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ABSTRACT

The spills of petroleum and petroleum product, which occur during transport,
storage and refining, are a major contaminant in the environment, as they produce harm
to the surrounding ecosystem. Bioremediation is an efficient method used to treat
petroleum hydrocarbon contaminated soil using indigenous microorganisms. The
purpose of our study was to isolate, screen and identify the hydrocarbon degrading
bacteria from oil polluted soil. Fifteen Oil-contaminated soil samples were aseptically
collected from seven sites in Arzew oil refinery, North-West of Algeria. Physico-
chemical parameters of soil samples showed that sand and loam were the predominant
fractions. The soils were neutral to slightly alkaline pH, have a low salinity and highly
polluted with total hydrocarbon content ranging from 2 to 86 g/kg soil. Bacterial
enumeration ranged from 1.6 x 10° to 1.4 x 10® CFU/g soil indicating high bacterial
count in oil-contaminated soils compared with non-contaminated one.

Seventy-eight bacterial colonies with different size and color were isolated using
mineral salt media supplemented with 1% of crude oil. Twenty-two bacterial isolates
were screened for their best degradative abilities of crude oil, and then they were
identified based on morphological and biochemical characterizations. Fifteen isolates
were identified using 16S rRNA gene sequence analysis; the isolates were identified as
the following genera and/or species: Pseudomonas aeruginosa, Achromobacter
xylosoxidans, Staphylococcus haemolyticus, Enterococcus faecalis, Bacillus cereus, B.
anthracis, B. subtilis, Exiguobacterium aurantiacum, Lysinibacillus macroides, P.
fluorescens, Burkholderia cepacia, Staphylococcus hominis and  Lysinibacillus
sphaericus. Six bacterial isolates ( identified as P. aeruginosa) showed a positive
result with primer pair specific to alkane 1 monoxygenase gene (434bp).

The ability of 12 isolated strains to degrade crude oil was carried out in a liquid
medium by measuring optical density and gravimetric analysis. Results indicated that
all the isolated strains had effectively utilized crude oil as carbon source. Pseudomonas
aeruginosa (P2.1 and P2.3), Lysinibacillus macroides B4.2 and Achromobacter
xylosoxidans P2.2 had the highest growth in the medium with crude oil and exhibited
the highest biodegradation percentage with 76.37%, 60.92%, 47.46% and 45.20%
respectively.

The ability of individual pure isolates and bacterial consortia to degrade diesel
were determined using the turbidometry method, gravimetric analysis and GC-MS
analysis. The results indicate that the bacterial consortium and Pseudomonas
aeruginosa P2.1 showed the best growth in MSM with diesel and exhibited the highest
biodegradation percentage of diesel with 79.62% and 64.81% respectively. The
consortium showed the greatest effect of diesel degradation compared to individual
strains. The GC-MS analysis revealed that the consortium and individual isolates
degrade the aliphatic fraction greater than the aromatic fraction .All compounds in
diesel were highly reduced and particularly in bacterial consortium where n-alkanes
(from C9 to C26) were almost completely degraded after 15 days of incubation.



The optimal culture conditions (temperature, pH, salinity, agitation speed) for
the maximum biodegradation of crude oil by bacterial isolates were determined.

This study indicates that the contaminated soil samples contain a diverse population of
hydrocarbon degrading bacteria and these strains could be used for the bioremediation
of oil-contaminated soil and other oil waste.

Keywords: Isolation, characterization, biodegradation, microorganism, crude oil, diesel,
16S rRNA, contaminated soil, ARZEW oil refinery.
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RESUME

Les déversements du pétrole et des produits petroliers, qui se produisent pendant
le transport, le stockage et le raffinage constituent un contaminant majeur dans
I’environnement puisqu’ils nuisent a I’écosystéme. La bioremédiation est une méthode
efficace pour traiter le sol contaminé par des hydrocarbures pétrolier en utilisant des
micro-organismes indigénes. Le but de notre étude était d’isoler, de cribler et
d’identifier les bactéries dégradant les hydrocarbures présents dans les sols pollués.
Quinze échantillons du sol contaminé par les hydrocarbures pétrolier ont été prélevés de
maniere aseptique sur sept sites de la raffinerie d'Arzew, dans le nord-ouest de I'Algérie.
Les parametres physico-chimiques des échantillons du sol montrent que le sable et le
limon sont des fractions prédominantes. Les sols ont un pH neutre a légerement alcalin.
Nos échantillons de sol ont une faible salinité, ils sont limités en matieres organiques et
fortement pollués avec une teneur totale en hydrocarbures allant de 2 a 86 g / kg. Le
dénombrement bactérien variait de 1.6 x 10° & 1.4 x 10® UFC/g de sol, indiquant un
nombre élevé de bactéries dans les sols contaminés par les hydrocarbures par rapport
aux sols non contaminés.

