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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

0il 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

Merv Fingas, Spill Science, Edmonton, Alberta, Canada
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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. Qils 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].

Table 1.1: Elemental composition of oil.

Element Contents (%)
Carbon 83-87
Hydrogen 10-14
Nitrogen 0.05-6
Sulfur 0.1-2
Oxygen 0.05-1.5

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.
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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) 691 549 723 436 302

Refined products

Jet A Diesel fuel IFO 180 Fuel oil #5 Bunker C Lube oil
(10 W-30)
Class Heavy Heavy
TPH (mg/g) 914 957 463 476 370 808

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

Mass fraction eluting Percent GC amendable
(C9-C11) 13
(C12-C18) 27
(C19-C30) 2
(>C30) 4
Total 68

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

Percent Corrected molecular weight (dalton)
boiled off

1 335.6
5 435.5
10 480.9
15 510.1
20 533
25 553
30 569.5
35 584.3
40 599.5
45 612.9
50 626.5
55 640.5
60 654.7
65 669.3
70 686.8
75 702.1
80 720.3
85 744.5
90 772.4
95 816.1
100 1222.4
Average 641

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
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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.

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

Group (% - except for metals) Light Heavy IFO* Bunker C
crude crude
Compound Gasoline Diesel
class
Saturates 50-60 65-95 55-90 25-80 25-35 20-30
Alkanes 45-55 35-45 40-85 20-60 10-25 10-20
Cycloalkanes 5 25-50 5-35 0-10 0-5 0-5
Olefins 5-10 0-10 nd nd nd nd
Aromatics 25-40 5-25 10-35 15-40 40-60 30-50
BTEX 15-25 0.5-2.0 0.1-2.5 0.01-2.0 0.05-1.0 0.00-1.0
PAHs nd 0-5 10-35 15-40 30-50 30-50
Polar compounds nd 0-2 1-15 5-40 15-25 10-30
Resins nd 0-2 0-10 2-25 10-15 10-20
Asphaltenes nd nd 0-10 0-20 5-10 5-20
Sulfur 0.02 0.1-0.5 0-2 0-5 0.5-2.0 2-4
Metals (in parts per million) nd 30-250 100-500 100-1,000 100-2,000

*IFO is intermediate fuel oil which is residual fraction diluted by diesel fractions.
nd is not determined because quantities are very low.

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
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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 C,H,,,, 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 C,H,,.
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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Table 1.7: Typical alkane compound quantity in oils.

Carbon Formula IUPAC name Levelsin Ref. Levelsin Levelsin Levels in Ref.
number ASMB* ANS* diesel fuel  heavy fuel oil
(mg/g oil) (mg/goil) (mg/goil)  (mg/g oil)

5 CsHio Pentane

6 CgH1s Hexane

7 C,H1e Heptane

8 CgH1g Octane 5 [10] 1 - [11]
9 CoHao Nonane 4 [10] 4 4 - [11]
10 Ci0H, Decane 4 [10] 4 11 - [11]
11 Cy1Ho4  Undecane 4 [10] 4 13 0.5 [11]
12 CyoHoe  Dodecane 4 [10] 4 13 1 [11]
13 Cy3Hog  Tridecane 4 [10] 4 13 1 [11]
14 Cy4H30  Tetradecane 4 [10] 3 12 1 [11]
15 Cy5Hs,  Pentadecane 3 [10] 3 12 1 [11]
16 Ci6H3, Hexadecane 3 [10] 3 11 2 [11]
17 Cy7H3¢  Heptadecane 3 [10] 3 9 2 [11]
18 CygHsg  Octadecane 3 [10] 3 7 2 [11]
19 CyoH4o Nonadecane 2 [10] 2 5 2 [11]
20 CyoH42  Icosane 2 [10] 2 3 2 [11]
21 C,1H4,  Henicosane 2 [10] 2 2 2 [11]
22 CyoHue Docosane 2 [10] 2 1 2 [11]
23 Cy3Hug  Tricosane 2 [10] 2 0.5 1 [11]
24 Co4Hso  Tetracosane 2 [10] 2 0.2 1 [11]
25 CysHs,  Pentacosane 1 [10] 1 - 1 [11]
26 Cy¢Hs,  Hexacosane 1 [10] 1 - 1 [11]
27 C,7Hs¢  Heptacosane 1 [10] 1 - 0.5 [11]
28 C,gHsg  Octacosane 1 [10] 1 - 0.5 [11]
29 CyoHgo  Nonacosane 1 [10] 1 - - [11]
30 C3oHg2  Triacontane 1 [10] 1 - - [11]

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

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.
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Figure 1.1: Structures of common cycloalkanes in oils.

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.
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Table 1.9: BTEX compounds found in oils and petroleum.

Carbon Name Formula Molecular CAS Ref. Solubility in Ref. SIMS

number weight number* water** (g/L)

