behavior is in contrast to asphaltenes. These results indicate that asphaltenes are dominated
by island molecular architecture [63]. Note that a molecule with a direct aryl linkage (I-4) is defined
here as an island structure because of its single network of sp2 hybridized carbon. Reprinted with
permission from the American Chemical Society.
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open challenges in chemistry (summarized in Table 5.2), such as (a) structural char-
acterization of synthetic or natural molecules [70–74]; (b) studying reactive inter-
mediates [75–80]; (c) accessing molecular properties such as bond order [81–83],
charge distribution or the charge state [84, 85], adsorption geometry [86], and MO
densities [87]; and (d) on-surface synthesis of new structures and atomic manipula-
tion of molecules [80, 88–92].

In particular, AFM is a powerful tool for studying complex mixtures like petro-
leum [93–104], because isolation and purification of individual compounds re-
quired for conventional analysis are nearly impossible. The focus of this review will
specifically survey the research progress made in applying nc-AFM to study petro-
leum-related molecular mixtures [77, 94–98, 100–107]. We would also like to high-
light recent reviews on nc-AFM-based molecular structural elucidation by Gross
et al. [108] and on on-surface synthesis by Clair and de Oteyza [109].

5.3.2 Structure characterization of petroleum asphaltenes
with nc-AFM

The first study on petroleum asphaltenes with atomically resolved AFM images was
reported in 2015 [93]. Both STM and nc-AFM images were used for a detailed charac-
terization of structures in coal-derived asphaltenes and petroleum-derived asphal-
tenes which have been studied previously with other methods [9, 115]. The coal-
derived asphaltene sample studied was the toluene-soluble and hexane-insoluble
fraction obtained from a soxhlet extraction of a distilled residue from liquefaction
(450–465 °C) of Tanito Harum coal (H/C 0.74) [115]. The petroleum-derived asphal-
tene sample studied was the n-heptane insoluble fraction (40/1 v/w) obtained from a
UG8 crude oil (H/C 1.05) [8, 9, 93]. Over 100 molecules were imaged for coal-derived
asphaltenes (Figure 5.5) and 14 images for petroleum-derived asphaltenes (Figure 5.6).
AFM imaging yielded more results on coal-derived asphaltenes than on petroleum-
derived asphaltenes because the coal-derived asphaltene structures were mostly
PAHs or PAH with short aliphatic substituents. The petroleum-derived asphaltene
molecules were more complex and more challenging to image than coal-derived as-
phaltenes because of more and larger aliphatic moieties, and the assignment of their
chemical structures was more challenging.

The observed AFM structures for coal-derived asphaltenes are in excellent
agreement with a size of 1.2–1.4 nm and an approximate shape of a prolate ellipsoid
is obtained from hydrodynamic measurements in organic solvents [115]. The aver-
age molecular weight of the imaged molecules (430 g/mol) is also in reasonable
agreement with the number averaged molecular weight of 400 g/mol from LDI MS
[116]. The overall H/C ratio of over 30 chemical structures assigned by AFM is ~0.6,
which is in excellent agreement with the elemental composition of 0.74, consider-
ing the fact that the alkyl R groups identified from AFM images were counted as
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methyls which necessarily led to an underestimation of the H/C ratio from AFM
structures. It is important that the coal-derived asphaltene has a much smaller H/C
ratio than petroleum asphaltenes.

Very few chemical structures could be resolved exactly for petroleum-derived
asphaltenes because of a higher degree of uncertainties of certain structural moie-
ties, but the aliphatic and aromatic moieties can be distinguished because of a sig-
nificantly different contrast. Heteroatoms were not easily recognized from AFM
images of either coal-derived asphaltenes or petroleum-derived asphaltenes. Based
on elemental analysis, it can be estimated that each coal-derived asphaltene mole-
cule contains one heteroatom on average, including 0.6 N, 0.2 O, and 0.2 S atoms.
Each petroleum-derived asphaltene molecule is expected to contain multiple heter-
oatoms on average, including 1.4 S, 0.4 N, and 0.5 O atoms [9].

This work ushered a new era in providing chemical structures of real physical
molecules in a complex mixture, rather than relying on virtual or averaged struc-
tures deduced from conventional ensemble measurements like NMR and MS in the
petroleum field. Nevertheless, this work showed that petroleum structures are in-
deed very complex and challenging also for AFM, and hence more detailed studies
were desired.

Figure 5.5: AFM images of coal-derived asphaltenes. Reprinted with permission from the American
Chemical Society [93].
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A comprehensive investigation focused on petroleum asphaltenes and heavy
oils was conducted by a cross-disciplinary team composed of industrial and aca-
demic researchers from IBM Research – Zurich, ExxonMobil, Schlumberger, Shell,
Chevron, Bruker, and the University of Santiago de Compostela [94]. This study was
designed to address different practical challenges in heavy oil production and proc-
essing that have been ascribed to molecular structures. A total of four sample pairs
were selected with different precipitation behaviors, molecular architectures, matu-
rity, or applied hydroconversion processing (Table 5.3). AFM molecular imaging of
more than 400 constituents in these samples revealed characteristic differences in
molecular structures that can be ascribed to their different origin or treatment.

In the first set of samples, asphaltenes (A1) were obtained from a medium crude
oil (API gravity 33.0) with a yield of 1.7% when compared to n-heptane asphal-
tenes (A2) extracted from an oilfield deposit from the same crude oil to decipher
the structural basis contributing to asphaltene aggregation and deposition. A1
was heptane-insoluble asphaltenes isolated with a modified ASTM D6560 method
(heptane at 80 °C). A2 was isolated by isocratic elution from a PTFE (Teflon) column
with 100% CH2Cl2 (third fraction). Sixty-five molecules were imaged with atomic-

Figure 5.6: AFM images of petroleum-derived asphaltenes (PA1–PA14). Reprinted with permission
from the American Chemical Society [93].
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resolution AFM in A1 (Figure 5.7) and 62 in A2 (Figure 5.8). In general, molecules in
A2 are more aromatic compared to A1, consistent with its lower average H/C ratio
(0.85) than A1 (0.9) and previous studies [117].

A method to estimate the molecular weight from STM images was proposed,
and the molecular weights obtained were compared with FT-ICR MS data. The iso-
abundance plot shows that double bond equivalent (DBE) and carbon number dis-
tribution of molecules imaged are consistent with the molecules ionized by ESI
MALDI and detected by FT-ICR MS [94].

The second set of samples B1 and B2 compared n-heptane asphaltenes before
and after hydroconversion [118]. B1 is C7 asphaltenes from Athabasca vacuum residue
extracted with hot heptane, filtered, and soxhlet extracted with a yield of ~10 wt%.
This sample was from a feed of a commercial LC-Fining unit [118]. B2 was asphaltenes
isolated in the product after severe hydroconversion (80% of conversion), and the
isolation yield of asphaltenes in the bottom of the converted vacuum residue was
~10 wt%.

About 49 molecules in B1 and 34 molecules in B2 were imaged. It was found
that the molecules of the feed B1 showed a higher degree of aromaticity than the
molecules in product B2. The hydroprocessed sample B2 contained more bulky ali-
phatic groups at the expense of the aromatic fraction, which is consistent with hy-
drogenation of PAHs. However, it should be noted that although about four of five
asphaltene molecules were converted into nonasphaltenes at 80% conversion, as-
phaltenes isolated from the product might not necessarily represent the converted
molecules because the most refractory molecules might remain intact during hydro-
conversion and hence be isolated and imaged by AFM. On the other hand, asphal-
tenes will become nonasphaltenes (soluble in heptane) after conversion. Thus,
most converted molecules may not be in asphaltenes isolated for AFM imaging, and
only some partially converted (and unconverted) molecules will remain the product
asphaltenes. Therefore, caution should be taken in direct comparison of structures
in this pair of samples.

The sample C1 was analyzed to address the molecular architecture of asphal-
tenes. The comparison samples C1 and C2 identify the structural differences be-
tween asphaltenes and nonasphaltenes. Both samples were highly aromatic.

Asphaltenes C1 were isolated with a 10/1 precipitation method using n-heptane
on a steam-cracked tar residue, and the yield was 24.1 wt%. It was previously be-
lieved that archipelago structures were predominant (min. 80%) based on the liter-
ature and other characterizations [119].

C2 was isolated with chromatographic methods [120] from a North American
heavy crude oil. Asphaltenes (30.6 wt%) were removed first by n-heptane precipita-
tion, and the maltenes were chromatographically fractionated into saturate, aro-
matic, polar, and sulfide fractions. The aromatic fraction was further separated into
several aromatic fractions. The last aromatic fraction C2 (13.7 wt%) obtained was the
heaviest aromatic fraction in maltenes. Their molecular structures were expected to
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Figure 5.7: AFM images of petroleum asphaltene sample (A1) isolated from crude oil [94]. The
asterisk indicates a manipulation image where the molecule rotates around a pinning site
Reprinted with permission from the American Chemical Society.
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Figure 5.8: AFM images of petroleum asphaltene sample (A2) isolated form deposit from the same
crude oil as A1 [94]. Reprinted with permission from the American Chemical Society.
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be very similar to asphaltenes, but not exactly asphaltenes by definition, due to the
continuum of petroleum composition and structures. This sample was chosen to reveal
the structural differences between asphaltenes and nonasphaltenes. In addition, this
fraction had been expected to be enriched with archipelago structures (>70%) based
on detailed analyses, such as chemically induced dissociation in conjunction with FT-
ICR MS [121–124]. The size of aromatic cores was believed to be pyrenes or larger PAHs.
The overall molecular weight was measured to be 440–970 g/mol by MS.

A total of 68 molecules in C1 and 30 molecules in C2 were imaged. AFM could
resolve the structures of C1 very well because these molecules were predominantly
flat aromatic structures. However, all resolved structures were PAHs with short
alkyl substituents, with very few (if any) archipelago structures discovered in this
sample, contrary to the predominant archipelago structures expected based on
other characterization methods [119].

For the C2 sample, AFM could resolve fewer structures than for C1. Most imaged
molecules were found to contain unbranched long aliphatic side chains. However,
these aromatic moieties were not the anticipated pyrenes or larger PAHs. Some of the
structures seemed to contain alicyclic moieties since these structures were nonplanar,
and it was difficult to resolve their exact structures and conformations. However, it
could be clearly concluded that the predominant molecules found were not the clas-
sical archipelago structures with several aromatic cores connected by aliphatic link-
ers [92]. A few structures could be described as archipelago-like structures, such as
aryl–aryl-linked structures; however, they appeared only in low abundance, contrary
to the expectation.
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Figure 5.9: ESI MALDI FT-ICR MS spectra of petroleum asphaltenes A1 and A2 and compared with
molecules detected by nc-AFM [94]. The molecules imaged by AFM correspond to high abundance
locations in the mass spectra plots. Reprinted with permission from the American Chemical
Society.
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These results showed that there can be dramatic differences between the struc-
tures resolved by nc-AFM imaging of individual molecules and the average struc-
tures deduced from conventional chemical analysis.

The fourth set of samples (D1 and D2) compared two asphaltene samples iso-
lated from shale oils of different maturities. D1 is from Green River and D2 is from
Eagle Ford. A total of 35 molecules of D1 and 38 molecules of D2 molecules were
resolved by AFM. These molecules were found to be about 20% smaller compared
to other asphaltene molecules, with smaller aromatic moieties.

Figure 5.10: AFM images of petroleum asphaltene sample (B1) isolated from a feed before severe
hydroconversion [94]. Reprinted with permission from the American Chemical Society.
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About 100 chemical structures derived from about 400 AFM images obtained
on 8 petroleum samples are consolidated and shown in Figure 5.16 [98]. Readers
are encouraged to refer to the original paper [94] on additional details and informa-
tion on these molecules and samples.

Overall, a wide range of diverse aromatic PAHs with various degrees of heteroatom
and aliphatic substitutions has been observed [94, 98]. Very few classic archipelago
structures (e.g., B1.7, B1.25) composed of two similar aromatic cores connected by ali-
phatic linkers have been observed among the eight samples of this study, including a
few with small aromatic substituents (phenyl or naphthyl), and only the aryl–aryl con-
nection was observed by AFM [101]. Many of the observed PAHs have never been re-
ported in the literature. While most PAHs are alternant benzenoids (composed of
benzenes or only six-membered rings), a significant fraction of nonalternant PAHs
containing five-membered rings was observed [98]. In particular, two kinds of motifs
containing five-membered rings were observed: fully conjugated structures (as in flu-
oranthene) and the nonconjugated structures containing a CH2 in a five-membered

Figure 5.11: AFM images of petroleum asphaltene sample (B2) isolated from a product after severe
hydroconversion (80%) [94]. The asterisk indicates a manipulation image where the molecule
rotates around a pinning site under the influence of the AFM tip. Reprinted with permission from
the American Chemical Society.
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Figure 5.12: AFM images of asphaltene sample (C1) isolated from a product after severe steam
cracking [94]. Reprinted with permission from the American Chemical Society.
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ring (as in fluorene). Computation of aromaticity index (NICS) predicts that the aro-
maticity is decreased at the center of five-membered rings, indicating a charge sepa-
ration within nonalternant PAHs [98]. The majority of structures contain a highly
condensed PAH, but few are the most stable type of PAHs composed of sextets only
[125, 126]. Sextets and isolated double bonds are used here within the Clar’s represen-
tation of PAHs [36]. Most structures contain isolated or hidden “double bonds” within
the PAHs, which can be computed using the natural bond order index [98]. Thus, re-
activities and behaviors of petroleum asphaltenes can be predicted and identified
based on computational studies of AFM-derived structures. Most aliphatic side chains
observed are quite short (e.g., methyl), although also longer aliphatic chains were ob-
served, either as side substituents to aromatic groups, or more commonly as separate
paraffin (wax) molecules. Most of the long aliphatic moieties are unbranchedchains.

Figure 5.13: AFM images of sample (C2) fraction isolated from chromatographic of maltenes [94].
Reprinted with permission from the American Chemical Society.
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Branches (as in isoprenoids) or chiral centers expected from biological precursors were
not observed in this study. Nevertheless, the structures of many of the larger aliphatic
substituents were not entirely resolved and are indicated in the figures as “R.”

From this study, some challenges for nc-AFM molecular imaging of diverse pe-
troleum mixtures can be recognized that need to be addressed to fully understand
and valorize the implications of these experimental results: (1) translating AFM im-
ages of unknown molecules in petroleum into intelligible chemical structures; (2)
assessing the effects of sample preparation and sampling on the representativeness
of the imaged structures; (3) dealing with nonplanar adsorption geometries of vari-
ous structures or architectures; (4) identifying heteroatoms, metals, and other trace
components expected for petroleum molecules; (5) comparing and verifying AFM
imaging results with other advanced characterization techniques; and (6) expand-
ing the imaging database by applying nc-AFM to other systems including both

Figure 5.14: AFM images of asphaltene molecules from sample (D1) isolated from Green River shale
asphaltenes [94]. The asterisk indicates a manipulation image where the molecule rotates around
a pinning site. Reprinted with permission from the American Chemical Society.
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natural and synthetic compounds. A few recent works aimed to address some of
these challenges and will be surveyed next.

5.3.3 The correlation of AFM images with molecular structures

CO-tip nc-AFM images of some aromatic molecules look almost like their schematic struc-
ture drawings found in every chemistry textbook [89, 127]. Because of their striking simi-
larities, it is easy to forget that the underlying imaging mechanism is nontrivial, and in
turn, molecular structure drawings are an abstraction layer in our chemical language
[128, 129]. The frequency shift (Δf) displayed in nc-AFM images originates mainly from in-
teractions between the CO molecule at the tip and the adsorbed molecules on the sur-
face [70]. In a crude approximation, the frequency shift could be interpreted as being
proportional to the total electron density at a given scan height. This electron den-
sity, which is mostly localized near atoms and covalent bonds, is affected by the

Figure 5.15: AFM images of asphaltene molecules from sample (D2) isolated from Eagle Ford shale
asphaltenes [94]. Reprinted with permission from the American Chemical Society.
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Figure 5.16: Assigned chemical structures from AFM images of eight petroleum asphaltene or heavy
oil samples. X and R represent unknown heteroatom and alkyl substituents, respectively. Reprinted
with permission from the American Chemical Society.
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Figure 5.16 (continued)
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coordination of atoms and type of bonds (e.g., bond order [82]) and the adsorption
geometry [86]. Therefore, it is important to consider the three-dimensional molecular
geometry adapted on the surface and its conformational variations that may lead to
multiple possible appearances of the same molecule [88]. Some examples (cf., AFM
images of tetramantane [72] and C60

82) shown in Table 5.1 clearly demonstrated this.
Identification of structures from AFM images of an a priori unknown mixture is

not straightforward. However, a significant progress has been made in understand-
ing the origins of the imaging contrast [74, 82, 129–131], and different methods have
been developed to simulate atomically resolved AFM images [129, 130, 132–138]. In
particular, occurrence of apparent bonds has been widely recognized [81, 130, 132,
134, 138]. A recent example is the image distortion due to charge distribution related
to nitrogen heteroatoms in six-membered rings (Figure 5.17) [138]. An accurate sim-
ulation model is important not only for a better understanding of AFM contrast
mechanisms but also for identifying unknown molecules in complex mixtures. An-
other approach is to study model compounds and compare images with their struc-
tures to identify features associated with certain structural moieties [95–97, 103].
Both strategies have been adopted to address the challenge of identifying structures
from AFM images. In addition, machine learning approaches are developed to per-
form this task [139].

5.3.4 Imaging of synthetic archipelago compounds

After more AFM investigations on petroleum asphaltenes and heavy oil mixtures
had been published [94], some researchers raised concerns on the lack of archipel-
ago structures, and a few interpreted it as a limitation for AFM [140–142]. It was
argued that these architectures might be too difficult to image by AFM of too diffi-
cult to prepare for AFM. One argument is that the strong aggregation due to many

Figure 5.16 (continued)
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complex interactions in the archipelago structures may cause problems in the flash
evaporation process [143]. Others raised concerns on the volatility of asphaltenes
and the potential thermal cracking in the AFM sample preparation conditions [142].

For the sample preparation step, a tiny amount, typically on the order of micro-
grams, of sample material is deposited on a piece of inert silicon wafer, which is resis-
tively heated in ultrahigh vacuum conditions. The molecules are thermally sublimed
from the silicon wafer onto the cold (about 10 K) sample. The Si wafer is heated rapidly
(typically on the order of 1 s) to a temperature high enough to sublime most of the
molecules (typically about 900 K) [101]. The flash heating technique enhances volatility
by favoring evaporation and suppressing competitive fragmentation, as demonstrated
for various compounds [144–146]. Rapid heating has also been employed to enhance
the volatility of various molecules in mass spectrometry [147]. Furthermore, free radi-
cals, if produced from thermal cracking, would be stable at the low temperatures
(5 K) and be identified by STM orbital imaging as demonstrated by many studies [75,
79]. Although a few radicals can be detected in some petroleum samples [93], they
were far from major. Moreover, persistent native free radicals in petroleum have been
detected by EPR since the late 1950s [100, 148]. The number of free radicals observed
by nc-AFM was also in reasonable agreement with the spin concentrations measured
by EPR [100]. Nonetheless, a precise understanding of the effect of sample prepara-
tion specifically on archipelago structures was unclear. Therefore, a series of model
compounds mimicking archipelago structures was designed to address these ques-
tions (Figure 5.18) [95, 96, 103, 149].

It should be pointed out that these compounds comprise various types of ali-
phatic linkers, from aryl–aryl (C0), methylene (-CH2- or C1), ethylene (-CH2CH2- or
C2), propylene (-CH2CH2CH2- or C3), C10H20 (C10) to C20H40 (C20) linkers between two
aromatic cores. In terms of bond strength, this series covers most conceivable link-
ers in the hydrocarbon structure space. For example, the aryl–aryl linkage is ex-
pected to be the strongest linker due to the strong sp2–sp2 CC single bond. On the
other hand, an ethylene (C2) linker is one of the weakest CC single bonds possible
due to the formation of two benzylic radicals, and it hence acts like an internal “mo-
lecular thermometer” for the impact of flash heating method. The methylene (C1)

Figure 5.17: Simulated AFM images of six-membered rings with N heteroatoms. Reprinted with
permission from the American Chemical Society.
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linker contains two relatively strong sp2–sp3 CC single bonds. Lastly, the C3, C10,
and C20 linkers are of typical strength by referencing to most aliphatic side chains
or paraffins and vary mainly by molecular weights and boiling points.

These molecules were designed to have high molecular weight, and hence rela-
tively high boiling points, to mimic asphaltene molecules. High-temperature GC meas-
urements verified that their boiling points are all above 530 °C (or >1,000 °F). Most
asphaltenes are obtained from petroleum vacuum resids which have a nominal boil-
ing point of >565 °C (or 1,050 °F). Hence, these molecules meet the criteria of heavy
molecules in asphaltenes. The molecular weight of the model compounds (400–700
Da) also overlaps with the molecular weight spectra of asphaltenes (300–800 Da) de-
tected for MS. The aromatic parts are represented by two pyrenes to facilitate synthe-
sis, and pyrene is one of the most common four-ring aromatic compounds (other
possibilities include chrysene, tetracene, and benzofluoranthenes). A total of eight ar-
omatic rings is also reasonably consistent with asphaltenes based on NMR data, and
the H/C ratio (0.56–1.12) from most elemental analysis of asphaltenes (0.5–1.1) [150,
151]. Overall, these compounds can be considered as possible model compounds of
asphaltenes based on the many known criteria to mimic the structures and behaviors
of asphaltenes. Indeed, bispyrene (BP) compounds with C2 linkers have been studied

Figure 5.18: Molecular structures of a series of bispyrene model compounds mimicking the basic
archipelago structures of asphaltenes (without considering the heteroatoms).
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as model compounds for asphaltenes before [152–154]. An AFM study of these com-
pounds was used as a control experiment to verify the volatility of similar molecules
in asphaltenes under the same preparation and imaging conditions.

AFM results of three of these compounds are shown in Figure 5.19 [96]. It demon-
strated that these molecules, despite containing a flexible linker with various
strengths, can be imaged intact and that no fragmentation was observed after flash
heating. Various conformations are adapted because of the flexibility of the linkers;
however, the molecules can be imaged intact and reliably assigned. Moreover, even
trace impurities present in some samples were detected (Figure 5.20), and their
abundance is largely consistent with the purity assay (~96 wt%) by HPLC.

Three additional compounds with aryl–aryl (C0), methylene (C1), and propylene (C3)
linkers were studied with nc-AFM due to their possible presence in petroleum asphal-
tenes, and the results are shown in Figure 5.21 [103]. Two conformations were identified
for the aryl–aryl-linked BP, and four conformations for di(pyren-1-yl)methane with a
methylene linker, and eight conformations were identified for a three-carbon-linked
1,3-bis-(1-pyrenyl)propane. An increase in the number of conformations was expected
with an increase in the number of flexible sp3 carbon atoms of the linker.

Table 5.4: Series of bispyrene compounds studied by nc-AFM.

Name Compounds Formula Mol. wt. H/C Purity (wt%) B.P., °C (°F)

BP ,ʹ-Bipyrene CH . . .  (,)
BPM Di(pyren--yl)methane CH . . .  (,)
BPE ,-Bis-(-pyrenyl)ethane CH . . .  (,)
BPP ,-Bis-(-pyrenyl)propane CH . . .  (,)
BPD ,-Bis-(-pyrenyl)decane CH . . .  (,)
BPI ,-Bis-(-pyrenyl)icosane CH . . .  (,)
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Figure 5.19: The AFM images of some bispyrene compounds [96]. Reprinted with permission from
the Royal Society of Chemistry.
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The control experiments with archipelago model compounds showed that AFM,
using the flash heating method for preparation, would resolve structures as the tested
BP compounds, if they were present in petroleum asphaltenes or heavy oils. In addi-
tion, these results verified the results obtained on the steam-cracked tar asphaltene
sample (C1) and aromatic heavy fraction C2 sample. C1 asphaltene was predicted to
contain predominantly ethylene linkers between aromatic cores based on detailed
analysis using traditional methods [119]. The results based on 1,2-bis-(1-pyrenyl)eth-
ane unambiguously showed that these archipelagos with ethylene linkers would have

a Cu(11)

CO

BPI

20A 200A

BPD fragmnets / impurities

BPI fragmnets / impurities

a b c d e f
?

g h i j

Figure 5.20: STM image of a random area and images of the impurities found by AFM in the
samples. Reprinted with permission from the Royal Society of Chemistry.

Figure 5.21: AFM imaging to various conformations of nonplanar bispyrene compounds. Reprinted
with permission from the American Chemical Society.
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been detected by AFM. Furthermore, molecular species detected by APPI FT-ICR MS
are consistent with molecules imaged by nc-AFM (Figure 5.22). These studies revealed
the dramatic difference between “hypothetic structures” or “average structures” de-
duced from bulk analysis and exact structures imaged in real space by nc-AFM. This
should not be surprising by considering the huge diversity of structures, which is a
tremendous challenge for traditional chemical analysis. nc-AFM can now be used to
directly address this challenge and verify molecular structures.

5.3.5 Imaging of heteroatoms, metals, and alicyclic moieties

Carbon and hydrogen are the predominant components (>80%) of asphaltene mole-
cules, and they can be further classified into aromatic and aliphatic moieties (ole-
fins are generally very rare in virgin crude oils). In addition to hydrocarbon, many
asphaltene molecules also contain heteroatoms (N, S, O), or metal atoms (V, Ni) as
in petroporphyrins. AFM imaging and identification of these heteroatom moieties
and components are important in structure characterization of petroleum. In a re-
cent study, Zahl and Zhang studied three aromatic heteroatom-containing model
compounds to address this need [97]. The S-containing compound dibenzothiophene,
and two N-containing compounds, carbazole and acridine, were imaged with nc-
AFM, to distinguish these heteroatoms (Figure 5.23). S was relatively straightforward
to identify because of its large size as a third-row element. Nevertheless, it was found
that S was pulled closer to the metal surface (Au) due to the preferred interaction be-
tween S and metal. It can be deduced that similar adsorption occurs during hydro-
processing when S-containing compounds are approaching a catalytic surface.

The discrimination of N from C is more challenging. A few features were identified
with nc-AFM experiments and simulations, such as the fainted C–H bond, atomic
size, and relative mobility on the surface. Additional N-containing moieties and
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Figure 5.22: Comparison of AFM molecules with FT-ICR MS steam-cracked tar asphaltenes.
Reprinted with permission from the American Chemical Society.
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a priori unknown molecules with N-containing moieties were characterized in a re-
cent work studying analogs of Titan’s haze with AFM [155]. These works provided
some guidance for identifying heteroatoms in petroleum asphaltenes.

Continental petroporphyrins are known to be present in petroleum since their dis-
covery by Treibs in 1930s as a proof of the biogenic hypothesis of petroleum forma-
tion [156]. Later, it was shown that porphyrins in petroleum contain V and Ni, rather
than Mg and Fe of the biological precursors. Many porphyrins have been discovered
from petroleum and they are collectively termed as petroporphyrins since the 1960s.
Most petroporphyrins are enriched in the heavy fractions in petroleum, and espe-
cially in asphaltenes. In the previous studies on eight samples, no petroporphyrins
were detected by nc-AFM. This is probably due to the low concentration of petropor-
phyrins (a few hundred to a few thousand ppm). Therefore, isolation is needed to
study their structures in order to decipher the geochemical pathways from biological
precursors.

An nc-AFM study on an isolated vanadyl petroporphyrin fraction was conducted
(Figure 5.24) [104]. It was found that petroporphyrins have two conformations on the
surface, with V=O facing up or facing down, with about equal probability. Among the
molecules with VO facing down, the macrocyclic structure of porphyrin can be identi-
fied. It was discovered that some of the petroporphyrins lack a substituent at the β-
position, in striking contrast to their biological precursors. This observation is also
consistent with FT-ICR MS data based on the detection of C27 species. This presence
of β-H indicates the dominance of dealkylation over transalkylation during the dia-
genesis pathways in geochemistry.

Another widely recognized but so far undetected moiety in petroleum asphaltenes
is the naphthenic (or cycloalkano) moiety. Model compounds with five-membered
and six-membered cycloalkano moieties attached to aromatic hydrocarbons have

Dibenzothiophene
(DBT)

Carbazole
(CBZ)

H
NS

Acridine
(ACR)
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Figure 5.23: Discrimination of heteroatoms in aromatic model compounds with nc-AFM. Reprinted
with permission from the American Chemical Society.
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been studied [96]. The nc-AFM images (Figure 5.21) reveal that these model com-
pounds are prepared intact, and the cycloalkanes can be clearly differentiated
from aromatic rings. The molecules adapt different adsorption conformations on
the surface.

(a) M1

(b)

(c)

M2 M3 M4

5A

M5 M6 M7 M8

5A

VOPC O-up VOPC O-up VOPC O-down VOPC O-down

5A 5ASubtrateSubtrate

Figure 5.24: Characterization of petroporphyrins with nc-AFM [104]. (a) and (b) AFM images of various
petroporphyrins. (C) The dependence of the AFM image on the orientation of the VO direction with
respect to the surface. Reprinted with permission from the American Chemical Society.
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Figure 5.25: nc-AFM imaging of aromatic molecules with naphthenic moieties with different height
sensitivities and different substrates. Reprinted with permission from the Royal Society of
Chemistry.
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5.3.6 Application of nc-AFM to petroleum pitches

Petroleum pitch M-50 is an important carbonaceous material and has been studied
over half a century with multiple advanced techniques [157]. Various average struc-
tures have been proposed based on elemental analysis, MS, and NMR analysis [119,
158–165]. However, a direct validation of these proposed hypothetical structures
with nc-AFM is valuable to exploit this important source material.

nc-AFM imaging of M-50 pitch was conducted (Figure 5.26) in comparison with
NMR and FT-ICR MS analyses [102]. It was found that most molecules are PAHs
with short alkyl side chains (mostly methyl groups). Most PAHs are cata-condensed
rings, and very few peri-condensed rings. These results were validated by compar-
ing with NMR and FT-ICR MS data.

To understand the mechanism of molecular weight growth in M-50 pitch, a model
compound (2,7-dimethylpyrene, DMPY) was designed to mimic the key structural fea-
tures observed in M-50 pitch, namely, the aromatic rings and methyl substituents.
DMPY was thermally treated in a similar fashion like M-50 pitch, and a black tar mate-
rial was obtained. Chemical analysis with TGA, NMR, GC-MS, and FT-ICR MS on the

STM P-1

CO

P-2 P-3 P-4

P-5 P-6 P-7 P-8

P-9 P-10 P-11 P-12

2 mm

P-13 P-14 P-15 P-16 P-17 P-18

P-19 P-20 P-21

P-22
P-23

P-24

P-25 P-26 P-27 P-28 P-29 P-30

low

high

Δf

Figure 5.26: nc-AFM imaging of M-50 pitches. Reprinted with permission from Elsevier.
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Figure 5.27: nc-AFM images of molecules obtained after thermal treatment of 2,7-dimethylpyrene.
Reprinted with permission from the American Chemical Society [99].
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products showed the molecular weight growth and polymerization reaction of the
products, but their molecular structures were challenging to characterize because
~65% of mass was insoluble in organic solvents (e.g., dichloromethylene). Hence, nc-
AFM was carried out to image the structures of products formed (Figure 5.27) [99].

A wide range of structures were identified from about 70 molecules imaged, and
classified as monomers, dimers, trimers, and tetramers. In addition to methyl trans-
fers observed on most aromatic molecules, direct condensation between two pyrene
units via a six-membered ring was also frequently observed. On the contrary, the an-
ticipated predominant products containing a CH2-linked five-membered ring formed
via the attack of the initial benzylic radicals were rarely observed. Moreover, deforma-
tion in the aromatic structure was also evident, which is unexpected for this relatively
mild thermal treatment. These unexpected reactions demonstrated by this study im-
proved our understanding on the initial mechanisms in molecular weight growth of
aromatic hydrocarbons under thermal conditions.

5.3.7 AFM summary and outlook of applying AFM molecular
imaging in studying petroleum mixtures

In summary, nc-AFM imaging of single molecules has been successfully applied to a
variety of heavy petroleum compounds and derivatives, such as asphaltene fractions
from different origins and treatments. All results indicate that asphaltenes are an in-
credibly diverse and complex mixture. While this is a widely accepted fact, visualizing
the range of their actual constituents, atomically resolving and identifying some of the
asphaltene molecules, has added a different perspective on this multifaceted com-
pound. Despite the structural diversity, we identified one PAH with various aliphatic or
heteroatom substituents as the most common structural motif. Rarely, molecules con-
tain two or more PAHs connected by aliphatic linkers, as in the classic archipelago
structure, except for a few containing aryl–aryl bonds or smaller aromatic substituents
(benzene or naphthalene) [101]. Model compounds have been utilized to understand
the effects of sample preparation and to identify certain molecular motifs or architec-
tures (e.g., linker or heteroatoms) in nc-AFM images. Although we cannot rule out the
existence of archipelago structures in petroleum or predict the abundance of such
structures in other samples, results indicated that such molecules would be detected
by AFM, if they were present in significant abundances in the samples studied. These
results have also been supported by applying nc-AFM to other molecular mixtures,
such as thermally processed petroleum pitches [102], synthetic product mixtures [99],
fuel pyrolysis products [166], combustion soots [167, 168], marine dissolved organic
carbon [169], and tholins [155].
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One of the most important advantages of real-space molecular imaging by nc-
AFM is the single-molecule sensitivity. While other advanced characterization techni-
ques (e.g., x-ray crystallography, NMR, and MS) allow us to determine the structure of
almost any molecule, they rely on the assumption that almost all molecules in
the sample are identical (high purity). However, for petroleum, which is inher-
ently a supercomplex molecular mixture [170], composed of hundreds of thou-
sands or even millions of species [171], the concept of an average structure
disguises the overwhelming diversity of molecules present in petroleum compounds.
Designated “average,” “centroid,” or “representative” molecular structure(s) may
oversimplify the true complexity of the mixture and its diverse phase behavior. Nev-
ertheless, the utility of centroids depends on applications; thermodynamic applica-
tions require the centroid of the distribution. In contrast, AFM provides real-space
molecular images of individual molecules in a physical sample. It provides a first
look into actual petroleum molecules, which was unthinkable before. These AFM-
derived realistic structures are especially crucial as a basis for modern predictive
computational models.

Despite the significant progress in nc-AFM-based molecular structure elucida-
tion, many challenges remain in order to apply this complementary technique more
broadly on petroleum mixtures. Expanding the imaging database by measurement or
simulation of synthetic model compounds will continue to help identify characteristic
fingerprints of common molecular moieties in a priori unknown mixtures. Integrating
such fingerprints in image recognition software will be critical to transition from a
user-centric interpretation scheme restricted to trained experts, to a more general
and comprehensive knowledgebase accessible to nonexperts. Similarly, fully or semi-
automated data collection would massively increase adoption of this technique and
expand the sampling from hundreds to thousands of molecules. For both data collec-
tion and interpretation, machine learning approaches currently developed by differ-
ent groups [139] may play a critical role in the future.

It is clear, however, that for an extremely complex and diverse mixture like
petroleum, combining complementary insights from many characterization meth-
ods will always remain essential. Bringing together different puzzle pieces from
molecular imaging to macroscopic phase behaviors will enable a holistic view on
molecular structures, their interactions, and dynamics that ultimately govern the
physical and chemical properties of these incredibly heterogeneous materials.
We hope that many researchers in the field will be inspired by our early studies
and apply the results and the technique to a broad range of materials to address
open questions in organic (geo)chemistry, interface science, catalysis, synthetic
chemistry, and chemical processing.
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5.4 Molecular orbital (MO) calculations

5.4.1 Aromaticity and fused ring distribution in the PAH core
of asphaltenes

Computational chemistry approaches have revolutionized our understanding of the
structure and reactivity of molecules, and it has become the third apex of the trian-
gle of science, with experiment and theory representing the other two apexes. Elec-
tron spectra of asphaltenes, especially optical absorption spectra are easily and
routinely obtained. This offers the opportunity to constrain allowed PAH distribu-
tions of asphaltenes. MO computations coupled with the universal optical electron
spectra of asphaltenes have been used to identify the fused ring distribution and
size of the aromatic PAH core of asphaltenes by virtue of understanding their elec-
tron structure. These results compare favorably with the measured PAH distribu-
tions obtained by AFM. In addition, these computational simulations, based on
ZINDO/S calculations and on density functional theory, have been used to conclude
on the number of PAHs per asphaltene molecule [37, 39–42, 172, 173].

In order to understand the chemistry and physics of asphaltenes, it has been
essential to elucidate the size and structure of their fused aromatic ring (FAR) sys-
tems. The FAR region in island asphaltenes is similar to PAHs; the FAR region may
contain heteroatoms and the asphaltene molecule can also have peripheral alkyl
chains. To address the question of how many fused rings are in the PAH region of
asphaltenes and their spatial arrangement, that is, their structural distribution, the
approach was taken to evaluate the HOMO–LUMO transition for a very large num-
ber of PAHs by MO calculations. This provides an index of molecular size and struc-
ture for PAHs, by comparison of the measured optical transitions of the PAH region
in asphaltenes [37, 39–42].

5.4.2 Predicted and measured electron spectra of asphaltenes

The chemical polydispersity in asphaltenes (i.e., how many FARs are in the PAH re-
gion, their spatial arrangement, and possible structural isomers) has been addressed
by MO calculations [37, 41]. Thus, the effect on the HOMO–LUMO energy gap due to
the successive addition of aromatic rings and their different distributions, that is, iso-
mers, in the PAH core of asphaltenes has been analyzed [37, 39–42]. The HOMO–
LUMO energy gap has been calculated for many PAHs containing 4–15 FARs, 4
FAR–15 FAR, containing different number of Y-carbons (internal aromatic carbon
atom at the junction of three fused rings or also known as Y-carbons [37, 41, 43, 174],
CY, for being in the vertex of what looks like a Y-letter), different number of double
bridgehead aromatic carbons, different carbon and hydrogen content, different spa-
tial arrangement of the fused rings, different percentage of compactness, different
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stoichiometry, and different number of resonant sextet in the structure (this last char-
acteristic is explained in more detail in the text below). From the comparison be-
tween the calculated HOMO–LUMO energy gap and the experimental HOMO–LUMO
energy gaps of asphaltenes, which is obtained from the 0–0 band fluorescence emission
experiments, it has been concluded that the magnitude of the HOMO–LUMO gap in
PAHs and in PAHs in asphaltenes is related to the PAH stability, to the number of FARs
(nFAR), to the spatial arrangement of the fused rings, to the percentage of compactness
of the structure, and to the number and location of resonant sextets in the structure. It
has been found that the PAH core in asphaltenes is not linear, zigzag, or fully resonant,
and the possible presence of large peri-condensed PAHs, with up to 35 fused aromatic
rings, 35FAR, and in a highly compact shape, has been postulated [37, 41]. Combin-
ing the HOMO–LUMO energy gap results with weight and size arguments, it has been
concluded that the most abundant PAH size in the asphaltene PAH core is 5–10 FARs
(5FAR–10FAR) [37, 41] with a predominance of 7FAR [39, 40, 42, 172].

In addition, it has been possible to obtain structural topological parameters of
PAH chromophores whose HOMO–LUMO energy gap falls inside the experimental
fluorescence emission range of asphaltenes, thus making it possible to conclude the
most likely average structural candidates of the PAH region in asphaltenes from
chemical structural analysis [37, 41, 173, 174]. The structural topological parameters
that are allowed for asphaltene–PAH cores in asphaltenes have been used to postulate
most likely asphaltene–PAH structures [41, 42, 173, 174]. For example, the fluores-
cence emission of a mixture containing 523 postulated PAH chromophores, with 3FAR
to 15FAR (where 7FAR has the highest distribution) and with heteroatom substitution,
has been simulated using the semiempirical ZINDO/S method. The obtained simu-
lated fluorescence emission spectrum agrees very well with the experimental data of
asphaltenes [42, 172]. Singlet−singlet transitions (HOMO–LUMO transitions) for as-
phaltenes have been analyzed using both experiment and MO theory. MO compu-
tations have also been performed to treat triplet−triplet transitions from the ground
triplet state for 103 PAHs, and the qualitative comparisons with the corresponding
triplet−triplet transition experimental measurements for asphaltenes have reinforced
the conclusion that a single, relatively large PAH per asphaltene molecule is the pre-
dominant asphaltene molecular architecture. [172]

In Figure 5.28, the experimentally measured emission spectra of several asphal-
tenes and one condensate, Figure 5.28(a), are compared with the simulated fluores-
cence emission spectrum, Figure 5.28(b), obtained from the sum of the calculated
spectra of 523 PAHs that are examples of asphaltene–PAH cores, and that were ob-
tained using the structural topological parameters that are allowed for asphaltene–
PAH cores in asphaltenes and whose HOMO–LUMO energy gap falls inside the exper-
imental fluorescence emission range of asphaltenes [37, 39–42]. The PAH distribution
and its weighting used to obtain the simulated spectra shown in Figure 5.28(b) is pre-
sented in Figure 5.28(c). On top of each bar, the number of compounds with different
nFAR is given. The PAH distribution spans from 3 to 15 FARs (3–15FAR), where 7FAR
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is considered as most probably (weighting in the distribution of 1), in accordance
with previous studies [39–41]. As shown in Figure 5.28, the obtained simulated fluo-
rescence emission spectrum agrees very well with the experimental emission spectra
of asphaltenes [42].

In Figure 5.29, the measured optical absorption spectra of four petroleum asphaltenes
is shown together with the calculated optical absorption spectrum composed of the
spectra of 523 postulated PAH–asphaltene cores, which were weighted as shown in
Figure 5.29(c). As it can be seen in general, there is good agreement between the mea-
sured and the simulated spectra [42]. As shown in Figure 5.29(c), large PAHs have to
be used to account for the important NIR absorption of asphaltenes. In addition, the
use of 523 PAH chromophores to simulate the spectra recognizes that there is a sub-
stantial chemical polydispersity in asphaltenes.
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Figure 5.28: (a) Experimentally measured emission spectra of several asphaltenes and one
condensate [42]. (b) Simulated fluorescence emission spectrum obtained from the sum of the
calculated spectra of 523 postulated asphaltene–PAH cores with 3–15 fused aromatic rings
(3–15FAR) and the corresponding smoothed curve. (c) The PAH distribution and its weighting (bar
chart) used to obtain the simulated spectra. On top of each bar, the number of compounds used
with that number of fused aromatic rings is provided [42]. Reprinted with permission from the
American Chemical Society.
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5.4.3 Predicted and measured triplet manifold electron spectra
of asphaltenes

MO computations have also been performed to treat triplet−triplet transitions from
the ground triplet state for 103 PAHs, and the qualitative comparisons with the cor-
responding triplet−triplet transition experimental measurements for asphaltenes
have reinforced the conclusion that a single, relatively large PAH per asphaltene
molecule is the predominant asphaltene molecular architecture [172]. In Figure 5.30,
the measured nanosecond pump probe T1–Tn absorption spectra of UG8 asphaltene
diluted in benzene are presented together with the MO calculations of the T–T tran-
sitions of PAHs with 4–11 FARs (4–11FAR). A total of 103 PAHs were calculated. The
MO calculations are consistent with measurements of the triplet electronic states of
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Figure 5.29: (a) Experimental measured absorption spectra (or optical density), on logarithmic
scale, of four petroleum asphaltenes. (b) Simulated absorption spectrum obtained from the sum of
the calculated spectra of 523 postulated asphaltene–PAH cores with 3–15 fused aromatic rings
(3–15FAR). (c) The PAH distribution and its weighting used to obtain the simulated spectra. On top
of each bar, the number of compounds used with that number of fused aromatic rings is provided
[42]. Reprinted with permission from the American Chemical Society.
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asphaltenes. The MO calculations show that there is a significant redshift of the
transition energies for the triplet states, compared to the singlet states. As nFARs
increases, there is also an overall redshift in the transition wavelengths. Figure 5.30
shows the importance of large PAHs in particular around 7FAR to have a good
agreement with the experimental T1–Tn absorption spectra of UG8 asphaltene [172].

Schuler et al. found the presence of large numbers of 9-ring PAHs in asphaltenes
and some with 18-ring PAHs and larger by using AFM [43, 44]. (Some of these large
ring systems might be present because not all samples were constrained to be tolu-
ene soluble, instead to be only n-heptane insoluble.) These authors combined
atomic resolution imaging and STM, to study more than 100 asphaltene molecules
[43, 44] and found that a single aromatic core with peripheral alkyl chains is the
dominant architecture. In addition, many asphaltene samples from different origins
were also analyzed with AFM, finding only island-type structures of asphaltenes.
Archipelago molecular structures, where two or more PAH cores are connected by
an alkane chain, were not observed. However, a small percentage of archipelago
structures with a direct aryl linkage between two PAHs were found in few samples
[43, 44]. The PAH cores observed in the AFM studies of asphaltenes are consistent
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Figure 5.30: (a) The measured experimental nanosecond pump probe T1–Tn absorption spectra of
UG8 asphaltene diluted in benzene. These experiments correspond to exciting triplet states from
the ground singlet state. There is “hole burning” (negative ODs) near the excitation wavelength of
355 nm associated with depletion of ground triplet state by the probe laser. (b) The molecular
orbital (MO) calculations of the T1–Tn transitions of PAHs with 4–11 fused aromatic rings (4–11FAR);
these spectra are consistent with measurements in (a) [172]. Reprinted with permission from the
American Chemical Society.
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with those previously predicted by HOMO–LUMO gap theoretical calculations com-
bined with stability arguments [37, 39–42, 172].

In the study of the number of PAHs per asphaltene molecule, computational
simulations have also been used. The HOMO–LUMO gap calculations of 3,264 PAH
dimer systems in island and archipelago architectures have been carried out at the
semiempirical ZINDO method and at the density functional theory–optimized dimer
structures [173]. The PAHs were chosen using the structural parameters that are al-
lowed for the PAH region in asphaltenes [37, 41]. The calculated HOMO−LUMO en-
ergy gaps were compared to the experimental 0−0 band fluorescence emission of
asphaltenes, yielding insight about the most likely architecture of asphaltenes. It
has been concluded that asphaltene–PAH cores directly bonded by an aryl linkage
would be identified as a single chromophore (given favorable geometry), that is, as
an island, by optical spectroscopy methods. Archipelago structures would not be
identified as single core by diffusion measurement methods such as TRFD [28, 29];
or by single-molecule decomposition studies. Parallel displacement or skewed π–π
stacking has been found as the structure of the stacked island PAH dimmers [173].

Structural topological parameters of PAH chromophores whose HOMO–LUMO
gap falls inside the experimental fluorescence emission of asphaltenes have been
determined, making it possible to elucidate most likely average structural candi-
dates of the PAH region in asphaltenes, and to postulate PAH asphaltene structures
from chemical structural analysis [174]. In addition, it has been concluded that the
PAH region in asphaltenes has an intermediate stability for PAHs, which is directly
associated with an intermediate number of resonant sextets present in the distribu-
tion of the π-electrons [37, 41]. A resonant sextet represents six π-electrons such as
in benzene. The π-electron density is distributed in certain number of resonant sex-
tets, which are located in specific rings of the PAH region in asphaltenes, and the
remaining π-density is distributed in localized double bonds [37, 39–42, 172]. The
higher the number of resonant sextets in a PAH structure, the higher its stability
[37, 41], and each resonant sextets confers 36 kcal/mol of stability. Carbon x-ray
Raman studies have resolved that the bulk of asphaltene aromatic carbon is aro-
matic sextet carbon [175, 176].

The Y-rule is used to characterize the π-electron density in resonant sextets and
localized double bonds in PAHs, and therefore from the π-electron distribution to
elucidate the localization and the number of resonant sextets in peri-condensed
benzenoid PAHs [37, 38, 41, 177, 178] in peri-condensed cyclo-pentafused PAHs [178],
in the PAH core of asphaltenes [37, 41], and also in the case of cata-condensed sys-
tems (extended Y-rule) [179]. The distribution of the π-electron density in resonant
sextets and double bonds in PAHs is known as aromaticity [38]. The aromaticity in
the asphaltene–PAH region is accountable of electronic properties such as stability,
fluorescence emission, and aggregation. The Y-rule is an improvement of the Clar’s
rule [37, 180], and it has been useful in concluding that the PAH region in asphal-
tenes contains an intermediate number of resonant sextets. Thus, PAH isomers with
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the lowest or highest number of resonant sextets in the structure are not candidates
of the PAH region of asphaltenes [37, 174]. In addition, the Y-rule is also important in
the rectification of the extended abuse of the use of the circle notation to represent
aromaticity in PAHs, where the circle notation is drawn in each fused ring [38]. To
summarize, the Y-rule states that the resonant sextets are located in the hexagons
that contain the Y-carbons (see text above), CY. When distributing the π-electron den-
sity, all of the CY carbons have to be incorporated into sextets. When there is more
than one possibility to locate the sextets, the possibility that provides the higher
number of sextets and symmetry is the most probable. The remaining π-electrons are
located in localized double bonds but attention must be taken of not overcoming the
carbon atoms valence of four. When two π-electron distributions are obtained using
the Y-rule, the final distribution is attained by the superposition of these two struc-
tures [38, 177, 178].

To elucidate most likely average structural candidates of the PAH region in as-
phaltenes and to postulate PAH asphaltene structures from chemical structural anal-
ysis that involves the use of the combination 13C SPE NMR/1H NMR/13C DEPT and the
structural topological parameters of PAH chromophores whose HOMO–LUMO gap
falls inside the experimental fluorescence emission [37, 41, 174], it is necessary to
know the characteristic NMR ranges for the different carbon and hydrogen types that
compose the PAH core. The 13C NMR chemical shift spectral ranges for structural aro-
matic carbons in PAHs and in asphaltene–PAH cores have been determined by com-
bining calculated 13C NMR chemical shifts, at the GIAO-DFT level, with liquid-state
measured experimental 13C NMR chemical shifts [181]. Andrews et al. [9] have shown
the importance of performing DEPT NMR experiments in order to accurately deter-
mine the relative amount of nonprotonated and protonated carbon in the PAH core.
Not utilizing DEPT NMR leads to an underestimation of bridgehead aromatic carbon
content, which in turns leads to a lower aromatic ring size in asphaltene structure
determination [9, 181].

5.5 Asphaltene components in lesser mass fractions

5.5.1 Pyrolysis GC-MS of asphaltenes

Sensitive techniques such as pyrolysis GC-MS can detect asphaltene molecular frag-
ments that are present in small mass fractions. Figure 5.31 examines the GC-MS re-
sults for different samples of the LH crude oil. Corresponding samples of the oil and
the asphaltene pyrolysates are compared for three levels of biodegradation as given
by the Peters–Moldowan rank (PM) rank [183] 2, 5, and 8, respectively, mild, moder-
ate, and severe. Figure 5.31A examines the results when integrating the total ion sig-
nal; fragments of n-alkanes dominate in the asphaltene pyrolysates independent of
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the extent of biodegradation of the oil [182]. In contrast, Figure 5.31C shows that n-
alkanes dominate only for the crude oil that has undergone mild biodegradation. For
more severe biodegradation, the microbes have preferentially digested the n-alkanes
reducing their signal relative to other components [183]. There are two important im-
plications: (1) the n-alkanes are covalently linked within asphaltene molecules and
are not obtained by occlusion in the asphaltene precipitation process and (2) these n-
alkanes of the asphaltenes are not available for biodegradation [182].

In addition to detecting dominant components, GC-MS methods can be ad-
justed to detect components in small mass fraction. By setting the detector to the
217 amu molecular cation fragment, families of steranes can be detected; [185] these
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Figure 5.31: GC-MS results from (A and B) asphaltene pyrolysates and corresponding (C and D) LH
crude oils as a function of Peters–Moldowan rank of biodegradation; PM = 2 (mild), 5 (moderate),
and 8 (severe) [182]. (A) For asphaltene pyrolysates, n-alkanes dominate in all cases and are
invariant. (B) Steranes can be detected by GC-MS in asphaltene pyrolysates and again are
independent of the biodegradation of the oil. (C) For crude oils, the n-alkanes are sharply reduced
by increased biodegradation. (D) Crude oil steranes are impacted somewhat at PM = 5 and strongly
impacted at PM = 8. Comparison of GC-MS from asphaltene pyrolysates and crude oils shows that
n-alkanes and also steranes are (1) covalently bonded in asphaltene molecules and are not trapped
in the precipitation process, and (2) not available for biodegradation in asphaltenes, and (3) as
expected, in crude oil, steranes are more resistant to biodegradation than n-alkanes [182].
Reprinted with permission from Elsevier.
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compounds are present in crude oils and asphaltenes at very low concentration
[183]. Figure 5.31B shows the detection of steranes in asphaltene pyrolysates; such
constituents have never been imaged in asphaltenes in the AFM studies of asphal-
tene molecules because their population is far too low, but they are readily detected
by pyrolysis GC-MS applied to asphaltenes. In addition, the sterane composition of
the pyrolysates is independent of the extent of biodegradation of the crude oil [182].
In contrast, Figure 5.31D shows that the steranes in the oil are perturbed in PM = 5
and are strongly altered at PM = 8; this is as expected [183]. The comparison of ster-
anes in asphaltene pyrolysates versus crude oils corroborates conclusions obtained
for the analysis of n-alkanes: (1) the steranes are covalently linked within asphal-
tenes and are not occluded in the precipitation process and (2) the steranes in the
asphaltenes are not available for biodegradation [182]. In addition, these pyrolysis
results about dominant straight chain alkane fragments (Figure 5.31A) are consis-
tent with AFM image analysis of asphaltenes [184]. Figure 5.31B shows the signal
for m/z = 217, thereby detecting 10 steranes which are identified in Table 5.5 [182].
While detectable, the authors note that the biomarkers from asphaltene pyrolysates
are of small quantity even compared to the crude oil, where the biomarkers have a
low concentration [182].

Figure 5.32 shows two ratios of different isomers of stigmastane, as listed in Table 5.5,
for asphaltene pyrolysates and for the liquid phase of crude oil [182]. The insert shows
stigmastane and other steroids in Table 5.5 have different substituents on carbon 17. In
Figure 5.32A and B, the ratios are shown as a function of the extent of biodegradation
using the PM rank of the crude oils. Both these ratios are used as thermal maturity

Table 5.5: Steroids and terpenoids in Figure 5.31B and D [182].

No. Compound

 C α(H)-Sterane

 C α(H)-Sterane

 C α(H),α(H),α(H)-Cholestane (S)

 C α(H),α(H),α(H)-Cholestane (R)

 C α(H),β(H),β(H)-Ergostane (R)

 C α(H),α(H),α(H)-Ergostane (S)

 C α(H),α(H),α(H)-Ergostane (R)

 C α(H),α(H),α(H)-Stigmastane (S)

 C α(H),β(H),β(H)-Stigmastane (R + S)

 C α(H),α(H),α(H)-Stigmastane (R)
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markers (unless the ratio is perturbed by biodegradation). Both ratios in Figure 5.32
show that (1) the asphaltenes pyrolysates exhibit a lower maturity than the corre-
sponding crude oil and (2) the biomarker ratios of the asphaltene pyrolysates show no
dependence on the extent of biodegradation while these biomarker ratios from the liq-
uid phase of the crude oil show significant effects from biodegradation above PM rank
4 [182]. These observations indicate that the biomarkers from asphaltene pyrolysates
are not exchanging with those of the liquid phase biomarkers in geologic time. In-
stead, the biomarkers in the pyrolysates are covalently linked within asphaltene mol-
ecules. The lower maturity of the biomarkers in the asphaltene pyrolysates suggests
that thermal isomerization of biomarkers within asphaltene molecules is impeded
when compared to the same biomarkers present as a true molecular solution in the
crude oil liquid. Other biomarkers in asphaltene pyrolysates exhibit the same order-
ing of maturity. The fact that the asphaltene biomarkers exhibit a lower thermal ma-
turity than the corresponding marker in the crude oil is consistent with the fact that
asphaltenes are concentrated in lower maturity crude oils. In addition, Figure 5.32
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Figure 5.32: Ratios of different isomers of stigmastane (structure in the inset, and 217 m/z
fragment indicated) as identified in Table 5.5 for crude oil liquids and their asphaltene pyrolysates
as a function of biodegradation ranging from PM rank 2 to PM rank 8 [182]. Both these stigmastane
ratios in (a) and (b) are used as thermal maturity markers. In both plots (a) and (b), the biomarker
ratios from asphaltene pyrolysates differ and are of lower maturity than those from the liquid
phase of the crude oil. This is expected because asphaltene content is higher in lower maturity
crude oils. In addition, in both cases, the biomarker ratios of the asphaltene pyrolysates show no
sensitivity to biodegradation, while the biomarker ratios from the liquid phase of the crude oil
show increasing dependence on biodegradation. These observations indicate that the stigmastane
biomarkers in the asphaltenes are not trapped liquid phase molecules in phase-separated
asphaltenes but instead are covalently linked within asphaltene molecules [182]. Reprinted with
permission from Elsevier.
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also indicates that ratios of thermal maturity markers within asphaltene molecules
are being changed by the pyrolysis process; if the ratios were altered, then pyrolysis
should correspond to higher maturity for asphaltene pyrolysates than the corre-
sponding crude oil.

The authors were careful to note that the biomarker concentration in the as-
phaltene pyrolysates is quite low [182]. Indeed, not a single sterane nor hopane sub-
unit was detected in the AFM investigations of many asphaltenes in spite of the
tremendous imaging capabilities of AFM [43, 44, 184, 186, 187]. This is expected be-
cause AFM methods of investigating individual molecules are generally limited to
species present at the few percent level. Nevertheless, it is often quite useful to de-
tect species present at low mass fraction.

5.5.2 Asphaltene archipelago and aryl-linked core molecules

There has been literature debate on the contribution of the archipelago molecular
structure for a long time. The term “archipelago” originally referred to molecules
with distinct aromatic groups linked by an aliphatic bridge and we use this defini-
tion. Molecules with a one or more aryl linkages between two aromatic groups have
been termed both island and archipelago in the literature. This third class of struc-
tures (in addition to island and archipelago) is now referred to as aryl-linked core
molecules, where “core” refers to all contributing aromatic carbon; we use this termi-
nology. TRFD studies on many asphaltenes indicated the dominance of island struc-
tures, but this technique requires molecular fluorescence [28–30]. L2MS studies
showed dominance of island structures using a method of relatively invariant cross
section for virtually all molecular types in asphaltenes [63].

The most compelling analysis of asphaltene molecular architecture is the actual
imaging of asphaltene molecules using AFM and STM as presented above. AFM studies
of ten diverse asphaltene samples form crude oil, various process streams, source rock
bitumen, and distillation resid from coal liquefaction obtained from ExxonMobil, Shell,
Chevron and Schlumberger proves that the results are general [43, 44]. Not even one
archipelago molecule with two aromatic groups linked with an aliphatic group was
found in the diverse asphaltene samples from this industry study. AFM has unity de-
tection cross section; that is, every molecule in the field of view is analyzed [35, 43,
44]. Asphaltene aggregates, if any, would also be easily detected. There were no as-
phaltene aggregates on the transfer plate for AFM molecular imaging in any of the as-
phaltene samples. The aromatic component of the molecules lies in plane on the
surface of the cold plate and is readily imaged. In addition, if questions arise as to
what is aromatic or what aromatic groups are conjugated, then STM is then used in
these asphaltene studies to determine the aromatic and conjugated portion of the mol-
ecule by detection of PAH MOs. As noted above, the transfer process of asphaltene
molecules from the heated filament to the cold plate was performed with several
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model archipelago compounds with no fragmentation [35, 43, 44, 184]. One of the
model compounds used is 1,2-dipryene-1-yl ethane, which has a very low carbon–
carbon single bond energy of 65 kcal/mol [184]. Thus, if flash thermal desorption
would result in fragmentation, this weakly bound molecule should fragment; yet
it did not fragment confirming that archipelago model compounds are readily
transferred and imaged. Moreover, a small fraction of archipelagos are found in a dif-
ferent carbonaceous sample, a pitch, confirming the ability to detect archipelago
structures within complex molecular mixtures [186]. The conclusion from AFM and
STM imaging matches the L2MS results and the TRFD results; archipelago structures
represent a small mass fraction of asphaltene at most.

5.5.2.1 Ultrahigh-resolution mass spectrometry dissociation studies

Recent studies employing APPI FT-ICR MS coupled with infrared multiphoton disso-
ciation (IRMPD) have explored asphaltene molecular weight and architecture [188–
190]. The relationship of these studies to other studies presented above has been
discussed elsewhere [18]. The molecular weights obtained in these and other ultra-
high resolution studies are broadly consistent with those obtained by a suite of
other methods. These measurements also rule out dominance of the archipelago
molecular structure of the sort originally proposed with molecular weights in excess
of 6,000 amu [188-190]. Moreover, the ultrahigh resolution studies are also consistent
with a substantial fraction of island structures in asphaltenes. Nevertheless, these
studies also found a fraction of asphaltene molecules that have what the authors
termed “archipelago” structures which explicitly include a variety of structures in-
cluding molecules with a possible aryl-linked core and molecules with alkyl-linked
PAHs [188-190]. These different structural classes were not differentiated in these
studies. Figure 5.33 shows an example of these findings.

Figure 5.33 shows results from an ultrahigh resolution mass spectral analysis of
asphaltenes [190]. The methods utilized here have very high sensitivity to detection
of components present even if in very small quantities [191]. These ultrahigh resolu-
tion methods can detect more than 10,000 components in crude oil, so are very sensi-
tive and able to detect components in tiny mass fraction (<100 ppm). However, the
authors note that these methods employed have extreme sensitivity to aggregation
with very large variations in cross section of different molecular components of a fac-
tor of 50 or more for reasons of uncertain origin [188-190]. In addition, ICR methods
have inherent cross-sectional variability especially for organic matter [192]. Conse-
quently, quantitative mass fraction assessment is hindered.

The type of binding of the fragments in the initial molecule was not established
in these studies [188-190]. No differentiation was made whether the fragments were
originally linked with an aliphatic group (archipelago) or with a direct aryl bond
(aryl-linked core) [35]; thus, these studies lumped the very different structures of
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aryl-linked core and archipelago. The data in Figure 5.33 shows a splitting of mole-
cules into roughly two equal parts, but not, for example, 5 parts. Indeed, the small
molecular weight of the original molecular population (~400 amu) is not compatible
with fragmentation into many parts of an archipelago; asphaltenes are not made of
polystyrene.

The molecular AFM imaging of asphaltenes and the model compounds alkyl-
dipyrenes addresses exactly the case of archipelago molecules that can naturally frag-
ment into two roughly equal parts [184]. The mass range of 400 amu for asphaltenes
and 200 amu for fragments in Figure 5.33 is well within the molecular weight range for
efficient transfer and detection by AFM. Figures 5.19 and 5.21 show excellent sensitivity
of AFM and STM imaging for detection of alkyl–dipyrene archipelago molecules with
two pyrene PAHs cross-linked by an alkane chain. Specifically, di-pyrene compounds
would fragment to an alkylpyrene; pyrene has a molecular weight of 202 amu. Thus,
the AFM imaging of Figures 5.19 and 5.21, and thus of the asphaltenes, exactly matches
requirements if the fragmentation data in Figure 5.33 corresponds to an archipelago.

Figure 5.33: Infrared multiphoton dissociation (IRMPD) of “purified” or fractionated asphaltenes
(where a fraction of predominantly island molecules were removed) [190]. For the asphaltenes
isolated with n-pentane, there is little loss of DBE, double bond equivalent, which is defined as
double bonds plus rings, after IRMPD; aromatic moieties are high in DBE. For these “purified”
asphaltenes, there is a fraction of population (as shown) where, upon IR irradiation, the molecule
cleaves into two fractions of roughly equal mass and where each fragment has lower DBE than the
original molecule. This result indicates separation of aromatic moieties upon dissociation,
consistent with the presence of two aromatic moieties in the molecule. Two questions remain: (1)
what structures give rise to this signal? and (2) what is the magnitude of this fraction? Reprinted
with permission from the American Chemical Society.
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However, the AFM and STM studies of 10 diverse asphaltene samples showed no evi-
dence of such archipelago molecules. Given this fact, then the interpretation of the
data in Figure 5.33 is that the fragmenting molecules, if present in any significant
quantity, are not likely to have two PAHs cross-linked by an aliphatic group (archipel-
ago) but are plausibly from an aryl-linked core. The 50× variation in cross section of
the APPI FT-ICR MS studies makes direct comparisons somewhat uncertain [188-190].
The large, flat cross section and high efficiency of the AFM and STM imaging for detec-
tion of specific structures is a significant benefit for interpretation results of wide-
ranging methods.

5.5.2.2 Re–Os dating of carbonaceous materials

Asphaltenes are known to contain V and Ni at low and highly variable concentra-
tions often in the range of 10–1,000 pm. These metals are known to be contained
largely if not entirely in various porphyrin structures in part by the appearance of
the porphyrin Soret band. The Soret bands of asphaltenes are generally too small to
account for all of the V and Ni in asphaltenes but x-ray spectroscopy methods indi-
cate that these metals are contained within porphyrin-type structures [193]. Mass
spectrometry methods have resolved metalloporphyrins in asphaltenes [194, 195].
At much lower concentrations, crude oils and especially asphaltenes contain Re
and Os. These concentrations of these metals are correlated to those of V and Ni in
different petroleum fractions, indicating possible residence in porphyrin organome-
tallics [196].

The presence of Re and Os in crude oils and asphaltenes enables the ability to
employ the geochronology method of 187Re β– decay (half-life 43 billion years) to
187Os, where the stable 188Os is used for normalization [197, 198]. Re–Os dating was
used to obtain the timing of emplacement of giant oil sands in Alberta, Canada, of
112 Mya, tightly constraining the petroleum systems analysis and source rock iden-
tification [198]. Re–Os dating has also been used to constrain the timing of tar mat
formation in reservoirs with multiple incompatible charges [199]. Nevertheless,
there are complexities associated with the partitioning of Re and Os into different
components of crude oil [196]. Re–Os dating offers new insights to petroleum sys-
tems as well as reservoir fluid geodynamics providing the timing of processes un-
available by any other methods.

5.5.2.3 Organic acids

Crude oils can contain organic acids that may or may not partition to the asphaltene
solubility fraction [200]. Biodegraded oils are especially prone to containing organic
acids [201]. Hopanoic acids are identified as a possible product of biodegradation
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[201], helping to explain how thermal maturity markers can be disrupted by biodegra-
dation. Different crude oils with multiple charges have organic acid content in accord
with the mixture [14]. In general, the organic acids can play a significant role in emul-
sion stability. Organic acids that can have a significant effect on oil production are
those with four acid moieties (tetrameric acids) in single molecules, the so-called
ARN acids in the C80 range [200, 202]. These acids can form calcium naphthenates
that can be but are not necessarily very problematic in oil production [203].

5.6 Colloidal structure of asphaltenes

Asphaltenes have hierarchical nanocolloidal structures that have been reviewed in
detail elsewhere [1, 15, 16]. Here, we provide a brief review of older and compelling
results regarding aggregation numbers, aggregate structures, concentrations of ag-
gregation, and the hierarchical nanoaggregation of asphaltenes. Most importantly,
the aggregates discussed here are found in reservoir crude oils at elevated tempera-
tures (~100 °C) and are stable for geologic time. Larger aggregates are also observed
in destabilized asphaltenes and for slight instabilities, asphaltene destabilized par-
ticles are initially only slightly larger than the stable clusters of the Yen–Mullins
model [204–207].

5.6.1 Nanoaggregates: the critical nanoaggregate
concentration (CNAC)

There had been a long-standing perspective that asphaltenes aggregate. However,
there were many significant literature disagreements regarding asphaltene aggrega-
tion in part because of the then unrecognized hierarchical nature of asphaltene
nanoaggregation. It became imperative to resolve the concentration at which as-
phaltenes first aggregate, the critical nanoaggregate concentration (CNAC). Initial
indications of asphaltene aggregation at low concentrations came from fluores-
cence studies of asphaltenes [208]. High-Q ultrasonic studies then determined the
CNAC and also indicated that nanoaggregates reached a certain size and quit grow-
ing over a limited concentration range [22, 23]. The results were quickly confirmed
by DC-conductivity [209–211], centrifugation [211], and NMR [19, 45].

Figure 5.34 shows data from three very different methods on three different as-
phaltenes, yet all results are fairly similar. High-Q ultrasonic measurements rely on
the ability to resolve speed of sound to a few parts in a million. The speed of sound
u =

ffiffiffiffiffiffiffiffiffiffi
1=ρβ

p
; where ρ is density and β is compressibility. Upon nanoaggregate for-

mation, the density, an integral quantity, is rather invariant but compressibility, a
differential quantity, changes. For surfactant micelles in water, the change in
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compressibility upon micelle formation is large and high-Q ultrasonics is readily
used to measure critical micelle formation [22]. However, for asphaltenes in tolu-
ene, both solute and solvent are essentially alkyl-aromatics and the changes are
more subtle, nevertheless, detectable as shown in Figure 5.34A [22]. Reprinted
with permission from the American Chemical Society.

The measurement of DC conductivity uses the very small molecular fraction of
asphaltene that is charged in toluene (~10–5); thus, the ion acts like a tracer [210].
When neutral molecules attach to the ion, Stokes drag (Fd) increases and the conduc-
tivity per unit mass of asphaltenes is diminished, as shown in Figure 5.34B. Equation
(5.2) gives the force of Stokes drag for a sphere of radius R and for viscosity η and

Figure 5.34: Critical nanoaggregate aggregation concentration (CNAC) as measured by (A) high-Q
ultrasonics [22, 23], (B) conductivity [210], and (C) NMR [45] for three different asphaltenes. All
CNAC values are roughly 2 × 10–4 mass fraction. Each method shows two linear sections, one
corresponding to molecules and the other corresponding to nanoaggregates. The CNAC is at the
intersection of the straight-line segments. Reprinted with permission from the American Chemical
Society.
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particle velocity v [19, 45]. In these experiments, Stokes drag equals the electric field
Emultiplied by charge q:

Fd ¼ qE ¼ 6πηRv (5:2)

Figure 5.34C shows that NMR measurements also give CNAC. Upon formation of the
nanoaggregate, the restricted diffusion of the alkane chains causes a decrease in
rotational averaging, thereby reducing the magnitude of the NMR signal per unit
mass of asphaltene [19, 45].

5.6.2 Aggregation number of nanoaggregates

The aggregation number of nanoaggregates is not large. The change in slope in the
DC conductivity from molecule to nanoaggregate is not large; the cube of this differ-
ence gives the effective aggregation number of ~6 with some uncertainty [210]. For
comparison purposes, the aggregation number of the sodium dodecyl sulfate (SDS)
micelles in water is 63 and increases significantly at higher ionic strength [212]. The
small variation of the nanoaggregate aggregation number is not so important; the
key conclusion is that this aggregation number is quite small.
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Figure 5.35: SALDI-MS data showing the mass of the nanoaggregate on the bottom x-axis scale [62,
65, 69]. By dividing this nanoaggregate mass by the molecular mass obtained from L2MS, the
aggregation number is obtained. For all asphaltenes measured, the aggregation numbers of about
6 or 7 are obtained. Reprinted with permission from the American Chemical Society.
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SALDI-MS measurements were also used to obtain asphaltene nanoaggregation
numbers [62, 65, 69].These measurements rely on a gentle laser desorption of as-
phaltene solids on a SALDI-MS substrate. Figure 5.35 shows that again aggregation
numbers of about 6 are obtained independent of the type of asphaltene, including
petroleum asphaltenes, coal-derived asphaltenes, and immature source rock asphal-
tenes. The implication is that the solubility classification of asphaltenes also defines
their aggregation numbers, a property of solvation for asphaltene classes that have
different elemental composition and C/H atomic ratios.

As noted above, regarding VPO and some mass spectrometric methods, asphal-
tene aggregation has been observed to introduce important artifacts in measurement
and interpretation. Nevertheless, it has been conclusively established that the meth-
ods of asphaltene sample transfer in AFM studies are not impacted by asphaltene ag-
gregation since no aggregates have been detected. It is important to establish that
laser desorption techniques do not suffer from asphaltene aggregation, especially
since the L2MS measurements have been so important in establishing both asphal-
tene molecular weight and architecture. The laser desorption method “SALDI-MS” is
less energetic than L2MS. In L2MS, there is a direct heating of the asphaltenes with
the laser, whereas in SALDI-MS, the heating is indirect, the laser heats the surface
upon which asphaltenes are placed, and this heating causes desorption.
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Figure 5.36: SALDI-MS data for asphaltenes versus laser power (see Figure 5.35 for a schematic of the
apparatus) [62]. At the lowest laser powers, there is no signal. At low laser powers, nanoaggregates
are preserved; an expanded view of such signals is shown in Figure 5.35. At moderate laser powers,
small multimers (dimers and trimers) are obtained. At the highest laser powers, monomers are
obtained [62]. Reprinted with permission from the American Chemical Society.
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Figure 5.36 establishes that laser heating of asphaltenes can readily disaggre-
gate nanoaggregates without difficult. This result confirms that L2MS results are not
affected by nanoaggregates; thus, the important L2MS results on asphaltene molec-
ular weight [60–62] and on the dominance of island architecture [63] are valid.

5.6.3 Binding energy of nanoaggregates

An estimate of the binding energy of nanoaggregates in solution is obtained with
eq. (5.3) from the critical micelle concentration for nonionic surfactants [213]:

ΔG ¼ �RT ln CMCð Þ; ΔG ¼ �RT ln CNACð Þ (5:3)

For a CNAC of 150 mg/L ~ 2 × 10–4 M, ΔG ~ 5 kcal/mol. This is a low binding energy
and consistent with the results shown in Figure 5.36 from SALDI-MS:

CNAC ¼ exp �ΔG
RT

� �
¼ exp � ΔH � TΔS

RT

� �
¼ exp �ΔH

RT

� �
exp �ΔS

R

� �
(5:4)

The asphaltene CNAC has been measured to have a relatively small temperature de-
pendence [45, 211], which helps explain why nanoaggregates are routinely found in
reservoir crude oils at temperatures in excess of 100°C [18, 214, 215]. As indicated in
eq. (5.4), the limited temperature dependence of the CNAC formation indicates that
a substantial fraction of the Gibb’s free energy of nanoaggregate formation is due to
entropy increase at CNAC. Upon asphaltene aggregation, the entropy of the solvent
increases by more than that of the asphaltenes decreases. Similar findings are well
known for micelle formation in aqueous systems [216]. For micelles formed with
charged surfactants, micelle formation is accompanied by a concentration of like
charges in the micelle that are not entirely offset by the counterion binding to the
micelle [213]. The growth of micelles with increasing ionic strength is associated
with better charge cancellation [217]. The enthalpy of formation of charged micelles
can be positive especially at lower temperatures [213, 218, 219] for which case en-
tropy changes must cause micelle formation.

5.6.4 Structure of asphaltene nanoaggregates

Various studies have shown the existence of a disordered PAH stack at the length
scale approaching that of the graphite sheet spacing [17, 220]. Asphaltene intermo-
lecular binding is discussed in some detail in Section 5.7; the primary conclusion is
that the dominant asphaltene intermolecular interaction is from polarizability, thus
primarily from aromatic carbon [221]. Considering the island structure of asphal-
tenes, the nanoaggregate naturally have an interior core of aromatic carbon, with
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peripheral aliphatic substituents. Exactly, this structure has been shown in a series
of studies comparing the absolute cross sections of SAXS and SANS measurements
of asphaltenes [222–224].

X-rays are scattered preferentially by electrons; the aromatic core of the nanoaggre-
gate is enriched in electrons. Neutrons scatter preferentially by hydrogen; the periph-
eral alkanes of the nanoaggregate are enriched in hydrogen. Thus, for electron and
neutron wavelengths at the length scale of the nanoaggregate and smaller, the SAXS
and SANS cross sections will separate if the nanoaggregate structure consists of a
(disordered) PAH stack in the interior with peripheral alkane [222–224]. Figure 5.37
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Figure 5.37: Comparison of SAXS and SANS spectra: variations in the normalized cross sections
I(q)/φΔρ2 as a function of the wave scattering vector q for solutions of different asphaltenes in
toluene. The asphaltenes were obtained by insolubility in n-octane (iC8), n-heptane (iC7), and
n-pentane (iC5) [222]. φ is asphaltene fraction and Δρ is density contrast. The dotted and solid
lines represent different approximations in the small q domain. The scattering vector q, defined as
4πsin θ/λ, where 2θ is the scattering or deviation angle and λ is the incident wavelength of the
x-ray or neutron and acts as an inverse length scale (thus units of 1/Å). Separation of the SAXS and
SANS cross sections shows the fundamental separation of the aromatic and saturate portions of
the nanoaggregates [222–224]. Reprinted with permission from the American Chemical Society.
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shows that this nanoaggregate structure is confirmed. The length scale of this struc-
ture of the nanoaggregate is 14 Å. Nanoaggregate models with substantial void space
and lacking a PAH stack are not consistent with these observations. Such void space
is also inconsistent with the dominance of polarizability as the dominant intermolecu-
lar interaction.

Molecular dynamic simulations show nanoaggregate structures for three kinds
of asphaltenes [225] with very different aromatic to alkane carbon fractions; all
have been shown to have essentially the same aggregation number of their nanoag-
gregates by SALDI-MS [226].

Figure 5.38 explores the role of steric disruption of PAH stacking by using three types of
asphaltenes that differ significantly in their alkane fraction [225, 226]. The PAHs engage
in stronger intermolecular interactions than the alkanes, and the PAHs can also orient
and stack in preferred configurations to maximize favorable energetics. Alkanes do
engage in attractive intermolecular interactions but due to their typically random ori-
entations, they interfere with each other and with PAHs; this steric repulsion causes
disorder or can even preclude PAH stacking. The decrease of order in the PAH stack
with increasing alkane fractions is evident in Figure 5.38. Nevertheless, the three
types of asphaltenes are all toluene soluble and n-heptane insoluble, and they have
all been shown to have roughly the same aggregation number of the nanoaggregate.
Evidently, the solubility constraint of asphaltenes from the different source mate-
rials is sufficient to produce similar aggregation numbers of the nanoaggregates.

Figure 5.38: The role of aliphatic substituents in the structure of the nanoaggregate as shown by
molecular dynamics calculations for three diverse asphaltenes [225, 226]. The coal-derived
asphaltenes, with a small alkane fraction (25%), exhibit order in the PAH stack. Petroleum
asphaltenes with their substantial, peripheral alkane fraction (~50%) exhibit a disordered PAH
stack. The asphaltenes from immature source rock with their dominant alkane fraction (75%) do
not exhibit PAH stacking. These three types of asphaltenes all have essentially the same
aggregation number as shown by SALDI-MS and, of course, all adhere to the solubility definition of
asphaltenes [226]. Reprinted with permission from the American Chemical Society.
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5.6.5 Clusters of nanoaggregates

Well-established literature studies are briefly reviewed in this section regarding as-
phaltene clusters [35]. There is a second concentration threshold of nanoaggrega-
tion of asphaltenes; this second threshold results in the formation of clusters of
nanoaggregates. Similar to nanoaggregates, clusters can be stable in crude oil for
geologic time [227]. Thus, asphaltenes exhibit hierarchical nanoaggregation. There
is no third threshold of aggregation known for asphaltenes that results in stable col-
loids, nor is there likely to be. Colloidally unstable asphaltenes have been shown to
have particle sizes down to 10 nm, almost the size of clusters [204–207]. In reservoir
crude oils, particles of this size or bigger would settle onto surfaces and would not
be suspended in the oil, thus would not be part of the produced crude oil. Phase-
separated asphaltenes are common in oilfield reservoirs and result from various res-
ervoir fluid processes [18, 228–230]. Similar to nanoaggregates, key properties of
the asphaltene clusters include the critical cluster concentration (CCC), the aggrega-
tion number of the clusters, the binding energy of the clusters and the structure of
the clusters. Clusters are less strongly bound than nanoaggregates as they form at
higher concentrations and represent the second threshold of aggregation of asphal-
tenes with both factors making cluster characterization more difficult. Nevertheless,
clusters have been reasonably well characterized by many different experimental
techniques.

5.6.6 Critical cluster concentration (CCC)

Evidence for a change in the (nano)colloidal description of the asphaltenes in toluene
was obtained by dynamic light scattering (DLS) experiments that tracked the forma-
tion of flocs after addition of n-heptane to toluene solutions of asphaltenes [231, 232].
DLS, also known as the photon correlation spectroscopy, directly measures the Brow-
nian motion of particles suspended in solution and, if the kinetics are slow enough,
enables one to monitor the particle growth. In this method, the light scattering pat-
tern is measured at a point in time. At later points in time, the light scattering pattern
is obtained and compared (or autocorrelated) with the original scattering pattern.
The decay rate of the autocorrelation value from 1 to 0 with time occurs via diffusion
and gives the translation diffusional correlation time. From this, the diffusion con-
stant can be determined which is related to the size of the asphaltene particle by the
Stokes–Einstein equation.

There is a distinction between cluster–cluster aggregation as opposed to aggre-
gate growth from adherence of monomers to a cluster [233, 234]. For colloidal insta-
bility as described herein, the appropriate description is cluster–cluster aggregation
(both above and below the CCC) [233, 235, 236]. Formerly, the diffusion-limited ag-
gregation (DLA) of cluster–cluster aggregation was called diffusion-limited colloidal
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aggregation (DLCA) as opposed to DLA of individual molecules/particles sticking to
a colloidal species. The distinction is important because the physical description is
different, and the fractal dimensions are different. Likewise, the corresponding no-
menclature applies to reaction-limited colloidal aggregation (RLCA) versus reac-
tion-limited aggregation (RLA) [233, 235–237]. There is confusion because many,
including the authors who performed DLS on asphaltenes, used the language DLA
for DCLA and RLA for RCLA. We keep the designation of the original work of DLS on
asphaltenes but we note the work related to colloidal instability, thus actually DLCA
and RLCA.

For two dimensions, 2D (such as in a Hele–Shaw cell), for aggregate growth,
the fractal dimension d for DLCA is d ~ 1.45 [238] and for DLA is d ~ 1.7 [233]. For
2D, the fractal dimension for RLCA, d ~ 1.56 [238], thus larger than that of DLCA and
more space filling and compact. For 3D aggregate growth, the fractal dimension d
for DCLA is d ~ 1.7 [233, 235, 236], whereas for DLA d ~ 2.5 [237]. For 3D, the fractal
dimension of RLA d ~ 2.5 [233], while for RLCA d ~ 2.1 for low concentrations but
increases to 2.5 for high concentrations corresponding to the percolation threshold
[234, 239]. The reason that the fractal dimension in DLCA is lower (less space filing)
than in the case of DLA is because particle growth is dendritic and the large clusters
have less access to the “fjords” between the dendritic trees due to their larger parti-
cle size [233]. Even for initially smooth surfaces, a roughening of surfaces will mag-
nify similar to the Mullins–Sekerka instability [233, 240].

There is confusion beyond the same name used for two different physics pro-
cesses (e.g., DLA used for DLA and DLCA); the fractal dimension of 2D aggregate
growth for DLA is the same as the fractal dimension for 3D growth of DLCA, d ~ 1.7
[236, 239]. For the work below on asphaltenes, cluster–cluster aggregate growth in
3D applies; thus, 3D DLCA (d ~ 1.7) and 3D RLCA (d ~ 2.1) apply (even though the
names “DLA” and “RLA” are used).

Generally, an aggregation process may involve two characteristic times: a diffu-
sion time τD and a reaction time τR. There are two limiting cases of aggregation,
DLA and RLA. If τD ≫ τR, the aggregation kinetics are controlled by diffusion and
referred to as DLA. In the case, when τR > τD, the aggregation kinetics are deter-
mined by the rate of the “reaction” and referred to as RLA. The equations employed
by the authors [231, 232] to determination which aggregation process applied are:

DLA : R ¼ Ro 1þ t=τDð Þ1=df (5:5)

RLA : R ¼ Roexp t=τRdf
� �

(5:6)

where Ro is the initial value of R and df is the fractal dimension of the particle. [231, 232]
Figure 5.39 shows a transition from DLA to RLA for asphaltene floc growth when

changing the initial concentration of asphaltenes in toluene from 1 to 10 g/L. This
indicates a change in the nanocolloidal state of asphaltenes in this concentration
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range. The cross-over concentration was determined to be ~5 g/L [231, 232]. As the
authors clarified, once the high-Q ultrasonics work identified the CNAC, it was evi-
dent that the aggregation detected by these kinetic studies corresponds to a higher
level of aggregation, now called cluster formation from nanoaggregates.

RLA reaction kinetics can occur when a morphological change is needed in
order for particles to stick. Clusters are likely fractal in nature with some dendritic
character and could require such a morphological change for strong adherence at
the interface between particles. This might explain the RLA reaction kinetics of
clusters.