Soixante-dix-huit colonies bactériennes avec différentes tailles et couleurs ont
été isolées a l'aide d’un milieu minéral additionnés de 1% de pétrole brut. Vingt-deux
isolats bactériens ont été sélectionnés en vertu de leurs meilleures capacités de
dégradation du pétrole brut. Ensuite, ils ont été identifiés sur la base de la caractérisation
morphologique et biochimique. 15 isolats ont été identifies par la méthode de
séquencage du gene ARNr 16S. Les isolats ont été par la suite identifiés comme
appartenant aux genres et /ou especes suivants: Pseudomonas aeruginosa,
Achromobacter xylosoxidans, Staphylococcus haemolyticus, Enterococcus faecalis,
Bacillus cereus, B. anthracis, B. subtilis, Exiguobacterium aurantiacum, Lysinibacillus
macroides, P. fluoresoresens, Staphylococcus hominis et Lysinibacillus sphaericus. Six
isolats bactériens (identifiés comme P. aeruginosa) ont montré un résultat positif avec
une paire d'amorces spécifique du géne de l'alcane 1 monoxygénase (434 pb).

L’¢étude de la capacité de 12 souches isolées a dégrader le pétrole brut a été
réalisé en milieu liquide par la mesure de la densité optique et I’analyse gravimétrique.
Les résultats ont montré que toutes les souches isolées avaient utilisé efficacement le
pétrole brut comme source de carbone. Pseudomonas aeruginosa (P2.1 et P2.3),
Lysinibacillus macroides B4.2 et Achromobacter xylosoxidans P2.2 présentent la plus
forte croissance dans un milieu contenant du pétrole brut et le pourcentage le plus élevé
de biodégradation avec 76.37%, 60.92%, 47.46% et 45.20. %, respectivement.

La capacité des isolats purs et de consortium bactérien a dégrader le diesel a été
déterminée a l'aide de la méthode de turbidimétrie, d'une analyse gravimétrique et d'une
analyse GC-MS. Les résultats ont montré que le consortium bactérien et Pseudomonas
aeruginosa P2.1 présente une meilleure croissance dans MSM avec du diesel. lls ont
présenté le pourcentage le plus élevé de biodegradation du diesel avec 79,62% et
64,81% respectivement. Le consortium a montreé le plus grand effet de dégradation des
hydrocarbures par rapport aux souches individuelles. L'analyse GC-MS a révelé que le
consortium et les isolats individuels dégradent plus la fraction aliphatique par rapport a
la fraction aromatique. Tous les composants du diesel ont été fortement réduits, et en
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particulier avec consortium bactérien ou n-alcanes (de C9 a C26) ont été completement
dégradé aprés 15 jours d'incubation.

Dans le but d'améliorer la dégradation des hydrocarbures, les conditions de
culture (température, pH, salinité, vitesse d'agitation) ont été optimiseées pour les isolats
bactériens.

Notre étude confirme que les échantillons du sol contaminé contiennent une
population diverse de bactéries capable de dégrader les hydrocarbures. Ces souches
peuvent étre utilisées pour la bioremédiation des sols contamineés par les hydrocarbures
et autres déchets d'huile.

Mots clés: Isolement, caractérisation, biodégradation, microorganisme, pétrole brut,
diesel, ARNr 168, sol contaminé, raffinerie I’ ARZEW.
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Introduction

Introduction

Petroleum hydrocarbons are the main source of energy for industry and daily
life. The leakage and accidental oil release occur regularly during the exploration,
extraction production, refining, storage and transportation (N. Das & Chandran, 2011;
Palanisamy et al., 2014). The spills due the leakage may be small but continuous and
prolonged could lead soil and water contamination ending up with health problems
(Rahman et al., 2002a; Al-Deeb, 2005).

Environmental pollution by petroleum and petroleum product is a problem for
terrestrial and marine ecosystems as well as human health (Zavareh et al., 2016).
Uncontrolled liberation of petroleum compounds that are mutagenic, carcinogenic and
are potent immunotoxicants into soil and water poses a serious threat to human, animal
and plant health (C. Singh & Lin, 2008).