6 Benzene CeHe 78.112 71-43-2 [12] ~1.8 [13] 78

7 Toluene C,Hg 92.139 108-88-3 [12] 0.5t00.6 [13] 92

8 Ethyl-benzene CgHio 106.165 100-41-4 [12] 0.15t00.2 [13] 106

8 m-Xylene CgHio 106.165 108-38-3 [12] 0.14t00.16 [13] 106

8 o-Xylene CgH1o 106.165 95-47-6 [12] 0.17to00.2 [13] 106

8 p-Xylene CgH1o 106.165 106-42-3 [12] ~0.16 [13] 106

9 1,2,3-Trimethyl-  CoH1, 120.191 526-73-8 [12] ~7E2 [13] 120
benzene

9 1,2,4-Trimethyl- CoH1z 120.191 95-63-6 [12] 5.9E72 [13] 120
benzene

9 1,3,5-Trimethyl-  CoHy» 120.191 108-67-8 [12] ~5E72 [13] 120
benzene

9 1-Ethyl-2-methyl-  CoH,, 120.191 611-14-3  [12] ~7.5E72 [13] 120
benzene

9 1-Ethyl-3-methyl-  CoH;, 120.191 [12] 120
benzene

9 1-Ethyl-4-methyl- CoH;» 120.191 622-96-8 [12] 120
benzene

9 iso-Propyl- CoH1s 120.191 98-82-8 [12] 5to6E2 [13] 120
benzene

9 Propyl-benzene CoH1n 120.191 103-65-1 [12] ~5E2 [13] 120

10 1,2,3,4- CioH1a 134.218 488-23-3 [12] 134
Tetramethyl-
benzene

10 1,2,3,5- CioH14 134.218 537-53-7 [12] 134
Tetramethyl-
benzene

10 1,2,4,5- CioH14 134.218 95-93-2 [12] 3.5 3 [13] 134
Tetramethyl-
benzene

10 1,2-Diethyl- CioH1a 134.218 135-01-3 [12] ~7E2 [13] 134
benzene

10 1,3-Diethyl- CioH14 134.218 141-93-5 [12] 134
benzene

10 1,4-Diethyl- CioH1a 134.218 105-5-5 [12] ~2.5E72 [13] 134
benzene

10 1-Ethyl-2,4- CioH14 134.218 874-41-9  [12] 134
dimethyl-benzene

10 1-Ethyl-3,5- CioH1a 134.218 934-74-7 [12] 134
dimethyl-benzene

10 1-Methyl-2-propyl CyoH14 134.218 1074-17-5 [12] ~1E72 [13] 134
-benzene

10 1-Methyl-3-propyl CqoH14 134.218 1074-43-7 [12] ~1E72 [13] 134
-benzene
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Table 1.9 (continued)

Carbon Name Formula Molecular CAS Ref. Solubility in Ref. SIMS

number weight number* water** (g/L)

10 1-Methyl-4-propyl CqoH1,4 134.218 1074-55-1 [12] ~1E2 [13] 134
-benzene

10 2-Ethyl-1,3- CioH14 134.218 2870-04-4 [12] 134
dimethyl-benzene

10 2-Ethyl-1,4- CioH1s 134.218 1758-88-9 [12] 134
dimethyl-benzene

10 3-Ethyl-1,2- CioH14 134.218 933-98-2 [12] 134
dimethyl-benzene

10 4-Ethyl-1,2- CioH1s 134.218 934-80-5 [12] 134
dimethyl-benzene

10 Butyl-benzene CioH14 134.218 104-51-8 [12] 1.2to 1.4 E2 [13] 134

10 sec-Butyl benzene CyoHq4 134.218 135-98-8 [12] 1.1to 1.8 E2 [13] 134

10 iso-Butyl benzene CjoHq4 134.218 538-93-2 [12] 134

10 m-Cymene CioH1s 134.218 535-77-3 [12] 134

10 p-Cymene CioH1s 134.218 99-87-6 [12] ~3E? [13] 134

10 tert-Butyl- CioH1s 134.218 98-06-6 [12] 1.8t03E2 [13] 134
benzene

11 Pentyl-benzene Ci1Hi6 148.245 538-68-1 [12] 148
iso-Pentyl- C11H1g 148.245 2049-94-7 [12] ~3.5E [13] 148
benzene

11 Diethyl-trimethyl- Cy1Hq¢ 148.245 [12] [13] 148
benzene

11 Ethyl-tetramethyl- C;,H;¢ 148.245 [12] [13] 148
benzene

11 Methyl-diethyl-  Cy;Hyg 148.245 [12] [13] 148
benzene

11 Methyl-butyl- Ci1H1g 148.245 [12] [13] 148
benzene

11 Pentamethyl- Ci1Hi6 148.245 700-12-9 [12] ~1.5 E2 [13] 148
benzene

12 C6-Benzenes CioHis 162.271 1077-16-3* [12] [13] 162

13 C7-Benzenes Ci4Ho0 176.298 1078-71-3* [12] [13] 176

14 C8-Benzenes Ci6H22 190.325 2189-60-8* [12] [13] 190

*CAS number is applicable to simplest aliphatic compound only.
**Approximate sign ~ indicates that solubility values are variable; a range indicates the range of
values.

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

Carbon Name Formula Levelsin Ref. Levelsin Levelsin Levelsin Ref.
number ASMB ANS (pg/ diesel heavy
(ug/g oil) g oil) fuel (ug/g fuel oil
oil) (ng/g oil)

6 Benzene CeHe 2,300 [11] 2,900 140 40 [11]
7 Toluene C,Hg 5,300 [11] 5,900 1,000 140 [11]
8 Ethyl-Benzene CgH1o 1,600 [11] 1,300 620 60 [11]
8 m-Xylene CgH1o 8,900** [11] 6,200** 3,800** 400** [11]
8 o-Xylene CgH1o - - - -
8 p-Xylene CgH1o - - - -
9 1,2,3-Trimethyl-  CgHq, 1,200** [11] 5,600** 14,800**  940** [11]

benzene
9 1,2,4-Trimethyl-  CoH4» - - - -

benzene
9 1,3,5-Trimethyl-  CoH4, - - - -

benzene
9 1-Ethyl-2-methyl  CoH4, - - - -

-benzene
9 1-Ethyl-3-methyl  CgH;, - - - -

-benzene
9 1-Ethyl-4-methyl CoHq, - - - -

-benzene
9 iso-Propyl- CoH1z - - - -

benzene
9 Propyl-benzene  CgoHq, - - - -

**Quantitation for all isomers of these compounds.

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 Tablel.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 C,H,,_¢,, 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
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