Figure 5.39: Kinetics of floc growth from the so-called cluster–cluster aggregation [234–236] for
asphaltenes in toluene destabilized by n-heptane addition [231, 232]. (A) For 1 g/L asphaltene in
toluene, the kinetics are consistent with diffusion-limited aggregation (DLA or really DLCA) [231,
232]. The fractal dimension is 1.7, which matches expectations for DLA of a destabilized colloidal
system. (B) For 10 g/L asphaltenes in toluene, the kinetics are consistent with reaction-limited
aggregation (RLA or really RLCA). A fractal dimension of 2 was used for RLA. The change in floc
kinetics from DLA to RLA indicates a change in the nanocolloidal state of asphaltenes in going from
1 to 10 g/L [231, 232]. Reprinted with permission from the American Chemical Society.
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Centrifugation and DC conductivity were both used to detect the CCC just as
they were the CNAC [209]. Figure 5.40 shows the CCC to be slightly more than 1 g/
L, thus somewhat less that was obtained by the kinetics of floc formation. Possibly,
the different asphaltene samples played a role in the CCC difference. In any event,
the detection of a second aggregation threshold is confirmed by very different
techniques.
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Figure 5.40: Measurement of the critical cluster concentration (CCC) [209]. (A) For centrifugation,
spin durations are employed, which are too short to collect nanoaggregates but are sufficient to
collect clusters of equivalent sphere 5 nm diameter at the base of the centrifuge tube. Asphaltene
accumulation at the bottom of the centrifuge tube occurs at ~1.2 g/L [209]. (B) A very small fraction
of asphaltene nanoaggregates are charged. Upon cluster formation of a charged nanoaggregate
with neutral nanoaggregates, the Stokes’ drag increases, reducing the conductivity per unit mass
of asphaltene. For the same asphaltene, the CCC is ~1.3 g/L [209]. Reprinted with permission from
the American Chemical Society.
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5.6.7 Cluster aggregation number/size

To measure CCC, both centrifugation and DC conductivity rely on the change in the
hydrodynamic radius r upon cluster formation from nanoaggregates. Both analyses
yield cluster sizes smaller than 10 nanoaggregates [209]. The relevant equation (5.7)
and discussion for DC conductivity for clusters is the same as for the nanoaggregate.
In centrifugation, the force of the asphaltene particle is proportional to the accelera-
tion (g) and the volume of the particle (thus, the cube of the radius), and density con-
trast between the asphaltene and crude oil, Δρ. Stokes’ drag of the particle is
proportional to r (cf. eq. (5.2)). Thus, the sedimentation velocity vs is

vs ¼ 2r2Δρg�
9η (5:7)

where η is viscosity. With this equation, centrifugation g-forces and durations can
be designed to collect 5 nm clusters at the base of the centrifuge tube, but not 2 nm
nanoaggregates, as shown in Figure 5.34A. Similar successful centrifugation experi-
ments were performed to collect nanoaggregates, but not molecules for analysis of
the CNAC. NMR studies of asphaltenes also obtained similar aggregation numbers
for the cluster of about six nanoaggregates by analysis of the relaxation rates of
nanoaggregate alkane chains [7]. Similar cluster sizes have been obtained in other
NMR measurements [241].

The combined SAXS and SANS studies yield the structure of the nanoaggregate
with a PAH core and peripheral alkyl substituents for the nanoaggregate. These stud-
ies also obtained hierarchical nanoaggregates and clusters with aggregation numbers
of ~12 [222–224]. Field studies of asphaltene gradients in oilfield reservoirs show a
cluster size (equivalent diameter of a sphere) of 5 nm. All of these studies yield simi-
lar results. Indeed, a 5 nm diameter of the cluster was proposed in 2010, and in 2013
it was found to match the gravity gradient of clusters in dramatic fashion where the
asphaltene gradient ranges from 4% to 35% over a 100 km periphery of a giant oil-
field [227]. The cluster size of 5 nm is used in the Yen–Mullins model.

No larger stable, colloidal species of asphaltenes have been observed in reservoir
crude oils. For reservoir crude oils of low gas–oil ratio (GOR), the FHZ EoS reduces
predominantly to the gravity term shown in eq. (5.8). Gradients of asphaltenes in
crude oils of these low GOR crude oils are determined predominantly by the gravity
term which consists of the Archimedes buoyancy of the asphaltene particle in the
Boltzmann distribution where Conc(h) is the asphaltene concentration at height h in
the reservoir, V is the volume of the asphaltene species, Δρ is the density contrast
between the asphaltene and bulk oil, g is earth’s gravitation attraction, k is Boltz-
mann’s constant, and t is temperature [214, 242, 243]:

Conc hð Þ
Conc 0ð Þ ¼ exp �VΔρgh

kT

� �
(5:8)
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This simple equation has been shown to work routinely in oilfield reservoirs [18]. In
particular, this equation describes the variation of asphaltene concentration of a
factor of 10 over a height of 60 m over the 100 km periphery of a four-way sealing
anticline [227]. The asphaltene chemical composition remained invariant [65, 244]
in the crude oil but the concentration varied by a factor of 10 confirming the appli-
cation of eq. (5.8) using asphaltene clusters from the Yen–Mullins model [227]. The
half-height of asphaltene concentration given by the exponential of eq. (5.8) was
20 m. For light oils, the half-height is naturally less because the density contrast
increases [245]. If a larger asphaltene species existed in reservoir crude oil, then it
would have a smaller half-height in accord with its increase size. If a third nanocol-
loidal particle remained stable in a reservoir crude oil, and had twice the radius
compared to a cluster, then it would have a half-height of 2 m. Thus, almost none of
the crude oil in the reservoir would have contain larger particles.

Laboratory measurements of destabilized asphaltenes in toluene solutions and
crude oils show that the asphaltene nanocolloidal particles approach the size of
clusters as the instability is reduced [204–207]. This observation is in accord with
the exponentially increasingly slow kinetics of floc formation with decreasing de-
stabilization of asphaltenes [204–207].

5.6.8 Cluster binding energy

By using eq. (5.3) with 5 g/L for the CCC, the binding energy is calculated to be
3 kcal/mol of clusters in toluene solution. There is no other determination of this
energy to cross-check. In any event, the CCC is much higher in concentration than
the CNAC, thus, the cluster biding energy must be appreciably smaller than that of
the nanoaggregate.

The CCC was determined over a limited range to be basically temperature inde-
pendent [209]. As discussed above for the CNAC involving eq. (5.4), this lack of tem-
perature dependence indicates that cluster formation is predominantly entropy
driven. This also explains why clusters that are so weakly bound are found in reser-
voirs that are 100 °C.

5.6.9 Cluster structure

Unlike the nanoaggregate with its PAH stack, the cluster is unlikely to have a pre-
ferred axis. The combined SAXS and SANS study and other SANS studies found that
the clusters are fractal [222–224]. It is important to note that clusters can exist in
crude oils for geologic time (the same as nanoaggregates).
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5.7 The Hansen solubility parameters and
asphaltene intermolecular interactions

To improve the understanding of the intermolecular interactions and solubility of or-
ganic compounds such as asphaltenes, it is useful to consider the Hansen solubility
parameters [246]. The Hildebrand solubility parameter can be decomposed into three
orthogonal constituent solubility parameters accounting for the three dominant inter-
molecular interactions of organic compounds: polarizability (known as the dispersion
force) δD, polarity δP, and hydrogen bonding δH. This is shown as follows:

δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δ2D þ δ2P þ δ2H

q
(5:9)

Polarizability is the dominant intermolecular interaction in crude oils and asphal-
tenes. The π-electron clouds of the PAH core of asphaltene molecules are deform-
able and polarizable. The purification action associated with carbon filters relies on
this principle as well as on their pore structures. The alkanes lack π-electrons and
their σ-electron clouds are more rigid and have lower polarizability. Teflon has
even a lower polarizability, thus it is not at all chemically sticky. Helium atoms
have almost no polarizability which is why helium does not liquefy until a tempera-
ture of 4 K. Polarizability of helium atoms requires incorporation of the n = 2 elec-
tron shell which has an excitation energy of 26 eV, which results in negligible
polarizability.

Polarity refers to molecules that have a permanent dipole moment. Carbon and
hydrogen have nearly equal electronegativity, so compounds made of these two el-
ements are nonpolar. Alkanes and aromatic compounds (without heteroatoms)
have no dipole moment with rare exception (such as azulene). In contrast, oxygen
and hydrogen have very different electronegativity so bonds made of these two ele-
ments are quite polar (e.g., water). Asphaltenes contain dominantly carbon and hy-
drogen and the primary heteroatom is sulfur which is typically in nonpolar groups,
thiophenes, and sulfides. Asphaltenes might contain a few percent nitrogen and ox-
ygen, which give asphaltenes a bit of polarity.

H-bonding (or hydrogen bonding) is a relatively strong interaction and always
involves hydrogen in bonds to very electronegative atoms such as oxygen or nitro-
gen. Water molecules form strong hydrogen bonds and consequently water remains
liquid at unusually high temperatures for compounds of such a small mass. All
compounds that form hydrogen bonds are polar but the converse is much less often
the case [246].

The projection of the Hildebrand solubility parameter into three orthogonal
Hansen solubility parameters is shown in Figure 5.41. The chemical axiom “like dis-
solves like” is specified clearly with the Hansen parameters; the condition of two
compounds being mutually soluble is that their Hildebrand solubility parameters
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should be similar. Moreover, each component of their respective Hansen solubility
parameters should also be similar.

In Figure 5.41, this condition of similar solubility parameters is graphically rep-
resented by a sphere centered on the solubility parameter of a given compound.
Points inside the sphere represent similar solubility parameters to the given com-
pound, thus are soluble. Points outside the sphere are insoluble in/with the given
compound.

Green points in Figure 5.41 represent compounds that are soluble in the given com-
pound (inside the sphere) with similar Hansen solubility parameters. Red points rep-
resent compounds with very different Hansen components; thus, they are insoluble
with the given compound [246]. In the application of Figure 5.41 to indicate solubility
between two compounds, the square of difference of polarizabilities is often multi-
plied by four emphasizing the importance of very similar polarizability for solubility.
The distance R between the two compounds is represented as in eq. (5.10), where the
prime represents the second compound:

Hydrogen bonding

Polarity

Dispersion

D
P

H

SR

Figure 5.41: Graphical representation of the Hildebrand solubility parameter (S) for a given
compound projected into the three Hansen components, dispersion or polarizability (D), polarity
(P), and hydrogen bonding (H). The chemistry axiom “like dissolves like” dictates that only
compounds within the sphere of radius R shown centered on S will be soluble with the given
compound [246].
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R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4 δD � δ

0
D

� �
þ δP�δ

0
P

� �
þ δH�δ

0
H

� �r
(5:10)

With greater R, the solubility is reduced. Note the factor of 4 in the dispersion term.
Small differences in this polarizability term are equivalent to large differences in
the other two terms, that is, solubility is sensitive to small differences in the disper-
sion term.

A table of Hildebrand and Hansen solubility parameters is instructive. Teflon
(and other perfluorocarbons) are known to have very low intermolecular interactions,
which is why Teflon is a preferred coating in cookware; nothing sticks to it. A value
of 12.4 (MPa)1/2 for Teflon in Table 5.6 is seen to correspond to such a low intermo-
lecular interaction (not shown but almost entirely the polarizability component).
In contrast, Table 5.6 shows that water with its strong intermolecular interaction
has a Hildebrand solubility parameter of 47.8 (MPa)1/2. Teflon and water establish
the range of Hildebrand parameters from very weak 12 (MPa)1/2 to very strong 48
(MPa)1/2 for condensed phase. Moreover, the solubility parameter of water is dom-
inated by H-bonding, a strong and spatially directional bond. Alkanes, the domi-
nant component of crude oil, are seen to have Hildebrand parameters 16 (MPa)1/2

somewhat above Teflon, and those of aromatics are somewhat above the alkanes.
Moreover, Table 5.6 shows that the alkanes and the aromatics are dominated by
the simple, weak polarizability forces.

Table 5.6 shows that the solubility parameter of asphaltenes is dominated by
the polarizability term [221, 247]. The somewhat large asphaltene PAHs impart this
property, and the asphaltene peripheral alkanes also contribute. To obtain these
entries in Table 5.1 in units of (cal/cm3)½, divide by ~2.

The solubility parameters of the asphaltenes are fairly similar to those of aro-
matics [221, 247]. Indeed, asphaltenes are defined to be toluene soluble and thus
must have solubility parameters similar to that of toluene. Note that the difference
between the solubility parameters of asphaltenes and alkanes is sufficient to dictate
no solubility of asphaltenes in alkanes. The solubility parameters of toluene and
asphaltenes are dominated by the weak and simple polarizability component. The
asphaltenes do have a component of polarity and H-bonding, but these contribu-
tions are fairly small.

Methane has low intermolecular interaction but is not listed in Table 5.6 because
the molar volume is very dependent on temperature and pressure making the nu-
meric value of solubility parameter somewhat arbitrary. Nevertheless, addition of
methane to crude oil results in a decrease in solubility parameter because both the
density decreases and methane has low intermolecular interaction.

To help understand the secondary impact of polarity and H-bonding on asphal-
tene intermolecular interactions, the heteroatom content of asphaltenes is briefly re-
viewed. The heteroatom moieties have been addressed by a variety of measurements
and are dependent on the source material of the asphaltenes. The heteroatom content
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can vary considerably even for asphaltenes sourced from petroleum. Sulfur is typically
the most abundant heteroatom by weight (typically several percent) and might be
present in a quantity roughly equivalent to one sulfur atom per asphaltene molecule
on average, again with substantial variability. As shown by x-ray spectroscopy, specif-
ically, XANES, sulfur is typically found in thiophene and sulfide moieties both of
which are nonpolar [10]. Occasionally, sulfoxide is found to be a significant fraction of
the sulfur content [11]. Sulfoxide has a large dipole moment of roughly 4 debye so that
it can introduce a site of polarity in an asphaltene molecule. Nitrogen is found at
lower mass fractions than sulfur in asphaltenes and, similar to sulfur, is quite variable

Table 5.6: Hildebrand and Hansen solubility parameters [246].

Compound Hildebrand δ (MPa½) Hansen parameter (MPa½)

δDisp. δPol δH

Alkanes

n-Butane . .  

n-Pentane . .  

n-Hexane . .  

n-Heptane . .  

n-Dodecane . .  

Aromatics

Benzene . .  .

Toluene . .  .

Naphthalene . . . .

Hetero compounds

Acetone . . . .

Ethyl alcohol . . . .

Phenol . . . .

Acetic acid . . . .

Carbon disulfide . .  .

Acetonitrile . . .

Teflon . – – –
CF . – – –

Asphaltenes [] . . . .

Water . . . .
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in content and can occur at roughly one nitrogen atom per two molecules on average.
Nitrogen XANES studies of asphaltene nitrogen show that it is found in pyrrolic and
pyridinic moieties, both of which are aromatic groups [12]. Pyridinic nitrogen is some-
what basic with a dipole moment of ~2.2 debye while pyrrolic nitrogen is somewhat
acidic with a dipole moment of ~1.8 debye; thus, nitrogen introduces some limited
charge separation in a sphaltene molecules. Oxygen is present in small quantities,
perhaps on average every other molecule has an oxygen atom. Asphaltene oxygen is
found in hydroxyls, carbonyls, ethers, and occasional carboxylic acids [13]. Most of
these functions also impart some charge separation in asphaltenes and help give rise
to the modest contribution of polarity and H-bonding in asphaltene intermolecular
interactions.

5.8 Asphaltene thermodynamics

5.8.1 Bulk asphaltene thermodynamics

The understanding of asphaltene molecular and nanocolloidal fundamentals has
helped spur a renaissance in asphaltene thermodynamics. For the thermodynamics
of bulk phase asphaltenes, there are two primary predictions: asphaltene gradients
in solution, for example, in oilfield reservoirs; and asphaltene phase behavior. For
asphaltene gradients in solution phase, the FHZ EoS [242, 243, 248] is used with the
Yen–Mullins model [15, 16] to account for asphaltene gradients in oilfield reservoirs
[18]. This methodology has had substantial success in accounting for a wide variety
of observations and is described in detail in chapter 6 in this book.

A modified Flory–Huggins theory is used to characterize gradients of asphal-
tenes; a gravity term is added with Archimedes buoyancy in the argument of the
Boltzmann distribution term (cf. eq. (5.9)). The resulting FHZ EoS , eq. (5.11), is used
for modeling gradients [242, 243, 248]. The ratio of asphaltene content is expressed
as a ratio of optical density (OD) at two heights, hi, in the reservoir:

OD h2ð Þ
OD h1ð Þ ¼ exp

vagΔρ h2�h1ð Þ
RT

þ va
v

� �
h2
� va

v

� �
h1
�
va δa� δð Þ2h2� δa� δð Þ2h1
h i

RT

0
@

1
A (5:11)

where νa and ν are the molar volume of the asphaltene species and oil, respectively, g
is Earth’s gravity, Δρ is the density difference between the oil and asphaltenes, R is the
ideal gas constant, T is temperature, δa and δ are the Hildebrand solubility parameters
of the asphaltene species and oil, respectively (see Table 5.6). The FHZ EoS theory is
fairly simple; there is a single chemical interaction parameter which is the Hildebrand
solubility parameter. In eq. (5.11), the first term in the argument of the exponential is
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the gravity term, the next two terms account for the Flory–Huggins entropy. The last
term incorporates the solubility parameters of the oil and asphaltenes.

For oilfield reservoirs, the key question is whether the contained oil is or is not
in equilibrium; thus, this is not an exercise in curve fitting measured gradients with
an equilibrium model [18]. In particular, a theory that is to resolve whether or not
reservoir fluids are equilibrated cannot have many parameters; otherwise, the the-
ory could fit anything. The few parameters of the FHZ EoS make this theory very
attractive. For asphaltene phase behavior, the Flory–Huggins theory has been used
[249]. Nevertheless, the predictive capability regarding phase behavior has not
been fully developed. PC SAFT modeling has been used for asphaltene phase be-
havior [250–252]. The cubic EoS has been used for phase behavior modeling asphal-
tene phase behavior particularly for gas injection into crude oil; this acknowledges
that the solvent, where the cubic has utility, controls much of the asphaltene phase
behavior [253].

5.8.2 Asphaltene interfacial properties

In addition to modeling bulk solution properties, interfacial properties of asphaltene
solutions of moderate or low concentration can also be modeled using simple equa-
tions along with the centroid of asphaltene molecular properties [19, 20, 254]. The
concentration range of applicability includes the CNAC and lower. The specific mo-
lecular properties can be compared to that in Figure 5.1 of the Yen–Mullins model.
The Langmuir equation of state (EoS) accounts for the effect of asphaltenes on the
interfacial tension (IFT) and is given below:

γ Γð Þ ¼ γo þ kTΓ∞ln 1� Γ=Γ∞
� �

(5:12)

where γ Γð Þ is the IFT, γo is the clean surface IFT, Γ is the surface coverage, Γ∞ is the
maximum surface coverage, k is the Boltzmann constant, and T is the temperature.
The Langmuir EoS is perhaps the simplest equation that can be used to fit IFT data
as shown in Figure 5.42. There are two adjustable parameters: a reference surface
coverage Γ and the size of the molecular footprint of the surfactant on the surface
(1/Γ∞). If the asphaltene concentration in the solution is high, this simple descrip-
tion is insufficient to account for the IFT [255].

The IFT can be measured by the pendant drop method. The shape of a drop at
equilibrium suspended in a second phase is given by the interplay of interfacial
and gravitational forces. The balance of these two forces is given by the Bond
number B = ΔρgL2/γ, where Δρ is the density difference between the two fluids, g
is the gravity acceleration, L is the drop size, and γ is the IFT [256].
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The fit to the IFT data in Figure 5.42 yields a value of the asphaltene molecular
footprint equal to a nominal six-ring PAH which applies to the universal curve
shown in Figure 5.42B [19]. The corresponding characteristic PAH size is remarkably
close to the molecular structure shown in Figure 5.1 in the Yen–Mullins model [19].
This analysis and interpretation require that the asphaltene PAH is in-plane in the
oil–water interface and that the alkyl groups are out-of-plane. Exactly this configu-
ration has been measured for asphaltenes in Langmuir–Blodgett films by sum fre-
quency generation (SFG) [257]. In addition, these studies also show that PAHs with
peripheral oxygen functions orient such that the PAHs are transverse to the inter-
face [257]. These results are consistent with the finding that asphaltene intermolec-
ular interactions are dominated by polarizability of the PAH in solution studies
[221]. Alkylated hexabenzocoronene is also oriented with the PAH in-plane at the
oil–water interface [20].

Figure 5.42 shows that the IFT measurements for many experimental conditions
reduce to a universal curve that is fit by the Langmuir equation [19, 20, 254]. The ex-
cellent fit of the Langmuir equation with its minimum number of parameters to the
universal curve lends validity to this analysis. In addition, the concentrations used to
obtain the universal curve included values below and above the CNAC; in these ex-
periments, the CNAC was determined by NMR. This indicates that the nanoaggregates
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Figure 5.42: The interfacial tension (IFT) between an asphaltene solution and water measure with
the pendant drop technique [19]. (A) A universal curve is obtained at low-to-moderate
concentrations for all conditions including variable concentrations and aging times. (B) The
Langmuir EoS accounts for the asphaltene IFT curve with a minimum number of parameters.
Reprinted with permission from the American Chemical Society.

276 Yunlong Zhang et al.



are not surface active in this concentration range; the surfactant contact area at
the interface in the Langmuir equation analysis remained molecular and was unaf-
fected by the presence of nanoaggregates in the bulk solution. Otherwise, IFT data
from concentrations in excess of the CNAC would diverge from the universal curve.
The nanoaggregate has peripheral alkyl substituents as shown in Figure 5.1 and as
measured by combined SAXS and SANS experiments [222–224]. The different attrac-
tion to the interface of the asphaltene PAH versus alkane groups is shown in the SFG
experiments [257] and is also obtained in coarse grained modeling [258]. Conse-
quently, the IFT of asphaltene solutions with water is consistent with the Langmuir
equation coupled with the Yen–Mullins model over a wide range of experimental
conditions.

Figure 5.43 frames important aspects of IFT behavior as exhibited by static measure-
ments of a solution of SDS [259]. The observation is that there is a relatively small
change in IFT up to roughly 80% surface coverage. At higher coverages, there is a
large decrease in IFT with even incremental increases in surface coverage. As the
authors note, “the tensiometer senses an altered air/water interface chiefly when the
packing density exceeds 80% saturation. SDS progressively fills the remaining 20%
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Figure 5.43: Plot of surface tension versus ln[SDS] for pre-CMC concentrations with the percent
coverage written for each point [259]. For small surface coverage, large changes in coverage result
in modest IFT changes. In contrast, at high surface coverages, small changes in surface coverage
give rise to large IFT changes. Reprinted with permission from the American Chemical Society.
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of the interfacial loci as the bulk SDS concentration increases all the way up to and
beyond the CMC. It is the late stage occupancy of the interface that causes the steep
decline in surface tension” [259].

5.8.3 Time dependence of asphaltene IFT

It has often been observed that upon the preparation of an interface involving a so-
lution with surfactants, there is an initial rapid decline of the IFT which is consis-
tent with surfactant diffusing to the interface, thereby reducing the IFT. Indeed, for
crude oil–water systems such a reduction is observed and successfully modeled
presuming diffusion. For interfaces involving asphaltene solutions and water, there
are some similarities but also differences compared to standard surfactants. With
known surfactants of a single component and at long times, the IFT asymptotically
approaches a fixed value without further reduction of IFT. In contrast, asphaltene
solution–water interfaces exhibit continuous long-term declines [260, 261]. The ob-
servation that the IFT of crude oil and asphaltene solutions decreases at long times
in contrast to solutions with single surfactants suggests that asphaltenes have more
than a single interfacially active component.

An oft-repeated observation of asphaltene IFT is best explained by incorporating
more than just the centroid of the asphaltene molecular distribution [262]. Figure 5.42
shows that the bulk of asphaltene IFT can be accounted for by relative coverage of the
surface independent of surface aging times. However, a more detailed examination of
the asphaltene IFT versus aging time shows that there is a small yet readily measur-
able continuous decline [260, 261]. This is in contrast to the adsorption behavior of
standard single-component surfactant.

Figure 5.44 plots the IFT data for asphaltene solutions and shows that there is a
large drop of IFT at short times, and that the IFT continues to decline at long times
[260]. This data is consistent with other studies of the IFT between water and tolu-
ene-asphaltene solutions [261]. At short times, diffusion delivers surfactant to the
interface. For a single surfactant, as time progresses, the surface becomes saturated
with surfactant and the IFT ceases to change [263]. For a second component of
higher interfacial activity but lower concentration, it will take longer to diffuse to
the interface, but once it arrives, it can displace the first component. The higher in-
terfacial activity of the second component impacts the IFT via a slightly higher sur-
face coverage in accordance with the results in Figure 5.43 [259]. At high surface
coverage, which is obtained at long times, it takes only a small increase of surface
coverage to yield a measurable decrease in IFT. This binary model accounts for
most the measured data. More components improve the fitting but at the expense of
more parameters.

Recent modeling implemented a ternary mixture model for diffusion-limited ad-
sorption at water–oil interface [263]. As observed in Figure 5.45, the smallest fraction,
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that is, pseudo-component 1, (<0.5%) is largely responsible for the long-term IFT
decay. The adsorption of the most abundant but less surface-active components
(pseudo-component 3) quickly reached the maximum coverage within several deca-
des of seconds, indicating that it is the main contributor to the initial fast decrease
of IFTs. In contrast, the tiny fraction with the highest surface activity (pseudo-
component 1) exhibits a slow and prolonged adsorption process. After reaching the
maximum surface coverage, the less surface-active components that had adsorbed
onto the water−oil interface started to gradually be replaced by the more surface-
active but less numerous components [263]. The most surface-active component did
not to reach the maximum surface coverage within the simulated time of around 27
h. The result obtained by this model indicates that the presence of a very small frac-
tion of extremely surface-active asphaltenes components could explain both the
long-term IFT decay observed and the apparent irreversibility of adsorption during
washout experiments.

The analytical solution for this diffusion-controlled adsorption model with a
linear isotherm has been worked out as [264]
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Figure 5.44: Experimental data for 0.005% asphaltenes in toluene–water interface showing long-
term, continuous decrease of IFT [260]. Numerical IFT curves generated using different numbers of
components: 1 (yellow), 2 (green), 3 (orange), and 4 (black) [263]. Reprinted with permission from
the American Chemical Society.
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Π ¼ Δγeq 1� exp
τ
τD

� 	
erfc

ffiffiffiffiffi
τ
τD

r� 	

(5:12)

where Π is surface pressure, the reduction of surface tension at equilibrium Δγeq =
RTKHCb with R being the gas constant, T the temperature, KH the Henry’s law con-
stant, and Cb the bulk concentration, τ is the time, and the characteristic diffusion

time τD ¼ K2
H

D
with D being the diffusion constant.

In the mixture case of Langmuir-type adsorption, the surface excess coverage
Γ∞is assumed to be (almost) the same for all the components and the fractional sur-
face coverage θi of the ith component becomes [262]

θi ¼ kiCsi

1þ kjCsj
(5:13)

where ki is the adsorption constant of component i (the ratio of adsorption rate con-
stant over desorption rate constant), and Csi is the subsurface concentration of com-
ponent i. The binary model employed in Figure 5.44 uses two species with different
interfacial activity. Nevertheless, both species are presumed to have the same mo-
lecular contact area at the interface [262]. This is consistent with the comparison of
asphaltenes for bulk samples vs the most interfacially active components [265]. At
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Figure 5.45: Evolution of the fractional surface coverage for each of the three components in the
model with a ternary mixture shown in Figure 5.44. Pseudo-component 1 (yellow) is the most
surface active but least abundant, pseudo-component 3 (blue) is the least interfacially active but
most abundant. The total fraction coverage of the model (gray) increases with time [263]. Reprinted
with permission from the American Chemical Society.
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high coverage, only a small change of surface coverage induced by the second com-
ponent beyond that of the first is needed to cause a significant change of IFT [259].
In addition, this treatment helps keep the number of adjustable parameters to a
minimum. This assumption is also consistent with measurement of different surfactant
species in asphaltenes [265, 266]. With a third component of even higher interfacial
activity and even lower concentration is present in asphaltenes, Figure 5.44 shows that
the predicted reduction of surface tension with time occurs for very long times [263].

As with bulk phase distributions of asphaltenes, modeling the IFT sometimes can pro-
ceed with consideration only of the centroid of the molecular distribution. For other appli-
cations, greater complexity of the distribution of the molecular or colloidal components of
asphaltenes must be considered. A minimum number of parameters help reveal the proper
chemistry and physics of the system as opposed to providing merely curve fitting of data.

5.8.4 Reversibility and irreversibility of asphaltene processes

There has been persistent debate as to the extent of reversibility of various asphal-
tene processes. The production of oil from reservoirs is greatly impeded if asphal-
tenes precipitate in production tubing or worse in the reservoirs themselves as a
consequence of pressure reduction during production. Consequently, it is important
to obtain oil samples from reservoirs prior to production to measure potential insta-
bility conditions of asphaltenes. If these subsurface oil samples obtained for evalua-
tion reach ambient surface temperatures and thus, undergo substantial pressure
reduction, then subsequent measurement of asphaltene onset pressure (AOP) in the
laboratory is often very inaccurate with much less asphaltene instability measured
than actual [267]. That is, the asphaltenes that precipitate in the sample bottles can-
not be totally restored to reservoir conditions even at elevated pressures and tem-
peratures [267]. This observation has led to the use of pressurized sample retrieval
bottles in the field which limits asphaltene precipitation prior to restoration of the
sample in the laboratory. However, these sample bottles are not heated; thus, often
some asphaltene precipitation occurs even in pressurized bottles due to tempera-
ture reduction.

One factor affecting whether the asphaltenes can be reversibly redissolved in
the crude oil is that oilfield sample bottles often contain some quantity of solids
(clays, sands, and drilling solids) and water in addition to live crude oil. If the pre-
cipitated asphaltene becomes strongly associated with water and/ or with clays and
other solids, it is unlikely that they would reversibly redissolve under reservoir con-
ditions of pressure and temperature. Some other metric is required to determine the
reversibility of asphaltene flocculation in a more controlled setting. In addition, the
measurement of AOP downhole in oil wells is preferred to avoid restoration prob-
lems. Measurement of AOP downhole can now be achieved routinely [268]. To date,
the pressure measurement of AOP downhole always exceeds that measured in the
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lab for the same sample when identical temperatures prevail; the implication is that
some restoration problems remain even with use of pressurized bottles [269].

Figure 5.46 shows the optical spectra of a live crude oil under different conditions [270].
The peaks at 2,300, 1,725, 1,400, and 1,200 nm are the CH stretch-plus-bend, two-
stretch, two-stretch-plus-bend, and three-stretch, respectively. The broad increase OD
with shorter wavelengths corresponds to electron absorption of PAHs [39]. The spectra
in Figure 5.46A exhibit no optical light scattering with the oil sample at 13 kpsi.
Figure 5.46B shows three spectra; the spectrum for the sample at 13 kpsi again shows
no optical light scattering (no scattering offset of OD) with the spectrum in 46A [270].
The spectrum for the sample at 6 kpsi is 2 kpsi below AOP and shows a large scattering
offset. A new charge of sample was loaded into the cell. The pressure for the third spec-
trum was changed twice during the optical scan. The optical scan started with a pres-
sure of 13 kpsi and a wavelength of 2,200 nm. The wavelength was continuously
reduced; this scan overlays the previous high-pressure scan. When the wavelength
reached 1,925 nm, the pressure was suddenly reduced to 6 kpsi which is 2 kpsi below
the AOP (at 75 oC) of 8 kpsi. Immediately, asphaltenes flocculated producing about 0.8
OD units of offset. The resulting spectrum largely overlies the previous spectrum for the
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Figure 5.46: Optical spectra of a live crude oil [270]. (A) Replicate sample charging and
measurement of a live crude oil with an AOP of ~8 kpsi showing excellent reproducibility. (B) Three
optical spectra of the same crude oil: one sample at 13 kpsi with no precipitated asphaltenes,
the second sample at 6 kpsi with large flocs (~1 µm), and third sample starting at 13 kpsi with the
wavelength at 2,200 nm. A rapid pressure reduction during the optical scan when the wavelength
was 1,925 nm precipitated the asphaltenes increasing light scattering. As the optical scan
progressed in time, a rapid pressure increase occurred when the wavelength was 1,300 nm; this
caused the precipitated asphaltenes to dissolve (to particles much small than 1 µm). This data
shows that asphaltene precipitation yielding small flocs is rapidly reversible as long as the
asphaltenes do not collect in a tar layer [270]. Reprinted with permission from the American
Chemical Society.
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oil sample at 6 kpsi. The scan continued with wavelength reduction until 1,325 nm was
reached. At this point, the pressure was rapidly increased to 13 kpsi. Very quickly in
the minutes time frame, the ODs reduced until no more optical light scattering was evi-
dent. This indicates that asphaltene flocculation is reversible at least to the extent mea-
sured optically (with a ~1 µm resolution) [270]. This result is consistent with movies of
reversibility of asphaltene precipitation with decreases and increases of pressure [271].

Figure 5.47 shows a method to measure the IFT of solutions with adjustable concen-
trations of surfactant. Two syringes are seen in the insert in Figure 5.47. As the drops
are brought together, coalescence occurs. The solution of the resulting bridging drop
can be replaced by controlling flow into and out of this drop [256]. Thus, the extent of
reversibility of adsorption of surfactant at the interface can be determined for example
by flushing the surfactant solution with pure solvent. Figure 5.47 shows that upon
drop formation, the IFT decreases up to 1,000 s associated with increasing surfactant
diffusing and adsorbing onto the interface. At 1,000 s, the solution in the bridging
drop is rinsed with pure water and the IFT responds immediately and eventually in-
creases to that close to pure water in air as flushing continues. Thus, this nonionic
surfactant adsorption is reversible [256].
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Figure 5.47: A novel experiment enables measurement of IFT while also enabling exchange of the
liquid in the drop [256]. Two drops, each on a syringe, are brought together forming a single drop; the
fluid in the resulting single drop can be replaced with continuous measurement of surface tension.
Upon drop formation with a solution of the nonionic surfactant pentaethylene glycol dodecyl ether
(C12E5), the IFT is reduced with increasing coverage on the surface. At 1,000 s, freshwater is
introduced into the drop causing desorption of the surfactant and restoration of the IFT close to that
of water, thus proving reversibility of adsorption of this surfactant [256]. Measurement of the IFT for
the bridging droplet is related to a detailed shape analysis and is described elsewhere and applies
especially for low Bond numbers (<0.1) [256]. Reprinted with permission from Elsevier.
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Asphaltene adsorption at a toluene–brine interface is not reversible by rinsing
with pure toluene [256]. Figure 5.48 shows the IFT vs time for two different asphaltenes
solutions initially in contact with brine, with concentrations 0.05 and 0.5 g/L. At
3,500 s, the asphaltene toluene solution in the bridging drop was flushed with pure
toluene. At the end of flushing, the solution was almost pure toluene and the surface
tension did not increase for either concentration; under these conditions, asphaltene
adsorption is irreversible [256]. Similar experiments involving flushing of prepared sur-
faces with pure solvent obtained similar results but exhibit some reversibility with
pH = 8 aqueous solutions [260]. It is known that asphaltenes are more interfacially ac-
tive with acidic aqueous solutions and protonation of basic nitrogen.

5.8.5 Surface compression

The use of the Langmuir EoS to analyze the IFT isotherm (Figure 5.42) proved robust
enough to predict the relationship between the surface pressure and dilatational
modulus when measured at a high frequency as shown in Figure 5.49 [20]. Such anal-
ysis has been further confirmed on different asphaltenes including coal-derived, pe-
troleum-originated, and synthetic types of a known core size [20].
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Figure 5.48: IFT versus time for brine–asphaltene solution interfaces. The toluene rinsing started
after 3,500 s and stopped 1,500 s later for the 0.05 g/L solution and 2,500 s later for the 5 g/L
solution [256]. Asphaltene adsorption at the interface is irreversible under these conditions.
Reprinted with permission from Elsevier.
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To extend asphaltene experiments past the nominal surface packing limit of
85%, a series of experiments were performed utilizing rapid contractions and
contraction–expansions of asphaltene-laden interfaces using the pendant drop
experiments to emulate a Langmuir trough [272]. This simulates the rapid increase in
interfacial asphaltene concentration that occurs during droplet coalescence events.
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Figure 5.49: Limiting elasticity versus surface pressure for UG8 asphaltene solution–water
interface and the parametric curve from the Langmuir EoS (Γ = 3.1 molecules/nm2 or a six-ring PAH)
[20]. Reprinted with permission from the American Chemical Society.

Figure 5.50: Droplet contracted by a factor of 10 in volume (45 s absorption 100 ppm asphaltenes in
86–15% heptane–toluene solution) [272]. Reprinted with permission from the American Chemical
Society.
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For the contraction of droplets aged in asphaltene solutions, deviation from the EoS
consistently occurs at a surface pressure value ∼21 mN/m corresponding to a surface
coverage ∼80%. At this point droplets lose the shape required for validity of the
Laplace–Young equation, indicating solid like surface behavior [272]. As shown in
Figure 5.50, on further contraction, wrinkles appear, and these disappear when the
droplet is held at constant volume over an hour time frame. Figure 5.51 shows that
after an initial increase upon contraction, surface pressure also decreases down to an
equilibrium value near that measured for slow adsorption experiments. This behavior
appears to be due to a transition to a glassy interface on contraction past the packing
limit, followed by relaxation toward equilibrium by desorption at constant vol-
ume. Thus, asphaltene adsorption appears to be reversible in these conditions of sig-
nificant surface compression [272].

In a recent study on interfacial activity of asphaltenes studied by performing
multiple cycles of compression–expansion experiments in a Langmuir trough, the
authors observed that the variations in the maximum surface pressure and the maxi-
mum interfacial coverage were negligible, which indicates no loss of asphaltenes to
the subphase and no irreversible aggregates formed [273].

By measuring the interfacial rheology, it was found that the dilatational modu-
lus and the shear modulus are monotonically increasing with surface coverage,
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Figure 5.51: Recovery curves of contraction experiments. Variable asphaltene concentration in
Nexbase 2002. Variable contraction ratio [272]. Reprinted with permission from the American
Chemical Society.
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Figure 5.52: Multiple compression–expansion experiments in the Langmuir trough of whole
asphaltene at (A) air–water surface and (B, C) oil–water interfaces starting at different initial
coverages [273]. Reprinted with permission from the American Chemical Society.

0.1

Kapp
Kn
K*(ώ)
G*(ώ)

M
od

ul
i (

N/
m

)

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0
0 0.25 0.5 0.75 1

ϕarea ( )
1.25 1.5 1.75 2

Figure 5.53: Summary of measured moduli as a function of surface coverage øarea for the whole
asphaltenes at the water–hexadecane interface. The intrinsic dilatational (K�

i ) and shear (G�
i )

interfacial moduli are both monotonically increasing functions of surface area fractions. The
thermodynamic compressibility, “Gibbs elasticity” (KΠ), represents only a small fraction of the
elastic modulus. The apparent modulus Kapp obtained by compression in a Langmuir trough shows
a nonmonotonic behavior due to the occurrence of complex deformations and buckling. The y error
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±2 Å in the estimation of nanoaggregate monolayer coverage. The shaded colored bar on the top of
the plot reflects the same regions in Figure 5.52 [273]. Reprinted with permission from the
American Chemical Society.
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which is consistent with the dependency of emulsion stability on increasing cover-
age. When the surface coverage goes beyond the monolayer coverage, the authors
observed a broad distribution of relaxation times and the viscoelastic response of
the interface that agree well with a dense packing layer instead of a physical gel.
Above the monolayer coverage, the interface seems to become a stronger dense-
packed layer with significant viscoelastic response and higher moduli due to the
formation of multilayers.

5.9 Conclusions

Petroleomics promises to provide structure–function relationships that are so impor-
tant in the production and processing of crude oil. Asphaltenes are very important
components of crude oils, inordinately important for creating high viscosities, bulk
phase transitions, emulsion stability, and surface wettability among other properties.
Recent AFM results definitively establish asphaltene molecular structure, proving
dominance of the “island” structure with many differing PAHs, greatly empowering
the discipline of petroleomics. Asphaltene molecular and nanocolloidal structures
can be incorporated into first-principles modeling of many interfacial properties of
asphaltene solutions and with considerations of the chapter on reservoir fluid geody-
namics, first-principles modeling of bulk thermodynamic properties of asphaltenes
applicable in oilfield reservoirs at the 100 km length scale. In addition, asphaltenes
can retain geochemical signatures of their origins which can be protected from delete-
rious processes such as microbial degradation of the corresponding oil. Asphaltenes
have now joined their gas and liquid phase brethren of crude oils with established
structure–function relations with remarkable impact on practicalities of the oil
industry.

Abbreviations

AFM Atomic force microscopy
AOP Asphaltene onset pressure
APCI MS Atmospheric pressure chemical ionization mass spectrometry
APPI MS Atmospheric pressure photoionization mass spectrometry
CCC Critical cluster concentration
CNAC Critical nanoaggregate concentration
DBE Double bond equivalent
DLA Diffusion-limited aggregation (often used when DLCA is meant)
DLCA Diffusion-limited cluster aggregation
ESI Electrospray ionization
FAR Fused aromatic ring
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FHZ EoS Flory–Huggins–Zuo equation of state
FT-ICR MS Fourier-transform ion-cyclotron-resonance mass spectrometry
GOR Gas–oil ratio
IFT Interfacial tension
L2MS Laser desorption/laser ionization mass spectrometry
LIAD MS Laser-induced acoustic desorption mass spectrometry
MALDI MS Matrix-assisted laser desorption–ionization mass spectrometry
nc-AFM Noncontact atomic force microscopy
PAH Polycyclic aromatic hydrocarbon
RLA Reaction-limited aggregation (often used when RLCA is meant)
RLCA Reaction-limited cluster aggregation
SALDI MS Surface-assisted laser desorption–ionization mass spectrometry
SANS Small-angle neutron scattering
SAXS Small-angle x-ray scattering
SFG Sum frequency generation
STM Scanning tunneling microscopy
TRFD Time-resolved fluorescence depolarization
VPO Vapor pressure osmometry
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6 Asphaltene equation of state and oilfield
reservoirs

Abstract: In general, reservoir crude oils consist of dissolved gases, liquids and dis-
solved or suspended solids, the asphaltenes. As in all disciplines, thermodynamic
modeling is a powerful method to improve efficiencies and understanding. Indeed,
application of a modified van der Waals equation of state (EoS) to model the gas
and liquid components of crude oil became an immediate success when introduced
by Peng and Robinson in 1976. However, thermodynamic modeling of asphaltene
gradients in oil reservoirs has only recently been accomplished. The Yen–Mullins
model gives the requisite solution to the asphaltene particle size, thus resolving the
gravity term, among others, for thermodynamic modeling. A modified polymer solu-
tion theory, the Flory–Huggins–Zuo EoS, has been established as the method of
choice to model asphaltene gradients in reservoirs. One powerful benefit to this ap-
proach is the small number of adjustable parameters, in some cases, no adjustable
parameters, to model oilfield asphaltene gradients. This modeling is powerful for
understanding wide-ranging issues such as viscous oil and viscosity gradients, tar
mats, aquifer support, reservoir connectivity, and asphaltene onset pressure as
many oilfield case studies establish. In addition, this newly developed ability to
identify equilibrium versus nonequilibrium distributions of reservoir fluids has en-
abled the development of a new technical discipline, “reservoir fluid geodynamics”
(RFG) which fulfills the sole missing component of modeling and understanding
the evolution of reservoirs over geologic time. The resulting comprehensive rock
and fluid geodynamic approach represents a powerful, new methodology to ad-
dress oilfield reservoirs.

6.1 Introduction

Thermodynamic modeling is ubiquitously used in a wide variety of disciplines for a
plethora of objectives. Correspondingly, when modifications to the van der Waals
EoS were introduced to treat the gas and liquid components in crude oils by Peng
and Robinson [1], all manners of applications followed. Other variants of this ap-
proach have been introduced and are referred to as cubic equations of state (EoS).
Virtually all compositional reservoir simulators use a cubic EoS for predicting
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phase behavior and compositional gradients. The general approach for modeling
crude oils is to use some form of lumping of components generating pseudo-
components with corresponding parameters. Asphaltenes have been treated using
these methods; however, using a variant of the ideal gas law, the cubic EoS, to treat
solids is less than ideal. Moreover, this approach does not account for asphaltene
molecular and colloidal structure in crude oils which is required if there is to be a
first principles approach to resolving the gravity term and other terms in thermody-
namic modeling of fluid gradients. In addition, many reservoirs contain fluids that
are not in thermodynamic equilibrium [2]. Instead, thermodynamic modeling must
be employed to determine whether the fluids are equilibrated. Cubic EoS methods
generally are not capable of making this assessment. The gradients of solution gas
or gas-oil ratio (GOR) are too small, the errors in determining GOR are too big, and
the cubic EoS has too many parameters for determining whether reservoir fluids are
equilibrated. Likewise, geochemical methods are also generally not sufficient to
make this assessment [2]. There is no thermodynamics attached to traditional geo-
chemical methods of crude oil evaluation. In addition, ratios of nearly equivalent
biomarkers are frequently used for example such as the hopanes Ts and Tm, and
these ratios are invariant at equilibrium [3]. Measurement of homogeneity of a
trace parameter with unknown initial conditions does not provide the extent of
disequilibrium.

Modeling of phase behavior of asphaltenes is far more sensitive to the varia-
tions of solution properties than asphaltene chemistry; thus, the more traditional
cubic EoS approaches to modeling asphaltene phase behavior have had some suc-
cesses. Nevertheless, for addressing reservoir concerns, it is far more important to
address asphaltene gradients than partially addressing the modeling of phase be-
havior. For example, in an industry wide study of 28 Gulf of Mexico reservoirs, 75%
of reservoirs underperformed in production rates and/or overall recovery; the num-
ber one culprit in this underperformance was unrecognized compartmentalization
[4]. The ability to determine equilibrium of reservoir fluids through EoS modeling of
asphaltene gradients provides a powerful new approach to address this enormous
reservoir concern [2, 5–12]. Naturally, modeling of asphaltene gradients through as-
phaltene EoS modeling can account for viscosity gradients, another huge reservoir
concern [2, 5, 9, 13–20], since crude oil viscosity depends so strongly on asphaltene
content, even more than exponential, once asphaltene content exceeds a few percent
[21]. These methods work for reservoirs that are not in equilibrium when diffusive
processes can be identified and modeled [2, 16, 22–25]. Great insights to tar mat for-
mation, thus potential aquifer support, can also be obtained from asphaltene gradi-
ent analysis [2, 13, 14, 24–29].

308 Oliver C. Mullins et al.



6.2 Asphaltene gradient thermodynamic treatment

6.2.1 Asphaltene nanostructures

Chapter 5 reviews many significant developments that have resolved major uncertain-
ties in asphaltene science and shows examples of how the understanding of asphal-
tene structures gives rise to tremendous improvements in modeling and understanding
of asphaltene behavior. The Yen–Mullins model captures many of these advances and
provides centroids of the structures which are required for thermodynamic modeling
of reservoir crude oils where gravity plays such an important role [30, 31]. That is, the
size of asphaltene molecules and nanocolloids is required; otherwise, the gravity term
is indeterminant. This chapter starts with the Yen–Mullins model (cf. Figure 6.1) as a
foundation for the thermodynamics modeling of asphaltene gradients in reservoir
crude oils.

6.2.2 Asphaltene gradient theory

Utilizing the size from the Yen–Mullins, standard polymer solution theory, the
Flory–Huggins theory, can be utilized for developing an equation of state for
modeling asphaltene gradients [16, 17, 19]. The Flory–Huggins theory has previ-
ously been used to account for asphaltene solubility and phase behavior [32]. By
adding the gravity term, eq. (6.1), the Flory–Huggins–Zuo (FHZ) EoS, is obtained
[16, 17, 19]. The ratio of asphaltene content is expressed as a ratio of optical density
(OD) at two heights, hi, in the reservoir:

Figure 6.1: The Yen–Mullins model of asphaltenes consists of centroids or most probable
structures for molecules and the hierarchical nanocolloidal species, nanoaggregates, and clusters
[30, 31]. This model accounts for three solubility thresholds, not just one. For low concentration
such as in light crude oils, asphaltenes are dispersed as molecules. For moderate asphaltene
concentrations such as in black oils, asphaltenes are dispersed as nanoaggregates. For high
asphaltene concentrations such as in heavy oils, asphaltenes are dispersed as clusters.
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where va and v are the molar volume of the asphaltene species and oil respectively, g
is earth’s gravity, Δ ρ is the density difference between the oil and asphaltenes, R is
the ideal gas constant, T is temperature, δa and δ are the Hildebrand solubility pa-
rameters of the asphaltene species and oil respectively. The Flory–Huggins theory is
well suited for oilfield applications in that there are few adjustable parameters. In
particular, there is one chemical interaction parameter for the solute and one chemi-
cal interaction parameters for the solvent, the respective Hildebrand solubility pa-
rameters. As described in Chapter 5, the Hildebrand solubility parameter can be
expressed in terms of three constituent Hansen solubility parameters accounting for
polarizability, polarity, and hydrogen bonding. Nevertheless, because the crude oil
solvent and even the asphaltenes, albeit to a lesser degree, are dominated by the po-
larizability term, then the Hildebrand parameter can be used for asphaltene gradient
modeling without the need for inclusion of additional parameters.

6.2.3 Asphaltene gradient measurement

Equation (6.1) shows the asphaltene gradients are measured in oilfield reservoirs by
measuring the “oil color” or optical density (OD) at a suitable wavelength and at
different heights hi in the reservoir. Optical density OD = –log(I/Io), where Io is the
incident light intensity and I is the transmitted light intensity as shown in the inset
in Figure 6.2.

Figure 6.2: Optical spectra of various dead crude oils and water. There are huge differences
in the coloration of the different oils depending on asphaltene content [33, 34] and oil based mud
(OBM) filtrate. Specific oilfield tools can extract formation fluids from permeable zones and
measure the visible-near-infrared spectrum [33]. By performing this spectral measurement at
various points in the reservoir, vertical and lateral fluid gradients are determined.
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The monotonically increasing absorption at shorter wavelengths of the spectra
in Figure 6.2 corresponds to electronics transitions of asphaltenes and other aro-
matic molecules [35–40]. These electronic absorption bands display the Urbach tail,
a result familiar in solid state physics [41, 42]. The discrete peaks in the crude oil
spectra are dominated by combination bands and overtones of aliphatic groups; the
spectral differences among the methylene, methyl, and methane peaks can be used
to obtain the GOR of live crude oils [43–45].

The acquisition of crude oil samples from subsurface formations is critically impor-
tant for designing production strategies and facilities especially in the exploration
and appraisal phases of reservoir exploitation. Wireline tools such as the Ora plat-
form in Figure 6.3 descend in the well to the target zone prior to installation of casing
at this zone to acquire samples under environmental extremes of 35,000 psi pressures
and 200 °C temperatures. The size of the tool cannot get too large in order to mini-
mize risk of tool sticking in wells that can exceed 30,000 feet depth. The contained
hydrocarbon can vary from tar to natural gas. The rock formation properties can vary
from unconsolidated sand to fractured basement, with permeabilities ranging over
many orders of magnitude. In addition, at this stage, the borehole contains drilling
fluids at pressures greater than formation pressures to prevent blowouts, and the

Figure 6.3: The dual-flowline, multiport probe of the Ora intelligent wireline formation testing
platform [46]. This new probe allows crude oil sample acquisition in a huge array of borehole
conditions.
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solids and clay constituents of the drilling fluids set up a “mudcake” on the perme-
able zones. This must be breached by crude oil sample acquisition tools. Finally,
fluid pumping out of the formation and into the wireline tool must proceed long
enough to acquire clean formation fluids without OBM filtrate contamination. The
Ora platform is the culmination of superior design and execution in this enormously
demanding setting [46].

Figure 6.4 shows the essentials of measuring asphaltene gradients. Wireline or possi-
ble while-drilling tools with spectrometers are used to provide accurate gradient
measurements. The ability to measure the optical spectra of crude oils in situ in oil
wells has enabled the characterization of subtle fluid gradients in the reservoir; this
capability is referred to as downhole fluid analysis (DFA). First, many systematic er-
rors cancel when measuring fluid gradients in a well with the same tool, same opera-
tor, same calibration, same time and same temperature [47]. Second, the crude oil is
at its reservoir temperature and pressure and has not undergone any alteration asso-
ciated with tripping the tool out of the well such as gas evolution and asphaltene in-
stability due to pressure and temperature reduction. Third, any surprising result
associated with the spectrum can be checked in real time, as the tool is still in the well.
Fourth, obtaining these oilfield samples is associated with a cost, real time analysis is
critically important for optimizing efficiency within cost-benefit considerations. Fifth,

Figure 6.4: Measurement and analysis of asphaltene gradients [47]. (A) A wireline tool with optical
spectrometers on board is used to make spectral measurements in situ in oil wells on fluids
extracted from permeable formations. The optical density (OD) is measured; in the absence of
scattering, the OD is simple the optical absorbances. (C) The OD plotted versus true vertical depth,
subsea (TVDSS). These measurements can be within a single well or across a field in multiple
wells. The thermodynamic evaluation is dependent only on depth, not on lateral position.
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oil wells are frequently drilled with oil-based muds (OBM) and some of the filtrate from
these muds leaks into permeable formations. Measurements of flowline spectra in the
sample acquisition tools as a function of pumping time enables determination of the
extent of OBM filtrate contamination [48–50]. For all these reasons, downhole analysis
of reservoir fluids is routinely used worldwide.

The asphaltene gradient depicted in Figure 6.4 is shown to represent an equili-
brated crude oil column. As such, there is no lateral gradient. The measurement
points depicted in Figure 6.4 can be performed within a single well with little lateral
distance or can be across a field with lateral extent of tens of kilometers. Indeed, the
RFG case studies to date have included this range of lateral displacement in the mea-
surement and analysis of asphaltene gradients. Equation (6.1) has a height depen-
dence but not a lateral dependence. Consequently, a lateral gradient measured in a
reservoir indicates some fluid complexity which likely represents disequilibrium [2].
Such lateral gradients can readily occur in reservoirs which have a process occurring
in one flank of the reservoir, thus is asymmetric. For example, if the oil reservoir is a
tilted sheet and has an oil–water contact in one flank only, then any process such as
biodegradation that occurs at the oil–water contact will necessarily introduce lateral
gradients which are in disequilibrium [23, 51–53].

6.3 A new discipline: reservoir fluid
geodynamics (RFG)

With the development of the FHZ EoS, it is now possibly to determine whether res-
ervoir fluids are equilibrated. Naturally, disequilibrium is now also recognized rou-
tinely, and with it, reservoir fluid processes that preclude equilibrium have been
catalogued [2]. A collection of these fluid processes constitutes the new technical
discipline “reservoir fluid geodynamics” (RFG) [2]. Figure 6.5 frames RFG within
common workflows for reservoir evaluation.

For reservoir evaluation, the depositional setting as well as post-deposition al-
terations of rock formations is always considered. Figure 6.5 depicts a few impor-
tant depositional settings as well as “structural geodynamics” or post-depositional
alterations of rock formations. For example, all structural traps of reservoirs result
from structural geodynamics. In contrast, until now, reservoir crude oils had not
been subjected to the same degree of rigor. Petroleum systems analysis accounts for
trap filling, which is the analogue of deposition. However, there had been little ac-
counting of what happens to reservoir fluids during and post charge (trap filling).
With the development of thermodynamic modeling of asphaltene gradients, the
evaluation of the evolution of reservoir fluids in geologic time is enabled. Because
fluids respond to their container, variations in the reservoir rock structure in geo-
logic time can be recorded in the fluid compositional distribution. Consequently,
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the advent of RFG enables a comprehensive fluid geodynamics approach to be em-
ployed. Understanding the origins of complexities is a powerful means to elucidate
reservoir complexities of the present-day reservoir [2]. The literature is replete with
such examples [2, 4, 5, 8, 10, 11, 16, 29, 52, 54, 58–71].

6.4 RFG oilfield case studies; equilibrated
reservoir fluids

The application of thermodynamic modeling to determine the extent of equilibrium
of reservoir crude oils had not been robustly tested until the development of the
FHZ EoS. Indeed, virtually all reservoir simulators presume at the outset that reser-
voir crude oils are equilibrated. Essentially, this condition has been presumed to
mean asphaltene homogeneity in the reservoir. Asphaltene and viscosity gradients

Oil Oil Deposition

Rock Deposition

Turbidites Deltas

Dunes Reefs

Geologic Time

Structural Geodynamics

Faults Halokinesis

Salt

Anticlines Karsts

Oil Redistribution During & Post Charge; Phase ChangePetroleum systems
Reservoir Fluid Geodynamics

Figure 6.5: In the evaluation of oilfield reservoirs, both the rock depositional setting (lower left)
and post-deposition alterations (lower right) are always considered [2, 54–56]. Petroleum systems
analysis (upper left) accounts for filling the reservoir with oil among other tasks [57]. The new
discipline based on asphaltene thermodynamics, reservoir fluid geodynamics (upper right),
accounts for fluid processes acting from trap filling to present day enabling comprehensive
reservoir evaluation [2].
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are known in reservoirs, but there was no asphaltene equation of state to use to in-
terpret these gradients. Occasionally, a GOR gradient in reservoir fluids was suffi-
ciently well characterized to enable determination of the extent of equilibration of
this gradient [72]. The invention of downhole fluid analysis greatly expanded this
capability from the measurement perspective [47]. Nevertheless, GOR gradients are
often small, which is generally the case for low GOR oils. In addition, the errors of
GOR measurement tend to be large and cubic EoS modeling has too many parame-
ters. The FHZ EoS with constraints provided by the Yen–Mullins model enable deter-
mination of the extent of asphaltene equilibration over a wide range of fluids,
specifically light oil, black oil and heavy oil with very few, sometimes no adjustable
parameters. This is a powerful extension of thermodynamic modeling into reservoir
crude oils. Examples of reservoir fluid equilibration follow up to the length scale of
100 km. Obviously, such processes mandate convection, not just diffusion. Conse-
quently, these thermodynamic methods give rise to exacting analysis of mass transport
in reservoirs providing increased insight into the fluid history in geologic time [2, 67,
73–76]. Demonstrations of these overarching principles follow for specific reservoirs.

6.4.1 Case study #1: equilibration of light crude oil

Figure 6.6 shows the cross section of the Ivar Aasen reservoir, offshore Norway, inter-
sected by six wells. The numbered DFA stations are shown in the wells. This reservoir
consists of fluvial sandstones of the Late Triassic to Middle Jurassic in the Skagerrak
and Sleipner Formations and shallow marine sandstones in the Middle Jurassic Hugin
Formation. Figure 6.7 shows a cross section of these different formations across the
field. The Hugin and Sleipner formations are homogeneous and high net to gross in
this field. However, the Skagerrak formations which contain roughly half of the oil in
place in this field are characterized by medium to low net to gross, thereby increasing
the concern about reservoir connectivity. DFA evaluation of connectivity is even more
important in complex reservoirs that have lower net-to-gross pay.

Figure 6.6 shows a much deeper GOC in the west and a much shallower GOC in
the east. This means that the solution gas is not equilibrated laterally in this field and
might be explained by lack of connectivity. However, this disequilibrium is not de-
tected in the compositional analysis of the oil samples across the field. As such, the
effect of this disequilibrium is subtle regarding composition while dramatic regarding
differing GOCs. The asphaltene gradients are very informative regarding the extent of
equilibrium in the liquid phase across the field. Figure 6.8C shows the DFA-measured
asphaltene gradient and Figure 6.8A shows the relation of the data points to the loca-
tion in the field.

The equilibrium asphaltene gradient shown in Figure 6.8C is quite small (little var-
iation of asphaltene content with height) [2, 8, 29, 69]. The gravity term predicts very
small gradients of asphaltenes dispersed as molecules which are expected for light oils
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Figure 6.7: The stratigraphy across the Ivar Aasen oilfield. The Hugin and Spleipner formations are
homogeneous and high net to gross. The Skagerrak formations (and the Weathering Profile) are
medium to low net to gross thereby elevating concern about reservoir connectivity. Published with
permission from the Society of Petroleum Engineers.

Figure 6.6: Cross section of the Ivar Aasen oilfield with six appraisal wells shown, on the Gudrun
terrace of the continental shelf of Norway [2, 8, 29, 69]. The numbered DFA stations are indicated
for each well. The question of reservoir connectivity is paramount. Green is oil; red is gas; and blue
is water. There is a deeper gas-oil contact (GOC) in the west than in the east. This is a consequence
of structural highs near the charge point preferentially charging with phase-separated gas.
Published with permission from the Society of Petroleum Engineers.
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(the “light oil model”). In addition, the GOR is relatively small due to the relatively
low pressure of the reservoir, excess gas has flashed out of the oil. Crude oils with
small GORs have small GOR gradients. Thus, the solubility term changes little from
the top to the bottom of the column, thereby giving a small asphaltene gradient from
the solubility term of the FHZ EoS. The third term of the FHZ EoS is the entropy term
which is small and tends to homogenize the oil column.

The general rule is that equilibrated asphaltenes predict reservoir connectivity;
[2, 5] the asphaltene equilibrium gradient found here is quite consistent with exten-
sive connectivity in the reservoir. The two outliers which are quite removed from
the asphaltene equilibrium curve appear to be disconnected, samples #5 and #15.
Sample #15 has three times the asphaltene content and sample #5 has half the as-
phaltene content compared to the bulk of the reservoir oil. This difference relates
directly with thermal maturity as seen in Figure 6.8D. Sample #15 is seen to be
lower maturity that the bulk of the oil, and sample #5 is seen to be higher thermal

Figure 6.8: (A) Field map. (B) Schematic of the oil column in this field with asphaltenes (stars)
dispersed as molecules. (C) DFA-measured asphaltene gradient; OD is optical density, here at a
wavelength of 815 nm. Almost all of the DFA stations in the reservoir fall on the “light oil model”
equilibrium curve predicting connectivity. DFA station #5 on the western flank of the field has half
the asphaltene content and is likely not connected. DFA station #15 on the eastern flank of the field
has triple the asphaltene content and is also likely not connected. (D) Thermal maturity indicator;
in the connected part of the field, the thermal maturity ratio is equilibrated. DFA #5 is high
maturity, DFA #15 is low maturity. The connectivity prediction from DFA matches one year of
production data to date [2, 8, 29, 69]. Published with permission from the Society of Petroleum
Engineers.
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maturity. The asphaltene content variation is a factor of 6 while the difference in
thermal maturity is only 6%; asphaltene gradients are a far more sensitive indicator
to detect fluid variations. Outliers which are understandable “prove the rule” and
validate the basic understanding of the fluid gradients [2, 8, 69].

Other factors that might produce variations in asphaltene content are ruled out
below. Thus, the asphaltene content of the charge fluid varied by a factor of 6. Conse-
quently, significant flow or mass transport had to occur in the reservoir to achieve equi-
librium of the asphaltenes, which in this case corresponds to variations in asphaltenes
much smaller than the factor of 6 in charge fluids. This equilibration process requires
excellent reservoir connectivity. The actual asphaltene content of well under 1% ob-
tained in the lab is consistent with a high-maturity fluid, Ts/(Ts +Tm) ~ 0.8 [2, 8, 29, 69].

The observables in this RFG analysis are consistent with simple petroleum sys-
tems concepts. The crude oil in Ivar Aasen is sourced from the Viking graben in the
west. In this subsiding basin, the first charge to enter the reservoir is the lowest matu-
rity; some of this crude oil was trapped in the eastern flank farthest from the charge
point and corresponds to Sample #15. The last charge to enter the field is the highest
maturity; some of this crude oil was trapped in the western flank nearest to the
charge point and corresponds to sample #5. The charge fluids broke into two phases
prior to entering the reservoir. The liberated gas becomes trapped in structural highs
in the reservoir near the charge point in the west while oil sweeps across the reser-
voir. Consequently, the GOC in the west is much deeper than in the east. This ex-
pected charge scenario is consistent with the observed differing GOCs in Figure 6.6. A
variety of measurements discussed below validate these simple concepts.

The evaluation of the asphaltene content and thermal maturity of sample #15
shows that it is quite different from all other samples. It is important to validate
that sample #15 is really isolated from the rest of the reservoir. Figure 6.9 shows the
sealing fracture that confirms the isolation of sample #15 in agreement with its dif-
ferent asphaltene content and thermal maturity [2, 8, 29, 69].

Samples #12, #13, #14, and #15 were all obtained in well 16/1-16. As emphasized in
Figure 6.9A, the crude oils from the top three stations, #12, #13, and #14 all fall on the
equilibrium curve while sample #15 has three times the asphaltene content. Figure 6.9C
shows whole core through an interval separating samples #14 and #15. The sealing frac-
ture is circled in red; there is light oil with high UV fluorescence above the fracture and
no light oil below the fracture, it is sealing. The whole core images capture the sealing
fracture between samples #14 and #15 validating the lack of connectivity found by as-
phaltene gradients and thermal maturity evaluation [2, 8, 29, 69].

Figure 6.10 shows the excess pressure plot and the GOR gradient. Because
these flashed crude oils are within the same pressure regime, the reservoir oil
throughout flashed until the saturation pressure matched the reservoir pressure.
More specifically, the crude oils that charged into the reservoir were all increasing
in maturity and decreasing in density. As geologic time proceeded, these crude oils
with decreasing density continued to enter the reservoir and density stack at the
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GOC [77]. The first charge fluids experienced the lowest reservoir pressure, and the
smallest gas cap yielding a low saturation pressure and low GOR. With subsidence,
new charge fluids also density stacked to the GOC which increased with depth due
to reservoir subsidence and growth of the gas cap. Thus, these new charge fluids
retained more solution gas with a higher saturation pressure and GOR [77]. The
evolving gradient from charge history is indistinguishable from equilibrium. This is
true for connected crude oils and for isolated crude oils provided the isolated sam-
ples are in the same pressure regime as is the case here. In addition, the error bars
in GOR measurements are significant. Consequently, the GOR gradient roughly
matching the cubic EoS is not a stringent constraint establishing connectivity. Sam-
ples #5 and #15 that are clearly outliers in the asphaltene gradient (Figure 6.8C) are
barely outside of error bar in the GOR plot. Nevertheless, the pressure measurement
and the GOR gradient is consistent with connectivity [2, 8, 29, 69].

Figure 6.11A shows that gas–liquid compositional analysis is consistent with
equilibrium even for the disconnected samples #5 and #15 which are plotted in this

Figure 6.9: Evaluation of crude oils, petrophysics, and selected whole core from well 16/1-16. (A)
Asphaltene content of four DFA stations with oil (#12, #13, #14, and #15) in this well showing
sample #15 is isolated from the others. (B) DFA station locations are indicated by horizontal bars;
green is oil, yellow is methane, orange is C2-C5 gases and blue is water. (C) Whole core from well
16/1-16 shows the fracture isolating #15 circled in red. The fracture is evident in visible light
illumination of the whole core (left core image). UV illumination of whole core (right core image)
isolates a lighter oil (higher UV fluorescence) above the fracture with a heavier oil (low UV
fluorescence) below the fracture [2, 8, 29, 69]. Published with permission from the Society of
Petroleum Engineers.
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figure. Figure 6.11B shows that the CO2 content in the crude oil is small and consis-
tent with equilibrium. The origin of this lack of sensitivity of compartmentalization to
gas–liquid analysis is discussed in the preceding paragraph and limits the utility of
the corresponding thermodynamic analysis of gas–liquid distribution. Consequently,
the asphaltene gradient analysis of Figure 6.8 is even more important in such cases
of oil reservoirs with (1) gas caps and (2) single pressure regimes [2, 8, 29, 69].

Figure 6.6 shows that there is a large variation of GOC across the field. For a
connected reservoir (with no lateral thermal gradient), this necessarily means that
the there is a lateral disequilibrium in GOR. Yet, Figures 6.10 and 6.11 show that
GOR and gas–liquid composition are roughly equilibrated. The lateral variation of
GOR and gas–liquid composition are subtle and smaller than corresponding error
bars. In addition, the lateral difference in GOCs across the field can be sustained for
very long geologic time. The large distances across the field coupled with the very
small compositional differences limit the mass flux required to equilibrate the dif-
ferent GOCs, whether by convective or diffusive processes [2, 8, 29, 69].

When differences of asphaltene content are measured such as in Figure 6.8C, it is
important to determine if biodegradation played a role in these differences, especially

Figure 6.10: (A) Excess pressure plot showing almost all the wells are in the same pressure regime.
The pressure measurement in one well is offset by 1 bar but is within possible error when
comparing pressure from different wells. Thus, pressure measurements do not prove
compartmentalization and are consistent with connectivity. (B) The GOR gradient (from DFA and
Lab) is consistent with equilibration, thus consistent with connectivity. Nevertheless, GOR
measurements are associated significant error [2, 8, 29, 69]. Published with permission from the
Society of Petroleum Engineers.
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in oil provinces such as the North Sea where biodegradation is common. In the process
of biodegradation, microbes can consume about 2/3 of the crude oil [78, 79]. The mi-
crobes do not eat asphaltenes (or at most, a tiny fraction), thus, as the crude oil goes
from nonbiodegraded to severely biodegraded, the asphaltene content can triple.

Figure 6.12 shows that the intermediate alkane population is very similar for
the different samples, thus, evidently largely equilibrated. In addition, the reduction of
n-alkane peaks in the C7 range below that of others such as cyclohexane and methyl-
cyclohexane indicates that all samples are mildly biodegraded. The current reservoir
temperature is 100 °C, well above the limiting temperature of biodegradation of 80 °C.
The oil does contain a small quantity of CO2, which sometimes is an indicator of in-
reservoir biodegradation. However, the quantity of CO2 is quite small, 0.2% in the res-
ervoir fluid and its origin is not clear. The fact that the isolated sample #15 near the
OWC has a similar extent of biodegradation as samples far from the OWC suggests that
the oil that charged into the reservoir was already biodegraded. Biodegradation occurs
at the OWC; if biodegradation proceeded in this reservoir, then sample #15 would be
more biodegraded; it would not mix diffusively with nonbiodegraded oil higher in the
oil column due to its isolation. Indeed, sample #15 has more asphaltene and different
Ts/(Ts+Tm) ratio than the other crude oils proving it did not mix diffusively. Likewise,
the isolated sample #5 is also near the OWC and is also biodegraded to an extent simi-
lar to all other crude oils analyzed. Again, the conclusion is that the crude oil must
have been biodegraded prior to entry into this reservoir [2, 8, 29, 69].

Figure 6.13 quantifies the extent of biodegradation and also compares one source
rock parameter. All crude oils are mildly biodegraded, with some limited variation.
The Halpern index TR2 (n-heptane/1,1-dimethylcyclopentane) is very sensitive to

Figure 6.11: (A) The gas–liquid compositional analyses of all Ivar Aasen samples are consistent
with equilibrium even for isolated samples #5 and #15 (which are in this plot). Flashed samples in
the same pressure regime are constrained by their nearly equivalent saturation pressures. (B) CO2

content in the live crude oil is small and consistent with equilibrium. Published with permission
from the Society of Petroleum Engineers.
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biodegradation. Microbes prefer to consume n-alkanes especially in the C7 range
as opposed to branched, cyclic alkanes. The value for this index is typically above
20 for nonbiodegraded crude oils and is less than 1 for moderate biodegradation.
Values in Figure 6.13A indicate mild biodegradation. It is not clear why there is
variation in this index. The variation does not correlate with asphaltene content
or thermal maturity. Comparison of Figure 6.13A and B shows that the Halpern
TR3 index, 3-methylheptane/1,1-dimethylheptane, is consistent with the Halpern
TR2 index. It is important not to be overly concerned with a single data set that is
mostly in agreement with the generally theme but which exhibits some subtle dif-
ferences. Figure 6.13C plots pristane/nC17, no biodegradation is indicated in this
range. Examination of the GC plots in Figure 6.12 shows that the loss of n-alkane
which is evident in the nC7 range terminates at about nC14 and is consistent with
no biodegradation in the nC17 range. Analysis of phytane/n-C18 is consistent with
this analysis [2, 8, 29, 69].

Figure 6.13D shows the source rock parameter Halpern C1, a complex ratio of
seven carbon alkanes, is the same for all samples including the isolated samples.
Differences in thermal maturity variation Ts/(Ts+Tm) are recorded when comparing
this isolated samples. The source rock components are formed at the same time as
the thermal maturity markers, which is at the time of kerogen catagenesis. The
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Figure 6.12: Conventional gas chromatograms (GCs) for the Ivar Aasen oil samples. The plots are
very similar which is expected for equilibrium. The relative reduction of n-alkanes in the C7 range
indicates all samples underwent mild biodegradation. Sample #8, closest to the OWC shows
slightly greater biodegradation. The isolated samples #5 (red square, hot catagenesis) and #15
(blue square, cold catagenesis) are biodegraded to a similar extent of all other oil samples;
biodegradation did not cause the observed asphaltene differences [2, 8, 29, 69]. Published with
permission from the Society of Petroleum Engineers.
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source rock parameters for the isolated samples did not equilibrated with the other
crude oils in the same way that their asphaltene content and thermal maturity did
not equilibrated. There is no evidence that there is variation in the source rock for
these crude oils. Analysis of other source rock parameters, Halpern C2 and Halpern
C3, yields the same conclusion [2, 8, 29, 68].

The timing of the formation of the fracture which isolates sample #15 can be
determined. Figure 6.6 shows that sample #15 is at the base of the oil just above the
OWC. The last part of the reservoir to fill with oil is the base of the reservoir. Conse-
quently, it is evident that the sealing fracture seen in whole core in Figure 6.9 oc-
curred after the reservoir charge was complete. This fracture must have occurred
fairly quickly after reservoir charging; otherwise, oil mixing would have caused
sample #15 to be similar to the other oils in terms of asphaltene content and thermal
maturity markers. Thus, we can conclusively say that (1) fracture formation oc-
curred shortly after reservoir charging and (2) biodegradation occurred in this oil
prior to its emplacement in Ivar Aasen.

Figure 6.13: Comparison of various geochemical ratios for selected Ivar Aasen crude oils [2, 8, 29,
69]. (A) Halpern TR2 equals n-heptane/1-1,dimethylcyclopentane, a biodegradation index. All crude
oils are mildly biodegraded and some variations are seen. (B) Halpern TR3 equals 3-
methylhexane/1-1,dimethylcycloheptane, a biodegradation index. In agreement with Halpern TR2,
the crude oils are all mildly biodegraded with some limited variations. (C) Pristane/n-C17, no
biodegradation is indicated in this carbon-number range, and the crude oils are all very similar.
Halpern C1 source correlation comprised of a complex ratio of seven carbon saturates. This
parameter is the same within error for all crude oils including the isolated samples that have
preserved thermal maturity variations. No indication of variations in source rock is seen. Published
with permission from the Society of Petroleum Engineers.
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Figure 6.14 shows in schematic fashion the key RFG processes the occurred in
this reservoir. The oil that charged into Ivar Aasen was mildly biodegraded, thus in
a separate trap that overfilled. This charge scenario and the current high tempera-
ture of this field (100 °C) help to constrain the petroleum system analysis of the
field, and basin. The relatively low pressure of the reservoir caused liberation of the
solution gas which became trapped in structural highs near the charge point. Ini-
tially, the heavy oil pooled at the bottom of the eastern flank. A fracture formed
shortly after charge isolating some of the heavy oil. Eventually, convection and dif-
fusion caused fluid equilibration in most of the reservoir which is known to be

Figure 6.14: Geo-scenario of coevolution of fluid and rock in the reservoir [2, 8, 29, 68]. Cross
section of Ivar Aasen. The reservoir charged from the west. The color shading in the oil in the
schematics indicates asphaltene content. The low pressure of the reservoir caused gas and oil to
break into two phases. The oil charging into the reservoir was mildly biodegraded, PM rank~1. The
gas remained trapped in structural highs near the charge point. The later oil generation and charge
increased in maturity during subsidence. The heavier crude oil initially swept toward the east
across the spill point and eventually, at the bottom of the oil column. A fracture occurred after
charge isolating low maturity, heavy oil at the bottom of the eastern flank. The bulk of the reservoir
density stacked (by convection) and equilibrated. A more recent, high-maturity oil became trapped
in the western flank.
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connected from production data. The highest maturity oil, the most recent charge,
became trapped in the western edge of the field. The trapping of heavier oil in the
east and lighter oil in the west is consistent with the influence of lateral sweep on
fluid properties [2, 25, 28, 80]. That is, lateral sweep can create lateral variations in
fluid properties. Subsequent equilibration processes can remove lateral differences
if the crude oils are in communication, not trapped. This overall understanding of
the reservoir is very useful for optimization of this reservoir, for field extension and
local basin analysis.

6.4.2 Case study #2: equilibration of black oil

Black oil reservoirs are very common and many of the RFG evaluations are for black
oil reservoirs. Typical black oils contain asphaltenes dispersed as nanoaggregates
of the Yen–Mullins model. This invokes the “black oil model” of asphaltenes with a
diameter of ~2 nm. A case study of the Tornado field, deepwater Gulf of Mexico,
with comprehensive data sets shows the value of asphaltene gradient analysis in
revealing a sequence of specific RFG processes that occurred in the reservoir [2, 5,
10, 29, 59, 81].

Figure 6.15 shows various data sets for the Tornado reservoir where connectiv-
ity analysis had been key [2, 5, 10, 29, 59, 81]. The oilfield is a middle Pliocene turbi-
dite with no overhanging salt canopy; consequently, seismic analysis is relatively
good. The very young age assures there is not too much overlying sediment which
is helpful for seismic imaging. Asphaltene gradient analysis, seismic isopach image
analysis, and 1.5 years of production to date are all consistent. Seismic imaging
with its many meters of resolution cannot establish connectivity since thin barriers
below seismic resolution are well known to cause compartmentalization. Neverthe-
less, agreement of seismic analysis with asphaltene gradient analysis with their
very different physics indicates that the conclusions are robust. The fact that this
combined analysis was made prior to production and now matches years of produc-
tion to date validates the RFG evaluation workflow, especially with its reliance on
asphaltene gradient analysis from DFA.

Figure 6.16 shows that there is a significant GOR gradient, this is part of the
reason why there is a large asphaltene gradient. The higher GOR oil at the top of
the column is a worse solvent for asphaltenes than the lower GOR oil at the base of
the column. The color scales linearly with asphaltene concentration and is indepen-
dent of the extent of nanocolloidal aggregation. Consequently, the solubility term
of the FHZ EoS adds to the gravity term creating an asphaltene gradient. Both the
GOR variation and the asphaltene variation create the observed variation in viscos-
ity. These other gradients are consistent with the connectivity interpretation of the
asphaltene gradients but lack the resolution to a robust interpretation analysis
themselves.
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The thermal maturity marker ratio Ts/(Ts+Tm) shows no variation within error
and is not very useful for connectivity analysis as seen here [2, 5, 10, 29, 59, 81].
Geochemical analyses have been used in the past for connectivity analysis [2].
Many RFG case studies show that a better use of geochemistry is to confirm RFG
thermodynamic analyses, and in turn, the RFG analysis can be used to assess con-
nectivity [2]. Here, the primary utility of the thermal maturity marker is to show lat-
eral equilibration supporting the conclusions that the asphaltenes are laterally
equilibrated. The slight difference in Ts/(Ts+Tm) between the upper sand (0.40)

Figure 6.15: The Tornado oilfield [2, 5, 10, 29, 59, 81]. Evaluation of two stacked sands in a
reservoir fairway bounded by two faults. (A) The schematic shows an asphaltene gradient in a
black oil, comprised of an increasing nanoaggregate concentration lower in the oil column.
(B) Wireline data obtained in each of the two wells. DFA stations are indicated with horizontal bars;
yellow is methane; orange is other hydrocarbon gases; green is oil; and blue is water. The upper
and lower sands are indicated in the yellow shaded sections of the gamma ray log. The sands show
a small separation in density and neutron logs, while the shales show a large separation. There is
a clear intervening shale between the sands in both wells. The DFA-measured asphaltene gradients
are shown for the upper sand (green curve) and lower sand (pink curve). The crude oil in each sand
is equilibrated showing lateral connectivity. The pink and green asphaltene curves are offset from
each other showing that the shale break is either a regional baffle or barrier. About 1.5 years of
production to date are consistent with this analysis. (C) Isopach formation thickness maps are
consistent with the asphaltene gradient analysis. The upper sands and lower sand are seen to be
quite thick and laterally extensive. The intervening shale is shown to be a regional baffle or perhaps
a barrier. The subseismic “pinchout” observed in seismic imaging might act as a substantial baffle
if not a barrier. Published with permission from the Society of Petroleum Engineers.
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versus the lower sand (0.39) is suggestive of and consistent with the subtle asphal-
tene difference observed between the upper and lower sands, and the slightly
higher asphaltene content is associated with slightly lower thermal maturity. How-
ever, the difference in thermal maturity is within error, even for the case of all sam-
ples being analyzed in the same batch run as performed here.

RFG including fault block migration. For the reservoir depicted immediately
above, a new well, T2, was drilled on the other side of the fault on the eastern
flank. Seismic imaging and well log correlation showed that the fault throw is ~380
feet, with the lower block in the east. Figure 6.17 shows that the same two sands are
found on both sides of the “green” fault. Moreover, the DFA data in the T2 well
shows that the upper sand has slightly less asphaltene and that the lower sand has
the same gradient as observed in the central fairway [2, 5, 10, 29, 59, 81].

The data presented in Figures 6.17 and 6.18 are dramatic. The asphaltene content
measured by DFA in the T2 well interpolates in both the upper and lower sands ob-
tained from the two wells in the central fairway when shifted up by the fault throw of
380 feet. This indicates that asphaltene equilibration in this reservoir preceded the

Figure 6.16: Many fluid measurements for the same reservoir shown in Figure 6.15 [2, 5, 10, 29, 59,
81]. GOR (scf/bbl) from lab measurements, fluid density (g/cc) and viscosity (cP) from DFA and the
thermal maturity marker Ts/(Ts+Tm) are all consistent with the DFA asphaltene gradient analysis.
However, no other fluid measurement gives the clarity of lateral connectivity and vertical baffling.
Published with permission from the Society of Petroleum Engineers.
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fault throw. It is very important to validate the RFG scenario. It is important to ana-
lyze other fluid properties to determine consistency with this observation.

Figure 6.20 shows that a vertical shift by the fault throw of the fluid data in the
T2 well in the downthrown block yields consistency across the reservoir for asphal-
tene content and API gravity. As noted for Figure 6.19, this is consistent with as-
phaltene and fluid equilibration across the field. However, the methane isotope
ratios of the T2 crude oils are heavier than that of the central fairway. This indicates
that the central fairway crude oils have more primary biogenic gas. Likewise, the
GORs of the T2 oils are lower than those of the central fairway crude oils. Both these
observations are consistent with the RFG process of a primary biogenic charge en-
tering the upper block of the central fairway after the fault throw.

Figure 6.21 shows various geochemical markers which all show consistency
across the entire field, specifically across the fault. This homogeneous distribution
of these ratios of very similar compounds is consistent with equilibration of the
crude oils across the field prior to the fault throw depicted in Figures 6.16–6.20.
Moreover, the geochemical analysis of these markers does not indicate any fluid
complexity beyond that discussed above with respect to the primary biogenic gas

Figure 6.17: The T2 well drilled on the other side of the east “green” fault shows the same two
sands as in the central fairway. Seismic imaging and well correlation show that the fault throw is
~380 feet. The following figure shows the asphaltene gradient data shifted up by this fault throw –
a data treatment indicated by the vertical blue arrow [2, 5, 10, 29, 59, 81]. Published with
permission from the Society of Petroleum Engineers.
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charge. Consequently, the RFG scenario proposed for this reservoir is consistent
with the geochemical analysis. The value of the Halpern TR1 index, toluene/1,1-
dimethylcyclopentane, is consistent with no water washing. The value of the Halpern
TR2 index, n-heptane/1,1-dimethylcyclopentane, is consistent with no biodegrada-
tion. The value of the Hapern-C1 index, a ratio incorporating many saturated C7
compounds, shows no source variation. The hopane thermal maturity marker, Ts/
(Ts+Tm), shows no thermal maturity variation and exhibits typical values for
black oil. Unlike Case Study #1, this field does not have preserved charge. Thus, it
remains unknown what the range was of asphaltene content and thermal maturity
for charge fluids entering the reservoir; they are all equilibrated at now.

Figure 6.22 shows the geo-scenario of the RFG and rock formation processes that
took place in this Middle Pliocene reservoir. The anticline formed associated with halo-
kinesis underneath the field. The anticline filled with oil, and the asphaltenes and all
other fluid components equilibrated. With continuing stress of anticline growth, a fault
occurred, splitting off a fault block containing part of the reservoir, with a displace-
ment of 380 feet. Equilibrated crude oils were preserved in both the upper and lower
fault blocks. Subsequent to the fault throw, the upper block charged preferentially

Figure 6.18: The data presented in Figure 6.17 with the DFA asphaltene data from the T2 well
shifted vertically by 380 feet, the fault throw. The asphaltene data from the T2 well interpolates
into the asphaltene gradient data from the T1ST and T1 wells. The implication is that in the geologic
history of the reservoir, the asphaltenes equilibrated across the entire reservoir prior to the fault
throw [2, 5, 10, 29, 59, 81]. Published with permission from the Society of Petroleum Engineers.
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with primary biogenic methane. That is, both the upper and lower blocks have pri-
mary biogenic methane mixed with the crude oil as gleaned by the light carbon
isotope of methane. But the upper fault block had more primary biogenic methane
(δ13C ~ −59‰) compared to the lower fault block (δ13C ~ −56‰). Moreover, as
shown in Figures 6.18 and 6.20, the methane isotope values of all the different oil
samples within each of the blocks are about the same, but differ from one block to
the next. This means that after the thermogenic gas entered the upper block, the
methane equilibrated throughout both the upper and lower sands. This case study
proves that reservoir fluids can equilibrated rapidly; almost certainly convective
processes contribute to this.

Finally, the T1ST well has two DFA stations in different sands than the target res-
ervoir. The deepest DFA station in T1ST shows a very heavy carbon isotope of meth-
ane meaning the least biogenic gas charge of all. In addition, the API gravity is the
highest of all, meaning that this is the lightest oil charge. It is common for higher
maturity fluids to get trapped deeper with increasing subsidence because (1) subsi-
dence can seal migration to shallower formations and (2) spill-fill preferentially re-
tains lighter fluids deeper. The shallowest DFA station shows the lightest carbon

Figure 6.19: Comparison of fluid properties for the three wells in the reservoir. The asphaltene
content is not aligned when plotted on actual depth. The fluid properties, methane isotope, API
gravity, and GOR are also not aligned when plotted on actual depth [2, 5, 10, 29, 59, 81]. Published
with permission from the Society of Petroleum Engineers.
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isotope of methane meaning it has the highest fraction of biogenic methane. This oil
API gravity is similar to the almost all others yet its GOR is the highest. Thus, the
sand has a similar oil charge as the main reservoir but has a higher biogenic gas frac-
tion. These other sands help illustrate charge complexities that can occur.