The soil remediation has been tried using different technology including
mechanical, evaporation, dispersion, and washing. However, these technologies are
expensive and can lead to incomplete decomposition of contaminants (N. Das &
Chandran, 2011).

The process of using microorganisms to de grade or remove hazardous
component of wastes from the environment is called Bioremediation (Dua et al., 2002;
Al-Adwan et al., 2010). It efficiency depends on the presence of appropriate
microorganisms and is also affected by the environmental conditions and microbial

community composition (Durga et al., 2014).

Biodegradation by natural microorganisms represents one of the primary
mechanisms by which oil pollutants can be removed from the environment (Malkawi et
al., 2009b; N. Das & Chandran, 2011). Hydrocarbon-contaminated soils biodegradation,
which utilize the ability of microorganisms to degrade and/or detoxify organic
pollutants, has been established as an efficient, economic and environmentally sound
treatment (C. Singh & Lin, 2008). It is considered to be cheaper than other remediation
technologies (Leahy & Colwell, 1990).

Salleh et al. (2003) reported that the biodegradation is a complete microbial
mineralization of complex materials into simple inorganic compound as carbon dioxide,

water.
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Petroleum hydrocarbon can be degraded by various microorganisms such as
bacteria, fungi and yeast (Hamzah et al., 2010). Bacteria are the most active agents in
petroleum degradation (Rahman et al., 2003; N. Das & Chandran, 2011). The dominant
genera of microorganisms that utilize petroleum hydrocarbons are: Pseudomonas,
Acinetobacter, Nocardia, Flavobacterium, Micrococcus, Arthrobacter,
Corynebacterium, Achromobacter, Rhodococcus, Alcaligenes, Mycobacterium, and

Bacillus (Stamenov et al., 2015).

Bacterial organisms are the most involved in oil degradation (Rahman et al.,
2002a; Malkawi et al., 2009b; N. Das & Chandran, 2011), because they contain
different enzymes that are implicated in the oil hydrocarbon metabolism (Al-Deeb &
Malkawi, 2009; Hesham et al., 2014). These degradative enzymes are encoded by
special genes which are involved in hydrocarbon degradation such as; alkB; alkane
monooxygenase from Pseudomonas putida (C5 to C12 alkane degradation); alkm;
alkane monooxygenase from Acinetobacter sp. strain ADP-I (C10 to C20 alkane
degradation); alkBl and alkB2 alkane monooxygenase from Rhodococcus spp. (CI2 to
Cl6 alkane degradation); C230 catechol-2, 3-dioxygenase from P. putida (aromatic
hydrocarbons degradation); ndoB; naphthalene dioxygenase from P. putida (polycyclic
aromatic hydrocarbons degradation); nahC; 1,2-dihydroxynaphthalene dioxygenase
(polycyclic aromatic hydrocarbons degradation) (Margesin et al., 2003; Malkawi et al.,
2009a). alkane monooxygenase (alkB) and catechol-2, 3-dioxygenase (C230) are the
key enzymes involved in n-alkane and aromatic hydrocarbon degradation respectively
(Al-Deeb & Malkawi, 2009).

Strategies to enhance the hydrocarbon biodegradation include stimulation of
the indigenous microorganisms by optimizing the nutrients, the temperature, the pH and
oxygen supply conditions (biostimulation), and through added of an enriched microbial
consortium into the existing microbial population (bioaugmentation) (Mariano et al.,
2007; N. Das & Chandran, 2011).

The Arzew refinery is one of Algeria's five oil refineries, which could be a
source of contamination in air, soil and water. Very few studies have been done in
Algeria on the hydrocarbon degradation by microorganisms isolated from oil-
contaminated soil. These included, Guermouche (2014) who isolated 15 bacterial strains
from oil-contaminated soil at Arzew oil refinery, belonging to the following genera
Pseudomonas, Enterobacter, Serratia and Shewanella. Furthermore, Benchouk (2017)
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isolated 5 microbial isolates from oil contaminated soil, these include Candida sp,
Bacillus sp, Pseudomonas aeruginosa, Pseudomonas putida. The genus Pseudomonas
and Rhodotorula (yeast) were isolated from soil contaminated by ejection of the efflux
of drilling fluid from Hassi Messaoud (Akmoussi-Toumi, 2009). Guergouri (2010)
isolated 16 bacterial strains from oil-contaminated soil at Skikda oil refinery, these

include the genus Bacillus, Pseudomonas and Enterobacter.

The aims of our study was to isolate and identify petroleum hydrocarbon-
degrading microorganisms from different oil-contaminated soils at Arzew refinery using
biochemical and molecular methods and to investigate their degradative ability on crude

oil and diesel.

