
Crude Oil 
New Technologies and Recent Approaches

Edited by Manar Elsayed Abdel-Raouf  
and Mohamed Hasan El-Keshawy

Edited by Manar Elsayed Abdel-Raouf  
and Mohamed Hasan El-Keshawy

Petroleum crude oil is the main energy source worldwide. However, global fossil 
fuel resources and reservoirs are rapidly and disturbingly being depleted. Thus, it 
is particularly important to shed light on new techniques developed for economic 

production and better utilization of crude oil. In addition, the processes involved in the 
production, refining, and transportation of crude oil are environmentally hazardous. 

It is essential to develop cleaner technologies and to find innovative solutions to 
overcome these problems. Over four sections, this book discusses materials used 
in cracking crude oil and improving its specifications, methods for reducing or 

eliminating the hazardous effects of petroleum pollution, and the environmental 
effects of crude oil, as well as presents case studies from different countries.

Published in London, UK 

©  2022 IntechOpen 
©  Malekas85 / iStock

ISBN 978-1-83969-532-2

Crude O
il - N

ew
 Technologies and Recent A

pproaches





Crude Oil - New 
Technologies and Recent 

Approaches
Edited by Manar Elsayed Abdel-Raouf  

and Mohamed Hasan El-Keshawy

Published in London, United Kingdom





Supporting open minds since 2005



Crude Oil - New Technologies and Recent Approaches
http://dx.doi.org/10.5772/intechopen.95164
Edited by Manar Elsayed Abdel-Raouf and Mohamed Hasan El-Keshawy

Contributors
Yulius Deddy Hermawan, Dedy Kristanto, Hariyadi, Sutaria Devanshi, Kamlesh R. Shah, Sonika Saxena, 
Sudipti Arora, Haq Minhas, Karthika Rajamanickam, Rabab M. Nasser, Omar Mahmoud Waheeb, Hassana 
Ibrahim Mustapha, Mohamed Hasan Hasan El-Keshawy, Manar Elsayed Abdel-Raouf, Abdulraheim M. A. 
M.A. Hasan, Raman Kumar Ravi, Shalini Gupta, Reeta Verma, Chioma Bertha Ehis-Eriakha, Stephen 
Eromosele Akemu, Chinyere Augusta Ajuzieogu, Simon Obgaji Otumala, Panagiotis Arkoudeas

© The Editor(s) and the Author(s) 2022
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice
Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2022 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Crude Oil - New Technologies and Recent Approaches
Edited by Manar Elsayed Abdel-Raouf and Mohamed Hasan El-Keshawy
p. cm.
Print ISBN 978-1-83969-532-2
Online ISBN 978-1-83969-533-9
eBook (PDF) ISBN 978-1-83969-534-6



Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

5,800+ 
Open access books available

156
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

144,000+
International authors and editors

180M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D

Selection of our books indexed in the Book Citation Index (BKCI)  
in Web of Science Core Collection™





Meet the editors

Professor Manar Elsayed Abdel-Raouf is a Professor of Polymer 
Science at the Egyptian Petroleum Research Institute. Her main 
research interests are the modification and utilization of green 
polymers in different fields such as the production of renewable 
energy, wastewater treatment, and reduction or elimination 
of environmental pollution. She has published more than sixty 
research papers and review articles in reputed journals. She also 

has several book chapters to her credit. Prof. Manar is a reviewer, guest editor, and 
editorial board member for several international highly ranked journals. She is also 
the principal investigator for some national and international projects dealing with 
environmental issues.

Dr. Mohamed Hasan El-Keshawy is an Associate Professor of 
Polymer Science at the Egyptian Petroleum Research Institute. 
His main research interests are polymer engineering, including 
polymer synthesis and emulsion polymerization, and its applica-
tions in the removal of organic compounds from wastewater. He 
is also interested in polymer nanocomposites, synthesis of nano-
materials from wastes, and synthesis of hyperbranched polymers 

and their applications. He has published many research papers and review articles 
in reputed journals. Dr. Keshawy is a reviewer for several international journals. He 
is also collaborating on projects dealing with water and environmental issues.



Contents

Preface III

Section 1
Demulsification, Viscosity Index Improver, Pour Point Depressant 1

Chapter 1 3
Acrylic Polymers as Additives for Engine Oil: A Historical Perspective
by Rabab M. Nasser

Chapter 2 23
Green Polymers and Their Uses in Petroleum Industry, Current State  
and Future Perspectives
by Manar Elsayed Abdel-Raouf, Mohamed Hasan El-Keshawy  
and Abdulraheim M.A. Hasan

Chapter 3 51
Technologies Involved in the Demulsification of Crude Oil
by Karthika Rajamanickam

Section 2
Bioremediation, Cleaning up 67

Chapter 4 69
Bioremediation of Petroleum-Contaminated Soil
by Raman Kumar Ravi, Shalini Gupta and Reeta Verma

Chapter 5 91
Biotechnological Potentials of Microbe Assisted Eco-Recovery of Crude Oil 
Impacted Environment
by Chioma Bertha Ehis-Eriakha, Stephen Eromosele Akemu,  
Simon Obgaji Otumala and Chinyere Augusta Ajuzieogu

Chapter 6 117
Actinomycetes as An Environmental Scrubber
by Sutaria Devanshi, Kamlesh R. Shah, Sudipti Arora and Sonika Saxena

Section 3
Environmental Impacts of Crude Oil Processes 135

Chapter 7 137
Gasoline Lubricity
by Panagiotis Arkoudeas



XIII

1

3

23

51

67

69

91

117

135

137

Contents

Preface 

Section 1
Demulsification, Viscosity Index Improver, Pour Point Depressant 

Chapter 1 
Acrylic Polymers as Additives for Engine Oil: A Historical Perspective
by Rabab M. Nasser

Chapter 2 
Green Polymers and Their Uses in Petroleum Industry, Current State 
and Future Perspectives
by Manar Elsayed Abdel-Raouf, Mohamed Hasan El-Keshawy  
and Abdulraheim M.A. Hasan

Chapter 3 
Technologies Involved in the Demulsification of Crude Oil
by Karthika Rajamanickam

Section 2
Bioremediation, Cleaning up 

Chapter 4 
Bioremediation of Petroleum-Contaminated Soil
by Raman Kumar Ravi, Shalini Gupta and Reeta Verma

Chapter 5 
Biotechnological Potentials of Microbe Assisted Eco-Recovery of Crude 
Oil Impacted Environment
by Chioma Bertha Ehis-Eriakha, Stephen Eromosele Akemu,  
Simon Obgaji Otumala and Chinyere Augusta Ajuzieogu

Chapter 6 
Actinomycetes as An Environmental Scrubber
by Sutaria Devanshi, Kamlesh R. Shah, Sudipti Arora and Sonika Saxena

Section 3
Environmental Impacts of Crude Oil Processes 

Chapter 7 
Gasoline Lubricity
by Panagiotis Arkoudeas



II

157

179

181

203

213

Chapter 8 
Oil Losses Problem in Oil and Gas Industries
by Yulius Deddy Hermawan, Dedy Kristanto and Hariyadi

Section 4
Case Studies 

Chapter 9 
Improving Reserves and Well Productivity Using Modern Technologies 
by Haq Minhas

Chapter 10 
Connect Two Crude Oil Distillation Units with One Crude Oil De-Salter 
in Dewania Refinery
by Omar Mahmoud Waheeb

Chapter 11 
Green Technology for Crude Oil Processed Water Treatment: A 
Practical Approach for Nigeria Petroleum Industry
by Hassana Ibrahim Mustapha

Preface

Petroleum is one of the most important non-renewable fuel sources in the world. 
It is also a basic source for many raw materials used in both simple and advanced 
industries, including the chemical industry. 