There are two origins of biogenic methane with distinct carbon isotope ratios
[79]. Primary biogenic methane corresponds to microbial digestion of organic mat-
ter in shale and other sediments. The conversion efficiency in this process from or-
ganic carbon to methane is very low; consequently, the smaller activation energies
of carbon 12 (due to zero-point energy dependence on mass) are important, thereby
yielding preferential light carbon in the methane with δ13C ~ −70%. Secondary bio-
genic methane corresponds to microbes consuming oil. The conversion efficiency of
this process is high; thus, the produced methane is constrained to have more simi-
lar isotopic ratios as the oil, thus δ13C ~ −50‰ [79]. Thermogenic methane has an

Figure 6.20: Comparison of fluid properties of the three wells after shifting vertically the T2 well
fluid data by 380 feet, which equals the fault throw. As noted in Figure 6.19, the asphaltene
gradient data interpolates in both the upper and lower sand. The API gravity also interpolates
reasonably well in both sands. However, both the methane isotope data and the GOR do not line
up with the previous two wells. Specifically, the methane isotope of the upper block is lighter
indicating a greater content of primary biogenic gas. In addition, the GOR of the upper block oil is
higher indicating a greater gas content. Since the API gravities, a flashed oil property, do line up,
the implication is that after the fault throw, the upper block preferentially received a new charge of
primary biogenic gas [2, 5, 10, 29, 59, 81]. Published with permission from the Society of Petroleum
Engineers.
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isotope ratio roughly of δ13C ~ −40‰ but with some variability associated with dif-
ferent parameters. Also, the ratio of methane to ethane generally exceeds 1,000 for
biogenic gas while much smaller ratios are obtained with thermogenic processes;
the exact ratio depends greatly on maturity.

Figure 6.21: Geochemical analyses of many biomarkers show the same values for all samples in
the T1, T1ST, and T2 wells. Halpern TR1 shows no water washing, TR2 shows no biodegradation,
Halpern-C1 shows no source variation and Ts/(Ts+Tm) indicates a typical black oil maturity. The
homogeneous distributions of these geochemical ratios are consistent with fluid equilibration [2,
5, 10, 29, 59, 81]. Moreover, the lack of fluid complexities reinforces use of the simple FHZ EoS
formalism. Published with permission from the Society of Petroleum Engineers.

Figure 6.22: Geo-scenario of the key RFG and rock formation processes in this Pliocene reservoir.
First, the anticline formed and filled with oil. The asphaltenes and other oil components
equilibrated. Second, with continuing growth of the anticline, a fault occurred cleaving the
reservoir into an upper block and lower block, each with equilibrated fluids. Third, a primary
biogenic gas charge then entered the upper block and again the fluid equilibrated.
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6.4.3 Case study #3: equilibration of heavy oil

Heavy oils are characterized by high asphaltene content which causes asphaltenes to
form clusters of nanoaggregates in the oil, the largest nanocolloidal particles of asphal-
tenes that are stable in crude oil over geologic time. These clusters with 5 nm diameter
are the largest of the stably suspended asphaltene particles and accumulate toward
the base of the oil column creating a large gravity gradient of asphalt. When this gradi-
ent equilibrates, this is referred to as the “heavy oil model” of the FHZ EoS. Since vis-
cosity is highly correlated with asphaltene content, heavy oils often are characterized
by large viscosity and large viscosity gradients. In addition, because the asphaltene
concentration is high in heavy oils, asphaltenes are often near their solubility limit in
heavy oils. Any increase in asphaltene concentration beyond this limit causes asphal-
tene phase separation often yielding a tar mat.

Figure 6.23 shows a giant reservoir with an oil column that is startling in its simplic-
ity [9, 20, 27, 60, 82, 83]. The reservoir was initially placed into production for a
limited time and is known to be well connected. Moreover, the asphaltenes are
equilibrated throughout this field. All other fluids properties examined are consis-
tent with this finding of fluid equilibration but only the asphaltene gradients are

Figure 6.23: A large, four-way sealing anticlinal oilfield with a black oil in the crest and a rim of
heavy oil underlain by a tar mat; a schematic of this oil column is on the left [9, 20, 27, 60, 82, 83].
The factor of 10 increase in asphaltene content in the heavy oil matches the FHZ EoS with
asphaltene clusters, with no adjustable parameters, around the entire 100 km rim. The asphaltene
content of 37% at the base of the heavy oil is the solubility limit for asphaltenes; the underlying tar
mat has phase-separated asphaltenes clogging any permeability. Published with permission from
the Society of Petroleum Engineers.
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useful to predict connectivity. And of course, asphaltene analysis is required to un-
derstand crude oil viscosity. There is a black oil in the crest with a small gradient of
asphaltenes; the GOR is low; thus, there is no variation of GOR to create a solubility
gradient contribution for the asphaltene gradient. For the black oil section of the
field toward the crest, the asphaltenes are present in the crude oil as nanoaggregates
and the black oil model of the FHZ EoS applies with its relatively small asphaltene
gravity gradient. The magnitude of the gravity gradients also scales with the contrast
in density between asphaltenes and the oil; for this low API oil, this density differ-
ence is not large thereby reducing the magnitude of the asphaltene gradient.

With depth below the crest the asphaltene content increases on this mild black
oil gradient. At a concentration of a few percent, the asphaltenes form clusters
which cause the asphaltene gradient to become very large and then conform to the
heavy oil model of the FHZ EoS. This heavy oil model applies over the entire 100-
km rim of this field; the 10× gradient in asphaltene concentration over 60 m of
height matches the FHZ EoS prediction for asphaltene clusters [9, 20, 27, 60, 82,
83]. The only term of appreciable size is simply the gravity term for this column.
The only adjustable parameter in the gravity term is the asphaltene particle size.
The asphaltene gradient is accounted for with a particle size of 5.1 nm which is
nearly identical to the nominal 5.0 nm cluster size published years before this study
[30]. Essentially, this means there is no adjustable parameter; the fit of the data to
the theory with clusters is nearly exact. This is an amazing success and validates
the theoretical formalism of the FHZ EoS and validates the existence of asphaltene
clusters in heavy oils. This 10× asphaltene gradient corresponds to a 1,000× gradi-
ent in viscosity, from a few cP to a few thousand cP under downhole conditions
and is critically important in field development planning.

Injection of water into the aquifer for sweep and pressure support is precluded
by the tar mat which is described below. Injection of water into the base of the
heavy oil column is ineffective because the viscosity ratio of water to the viscous oil
is 1,000. Oil to water viscosity ratios in excess of 10 lead to fingering of injection
water into the oil column as opposed to aquifer sweep of the oil. In addition, in-
jected water into this heavy oil would cause stable emulsion formation which
would resist flow through porous media. Consequently, water injection for pressure
support and sweep must be performed above the heaviest oil in the column; under-
standing the detailed nature of the gradients of asphaltene content and viscosity is
important for production planning.

There is a roughly 10-m vertical tar mat underlying the heavy oil; this tar zone
seals the aquifer from the oil. It is obvious that whatever mechanism produced this
tar, it had nothing to do with water; (much) less than 1 m of tar would seal the aqui-
fer; the formation of the next 9 m of tar above this 1-m tar layer cannot involve the
aquifer [9, 20, 27, 60, 82, 83].

Figure 6.24 shows a plausible mechanism for the formation of the heavy oil and
tar mat at the base of the anticline shown in Figure 6.23. First, the reservoir received
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a large, somewhat heavy oil charge. Subsequent to this, the reservoir received a
lighter oil charge. For the most part, the charge fluids do not mix during charging
except at and near the charge point [77]. Instead, the charge fluids’ density stacks
away from the charge point [77], but can exhibit lateral sweep near the charge point
[25, 80]. At the interface of the different, density-stacked charge crude oils, the as-
phaltenes are destabilized. Instead of undergoing bulk phase separation, the as-
phaltenes form clusters which naturally migrate down toward the base of the crest
(or base of the formation interval). This oil at the base of the interval, and newly
enriched in asphaltenes, is more dense than the oil toward the top of the interval
but down-structure in the formation. This process is similar to the “Boycott effect”
(after Professor Boycott), associated with colloidal instability and convection in flu-
ids in tilted containers [84]. Convection follows with speeds that can easily reach
30 km/million years, thus very fast [85].

The asphaltenes transported to the base of the reservoir then equilibrated at least
by diffusion rather quickly as the length scales are small. The gradient of clusters is
large, thereby resulting in large concentrations of asphaltenes at the base of the
heavy oil column. With continued incompatible charge, asphaltene migration to and
accumulation at the base of the reservoir continues. There, asphaltene equilibration

Figure 6.24: Proposed RFG mechanism for formation of heavy oil and the underlying tar mat in the
field depicted in Figure 6.23. (1) The first and large charge into the field was a heavy oil. This was
followed by a charge of a much lighter oil. Asphaltenes were destabilized by this mixture at the
interface of the two charges. (2) Asphaltenes migrated downwards likely in the form of asphaltene
clusters. (3) The increase in asphaltenes at the base of the crest caused this oil to be higher
density than the oil in the flank. Convection followed. In colloidal instability of this nature, this
convection proceeds by the well-known “Boycott effect” [84]. (4) Clusters at the base of the
reservoir equilibrated in part by diffusion locally. As asphaltene accumulation at the base
continued, the asphaltene concentration exceeded their solubility limit leading to asphaltene
phase separation. The asphaltenes coated surfaces until any permeability was vanquished
trapping heavy oil in the tar mat.
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(of clusters) corresponds to the heavy oil model which produces large asphaltene gra-
dients at the base of the oil column. The asphaltene concentration at the lowest part
of the oil column, at the oil–water contact, can become larger than the solubility
limit for asphaltenes in crude oil; for this crude oil in Figure 6.23, the limit is about
37%. The excess concentration causes bulk phase separation of the asphaltenes re-
sulting in an asphaltene-enriched coating on rock surfaces. Once permeability is re-
duced to zero, this is referred to as a tar mat. First, the heavy oil column is reviewed
in detail, then the tar zone is treated.

Heavy oil and tar are largely defined by their asphaltene content [86, 87]. Naturally,
understanding the asphaltene distribution is key to understand these materials. In
particular, the large gradient of asphaltenes in the heavy oil column is seen to re-
sult from simply a gravity gradient of asphaltene clusters; this corresponds to the
heavy oil model of the FHZ EoS. Figure 6.25 shows that other fluid properties are
not very useful in understanding this gradient. The saturation pressure is homoge-
neous as expected for low GOR crude oils. There is no hint of the 1,000× variation
of viscosity in the saturation pressure profile. Once again, the cubic EoS is of lim-
ited use to understand crude oil equilibration. In contrast, the asphaltene gradient
analysis with the FHZ EoS accounts for the key concerns in this reservoir, viscosity
gradients, tar mats and aquifer support [9, 20, 27, 60, 82, 83].

(A) (B) (C)

Figure 6.25: (A) The asphaltene gradient is very large and creates a viscosity gradient of a factor of
1,000. There is no gradient in (B) saturation pressure (Psat), nor in the (C) thermal maturity index
Ts/(Ts+Tm). The thermal maturity of this crude oil is quite low which is consistent with a large
asphaltene fraction in this oil [9, 20, 27, 60, 82, 83]. Published with permission from the Society of
Petroleum Engineers.
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Figure 6.25C shows that the low thermal maturity of this crude oil (Ts/(Ts+Tm)~
0.2) is consistent with the large asphaltene content of this crude oil. The asphaltene
gradient in Figure 6.25A is consistent with equilibrium in accordance with the
heavy oil model of the FHZ EoS. Nevertheless, other possible origins of the gradient
must be considered. The thermal maturity gradient is very small; the gradient of the
heavy oil column is not due to a density-stacked maturity variation of charge fluids.
In any event, such an explanation does not make sense. If the gradient shown in
Figure 6.25A is due to a maturity variation, then the lowest maturity “fluid” would
be the tar which underlays the oil column. The concept would be that the tar
charged first into the crest of the reservoir, then as lighter charge fluids entered the
reservoir, the tar would be pushed downward. First, this tar is immobile; it does not
migrate in the reservoir. Second, this tar is a two-phase system, it is not a single-
phase system, the latter being expected for a low maturity charge fluid [9, 20, 27,
60, 82, 83].

Figure 6.26 shows that the liquid phase n-alkane content is large and essentially
homogeneous as expected for an equilibrated reservoir fluid. In addition, there is
no evidence of biodegradation. For all samples measured, the lighter n-alkanes ap-
pear unaltered, the pristane/nC17 ratio is ~0.17 and the phytane/nC18 ratio is ~0.45
confirming the lack of biodegradation and consistent with equilibration. For severe

Figure 6.26: Conventional GC analysis of four samples from the heavy oil column of Figures 6.23
and 6.25 [20]. These GC chromatograms are essentially equivalent consistent with reservoir fluid
equilibration. The nC18 is much larger than the phytane peak to its immediate right and the light
n-alkanes are present in abundance precluding any appreciable biodegradation. Published with
permission from the American Chemical Society.
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biodegradation, the microbes can digest 2/3 of the crude oil [78, 79], thereby tripling
the asphaltene content [23, 88]. Thus a gradient from biodegradation can create at
most a factor of three gradients in asphaltenes. Here, there is no evidence of even
mild biodegradation, let alone a difference of biodegradation in the column, and
the asphaltene gradient is a factor of 10. Biodegradation did not contribute to the
asphaltene gradient in this reservoir.

Figure 6.25A shows three points (circled with a dashed line) are somewhat low
in asphaltene content and were obtained in the north part of the field. While the
schematics shown in Figures 6.23 and 6.25 show two-fold rotational symmetric anti-
cline, in fact, the oilfield is asymmetric (but accurate field maps are proprietary).
The crest of the oilfield is toward the south, and the dip angle away from the crest
is much steeper going south than north. Consequently, the asphaltene-enriched
convective currents that are shown schematically in Figure 6.24 preferentially
flowed south causing greater asphaltene accumulation in the south. Convective
flows north could proceed but were over much greater distances yielding less as-
phaltene in the base of the oil column in the north. Thus, the asphaltene content in
the oil column in the north is somewhat deficient in asphaltene content as indi-
cated by the three circled data points in Figure 6.25A. In addition, the actual tar
mat is much thicker in the south than in the north. This asymmetry represents a
first-order correction to the zeroth-order model of total reservoir fluid equilibration.
Understanding these first-order corrections is also important for field development
planning and well placement [9, 20, 27, 60, 82, 83].

6.4.3.1 FHZ EoS treats heavy oil, cubic EoS fails

Thermodynamics applied to crude oils predicts two main properties, phase behavior
and gradients. Both Flory–Huggins theory and cubic EoS have been used to address
phase behavior. Both these methods are naturally parametric and depend on matching
measurements of phase behavior such as the asphaltene onset pressure (AOP). For as-
phaltene gradient analysis, the FHZ EoS utilizes the Yen–Mullins model of nanocolloi-
dal structures of asphaltenes, thereby providing treatment of size-dependent terms
such as the gravity term. In contrast, common Cubic EoS methods utilize pseudo-
components to address fluid complexities, and each pseudo-component is associated
with a variety of parameters such as molecular weights, interaction parameters, critical
constants and acentric factors, giving flexibility in fitting data. For asphaltene gra-
dients, it is important to determine the theoretical methods that best represent the
chemistry of crude oils and asphaltenes. The heavy oil column shown in Figures 6.23
and 6.25 offers a test to determine whether traditional cubic EoS methods or the FHZ
EoS methods are correct. The excellent fit of the gradient to the FHZ EoS indicates that
the FHZ EoS is superior to treat asphaltene gradients over cubic EoS methods. In
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addition, analytical chemistry methods can be utilized to predict the superior theoreti-
cal treatment.

The clusters of the Yen–Mullins model used with the FHZ EoS presume that the
chemical description of the asphaltenes in this oil is invariant. The same asphaltene
molecular components comprise the nanaoaggregates and clusters at the top and the
base of the heavy oil column. In contrast, traditional cubic EoS methods to treat such
a huge asphaltene gradient would utilize different asphaltene pseudo-components;
each asphaltene pseudo-component would have its own molecular weight, interac-
tion parameters, and critical constants. With so many variables, any gradient can be
“fit.” However, the chemistry and physics of such an approach can be nonphysical
and in error. It is straightforward to test whether the chemical properties of asphal-
tenes vary or are fixed in this oil column.

Figure 6.27 plots the molecular weight and aggregation number of asphaltene nano-
aggregates for asphaltene samples throughout the oil column also plotted in Fig-
ures 6.23 and 6.25. The conclusion is that there is no variation of either property in
the heavy oil column. Consequently, the basic assumption of the Yen–Mullins
model is reinforced, the asphaltenes are chemically invariant, what is changing in
the oil column is the nanocolloidal description based on asphaltene concentration
and solvency. The application of the FHZ EoS with its reliance on the Yen–Mullins
is similarly reinforced as being chemically valid. The results in Figure 6.27 show
that any presumption of multiple pseudo-components for the asphaltenes in a
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Figure 6.27: The molecular weight and the aggregation number of the nanoaggregate are
determined for asphaltene samples throughout the heavy oil column [89]. In spite of the large
gradient of asphaltenes, the asphaltene molecular weight and aggregation number are invariant.
Use of the Yen–Mullins model and the FHZ EoS is supported. Use of different asphaltene pseudo-
components in a cubic EoS treatment is contradicted. Published with permission from the
American Chemical Society.
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cubic EoS treatment is chemically invalid. Consequently, such an approach would
correspond to curve fitting, but not correspond to any true chemical analysis of the
oil column. Merely curve fitting is not predictive and is not of interest [2].

The molecular weight of any chemical species is fundamentally important. In addi-
tion, for asphaltenes, the aggregation properties as determined from the aggregation
number of asphaltene nanoaggregates are also fundamentally important. Asphaltene
molecular weight had been a topic of significant controversy in the past but is now
resolved [82, 86, 90–109]. Arguably the best method for determination of asphaltene
molecular weight is laser desorption, laser ionization mass spectrometry (L2MS) [82,
89, 96, 102, 106, 107, 110, 111]. This method is sensitive to nearly all of the asphaltene
sample, has nearly uniform cross section, is unaffected by aggregation, and has mini-
mal fragmentation. The molecular weight data shown in Figure 6.27 is from L2MS, and
shows the molecular weight is invariant in this heavy oil column [89].

Asphaltene nanoaggregates are weakly bound and difficult to preserve in mass
spectrometry studies; from the critical nanoaggregate concentration, binding ener-
gies of nanoaggregates in toluene are estimate to 5 kcal/mol of nanoaggregates [2,
112]. Surface-assisted laser desorption ionization mass spectrometry (SALDI-MS) uti-
lizes a rapid, indirect heating method to loft asphaltene nanoaggregates from the
solid state into the vacuum. Clusters are even more weakly bound and do not sur-
vive volatilization. As with the molecular weight, Figure 6.27 shows there is no vari-
ation of the aggregation number of nanoaggregates from (solid) asphaltene samples
throughout the heavy oil column [102].

Another sensitive chemical metric to detect possible changes in chemical compo-
sition is the analysis of sulfur speciation of asphaltenes [83, 113–118]. Sulfur chemical
analysis of asphaltenes can discriminate between invariant chemical composition of
asphaltenes as presumed by the Yen–Mullins model or if varied, support multiple
pseudo-components for the treatment of asphaltenes. There can be many different,
resolvable sulfur species in organic compounds as shown in Figure 6.28A [83]. The
sulfoxide group is characterized by very large polarity (~4 Debyes), and could affect
intermolecular interactions significantly. In addition, the fraction of aromatic sulfur
(thiophenic) to saturated sulfur (sulfide) is known to vary considerable in different
asphaltenes [83, 113, 114, 116, 118, 119].

Figure 6.28 shows application of x-ray absorption near edge structure (XANES)
on the sulfur chemistry. Figure 6.28A shows that the energy of the main peak for
each compound, the sulfur k-edge (1s-3p transition), is highly dependent on the
specific chemical form of sulfur. This energy is very dependent on the oxidation
state of sulfur; the k-edge of more oxidized sulfur is at higher energy. This fact
makes the different sulfur species resolvable by XANES methods.

Figure 6.28B shows that the asphaltenes throughout the heavy oil column in
Figure 6.23 (in blue) and even samples from a different stacked, reservoir (in red)
are all very similar and all dominated by thiophene sulfur [83]. The asphaltene sul-
fur speciation is invariant throughout the heavy oil column and this invariance
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even extends into a different stacked reservoir. It is known that asphaltenes from dif-
ferent reservoirs can show significant variation in their sulfur chemistry. The invari-
ance observed here is consistent with the Yen–Mullins model and its utilization in
the FHZ EoS. This invariance contradicts utilization of different pseudo-components
for asphaltenes in the Cubic EoS approach for describing asphaltene gradients [2].

The stable isotopic compositions of three asphaltene samples from the heavy oil
column in Figure 6.23 were measured for both carbon and hydrogen; the results are
shown in Table 6.1 [20]. These values are similar to those obtained from kerogen and
bitumen. The different asphaltenes have the same stable isotopic composition within
error for the two dominant elements of asphaltenes, carbon and hydrogen, which is
consistent with invariance of the asphaltene chemistry and of equilibration.

Figure 6.28: (A) Sulfur XANES spectra showing excellent differentiation of different chemical forms
of sulfur (B) Sulfur XANES spectra of many asphaltenes samples throughout the heavy oil column
of Figures 6.23 and 6.25 (in blue) as well as those from a different, stacked reservoir (red) [83]. All
these sulfur XANES spectra of the different asphaltenes in (B) are very similar and dominated by
thiophene sulfur. Spectra are offset for clarity of presentation and arranged in order of depth
(shallowest at the top and deepest at the bottom). For the asphaltene gradient in the heavy oil
column, use of the Yen–Mullins model and FHZ EoS is validated; the Cubic EoS method with
different asphaltene pseudo-components is contradicted [2]. Published with permission from the
American Chemical Society.

6 Asphaltene equation of state and oilfield reservoirs 341



6.4.3.2 Tar mat under a nonbiodegraded heavy oil

The terms “tar” and “bitumen” have been widely used in the oilfield to account for a
variety of carbonaceous materials of various origins [14, 18, 25, 27, 29, 120–122]. Tar
and bitumen are both characterized by high asphaltene content and as such are either
very high viscosity liquids or solids. The term “tar mat” is often used to signify a tar
layer at the OWC that seals the aquifer from the oil thereby precluding aquifer sweep
and even pressure support during production. There are a variety of mechanisms that
can form viscous or immobile tar layers at the base of the reservoir. Most importantly,
at the transition from the oil column to the tar mat, there can be either a continuous or
a discontinuous increase in asphaltene content. If the asphaltene content is continu-
ous, then the dominant process forming the tar mat is asphaltene addition to the base
of the column from upstructure as depicted in Figure 6.24. Asphaltene addition to the
heavy oil column at the base of the reservoir is compensated by asphaltene deposition
out of the oil once the solvency capacity of the oil is exceeded by the asphaltene con-
centration. In this case, the carbonaceous material that deposits is rather pure asphal-
tene [120]. Tar mats associated with a discontinuous increase of asphaltenes result
from a process where the solvent becomes a worse solvent for the asphaltene [25, 28,
121, 123]. For example, gas diffusion into the oil from upstructure decreases the capac-
ity of the crude oil to dissolve asphaltene. In this case the asphaltene undergoes phase
separation [25, 28, 121, 123]. With further increases in solution gas, the discontinuity of
the asphaltene gradient between the oil and the tar mat can become very large. Thus,
tar mats exhibit the two primary controls of solubility (in addition to temperature),
concentration of the solute, and solvency capacity of the solvent.

In this anticlinal structure, the tar is generally deeper than the oil column, and
with the small dip angle of the anticline, the tar extends further laterally than the oil.
Six tar wells were drilled with whole core acquired in the tar zone. Core plugs were
obtained from whole core at known heights in the column. The organics were ex-
tracted from these core plugs and the SARA content was obtained for each extracted

Table 6.1: Isotope composition of three asphaltene samples from the heavy
oil column in Figure 6.23 [20].

Sample ID δ C‰ vs VPDBa δ H vs VSMOWb

MC- asphaltene −. −

MC- asphaltene −. −

MC- asphaltene −. −

(a) VPDB carbon isotope reference Vienna Pee Dee Belemnite.
(b) VSMOW hydrogen isotope reference Vienna Standard Mean Ocean
Water.
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sample. Figure 6.29 shows the analysis of core plugs from whole core from the tar
zone in wells that intersected only the tar zone, not the oil column; these wells were
drilled for tar analysis providing an excellent platform for analysis of the tar mat. In
some cases, the thickness of the tar mat exceeded 10 m. This strongly implies that the
tar did not form as a consequence of oil–water interaction. One meter of tar easily
seals the aquifer from the oil column, if water is necessary to form tar, then how did
the other 9 m of tar form? The tar mat is a two organic phase systems, a solid carbo-
naceous material and a trapped heavy oil. The ratio of SARA components can be plot-
ted to determine exactly what is the carbonaceous phase. Figure 6.29 shows that
neither the resins not the aromatics scale with asphaltenes (all normalized by the sat-
urates). In other words, only asphaltenes are depositing, but not resins. At first, this
might seem surprising. However, the asphaltenes constitute the material that is col-
loidally suspended in crude oil, and, in this case, only asphaltenes are being added
to the base of the reservoir. Thus, it is the increase in asphaltene concentration, and
only the asphaltene concentration, at the base of the oil column that causes asphal-
tene deposition at the base.

The tar mat underneath the oil column in Figure 6.23 exhibits a largely continu-
ous increase in asphaltene content. However, the asphaltene fraction in the core
plugs from the tar zone do not exhibit an extension of the FHZ EoS curve obtained in
the oil column as shown in Figure 6.30. The tar mat corresponds to asphaltene depo-
sition in the core. Once permeability is sealed in some reservoir volume, then there is
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Figure 6.29: SARA ratios of many of core plugs taken from whole core from two wells (ZZ and YY)
obtained in the tar mat (with no oil column). The is a huge range of the asphaltenes/paraffins
where there is almost no variation of aromatics/paraffins and resins/paraffins. This data is
consistent with (1) the tar mat is a two phase system with a carbonaceous deposit and an trapped
oil and (2) the carbonaceous phase is pure asphaltene with no resin [120]. Published with
permission from the Society of Petroleum Engineers.
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no more compositional change in this sealed volume. The sealed volume might repre-
sent a pore if all pore throats leading to the pore are sealed by deposited asphaltenes.
Nevertheless, the sealed volume could present a cubic meter if the sealed volume is
capped by a tight carbonate streak that itself is plugged by deposited asphaltenes.
The reservoir sections below the tight streak might retain some limited volume that
retains some permeability. This explains why wells drilled in the tar zone fill with oil.

The asphaltene content from the core plugs from six tar wells are plotted in Fig-
ure 6.30; each different symbol refers to a specific tar well. The tar well with the
green triangles in Figure 6.30 corresponds to the tar well which is the farthest up-
structure in the anticline, thus, the tar plugs are at shallower depths than those of
other tar wells. Unlike the oil column above the tar, where the asphaltene content
largely matches a gravity gradient of asphaltene clusters, the tar zone exhibits

Figure 6.30: Comparison of asphaltene content in heavy oil samples and in tar extracted from core
plugs in the tar mat [120]. Data from six tar wells are plotted; each symbol is a specific well (green
triangle, blue circle, etc.). The high asphaltene content of the oil grades roughly continuously into
the higher asphaltene content in the tar zone. However, while the oil column shows a gravity
gradient of asphaltenes matching the FHZ EoS, asphaltene content in the extracted tar is always
high but varies randomly with depth in each of the tar wells. Published with permission from the
Society of Petroleum Engineers.
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random variations of the asphaltene content with depth; the tar zone does not ex-
hibit an extension of the FHZ EoS to higher asphaltene content. This may seem
surprising as the core plugs are in close spatial proximity within a given tar well,
however, the asphaltene content is far from the equilibrium FHZ EoS curve. In ad-
dition, Figure 6.30 shows that the asphaltene content in the core plugs varies sig-
nificantly from 30% to 65%; at 30% to 35% the material is a very viscous oil
(~2,000 cP) while at 55% to 65% asphaltenes, the material has the rheology of
coal [9, 21]. The tar mat is not a uniform material, and the asphaltene content and
rheology of the material do not vary systematically with depth.

The lack of equilibration of the tar mat asphaltene content even over a tiny
length scale of meters and the lack of homogeneity of the material within the tar
mat are both explained by the fact that the tar mat consists of two organic phases:
one phase is a viscous oil of about 30% asphaltene content; the other phase is a
solid asphaltene deposit which appears to be 100% asphaltene by the analysis of
Figure 6.29. With continued asphaltene migration to the base of the oil column, the
asphaltene content eventually exceeds the solvency concentration of asphaltenes
in the oil. Specifically, the asphaltene in the crude oil above the tar mat at the base
can diffusively equilibrate over the small vertical intervals (many tens of meters).
Thus, the asphaltene content at the very bottom of the oil column is highest. When
this concentration is greater than 37%, asphaltene deposition occurs. Once perme-
ability is sealed due to clogging of permeability with solid asphaltenes, then the oil
column has a new higher base. By this means, a thick tar deposit can be built with
increasing thickness over time. This process precludes any equilibrium of asphal-
tenes in the tar mat. Consequently, even over the short distance of meters length
scale, the asphaltene content cannot match the FHZ EoS heavy oil model. With no
permeability, any porosity that is occupied by the viscous oil remains trapped. For
a core plug, the ratio of trapped viscous oil versus asphaltene deposit determines
the asphaltene content of the extracted organics. If more trapped oil is obtained in
the core plug, then the core plug asphaltene content is closer to 30%. If more as-
phaltene deposit is obtained in the core extract, then the asphaltene content is
closer to 60%. The deposited asphaltenes and the trapped viscous oil have very dif-
ferent responses in pyrolysis of cores and cuttings. The deposited asphaltenes be-
have as a refractory material similar to pyrobitumen while the viscous oil behaves
similarly to black oils. The refractory nature of asphaltenes has also been noted in
analysis of refining resid.

Figure 6.31 shows a thin section from a tar mat in a condensate oilfield [124]. For
condensates, there is no question that the deposited tar is a separate organic phase.
The 2-meter tar mat consists of trapped condensate and a phase-separated tar. This
tar mat in Figure 6.31 represents a discontinuous increase in asphaltene content in
transitioning from the condensate to the tar [124]. The deposited tar is enriched in
asphaltene and has very low mobility. There is porosity but no permeability in this
tar zone. The blue in Figure 6.31 corresponds to epoxy that has been forced into the
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core plug displacing condensate for preparation of thin sections. This tar mat was de-
posited on a cemented sandstone, the tar formation has nothing to do with water.

6.5 RFG oilfield case study; disequilibrium
reservoir fluid

6.5.1 Case study #4: Diffusive gradient and quasi-equilibrium

A common occurrence is a gas charge into an oil reservoir (or an oil charge into a gas
reservoir). Figure 6.32 shows a reservoir with this condition of a recent charge. It is
not clear which fluid is the recent arrival, the gas or oil. From a practical matter in
this reservoir, it does not matter; however, from a standpoint of basin analysis, the
timing and order of charge fluids do matter. The important point is that the second
hydrocarbon charged into the reservoir with a relatively short duration and that a gas
was density stacked over an undersaturated oil. In some cases, the order of charge
fluids can be established, often a late primary biogenic gas charge enters an oil reser-
voir [12, 59, 70]. The discussion below presumes a recent gas charge entered an oil
reservoir, but the charge order might be reversed.

Figure 6.31: Thin section of a tar mat from a condensate oilfield [124]. The 2-m tar mat consists of
two organic phases. The thick, black coating on mineral surfaces is an asphaltene-enriched,
phase-separated tar. The blue is epoxy from thin section preparation and corresponds to displaced
condensate which is trapped within the tar mat. The white grains are sandstone and the pink is
cement. Published with permission from the Society of Petroleum Engineers.
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Figure 6.32 shows a deepwater reservoir that experienced an oil charge and a
primary biogenic gas charge [2, 62, 67, 124]. The tilted sheet sandstone reservoir is
an amalgamated fan lobe that is known from production to be well connected [62].
Figure 6.32A shows a contour map of the field; variations in GOR and in methane
isotopic composition are indicated. Figure 6.32B shows a series of dead oils com-
monly referred to as the “Hani Bottles” showing the enormous variation in asphal-
tene content in this field (courtesy, Hani Elshahawi, Shell). Figure 6.32C shows
petrophysical logs identifying this lobe system in many wells. Good production per-
formance and pressure depletion measurements confirmed excellent connectivity
in this reservoir.

Figure 6.32: Deepwater Gulf of Mexico reservoir with a relatively recent, charge of primary biogenic
gas into an undersaturated black oil (or oil into gas) in a single reservoir [2, 62, 67, 124]. (A)
Contour map of the field indicating fluid gradients of GOR and isotopic composition of methane. (B)
A series of dead oil samples visually showing an enormous variation of asphaltene content
(courtesy, Hani Elshahawi, Shell). (C) Petrophysical log data gamma ray and resistivity, identifying
the producing sand lobe in various wells. Published with permission from the Society of Petroleum
Engineers.
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This case study and its visual proof of compositional variation in a connected
reservoir was an important milestone in the general recognition that reservoirs can
contain compositionally graded crude oils and that such gradients can impact field
development planning. Prior to this time, there had been a perspective within the
industry that compositional variation of reservoir fluids could be largely ignored in
field development planning. Subsequent to this case study and the ubiquitous appear-
ance of the “Hani Bottles” (from Hani Elshahawi) in many publications, widespread
recognition has grown substantially regarding the importance of compositional grad-
ing and fluid complexities for production concerns. At this juncture, RFG exploits com-
positional variations of any sort of varying magnitudes to address a broad range of
reservoir concerns [2].

During the charge process, there is very little mixing of the original and new
charge fluids except in and near the charge points of the reservoir [77]. Away from
the charge point, the fluids’ density stacks. The crude oil in the reservoir is under-
saturated, in part due to the high pressure for this and other deepwater reservoirs.
The only way for this density-stacked gas to mix with the oil is by diffusion of the
gas downward into the oil column.

Figure 6.33 shows a giant diffusive gradient of solution gas in the upper half of
the oil column going from 8,000 scf/bbl to 2,200 scf/bbl in 150 feet of height. The
lower half of the oil column shows a much smaller GOR gradient going from 2,200
scf/bbl to 1,800 scf/bbl in 200 feet of height. It might appear surprising to have
such a giant gradient in rather limited height of the upper half of the oil column.
However, on closer inspection this observation is quite reasonable. The actual di-
rection of the diffusive flux is mostly lateral within the reservoir in this tilted sheet
sand of small dip angle. Thus, a limited height difference corresponds to an ex-
tended lateral distance. Detailed analysis shows that this GOR gradient meets ex-
pectations for a Late Miocene gas charge into this oil reservoir [2, 62, 67, 124].

The GOR gradient in the lower half of the oil column is labeled, “quasi-
equilibrium”; quasi means “seemingly or apparently but not really.” With continuing
geologic time, the diffusive flux of gas would extend lower in the column, so the bot-
tom half of the oil column is not really equilibrated but would change in time. Never-
theless, if only the bottom half of the oil column is analyzed, the GOR gradient is
consistent with equilibrium [2].

The high solution gas toward the top of the column is incompatible with dissolu-
tion of much asphaltene as shown by measurement (Figure 6.33C) and visually in the
dead oil samples (Figure 6.33B). The question arises, “where did the asphaltenes
go?” Figure 6.33C shows that the asphaltenes migrated to the base of the reservoir
increasing the concentration of asphaltenes there in this high GOR black oil. The gra-
dient of asphaltenes at the base exhibits a quasi-equilibrium distribution of as-
phaltene clusters. Clusters formed because of the relatively high concentration of
asphaltenes and relative high solution gas (~2,000 scf/bbl). The term “quasi-
equilibrium” is used because if (geologic) time progressed, the solution gas would
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increase at the base of the reservoir expelling the asphaltenes, ultimately in bulk
phase separation. Thus, the asphaltene cluster gradient is time dependent violating a
necessary condition for equilibrium. Nevertheless, if only the bottom half of the oil
column is analyzed, it is consistent with an equilibrated gradient of asphaltene clus-
ters. This quasi-equilibrium condition exists because the flux of asphaltenes from up-
structure is not high, limited by the diffusion of gas lower in the oil column that
causes further asphaltene expulsion and migration. Since most of the net diffusive
displacement is lateral, the rate of downward diffusive flux is quite low. Conse-
quently, the relatively small flux of newly added asphaltenes toward the base of the
oil column does not significantly perturb equilibration of asphaltene clusters at the
base of the column. The asphaltenes at the base of the column can be diffusively
equilibrated over reasonable times, due to the limited spatial extent [2].

Figure 6.34 shows that a diffusive gas flux associated with a Late Miocene gas
charge into a reservoir with undersaturated black oil can account for the dominant

Figure 6.33: Oil column for the reservoir in Figure 6.32 with a relatively recent mixed charge of
primary biogenic gas into oil (or oil into gas) [2, 62, 67, 124]. (A) RFG schematic showing the
diffusive flux of gas into oil. At and near the original GOC, the solution gas increases significantly
expelling asphaltenes. (B) Dead crude oil samples showing the huge asphaltene gradient. The
color variation of the crude oils which is very visually evident is quantified by DFA measurements.
(C) Lab asphaltene content (blue circles) and DFA color (black squares). The asphaltenes are being
expelled from the top of the column by the increasing solution gas. The asphaltenes at the base of
the column exhibit a gradient consistent with a quasi-equilibrium distribution of asphaltene
clusters. (4) Lab GOR (blue circles) and saturation pressure (Psat, pink squares) showing a
diffusive gradient at the top of the column and a quasi-equilibrium at the base of the column.
Published with permission from the American Chemical Society.
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observations associated with the GOR gradient shown in Figure 6.33C. The primary
features of a very large decrease in GOR toward the top of the column and a much
smaller decrease of GOR toward the base of the column are readily reproduced by
the diffusive model. The exact timing of the gas charge into the oil reservoir is not
expected to be accurate because of uncertainties in the diffusion constant. A rough
timing of a Late Miocene charge of gas is quite reasonable. Figure 34 shows that the
diffusive GOR gradient changes dramatically with over geologic times.

Figure 6.35 shows that the methane isotope ratio is not equilibrated in this oil-
field [2, 62, 124]. Toward the top of the column, there is a substantial increase in the
fraction of methane which is primary biogenic. Estimates of the fraction of methane
that is primary biogenic versus thermogenic are given in the figure. At equilibrium,
there would be a single isotopic composition; the observed disequilibrium is consis-
tent with the diffusive gradient depicted in Figure 6.33. The significantly greater
fraction of biodegradation gas at the top of the column is also consistent with the
concept of a recent stacking of primary biodegradation gas over an undersaturated
oil followed by the process of diffusive mixing. The exact fraction of biogenic to
thermogenic gas depends on the presumed isotopic composition of methane from
each source. For the fractions listed in Figure 6.35, primary biogenic methane is pre-
sumed to be −70‰ and thermogenic methane is presumed to be −45‰.

One point of uncertainty is why there is so much primary biogenic gas at the
base of the oil column. The analysis in Figure 6.35 shows that the methane at the
base of the column is 50% primary biogenic methane, while the diffusive model
shows that the diffusive addition of methane to the base of the column should be

Figure 6.34: Diffusive GOR gradients versus elapsed time for the initial condition gas over
undersaturated crude oil. The data in Figure 6.33C is consistent with an ongoing diffusive process
since the Late Miocene. The diffusion model employs the error function solution to the diffusion
equation which is arguably the simplest solution. Published with permission from the American
Chemical Society.
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much less. Nevertheless, one effect of this excess solution gas is likely why asphal-
tenes are in the cluster form as opposed to nanoaggregates that would be expected
in low GOR black oils. It is likely that this excess primary biogenic gas arrived at the
base of the column by a mechanism that is not strictly from a recent diffusive pro-
cess. Perhaps there was some mixing during charge; such a process is known to
occur near charge points [25, 80]. Perhaps there was a more complicated entry of oil
and primary biogenic gas into the reservoir with some overlapping charge. In any
event, the primary observations in the field are consistent with a simple diffusive
model, but some observations imply some additional complexities. This is often the
case with applications of simple models to describe earth science with its many
contingencies.

6.6 Conclusions

At long last, chemical structure-function relations have been established for asphal-
tenes with direct applications in the oilfield. The resolution of molecular and the
hierarchical nanocolloidal structure of asphaltenes in the Yen–Mullins model is en-
ables resolution of the gravity and other terms in equation of state modeling. The
regular solution theory Flory–Huggins theory can be modified with the gravity term
giving the FHZ EoS for modeling asphaltene gradients in oilfields. The FHZ EoS

Figure 6.35: Methane carbon isotope analysis indicating a greater contribution of primary biogenic
gas upstructure. Notation X/Y means X% of thermogenic gas, Y% of biogenic gas [2, 62, 124].
Published with permission from the Society of Petroleum Engineers.
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with the Yen–Mullins model can be used to determine whether reservoir crude oils
are or are not in thermodynamic (compositional) equilibrium. With the three species
of the Yen–Mullins model, there are three types of asphaltene gradients applicable
for light oil, black oil and heavy oil. When reservoir fluids are equilibrated, then res-
ervoir connectivity is likely. This addresses perhaps the biggest risk factor in deep-
water reservoirs. Examples of reservoir fluid equilibration even at the 100 km length
scale are reviewed herein. In addition, the equilibration process has many implica-
tions regarding petroleum systems and reservoir attributes. If reservoir fluids are
not equilibrated, then frequently, one or more processes can be identified acting on
the reservoir fluids that preclude equilibration. A collection of these processes, in-
cluding reservoir fluid equilibration processes constitutes a new technical discipline,
“reservoir fluid geodynamics.” With the incessant demand to increase efficiency,
RFG provides a major improvement in reservoir evaluation. A simple example is the
common occurrence of gas charge into reservoirs of undersaturated oil. In such cases
density stacking of charge fluids is followed by diffusive mixing of gas and oil. The
simplest solution to the diffusion equation, the error function solution, can be em-
ployed to model this process with a small number of parameters. Moreover, the in-
crease in solution gas expels asphaltenes, and they can migrate many kilometers by
convective flows conceptually matching the Boycott effect yielding high asphaltene
content and even tar mats at the base of the reservoir. Such an example is reviewed
herein matching enormous solution gas and asphaltene gradients. With the resolu-
tion of asphaltene structures, the application of a host of fundamental chemical prin-
ciples is now being applied successfully to oilfield reservoirs to address all manners
of reservoir concerns. The chemical sciences offer powerful means to exploit even ex-
tremely complex chemical systems such as reservoir crude oils in enigmatic earth sci-
ence settings.
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7 Molecular distributions and geochemical
implications of pyrrolic nitrogen
compounds in crude oils

Abstract: A suite of oils from the Tarim Basin, Qaidam Basin, Ordos Basin, and
Liaohe Basin, China was characterized geochemically to clarify factors other than
lateral migration that can affect the concentrations and distributions of pyrrolic ni-
trogen compounds (PNCs) in crude oils. Except for oil fractionation during migra-
tion, facies and depositional environment and maturity also affect the distribution
of PNCs. The relative distribution of pyrrole isomers may vary with the depositional
environment. The isomers with high shielding degree are relatively enriched with
the increase of maturity, which is consistent with the principle of thermodynamic
equilibrium. Biodegradation is another factor which can alter PNCs behavior in oils.
Partially shielded dimethylcarbazole isomers appear to be more susceptible to bio-
degradation than their exposed counterparts. Benzo[c]carbazole seems to show a
higher ability to resist biodegradation than benzo[a]carbazole in heavily biode-
graded oils. It was determined that PNCs have potential significance in evaluating
oil migration, paleo environment, thermal maturity, and the degree of biodegrada-
tion. The PNCs could provide another useful diagnostic means for spill source iden-
tification at their lightly to moderately weathered stages.
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7.1 Introduction

Molecular markers based on aliphatic and aromatic hydrocarbons have proven to
be suitable for the characterization of crude oils and source rocks, and are indica-
tors of thermal maturity level, degree of preservation, and migration. On the other
hand, hetero-compounds (nitrogen, oxygen, and sulfur; NSO compounds) that
make up a small portion of most crude oils have significant implications in terms of
petroleum exploration due to their greater structural diversity [1]. Nitrogen is a com-
mon element in petroleum, mainly in the form of heterocyclic aromatic structures
in low abundance [2]. Aromatic heterocyclic N compounds in petroleum include
two main groups: neutral pyrrolic compounds, including pyrrole and higher alky-
lated and benzylated analogues, and basic pyridinic compounds, comprising pyri-
dine and higher alkylated and benzylated components. Among the two groups, the
neutral pyrrolic species contribute the major proportion of the N compounds, evinc-
ing interest via studies of potential applications to petroleum migration [3–7]. Be-
cause of their high polarity, pyrrolic nitrogen compounds (PNCs) exhibit a stronger
absorption/adsorption in the interactions between organic nitrogen compounds
and solid organic/mineral phases and/or higher solubility in water [8, 9]. On the
other hand, the differences in absorptive intensity among different kinds of PNCs
can lead to their geological chromatographic fractional effect. Thus, enrichments of
benzo[c]carbazole in crude oils relative to benzo[a]carbazole, the N-H shielded to
N-H exposed alkylcarbazoles and higher to lower homologues with increasing mi-
gration distance are observed [3, 4, 10]. Based on simulation experiments and case
studies, PNCs (carbazole, benzocarbazoles, dibenzocarbazoles and their alkyl deriv-
atives) have been proposed as molecular tracers for monitoring petroleum migration
[3, 4, 11]. Actually, the nitrogen compounds in geological structure body derived
mainly from amino acid of sedimentary organism, and the formation and distribu-
tion of nitrogen compounds are closely related to sedimentary facies and the evolve-
ment of organic matter.

Carbazoles and benzocarbazoles (Figure 7.1) are common constituents of rock
extracts or crude oils. As a common component of non-hydrocarbons in crude oils,
organic nitrogen compounds have been proposed to exert a positive function on the
adsorption of petroleum on reservoir rocks, leading to petroleum compounds varia-
tion during the petroleum migration, production, and refining [12, 13]. Fractionation
effects related to migration have been observed both empirically in case studies
and experimentally in laboratory simulations [3, 4, 14]. However, recent studies
have also shown that the distributions of PNCs can be also affected by paleo envi-
ronment [3, 15, 16], organic source inputs [17, 18] and thermal maturity [16, 19–21].
Biodegradation is another factor which can alter carbazoles behavior in oils. Huang
et al. [22] successively studied the content and distribution of neutral nitrogen com-
pounds in degraded crude oil in the Lengdong area of Liaohe Oilfield, and obtained
some important understandings [22]. They believed that the content of nitrogen-
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containing compounds of crude oil with medium biodegradation is gradually re-
duced. Moreover, benzo[b]carbazole has the highest ability to resist biodegradation
among benzocarbazole isomers, and with the increase of biodegradation, the ratio
of benzo[a] carbazole/benzo[b]carbazole showed a decreasing trend [22, 23].
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Figure 7.1: Chemical structures of carbazole compounds (a) and benzo[a]carbazole (b), benzo[c]
carbazole (c), benzo[b]carbazole (d).

Table 7.1: Geochemical and geological information of all samples.

Sedimentary
basins

Well no. Oilfield Reservoir age Strata Depth (M) Density
(g/cm)

Tarim Basin
(Marine
Facies)

LN Lunan Triassic T ,–, .
LN Lunan Triassic T ,–, .
LN Lunan Triassic T ,–, .
TD- Tadong Ordovician O , .
TZ Tazhong Carboniferous CII ,–, .

Qaidam
Basin
(Saline Lake
Facies)

Q- Qigequan Neogene N; –, –
QD Qidong Paleogene E ,–, –
Hong Hongliuquan Paleogene E ,–, –
Shizhong Shizigou Neogene N –, –
Youzhong Youyuangou Neogene N , –
Shazhong Yuoshashan Neogene N – –
Shaxi Shaxi Neogene N-N ,–, –
Yue YuejinⅠ Neogene N-N ,–, –
Yue- YuejinⅠ Paleogene E ,–, –
Yue- YuejinⅠ Paleogene E ,–, –
Yue- YuejinⅠ Paleogene E ,–, –
Yue YuejinⅠ Neogene N-N ,–, –
Yue YuejinⅠ Neogene N-N ,–, –
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PNCs have been applied to the study of oil-gas migration in continental petrolif-
erous basins in China [5, 14, 23]. However, the distribution characteristics and het-
erogeneity of PNCs in crude oil depend on a variety of geological or geochemical
factors. Due to the different bacteria species and physical and chemical conditions
of reservoir, the variation trend of PNCs in biodegradable crude oil is different, es-
pecially in the distribution of alkyl carbazole isomers [13, 23, 24], which leads to
some changes in isomer parameters, indicating that this topic needs to be further
explored. At present, the research on PNCs focusses on the influence of oil-gas mi-
gration on the distribution, and the understanding of their distribution characteris-
tics and various influencing factors in crude oil is not enough. Therefore, in order
to confirm the validity and reliability of nitrogen compounds as oil-gas migration
indicators and oil source correlation parameters, it is necessary to conduct a compre-
hensive and in-depth analysis on the basic geochemical characteristics and control-
ling factors of PNCs. Although PNCs have found increasing application in petroleum
exploration and refining in recent years, there have been few reports of use of these
compounds for forensic oil spill investigations.

Therefore, the main goals of this paper were to determine the influence of source
material, sedimentary environment and maturity on PNCs in a suit of crude oils from
China. In addition, the effects of biodegradation on PNCs distributions are quantita-
tively investigated. Finally, a number of diagnostic indices of PNCs with high values

Table 7.1 (continued)

Sedimentary
basins

Well no. Oilfield Reservoir age Strata Depth (M) Density
(g/cm)

Ordos Basin
(Freshwater
Lacustrine
Facies)

Ding- Jiyuan Triassic Y – –
Yuan Jiyuan Triassic Y – –
Ding Jiyuan Triassic Y – –
Sha Jiyuan Triassic Y – –
An Jiyuan Triassic Y – –
Ding- Jiyuan Triassic Y – –
Yan- Jiyuan Triassic Y , –
Yan- Jiyuan Triassic Y – –
A Jiyuan Triassic Y , –
Yuan Jiyuan Triassic C +  – –
Yuan Jiyuan Triassic C +  , –
Xin- Jiyuan Triassic C +  – –
Yuan Jiyuan Triassic C +  – –
Yuan Jiyuan Triassic C +  , –
Yan Jiyuan Triassic C – –
Geng Jiyuan Triassic C , –
Geng Jiyuan Triassic C – –
An- Jiyuan Triassic C , –

Note: “–” mean the data not available.
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of diagnostic power are developed for correlation and differentiation of oils. The re-
sults are helpful to understand the facies, depositional environment and biodegrada-
tion influence and mechanism of PNCs, and provide a scientific basis for advancing
the fingerprinting techniques associated with oil spills.

7.2 Samples and analytical methods

7.2.1 Oil samples

In order to study the influence of sedimentary facies and maturity on the distribu-
tion of PNCs, some crude oil samples derived from different source rocks deposited
in different environments, thermal maturity, were collected from various oilfields in
Tarim Basin Marine Facies [25], Western Qaidam Basin Saline Lake Facies [26], and
Ordos Basin Freshwater lacustrine facies [27] China (Table 7.1). The Liaohe Basin is
an important oil-producing basin in China. The petroleum geological setting has
been described in detail by Huang [22]. The Lengdong oilfield is located in a compli-
cated faulted anticline block on the steep eastern slope of the Western Depression
of the Liaohe basin [22]. A set of biodegraded crude oils are taken from Lengdong
oilfield. The crude oil viscosity ranges from 95 to 16,890 mPa · s (50 °C). Heavy oil in
this area is mainly formed by microbial degradation, and crude oil viscosity is closely
related to microbial degradation. The samples were kept frozen after collection.

7.2.2 Analytical methods

The experimental has been reported previously [1, 23, 26]. Briefly, the extracts were
deasphaltened and then separated into saturate, aromatics and non-hydrocarbons
fractions by way of column chromatography. Pyrrolic nitrogen compounds in the
non-hydrocarbons were further isolated via column chromatography with 2 g of si-
licic acid by the elution of n-hexane/toluene (1:1 (v/v), 50 mL). The neutral alumina
(l00–200 mesh) and silicic acid were activated at 110 °C before use.

Gas chromatograph–mass spectrometric analyses of these compounds were per-
formed using a Finngan SSQ710 instrument at China University of Petroleum–Beijing
(CUPB). A capillary column (30 m 0.32 mm i.d.) coated with HP-5 (film thickness
0.25 μm) was used with Helium as carrier gas. The oven temperature was pro-
grammed from 80 to 150 °C at 2 °C/min, and from 150 °C to 310 °C at 3 °C/min, then
held at this temperature for 25 min. The mass spectrometer was operated in EI mode
at 70 eV.

Identification of individual PNCs was based on comparison with authentic stand-
ards and literature data [9]. Quantification was performed using N-phenylcarbazole

7 Molecular distributions and geochemical implications 365



as an internal standard and taking into account all significant fragment ions of the
target compounds. Quantification of the isomeric compounds was calculated using
the peak areas in the corresponding molecular-ion chromatograms. Twenty percent
real samples were selected randomly and analyzed in parallel three times every
batch (n = 3). Linearity was evaluated through the coefficient of determination (R2) of
calibration curves. Accuracy was expressed as recovery. In this study, a certain
amount of deuterated carbazole was added and collected into a conical flask after
column chromatographic separation, and then 9-phenylcarbazole was added to cal-
culate the yield of deuterated carbazole. In this study, recoveries averaged 86 ± 12%.

7.3 Results and discussion

7.3.1 Occurrence and distribution of PNCs

Extracted ion chromatograms displaying the distribution of carbazole (m/z 167 + 14i,
i = 0–6), benzocarbazole (m/z 217 + 14i, i = 0–5) and dibenzocarbazole (m/z 267 + 14i,
i = 0–4) in samples are displayed in Figure 7.2 and Table 7.2. The crude oils studied
contain abundant PNCs with total concentrations (W) in the range of 8–94 µg/g. GC-
MS analysis of the pyrrolic fraction reveals that carbazole and its alkylated deriva-
tives are in high abundance in all the samples. Among the C0–C5-carbazoles, high
molecular weight isomers (C3- and C4-carbazoles, TMC, TeMC) are often present in
very high abundance relative to the low molecular weight homologues (carbazole (C)
and C1-carbazoles (MC)), originally proposed by Clegg et al. [20], and Bakr and Wilkes
[28] was observed.

7.3.2 Influence of sedimentary facies and maturity on the
distribution of PNCs

Migration-related fractionation effects have been observed both empirically in case
studies and experimentally in laboratory simulations [3, 4, 15, 23]. However, recent
studies have also shown that the distributions of PNCs can be also affected by sedi-
mentary environment, organic source inputs, and maturity [20, 28]. Biodegradation
has a great influence on the content and distribution of PNCs in crude oil. In order
to determine the influence of source material, sedimentary environment, and matu-
rity on carbazoles and benzocarbazoles in a suit of crude oils, the crude oil samples
from Liaohe Basin were not discussed in this part.
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7.3.2.1 Influence of sedimentary facies on the distribution of PNCs

As already mentioned in Section 7.3.1, methylcarbazoles were predominant in crude
oils. However, there are obvious difference for the distribution of methylcarbazoles
from crude oils in Tarim Basin (Marine Facies), Western Qaidam Basin (Saline Lake Fa-
cies) and Ordos Basin (Freshwater lacustrine facies, Figure 7.3). In this study, we
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Figure 7.2: Mass chromatogram showing the distribution characteristics of PNCs in crude oils.
Note: 1. carbazole, 2. 1-methyl carbazole, 3. 3- methyl carbazole, 4. 2- methyl carbazole, 5. 4-
methyl carbazole, 6. 1,8-dimethyl carbazole, 7. 1-ethyl carbazole, 8. 1,3-dimethyl carbazole, 9. 1,6-
dimethyl carbazole, 10. 1,7-dimethyl carbazole, 11. 1,4-dimethyl carbazole, 12. 1,5-dimethyl
carbazole, 13. dimethyl carbazole, 14. 2,6-dimethyl carbazole, 15. 2,7-dimethyl carbazole, 16. 1,2-
dimethyl carbazole, 17. 2,4-dimethyl carbazole, 18. 2,5-dimethyl carbazole, 19. 2,3-dimethyl
carbazole, 20. 3,4-dimethyl carbazole, 21. methyl-carbazole(A), 22. methyl-carbazole(B), 23.
methyl-carbazole (C), 24. benzo[a]carbazole, 25. benzo[b]carbazole, 26. benzo[c]carbazole.
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found that the contents carbazole and benzo [c] carbazole were the lowest in freshwa-
ter lacustrine facies, and were predominant in depositional environments (saline lake
fFacies) under regressive conditions of higher salinity. Zhu et al. [29] reported that
the abundance of carbazoles and benzocarbazoles in marine oil is much higher than
that in lacustrine oil [29]. In the crude oils from Tarim Basi, a strong predominance of
the higher homologous (TMC%: 66–72%) is observed. The relative amounts of C2-
carbazoles (DMC) in the second position covered a range from 15% to 23%. In con-
trast, the relative contents of DMC and TMC are close to each other for the crude oil
in Ordos Basin. As can be seen in Figure 7.3, the oil samples with Saline Lake Facie
from the Western Qaidam Basin show an enhanced abundance of MC compared with
other Basins.

As can be seen in Figure 7.4, the ratio of TMC/DMC and C/(C + BC) may have
strong environment dependence. The value of C/(C + BC) in freshwater lacustrine
crude oil is low, while that in marine and salt lacustrine crude oil is relatively high,
indicating that continental crude oil may be relatively enriched in benzocarbazole
series. In addition, the value of TMC/DMC in marine crude oil is high, while that in
freshwater lacustrine and salt lacustrine crude oil is relatively low, indicating that
continental crude oil may be relatively enriched in TMC.

Table 7.2: Extracted ion chromatograms displaying the distribution of PNCs in samples.

Peak no. Molecular formula M+

m/z
Compounds Abbreviations Types

 CHN  Carbazole C Shielded
 CHN  -Methylcarbazole -MC Semishielded
 CHN  -Methylcarbazole -MC

Shielded CHN  -Methylcarbazole -MC
 CHN  -Methylcarbazole -MC
 CHN  ,-Dimethylcarbazole ,-DMC Shielded
 CHN  -Ethylcarbazole -EC

Semishielded

 CHN  ,-Dimethlycarbazole ,-DMC
 CHN  ,-Dimethlycarbazole ,-DMC
 CHN  ,-Dimethlycarbazole ,-DMC
 CHN  ,-Dimethylcarbazole ,-DMC
E CHN  -Ethylcarbazole -EC
 CHN  ,-Dimethylcarbazole ,-DMC
 CHN  ,-Dimethylcarbazole ,-DMC
 CHN  ,-Dimethylcarbazole ,-DMC

Exposed
 CHN  ,-Dimethylcarbazole ,-DMC
 CHN  ,-Dimethylcarbazole ,-DMC
 CHN  ,-Dimethylcarbazole ,-DMC
 CHN  Benzo[a]carbazole BaC Semishielded
 CHN  Benzo[b]carbazole BbC Shielded
 CHN  Benzo[c]carbazole BcC Shielded
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The abundances of isomers of methylcarbazole compounds are different in dif-
ferent types of crude oils. In general, the relative content of 1-MC, 3 -, 2-and 4-MC
showed a “V” shape. As for the methylcarbazoles, much variability is found for the
triangular diagram representing the 1-,3- and 4-DMC isomers among crude oils
under different depositional environment. Data points in triangular diagram are
scattered together (Figure 7.5a). For marine facies and freshwater lacustrine facies
crude oils, the relative content of 1-MC was higher, followed by 4-MC, and the rela-
tive content of 3-MC was the lowest. The relative content of 4-MC in saline lake fa-
cies crude oils was higher, followed by 1-MC, and the relative content of 3-MC was
the lowest. Considering the variations in methylcarbazole, the cross plot of 3-/4-
MC versus 1-4-MC (Figure 7.6a) can well show the facies and depositional environ-
ment of crude oils. It can be seen that methylcarbazole compounds are distributed

Figure 7.3: The total concentration (W) and relative content of PNCs in crude oils.

0.00

0.20

0.40

0.60

0.80

1.00

0.00 1.00 2.00 3.00 4.00 5.00

C
/(C

+B
C

) 

TMC/DMC 

Tarim Qaidam-W Ordos

Saline lake facies  

Marine 
Facies  

Freshwater  lacustrine  
facies  

Figure 7.4: Cross plot of C/(C + BC) versus TMC/DMC.

7 Molecular distributions and geochemical implications 369



in different intervals among different types of crude oils. The sedimentary envi-
ronment of crude oil in Ordos Basin is low salinity, while that of Tarim Basin and
Western Qaidam Basin is high salinity. Salinity may be one of the factors affecting
carbazole methylation, so it can be inferred that the differences in the distribution
of methyl carbazole compounds are due to the sedimentary environment.

As for the dimethylcarbazoles, not much variability is found for the triangular dia-
gram representing the 1,3-, 1,8-, and 2,7-DMC isomers among crude oils under dif-
ferent depositional environment. Data points in Figure 7.5b are clustered together.
The relative content of 1,8-DMC (41.29% ± 3.08%) was higher, followed by 1,3-DMC
(33.76% ± 4.66%), and the relative content of 2,7-DMC (24.95% ± 5.71%) was the low-
est. For these three types of sedimentary environment, their distribution difference
is small. However, the cross plot of 1,8-/2,7-DMC versus 1,3-/2,7-DMC (Figure 7.6b)
cannot well show the sedimentary facies of crude oils. It appeared that the deposi-
tional environments have weaker influence on the distribution of dimethylcarba-
zole isomers.

7.3.2.2 Influence of thermal maturity on the distribution of PNCs

The source input and depositional environment have considerable impact on the oc-
currence and distributions of PNCs in oils and sedimentary organic matter [20, 28].
Thermal maturity may have some effect on the abundance and distribution of PNCs,
but its influence mode and degree need further study. Clegg et al. [20] provided con-
vincing evidence of source maturity control on alkylcarbazole and benzocarbazole
concentrations and distributions in petroleum from the Sonda de Campeche area,
Gulf of Mexico [20]. Similarly, Li et al. [19] demonstrated this for the Duvernay
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Formation of the Western Canada Basin [15]. The value of C29 sterane 20S/(20S + 20R)
can well indicate the maturity of crude oil. The ratios of C29 sterane 20S/(20S + 20R)
greater than 0.4 are related to mature oils, corresponding to a vitrinite reflectance of
0.8% [30, 31]. It can be seen that 1,8/2,4-DM increased with the thermal maturity en-
larging (Figure 7.7). It is preliminarily considered that the isomers with high shielding
degree are relatively enriched with the increase of maturity, which is consistent with
the principle of thermodynamic equilibrium. The chemical stability of shielded iso-
mers is higher than that of exposed isomers. In addition, benzocarbazole [a]/[c]
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Figure 7.6: Cross plot of 1-/4-MC versus 3-/4-MC (a) and 1,8-/2,7-DMC versus 1,3-/2,7-DMC (b).
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isomer ratios, such as [a]/([a] +[c]), increased with the increasing thermal maturity
[15, 28]. In this study, the relevant parameters also showed a good correlation be-
tween them (Figure 7.7). During oil migration, the more rod-shaped benzo[a]carba-
zole relative the sub-spherical benzo[c]carbazole is related to selective sorption of
benzocarbazoles from the oil onto clay minerals [32]. A significant increase in the [a]/
([a] +[c]) has been obtained for studied oils. This also may be related to the different
chemical structures of the two compounds. We suggest the [a]/([a] +[c]) versus C29
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carbazole).
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20S/(20S + 20R) plot can be used as a very sensitive tool for source assessment of
crude oils in petroleum systems.

However, compared with the sedimentary environment, maturity may not be
the main factor controlling the relative distribution of PNCs in a certain maturity
range [10, 15]. Biodegradation is another factor which can alter carbazoles behavior
in oils [13, 22, 24]. Moreover, benzo[b]carbazole has the highest ability to resist bio-
degradation among benzocarbazole isomers [33].

7.3.3 Influence of biodegradation on PNCs distributions
in crude oil from the Liaohe Basin, NE China

7.3.3.1 Concentrations of carbazoles and benzocarbazoles

The concentrations of carbazole, methylcarbazoles, C2-carbazoles, C3-carbazoles
and benzocarbazoles show systematic variations within increasing levels of biodeg-
radation in our sample set samples (Figure 7.8). The C0–C2 alkylcarbazoles concen-
trations firstly increase in the least degraded oil and then decrease gradually at the
moderate biodegradation stages. A very sharp decrease of concentrations is then
observed in samples at heavy biodegradation levels. Additionally, results from
Zhang et al. [33] and Song et al. [13] also support the observation that the concentra-
tions of carbazoles in oils sharply decrease at severe biodegradation levels in the
same basin [13, 33]. Alkylcarbazoles and benzocarbazoles are generally resistant to
biodegradation at light to moderate biodegradation levels [22]. The observation of a
slight increase in alkylated carbazoles and benzocarbazoles concentrations be-
tween no-biodegradation and mild biodegradation stages may be due to the fact
that significant carbazole and benzocarbazole degradation has not yet begun in
these samples and their relative enrichment is the result of depletion of other com-
ponents (e.g., hydrocarbons). Their sharp decrease in abundance in the lower part
of the column may be the result of biodegradation.

The normalization treatment of carbazole, methylcarbazole, C2-carbazole and C3-
carbazole showed that the relative percentages of the three compounds did not
change significantly in the undegraded, lightly degraded and moderately degraded
crude oils (Figure 7.9). It is suggested that the microbial effect on the above three
kinds of compounds may be consistent in these degradation stages. In the heavily de-
graded crude oils, the relative percentages of carbazole and methylcarbazole de-
creased significantly, while the relative percentages of C2- and C3- carbazole increased
significantly. This indicates that C2- and C3-carbazole showed stronger anti-microbial
degradation than carbazole and methylcarbazole in the heavy degradation stage.
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7.3.3.2 Methylcarbazole distribution

For most crude oils and source rocks, 1-methylcarbazole is the predominant compo-
nent among the methylcarbazoles [19, 20]. 1-Methylcarbazole is overall the most
abundant of the four methylcarbazole isomers, except for the severely biodegraded
sample (where 4-methylcarbazole is the dominant isomer). Our results clearly show
that the abundances of 2- and 3-methylcarbazoles decrease significantly with in-
creasing degree of biodegradation relative to 1- and 4-methylcarbazoles in the bio-
degraded oils (Figure 7.10). 2- and 3-methylcarbazoles are more susceptible to
biodegradation than the 1- and 4-methylcarbazoles. Moreover, the ratio of 1-/4-
methylcarbazole increased slightly, followed by decreasing with progressively
higher levels of biodegradation. From Figure 7.11, it can be seen that 1-/(2- + 3-MC)
showed the same pattern. 4-/(2- + 3-MC)) show the opposite rule. These data suggest
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Figure 7.8: Concentrations of the alkylcarbazole homologue groups and benzocarbazoles
with increasing levels of biodegradation.
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that among the methylcarbazoles, the 4-MC isomer is the most susceptible to bio-
degradation. Positive correlations between these ratios (Figure 7.11) indicates that
both of can be applied to assess the degree of biodegradation. Similar features were
reported by Song et al. [13] for the crude oils from the Bongor Basin, Chad [13].

7.3.3.3 Dimethylcarbazole distribution

Dimethylcarbazoles can be classified into three isomer groups; N-H shielded iso-
mers (SNs), N-H partially shielded isomers (PSNs), and N-H exposed isomers (ENs),
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according to the present positions of the methyl group. The shielded isomers have two
methyl groups, at the 1- and 8- positions; partially shielded isomers have one of the
alkyl groups present at the 1-position; and exposed isomers have no substitution at
the 1-position or 8-position. The samples display a strong predominance of the N-H
partially shielded over N-H exposed isomers. For the light or moderately degraded
crude oil, the relative composition of the three isomers changed little. At the same
time, the relative abundance of partially shielded isomers decreased noticeably
and the relative abundance of shielded isomers and exposed isomers increase
slightly (Figure 7.12). These results imply that the shielded dimethylcarbazole iso-
mer (1,8-dimethylcarbazole) is more resistant to biodegradation. The ratios of
SNS/ENS and SNS/PSNs display a sharper decrease (Figure 7.12), indicating that
the former is more difficult to degrade. Furthermore, the ratio of PSNS/ENS and
PSNS/SNS decreased in heavily degraded oils, which means that the degradation
rate of N-H semishielded isomer was higher than that of N-H shielded isomer and N-
H exposed isomer. The degradation rates of different isomers were significantly differ-
ent. The degradation rates of semishielded isomers (e.g., 1,6-DMC, 1,4-DMC) were
higher than that of shielded isomers (1,8-DMC). It is worth noting that the two exposed
isomers (2,4-DMC and 2,6-DMC) have great differences in anti-biodegradation ability.
The 2,4-DMC with methyl distributed on the same benzene ring has much higher anti-
biodegradation ability than other isomers in PM4 to PM5 [PM biodegradation scale
[34]], and the relative content of 2,4-DMC with methyl distributed on different benzene
rings is significantly increased, The degradation rate of 6-DMC is similar to that of semi
sheltered structure [35].
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7.3.3.4 Benzocarbazole distribution

Benzocarbazole has three isomers: benzo[a]carbazole, benzo [b]carbazole, and
benzo[c]carbazole. The Liaohe oils in this study are characterized by uniform ben-
zocarbazole distributions dominated by benzo[a]- and benzo[c]-carbazole, with the
benzo[b] isomer being present in minor abundance. The [a] benzene ring in benzo-
[a]carbazole is in the same side of the N-H group in carbazole, and has a certain
shielding effect on this group; and benzo[c]carbazole is far away from carbazole N-
H group in [c] position, making it completely bare. The relative abundance of
benzo[a]carbazole seems to decrease compared to benzo[c]carbazole in heavily de-
graded oils (Figure 7.13). The ratio of [a]/([a] +[c]) benzocarbazole (B[a]C/(B[a]C +
B[c]C) has been used as indicator of oil migration distance [3]. It has also been
noted that this ratio is influenced to some extent by maturity [13, 15, 20], organic
source [26, 36], and biodegradation [22].

In petroleum geochemistry, parameters such as 1-MC/4-MC, 1,8-DMC/2,6-DMC,
and B[a]C/(B[a]C + B[c]C) (BCR) can be used to trace crude oil and study migration
distance [3, 5]. The results also imply that the PNCs could provide another useful
diagnostic means for spill source identification at their lightly to moderately weath-
ered stages.

7.3.3.5 Degradation mechanism of nitrogen compounds

Relatively little work has been done on the mechanisms of carbazole compound
biodegradation, and most of it has been carried out under aerobic conditions. It ap-
pears that under aerobic conditions there are three different modes of initial oxidation:
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(i) a naphthalene-like attack, in which one of the aromatic rings is oxidized to a dihy-
drodiol; (ii) an angular dioxygenase attack, in which the carbon bonded to the nitro-
gen and the adjacent carbon in the aromatic ring are both oxidized; and (iii) a five-
membered ring attack, in which the nitrogen atom is directly oxidized [37, 38]. Some
details are known; for example, in an angular dioxygenase attack, the initial enzy-
matic degradation of carbazoles is considered to give a dihydroxylated intermediate
which is spontaneously converted to 2ʹ-aminobiphenyl-2,3-diol (an unstable interme-
diate) [22]. In the anaerobic environment, the degradation mechanism of carbazole
compounds is mainly through the breaking of aromatic rings or nitrogen-containing
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Figure 7.14: Possible biodegraded pathways of carbazole and methylcarbazoles [35].
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aromatic rings, the substitution of N groups by OH or CO groups, and the formation
of intermediates containing no groups in this process [39]. Based on the results ob-
served in the actual samples, Shi et al. [35] proposed a degradation pathway of less
alkyl substituted carbazole homologues as shown in Figure 7.14. For carbazole substi-
tuted by dimethyl or more alkyl group, the process may be more complicated due to
the influence of substituents. Further research is needed in this field. In general, the
biodegradation of carbazole is more likely to be accomplished by attacking the carbon
or nitrogen in or near the five-membered ring.

7.4 Conclusion

The results suggest that the depositional environment and thermal maturity have
some impact on the geochemical characteristics of the pyrrolic nitrogen compounds.
Similar to hydrocarbon compounds, the distribution characteristics of pyrrolic nitro-
gen compounds in crude oil are controlled by a variety of geochemical factors, such as
depositional environment, biogenic parent material, thermal maturity, and oil and gas
migration. The abundance of carbazoles and benzocarbazoles in marine oil is much
higher than that in lacustrine oil. Carbazoles (C0–C2) in source rocks are related to the
maturity level. The isomers with high shielding degree are relatively enriched with the
increase of maturity, which is consistent with the principle of thermodynamic equilib-
rium. It is possible to obtain information from PNCs that indicates the maturity, ori-
gin, migration, and deposition environments, thereby demonstrating the role of these
species as geochemical markers. Biodegradation is another factor which can alter car-
bazoles’ behavior in oils. The degradation rates of carbazole, alkyl carbazole and
benzocarbazole in crude oil samples from high to low are C >MC > DMC > TMC > BCS.
The degraded rates of four methylcarbazoles are in order as followed, 2-MC > 3-MC > 4-
MC > 1-MC, dimethylcarbazole isomers as followed, partly shield > shield > exposed,
and benzocarbazoles as followed, B[a]C > B[b]C > B[c]C. The biodegradation rate of car-
bazole compounds is different, which is reflected in the selectivity of microbial degra-
dation to isomers. The effects of facies, depositional environment, maturity, and
biodegradation need to be constrained carefully when PNCs used as indicators of
secondary migration. Obviously, these findings can also be applied for correlation
and differentiation of spilled oils at their lightly to moderately weathered stages.
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8 Analysis of petroleum-related samples by
soft ionization/high-resolution mass
spectrometry

Abstract: This chapter considers the achievements in applying the various methods
of “soft” ionization in high- and ultrahigh-resolution mass spectrometry to investi-
gate polar, low-volatility nonpolar, and high molecular petroleum components for
refining and further their processing into useful products. High-resolution method is
of particular importance as it allows determining the mass of ions with very high
accuracy and establishing the elemental composition of the detected compounds. In
turn, “soft” ionization methods operating at atmospheric pressure or permitting the
desorption/ionization of solid samples are very suitable for the analysis of heavy pe-
troleum fractions. The capabilities and disadvantages of existing approaches and in-
strumental techniques are discussed.

8.1 Introduction

Mass spectrometry is the most effective structural-analytical tool for the analysis of
such a complex mixture as petroleum. The fundamental knowledge on the petro-
leum compositions serves as the basis for creating standardized approaches to deter-
mining the origin of oils, routes of their transformation in nature during migration
and catagenesis. Such knowledge is particularly necessary for the development of
oil refining processes in industry.

To name the emerging trend in petroleum chemistry, the term “petroleomics”
was proposed by A. Marshall [1], implying the “comprehensive description of all
chemical compounds of crude oil and their interactions.” Although the authors of
the term introduced it to describe the aggregate of data obtained using ultrahigh-
resolution mass spectrometry (uHRMS), its meaning is almost completely consistent
with the challenges that petroleum chemistry faces. Thus, these concepts have be-
come practically interchangeable, and the use of mass spectrometry to solve the
problems of petroleum – “petroleome” – includes the use of a set of relatively re-
cent and traditional mass spectrometric options. The application of the variety of
approaches to such analysis is due to the extraordinary variety of organic com-
pounds present in oil and differing in chemical, physical-chemical properties, as
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well as in the quantitative content in oil. In turn, mass spectrometric ionization techni-
ques have various capabilities and limitations and each of them allows studying only a
certain part of the components of petroleum feedstock, but none of them is completely
universal. Indeed, at present, there is no single mass spectrometric method by which
one could characterize the complete composition of crude oil, usually consisting of
hundreds of thousands of compounds of various structures, elemental compositions,
volatility, and ionizability (aliphatic, alicyclic, and aromatic hydrocarbons; N- and S-
containing hetero-organic compounds; naphthenic acids; asphaltenes; resins; and
even organoelemental entities). Therefore, the study of petroleome is usually based on
the use of a set of mass spectrometric methods, and this requires the development of
approaches for complete interpretation of such huge composite data.

The previous chapter explored the possibilities of mass spectrometry combined
with online gas chromatographic separation for oil analysis. However, these methods
manage to investigate, although most of the oils, but only its volatile part. At the same
time, other mass spectrometry techniques are necessary to investigate polar, low-
volatility nonpolar, and high molecular petroleum components for refining and fur-
ther their processing into useful products.

This chapter is devoted to this issue, where the possibilities of various methods of
“soft” ionization, mainly with uHRMS, are considered. This high-resolution method is
of particular importance as it allows determining the mass of ions with very high ac-
curacy and, therefore, establishing the elemental composition of the detected com-
pounds. In turn, “soft” ionization methods operating at atmospheric pressure or
permitting the desorption/ionization of solid samples are very suitable for the analysis
of heavy petroleum fractions. Note that some aspects of application of mass spectrom-
etry to solve the petrochemical problems have been discussed in a number of reviews.
Here we note only recent reviews on this issue.

8.2 Soft ionization methods in mass spectrometry
of polar and low-volatility nonpolar petroleum
compounds

Ionization methods used in the study of petroleum by the uHRMS can be divided into
two main types based on “soft”-ionization principles: atmospheric pressure ionization
and desorption/ionization. The former method involves spraying and ionizing the ana-
lytes in the ion source at atmospheric pressure, and the latter one suggests simulta-
neous desorption/ionization of molecules from the solid samples. The energy supplied
to the analyte molecules in both cases is fairly low and primary ions almost do not
undergo fragmentation which is convenient for establishing their molecular weights.
Each of the methods considered below has its own advantages and disadvantages,
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and unfortunately, as already mentioned, none of them allows one to describe in detail
the whole petroleum, consisting of various classes of compounds differing in molecu-
lar weights, elemental composition, physical chemical properties, reactivity, and ioni-
zation capacity.

8.2.1 Atmospheric pressure ionization

8.2.1.1 Electrospray ionization (ESI)

Electrospray ionization (ESI) is based on the principle developed by M. Dole [2]: if a
solution of a nonvolatile compound in a volatile solvent passes through a thin cap-
illary, then charged drops are formed at the capillary end under the action of a
strong positive or negative electric field. Upon evaporation of solvent molecules,
ions of the analyzed compound are released in a gaseous state and enter the mass
spectrometer. A further sharp increase in the popularity of ESI is associated with
the work of the Russian research group headed by L.N. Gall’ [3] and the later study
by J. Fenn [4], who showed the great promise of the method for the analysis of bio-
macromolecules. At the same time, D. Zhan and J. Fenn [5] were the first who ap-
plied ESI-MS to the study of organic matter of fossil fuels and their processing
products. They showed that ESI mass spectra of deasphalted oils are a complex
superposition of ion peaks of a large number of polar compounds. It should be
emphasized that the main ionization mechanisms of ESI are based on primary
formation of closed-shell ions owing to protonation (cationization) or deprotona-
tion of analyte molecules. That is why the method is mainly applicable to the de-
tection of polar oil compounds.

As will be shown below, the highest analytical value of ESI-MS manifests itself
in experiments with uHRMS (see below) which makes it possible to resolve ions
having the same nominal, but different exact mass, allowing one to calculate the
elemental composition of the ion. The first works in this area were carried out
under the guidance of A. Marshall, who, as already mentioned, proposed the term
“petroleomics” [1]. Since only polar substances, mainly nitrogen-, oxygen-, and sul-
fur-containing (NSO) compounds, are detectable with the use of ESI, it is believed
that no more than 15% of oil components can be detected by this method [1]. How-
ever, it is these components that make up the most important classes of heteroa-
tomic compounds, which are possible markers for determining the geochemical
parameters of oils and oil generation routes and, most importantly, predetermine
the choice of the most effective oil refining processes. Note also that most of the
polar petroleum compounds have acidic properties, providing deprotonation, and
can be analyzed by ESI in the negative ion detection mode, ESI(–). Generally speak-
ing, ESI in conjunction with uHRMS is the most common ionization method owing

8 Analysis of petroleum-related samples by soft ionization/high-resolution 385



to both its easy use and handling and a possibility to effectively ionize the compo-
nents rising from high to medium polarity.

For ESI-HRMS analysis, the samples are usually injected in the infusion mode.
However, the introduction of the samples via high-performance liquid chromatogra-
phy (HPLC) can be used in a number of cases.

8.2.1.2 Atmospheric pressure chemical ionization (APCI)

Atmospheric pressure chemical ionization (APCI) is the oldest “soft” ionization method
in MS. As noted in the previous chapter, APCI is due to secondary ion–molecule inter-
actions of an analyte, which is sprayed in the ion source at atmospheric pressure. Sol-
vent ions, ionized water clusters and dopant ions, formed in a corona discharge, are
the main ionized participants in such reactions. During APCI, most petroleum com-
pounds are characterized by the formation of positive ions among which the M+ and
[M +H]+ ions are particularly important. For such investigation, the samples may be
introduced into the ion source by direct injection.

The first experiments showed that the sensitivity and universality of APCI
method in the detection of oil components are lower than those of ESI [6]. However,
by varying the composition of the solvent or adding special dopants, the ionization
efficiency of certain classes of compounds can be enhanced. For example, the use
of toluene as a solvent significantly increases the signal intensity of aromatic com-
pounds in the APCI mass spectra of a bitumen sample [7]. In this case, however,
both M+. and [M +H]+ ions are produced which complicate the interpretation of the
data [7]. The situation changes when toluene is replaced by carbon disulfide: in al-
most all cases, the generation of only [M + H]+ ions was observed [8]. In addition,
the use of this approach in combination with tandem mass spectrometry made it
possible to conduct a comparative study of petroleum and coal asphaltenes [9]. In
particular, the latter were distinguished by significantly shorter chain lengths of
substituents and a broader distribution of the number of aromatic rings. Quite inter-
esting is the fact that the use of a low-molecular-weight aliphatic or alicyclic hydro-
carbons, and particularly isooctane, as a solvent for analytes can sharply increase
the ionization efficiency of paraffin hydrocarbons [10] (Figure 8.1). To explain this
unexpected effect, an ionization scheme was proposed, including hydride ion trans-
fer of saturated hydrocarbons from tert-butyl carbocations generated from isooctane.
Subsequent experiments allowed the authors to propose the use of a mixture of car-
bon disulfide and isooctane for oil analysis. In addition, the influence of the nature
of the gases used in the ion source for spraying and forming a cloud of microdroplets
(nitrogen, helium, synthetic air, or their mixtures) was clarified [11]. Other authors
[12] suggested using oxygen as the carrier gas that provided recording the APCI mass
spectra of paraffin mixtures, revealing intense peaks of the [M −H]+ ions.
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8.2.1.3 Atmospheric pressure photoionization (APPI) and photochemical
ionization (APPCI)

Atmospheric pressure photoionization (APPI) and photochemical ionization (APPCI)
techniques are based on the interaction of organic molecules with photons at atmo-
spheric pressure. In both cases, analyte M+. ions along with products of secondary
ion–molecule reactions are formed. APPCI version includes additionally the intro-
duction of dopants into the ionization region which gives rise to increasing the prob-
ability of secondary ion formation. The APPCI-based version of mass spectrometry
involves spraying an analyte solution in the ion source where secondary ion forma-
tion processes resulting from the interaction of analyte molecules with ionized sol-
vent molecules under photon irradiation at atmospheric pressure take place. In
contrast to ESI and APCI, this ionization technique makes it possible to impart a
charge to nonpolar and weakly polar compounds giving rise to molecular cation rad-
icals, protonated, deprotonated molecules and cluster ions. On the other hand, as

Figure 8.1: APCI(+)FT-ICR mass spectra for a paraffin sample registered using different aliphatic
solvents as APCI reagent: (a) cyclohexane; (b) pentane; (c) hexane; (d) heptane; and (e) isooctane.
Reprinted from [10] with permission. Copyright (2015) Elsevier.
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for APCI, the introduction of dopant vapors into the ionization region can substan-
tially alter the probability of occurrence of certain ionization processes.

8.2.2 Desorption/ionization

8.2.2.1 Laser desorption/ionization (LDI), matrix-assisted laser desorption/
ionization (MALDI), surface-activated laser desorption/ionization (SALDI)

Laser desorption/ionization (LDI), involving the ion formation during pulsed laser ir-
radiation of solid samples, was discovered in the late 1960s and soon showed the abil-
ity to investigate nonvolatile polar compounds [13] and polyaromatic hydrocarbons
[14]. Being a pulsed technique, LDI is optimally combined with time-of-flight (TOF)
mass analyzer, but a relatively low resolving power of the latter does not allow for
full-scale analysis of mixtures of polar and low-volatility petroleum compounds. In
this regard, the combination of LDI with ultrahigh-resolution analyzer such as FT-ICR
is more advantageous. For example, it shows greater sensitivity to organic nitrogen
compounds and the possibility of simultaneous detection of aromatic and nonaro-
matic oxygen-containing compounds [15].

However, LDI has gained the greatest prevalence and popularity owing to the dis-
covery of enhancement of desorption/ionization efficiency in the presence of another
compound (matrix) and the creation of the method called matrix-assisted desorption/
ionization (MALDI) [16]. Even in combination with conventional medium-resolution
TOF mass analyzers, the method is successfully used for the selective detection of
certain classes of compounds. Since the efficiency of desorption/ionization of analy-
tes of various structures directly depends on the nature of the matrix used, it is possi-
ble to select it in such a way as to achieve a better yield of ions for one class of
compounds and their suppression for the other class.

An additional version of LDI, so-called L2MS, should be noted. In this case, two
lasers independently operate in the ion source: an IR laser ensures the desorption of
analyte molecules from the target surface, and the UV laser ensures their ionization
in the gas phase. This method is particularly efficient in the analysis of asphaltenes.

Another variant of two-stage desorption/ionization is based on using the effect
of laser energy transfer as a result of the generation of thermal and acoustic waves
(laser-induced acoustic desorption, LIAD). In this case, the analyte is deposited on a
metal foil, and the laser beam is directed to its back side. The restructuring of the
analyte film surface is accompanied by desorption of molecules that can be ionized
by various methods. LIAD is operative at atmospheric pressure and can be attributed
to ambient mass spectrometry, which practically does not require a special sample
preparation procedure.
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8.2.2.2 Direct analysis in real time (DART)

Direct analysis in real time (DART) became one of the first mass spectrometric meth-
ods that include ionization in open air and laid the foundation for the creation of a
whole series of mass spectrometric methods related to “ambient mass spectrome-
try.” The method is based on the Penning ionization which consists in the forma-
tion of ions during the interaction of molecules with excited metastable atoms [17].
Although ion generation processes, in principle, depend on the nature of the used
metastable gas (helium, neon, nitrogen, argon), in general, secondary ionic reac-
tions apparently occur when analytes desorbed from a sample surface interact with
ionized molecules of air components (water vapor, ammonia, or nitrogen and oxy-
gen). One of the advantages of DART-MS is that it usually requires no special sam-
ple preparation.