This thesis is divided into three parts. The first represents a literature review and
which is further subdivided into three parts; the first is the knowledge of hydrocarbons,
the bioremediation of soils polluted by hydrocarbons, biodegradation principle,
degradative microorganisms and their type of metabolism, and finally factors influence

the biodegradation.

The second part is devoted to the presentation of the methodology adopted for

the carrying out my work.

The third part of this thesis is devoted to the presentation and discussion of

results obtained. The manuscript is completed by a conclusion.
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Aims

In the present work, the following objectives have been met:

1.

2.

To isolate the oil degrading microorganisms from oil contaminated soil

To screening the most potent bacterial isolates for hydrocarbon utilization

To identify the bacterial isolates using biochemical and molecular techniques
To detect the presence of alkane monooxygenase encoding genes (alkBl),
catechol 2, 3 dioxygenase genes (C230) and 1,2-dihydroxynaphthalene
dioxygenase encoding genes (nahC) among certain species of bacteria.

To characterize the crude oil degradation potential of bacterial isolate by
measuring optical density and gravimetric analysis.

Determination of diesel degradation potentials of the pure culture of selected
bacterial isolates as well as consortia by turbidometry, gravimetric analysis and
Gas Chromatography-Mass Spectrometry analysis.

To investigate the effect of nutritional and environmental factors on the

biodegradation of crude oil.
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.1. PETROLEUM HYDROCARBONS

In the world, the petroleum industry is a major participant of pollutants. This
participation is due to the increased demand for petroleum and petroleum product as a

main source of energy (Mejeha, 2016).

The pollution due to petroleum hydrocarbons (PHCs) has been an environmental
problem for a long time. The various uses of crude oil and its derivatives result in

increased pollution of lands and marine ecosystems (Su-Chen, 1994).
1.1.1. Crude oil

Crude oil (also called petroleum) is a dark sticky liquid in its unrefined state (A.
Kumar et al., 2011). The term petroleum is derived from the Latin derivative Petra for
rock and oleum for oil. Petroleum is largely formed biogenetically at temperatures
below 200°C from matter deposited in shallow seas (Hou, 2000). Each petroleum
reserve is a unique combination of biomass breakdown products. The petroleum
principal chemical elements (90% of the weight of crude oil) are carbon and hydrogen,
which are combined in a series of compounds called a hydrocarbon (Salleh et al., 2003).
Petroleum is a complex mixture of hydrocarbons and other organic compounds (Van
Hamme et al., 2003), is generally in the liquid state, that may also include compounds
of sulfur, nitrogen, oxygen, and metals and other elements (EI-Naggar et al., 2014).

1.1.1.1. The origin of petroleum

Oils (light and heavy) and gas are originated from organic matter; that is plants
and small animals that were once alive that have created the source rock. Source rocks
are the rocks that produce hydrocarbons; they are rich in organic matter. Chemical
changes after burial convert animal and plant tissue to the complex molecules that
eventually produce oil or natural gas by the effects of pressure and heat on sediments
trapped beneath the Earth’s surface over millions of years. The ancient societies in
Egypt, India, and China made limited use of petroleum mainly as fuel for lamps,
canoes, boats and medicine. The age of modern petroleum began a century and a half
ago. Advances in technology have ameliorated the ability to find and extract oil and gas
and to convert them to efficient fuels, lubricants, and other useful products (Aminzadeh
& Dasgupta, 2013).
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1.1.1.2. Components and classification of petroleum

Petroleum is a complex mixture of more than 17,000 distinct chemical
compounds (Head et al., 2006; Mejeha, 2016). These chemical compounds are
dominated by hydrocarbons classified as either saturates, aromatics, resins and
asphaltenes collectively described as the SARAs. In addition to these dominant
constituents, there are other minor components such as nitrogen, sulphur, metals and
oxygen (Mejeha, 2016). Table 1 shows the component's percentage of petroleum. Based
on hydrocarbon composition, petroleum is classified as naphthenic or paraffinic crude
oils. Naphthenic crude oils consist of the high percentage of cyclic aliphatic and
aromatics hydrocarbons while paraffinic crude oils consist of a high percentage of
saturates hydrocarbons (Simanzhenkov & Idem, 2003). Outside this basic classification,
petroleum is also classified based on the non-hydrocarbon components. Thus, the
sulphur, nitrogen content and the ratios of the heavy metals nickel and vanadium (the
most abundant trace metals in crude oil) have been used to classify petroleum.
Petroleum is also classified as sweet or sour oil based on the sulphur content. Sweet oils
have sulphur contents less than 1% of the whole petroleum by weight and sour oils have
sulphur contents above 1% (Peters et al., 2007; Mejeha, 2016).