Figure 1 shows the global distribution of crude oil production in 2020 [1].

Petroleum undergoes many complex processes, from its extraction from the
ground until it reaches us in the form of different products. The petroleum indus-
try is one of the most important and complex industries. It involves exploration
and drilling, oil production, transportation of oil to refineries, and refinement
and separation of oil by distillation or thermal cracking into different products
(Figure 2 illustrates some of these operations). The products obtained from
crude oil include:

• asphalt

• diesel fuel

• fuel oils

• gasoline

• kerosene

• liquid petroleum gas (LPG)

• lubricating oils

• paraffin wax

• tar

These processes have been thoroughly investigated in numerous studies, papers, 
books, and other literature [4–7]. Studies are always being conducted to record and 
document the latest developments in the petroleum industry. As such, this book
presents and discusses some of these recent studies. It is divided into four sections. 
The first section includes three chapters dealing with some materials used in crack-
ing crude oil and improving its specifications. It also includes a chapter devoted 
to green materials used in the petroleum industry. The second section includes
chapters that discuss some operations for reducing or eliminating the hazardous
effects of petroleum pollution by chemical or biological methods. The third section
is concerned with studying the environmental effects of crude oil, while the fourth
section includes case studies from different countries. This book is a useful resource
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Chapter 1

Acrylic Polymers as Additives 
for Engine Oil: A Historical 
Perspective
Rabab M. Nasser

Abstract

Oil undergoes temporary viscosity changes under operating conditions in 
engines. Therefore, engine oils usually contain polymeric additives called viscos-
ity modifiers. These additives are oil soluble polymers; enable the oil to provide 
adequate hydrodynamic lubrication at high temperatures and good starting/
pumping performance at low temperatures. Pour point depressants are additives 
which add to engine oil to lower/decrease the probability of wax argument forma-
tion under lower temperature conditions. The aim of this chapter is to present the 
historical synthesis of different types of acrylic polymers, there effect as lubricating 
oil additives (viscosity index improvers and pour point depressants). In addition, 
the mechanisms by which viscosity modifiers and pour point depressants work, and 
method of evaluation.

Keywords: Acrylic polymers, Free radical polymerization, Engine oil additives, 
Viscosity index improvers, Pour point depressants

1. Introduction

Almost all commercial manufacturing and general-use equipment have mating 
surfaces that rub against each other, creating a lot of wear and tear. There is always 
resistance between the mating surfaces as a result of frictional reactions. As a result 
of wear and tear, material is removed from the top surface. Lubricants create a 
protective layer between mating surfaces, minimizing friction and, hence, wear and 
tear. Lubrication is a technique that is commonly used to maintain a protective layer 
between moving surfaces in order to reduce frictional effects and material degrada-
tion due to wear and tear [1–4].

1.1 Lubricant uses

The main functions of the lubricant may be dominated as follow:

1. To reduce mating layer wear and tear by limiting direct surface-to-surface 
contact, particularly in metallic surfaces, by introducing a lubricating layer 
between mating layers [4–6].
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2. To decrease frictional heat-induced material surface loss and metallic surface 
expansion.

3. To transport heat by acting as a heat dissipater or coolant [7–10].

4. It adds to relative motion smoothness.

5. It lowers total maintenance expenditures.

6. It minimizes power losses in internal combustion engines [11–13], etc.

1.2 Lubrication methods

The concepts of lubrication can be elucidated using the mechanisms 
described below.

1.2.1 Use of thick films for lubrication

The moving/sliding faces are isolated with a thick layer of liquid, with the pur-
pose of allowing for occasional top layer to layer contact. The lubricant layer fills the 
space at the irregularities of mating layers and creates a not-so-thin layer between 
them, preventing immediate mating among the top layers of the material in use. 
As a result, wear and tear is greatly reduced. The lubrication oil must be consistent 
during typical operation in machine parts, and it must also remain viscous enough 
to isolate the layers [14–17].

1.2.2 Lubrication through the use of thin films

Maintaining a continuous layer of lubricant between the mating surfaces can be 
problematic in some instances. Then a process is used in which the region between 
layers sliding over one another is lubricated by an adsorbing substance that, accord-
ing to its adsorption qualities, remains on the higher layers. This reduces friction 
between moving peak regions of mated surfaces. Adsorption can occur as a result of 
physical or chemical attributes [18–22].

1.2.3 Extreme pressure lubrication

When the moving/sliding surfaces are subjected to strong loading, a high tem-
perature is reached. Under such conditions, liquid lubricating oils fail to adhere and 
may crumble or even evaporate. To solve these ridiculous circumstances, unique 
additives are added to mineral oils. These are referred to as exceptional weight 
included compounds. On metal surfaces, these extra chemicals form more intense 
films (capable of withstanding high loads and temperatures). The most fundamen-
tal contained compounds are regular mixtures containing dynamic radicals [23–26].

1.3 Type of lubricants

Lube oils are generally classified depending on their condition, which is as 
follows;

1.3.1 Lubricants in liquid form or lubricating oils

There are three types of oils:
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1.3.1.1 Animal and vegetable oils

They are derived from unrefined fatty oils and vegetable extracts. They are 
also called bio-lubricants [27–35]. They have a high degree of smoothness and, as a 
result, may stick to metallic surfaces for extended periods of time and under harsh 
conditions.

1.3.1.2 Mineral or petroleum oils

These are readily available and reasonably priced lubricants. They are relatively 
stable in regular operating settings and so commonly used. In general, bulkier 
chemicals are added to them to increase their oiliness. For example, oleic acid and 
stearic acid are added to improve oiliness [36–39].

1.3.1.3 Blended oils

Because no individual oil provides all of the desired qualities, these are the most 
regularly utilized oils. These oils perform better and are often manufactured to 
order with the addition of larger molecular components [40, 41].

1.3.2 Semi-solid lubricants or grease

These are typically created by combining thickening additives with base oil. 
Grease can withstand heavy loads at low speeds but is a poor heat dissipater and is 
hence utilized in low temperature bearings [42–45].