8.2.2.3 Atmospheric solid analysis probe (ASAP)

Like APCI, atmospheric solid analysis probe (ASAP) mass spectrometry, proposed in
2005, is based on the ionization of analytes via secondary ion–molecule reactions
with the primary ions produced in a corona discharge (Figure 8.2) [18]. The sample
or sample solution is introduced into the ion source in a tube, the end of which is
placed in the ionization region and is blown with a stream of nitrogen at a tempera-
ture of 50 to 500°C. In this case, analytes are desorbed and interact with the corona-
generated ions from nitrogen and water vapor present in the atmosphere. The
method practically does not require the use of sample preparation procedures and
relates to ambient mass spectrometry.

The first experiments showed that molecules of petroleum hydrocarbons can be
ionized in this mode, with protonated molecules and [M + N]+ ions being formed
from aromatic and olefins respectively (in the latter cases, molecular radical ions are
additionally formed [19]. It is important to pay attention to the fact that, by varying
the gas temperature, the fractionation of the samples can be accomplished, thereby
facilitating the interpretation of the obtained spectral data. In particular, the appli-
cation of this approach to the analysis of crude oils made it possible to separate the
components according to their boiling points and to detect a wide range of various
compounds [20].

8.2.2.4 Other prospective desorption ionization techniques

In addition to the aforementioned techniques, other versions of ambient MS includ-
ing the desorption ionization in open air have been tested in the analysis of oil. For
example, so-called desorption ESI (DESI) [21] and nanospray DESI [22] can be used
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to obtain mass spectra of petroleum constituents. In these cases, the flow of atom-
ized solvent microdroplets is directed to the surface of the object under study. A
significant effect is achieved by the use of solvent spraying at high pressures (ioni-
zation by ultrasonic spraying) [23]. In the other case, desorption/ionization by low-
temperature plasma was found to be valuable in determining low-molecular-weight
nonpolar and weakly polar petroleum components [24]. Aromatic compounds can
also be detected with the use of the so-called desorption APCI (DAPCI): in this case,
a nitrogen stream passing through a corona discharge area and containing ionized
particles is directed to the analyte surface (Figure 8.3) [25]. The same class of com-
pounds was detected using laser-assisted paper spray ionization [26]. The potential
application of thermal desorption coupled with APPI to oil analysis was demon-
strated [27]. However, despite the obvious advantages of the methods considered,
there is still little research describing their application to oil analysis.

8.3 High-resolution mass spectrometry

8.3.1 MS Resolution and mass accuracy

In crude oil analysis, it is necessary to determine an accurate mass for all the com-
pounds present in a sample. This means that a mass spectrometer should provide a
high mass resolution throughout the whole recorded mass range. Usually, the mass

Figure 8.2: ASAP probe scheme and the ionization mechanisms via proton ([M + H]+) and electron
(M+•) transfers. Reprinted from [20] with permission. Copyright (2017) American Chemical Society.
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resolving power (R) is equal to M/ΔM(50%), where ΔM(50%) is full width at half
maximum (FWHM).

Mass accuracy indicates the accuracy of the m/z provided by the mass ana-
lyzer which is indicated by the difference between the theoretical m/z (mtheor)
and the measured m/z (mmeasured) and expressed in millimass units (mmu) or in
parts per million (ppm).

8.3.2 FT-ICR-MS

The FT-ICR analyzers determine the m/z ratio according to the cyclotron frequency
of an ion in a fixed magnetic field. Corresponding instruments belong to a type of
ion trap but unlike a conventional ion trap, they are capable of providing the highest
mass resolution of more than 107. The principles of FT-ICR MS instrumentation and
data interpretation were described in the recent review [28].

Further development of ultrahigh-resolution mass analyzers is associated with
the creation of more powerful permanent magnets for FT-ICR-MS. Recently created
21 Tesla FT-ICR mass spectrometer allowed the assignment of molecular formulas
for 49,040 compounds versus 29,012 for 9.4 Tesla magnet and extends the identifi-
cation of previously unresolved Oo, SsOo, and NOo classes [29]. Another direction of
FT-ICR-MS development deals with further improving resonance cells to enhance
resolution at the same electromagnetic induction values [30].
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Figure 8.3: Schematic of the DAPCI ion source for analysis of petroleum-related compounds from
ambient surfaces. Reprinted from [25] with permission. Copyright (2013) Elsevier.
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8.3.3 FT orbitrap MS

Orbitrap mass analyzer is an orbital ion trap [31]. It includes inner and outer electro-
des and the ions, generated with the aid of one or another ionization method, are
injected into the space between them. Under action of static electric field, the ions
orbit around the inner electrode and oscillate along the z-axis (Figure 8.4) [32]. Using
Fourier transformation, the m/z values of ions are determined by measuring the fre-
quency of their oscillation. Being rather cheap relative to FT-ICR mass spectrometers,
FT-Orbitrap mass spectrometers, providing ultrahigh resolution, have become the
most common instruments in analytical practice dealing with the analysis of complex
mixtures, and, in particular, with the study of petroleum. Note that A. Pomerantz
and co-workers [33] were the first who understood the prospects of using the FT-
Orbitrap-MS for routine analysis of nonvolatile components in petroleum.

The mass resolution of the Orbitrap mass spectrometers exceeds 200 000. The high-
field FT-Orbitrap mass spectrometers provide the resolution above 400,000 [30]. For
example, applied to petroleomics, its resolving power reaches 480,000 at m/z 400
[34]. In addition to the lower cost and the absence of a superconducting magnet, the
FT-Orbitrap mass spectrometer has a number of other advantages over FT-ICR-MS.

8.3.4 Multireflection time-of-flight (TOF) mass analyzer

Ultrahigh-resolution multireflection TOF mass analyzer is based on an innovative mul-
tireflecting “zig-zag” design (Figure 8.5) [35]. Such mass spectrometers (HRT) are char-
acterized by high speed, simplicity, nondiscriminative mass analysis, and relatively

Figure 8.4: A model of the Orbitrap mass analyzer. Ions are moving in spirals around a central
electrode (a), an outer electrode (b) is split in half by an insulating ceramic ring (c). Reprinted from
[32] with permission. Copyright (2006) John Wiley and Sons.
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low costs. Another advantage of HRT is that its resolution power increases with m/z,
whereas for FT-ICR and FT-Orbitrap, resolution decreases exponentially withm/z [36].

Another approach allowing to increase flight pass length and, hence, the res-
olution power is based on a spiral ion trajectory [37]. A mass resolution higher
than 55 000 was achieved using such a mass analyzer. Now this type of TOF is
mostly used in conjunction with MALDI ion sources.

8.4 Visualization and presentation of high-
resolution mass spectrometry data

High-resolution mass spectrometry and, particularly, ultrahigh-resolution FT-ICR-MS
allows the determination of ion masses with extremely high accuracy which is used
for the determination of their elemental composition. Applying to the study of crude
oil at a molecular level, such MS methods allow recording mass spectra containing
hundreds of thousands of ion peaks with exactm/z values for each oil sample reflect-
ing its complex nature. Such mass spectra are difficult not only for visualization, but
especially for interpretation. To simplify and visualize a huge array of data contained
in high-resolution mass spectra of oils, processing methods giving rise to the Ken-
drick mass scale and the Kendrick mass defect (KMD) plots [38] as well as van Kreve-
len diagrams [39] have been important.

In Kendrick mass scale, the mass of the methylene fragment 12CH2 is taken for an
integer value of 14.00000 amu instead of 14.01565 amu as in the IUPAC carbon scale
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Figure 8.5: Multireflecting TOF with a folded flight path and its ultrahigh resolution mode of
operation with two long full passes across the TOF analyzer for a total of 40 m flight. Reprinted
from [36] with permission. Copyright (2012) American Chemical Society.
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(where the mass of the 12C isotope is taken as 12.00000 amu). For ions recorded in a
high-resolution mass spectrum, the IUPAC mass scale can be easily transformed into
Kendrick mass scale according to the following equation:

Kendrick mass = IUPAC mass × (14.00000 /14.01565)

Thus, in the Kendrick mass scale, all hydrocarbon homologues have the same mass
defect, which makes it easy to sort them into separate rows.

Kendrick mass defects (KMD) are determined by the equation:

KMD = Nominal (Integer)Kendrick mass – Exact Kendrick mass

To visualize and interpret the data of ultrahigh-resolution mass spectra, it is conve-
nient to use plots of the dependence of the KMD values (y-axis) on the nominal Ken-
drick masses (x-axis). In such plots, the dots aligned in each line parallel to x-axis
correspond to elemental compositions differing by (CH2)n. Relative abundance of
peaks can be presented by color or size of dots which provide the third dimension of
the Kendrick diagrams [40].

The proposed scale turned out to be extremely convenient for analysis of mixtures
of hydrocarbons, in particular, of petroleum origin (petroleomics) by high-resolution
mass spectrometry and especially FT-ICR-MS. When comparing the petroleum sam-
ples of various origin, the 3D Kendrick plots allow one to observe changes in aromatic-
ity and carbon number. In addition, it should be noted that masses of other groups of
atoms (in addition to CH2) can be taken as integers and involved in Kendrick scale in
the detection of ONS-containing petroleum components.

The van Krevelen diagram is another type of presentation of ultrahigh-resolution
mass spectra of petroleum heterorganic compounds by plotting the ratio of the num-
ber of noncarbon atoms (H, N, S, and/or O) to the number of carbon atoms for each
elemental composition. In the usually generated three-dimensional van Krevelen plot,
the x-axis is X/carbon ratio (where X is specifically chosen heteroatoms O, N, and S),
the y-axis is hydrogen/carbon ratio and z-axis presents colored dots, reflecting the rel-
ative abundance of corresponding peak. The 3D van Krevelen plots are complemen-
tary to the Kendrick diagrams readily and reflect the changes in aromaticity and
carbon number for particular classes and types of compounds (Figure 8.6) [41].

An alternative approach for simultaneous visualization of two- and three-
heteroatomic molecules was proposed using a 3D vector space (Figure 8.7). In this case
each axis represents nitrogen, oxygen, or sulfur, whereas CH class has zero value at all
axes. This approach allows characterizing the entire sample using only some plots [42].

Attention should be paid to an important feature of the analyzed molecule that
predicts chemical structure and can be readily obtained from high-resolution mass
spectra. It is about the double-bond equivalence (DBE) which characterizes the defi-
ciency of hydrogen and, in other words, shows the total number of double bonds
and cycles in the molecule. Knowing the elemental composition of the compound
CcHhNnOoSs, and taking into account the “nitrogen rule,” DBE can be calculated
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using the equation DBE = c – h/2 + n/2 + 1. For visualization, the DBE values calcu-
lated from elemental formulae may be plotted against carbon number. Such presen-
tation allows observing the distribution of the sets of compounds with identical
heteroatom contents by degree of unsaturation [40].

0.12

0.10

0.08

0.06
O/C

0.04

0.02

0.00
0.02

0.030.04
0.050.06 N/C1.50

1.00
0.50

H/C

N

NO

NO2 Coal
Crude Oil

Figure 8.6: Three-dimensional van Krevelen diagram for the same classes (N, NO, NO2) for two
different fossil fuels: coal (blue) and crude oil (red). Reprinted from [41] with permission. Copyright
(2012) American Chemical Society.

N

SO

SAMPLE

2

1

0

-1

-2

lo
g 

In
te

ns
ity

N5

N5O2

N5O

N5O4
N5O5

N5O3

N5S

N5S2

N5S3
N5S4

N5S5

N4
N4O

N4O2

N4O3
N4O4

N4O5 N4S5

N4S4

N4S3

N4S2

N4S
N3

N3O

N3O2
N3O3

N3O4
N3O5

N3S

N3S2
N3S3

N3S4
N3S5

N2
N2S

N2S2
N2S3

N2S4
N2S5

N2O
N2O2

N2O3
N2O4

N2O5

N
NS

NS2
NS3

NS4

NS5

NO
NO2

NO3
NO4

NO5

CH

S5

S4

S3

S2

SO
O2

O3
O4

O5

OS2
OS3

OS5

OS4

OS
O2S

O3S
O4S

O5S

O2S2
O2S3

O2S4

O2S5

O3S2
O4S2

O5S2

O3S3
O4S3

O5S3

O3S4
O4S4

O5S4

O3S5
O4S5

O5S5

N3OS

N3O2S

N3O3S

N3OS2

N2OS N3OS3

N2OS2

N2OS3

N2O2S

N2O3S NOS

NOS2

NOS3

NO2S

NO3S

NO3S2

NO2S2

NO2S3

NO3S3

Ni

VO

N4

Figure 8.7: Template of hexagonal class representation: includes a hexagon based on the CH and
NOS classes as well as provides framework for including metal containing species. Reprinted from
[42] with permission. Copyright (2013) American Chemical Society.

8 Analysis of petroleum-related samples by soft ionization/high-resolution 395



An aromaticity index was proposed for evaluation of unsaturation and aroma-
ticity of heteroatomic compounds [43]. This index can be determined using the fol-
lowing equation:

AI ¼ 1þ C� O� S� 1
2 Nþ Pþ Hð Þ

C� O� N� S� P

When AI value exceeds 0.5 the molecules can be considered as aromatic ones,
whereas in cases when AI ≥ 0.67 condensed aromatic structures can be proposed.
Modified AI for highly oxygenated compounds was also developed on the basis of
the assumption that a half of oxygens in such molecules are σ-bonded [43].

8.5 Particular applications of soft-ionization high-
resolution mass spectrometry in the analysis
of petroleum-related samples

In the previous chapter, we discussed the unique capabilities and the great poten-
tial of hyphenated GC-MS methods for studying the composition of crude oils and
refined products at the molecular level. It was emphasized also that these methods
are suitable for the analysis of only those oil compounds that can be transferred into a
gaseous state at temperatures up to 300 °C, maximum 450 °C. However, oil contains a
fairly large amount of polar, low-volatility nonpolar and high-molecular-weight com-
pounds (e.g., resins, asphaltenes, and organometallic compounds) that cannot be an-
alyzed by these combined methods. In addition, it should be noted that this portion of
oil is characterized by a significant set of various structure types with different ele-
mental composition and isomerism. Thus, the use of on-line chromatographic separa-
tion methods in conjunction with MS is usually much less efficient. In this situation,
most of the studies focus on establishing the elemental composition of detectable com-
pounds, which is impossible unless ultrahigh-resolution orbital ion trap (FT-Orbitrap)
or Fourier-transform ion-cyclotron resonance (FT-ICR) mass analyzers are used.

The first work in this area was carried out under the guidance of A. Marshall, who,
as already mentioned, proposed the term “petroleomics” [1]. Since only polar substan-
ces, mainly nitrogen-, oxygen-, and sulfur-containing (NSO) compounds, were detected
with the use of FT-ICR-MS (ESI), it was believed that no more than 15% of oil compo-
nents are amenable to analysis by this method [1]. However, this set includes the most
important classes of heteroatomic compounds, which are possible markers for deter-
mining the geochemical parameters of oils and, most importantly, predetermine the
most effective oil refining processes using catalytic methods.

This is why, this high-resolution ESI-MS versions in both positive and negative ion
modes were primarily used for the analysis of large, polar, heteroatom containing
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compounds in crude oils and petroleum [6, 44–47]. Only basic compounds (i.e., a
small fraction of the entire chemical composition) within crude oils are ionized in ESI
conditions. However, the detection of more than 11,100 resolved distinct compounds,
of which >75% may be assigned to an elemental composition (CcHhOoNnSs), in various
crude oils in a single run was reported by A. Marshall et al. [48]. To provide the best
ionization of nonpolar polyaromatic and nonbasic nitrogen-containing compounds,
appropriate solvent compositions and capillary voltage were chosen in the work [45]
and the suggestion was made that ESI can be expanded for the analysis of asphaltene
and other polyaromatic systems. For the determination of acidic species, negative-ion
ESI FT-ICR MS is very convenient. This method, providing mass resolving power (m/
Δm(50%) > 400,000) and high mass accuracy (better than 500 ppb), enable the assign-
ment of an elemental composition to each peak in the spectra of Canadian bitumen
and its distilled heavy vacuum gas oil. As a result, acidic species are characterized by
heteroatom content in NnOoSs class, DBE equivalence without preliminary acid prefrac-
tionation [49]. Recent review [47] discussed new developments in mass spectrometric
techniques for detailed characterization of naphthenic acid fraction (all CcHhOoNnSs
compounds, including heteroatomic and aromatic components in the acid-extractable
fraction).

Ultrahigh-resolution ESI mass spectrometry continues to be actively used at pres-
ent to solve geochemistry problems. For example, analysis of the correlation of the
composition of NSO compounds with the origin and maturity of crude oils allowed dis-
tinguishing the most informative classes of these compounds. In fact, ESI-MS in combi-
nation with chemometric processing methods showed a characteristic difference in the
concentration of compounds with one heteroatom (N1 or O1) in Brazilian oils formed in
oceanic and lacustrine depositional environments (Figure 8.8) [50]. By using FT-ICR-
MS in ESI(–) mode, similar results were obtained in [51], where N1 compounds were
shown to prevail in lacustrine oils from China. In addition, it was found that amounts
of homologues with a smaller number of substituents and the degree of unsaturation
of compounds with N1 and O1 atoms increase with increasing the maturity. Oils of the
same field were investigated by Ji et al. [52], who suggested new markers for determin-
ing maturity and emphasized that data obtained with the use of ESI in some cases pro-
vide a more reliable result than the geochemical analysis using GC-EIMS.

FT-ICR-MS in ESI(–) mode was also applied to the analysis of Duverney oils (Can-
ada), which had migrated most likely over long distances [53]. It was found that the rel-
ative concentrations of compounds belonging to the N1, N1O1, N1S1, and O1 series vary,
depend on the distance traveled, and can be considered as new migration markers. Sim-
ilar investigations of oils from North Sea (Norway) showed that benzocarbazoles can act
as such markers, because the changes in the distribution of the long chains of the sub-
stituents in their molecules correlate with the migration parameters [54].

Using FT-ICR-MS(ESI), the pathways of formation of organic sulfur compounds in
immature oils were studied [55]. Because no special derivatization was used, only
polar sulfur-containing compounds were detected. The authors suggest that their
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formation was due to intramolecular sulfurization during early diagenesis. This is con-
firmed by the detection of a set of carotenoid sulfurization products and by the in-
creases in DBEs compared to their nonsulfur counterparts.

Ultrahigh-resolution ESI-MS in various ion polarity modes is a powerful tool for
studying the oil generation processes and the biodegradation transformation of crude
oils and organic matter of source rocks. In particular, the studies of oils from Colom-
bian [56] and Brazilian fields [57] made it possible to suggest new parameters for as-
sessing the degree of their biodegradation. Negative ion ESI analysis of the products
arising during pyrolysis of the organic matter from Barbalha formation rocks (Brazil)
in the presence of water showed a decrease in the concentration of sulfur compounds
and steranoic and hopanoic acids and an increase in the degree of unsaturation [58].

The study of petroleum refining processes is another important area of applica-
tion of ESI-MS. In this regard, we note the works where FT-ICR-MS in ESI(–) mode
was used to predict the acid number of straight-run petroleum fractions [59], to
study the products of sulfonation of crude oil [60] and the thermocatalytic removal
of naphthenic acids [61].

The low polarity and proton affinity of some hetero-organic petroleum com-
pounds impede their ESI. One of the examples of such compounds is thiols. To in-
crease their ionization efficiency, preliminary derivatization of sulfhydryl groups in
petroleum-based molecules looks rather attractive. One of such approaches is based
on the addition reaction with phenyl vinyl sulfone to give sulfides containing sulfone

Figure 8.8: Ternary diagram for the most abundant elemental classes assigned on the negative ESI
FTICR-MS results for Brazilian oils formed in oceanic and lacustrine depositional environments.
Reprinted from [50] with permission. Copyright (2018) Elsevier.
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group that shows much higher ionization efficiency under the positive-ion ESI condi-
tions and ensures low limits of detection of the derivatives [62]. Another approach to
the derivatization of thiols involves the introduction of fixed-charged moieties via
the successive reactions with N-(2-aminoethyl)maleimide trifluoroacetate and tri(2,6-
dimethoxyphenyl)carbenium hexafluorophosphate [63]. Corresponding derivatives
are highly ionizable in ESI conditions as was demonstrated by the detection of thiols
in gas condensate (Figure 8.9).

A promising charge generation derivatization has been proposed for the analysis
of linear and saturated cyclic sulfides in petroleum by the ESI-MS method [64, 65].
It involves the treatment of sulfides with various alkylating agents, giving rise
quantitatively to corresponding sulfonium salts whose sulfonium cations are

Figure 8.9: LDI mass spectrа of gas condensate (a) without derivatization and (b) after
derivatization with reagent, produced by reaction of N-(2-aminoethyl)maleimide trifluoroacetate
and tri(2,6-dimethoxyphenyl)carbenium hexafluorophosphate. Reprinted from [63] with permission
of the Royal Society of Chemistry.

8 Analysis of petroleum-related samples by soft ionization/high-resolution 399



easily detected by ESI-MS. The mass spectra, recorded by using collision-induced
dissociation of cations, reveal a structurally informative set of product ion peaks.

Unlike aliphatic sulfides and saturated thiacyclanes, nonpolar sulfur-containing ar-
omatics do not undergo the same easy S-alkylation. However, such polycyclic aromatic
sulfur compounds (PASHs) are widely represented in oil, especially in its high boiling
fractions, resins and asphaltenes where their qualitative and quantitative determination
is extremely necessary. The most efficient derivatization approach to analysis of such
nonpolar sulfur compounds by ESI and MALDI in conjunction with FT-ICR-MS is based
on methylation in the presence of AgBF4 (Scheme 8.1) [66] or AgSbF6 [67]. The resulting
thiophenium salts are desorbed as sulfonium cations whose mass is determined by FT-
ICR-MS with very high accuracy which makes it possible to establish the elemental com-
position, the number of double bonds and aromatic rings in the molecules of petroleum
sulfur aromatics. In fact, the same derivatization approach was further used for deter-
mination of PASHs in oil of various origins and its refined products (e.g., [68]). This
approach also can be used for isolation of sulfur compounds for their further charac-
terization [69]. Another way to increase ionization efficiencies of sulfur compounds is
using strong acids as ionization promoters (Figure 8.10) [70].

To enhance the generation of positive ions from compounds, containing SxOy ele-
ments, chemical modification is unnecessary because the required effect can be
achieved by adding a lithium salt to their solution [71]. For instance, such an ap-
proach was used to reveal the distribution of such compounds in the oils of North
and South America. It should be noted that similar method can be used to detect
sulfur compounds that are susceptible to Ag-cation attachment [72]. The addition
of ammonium acetate to a solution of compounds under study made it possible to get
ionized nonpolar aromatic compounds that hardly form ions under ESI conditions
[73]. For quantitative analysis and molecular characterization of reactive and nonreac-
tive sulfur compounds in crude oil, their separation by ligand exchange chromatogra-
phy on an Ag-modified strong-cation exchange cartridge was suggested [74]. The
distribution of reactive and nonreactive sulfur and their molecular characterization in
separated fractions were determined by ESI FT-ICR-MS. In all these cases, ESI(+) mode
was employed.

An efficient method to enumerate labile hydrogens in all constituents of molec-
ular ensemble of crude oil is based on the use of H/D exchange performing in ESI

CH3I/AgBF4-

BF4-

Scheme 8.1: The most efficient methylation of nonpolar polycyclic aromatic sulfur compounds for
ESI(+) FT-ICR-MS.
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FT-ICR mass spectrometer [75]. It is interesting to note that compounds of Siberian
crude oil ionizing in positive-ESI(+) mode do not have labile hydrogens, while com-
pounds ionizing in ESI(-) have one labile hydrogen.

Metalloporphyrins constitute a separate class of oil compounds, the presence of
which complicates the processing of heavy oils and this necessitates the development
of approaches to their analysis. Owing to low content, their direct detection within
hydrocarbon mixtures by ESI-MS is difficult. To overcome the problem, preliminary
isolation and concentration procedures are practiced. For example, preliminary chro-
matography on silica gel was used to detect vanadium and nickel porphyrins in the
organic matters of Alberta oil sands (Canada) and Bohai field oil (China) using ESI(+)
FT-ICR-MS (Figure 8.11) [76]. In other case, the concentration of porphyrins was
achieved by solvent extraction as was accepted in a study of vanadium porphyrins
in the vacuum residues of Saudi Arabian oils [77].
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Assessing limitations and possibilities of the ESI technique as well as the devel-
opment of alternative and complementary approaches, one should conclude that this
pioneering method of petroleomics is still widely used for studying oils. Prospects for
the further development of ESI-MS are obviously associated with the improvement of
ultrahigh-resolution mass analyzers [29] and the development of new approaches to
data processing [78] that can expand the range of differentially detected compounds.
In this regard, attention should be paid to the use of ultrahigh-resolution multireflec-
tron TOF mass spectrometers for petroleomic analysis. For example, using various oil
samples and ESI(+) mode, it was shown that such instruments with resolution of

Figure 8.11: Separation scheme of petroporphyrins in feed residues. (CH refers to cyclohexane; MC
refers to methylene chloride; F1−F6 are the corresponding subfractions eluting with certain solvents
from acetontrile extract; F2(1), F2(2), and F2(3) are the three subfractions obtained during further
chromatographic purification of F2. The subfractions abundant with nickel porphyrins and vanadyl
porphyrins are labeled as F, Ni and FV, respectively). Reprinted from [76] with permission.
Copyright (2015) American Chemical Society.
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100,000 at m/z 400 show the same accuracy of ion mass determination as FT-ICR
with resolution 400,000 atm/z 400 [36].

Another “soft” ionization method, namely APCI, is also exploited in the study
of oils and petroleum products, also the scope of its application is largely limited by
the competitive capabilities of other mass spectrometric soft ionization techniques.
Let’s pay attention to a rather interesting approach based on the application of this
method to a detailed study of nitrogen-containing compounds in oils [79]. In this
case, the samples were dissolved in a mixture of dichloromethane and deuterome-
thanol which should provide an exchange of active hydrogen atoms of the test com-
pounds for deuterium in the ion source for further enumerate labile hydrogens in
all constituents of molecular ensemble. The results obtained by APCI-MS together
with the subsequent investigation of the double bond equivalence distribution indi-
cated that resins of shale oil contained mostly pyridine-type nitrogen compounds
that are unable to undergo such H/D exchange, respectively

APCI-MS is an efficient tool for studying asphaltenes and metalloporphyrins as
well. In particular, this technique (carbon disulfide as dopant and tandem MS) was
employed to determine the molecular mass distribution of asphaltenes of various de-
posits [80] and asphaltenes from sediments formed during the extraction and trans-
portation of oil from Wyoming fields (the United States) [81]. For the analysis of
metalloporphyrins, APCI-MS (Orbitrap mass analyzer) was coupled with the HPLC
separation and this creates the basis for quantifying these compounds in oil [82].

A very fruitful approach to analysis of various heavy oils and asphaltenes is
based on their thermal desorption and pyrolysis directly in a FT-ICR mass spectrome-
ter with APCI (Figure 8.12) [83]. The methodology is particularly helpful in the investi-
gation of SARA fractions including maltenes, C7-asphaltenes, aromatics, saturated
compounds, and resins. Thermal fractionation and pyrolysis at 300–350 °C allows in-
creasing the number of assigned elemental compositions in the region from m/z 150
tom/z 700.

APPI and APPCI methods belong also to “soft” ionization types and are becom-
ing increasingly popular in the analysis of complex mixtures of organic com-
pounds and, in particular, in the study of crude oil and refined products. These
techniques are readily compatible with uHRMS. Unlike ESI, where the need to increase
the ionization efficiency sometimes requires the use of preliminary derivatization of an-
alytes, the superiority of APPCI in the versatility in studying the oil components of dif-
ferent polarities is quite obvious [84,85]. Nevertheless, preliminary S-methylation of
aromatic sulfur compounds, that was used for the analysis by ESI(+) MS, appeared to
provide semiquantitative determination of such analytes [86]. At the same time, it is
only with the use of nonderivatization APPCI-MS that the empirical formulas of poly-
aromatic sulfur compounds can be determined. In the work [87], it was shown that
the analysis of APPCI(+) FY-ICR mass spectra of 30 samples of oils of various origins
in combination with the principal component analysis for their processing made it
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possible not only to study the distribution of classes of sulfur compounds, but also to
propose a procedure for determining the total sulfur content in objects of this kind.

Like other “soft” ionization methods, ordinary APPCI mass spectra provide rather
low structural information content. However, the use of collision-activated dissocia-
tion tandem mass spectrometry helps to obtain such information [88]. For example,
such technique made it possible to characterize the structure of aromatic compounds
with one sulfur atom in a sample of Kuwaiti oil. In addition, partial structure infor-
mation for sulfur [89] and nitrogen compounds in petroleum [90, 91] can be obtained
with the aid of APPCI including H/D exchange.

APPCI-FT-ICR-MS is also used to study oil transformation processes. For exam-
ple, this approach was used to detect products of sunlight-induced oil degradation
[92] and shale oil hydrofining products [93].

In the direct analysis of crude oils by APPI and APPCI, suppression of signals of
heavy components to be detected by easily ionized compounds can be observed. To
increase their sensitivity, preliminary separation of oil samples to be analyzed is
very helpful because fractional isolation of certain types of compounds can signifi-
cantly reduce such “matrix” effect [94]. The addition of dopant also increases the
ionization efficiency of particular compound classes. For example, oil analysis by
APPCI method involved the addition of toluene as the best dopant [95]. The latter
promoted the generation of both negative and positive quasi-molecular ions in ad-
dition to molecular radical ions. As a result, the registered mass spectra of the oil
samples revealed peaks due to ions of both nonpolar aromatic hydrocarbons and

Figure 8.12: A scheme of a hyphenation of thermal analysis to APCI high-resolution mass
spectrometry. Reprinted from [83] with permission. Copyright (2017) American Chemical Society.
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weakly polar sulfur-containing aromatic compounds, the detection of which with
the use of ESI and APCI was difficult.

A rather efficient microprobe for the thermal analysis of crude oil with the aid of
APPI(APPCI)-FT-Orbitrap-MS was suggested in [27]. It allowed a thermal desorption
from droplet of crude oil placed on the heating element and ionization of vapors by a
vacuum UV lamp (Figure 8.13). Experiments performed at different pressure showed
that at high pressure protonated CHN compounds dominate in the spectrum, while at
the low-pressure CH compounds dominate.

Having highly aromatic structure, asphaltene molecules can be easily analyzed
by APPCI-MS. For example, the method was used in the work [96] to characterize
asphaltene extracts from the vacuum residue of Brazilian oil. Additional use of ele-
mental analysis and NMR data allows a comparison of the degrees of aromaticity
and distributions of heteroatoms in asphaltenes of various heavy oils [97].

The application of APPCI-MS to the study of the structure of asphaltene mole-
cules is especially important. For this purpose, it turned out to be convenient to use
the tandem MS version, which includes the activation and decomposition of primary
ions by infrared photons followed by the observation of product ions which are due
to the “island” and “archipelago” models [98–100]. The results of these works al-
lowed the conclusion to be made that the “island”-type molecules generally prevail.
However, the results, obtained using collision activation, suggested that heavier
polynuclear entities included in “island” molecules have lower ionization efficiency
under APPCI conditions, which may explain the excess of such type molecules over
the “archipelagos” [101]. As was shown in [102], high-energy collision activation (FT-
Orbitrap) can hardly be used for determining the absolute ratio of the “island” and
“archipelago” structures owing to the difference in their ionization efficiencies; how-
ever, the approach is suitable for a comparative analysis of various samples.

Having aromatic properties, metalloporphyrins can be easily determined by APPI.
This method is advantageous because allows almost direct analysis without using

Figure 8.13: Experimental setup for performing thermal analysis of crude oil coupled to APPI FTMS.
Reprinted from [27] with permission. Copyright (2018) American Chemical Society.
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complicated isolation and concentration procedures, as has been shown for a number
of vanadium and nickel-containing compounds [103].

APPI coupled to FTICR MS was used for the study a group of fourteen samples
of crude oil coming from different fields around the world [104]. To interpret the
complex mass spectra, statistical methods (Principal Component Analysis and hier-
archical clustering) were applied which allowed grouping the oils according to the
well where they have been extracted and from their geographical origin.

It should be emphasized once again the important advantage of the APPI and
APPCI, which lies in the possibility of direct detection of nonpolar and weakly polar,
especially sulfur-containing, aromatic petroleum compounds. This predetermines
their further developments associated with the appearance of more powerful high-
resolution mass analyzers [77, 105] and the elaboration of sensitivity-enhancing
methods for recording mass spectra [106].

Moving on to mass spectrometric methods, based on desorption/ionization, we
will focus primarily on MALDI and its LDI and SALDI versions. In general, it should
be noted that these MS methods has a rather limited potential for oil analysis and
for use in petroleomics, which is due to the peculiarities of ion generation. Never-
theless, their use for targeted analysis of some classes of compounds (naphthenic
acids, porphyrins, and asphaltenes) has great prospects. It should also be noted
that MALDI-MS is practically unsuitable for the analysis of nonpolar compounds
(such as various hydrocarbons), which are the main components of oil.

As noted above, MALDI method involves the use of special organic matrices
(most often aromatic acids), which provide energy transfer to analyte molecules, as
well as proton transfer to or from the analyte under the action of laser radiation. A
striking example of MALDI application is the detection of naphthenic acids isolated
by solid-phase extraction from high-boiling oil fractions using the highly basic
matrix compounds 9-aminoacridine and 1,8-di(dimethylamino)naphthalene [107].
These compounds accomplish the deprotonation of analyte molecules by remov-
ing a proton from the carboxyl groups giving rise to negative ions [M-H]- with high
probability. As a result, a very selective and highly sensitive detection of acid can be
achieved even without special fractionation. Due to the use of ultrahigh resolution
of FT-ICR mass spectrometer, much greater number of acid components was de-
tected [108]. It is interesting to note that the MALDI mode allowed the detection of 22
classes of compounds whereas ESI(-)-MS analysis gave only six classes for the same
sample, with the data acquisition rate being much higher in the case of MALDI.

Asphaltenes are another class of important petroleum compounds that can be in-
vestigated using MALDI and LDI mass spectrometry because they are easily ionized
under these conditions. Pioneering studies in this realm made it possible to record
mass spectra containing ion peaks, presumably due to asphaltenes and even fuller-
enes [109]. To explain the distribution of peak abundances of ions, observed in the
MALDI mass spectra, recorded using various matrices, as well as in the LDI spectra

406 Roman S. Borisov, Vladimir G. Zaikin



[110], it was suggested that there were new, previously unknown, types of organic
matter [111] or the ionization of noncovalently bound asphaltene aggregates [112].

Further studies made it possible to formulate a well-substantiated hypothesis
about the formation of associates of condensed aromatic systems and fullerenes di-
rectly during ionization [113]. One of the arguments in favor of this hypothesis was
based on the results of using the so-called L2MS method for analysis of asphaltenes.
It is assumed that unlike the case of other LDI techniques, the ionization of asphal-
tenes occurs not on the target surface and/or in the plume, but by the single photon
ionization mechanism after their flying off in a vacuum [114, 115]. These data and
the results of SALDI led to the conclusion that monomeric, not aggregated, asphal-
tene molecules were mostly observed in the case of L2MS and products with various
aggregation numbers were observed in the case of SALDI [116, 117].

Other desorption/ionization method, namely LIAD, was used in combination
with APCI and EI (in its vacuum version). In this case, it was possible to record the
mass spectra of asphaltenes that revealed no ion peaks responsible for aggregates or
condensation products [118]. In the other work [119], LIAD coupled to single photon
ionization with variable photon energy made it possible to detect various classes of
hydrocarbons.

As has been already mentioned, it is difficult to detect metal porphyrins, be-
cause of their low content. However, (matrix-assisted) LDI mass spectrometry is a
rather promising method for its analysis owing to the greater ionization efficiency
under LDI conditions compared to, e.g., APPI [120]. Usually, such compounds are
preliminarily isolated by various solvent extractions and chromatographic purifica-
tion [121]. As conventional acidic matrices can form adducts with porphyrins, they
are inappropriate for MALDI-MS analysis [122] At the same time, dithranol appeared
to be suitable [123, 124]. The use of matrices that facilitate the generation of radical
ions by electron transfer is equally promising. For example, application of a spe-
cially synthesized electron transfer matrix compound – α-cyanophenylenevinylene
allowed registering intense peaks of metal porphyrin ions using rather simple sam-
ple preparation [125].

It should be noted that derivatization approaches can be used to increase the
efficiency of desorption/ionization under (MA) or (SA)LDI conditions. For example,
the methods of introducing and generating a fixed charge in thiols and other sulfur
compounds developed for ESI analysis were also applied to these desorption/ioni-
zation methods [62–64].

Research is gradually expanding to clarify the possibilities of ambient mass spec-
trometry versions for oil analysis. One of the most common of them, namely DART,
which also includes the principle of desorption and ionization, was shown to be effi-
cient in combination with an FT-ICR mass analyzer in the study of deasphalted oils
[126]. In this case, the composition of positive ion mass spectra was close to those reg-
istered with the use of APPCI. At the same time, negative ion DART spectra made it
possible to detect naphthenic acids in residues formed in oil refining processes.
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Quite curious are the results demonstrating the fact that the efficiency of ion for-
mation from organic molecules depends on the type of substrate applied to insert the
analyte into the ion formation region, the best results being obtained with the use of
paper. Most likely, this effect is due to the interaction of polar components with hy-
droxyl groups of cellulose [127]. In addition, the ion yield was shown to depend on
gas temperature (the best results were obtained at 400 °C) but not on its nature (he-
lium or nitrogen). Very interesting results were obtained concerning the analysis of
paraffinic hydrocarbons, whose molecules should not be ionized under DART condi-
tions. However, the recorded mass spectra revealed ion peaks corresponding to the
products of paraffin oxidation, which apparently occurred as a result of the interaction
of paraffin molecules with oxygen-containing radicals in the DART plasma.

To characterize crude oil and its fractions, rather interesting application of
DART ionization coupled to FT-ICR-MS (negative- and positive-ion detection) was de-
veloped [128]. In this case, crude oil samples dissolved in toluene were directly in-
fused into a spray needle. As a result, a continuous and long-time stable ion current
for FT-ICR MS analysis was maintained and the spectra were characterized by a
broad dynamic range and high signal-to-noise ratio. Compared with ESI(-), the de-
scribed DART(-) method demonstrated high selectivity on naphthenic acids and may
be suitable for their characterization in petroleum with a low total acid number.

It should also be noted that ionization processes in the DART plasma are similar
to those occurring in the APPCI system and, therefore, introduction of dopants into
the ionization region increases the probability of similar secondary ion–molecule reac-
tions in the gas phase. In fact, the mass spectra of aromatic compounds of diesel fuel
can be recorded using argon as a gas and a toluene/anisole mixture as a dopant, and
this opens up new possibilities for using DART-MS in oil analysis (Figure 8.14) [129].

8.6 Complementary methods for comprehensive
characterization of crude oils and petroleum
products

As noted earlier, due to the specificity and limitations of various ionization methods
and to a huge variety of petroleum components that differ in molecular weight,
chemical and physicochemical properties, there are currently no universal mass
spectrometric method that alone would provide a comprehensive characterization
of such a complex object as oil. In order to get a more knowledge about the chemi-
cal characteristics of petroleum and crude oils, the samples can be analyzed using
two-three different “soft” ionization mass spectrometry methods. For example, only
combined application of ESI and APPI coupled to FT-ICR-MS allowed the identifica-
tion of about 30,000 chemical components in shale oils [130].
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It is quite clear that differences in the mechanisms of ion formation between
ESI, APCI, and APPI can provide the detection of interfering, but not completely
overlapping sets of organic compounds, with the selectivity for many of them being
altered by “matrix” effects [131]. Therefore, the comprehensive characterization of
soluble polar and low-volatile nonpolar petroleum compounds requires the use of
various combinations of these techniques. For example, the parallel use of these
three ionization methods in FT-Orbitrap mass spectrometer allowed a detailed char-
acterization of the saturate fractions (SARA) of different crude oils to be made [132].
The observed results show the high affinity of some specific compounds toward dif-
ferent ionization techniques and the presence of different heteroatom containing
classes (i.e., presence of thiophenes, mercaptans, and cyclic sulfides in case of S-
containing compounds). In other case, the combination of ESI and APPI with oppo-
site polarities in FT-Orbitrap mass spectrometers resulted in the development of a
procedure for the semiquantitative determination of acid compounds in oils [133].
The same methods were proposed for analysis of the degradation products of oils
spilled to the environment [134] and the asphaltene oxidation products [135].

To characterize an oak pyrolysis bio-oil, three ionization techniques (ESI, LDI
and APPI) in FT-ICR MS was used in parallel [136]. About 4,500 compounds have
been attributed CxHyOz compositions. The dependence of DBE on the ion sources
used was investigated.

In other cases, oils under study are preliminary separated and the fractions are
analyzed in parallel by using GC-MS (GCxGC-MS) techniques (volatile compounds)
and at least of two complementary uHRMS method based on “soft” ionization and ion
mobility spectrometry (polar, nonpolar semivolatile, and nonvolatile compounds). Ob-
viously, such an investigation gives rise to a huge array of data even for one sample
and this requires the development of a special methodology for interpreting the results
of the aggregate set of mass spectrometric techniques and separation methods.

Approaches to a fairly detailed description of the composition of oils, their frac-
tions and petroleum products on the experimental basis of GC separation and several
mass spectrometric techniques have been developed in a number of works. For exam-
ple, for the multifaceted characterization of petroleum compounds their preliminary
separation into fractions containing certain classes of compounds (saturate hydrocar-
bons, aromatic hydrocarbons, basic compounds, naphthenic acids and other oxygen
containing species, carbazoles, sulfones, and thiophenes), followed by analysis of
these fractions by GCxGC-EIMS and uHRMS (Q Exactive Focus Orbitrap LC-MS/MS)
operating in ESI(+) or ESI(–) modes (depending on polarity) was utilized [137]. Simi-
lar integrated approach including GCxGC-MS(EI) and FT-ICR-ESI(–)MS was used to
perform a systematical study of 25 Brazilian oils [138]. As a result, the former method
made it possible the identification and semiquantification of various normal and
branched alkanes, alkyl-monocyclic alkanes, alkyl-bicyclic alkanes, saturated polycy-
clic, alkylbenzenes, alkylnaphthalenes, alkylphenanthrenes, alkylchrysene, alkylin-
danes, alkyl-tetrahydronaphthalenes, pyrenes, fluorenes, whereas the latter method
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allowed the detection of various ONS polar and nonvolatile components. For the char-
acterization of resin fractions from vacuum gas oils, complementary methods of high-
temperature GCxGC-MS and uHRMS (FT-ICR) operating in positive ESI and APPI
modes were efficiently employed [139]. This combination allowed performing a fully
comprehensive identification of hydrocarbons, mono-sulfur and mono-nitrogenated
polyaromatic compounds. In other case, using GC-EIMS method together with FT-ICR
MS operating in both ESI(+) and ESI(–) modes, the transformations of organic sulfur
compounds during the biodegradation of crude oils were investigated [140].

It should be noted that GC-MS (GCxGC-MS) and uHRMS can be used in parallel
to obtain complementary information on the composition of petroleum-related
products. For example, owing to high GC resolution and high dynamic range of m/z
of FT-ICR-ESI(–)MS differential identification of polar, volatile and nonvolatile com-
pounds in bio-fuels was achieved [141].

Concluding this section, let us pay attention to the possibilities of the parallel
use of uHRMS and MS on the basis of ion mobility spectrometry (IMS-MS) for oil
analysis. The IMS method is based on the separation of ions of different spatial
structures as a result of difference in velocity of their movement in a gas-filled
space. The ions generated from analytes by ionization method are injected into the
drift space, where they move under the influence of an electric field. The choice of
an ion source for research by IMS-MS is very critical. In this regard, it is worth men-
tioning the work [142] where four atmospheric pressure ionization methods (ASAP,
ESI, APCI, and APPI) were compared. Mass spectrometry of oils showed that the
ASAP-MS data are close to those obtained in the APPI mode, although the ASAP
ionization mechanism is believed to be closer to that of APCI. On the other hand,
APCI, APPI, and ASAP yielded valuable information concerning thiophenic species.

Since the ions experience the resistance of the gas molecules present in the drift
region, they are separated depending on the spatial structure. A great advantage of
IMS is the ability to separate compounds having the same empirical formula but differ-
ent structures, and the IMS method has quickly gained popularity. One of its versions,
so-called traveling wave ion mobility spectrometry (TW-IMS), looks particularly effi-
cient to resolve and identify a large set of compounds of various classes in the study of
oils [143]. For example, the use of TW-IMS and FT-ICR-MS (both in negative ions ESI
modes) made it possible to identify two sets of isomeric compounds of the O2 class in
oils and to tentatively classify them with cholanic and phenyl substituted fatty carbox-
ylic acids [144]. In the other work [145], theoretical calculation of the collisional cross
sections of isomeric molecule allowed the suggestion of the structure of TW-IMS sepa-
rated isomers of both unsubstituted aromatic compounds present in oils and aromatics
bearing short alkyl substituents. In the recent work [146], high-field asymmetric wave-
form ion mobility spectrometry (FAIMS) was coupled to a FT-Orbitrap mass spectrome-
ter with a heated ESI source for the analysis of crude oil and respective saturate,
aromatic, and resin fractions. Four classes of compounds N1, N1S1, O1S1, and O2S1 were
investigated. In addition, it was noted that preliminary fractionation of oil samples
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enabled a higher number of molecular features to be observed in comparison to
whole oil for compounds N1, O1S1, and O2S1.

It should be noted that the use of various IMS modes significantly increases the
analytical capabilities of soft ionization methods. In our opinion, further enhancing
the resolving power of IMS cells and developing computational methods for predicting
the behavior of molecules in the drift region will ensure a wide use of this approach.

8.7 Conclusions

In this chapter, using a large number of examples, we tried to present the huge op-
portunities, as well as the significant disadvantages, manifested when using the
most modern mass spectrometric methods in the analysis of various petroleum-
related objects, such as crude oils, their composites and transformation products. The
main attention was paid to “soft”-ionization methods and mostly powerful ultrahigh-
resolution mass spectrometry. It was constantly emphasized that today there is no
single universal mass spectrometric method that would provide a complete analysis
of all components of crude oil. At the same time, the parallel application of comple-
mentary ionization methods makes it possible to make comprehensive analysis
with the detection, profiling and, if possible, quantification of oil ingredients that
differ greatly on the structures, physical and chemical properties. Some important
advances in the application of uHRMS combined with soft-ionization methods in
petroleum analysis are discussed in recent papers [147–150].

Further development of the MS methods is aimed at reducing the limits of detec-
tion of various compounds and increasing the structural and analytical information
content of the obtained mass spectral data. Of importance is the development of au-
tomated chemometrics, data predictive, and data visualization tools to gain the
mass spectral information regarding the chemical compositions and origins of petro-
leum samples. All this, however, does not exclude the need in some cases to carry
out preliminary fractionation of oil samples or products from them. Taking into ac-
count the power of uHRMS, further development of comparatively cheap instru-
ments is highly desirable because the need for such devices is observed not only in
scientific research but also in petroleum industry.
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J. R. Radović, R. C. Silva
9 Non-combustion applications of petroleum
chemistry

Abstract: Global efforts to reduce CO2 emissions and limit the associated climate
change effects are profoundly transforming our energy system, and likely reducing fu-
ture markets for petroleum-derived combustibles. On the other hand, the chemical en-
ergy stored in petroleum, and the diversity of elements and molecules that it contains,
present an opportunity for research and technology development routes to promote
novel product streams from petroleum resources, thus extending its economic utility.
Some of the innovative, non-combustion applications of petroleum that have been
discussed and researched in recent years include clean energy in the form of hydro-
gen or electricity, sulfur- or carbon-based polymers, and materials for energy storage
systems, to name a few. This chapter showcases a selection of future-looking, petro-
leum-derived product streams, while providing a critical perspective on their feasibil-
ity and scalability.

9.1 Introduction

Global energy systems have been dominated by fossil fuels throughout the twentieth
and into twenty-first centuries. In 2019, natural gas, crude oil, and coal comprised al-
most 80% of the primary energy mix, while petroleum resources alone accounted for
approximately one-third of primary energy consumption, Figure 9.1. Combustion of fos-
sil fuels emits large amounts of CO2 to the atmosphere – during 2019, roughly 33 Gt
(gigatons) of CO2 were released from energy-related sources [1]. The transportation sec-
tor, as the main end-use for petroleum-derived products, contributes to approximately
20% of total energy-related CO2 emissions [2].

Over decades, anthropogenic CO2 has accumulated in the atmosphere, and been
recognized as a major driver of rising global temperatures and climate change, due to
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its greenhouse effect [3]. The risks of CO2-driven global climate change have motivated
a global policy push to reduce carbon emissions from fossil fuels by, among other
things, incentivizing renewable, carbon-free sources of energy, mainly solar and
wind. Some recent forecasts estimate that in order to keep the global temperature rise
below 1.5 and 2 °C by the year 2050, carbon emissions from energy use would have to
be reduced by between 95% and 70%, respectively [4]. To achieve such reductions,
liquid fuel consumption would have to fall from current ~ 100 Mb/d (million barrels
per day) levels to 55 and 30 Mb/d, in below 2.0 and 1.5 °C scenarios, respectively [4].

Since the peak in 1970s, the share of petroleum in the global energy mix has been
on a decline (Figure 9.1). If such trend continues in the upcoming decades, the mar-
ket for combustion end-use of petroleum resources would substantially shrink, po-
tentially stranding an increasing share of global petroleum reserves, currently
estimated at approx. 1,500 billion barrels [7]. Countries with economies heavily de-
pendent on the fossil fuels industry are particularly sensitive to this energy transition
process. For example, crude exports from oil sands deposits of Western Canadian
Sedimentary Basin, that hosts an estimated 300 billion barrels of oil, contribute to
more than 6% of Canada’s gross domestic product [8, 9].

Currently, crude oil is refined into a plethora of products, mainly liquid fuels such
as gasoline, diesel fuel, heating oil, and jet fuel (Figure 9.2). Only a smaller fraction of

Figure 9.1: Global primary energy consumption by source, from 1950 to 2019 [5, 6].
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petroleum refinery streams is converted to various non-combustion products, such as
petrochemical feedstocks, polymers, lubricants, and waxes.

On the other hand, looking to the future, there is a potential to leverage complex,
and diverse chemistry of petroleum in novel, innovative ways, whether to extract
clean(er) energy from crude oil, or to use a much larger proportion of petroleum re-
source as a substrate and feedstock for value-added, non-combustion products.
This chapter features a nonexhaustive selection of such possible routes, recently
discussed in the academic literature and among petroleum industry stakeholders,
while offering our high-level assessment on their feasibility and scalability.

9.2 Petroleum chemistry basics

Petroleum has its origin in ancient terrestrial or marine biomass that incorporated at-
mospheric CO2 via photosynthesis into labile biomolecules, e.g., carbohydrates and
lipids. After senescence, this ancient biomass was sedimented and buried, and over
geological timescales its constituent biomolecules were subjected to transformation,
both chemically and thermally, converting them to highly reduced chemical species.
The reduced chemical energy stored in petroleum can be readily released by oxida-
tion, such as during combustion or aerobic biodegradation, ultimately releasing CO2

back to the environment.
Chemically, petroleum is a comprehensive, general term to denote complex subsur-

face fluids, predominantly comprising molecules containing carbon and hydrogen, that
accumulate in suitable geological reservoirs, and can be commercially produced as nat-
ural gas, crude oil, or mixtures thereof, by excavation or drilling. Produced crude oil

Figure 9.2: Main product streams currently produced from a barrel of petroleum [10].
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loses its solution gases, mainly methane and other gaseous hydrocarbons containing
up to five carbons, leaving out a liquid mixture of compounds containing from approxi-
mately 6 to up to 100 carbons, with an average molecule consisting of 20 carbon atoms.

In addition to hydrocarbons, crude oils can also contain compounds which bear
atoms other than carbon and hydrogen, such as nitrogen, sulfur, oxygen (N, S, O),
and some trace metals, as nickel and vanadium, Table 9.1. Broadly, these compounds
are termed non-hydrocarbons.

Defining petroleum fluid by its individual constituents is not a common practice in
the oil industry, given the complexity of the mixture. A typical approach to defining
the compositional space of crude oil is operational, based on the solubility of differ-
ent compound classes in organic solvents of different polarities, or boiling point
distribution. Figure 9.3 shows a selection of example molecular structures found in
crude oils, including: (a) saturated hydrocarbon compounds, such as straight and
branched alkanes, and alicyclic compounds, (b) aromatic compounds including
polycyclic aromatic hydrocarbons, and (c) some heteroaromatic species, and fi-
nally, (d) the resin and asphaltene compound class. Solubility in polar solvents in-
creases from saturates to resins and asphaltenes, which are the most diverse, and
still poorly characterized mixture of high-molecular weight (HMW), heteroatom-
bearing species. Different sectors of the industry may use other arbitrary schemes
to classify petroleum fluids based on their overall composition, thus the many other
crude oil adjectives we can find in the literature: sour, waxy, heavy, and so on. We
direct readers interested in an exhaustive overview of petroleum chemistry and
technology concepts to consult available textbooks on the topic [11, 12].

Novel analytical tools and methods, mainly the advent of ultrahigh-resolution
mass spectrometry (Fourier transform ion cyclotron resonance mass spectrometry,
FT-ICR-MS) and the field of petroleomics, have significantly advanced molecular-
level understanding of complex species present in polar, heteroatom-bearing com-
pound classes that are not amenable to conventional analytical tools such as gas
chromatography (GC). Petroleomics studies of various crude oils demonstrated that

Table 9.1: Typical abundance ranges of elements
present in petroleum [10].

Carbon .–.%

Hydrogen .–.%

Nitrogen .–.%

Oxygen .–.%

Sulfur .–.%

Metals (Nickel and vanadium) <, ppm
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more than 60,000 different elemental compositions are present in petroleum mole-
cules, at concentration levels differing by various orders of magnitude [14]. For ex-
ample, going from light, to medium and heavy crudes, and on to diluted bitumen,
the abundance of saturated hydrocarbons decreases 4-fold and the abundance of
non-hydrocarbons (resins and asphaltenes) increases 50-fold [15].

Table 9.2 shows the common compositional range of the main compound classes
found in crude oils. Conventional crude oils are mainly composed of hydrocarbons.
However, in certain unconventional oil types, such as heavy oils and bitumen, the
non-hydrocarbon class is enriched due to in-reservoir processes, mainly anaerobic
biodegradation, that deplete the lighter hydrocarbons, and produce a dense, viscous
material, dominated by HMW and heteroatomic species found within resin and as-
phaltene fraction. In most extreme cases, resin and asphaltene fractions comprise up
to 60% of oil (Table 9.2).

The separation of individual crude oil components is a daunting task, and no
stream of pure oil fractions can be easily obtained. On an industrial scale, petroleum
fractionation is based on the different boiling points of its components, which is the
core concept of a refinery. Nevertheless, the obtained refinery streams are still complex
mixtures themselves. Any efforts applied to further fractionate crude oil components,

Figure 9.3: Main compound classes present in crude oil, showing some representative molecular
structures. Central textbox highlights some of the methods typically used to characterize
petroleum. Adapted from Overton, Wade [13] under Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/).

9 Non-combustion applications of petroleum chemistry 427

https://creativecommons.org/licenses/by/4.0/


through solubility or boiling point differences, come with significant challenges, but
are not relevant for combustion-driven applications. We expect that breakthroughs on
the molecular-level fractionation of crude oil and its derivatives will be needed to
achieve some of the higher value-added non-combustion applications.

In sum, thousands of chemical species found in petroleum create a continuum
over a wide range of physicochemical properties, in terms of molecular weights, func-
tionalities, phase behavior, and susceptibility to abiotic and biotic alterations. For non-
combustion petroleum uses, such chemical diversity is at the same time a challenge,
and a promising opportunity.

9.3 Non-combustion applications of petroleum

9.3.1 Zero carbon emission energy recovery from petroleum

Production of zero carbon emission energy from petroleum can be achieved by either
subsurface processes, which would leave the carbon in the reservoir while extracting
clean energy, or via energy production from extracted petroleum on the surface with
concurrent capture of emitted CO2 and its subsurface sequestration (Figure 9.4).

The latter approach, involving surface combustion of petroleum (or other fossil
fuels) for emission-less electricity production, is technically feasible with current car-
bon capture and storage (CCS) technology, which is relatively mature and being suc-
cessfully piloted and up scaled. Briefly, CO2 generated in the power plant is captured
at the point of release using scrubbers (e.g., amine-based), followed by the injection
of concentrated, supercritical CO2 into geological formations with suitable caprocks
to prevent future CO2 leakage (Figure 9.4A). A notable example of this approach is
the Quest CCS project operating within the oil sands industrial complex in Western
Canada, which, to date, stored more than 5 million tons of CO2, with plans to use the
same technology for other large-scale projects globally [17]. The main limitation to
scaling up of this route is the presence of suitable subsurface formations for long-

Table 9.2: Composition of a typical medium crude, compared to heavy oils/
bitumens from Western Canada, showing much higher proportion of resins and
asphaltenes in the unconventional oils [16].

Weight percent (%)

Oil type Saturates Aromatics Resins Asphaltenes
WTI*    

Cold Lake . . . .
Athabasca . . . .

*WTI =Western Texas Intermediate.
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term CO2 storage. Some estimates suggest that up to 12% of global emissions could
be offset in this way [18].

On the other hand, technologies for in situ conversion of petroleum to zero carbon
emission energy vectors are much less mature. Conceptually, they are based on micro-
biological or thermal conversion of petroleum to hydrogen, electricity, or other energy
carries, such as ammonia (Figure 9.4B–D). With any in-reservoir energy extraction
technology, petroleum reservoirs with high water saturations are particularly relevant;
while not economically viable for conventional petroleum production, they still con-
tain appreciable volumes of oil in place, and feature large surface areas of water/oil
interface that are suitable for microbial, and thermochemical reactions.

9.3.1.1 Hydrogen production from oil reservoirs

Thermal conversion routes aimed at recovering energy from oil fields using H2 as an
energy vector (Figure 9.4B) is technologically the most advanced in-reservoir, zero
carbon emission energy recovery route. In this embodiment, petroleum is combusted
in situ at high temperatures in the presence of reservoir water to generate hydrogen
gas, among other products. The process is initiated by injection of oxygen rich stream

Figure 9.4: Possible routes for zero carbon emission energy extraction from oil reservoirs.
(A) Conventional oil or gas production combined with direct power generation and carbon capture
and storage. (B) Microbial conversion of hydrocarbons to alternative energy vectors such as
hydrogen. Similar processes can be designed using thermal oxidation of hydrocarbons with water.
(C) Electron transporter mediated processes, using in-reservoir oil or gas shuttle redox and CO2

retention. (D) Direct power generation using macroscopic electrodes emplaced in the microbially
active zone of a hydrocarbon reservoir. From Novotnik, Nandy [19] with permission.
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via wellbore deep into the reservoir, which stimulates oxidation of surrounding hy-
drocarbons, and generates heat [20–22]. If needed, additional radiofrequency energy
is provided to further the oxidative combustion reaction. Once the combustion is suffi-
ciently advanced, temperatures within the target reservoir zone rise to above 500 °C,
which causes the thermal cracking of hydrocarbons and water molecules to generate
a complex gaseous mixture of steam, carbon mono- and dioxide, hydrogen, and other
gases. The main reaction pathways occurring in this process include low- and high-
temperature oxidation, gasification, water gas shift, and methanation (Figure 9.5).
The key technology hurdle at this point is to selectively extract the hydrogen rich gas
stream while leaving carbon oxides and other reaction products within the reservoirs.
Recently, a significant breakthrough was made to that end, by developing a selective,
down-hole membrane that can filter out hydrogen from the complex gaseous mixture
and bring a pure H2 to the wellhead [20].

In-reservoir hydrogen production is currently being pilot tested in an orphaned
oil well in the western Canadian province of Saskatchewan [23]. If proven feasible in
the field, and commercially scalable, hydrogen production from in situ gasification of
petroleum could be a game changer that could secure strategic relevance of petro-
leum resources as a major energy source through the twenty-first century. Some fore-
casts predict that hydrogen could satisfy approximately 25% of global energy needs
by 2050, with a US$700 billion worth annual market [24]. Some of the main chal-
lenges that we perceive for scaling up this route is the reaction control and optimiza-
tion and ensuring long-term subsurface sequestration of large amounts of attendant
carbon oxides and other gases produced during gasification, as well as possible is-
sues around gas membrane fouling and longevity.

9.3.1.2 Electricity production from oil reservoirs

Another plausible concept involves electron-transporter-mediated processes, wherein
electron shuttle species (e.g., metal ions such as Fe(III) or Mn(IV), sulfide–sulfate ion
pair, or organic redox active molecules such as quinones) are injected in the oil reser-
voir, where they become reduced, as terminal electron acceptors in the reaction of
microbial hydrocarbon degradation [19] (Figure 9.4C). Reduced electron shuttles are
then recirculated to the surface, where they are re-oxidized in a fuel cell using atmo-
spheric oxygen, while generating electricity. The CO2 that has been released during
petroleum oxidation remains trapped in the reservoir, therefore the electrical energy
generated at the surface is zero-emission. Microbial processes of subsurface electron
shuttle reduction are favored in oil reservoirs with high water-cut [25] that are typically
not economically profitable for oil exploitation. Therefore, this technology concept
would allow for repurposing of many currently abandoned oil wells to clean energy
generation. To date, this route has only been tested in the laboratory, where produc-
tion of reduced metal electron carriers during microbial degradation of saturated and
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Figure 9.5: Bitumen low temperature oxidation (reactions 15 and 16), high-temperature oxidation
(reactions 17–21), coke gasification (reactions 22 and 23), water gas shift (reaction 24), and
methanation (reaction 25) reactions. From Kapadia, Wang [22] with permission.
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aromatic hydrocarbons, and simpler substrates such as lactate, has been demon-
strated [26, 27]. In addition, a lab prototype of auxiliary electrode fuel cell has been
developed, that has the capability to handle complex redox configurations (e.g.,
inorganic–organic electrolytes, air breathing cathode) involved in the electron-shuttle
concept [28, 29]. However, major technical challenges have been identified for scaling
up of such an electron shuttle technology beyond the laboratory; the main ones in-
cluding flux limitations for shuttle recirculation within the reservoir, concentration
limits of shuttle species in the liquid phase, possible losses of shuttles in the reservoir
due precipitation or degradation, and the need to maintain low pH in order to maxi-
mize CO2 retention within the reservoir.

In this context, it is noteworthy to highlight naturally occurring subsurface pe-
troleum oxidation routes that generate mobile, reduced electron shuttles, most im-
portantly H2S, commonly known as sour gas. Under suitable reservoir conditions,
sour gas is produced on rapid timescales (months to years) by sulfate reducing Bac-
teria and Archaea present in the reservoir [30]. Alternatively, H2S generation can be
the result of abiogenic, thermochemical sulfate reduction, occurring with slower ki-
netics than microbial processes, and at temperatures higher than ~ 120 °C, leading to
substantial H2S buildup in the reservoir over long timescales [31]. Historically, the oil
and gas industry has been investing significant resources and efforts to prevent H2S
generation, and mitigate its detrimental effects on oilfield assets and humans [32]. On
the other hand, one can envision an alternative scenario where the knowledge on
bacterial and thermal sulfate reduction is leveraged to develop technologies that
would use suitable sulfur species as injectable energy shuttles, acting to promote the
subsurface oil oxidation and capture the released chemical energy in the form of re-
duced sulfur that could then be converted on the surface to clean electricity [33, 34].
Existing technologies and expertise of oil and gas industry to safely manage and con-
trol sulfur streams would be highly advantageous to this energy vector route.

Finally, a possible alternative to produce electricity from oil reservoirs is the
use of microbial fuel cell (MFC) technology that would be emplaced within the res-
ervoir (Figure 9.4D). One potential embodiment of this approach would involve an air-
breathing cathode, serving as a conduit for oxygen from the surface to the reservoir,
and taking the electricity generated from microbial hydrocarbon oxidation to the sur-
face [19] (Figure 9.6).

Again, CO2 generated in oil oxidation stays in the reservoir. The main limitation
in this solution is the low power density of MFC, which could be improved by enhanc-
ing the microbial electron mechanisms. One way to address the problem of low power
density is the emplacement of large number of smaller MFC devices, thus creating an
energy generating network. Other challenges to this concept include maintaining elec-
trical and proton connectivity to the reservoir, avoiding undesirable geochemical reac-
tions such as mineral precipitation, and preventing the escape of CO2 through the
electrode oxygen conduits. The latter issue could probably be prevented through the
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usage of selective membranes, as the ones being applied in the thermal conversion
route for H2 generation described earlier in this section.

Although energetically plausible, at this stage of development, it seems unlikely
that electricity production from oil reservoirs can be scaled to practical, grid-power
levels (i.e., ≫MW); however, these routes could possibly be used as standalone solu-
tions for supplementing power needs at remote industrial sites, or similar smaller
scale applications. Longer-term, new technological breakthroughs, for example re-
lated to microbial engineering and advances in subsurface exploration [35], may in-
crease the deployment potential for approaches described in this section.

9.3.2 Energy storage applications

With the rise of intermittent renewable power sources, mainly solar and wind, in
the global energy mix (Figure 9.1), there is an increased need for large-scale energy
storage solutions to act as a backup when the generating power from renewables is
low, or as a longer-term store for any excess power generated. To that end, redox flow
batteries (RFB) are often considered as a suitable solution, mainly because of the pos-
sibility to up-scale them to the needs of electricity grids, which is not as easily achiev-
able using the competing solid-state battery technology, as well as due to their
greater lifetime, safety, and lower cost. RFB consist of two reservoirs containing solu-
tions of suitable electrolytes, with balancing redox chemistries (Figure 9.7). To charge

Figure 9.6: (A) Depiction of the operating mechanism of an air breathing microbial fuel cell (MFC).
(B) Possible electron transfer mechanisms between microbes and electrodes. From Novotnik,
Nandy [19] with permission.
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an RFB, the oxidized form of electrolyte in one reservoir is reduced (i.e., accepts elec-
trons), which is balanced by the oxidation reaction in the anolyte compartment when
the stored electricity is used. In an ideal case, these cycles are fully reversible, and
can be repeated with high cycling rates; in practice, RFB performance characteristics
will be highly dependent on the type of electrolytes, electrode materials, and operat-
ing conditions.

Most research and technological advances in the past decades have been made with
vanadium-based RFB, including commercial applications such as load-levelling,
power quality control and renewable coupling in more than 20 large-scale deploy-
ments [37]. Conventional vanadium RFB are based on V(II)/V(III) redox couple in the
anolyte compartment, and V(IV)/V(V) pair on the catholyte side. The vanadium ions
for anolyte and catholyte solutions are typically sourced from the mined salts (e.g.,
vanadium sulfate, VOSO4; vanadium trichloride, VOCl3) or oxides (e.g., vanadium
pentoxide, V2O5, and trioxide V2O3).

More recently, alternative vanadium sources for RFB have been considered, in-
cluding soot and ash from combustion of fossil fuels, and the vanadium present in
petroleum resources. In that context, heavy oil and bitumen resources as found for
example in biodegraded deposits of Western Canada, Venezuela, or Mexico, are of
particular interest. Because of their biodegraded nature, they present an elevated
abundance of non-hydrocarbon species, including vanadium and nickel metals. For
example, Canadian oil sands bitumen can contain up to 200 ppm of vanadium (by
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Figure 9.7: Schematic depiction of conventional RFB design. From Clemente and Costa-Castelló
[36] under Creative Commons Attribution 4.0 International License (https://creativecommons.org/
licenses/by/4.0/).
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weight), which is often conveniently concentrated in the residual streams of bitu-
men production, such as fly ash and coke. Therefore, in a presumed scenario of
rapid and extensive deployment of renewable power generation, and increased en-
ergy storage demand via RFB, there exists a potential economical incentive to ex-
tract vanadium metal, whether directly from raw bitumen, or from other fractions
along the bitumen value chain, to be used for RFB electrolytes. Currently, no com-
mercially viable technologies exist to that end, and the main challenge to develop-
ing them is the need for selective separation of vanadium species, at high purity,
from the complex petroleum (or petroleum residue) matrix. Noteworthy metals in
crude oils are present in an organic form (Figure 9.8), bound within complex mole-
cules called porphyrins [38, 39], which could possibly be leveraged to develop
highly selective extraction/separation technologies, able to generate high purity va-
nadium streams.

(a) (b)

(c)

(d)

Figure 9.8: Putative structures of vanadium porphyrins in Venezuela Orinoco crude oil detected in
purified fractions by FT-ICR-MS analysis. From Zhao, Shi [39] under a Creative Commons Attribution-
NonCommercial-NoDerivs 4.0 International License (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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In addition to vanadium-based RFB energy storage solutions, in the past few
years, organic and organo-metallic redox species have received increased interest be-
cause of the wider electrochemical window which can be achieved, compared to
metal-based RFB, resulting in higher energy densities. Furthermore, all-organic elec-
trolytes have lower cost, due to their higher abundance in many feedstocks, less envi-
ronmental impact (e.g., no need for minerals mining), and the advantage of structural
diversity, which can be used to tweak their solubility and other properties, such as
operating temperature [40]. Poor solubility and limited temperature range (10–35 °C)
are some of the main limitations to vanadium RFB electrolytes.

One of the most studied organic electrolytes for RFB applications are the ketone-/
quinone-type molecules, such as anthraquinone disulfonic acid, AQDS, and others
[40, 41]. Similar oxygen-bearing types of molecules are also found in petroleum,
within the resin and asphaltene fractions. The oxygen content of petroleum is typi-
cally in the order of 0.1–1.0% by weight, whereas in the case of unconventional oils
such as bitumen, concentration of oxygen species can be much higher than that, due
to low maturity of oil, and/or in-reservoir biodegradation [42, 43]. Oxygen functionali-
ties in non-hydrocarbon petroleum include hydroxyl groups, ethers, carboxyl groups,
sulfur-oxygen functions, but also carbonyl moieties, such as ketones and quinones
[42–45]. Ketone and quinone species have been investigated in resin and asphaltene
fractions of Athabasca bitumen [44, 45], and some of them, such as 9-fluorenone, se-
lectively extracted and quantified in oil and rock extracts [46]. Recently, similar ex-
traction method has been adapted and applied to oil sands bitumen sample, resulting
in a substantial mass fraction enriched in fluorenone, and other ketone-/quinone-type
compounds [47]. Fluorenone, and other ketone-/quinone-derivatives have been used
as both catholytes and anolytes in all organic and mixed (organic-inorganic) RFB,
showing good redox properties and performance [40, 48].

As in the case of vanadium, purity of target organic compounds and/or compound
classes derived from crude oil, remain a challenge for their use in electrochemical sys-
tems, within current technology constraints. Notwithstanding, if the demand for these
types of materials grows in the future, we envision viable routes for technology devel-
opment that would couple improved separation schemes for electroactive species from
crude oil and bitumen streams, and more flexible RFB designs that allow the use of
mixed organic and organo-metallic electrolytes [29, 49].

9.3.3 Polymers and other petroleum-derived materials

Synthetic polymers such as polyethylene, polypropylene, nylon, polyester, and poly-
tetrafluoroethylene are some of the main end-uses for petrochemical streams of con-
ventional downstream petroleum processing. Petroleum-based polymers found their
applications in a myriad of industrial and consumer products, thanks to many desir-
able properties, including strength, flexibility, resistivity, chemical inertness, to name
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a few. Asphalt, and related viscous distillation residues, have been used as binding
and waterproofing agents in road and building construction for decades.

More recently, in the context of increased market competition, and more strin-
gent life-cycle emissions criteria, the petroleum industry is looking for novel, value-
added, and non-combustion uses for some of its residual, low-value product streams.
That is particularly true for unconventional heavy oil and bitumen resources, as
found for example in Western Canada, which are typically associated with an in-
creased content of less desirable and valuable petroleum components, such as non-
hydrocarbons (resins, asphaltenes), and sulfur.

9.3.3.1 Carbon fibers

Carbon fibers are a class of polymers that have emerged in the past few decades as
high-performance materials of superior mechanical, electrical, and thermal proper-
ties, which made them suitable for specific, high-end applications in aerospace,
construction, defense, and healthcare sector. More recently, promising potential of
carbon fiber materials has been recognized in automotive, and renewable energy
industry (e.g., wind), especially in the form of carbon fiber reinforced polymer ma-
trix composites [50]. Thanks to these new applications, the demand for carbon fiber
materials has been increasing in recent years, growing at ~ 12% annual rate, and is
projected to reach up to 200,000 tons per year, by 2024 [51].

Carbon fibers comprise pyrolytic carbon (>90% carbon content) and synthesized
from a suitable organic precursor [52]. Typically, high-performance carbon fibers are
produced from polyacrylonitrile (PAN) as starting material that is polymerized from ac-
rylonitrile monomers in solvent solution, out of which precursor fibers are extracted,
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Figure 9.9: A) Fluorenone and B) anthraquinone redox pairs, these compounds have been
successfully used as electrolytes in RFBs [40, 48].
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and then thermally treated. During the stabilization step, the fibers are oxidized
at 200–300 °C in air, after which they are thermalized during high temperature
(1,000–3,000 °C) carbonization/graphitization in inert atmosphere, involving de-
hydrogenation and removal of oxygen, nitrogen, and other non-carbon elements
(Figure 9.10). Resulting carbon-rich fibers have superior material properties, most
importantly higher tensile strength and elastic modulus, compared to some other
materials, such as steel, titanium and aluminum alloys, or glass fibers [52, 53].

While historically PAN-based carbon fibers have their niche, high-end applica-
tions, their high price in combination with processing costs puts hard constraints to
potential uses in rapidly growing, large-volume markets. Significant research and tech-
nology development efforts in the recent years have focused on alternative, more-
affordable types of carbon fiber feedstocks that would allow for increased production
and expanded range of end-uses for this type of materials.

For example, carbon fibers production from pitch has been investigated and
commercially deployed since the 1960–1970s. The basic feedstocks for these fibers are
dense, viscous, residual distillation/fractionation streams that are generated during
petroleum or coal processing, generically termed “pitch.” Pitch materials are enriched
in non-hydrocarbons, such as asphaltenes, and condensed aromatic fractions, present
in variable proportions, depending on the nature of petroleum/coal input, and thermal
processing parameters (Table 9.3).

Production of pitch-based carbon fibers is similar to PAN-based process, and
involves fiber spinning, heat stabilization in oxidative atmosphere, followed by
high-temperature carbonization in inert atmosphere. However, unlike the PAN process
that starts with consistent and uniform pure chemical feedstock (acrylonitrile), the
quality of the final carbon fiber will be determined by the complex chemical properties
of raw pitch materials. Generally, isotropic pitches, in which the aromatic fraction is
not spatially oriented, produce a lower quality, general grade carbon fiber. On the
other end, condensed aromatic cores in mesophase (also called anisotropic) pitches
tend to align when subjected to heating, resulting in superior grade fiber with higher
elastic modulus. Notwithstanding, even the best performing carbon fibers from meso-
phase pitch still lack the tensile strength of PAN-derived fibers [54] but have a much
higher modulus.

Some strategies to improve properties of feedstock pitches may include pyroly-
sis to increase the content of condensed aromatic moieties, and/or solvent treat-
ments that attempt to remove smaller, disordered components from isotropic pitch,
while concentrating higher molecular weight, condensed aromatics that can spa-
tially align during heating. These and similar attempts to improve the properties of
raw feedstocks still struggle with the issue of residual impurities that detrimentally
affect the performance of final produced fibers, both in the form of lower molecular
weight hydrocarbon species, occluded within HMW fraction, but also present as het-
eroatom elements (sulfur and nitrogen) within the structure of highly aromatic, ani-
sotropic molecules such as asphaltenes. This is an active and lively area of research,
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Figure 9.10: Generalized reaction pathway from PAN to a carbon phase. From Frank, Ingildeev [53]
with permission.
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supported by industry that wants to improve the value of residual components in
their value chain, in particular in production zones that rely on heavy petroleum re-
sources [55]. For example, recently, carbon fibers were successfully synthesized from
modified asphaltene feedstocks [56, 57], and we recognize a promising potential,
with further technology breakthroughs in this area, to produce fibers of suitable
strength and strain-to-failure properties from bitumen and similar heavy petrogenic
resources. This would be a game changer because of the much lower cost of input
materials that would unlock many of the high-volume applications which are cur-
rently limited due to high price of PAN-based fibers.

9.3.3.2 Sulfur-based, inverse vulcanization polymers

Elemental sulfur is produced in large amounts during petroleum refining. A main
source of elemental sulfur in petroleum production is hydrogen sulfide (H2S), a
toxic gas that is present natively in crude petroleum feedstocks, but also generated
during refining, in the catalytic hydrodesulfurization process which removes sulfur
covalently bound within petroleum molecules as H2S. By-product H2S gas is then
converted to elemental sulfur in the two-step Claus process, involving oxidation to
SO2, and its subsequent reaction with excess H2S to produce elemental sulfur and
water vapor [58]:

H2S + 0:5O2 ! SO2 + H2O

2H2S + SO2 ! 2H2O + 3 S

The resulting elemental sulfur can be present in various allotropic forms – S2, S6, and
S8, the latter being the most prevalent one.

Over the years, petroleum refining became one of the largest sources of elemental
sulfur, driven by the evolving, increasingly stringent regulations of SOx emissions
from transportation fuels. At present, approximately 70 million tons of residual sulfur
are generated every year globally [59]. While some of this by-product sulfur finds its
end-use in the fertilizer and chemical industries, the production is still outpacing the
demand, leading to increasing stockpiles of unused sulfur. The problem is particularly

Table 9.3: Compound class composition of some commercial petroleum pitches [54].

% Asphaltene Polar aromatic Naphthene aromatic Saturate

EXXON (DAU) bottoms
(refinery sludge)

. . . .

Ashland  petroleum pitch . . . .

Ashland  petroleum pitch . . . 
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notable in regions that produce heavy, sulfur-rich petroleum (Western Canada, Vene-
zuela), and is only to become exacerbated, as additional low-sulfur fuel benchmarks
are introduced to global marine shipping sector [60].

In that context, an increased research interest in recent years has been directed
toward finding novel, non-combustion uses for residual elemental sulfur from petro-
leum production. Particularly promising is the inverse vulcanization process, in
which the molten elemental sulfur is reacted with organic molecules, producing co-
polymers with diverse physicochemical properties that can be leveraged for various
value-added applications [61]. Contrary to conventional vulcanization, wherein a
small amount of sulfur acts as a crosslinker for bulk organic feedstock (polyisoprene
or styrene–butadiene) to produce synthetic rubber, in the inverse vulcanization pro-
cess, the opposite happens – excess elemental sulfur (50–90 wt%) reacts with a
smaller fraction of polyene organic compound via free radical reaction mechanism to
create thermoplastic, sulfur-dense copolymer, Figure 9.11.

While free-radical sulfur (co)polymerization reactions have been reported before,
they suffered from the issue of poor material stability due to depolymerization [59].
The first demonstration of inverse vulcanization reaction producing stable copoly-
mer was achieved in 2013 using di-iso-propylbenzene (DIB) as organic cross-
linker, in a solvent-free system [62]. Depending on the content of DIB in the start-
ing mixture, the resulting polymers showed semi-crystalline (0–15% DIB) or amor-
phous structure (20–65% DIB) [59]. This discovery started a whole new field of
material/polymer science that is booming in the past few years, and resulting in
reports of novel, alternative organic cross-linkers, improved reaction chemistries
(e.g., catalyzed), and new potential applications for this emerging class of sulfur-
based materials [63].

In addition to sulfur, other residual petroleum streams could be thought of as
feedstocks for inverse vulcanization polymerization. If needed, radiolytic and (thermo)
chemical reactions can be leveraged to modify the molecular composition of petroleum
fractions (e.g., increase the content of carbon–carbon double bonds), so as they be-
come more amenable to co-polymerization with sulfur [64, 65].

In terms of promising applications of inverse vulcanization materials, one of the
highly researched areas is the development of novel cathode materials for lithium-
sulfur batteries (Li-S). These are a potential alternative to incumbent lithium-ion

Figure 9.11: Inverse vulcanization reaction of elemental sulfur (in excess) with polyunsaturated
organic cross-linker.
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technology, particularly for large-scale energy storage, because of much lower cost of
sulfur, and higher energy density of Li-S batteries [66]. On the other hand, the main
limitation to wider adoption of Li-S batteries are the detrimental material properties of
elemental sulfur, such as brittleness, poor solubility, and electrical insulation. Thus,
the advent of novel inverse vulcanization materials offers an opportunity to overcome
many of the issues associated with elemental sulfur, through strategic design of in-
verse vulcanization materials that can (a) facilitate electrode fabrication via melting or
solution processing, (b) improve key battery parameters including charge conductivity
by incorporating conductive organic cross-linkers, (c) improve capacity retention and
cycling efficiency by doping with metals and metalloids [63, 67–69].

Another interesting property of inverse vulcanization polymers is their high
index of optical refraction, and transmissivity to near-infrared and mid-infrared light
wavelengths [70]. This enables diverse applications in technologies such as infrared
spectroscopy analytics, night vision, thermal imaging, and remote sensing, to name
a few [59]. As in the case of electrode materials, lower cost of sulfur-based polymers,
and their malleability are advantageous in comparison to incumbent optical materi-
als and technologies.

In our view, bio-based inverse vulcanization polymers are particularly interesting
because of their potential for large-volume applications. They are prepared from sul-
fur and appropriate biomaterials or other residual organic feedstocks that are either
natively rich in polyunsaturated organic compounds (e.g., unsaturated oils) or can be
pre-treated to increase the amount of carbon–carbon double bonds in the molecules.
Some applications of bio-based sulfur polymers include construction materials from
woody, or other lignocellulosic biomass [71], remediation agents that can sorb heavy
metals or crude oil residues from polluted waters or soils [72], and controlled-release
fertilizers [73].

One of the main limitations of inverse vulcanization process is the formation
temperature of sulfur radical species at temperatures >160 °C, which constrains the
selection of possible organic comonomers that do not volatilize and/or degrade at
those temperatures. This can be circumvented to some extent by application of cat-
alysts enabling efficient reactions at temperatures as low as 95–110 °C [61, 74].
Lower reaction temperatures also reduce the possibility for generation of toxic H2S
during inverse vulcanization. For large-scale applications such as construction, ag-
riculture, environmental remediation, a better understanding of the long-term fate
of inverse vulcanization materials will be needed: their material stability, potential
to generate corrosive or otherwise harmful degradation products, volatilization of
S-species, or their leaching to water resources, and others.
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9.3.3.3 Asphalt

Asphalt is a viscous and dense bituminous material primarily used as binder (cement)
mixed with construction aggregates such as gravel, sand, stone, and others to produce
material suitable for road paving. A smaller portion, up to 20% of global asphalt pro-
duction is consumed as waterproofing agent in building construction [75]. Asphalt is a
well-established, conventional product; notwithstanding, we discuss it in this chapter,
because it is expected to be a growing non-combustion end-use of petroleum resour-
ces, in particular the heavy, bituminous reserves, as found in Western Canada and
elsewhere. According to some estimates, it is predicted that the size of global asphalt
market will increase in the coming years, to reach about 180 million tons in 2030 [75],
mainly driven by growing economies in Asia and the booming construction sector in
that region.

The term “asphalt” is an operational definition for a specific heavy, residual cut
produced during petroleum refining processes; typically, residuum from the atmo-
spheric distillation is subjected to secondary, vacuum distillation to yield a product of
suitable consistency to be used as asphalt [76]. Chemically, asphalt comprises a com-
plex mixture of hydrocarbons, and should not be confused with the specific com-
pound class of asphaltenes, as defined in the Section 2. While asphaltenes are present
in asphalts, they account only for up to 20–25% (by weight) of the mixture, while the
rest is made up from saturated hydrocarbons, naphthenic aromatic, and polar, hetero-
aromatic compounds, present in different proportions, depending on the source crude
oil, Table 9.3 [76–78].

Table 9.3: Compound class composition of some petroleum asphalts and their material properties;
modified from Corbett [76].

Asphalt type

Compound class composition (wt%) A C E

Saturates   .
Naphthene aromatics . . .
Polar aromatics . . .
Asphaltenes  . .

Asphalt properties

Viscosity @ °C, Poises , , ,
Viscosity @ °C, Poises   

Penetration @ °C   

Penetration ratio (– °C)   

Softening point, °C . . .
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Mechanical properties of asphalts, such as hardness, will depend on the chemical
composition of different compound classes (Table 9.3) and are mainly driven by the
physicochemical processes involving molecular moieties such as condensed aromatics,
reactive carbon–carbon bonds, and polar, heteroatom-bearing functional groups [77,
79]. In the environment, these complex interactions are dynamically changing with
seasonal temperature variations, and oxidative weathering of asphalt components,
leading to progressive deterioration of paving material over time [79].

To that, research looking into improving physical and mechanical properties of
asphalts is an active area of investigation. In our view, particularly relevant examples
include the use of synthetic and bio-based asphalt additives [80–82] that promote
co-polymerization and crosslinking processes, such as the ones involving sulfur, as
discussed in the previous section. In this area of technological development, streams
derived from unconventional petroleum resources that are enriched in heteroatoms
and functionalized chemical species could be particularly suitable for production of
advanced asphalt materials.