Table 1: The component's percentage of petroleum (Gordon, 2013).

Elements Percentage range (%)
Carbon 83-87
Hydrogen 10-14
Nitrogen 0.1-2
Oxygen 0.1-15
Sulphur 0.5-1.6

Oils are classified by several criteria, but among the most important is the
specific gravity. The oil industry uses a unit known as APl (American Petroleum
Institute) gravity, which is defined as [141.5/ (specific gravity)] 131.5 and expressed in
degrees. API gravity is related to oil density and specific gravity (Prince & Lessard,
2004). The oils API less than 20° , a petroleum considered heavy oil, bitumen (extra-
heavy oil) with a specific gravity usually has an API gravity less than 10° and light oils
with the specific gravity range of 2- 8° API (Table 2) (Speight & Ozum, 2001). Light
oils have higher proportions of small molecules; heavy oils are rich in larger molecules
(Prince & Lessard, 2004).
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Table 2: Classification of crude oil (Fahim et al., 2009).

Crude oil categories Gravity

Light crudes API > 38
Medium crudes 38> API > 29
Heavy crudes 29> APl >85

Very heavy crudes APl <85

1.1.2. Definition of Total Petroleum Hydrocarbons

Total petroleum hydrocarbon (TPH) is a term used to describe a large family of
several hundred chemical compounds that originally come from crude oil. TPH is a
mixture of chemicals, which are made mainly from hydrogen and carbon (A.T.S.D.R,
1999). Crude oil and petroleum products can contaminate the environment; there are
many different chemicals in crude oil and other petroleum products, so it is not practical
to measure each compound separately. However, it is useful to measure the total amount
of TPH at a contaminated site (A.T.S.D.R, 1999; Van Epps, 2006). Speight (2016) also
reported that the TPHs term is used because; given the wide variety of chemicals in
petroleum and in petroleum products, it is not practical to consider each constituent
separately, and after an incident, it is more useful to measure the amount of TPHSs at the
polluted sites (Speight, 2016).

1.1.3. Definition of Petroleum hydrocarbons

The term hydrocarbons means organic compounds, which contain only carbon
and hydrogen (Shah & Patel, 2013). Petroleum hydrocarbons are complex substances
formed from hydrogen and carbon molecules and sometimes containing other elements

such as oxygen, sulfur, and nitrogen (Aminzadeh & Dasgupta, 2013).
1.1.4. Chemistry of petroleum hydrocarbons

Petroleum hydrocarbons and their refined products originate from a highly
complex mixture, although they are comprised mainly of only two elements, hydrogen
and carbon (Kostecki et al., 2005; Shah & Patel, 2013). The carbon atoms can be
attached or bonded to up to four different atoms, carbon or hydrogen, while the
hydrogen atoms are bonded to only one carbon atom. The major method employed to
group a hydrocarbon is by the number of carbon atoms that are present in the

compound. For example, all of the hydrocarbons that have five carbon atoms can be
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designated as C5. Compounds from C1 to C4 are gases at ordinary temperature. They
are used as fuels and in the manufacturing of specialty chemicals as plastics.
Compounds from C5 to C12 are liquids that will easily convert into gases when heated.
These compounds are used as fuels and as cleaning solvents. Compounds from C13 to
C17 are generally liquids and are used as fuels and lubricants. Those compounds greater
than C17 are usually solids and are used as lubricants, heavy fuels, and as coatings
(Kostecki et al., 2005).

1.1.5. Petroleum hydrocarbons classification

Petroleum is a liquid mixture of hydrocarbons (oil) obtained from natural
underground reservoirs (A. Kumar et al., 2011). Petroleum hydrocarbons can be
categorized for simplicity into four fractions: saturates, aromatics, resins and
asphaltenes (Gordon, 2013). In other hand Shah and Patel (2013) reported that
hydrocarbon are differentiated on the base of their chain length, saturation or structure.

Based on the general chemical structure of their chemicals constituent,
hydrocarbons are divided up into two primary categories, aliphatics and aromatics
(Figure 1). Aliphatics contain chains of carbon atoms strung together, while aromatics
contain one or more benzene rings bonded together (Van Epps, 2006). Table 3

summarizes the various compounds and gives examples of each.