1.3.3 Lubricants in solid form

These are to be used when even grease cannot tolerate the temperature and 
pressure, when contamination must be avoided, when combustible lubricants are 
undesirable. They keep the lubricating film persistent even in conditions that grease 
cannot. To improve their adhesion to metallic layers, these are manufactured in 
powder form, dry form, and as coalescent [46–54].

1.4 The role and importance of engine oil

In addition to decreasing friction and wear, the engine lubricant is required to 
aid in sealing, cooling, protecting components against corrosion, cleaning surfaces 
of deposits, and transporting particles in suspension to the oil filter. All of this must 
be accomplished while fulfilling customer expectations for low costs and, in some 
circumstances, considerable intervals between oil changes.

The lubricant base stock, which accounts for 75 to 85 percent of the oil by vol-
ume, is a combination of hydrocarbons chosen to offer a starting point for viscosity 
and lubrication performance. The molecules that make up this base stock might be 
refined straight from crude oil or generated through chemical processing (synthetic 
lubricants).

In either scenario, the hydrocarbon compositions may be very similar, with 
the chemical makeup being more tightly controlled in synthetic oils. Depending 
on the hydrocarbon sources utilized to make the synthetic oil, it may also be 
free of the undesired sulfur and ash found in crude oils and which are costly 
to remove. The remaining lubricating oil is an additive package made up of 
a variety of chemical compounds chosen to give the anticipated lubrication 
 performance [55].
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1.5 Additives to engine oil

Engine oils are composed primarily of base oil, with the majority consisting 
of friction modifier additives used to increase performance. Typically, additives 
reduce wear, prevent oxidation, aid in dispersion, and add detergents to the base, 
which helps to keep the engine clean and improves viscosity index. Furthermore, 
the engine oil must maintain proper viscosity across a wide operating temperature 
range [56–60].

These features are carried by the additives added to base oil, which are necessary 
for the engine to run smoothly and efficiently. Oil is now produced with the strin-
gent demands of today’s engines in mind. The amount of additives ranges from 5 to 
30% from total engine oil, Figure 1.

This, without a doubt, makes them tough and costly to create, but they can now 
be tailored to meet the application they are required to serve for engine safety and 
economical fuel efficiency. They can also be engineered to be exceedingly stable at 
both low and high temperatures. We will discuss viscosity index improvers and pour 
point depressants for lube oil.

1.5.1 Viscosity index improvers

The viscosity of hydrocarbon lubricants varies dramatically with temperature — 
roughly. Two orders of magnitude between cold ambient and full-load oil operating 
temperature for an unaltered mixture. Because of this reliance, ensuring adequate 
oil flow under all operating conditions and effectively balancing supply and leakage 
rates for acceptable lubrication of important surfaces is particularly difficult. Long-
chain polymers called viscosity index improvers coil up at low temperatures and 
uncoil as the temperature rises [61–63].

As temperatures drop, the viscosity of ordinary petroleum oil increases, making 
it flow more slowly; conversely, as temperatures rise, the oil thins out and flows 
more freely, Figure 2. When there are large fluctuations in ambient temperature, it 
is often advantageous to use an oil whose viscosity remains as close to the ideal value 
as feasible despite the temperature fluctuation.

The “viscosity index” (V.I) is the rate at which viscosity changes with tem-
perature. A liquid’s viscosity is more consistent the greater its V.I. Depending on 
the source of the crude [paraffinic crude oils have the greatest natural viscosity 

Figure 1. 
Main components of engine oil.
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index], lubricants extracted from crude oil by simple distillation can have a wide 
range of viscosity indexes. Viscosity index can be calculated according to ASTM 
D -2270-10 [64].

However, by adding a viscosity improver or viscosity modifier to an oil, the V.I 
can be increased. Long chain polymers with a very high molecular weight, such as 
polyisobutylene, polyacrylates or polymethacrylates, are commonly used as viscos-
ity index improvers.

1.5.1.1 Mechanism of viscosity index improvement

Viscosity index improvers work by enhancing viscosity at high temperatures 
proportionally more than at low temperatures. Their behavior in oil shows that 
at higher temperatures, they distend or stretch, limiting flow and giving the oil 
more viscous qualities [62]. In doing so, they compensate to a significant extent 
for the oil’s tendency to thin out when heated. Increasing the molecular weight 
of a polymer increases its volume in an oil solution. Viscosity improvers respond 
to temperature in the same way that springs do. When cold, the molecules in the 
V.I improver contract and expand or thicken when heated. These changes in the 
physical properties of the V.I improver serve to adjust for variations in the basic 
oil stock. As a result, the oil’s temperature stability is improved throughout a wide 
temperature range [65].

1.5.2 Pour point depressants

All oils contain dissolved wax; however, the percentage of dissolved wax varies 
depending on the source of the oil. As the temperature dropped, the wax particles 
began to interlock like a sponge, attracting oil molecules into its microscopic pock-
ets and so impeding oil transport [66–68].

Many approaches were employed to reduce the amount of wax in the generated 
oil, ranging from mechanical agitation to the inclusion of chemicals known as pour 
point depressants. The interaction mechanism of action of pour point depressants 
in oils is explained theoretically. Examples of these theories include adsorption, 
co-crystallization, nucleation, and improved wax solubility [69].

A good pour point depressant additive must have the following structural 
characteristics:

Figure 2. 
Mechanism of viscosity index improvers.
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• It must have a polymeric structure,

• It must have both waxy and non-waxy components,

• It must have a comb structure

• It must have a balanced molecular weight distribution.

1.5.2.1 What is the mechanism of action of a pour point depressant?

Pour point depressants work by modifying the wax – crystal bond. The main 
question is how they work based on crystal size? This can happen through one of 
two ways:

1) adsorption onto the surface of newly formed crystals, or 2) co-crystallization with 
the precipitating wax [70–75]. Pour point can be evaluated using ASTM D 97–17 [76].

1.5.3 Rheological characteristics

Polymer molecules are mostly hydrocarbon compounds. When dissolved in oil, 
they form a random coil. Under significant shear stress, the polymer molecules will 
separate into two or more polymeric particles. Polymers with higher molecular weights 
are more resistant to distortion and mechanical degradation, whereas polymers with 
sufficiently low molecular weight may not even undergo permanent shearing. Because 
the sheared polymer molecules have a sufficiently low molecular weight to be resistant 
to further breakdown, the degradation process is self-limiting [77–79].

1.6 Acrylic polymers

Acrylic polymers are “polymers based on acrylic acid, its homologues, and deriv-
atives.” Acrylic acid, methacrylic acid are the most common commercial polymers 
in this class, as are acrylic acid esters, methacrylic acid esters, acrylonitrile, acryl-
amide, cyanoacrylates, and copolymers of these compounds. Styrene–acrylonitrile, 
acrylonitrile-butadiene-styrene terpolymers, as well as acrylonitrile-butadiene-
butadiene terpolymers [80–82].