9.4 Conclusion and perspectives

Energy markets are rapidly moving toward a low-emissions future, driven by environ-
mental and societal pressures of global change. Combustion hydrocarbon fuels are fac-
ing increased scrutiny and demands for improved life-cycle performance, as it relates
to carbon emissions and other environmental impacts. Producers of unconventional,
emissions-intensive resources, the likes of heavy oil and bitumen in Western Canada,
are already experiencing difficulties to fund new developments, and access global mar-
kets. In the context of expected declining demand for petroleum-based fuels in the up-
coming decades, there is an increased interest to re-think petroleum resources from a
non-combustion perspective, that looks at the complex chemistry of petroleum as an
opportunity to develop radically different product streams and technologies that would
generate value, but without CO2 and other negative emissions. In this chapter, we pro-
vided a high-level, nonexhaustive overview of some of those technology development
routes that we have been working on, or find particularly promising, including in-
reservoir energy vector approaches, production of materials used in large-scale,
renewable energy storage systems, and materials with diverse applications ranging
from automotive industry, and optical sensing, to construction, remediation, or agri-
culture. Most of them are still quite early on technology readiness scale, and may de-
pend on other emerging, adjacent technology trends including cheaper renewable
electricity, robotics, nanotechnology, and novel chemical separation technologies
such as membranes, molecular adsorbents, and molecular sieves. Notwithstanding,
any breakthroughs in discussed development routes could contribute to fundamental
transformation of petroleum complex into a more sustainable, future-oriented sector.
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10 Biomarkers in crude oils

Abstract: Biomarkers have played a critical role in hydrocarbon exploration and
production for the better part of the past half century. Their evolution can be traced
to the development of analytical techniques that started to become commercially
available in the late 1960s to early 1970s. These techniques, based on gas chroma-
tography and mass spectrometry, permitted separation and identification of an
ever-increasing number of biomarkers awaiting determination. Developments in
this area have continued to this day and now provide the ability to demonstrate the
presence of hydrocarbons ranging up to C120 in crude oils and a wide variety of
polar compounds containing O, S, and/or N atoms. Not all of these compounds may
be authentic biomarkers that can be traced back to a functionalized precursor oc-
curring in a living system, but they may still provide information of use in unravel-
ing the origin and history of a crude oil.

Biomarkers can provide information on the nature of source, maturity, deposi-
tional environments, biodegradation, geologic age, and migration pathways. This
type of information is useful to the explorationist when obtained from a crude oil
since it then permits the nature of the source rock to be established and develop a
framework for the petroleum system. Furthermore, biomarker fingerprints provide
critical information used in oil/oil and oil/source rock correlations.

In this chapter, major families of biomarkers in crude oils will be described. It
is not meant to be an exhaustive review but rather a document that provides an
overview to the interested geologist, geophysicist, or engineer of the power bio-
markers possess when applied to petroleum system problems. While biomarkers in
source rocks are not discussed in this chapter, the presence of biomarkers in source
rocks may be comparably interpreted and applied.

10.1 Introduction

Crude oils are complex mixtures of varying proportions of hundreds of thousands
of organic, as well as certain organometallic compounds such as metalloporphyr-
ins. In 1927, prior to development of the sophisticated analytical techniques avail-
able today, an extensive project (API Project 6) was launched to study and identify
hydrocarbon constituents of a representative petroleum from the Brett No. 6 well
(Ponca City, Oklahoma). This ambitious project required exhaustive fractionation,
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including five forms of distillation, two forms of extraction, four forms of adsorp-
tion, two forms of crystallization, and two forms of separation using molecular
sieves. By the time the project ended in the mid-1960s, 295 compounds had been
identified but hundreds of thousands of compounds remained unidentified and still
do today despite new and sophisticated technology[1]. Currently, the most com-
monly used technique for the identification of organic compounds, and more spe-
cifically biomarkers, is gas chromatography-mass spectrometry (GCMS) or related
techniques. GCMS emerged as a commercially available technique in the 1970s fol-
lowing many years of development work, particularly in the laboratories of Biemann
[2] at MIT and Burlingame at University of California[3]. The technique has evolved sig-
nificantly since the mid-1960s/early 1970s, but despite continued development it still
involves separation (GC) and identification (MS). More recent techniques have evolved,
such as Fourier transform ion cyclotron resonance mass spectrometry (FTICRMS) that
has elucidated previously uncharacterized molecular compositions of a large number
of high-molecular-weight polar compounds [4–7]. FTICRMS may permit the molecular
compositions of many new compounds to be determined but positively identifying the
structures of every compound is an exhausting and almost impossible task. The prob-
lem is further exacerbated by multiple isomeric structures for a given molecular for-
mula. While isomers increase the complexity of the oils or extracts, they also increase
the quantity of available geochemical information available related to maturity or mix-
ing of oils from different sources. Lower carbon number compounds may only have
two or three isomeric structures, but it was shown many years ago that as the carbon
number of a molecule increases so does the number of possible isomers as summa-
rized below. Not all of these isomers will exist, but this clearly indicates the nature
and extent of the problem in comprehensive compound delineation in a crude oil.

C1- 1 isomer

–

–

–

–

–

–

–

 

C2- 1 isomer 

C6- 5 isomers 

C10- 75 isomers 

 C20- 366,319 isomers 

C30- 4,111,846,763 isomers 

C40- 62,491,178,805,831 isomers 

Another significant analytical advance in recent years has been the combination of 2D
gas chromatography coupled with time-of-flight (TOF) mass spectrometry which has
provided further evidence for the complexity of crude oils, particularly the “hump,”
or unresolved complex mixture (UCM), present in so many oils and readily apparent
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in heavily weathered oils [8, 9]. Even if it was possible to identify all the compounds
in one crude oil, valuable insight may not be readily forthcoming since crude oil com-
positions are quite variable and dependent upon the nature of the source material de-
posited millions of years ago.

Despite the lack of identity of the majority of compounds in crude oils, many fam-
ilies of compounds have been identified that are of significant use in areas related to
exploration and production. From a geochemical perspective, in much of the work
related to exploration and determination of the source, maturity, depositional envi-
ronment, or geological age of the oil, oftentimes a compound of interest may remain
unidentified for several years. However, if a specific compound can be associated
with a specific source of organic matter, its presence in another oil is taken to indicate
a similar input of organic matter, even if the compound remains unidentified.

The purpose of this chapter is relatively specific in that it will primarily review
compounds present in crude oils that are referred to as biomarkers. Biomarkers are
compounds in crude oils (and source rocks) with carbon skeletons that can be re-
lated back to their functionalized precursor molecules present in the original source
material deposited in a sedimentary environment many millions of years ago. A
classic example would be the relationship between a sterol and sterane. The precur-
sor being the sterol which is converted into the sterane following diagenesis and
maturation of the organic matter.

HO

R R

STEROL STERANE

Detection, identification, and utilization of these compounds have become an impor-
tant part of any exploration effort [10] as well as in reservoir characterization and pro-
duction [11–13]. Biomarkers can provide information related to source materials
responsible for generation of a crude oil, maturity, level of biodegradation, deposi-
tional environments, migration pathways, geologic age of an oil, and oil/oil and oil/
source rock correlations [10]. This information is a very important part of any explora-
tion study since most conventional exploration efforts are directed toward finding the
oil, not source rocks. In unconventional systems source is even more important since
the source rock in many cases is also the reservoir rock. Information that can be

10 Biomarkers in crude oils 451



obtained from the biomarkers in crude oils can be used to infer the nature of the source
rocks responsible for generating the crude oil. If source rocks can be identified and lo-
cated, migration pathways can be predicted and additional traps or reservoirs along
migration pathways identified.

The majority of organic compounds in crude oils are hydrocarbons and basically
fall into two categories, aliphatic and aromatic. Numerous heteroatomic compounds
containing N, S, and O atoms, along with organometallic compounds such as por-
phyrins are also present in relatively lower concentrations [14, 15]. The relative propor-
tions of these compounds reflect the origin and history of the crude oils starting from
the distribution of the organic source materials and the nature of the depositional en-
vironment into which the organic material was deposited. Following burial, diagene-
sis and thermal alteration of the organic source material, three major products are
possible, namely, crude oil, gas, or coal. (Since the title of this monograph is Chemis-
try of Crude Oils and Petroleum Products, the discussion in this chapter will only cover
crude oils and will not discuss characteristics of coals, natural gas or source rocks.)
For a crude oil this is simply a starting point in its history. After generation, expulsion,
and migration to a reservoir or surface seep, multiple processes, such as migrational
fractionation, biodegradation, water washing, thermochemical sulfate reduction, or
thermal alteration, can impact the composition of the oil that is ultimately discovered
and produced.

As a result of the factors mentioned above, crude oils can have a wide variety of
characteristics, or properties, and may range from very light condensate type products
to very heavily degraded crude oils dominated by asphaltic material. The ways in
which crude oils are characterized have changed significantly over time following the
earliest discoveries of crude oils both in the USA and many other countries. It is diffi-
cult to accurately pin down when oil was first discovered in the world, but it certainly
predated the discovery in this [USA] country in the 1850s. The roots of petroleum geo-
chemistry go back to the nineteenth century, but mankind certainly knew of the oc-
currence and some forms of petroleum as early as 3800 BC with bitumen blocks from
the Dead Sea being used for trading purposes even earlier around 5000 BC [1]. Indige-
nous people in many countries have used oil from seeps for a variety of purposes,
such as sealing baskets or medicinal purposes, for many centuries. Naturally in those
ancient times no-one knew, or really cared for that matter, where the oil came from or
how it was formed. Early British explorers in Burma discovered a flourishing oil ex-
traction industry in the town of Yenangyaung in 1795 which had over 500 hand dug
wells at that time, with oil first exported from Burma in 1853. Many early discoveries
were associated with wells that had been dug in the search for water and accidently
discovered shallow oil accumulations. The first oil well in Poland was hand dug in
1853 in the village of Bobrka, and for the first time a petroleum derived product origi-
nating from that oil was used for the purposes of lighting. Edward Doheny also dug a
well by hand on a tar seep, ultimately discovering the Los Angeles City oil field in
1892. The last half of the nineteenth century saw the early development of a petroleum
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industry in what became the USSR, particularly in the Baku region of Azerbaijan. The
first discovery and production of oil in North America was at Oilsprings, Ontario, Can-
ada, in 1858. Early uses of petroleum included sealants, illuminants, lubricants, and
products for medicinal purposes. The US petroleum industry started in 1859 with the
drilling of the Drake well at an oil seep near Titusville, Pennsylvania. This well pro-
duced about 25 bbl/day from a sandstone reservoir ~ 69.5 ft below the surface [1].

In the late 1800s, changes were afoot once it was realized that products could
be obtained from crude oils, by simple distillation processes, that could replace
whale oil as a source of heat and light [17]. Early oil exploration and well placement
were determined as much by luck as science and the origin of oil was still not un-
derstood. Many wells were drilled in areas where seeps had been observed but, as
we know today, that certainly did not guarantee success in finding large reserves of
crude oil. The introduction of the automobile in the early 1900s undoubtedly fueled
the thirst for discovering additional reserves of crude oil from which gasoline could
be produced. Early gasolines were straight distillation products from crude oils
and, in many cases, very light crude oils, or condensates, were used directly to fuel
the automobile. In the same period groundbreaking developments such as seismic
reflection surveys greatly increased the exploration success rate [18].

Production from this US industry increased at an astonishing rate, reaching a
maximum of 9.6 million bbl/day in 1970 and 13 million bbl/day in 2020. Worldwide
oil production was 23.17 million bbl/day in July 2020. Much of the recent increase in
US production has resulted from unconventional production which has increased
exponentially over the past decade. In an unconventional system the crude is often
generated in place and does not migrate significant distances from the source rock
as typically happens in a conventional petroleum system. As a result, it is necessary
to utilize hydrofracking to release the oil trapped in these rocks, which have very
low permeability preventing the oil from being expelled and migrating to conven-
tional reservoirs [16]. Despite this significant difference between conventional and
unconventional resources, biomarkers remain paramount in petroleum characteri-
zation, as well as confirming the origin and history of the oil.

Despite increasing exploration success in the late 1800s and early 1900s, an un-
derstanding of processes involved in formation of crude oils was very limited. Refin-
eries were starting to become more complex, and more exploration companies
being formed, major discoveries were being made in the early to mid-1900s, but the
origin and history of crude oils were not foremost in most people’s minds. Various
theories started to appear that discussed the origin of crude oils, such as the abio-
genic origin of crude oils strongly favored by various Russian geoscientists [19, 20]
and theories such as formation of crude oils in recent sediments without the need
for burial or heat [21], a theory that prevailed into the early 1970s in some compa-
nies. However, in the 1967 World Petroleum Congress, McIver [22] put forward the
revolutionary theory that kerogen was a key intermediate in the formation of crude
oils. The term “kerogen” (from the Latin meaning “oil or gas forming”) had been
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introduced several years previously and referred to the insoluble organic matter in
source rocks. Methods of formation of kerogen have been widely discussed in the liter-
ature and many mechanisms proposed for its formation [15, 23]. However it is now
widely accepted that there is no one well-defined chemical structure for kerogen but
rather it is primarily composed of insoluble residues from the organic matter depos-
ited in the original depositional environments and recognizable as macerals (i.e. rec-
ognizable and identifiable fragments of organic matter derived from a variety of
source such a plants, algae, fungi etc.) under the microscope [24].

Characterization of kerogens through a wide variety of techniques has led to an
understanding that the maceral content of kerogen will play a key role in determining
the nature of the product(s) that can be generated from the different kerogen types
[14, 23, 25]. This has also led to a comprehensive understanding of the role of the de-
positional environment in preserving organic matter as it is being deposited and bur-
ied and undergoing thermal alteration to generate crude oil. In the early 1900s, an
understanding of the processes involved in formation of crude oils was improving
and more sophisticated exploration techniques were being developed. In addition,
methods were starting to evolve that would improve efforts to elucidate the composi-
tion of crude oils. Initially much of this development was related to the refinery pro-
cesses. The value of a crude oil lies in the relative proportions of different products
that can be produced from distillation processes at a refinery, with gasoline being the
major money-making product. Heavily biodegraded crude oils, such as high asphal-
tene, high sulfur and high metal content oils, are less valuable than lighter nonde-
graded crude oils with low sulfur and asphaltene content.

For many years dating back to the early 1900s, it was recognized that there were
certain compounds in crude oils that could be associated with certain specific types
of organic matter. However, at that time analytical techniques were very limited and
it was the remarkable work of Alfred Treibs in the 1920s/1930s that led to the identifi-
cation of compounds, with very complex tetrapyrrole structures, known as porphyr-
ins in crude oils [26]. He was able to show structural similarities between porphyrins
and naturally occurring chlorophylls, revealing the biological origins of crude oil for
the first time and ruling out any potential abiogenic formation pathways. After many
more years, and based on Treibs’s original work, Eglinton and Calvin [28] formally in-
troduced the concept of chemical fossils, which, after several iterations, became
known as biomarkers

The study of biomarkers developed exponentially following the early concepts
proposed by Eglinton and Calvin [28] as a result of developments in the field of analyt-
ical chemistry, particularly gas chromatography (GC) and gas chromatography-mass
spectrometry (GCMS). The number of source specific biomarkers identified in crude
oils that could be used to indicate the nature of source material responsible for a
crude oil increased dramatically [29]. With time, additional uses for these compounds
as indicators of maturity, nature of the depositional environment, migration path-
ways, age dating, and biodegradation became commonplace. Today, widespread
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utilization of biomarkers has spread from the major oil companies to many smaller oil
companies who have seen the added value of using this approach as part of their ex-
ploration programs.

Since these compounds are an integral part of virtually all crude oils, this chapter
will review the utilization of many common classes of biomarkers along with some
compound classes that may not be true biomarkers. However, unclear or unknown
biological origins do not preclude a compound from becoming widely used in petro-
leum studies as will be highlighted in the coming sections.

10.2 Analytical techniques

It is important to note that developments in analytical techniques have played a major
role in the discovery and characterization of biomarkers. The initial commercial avail-
ability of the combined GCMS systems in the late 1960s/early 1970s catalyzed the de-
velopment of the biomarker concept. Biomarkers are generally present in relatively low
concentrations and, apart from n-alkanes, pristane and phytane, are not detectable by
GC alone. GC simply provides a separation mechanism while mass spectrometry pro-
vides the identification. All the developed techniques have evolved to improve the de-
gree of separation and the ability to detect and identify compounds at increasingly
lower concentrations, as well as more polar compounds and higher molecular weight
compounds. Since that time, many developments and advances have occurred in this
approach such as gas chromatography-mass spectrometry mass spectrometry (GC-
MSMS), 2D gas chromatography-time of flight mass spectrometry (2DGC-TOF), liquid
chromatography-mass spectrometry (LC-MS), and, more recently, gas chromatogra-
phy-inductively coupled plasma-mass spectrometry (GC-ICP-MS), and Fourier trans-
form-ion cyclotron resonance-mass spectrometry (FT-ICR-MS). These developments
have enabled the discovery and characterization of a much wider range of biomarkers
including polar compounds and high-molecular-weight hydrocarbons (HMWHCs) that
can be used to improve our understanding of the origin and history of crude oils. How-
ever, in this chapter the focus is not the analytical developments but rather the bio-
markers discovered using these techniques. Despite all the significant developments in
analytical techniques described above, the vast majority of biomarker analyses are still
undertaken using conventional GC-MS and GC-MSMS. The majority of analyses are un-
dertaken in the multiple ion detection mode using ions characteristic of the various
biomarker families. These methods are discussed in multiple publications along with
the use of GC-MSMS to obtain an additional level of separation and improved structural
characterization and identification of biomarkers [30–32].
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10.3 Crude oil composition

Crude oils have a wide range of compositions, resulting primarily from their origi-
nal organic source materials and secondly from processes impacting their composi-
tion after expulsion from the source rock. Crude oils from unconventional systems
show the same level of variability in composition as conventional crude oils. The
major difference between conventional and unconventional oils is related to the
generation and accumulation processes. Unconventional oils are generated and ac-
cumulate within the source rock [16], whereas in a conventional system the oil is
expelled from the source rock and migrates to a reservoir. Tissot and Welte [14]
summarized data from a representative worldwide set of over 500 oils and noted a
wide range of chemical compositions. A ternary diagram illustrating these varia-
tions shows that the compositions can vary from oils that contain very abundant n-
alkanes to the those that are heavily biodegraded or at low maturity and dominated
by the heavier asphaltic fraction (Figure 10.1).
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Figure 10.1: The ternary diagram shows the relative proportions of paraffins, naphthenes, and
aromatics in 541 oils collected from locations around the world. The purpose of the diagram
originally published by Tissot and Welte [14] illustrates the variability of crude oil compositions
resulting from a variety of factors including source, maturity, and biodegradation. Reproduced with
permission from Tissot and Welte [14].
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In general, a large proportion of unaltered crude oils are dominated by n-alkanes
ranging from methane to alkanes with carbon numbers around C40. However, the
higher carbon number, C40, is somewhat misleading since it is primarily limited by an-
alytical techniques, particularly gas chromatographic conditions. In reality, applica-
tion of appropriate chromatographic conditions will reveal that many oils have
hydrocarbons extending to C120, albeit in progressively lower concentrations with
increasing carbon number [33–35] (Figure 10.2). At the other extreme are the very
light oils, or condensates, that may only contain hydrocarbons in a very narrow
range covering a few carbon numbers up to approximately C15. One of the most com-
mon factors influencing the alteration of a crude oil is biodegradation. The impact of
biodegradation is most commonly manifested by the removal of the n-alkanes starting
with the lower carbon numbered alkanes and subsequently removing higher carbon
numbered compounds leading to heavily degraded oils dominated by an unresolved
complex mixture (UCM) of branched and cyclic compounds [36, 37]. As discussed
below, it should also be noted that many heavily degraded oils will contain HMWHCs
above C40 that are often overlooked through the use of conventional analytical
methods, yet are readily measured via high-temperature gas chromatography (HTGC).
n-alkanes above C40 are very resistant to biodegradation and their relative concentra-
tions will increase in heavily biodegraded oils [38].

The major focus of this chapter is related to the presence of biomarkers in crude oils
and their utilization for providing information on the origin and history of crude oils.

High temperature gas 
chromatogram-Jurassic Oil

Time/temperature40
0 480

0

Figure 10.2: The high-temperature gas chromatogram shown here is from a Jurassic carbonate oil
from the Middle East. It illustrates the fact that although alkanes in crude oils are often shown to
extend to around C40, many oils contain varying proportions of hydrocarbons that extend to at
least C120 [33–35].
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For a conventional crude oil the various classes of biomarkers occur over certain car-
bon number ranges in the oil as shown in Figure 10.3. As a consequence, it is clear
that not all crude oils will contain the complete range of biomarkers. Very light con-
densates are virtually devoid of all common classes of biomarkers, while lower car-
bon numbered biomarkers are often absent in very heavy and altered oils will be
devoid of the lower carbon numbered biomarkers. It should also be noted that the
concentrations of most biomarkers are relatively low in crude oils and will decrease
in concentration with increasing maturity [10]. With increasing maturity many bio-
markers are thermally degraded to lower carbon numbered analogues or converted
to aromatized counterparts. The n-alkanes provide a classic example of the thermal
cracking process. A conventional crude oil may contain n-alkanes dominated by
those extending to C40 but with increasing maturity these n-alkanes will be cracked
into lower carbon homologues which in turn can undergo further cracking. With this
in mind an oil that was originally a waxy oil dominated by the long chain n-alkanes
may ultimately be converted into a light oil or condensate dominated by alkanes in
the C1 to C15 range.

Many biomarkers are used to monitor maturity, but it should be mentioned that
the majority of biomarker maturity parameters are only operative until the middle
of the oil window. By that time many have reached equilibrium values and start to
undergo degradation or aromatization reactions.

It is also important to add a note of caution related to many of the commonly
used maturity parameters that are generally monitored using relative concentrations
and not absolute concentrations of individual biomarkers. The 20S/20S + 20R matu-
rity parameter derived from the steranes can be used to illustrate this point. This
ratio will increase as a result of increasing maturity until it reaches an equilibrium
value [39]. Using relative concentrations, it is commonly assumed the ratio changes
as a result of the 20S epimer increasing at the expense of the 20R epimer. However,
in the absence of an internal standard and absolute concentrations, it is impossible
to distinguish between that interpretation and an interpretation that results from the
20R epimer being degraded more rapidly than the 20S sterane. Ideally, internal stand-
ards and absolute concentrations should be used when calculating these maturity pa-
rameters [40].

10.4 Biomarkers in crude oils

The study of biomarkers expanded exponentially in the late 1960s to 1980s along with
a parallel development in the techniques used to monitor their distributions in crude
oils and source rocks. The growth in the number of biomarkers discovered and identi-
fied in those years was clearly illustrated in an article published by Mackenzie et al.
[29] and reproduced in Figure 10.4. Since that time new biomarkers have continued to
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be identified and applications continue to increase. In exploration studies, biomarkers
are used extensively to obtain information related to source input, depositional envi-
ronments, maturity, age dating, migration, biodegradation, oil/oil, and oil/source
rock correlations. Biomarkers also play an important role in environmental investiga-
tions in order to determine possible origins of crude oil releases [41]. Furthermore,
many refined products also contain partial distributions of biomarkers which can play
a role in evaluating the origin of refined product spills.

In the following sections, the major families of biomarkers will be reviewed along
with some examples of the most significant information that can be obtained from
these and related compounds. It should be mentioned that similar information is also
available from the presence of these compounds in source rock extracts. Source rocks
will not be discussed in this chapter, but a number of review articles and monographs
are available to provide additional information [10].
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Figure 10.3: A conventional crude oil chromatogram showing the distribution of the n-alkanes
along with the regions where you expect the common classes of biomarkers discussed herein to
elute. Various petroleum products derived from crude oils and their boiling points are also shown
at the bottom of the figure.
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10.4.1 Porphyrins

In the light of the historical significance of the finding, it is proposed to initially dis-
cuss porphyrins since the discovery and identification of these compounds by Alfred
Treibs [26, 27] provided the foundation for contemporary biomarker investigations.
These compounds were studied and utilized extensively in the 1970s/1980s but, due
to the rather tedious extraction and analytical procedures, lost some of their popular-
ity after that time. More recently with improved analytical techniques there would ap-
pear to be a reemergence of these compounds in various aspects of exploration. It
should be noted that porphyrins are tetrapyrroles, occurring as either free bases or
organometallic compounds (more common in crude oils) containing Ni or V, or other
metals in lower concentrations. The metal concentrations are much higher in heavily
biodegraded oils and one of the reasons heavily degraded oils are less-desirable prod-
ucts due to the impact of metals on the catalysts used in refining processes.

The porphyrins present in petroleum are predominantly chelated to metals, pri-
marily as VO- or Ni-complexes that form during source rock diagenesis [42] (Figure 10.5)
known as metalloporphyrins. The derivation of these metalloporphyrins from chloro-
phylls was initially proposed by Treibs [26, 27] and later confirmed by observations of
chlorophyll degradation [43]. The massive gap in time between these two studies
underscores the nature of porphyrin investigations, which are often disconnected in
time due to a dependence on analytical advances as previously mentioned. However,
porphyrins continue to lag other biomarkers in terms of development due to the ex-
tensive preparatory procedures (e.g., processing/purification/isolation) for analysis
present to this day. Porphyrins are still not readily analyzed by the commonly used
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Figure 10.4: A diagram originally by Mackenzie et al. [29] showing the exponential growth in the
number of biomarkers that were identified in the 1970s. This rapid growth was directly related to
the development and commercial availability of GCMS systems. Reproduced with permission from
Mackenzie et al. [29].
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GCMS methods but typically require some form of liquid chromatography coupled
with mass spectrometry for analysis and identification. Furthermore, the porphyrin
mixtures in crude oils are very complex mixtures. In addition to the occurrence of Ni
and V porphyrins, there are structurally different deoxyphylloerythroetioporphyrins
(DPEP), etioporphyrins (ETIO), and bicycloalkanoporphyrin (BiCAP), free-base and
metalloporphyrins (e.g., Ni and V, but also Zn, Cu, and other metals), as well as ben-
zoporphyrins. For each individual member of the series there are multiple isomers
that are not completely chromatographically resolvable precluding confident identifi-
cation of alkylation patterns and potential correlations to specific chlorophylls. The
porphyrin structure in Figure 10.5 can be used to illustrate this point. The tetrapyrrole
rings contain multiple alkyl-substituents which can be arranged in multiple configura-
tions leading to a large number of isomers for any one carbon number. In many of the
early publications the porphyrins were assigned the ETIO and DPEP configurations
and carbon numbers with no indication of the individual structural isomers present at
each carbon number. Despite these challenges, a brief review on the potential applica-
tions and significance of porphyrins, primarily in the form of metalloporphyrins, will
be provided. When preparatory and/or analytical methods inevitably improve, as well
as widely accepted standards being readily available, it will be critical to leverage past
investigations to accelerate the application of porphyrins in the petroleum industry.
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Figure 10.5: Treibs [26, 27] established the relationship between chlorophyll in biological systems
and porphyrins in geological systems. This established the biological origin of crude oils and was
the birth of the biomarker concept.
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The allure of characterizing the porphyrin contents of a petroleum lies in the fact
they are fossil chlorophylls, a record of the main contributors to the organic matter
preserved in source rocks. In addition, the redox state of the water column (e.g., oxic
vs. anoxic) will influence the availability of certain metals (e.g., V, Ni) for chelation
with free base tetrapyrroles during diagenesis [44]. Thus, past efforts attempting to uti-
lize porphyrins as a tool in petroleum applications has relied on leveraging these two
relatively well-constrained ideas. For example, a classification scheme was devised by
Barwise [45] which employed VO- and Ni-porphyrins, as well as other geochemical pa-
rameters. It was found the ratio of V/Ni, primarily comprising metalloporphyrins, was
relatively unaltered from source rock to oil, and, thus, a potentially useful tool in oil-
source correlations. The V/Ni ratio is still used extensively today both for correlation
purposes and also providing information on the redox state of the depositional envi-
ronment [44]. This is because determination of the V/Ni ratio does not require isola-
tion of the porphyrins from the oil but can be measured by simply combusting a
sample of the oil and then measuring the V/Ni ratio in the residual ash. Other studies
found variable success with similar applications [46–48], substantiating the finger-
printing capabilities of metalloporphyrins. By comparable logic, later efforts pro-
posed that porphyrin concentrations were also a function of paleoproductivity, with
different source rocks deposited under contrasting productivity levels [49]. The extent
to which this is preserved in the oil is unconstrained and compounded by known ma-
turity effects on porphyrin species [50, 51, 53]. However, it has been reported porphyr-
ins are more or less decomposed by ~ 0.8 Ro, ultimately limiting their use from early
to peak oil window [53]. In spite of the apparent decomposition of the porphyrins by
the peak oil window, two maturity parameters were developed based on various por-
phyrins in the 1980s and used quite extensively at that time. As shown in Figure 10.5,
DPEP porphyrins have a 5-membered ring attached to the tetrapyrrole structure, but
ETIO porphyrins (not shown) do not have that 5-membered ring. Baker and Louda
[42] noted the DPEP/ETIO ratio decreased with increasing maturity. Initially it was
assumed that was as a result of the ring opening in the DPEP porphyrins with in-
creasing maturity. However, it was also suggested changes in this ratio may also re-
sult from differential stability of the two classes of porphyrins or preferential release
of ETIO porphyrins from the kerogen with increasing maturity. The second porphyrin
maturity parameter (PMP) was more specific in the sense that it was based on the
ratio of C28ETIO/(C28ETIO + C32DPEP) porphyrins [54]. This ratio has a value of 0.2 in-
dicating the onset of oil generation followed by a sharp increase in the value with
increasing maturity. The exact mechanism for the increase in this parameter was not
determined at the time [49, 50]. Unfortunately as with much of the other porphyrin
work in the 1980s progress has virtually stopped primarily due to analytic issues. It is
to be hoped that in the future with the availability of many new analytical techni-
ques, more convenient and less time-consuming methods will become more widely
available and interest in the porphyrins will be revitalized.
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It may be noted that many of the cited works above are limited to the 1980s and
1990s, with a review by Chicarelli and Maxwell [55] reviewing the same potential
utility of porphyrins in petroleum applications as discussed here. This reflects a
similar gap in analytical abilities that separated the initial hypothesis of porphyrin
formation from chlorophylls and its subsequent confirmation decades later. Much
study today subjects porphyrins to isotopic analysis (both C and N) as a tool to re-
construct the microbial ecology and biogeochemical cycling at critical points in
Earth history [56–58]. However, these investigations are not entirely applicable for
leveraging metalloporphyrins in petroleum.

To summarize, metalloporphyrins may serve as useful oil–oil and oil–source cor-
relation tools, proxies to reconstruct the depositional environment of unknown source
facies, and as relative indicators of maturity. For example, the presence of intact met-
alloporphyrins in a petroleum sample, combined with high V/Ni values, will provide
critical information pertaining to the source rock. In this instance, the source rock has
likely not exceeded a Ro of 0.8 and was deposited in relatively euxinic (i.e., sulfidic)
bottom waters. Thus, the porphyrins remain underutilized and poorly understood bio-
markers, not for a lack of utility but rather a lack of analytical capability. Until meth-
ods are developed that involve comparable, or less, sample preparation and provide
the similar ease of identification associated with GC-amenable biomarkers (e.g., ster-
anes), the porphyrins will continue as the one-hit wonder that led to the inception of
molecular geochemistry but was unable to keep pace with the more conventional bio-
markers that dominate the field today.

10.4.2 Acyclic hydrocarbons

10.4.2.1 C1–C7 light hydrocarbons

Hydrocarbons in crude oils start at C1 (methane) and generally contain an abundance
of light hydrocarbons in the C1–C7 range in varying concentrations depending on the
source and maturity of the crude oil. The individual compounds, up to C7, while not
traditionally thought of as biomarkers, have been used to provide significant informa-
tion on the history of the oil, particularly thermal history, as well as extensive use in
reservoir continuity studies. Care has to be taken in the way in which samples are
handled prior to any analytical work since the distributions of these compounds can
readily change through evaporation. A typical distribution of the light hydrocarbons
in a crude oil is shown in Figure 10.6. Over the years many ratios and cross plots have
been developed particularly those based on the work of Thompson [59–62] related to
identification of migrational fractionation, Mango [63, 64] on maturity related issues,
and Halpern [65] related to reservoir continuity studies. Many of these compounds
are not conventional biomarkers but in view of their abundance and widespread use
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it is important to mention their significance in an article of this nature (Figures 10.4
and 10.5).

Thompson [61] proposed a number of parameters that could be used to monitor
the process of what was initially called evaporative fractionation but more recently re-
ferred to as migrational fractionation. This process refers to the presence of conden-
sate-like products in relatively shallow reservoirs in the absence of maturity levels
needed to generate such products. Seals in over-pressured reservoirs are breached,
with fractionation occurring during leakage and preferential release of n-alkanes over
aromatic compounds. The escaped products are enhanced in lighter n-alkanes and the
residual oil enriched in lighter aromatic compounds and the longer chain n-alkanes.
The released products migrate to reservoirs present at shallower depths where they ap-
pear as condensates even in the absence of any mature source rocks in the area. A
cross plot of aromaticity versus paraffinicity was developed to assist in recognition of
this process and is commonly referred to as the Thompson plot (Figure 10.7). Mango
[63, 64] developed a number of maturity parameters which were utilized in crossplots
referred to as Mango plots and based on the C7 hydrocarbons (Figure 10.8). The C7 com-
pounds exist as many isomers and are widely used since they represent the highest
carbon number where all the structural isomers for a particular carbon number can be
separated chromatographically (Figure 10.6).

Figure 10.6: Many crude oils are dominated by the light hydrocarbons from C1 to C10. Of particular
interest are the so called C7 compounds that have been used for a variety of purposes in terms of
characterizing the crude oils. C7 is the highest carbon number where it is possible to separate all
of the isomers that exist with seven carbons as shown on this chromatogram.
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Reservoir geochemistry rose to prominence in the 1990s [66]. There were many
geochemical applications used in reservoir geochemistry, but a primary application
was the use of light hydrocarbons to evaluate whether or not there was continuity
between different blocks within a reservoir [67]. For the most part this was based on
ratios determined from a random assortment of light hydrocarbons and plotting the
ratios on a star diagram. If the plots for two oils from the same reservoir were dis-
similar it was concluded those oils were not in communication. Halpern [65] intro-
duced a more formal approach using two sets of known C7 compounds, one being
referred to as correlation parameters and the other transformation ratios. The latter
set reflecting changes that might have resulted from alteration effects such as bio-
degradation or water-washing. Both of these approaches are still widely used today
in conventional reservoir continuity studies.

10.4.2.2 nC8–C40 alkanes

In the development of petroleum geochemistry starting in the early 1960s, the major
analytical tool available was the gas chromatograph. It was rather basic at the time
with 3 ft analytical columns compared to the 100 m columns available today or the
30 m columns used for routine analyzes. However, this meant for the most part that
the primary groups of compounds that could be analyzed were n-alkanes and

Figure 10.7: The cross plot of aromaticity (toluene/n-heptane) versus n-
heptane/methylcyclohexane is often referred to as the Thompson plot. The plot provides
information indicating processes that may have impacted the oil in the reservoir such as
biodegradation, migrational fractionation, maturation, and water washing.
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isoprenoids, primarily pristane and phytane. Despite this limitation much significant
information evolved from those early studies.

Bray and Evans [68] published one of the first papers related to the distribution of
n-alkanes in crude oils and source rock extracts. It was recognized that very immature
samples were dominated by a homologous series of n-alkanes ranging basically from
C1 to C40. Distributions of the alkanes were found to vary depending on the nature of
the source material. Oils dominated by marine source material were defined by the
presence of n-alkanes in the lower carbon number range (C15–C23), whereas those with
a predominance of higher plant material typically had a waxy distributions of n-
alkanes in the C23–C33 region primarily derived from leaf waxes [69]. Very immature
samples contained a predominance of odd numbered n-alkanes over even numbered
n-alkanes as a result of biosynthetic pathways responsible for the formation of these
compounds. With increasing maturity it was noted that the relative proportions of odd/
even n-alkanes trended to a value of 1 leading to the first geochemical maturity param-
eter, odd/even predominance (OEP) or carbon preference index (CPI), that is still used
extensively today [68, 70]. It is now recognized that the n-alkane distributions will
change as a result of various processes such as biodegradation, maturity, lithol-
ogy, and, to a lesser degree, migration. Biodegradation preferentially removes the
n-alkanes, under both aerobic and anaerobic conditions, starting with the lower
carbon number compounds [71–73]. Maturity tends to lead to cracking of the lon-
ger chain compounds increasing the relative proportion of the shorter chain com-
pounds. Lithology is most noticeable for carbonate derived oils that typically have
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Figure 10.8: This is an example of a Mango plot which illustrates that oils from the same source
exhibit invariance in isoheptane ratios. In this example increasing deviation from non-altered oils
reflects increasing alteration by thermochemical sulfate reduction (TSR).
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a predominance of even numbered alkanes over odd-numbered alkanes for rea-
sons uncharacterized.

10.4.2.3 nC40–C120 alkanes and high-molecular-weight hydrocarbons

In general, most papers related to n-alkanes report data obtained using conventional
gas chromatography columns which limit the range of detectable n-alkanes up to
approximately C40. However, by using high-temperature GC columns it is possible to
extend the range of hydrocarbons to approximately C120 [33, 34] (Figure 10.9). These
HMWHCs are present in most conventional oils in varying concentrations and can
exacerbate production problems resulting from wax accumulation. The HMWHCs
can be mixtures of a variety of n-alkanes, methylbranched alkanes, alkylcyclopen-
tanes, alkyl-cyclohexanes, alkylbenzenes, and alkyltoluenes. Variations in the distribu-
tions of these compounds have been used to provide information of the depositional
environment in selected cases [35]. It is also important to note that it has been shown
these compounds are far more resistant to biodegradation than the lower carbon num-
ber compounds and those above C50 appear to be almost totally resistant to biodegra-
dation [38]. Characterization of the HMWHCs is not as widespread as the lower carbon
number compounds due to the more restricted use of high-temperature gas chro-
matographic analyses.

10.4.3 Isoprenoids

The two most widely used isoprenoids, pristane (Pr), and phytane (Ph), were initially
determined by GC alone since they were easily detected without the need for mass
spectrometry (Figure 10.10). Following their initial discovery, the Pr/Ph ratio was pro-
posed and became the first biomarker ratio related to interpreting the oxicity of depo-
sitional environments [75]. This ratio is still widely used today, although additional
controls on the ratio have been discovered through time. One of the most significant
changes related to the initial misinterpretation of the Pr/Ph ratio assumed that both
compounds were derived from a common precursor, namely, chlorophyll. However, it
has been subsequently shown that there are other potential sources for both com-
pounds [76] with this confirmed through the use of carbon isotopes [77]. Incorporation
of the isotopes into the analytical scheme showed, in some cases, the compounds
were isotopically distinct from each other and hence derived from separate sources.
Goosens et al. [76] showed, via pyrolysis, that tocopherol was a precursor to pris-1-ene
and further work by Rontani et al. [78] substantiated the initial work. Despite these
possible complications, the ratio is still used extensively today for correlation pur-
poses as well as interpreting the redox potential of the depositional + environment
[74]. One such application involves ratios of Pr/n-C17 and Ph/n-C18, initially proposed
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by Shanmugam [79]. The cross plot of these ratios has been not only used for correla-
tion purposes and an indication of whether samples are biodegraded or affected by
maturity, but also may provide information pertaining to the kerogen type from which
the oil was originally sourced as shown in Figure 10.11.

Pr and Ph can easily be detected by GC, but the remaining biomarkers require
the use of GCMS for their detection starting with the higher carbon number isopre-
noids. Detection of these and other biomarkers utilizes GCMS through selected ion
monitoring of characteristic ions for each compound class. This is now a standard
technique and will not be described in detail in this chapter. There are three series of
isoprenoids that have been reported in crude oils. The most abundant isoprenoids
are the regular head-to-tail series, followed by the head-to-head and tail-to-tail series,
with the latter primarily related to pigment degradation/diagenetic products such as
carotane and lycopane.

The head-to-tail series of isoprenoids extends to around C45 in many oils [80] as
does the tail-to-tail series, although the head-to-tail series being most abundant. The
higher carbon numbered isoprenoids have not been utilized extensively because of
the need to use GCMS to detect these compounds. Variations in the relative propor-
tions of the longer chain isoprenoids result from maturity changes. Moldowan and
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Figure 10.9: A comparison between a sample analyzed by conventional gas chromatography versus
the same sample analyzed by high-temperature gas chromatography. These chromatograms
illustrate the fact that in many samples, particularly waxy oils, a significant proportion of the
higher carbon numbered hydrocarbons may not be determined by conventional GC.
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Seifert [81] originally proposed the higher carbon number head-to-head compounds
were derived from archaebacteria (Figure 10.12). The higher carbon number regular
isoprenoids are also derived from bacteria but have also been reported to occur in
higher plant sources [82, 83].
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Figure 10.10: A conventional crude oil gas chromatogram. Note the presence of the isoprenoids,
pristane and phytane that elute adjacent to the n-C17 and n-C18 respectively. The majority of
biomarkers cannot be determined by GC alone and require the combination of GCMS for their
successful detection and identification.
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Figure 10.11: The cross plot of Pr/C19 versus Ph/C18 is commonly used to provide information
related to the source of crude oils along with information related to relative levels of
biodegradation and influence of maturity[79]. In can also be used to preliminary establish
relationships between families of oils.
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10.4.4 Terpanes

Terpanes are among the most widely studied family of biomarkers present in crude
oils. The terpane family includes bicyclic, tricyclic, tetracyclic, pentacyclic, and, to a
limited extent, hexacyclic compounds. Each of these exists as a homologous series
with varying numbers of members, isomers, and epimers. It is impossible to discuss
and review all of these compounds in a chapter of this nature, and therefore a num-
ber of key items of information will be included along with a number of important
references where additional information can be found.

10.4.4.1 Bicyclic terpanes (i.e., sesquiterpanes)

Sesquiterpanes are bicyclic terpanes in the C14–C16 range with a typical distribution
shown in Figure 10.13. The majority of these compounds have been identified with the
most commonly utilized compounds being the drimanes and eudesmane. The former
has been proposed to be derived from microbial sources and the latter from higher
plants [84]. These compounds are relatively volatile, and fractionation may lead to

Head-to-head

iC13-iC19

iC14-iC19

iC16-iC19

iC18-iC19

iC19-iC19

iC19-iC20

iC20-iC20

18 19 20 21 22 23 24 25 26 28 29 30 31
32

GC time direction

Carbon number
Regular
Head-to-head 33 35 37 38 39 40

33 34 35 36

iC18-iC20

Ob
se

rv
ed

 re
la

tiv
e 

in
te

ns
ity

m
 / 

e 
18

3

Regular

Figure 10.12: The isoprenoids, pristane and phytane, are easily determined by GC. However, use of
GCMS and monitoring the m/z 183 ion indicates the presence of a mixture of isoprenoids extending
to at least C40 as illustrated in this diagram [81]. Reproduced with permission from Seifert and
Moldowan [81] .
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their loss through volatilization, but with care they can also be used for correlation
purposes as well as providing limited source related information. Isomers have been
detected for the drimanes, but the use of changes in the isomer distributions as a ma-
turity parameter is very limited given one isomer for each compound exists once the
oil window is reached. As an example of how novel biomarkers continue to be discov-
ered, a study by Rodriguez and Philp [85] identified a novel sesquiterpene in oil sam-
ples from the Aman Trough, Indonesia, whose origin and significance remain to be
determined. However, its presence in oils derived from source rocks containing a sig-
nificantly higher plant content would suggest this novel compound is almost cer-
tainly a higher plant indicator.

10.4.4.2 Tricyclic terpanes (i.e., cheilanthanes)

Tricyclic terpanes are common constituents of most crude oils, although their relative
concentrations are highly variable and depend upon a number of factors. The source(s)
of tricyclic terpanes remain enigmatic, although suggestions regarding their origin
have been proposed, such as Tasmanites, but no precursor molecules have been unam-
biguously identified to date. The tricyclic terpanes exist as a homologous series from
C19 with reports [86] showing they could extend to C75, and possibly higher but in
most oils tricyclic terpanes to C29 are clearly evident and beyond that point they
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Figure 10.13: Sesquiterpanes are determined by GCMS and monitoring the ion at m/z 123. This
example from an Indonesian oil illustrates the typical mixture commonly observed in many crude
oils. The dominant components in many oils are drimane (C) and homodrimane (H) as well as
eudesmane (E). In this sample, a previously unreported compound was identified (Z). The structure
of this compound remains unknown but can still be used for correlation purposes.
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are overwhelmed by the hopanes (Figure 10.14). The higher carbon number mem-
bers of the series can be observed either through extensive fractionation [87] or
through the use of GCMSMS. In recent years many oils, particularly unconventional
oils, have been observed that are dominated by tricyclic terpanes with either no appar-
ent hopane content or very low relative concentrations of hopanes [88] (Figure 10.14).
A possible explanation for this involves preferential generation of hopanes over
tricyclic terpanes at lower levels of maturity leading to a depletion of residual ho-
pane precursors at higher levels of maturity. This in turn will lead to a predomi-
nance of tricyclic terpanes being generated at higher levels of maturity resulting
in the terpane fingerprint similar to that shown in Figure 10.15 [88].

Tricyclic Terpane

Tricyclic terpanes can exist as four possible stereoisomers at C13 and C14 and multiple
optical isomers. The stereochemical configurations are: 13α(H),14α(H); 13α(H),14β(H);
13β(H),14α(H); 13β(H),14β(H). Once the oil window is reached only one of the four se-
ries of stereoisomers is found to exist, namely, 13β(H),14α(H). The optical isomers
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Figure 10.14: The presence of terpanes in crude oils is monitored by the ion at m/z 191. This
example shows a typical terpane chromatogram which is generally dominated by tricyclic terpanes
and pentacyclic terpanes. Variations in the distributions of the individual compounds will occur as
a result of variations in source, depositional environments, maturity and biodegradation .
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result from the presence of optically active carbon atoms in the side chain starting
with the C25 member of the series. The first optically active carbon is C22 and then
every fifth carbon is an additionally optically active C atom. The absence of a known
source(s) precludes the use of these compounds for source determination but varia-
tions in relative proportions of individual homologs have been extensively used to ob-
tain information on the nature of the depositional environment and source rock
lithology. A comprehensive summary of the tricyclic ratios developed for use in
exploration studies can be found in the Biomarker Guide [10]. To illustrate these
applications two examples of the cross plots are shown in Figure 10.16a and b.
The second plot (Figure 10.16b) depicts a combination of a tricyclic terpane ratio
and a hopane ratio. Regions on these plots can be assigned to oils derived from
source materials deposited in certain depositional environments. The precursors
of the tricyclic terpanes remain elusive, but the divisions on the plots such as
these are based on numerous empirical observations involving many oils that have
been assigned to certain depositional environments using more source specific bio-
markers. This is also important since the source rock is unknown in many explora-
tion investigations, but using information derived from the oils it may grant insight
into the nature and characteristics of the source rock.
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Figure 10.15: There are a relatively small number of reports in the literature that show terpane
chromatograms dominated by the tricyclic terpanes. These distributions are thought to result from
preferential generation of hopanes at lower levels of maturity leading to a predominance of tricyclic
terpanes in oils generated at higher levels of maturity, particularly in unconventional reservoirs.
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10.4.4.3 Tetracyclic terpanes

Two groups of tetracyclic terpanes are commonly present in crude oils. The most
commonly reported tetracyclic terpane is the C24 17,21-secohopane which elutes ad-
jacent to the C26 tricyclic terpanes. Initially this compound was thought to be re-
lated to terrigenous source material [89] but is now interpreted as being indicative
of an oxic/sub-oxic depositional environment. It is also the most abundant member
of a homologous series of tetracyclic terpanes from C24 to C27 with C24 being the
most abundant and easily observable [90]. The C24 tetracyclic terpane can be seen
on the chromatograms shown in Figure 10.14, but the higher homologues are typi-
cally not visible in the m/z 191 chromatograms and require GCMSMS to be observed.

Tetracyclic Terpane

In addition to the secohopanes, several degraded C24 terpanes derived from higher
plant biomarkers such as oleanane and lupane have been reported in Tertiary age
oils that are known to be derived from source rocks containing abundant higher
plant source material [91]. Generally, these compounds are not used extensively for
source evaluation but in cases where the abundance of oleanane and lupane are rela-
tively low, the presence of these compounds may provide additional evidence for the
input of higher plant material.

10.4.4.4 Hopanes (i.e., pentacyclic terpanes)

The hopane family was one of the earliest families of biomarkers studied and uti-
lized in petroleum geochemistry [92]. A typical hopane distribution is shown in Fig-
ure 10.14. Generally, the hopanes are dominated by the C30 hopane and are present
as a series from C27 to C35. The C30 parent hopane hydrocarbon structure is shown
below. It has been firmly established this family of “regular” hopanes is derived from
functionalized precursors occurring in bacteria [93, 94]. In addition to the primary
series of hopanes, ranging from C27 to C35, and in some cases C40 [95], there are multi-
ple families of related compounds, including 30-norhopanes, 25-norhopanes, diaho-
panes, secohopanes, methylhopanes, hexacyclic hopanes, benzohopanes, rearranged
hopanes, and others [10]. Not all families of hopanes are present in every oil since
their presence will depend on a number of factors primarily related to maturity, depo-
sitional environment, and biodegradation. However, since they are all sourced from
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precursors present in bacteria, their use as source indicators is limited. Certain fami-
lies such as 25-norhopanes reflect episodes of biodegradation, 30-norhopanes, and
benzohopanes are both associated with carbonate lithologies, diahopanes, and other
rearranged hopanes are generally considered to indicate clay-rich shales. In addition,
many ratios involving individual hopanes have also evolved, such as the ratio of 18α
(H)-trisnorhopane/17α(H)-trisnorhopane (Ts/Tm) which can reflect both maturity
and/or depositional environment as well as being a useful correlation parameter [96];
17α(H)-norhopane(C29)/17α(H)-hopane(C30) when >1 is taken to indicate a carbonate
source. Within each family of hopanes there are multiple isomers and epimers which
have been incorporated into ratios that relative changes in maturity. Hopanes can
exist as four possible stereoisomers, but only two of these isomeric structures are
commonly observed in crude oils, namely, the dominant 17α(H),21β(H) series and
minor series of 17β(H),21α(H) moretanes. The other two series, 17α(H),21α(H) and 17β
(H),21β(H), are generally only observed in low maturity or immature source rock ex-
tracts, not oils. The most commonly used maturity parameters based on the hopanes
are the 22S/22S + 22 R ratio and the ratio of the 17α(H),21β(H)-hopanes/17β(H),21α(H)-
moretanes, both of which increase with increasing maturity. Another hopane pa-
rameter is commonly referred to as the homohopane index (Figure 10.17), which is
the ratio of the 22S and R epimers of each individual extended homohopane to the
sum of the total extended homohopanes: i.e., 22S + 22R-C35-pentakishomohopanes/22
S + 22R-C31–C35 extended homohopanes [97]. A comparison of these values can be used
to differentiate oils sourced from different organic facies. If the C35 homohopane ratio is
greater than the C34 homohopane ratio it is generally indicative of an oil derived from a
marine source rock deposited under highly reducing conditions (Figure 10.17) [98, 99].

Hopane 

17
21

The rearranged hopanes are one of the more underappreciated tools at a geochem-
ist’s disposal. Four series of rearranged hopanes have been identified since the 1970s
(Figure 10.18). The original series of rearranged hopanes, that has been known for
many years, would be the 18α(H)-neohopane series.

Originally, only the C27 member was identified, but now it is known that this fam-
ily exists as a homologous series ranging from C27 to C35 in a manner analogous to the
regular hopanes. The ratio of the C271α(H)/C2717α(H) (Ts/Tm) has long been used as a
maturity indicator if it is known the samples under consideration are from a common
source (Seifert and Moldowan, 1978). Alternatively, if a series of samples of similar
maturity are under investigation, then variations in this value reflect differences in
source and depositional environment. Initially only the C27 compounds were used
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for this purpose but in recent years the same ratio based on the C29 compounds has
been used to provide supporting data. The next series of rearranged hopanes to be
discovered was the 17α(H)-diahopanes with the C30 member being the most abun-
dant and first identified member of the series [89, 100]. As with the Ts series it has
now been shown to exist as a homologous series in the same manner as the regular
hopanes. The third series of rearranged hopanes has been tentatively identified as
9,15-dimethyl-25,27-bisnohopanes [101] after previously being observed, but not iden-
tified, by Farrimond and Telnaes [102] with the C30 member again being the most
abundant.

The final and generally least abundant family of rearranged hopanes is the 28-nor-
spergulanes (21-methyl-28,30-dinor-hopane) identified by Nytoft and others [103]. In
this series the C29 member is the most abundant member and although the complete
homologous series has not been identified, the C30 and C31 members have also
been identified. The 28-norspergulanes are present in a wide variety of oils, particu-
larly oils that also high relatively high concentrations of diahopanes and neohopanes.
The 28-norspergulanes have also been observed to be present in relatively high
concentrations in lacustrine oils from SE Asia. This series is typically determined
by monitoring the ion at m/z 369 rather than m/z 191 that is commonly used for
all the other hopane families.
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Figure 10.17: The homohopane indices are based on the relative concentration of an extended
homohopane relative to the total extended homohopanes. These values as shown can be plotted in
this manner to establish correlations within groups of oils. In addition, samples that have elevated
values of the C35 homohopane index relative to the C34 value typically result from organic material
deposited in highly reducing depositional environments, typically marine settings.
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Figure 10.18: Four series of rearranged hopanes have been detected in crude oils in recent years as
illustrated in these chromatograms. The four series include the 18ɑ(H)-neohopanes (Ts); the
diahopanes (DH), a so-called early eluting series of rearranged hopanes (EE) tentatively identified
as 9,15-dimethyl-25,27-bisnohopanes and the 21-methyl-28,30-dinor-hopanes (C29S). The first
three series can be determined using the ion at mass 191 and the fourth series requires the ion at
mass 369 for detection.
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For the most part these four series of rearranged hopanes co-occur in crude oils and
source rocks. In many oils the 28-norspergulanes are often present in very low concen-
trations and not readily detectable. The co-occurrence of these families of rearranged
hopanes is not exactly surprising since it has been proposed that are probably formed
through clay-catalyzed rearrangement reactions. Maturity also plays a role in their
presence but, in all probability, not in their actual formation. The rearranged hopanes
are more thermally stable than the regular hopanes and with increasing maturity the
relative concentrations of the rearranged hopanes will increase as a result of preferen-
tial degradation of the regular hopanes. A more recent paper has proposed that these
rearranged hopanes are formed under oxic conditions through oxidation of the methyl
group at C16 rather than through clay catalyzed rearrangement reactions. This proposal
was based on the occurrence of the rearranged hopanes in a section of the Xiamaling
Formation, North China Block, which was deposited under relatively oxic conditions
but their absence in an overlying unit deposited under highly anoxic conditions [104].

Multiple families of hopanes have been identified in crude oils, with two families
briefly described below in view of their widespread utilization. The first of these is the
25-norhopanes. These exist as a series from C26 to C34 similar to the regular hopane
series but with one carbon less as a result of the methyl group having been removed
from C10 in the hopane structure [105]. The origin(s) of this series has been debated
for many years as far back as the late 1970s. Initially they were associated with biode-
graded oils which in itself raised an interesting question as to whether or not these
compounds were formed during the biodegradation process. Alternatively, were they
a product of relative enhancement, whereby 25-norhopanes were derived directly
from the source material, albeit present in low concentrations, which were relatively
enhanced as other compounds were removed via biodegradation? Another issue with
their formation during in-reservoir biodegradation is the absence of any intermediates.
If the C10 methyl group is being removed during biodegradation, that methyl group
would initially need to be oxidized to a carboxyl group and subsequently removed via
decarboxylation. Only one report has ever documented hopanes with the carboxyl
group at the C10 position in crude oils [106]. There have been few reports of 25-
norhopanes in source rocks. One study several years ago reported a number of source
rock samples containing 25-norhopanes [72] and more recently a significant number of
Mississippian samples in the Anadarko Basin, Oklahoma, were reported to contain the
25-norhopanes [107]. Clearly the origin of these compounds has not been resolved. Re-
gardless of their exact origin there is one particularly interesting observation based on
these compounds related to mixing of crude oils. There are multiple examples where
the initial reservoir charge has been biodegraded leading to an enhanced 25-norhopane
fingerprint along with removal of the n-alkanes and other biomarkers resulting from
biodegradation. Following biodegradation of the initial charge, a second charge of oil
from the same or a different source enters the reservoir replenishing the n-alkanes as
well as the regular hopanes. Hence oils that contain both series of hopanes are com-
monly assumed to result from mixing of degraded and nondegraded oils (Figure 10.19).
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Methylhopanes are present in many oils, and rock extracts, particularly those
associated with carbonates, and occur as complex mixtures of the same isomers and
epimers observed for the regular hopanes. In addition, there are four possible series
of methylhopanes ranging from C28 to C36. The additional methyl group is located in
the A ring can be either in the second or third position plus it can either have the α or
β stereochemistry leading to a potentially very complex mixture of methylhopanes.
The major series is the 2α methyl hopanes which are typically dominant over the 3β
series with both series being monitored using the ion at m/z 205 [108]. There are
many co-elution issues but generally it is possible to see two major families when
present in varying concentrations (Figure 10.20). The presence of these compounds is
extremely useful for correlation purposes as a result of their complexity. Also, the
methylhopanes generally appear to be present in relatively higher abundance for oils
derived from carbonate source rocks. Possible precursors for these compounds, 2β-
methyldiplopterol and 3β-methylbacteriohopane have been detected in cyanobacteria
and methylotrophic bacteria [109], as well as more recently in α-proteobacteria [110].
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Figure 10.19: 25-Norhopanes are generally associated with biodegraded oils and determined using
the ion at mass 177 as a result of the loss of the C25 methyl group at C10.
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10.4.4.5 Other terpanes

The hopanes are the most widely utilized family of biomarkers present in crude oils
but it is important to mention two additional biomarkers that are frequently observed,
namely, 18α(H)-oleanane and gammacerane. The former has been traditionally associ-
ated with a source from higher plants, specifically angiosperms. 18α(H)-Oleanane was
one of the first biomarkers recognized as an indicator of higher plant material in
source rocks and crude oils [111–113]. Following the identification of 18α(H)-oleanane
it was proposed that possible precursors for this compound were present in angio-
sperms which led to the utilization of 18α(H)-oleanane as an age-dating biomarker as
well as a source indicator [114]. Since that time, it has been routinely assumed that the
presence of 18α(H)-oleanane can be taken to indicate the age of an oil, or source rock,
as Late Cretaceous or Early Tertiary given the coincident expansion and proliferation
of angiosperms. There are a few reported occurrences of 18α(H)-oleanane in samples
older than Late Cretaceous including: Middle Jurassic marine siltstones of Tyu-
men Formation from West Siberia, Russia; a Pennsylvanian coal ball from Illi-
nois, USA [114]; a Middle Jurassic Brora coal in Scotland [115]; Upper Permian
rock extracts from Guizhou Province, China [116]. More recently 18α(H)-oleanane
has been observed in a number of Mississippian and Pennsylvanian age source
rocks in the Anadarko Basin, Oklahoma [117]. Explanations for these early occurrences
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Figure 10.20: Methylhopanes are often present in oils derived from carbonate source rocks and
determined through the use of the ion at mass 205. The methylhopanes are typically present as
complex mixtures of both the 2α- and 3β-methylhopanes.
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of 18α(H)-oleanane are generally tentative but possibilities proposed by Moldowan
et al. [114] included: (i) a separate lineage leading to the angiosperms, such as stem-
angiophytes [118, 119], leaving a chemical signature long before plants with unmistak-
ably angiospermous features were preserved; (ii) related angiosperm sister groups that
may have had the capability to produce the precursors to 18α(H)-oleanane. Murray
and coworkers noted there are many oils of Late Cretaceous age devoid of oleanane
even though it is clear there was significant angiosperm input [120]. The explanation
being that in certain depositional environments, particularly marine, the oleanane
precursors will aromatize preventing the formation of oleanane. In certain cases, it
has been proposed that the presence of 1,2,7-trimethylnaphthalene can be formed
from the degradation of oleanane and possibly used to support the angiosperm input
[121–124].

Gammacerane is another very specific biomarker that was discovered many years
ago and initially proposed as a salinity indicator, particularly for lacustrine environ-
ments [125–127]. It has also been observed in many marine oils sourced from carbon-
ate or evaporitic source rocks and is thought to be derived from tetrahymanol [128,
129]. Subsequently, Sinninghe Damste et al. [130] and others proposed that gamma-
cerane was derived from bacterial ciliates which thrive in stratified water columns in
marine and non-marine environments commonly resulting from hypersalinity at
depth, leading to elevated levels of anoxicity in the water column. Stratified water
columns are often associated with elevated levels of salinity, although temperature
gradients in the water column may also lead to stratification. However, the presence
of gammacerane may still indicate elevated levels of salinity.

10.4.5 Steranes

10.4.5.1 Regular steranes

Alongside the hopanes, the steranes are another family of widely studied bio-
markers present in crude oils. It is well documented that steranes are derived from
their parent functionalized sterols [29]. Sterols are present in a wide variety of living
source materials and hence the steranes are very useful as indicators of source
input [131]. Some source specificity is lost during the transformation process (i.e.
diagenesis) since sterols from two different sources may simply differ in structure
by the position of a double bond. However, when two different sterols, of identical
carbon number are reduced to steranes they will share the same hydrocarbon struc-
ture/backbone. In spite of this shortcoming steranes can still provide a tremendous
amount of source information. In general, it is commonly assumed that C27 steranes
are primarily derived from phytoplankton or marine algal sources, C28 steranes
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primarily from lacustrine sources and C29 steranes, initially thought to be derived
from higher plant sources, were subsequently shown to also have sources related to
an algal input [131]. In more recent times, rather than trying to relate sterane distribu-
tions to specific source input, more emphasis has been placed on ternary diagrams to
show relative proportions of C27/C28/C29 steranes for correlation purposes and use the
distributions on the plots to get a general idea of major source input (Figure 10.21).
Steranes have two important stereochemical centers and can exist as two major series
of stereoisomers in crude oils, namely, 14α(H),17α(H) and 14β(H),17β(H), and each of
these can exist as the 20S and 20R epimers. Steranes also exist as diasteranes, or re-
arranged steranes, which can also exist as a number of stereoisomers and epimers.
This leads to the possibility of a very complex mixture of steranes and diasteranes
plus isomers and epimers in a crude oil which can be very useful for oil/oil and oil/
source rock correlations (Figure 10.21).

As with many families of biomarkers, biodegradation removes individual compounds
in a very systematic and reproducible manner. The order of removal is C27, C28 and
then C29 steranes, with each member of the series the 20R epimer is removed at a
faster rate than the 20S epimer and the αα isomers more rapidly than the ββ isomers.
The common theme observed with biodegradation of individual biomarkers is that
the isomer with the naturally occurring configuration (i.e., 20R and αα) is removed
more rapidly than those with the configuration obtained after diagenesis and matura-
tion (i.e., 20S, ββ and diasteranes). Heavily biodegraded oils are often characterized
by an absence of regular steranes and a predominance of diasteranes, which have no
naturally occurring precursors. If necessary, the relative proportions of the C27, C28,

Figure 10.21: Steranes in crude oils are generally dominated by a complex mixture of steranes
ranging from C27 to C30 and detected by monitoring the ions at mass 217 and/or 218. The sterane
distributions will vary as a result of differences in source, maturity, depositional environments, and
lithology. Ternary diagrams are generally used for correlation purposes as illustrated in this diagram.
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and then C29 diasteranes can also be utilized for source correlation purposes in these
heavily degraded oils (Figure 10.22).

Steranes

In addition to the source information recorded by the C27 to C29 regular steranes, the
24-n-propylcholestanes (C30) are used extensively as unique indicators of marine
source input [132]. The lower carbon members of the regular sterane series, pregnanes
(C20–C22) are commonly assumed to be formed by side chain cleavage of the C27–C29
steranes with increasing maturity. It has also been observed that extracts or oils de-
rived from hypersaline-related sources will often contain relatively high concentrations
of the lower carbon numbered steranes along with relatively high concentrations of the
ββ steranes even in samples of relatively low maturity [133]. In that situation, the C20–
C22 steranes are source/depositional environment related rather than maturity related.

The fact that steranes can occur as a number of isomers and epimers means
that they can also address questions pertaining to maturity. The two most widely
used maturity parameters are generally determined from the C29 sterane isomers
and epimers since all four of these compounds are completely resolved chromato-
graphically (Figure 10.22) The two ratios are:

14α(H),17α(H)20SC29/14α(H),17α(H)(20S + 20R)C29 and

14β(H),17β(H)(20S + 20R)C29/(14β(H),17β(H) + 14α(H),17α(H))20S + 20RC29.

Both of these ratios increase with increasing maturity until they reach their equilib-
rium values in the middle of the oil window. At that point in some samples a turnover
effect has been observed as the ratios actually start to decrease again following the
more rapid aromatization of the 20S epimer compared to the 20R epimer [134]. It is
very challenging to relate these molecular maturity parameters to the more conven-
tional and widely used vitrinite reflectance values. Maturity parameters change as a
result of very specific chemical reactions which will occur at different rates. Even the
increase in vitrinite reflectance is related to a chemical reaction that increases the
level of aromatization of the vitrinite maceral and hence its ability to reflect light.
These reactions will, in most cases, proceed at different rates and therefore one sam-
ple that has a 20S/20S + 20R value of 0.56 and vitrinite reflectance value of 0.7% may
not necessarily show the same relationship in a second sample matured to the same
level but from a different depositional environment. Caution must be exercised not to
over interpret these values. They provide valuable information related to relative
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maturity levels and also reliable indications as to the maturity level of a sample in
terms of whether it is immature or in the oil or gas window.

10.4.5.2 Mono and triaromatic steroid hydrocarbons

The steranes described above are derived, via a few intermediates, directly from
sterols occurring in the original source material. Continued diagenesis and matura-
tion will lead to the formation of mono- and triaromatic steroid hydrocarbons.
Since these aromatized compounds are formed from the steranes it is natural to as-
sume the relative proportions of the individual compounds will be similar to the
relative proportions of the saturate steranes. The use of the sterane ternary diagram
to obtain source information was described above and a similar approach can be
used based on the relative proportions of the monoaromatic steroid hydrocarbons
(Figure 10.23). This approach is preferred in some cases since the aromatization pro-
cess leads to fewer possible isomers making the resulting mixtures less complex
and somewhat easier to interpret. A similar approach is possible with the triaro-
matics where the number of isomers is even lower producing less complex finger-
prints (Figure 10.24). In addition to the “regular” triaromatic steroid hydrocarbons
there are a number of additional series of triaromatic steroid hydrocarbons that have
been used for a variety of applications. Included in these series are the dinosteroids,

Diasteranes 

C30

C27 C29

m/z 217 

Figure 10.22: Biodegradation of crude oils removes compounds in a very specific manner. For the
regular steranes the order of removal is C27 then C28 then C29. The regular steranes are also
removed faster that the rearranged steranes or diasteranes as illustrated in this chromatogram.
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which differ from the conventional triaromatic steroid hydrocarbons in terms of the
side chain structure. The dinosteroids are indicators of a source contribution from di-
noflagellates and as such these compounds have been widely utilized as age dating
biomarkers. The presence of dinosteroid aromatic hydrocarbons paralleled the evolu-
tion of the dinoflagellates in the Triassic. Later studies showed the presence of these
compounds in Paleozoic rock extracts where it was rationalized they are derived from
ancient analogues of dinoflagellates, namely, achritarchs [135–137].

Apart from their use in providing source correlation and age dating information
on the ternary plot, an additional application of the mono- and triaromatic steroid
hydrocarbons is their use as relative maturity parameters. The aromatized steranes
do occur as stereoisomers and epimers with the following isomers typically occurring
in most crude oils. The monoaromatic steroid hydrocarbons can occur as the 5α or 5β
stereoisomers as well as the 20S and 20R epimers. There is also an optically active
carbon atom at C24 but the S and R epimers at that carbon center are generally not
separated on most commonly used GC columns. For the triaromatic steroid hydrocar-
bons there are no stereochemical centers remaining as a result of the aromatization
and only the possibility of 20S, 20R, 24S, and 24R epimers being present. It should be

m/z 253

Figure 10.23: Monoaromatic steroid hydrocarbons are detected by the ion at mass 253. These
compounds can be used for source correlation based on ternary diagrams similar to those shown
for the regular steranes. In addition, the ratio of the lower carbon numbered monoaromatic steroid
hydrocarbons (peaks 1 and 2) to the total monoaromatic steroid hydrocarbons (peaks 1–14)
concentrations is commonly used as a maturity indicator.
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noted again that as with the monoaromatic steroid hydrocarbons, the 24S and 24R
epimers are generally not separable on commonly used chromatographic columns.

The mono-and triaromatic steroid hydrocarbon maturity parameters are not based
on these isomers but are derived from relative proportions of short chain (MAI and
TAI) relative to the longer chain components (MAII and TAII). These are based on the
concept of side chain cracking where the relative proportions of the shorter chain com-
ponents will increase with increasing maturity. These maturity parameters are ex-
pressed in a similar manner for both the mono (MA)- and triaromatic (TA) components,
namely, MAI/(MAI +MAII) and TAI/(TAI + TAII) where MAI and TAI correspond to the
shorter chain components and MAII and TAII to the higher carbon number compo-
nents. As mentioned above, these molecular maturity parameters are challenging to
correlate with measured vitrinite reflectance values. They do provide a good indication
of the relative maturity levels when evaluating a family of oils, from a common source
to determine whether or not there are significant variations in maturity across a field.
Such maturity trends could indicate possible fill direction in conventional reservoirs
[66]. In a conventional reservoir, it is proposed that reservoirs are initially filled with
the lowest maturity oils and as filling continues the continual subsidence of the source
rock leads to increased thermal stress and more mature oils. Therefore, in the absence
of homogenization in the reservoir, there will be a maturity gradient across the reser-
voir, with the oils closest to the source kitchen being most mature and those farthest
from the kitchen being least mature.

26-
20S

R

29-20R

28-20R

28-
20S

26-20R
27-20S

27-20R

29-20S

2

2

2

m/z 231  

C20100000

90000

80000

70000

60000

50000

40000

30000

20000

10000

0
56.00 57.00 58.00 59.00 60.00 61.00 62.00 63.00 64.00 65.00 66.00 67.00 68.00 69.00 70.00 71.00 72.00 73.00 74.00

 

Figure 10.24: The triaromatic steroid hydrocarbons are detected by the mass 231 and the major use
of these compounds is as a maturity parameter based on the relative proportions of the C20–C22
lower carbon member to the total triaromatic steroid hydrocarbon content (C20–C29).
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10.4.5.3 Other steranes

In addition to the above-mentioned families of steranes that are used extensively in
exploration studies, methylsteranes are another very complex family of biomarkers
that occur in oils of all ages in varying proportions and distributions. As with the
regular steranes, methylsteranes can also occur with the same variations in stereo-
chemistry and optical isomers and as a homologous series from C28 to C30. Adding
to the complexity is the presence of the methyl group in the A ring which can be in
the second, third, or fourth position as well as in the α or β configuration. The meth-
ylsteranes are not used as extensively as the regular steranes but can be used to
provide source-related information [126, 139–141].

One C30 sterane, which has the additional methyl group not in the A ring but
on the side-chain, is dinosterane. This sterane, and its related isomers and epimers,
are derived from sterols occurring in dinoflagellates. It has been used as an age dat-
ing biomarker and primarily as a marine source input indicator [142].

Methylsteranes Dinosterane

10.4.6 Methylated chromans

Methyltrimethyltridecylchromans (MTTCs), when present, are typically relatively
abundant constituents in the aromatic fractions of source rock extracts and, to a
lesser extent, oils. While the presence and distribution of MTTCs is often used as an
indicator for elevated paleosalinity and stratification [143–145], there is some evi-
dence MTTC distribution may be partially affected by maturity [146–148].

Methyltrimethyltridecylchromans (MTTCs) comprise a chroman head group and
an isoprenoid chain, identical in structure to the tocopherols except the MTTCs lack a
hydroxyl group at C-6 as shown in the structures below. Like the tocopherols, the
chroman head group may be mono-, di-, or tri-methylated, producing mono-, di-, and
tri-methyl MTTCs that exhibit major fragments at m/z 121, 135, and 149, respectively.
5, 7, 8-Trimethyl MTTC is typically the most abundant MTTC in source rocks and oils.
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8-MeMTTC

5,8-MeMTTC

7,8-MeMTTC

5,7,8-MeMTTC

The MTTCs were first identified in a suite of rock/sediment extracts and oils span-
ning the Permian to Pleistocene, initially suggested to represent paleohypersalinity
when dominated by the mono- and dimethyl variants [143]. Over the years, an asso-
ciation with hypersalinity remains, yet it is important to review the supporting evi-
dence for this interpretation given the continued enigmatic origin of these compounds.
Naturally, the derivation of MTTCs directly from an organism or the formation of
MTTCs from a biological precursor molecule is a function of the depositional environ-
ment, so attendant biochemical conditions in hypersaline environments should be
kept in mind throughout the following discussion.

Early work associated the MTTCs with hypersalinity by comparing the occurrence
and relative proportions of specific MTTCs with other biomarker signatures (e.g., low
Pr/Ph, even-odd n-alkane predominance, high C34 or C35 relative to C31–C33 homo-
hopanes), which at the time were presumed to be strong indicators for hypersalinity
[149] to establish “hypersaline” and “nonhypersaline” conditions [143]. Further ob-
servations of the co-occurrence of MTTCs and hypersaline deposits were reported
[144, 150], but were purely based on empiricism and somewhat contradictory. This
may partly reflect preservation biases inherent to contrasting lithologies, but pri-
marily is an artifact arising from the unknown source of the MTTCs. More recent
work continues to develop empirically founded proxies for paleosalinity using the
MTTCs [151] and attribute MTTC occurrence and distributions to elevated salinity or
density stratification [145, 152].

Understanding the geochemical significance of MTTCs is entirely reliant on em-
pirical observations, as reviewed above, due to the ongoing uncertainties surround-
ing their origin. When first discovered, the MTTCs were thought to be produced by
non-photosynthetic bacteria [143], then revised to originate from photosynthetic
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origins, possibly algae [144]. Subsequent work proposed a formation pathway of
MTTCs via condensation reactions between phytol and alkyl phenols from higher
plants [153], although the occurrence of MTTCs in an early Cambrian crude oil com-
plicates this theory [154]. Carbon isotopic analysis of MTTCs revealed a common
source for the mono-, di-, and trimethyl variants, comparable to pristane and phytane
carbon isotopic values, but differing from sterane carbon isotopic compositions [155].
Thus, MTTCs are not a true “biomarker,” but still retain value in exploratory applica-
tions due to an under constrained depositional context (i.e., stratified and/or hyper-
saline environments [144]), wide temporal distribution (predominantly Permian and
younger [143]), and resistance to elevated levels of thermal stress [145, 146, 156].

The utility of MTTCs will primarily lie in oil–source and oil–oil correlations and
source facies prediction and delineation. Hydrous pyrolysis (i.e., artificial maturation)
of immature samples demonstrated the thermal stability of MTTCs, with increasing
concentrations observed throughout the experiments [145]. These experiments, com-
bined with numerous reports of MTTCs in the liquid hydrocarbon phase (i.e., oil), un-
derscore the ‘survivability’ of these compounds during catagenesis. In addition,
MTTCs may serve as a useful age dating tool, albeit relatively broad. Although MTTCs
are observed in late Devonian source rocks and oils [145, 157], as well as an isolated
occurrence in an early Cambrian oil [154], the majority of MTTC reports range from
Permian to Pleistocene [143]. Therefore, it can be presumed any oil possessing MTTCs
was likely derived from a source rock of Permian or younger age, but comparison
with more robust biomarker age dating proxies (e.g., relative abundance of ergo-
stanes to stigmastanes [158]) is encouraged.

The most valuable aspect of MTTCs as an oil–source and oil–oil correlation tool
is the association of these compounds with a specific environmental condition, hy-
persalinity or density stratification. Comparison with additional geological and/or
geochemical proxy data may assist in the refinement of candidate source intervals
for a produced oil. If one considers the basin geometry and climatic state required
to produce hypersaline conditions, further refinement of potential source rocks
comes into focus. The MTTCs, although an orphan biomarker, possess the requisite
characteristics to supplement more conventional biomarkers employed in oil–oil
and oil-source investigations.

10.4.7 C40 aromatic carotenoids

The C40 aromatic carotenoids may exhibit variable concentrations in oils depending
on the depositional environment and maturity associated with the source. If specific
environmental conditions are present (see below), carotenoids may be one of the
most dominant compounds in the aromatic fraction, with identification relatively
straightforward from a simple GC run due to the late eluting time of carotenoids
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relative to other aromatics. However, maturity will adversely affect carotenoid con-
centrations via degradation to aryl isoprenoids and other breakdown products.

The C40 aromatic carotenoids may be composed of two trimethylated aromatic
rings linked by a C20 isoprenoid chain (e.g., isorenieratane, renieratane, renierapur-
purane, paleorenieratane) or a single trimethylated aromatic ring with an isoprenoid
tail (e.g., okenane, chlorobactane); all degradation products of the diagnostic pig-
ments (e.g., isorenieratene → isorenieratane) of photoautotrophic sulfur oxidizing
bacteria and, in some instances, cyanobacteria (Figure 10.25) [142, 159, 160]. Methyl-
ation patterns vary on the aromatic rings, differentiating one carotenoid from an-
other, but this does not affect the predominant, diagnostic fragments of these
compounds at m/z 133 and 134. Further degradation of the intact C40 structure will
produce a series of aryl isoprenoids also identified by these fragment ions [142].

As previously mentioned, the C40 aromatic carotenoids have been linked to sul-
fur oxidizing bacteria, such as the Chromatiaceae (purple sulfur bacteria, PSB) and
Chlorobiaceae (green sulfur bacteria, GSB), which conduct anoxygenic photosyn-
thesis in sulfidic (i.e., euxinic) waters [159]. In addition, early work attributed some
carotenoids (renieratene and renierapurpurin) to sponges [161–163], but this was
later associated with bacterial symbionts [164], specifically cyanobacteria [160].
Therefore, the presence of certain carotenoids (okenane, chlorobactane, isoreniera-
tane) signify the presence of sulfidic waters in the photic zone during deposition
(i.e., photic zone euxinia, PZE; Figure 10.25), while other carotenoids (reineratane
and renierapurpurane) are likely not indicative of PZE and instead represent the oc-
currence of cyanobacteria.

Okenone

Chlorobactene

Isorenieratene

Paleorenieratene

Renieratene

Renierapurpurin

Okenane

Chlorobactane

Isorenieratane

Paleorenieratane

Renieratane

Renierapurpurane

Figure 10.25: Aromatic carotenoids commonly observed in source rocks and oils and biosynthetic
precursors.
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In correlation assessments, any trait of the depositional environment that can
be extracted from the chemical composition of an oil is critical. However, a bio-
marker or compound related to an environmental phenomenon requiring a specific
set of paleoclimatic conditions is a powerful tool. Photic zone euxinia (PZE) is one
such phenomenon whereby hydrogen sulfide permeates the euphotic zone, creating
the ideal conditions for anoxygenic photosynthesis by sulfur oxidizing bacteria
[165]. The relative vertical extent of the chemocline (the boundary between oxygen-
ated and euxinic waters) may be inferred by the occurrence and distribution of
certain aromatic carotenoids, specifically okenane, chlorobactene and isoreniera-
tane (Figure 10.26). This is an artifact of the biological associations of these three
biomarkers, with okenane derived from PSB that occupy the shallowest depths
(i.e., requires the most light) of the three strains, while isorenieratane linked with
the brown GSB is indicative of likely deep PZE restricted to the basal euphotic zone
or low-light conditions within the upper chemocline [166–169]. Therefore, the sole
occurrence of PZE-associated carotenoids in an oil may be sufficient to conduct an
oil-source correlation if there is only one known source facies containing these
biomarkers. Even if multiple source facies exist possessing evidence for PZE, con-
trasting carotenoid distributions may still be sufficient to differentiate between each
source. This is due to the fact varying carotenoid distributions are indicative of varying
chemocline depths sensitive to specific paleoenvironmental factors (basin configura-
tion, water depth, proximity to shoreline, circulation, etc.) that are unique to each
source facies. Maturity contrasts between source intervals is not a concern, as increas-
ing maturity will not affect the methylation patterns on the aromatic rings. However, if
only trace amounts of isorenieratane are detected alongside high concentrations of re-
nieratane and renierapurpurane, then it is likely the carotenoids are indicative of cya-
nobacteria and not sulfur oxidizing bacteria [160]; thus, an interpretation of PZE is not
appropriate. Recent work by Cui et al. [160] highlighted the ability for cyanobacteria to
produce certain aromatic carotenoids, and while this primarily shifted the interpreta-
tion of Precambrian oceans, it is important to note given the occasionally high ratios
of renieratane + renierapurpurane/isorenieratane observed in the Phanerozoic. Lastly,
while paleorenieratane remains an orphan biomarker, the co-occurrence of this aro-
matic carotenoid with isorenieratane and other carotenoids indicative of PZE, as well
as an enriched carbon isotopic composition indicative of reverse TCA (used by the
Chlorobiaceae) [170], suggests derivation from an unidentified extant or extinct sulfur
oxidizing bacteria [171–173].

The C40 aromatic carotenoids, as formerly outlined, possess excellent potential in
oil–oil and oil–source correlations. However, simply the detection of these biomarkers
in an oil produced from an exploratory well in a frontier basin may suggest the pres-
ence of a mature, organic-rich source rock(s). The establishment of PZE will enhance
organic matter preservation through sulfurization and a reduction of the oxidizing
(i.e., degrading) portion of the water column [174, 175]. While this does not promise
the development of a prolific play, it does hint at a source facies characterized by
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above-average organic carbon sequestration, which may lead to a prolific source rock
if other criteria are met (e.g., thickness). The utility of aromatic carotenoids is compro-
mised by increasing maturity though, with carotenoids rarely preserved as C40 struc-
tures past the early to middle oil window (Figure 10.27), although this could be a
result of preferential expulsion [176, 177].

Regardless, it seems beyond the middle oil window the concentrations of aro-
matic carotenoids decline dramatically, necessitating use of the aryl isoprenoids.
Aryl isoprenoids are further degradation products of the original carotenoids pro-
duced by photosynthetic bacteria [142]. Compound-specific isotopic analysis (CSIA)
is necessary to confirm the origin of aryl isoprenoids, with an enriched signature
often indicative of GSB [142, 178]. Therefore, in more mature source rocks and oils,
aryl isoprenoids may substitute for the precursor aromatic carotenoids.
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Figure 10.26: Paleoenvironmental significance of aromatic carotenoids preserved in source rocks
and oils. Note how carotenoids originate from distinct depths in the water column, enabling a
qualitative assessment of the relative depth of the chemocline and vertical extent of photic zone
euxinia.
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10.4.8 Diamondoids

The first diamondoid, adamantane, was discovered in crude oils in the early 1930s179.
In recent years the range of diamondoids has been extended into higher molecular
weight regions [180, 181]. Diamondoids cannot be specifically thought of as authentic
biomarkers since they are not directly related to any precursor(s) occurring in living
sources of organic matter. It has been previously proposed that these compounds are
derived via thermal alteration reactions involving clay minerals and various com-
pounds derived from sterols and triterpenoids [182]. However, their widespread
occurrence and utilization in recent years as well as their suspected origin from
authentic biomarkers makes it appropriate to include them in a chapter of this na-
ture. In recent years a far more extensive literature has appeared on these com-
pounds due to the ability to detect the compounds by GCMS as well as using
GCIRMS to determine the isotopic composition of individual diamondoids. The
first compound identified was adamantane but more recent work has shown that
members of the homologous series include diamantanes, triamantanes, tetraman-
tanes, pentamantanes, and hexamantanes [183–185]. With increasing carbon num-
ber, the number of potential isomers also increases with polymantanes containing 4,
5, and 6 repeated adamantane units have 3, 6, and 17, isomers, respectively [186].

Using 2D gas chromatography coupled to time-of-flight mass spectrometry (GC/
GC-TOF-MS), over 100 compounds of adamantane, diamantane, and triamantane
have been identified [8, 187]. Each homolog in the series can also occur as multiple
isomers, primarily differing the positions of methyl and ethyl substituents located
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Figure 10.27: Effects of thermal maturity on aromatic carotenoid concentrations. Note how the
Woodford Shale extract possesses relatively high concentrations of aromatic carotenoids
compared to Woodford oils subjected to varying levels of thermal stress.
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around the ring structures. The resulting complexity of the diamondoid distribu-
tions results in fingerprints that can be used for correlation purposes. These com-
pounds are thermally very stable and very resistant to biodegradation and as a
result are often present in relatively high concentrations in very light oils and con-
densates as well as biodegraded oils.

A number of maturity parameters have been developed based on various lighter
members of the series. One of the earliest parameters that was correlated with vitri-
nite reflectance was proposed to be particularly useful for very mature samples
where the majority of more conventional biomarkers had either reached equilibrium
or started to be subject to thermal degradation [188]. The two maturity parameters
proposed by Chen et al. [188] that have been correlated with vitrinite reflectance are:

Methyl adamantane index I, MAI = 1-MA/(1-MA + 2-MA)

Methyl diamantane index II, MDI = 4-MD/(1-MD + 3-MD + 4-MD)

Diamondoids have also been used to monitor the extent of thermal cracking of a crude
oil along with the possibility of determining whether in-reservoir mixing has occurred
between thermally cracked oils and conventional uncracked oils. This approach is also
referred to as the quantitative diamondoid analyzes (QDA) [189]. Dahl and others [190]
developed QDA based on changes in sterane and diamondoid concentrations that
occur with increasing maturity. QDA has been used to re-evaluate many basins, particu-
larly deep basins, and has shown in many cases, that oils in those basins are mixtures
of thermally cracked oils and conventional oils from deeper sources. It is well docu-
mented that steranes concentrations decrease with increasing maturity and Dahl and
others [190] noted an increase in diamondoid concentrations with increasing maturity
after the sterane concentrations had basically decreased to virtually zero. The cross plot
developed from these observations is shown below and the general trend for increasing
maturity and cracking is shown (Figure 10.28). If the oils plot off the maturity trend it
indicates mixing has occurred and possibly the extent of mixing that has occurred.