Petroleum Hydrocarbons

Aliphatics Arorrlatics
‘ ,
Naphthens Naphthenoaromatics Polyaromatic

Isoalkanes Cycloalkanes T | I]
. |
c c Monoaromatic

c-c-c-C-C ' indane ‘ ‘
ps [

. benzolalpyrene
Paraffins Cyclopentane R

n-Alkanes | Diaromatic

o _rL

naphthalene

CH3(CH3),CH3 Cyclohexane

Paraffins ‘ ‘

tricyclic naphthene

Figure 1: Schematic of hydrocarbons categories (Shah & Patel, 2013).
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Table 3: Chemical structure of various categories of hydrocarbons (Van Epps, 2006).

Category Description Example Chemical structure
Aliphatics
n-Butane
H\ /H H/H
Alkanes Carbon chain with single e N
bond between carbon atoms W
H
Carbon chains with at least cis-2-Heptene
one carbon-carbon double
Alkenes H“,\C=C”,,H
bond H3C/ \C“Hg
Carbon chains with at least
one carbon-carbon triple 1-Butyne
Alkynes bond (not commonly found
in petroleum hydrocarbons) HC ECCHZC H3

Cycloalkanes

Single-bonded carbon ring
Structure

Cyclohexane

Aromatics

Primary structure is the benzene

PAHSs

A compound having two or
more benzene rings fused
together

ring made up of six carbon Benzene
Monoaromatics atoms with alternating single and
double bonds
Naphthalene

1.1.5.1. Aliphatic

Aliphatic contain chains of carbon atoms strung together, are further divided into

families: alkanes, alkenes, alkynes and their cyclic analog.

11
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a. Alkanes (paraffin)

Alkanes are also called paraffins or saturated hydrocarbons, they are the major
constituents of crude oil and the major constituents of most petroleum products.
Alkanes are chemical compounds that consist only of hydrogen and carbon atoms and
are bonded exclusively by single bonds (saturated compounds) (Shah & Patel, 2013).
These compounds have an empirical formula of C,Hzn+2. The carbon atoms that make
up the carbon backbone are linked together to form a chain linear or branched alkanes.
Linear alkanes, whose carbon atoms are arranged in a straight chain or row, are called
normal paraffins, normal alkanes, or n-alkanes. The branched alkanes are often called

isoparaffins or isoalkanes (Kostecki et al., 2005).
b. Alkenes (Olefins)

The second major group of petroleum hydrocarbon is the alkenes. Alkene is an
unsaturated chemical compound containing at least one carbon-to- carbon double bond.
The simplest acyclic alkenes, with only one double bond and no other functional
groups, also known as olefin (Shah & Patel, 2013). These compounds are usually not
found in crude oil but are the by-product of a refining process. The alkenes are
distinguished from the alkanes by the fact that they contain two less hydrogen atoms
than the alkane with the same carbon backbone. Because the alkenes have two fewer
hydrogen atoms, they contain a carbon-carbon double bond (Kostecki et al., 2005).
Alkenes have the general formula C,H2,. The simplest alkene is ethylene (C,H,) (Shah
& Patel, 2013).

c. Alkynes

Alkynes are hydrocarbons that have a triple bond between two carbon atoms,
acetylenes is known name of Alkynes, although the name acetylene also refers

specifically to with the formula C,Ha-2 (Shah & Patel, 2013).
d. Cycloalkanes

The cycloalkanes are also known as naphthenes, they are similar to the linear
and branched alkanes, except that the carbon backbone has the carbon atoms arranged in
a circle. These compounds are sometimes called cycloparaffins and have an empirical

formula of C,H,,. They have saturated rings. The carbon atoms that make up the

12
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backbone are arranged in circles containing usually five, six, or seven carbon atoms

(Kostecki et al., 2005).
1.1.5.2. Aromatic

Aromatic hydrocarbons typically contain a six-membered carbon ring and they
have an empirical formula of C,H,,—¢. The six-membered ring has three carbon—carbon
double bonds (Kostecki et al., 2005). The smallest aromatic compounds in petroleum
have six carbons in such a ring structure (e.g. benzene and toluene), but other
compounds contain multiple rings. Aromatic hydrocarbons can be monocyclic (MAH)
or polycyclic aromatic hydrocarbons, often abbreviated (PAH) or polynuclear aromatic
HCs (PNA) (Shah & Patel, 2013). The natural crude oil contains significant amounts of
polycyclic aromatic hydrocarbons (A. Kumar et al., 2011). Crude oils contain 0.2 to 7%
PAHs; PAH content increases with the specific gravity of the oil. PAHs have high
boiling points and low solubility in water (Eze, 2010) . The smallest aromatic
molecules (one- and two-rings) are both volatile and readily biodegraded, but four-ring
and larger aromatic compounds are more resistant to biodegradation. Some larger PAHs
are suspected to be potentially carcinogens (Kothari et al., 2013).The United States
Environmental Protection Agency (U.S. EPA) has designated 16 PAHs compounds as
priority pollutants (Table 4) (A. Kumar et al., 2011; Kothari et al., 2013).
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Table 4: The 16 PAH compounds designated by the U.S. EPA as highly toxic (A.
Kumar et al., 2011).