Acrylate polymers are easily polymerized (Homo-polymers, co-polymers and ter-
polymers) using free radical polymerization, where polymerization occur according 
to free radical polymerization; using initiator such as benzoyl peroxide, H2O2 … etc. 
the general mechanism of acrylate polymerization is illustrated at Figure 3.

Figure 3. 
General mechanism of acrylate polymerization.
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The incorporation of acrylic polymers with other green ingredients such as 
(jojoba oil [83–87], sunflower oil [88–90], castor oil [91] … etc.) has been reported. 
Acrylic polymers have been evaluated as motor oil additives (viscosity index 
improvers, pour point depressants, anti-wear, and anti-friction … .etc.) as tabulated 
at Table 1.

2. Conclusions

In this chapter we summarize the important uses of acrylate polymers, copo-
lymers, and terpolymers and their uses as viscosity index improvers, pour point 
depressant, anti-wear, corrosion inhibitors, and rheology modifiers for engine oil. 
We can conclude the important of this category of polymers in the petroleum sector.
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Abstract

The concept of green chemistry has been established to find safe methodologies 
and environmentally benign solutions for the present and the onset problems. In 
this regard, extensive work has been carried out worldwide to replace the cur-
rently used materials with green ones. The terminology green relies on all the 
non-pollutive or the degradable materials regardless of their source. Therefore, 
there are biobased green materials and non-biobased green materials. This review 
sheds light on several green polymers used in different petroleum industries. The 
polymers are reviewed according to the stage of oil processing in which they are 
applied. Furthermore, different modification methodologies of natural polymers 
are revised. Also, the role of green non-biopolymers in different petroleum indus-
tries is investigated. It is worth mentioning that we concentrate our efforts on the 
utilization of different natural polymers in petroleum applications. Thereafter, 
some natural polymers such as chitosan and cellulose and their derivatives were 
specifically reviewed.

Keywords: Green polymers, corrosion inhibitors, demulsifiers, oil spill dispersants

1. Introduction

The majority of raw materials used today derived from non-renewable sources 
such as coal and petroleum. This caused many drawbacks such as a severe depletion 
of non-renewable resources, continuous growth in petroleum prices, environmental 
impact with the rise in the emission of greenhouse gases, and accumulation of non-
biodegradable waste on earth [1–3]. Currently, major global attention has shifted to 
other sources, for many reasons such as, need for enormous novel and sustainable 
material resources; supplement, reuse, and replace of petroleum-based polymeric 
materials; biodegradability of materials to prevent a buildup of waste; the toxicity 
associated with the preparation, usage, and environmental safety. Therefore, the 
utilization of natural resources as alternatives for petroleum-based products has 
been increased (Figure 1).

Consequently, some new terms have been developed, such as green, environ-
mentally benign, biodegradable … etc. Therefore, polymers are referred “green” 
if they exhibit one or more of the following properties: source renewability, 
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biodegradability, composability after end of the life and environmentally friendly 
processing [3, 4].

Many materials can be categorized under this term such as:

• Biopolymers: Biodegradable polymers (From biopolymers or petropolymers).

• Recyclable polymers: (From biopolymers or petropolymers).

• Polymers from renewable resources: The input materials for the production 
of these polymers may be either renewable (based on agricultural plant 
or animal products) or synthetic (derived from or based on petroleum 
crude oil).

Sustainable polymers from renewable resources can be prepared through 
chemical modification of natural polymers, such as cellulose, starch, chitin, etc. 
Bio-based polymers also synthesized through a two-step process from biomass 
(lignin, cellulose, starch, plant oils) [5–7]. Carbohydrates are the most prominent 
raw materials for industrial chemicals as they account for around 95% of annually 
produced biomass. The conversion methods including chemical and biologi-
cal methods, direct extraction and selected technological advancements will be 
discussed. Furthermore, the application of green polymers in some petroleum 
processes also will be investigated.

2. Biopolymers versus green polymers

Macromolecules which are produced by living organisms and given the term 
biopolymers have numerous functions. Some of them, as DNA molecule, have so 
specific functions in information storing and convey. Others are formed in con-
siderable level (scale) and offer protection in the form of hard shells or structural 
integrity [8–11]. These ‘structural’ biopolymers symbolize a various range of 
chemical functionality and compositions and can be largely categorized as polysac-
charides, triglycerides, polypeptides (Figure 2). As general, all biopolymers are 
green but not all green polymers are derived from natural sources, there are green 
synthetic polymers such as polyesters and some green polymers are derived from 
crude oil such as polycaprolactam (PCL) (Figure 3).

Figure 1. 
Worldwide use of renewable resources for materials in 2008.
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Figure 2. 
Different types of biopolymers.

Figure 3. 
Classification of green polymers.
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2.1 Advantages of green polymers

The green polymers show superior and unique properties incomparable to other 
materials, these properties are [12–14]:

• Economically feasible • High flexibility relative to properties and 
implementations

• Lighter weight • Excellent anticorrosion property

• Easy processing with short period in injection 
molding, blow molding, fiber spinning, and 
extrusion

• Highly cost-, resource-, eco-, and energy-
effective mass production

• Flexible base of raw materials (oil, coal, gas, and 
biomass)

• High energy content similar to that of oil and 
superior to wood

• Recycling as materials and sources of energy and 
chemical feedstocks

• Significant contributions to energy savings in 
applications

The green chemistry concept, which was initiated in the 1990, is linked to 
the term green economy. Both terms aim to minimize the claim for energy and 
resources, lessen wastes, avoid ecological pollution and hazards, reduce greenhouse 
gas release, optimize industrialization processes, and establish efficient recycling of 
wastes [15–17]. These elements are essential parts of sustainable chemistry.

2.2 Green principles of polymer production

Important green principles of polymer production handle the following issues 
[18, 19]:

• High resource usefulness and elevated atom economy, capitalizing the content 
of raw materials in the manufactured goods.

• Clean and lean production processes, preventing wastes and reducing  
greenhouse gas emissions

• High safety criteria.

• Secondary substances use like blocking groups, and organic solvents are not 
recommended.

• No healthiness and ecological hazards by eliminating toxicity.

• High-energy efficiency of materials’ manufacturing and applications.

• Utilization of renewable resources and renewable energy.

• Low carbon footprint.

• Controlled product lifecycles with useful and effective waste recycling.

However, the properties of biopolymers are strongly influenced by their source. 
Visibly, the structure and characteristics of a polysaccharide are totally different 
from a polypeptide. Even so, there can still be spectacular variation in properties of 
a single biopolymer, depending on the species that produce it. A typical model of 
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this natural variability is alginate, which is an extract from seaweed. Alginate is a 
linear copolymer of α-L-guluronate and β-D-mannuronate and the segments are not 
random copolymers but contain blocks of alternating or identical monomers. The 
strength of this biopolymer count on its composition, which varies significantly 
between different species and growth environment as well as within different parts 
of the original plant (Figure 4).