In addition to the QDA process described above, Moldowan et al. also intro-
duced another approach referred to as the quantitative extended diamondoid ana-
lyzes (QEDA) [188]. This approach uses the quantitative homolog distributions of
the higher polymantanes, triamantanes, tetramantanes, and pentamantanes for oil/oil
correlations. Such an approach has the advantage over using conventional biomarkers
for oil/oil correlations in that it can be applied to oils at maturity levels where con-
ventional biomarkers would be thermally degraded. Differences in the distributions of
the polyamantanes result from differences in sources and maturity. If end members are
available it will also be possible to determine the extent of mixing in many cases par-
ticularly where it is also possible to determine the carbon isotope values for individual
polyamantanes [189].
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In an earlier application Schulz et al. [191] used the following diamondoid ratios
to distinguish between Type II carbonate, Type II marine siliclastic, and Type III
organic facies:

Dimethyl diamantane index 1(DMDI-1) = 3,4-DMD/(3,4-DMD + 4,9-DMD)

Dimethyl diamantane index 2(DMDI-2) = 4,8-DMD/(4,8-DMD + 4,9-DMD)

Ethyl adamantane index (EAI) = 2-EA/(2-EA + 1-EA)

These ratios were originally developed using source rocks but were also applied to
oils in order to differentiate oils derived from different source facies. A similar ap-
proach was proposed by Wilhelms et al. [192].

Based on the distribution of diamondoids from eleven oil samples, Gordadze
[193] noted that the relative content of adamantane and alkyl substituted homo-
logues could be used to distinguish marine oils and terrestrial oils as well as geo-
logic age of the oils. Marine oils were observed to have a C13 adamantane content
below 25%, whereas terrestrial oils contained approximately 15% C11 adamantane
and approximately 47% C12 adamantane. Proterozoic oils were distinguished by low
concentrations of C13 adamantanes (23%), high concentrations of the C12 adamantane
(58%) and a relatively high C29 sterane concentration relative to total steranes (85%).
It does not appear this has been used extensively as a source indicator and caution
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Figure 10.28: The cross plot between stigmastane concentrations and diamondoid concentrations
has been used to indicate the extent of cracking of a crude oil. Mixing of unaltered oil and
thermally cracked oil can also be detected on this plot, since a mixture of such oils will tend to plot
in the region toward the center of the plot depending on the extent of the mixing.[190].
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needs to be exercised if it is applied due to the fact the original sample set only was
only comprised of eleven samples. Finally, it should be mentioned that the diamond-
oids are very resistant to biodegradation and can be used to correlate biodegraded
and nondegraded oils [194]. In the case of oils being impacted by thermochemical
sulfate reduction and production of copious quantities of H2S, it has also been ob-
served that a wide array of thiadiamondoids will be produced and used as indicators
that TSR has occurred [9, 195, 196].

10.4.9 Polycyclic aromatic hydrocarbons (PAHs)

10.4.9.1 PAHs as indirect indicators of source input

The majority of compounds mentioned above can be thought of as authentic bio-
markers. In other words, there is a clearly defined precursor present in living systems
that can be readily related to a hydrocarbon moiety present in the oil. Polyaromatic
hydrocarbons (PAHs) may not show a direct structural relationship with functionalized
precursors but can be related to specific biomarkers through a series of alteration or
aromatization reactions. A classic example of this would be the phenanthrenes. While
there are no functionalized precursors of phenanthrenes in the sedimentary record,
these compounds are indirectly derived from steranes which, in turn, are derived from
sterols. It is well documented that with increasing maturity, steranes will aromatize
and initially produce C-ring monoaromatic steroid hydrocarbons, followed by triaro-
matic steroid hydrocarbons and ultimately phenanthrenes. While specific source infor-
mation may no longer be available from these second or third level biomarkers,
significant information, such as maturity, may still be available [13, 121, 197]. In addi-
tion, the fingerprints ranging from the parent compound, such as naphthalene or
phenanthrene, along with their alkylated analogues may also provide complex finger-
prints that are useful for correlation purposes as illustrated below.

PAHs typically result from diagenetic and catagenetic reactions that transform
olefinic and naphthenic precursors into complex mixtures of PAHs [198–200]. Several
methylated naphthalenes and phenanthrenes, such as 1,2,5-trimethylnaphthalene, 9-
methylphenanthrene, and 1,7-dimethylnaphthalene have been shown to originate
from aromatized terpenoids or steroids [172, 201]. PAHs in sediments may also result
from incomplete combustion of organic matter during forest fires [202–204], warfare
[205], agriculture [206], and human industrialization [207]. PAHs such as benzo(a)
pyrene are highly carcinogenic and persistent in the environment as well as in crude
oils [208–210]. Several aromatic compounds, notably benzo(a)pyrene, benzo(e)pyr-
ene, and benzo(ghi)perylene, have been linked to paleo-wildfires [211, 212]. Benzo(e)
pyrene has also been attributed to reworked algal kerogen [213, 214] but since it gen-
erally follows the same distribution as benzo(a)pyrene and benzo(ghi)perylene, it is
probably derived from a combustion source. The distributions of benzo(a)pyrene (B
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(a)P), benzo(e)pyrene (B(e)P), and benzo(ghi)perylene (B(ghi)Per) can be determined
by GCMS and monitoring the ions atm/z = 252 + 276 (Figure 10.29).

Perylene is another individual PAH of interest since numerous sources have been
proposed for its origin [215]. Possible sources include perylene quinone pigments in
modern plants [216], fungi [217], crinoids [218], and insects [219]. Itoh et al. [220]
proposed that dihydroxyperylene-3,10-quinone (DHPQ) is the parent compound of
perylene and suggested that Cenococcum geophilium Fr. actively produces DHPQ
in sediments. While some fungal communities in the marine environment may be
contributors of perylene [221], fewer than 2% of fungi are aquatic [222], and are
unlikely exclusively produce perylene in marine sediments and related oils.

10.4.9.2 Naphthalenes and phenanthrenes and alkylated derivatives

The complex fingerprints of naphthalenes and phenanthrenes and related alkylated
components are useful for correlation purposes and other sources of information.
These two families of compounds are often the most abundant aromatic compounds
in crude oils and can be readily determined by GCMS. For the naphthalenes the ions
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Figure 10.29: PAHs such as benzo(e)pyrene, benzo(a)pyrene, perylene, and benzo(ghi) perylene are
shown in this chromatogram having been monitored by the ions at mass 252 and 276.
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monitored are m/z 128, 142, 156, 170, 184, 198, and 212 and for the phenanthrenes the
corresponding ions are m/z 178, 192, 206, 220, 234, and 248 (Figure 10.30). Certain
individual naphthalenes have been identified as possible degradation products re-
lated to oleanane, and various naphthalenes and phenanthrenes have been incorpo-
rated into maturity parameters. Furthermore, certain ratios have been linked to
samples of specific geologic ages. The ratio of 1,2,8-trimethylphenanthrene/total
phenanthrenes was shown to be relatively high in Permian and Devonian ex-
tracts compared to carboniferous extracts. A cross plot of the log1,2,5-/1,3,6-tri-
methylnaphthalenes versus 1,2,7- /1,3,7-trimethylnapthalenes was also of use is
distinguishing a number of extracts from a variety of Permian and Carboniferous
samples[122]. The relative abundance of 1,2,7-TMN over 1,2,5-TMN indicates an
early oil window oil or immature extract [121, 223]. High concentrations of these
compounds in younger sediments (Cretaceous-Recent) have been related to aro-
matization of β-amyrin and oleanane-type triterpenoids in angiosperms [121].
Armstroff et al. [122] suggested a strong presence of 1,2,7-TMN and 1,2,5 TMN may
be related to gymnosperm resins [224], hopanoid precursors [172, 225], or both.
Relative concentrations of these alkylnaphthalenes have been observed to follow
the relative abundance of cadalene reinforcing the notion that these aromatic
compounds are possibly related to gymnosperms and terrigenous input to the de-
positional system during the alternating parasequences [226].

The susceptibility of alkylnaphthalenes to biodegradation typically decreases
with increasing number of alkyl substituents [227, 228]. The biodegradation of alkyl-
naphthalenes can be monitored using three ratios developed by Fisher et al. [229]:
dimethylnaphthalenes (DBR; 1,6-dimethyl-naphthalene/1,5-trimethyl-naphthalene),
trimethylnaphthalenes (TBR; 1,3,6-tri-methylnaphthalene/1,2,4-trimethyl-naphtha-
lene), and tetramethylnaphthalene (TeBR; 1,3,6,7-tetramethyl-naphthalene/1,3,5,7-
tetramethylnaphthalene). According to Fisher et al. [229] all three of these ratios
should decrease with additional levels of biodegradation.

In previous studies [230, 231], it was proposed that phenanthrene was derived from
combustion of ancient land vegetation. Several specific alkylphenanthrenes have been
attributed to alternative sources, such as pimaric acid for 1,7-dimethylphenanthrene
[232] and bacteria for tetramethylphenanthrenes [233]. The phenanthrene/methyl-
phenanthrene ratio has been utilized as a proxy for weathering and as a source param-
eter for PAHs [123, 124, 197]. Hydrocarbons generated from combustion sources would
show values greater than 0.5 for this ratio [234, 235]. An increase in methylphenan-
threne concentrations could be indicative of paleoweathering if sedimentary methyla-
tion is the dominant mechanism for their generation [231, 236].
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10.4.9.3 PAHs as maturity indicators

The most widely used maturity parameter derived from the PAHs would be the meth-
ylphenanthrene index [197, 237]. Additional maturity parameters have also been de-
rived from the dibenzothiophenes and the alkylnaphthalenes [238, 239]. For oils,
these parameters indicate the maximum level of maturity experienced after genera-
tion which is not necessarily the same as the maturity level at generation. Caution
must be exercised when using the naphthalene parameters in view of the possible
loss of the more volatile naphthalenes during sample preparation. The formula used
to calculate the MPI is shown below along with that used to calculate the correspond-
ing maturity parameter from the dibenzothiophenes and some examples of the naph-
thalene parameters. Where individual parameters have been correlated with vitrinite
values, the formula to calculate these relationships are also shown.

MN

TMP

DMP

MP
P

TMN

DMN

Phenanthrenes

Naphthalenes

m/z 178 + 192 + 206 + 
220 + 234

m/z 128 + 142 + 156 + 170 + 
184 + 198 + 212 + 226

Figure 10.30: Phenanthrenes and naphthalenes exist as complex mixtures of homologues and
isomers. They are readily detected by use of a number of ions as shown above.
(P = Phenanthrenes; MP =methylphenanthrenes; DMP = dimethylphenanthrenes;
TMP = trimethylphenanthrenes; MN =methylnaphthalenes; DMN = dimethylnaphthalenes;
TMN = trimethylnaphthalenes).
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MPI-1 = 1.89(2MP + 3MP)/(P + 1.26(1MP + 9MP)
Rc = 0.60MPI-1 + 0.4 (for 0.65 to 1.35%Ro)
Rc = − 0.60MPI-1 + 2.30 (for 1.35 to 2.00%Ro)
MNR = 2MN/1MN
ENR = 2EN/1EN
DNR-1 = (2,6-DMN + 2,7-DMN)/1,5-DMN
DNR-2 = 2,7DMN/1,8-DMN
DNR-3 = 2,6DMN/1,8-DMN
DNR-4 = 1,7DMN/1,8-DMN
DNR-5 = 1,6DMN/1,8-DMN
-log(1,8DMN/totalDMN)
(P = Phenanthrene; N = naphthalene; M =methyl; E = ethyl; D = di; R = ratio)

The MPI was initially developed for coals by Radke [240] in 1983 and then extrapo-
lated to Type III kerogens and finally all kerogen types and oils. There have been is-
sues in the past when applying the MPI to samples not related to Type III kerogens. It
also needs to be remembered that when converted to vitrinite equivalent reflectance
values a high value and a low value can be determined from the calibration plot of
Radke [240] and a decision must be made for the value most appropriate for the sam-
ple under evaluation. However, despite potential limitations these maturity parame-
ters are extremely useful for obtaining relative maturity values for oils to indicate
maximum levels experienced by the oils and hence possible depth of generation. The
ability to determine vitrinite equivalent values from oils is important from an explora-
tion point of view since it provides an indication of the maximum maturity level ex-
perienced by oil that cannot be determined through the actual measurement of the
reflectance of the vitrinite maceral. This information in turn can be translated into
approximate depths at which the oil was generated and possibly lead to identification
of the potential source rock. One important point in utilizing biomarker parameters
for determining maturity is to determine as many biomarker maturity parameters as
possible since there are other processes such as source, biodegradation, depositional
environment as well as maturity that may influence some parameters more than
others. Hence by using a number of parameters it will be relatively simple to deter-
mine whether there are any anomalous biomarker maturity proxies.

An interesting use of PAH components in crude oils came from intensive studies
undertaken following the Exxon Valdez spill in Alaska in March 1989. Many ratios
were developed that were initially used for correlation of degraded residues with the
original Exxon Valdez oil. Many of these ratios can be applied in exploration studies
to correlate degraded and non-degraded oils. Based on observations carried out sev-
eral years after the original incident it was noted that various PAHs were degraded
at different rates. One important observation was that the C3-alkylphenanthrenes
(P3) and C3-dibenzothiophenes (D3) degraded at approximately the same rate.
Whereas the C3-alkylchrysenes (C3) degraded faster than either P3 or D3 therefore
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it was proposed that the ratio of D3/P3 could be used as a source indicator even in
biodegraded oils since that ratio would remain fairly constant with weathering.
The second ratio was that of D3/C3 which was introduced as a weathering ratio.
When these ratios were applied to a number of oils that were degraded to varying
degrees and derived from different sources, it could be clearly seen that the source
ratio (D3/P3) clearly separated the oils from different sources despite differing lev-
els of biodegradation [241].

10.4.9.4 Dibenzothiophenes

The primary sulfur-containing compounds in crude oils are thiophenes, benzothio-
phenes, and dibenzothiophenes and their alkylated analogues, with the latter being
the abundant and readily detectable. The dibenzothiophenes are detected by the
ions at m/z 184, 198, 212, and 226 which are ions also used to detect naphthalenes
(Figure 10.31). The composite chromatogram showing dibenzothiophene (DBT)
and alkylated analogues illustrates the typical dominance of dibenzothiophene
over the alkylated analogues. Dibenzothiophene has been widely used in a plot
developed by Hughes et al. [242] to evaluate the lithology and depositional envi-
ronment of the source rock responsible for the generation of the oil. The afore-
mentioned plot is the ratio of DBT/PHEN versus the Pr/Ph ratio (Figure 10.32). The
theory behind this plot is that the DBT concentration will be higher in a carbonate
environment than clay-rich shales. The reason for this is that DBT is formed via
the incorporation of an S atom into a PAH molecule. In the absence of iron species
that will react with the S atoms, the S is available to be incorporated into the aro-
matic structures and form DBT. Hence carbonate environments, deficient in iron rela-
tive to clastic-dominated sedimentation, will have higher DBT content than shales. In
addition, being a fairly reducing environment will mean low Pr/Ph values explaining
why you can expect oils derived from carbonates to plot in that region along the Y-axis
of the plot and oils derived from shales to plot along the higher values of the X axis.

A second application is based on the composite distribution of DBT and the al-
kylated analogues. It has been shown that these compounds are relatively resistant
to biodegradation and therefore of use in correlating degraded oils [237, 239, 243].
Furthermore, the ratios: 4MDBT/4MDBT + 1MDBT and of 4,6-DMDBT/1,4-DMDBT,
2,4-DMDBT/1,4-DMDBT have also been shown to be useful maturity ratios.

10.4.9.5 Benzothiophenes and benzocarbazoles

For many years geochemists have discussed the use of biomarkers as indicators of
both absolute and relative migration distances. This is an important issue for con-
ventional petroleum systems in particular since explorationists are searching for oil,
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Figure 10.31: Dibenzothiophene and alkylated analogues are readily detected by GCMS and show a
mixture of structural isomers which can provide information related to both biodegradation and
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not source rocks. If absolute migration distances can be determined possible source
locations, migration pathways, and additional reservoirs along the migration path-
way could be determined. Attempts to quantify migration distances were initially pro-
posed by Seifert and Moldowan [244] in one of the early papers discussing steranes
and their use as maturity indicators. The use of the two sterane maturity parameters
had been proposed along with the suggestion that these two parameters would
change at the same rate. However, a cross plot of the 20S/20R versus the ββ/αα C29
sterane ratios showed a number of samples did not follow the expected relationship.
It was proposed that such a discrepancy was related to the differential rate of migra-
tion of the different isomers. However, the actual migration distances related to these
discrepancies were never quantified at that time.

It was not until many years later when Larter and co-workers introduced a ratio
based on benzocarbazoles (BC) that was proposed could be used to quantify abso-
lute migration distances [245]:

BCRatio= benzo a½ �carbazole
benzo a½ �carbazole+ benzo c½ �carbazole

This concept was based on the idea that the two benzocarbazoles were structurally
identical apart from their shape and any impact on the two isomers by factors such as
source, migration, or depositional environment would basically be the same. Any
change in the relative proportions of the two isomers could be assumed to result from
differences in the migration rates of the two isomers as a consequence of the small
differences in the shapes of the molecules. Ideally, oils that have migrated further
should have a lower BC ratio due to the preferential loss and possible sorption onto
clays during migration of the linear benzo[a]carbazole as compared to the benzo[c]car-
bazole [245]. Calibration plots were developed for this ratio in a number of basins and
used to propose that the ratio would reflect absolute migration distances.

However, the BC ratio was subsequently found to be unreliable as the carbazoles
retained maturity and facies information so that the measured migration distance was
erroneous [246–248]. Later, Zhang et al. [248] used a new method to better quantify
long-distance migration distances using heavy polar compounds to potentially elimi-
nate the contamination of organofacies, maturity, lithology, and biodegradation. This
new method suggests a secondary migration fractionation index which used low-
abundance polar compounds, such as methyl- and dimethylcarbazoles, from which
the relative lateral migration distances could be calculated with the use of a reference
point [248]. A number of papers have still appeared in recent years where the benzo-
carbazole ratio has been used to measure relative migration distances rather than ab-
solute distances [249].

A more recent approach that also appears to have achieved limited success is re-
lated to the use of S-containing aromatic compounds. Fang et al. [250] attempted to
demonstrate the use of methyldibenzothiophenes (MDBT), dimethyldibenzothiophenes
(DMDBT), and benzo[b]naphthothiophene (BNT) to determine relative oil migration
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distances and pathways. Benzothiophenes and benzo[b]naphthothiophenes were used
since they have a slightly higher electronegativity than hydrocarbons due to the pres-
ence of the sulfur atom bonding with hydrogen. When these molecules migrate, a di-
pole interaction occurs between the thiophene compounds and carrier beds which
causes preferential adsorption of thiophene compounds onto clays of the carrier bed
(Fang et al., 2016). The use of these sulfur-bearing compounds has been found to work
well in determining migration pathways of oils that are genetically related. Lithology,
organic matter input, and maturity have little or no effect on these compounds, leaving
the oil migration pathway as the only variable [250]. In the study by Fang et al. [250]
regular steranes and triaromatic steranes were initially used to show the samples were
genetically related. The ratios: 4-/1-MDBT, 4,6/(1,4 + 1,6)-DMDBT, (2,6 + 3,6)/(1,4 + 1,6)-
DMDBT, and 2,1/(2,1 + 1,2)-BNT were most efficient in determining migration pathways
and filling points over 30 miles in the Tarim Basin. These studies show that a change
from a higher ratio to a lower ratio indicates the oil migration pathway(s). A more re-
cent study in the Anadarko Basin, Oklahoma, used these same ratios to demonstrate
an overall oil migration pathway that moves from south to north, out of Oklahoma into
the Hugoton Embayment, Kansas [251].

10.5 Summary

Biomarkers have played a key role in exploration and production studies over the
last half century. Much of this progress has paralleled developments in analytical
techniques, particularly GC and GC-MS. Novel biomarkers continue to be identified,
albeit at a slower rate than many years ago. Many of the most recent compounds
are higher carbon numbered compounds, heteroatomic compounds, and more
polar molecules. As is well documented, the “easy” oil has been found and in order
to find new reserves every possible technique available will need to be used. Our
understanding and interpretation of the biomarker distributions continue to im-
prove. Many of the earlier interpretations have been changed or been modified, but
this continues to be an evolving field. As the years pass it is inevitable that new
techniques will evolve, new biomarkers will be discovered, and additional and
novel interpretations will be made. These compounds will continue to provide in-
formation that is of great value to the explorationists and production engineers.
The majority of biomarkers discovered to date have been saturate and aromatic hy-
drocarbons with less than 50 carbon atoms. In the future it is inevitable that novel
biomarkers will be found with the polar compounds present in crude oils in the car-
bon number range above C40. The presence of these compounds will be utilized in
the same manner as previously discovered biomarkers and provide additional infor-
mation on source and depositional environments in both conventional and uncon-
ventional petroleum systems.
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Christoph Aeppli

11 Photooxidation of crude oil: formation,
characterization, and fate of oil
photoproducts in the environment

Abstract: Oil photooxidation by natural sunlight is a process that fundamentally af-
fects the composition, properties, and fate of oil residues in the environment, espe-
cially after marine oil spills. This chapter summarizes the current knowledge about
the mechanism of photochemical petroleum oxygenation, the bulk and molecular
characterization of oil photoproducts, and the fate of photooxidized oil in the envi-
ronment. Furthermore, current knowledge gaps and perspectives for further re-
search are discussed.

11.1 Introduction

When crude oil or petroleum enters the environment, it changes its properties and
chemical composition through various oil weathering processes. The main weather-
ing processes occurring during a marine oil spill are physical processes (such as
evaporation and dissolution) and chemical processes (such as biodegradation and
photooxidation). This chapter focuses on oil photooxidation of crude oil. While the
process of photooxidation has been observed for terrestrial and freshwater oil spills
[1, 2], most current knowledge has been gained from studying oil photooxidation at
sea. Therefore, this chapter will focus on this scenario.

Oil photooxidation is increasingly recognized as a significant fate process of oil
constituents after a marine oil spill. Research conducted in the aftermath of the
2010 Deepwater Horizon oil spill elevated the importance of oil photooxidation as a
fast-acting oil weathering process [3]. However, it is important to recognize that oil
photooxidation has been studied for more than 50 years [4–7]. Some of the earliest oil
photooxidation studies were conducted in the 1970s and focused on the degradation
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of saturated compounds [8–10]. Studies conducted in the aftermath of the 1979
IXTOC-I oil spill in the Bay of Campeche (Gulf of Mexico) highlighted the importance
of oil photooxidation and showed that oil photoproducts might play an essential
role in the fate and effect of oil [11]. A review by Payne and Philipps [4] summarized
the state of knowledge of the 1980s.

The 1989 Exxon Valdez led to a new wave of oil spill research. Thereby, the es-
tablishment of GC/MS as a tool to monitor the fate of petroleum hydrocarbons
greatly improved the mechanistic understanding of oil photooxidation. For exam-
ple, studies of photosensitized degradation of saturated oil compounds [12–14] and
aromatic fractions of crude oil [15, 16] were conducted. Reviews by Nicodem et al.
[5, 6] detailed the knowledge to this point.

In the 2000s, a number of studies focused on the photochemical degradation of
PAHs in the aqueous phase rather than on aliphatic compounds in an oil slick.
Progress in the understanding of direct versus indirect photochemical degradation
of PAHs was made [17–19]. These reaction mechanisms are described in more detail
in Section 11.2.

The Deepwater Horizon oil (DWH) spill led to a multitude of research improving the
understanding of oil photooxidation research, as reviewed by Ward and Overton [3]. It
was realized that the oil photooxidation was acting on oil much faster than previously
assumed. An estimated 50% of the mass of oil present in oil slicks was presumably
transformed into oxygen-containing oil photoproducts within a timescale of 5 to
30 days of solar irradiation on the sea surface [20, 21]. This fast transformation led to
a shift in our understanding of the importance of photooxidation for the fate of oil at
sea (Figure 11.1). The resulting photoproducts formed a polar fraction of oil that com-
prised a complex mixture of oxygen-enriched aliphatic and aromatic compounds.
This fraction was similar to the resin or asphaltene fraction of crude oil in that it was
mostly non-GC-amenable [20, 22]. Various studies gained new insights into the
mechanism of oil photooxidation [23–27]. Biodegradation was found to be less im-
portant than photooxidation for the formation of this polar fraction [21]. Novel
high-resolution mass spectrometry methods such as Fourier-transform ion cyclo-
tron resonance mass spectrometry (FT-ICR-MS) were able to identify thousands of
oxygen-containing molecular formulas that were presumably formed due to pho-
tooxidation [28–30].

Studies of the effects of oil photoproducts were also conducted [31, 32], and a
number of toxicity studies were conducted with field-weathered oil that was signifi-
cantly photooxidized [33–36].

In this chapter, the research related to oil photooxidation and resulting oil photo-
products is reviewed. Thereby, the mechanism of oil photooxidation and formation
of oil photoproducts, the characterization of oil photoproducts, and the environmen-
tal fate of these products will be discussed. Finally, needs for further research will be
outlined.
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11.2 Mechanism of oil photooxidation at sea

As outlined in Section 11.1, there is a large body of literature that investigated the
mechanism of oil photooxidation in the environment. This section reviews the cur-
rent understanding of the mechanism of oil photooxidation.

11.2.1 Direct photochemical transformation of light-absorbing
compounds

Direct photochemical transformation of oil hydrocarbons occurs if compounds ab-
sorb light that promotes them into excited electronic states. These excited-state
compounds can then decay through various pathways, leading to oxygenated prod-
ucts. Only oil compounds that are able to efficiently absorb sunlight in the spectral
range relevant on the earth’s surface (generally > 280 nm; Figure 11.2B) can undergo
direct photooxidation. PAHs are the primary candidates for this reaction. Breaking
of a carbon–carbon bond generally requires UV light, and PAH can absorb light in
the environmentally relevant UV range (Figure 11.2A). Saturated compounds such
as n-alkanes are not able to undergo direct photooxidation. Similarly, monoaro-
matic compounds typically have little light absorption in the solar spectrum rele-
vant for the sea surface. Direct photolysis is generally considered to be responsible

Evaporaion
Processes Hours Days Weeks

Before DWH
Months Years

Emulsification

Photo-oxidation

Biodegradation

Evaporaion
Processes Hours Days Weeks

After DWH
Months Years

Emulsification

Photo-oxidation

Biodegradation

Figure 11.1: Change in the understanding of the importance of oil weathering processes.
Photooxidation was thought to be of relatively minor importance [37–40]. More recent research
showed that photooxidation significantly affects the fate of oil at sea. Figure reprinted with
permission from Ward and Overton (2020) [3]. Copyright 2020 The Royal Society of Chemistry.
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for PAH degradation in dilute aqueous solutions, and the product of photooxidation
or PAHs are the corresponding alcohols, aldehydes, ketones, and acids [41–45].

11.2.2 Indirect degradation of aromatic compounds via
singlet oxygen

Indirect photooxidation is a second mechanism for oil degradation. Thereby, sun-
light can react with light-absorbing photosensitizers, which can lead to photochem-
ically produced reactive species (PPRIs) that in turn react with oil constituents
(Figure 11.3). The irradiation of oil films has been shown to give rise to various
PPRIs, such as singlet oxygen (1O2) [46], hydroxyl radicals (

•OH) [24], organic trip-
lets [26], and peroxyl radicals [46]. Many of these PPRI are well-known species for
the photochemical degradation of pollutants in the environment. Organic triplets
and 1O2 are known to degrade a large variety of pollutants and can be formed from
multiple sources, including dissolved organic matter (DOM) [47–49].

Since 1O2 reacts with electron-rich substrates such as double bonds, aromatic
rings, or sulfur compounds, aromatic oil compounds seem to be efficiently de-
graded through 1O2. Endo-peroxides are frequently observed as intermediates for
photochemical reactions of many PAHs with 1O2 [50]. Various compounds can act
as 1O2-producing photosensitizers, including PAHs or compounds in the resins or
asphaltene fraction of oil residues [46, 51].

Not all PAHs react efficiently with 1O2 [19, 52]. An alternative pathway based on
hydrogen abstraction of excited-state PAHs and the formation of carbon-centered rad-
icals has been proposed (Figure 11.3B) [53, 54]. These radicals react with O2 to form
peroxyl radicals, which can undergo various reactions leading to carbonyl or hydroxyl-
containing compounds.

Figure 11.2: Molar absorption spectra of benzene (benz) and the PAHs naphthalene (nap),
phenanthrene (phen), anthracene (anth), and benzo(a)anthracene (BA) (source: NIST Chemistry
Webbook; webbook.nist.gov). (B) Solar spectrum calculated for the sea surface in the Gulf of
Mexico (source: Quick TUV Calculator, www.acom.ucar.edu/Models/TUV). The vertical dotted lines
depict 280 nm, which is the lower boundary of the UV-B range.
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Since PAHs can undergo direct or indirect photochemical degradation, studies
investigated the relative importance of these two pathways. It has been suggested
that direct photochemical degradation can be substantial for dilute solutions of
PAHs in natural waters because PPRIs are efficiently deactivated in natural waters
[55, 56]. In oil films, however, indirect photochemical oxidation appears to be the
dominant pathway for most PAHs [19, 46].

11.2.3 Peroxyl radical–mediated degradation of saturated
compounds

A variety of photoproducts, such as long-chain alcohols, ketones, aldehydes, and
carboxylic acids, can often be observed in irradiated oil residues [2, 9, 11–14, 57, 58].
Due to their structure, they likely originate from saturated compounds. However,
since saturated hydrocarbons would not react with sunlight or 1O2, radical species
have to be involved in the degradation of these compounds. Various radical species
have been observed during oil photooxidation. For example, excited-state photosen-
sitizers or PAHs can abstract hydrogens from oil constituents, leading to C-centered

Figure 11.3: General reaction scheme of indirect oil photooxidation. S represents a photosensitizer,
A is a singlet oxygen acceptor or aromatic compound, RH is an active hydrogen species, RCH2R’ a
saturated compound (e.g., alkane), X• represents a radical species capable of alkane hydrogen
abstraction. Species in blue indicate oxygen or reactive oxygen species. Compounds in red are
final oil photoproducts commonly observed after oil photooxidation, including alcohols (RCOH,
HAOH), ketones (RC = OR’, HA = O), and carboxylic acids (RCOOH).
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radicals that can initiate the degradation of saturated compounds (Figure 11.3A) [13].
Furthermore, hydroxyl radicals can be produced during the photochemical degrada-
tion of aromatic compounds discussed above (Figure 11.3B). Hydroxyl radicals can
perform hydrogen abstraction from a saturated compound, resulting in C-centered
radicals that can react with molecular oxygen to produce peroxyl radicals (ROO•).
These species, further react to organic hydroperoxides and can undergo multiple re-
actions leading to alcohols, ketones, aldehydes, and carboxylic acids (Figure 11.3D).

A number of laboratory studies, summarized by Nicodem et al. [6], confirmed
the importance of free radicals in oil photooxidation. Generally, saturated oil com-
pounds were irradiated together with free radical generating sensitizers such as
naphthalene derivatives, xanthone, and anthraquinone [9, 42, 44, 52, 59, 60]. Sin-
glet oxygen has been hypothesized to play an essential role in the degradation of
saturated compounds. This hypothesis was supported by a study that found signifi-
cantly reduced oil photooxidation in the presence of beta-carotene, a singlet oxygen
quencher [10], or a study where hydroxyl radicals were formed under irradiated oil
sheens [24]. Based on another set of experiments, the role of the 1O2 in the forma-
tion of peroxyl radicals was considered less important [46]. The authors of that
study pointed out that the oxygen or light concentration might become limiting in
an oil film, and direct photochemical formation of radicals might be initiating the
chain reaction. Depending on the oil properties, an oil sheen as thin as 10 µm can
absorb most of the light below 400 nm [46]. The environmental importance of 1O2-
mediated versus direct photochemical production of radical for oil photooxidation
in oil films has yet to be determined.

11.2.4 Source and magnitude of oxygen incorporation

In line with the discussed mechanisms, it has been shown that atmospheric O2 rather
than H2O is the source of oxygen in the photoproducts. Experiments without oxygen
atmosphere showed low oil photooxidation [9, 27] or reduced formation of reactive in-
termediates [24].

The degree of oil photooxidation can be quantified by measuring the incorporated
oxygen into oil. Field studies show that for a light sweet crude oil, the oxygen content
can increase from ~ 1% in the crude oil to > 6% in highly oxygenated oil sheens col-
lected from the sea surface after the Deepwater Horizon oil spill in the timeframe of
days [20, 21]. At the same time, Δ14C analysis confirmed that the carbon of these sam-
ples were of petrogenic and not of recent biological origin [20]. Based on C, H, N, O,
and S elemental analysis of oil residues, it was estimated that the polar fraction of
photooxidized Deepwater Horizon oil that contains the photoproducts (“resins” and
“asphaltenes”) has an average molecular formula of C5xH7xOx [20]. This estimation
suggests that a compound containing 20 carbons would contain four oxygen atoms,
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which would correspond to, for example, a dicarboxylic acid or a di-oxo carbonylic
acid. Various oxo-carbonylic acids have been identified in irradiated oil [58].

11.3 Characterization of changes in bulk oil
properties

Observing changes in bulk properties of oil often represents the first evidence of oil
photooxidation. For example, the combination of bulk oxygen content, carbonyl
index, and quantification of bulk saturated, aromatic, and polar fractions (SARA
analysis) has been used to identify and quantify photooxidation of oil residues in
the aftermath of the Deepwater Horizon oil spill [20, 21]. More advanced analyses
also include stable isotopes (carbon, oxygen) or radioisotopes [20, 22, 27]. This sec-
tion will discuss how these bulk analytical methods can be used for the identifica-
tion of oil photooxidation and oil photoproducts.

11.3.1 Oxygen content

Tracking the oxygen content of oil residues is a direct way of identifying oil photooxi-
dation since oil photooxidation leads to the formation of oxygenated oil photoprod-
ucts. Because oxygen-containing compounds already present in the source oil will
also be preferentially enriched during evaporative oil weathering, care has to be
taken to disentangle contributions from such preferential enrichment and from oil
photoproducts. The preferential enrichment can, e.g., be estimated via the degree of
evaporation that can be determined from n-alkane analysis of an oil residue (assum-
ing no major biodegradation occurred). Furthermore, measurement of oxygen content
along with other heteroatoms can help to identify oil photooxidation (Figure 11.4).

The oxygen content of an oil residue can be measured on an elemental analyzer
using the Unterzuacher or related methods [61, 62]. This method is based on high-
temperature pyrolysis followed by carbon monoxide detection using thermal con-
ductivity detection or mass spectrometry.

11.3.2 Infrared spectroscopy (FT-IR): carbonyl index

Oil photooxidation gives rise to alcohols, ketones, aldehydes, and carboxylic acids.
Molecular vibrations associated with these functional groups can be seen using Four-
ier transform infrared spectroscopy (FT-IR) (Figure 11.5). Carbonyl functional groups
have been the main target in FT-IR to identify oil photooxidation [20, 21, 63–66].
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To quantify degrees of photooxidation, a “carbonyl index” can be calculated as
the ratio of the carbonyl vibration (1,800 to 1,670 cm−1) relative to a reference peak.
As reference peak, the C–H absorbance at 2,910 cm−1 is often used. This carbonyl
index is similar to that used to detect aging of plastic and microplastic [67–70].
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Horizon oil residues versus the amount of OxHC fraction (resins and asphaltene fraction on TLC/
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11.3.3 SARA or TLC-FID analysis

The quantification of polar versus nonpolar fractions in oil residues is a valuable
method to estimate the degree of photooxidation in oil residues since during oil
photooxidation, saturated and aromatic compounds are transformed into more
polar compounds. The polar fraction is sometimes referred to as the “oxygenated
hydrocarbon fraction” (OxHC) since it is enriched in oxygenated products from hy-
drocarbon precursors. For example, samples collected in the aftermath of the DWH
oil spill showed decreasing amounts of GC-amenable saturated and aromatic frac-
tions, while the non-GC-amenable OxHC fractions increased (Figure 11.6).

The analysis of saturated, aromatic, resin, and asphaltene fractions (SARA)
using thin-layer chromatography coupled to flame ionization detection (TLC/FID)
has proven to be a superior method compared to traditional open-column SARA
analysis since TLC/FID has orders of magnitude smaller sample requirements [15,
71]. Generally, the resin and asphaltene fractions are combined to form the OxHC
fraction. Note that resins and asphaltenes present in crude oil will also contribute
to the OxHC fraction. Therefore, TLC/FID is especially useful to detect oil photooxi-
dation for light oils where the native asphaltenes will be small compared to the
formed fraction of oil photoproducts.
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11.3.4 Stable isotopes and radioisotopes to identify oil
photoproducts

While stable isotopes (δ18O, δ13C) and radiocarbon (Δ14C) are often not standard
tools for oil analysis, they can be powerful in detecting oil photooxidation. Oxygen-
18 has been shown to be preferentially incorporated into oil during photooxidation,
with a large enrichment from approx. − 1‰ (vs. standard mean ocean water, SMOW)
to >+5‰ [27] (Figure 11.7). Furthermore, δ13C in the asphaltene fraction was a good
indicator for oil photooxidation of DWH oil residues [22]. Finally, Δ14C of the OxHC
fraction from DWH oil residues confirmed that this fraction is of petrogenic and not
recent biological origin [20].

11.4 Characterization of changes in molecular
properties

11.4.1 GC/MS-based characterization of photoproducts

Most oil photoproducts are not GC-amenable. The addition of oxygen makes these
compounds either too non-volatile or polar for GC analysis. However, a number of
aromatic and aliphatic oil photoproducts are detectable on GC/MS, either through
direct measurement or after fractionation or derivatization (Figure 11.8). Fraction-
ation is generally performed using silica gel chromatography, which allows separating
saturated, aromatic, and heteroatom-containing compounds [2]. Common methods
for derivatization include silylation, methylation, or carbonyl-specific reagents [2, 30,
57, 58].

Figure 11.7: Increase in stable oxygen isotopic signature (δ18O) in field-collected DWH oil residues
during photooxidation. The increase from approx. − 1‰ to approx. + 7 ± 2‰ occurred during
photooxidation on the surface. This signature remained after the oil was deposited on the shore
(red circles, ≥ 30 days of residence time). Figure reprinted with permission from Ward et al., 2019
[27]. Copyright 2019 American Geophysical Union.
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Various oxygenated PAHs have been reported as oil photoproducts [4, 7, 17].
This includes the GC/MS detectable 9-fluorenone, anthraquinone, benz(a)anthra-
quinone, benzanthrone, and hydroxy fluoranthene. However, GC/MS analysis is not
always feasible. Many oxygenated PAHs are thermally labile and cannot be ana-
lyzed by GC/MS without prior derivatization [72]. Other compounds, such as alky-
lated 9-fluorenone congeners, show co-elution and mass overlap with alkylated
fluorene congeners.

Aliphatic ketones and aldehydes are photoproducts observed from the photo-
sensitized photooxidation of alkanes [12, 14]. The major products are typically
1-alkanols and 2-ketones with the same carbon number (Figure 11.9). Since the re-
tention times and mass spectra of these photoproducts can overlap with that of
their n-alkane precursors, a silica gel fractionation step is typically necessary before
GC/MS analysis [2]. Series of linear carboxylic acids are frequently found in irradiated

Figure 11.8: Detailed scheme for isolating various fractions of compounds. Figure reprinted with
permission from Charrié-Duhaut et al., 2000 [2]. Copyright 2000 Elsevier Science Ltd.
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crude oil [13, 20, 57]. These compounds can be detected on GC/MS after transforma-
tion into their corresponding silyl esters or methyl esters.

The use of comprehensive two-dimensional gas chromatography (GC × GC) is a
powerful tool to overcome chromatographic co-elution resolution limitations of GC/
MS in detecting oil photoproducts. For example, aliphatic alcohols, ketones, and
carboxylic acids can be resolved (Figure 11.9). Furthermore, alkylated fluorenone
and fluorene congeners can be separated chromatographically.

11.4.2 LC-MS/MS-based characterization of photoproducts

Given that many oil photoproducts are too polar for GC analysis, liquid chromatogra-
phy coupled to mass spectrometry (LC-MS) is in many instances more suitable for the
analysis of oil photoproducts. For example, the use of LC-MS/MS with electrospray ion-
ization (ESI(–)) allowed for the detection of photoproducts in irradiated oil residues
[58]. A large number of carbonyl-containing compounds were detected after transfor-
mation into their hydrazones using 2,4-dinitrophenylhydrazin (DNPH) (Figure 11.10).
While no analytical standards were available, the exact identification of compounds
and development of quantitative methods was not possible. However, a suite of oxo-
carboxylic acids was detected. The presence of these compounds (containing at least
three oxygen atoms per molecule) demonstrates that oil photooxidation can produce
highly oxygenated products. However, although LC-MS is suitable for the detection
of oil photoproducts, there is still a lack of standardized analytical methods.

Figure 11.9: GC × GC – time of flight chromatograms (m/z 73 and 83 mass traces) to identify
ketones (region I), n-alkanoic acids (region II), and 1-alkanols (III) in DWH slick oil collected from
the sea surface (“Slick Oil”). These compounds were absent in non-photooxidized source DWH oil
(“MW Oil”). Figure reprinted with permission from Aeppli et al. [57]. Copyright 2018 American
Chemical Society.

530 Christoph Aeppli



11.4.3 Direct infusion high-resolution mass spectrometry

Another strategy to overcome chromatographic limitations of GC/MS (or LC/MS) is by
skipping the chromatographic separation step and using direct infusion techniques.
In order to identify individual compounds, ultrahigh-resolution mass spectrometry is
necessary. This method is based on identifying the exact mass of compounds and as-
signing molecular formulas to these compounds. The higher the mass resolution, the
better this assignment can be performed. Ultrahigh mass resolution can be achieved
with Fourier transform ion cyclotron resonance mass spectrometers (FT-ICR-MS) [73].
The currently most powerful FT-ICR-MS has a 21 T magnet and can resolve the mass
of an electron (resolving power >2,700,000 atm/z 400) [74].

While each molecular formula can represent numerous compounds or isomers,
this method allows identifying a large number of compounds as well as classes of
compounds. Typically, data are displayed as carbon numbers versus double-bond
equivalents for compound classes, such as pure hydrocarbons, O1 class (molecules
containing C, H, and 1 O), O2 class (molecules containing C, H, and two O), N1O1

(containing C, H, one N and one O), etc. The method of ionization determines what
kind of compounds are visible. The most commonly used ionization modes are elec-
trospray ionization (ESI, in positive or negative mode) and atmospheric pressure
photoionization (APPI, positive or negative mode). Different compounds are prefer-
entially ionized depending on the ionization method [75, 76].

Figure 11.10: LC-MS/MS identification of oil photoproducts formed by irradiation of Macondo Well
source oil (MW 525 Oil). (A) Carbonyl compounds identified as 2,4-dinitrophenylhydrazin (DNPH)
derivatives. Shown is the intensity of the m/z 182 ion for a series of precursor ions in dark (red
bars) and 24-h irradiated oil samples (grey bars) (B) Oxo-carboxylic acids, identified from neutral
loss of an m/z 44 mass fragment from the DNPH derivative in dark (red bars) and 24-h irradiated oil
samples (gray bars). Figure reprinted with permission from Cao et al., 2017 [58]. Copyright 2017
American Chemical Society.
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Using FT-ICR-MS, oxygenated compounds were detected from Deepwater Ho-
rizon oil samples collected on beaches [28] (Figure 11.11). Interestingly, these
weathered samples contained more than double the number of peaks (i.e., iden-
tifiable molecular formulas) than the original crude oil, and many of these extra
peaks contained oxygen (Figure 11.11B). Such oxygenated compounds were also
detected in Deepwater Horizon oil beached on marshes [29] or in irradiated oil
samples [30].

While FT-ICR-MS are superb for their resolution, they are not widely available
in laboratories. However, using the more commonly available Orbitrap instrument
that has a roughly 20 times lower resolution than the 21-T FT-ICR-MS, similar results
can be obtained, showing an increase in oxygen-congaing molecular formulas for
more oxygenated oil residues [75, 76].

11.5 Environmental fate and toxicity of oil
photoproducts

Due to their polar nature, oil photoproducts have distinct environmental fate and
toxicity properties from their hydrocarbon precursors. This section reviews the cur-
rent understanding of dissolution, biodegradation, bioaccumulation, and toxicity
of oil photoproducts.

11.5.1 Dissolution of oil photoproducts

As hydrocarbons become oxygenated, the resulting products are more polar than
their precursors. Therefore, photoproducts have a higher water solubility than their
precursors. Water-soluble fractions (WSFs) of non-photooxidized oil had higher dis-
solved organic carbon (DOC) values than WSFs of field-collected photooxidized oil
[57]. Increasing DOC values were also observed in the aqueous phase during irradia-
tion of an oil slick [32].

The observation of increased water solubility of photoproducts was supported
by estimations of physico-chemical properties of photoproducts [57]. Based on a
semi-empirical fragment-based property estimation method (WSKOW and KOW-
WIN; U.S. EPA [77]), aliphatic, neutral photoproducts were estimated to have water
solubilities that were one to four orders of magnitude higher than the putative pre-
cursors (Figure 11.12). Other property estimation methods gave similar results [78].
For charged carboxylic acids, this value can even be higher. The increased water sol-
ubility of oil photoproducts suggests that oil photoproducts might be preferentially
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water-washed and depleted from irradiated oil residues. However, many photo-
products were still detected in Deepwater Horizon oil slicks that floated an es-
timated 10 to 30 days on the water surface before being washed ashore [20, 21,
57], suggesting that some of the oil photoproducts can be hydrophobic and
persistent.

Figure 11.12: Physico-chemical properties of photoproducts. (A) Calculated water solubility (WS;
blue bars) and 1/KOW values (orange bars) of oxygenated model compounds relative to their
saturated precursors. Shown are molecules containing one (O1) to five oxygen atoms (O5). Water
solubilities are predicted to increase by up to five orders of magnitude upon oxygenation, while
KOW values decrease by a similar amount. (B) Calculated KOW values for C15 to C30 homologous
series of n-alkanes and oxygenated derivatives. Figure reprinted with permission from Aeppli et al.
[57]. Copyright 2018 American Chemical Society.
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11.5.2 Biodegradation of oil photoproducts

Given that oil photoproducts have an increased solubility compared to their precur-
sors, one could expect that biodegradation might be an essential fate process of oil
photoproducts. Increased aqueous concentrations would translate to higher bio-
availability. In contrast, the oxygenated nature of photoproducts reduces the en-
ergy that can be gained by microbes from the oxidation of these compounds.

Currently, only a few studies specifically address the issue of oil photoproduct
biodegradation. From studies investigating the degradation of compounds biodie-
sel, it appears that the biodegradation of fatty acid methyl esters occurs at similar
rates as that of corresponding n-alkanes [79–81]. There is also evidence that photo-
oxidation aids the overall biodegradation of oil. Pre-oxygenation of petroleum hy-
drocarbons was increased the degree of biomineralization for oil residues [82] and
increased the biodegradation of oil-sand-related compounds [83]. Thereby, photooxi-
dation might aid biodegradation by breaking down larger compounds into smaller
compounds that are more easily biodegradable.

There are also indications that highly recalcitrant photoproducts are formed
during oil photooxidation. We performed a 48-day biodegradation experiment of
crude oil in seawater following literature [88], measured the saturated, aromatic,
and OxHC fraction (i.e., the combined resin and asphaltene fraction) using TLC/
FID, and normalized the fractions to the recalcitrant marker compound C30-hopane
(Figure 11.13) [20]. We performed the same hopane normalization with samples sub-
jected to photooxidation (described in ref. [89]) and collected in the aftermath of
the Deepwater Horizon oil spill (described in ref. [20]]. (Figure 11.13). While the
OxHC fraction decreased in the biodegradation experiments, the OxHC fraction in-
creased in the photooxidation experiments and the field-collected Deepwater Hori-
zon oil residues. These data suggest that some oil photoproducts formed during oil
weathering can be relatively stable in the environment.

11.5.3 Bioaccumulation of oil photoproducts

Bioaccumulation of organic compounds is generally driven by the hydrophobicity
of compounds, and the octanol–water partition coefficient (KOW) is a proxy for their
hydrophobicity. Due to their more polar nature than their precursors, neutral oil
photoproducts generally have lower KOW values than their hydrocarbon precursors
(Figure 11.12). We estimated that aliphatic and aromatic oil photooxidation have a
bioaccumulation potential between one to five orders of magnitude lower than
their hydrocarbon precursors [78].

Contrasting the finding of decreasing bioaccumulation potential with increas-
ing photooxidation are biomimetic extraction (BE) measurements [90]. This tech-
nique uses the accumulation of organic compounds on a polydimethylsiloxane

11 Photooxidation of crude oil 535



(PDMS) fiber as a proxy for bioaccumulation. We used BE and found that WAFs pro-
duced with irradiated oil residues led to higher bioaccumulation than WAFs with non-
irradiated oil (Figure 11.14). By modifying the pH during the extraction, carboxylic acid
species can be identified [91]. Using this technique, we found that photochemically
produced carboxylic acids are the main contributors to this bioaccumulating mass
(Figure 11.14A). Carboxylic acids are generally ionized in freshwater or seawater, but
they can accumulate in biological membranes [92, 93]. These photochemically pro-
duced and bioaccumulative carboxylic acids are likely depleted by dissolution in the
environment: using a field-weathered oil slick sample that has a residence time of
5–30 days on the sea surface (sample SO25 described in ref. [21]), we found a much
smaller contribution to the bioaccumulation potential of such accumulating carboxylic
acids than in freshly photooxidized oil (Figure 11.14B).

Figure 11.13: Hopane-normalized TLC/FID fractions (Sat: saturated fraction; Aro: aromatic fraction;
OxHC: combined resin and asphaltenes fraction), showing their relative increase or decrease
during various treatments. The OxHC fraction of a crude oil biodegraded during a 48-day
biodegradation experiment (“Biodegr.”), but not in the sterile control (“Sterile”). Deepwater
Horizon field samples collected up to one year after the oil spill showed an increase in OxHC,
pointing to the persistence of compounds in the OxHC fraction. A laboratory irradiation experiment
(“Photodegradation”) showed a similar increase in the OxHC fraction, suggesting that the
recalcitrant compounds are formed photochemically. Shown are samples irradiated for 1 to
14 days.
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11.5.4 Toxicity of oil photoproducts

There are currently few studies explicitly focusing on photoproduct toxicity. How-
ever, there are some lines of evidence that oil photoproducts can contribute to the
overall toxicity of photooxidized oil. First, using a target lipid model that includes
estimated water solubility and bioaccumulation of photoproducts and hydrocarbon
precursors, we estimated that the process of oil photooxidation likely increases the
overall baseline toxicity of an oil residue, as compared to a sample that was only
subjected to evaporation but no photooxidation [57, 78]. Second, it is known that
oxygenated compounds present in oil sand process water can be toxic to aquatic
organisms [94–97]. Such compounds likely share similarities with oil photoprod-
ucts, since both types of compounds are derived from hydrocarbons and are oxy-
genated. Third, toxicity studies performed with field-weathered DWH oil residues
that were highly oxygenated showed remarkably high toxicities to a number of
model organisms [33, 35]. While three-ring PAHs presumably played a role in the
observed toxicities, it is likely that oil photoproducts also contributed to the ob-
served effects. Lastly, laboratory-irradiation of oil and subsequent toxicity assays
suggest that oil photooxidation led to increased genotoxic effects in fish embryos
[31] and an initial toxic response in bioluminescent bacteria [32].

Note that the discussed toxicity of oil photoproducts should not be confused with
photoenhanced (or photosensitized) toxicity of oil [98–100]. This latter type of toxicity
is based on the formation of reactive photochemical species that are produced in a

Figure 11.14: Biomimetic extraction based on solid-phase microextraction (SPME) coupled to GC-FID
to identify bioaccumulative photoproducts. (A) More material accumulated on SPEM fibers in water-
accommodated fractions (WAFs) of laboratory-irradiated oil residues (red GC-FID trace) than in
dark-control oils (blue trace). However, this increased response disappeared when the WAF was
not acidified (black trace), suggesting that ionized photoproducts, likely carboxylic acids, are
formed during photooxidation and can be bioaccumulative. (B) WAFs produced with highly
oxygenated Deepwater Horizon samples collected from the sea surface did not show a significant
increase in GC-FID upon acidification, suggesting that the photoproducts were depleted in these
samples due to dissolution.
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transparent organism that has taken up PAHs or other compounds that can be excited
by the UV portion of solar light. While both types of toxicity occur in the environment
during an oil spill, there is currently a lack of studies evaluating the relative impor-
tance of both processes.

11.6 Outlook: future research needs

As outlined in this chapter, a large body of knowledge regarding the photooxidation
of oil has been developed during the past five decades. While many key findings
were already reported after the 1979 Ixtoc-I and the 1989 Exxon Valdez oil spills, sig-
nificant knowledge was gained in research conducted in the aftermath of the 2010
Deepwater Horizon oil spill. Nevertheless, some questions brought up 50 years ago
are still being debated. These gaps in our understanding of oil photooxidation at
sea need to be addressed in ongoing or future research. This section provides rec-
ommendations for such future studies.

11.6.1 Mechanistic understanding of oil photooxidation

While research has shown that both aromatic [15, 17, 19], as well as saturated oil
compounds [9, 12, 14], can be degraded photochemically, the magnitude of 1O2-
mediated degradation of aromatic compounds versus the peroxyl radical–mediated
degradation of saturated compounds is not clear yet. Furthermore, it is unclear
whether 1O2 [10] or direct photochemical reactions [46] initiate the formation of per-
oxyl radicals that are ultimately degrading saturated compounds. Future research
should address these knowledge gaps.

11.6.2 Understanding the rate of oil photooxidation at sea

Besides questions regarding the mechanism of oil photochemistry, there are chal-
lenges in determining and predicting the rate of oil photooxidation at sea. Impor-
tant factors determining this rate include the solar spectrum and intensity and the
oil film thickness. Thereby, the latter is highly dynamic at sea and difficult to pre-
dict. For example, a patch of oil could start off as a very thin film (e.g., 10 µm) and
exhibit rapid photooxidation since photons penetrate the whole film [46]. Resulting
changes in oil viscosity [101] could increase the film thickness (e.g., >100 µm) and
thereby reduce the rate of photooxidation due to limitations of light and oxygen
availability in the oil film [21, 46]. Besides, an oil sheen at sea is likely not a contin-
uous film for a long duration. Due to the encounter with breaking waves, the oil
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will spend some time as submerged droplets in the water phase, where the light
availability is different than at the surface. A better understanding of these factors
would facilitate extrapolating laboratory irradiation experiments to the kinetics of
oil photooxidation at sea.

The formation of water-in-oil emulsions will also significantly affect the oil
film thickness and optical properties, thereby slowing down the kinetics of oil
photooxidation. Interestingly, oil photooxidation can facilitate the formation of
emulsions [102], likely due to the surface-active compounds produced during pho-
tooxidation. Future research should address these issues and lead to a better un-
derstanding of the interplay between oil photooxidation and the formation of a
water-in-oil emulsion.

11.6.3 Analytical challenges

There is a need for a better characterization of oil photoproducts. Although numer-
ous oil photoproducts (or putative molecular formulas thereof) have been identified
through GC/MS [2, 57], LC-MS/MS [58], or FT-ICR-MS [28–30], there is still no con-
sensus about the most abundant and relevant oil photoproducts. What is more,
there is a lack of generally accepted analytical methods to quantify these products.
Much of the oil spill science still relies exclusively on GC/MS-base methods. GC/MS
with electron impact (EI) ionization is ideal for hydrocarbon analysis up to a boiling
point of approx. tetracontane (n-C40; 523 °C) since it shows little ionization effi-
ciency discrimination between compounds and has a large linear range for quantifi-
cation. However, GC/MS has its limitation for photoproduct analysis and needs to
be complemented with LC-based or direct infusion coupled to high-resolution mass
spectrometry (HRMS)-based methods [103].

LC- or HRMS-based methods, however, have their limitations. First, the ioniza-
tion efficiencies of the ionization methods used for these methods vary substan-
tially between different compounds and matrices [75], requiring multiple runs with
different ionization methods for a comprehensive analysis. Second, due to the lack
of analytical standards for many of the photoproducts, these methods are generally
semi-quantitative rather than quantitative. Lastly, while HRMS methods can pro-
duce a large number of molecular formulas for each analyzed oil residue (>10,000),
these methods are usually not able to identify the structure of the analytes since
one molecular formula can correspond to very different structures. Ion mobility
spectrometry – mass spectrometry (IMS/MS) might be a promising method to over-
come this limitation [104, 105].

Future research should aim to identify and quantify the most relevant frac-
tions of oil photoproducts. Furthermore, standardized analytical methods for
quantification of these photoproducts should be developed, and analytical standards
and standard reference materials (SRM) that include oil photoproducts should be
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produced. This SRM 2777 from the national institute of standards and technology
(NIST) is a good starting point for creating photoproduct-containing standard refer-
ence material.

11.6.4 Fate and effect of oil photoproducts

There are knowledge gaps related to the environmental fate of oil photoproducts.
For example, since photoproducts are more water-soluble than their precursors,
one would expect the photoproduct to be prone to depletion from oil residues due
to dissolution. However, many photoproducts are still present in oil residues after
years of weathering [57]. Furthermore, the biodegradability of photoproducts is not
well studied. Future research should address what structural features make photo-
products labile versus recalcitrant in the environment.

The toxicity of oil photoproducts is also not well understood. While it is known
that oxygenation has the potential to increase the toxicity of certain compounds
(e.g., oxygenation of PAHs [106–108]), it is not clear under which circumstances
photooxidation increases or decreases the overall toxicity of oil residues during en-
vironmental weathering [31, 32, 109, 110]. Future research should address this ques-
tion, taking into account the simultaneous weathering processes that occur at sea,
including evaporation, dissolution, biodegradation, and photooxidation.
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12 Molecular structure characterization
of crude oil and its products by mass
spectrometry

Abstract: Crude oil and its products, including light oils, heavy oils, fuels, tar, as-
phalt, lubricating oils, heavy oils, spilled oils, and hydrotreated oils, are complex
mixtures containing thousands of chemical compounds with diverse structures.
The chemical structural identification of crude oil and its products is extremely impor-
tant for gaining insights into the chemistry of petroleum in the petrochemical industry.
Mass spectrometry (MS), particularly ultrahigh-resolution MS (UHR-MS), is considered
an important technique for the accurate analysis of the underlying mass and structure
of crude oil components. Hydrogen/deuterium exchange (HDX) tandem MS and ion-
mobility (IM) spectrometry coupled with HR-MS have attracted significant attention for
their application in investigating the molecular structures of petroleum and its prod-
ucts. The most effective HDX technique used for crude oil analysis is atmospheric pres-
sure in-source HDX, which is suitable for the detailed structural identification of
complex mixtures, such as crude oil. By combining atmospheric pressure ionization
techniques, such as electrospray ionization (ESI), atmospheric-pressure photoioniza-
tion (APPI), and atmospheric-pressure chemical ionization (APCI), the sample prepara-
tion step for HDX MS can be considerably simplified, enabling the attainment of high-
quality results and the specification of the heteroatom classes in crude oil. To isolate
ions with specific m/z values and, thus, understand the core structures of oil com-
pounds, the fragmentation patterns of the oil compounds are studied by tandem MS
with collision-induced dissociation (CID) or infrared multiphoton dissociation coupled
with HR-MS. In addition, IM separation with multiple cycles combined with quadru-
pole selection is considered a powerful technique for isolating ions with specific mo-
bility values during complex mixture analysis. Recently, IM coupled with HR-MS,
experimental collision cross-section (CCS) and theoretical CCS values was employed
to study the chemical structures of petroleum compounds. Due to the separation of
isomeric or isobaric ions in IM cells, improved peak capacities and highly accu-
rate structural assignments of crude oil compounds can be achieved. This chapter
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provides an overview of some of the key applications of HDX, tandem MS, and IM-MS
techniques to the structural analysis of crude oil and its products

12.1 Introduction

The current global energy supply is vastly dependent on fossil fuels, particularly
heavy crudes, because of the low reserve of light and sweet (low sulfur) crudes and
the low availability of sustainable energy resources. Unlike light crudes, heavy crude
oil has a naturally complex molecular composition along with a trend continuum of
the carbon number, aromaticity, heteroatom content, and molecular motifs [1, 2]. For
the efficient valuation and refinery optimization of heavy petroleum fractions in the
petroleum industry, their molecular and structural characterizations are of utmost
importance. In addition, various refining processes, including hydrotreatments (e.g.,
hydrodemetallation (HDM), hydrodesulfurization (HDS), and hydrodenitrogenation
(HDN)), hydrocracking of large molecules to low-molecular-weight paraffins/isoparaf-
fins, and hydrogenation of aromatics to naphthenes, are performed during the conver-
sion of heavy fractions of crude oil into different oil products [3]. However, the chemical
upgrading of crude oil is more challenging due to the presence of various unwanted
heteroatoms (nitrogen, sulfur, and oxygen) contained polycyclic aromatic hydrocarbons
(PAHs) and metals, which drastically degrade the catalyst activity during the petroleum
conversion. Consequently, petroleum refiners and process chemists need to know the
specific composition of the feed to recognize the problems of catalyst dysfunction and
devise improved process models to optimize the refining process and apply the appro-
priate treatment methods. Therefore, the quantification and structural analysis of crude
oil with a high content of heteroatom-containing compounds are essential [4].

Conventionally, the large groups of chemically diverse compounds present in
complex crude oils exhibit a common core structure with different substitution pat-
terns. The average individual structural properties, i.e., the amount and character of
carbon atoms in the aliphatic sidechains of crude oil, can be determined by nuclear
magnetic resonance (NMR) spectroscopy or through the ruthenium-driven oxidation
of aromatic moieties [5]. Conversely, detailed structural information on a significant
portion of the analytes can be obtained using MS techniques if the sample pretreat-
ment of individual species is performed. The analysis of either light or heavy petro-
leum is primarily performed on a molecular basis [2]. Due to the very complex nature
of the numerous heteroatom species in heavy crude oil and its products, obtaining
detailed structural and compositional information is challenging and, thus, requires
the use of more sophisticated high-resolution analytical techniques. Since the early
age of the modern analytical society, mass spectrometry (MS), particularly high-
resolution mass spectrometry (HR-MS), has been extensively utilized to profoundly
understand the chemistry of crude oil and elucidate its elemental composition [6–11].

548 Thamina Acter, Nizam Uddin, Sunghwan Kim



The molecular analysis of complex crude oil and its products cannot be conducted
without HR-MS, i.e., ultrahigh-resolution (UHR) Fourier transform ion cyclotron reso-
nance mass spectrometry (FTICR MS), which affords exhaustive molecular formula
characterization [8, 12–14]. Moreover, map-type diagrams can be used as molecular
fingerprints for crude oil [11, 15].

Admittedly, the current HR-MS analysis for heavy crude oils based on molecular
formula assignments is inadequate for the complete and accurate elucidation of the
chemical structures of individual congeners, i.e., the individual side chains (number
and length), aromatic core, and different isomers that yield different molecular prop-
erties [16]. To access the structural information on the molecular core of the isomeric
compounds in crude oil, more reliable analytical methods with enhanced separation
capabilities, such as chromatographic separation [17–19], hydrogen/deuterium ex-
change (HDX) [20–23] tandem MS (MS/MS) by collision-induced dissociation (CID)
[24–27], and IM-MS[28–32], have been coupled with the HR-MS platform. In this
chapter, the application of recent hyphenated MS techniques, including tandem
MS, IM-MS, and HDX MS, for the structural analysis of crude oil and its products
is elaborately discussed.

12.2 MS archives

MS is the most common analytical tool with the most potential for studying thermo-
chemical and physical properties, molecular structures, and ion-molecule reaction
dynamics in physics, pharmaceutical sciences, and environmental sciences [33]. In
MS analysis, the molecular masses of individual compounds are precisely measured
using the ions generated via different ionization methods, which undergo ioniza-
tion and separation subsequently based on their mass-to-charge ratio (m/z), under
the effect of an electric or magnetic field.

MS was introduced in 1886 when Eugen Goldstein observed the canal rays,
whose deflection through strong electric and magnetic fields was later demonstrated
by Wilhelm Wien in 1898. Sir J. J. Thomson of the Cavendish Laboratory of the Uni-
versity of Cambridge is considered the father of modern MS, who measured the m/z
ratio of electrons during the analysis of negatively and positively charged cathode
rays [34, 35]. The development of MS instruments proceeded during the following
two decades [36–38]. In 1943, the MS instrument was commercialized for the first
time by the Consolidated Engineering Corporation. From 1946 to 1953, the time-of-
flight (TOF) MS, ion cyclotron resonance (ICR) MS, double-focusing HR-MS, quadru-
pole mass analyzer, and ion traps were introduced simultaneously. After the 1950s,
the evolution of MS techniques progressed as researchers began applying them in the
field of organic chemistry. In the 1960s, gas chromatography (GC) coupled with MS
was developed and applied to the structural analysis of complex mixtures [39]. During
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this period, tandem MS [40] and soft ionization techniques, such as chemical ionization
(CI) [41], were also developed for structural analysis. In the 1970s, high-performance
liquid chromatography (HPLC) was coupled with MS for the first time and subse-
quently commercialized with atmospheric pressure ionization (API) sources (e.g., elec-
trospray ionization (ESI) and atmospheric pressure photoionization (APPI)) for routine
analysis.

In the 1980s, other soft ionization methods, such as fast atom bombardment (FAB)
[42], ESI [43], and matrix-assisted laser desorption/ionization (MALDI) [44], were devel-
oped, which significantly increased the application range of MS in biology and life sci-
ences. In the 2000s, technical improvements in mass analysis techniques, such as
TOF, FTICR, orbitrap, and linear quadrupole ion trap (LIT), were observed. Most im-
portantly, the increased resolving power, mass resolution, and mass accuracy of the
FTICR MS technique developed by Professor Alan Marshall and coworkers have ex-
panded the application of MS. The strength of the applied magnetic field in the
FTICR MS methods is still undergoing improvement to achieve the best MS results.

12.3 Evolution of MS for petroleomics

The comprehensive characterization of crude oil and its products at the molecular
level by MS is known as petroleomics [10, 45]. MS was first explored as an analytical
tool to monitor petroleum refining processes in the 1940s. Although the MS technology
has long evolved into a tool for elucidating the composition of petroleum, the first hy-
phenated MS technique, such as GC/MS, was developed in the 1950s and 1960s to ana-
lyze complex mid-light distillates [46]. In 1958, low-voltage EI was developed by
Lumpkin to minimize fragmentation and analyze a much wider molecular-weight
range [47]. The MS platform, interfaced with high-voltage (70 eV) electron ionization
(EI) and field desorption (FD)/EI, was employed to characterize the low-boiling-point
nonpolar species, middle distillates and residues of petroleum until the 1990s. Most
importantly, ASTM Standards based on these methods are practiced until now (e.g.,
ASTM D2425 – 21). The molecular assignments of petroleum compounds were mainly
based on group types, carbon number distributions [46], and structure-oriented lump-
ing [48]. In the 1990s, HR-MS instruments with ultrahigh resolving power were devel-
oped [12, 49, 50] based on low-field (∼3 T) superconducting magnets; however, these
instruments could analyze petroleum distillates only within a narrow mass-spectral
range at a time [51]. Thenceforth, the resolving power (above one million) and resolu-
tion of HR-MS have advanced with time via the strengthening of the magnetic field to
>7 T to achieve a highly accurate analysis and wide m/z range (one kilodalton) in
the growing field of petroleomics [8, 9, 45, 50, 52]. The mass spectrum of crude oil
obtained using UHR FTICR MS enables the unambiguous identification of crude
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oil molecules by providing unique elemental peak listings with approximately
10,000–50,000 molecular formulas.

Since the year 2000, an increasing number of hyphenated MS techniques, in-
cluding liquid chromatography coupled with MS (LC/MS), tandem MS, IM-MS, and
HDX, and promising simple and diverse ionization sources, such as ESI and APPI,
have been successfully applied to the analysis of heavy crude distillates containing
polar and non-polar species to extract more detailed information on the composi-
tion and structure of petroleum.

12.4 Outlook for crude oil and its products

The heavy fractions of crude oil are used for producing paving and roofing materi-
als, fuel oils, asphalt, gasoline, diesel, and jet fuel [3]. Petroleum mainly contains
hydrocarbons (CcHh, ∼85–90%); polar species (NnOoSs, ∼10–15%) consisting of het-
eroatoms, such as nitrogen-, sulfur-, and oxygen-containing compounds; and met-
als (V, Fe, Ni) [3].

Crude oil can be separated into four different fractions: saturates, aromatics, res-
ins, and asphaltenes (SARA), using the SARA fractionation procedure [53]. Heteroatom
PAH compounds, such as nitrogen-, sulfur-, and oxygen-containing compounds, can
be found in the resin and asphaltene fractions of heavy oils. The polar resin fraction
comprises dark brownish-black semisolids. It is a chemically complex mixture, which
contains diverse polar chemicals, including nitrogen- (amides, pyridines, quinolines,
and carbazoles), sulfur- (sulfoxides, sulfides, sulfones, thiophenes), and oxygen-
containing compounds [54]. Therefore, the individual chemical identification of the
resin fraction components is difficult. During the production and processing of petro-
leum, its polar fraction usually causes corrosion, emulsion formation, deposit forma-
tion, and catalyst poisoning. Crude oil compounds can be structurally characterized
based on the groups and classes of various oil compounds, carbon number distribu-
tion, double-bond equivalent (DBE) distribution, and types of heteroatom compounds/
aromatics/aliphatic hydrocarbons.

12.4.1 PAHs

PAHs are organic compounds composed of multiple aromatic rings. PAHs can be
formed from the pyrolysis and dehydrogenation of compounds containing branched
chains, as well as saturated structures. The analogs of PAHs, e.g., oxygen-, nitrogen-,
or sulfur-containing PAH compounds, can also be formed.

The PAH compounds present in fossil fuels (petroleum, coal, shale oil, etc.) are
extremely complex and rich in alkylated species (e.g., alkylated naphthalenes),
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hydroaromatic species (e.g., pentacyclic and tetracyclic aromatic hydrocarbons such as
monoaromatic and triaromatic steranes), and heteroatomic compounds (e.g., oxygen-,
nitrogen-, or sulfur-containing PAH compounds). The three-dimensional structural
range of the PAHs and sulfur-containing PAH compounds is shown in Figure 12.1a and
b, where each of the PAH compound types may be present as a continuous homol-
ogous series in a given petroleum sample. In addition, the structures such as bi-
phenyl and diphenylmethane, can also be present in petroleum. The compositions
of the PAH compounds in coal- and shale-derived oils are more complex compared
to those in petroleum. The detailed compositional analysis of the PAH compounds
in petroleum can be performed using MS group-type analyses.

The PAH compounds present in petroleum have been extensively analyzed by
group-type mass-spectral analyses. In the early 1950s, Brown [55] first developed a
reliable group-type analysis method for analyzing saturated and unsaturated hydro-
carbons, such as paraffins, cycloparaffins, monoolefins, diolefins, and acetylenes,
and gasoline using the early commercial low-resolution mass spectrometers. The
alkyl homolog plots can be constructed for semiquantitative comparison during the
group-type mass-spectral analysis of PAHs, using the graph of the molecular ion
abundance versus the carbon number for each parent PAH compound and its alkyl
derivatives [56]. Blumer et al. [57] analyzed PAHs isolated from fossil fuels and con-
structed their alkyl homolog plots, which revealed the three or four carbon alkyl-
substituted PAHs with the highest abundance. Besides, Clerc et al. [58] applied
group-type analysis to saturated and alkyl- and hydroaromatics. Later, additional
group-type analyses of petroleum aromatic fractions were conducted by several

Figure 12.1: Structural range of the petroleum (a) hydrocarbons, (b) sulfur heterocycles [reproduced
with permission from L. R. Snyder [200]. Copyright, American Chemical Society].
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research groups using low-resolution mass spectrometers [59–61]. The conventional
low-resolution MS ionization methods, such as low- and high-voltage EI, field ioni-
zation (FI), FD, and photoionization (PI), were used primarily for the determination
of the molecular-weight distributions (MWDs) of PAHs. In the early 1970s, FI and
FD-MS were employed for the analysis of the aromatic fractions of fossil fuels [62],
while HR-MS was employed for the group-type analysis of the PAHs in petroleum
[63]. To achieve the separation of individual PAH components before mass-spectral
identification, hyphenated MS techniques, such as GC/MS, GC/MS/MS [64], CI,
metastable-ion, and CID MS, are selected to analyze complex petroleum mixtures
containing many structural isomers.

12.4.2 Nitrogen-containing species

Nitrogen compounds constitute approximately 0.01–2% of petroleum during the refin-
ing process while more than 15 wt% of most biodegraded (heavy) lacustrine oils. The
common nitrogenous compounds in petroleum are aromatic heterocycles with one
neutral nitrogen or amine groups [4]. The basic nitrogen-containing compounds pres-
ent in crude oil are mainly pyridines, while the non-basic nitrogen-containing com-
pounds such as pyrroles, indoles, carbazoles, and benzo-carbazoles may contain alkyl
groups in certain isomeric positions. These nitrogen-containing species can signifi-
cantly affect the refining processes. Since they have a very high absorption capacity at
catalytic sites, they act as a poison for the hydrotreating catalysts used in HDS [4].
Therefore, they must be removed by nitrogen hydrotreatment or HDN before perform-
ing HDS. However, some nitrogen-containing species are resistant to HDN processes,
which are called refractory nitrogen compounds; these compounds must be saturated
before initiating the HDN processes. Moreover, the identification of nitrogen-containing
species is very important during petroleum refining.

The identification of nitrogen compounds in petroleum can be performed effec-
tively using MS techniques. The existence of basic nitrogen-containing compounds
in crude oil, e.g., pyridines and quinolines by Richter et al. using extraction with
5% aqueous hydrochloric acid [65]. Conventionally, ESI is employed to facilitate the
selective ionization of polar nitrogen-containing compounds containing basic (e.g.,
quinoline) or neutral nitrogen (e.g., carbazole) molecules in petroleum samples.

12.4.3 Oxygen-containing species

The polar oxygen-containing compounds present in acidic crude oil may include
alcohols, phenols, oxygen heterocycles, and carboxylic acids, collectively denoted
as naphthenic acids (NA). Among the oxygen-containing compounds, fatty acids are
one of the most important precursor of long chains alkanes in the crude oil while
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naphthenic acids are the reservoir biodegradation product of the crude oil [66] The
carboxylic acids, collectively denoted as NA, are organic acids mainly composed of
polycycloaliphatic acids and aromatic acids with substituents of heteroatoms such as
nitrogen, sulfur, and oxygen. The carboxylate functional group (–COOH) is common
in the isomers of NAs and aromatic acids of crude oils. They can cause liquid-phase
corrosion during crude oil transport and refining processes, emulsion formation,
naphthenate deposition, and flow assurance problems [67]. Notably, naphthenates
can significantly contribute to petroleum solubilization, aggregation, and emulsion
[68, 69]. During naphthenate deposition, metal naphthenates, such as calcium naph-
thenate solids and sodium naphthenate emulsions, are precipitated by the hydrolysis
of naphthenic acid with the inorganic cations (e.g., divalent ions, such as Ca2+, Fe2+,
and Mg2+, or monovalent ions, such as Na+ and K+) present in the production waters.
Crude oils containing high NAs are (by) products of severe biodegradation. New
crude oil reservoirs may also be more prone to naphthenate deposition because they
contain immature heavy crude oils with a high heteroatom content. Therefore, the
structural identification of the oxygen-containing compounds, such as NAs and aro-
matic acids, in crude oil is very important.

12.4.4 Sulfur-containing species

Crude oil and its products, including gasoline and diesel fuel, may contain abun-
dant sulfur-containing compounds, such as sulfides, polysulfides, thiophenes, and
mercaptans (thiols) [4]. The amount of sulfur-containing compounds for crude oil
may be more than 10%, while for the products of crude oil, including gasoline and
diesel fuel, may be less than 10%. Among the sulfur-containing species, thiols are
the most reactive, and they are present in relatively lower amounts compared to thi-
ophenes or sulfides.

The identification of sulfur-containing compounds in petroleum is as important
as the identification of nitrogen and oxygen-containing compounds, considering
their catalyst-deactivating and corrosion-inducing capabilities in petroleum refineries
[4]. Although the absorptive, adsorptive, and reactive properties of sulfur compounds
have hindered their identification in petroleum for some time [45], several analytical
methods, such as HR-MS [70–72] ESI and CI coupled with GC [73], and APPI [21, 74]
have been reported for the molecular-level characterization of sulfur-containing com-
pounds in crude oil. Han et al. reviewed the most recent analytical techniques used
for the detection of the sulfur-containing compounds in crude oil [72].
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12.4.5 Petroporphyrins

Petroporphyrins consist of four pyrrole units bonded to methine carbons. Ni and V
have the highest abundance in petroleum [75]. Their structures remain stable under
different geological conditions. Examples of two petroporphyrins found in petro-
leum are deoxyophyl loerythroetioporphyrins (DPEP) and etioporphyrins (ETIO)
(Figure 12.2).

In order to deactivate cracking catalysts, reduce furnace corrosion during petro-
leum refining, establish their potential petroporphyrins as biomarkers, and explore
new fuel sources, the compositional and structural identifications of pure porphyr-
ins and complex petroporphyrins are important [76].

Triebs was the first to identify petroporphyrins in petroleum in the 1930s [77].
MS techniques, such as FAB/other desorption techniques, H2/NH3 CI, specialized
derivatization procedures, and tandem mass spectrometry, can be used for the anal-
ysis of petroporphyrins. The major fragment ions observed in previous studies sug-
gest that petroporphyrins comprise mainly pyrrolic structures, which can be formed
by cleavage at the bridge positions [78, 79]. The compositional analysis of petropor-
phyrins is also performed using UHR MS [80, 81]. More recently, Maillard et al. [82]
combined trapped ion mobility (TIMS) and FTICR MS to characterize vanadium pet-
roporphyrins present in heavy petroleum fractions.

Figure 12.2: The structures of DPEP and ETIO.

12 Molecular structure characterization of crude oil 555



12.5 Tandem MS/MS

12.5.1 Principle of tandem MS

Tandem MS (MS/MS) is a two-stage MS technique, which involves the simultaneous
fragmentation/collisional ionization of the target ion, causing a change in the mass or
ion charge; thus, this technique is suitable for the m/z analysis of structurally impor-
tant fragments or product ions [83]. The concept of building a MS/MS instrument into
the MS system was first introduced by J. J. Thomson, who is thought to be the forefa-
ther of tandem MS [84].

The tandem MS phenomenon is represented by a general reaction depicted as
follows [85]:

mþ
p ! mþ

f þmn (12:1)

where mp
+ is the precursor ion isolated in the first mass analyzer; mf

+ and mn are the
product ion and neutral fragment, respectively, produced after collisional fragmen-
tation and analyzed by a second mass analyzer.

The basic tandem MS technique progresses in three steps (Figure 12.3) [83].
First, the ion selected for the tandem MS, called the precursor ion, is isolated in the
first mass analyzer before fragmentation. To isolate the precursor ion, the MS in-
struments generally allow a mass window of approximately 1 Da. The isolated pre-
cursor ion enters the collision cell placed between the two mass analyzers. Second,
an inert gas passes through the collision cell and collides with the precursor ion. In
this step, translational energy is transferred to the precursor ion, causing it to disin-
tegrate into fragments; this fragmentation is facilitated by different activation meth-
ods (discussed later). Third, the ions produced during the fragmentation are called
product ions, whose m/z ratios are measured in the second mass analyzer.

During the MS/MS experiment, the type of product ions observed mainly de-
pends on the ion-activation step [86], and the collision energy can be measured
by dissociating 50% of the precursor ion; thus, different classes of compounds
can be differentiated. The most important factors controlling the number of ions

150      151          152         153       154       155     

Isolation of Precursor ion

Fragmentation of Precursor 
ion by collision with inert gas

Mass analysis of Product ions

150 151 152 153 154 155 
m/z m/z

Figure 12.3: Principle of the MS/MS analysis.
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undergoing fragmentation and the ion collisional probability are the nature and
pressure of the collision gas used in the collision cell [86].

12.5.2 Categories of the MSn experiment

Tandem MS experiments can be performed using two main categories of instruments
operated either in space or through time separation [83]. For the instruments oper-
ated in space, such as double-focusing mass spectrometers, and quadrupole mass
analyzers [87], at least two mass spectrometers are usually coupled together. For the
instruments operated through time separation, such as ion traps [88], FTICR mass
spectrometers [7], and orbitrap mass spectrometers, an appropriate sequence of suc-
cessive fragmentations, generally seven to eight at maximum, occurs in the same in-
strument. The basic difference in the tandem MS operations of ion trap and FTICR is
that the ions are measured at the end of the fragmentation process in ion trap MS,
whereas the ions are detected at each step of the tandem process in the FTICR MS
[83]. Notably, increasing the number of analyzers in the MS system can yield higher
order MSn spectra; however, this also increases the instrument complexity and cost.

12.5.3 Types of scan modes used for the MSn experiments

There are four types of scan modes for the tandem MS experiments, proposed by
Cooks and coworkers [89] as shown in Table 12.1:

Table 12.1: Types of scan modes used in tandem MS.

Scan modes Details

Product-ion scan A precursor ion of a target m/z ratio is selected, and the product
ions produced from the tandem process are determined

Precursor-ion scan The precursor-ion scan mode operates opposite to the product-
ion scan mode, where the precursor ions are determined from a
given product ion and can only be performed in space-based
mass spectrometers

Neutral-loss scan A neutral fragment is chosen, and the fragmentations leading to
such loss are detected; Similar to the precursor-ion scan mode,
the neutral-loss scan mode can be performed only in space-
based mass spectrometers

Selected-reaction monitoring
(SRM) or multiple reaction
monitoring (MRM)

A fragmentation reaction is selected by focusing the selected m/z
ratios of the first and second mass analyzers; therefore, the MS
sensitivity can be increased. This scan mode can be performed in
both time- and space-based MS instruments.
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12.5.4 Types of activation methods

Ion activation is an important step in tandem MS experiments, which can overcome the
activation barrier expressed in eq. (12.1) before the overall fragmentation reaction oc-
curs. Many activation methods exist, including collision-activated/induced dissociation
(CAD and CID), infrared multiphoton dissociation (IRMPD), electron capture/electron
transfer dissociation (ECD and ETD), and surface-induced dissociation (SID) [84, 85].

12.5.4.1 CID

The most common activation method used in tandem MS is CID or CAD, where inert
gas molecules collide with the precursor ion (with high kinetic energy), resulting in
the conversion of kinetic energy into internal energy, which leads to the decomposi-
tion of the analyzed ion [85, 86, 90]. CID has been applied to study the structures of
isolated ions by tandem MS [91].

The CID process can be described as follows:

Ecm ¼ ½N= mp þ NÞ� �
×ELab (12:2)

where Ecm is the internal energy available for fragmentation, N is the mass of the
neutral gas molecule, mp is the mass of the precursor ion, and Elab is the ion kinetic
energy. It was reported that the overall CID process depends on the value of N
and mp, while the energy conversion (Ecm) in the CID process can be improved by
increasing mp [84]. Similar to Boltzmann’s distributions, the distributions of the in-
ternal energy for the parent ions in multiple CIDs are mostly thermal.

The activation mechanism is depicted by the excitation of the precursor ions,
followed by fragmentation [86]:

mþ
p þ N ! mþ #

p ! mþ
f þmN (12:3)

The CID process occurs in two energy ranges: low energy (1–100 eV) and high en-
ergy (a few keV). The low-energy CID can be performed in ion traps, quadrupoles
(e.g., triple quadrupoles, QqQ), and FTICR instruments, whereas the high-energy
CID (HCD) is performed in sectors and TOF instruments employing He or heavier
gases (such as Ar or Xe) as the collision gas.

CID-based MS techniques have been employed to study the aromatic core struc-
tures of crude oil components because CID can easily break the weakly σ-bonded
alkyl chains linked to the aromatic core [92, 93]. The structure of crude oil species
has recently been studied using CID coupled to FTICR MS [94].

Another specific CID technique is higher-energy C-trap dissociation, or HCD,
which can be performed in high-field Orbitrap instruments with a low collision en-
ergy range (<100 eV) by fragmenting ions in a collision cell [95]. The fragmentation
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pathways in the HCD process are much wider than those in the low-energy process.
Due to its low-mass cut-off, HCD-based FT-ICR MS was applied to study the struc-
tures of asphaltenes [96].

Another CID process, called multipole storage assisted dissociation (MSAD),
can be used to enhance the fragmentation in the collision cell at certain concentra-
tions [97]. In the MSAD process, the excited ion can be oscillated at relatively high
magnitudes in the multipole during the radial spreading of the ions by Columbic
force after the ion density reaches the charge limit. Thereafter, the radio frequency
(rf) energy of the ions can be converted into high kinetic energy, resulting in the ex-
tensive fragmentation of the excited ions in the collision cell during the collision with
the gas molecules [96].

12.5.4.2 Infrared multiphoton dissociation (IRMPD)

IRMPD is another ion-activation technique, which involves photon absorption of
the precursor ion, followed by photodissociation using different continuous-
wave low-energy lasers, such as UV, visible, and IR lasers, at a selected irradiance
time (approximately 10–100 ms) [85]. The instruments used for this activation tech-
nique are ion traps and FTICR mass spectrometers. The IRMPD process can be
explained by two steps:

m+
p +N nhν

! m
+#Kdis
p ! m+

f +mN (12:4)

where n is the number of photons absorbed, hυ is the photon energy, and kdis is the
photodissociation rate constant. In the first step, IR rays are absorbed, which excite
the stored ions. In the second step, the absorbed photon energy dissociates depend-
ing on the internal energy and produces fragment ions.

The advantages of this activation process include the high availability of photon
energy, good dissociation efficiency at high activation times, and non-use of colli-
sional gas [86]. Conversely, the limitations include its nonselectivity, high cost, and
complex collection of fragmentation spectra. IRMPD-based FTICR MS and tandem
MS/MS techniques were applied for the comprehensive fragmentation of pentane-
insoluble asphaltenes from a de-asphalted oil (DAO) to identify the building blocks
for a stable aromatic core [98].