5 j%ﬁ QOO

() =
Naphthalene
; Acenaphthylene Phenanthrene
Acenaphthene
Anthracene O‘

Indeno[1,2,3-cd]
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pervlene

-:\ e
an{_; e

Fluorene Fluoranthene

Benzo[k] fluoranthene | Benzo[b]
fluoranthene

1.1.5.3. Non-hydrocarbon polar compounds
Not all compounds in the crude are hydrocarbons consisting of hydrogen and

carbon only. The general categories of non- hydrocarbon constituents are presented in

Figure 2.
Non-hydrocarbons (Heterocycles)
|
Metallo-porphyrins
Sulphur compounds CoHs |‘—| CH; - Asphaltenes N
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Vanadyl deoxophylloerythro-
etioporphyrin
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COOH

! A

cyclopentane ‘K;CH-_,

carboxylic acid

Figure 2: Classification of non- hydrocarbon (heterocyclic) compounds (Shah &
Patel, 2013).

14



Literature review Petroleum hydrocarbons

a. Resins and asphaltenes

Resins and asphaltenes have very complex and mostly unknown carbon structure
with addition of many nitrogen, sulphur and oxygen atoms (Harayama et al., 2004;
Shah & Patel, 2013). Resins fraction comprises polar molecules often containing
heteroatoms such as nitrogen, oxygen, or sulfur. Resin is a heavier fraction than
aromatics and saturates and are composed of fused aromatic rings with branched
paraffin and polar compounds. The resin fraction is soluble in light alkanes such as
pentane and heptane, but insoluble in liquid propane (Demirbas & Taylan, 2016).
Asphaltene constituents are the highest molecular weight heaviest and most polar
constituents in crude oil (Speight, 2004). The asphaltenes are polynuclear aromatic
structures consisting of 20 or more aromatic rings along with paraffinic and naphthenic
chains. The general definition is that asphaltene constituents are insoluble in n-pentane
(or in n-heptane) but resins are soluble n-pentane (or in n-heptane ) (Speight, 2004).The
relative proportions of these fractions are dependent on many factors such as the
source, geological history, age, migration and alteration of crude oil (Gordon, 2013).
Asphaltenes and resins are high molecular weight compounds. These compounds are
non-biodegradable because they are highly insoluble and consist of functional groups

protected from microbes attack (Kothari et al., 2013).

b. Sulphur compounds

The sulphur content of crude oil varies from less than 0.05 to more than 10%.
Crude oil with less than 1% sulphur is referred to as sweet but sour oils with sulphur
contents more than 1%. Crude oils contain sulphur in the form of elemental sulphur S,
dissolved H,S, carbonyl sulphide (Fahim et al., 2009).

c. Oxygen compounds

The oxygen content of crude oil is less than 2%. Crude oil contain oxygen in
different forms such as alcohols, esters, ethers, ketones and carboxylic acids (Fahim et
al., 2009).

d. Nitrogen compounds

The nitrogen compounds are minor components of crude oil petroleum (Mejeha,
2016).Crude oil contain very low concentration of nitrogen compounds. The nitrogen
compounds in crude oil are classified as basic (pyridines) or non-basic (pyrrole)
compound (Fahim et al., 2009).
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c. Heavy metals

Heavy metals are generally defined as metals with relatively high densities,
atomic weights, or atomic numbers. All crude oils contain trace metals, the heavy
metals in petroleum has been originated from geochemical processes involved in the
generation, migration (to the reservoir) and maturation of petroleum (Mejeha, 2016).
Nickel and Vanadium are the most abundant trace metals in crude oil (Okoh, 2006;
Mejeha, 2016).

1.1.6. Sources and use of petroleum hydrocarbons

Petroleum products are produced from crude oil by distillation, a process that
separates various petroleum fractions by their boiling points. Petroleum hydrocarbons
found in the environment are usually originated from crude oil and other petroleum

products like diesel, gasoline, lubricating oil (Van Epps, 2006).