2.3 Physico-chemical properties of green polymers

Gel or viscous solutions formation is one of the most attractive features about 
green polymers; a lot of them form viscous solutions or gel in water due to intermo-
lecular hydrogen bonding formation (Figure 5). This specific property used widely 
in different industries to control rheological properties and stability [20].

Another important feature that most green polymers possess is their high 
functionality, which allows versatile modification routes in order to produce endless 
products [12]. Extensive works are carried out to design and invent green alterna-
tive routes for effective biomass transformation to chemicals.

These modification methodologies depend on the nature of the functional 
group(s), distribution of these functionalities within the polymer chain, the nature, 
and the usability of the product. The most common modification procedures involve 
esterification, ethoxylation, depolymerization, amination, etherification … etc. [21]. 
The next sections include thorough review for modification of green polymers for 

Figure 4. 
Alginate from different sources.

Figure 5. 
Intermolecular hydrogen bondings.
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utilization in different petroleum sectors. They are categorized according to the stage 
they are applied in – as in Table 1.

3. Green polymers in petroleum industry

3.1 Drilling fluids

The expression drilling mud implies to fluids, which are used to save up well 
control and transport drill cuttings from the boreholes to the surface. In the drill-
ing process, the fluid is pumped from the surface, down the drill string, through 
the bit, and back to the surface via the annulus. Drilling mud constitutes an 
essential part of the drilling process. The appropriate fluid selection is controlled 
by drilling performance, expected well condition, the safety of workers, cost, 
and mud cuttings discarding [22]. Drilling muds must be verbalized to eliminate 
problems associated with formation damage, well chemistry, and other well distur-
bances. Choosing suitable drilling fluids and control of their properties within 
desirable ranges are pivotal aspects of successful oil well drilling [23]. Drilling 
muds are mainly composed of liquid (i.e., water, oil, or brine) and solid materials 
(i.e., clay, polymer, barite, and additives). The main types of drilling muds are 
illustrated in Figure 6.

There are many green polymers used as thickening agents in drilling mud 
formulation as either single materials or a blend of components. These include 
Polyethylene glycol [24], Carboxymethyl cellulose [25, 26], combination of cel-
lulose and clay [27], amide modified polysaccharide [28], cellulose nanofibril [29], 
chitosan [30]. Based on their superior thickening properties, Green gums were used 
are excellent candidates in drilling fluid designs. In this regard, Guar gum was used 
during drilling operations as a first-rate additive for mud systems because of its 
unique properties. These properties include, but are not exclusive to, loss control 
agent, viscosifiers and polymer [31, 32].

Xanthan gum has used as a highly beneficial drilling mud additive that reduces 
related well instabilities [33, 34]. Xanthan gum also, can be used in other applica-
tions such as an emulsifier, stabilizer (in some cases), a thickener for mud systems 
and suspending agent [34–37].

Moreover, other natural water-insoluble cellulosic materials; peanut hulls, 
bagasse, and sawdust were investigated as lost circulation control materials [38]. 
The chemical composition of these materials is given in Table 2; the data revealed 
that Peanut hulls have the best results relative to bagasse and sawdust as they have 
60% crude fiber and the least content of cellulose.

Furthermore, some mixed green formulations were applied as thickening agents 
such as Sulfonate-containing polymer/polyanionic cellulose [39], sulphone cross-
linked galactomannans [40].

Olatunde et al. [41] introduced a blended water-based drilling fluid based on 
guar gum, bentonite, polyanionic cellulose (PAC) and arabic gum. The rheological 

The stage The chemical applied

Production Drilling fluids

Transport Demulsifiers – Corrosion inhibitors – Coating materials Oil sorbers – Oil spill dispersants

Refinery Corrosion inhibitors Coating materials

Table 1. 
Utilization of green polymers in the petroleum sector.
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behavior and the filtration loss property of each drilling fluid developed were mea-
sured using API standard procedures. Guar gum showed the highest gel strength 
and the best stable rheological properties. The rheological properties of borate-
guar gum crosslinked fluids were studied by Oscar [42] and he found that anionic 
galactomannans, which are derived from guar gum suitable as thickeners. They are 
capable of enhancing viscosities when used either alone or in combination with a 
cationic polymer and distributed in a solvent.

3.2 Demulsifiers

The process of crude oil formation is usually associated by incorporation of 
salty water within the crude. This formation water constitutes very drastic water-
in-oil emulsions, which affect the production process and causes corrosion to the 
production facilities and equipment. Therefore, crude oil free of water is a signifi-
cant demand for oil and gas treatment. The demuslification process is a stepwise 
process starts removing the natural stabilizing agents that present in the crude oil 
(asphaltenes), then replacing them with demulsifiers which allow water droplets to 
approach each other and coalescence into bigger and bigger droplets which finally 
leads to separation of the emulsion into two phases (Figure 7).

Figure 6. 
Different types of drilling muds.

The 
material

Chemical composition

Peanut 
hulls

Cellulose (25%), Crude fiber (60%), Water (8%), Protein (6%), Ash (2%), and Fat (1%)

Bagasse Cellulose (55%), Hemicellulose (25%), Lignin (24%), Ash (4%), and waxes (1%)

Saw dust Cellulose (58.2%), Lignin (28.4%), Moisture (4.8), and Ash (0.21%).

Table 2. 
Chemical composition of some cellulosic materials [38].
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Environmental restrictions limit the use of most traditional demulsifiers despite 
of its effectiveness in breaking (W/O) emulsions. Since most traditional demulsi-
fiers are pollutive and have high environmental hazards, green demulsifiers have 
been applied to break down petroleum emulsions. In this regard, Abu-Bakar and 
Aliyu [43] investigated plant extracts of some vegetable oils such as the coconut, 
olive oils, and green tea as effective environmentally friendly W/O demulsifiers. 
The plant extract was obtained by Soxhlet extraction method while the vegetable 
oil (triglycerides) was obtained from coconut oil (100%), the compositions, and 
the purity of the extracts and the vegetable oils were determined by gas chroma-
tography (GC) while the non-toxic effect of the tested demulsifiers was proved by 
potential toxicity tests. The demulsification efficiency of the investigated green 
demulsifiers was confirmed via bottle tests, the data revealed that the green tea 
extract and olive oil separated lesser amount of water than the coconut oil for all 
W/O emulsion samples. Moreover, Abdulraheim [44] developed chitosan-based 
nonionic surfactants by modification of chitosan (chemically) via esterification 
then etherification to produce ether amides surfactants (Figure 8). The synthesized 
surfactants were characterized by IR spectroscopy and their thermal properties 
were investigated. Furthermore, the surface properties of these surfactants were 
calculated through surface tension measurements at different temperatures and the 

Figure 7. 
Demulsification process.