12.5.4.3 ECD

ECD, developed by McLafferty’s group [99], is an ion-activation method, wherein
the precursor ion of multiply charged cationic species is activated by capturing a
beam of low-energy electrons, resulting in charge state reduction and subsequent
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fragmentation at the radical site [85]. The mechanism of ECD is governed by radi-
cal-ion chemistry, reviewed by Zubarev et al. [100] Only FTICR mass spectrometers
are suitable for conducting ECD experiments. The advantages of the ECD method
are its fastness, ability to dissociate very large biomolecules, and ability to cleave
strong bonds. To facilitate the movement of electrons in the trap instruments, an
alternate activation method, named ETD, was developed by Hunt’s group [101].

12.5.4.4 SID

SID, developed by Cooks and coworkers [102], is another ion-activation method,
wherein the precursor ion (with a high kinetic energy) collides with a solid surface,
resulting in the efficient conversion of kinetic energy into internal energy and the
consequent decomposition of the analyzed ion [85]. Since the entire surface is used
as the collision target in the SID method, the excited ions can distribute the internal
energy in a narrow range [103], facilitating the discrimination of the isomers [104].
The instruments used for low-energy SID are triple quadrupoles, ion traps, and FTICR
mass spectrometers, whereas TOF mass spectrometers are used for high-energy SID.

12.5.5 Tandem MS chemistry of crude oil

The general chemical formula of a petroleum system is depicted as follows [4]:

CCH2CþZNnSsOoVNi (12:5)

where c, n, s, and o are the numbers of carbon, nitrogen, sulfur, and oxygen atoms
present in a crude oil molecule, respectively; V and Ni are the metals present in the
crude oil as metalloporphyrins; Z indicates the hydrogen deficiency or degree of unsa-
turation (a homologous series of a petroleum system containing alkyl chains has one
unique Z number and heteroatom combination). The negative Z value highlights the
unsaturation of the molecules. The Z values of the alkylated carbazoles (CcH2c‑15N),
benzothiophenes (CcH2c‑10S), and alkylated benzenes (CcH2c‑6) are − 15, − 10, and − 6,
respectively.

Z can further be described as follows:

Z ¼ �2× DBE� 1ð Þ þ n (12:6)

where DBE indicates the total number of rings and double bonds in the compound
with formula (12.5).

During tandem MS experiments, the Z numbers of the parent molecules and the
fragments in eq. (12.1) can vary depending on the change in the chemical structure
of the crude oil compounds [85]. The parent molecules and the fragments of the tan-
dem MS experiment may have the same Z number or not, as expressed in eq. (12.5).
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For a molecule with a single-core structure, dealkylation is expected to occur, whereas
for a molecule with multicore structures, dealkylation, as well as the change in the Z
number, should occur during the MSn experiment. Terpenoids and steroids are popu-
lar structures in petroleum, and these molecules are more prone to split their core
structure instead of the side chains as shown in Figure 12.6. The fragments produced
from the parent multicore-structured molecule should have relatively low absolute Z
numbers.

Since a crude oil sample contains numerous parent molecule ions, the fragmen-
tation study of petroleum samples is more complicated than that of known standard
model compounds. Consequently, a quality control sample is recommended to be
analyzed along with the petroleum samples to achieve consistent fragmentation
patterns. The important factors affecting the fragmentation chemistry for different
core structures include the presence of weak versus strong bonds in the molecules,
product distribution, and charge efficiency [85]. The mass and product distributions
and ion transmission tandem MS experiments can be significantly affected by dif-
ferent instrument parameters, including the collision energy, collision cell ion den-
sity, beam steering, and excitation in the ICR cell [84].

12.5.6 Interpretation of the tandem MS crude oil data

Altgelt [3] summarized the interpretation methods of the tandem MS data under three
basic steps: (a) All the fragment ions produced during the tandem MS, belonging to
the same parent ions, are identified; (b) all parent ions belonging to the specific frag-
ment ions produced during the tandem MS are identified; and (c) all parent ions result-
ing in fragment ions through the same neutral-loss (fixed mass) process are identified.
Among all the three mentioned interpretation methods, method (a) is the most conve-
nient because of the elimination of isotope effects and the readily interpretable frag-
mentation patterns obtained from the parent ions in the second MS stage.

Recently, Rodgers’s and Zimmermann’s research teams differentiated the struc-
tural families of petroleum by studying the mapping (DBE as a function of the carbon
number) interpreted from the MS/MS spectra [25, 105–107] A mapping is the most
common oil-characterization diagram derived from the HR-MS data; this diagram dis-
plays the “molecular fingerprint” for a given class of heteroatoms, enabling the visu-
alization and identification of thousands of elemental compositions and structures in
a given oil sample [15, 108, 109].

12.5.7 Application of tandem MS in crude oil analysis

Understanding the effect of CID on various class species of different petroleum
crudes can help elucidate their molecular structures. Tandem MS has been used to
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study the structures of aromatic compounds in heavy petroleum fractions [94, 96,
98, 110], as well as asphaltene [26]. Tandem MS had yielded impressive composi-
tional information on not only heavy crude oils, but also many petroleum distillates,
such as gasoline, diesel, and gas oils [111]. A continuum of crude oil species has
been distinguished in previous studies based on their boiling points, molecular
weights, and unsaturation [3, 98]. Recently, many researchers, including Kekäläinen
et al. [112], Wittrig et al. [26], Chacón-Patiño et al. [106, 113–115], and Lalli et al. [116],
are focusing on the continuous compositional and structural investigation (hetero-
atom distribution, structural conformation with single and multiple core motifs) of
heavy crude oil fractions, such as VGO, bitumen, and asphaltene.

12.5.7.1 PAHs

Qian et al. [96] applied CID (MSAD in a linear quadrupole)-12 T FTICR MS (ESI and
APPI) technology with no isolation prior to fragmentation to determine the aromatic
building blocks and their distributions in heavy petroleum fractions, such as vacuum
residues (VRs), based on the CID chemistry of a wide range of model compounds hav-
ing both single-core and multicore structures (e.g., pyridines, pyrroles, hydrocarbons,
and sulfides). The most prevalent fragmentation pattern for the model compounds
was observed to be dealkylation (breakage of the weak –CH2 − CH2– bonds on the
alkyl side chains); other patterns, such as breaking of the C2 + alkyl linkages and
naphthenic ring-openings, were also observed. The single-core-structured compounds
showed a reduction in the molecular weight only, while the multicore-structured com-
pounds showed a reduction in both molecular weight and the Z number. The higher
the condensation efficiency of the aromatic molecule, the lower the molecular mass.
The before and after CID results of the VR sample suggested its architecture to be a
mixture of single-core and multicore configurations with abundant aromatic ring clas-
ses (Figure 12.4). Therefore, the parent petroleum molecules can be reconstructed from
the CID product distribution used as the building blocks. The authors stated that the
main drawback of this broadband CID experiment is the difficulty in finding a direct
parent–product ion correlation, fragmentation patterns, and mechanisms for the ana-
lyzed crude oil samples.

12.5.7.2 Nitrogen-containing compounds

Maître et al. [93] identified and characterized nitrogen-containing compounds by
analyzing three different VGO fractions of the same oil before and after HDN, using
ESI (+) FTICR tandem MS and IM spectrometry. The results obtained from the FTICR
MS data provided information on the basic nitrogen compounds, such as quinoline
and isoquinoline, with DBEs of 7, 8, and 9. The IM spectrometry data confirmed
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that the N1 isomers, which are highly resistant to the HDN process, have long alkyl
branches with high CCS values. From the MS/MS data of the protonated precursor
ion, the island core structures of the N1 class compounds were deduced based on
the alkane losses as a function of the collision energy.

Maître et al. [117] further examined the efficiency of a vacuum hydrocracking
unit in eliminating the neutral nitrogen compounds that are refractory to the HDN
processes. For this, they analyzed two petroleum samples: processed VGO and un-
processed VGO, containing 10 w-ppm N, by (–) ESI UHR FTICR tandem MS (CID, col-
lision energy: 60 eV) and TWIMS TOF MS, and they identified the structures of the
N1 compounds by studying their tandem MS fragments. They observed that the
structural conformation of the molecular core correlates with the refractory behav-
ior. The fragmentation mechanism obtained from the MS/MS results of the selected
precursor ions shows the subsequent loss of small alkyl chains (e.g., methyl, butyl)
following the rearrangement of the molecular nuclei. The IM-MS and MS/MS results
highlighted that the isomers presenting low CCS values with DBEs of 10 and 13 are
the dominant species. Moreover, the benzocarbazole derivatives with small alkyl

Before CID
2

-66

75 1660
MW

Increase in MW

De
cr

ea
se

 in
 Z

-N
um

be
r

Z

ARC 4

ARC 3

ARC 2

ARC 1

After CID

Figure 12.4: Analysis of the aromatic fractions of vacuum residue oil before and after CID coupled
with 12 T FTICR MS; Z-number versus MW distributions along with the relative abundances (color
scheme) of their aromatic ring classes. The stoichiometric limits of the planar polycyclic aromatic
hydrocarbons (PAHs) structures are represented by the red lines [reproduced with permission from
Qian, K. et al. [96]. Copyright, American Chemical Society].
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branches are suggested to be the aromatic core pattern of the selected refractory pre-
cursors, which are considered as highly refractory compounds in this study.

Porter, D. and Mayer, P [24]. demonstrated the usefulness of ESI-triple-quadrupole
tandem MS using CID as an activation method for the analysis of petroleum-based
chemicals, e.g., polar resin fractions of crude oil (Alberta sweet mix blend, ASMB), fuel
oil, and diesel (Summer Diesel). The CID mass spectrum obtained at various collision
energies for a model compound, protonated 1,4,5,8,9-pentamethyl carbazole (m/z
238), was very identical to that of the ASMB resin peak at m/z 238. Additionally, the
fragmentation patterns of two model carbazole compounds with different alkyl chains
(–CH2, 14 mass units larger): 9-methyl carbazole and 9-ethylcarbazole, and resin con-
stituents (m/z 240, 254, and 268) were identical. Finally, the resin constituents in this
study were identified as alkyl-substituted carbazoles based on their structures.

Quan and coworkers [110] selectively investigated the bond-dissociation behav-
ior and aromatic ring architecture of the basic nitrogen compounds in a low sulfur
crude oil-derived VR, such as Sudan heavy petroleum fraction, using both broad-
band and quadrupole isolation mode (+) ESI FT-ICR MS coupled with CID techni-
ques. The fragmentation pattern of the VR sample indicated that heterolytic bond
cleavages of the protonated parent ions were more common than the homolytic clea-
vages in the dealkylation process, due to the predominance of odd-electron fragment
ions. The trend of iso-abundance plots and the DBE distribution plot highlighted the
“island” or single-core structure of the basic nitrogen compounds present in the ana-
lyzed oil sample, due to the preservation DBE values after the fragmentation of their
parent ions.

Marshall and coworkers [46] confirmed the aggregation tendency of the polar
species in Canadian bitumen by ESI MS and suggested their relatively high aggre-
gated multimer structures with masses of 900, 1,500, and 2,000. The results of tan-
dem CID (MS4) MS demonstrated the low-molecular-weight monomer distribution
(below ∼800 Da) as a low-mass segment of the original broadband mass spectrum.

12.5.7.3 Oxygen-containing compounds

Cao, X. and Tarr, M. A [118] applied (–) ESI MS/MS (CID) coupled with 2,4-dini-
trophenylhydrazine (DNPH) derivatization to identify aldehyde and ketone pho-
toproducts in the aqueous phase under the oil exposed to simulated sunlight.
DNPH can selectively react with aldehyde and ketone photoproducts to produce
aldehyde/ketone-DNPH derivatives, which can be ionized and fragmented by (–)
ESI MS/MS. The MS/MS results confirmed the presence of more than 80 aldehyde
and ketone photoproducts in the solar irradiated oil samples. The comparative
fragmentation patterns for the aldehyde/ketone photoproducts formed from the
irradiated crude oil on sea water and oil on pure water were identical to those of
dicarbonyls, hydroxycarbonyls, and oxo-carboxylic acids. The higher abundance
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of polar aldehyde and ketone photoproducts in sea water than in fresh water evi-
denced their transfer into sea water, due to the photo-oxidation of oil, which ulti-
mately represents their biodegradation nature. However, there are also hypotheses
that recalcitrant dissolved organic matter pool may be the source of soluble photo-
products [119].

Mapolelo et al. [120] characterized isolated NA from a European calcium naph-
thenate deposit, commonly known as “ARN” acids, by (–) ESI FT-ICR MS coupled
with tandem MS (MSn), along with CID and IRMPD. The results of the IRMPD and
CID fragmentation proposed the structure of the ARN acids to have a tetracarboxylic
acid group with a C80 hydrocarbon skeleton, attributed to the multiple dehydration
and decarboxylation of the carboxylic acid groups without dealkylation (Figure 12.5).

12.5.7.4 Sulfur-containing compounds

Kim and coworkers [27] proposed an analytical method using CAD tandem MS to ana-
lyze a Kuwaiti oil sample; they distinguished the structure of the aromatic compounds
with one sulfur atom in the oil sample by comparison with the spectra of model

Figure 12.5: Analysis of the ARN acids extracted from a European calcium naphthenate deposit by
(–) ESI FT-ICR coupled with IRMPD (low power); bottom: broadband mass spectrum; top:
fragmentation of doubly charged (left) and singly charged (right) ARN acids from the same deposit
[reproduced with permission from Mapolelo, M. M. et al. [120]. Copyright, Elsevier B. V.].
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compounds. Further, they evaluated the potential of a systematic analytical approach
by comparing the HR tandem MS spectra (with a normalized collision energy of 50 eV)
of crude oil with those obtained from a well-defined set of 25 standard compounds
having various functional groups to interpret the chemical structures of the crude oil
compounds. The results of the tandem MS analysis showed that the product-ion distri-
butions and fragmentation pattern for S1 compounds with different DBE values are dif-
ferent, because of their different numbers of alkylation sites. The presence of less
abundant alkylated benzothiophene and abundant alkylated dibenzothiophene sug-
gested that dibenzothiophene with DBE values of 9 is the major structural motif for the
S1-class compounds present in the analyzed crude oil. Kim’s group summarized their
MS/MS findings via the tandem MS analysis of crude oil as follows: (i) a series of peaks
differed by CH2 group masses were generated from isomers with different numbers of
alky side chains; (ii) the fragmentation pattern depends on the number and length of
the alkyl side chains attached to the aromatic cores; (iii) there is a positive correlation
between the number of methyl groups lost during the fragmentation and the molecular
branching; (iv) significant fragmentation occurs for the compounds with long alkyl
side chains (CnH2n, n ≥ 5); (v) archipelago structures with short alkyl side chains CnH2n,
n ≤ 1) are stable during MS/MS; (vi) compounds with saturated ring structures can lead
to a decrease in the DBE value.

Vetere et al. [92] synthesized different individual isomerically compounds with dif-
ferent aromatic cores and various substituents that are presumed to be present in a
chromatographically simplified complex VGO mixture. They structurally characterized
the compounds by defining their fragmentation mechanisms using (+) ESI or APPI tan-
dem MS in either a triple quadrupole MS or a linear ion trap MS, which was operated
in either Q1 or the product-ion scan mode with an isolation window of 0.3 Da and col-
lision energy of 10–50 eV. The tandem MS results of the standard compounds consist-
ing of an aromatic core with aliphatic side chains, e.g., sulfur-containing compounds
and pure hydrocarbons, showed that the fragmentation mechanism is the benzylic
cleavage of the aliphatic side chains; thus, the remaining base aromatic core structure
can finally be characterized. The tandem MS results of the PASHs from a crude oil
sample revealed a series of fragments with a 14 Da spacing, attributed to the presence
of multiple structural isomers containing different alkyl substituents in the crude
oil sample.

12.5.7.5 Petroporphyrins

Brodbelt et al. [121] used MS/MS in combination with isobutane CI using a Finnigan
4500 triple quadrupole mass spectrometer to characterize the trace porphyrin con-
stituents, such as vanadyl deoxophylloerythroetioporphyrins (DPEP) and vanadyl
etioporphyrins (ETIO) species, in West Coast, Gato Ridge, and Boscan petroleum
samples. The CI mass spectra confirmed the presence of low-level porphyrins in the
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analyzed samples. The total concentration of the porphyrins in the samples was es-
timated by tandem MS and UV–Vis spectroscopy. The tandem MS experiments per-
formed with CID at a collision energy of 20 eV showed that the fragmentation
patterns for the daughter spectra of several suspected vanadyl porphyrin ions in a
West Coast crude oil sample having a low signal-to-noise (S/N) ratio were similar to
those obtained for the Gato Ridge porphyrin samples. Hexane extraction was con-
ducted to improve the S/N ratio of the fragment ions. The degree of fragmentation
and the relative DPEP/ETI0 ratio of the analyzed daughter spectra revealed that the
West Coast oil sample is as aged as the Gato Ridge and Boscan oils. Petroporphyrin
compositional analysis of a heavy crude oil has also been studied by Amy McKenna
and others from MagLab [122–124].

12.5.7.6 Petroleum biomarker analysis

Petroleum biomarkers, namely, isoprenoids, terpanes, and steranes, are first and fore-
most analyzed by conventional GC-MS [125, 126]. As saturate fraction is mostly rich in
biomarkers of interest, SARA fractionation prior to GC-MS analysis having lower
resolving power may be advantageous. GC coupled to a tandem mass spectrometer
(GC-MSn), i.e., GC-multiple reaction monitoring (MRM) can be used for analysis of
biomarkers having known composition [127]. The more recent powerful techniques
used for biomarker analysis are multidimensional gas chromatography coupled to
MS, i.e., GC × GC-FID, and GC × GC-TOFMS [128]. The tandem MS (e.g., MRM) with
standard EI can be applied for the traditional petroleum biomarker analysis. To
investigate the ion formation of petroleum standards (paraffins, isoparaffins, naph-
thenes, and aromatic hydrocarbons), Wu et al. [94] applied an atmospheric solid
analysis probe (ASAP) to analyze a saturate fraction of petroleum VR and a rela-
tively new technique combining GC with APCI, atmospheric pressure GC (APGC)
coupled with tandem MS techniques to characterize the petroleum biomarkers (par-
ticularly, naphthenic). In both ASAP and APGC tandem MS experiments, there is no
complication of data interpretation by nitrogen fixation, due to the unavailability of
this reaction for multiring naphthenic structures generating only molecular ions (M+.)
with subsequent fragmentation in Q-TOF MS configurations. The APGC tandem MS
analysis of the saturate crude oil fraction in the product-ion scan mode produced five
parent ions, corresponding to C26–C30 sterane biomarkers. The MS/MS spectra charac-
terized the steroidal hydrocarbons by selectively detecting the daughter ion (m/z 217)
along with its D-ring fragmentation and separating isomeric diasteranes from regular
steranes at different elution times (Figure 12.6).
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12.5.7.7 Asphaltenes

There are two models for explaining the structure of asphaltene molecules: the
island model and the archipelago model. The former applies to a single aromatic
core of asphaltene, while the latter applies to multiple aromatic cores bridged by
linkers in the asphaltene molecule. The identification of the aromatic core struc-
ture of asphaltene molecules (either single or multiple aromatic cores) is one of
the most controversial topics in the petroleum society. The controversy is mainly
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due to the support of the island model by MS results and the inconsistency between
the island-asphaltene structural motifs and the composition of the products derived
from asphaltene pyrolysis/thermal cracking, which are consistent with the coexis-
tence of island and archipelago structures. Tandem MS has been employed to inves-
tigate asphaltene structures by several research groups [129, 130].

Rodgers and coworkers [105, 113, 114] performed a series of research to examine
the structure of asphaltenes. In the first and second parts of their research [105, 113],
they demonstrated that the selective ionization of island compounds by (+) APPI tan-
dem (IRMPD) FTICR MS occurs due to the weak nanoaggregation of large aromatic
cores in toluene, resulting in the support of the island structure of asphaltene. Con-
versely, the (+) APPI tandem (IRMPD) MS method does not ionize the archipelago-
dominant fractions effectively because of their high tendency to aggregate. Therefore,
they highlighted the urgent need for a separation method based on MS for enhancing
the ionization of monomeric ions generated from archipelago asphaltene molecules.
In the third part of their research [114], Rodgers and coworkers applied (+) APPI FT-
ICR MS coupled with the IRMPD technique to characterize the asphaltenes and as-
phaltene extrography fractions derived from Wyoming deposit (island dominant) and
Athabasca bitumen (archipelago dominant) C7 asphaltenes. They concluded that the
abundance of island or archipelago structures mainly depends on the sample and
that all asphaltene samples cannot be described by Yen–Mullins molecular definition
of asphaltenes. The FTICR MS results suggest that the Wyoming deposit asphaltenes
exhibit island-type asphaltene structures with highly aromatic/alkyl-deficient spe-
cies, while the more than 40 wt% Athabasca bitumen C7 asphaltenes contain species
with low DBE values and high carbon numbers (up to 60), which are difficult to ion-
ize. The IRMPD results showed that the fragmentation mechanism for the fractions
obtained from the Wyoming deposit C7 asphaltenes is dealkylation without signifi-
cant loss of aromaticity, which supports the island structures. Contrarily, the IRMPD
results obtained from all the Athabasca bitumen-derived fractions correspond to the
archipelago structures.

Rodgers and coworkers [98] further implemented the tandem MS (IRMPD)
method coupled with APPI FT-ICR MS to reveal the component aromatic core
building blocks in a heptane-C7-deasphalted whole oil (C7-DAO) heavy distillate
cut (AEBP 523°C–593°C) obtained by DISTACT distillation, its pentane soluble/insol-
uble fractions (C5-soluble and C5-insoluble C7-DAO), and their different ring number
fractionations obtained by HPLC-2. The compositional continuum of the “maltenic”
and “asphaltenic” species fractionated from the C7-solubles by HPLC-2 was vali-
dated, as predicted by Boduszynski. The FTICR MS results showed a continuous pro-
gression in the decrease in the carbon number and increase in DBE (aromaticity)
with increasing ring numbers of the aromatic structures. The tandem MS results af-
forded the structure of the aromatic building blocks of the “maltenic” and “asphal-
tenic” species (from 1 ring to 5 + ring fractions) to be an increasingly heterogeneous
mixture of island and archipelago motifs (Figure 12.7). Additionally, the pentane-
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insoluble C7-DAO fraction was composed of a higher proportion of archipelago struc-
tures with higher-order fused ring core structures compared to those in the pentane-
soluble C7-DAO fraction.

The asphaltenes in petroleum and coal were comparatively studied by Kenttämaa
and coworkers [130], where the aromatic rings and the substituent chain length of
the coal asphaltenes were found to be significantly broader and shorter, respectively,
than those of the petroleum asphaltenes. To reduce the spectral complication inter-
preted from the data including both the molecular radicals and protonated ions gen-
erated from the petroleum samples, carbon disulfide was used as the solvent instead
of toluene in combination with APCI tandem MS, since it generates only molecular
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Figure 12.7: DBE versus the carbon number plots for the HC species identified for each ring number
fraction (top row), quadrupole mass isolated segments (middle row), and IRMPD fragments of the
mass-isolated fragments (bottom row), exposing the aromatic core structures of the C5-soluble C7-
DAO fraction. The blue dashed line denotes the highest relative abundance for the DBE distribution
for each mass isolated segment (middle in Figure 12.4), and the red dashed line denotes the
completely dealkylated fragments (bottom in Figure 12.4) [reproduced with permission from
Podgorski, D. C., et al. [98]. Copyright, American Chemical Society].
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radical ions [131], while toluene generates both molecular radicals and protonated
ions [132].

Tang et al. [133] studied the structures of six petroleum asphaltene samples of dif-
ferent geographical origins by the (+) APCI (CS2) method in a LIT mass spectrometer
(LQIT) subjected to multistage tandem MS with CAD at the same collision energy. The
results showed that the asphaltene samples from the Americas, Europe, and China
have similar apparent MWDs, ranging from 200 to 1,450 Da, with apparent average
MWs ranging from 570 to 700 Da. Moreover, the number of carbons (ranging from 17
to 41) in all the alkyl chains correlates well with the MWs of the asphaltene molecules
(ranging from 500 to 808 Da). The fragmentation patterns obtained from the MS/MS
analysis (MS2 and MS3) of the eight isolated molecular ions (m/z values ranging
from m/z 500 up to m/z 808), derived from the examined asphaltene samples, sup-
ported the island structure with the subsequent losses of small alkyl radicals and
without the loss of aromatic cores with different numbers of aromatic rings. This
study was limited to the identification of compounds in asphaltenes ionized by the
APCI (CS2) method.

Nyadong et al. [134] introduced a novel approach based on the high-energy CID
(HCD) fingerprints, using the (+) APPI high-field Orbitrap MS platform to fragment
six different crude oil asphaltene samples (including those derived from hydrotreated
residues) into their constituent stable aromatic cores within narrow mass segments
(~1 Da) at normalized collision energies (CE, %) of 35 and 200 eV. Thus, the relative
proportions of the island-to-archipelago constituents were determined based on the
discrepancy in the DBEs between the precursors and the stable aromatic cores. The
results of the high-energy CID analysis showed that the relative proportions of the
island-to-archipelago structures decreased as the MW of the analyzed asphaltenes in-
creased and that the hydrotreated asphaltenes contained a higher proportion of is-
land structures compared to the archipelago structures. Figure 12.8 shows that the
archipelago-type precursors lead to the formation of product ions, consisting of one,
two, three, etc. aromatic rings, which were observed at the lower bound of the HCD.
Overall, the boundary between the island- and archipelago-derived product ions pre-
sented in the figure reveals that the sum of their product-ion abundances can be con-
sidered as a measure of their relative proportions in the asphaltene precursor-ion
segment.

To extract more conclusive information on the core structures of the ions, single
Dalton CID analysis coupled with APPI 15-T FTICR MS was performed for several
aromatic ring class fractions of a heptane deasphalted VR and the associated as-
phaltene fraction, after simplifying the parent ions of the same nominal mass (iso-
baric and isomeric ions) via distillation, liquid chromatography, and mass selection
(∼1 Da) [26]. The main advantage of this single dalton mass isolation CID over
broadband CID is the simplification of the reaction products obtained during frag-
mentation, resulting in an improved understanding of the correlation between the
parent and fragment ions. The fragmentation results for the model compounds and
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Figure 12.8: Analysis of Eagle Ford Crude Asphaltenes by (+) APPI-orbitrap MS/MS. Left: full MS;
right: MS/MS (HCD) isoabundance-contour plots of DBE versus the carbon number for the
hydrocarbon class of compounds with m/z in the range of 545–555 [reproduced with permission
from Nyadong, L. et al. [134]. Copyright, American Chemical Society].

Figure 12.9: Proposed possible structures for the cores of several fragment ions in example Z class
distributions for the ARC2 (left) and ARC3 (right) fractions, analyzed by single Dalton CID analysis coupled
with APPI 15-T FTICR MS. Fragment ion Z classes are colored to indicate the parents that can produce
those fragments. The orange lines represent some linkage (perhaps C2+ alkyl chains) that breaks on CID
[reproduced with permission from Wittrig, A. M. et al. [26]. Copyright, American Chemical Society].
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petroleum samples suggested the parent-ion structures of the deasphalted oil (the
ARC1 − 4 + fractions) to be both single and multicored and the asphalted oil to be
single cored. The molecular structures of the parent ions (Z classes) were proposed
based on the assigned elemental formula by adding the fragment structures together
(Figure 12.9).

12.6 IM spectrometry coupled to MS (IM-MS)

12.6.1 Principle of IM-MS operation

IM-MS is a gas-phase separation method for separating gas-phase ions according to
their size and shape [135]. Due to the ineffective use of traditional on-line chromatog-
raphy in separating crude oil compounds, the IM-MS separation technique is imple-
mented for separating ions generated during the MS analysis of crude oil mixtures
[111]. The IM-IS technique enables the partial separation of the isomers and access to
the direct descriptor of the ion’s molecular structure (CCS), whereas the ion’s peak
width at full width at half maximum (FWHM) and its isomeric content are correlated
[136, 137].

The main stages of IM-MS analysis are given below (Figure 12.10):
a) The analyte ions having different IMs are formed in the gas phase using differ-

ent ionization sources.
b) The gas-phase formed ions migrate through a carrier-buffer gas-filled drift tube or

IM cell with a distance of L (cm), at a drift time of td, generating a voltage gradient
or electric field (E, V/cm) from a constant velocity (drift velocity: vd, cm/s) [138].
The mobility rate of the gas-phase ions (K) is determined by the mobile ions,
which have different physicochemical and structural properties, and it depends
on their drift velocity and drift time [139], as follows:

K ¼ Vd

E
¼ L

tdE
(2:7)

c) Subsequently, the mass analyzer separates the ions according to their m/z ra-
tios, and the IM-MS spectra can be obtained as a plot of the m/z versus the drift
time.

As the drift time separates ions based on their average CCS and charge, large MW ions
move slower than small MW ions [140]. The CCS demonstrates the ability of an ion to
collide with other ions. The experimental CCS (Ω) values can be determined by mea-
suring the arrival time distribution of ions, which is directly proportional to Ω. The
following Mason–Schamp equation (eq. 12.8) can be used to deduce the experimental
CCS value of the ion [141]:
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Figure 12.10: Principle of the IM-MS operation.
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K ¼ 3q
16N

� 	
2π
kT

� 	1=2 mþM
mM

� 	1=2 1
Ω

� 	
(12:8)

where K is the mobility rate of ions, q is the charge of the analyte ion, N is the number
buffer gas density, k is the Boltzmann’s constant, T is the absolute temperature, m is
the molecular mass of the buffer gas, and M is the molecular mass of the analyte ion.
Equation (12.8) can be used to generate the mass-mobility plot for calibrating the CCS
values [28, 142, 143] and describing the structural relationship in complex mixtures,
such as crude oils [138].

12.6.2 Types of IM-MS instruments

In an IM-MS instrumentation set-up, different IM-MS cells can be coupled with differ-
ent mass analyzers, e.g., TOF, quadrupole, ion trap, and FTICR mass spectrometers
[135]. For petroleum study, the traditional drift time IMS (DTIMS) operated at ambient
pressure has been widely used, where a low-electric field (typically 5–100 V/cm) is
applied to separate ions [144]. Differential-mobility spectrometry (DMS) techniques,
e.g., the high-field asymmetric-waveform ion-mobility spectrometry (FAIMS) tech-
nique, have also been widely used for the analysis of crude oil [145], naphthenic acid
[146], and oil additives [147], due to their ability to achieve continual and orthogonal
separation of different isomeric species under a sequence of intermediate and high-
voltage electric fields [148]. The traveling wave IM cell (TWIM)-MS can also be used
for petroleum analysis, where a series of voltages are pulsed in a shape of a traveling
wave, called T-wave, by applying a high electric field [149]. The most recent addition
to the IMS cell is trapped ion-mobility spectrometry (TIMS), developed by Bruker Dal-
tonics, which consists of ion trap confining ions under the rf potentials [150].

The TOF mass spectrometer can be interfaced with the IMS [IM(TOF)MS] in-
strument, e.g., Synapt HDMS from Waters and the Agilent ion-mobility Q-TOF MS
instrument. The quadrupole mass spectrometers, including triple Q, can be inter-
faced with ambient-pressure IMS, DMS, and aspiration-type IMS, where the sepa-
ration of ions is performed within a specific mass range [135]. The ion trap mass
spectrometer interfaced with IMS, i.e., DMS (ion trap) MS, can trap ions in a 3D
space during their separation. The FTICR MS interfaced with IMS can separate
ions under a constant magnetic field; thus, it has been widely used for crude oil
analysis due to its significantly high resolving power and mass accuracy [151].
The tandem MS coupled with IMS (IMn–MSm)[152] quadrupole-cIM-TOF (Q-cIM-
ToF) geometry [153, 154] is one of the post-IMS fragmentation (post-IM CID) MS
technique for characterizing and differentiating isomeric ions and functionalities
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of complex mixtures, such as crude oil, where the IMS and tandem MS/MS ex-
periments can run in parallel.

The resolving power of IM-MS instruments should be high for crude oil analysis
because of the coelution of petroleum isomers, which causes their partial separation.
The resolving power of the IM-MS spectrometer can be expressed as follows [155]:

R~ LEQ
T

� 	1
2
, (12:9)

where L is the length of the IM device, E is the electric field applied during the IM
separation, Q is the ion charge, and T is the temperature of the carrier-buffer gas.
To increase the resolving power of the IM-MS instruments, many technological im-
provements have been introduced by various researchers [150, 153, 154, 156–159].
More recently, Giles et al. [154] introduced the design and performance of a TW-
enabled multipass, high-resolution cyclic ion mobility separator, which was incor-
porated in a Q-cIM-TOF geometry. Later, Kim and coworkers [153] explored the po-
tential of cIM-MS in petroleum analysis by coupling with MS/MS experiments.

12.6.3 IM-MS data analysis

The visualization of the 2D IM-MS spectra of the drift time versus the m/z images ob-
tained from a petroleum sample is carried out using Kendrick [108] or van Krevelen
[160] diagrams, which are also used in MS analysis. The software used for this pur-
pose are Data Analysis (Bruker), OriginPro (OriginLab Corporation), Matplotlib (Mi-
chael Droettboom, et al., Matplotlib development team), MasterView (SCIEX), and
petroOrg (Bruker). The conventional IM-MS spectra processing software include Mas-
sLynx, DriftScope, Analyst TF, HDMS Compare Build, and Software-Assisted Molecu-
lar Elucidation. The peak-fitting algorithm is occasionally used to systematically
determine the IM peak width of the unresolved or partially resolved species [161, 162].
The peak deconvolution methods have been used by Kim et al. [163] and Lalli et al.
[30] to investigate petroleum isomeric compounds.

The calculation of the theoretical CCS values can also help interpret the IMS data
to determine the resistance to its movement in the drift cell. The CCS values can be
computed by generating the candidate structures (usually PAHs), optimizing their ge-
ometries, and calculating the CCS values for the optimized structures. The general soft-
ware for drawing the structures include Chem3D Ultra (CambridgeSoft Corporation),
MacMolPlt (Brett Bode), VMD (University of Illinois at Urbana–Champaign), and Avo-
gadro [164]. The CCS computation software mainly processes quantum-mechanical ap-
proaches, e.g., density functional theory and Hartree–Fock (HF) methods.
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12.6.4 Application of IM-MS for the analysis of crude oil
and its products

IM-MS has been indispensable for the characterization of crude oil and its products.
This technique can be used to effectively resolve isomeric species of PAH and polar
compounds present in petroleum to predict their molecular structures [165]. The
comparison of the theoretical and experimental CCS values and preparation of theo-
retical trend lines play important roles in achieving more reliable structural assign-
ments of the aromatic compounds in complex mixtures, such as crude oil [28, 31,
116, 137, 142, 163, 166–168]. Several research groups have studied the structures of
gas-phase molecules using IM-MS in combination with theoretical CCS calculations
[169–171]. Isomeric indicators, e.g., the FWHM and peak deconvolution, have been
proposed for determining the isomeric content of complex mixtures [93, 137, 161].

12.6.4.1 Heteroatom-containing hydrocarbons

The IM-MS technique was first implemented on different types of light, medium,
and heavy petroleum crude oils by Fernandez-Lima et al. [28] using (+) LDI DTIM
(TOF) MS and (+) APPI FTICR MS to characterize the heteroatom-containing hydro-
carbons. The heavy crude oils containing heteroatom species (N1, S1, O1, NS, SO1–2,
and NO1–2) were suggested to be non-planar based on their mass-reduced mobility
(Ko) plot. Later, several research groups implemented IM-MS techniques to analyze
heavy crude oils [172–174]. In these works, FAIMS linear trap Q Orbitrap MS and
DTIM (dual grid gating) Orbitrap MS were used to effectively separate poorly re-
solved polar class compounds.

The SARA fractions were characterized by Ponthus et al. [166] and Reynolds and
coworkers [145]. In the former work, the resin fraction of Nigerian crude oil was ana-
lyzed by ESI TWIMS coupled with orthogonal acceleration Q-TOF MS (oa-QToF MS)
for future crude oil mapping during oil data processing. Based on the CCS results, N1
class compounds with three different DBE series obtained from Kendrick plots were
correctly assigned. In the latter work, FAIMS coupled with heated ESI HR (Orbitrap)
MS was applied to increase the S/N ratio of low-abundant O2S1 classes analyzed by
HR-MS alone.

A relationship exists between the isomeric diversity and the patterns in alkylation
(length, position). The PAH isomers in petroleum samples have been efficiently sepa-
rated in several studies using IM-MS [30, 163, 175–177]. Hagen separated model PAH
isomers using IMS [178]. The PAH compounds in petroleum samples have also been
structurally identified by several research groups using IM-MS coupled with theoreti-
cal CCS calculations [163, 167, 179, 180]. The structures of PAH compounds containing
short and long alkyl chains present in crude oil were subsequently studied by Kim’s
group [163, 168, 179] using ASAP TWIMS (TOF) MS measurements combined with
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theoretical CCS approaches. First, Kim and coworkers [163] analyzed Doba crude oil to
compare the experimental and theoretical CCS values, which showed low and high
CCS values for the short alkyl-chain PAHs and long alkyl-chain PAHs, respectively.
Based on this phenomenon, different structural assignments of a selected hydrocar-
bon peak were suggested (Figure 12.11). However, a large CCS deviation was observed
between the experimental and theoretical values for the PAH compounds containing
long alkyl chains. Considering this issue, the theoretical CCS calculating method, i.e.,
molecular dynamics (MD) simulation, was optimized by Kim’s group [168] using vari-
ous types of internal energy factors. They achieved improved accuracy in the determi-
nation of the theoretical CCS at high internal energies by considering the internal
degrees of freedom of ions in the flexible long alkyl chains during CCS computation.
Besides the high-level theoretical approach, i.e., MD simulation, Kim’s group [179] ex-
plored the performance of a low-level classical theoretical approach, i.e., molecular
mechanics; they calculated the theoretical CCS values for many aromatic compounds
with both approaches to improve the IM-MS technique. Their research findings sug-
gested that IM-MS researchers can also use the inexpensive, simple, classical theoreti-
cal approach, which was found to be as effective as the high-level theoretical methods
for identifying the molecular structures of PAH compounds in petroleum. It should
be noted that the low level theoretical approaches such as HF theory means approxi-
mation for the determination of the energy of a quantum many-body system in a sta-
tionary state where high level means full quantum based on ab initio method like
Moller–Plesset theory and/or density functional theory [181, 182].

Figure 12.11: Comparison of the theoretical (red text with structures) and experimental CCS values
(x-axis) for the six different structural assignments of a C23H26 peak observed in Doba crude oil
analyzed by ASAP TWIMS TOF MS [reproduced with permission from figure 4, Ahmed, A. et al.,
Anal. Chem., 86, 7, 3300–3307 (2014). Copyright, American Chemical Society].
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Recently, IM coupled with tandem MS methods, with multiple passes [154], was em-
ployed by Kim and coworkers [153] for the isomeric separation of HC compounds in
crude oil. In their work, a multiple drift tube cycle design (IMSn) was coupled with
MS, named TW cIMS-MS/MS, to isolate the ions based on a 0.1 m/z difference. The
small fragmentation pattern of the precursor ions with a high m/z value indicated
their reduced aromatic structures.

The model PAH isomers containing nitrogen and oxygen were separated and
identified by Laakia et al. [29], utilizing APPI-DTIMS-triple Q MS. The speciation of
the refractory nitrogen compounds in crude oil collected during HDN using IM-MS
techniques has been performed by several research groups [28, 93, 137, 167, 183].
Farenc et al. [167] used TWIMS TOF MS coupled with four API ionization sources
(ESI, APCI, APPI, and ASAP) and theoretical CCS calculations to characterize the N1

class compounds with alkyl groups in VGO samples. Here, the comparison between
the experimental and theoretical CCS values suggests that N1 compounds with a
branched alkyl chain have lower theoretical CCS values than the experimental val-
ues and vice versa. Based on this phenomenon, the structure of the C22H32N

+ ion
was suggested to be derived from highly branched compact type compounds with
the three proposed isomeric molecular core structures: benzo[de]isoquinoline, tetra-
hydrophenanthridine, and phenylpyridine. Farenc et al. [137] further studied the
structural changes of the N1 isomers detected in VGO samples by calculating their
isomeric FWHM peaks (ΔCCS′1/2) using (+) ESI TWIM Q TOF MS coupled with tan-
dem MS (CAD MS/MS). The nitrogen removal efficiency of the three different cata-
lysts (catalyst A, C, and A + C) from VGO was examined by Parulkar et al. [183]
using ESI TWIMS TOF MS. They suggested the sequential use of two catalysts (A + C)
for the effective removal of N1 species with high and low DBE values (Figure 12.12).
Giusti and coworkers [93] analyzed three VGO samples before and after HDN using (+)
ESI FTICR tandem MS and ESI TWIMS (TOF) MS to study the structures of N1 isomeric
compounds. The low isomeric dispersity, dealkylation during fragmentation, and un-
folded conformations, i.e., long branching isomers with high CCS values, suggested
that the polyaromatic quinolone-type compounds with DBE values of 7, 8, and 9 may
be present in the analyzed samples.

Maître et al. [117] employed TWIMS TOF MS coupled with (–) ESI FTICR MS and
tandem MS to characterize the neutral nitrogen compounds in two VGO samples
(containing 10 w-ppm N) before and after HDN. The FTICR MS results showed the
highest abundance of nitrogen-containing compounds at DBEs of 10 and 13, as well
as the resistance of low DBE molecules to the HDN process. The tandem MS results
suggested the molecular core structures of the nitrogen-containing compounds at
DBEs of 10 and 13 based on dealkylation. Two descriptors, i.e., the isomeric diver-
sity (FWHM) and the size and shape of species (tD and CCS), were used during the
IMS analysis; the DBE 10 series showed a decrease in the FWHM, while the DBE 13
series showed an increase. The IMS data further revealed the resistance of the iso-
mers with low CCS values to the HDN process.
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The IM-MS techniques can also be used for the isomeric separation of the polar
oxygen-containing compounds, e.g., NAs, present in acidic crude oil [30, 138, 146,
184]. The standard NAs were analyzed by Fasciotti et al. [138] to find a correlation be-
tween their structures and drift time using ESI TWIMS (oa-QTOF) MS, with CO2 as the
drift gas. The results of their IM-MS experiments showed a linear CCS increase for the
unsaturated NA and a decrease for the cyclic and aromatic NAs. The three NA frac-
tions separated from the Athabasca bitumen sample by solid-phase extraction (SPE)
and their isomeric homologous structures were investigated by Rodgers and cow-
orkers [30] using (–) ESI TWIMS (TOF) MS and FTICR MS. The IM-MS results of the
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Figure 12.12: Characterization of the N1 species in the VGO sample by ESI TWIMS TOF MS: a) DBE
versus the carbon number plot for the VGO (feed) with no catalyst; b) DBE versus the carbon
number plot for the VGO treated with catalyst A (N = 2.4 ppm); c) DBE versus the carbon number
plot for the VGO treated with C (N = 1.6 ppm), and d) DBE versus the carbon number plot for the
VGO treated with layered bed CA (N = 0.9 ppm) [reproduced with permission from figures 3 and 4,
Parulkar, A., et al. [183]. Copyright, American Chemical Society].
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samples showed that the two isomeric ions of abundant O2 class compounds with
DBE 5 were separated at two different drift times, while the IM-MS results of two stan-
dard model compounds confirmed the steranoic acid-type structures of the analyzed
NAs (Figure 12.13). The oil sand process-affected water (OSPW) extracts containing the
NA fraction components were analyzed by IM-MS to identify their isobars and isomers.
Gabryelski et al. [146] used ESI FAIMS (TOF) MS coupled with tandem MS to separate
and identify isobaric NA ions from oil sand extracts from the Athabasca tar sand re-
gion at different compensation voltages. The isomer distributions of the NA samples
were found within only 3 min, during the FAIMS analysis, while the identical NA dis-
sociated ions produced during the tandem MS suggested the NAs to be hydroxycar-
boxylic acids. Later, Noestheden et al. [184] separated and identified the isomeric NA

Figure 12.13: Characterization of two isomeric ions obtained from the NA fractions of Athabasca
bitumen acids analyzed by (−) ESI IM-TOF MS, followed by SPE (modified aminopropyl silica): (a)
IM-MS spectra of three NA fractions; (d) drift time versus carbon number plot for the O2 species
from NA fraction 3; (e) expanded mobiligrams for the selected O2 peaks with DBE = 5 (C28–C33)
(left) and expanded IMMS and FT-ICR mass spectra of the selected nominal m/z 415 and 471 (right);
(f) extrapolation curve in the drift time versus the carbon number plot for the selected NA series
(O2 with DBE = 5) and two standard compounds (both C24) [reproduced with permission from
figures 2, 3, 4, 5, Lalli, P. M. et al. [30]. Copyright, American Chemical Society].
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ions and their dimers from OSPW extracts in less than 2 min using ESI DMS coupled
with hybrid quadrupole linear ion trap (QqLIT) MS or DMS (QTOF) MS.

The sulfur-containing compounds contained in crude oil and its products have
recently been studied by IM-MS techniques [32, 167, 173, 175]. Kim and coworkers
[142] first utilized the slope of the m/z-mobility plot to elucidate the molecular struc-
tures of the sulfur-containing compounds in crude oil, analyzed by ASAP TWIMS
TOF MS. The CCS results showed a linear–continual increase for the nonaromatic
structures differing in the number of alkyl units and a discontinuous increase for
the aromatic structures differing in the number of H atoms. The removal efficiency
of the sulfur-containing compounds from crude oil during HDS has been investi-
gated by several research groups using IM-MS techniques [167, 175]. To evaluate the
performance of the HDS method for removing sulfur species, Giusti and coworkers
[175] first separated and identified two ion series of PASH compounds detected in
unprocessed and processed diesel fuel, analyzed using ASAP TWIM QTOF MS cou-
pled with tandem MS (Figure 12.14). The performance of the HDS method for remov-
ing thiophenic S1 species, e.g., alkyl-benzothiophenes, alkyl-dibenzothiophenes,
and alkyl-benzonaphthothiophene, from VGO samples was evaluated by Farenc
et al. [167] using ESI/ASAP/APCI/APPI TWIM Q TOF MS.

The separation and identification of isomeric hydrocarbons of C22H30 (DBE 8) and
C21H24 (DBE 10), and isomeric sulfur-containing compounds of C21H26S (DBE 9) and
C21H20S (DBE 12), in heavy North American crude oil was studied by Vetere et al. [173]
using online FAIMS (TOF) MS combined with two PI sources: APPI (1-photon VUV
ionization) and APLI (2-photon ionization using laser radiation), at different compen-
sation voltages. Most recently, Maleki et al. [32] applied ESI DTIMS (linear ion trap Q)
MS combined with silver ionization, tandem MS CAD methods, and molecular cross-
section to characterize Saudi crude oil samples containing sulfur-containing com-
pounds. The S1, S2, and S3 classes with elongated and compact structures at low and
high m/z values, respectively, were distinguished from the IM-MS results, based on
their most abundant CID peaks and theoretical CCS values (Figure 12.15).

12.6.4.2 Asphaltene structures

The asphaltene structures of crude oil can also be evaluated by IM-MS techniques
[185–187]. Russell and collaborators [185] investigated the molecular structures of as-
phaltenes and deasphalted oils using LDI DTIMS TOF MS and molecular modeling
computations, along with model polymeric systems, such as polywax 650, polysty-
rene 1400, and fullerene. The results of the IMMS experiment and theoretical calcula-
tions suggested that the structures of asphaltenes are more condensed with single
aromatic rings, either fused or linked to multiple alkyl or heteroatom substituents,
due to their high CCS values and high aggregation at high m/z values. However, it is
still debatable whether fullerenes are natural constituents of asphaltenes or a laser
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artifact formed during LDI MS analysis of asphaltenes. Santos et al. reviewed the
presence of fullerenes in carbonaceous materials and their artifacts formation as
laser during LDI MS [188]. Koolen et al. [186] effectively identified the fullerenes in
asphaltene samples using LDI TWIM (Q-TOF) MS combined with theoretical CCS cal-
culations. Here, the similarity between the experimental CCS of a selected fullerene
peak for the asphaltene sample and the theoretical CCS value of a standard C60 ful-
lerene was observed. The IM-MS results confirmed the elution of the sample and
standard fullerene at different drift times. Later, Koolen et al. [187] determined the
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Figure 12.14: Comparative m/z – drift time plot showing the performance of ASAP TWIM Q TOF MS
in separating and identifying two ion series of sulfur species: alkyl-benzothiophene (alkyl-BT) and
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diesel fuels, respectively, while the white area indicates no significant difference between them
[reproduced with permission from figure 4, Maire, F. et al. [175]. Copyright, American Chemical
Society].
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structures of asphaltenes obtained from heavy and light Brazilian oils using a com-
bination of LDI TWIM MS, theoretical calculations, UHRTOF MS, and pyrolysis GC
coupled with HR-MS (Py-GC-HR-MS). Based on their preliminary experimental and
theoretical CCS comparison, it was assumed that island-type condensed structures,
i.e., alkylated coronene-like structures, are present in the sample.

12.6.4.3 Additives and contaminants in crude oil

The additives and contaminants in crude oil can also be analyzed by IM-MS techni-
ques [116, 147, 149, 189–191]. The separation and identification of polar heteroatom
compounds, e.g., N1O1, O2, and N1, in the additives of petrofuels with different po-
larities were first performed by Fasciotti et al. [149] using ESI TWIM (hybrid Q-TOF)
MS with CO2 as the drift gas and ESI FTICR MS. The unresolved polar N1, N1O1, N1S1,
and O2 classes of crude oil contaminants and petrofuels (e.g., gasoline) by HR-MS
were effectively separated and identified by Eberlin and coworkers [149, 190] using
Agilent ESI IM (hexapole Q-TOF)) MS. The rapid analysis of the additives in lubri-
cants was performed by Barrere et al. [189] using IM-MS. Da Costa et al. [147, 191]
applied FAIMS MS using two different ionization sources: ESI and DESI, to investi-
gate the corrosion inhibitors in crude oil at low concentrations. The separation and
identification of multiple functional isomers of the O3S1 species present in petroleum
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Figure 12.15: Application of ESI DTIMS (linear ion trap Q) MS coupled with silver-ionization for the
analysis of sulfur-containing compounds in a Saudi crude oil sample [reproduced with permission
from figure 2, Maleki, H. et al. [32]. Copyright, American Chemical Society].
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emulsion interfacial materials isolated from Athabasca bitumen were performed by
Rodgers and coworkers [116] using ESI TWIMS (TOF) MS coupled with subsequent
post-IM CID. The IM-MS results showed that the isomers of the O3S1 species (DBE 4)
were synthetic surfactants (alkylbenzenesulfonates) and naturally occurring NAs.
The CID spectra confirmed the identification by exhibiting the formation of the SO3

•−

ion and neutral losses, such as CO2, H2O, CO2 + H2O, and the alkyl chain, during
fragmentation.

12.6.4.4 WAF of crude oil

The photoirradiated WAF of crude oil was studied by Fernandez-Lima and cow-
orkers [192, 193] using APLI TIMS (FT-ICR) MS. The preparation protocol of the pho-
toirradiated WAFs developed in their first work was applied to investigate the
photo-oxidized products of the PAHs in an isomeric complex WAF under sunlight
exposure. The IM-MS results revealed the abundant transformation products of the
oil components to be O4–O5 class compounds with DBE values greater than 9.

12.7 Hydrogen/deuterium exchange coupled to MS
(HDX MS)

12.7.1 Principle of HDX MS

HDX is a low-energy chemical exchange reaction, through which an isotopic deute-
rium atom is inserted in specific places of a compound exposed to deuterated re-
agents; the deuterium atom replaces the unstable hydrogen atom without causing
any transformation of the compound [194]. Generally, not all the hydrogen atoms of
a molecule can participate in this exchange reaction. The hydrogen atoms bonded
to atoms with lone pairs, such as halogens, oxygen, nitrogen, and sulfur, called
“exchangeable,” “active,” or “labile” hydrogens, are the most acidic hydrogen
atoms in an organic molecule; these hydrogens constitute the targets of the deute-
rium atom during the HDX reaction. The other hydrogen atoms bonded to atoms
without lone pairs (e.g., carbon), called non-labile protons, are stable and, thus,
have less tendency to participate in the HDX reaction. Non-labile hydrogen atoms,
such as the hydrogens in an aromatic ring, can also participate in this exchange
under specific experimental conditions, such as at elevated temperatures and pres-
sures and strong acid or base addition [22, 23, 195–199].

In an HDX experiment, the analyte solution is simply mixed with deuterated
reagents, such as D2O, resulting in the instant exchange of the labile hydrogens
atoms from the functional groups of the analyte molecule. After the replacement of

12 Molecular structure characterization of crude oil 585



the hydrogen atoms (1.007825 Da) by deuterium atoms (2.014102 Da) via the HDX
reaction, the deuterium’s heavier mass containing a neutron is incorporated into
the molecule. Consequently, the resulting mass of the exchanged product increases
by exactly 1.006277 Da. HDX is a low-energy chemical exchange reaction that oc-
curs between hydrogen and deuterium when a compound is exposed to deuterated
reagents, which enables the evaluation of the intrinsic structure of the ions.

One of the main techniques used for monitoring the mass accurately during the
HDX reaction is HR-MS [200]. Many important chemical and structural properties,
such as the type and number of active hydrogens in an unknown molecule, iso-
meric compounds in the molecule, structural features, and thermochemical proper-
ties of the molecule, can be extracted using the HDX HR-MS system. If the D-solvent
is used in the HDX MS system, not only is the target compound ionized by the mass
spectrometer, but also the hydrogen atoms on the target compound are replaced by
the deuterium atoms of the D-solvent as well.

During HDX MS analysis using D-solvent as the deuterium reagent, two types of
reactions mainly occur: the ionization of analyte and the exchange of labile hydro-
gen atoms on the analyte with deuterium. Consequently, different ions, such as rad-
ical ions, HDX radical ions, and HDX plus deuterium ions, may be observed in a
single HDX HR mass spectrum with the following notations [21, 201]:

M+ :; M+Hð Þ+; d0MD+; dn M+ :; MD+ð Þ (12:10)

M− :; M−Hð Þ−; dn M−Hð Þ− (12:11)

where n indicates the number of deuterium atoms incorporated in the ion (n = 0,
1, 2, 3, etc.); D indicates the additional deuterium atom attached during ioniza-
tion. The product ions produced during the positive (+)-mode MS analysis are M+.

(molecular ion), (M + H)+ (protonated ion), d0MD+ (deuterated ion), dnM
+. (ex-

changed radical-ion), and dnMD+ (exchanged ion with an additional deuterium
atom). The product ions produced during the negative (–)-mode MS analysis are M–.

(molecular ion), (M – H)– (deprotonated ion), and dn(M − H)− (the replacement of
n hydrogen atoms by n deuterium atoms after deprotonation).

12.7.2 Mass analyzers used for HDX studies

The mass analyzers usually separate the exchanged ions according to their m/z ra-
tios in space or time after the completion of the exchange reaction. The most com-
mon mass analyzers used for HDX studies are trap instruments, such as quadrupole
ion trap (QIT) [202] and FTICR mass spectrometers [203], because of their ion-
trapping capacity for variable periods during collision between the ions of interest
and gaseous deuterium reagents.Quadrupole mass spectrometers, e.g., Orbitrap,
usually capture and confine the ions of interest in their collision region by applying
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electric fields. Many isomeric aromatic compounds have been studied using QIT in-
struments [204]. The FTICR MS usually traps the ions of interest in its ICR cell by
applying a magnetic field [8]. Increasing the magnetic field strength of the instru-
ment can increase the confinement period of the ion in the ICR cell. It is widely ac-
cepted that the FTICR MS instrument has the highest mass resolution among all the
mass analyzers; thus, it can be employed to perform simultaneous isolation and
high-field HDX of ions without the overlapping of the exchanged ions.

12.7.3 Classification of HDX MS methods

HDX can be accomplished via three methods during MS analysis: in solution, under
vacuum, and in-source. In solution HDX occurs when the solution-phase exchange
is achieved in the analyte solution mixed with deuterium reagents and MS is used
subsequently for the exact mass measurement of the exchanged products. One of
the limitations of this HDX method is the reversed replacement of deuterium by hy-
drogen in the analyte solution due to its dependence on the pH and temperature.
The application of solution-phase HDX MS has been reported for several biological
complex mixtures, such as proteins and peptides [205, 206]. HDX under vacuum oc-
curs when the gas-phase H/D exchange is performed using collisions with a deuter-
ated reagent gas in the mass analyzer (usually trap instruments) operated under
reduced pressure [207, 208]. This was the traditional HDX MS method used for CI
MS and CI coupled to GC techniques [209]. The common deuterium reagent gases
used in the vacuum HDX MS method are D2O, ND3, CD4, and CH3OD [210]. The most
recent HDX MS method is in-source HDX, where the gas-phase exchange can be
achieved using a deuterated solvent or the vapor of a deuterated solvent generated
in the ionization source operated at atmospheric pressure (Figure 12.16) [198, 211–213].
The in-source HDX became popular in modern MS society after the introduction of
API sources, such as ESI, APCI, and APPI, into the MS interface. Notably, ESI is gen-
erally used to ionize polar compounds, while APCI and APPI are used to study a wide
range of non-polar compounds. Several experimental designs, such as ESI–APCI
dual-spray source with D2O [211] and MS interface with curtain ND3 gas in the capil-
lary-skimmer region [214], which are capable of generating saturated deuterated gas
in the ionization source, have been proposed. In the ESI source HDX MS, the HDX
reactions are better performed inside the desolvating capillary or in the vacuum cap-
illary-skimmer region by the generation of deuterated vapor from the evaporation of
a droplet of the D2O molecule [197, 198, 215].

In the APCI and APPI source HDX, the deuterated reagent is usually premixed
with the analyte solution before the experiment [201] or the vapor of the deuterated
reagent is continuously generated into the ionization source [216]. In the continu-
ous APPI source HDX MS, a capillary line is inserted into the ionization source used
for feeding D2O continuously to achieve spontaneous HDX reactions. In the case
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where the solubility of the analytes is a matter of concern for complex mixtures,
such as crude oil, the continuous APPI source HDX MS is preferable. To achieve a
high ionization efficiency during the HDX MS experiment, a co-solvent and dopant
should be used along with the deuterated reagent in-APCI-HDX and APPI HDX, re-
spectively. The type and amount of cosolvent and dopant used are usually opti-
mized to achieve the best sensitivity during the HDX experiments [21, 201, 213]. As it
is well known that different ionization sources have different ionization efficiencies
and selectivities for different molecular structures, the use of diverse API sources
during the HDX MS experiment is crucial for ionizing the analytes of interest.

12.7.4 HDX MS data analysis for petroleum

Since the HDX MS spectrum can reflect a mixture of ions for a given oil sample con-
taining thousands of peaks, this spectrum is considered to be more complex than
the original mass spectrum. To visualize the HDX MS spectra, Kendrick mass, Ken-
drick mass defect, and DBE are usually employed. The DBE can be calculated ac-
cording to eq. (12.12) for CcHhDdNnOo [20]:

DBE ¼ C� hþ d
2

þ n
2
þ 1 (12:12)

where c is the number of carbon atoms, h is the number of hydrogen atoms, d is the
number of deuterium incorporated into the molecule, and n is the number of nitro-
gen atoms.

Figure 12.16: Modified ESI source design for the HDX experiments [reproduced with permission
from figure 1, Kostyukevich, Y. et al., Anal. Chem., Energy Fuels, 85, 22, 11,007–11,013 (2013).
Copyright, American Chemical Society].

588 Thamina Acter, Nizam Uddin, Sunghwan Kim



For the general analysis of the HDX MS spectra, the plot of the Kendrick mass
defect versus the Kendrick mass can be used to introduce a weighted Kendrik mass
defect histogram. Recently, a series of specialized software named “STORM-HDX,”
written in the C programming language, was developed by Lee et al. [217] for proc-
essing complex HDX MS data. “STORM-HDX” denotes the Software Tool used for
the interpretation of ORganic Mixtures’ spectra–HDX. The application of STORM-
HDX software to process the HDX MS data for crude oil samples has been reported
by several researchers [20, 21, 213]. The HDX depth can be calculated using the fol-
lowing equation [197]:

P ¼ 1
PN

i=0 ihi
N
PN

i=0 hi
(12:13)

where N is the total number of exchangeable hydrogens, and hi is the intensity of
the ith HDX peak (i indicates the number of exchanged hydrogens).

12.7.5 Application of HDX MS to complex mixtures

The isotopic exchange approach, i.e., HDX, is a selective chemical reaction, which is
considered a popular analytical tool for identifying the intrinsic chemical structures,
properties, composition, conformational dynamics, and chemical/biochemical reac-
tion pathways of individual compounds and molecules in complex natural mixtures
[194]. In 1933, Lewis [218] first invented the isotopic exchange reaction. Later, several
researchers implemented this technique coupled with NMR to investigate the struc-
tures of nitrogen-containing compounds, which had different numbers of labile hy-
drogens [219–221]. Before 1990, HDX coupled with NMR spectroscopy was employed
for the analysis of complex biological systems, such as protein-folding structures.
Another method of performing HDX for protein analysis is MS, which gained popu-
larity in the 2000s due to its high sensitivity, ability to analyze very low sample con-
centrations (~0.1 µM), high MW limit (>25 kDa), and rapid data interpretation. Since
the 2000s, the application of HDX coupled with HR-MS has widely been employed
for protein analysis to calculate the number of surface labile hydrogen atoms [222–
224]. GC was also used to perform HDX reactions on a column. In this case, neutral
and basic carbowax are pretreated with D2O before the HDX analysis [209]. CI MS
coupled with HDX was first explored by Hunt et al. in the early 1970s [225]. Here, the
number of active hydrogens bonded to heteroatoms in various model compounds,
such as alcohols, phenols, carboxylic acids, amines, amides, and mercaptans, is
determined accurately. In the 1980s, Hunt and Sethi discovered that the hydro-
gens attached to aromatic rings, carbons adjacent to aromatic rings, and carbons
α to carbonyl groups are most likely to be replaced by deuterium [226]. The recent
addition of API sources, such as ESI, APCI, and APPI, to the HR-MS techniques
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contributed significantly to their development for the structural analysis of com-
pounds. Consequently, the coupling of API sources, such as ESI [211, 227–229], APCI
[211], APPI [21], and MALDI [230], with HDX occurring in solution or in the gas phase
has widely expanded their application from individual compounds to complex mix-
tures, such as proteins, peptides, metabolites, antibiotics, and crude oil.

Recently, GC–ESI MS [231]; SFC MS [232]; tandem MS techniques [233], such as
CID, ECD, and ETD; and IM-MS [234] have also been combined with HDX for struc-
tural studies. For crude oil studies, various HDX approaches have been implemented
to differentiate between pyridinic and pyrrolic structures, alcohols and carboxylic
acids, and thiols and thiophenes, as well as to identify the degree of substitution of
the aromatic core [194, 235, 236]. Most importantly, considering the extensive appli-
cations of HR-MS in analyzing crude oil structures [160, 237–240], the combination
of HR-MS with HDX has become a potential analytical technique in recent years for
predicting the structure of the individual molecules contained in crude oil simulta-
neously [194].

12.7.5.1 In-ESI source HDX MS for crude oil

12.7.5.1.1 Nitrogen-containing species
ESI has long been extensively used to ionize polar nitrogen compounds in petroleum
by several research groups [12, 43, 241, 242]. The direct HDX (+) ESI HR-MS analysis of
petroleum nitrogen-containing compound hydroconversion has recently been reported
by Zhang et al. [243], who systematically identified nitrogen-containing compounds
with different functional groups (pyridine, aliphatic amine, aniline) in petroleum sam-
ples (coker gas oil (CGO) hydrotreated product, heavy petroleum (VRI), heavy petro-
leum (VRII)) before and after hydrotreatment using HDX coupled with (+) ESI 9.4 T FT-
ICR MS. The developed HDX method was optimized using Orbitrap Fusion MS for
model nitrogen-containing compounds. The HDX MS spectra of the model compounds
showed that the HDX efficiency was significantly enhanced by the addition of deuter-
ated water (D2O) as the deuterating reagent and formic acid (DCOOD) as the promoter.
The HDX FTICR MS spectra of the CGO hydrotreated product revealed the presence of
pyridines, cyclic amines, and primary amines, due to the dominance of N1D1, N1D2,
and N1D3 peaks, respectively. The HDX FTICR MS results of VRI and VRII and their
hydrotreated products confirmed the presence of pyridines in the VRI feedstock and
cyclic amines (DBE ≤ 4) and aliphatic amines or anilines (DBE > 4) in their hydrotreated
products.

Kostyukevich et al. [197] detected pyridinyl or quinolone fragments of crude oil
using (+) ESI HDX MS and ether and ester structural fragments with only 1 acidic
proton using (–) ESI HDX MS (Figure 12.17).
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12.7.5.1.2 Oxygen-containing species
As ESI MS is suitable for the analysis of polar compounds, the implementation of
in-ESI source HDX MS has recently been reported for the structural elucidation of
oxygen-containing compounds in crude oil and its products [22, 197].

Kostyukevich et al. [22] investigated and estimated the biodegradation of bitu-
men present in the Taman peninsula, an ancient (V B.C.) Greek amphora, using in-
ESI source HDX FTICR MS. The HDX MS results showed that the number of labile
hydrogens in the biodegraded bitumen was higher than that in the nondegraded oil;
this is because the oxidation of bitumen was initiated in amphora 2500 years ago.

Recently, it has been reported that superheated water can dissolve even nonpolar
compounds, enabling them to participate in the HDX reaction [244, 245]. Nikolaev and
coworkers [246] developed a simple (+) and (–) ESI HDX coupled with FTICR MS
method for crude oil analysis, where a light Siberian crude oil sample was sealed with
D2O (exchange reagent) in an autoclave and incubated at high temperatures and pres-
sures (T > 300 °C, P > 30 MPa). The (+) ESI HDX MS results for both the condensed and
relatively saturated compounds showed up to 9 HDXs for the low DBE values (DBE <
6) and 4 or at least 3 HDXs for the high DBE values (DBE > 10). The (–) ESI HDX MS
results for the acidic compounds revealed the possible occurrence of HDX in α-CHn

Figure 12.17: The in-ESI source HDX of the crude oil. A1: wide range spectrum of (+) ESI MS, A2:
narrow range of the (+) ESI HDX conditions, A3: narrow range of (+) ESI MS. B1: wide range
spectrum of (–) ESI MS, B2: narrow range of the (–) ESI HDX conditions, B3: narrow range of (–) ESI
MS. C: weighted Kendrick mass defect histogram under the HDX conditions for (+) ESI MS.
D: weighted Kendrick mass defect histogram for (+) ESI MS [reproduced with permission from
figure 1, Kostyukevich, Y. et al., Anal. Chem., Energy Fuels, 85, 22, 11,007–11,013 (2013). Copyright,
American Chemical Society].
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protons and that the low HDX efficiency observed was due to the high pKa of the CH2

substituent (Figure 12.18).

12.7.5.1.3 Sulfur-containing species
To specify the sulfur-containing species in crude oil, Wang et al. [247] implemented
the deuterium-labeling technique using ESI MS. Here, deuterated alkylating reagents,
such as iodomethane-d3 (CD3I) and iodoethane-d5 (C2D5I), were added to the crude oil
solution to selectively tag sulfur species by the formation of a coordination complex.

12.7.5.2 In-APCI HDX MS for crude oil

12.7.5.2.1 Nitrogen-containing species
APCI and APPI became as effective as ESI for HDX because of their ability to ionize a
wide range of non-polar compounds. Previously, the amino groups in pharmaceuti-
cals [211], as well as monosaccharides [248], were studied by APCI HDX MS to identify
their conventional “exchangeable” protons. The HDX of aromatic hydrogen atoms
was observed in the substituted nitrogen compounds, e.g., indoles, using APCI HDX
MS techniques [249]. The feasibility study of using APCI HDX coupled with 15-T FTICR
MS for the investigation of nitrogen-containing compounds in shale oil resins was ac-
complished by Kim and coworkers [213]. In their work, the mass spectrum of 20 test

Figure 12.18: ESI HDX FTICR MS method for crude oil analysis using only water as the exchange
agent. (a) Weak HDX in (–) ESI MS; (b1) appearance of new peaks in (+) ESI MS; (b2) original oil in
(+) ESI MS; (c) double-bond equivalents (DBE) versus m/z ratio, where the number of HDX detected
is represented by colors [reproduced with permission from figure 1, Kostyukevich, Y. et al., Anal.
Bioanal. Chem. 411, 3331–3339 (2019). Copyright, Springer-Verlag GmbH Germany].
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compounds showed the replacement of their active hydrogen atoms by deuterium in
the APCI source while revealing the exact masses of their corresponding HDX ions. A
mixture of dichloromethane and deuteromethanol was used as the solvent to achieve
the best HDX sensitivity. The HDX MS spectra of the resin fraction revealed pyridine-
type structures lacking the ability to undergo HDX (Figure 12.19).

12.7.5.2.2 Oxygen-containing species
In 2016, both positive and negative modes in-APCI source HDX coupled with quadru-
pole Orbitrap MS was implemented to investigate 38 model oxygen-containing com-
pounds for HDX [201]. The results of the (+) and (–) APCI HDX MS analyses
demonstrated the effectiveness of the method for all types of model oxygen com-
pounds, except PAH compounds bonded to oxygen atoms (oxygen heterocycles)
(Table 12.1). The compounds that do not have exchangeable hydrogen atoms are alde-
hydes, esters, ketones, and oxygen heterocycles. Some of the test compounds showed
HDX of non-labile hydrogen atoms, analyzed by both (+) and (–) APCI HDX methods,
due to their high energized ionization achieved by applying corona currents [249].
Depending on the HDX pattern, this method can differentiate only alcohols from al-
dehydes, ketones, and esters. However, this method was unable to differentiate alde-
hydes, ketones, esters, and oxygen heterocycles.

12.7.5.2.3 Sulfur-containing species
Although the conventional CI HDX MS has been applied for the analysis of model
sulfur-containing compounds, e.g., mercaptans [250], there is still no report on
the application of APCI HDX MS for characterizing sulfur-containing compounds
in crude oil mixtures.

12.7.5.3 In-APPI HDX-MS for crude oil

12.7.5.3.1 Nitrogen-containing species
Similar to the in-APCI source HDX MS method, the in-APPI source HDX MS is effective
for the unambiguous determination of the active hydrogen atoms that can be replaced
by deuterium atoms to distinguish between isomers containing primary, secondary,
and tertiary amines, as well as pyridine and pyrrole functional groups [212]. Kim and
coworkers [212] first differentiated the nitrogen isomers of amines using (+) APPI HDX
coupled with LCQ Fleet ion trap MS in 2013. Their work suggested that the nitrogen-
containing compounds in crude oil can be studied at the molecular level based on the
HDX ions produced, which are related to their functional group distributions. Immedi-
ately after the analysis of the model nitrogen compounds, Kim and coworkers [20] ap-
plied the experimental approach of (+) APPI HDX coupled with 15-T FTICR MS at two
different flow rates (250 and 2,000 µL/h) to the resin fractions of Qinhuangdao (QHD)
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Figure 12.19: Analysis of the shale oil resin by in-APCI source HDX MS: (A) broadband HDX-MS
spectra showing peaks with the addition of one deuterium atom instead of performing HDX; (B)
type of ions produced during the HDX-MS analysis (inset: double bond equivalence (DBE)
distribution for the abundant product ion) [reproduced with permission from Acter et al., J. Am.
Soc. Mass Spectrom. 26, 1522–1531 (2015). Copyright, American Society for Mass Spectrometry].
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crude oil and Anvil Points Mine (APM) shale oil. The (+) APPI HDX MS spectra for 20
nitrogen-containing compounds obtained from quadrupole Orbitrap MS revealed that
the abundant HDX ions produced were d2M

+./d2MD+ for primary amines, d1M
+./d1MD+

for secondary amines, M+./d0MD+ for tertiary amines, d0MD+ for pyridines, and d1M
+./

d1MD+ for pyrroles. The HDX MS spectra for the oil samples suggested the structures of
nitrogen-containing species in QHD resin to be tertiary amine-type (e.g., N-alkylated
and N-phenyl pyrroles) and secondary amine-type (e.g., C-alkyl and C-phenyl pyrroles),
and those in the APM resin to be pyridine-type compounds.

Furthermore, Kim and coworkers [251] analyzed the polar fractions (Polar 1 and
Polar 2) of atmospheric pressure residue (AR) maltene samples fractionated by me-
dium-pressure liquid chromatography, utilizing (+) APPI HDX 7-T FTICR MS along
with the DBE distributions obtained from (+) APPI MS to characterize the nitrogen-
containing compounds. The abundant HDX ions produced for the N1 class com-
pounds and their original DBE distributions suggested their structures to be pyr-
role-type in the Polar 1 fraction and pyridine and N-alkyl pyrrole-type in the Polar 2
fraction (Figure 12.20).

12.7.5.3.2 Oxygen-containing species
Oxygen-containing compounds were identified by HDX and CAD after derivatiza-
tion with methoxyborane reagents in FTICR MS [252]. Kim and coworkers [201] ap-
plied (+) and (–) in-APPI source HDX coupled with quadrupole Orbitrap MS to
analyze 38 model oxygen-containing compounds, as well as photodegraded oil rich
in oxygen-containing compounds. The results of the APPI HDX MS analysis of the
model oxygen compounds revealed that the method in the (–)-mode worked effec-
tively for all types of oxygen functionalities, while the method in the (+)-mode was
insensitive to carboxylic acids (Table 12.2). The positive HDX MS spectra for the
photo-oxidized (2- and 5-days) oil samples demonstrated that O2 class compounds
have naphthalenedione structures having two ketone groups, which originate from

Table 12.2: HDX product-ion patterns for 38 model oxygen-containing compounds analyzed by
(+/–) APCI and APPI HDX-MS.

Groups Compounds APCI APPI

(+) (–) (+) (–)

I Alcohols dnM
+./dnMD+ d(n-)(M-H)‒ dnM

+./dnMD+ d(n-)(M-H)‒

II Carboxylic acids dnMD+ dn(M-H)‒ d(n-)(M-H)‒

III
Aldehydes, esters, ketones dMD+ M‒./d(M-H)‒ dMD+ M‒./d(M-H)‒

Oxygen heterocycles M+. M+. d(M-H)‒

[Reproduced with permission from Table, Acter, T. et al., Anal. Bioanal. Chem., 408, 3281–3293
(2016). Copyright, Springer-Verlag Berlin Heidelberg]
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the oxidation of naphthalene, while O3 and O4 class compounds comprise one carbox-
ylic acid group with ketone, aldehyde, or ester groups (Figure 12.21). Similar to the
APCI HDX method, APPI HDX MS was unable to differentiate compounds lacking ac-
tive hydrogen atoms. Kim and coworkers [251] reported the oxygen-containing func-
tional groups of N1O1 class compounds observed in the Polar 2 fraction of three AR
maltene samples, analyzed by (+) APPI HDX 7-T FTICR MS along with DBE distribu-
tions obtained from (+) APPI MS. The suggested oxygen-containing functional
groups in the pyridine or pyrrole core structures were aldehyde or ketone groups,
attributed to the abundance of d0MD+ ions (Figure 12.21).

12.7.5.3.3 Sulfur-containing species
Kim and coworkers [251] suggested the sulfur-containing functional groups of N1S1
class compounds observed in the Polar fraction of three AR maltene samples, ana-
lyzed by (+) APPI HDX 7-T FTICR MS along with DBE distributions obtained from (+)
APPI MS. The suggested sulfur-containing functional group in carbazole and pyri-
dine (and N-alkylated carbazole) was the thiophene ring, attributed to the abun-
dance of d0MD+ ions and the 2 DBE difference between the N1 and N1S1 classes in the
Polar 1 and Polar 2 fractions, respectively (Figure 12.20). (+) APPI HDX 7-T FTICR MS
was also utilized to analyze thiophenes, sulfides, and thiol fractions separated by

Figure 12.20: Types of HDX ions produced from the polar fractions of the three AR samples
analyzed by (+) APPI HDX 7-T FTICR MS: a) N1 class, b) N1O1 class, and c) N1S1 class [reproduced
with permission from figure, Kim, E. et al., Fuel, 194, 503–510 (2017). Copyright, Elsevier Ltd.].
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ligand-exchange chromatography from Soroosh crude oil (Iran) enriched with 3.99%
sulfur and 30 ppmmercaptans [21]. The HDX MS results obtained from the thiophene
and sulfide fractions confirmed their respective structures, which lacked active hy-
drogen atoms for HDX, while the thiol fraction was suggested to have dithiol groups
due to their capacity to produce 2 HDX ions (Figure 12.22).

12.7.5.3.4 Spilled oil
HDX MS has recently been implemented for the analysis of spilled and weathered oil
to understand the weathering processes by observing their compositional changes at
the molecular level [253]. Here, the resin fractions of three oil spills from the M/V
Hebei Spirit oil spill, which occurred on December 7, 2007, on the West Coast of the
Republic of Korea, and weathered oils collected at weathering stages II and IV from
the oil spill site were analyzed by (+)APPI HDX 15 T FTICR MS. The HDX MS results
of this study suggested that the nitrogen-containing compounds, particularly sec-
ondary and tertiary amines are more prone to natural weathering and can, thus,
gradually produce degraded products (Figure 12.23).

Figure 12.21: DBE distributions of the abundant product ions obtained from the photooxidized oil
samples analyzed by (a) (+) APPI HDX MS and (b)–(e) (–) APPI HDX MS [reproduced with permission
from table, Acter, T. et al., Anal. Bioanal. Chem., 408, 3281–3293 (2016). Copyright, Springer-
Verlag Berlin Heidelberg].
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Figure 12.22: DBE distributions plots for the abundant HDX product ions obtained from three
different fractions of oil: (a) [S1]

+. ion for the first (left) and second (right) fraction; (b) d1(S1D)
+ (left)

and d2(S2D)
+ (right) ion for the third fraction [reproduced with permission from figure 4, Acter,

T. et al., J Am Soc Mass Spectrom., 28(8):1687–1695 (2017). Copyright, American Chemical Society].

Figure 12.23: DBE distribution plots for the abundant HDX product ions, obtained from the resin
fractions of spilled source mixture and weathered oils: (a) N1

•+, (b) [N1 −H + D]+, (c) [N1 + H]+, and (d)
[N1 + D]•+, obtained from the resin fractions of spilled source mixture and weathered oils [reproduced
with permission from Islam, A. et al., J. Hazard. Mater., 296, 93–100 (2015). Copyright, Elsevier B.V.].
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12.8 Current challenges and future perspectives
for crude oil analysis

12.8.1 Tandem MS

Although there are numerous analytical techniques used for the chemical characteri-
zation of crude oil and its derived liquids, the application of tandem MS methods for
the compositional characterization of crude oil is not prevalent; there are still some
challenges associated with their application for crude oil analysis.
a. The results of the tandem MS analysis of crude oil are occasionally useless

because of the high complexity of crude oil mixtures, resulting in the simulta-
neous generation, isolation, and fragmentation of many chemical species (in-
cluding isomers). Consequently, the structural elucidation of the individual
compounds in the fragment spectra is challenging.

b. One of the major challenges of tandem MS for the analysis of crude oil and its
products is the unclear fragmentation reaction mechanisms of heavy petroleum
fractions, due to the complexity of their isolated precursor ions [92]. There are oc-
casionally conflicting CID reports of crude oil–related compound fragments. Qian
et al. [96] suggested that the interpretation of the fragmentation mechanisms for a
crude oil mixture may be invalidated as single isomers cannot be generated
from single fragments. To overcome this issue, a relatively small isolation win-
dow (<0.3 Da) during analysis, accurate mass measurement of the obtained frag-
ments, and multistep fragmentation (MSn) can be considered [254]. For example,
a triple quadrupole mass spectrometer [255] and LTQ-Oribtrap can be used for
this purpose.

c. Another challenge of tandem MS experiments, particularly peculiar to scan-
ning-type mass analyzers, is the potential loss of ions during crude oil analysis,
resulting in decreased sensitivity. An increase in the S/N ratio and a decrease in
the ion loss can be achieved using the selected ion monitoring (SIM) mode dur-
ing the tandem MS experiments [165]. However, in the case of using only one or
several ions for interpreting the fragmentation spectra during SIM, erroneous
results may be obtained. To increase the scanning speed of the MS instruments
and reduce ion loss, modern quadrupole analyzers, e.g., triple quadrupole
mass analyzers, can be used [256].

d. Insufficient detection limits are often encountered during MS/MS analysis, due
to the wide variety and low concentration of crude oil compounds.

e. The generation of unwilling reactions during MS/MS experiments occasionally
complicates the fragmentation spectra. Tandem CID MS methods performed with
ion traps or quadrupole instruments can control the bond-dissociation energy,
which can ultimately reduce the occurrence possibility of unwilling reactions.
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f. Low-resolution MS instruments used in the analysis of heavy petroleum frac-
tions may cause severe peak overlapping, due to the lack of mass resolution
[257]. The use of mass spectrometers with increased resolution, e.g., FT-ICR MS,
and distinct ionization sources may widen the scope of tandem MS methods for
studying the structures of crude oil compounds [11].

To identify specific classes of crude oil compounds, more ionization techniques
coupled with tandem MS techniques should be developed in the future. We expect
that tandem MS methods will play a more important role in the characterization of
crude oil and its products in the future.

12.8.2 IM-MS

As the IMS technology has proven its analytical capability to differentiate isomeric
structures that are difficult to separate by other MS methods, the development of
this approach in different perspectives will facilitate its widespread application and
enable the improved understanding of the chemistry of the individual compounds
present in complex mixtures, such as crude oil, at the molecular level.
a. One of the challenges associated with using the IMS technique for crude oil

analysis is that the isobaric species in complex mixtures are occasionally poorly
resolved because of the low resolving power of IMS cells [137, 258]. Although
significant progress has already been achieved in recent years to enhance the
resolving power of IMS instruments [137, 154, 157, 159, 259–261], more advance-
ments in their instrumental design and data-interpretation methods, i.e., IM
peak capacity, will ensure the widespread use of this approach for crude oil
analysis. To further improve the separation of petroleum isomers, more polariz-
able drift gases may be selected for IMS cells. CO2, N2O, and N2 are common
polarizable drift gases used for petroleum analysis [262–264]. In addition, the
coupling of the IM-MS technique with other methods, such as the addition of
shifting reagents, derivatization, and complexation, may improve the overall
IM peak capacity [31, 32, 265]. Generally, since the use of different ionization
sources may increase the sensitivity and selectivity of any MS method, the use
of various IMS modes can influence the drift behavior of the isomeric structures
in petroleum mixtures [165]. Excluding ESI, APCI, and APPI, the ionization
sources recently used in IM-MS experiments are ASAP [266] and APLI [267].
However, the ionization source should be properly selected for the IM-MS anal-
ysis of a complex mixture to obtain reliable IMS data.

b. Tandem MS coupled with IMS can solve the mobility-prediction problem of the
ions in the drift region. However, the implementation of this combination for
crude oil analysis remains challenging, due to the complex fragmentation pat-
terns, lack of a library for the fragmentation patterns of model compounds,
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limited information on product ions, low availability of model compounds with
different core structures, and use of conventional mass spectrometers for MS/
MS experiments. Therefore, researchers should focus on overcoming these is-
sues related to IM tandem MS. Recently, several improvements have been intro-
duced in IM tandem MS instruments, e.g., multipass approaches, named cyclic
ion-mobility MS (cIM-MS) [153, 154].

c. The IM-MS data-processing methods are complex and time-consuming, owing
to the huge array of data consisting of the m/z values and drift times obtained
from IMS and HR-MS analyses [142]. Therefore, data-interpretation methods
should be developed for IM-MS techniques to increase the application range of
this approach.

d. The structures of crude oils rich in non-/less polar aromatic compounds do not
match always with the conventional calibration standard (poly-DL-alanine),
which is used for experimental CCS calibration during IM-MS experiments. Re-
cently, more calibration standards, including PAH compounds, have been de-
veloped for crude oil analysis [268, 269].

e. Another challenge of the IM-MS technique for crude oil analysis is the applica-
tion of IM-MS coupled with computational methods, which can play an impor-
tant role in predicting the molecular behavior in IM cells. Lack of theoretical
CCS values for numerous standard compounds, complex and expensive compu-
tational software, and limited descriptors for petroleum samples are major hin-
drances to the advancements in the computational field of IM-MS studies.

12.8.3 HDX MS

The in-API source HDX approach in the gas phase in combination with HR-MS can
be employed directly in the ion-source mode for quantitative measurements, enu-
meration of the functional groups in individual compounds, and speciation of the
heteroatomic classes of complex mixtures, such as crude oil. Moreover, this ap-
proach simplifies the sample preparation methods. Overall, the HDX MS method is
considered a simple, specific, and sensitive tool for the structural analysis of com-
plex mixtures. However, unlike other hyphenated MS methods, the HDX MS method
has been minimally applied for crude oil analysis. The following factors may be con-
sidered for the future development of HDX MS for crude oil analysis to ensure its
widespread application in petroleomics.

a. Need for HR-MS
Although HDX coupled with low-resolution MS work well for the analysis of model het-
eroatom-containing compounds, the use of HR-MS is a prerequisite for the analysis of
complex mixture, such as crude oil and its products, which limits the routine applica-
tion of the HDX MS method in the MS community for the structural elucidation of
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petroleum compounds. If we can ensure the availability of HR-MS in the future, the
applications of HDX combined with HR-MS will continue to expand, positioning it as a
convenient structural approach in the field of chemistry for analyzing crude oil and its
products.

b. HDX versus ionization source
The performance of HDX analysis mainly depends on the ionization source used dur-
ing the MS experiments. For example, ESI MS and ESI HDX are suitable for polar
compounds, while APCI MS/APCI HDX MS and APPI MS/APPI HDX MS are fit for
less polar or nonpolar compounds. Therefore, the ionization source design should
be improved to optimize the experimental conditions and maximize the HDX effi-
ciency. The ionization behaviors of crude oil compounds with subtle structures are
different for different ionization techniques. Therefore, the proper selection of the
ionization source is crucial for effective petroleum analysis.

c. Need for the addition of shift reagents
A shift reagent usually forms a stable gas-phase complex with the analyte ion when
added to the analyte solution before ionization to increase the S/N ratio and overall
peak capacity of the analyzed ions. The HDX MS methods occasionally require the
addition of shift reagents before the analysis to identify specific chemical classes,
which further complicates the data-interpretation procedures. For example, Acter
et al. [270] added Ag salt to a crude oil sample during an LDI HDX MS experiment
for the speciation of sulfur-containing compounds.

d. Data-interpretation methods
Predictably, HDX coupled with HR-MS would produce an aggregated dataset of mo-
lecular ions and HDX product ions during the ionization of complex crude oil com-
pounds. Only a few software, e.g., STORM-HDX, can process these huge arrays of
petroleum HDX data. The development of relatively fast and easily adoptable HDX
data-processing software is of urgent significance to ensure the complete utilization
of this analytical technique in the petroleum area.

e. Limited application of HDX tandem MS
To enhance the structural characterization capabilities of the HDX method, the cou-
pling of tandem MS with HDX MS might be the best strategy. A library of HDX frag-
mentation patterns for standards with different core structures may be constructed to
improve the CID data interpretation of petroleum samples. However, the application
of HDX with tandem MS for petroleum analysis has not yet been implemented.

f. Limited computational studies for HDX MS
The combined approach of HDX MS and theoretical CCS calculations for crude oil anal-
ysis needs to be explored to gain further information on oil analysis. An inexpensive,
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easily handled, and adoptable computational software for performing HDX reactions
should be developed. Excluding the expensive quantum-mechanical methods, the ap-
plication of inexpensive classical methods for performing theoretical calculations of
HDX reactions should also be evaluated.