Diesel is a complex mixture of hydrocarbons, generally consists of middle
distillates of crude oil with boiling points between 200 and 300 °C. Hydrocarbons in
diesel tend to be in the C8 to C26 range, Diesel is mainly composed of alkanes (40 to 70
mass%), cycloalkanes (10 to 25 mass%), alkenes (up to 5%) and aromatics (10 to 30%)
(Trapp et al., 2001; Van Epps, 2006).

On the other hand gasoline typically comprises the C 4 to C12 crude oil fraction
that has a relatively low boiling point (less than 200 °C) (Van Epps, 2006). Gasoline is
composed of hydrocarbons, mainly alkanes and cycloalkanes (35 to 65 mass %) and

mono-aromatics (25 to 42 mass %) (Trapp et al., 2001).

While polycyclic aromatic (PAHS) may be constituents of crude oil and refined
petroleum products, they are a produced during high temperature industrial operations
such as petroleum refining (Kothari et al., 2013). PAHSs are also widespread in the
environment because they are produced by incomplete combustion of coal, oil, wood, or
other organic matter (Kanaly & Harayama, 2000). Some of these compounds are
suspected to be carcinogens. The increase in molecular weight and number of ring
structures of PAHs decreases their volatility and solubility, while increasing adsorption
capacity (Kothari et al., 2013).

1.1.7. Crude oil refining processes
Petroleum in the crude state is of limited value, while refining is required to

produce products suitable for the market (Speight, 2010). The petroleum refining
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process is the separation of the different hydrocarbons present in the crude oil into
useful fractions and the conversion of some of the hydrocarbons into products having
higher quality performance. The refinery processes convert crude oils to useful
products by distillation techniques and separate petroleum products with different
boiling point ranges (Hou, 2000). Petroleum products are classified based on the way
crude oil is distilled and separated into fractions (called distillates). Refining end-
products or the primary end-products produced in petroleum refining may be grouped

into three categories as in the below (Speight, 2006):

1. Light distillates (LPG, gasoline and naphtha)

2. Middle distillates (kerosene, diesel)

3. Heavy distillates and residuum (heavy fuel oil, lubricating oils, wax, asphalt).
1.1.7.1. Basic products

There are over 2000 individual refinery products (Fahim et al., 2009). Figure 3
shows the principal refining products with their boiling range, carbon atoms number and

their use.
Fractionating
Column Cto G, - LPG
gases 7 < Domestic gas
z N Petrochemical
Fractions 20°C = > feedstock
decreasing
In density C,to Gy
and boiling naphta Petrochemical
point JULI products
C Car
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e X l Jet Fuel
i F—,—.&'ﬂ Kerosene
e - for lighting
e : : and heating
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increasing
In density Diesel
and boiling fuels
point
Lubricants
Waxes
Polishes
Bunker fuel
Boilers
< S District heating
Crude soand a e
Boiler Bitumen asphalt Asphalt for
Roads and
R Roofing

Figure 3: The distillation of petroleum (Devold, 2013).
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The basic products from fractional distillation are (Devold, 2013):

e Liquid petroleum gas (LPG) has carbon numbers of 1-5 and a boiling point up
to 20 °C. Most of the LPGs are propane and butane, with carbon number 3 and 4
and boiling points - 42 °C and -1 °C, respectively. Typical usage is domestic and
camping gas, LPG vehicles and petrochemical feedstock.

e Naphtha is the fraction with boiling points between 30 °C and 200 °C and
molecules generally having carbon numbers 5 to 12. It is used mainly as a
feedstock for other processes and for producing additives for high-octane
gasoline.

e Gasoline has carbon numbers mainly range of 4 to 12 and boiling points up to
120 °C. Its main use is as fuel for internal combustion engines for cars.

e Kerosene has main carbon numbers 10 to 16 (range 6 to 16) boiling between
150 °C and 275 °C. Its main use is as aviation fuel and used for lighting
(paraffin lamps) and heating.

e Diesel is used for diesel engines in cars, trucks, ships, trains and utility
machinery. It has a carbon number between 8 and 21 (mainly16-20) and is the
fraction that boils between 200 °C and 350 °C.

¢ White and black oils: The above products are often called white oils, and the
fractions are generally available from the atmospheric distillation column. The
remaining fraction below are the black oils, which must be further separated by
vacuum distillation due to the temperature restriction of heating raw crude to no
more than 370-380 °C.

e Lubricating oils are typically contain 90% raw material with carbon nu