Figure 8. 
Chemical modification of chitosan into nonionic surfactants.
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demulsification efficiency of the prepared surfactants was verified under different 
conditions. Viscosity of the crude oil before and after demulsification was used as a 
parameter for demulsification process. Moreover, the demulsification process was 
monitored by using the optical microscope. Cellulosic materials were extensively 
used as bases for green demulsifiers for crude oil emulsion. Regarding this, cellulose 
was separated from saw dust and depolymerized into pure glucose, which is modi-
fied into nonionic surfactants via esterification then etherification, Abdel-Raouf 
et al. [45]. The surface properties of the synthesized surfactants were verified under 
different conditions. The demulsification efficiency of the prepared demulsifiers 
was verified for breaking two types of crude oil (light and heavy crudes) at different 
conditions of aqueous phase [46]. The data revealed that the light crude was more 
easily demulsified than the heavy crude, besides that, changes in pH or salinity of 
the aqueous phase of the emulsion enhance its stability and decrease the demulsifi-
cation efficiency of the applied demulsifiers.

Furthermore, a number of glucose fatty ester ethoxylates were prepared and tested 
as demulsifiers for oil sludge (Figure 9). Results showed that the prepared demulsifiers 
achieved about 90% water separation from the sludge after 6 h of injection. The hydro-
carbon composition of oil phase recovered from the treated sludge was determined.

The oil phase was rich in low molecular weight hydrocarbons this is also an 
indication of their efficiency as demulsifiers for petroleum sludge [47]. Zhang 
and Merchant [48] prepared nonionic saccharide surfactants with an amide group 
linking hydrophilic saccharide segment to hydrophobic alkyl segment and investi-
gated their surface-active properties (Figure 10). The surface properties of these 
surfactants were studied versus the length of hydrophobic and hydrophilic and the 
obtained data was interrelated to structural variation in the saccharide surfactants. 
Roostaie et al. [49] used some cellulose, ethylcellulose, microcrystalline cellulose, 
at different viscosity grades, and the blend of ethylcellulose and ethoxylated coco 
amine to break the crude oil emulsion through bottle test. According to the obtained 
results, ethylcellulose was very efficient in breaking emulsion but with slow dehy-
dration rate, which is the main weakness of that agent. Finally, the effect of tem-
perature, agent composition, and demulsifier amount on the dehydration capacity 
and rate of selected agents were evaluated. Three unrefined fatty oils were used 
as sources for demulsifiers. The hydrolyzed form of each type of oil was adducted 

Figure 9. 
Synthesis of ethoxylated glucose fatty esters.
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with maleic anhydride then modified by esterification with polyethylene glycols or 
ethyleneoxide-propyleneoxide block copolymers. The demulsification efficiency, 
coalescence rate, some surface active, thermodynamic properties, and partition 
coefficient of a selected demulsifier were investigated [50].

Atta and Elsaeed [51] prepared some nonionic polymeric surfactants from rosin 
by esterification of it with different molecular weights of polyethylene glycol to 
produce rosin ester surfactants. The surfactants were tested as sludge dispersants 
via viscosity measurements of sludge crude oil mixtures at different times.

Demulsifiers from green non-bio polymers were also prepared. A series of 
propylene oxide (PO) ethylene oxide (EO) block copolymers with different EO/PO 
ratios and molecular weights have been synthesized and tested for their demulsifi-
cation potency in breaking water-in-benzene emulsions stabilized by asphaltenes. 
The demulsification competence of the prepared surfactants was studied versus the 
change in molecular weight and HLB, the data revealed that the amounts of sepa-
rated water are directly proportional to both of them., also the effects of tempera-
ture, NaCl concentration (salinity), pH value, and solvents on the demulsification 
effectiveness were thoroughly inspected [52, 53].

Dalmazzone and Noïk [54] performed large screening of different chemicals 
that could be used as demulsifiers for oil production by classical bottle tests. Silicone 
derivatives were proved as effective demulsifiers in breaking two types of emulsions 
come from an asphaltenic and a paraffinic crude oil. According to this first round 
study, silicone demulsifiers appeared as good candidates for the further development 
of new green formulations for oil production and demulsification. Alsabagh et al. [55] 
studied the demulsification process of Water-in-oil emulsion at petroleum field using 
some demulsifiers derived from propylene and polyethylene oxides. The data revealed 
that the chemical structures, which containing propylene oxide, might play a vital role 
to ease and enhance the demulsification competence and that rising of the surfactant 
dosage (100–600 ppm) decreases the time taken for complete water separation.

3.3 Corrosion inhibitors

Corrosion is a severe engineering problem in this current era of industrial 
evolution, which causes economic losses and irreversible damage to metallic 

Figure 10. 
The chemical structures of three water-soluble chemically modified guar derivatives with different functional 
lateral groups.
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structures [56]. Figure 11 illustrates the electrochemical corrosion process. Several 
efforts have been made to control the destructive effects of corrosion using several 
preventive methodologies.

Corrosion inhibitors are essential petroleum additives during transport and 
refinery stages. In general, corrosion inhibition technology uses more than one of 
the following techniques:

a. Adopting metals with materials that improve the surface corrosion-resistant 
during the corrosion course of action

b. Addition of corrosion inhibitors that shield the surface of the metal and 
prevent reaction with oxidizing agents

c. Deposition of reactive coatings

Many green inhibitors have been developed, which are safe, biodegradable, 
eco-friendly and have proven effectiveness in controlling the corrosion of different 
metallic equipments and facilities made from steel, mild steel, stainless steel, iron, 
copper, aluminum, 2024-T3 aluminum alloy, steel in concrete structures, carbon 
steel, AA5083 Al-Mg alloy, nickel and zinc [57]. The use of inhibitors for the control 
of corrosion of metals and alloys, which are in contact with an aggressive environ-
ment, is highly recommended [58, 59]. The general requirements for selection of a 
proper inhibitor are illustrated in Figure 12.

The inhibitors are absorbed on the metal surface and suppress the corrosion. 
They are classified as cathodic, anodic and mixed type inhibitors, depending upon 
whether the inhibitor affects the anodic metal dissolution reaction or the cathodic 
oxygen reduction in near-neutral solutions or hydrogen discharge reaction in acid 
solutions [60]. Great numbers of organic compounds have been studied to investi-
gate their corrosion inhibition potential [61–64].

All these studies have revealed that organic compounds particularly those with 
N, S, and O show significant inhibition efficiency. Plant extracts and organic spe-
cies have become important as an environmentally acceptable, readily obtainable 
and renewable source for wide range of inhibitors [65–67].

Figure 11. 
Representation of electrochemical corrosion.
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The most common green polymers that can be made into corrosion inhibitor for-
mulations are cellulose and cellulose derivatives, chitosan, fatty acids and alcohols, 
guar gum and starch. They can be used either in their original forms or chemically 
modified or blended in different formulations or as nanocomposites. This vari-
ability leads to countless designs of green inhibitors. Therefore, the most effective 
designs are summarized in Table 3.