12.9 Conclusion

The products of crude oil are in high demand in modern society. Petroleomics is
a highly interesting process, involving the prediction of the structures of crude
oil compounds, of which significant exploitation is still required to evaluate the
structure–function relationships. In this book, we have described the most promis-
ing approaches for crude oil analysis, including tandem MS, IM-MS, and HDX MS,
which can meet the current and future needs of the petroleum refining industry. De-
spite the difficulty in analyzing extremely complex mixture, the number of research
works related to the application of these mass spectrometric methods for crude oil
analysis is increasing. To fully utilize these methods in unraveling the chemical
structures and reactions in petroleomics, we highly recommended that these meth-
ods be implemented along with new and diverse computational tools.
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13 The distillation precipitation fractionation
mass spectrometry (DPF-MS) method for
molecular profiling of crude oil

Abstract: Crude oil is an exceedingly complex mixture of various hydrocarbons
and, to a lesser extent, heteroatom-containing compounds. Their chemical char-
acterization at the molecular level is challenging. Most of the existing chemical
analysis methods require fractionation of the crude oil to generate mixtures with
less complexity. One of the most commonly used crude oil fractionation methods
is a method called SARA, which involves separation of crude oil into four frac-
tions containing predominantly saturated hydrocarbons, aromatic compounds,
resins and asphaltenes. The fractions are typically subjected to gravimetric analy-
sis. A limitation of this method is that the fractions contain combinations of dif-
ferent compound classes and therefore are still rather complex mixtures. The
distillation precipitation fractionation mass spectrometry (DPF-MS) method, the
focus of this review, was developed in 2018 for the molecular-level characteriza-
tion of crude oil. This method involves the separation of the crude oil into six dif-
ferent fractions containing chemically similar compounds: volatile hydrocarbons,
asphaltenes, heavy saturated hydrocarbons, alkyl aromatic hydrocarbons, hetero-
aromatic compounds, and polar compounds. The gravimetric percentages of all six
fractions are determined. After the separation, each fraction is analyzed by utilizing a
medium- or high-resolution mass spectrometric method optimized for the types of
compounds each fraction contains. This approach enables the ionization of each ana-
lyte to yield only one type of an ion that contains the intact analyte molecule, with
minimal or no associated fragmentation. Furthermore, the separation enables the
ionization of the analytes in each fraction at a similar efficiency, making the method
semiquantitative. The high-resolution mass spectrometry data obtained can be used
to draw conclusions about the chemical composition of each fraction and of the
crude oil as a whole. For example, the gravimetric percentages of specific chemical
compound classes can be obtained, such as saturated hydrocarbons, aromatic
hydrocarbons, and nitrogen-, oxygen- and sulfur-containing compounds etc. Fur-
thermore, the degree of unsaturation (from the measured ring and double bond
equivalent) of the compounds and their average molecular weights can be deter-
mined. The DPF-MS method has been used to characterize crude oil samples of
different API gravities, ranging from heavy to medium and light crude oil. This
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chapter focuses on the development of the DPF-MS method and on its applica-
tions in molecular profiling of crude oil and other petroleum products.

13.1 Introduction

Better knowledge on the chemical composition of crude oil samples with different
origins would facilitate the development of more efficient and economic recovery
and refinery processes [1]. Additionally, this could improve the understanding of
the interfacial interactions between the compounds in the crude oil and surfactants
with reservoir rocks, which is necessary to improve the currently used crude oil re-
covery methods [2]. Further, this may facilitate the identification of certain chemical
biomarkers that reveal information on the origin and parent materials of the crude oil
for better understanding of its geochemical characteristics [3]. However, obtaining
molecular-level information on crude oil is challenging due to its extremely complex
nature [4]. Mass spectrometry is the only analytical method that can be used to obtain
information on specific compounds in such mixtures. However, their complexity
causes many problems even for mass spectrometry, and more specifically, for ioniza-
tion of all the compounds in the mixtures. For example, competition between differ-
ent compounds for the charge during ionization leads to ionization biases. Further,
fragmentation of the generated ions is common, which complicates the data even fur-
ther. These issues may reduce the ability of detecting a particular group of com-
pounds in favor of detecting another group more efficiently.

The oldest ionization method, electron ionization (EI), has the benefit of being
the only universal ionization method in mass spectrometry (all organic compounds
get ionized). However, it has the disadvantage of causing extensive fragmentation,
and in particular, to aliphatic compounds. Among the milder evaporation/ionization
methods available for commercial mass spectrometers, atmospheric pressure chemi-
cal ionization (APCI) can be used for the ionization of both polar and nonpolar, ther-
mally stable compounds [5] while atmospheric pressure photoionization (APPI) is
commonly used for aromatic compounds [6] and electrospray ionization (ESI) for
polar, thermally labile compounds [7]. Some of the limitations of the above ionization
methods were illustrated by Kenttämaa et al. [8] when they prepared an equimolar
mixture of model compounds representing the main compound types in crude oil,
including an alkane (pentadecane), two cycloalkanes (cycloheptane and methylcy-
clopentane), an alkene (1-decene), an alkyne (1-hexyne) and two alkyl aromatic com-
pounds (n-decylbenzene and n-hexylbenzene). The mixture was analyzed by using
positive-ion mode APCI and APPI under conventional experimental conditions by
using a linear quadrupole ion trap mass spectrometer. However, carbon disulfide
was chosen as the solvent for the mixture. Unlike common solvents, such as water or
methanol, that did not completely dissolve the mixture, the mixture was completely
soluble in carbon disulfide. Positive-ion mode APPI and APCI of analytes in carbon
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disulfide solvent should generate exclusively molecular radical cations and their frag-
ments. Both APCI and APPI mass spectra (Figure 13.1) show that the linear alkane
(pentadecane) had completely fragmented (generating ions of m/z 57, 71, and 85), il-
lustrating the difficulty in obtaining molecular weight (MW) information for linear al-
kanes when using these ionization methods. For the alkene (1-decene), a stable
molecular ion was generated. However, fragmentation was extensive, producing frag-
ment ions of m/z 57 and 70. The fragment ions were as abundant as the molecular ion.
A stable molecular ion was also observed for the alkyne but it was associated with only
minor fragmentation. The two alkyl aromatic compounds mostly generated stable mo-
lecular ions [M+.] with minimal fragmentation. The molecular ions obtained for the two
compounds were nearly equally abundant for APCI but not APPI, and they were more
abundant than those for the alkene and alkyne. The cycloalkanes generated stable

Figure 13.1: A) An APCI/N2 (with N2 being the sheath gas)/CS2 and B) an APPI/N2/CS2 mass
spectrum measured for an equimolar (1 mM) mixture of seven nonpolar model compounds of the
type that are typically present in crude oils [8]. Figure modified from reference [8].
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molecular ions and fragment ions of m/z 56 as well as [M-H]+ molecular ions that had
lost a hydrogen radical. The generation of different types of ions for each analyte com-
plicates data analysis. Therefore, accurate characterization of this mixture based on
these data would be impossible. Additionally, the compounds that produced abundant
molecular ions without extensive fragmentation showed different molecular ion abun-
dances (except for the two aromatic compounds upon APCI) even though the corre-
sponding neutral compounds had the same concentrations in the analyzed solution.
Based on these results, the APCI ionization method appears to be a good method for the
analysis of aromatic compounds, which has been confirmed in the literature [5, 9, 10],
but not for the other types of compounds in the mixture. APPI does not appear to have
any advantages over APCI.

The limitations of the ESI method were demonstrated in a study that used positive-
ion mode ESI to analyze a mixture that contained tetracosane (a linear alkane), 5-R-
cholestane (a cyclic alkane), squalane (a branched alkane), coronene (a polyaromatic
hydrocarbon), and 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (a N-heteroaromatic
compound) in a linear quadrupole ion trap mass spectrometer (9). ESI only generated
ions from 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (via protonation), the most
polar component in the mixture [11]. None of the other mixture components were de-
tected. Therefore, positive-ion mode ESI has a strong bias toward the most basic com-
pounds in the mixture.

In order to address the above ionization issues, fractionation of the crude oil to
simpler mixtures before mass spectrometric analysis is required [12]. The most com-
monly used method for the fractionation of crude oil is the “saturated hydrocar-
bons, aromatic compounds, resins and asphaltenes” (SARA) method in which the
crude oil is separated into four different fractions [13]. The SARA method is used for
gravimetric fractionation and the fractions are typically not further analyzed. This
approach starts with the precipitation of asphaltenes. The remaining compounds
(maltenes) are chromatographically separated into three fractions called “saturated
hydrocarbons,” “aromatic compounds,” and “resins,” to generate a total of four
fractions. However, this method does not enable the determination of the amount
of volatile hydrocarbons. Furthermore, the generated fractions are still relatively
complex mixtures of different types of compounds. For example, the fraction called
“saturated hydrocarbons” has been demonstrated to contain a considerable amount
of aromatic compounds [8]. Therefore, the weights of the “saturated hydrocarbon”
and “aromatic compound” fractions do not provide an accurate estimate for the
amount of saturated hydrocarbons and aromatic compounds in the sample. Fur-
ther, the fraction called resins contains many different types of compounds.

Over the years, several other fractionation methods have been developed for
crude oil samples. For example, a preparative high-performance liquid chromatog-
raphy (HPLC)-based fractionation method was developed by Bissada et al. [10, 11].
This method involved the use of an automated two-dimensional HPLC to separate
a crude oil into SARA-like fractions although their ability to separate saturated

622 Kawthar Z. Alzarieni, Hilkka I. Kenttämaa



hydrocarbons and aromatic compounds from each other was much better than for
SARA. The fractions were collected and analyzed by using gas chromatography
equipped with a flame ionization detector (GC/FID), gas chromatography equipped
with a photoionization detector (GC/PID) and gas chromatography/positive-ion
mode electron ionization quadrupole mass spectrometry ((GC/(+) EI quadrupole (Q)
MS) to determine the extent of cross contamination between the fractions. However,
compound identification was hindered by the inability of the GC method to completely
separate the polar compounds in the resin and asphaltenes fractions and by the poor
resolution and mass accuracy of the (+) EI Q MS method. Furthermore, no model com-
pounds were used to verify the preliminary identifications. Additionally, the method
does not allow quantitation and analysis of volatile hydrocarbons as most of these
compounds were lost during processing. Volatile hydrocarbon losses of up to 35%
were reported [14].

The distillation precipitation fractionation mass spectrometry (DPF-MS) method
was developed in 2018 by Kenttämaa et al. to help alleviate the above problems as-
sociated with the molecular-level characterization of crude oil samples [8, 15]. The
basic idea behind the DPF-MS method is that different types of compounds need
different ionization methods for accurate mass spectrometric analysis, and that
there are no universal mass spectrometry methods that would work equally well for
all the diverse compound types in crude oil. Therefore, the crude oil should first be
fractionated into different compound types so that a different analysis method can
then be developed for each compound type [8]. Indeed, the DPF part of the above
method involves the fractionation of crude oil samples into six major compound
classes depending on the differences in their volatility, solubility, and polarity: volatile
hydrocarbons, asphaltenes, heavy saturated hydrocarbons, alkyl aromatic hydrocar-
bons, heteroaromatic compounds, and polar compounds. These fractions are much
simpler than those generated using SARA or similar methods, and they are largely
compound specific. Therefore, their mass percentages in the crude oil are also more
meaningful. Furthermore, as each fraction contains predominantly one compound
type, optimization of an ionization method for mass spectrometric analysis of each
fraction is now possible.

13.2 Development of the distillation precipitation
fractionation (DPF) mass spectrometry (MS)
method

The DPF-MS method was developed to achieve a more comprehensive analysis of
crude oil than previously possible. Unlike most of the previous crude oil fraction-
ation methods [12, 14, 16], the DPF part of the method included an initial room-
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temperature vacuum distillation to separate the volatile hydrocarbons from the
crude oil. These compounds are usually lost when using literature methods. After
removal of the volatile hydrocarbons, the asphaltenes were precipitated out of the
mixture by using a simple and effective methodology that had been developed ear-
lier for this task [17]. In this work, asphaltenes are defined as compounds not solu-
ble in n-hexane [18]; therefore, the sample was mixed with n-hexane in a 1:10 (v/v)
oil:n-hexane ratio, and was then sonicated for 20 min. Then it was left undisturbed
in a sealed container overnight to allow the asphaltenes to precipitate. The sample
mixture was filtered through a membrane filter that retained the asphaltenes. After
a crude oil sample was treated in this manner, the soluble portion (maltenes), was
then separated based on the polarity of the compounds in it by using flash-column
chromatography equipped with both UV and evaporative light scattering (ELS) de-
tectors and by using n-hexane, dichloromethane and 2-propanol as the eluents.
This treatment yielded three distinct fractions. A typical auto-column chromato-
gram measured for a crude oil sample is shown in Figure 13.2.

The most nonpolar fraction (eluted using n-hexane) of the crude oil sample tested
when developing the DPF-MS method was discovered to contain both aliphatic and

Figure 13.2: A typical auto-column ELSD/UV chromatogram of maltenes indicating their separation
into three distinct fractions. The presence of both ELSD and UV signals in the later eluting part of
the n-hexane-eluted fraction indicates co-elution of aliphatic (no UV absorption: green trace) and
aromatic compounds (UV absorption: red and purple traces) [8]. The strong UV peak (red trace) for
the dichloromethane-eluted fraction indicates the presence of aromatic compounds. The most
polar compounds eluted last with 2-propanol. Figure modified from reference [8].
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aromatic compounds as it gave different signals in the two autocolumn detectors: a
large signal in the ELS detector for saturated hydrocarbons and a smaller signal on
the UV detector, indicating the presence of aromatic compounds (Figure 13.2). This
fraction was further analyzed using GCxGC/(+) EI time-of-flight mass spectrometry
(Figure 13.3A), which verified the proposal that the fraction contained two different
compound classes. Therefore, this fraction was further separated into two different
fractions by using solid-phase extraction chromatography based on a Si/CN-S-1.5 g
cartridge, from which the heavy saturated hydrocarbons were eluted with n-hexane
and the alkyl aromatic hydrocarbons with a 3:1 mixture of dichloromethane:n-
hexane [19]. The GCxGC/(+) EI MS analysis (Figure 13.3B) was performed to verify
that the first of these fractions, that obtained using n-hexane as the eluent, con-
tained almost exclusively saturated hydrocarbons. After the separation, the sol-
vents were removed from each of the fractions by means of a rotary evaporator and
initial analysis of the fractions was performed using IR spectroscopy.

To explore the types of compounds in each of the six fractions, Fourier-transform
infrared spectroscopy (FTIR) was used to help identify the predominant compound
classes in each fraction (Figure 13.4). Table 13.1 summarizes the absorption fre-
quency bands observed and the corresponding functionalities in the
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Figure 13.3: A) Total ion chromatogram measured using GCxGC/(+)EI TOF for the hexane-eluted
fraction of a crude oil sample before SPE fractionation. B) Heavy saturated compounds separated
from the n-hexane-eluted fraction by using solid phase extraction. Eight percent carryover of
aromatic compounds into the heavy saturated compound was observed. Linear, branched, and
cyclic saturated and aromatic compounds are color-coded. Figure modified from reference [8].
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mixture components. The IR spectra measured for the volatile hydrocarbon and the
heavy saturated hydrocarbon fractions indicate that saturated hydrocarbons are
predominantly present in these fractions. Spectral analysis of the asphaltenes and
the dichloromethane eluted compounds revealed the presence of heteroatoms and
significant aromaticity. The spectrum measured for light aromatic hydrocarbons in-
dicated the presence of only alkyl aromatic compounds. The isopropanol-eluted
compounds were found to contain heteroatoms and have minimal aromaticity
(polar compounds). The generation of the fractions and the types of compounds in
each fraction obtained by using the DPF method for the crude oil sample are sum-
marized in Figure 13.5.

After identification of the different compound classes present in the six crude oil
fractions, model compound mixtures were used to optimize a mass spectrometric
ionization method for each fraction so that only one type of an ion containing the
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Figure 13.4: FTIR spectra from 3,600–2,600 cm–1 (left) and 2,000–600 cm–1 (right) measured for
the crude oil fractions generated by the DPF method. Figure modified from reference [8].

Table 13.1: FTIR absorption bands and their functional group assignments.

Functional group Absorption band (cm−)

C = C-H aromatic stretch ,–,
CH asymmetric and symmetric stretch , and ,
CH asymmetric and symmetric stretch , and ,
C = O stretch ,
NH bending vibrations ,–,
C = C stretch ,
CH or CH deformations ,
CH deformation ,
C–O stretch –,
Aromatic C–H deformation (“oop” bands) –
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Figure 13.5: Schematic of the work layout of the DPF method. DPF fractions are designated by⁂.
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intact analyte molecule, generated without fragmentation, was formed for each an-
alyte. Different ionization methods and various solvents were tested on model com-
pound mixtures representing each fraction in order to choose the most suitable
ionization method and solvent(s) [8].

Two-dimensional gas chromatography (GCxGC) coupled with positive-ion mode
electron ionization ((+) EI) medium-resolution time-of-flight mass spectrometry
(GC × GC/(+) EI TOF MS) was selected for the analysis of the volatile hydrocarbon
fraction due to the great separation power of GCxGC [20] and the ability of the EI
method to ionize all organic compounds. The sample was dissolved in high-purity
n-pentane to a mass ratio of 1.0 wt/wt% [21]. An auto injector was used to introduce
0.5 μL of the sample into a split/splitless injector at a split ratio of 1 to 20 under a
constant flow of helium carrier gas (1.25 mL/min) at a temperature of 260 °C. The
compounds were separated by using high temperature columns that could withstand
temperatures up to 430 °C. The first column was a polar 60 m capillary column (ZB-
1HT Inferno, Zebron) and the second a nonpolar 2 m capillary column (ZB-35HT In-
ferno, Zebron). The primary oven containing the first, polar column was held at 35 °C
for one minute. After that, the oven was heated to 55 °C at a rate of 1 °C/min, followed
by heating to a maximum temperature of 175 °C at a rate of 3 °C/min. The oven was
held at the maximum temperature of 175 °C for 3 min. A quad-jet dual stage thermal
modulator consisting of two hot jets and two cold jets was placed between the two
columns. Each stage had one hot and one cold jet pair. The modulator focuses the
bands of the compounds eluting from the first column and introduces them se-
quentially into the second column. Liquid nitrogen was used for cooling the cold
jets and heated nitrogen gas was used for the hot jets. A total modulation time of
3.5 s was split equally between the two stages (1.75 s each), 0.6 s of which was
used for the hot jet pulse and 1.15 s for the cold jet pulse. A modulator temperature
80 °C greater than the temperature of the secondary oven containing the nonpolar
column was used. The secondary oven offset was 10 °C greater than that of the
primary oven and it was subjected to the same temperature program as the pri-
mary oven. The transfer line between the GC × GC and the TOF MS was held at 300
°C throughout the analysis. The MS ion source was heated to 250 °C. The eluting
compounds were ionized by (+) EI with 70 eV electron kinetic energy. All ions were
transferred into the TOF MS for medium-resolution analysis (25,000 resolution at m/z
219). The availability of extensive EI mass spectral libraries allowed the identification
of many of the compounds in the volatile hydrocarbon fraction of the crude oil stud-
ied. Most of the detected compounds in the volatile hydrocarbon fraction of the crude
oil analyzed by Kenttämaa et al. were found to be alkanes and cycloalkanes contain-
ing 7–10 carbons [8, 21].

The ability to use the above method for the identification of volatile hydrocarbons
and determination of their elemental composition as well as their semiquantitative
analysis has been evaluated earlier by using a model compound mixture [22]. The mix-
ture consisted of 25 compounds that represented all major categories of compounds
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found in jet fuels. The model compound mixture was dissolved in high-purity n-
hexane to achieve a concentration of 10 mM for each mixture component. GCxGC
was able to fully resolve all mixture components. The quantitative analysis of the
mixture components was based on the GCxGC peak area of each compound relative
to the sum of all detected peak areas. Data processing and analysis were performed
via LECO Visual Basic Scripting (VBS) software, ChromaTOF version 5.10.58.0.52262.
The software automatically provided the peak areas that were extracted to a Micro-
soft Excel sheet for further analyses.

Linear quadrupole ion trap/high-resolution Orbitrap mass spectrometry (LQIT/
Orbitrap HRMS) coupled with atmospheric pressure chemical ionization in the posi-
tive ion mode ((+) APCI) was used to optimize the ionization for the remaining five
fractions as this method can be used to successfully ionize a wide variety of analy-
tes. Optimization was accomplished using different sheath gases and solvents or
solvent systems and tested by using model compound mixtures [8].

For asphaltenes and alkyl aromatic hydrocarbon and heteroaromatic compound
fractions, carbon disulfide was selected as the solvent and APCI reagent and nitrogen
as the sheath and auxiliary gas as this combination had been demonstrated in the
literature to be suitable for the ionization of aromatic compounds, as discussed
above. These compounds are ionized at similar efficiencies and they predominantly
generate stable molecular cations [M+•] with minimal fragmentation [5], as illustrated
in Figure 13.6 for a mixture of aromatic model compounds [8]. The use of other sol-
vents besides carbon disulfide did not lead to equally good results (Figure 13.6).

Different solvent systems and sheath gases were tested for the heavy saturated
hydrocarbon fraction and the polar compound fraction in order to identify an optimal
ionization method for each. The APCI/N2/CS2 method is not suitable for the heavy sat-
urated hydrocarbon fraction as it results in significant fragmentation and has a differ-
ent ionization efficiency for different saturated hydrocarbons (Figure 13.7B) [8].
Instead, n-hexane was used as the solvent and APCI reagent while oxygen was em-
ployed in place of nitrogen as the nebulizing gas (for safety precautions, please see
the publication). These conditions are known to predominantly produce [M-H]+ ions
[23] with minimal fragmentation for saturated hydrocarbons, as demonstrated in
Figure 13.7A.

A model compound mixture of nonaromatic oxygen-, nitrogen-, or sulfur-
containing polar compounds was used to simulate the behavior of the polar
compound fraction. For this mixture, APCI with 3:1 methanol:n-hexane solvent
system and nitrogen as the sheath and auxiliary gases were found to be the opti-
mal ionization method. This approach predominantly generates stable [M + H]+

ions with similar relative abundances for these analytes (Figure 13.8) [8].
The optimal APCI conditions for each compound class (fraction) are shown in

Table 13.2. The high-resolution mass spectrometry instruments and the optimized
ionization methods used for each crude oil fraction are summarized in Figure 13.9.
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Figure 13.6: (+) APCI/N2/CS2, (+) APCI/N2/toluene and (+) APCI/N2/methanol mass spectra
measured for an equimolar mixture (1 mM) of aromatic and heteroaromatic model compounds.
While (+) APCI/N2/CS2 successfully generated stable molecular radical cations for all four model
compounds in the mixture at roughly equal efficiencies, the other two methods did not. Figure
modified from reference [8].

Figure 13.7: A) APCI/O2/n-hexane mass spectrum measured for an equimolar mixture (1 mM) of
three saturated hydrocarbon model compounds. All compounds were ionized at a similar
efficiency. B) APCI/N2/CS2 mass spectrum measured for the same mixture (no ions were observed
below m/z 200). Figure modified from reference [8].
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Figure 13.8: APCI/N2/n-hexane, methanol mass spectrum measured for an equimolar mixture
(1 mM) of four nonaromatic polar compounds (* denotes solvent peaks). Figure modified from
reference [8].

Table 13.2: Optimal ionization methods and ion source parameters for high-resolution mass
spectrometry analysis of crude oil fractions generated by using the DPF method [8].

Asphaltenes
fraction

Saturated
hydrocarbon
fraction

Alkyl
aromatic
hydrocarbon
fraction

Heteroaromatic
compound
fraction

Polar
compound
fraction

Ionization mode and
method

(+) APCI (+) APCI (+) APCI (+) APCI (+) APCI

Solvents CS n-Hexane CS CS Methanol,
n-hexane
(:)

Predominant type of
ions produced

[M+•] [M-H]+ [M+•] [M+•] [M + H]+

Sample concentration
(mg/mL)

  . . 

Flow rate (µL/min)     

Sheath and auxiliary
nebulization gas

N O N N N

Vaporizer temperature
(°C)

    

Sheath gas flow rate
(AU)

    

Auxiliary gas flow rate
(AU)a

    
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13.3 Determination of the average gravimetric
percentages of the different compound classes
in crude oil samples

As described above, the DPF method allows the separation of a crude oil into six
fractions, each containing a different class or classes of compounds. Therefore, the
mass percentage of each fraction can be easily determined relative to the mass of

Table 13.2 (continued)

Asphaltenes
fraction

Saturated
hydrocarbon
fraction

Alkyl
aromatic
hydrocarbon
fraction

Heteroaromatic
compound
fraction

Polar
compound
fraction

Capillary temperature
(°C)

    

Discharge current
(mA)

. . . . .

Capillary voltage (V)     

Tube lens voltage (V)     

a AU = arbitrary units

Figure 13.9: High-resolution mass spectrometry instruments and ionization methods selected for
the analysis of the six crude oil fractions generated by the DPF method. Figure modified from
reference [8].
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the original sample subjected to fractionation. The mass difference between the
crude oil sample before and after distillation is used to determine the gravimetric
weight percentage of volatile hydrocarbons. The difference in the mass of the mem-
brane filter before and after filtration can be utilized to determine the gravimetric
weight percentage of asphaltenes. The fractions obtained using flash chromatogra-
phy are weighed for the determination of the gravimetric percentages of each frac-
tion (and hence the different compound classes). The gravimetric percentages of
the DPF generated compound fractions for a crude oil sample determined by Kenttä-
maa et al. were 8%, 1%, 44%, 21%, 9%, and 8% for the volatile hydrocarbon, asphal-
tenes, and heavy saturated hydrocarbon, alkyl aromatic hydrocarbon, heteroaromatic
compound, and polar compound fractions, respectively. The method achieved about
92% recovery of the original crude oil sample. Sample losses in the range of (8−17%)
were reported in the literature [8, 15]. Potential reasons for sample loss during process-
ing include compounds that may not have completely eluted from the auto column
system or the solid-phase cartridge with the solvents used. In the future, the DPF
method will be improved to reduce sample loss.

The DPF-MS method has been used also to examine crude oils of different densities
ranging from heavy to medium and light in order to determine whether a correlation
can be found between their density (or API gravity) and the average gravimetric mass
percentages of their different compound classes [21]. The dominant fraction in the me-
dium and light crude oils was the heavy saturated hydrocarbon fraction. The gravimet-
ric percentages of the heavy saturated hydrocarbon fraction in the medium and light
crude oils ranged from 36% up to 49%. The dominant fraction in the heavy crude oil
was the heteroaromatic compound fraction at a mass percentage of 37%. The mass per-
centage of the polar compound fraction in the heavy crude oil was more than twice the
mass percentage of the polar compound fraction in the medium and light crude oil
samples. The mass percentage of volatile hydrocarbons increased gradually with the
decrease in crude oil density, going from none in the heavy crude oil to about 8% in
light crude oils. A correlation was found between the mass percentage of heteroaro-
matic compounds and the API gravity; as the weight percent of compounds in the het-
eroaromatic compound class increased, the API gravity decreased [21].

13.4 Determination of the elemental compositions
of compounds in each fraction by using
medium- or high-resolution mass spectrometry

As the crude oil fractions predominantly contain just one compound type, they
can be analyzed both qualitatively and semiquantitatively by using the optimized
medium- or high-resolution mass spectrometric methods. The obtained data provide a
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variety of information, including the elemental compositions of the detected ions, ap-
proximate weight percentages of compounds with different consolidated elemental
compositions, the degree of unsaturation of the compounds and their average molecu-
lar weights [8, 21]. This information can be obtained for each fraction and for the
crude oil as a whole by combining the data obtained for each fraction [21].

The measured high-resolution accurate-mass data can be used to assign the ele-
mental compositions for the detected ions. The general formula used for the deter-
mination of the elemental compositions of the compounds of interest is CcHhNnOoSs
where c and h are positive nonzero integers while n, o, and s are any positive inte-
ger numbers or zero. In these analyses, the maximum allowed number of carbon
and hydrogen atoms was not limited while the number of nitrogen, oxygen, and
sulfur atoms was set between zero and five [21]. Most of the ions detected for the
polar and heteroaromatic compound fractions were assigned chemical formulas
that contained heteroatoms (N, O, and/or S). The approximate weight percentages
of compounds with specific consolidated elemental compositions in a fraction can
be determined from the ratio of the abundance of the ions of a specific elemental
composition to the total abundance of all ions detected in that fraction. This infor-
mation should be of high importance to crude oil industries and refineries as it
helps in determining which fraction contains most of the compounds of interest.

Kenttämaa et al. found that in the heteroaromatic compound class of light, me-
dium and heavy crude oil samples fractionated and analyzed by using the DPF-MS
method, the weight percentage of the nitrogen-containing compounds with the ele-
mental composition CcHhN inversely correlated with the API gravity of the samples [21].
The majority of the compounds in the heteroaromatic compound class had the elemen-
tal composition CcHhN for all studied crude oils. Other correlations between chemical
compositions of the crude oils and API gravity were not identified in this study.

Further, the examination of the chemical compositions of the compound clas-
ses in the above crude oil samples revealed that most of the abundant sulfur-
containing compounds with the elemental composition CcHhS in the medium heavy
crude oils (with API gravities of 25.5 and 31.0°; 12–18% weight percentage in the
whole crude oils) were sulfur-containing compounds in the alkyl aromatic com-
pound fraction [21]. The class containing the second-highest amount of sulfur com-
pounds in the medium heavy crude oils was the heavy saturated hydrocarbon class
[21]. These findings may lead to better ways to remove sulfur from medium-heavy
crude oils that were found to contain most of the sulfur among the studied crude oil
samples [21]. Further, the abundant compounds with the elemental composition
CcHhOo in the lightest crude oil studied (17% of weight of the whole crude oil)
were found to belong to the heavy saturated hydrocarbon compound class [21].

In addition to the above information, accurate mass measurements enable the de-
termination of the ring and double bond equivalent (RDBE), which represents the de-
gree of unsaturation and/or number of rings in the compounds, according to eq. (13.1),

634 Kawthar Z. Alzarieni, Hilkka I. Kenttämaa



wherein c, h, and n are the number of carbon, hydrogen and nitrogen atoms in the
ion, respectively:

RDBE ¼ c� h
2
þ n

2
þ 1 (13:1)

Determination of RDBE values enabled Kenttämaa et al. to confirm that most of the
hydrocarbons detected in the volatile and heavy saturated hydrocarbon fractions in
a crude oil were saturated compounds with RDBE values between one and two [8],
as opposed to the compounds in the alkyl aromatic hydrocarbon and heteroaro-
matic compound fractions that had RDBE values equal to or greater than four [8].
Comparison of the RDBE values determined for light, medium, and heavy crude oil
samples revealed that the average RDBE value of compounds in the heteroaromatic
compound class correlated with the API of the samples. This finding suggests that
the aromatic core size for compounds in the heteroaromatic compound class may
be larger for the heavier crude oils than the lighter crude oils [21]. Figure 13.10 illus-
trates the distribution of heteroatoms as a function of the number of carbons in the

Figure 13.10: Colored bubble plots of ring and double bond (RDBE) equivalent versus carbon
number for ionized compounds derived for each of the six fractions of a crude oil obtained by using
DPF. Figure modified from reference [8].
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compounds in the fractions of a crude oil sample analyzed by Kenttämaa et al. [8].
Oxygen-, nitrogen-, and sulfur-containing compounds are illustrated using blue
bubbles. The larger the bubble size, the greater the abundance of the compound
type. Based on these data, no heteroatom containing compounds were present
in the volatile hydrocarbon fraction. The majority of the compounds detected in
the heavy saturated and the alkyl aromatic hydrocarbon fractions were hydrocar-
bons. Only minor amounts of heteroatom-containing compounds were detected in
these fractions. All compounds in the polar compound fraction contained heteroa-
toms, and almost all compounds in the heteroaromatic compound fraction con-
tained heteroatoms, with only a few exceptions.

13.5 Determination of the consolidated weight
percentages of compounds with different
elemental compositions in the crude oil as a
whole

Figure 13.11 shows typical high-resolution mass spectra generated by using the opti-
mized ionization/mass spectrometry methods for each fraction obtained using the
DPF method from a crude oil sample. The consolidated elemental compositions of com-
pounds with a certain chemical formula of interest can be determined for the entire
crude oil by using eq. (13.2), which utilizes the gravimetric weight percentage of indi-
vidual fractions and their compound class distributions:

The (consolidated) weight percentage of compounds with different elemental
compositions =

X6
x¼1

Σixabundance
Σxabundance

×wt% xð Þ (13:2)

where x is one of the six compound fractions derived from the crude oil, i is a spe-
cific elemental composition type of an ionized compound, Σx abundance is the total
ion abundance for all compounds in each fraction, and wt%(x) is the gravimetric
weight percentage of the compounds in that fraction in the crude oil sample. The
consolidated weight percentages of compounds of different elemental compositions
in crude oils of different densities were determined previously for the sake of exam-
ining how they correlate with the API gravity of the crude oils [21]. However, no cor-
relations were found between the amounts of compounds with different elemental
compositions in the whole crude oils tested and their API gravities.
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13.6 Determination of the average molecular
weight of compounds in crude oil

It is important for crude oil industries and refineries to be able to determine the mo-
lecular weight distributions of the different compound classes in a crude oil [24], as
refinery processes are chosen based on the chemical composition of each crude oil
sample [25]. The ability to accurately estimate the average molecular weight of all
compounds in crude oil may further facilitate the optimization of the refinery pro-
cesses [26]. This knowledge would allow a better estimation of the amount of re-
agents required for chemical reactions used to modify compounds in crude oil,
such as alkylation, dimerization, cracking, and/or hydrotreating [26]. Additionally,
the average molecular weight of compounds in hydrocarbon oils is thought to deter-
mine many of their physical properties, including the density and viscosity [27].

Since optimized mass spectrometric ionization methods with minimal fragmen-
tation are utilized in the DPF-MS method, the method can be used to accurately de-
termine the average molecular weight of the compounds in the fractions as well as
in the entire crude oil. Indeed, data obtained by applying the DPF-MS on mixtures
of model compounds demonstrated that the method is highly accurate, with errors
less than 3% for most of the model compound mixtures; the greatest error observed
was at 7% for a mixture of alkyl benzenes with long alkyl side chains [8].

Figure 13.11: A) GCxGC/((+)EI medium-resolution TOF total ion chromatogram measured for the
volatile hydrocarbon fraction of a crude oil. The aromatic hydrocarbons are color-coded in red and
saturated hydrocarbons in black. B) (+) APCI high-resolution LQIT Orbitrap mass spectra measured
for the five nonvolatile crude oil fractions. Avg MW denotes the weighted average molecular
weight. Figure modified from reference [8].
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The experimental average molecular weight for compounds in each fraction of
a crude oil was determined based on the equations below; slightly different equa-
tions were applied for each fraction based on the predominantly formed stable
ions. Equation (13.3) was used to determine the average molecular weight of hetero-
aromatic compounds and alkyl aromatic hydrocarbons ionized using CS2 as the sol-
vent and APCI reagent and nitrogen as the sheath and auxiliary gas because these
conditions generate stable molecular ions for aromatic compounds. On the other
hand, eq. (13.4) was used for the heavy saturated hydrocarbons (M) ionized by
using n-hexane as the solvent and APCI reagent and oxygen as the nebulizing gas,
because this ionization method predominantly generates stable [M-H]+ ions from
saturated hydrocarbons. Finally, eq. (13.5) was utilized to determine the experimen-
tal average molecular weight of polar compounds (M) analyzed by using 3:1 metha-
nol:n-hexane as the solvent and APCI reagent and nitrogen as the sheath and
auxiliary gas as this ionization method predominantly generates stable [M + H]+

ions from polar nonaromatic compounds [8].

Experimental AvgMW ¼
P

ion m=zð Þ× abundanceð ÞP
all abundances

(13:3)

Experimental AvgMW ¼
P

ion m=zð Þ þ 1ð Þ× abundanceð ÞP
Abundances

(13:4)

Experimental AvgMW ¼
P

ion m=zð Þ � 1ð Þ× abundanceð ÞP
Abundances

(13:5)

The average MW of the volatile hydrocarbons analyzed by using GC × GC/(+)EI TOF
MS can be determined by using the following equation:

Experimental AvgMW ¼
P

molecular ion m=z ×GCpeakareað ÞPGCpeak area (13:6)

The average molecular weight of each fraction and its gravimetric percentage can
be used to determine the average molecular weight of the entire crude oil based on
the following equation:

Overall AvgMWof compounds in a crude oil

¼
P

AverageMWof compounds in each individual fraction ×wt%ð ÞPðwt%Þ
(13:7)

It is worth noting that the fragmentation caused by EI may sometimes hinder the
determination of the MW of a compound, which can lead to an underestimation of
the average molecular weight for compounds in the volatile hydrocarbon fraction.
However, this was not the case in a study where DPF-MS was used to determine the
average molecular weights of five model compound mixtures representing each
DPF generated fraction, except the asphaltenes. The model compound mixture that
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simulated the volatile hydrocarbon fraction contained small cyclic, linear and aro-
matic compounds and was analyzed by using GC × GC/(+)EI TOF MS. The theoretical
average molecular weight of the compounds in the mixture was only one Dalton
greater than the experimentally determined average molecular weight; the experi-
mental error reported was 1%.

The m/z value of the molecular ions used in eq. (13.6) is based on the identifica-
tion of the compound by using the EI mass spectral library match. Fragmentation of
the volatile hydrocarbons in a crude oil studied did not significantly affect the re-
sults obtained because the gravimetric percentage of the volatile hydrocarbon frac-
tion was only about 8%, which is much smaller than the percentage of the other
fractions [8]; therefore, it did not significantly affect the determined overall average
molecular weight of the crude oil studied [8]. However, this might be different for
other crude oils.

Other methods commonly used for the determination of the average molecular
weight of compounds in crude oil include the measurement of freezing point de-
pression and GC simulated distillation [28, 29]. These methods have been found to
substantially underestimate the average molecular weight of model compound mix-
tures compared to the DPF-MS method [8]. The average molecular weight values ob-
tained by freezing point depression, GC simulated distillation, and the DPF-MS
method on a crude oil sample were 230 Da, 339 Da, and 473 Da, respectively [8].

13.7 Conclusions

The distillation precipitation fractionation mass spectrometry (DPF-MS) method is a
separation and analysis method that was recently developed for the characterization of
crude oil at the molecular level. The DPF part of the method involves separation of the
crude oil into six fractions containing different types of compounds. The first fraction
contains volatile hydrocarbons that are mostly saturated hydrocarbons, but light aro-
matic hydrocarbons may also be present. The second fraction contains asphaltenes,
which are predominantly highly condensed (low H/C ratio) aromatic and heteroaro-
matic compounds. The third fraction contains heavy saturated hydrocarbons, including
linear, branched, and cyclic hydrocarbons. The fourth fraction contains light aromatic
hydrocarbons, which are predominantly alkyl aromatic compounds. The fifth fraction
contains heteroaromatic compounds, which are mostly heavy nonpolar aromatic com-
pounds. The sixth fraction contains nonaromatic polar compounds.

The above fractions are analyzed by using different medium- or high-resolution
mass spectrometry methods. An optimized ionization method has been developed
for each fraction in order to ionize all of its components with similar efficiency and
to generate only one type of ions, either molecular radical cations, protonated mol-
ecules, or cations that formally correspond to hydride abstraction from the analyte
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molecule. While (+) EI ionization method coupled with GCxGC/TOF is a suitable
method for the analysis and characterization of the volatile hydrocarbon fraction,
(+) APCI approaches with different nebulization gases and solvent systems coupled
to linear quadrupole ion trap mass spectrometer are used for the nonvolatile frac-
tions. Besides accurate gravimetric information, DPF-MS provides semiquantitative
molecular-level information that includes elemental compositions and molecular
weights of the compounds. These data can be further processed to obtain accurate
average molecular weights, ring, and double bond equivalent values and the percent-
age abundances of different compound classes in the different fractions. This method
excels over previous methods by including the weight percentages of all compounds,
including volatile hydrocarbons. Additionally, the gravimetric weight percentage of
compounds of certain elemental compositions can be determined for each fraction
and the crude oil, thus allowing for data consolidation (data obtained from different
fractions consolidated into one data set). The DPF-MS method provides comprehen-
sive analysis of the crude oil, including average molecular weight, heteroatom con-
tent, and weight percentage of compounds in different compound classes.
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Roman S. Borisov, Vladimir G. Zaikin

14 Hyphenated gas chromatography
and mass spectrometry techniques
for the analysis of crude oil and
petroleum products

Abstract: Gas chromatography is one of the most power separation technique for
analysis of nonpolar and semipolar components of complex mixtures of hydrocarbons
and heteroatomic compounds. Combinations of various types of gas chromatography
and mass spectrometry allow studying the main components of oil at molecular
level and find the greatest practical application for fuel and oil refining industry.
The chapter describes fundamentals of hyphenated gas chromatography and
mass spectrometry techniques and recent developments in their applications for
researches in the field of crude oil and petroleum products analysis.

14.1 Introduction

Petroleum is the most important and versatile natural resource for fuels and various
chemicals. It contains millions of components which are being separated by fraction
distillation and extraction into various fractions: gases, naphtha, gasoline, kerosene,
jet fuel, diesel fuel, lubricant oil, fuel (or heating) oil, and asphalt. From a chemical
point of view, the components present in oil are distinguished by a variety of struc-
tures: aliphatic (linear and branched alkanes or paraffins), alicyclic (naphthenes), and
aromatic hydrocarbons; N- and S-containing hetero-organic compounds; naphthenic
acids; asphaltenes; resins; and even organo-element compounds). Over the years, vari-
ous refining processes have been developed to improve process efficiency and product
quality (isomerization/reforming to improve octane number of gasoline, desulfuriza-
tion by hydrotreating to eliminate undesired sulfur components, cracking and hydro-
cracking to convert heavy fractions (such as gas oils and residua) into higher-value
lighter fractions (such as fuels and lubricant oil).

Each stage of these manipulations, in both scientific and industry laboratories,
requires the use of high-precision and speedy techniques for qualitative and quanti-
tative analysis of complex mixtures. At the same time, the tasks for the analysis of
crude oils are constantly being challenged to address geochemical studies related
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to the problems associated with oil origin, its migration, diagenesis, and catagene-
sis in deposits. Another important issue is related to the need to provide suitable
examination of oil spills on soil and water surfaces that is crucial for a rapid and com-
plete biodegradation of oils and oil products and useful for arbitration purposes.

Among other physical–chemical methods, mass spectrometry (MS) as a method
for molecular analysis appeared to be the most important and popular in the compre-
hensive study of oil, products of its transformation and processing. It should be
noted that the emergence of MS as a structural analytical method in the 1930s is asso-
ciated with the study of hydrocarbons, which are the main components of crude oils
[1]. To monitor the oil refining processes and to evaluate the quality of products, MS
turned out to be virtually irreplaceable tool during the Second World War, when
there was an urgent need of military aviation for high-octane aviation fuels.

At first, mass spectrometric analysis of oil and petroleum products was limited
by the structural group analysis to provide an average qualitative and quantitative
data on the presence of selected structural groups of compounds (structural group
analysis). However, the situation started changing in the late 1950s when MS was
combined with a powerful separation technique as gas chromatography (GC) [2].
This hyphenated method (GC-MS) has become the most important tool in the study
of complex mixtures of organic compounds, among which crude oils and various
products of their transformations occupy a significant place. Subsequent improve-
ments to GC-MS combines were accompanied by both the involvement of various
ionization and ion separation techniques and the creation of a combination of mul-
tidimensional (MDGC-MS), mainly, comprehensive two-dimensional GC (GC×GC-MS)
systems. The most important advantage of the latter method is the ability to separate,
detect, and identify components that coelute in a one-dimensional GC-MS. It should
be noted, however, that despite the high analytical potential, the GC-MS method can
only be used for the analysis of sufficiently volatile compounds. Fortunately, many
components of petroleum and petroleum products are quite volatile and can be ana-
lyzed using GC-MS methods with great efficiency.

Work in the development and practical application of MS for the analysis and
comprehensive study of crude oils is continuously progressing. Several review ar-
ticles published during past decade are focused on application of MS to petroleum
analysis [3], on special separation methods [4], on new ionization techniques [5]
and, particularly, on soft ionization methods [6]. The recent review [7] is of particu-
lar importance, as it is entirely devoted to research in the field of petroleomics, a
new scientific field, the analytical basis of which is mainly MS [8].

In this chapter, we will restrict ourselves to considering the possibilities and
practical applications of only MS, conjugated with such a separation technique as
gas chromatography. It is quite obvious that this powerful technique (GC-MS and
MDGC-MS) is used in the study of the actual main components of oil at molecular
level, namely, volatile fractions, which still find the greatest practical application
for fuel and oil refining industry.
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14.2 Gas chromatography technique for online
combination with mass spectrometry

Being extremely effective tool for the separation of complex mixtures of organic com-
pounds, GC has become a most popular and routine technique in the analysis of petro-
leum fractions and oil products at a qualitative and quantitative level [9]. When
applied to oil analysis, this method has one fundamental limitation, consisting in the
need to transfer samples into the gas phase in the chromatograph injector port and
their further separation on the sorbent of a particular chromatographic column by se-
quential sorption/desorption processes. In most cases, the temperatures of the injector
port and the gas chromatograph oven are determined by the thermal stability of the
sorbents and do not exceed 300–330 °С. This is why detailed information about the
individual components of a petroleum is possible only for light fractions and generally
limited to 40 carbon atom hydrocarbons. The occurrence of a great number of isomeric
compounds in heavier fractions does not allow complete separation and analysis. Nat-
urally, this affects mostly barely volatile and nonvolatile petroleum components (such
as medium- and high-molecular weight hetero-organic and organo-element com-
pounds, resins and asphaltenes). The problem is partially addressed by the use of a
high temperature GC (HTGC), operating in some cases with temperatures above 400 °C
and allowing the study of heavy oil distillates (i.e., gas oils, light residua), including
high molecular hydrocarbons with the number of carbon atoms over 60.

When applying the GC-MS to petroleum analysis, more suitable chromatographic
columns should be chosen. For example, one can be guided by the value of the
phase ratio (β):

β = 250 × ID/df (where ID = internal diameter of a column in µm,
dƒ = film thickness in µm).

For example, if analytes have low retention (volatile), a column with a low β can be
used to increase retention. On the other hand, columns with higher β value are suit-
able for heavier analytes.

Early GC-MS systems included packed chromatographic columns, the combina-
tion of which with mass spectrometers required the use of special molecular separa-
tors that remove a significant portion of the carrier gas before entering the mass
spectrometer. Later, capillary columns began to be introduced, providing a high
resolution of mixtures and connected to a mass spectrometer without special inter-
faces. Among them, fused silica capillary columns (wall coated open tabular) are
particularly efficient and popular in petroleum analysis.

A number of stationary phases can be used in petroleum analysis by GC-MS and
MDGC-MS. However, fused silica capillary columns coated with slightly polar 5%-
phenyl–95%-methylpolysiloxane are the most suitable for GC-MS, because they can
operate up to 300 °C and separate many nonpolar and slightly polar compounds.
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With an increase in the content of phenyl groups, the polarity of such phases in-
creases. This is why, in MDGC-MS, for example, the second more polar column can
be 50%-phenyl–50%-methylpolysiloxane.

Within the framework of this review, we will not consider the various instru-
mental approaches used to detect separated components in GC. Note only that the
exceptional complexity of the composition of petroleum feedstock containing tens
of thousands of compounds [8] actually predetermines the choice of a detector for
each particular study. In this respect, it is mass spectrometric detectors alone that
should be considered as the most universal, since they make it possible to detect
compounds of the most diverse elemental composition and structural features.
They provide high accuracy and reproducibility of detection over a wide range of
concentrations of components in analyzed mixture.

14.3 Mass spectrometry technique used in gas
chromatography-mass spectrometry (GC-MS)

14.3.1 Ionization methods

Mass spectrometers based on different ionization principles can be used for the de-
termination by GC-MS of qualitative and quantitative composition of crude oils, oil
fractions and of products manufactured on their basis.

14.3.1.1 Electron ionization (EI)

EI is the earliest and till now popular ionization technique widely used in practical
MS (EI-MS). It usually operates on vapors (such as effluents from GC) and is based
on the interaction of analyte molecules in the gas phase with an electron beam.
Since the electron energy (usually 70 eV) is significantly higher than the ionization
energy of organic analyte molecules, molecular radical ions are mainly formed,
which then undergo decay to form fragment ions. An important advantage of the
method is that it is capable of ionizing molecules of any elemental composition and
provides high inter-instrument reproducibility of recorded the mass spectra. As a
result, it all makes possible to use the method for general-purpose identification of
compounds using databases of standard EI mass spectra. In addition, the formation
of a predictable set of fragment ions predetermines the use of this method in a mass
chromatography mode by constructing a gas chromatogram for a specific ion,
which is characteristic of a particular class of compounds (selected ion monitoring,
SIM). As a rule, the method allows lowering the detection limits of target substances
and detecting them even in unresolved chromatographic zones. It is to be noted,
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however, that EI mode can be accompanied by a low scanning rate and a low speed
of switching between ions in the SIM mode. All these can reduce the sensitivity, do
not allow the mass spectra of the coeluting components to be fully processed, and
distort the mass spectra due to a change in the amount of analyte in the ion source
during the scanning process. Another disadvantage of EI is that it can produce too
many fragment ions and extremely unstable M+. ions which make the structural
identification difficult.

The use of electron ionization with vibrationally cold molecules (supersonic
molecular beam mass spectrometry, SMB-MS) eliminates some problems and dem-
onstrates particular efficiency in the detection and identification of compounds
with low stability of molecular ions (for example, nonaromatic compounds and aro-
matics with long side alkyl chains). The method was developed by A. Amirav et al.,
suggesting insertion of an analyte and carrier gas through a small nozzle into the
evacuated ion source in the form of a supersonic molecular beam [10]. At super-
sonic flow velocity, the vibrational and rotational energies of analyte molecules
sharply decrease whereas the molecular radical ions produced have a much lower
degradation rate. As a result, more intense M+• ion peaks are recorded along with a
set of fragment ion peaks which are typical of conventional EI. This makes it possi-
ble to reliably determine the molecular weight of analytes and identify them using
standard libraries of IE mass spectra [11]. The approach was efficiently applied to
qualitative and quantitative determination of n-alkanes in jet fuels [12] and to the
analysis of diesel fuel and a mixture of petroleum hydrocarbons in order to simulate
the formation of organic aerosols in the atmosphere [13].

It is worth noting that combinations of EI ion sources with such compact mass
analyzers as toroidal and cylindrical ion trap allow manufacturing miniaturized GC-
MS instruments capable of analysis of hydrocarbons mixtures. Unfortunately, there
are still no published examples of the application of such instruments in the analy-
sis of crude oil or main petroleum products.

14.3.1.2 Chemical ionization (CI)

Chemical ionization (CI) is usually referred to as “soft” or low-energy ionization
and is based on a gas-phase chemistry. The arrangement of most CI ion sources is
very close to EI. The ion source in this case operates at an elevated pressure of a
reactant gas (most frequently, methane, isobutane, ammonia) introduced into the
source at ~1 torr. Molecules of reactant gas undergo EI to yield primary ions that
interact with neutral reactant molecules to give rise to plasma consisting of a vari-
ety of secondary ions. Subsequent interaction of such ions with the molecules of a
simultaneously introduced analyte is accompanied by protonation, deprotonation,
cationization and/or charged cluster formation. The analyte ions thus formed prac-
tically do not decompose, with the exception of the elimination of easily leaving
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groups. The method allows increasing the intensity of ions in molecular region and
makes it possible to determine the molecular weights of analytes. Modern mass
spectrometer can operate with fast switching EI/CI to record mass spectra with both
abundant molecular peaks and fragment ion peaks. Since the ionization efficiency
of CI depends on the ability of the analyte to participate in certain secondary
ion–molecule reactions, the technique allows the development of procedures for
the selective analysis of compounds by selecting specific reagent gases.

14.3.1.3 Atmospheric-pressure chemical ionization (APCI)

Like CI, atmospheric-pressure chemical ionization (APCI) belongs to “soft” ioniza-
tion methods. It is also based on to the interaction of analyte molecules with ion-
ized reagent gas molecules and secondary ionization products (such as water
clusters) in the ion source at atmospheric pressure. A corona discharge is frequently
used to generate reagent gas ions. It should be noted that the mechanism of ion
generation by APCI largely depends on the nature of reagent gas used and, along
with the protonation and deprotonation products, molecular radical ions are also
formed. This ionization technique is mostly used in combination with HPLC, but its
coupling with GC has been shown.

14.3.1.4 Field ionization (FI)

Field ionization (FI) is based on the detachment of an electron from a molecule via
the quantum-mechanical tunneling effect in strong electric field. Unlike the case of
EI, the resulting molecular radical ions have a relatively low internal energy and do
not decompose further. The peak of popularity of the method occurs in the late 1970s
to early 1980s. However, there is currently a resurgence of interest in its use because
it demonstrates greater versatility compared to other “soft” techniques: under FI con-
ditions, saturated and aromatic hydrocarbons have similar ionization efficiencies.

14.3.1.5 Photoionization (PI), atmospheric pressure photoionization (APPI)
and atmospheric pressure photochemical ionization (APPCI)

Photoionization (PI) MS has been known for quite some time. The principle of PI is
based on the interaction of analyte molecules in the gas phase with photons result-
ing in the generation of molecular radical cations. The ionization efficiency of PI
depends on the photon energy value: the higher the energy, the more efficient is
the ionization. At the same time, the amount of fragment ions increases simulta-
neously with raising the energy. PI using high-energy photons from UV laser and
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excimer lamp light sources is designated as single-photon ionization (SPI) or vac-
uum PI (VPI).

Atmospheric pressure PI (APPI) and photochemical ionization (APPCI) techni-
ques were developed by Russian scientist I.A. Revelsky [14, 15]. Both methods are
also based on the interaction of organic molecules with photons at atmospheric pres-
sure. In both cases, analyte M+• ions along with products of secondary ion–molecule
reactions are formed. APPCI version is based on the introduction of dopants into the
ionization region which gives rise to increasing the probability of secondary ion
formation.

14.3.2 Ion separation methods and mass resolution

The choice of a mass analyzer, which provides separation and detection of charged
particles formed in the ion source, is of no less importance for studying complex
mixtures by hyphenated GC-MS.

14.3.2.1 Sector analyzers

Generally, sector analyzers include electrostatic and magnetic fields in a different
sequence. They can provide both low and high resolution of mass spectrometers.
These analyzers belong to scanning systems, which provide a relatively low rate of
registration of mass spectra and this is their disadvantage. This drawback is espe-
cially acute in GC-MS, when it is necessary to record mass spectra for sharp, as well
as poorly separated elution chromatographic zones. Nonetheless, sector analyzers
were used in GC/MS instruments for quite some time, until they were replaced by
mass spectrometers with quadrupole and later time-of-flight (TOF) analyzers.

14.3.2.2 Quadrupole analyzers

Quadrupole analyzers include a combination of radio frequency (rf) and direct cur-
rent (dc) voltages and belong to a technique providing a relatively low resolution.
Like sector mass analyzers, quadrupole analyzers have a scanning type of mass
spectra recording. However, owing to fast scanning, they are ideally suited to inter-
facing to GC, HPLC, and other separation techniques. Main disadvantage of such
systems is the loss of ions, which do not get into the particular interval of m/z val-
ues, passed by the mass analyzer, at each time moment. As a result, such a draw-
back leads to a decrease in sensitivity and the “visible” chromatographic resolution
particularly for components with narrow elution zones. Modern quadrupole ana-
lyzers are capable of providing quit high scanning speeds as compared to sector
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analyzers and most often are the most suitable systems for GC-MS. Although such
analyzers do not provide a sufficiently low detection limits for the identification of
minor amounts of components, there is a possibility to lower this parameter by one to
two orders of magnitude when using the selected monitoring of ions (SIM) that are
characteristic of certain classes of organic compounds [6]. In addition, such an ap-
proach allows the extraction of the target analyte zone from the complete chromato-
gram and from unresolved chromatographic zones. Using the tandem MS (MS–MS)
and the selected reaction monitoring (SRM) provides an even better solution to this
problem. Mass spectrometers, including the triple quadrupole analyzers, are very con-
venient for such experiments. In the corresponding systems, the first quadrupole ana-
lyzer selects target characteristic ions (precursor ions), which are decomposed in
the second quadrupole collision cell owing to interacting with inert gas atoms [collision
activated (or induced) dissociation (CAD or CID)]. Finally, the generated product ions
are separated in accordance with theirm/z values to obtain mass spectral parameters.

14.3.2.3 Time-of-flight (TOF) analyzers

TOF analyzers are based on measuring the time it takes for an ion, accelerated by a
high potential, to travel a certain distance to the detector. Accordingly, ions with
different masses fly this path at different speeds and, as they reach the detector,
they are sequentially recorded forming a mass spectrum. Being nonscanning, it is
characterized by an exceptionally high speed of registration of mass spectra and is
especially suitable for combinations of GC-MS, MDGC-MS, LC-MS and others.

The first prototypes of such devices for ion separation had an extremely low
resolution, but this characteristic was significantly increased by introducing a re-
flectron (reflector) designed by Russian physicist B.A. Mamyrin [1]. TOF analyzers
have recently been developed to provide even higher resolution up to 100,000 full-
width at half maximum (FWHM). These are multi-path TOF systems are based on
folded flight path technology and are already equipped with some commercially
available mass spectrometers. The resolving power of such TOF-MS instruments
can be up to 50,000 for the case of GC-MS and this is sufficient to mass resolve
many isobaric molecules of hydrocarbons and heterorganic compounds.

14.3.2.4 Orbital ion trap (FT-Orbitrap-MS)

Fourier-transform Orbitrap MS (FT-Orbitrap-MS) is based on the use of electrostatic
axially harmonic orbital trapping invented by Alexander Makarov [16]. Correspond-
ing mass analyzer (Orbitrap) consists of inner and outer electrodes. Ions, injected
into the device from an inner ion source, orbit around the inner electrode and oscil-
late along the z axis under action of a static electric field. The m/z values of ions are
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determined by measuring the frequency of their axial oscillation. Orbitrap mass
spectrometers deliver a total possible maximum resolution (FWHM) of 106 at m/z
200 and ~0.0001 mass accuracy. It can distinguish specific atoms comparable to
those of an FT-ICR analyzer that will be considered next, at a significantly lower
cost. Initially, only LC was used in conjunction with the Orbitrap-MS. However,
later it was possible to overcome the existing problems and GC was also merged
with the Orbitrap [17].

14.3.2.5 Fourier-transform ion cyclotron resonance mass spectrometry
(FT-ICR-MS)

Undoubtedly of considerable interest is the use of an ultrahigh-resolution mass an-
alyzers in GC-MS, which are implemented on the basis of Fourier-transform ion cy-
clotron resonance (FT-ICR). The FT-ICR analyzers determine the m/z ratio according
to the cyclotron frequency of an ion in a fixed magnetic field. Corresponding instru-
ments belong to a type of ion trap but unlike a conventional ion trap, they are capa-
ble to provide very high mass resolution of more than 107. It should be noted,
however, the resolution of such instruments directly depends on the ion circulation
time and the speed of recording mass spectra is usually low, discouraging their in-
terfacing with GC or LC. Nevertheless, although the resolution decreases with in-
creasing the speed of recording mass spectra, it can reach 105, which is sufficient to
determine the exact mass and to distinguish between isobaric ions for relatively
low-molecular-weight components which are usually available for GC separation. It
should be noted, however, that there are still few studies focusing on the applica-
tion of this method in the GC-MS systems.

14.4 Examples of applying the GC-MS method
to the analysis of oil and petroleum products

In conclusion of the consideration of the main components of GC-MS systems, we
present the most general scheme of their arrangement in practically used instru-
ments (Figure 14.1).

Generally, application of GC-MS to petrochemical and geochemical analysis in-
volves the study of gaseous and liquid fractions. The main goal of such explorations
is targeted or nontargeted detection and identification of various alkanes (branched
alkanes, isoprenes), mono- and polycyclic cycloalkanes, aromatic and heteroorganic
compounds. For many years, special attention has been paid to the discovering and
identification of so-called biomarkers (steranes and their aromatized analogues, tri-
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and tetracyclic terpanes, pentacyclic triterpenes of hopane and oleanane series),
which are originated during diagenesis of squalene (Figure 14.2). These compounds
are widely used in establishing the origin of oil, typing oil, its transformation during
spills, etc. [18].

Figure 14.2: Biosynthesis of polycyclic compounds from squalene and further formation of
biomarkers in the course of diagenesis.

Figure 14.1: Schematic of experimental system in GC-MS.
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In the majority of such GC-MS analyses, MS is used in electron ionization mode
(GC-EIMS) since the latter method allows obtaining a large amount of information
from the spectra. Moreover, the formation of characteristic ions allows using SIM
and MRM to detect biomarkers, the quantities of which usually are lower than hun-
dreds and even tens of ppm (Figures 14.3 and 14.4). More abundant biomarkers can
be automatically identified using EI mass spectra databases.

As was noted, quadrupole mass analyzers provide a high scanning speed when com-
pared with sector analyzers with rather sufficient resolution and have gained great pop-
ularity for the study of petroleum hydrocarbons and, despite the creation of new ion

Figure 14.3: Formation of characteristic fragment ions of m/z 191 for hopanes and m/z 217 for
steranes.

Figure 14.4: Reconstructed m/z 191 ion chromatograms showing the distribution of saturated
biomarkers in an oil from Usinskoye oil field.
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separation methods, are still widely used in routine petrochemical and geochemical
studies. It should be noted that one can meet a huge array of publications concerning
the use of GC/EI-MS with quadrupole analyzers in petroleum chemistry. Here we will
try to present the most interesting results obtained by this method only in recent years.

One example concerns the use of GC-MS for the analysis of a unique object, the
oil from the hydrothermal field of the Uzon volcano in Kamchatka Peninsula, which
allowed proving its low maturity [19]. The results of comparative study of oils from
traditional reservoirs of various geneses in the South China Sea were given in the
article [20]. The GC-MS (quadrupole) analysis of the mineral from unconventional
source, the Eagle Ford rock formation (USA), proved that organic matter accumulation
occurred under photic-zone anoxia in the depositional environment [21]. The same
method was used for the detection and identification of saturated and aromatic com-
pounds produced during a simulated biodegradation conversion of heavy compo-
nents (resins) in heavy oil in the presence of biosurfactants [22]. Comparatively low-
molecular weight S-containing compounds belonging to reactive (mercaptanes, thia-
cyclanes, aliphatic sulfides and disulfides) and nonreactive (polycyclic thiophenes)
series can be effectively analyzed by GC-MS. However, special preliminary separation
of such fractions is suitable for the determination of such sulfur classes in complex
petroleum mixtures which is important to understand their role in oil processing [23].

As noted in the Introduction, before the creation of the GC-MS method, MS was
used to analyze only unresolved mixtures of petroleum compounds. In this case,
the approach allowed the structural group analysis of the main hydrocarbon classes
of compounds on the basis of mathematical processing of the total mass spectrum
was most widespread. Currently, the structural group analysis was implemented
using GC-MS which allowed the contents of the main hydrocarbon classes in super-
complex oil mixtures to be determined [24, 25].

Works are continuing on the detection of known and discovery of new bio-
marker compounds as well as new characteristic compound types in oil with the
aid of GC-MS. These works on the identification of standard and discovery of new
saturated hydrocarbon biomarkers is very important because they provide valuable
geochemical parameters which are used to establish the origin, thermal maturity,
metamorphism, biodegradation of oils. Note the study of oils from unconventional
source rock unit, the Bakken Formation (North Dakota, the United States; and Can-
ada), where the characteristic ratios of typical biomarker triterpanes was discovered
that are helpful in solving environmental problems [26]. As a result of a study of a
representative set of crude oils and coal from various deposits, a new set of hexacy-
clic benzohopanes C33–C35 that can belong to biomarker compounds was identified
with the aid GC-MS [27]. It is interesting to pay attention to the discovery of bio-
marker-like compounds obtained during the simulation of oil generation processes.
For example, they were found in the soluble parts and the thermolysis products of
the insoluble prokaryote biomass of various origin [28, 29].
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Another example of GC-MS application relates to the detection and identification
of trace amounts of diamond-like compounds, such as di-, tri-, and tetramantanes
[30]. Specific new set of anoxia markers, namely branched di(alkylaryl)alkanes, were
discovered during GC-MS analysis of dispersed organic matter and crude oils from
the Volga–Urals and West Siberian basins [31].

Chemical ionization (CI) in GC-MS is also helpful in the determination of molecu-
lar weights of hydrocarbons possessing unstable molecular ions under EI conditions.
Often, it is applied to obtain data to complement the GC/EI-MS results, the most suit-
able configuration of GC-MS system containing the combined ion source with fast
switching between EI/CI modes. This was demonstrated by the identification of a
group of hydrocarbons of unknown genesis with relatively large elution times that
were discovered in a study of Dama Formation oils (China) [32]. The EI mass spectra
permitted the suggestion to be made that these hydrocarbons are either branched al-
kanes or alkylated cycloalkanes, but the class of these compounds could not be accu-
rately determined because of the absence of the M+. ion peaks. However, they were
unambiguously assigned to branched alkanes on the basis of the GC-CIMS data.

As was noted in the Section 3.1.2, combination of GC with CIMS may be useful
for the selective detection of particular compounds in petroleum. In fact, the deter-
mination of sulfur- and nitrogen-containing heterocyclic compounds in crude oils
and their refining products can be accomplished by using ammonia gas reagent be-
cause such analytes can interact with the NH4

+ cations in CI plasma [33].
Another variety of CI, namely atmospheric-pressure chemical ionization (APCI), has

been successfully used in GC-MS combines. The efficiency of the GC-APCIMS method has
been demonstrated by the detection of biomarker compounds in oils. In contrast to EI
mass spectra revealing the M+. peaks of rather low abundance, the APCI spectra display
quite intense peaks of molecular radical ions [34] or cations [35] facilitating the identifica-
tion of biomarker components. Additional use of MRM mode reduces the limits of detec-
tion of the corresponding components [36] (Figure 14.5), which is particularly important
for their determination in oil spills containing lower concentration of biomarker com-
pounds, as compared to initial oils, owing to multifold dilution and biodegradation [37].

An interesting example of using the GC-APCIMS and tandem MS was described
in the paper [38]. The combination of low (4 eV) and high energy (15–30 eV) ion
activation in sequential scans allowed recording not only mass spectra with intense
peaks of molecular ions, but also spectra with a large set of structure-informative
fragment ions (Figure 14.6). Generally, this approach provided much greater sensi-
tivity and selectivity for the analysis of biomarker compounds than GC-EIMS.

The use of the field ionization (FI) in GC-MS technique has also considerable pros-
pects. This is clearly demonstrated by its application in the analysis of various diesel
hydrocarbons [39, 40]. The technique was also used in the qualitative and quantitative
determination of alkanes and olefins in coal tar [41]. The results confirmed the advan-
tages of this technique in the rapid analysis of such objects and showed that the results
are consistent with those obtained by the conventional methods. Of interest is the use
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of combined sources EI/FI in GC-MS. However, their applications are limited owing to
a small number of commercially available systems of this kind. Interesting results in
comparing APCI and FI are given in the paper [34]. The results of determining the dis-
tribution of various classes of hydrocarbons in lubricating oils turned out to be close,
but better reproducibility was shown in the case of APCI.

PI is also fairly popular technique for studying hydrocarbon mixtures by GC-
MS. The main advantage of PI and its SPI and VPI versions is that it predominantly
allows recording the M+. ion peaks. This method was shown to be effective in the
observation of hydrocarbons of various structures with low limits of detection [42].
Since the ionization efficiency of various classes of compounds under PI conditions
depends on the photon energy, the SPI technique can be applied to their selective

Figure 14.5: Selected ion chromatogram of m/z 400 (a) and transitions m/z 400→ m/z 217 (b), m/z
386→ m/z 217 (c), m/z 372→ m/z 217 registered using APGC tandem instrument. Reprinted from
[36] with permission. Copyright (2015) Elsevier B.V.
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detection by varying this parameter. For example, it was shown that almost all
tested compounds are ionized at a photon energy of 10.5 eV whereas compounds
with multiple bonds are selectively ionized at an energy of 10 eV [43]. In the latter
work, the authors also managed to separate and identify isomeric hydrocarbons.
Similar approach was applied to the study of crude oil and a wide range of com-
pounds was identified and quantified [44]. In the other case, GC-SPIMS in combina-
tion with thermogravimetry was used for the identification of products formed
during heating of crude oils of various geographical origins [45].

Although other mass spectrometric PI techniques, namely, APPI and APPCI are
more popular in combination with HPLC, they are also promising for the applica-
tion in GC-MS for the analysis of to a wide range of compounds, including hydro-
carbons [46].

Along with quadrupole analyzers, TOF systems have become increasingly pop-
ular in GC- MS combinations. For example, such instruments were used for detect-
ing multifunctional hopanoids in biomass [47] and identifying hydrocarbons and
metalloporphyrins using high-temperature GC [48].

Perhaps because GC is able to separate relatively low-molecular-weight sub-
stances whose conventional mass spectra are sufficient for identification, this sepa-
ration technique is less commonly used in combination with ultrahigh resolution
MS, such as Orbitrap and FT-ICR-based MS. However, in the literature one can find
examples of the development and application of such methods to specific studies of

Figure 14.6: Tandem mass spectra of C30H52 hopane molecular ions, produced in APCI conditions,
registered using high-energy MSECID ramp from 15 to 30 eV (a) and low-energy MSE4 eV CID (b).
Reprinted from [38] with permission. Copyright (2012) American Chemical Society.
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small molecules, mostly in metabolomics. At the same time, there are works fo-
cused on the analysis of oil and oil products.

Relatively recently has a technique been developed that combines GC and Orbi-
trap. Such a system, namely, GC/Quadrupole-Orbitrap, not only “enables high mass
accuracy and high-resolution analysis, but does so at scan rates amenable to the time-
scale of GC separations” [17]. To expand the analytical potential of GC/Orbitrap-MS,
interfaces on the basis of APCI [49] and APPI [50] were developed. For example, the
use of a combined EI/APPI ion source in such system permitted a wider range of hy-
drocarbons in gas condensate to be identified [51].

The role of the mass analyzer resolution dramatically increases with a growth
of number of heteroatomic compounds. This was clearly seen, for example, when
analyzing the water samples used in the extraction of organic matter from the Al-
berta oil sands (Canada) by a combination of GC with FT-ICR-MS [52]. The authors
demonstrated that high accuracy determination of m/z ratio allows distinguishing
different classes of compounds with close elution times (Figure 14.7). As a result,
the method allowed identifying a large set of hetero-organic compounds that act as
the “fingerprint” of the production site. In the other case, polyaromatic hydrocar-
bons in various fossil oil and petroleum crude oil were characterized by combina-
tion of GC with atmospheric-pressure laser ionization FT-ICR-MS [53].

Figure 14.7: Example extracted ion chromatograms, showing ions of the same nominal m/z 251: the
application of uHRMS allowed detecting compounds belonging to the O1, O2, O3, and O4 classes.
Reprinted from [52] with permission. Copyright (2014) American Chemical Society.
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14.5 Comprehensive two-dimensional gas
chromatography-mass spectrometry
(GCxGC–MS)

GC×GC hyphenated with MS has great prospects in the investigation of complex mix-
tures of hydrocarbons. The first instruments having heart-cutting two-dimensional
chromatographic systems clearly showed advantages of such technique. But further
development of comprehensive GC×GC allowed one to engineer the instruments com-
bining superior chromatographic resolution and the power of MS. Separation module
in such systems includes a combination of GC columns with two chromatographic
phases of orthogonal polarity. Fractions eluted from the first column consistently
enter into the second column via a special intermediate device (thermal modulator)
and those that have not been resolved in the first column are further separated. Com-
monly, modulators use fast cryogenic cooling (cryogen-free approaches are also de-
scribed) to capture the eluates separated in the first column and further heat-release
into the second column in short duration [54] (Figure 14.8). This ensures fast continu-
ous collection of a single fraction or a certain set of fractions after separation in the
first column followed by fast introducing them into the second chromatographic col-
umn, whereas shorter second dimension is polar. The first column is typically of con-
ventional length about 15–30 m and wide, whereas the second column is shorter
(about 0.5–2 m), narrower and thinner. Generally, the first long GC column contains
nonpolar stationary phase (e.g., 100% polydimethylpolysiloxane) and the second one
contains polar phase (e.g., partially phenyl-substituted polydimethylpolysiloxane).
Rather frequently, the set off GC column consists of slightly polar 5%-phenyl–95%-
methylpolysiloxane as the first-dimension column and more polar 50%-phenyl–50%-
methylpolysiloxane as the second column is used in practical GC × GC-MS analysis.
Such arrangement of two columns (the first column is longer and wider and the
second column is shorter and narrower) ensures that the total second dimension
separation is completed before the next eluent from the first column enters
the second column. However, there are a lot of works showing that the reverse

Figure 14.8: Principal scheme of MDGC-MS instrument.
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column arrangement, when a polar column (also long) precedes a nonpolar col-
umn (short), allows achieving better results in case of petroleum analysis.

Since the separation in the second short column proceeds very quickly and
there is the need in its readiness to take the next fraction from the first column, this
places high requirements on the speed of recording mass spectra. This requirement
is partially met by the use of quadrupole mass spectrometers. For example, such a
combination, including Dean pneumatic switches as intermediate device was used
for the determination of polyaromatic compounds in crude oils [55]. However, it
should be emphasized that the application of systems with quadrupole [56] and tri-
ple quadrupole analyzers [57] is rather limited. They cannot provide a complete
analysis of the sample and are commonly used only to detect target compounds.

Optimal solution of the problem is the insertion of TOF mass analyzers in such
devices (GC×GC – TOFMS). Being nonscanning, TOF analyzers ensure extremely
high speed of recording mass spectra and are characterized by smaller ion losses and,
hence, by providing the greater sensitivity. An essential feature of the method is that
corresponding instruments produce a huge array of data, which often requires the use
of multivariate statistical analysis [58]. Attention should be paid to the possibility of
realizing a high-temperature variant of the method which allowed the separation and
identification of hydrocarbons with the carbon numbers up to 60. On the basis of data
obtained, a new approach to two-dimensional simulated distillation of crude oils was
suggested [59]. Using high chromatographic resolution of GC × GC-TOFMS, many clas-
ses of compounds were identified in Brazilian oils: linear and branched alkanes, alkyl-
mono-, bi- and polycyclanes, alkylated benzenes, naphthalenes, phenanthrenes,
chrysene and indanes, as well as alkyl-tetrahydro-naphthalenes, pyrenes, fluorenes
and sulfur compounds [60]. Considerable attention is paid to the use of the method for
the detection and identification of biomarker compounds in oil. High chromatographic
resolution makes it possible, for example, to separate and identify various conven-
tional and unconventional biomarker compounds, such as substituted tetracyclic [61–
63], pentacyclic and other triterpenoid hydrocarbons [64–67], as well as diamondoids
[68, 69], which are present in oil in minor amounts and are often coeluted when using
one dimensional chromatography. Very interesting compounds representing hetero-
atomic adamantanes were found in Sichuan Basin oils [70] (Figure 14.9). Analysis of
biodegraded oils allowed the separation and identification of various tricyclic terpanes,
hopanes, 25-nor-hopanes, secohopanes as well as complete series of 25-nor-hopanes,
nor-gammacerane, C29 28-nor-spergulanes and oleanane [64]. In addition, three new
parameters to characterize biodegraded oils were suggested.

Analysis of literature data indicates an increasing involvement of GC×GC- TOFMS
in the study of various aspects of petroleum chemistry and oil refining [71]. Already
early work indicated the superiority of GC×GC-TOFMS for separation and identifica-
tion of isomeric compounds in crude oils, that were co-eluted in one-dimensional GC-
MS [72]. This technique is actively applied to the analysis of products of primary oil
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refining, especially heavy distillates [73] and atmospheric residues [74] in order to
separate and detect various classes of aromatic compounds.

In further studies, approaches were developed to a detailed description of indi-
vidual classes of compounds belonging to the series of sulfur [75, 76] and nitrogen
heterocycles [77]. In addition to conventional oils, GC×GC-MS is also used in the
analysis of other potential sources of energy and processing feedstock: the biomass
pyrolysis products bio-oils [78] and heavy hydrocarbon shale [79].

GC×GC-MS is also useful for structural group analysis allowing individual com-
ponents to be assigned to their respective compound classes on the basis of the
presence of characteristic fragment ions in the mass spectrum [80]. For a more reli-
able identification and differentiation of compounds, revealing an identical set of
fragment ions, algorithms are used that take into account the chromatographic
properties [81]. Dependable quantification of hydrocarbon classes in oil mixtures
may be accomplished with the use internal standards. In ideal cases, the standards
should be structurally related to the detected groups of compounds, should be well
resolved chromatographically but should not be present in oils. This approach was
practically employed for structural group analysis of fuels [82, 83] and, in particu-
lar, for the determination of classes of hydrocarbons and sulfur compounds in de-
mercaptanized jet fuel [84].

As was noted above, inverse sequential arrangement of GC columns (i.e., a
short polar column precedes the long nonpolar one) may have its advantage in the
analysis of oils. In fact, such a combination of columns allows for better separation
of low- and medium-molecular-weight hydrocarbons owing to the higher resolving
power of the first polar column (Figure 14.10) [85, 86]. In addition, the same ap-
proach made it possible not only to separate different classes of compounds, but
also to make the semiquantitative assessment of their amounts [87]. In this regard,
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it is interesting to pay attention to the use of ionic liquids as a polar phase in one of
GC column [88]. Regular arrangement of a conventional weakly polar column (poly-
dimethylsiloxane with 5% phenyl groups) and a column coated with the special ionic
liquid appeared to be effective for separation of organic sulfur compounds, whereas
their reverse arrangement was successful for separation of nitrogen compounds.

Application of selective and sensitive GC×GC-TOFMS method makes a significant
contribution to understanding of oil degradation processes when complex mixtures
of native petroleum hydrocarbons convert into even more complex mixtures of
products. For example, the method was used to study the composition of highly de-
graded Trinidad oil [89], to characterize a wide range of hydrocarbon metabolites
resulted from bacterial degradation of hydrocarbons under anoxia conditions [90]
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and the products of metabolic transformations of hydrocarbons in groundwater [91], to
find a correlation between biodegradation and contact with water of North Sea oils
[92], to identify alkylnaphthalenes as a new series of oil biodegradation products [93].

GC×GC-TOFMS method is widely applied to the analysis of the products of pet-
rochemical synthesis. An interesting way to study the composition of the products
of the high temperature Fischer–Tropsch process was proposed by Potgieter et al.
[94], who used online catalytic hydrogenation in a reactor placed between a gas
chromatograph and a mass spectrometer, by analogy with earlier works [95, 96].
Comparison of mass spectra of separated initial and hydrogenated products al-
lowed distinguishing between dienes and cyclic olefins, which have identical em-
pirical formulas and frequently similar EI mass spectra.

Rather important results were obtained by using GC×GC-MS for the analysis
of rocket fuels [97]. It was found that their complete chemical compositions are
correlated with the physical parameters of the samples (density, kinematic vis-
cosity, calorific value, etc.). Note that such data could not be obtained with the
aid of a conventional GC-MS.

As in the case of crude oils, GC×GC-MS can be used with success to study the
degradation of refinery products under various conditions. For example, the degra-
dation of jet fuels obtained from crude oil, by the Fischer–Tropsch process, or by
biomass processing was investigated using this approach [98]. As a result, a wide
range of hydrocarbons oxidation products were identified.

Note, that in the case of GC×GC-MS, EI mode is most frequently used for record-
ing the spectra. This is especially important, since available databases of EI mass
spectra can be used for automatic identification of substances. However, one can
find some helpful modification or combination of the EI method, which makes it
possible to obtain the missing structural information by using GC×GC-TOFMS. One
of the varieties is the so-called tandem electron ionization. In this case, in addition
to recording EI mass spectra at a standard ionization energy (70 eV), spectra are
simultaneously recorded at a reduced electron energy (12–15 eV). At low energy,
mass spectra reveal practically only the resulting M+. ion peaks allowing the deter-
mination of molecular weight. For example, such an approach was used for struc-
ture determination and quantification of isomeric hydrocarbons [99, 100], as well
as for the detection of components artificially introduced into diesel fuel [101].

In order to increase the abundance of molecular ions, the application of FI
mass spectrometers in such combines is also of interest. In particular, the hydrocar-
bon composition of the middle distillate fraction of crude oil was studied in detail
with the use of GC×GC-FIMS [102]. In this case, the presence of intense peaks of M+•

ions made it possible to unambiguously differentiate hydrocarbons of various struc-
tures even within overlapping elution zones.

Single-photon ionization (SPI) is also actively used in combination with 2D-GC.
For example, an ionization source with a deuterium lamp (photon energy 10.8 eV)
was applied to analyze mixtures of various petroleum compounds, including branched
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hydrocarbons [103]. The mass spectra of the latter hydrocarbons revealed the sets of
peaks for characteristic fragments in addition to the intense M+. peaks. Detailed char-
acterization of oils of different geographical origins was made by using mass spectral
data obtained in two parallel and selective ionization of aromatic compounds by 9 and
10.5 eV photon energy [104].

Although the GC×GC-EIMS method allows obtaining sufficiently reproducible and
reliable results, the most routine and popular ionization technique, IE, has a signifi-
cant drawback which is due to the dependence of the effective ionization cross section
on the structure of the compound. In most cases, this fact does not allow a survey
quantitative analysis of mixtures containing various classes of organic compounds. To
overcome this disadvantage, parallel use of mass spectrometric and flame ionization
detection (FID) looks particularly convenient because it provides identification and FID
quantification of components [105,106]. Otherwise, parallel combination of EIMS and
with an atomic emission detector ensured selective detection of GC separated nitrogen-
and oxygen-containing compounds, thereby complementing the results gained with
the use of MS [107].

Along with significant improvements in mass spectral technology, GC×GC-MS
methods utilizing a combination of different ionization techniques have recently be-
come used. This is due to the fact that ionization methods often have their own spe-
cific disadvantages, while their combined use by means of ultrafast switching
between methods makes it possible to obtain complementary structural and quali-
tative information in virtually simultaneous mode.

An example of the application of such instruments was given in the works devoted
to the development of a universal biomarker analysis method based on GC×GC com-
bined with FID and EI/FI-MS detection [108, 109]. By superimposing the EI and FI
data, a certain mass spectrum containing an intense peak of a molecular ion and a set
of peaks of characteristic fragments is simulated (Figure 14.11). Unlike tandem MS/MS
EI spectrometry, the described approach gives rise to reproducible EI mass spectra that
can be used for database searching to identify compounds. At the same time, the re-
sponse of FID does not depend on the analyte structure, affording the possibility of
quantitative analysis. The authors [108, 109] noted that the proposed approach actu-
ally provides four-dimensional separation of the sample (two measurements due to GC
and two ones due to EI and FI) in combination with quantitative analysis.

Further example of the same concept was given in the article [110], where the
data for petroleum products obtained using GC×GC coupled to EI/CI/FI/SPI MS were
compared. It was pointed out that the most exhaustive information can be obtained
using EI and FI combination. Unfortunately, this approach involves two separate
analyses of the sample using EI and FI, which significantly increases the required
analysis time. At the same time, the technique based on the combination of EI and
SPI looks more attractive. In this case, the ion source allowed switching between the
ionization modes with a frequency of up to 80 Hz, actually emulating simultaneous
data acquisition using both ionization techniques [111]. This advantage was clearly
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demonstrated by the study of diesel fuel by both GC×GC-MS and GC-MS, which re-
sulted in identification of various aromatic compounds.

There are also examples of combining GC×GC technique with ultrahigh resolu-
tion mass analyzers. Thus GC×GC-MS-EI and CI instrument on the basis of Orbitrap
was used for characterization of biofuels (Figure 14.12) [112].
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Figure 14.12: Total ion current GC×GC‐MS-EI chromatogram of cellulose bio‐oil. Reprinted from
[112]. Copyright (2020) John Wiley & Sons, Inc.
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14.6 Conclusion

Summarizing the foregoing, it should be noted that despite the comparatively de-
veloped and routine nature of GC-MS, the emergence of new approaches to the
chromatographic separation of sample components and the elaboration of ion sepa-
ration technologies still has significant prospects to the analysis of crude oils and
their transformation products. Further development of the methods is aimed at re-
ducing the limits of detection of various compounds and increasing the structural
and analytical information content of the obtained data. In this regard, significant
prospects are opening up with the further experimental developments of combina-
tions of two-dimensional and multidimensional GC with various versions of MS.
The summarized information concerning GC- and MDGC-MS application to the anal-
ysis of crude oils and refinery products is presented in Table 14.1
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