The bigger size and the greater number of characteristic anchoring groups of 
polymeric corrosion inhibitors afforded superior performance. These functional 
groups facilitate the adsorption on the surface of metal and coat greatly more 
surface than the matching repeating units.

Therefore, efficient protection operation is influenced by the corrosion allevia-
tion properties of polymers such as molecular weight, molecular size, composition, 
and nature of the anchoring groups. However, corrosion inhibitors from green 
non-biopolymers are well known. Organic inhibitors have been the most extensively 
used in petroleum refining processes because of their ability to form a shielding layer 
on the metal surface in media with high hydrocarbons content. Currently there are 
many of organic inhibitors belonging to diverse chemical families i.e. fatty amides 
[85, 86], pyridines [64, 87], imidazolines [68, 88–90] and other 1, 3-azoles [91–93] 
and polymers [94] have showed outstanding performance as CIs (Table 4).

Moreover, protonated polyanilines were identified as a pioneer corrosion inhibi-
tor in acid for a number of metals of the last century. Also, polyanilines as anticor-
rosive coatings were reported by several authors [95].

Most aniline-based polymeric materials show efficient inhibition due to their good 
of adhesion on the surface of metals. The metal/polymer interactions are mostly of 
hydrogen-bridge type or secondary interaction due to dispersion, dipole interactions, 
or van der Waals forces. Polyethylene terephthalate waste was modified into powerful 
corrosion inhibitors for API XL65 carbon steel, in a solution of 2 M HCl [96].

Figure 12. 
General requirements for corrosion inhibitors selection.
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Amines polymer are superb corrosion inhibitors for iron in acid solu-
tions. Jeyaprabha et al. [97, 98] investigated the corrosion inhibition act of 
poly(diphenylamine) and poly(aminoquinone) on iron in 0.5 M H2SO4. Other 
imine- and amide-based polymers have been employed as potent corrosion inhibi-
tors for different metallic systems [99–101].

3.4 Coating materials

A coating material is an anticorrosion agent applied in the form of a thin layer 
covering the metallic surface. The selected coating materials shall be appropriate for 
the intended use and shall be chosen after verifying the following properties:

Inhibitor system Type of substrate/Corrosive 
medium

Ref.

Saturated waxy fatty acids and waxy fatty alcohols. carbon steel/1 M HCl-hydrogen sulfide 
brine

[68]

Chitosan/Chitosan derivatives:

Chitosan Mild steel/0.1 M HCl [69]

Chitosan Copper/0.5 M HCl [70]

Carboxymethyl chitosan Cu2+ Mild steel/1 M HCl [71]

Acetyl–thiourea–chitosan conjugate polymer Mild steel/0.5 M H2SO4 [72]

β-Cyclodextrin modified natural chitosan Low carbon steel/0.5 M HCl [73]

Modified chitosan surfactants API 65 pipeline steel/1 M HCl [74]

Mild steel/1 M HCl [75]

Starch and its derivatives:

Activated and carboxymethylated starch cassava 
starch

XC35 carbon steel/Alkaline 200 mg/l 
NaCl

[76]

Tapioca starch AA6061 alloy/seawater [77]

Acryl amide grafted cassava starch Cold rolled steel/1 M H2SO4 [78]

Cassava starch Mild steel in 1 M HCl [76]

Exudates gums:

Gum Arabic Aluminum/mild steel/0.1 M H2SO4 [79]

Guar gum Carbon steel (L-52 grade) 1 M H2SO4 
containing NaCl

[80]

Cellulose and its derivatives:

Ethoxylated oligoglucose surfactants X-65 carbon steel in 1 M HCl [81]

Hydroxyethyl cellulose Mild steel in 1 M HCl [82]

Sodium carboxymethyl cellulose Mild steel in 1 M HCl [83]

Sodium carboxymethyl cellulose in combination 
with potassium halides (KCl, KBr, KI)

Mild steel (AISI 1005 grade)/2 M 
H2SO

[84]

Table 3. 
The most effective inhibitor formulations based on biopolymers.
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• Corrosion protective properties

• Product impact on public health and the environment

• Properties related to application conditions, equipment, and people.

• Availability and economics

Based on the above-mentioned criteria, green polymers specially biopolymers 
are excellent candidates for coating formulations. In the last few years, cellulose-
based materials (sp. Nano and micro cellulose) have recognized themselves among 
the most frequently used materials for superhydrophobic coatings.

In this regard, A number of polyurethane nanocrystalline cellulose composite 
(PNCCC) and polyurethane micro-powdered cellulose composite (PMPCC) coat-
ings were prepared with various loading levels of NCC and MPC, these coatings 
were applied onto the pretreated mild steel substrate at room temperature. The 
results showed that the NCC and MPC affected positively on the properties of the 
polyurethane coating [102].

Cleide et al. [103] studied the effect of aminopropyl triethoxysilane (APS), 
cellulose and polyaniline emeraldine-salt (PAni ES) as an additives to epoxy coat-
ing on the corrosion protection of mild steel. Microcrystalline cellulose (MCC) and 
cellulose nanowhiskers (CNW) functionalized or not with PAni ES were used and 
compared. The coating properties were checked by electrochemical impedance 

Common name Structure

Polyanilines

Polyamines

Polyimines

Polyamides

Polyvinylpyridines

Polyvinyl pyrrolidines

Polyvinyl alcohols/acetates/benzenes

Table 4. 
Structural groups of green non-biopolymer inhibitors.
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spectroscopy (EIS), salt spray test and scanning electron microscopy (SEM). The 
surface of the carbon steel, after 1000 h of exposure, did not present evidence of 
surface corrosion. Polymer coatings using CNW and PAni ES displayed amended 
corrosion protection properties even after 90 days of immersion in 3.5 wt% NaCl 
solution.

Another series of epoxy resin-based nanocomposites were prepared in the form 
of coatings with different amounts of NC loadings, and the coatings were applied 
onto mild steel at room temperature. The corrosion protection properties of the 
coated mild steel substrates immersed in a 3.5% NaCl solution were studied rela-
tively by electrochemical impedance spectroscopy (EIS). The results showed that all 
of the nanocomposite coatings with NC clearly influenced the epoxy-diamine liquid 
pre-polymer, both physically and chemically [104].

Lignin occupies the second rank in most widespread organic polymer. It contains 
benzyl alcohol, carboxyl, hydroxyl, methoxyl, phenolic and aldehydic characteristic 
groups. Extracted alkali lignin has shown corrosion inhibition behavior on various 
metal alloys in HCl solutions [105].

Chitin and chitosan are nitrogen derivative of cellulose. Chitosan is polyelectrolyte 
(cationic type), which can gel with polyanions and form complexes with metal ions. 
In our work [106], Chitosan was mixed as natural organic filler with epoxy coating 
in various loading levels from 2–20% to get chitosan − epoxy coating composite. The 
corrosion resistance and the antimicrobial activity of coatings formed by chitosan and 
epoxy were investigated. The corrosion resistance was evaluated via a salt spray test 
and the antimicrobial activity of the prepared composites was investigated against 
different pathogens. The obtained results demonstrated that the chitosan − epoxy 
coating composite showed uniform and lower corrosion rates than that of absolute 
epoxy coating. The DMA proved that chitosan improved the viscoelastic characteris-
tics of epoxy coating; the mechanical and chemical resistance were also enhanced with 
increasing chitosan. Other chitosan derivates such as acetyl thiourea, carboxymethyl, 
and hydroxyapatite composites were used as efficient corrosion inhibitors [107].

Figure 13. 
Some green polymers used in coating formulations.
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Rosin is another natural polymer that can be adopted into highly durable 
coatings. In our work [108], Ketone type derivative of rosin was synthesized by 
dehydrocarboxylation of isomerized abietic acid. Acid-catalyzed Diel-Alder reac-
tion was carried out for coupling of dipimaryl ketone with maleic anhydride. The 
corresponding tetra glycidyl ester was obtained by epoxidation of the dipimaryl 
ketone. The thermal properties of the cured resins using a rosin-based crosslinker 
and p-phenylene diamine (a viable crosslinker) were investigated using dynamic 
mechanical analysis (DMA), thermogravimetric analysis (TGA) and some pre-
liminary universal coating tests. Results showed that the fully rosin-based epoxy 
coatings gave better performance than bisphenol-A based one. These findings and 
results were attributed to a liquid crystal behavior of the rosin-based crosslinker. 
Furthermore, a tetrafunctional rosin-based epoxy was prepared and cured with 
either rosin-based hardener or common phenylene diamine to study the viability of 
creating high performance thermosetting polymer from a renewable resource. The 
analytical results indicate that fully bio-based epoxy system holds high glass transi-
tion temperature (Tg), high modulus (G`) and enhanced thermal stability [109].

Additional biopolymers such as vegetable oils [110] and Fatty acids [111] have 
been modified into successful coating formulations. However, other green polymers 
such as polyesters, polyester amides, polyether amides – (Figure 13) – have been 
used as coatings by many authors [112–114].

3.5 Oil sorbent materials

Over the past few decades, there have been many oil spill accidents. These 
accidents occurred during the extraction, transportation, and storage of oil, The 
spilled oil significantly affects the marine ecological system and the surrounding 
environment [115, 116]. Oil spill accidents have commended scientists all over the 
world to advance instant cleaning technology to treat oil spill disasters. Therefore, 
the removal of spilled oil from water resources is a very worthy matter.

The increased environmental awareness pushed the efforts towards inexpensive, 
non-toxic and biologically degradable compounds along with diverse biomasses to 
make multi-sized materials, sponges/aerogel, membranes, etc. for the remediation 
of oil spill [117]. Generally, there are two methodologies for oil spill remediation; 
Dispersion and/or recovery of the spilled oil (Figure 14).

The selection of the suitable method for oil spill control is dependent on the 
nature of the spilled oil, its location and the surrounding conditions [118]. When oil 
sorbents were chosen as a treatment method, environmental designs are required. 
However, the growing global inhabitant’s rate has enlarged the rate of food consum-
ing, producing immense amounts of biological waste. Therefore, the sensible solu-
tion is to consume such easily biodegradable waste or biomass to make cheap sorbent 
materials with higher oil uptake capability that is simple to scale up for the removal 
of an oil spill, rather than toxic chemicals. The most important natural polymer 
applied as oil sorbents or modified into gel structures are provided in Table 5.

Beside our previous works concerning the utilization of natural polymers as oil 
sorbents, we paid some attention for modifying some plastic wastes into effective 
oil sorbents for oil spill remediation. In this context, polymeric sorbents based on 
polystyrene waste were prepared and evaluated as sorbents for different oil phases 
under different application conditions. These sorbents are synthesized through 
radical polymerization of p-CMS with styrene in the presence of benzoyl peroxide 
as a free radical initiator. The oil uptake of organogel was determined through oil 
absorption tests; the highest oil absorbencies were 82.6, 74.4, 46.7, and 38.1 g/g in 
N,N-dimethyl formamide, CHCl3, toluene, and diesel, respectively [126].
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3.6 Oil spill dispersants

Addition of some chemical agents to breakdown the spilled oil into tiny 
particles to facilitate the process of biodegradation is another treatment mean 
for spilled oil. The proposed mechanism of dispersants action is illustrated in 
Figure 15.

Therefore, utilization of natural polymers in dispersant formulation is highly 
required. Generally, all multifunctional biopolymers can be modified into dispersants 
due to their high functionality. Water-soluble surfactants based on rosin acids were 
prepared from condensed rosin acid-formaldehyde, which esterified with different 
poly (ethylene glycol) chains into rosin esters. The dispersion effectiveness of the 
prepared surfactants as oil spill dispersants was investigated and linked with the 
surface activity, concentrations of the surfactants and type of petroleum crude oil. 
Additionally, Xanthan gum formulation comprised of Polyoxyethylene Sorbitan Fatty 
Acid Esters (48%), bis (2-ethylhexyl)sulfosuccinate sodium salt (35%) and Xanthan 

Raw material Oil sorption 
(g/g)

Recovery cycling Reference

Lignin 2–4 5 (Gasoline) [119]

Cellulose foam 9–24 15(paraffin and motor oil) [120]

Cotton 25–50 10 (n-Hexane and chloroform) [121]

Chitosan 14–30 15 (different organic solvents) [122]

Cellulose nanofibers 80–190 10 (Constant absorbency) [123]

Cellulose acetate 15–30 10 (Constant absorbency) [124]

Cellulose acrylate 15–30 Differ according to oil phases [125]

Table 5. 
The most common natural polymers used as oil sorbers.

Figure 14. 
Oil spill treatment processes based on oil dispersion or oil recovery.
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Gum was applied as a dispersant for crude oil with dispersion efficiency more than 
50% [127]. Some Octyl carboxymethyl chitosan as a green polymer was applied as a 
dispersant for waxy crude and fresh asphaltic crude with more than 90% dispersion 
efficacy [128]. Our environmental awareness has been extended to oil spill treatment. 
In this context, our attention was paid for chemical recycling of plastic wastes such 
as poly ethylene terephthalate into effective dispersants [129]. Moreover, green some 
poly oxyethylenated pentaerythritol (PE) ester surfactants have been synthesized and 
investigated as oil spill dispersants. Furthermore, the biodegradability of the investi-
gated esters was studied at various conditions in order to explore their usability as oil 
spill dispersants. The data revealed that the investigated esters were very efficient as 
dispersing agents and they were completely biodegraded after 8 days [130].

4. Future perspectives

The greatest challenge with the industrial development that is a rocket rising is 
to maintain the environment and develop environmentally benign multi-purpose 
materials especially hose designed for the petroleum sector. The sustainability of 
these materials is guaranteed as they are constructed from natural polymers. The 
future concern is concentrated on the following points:

1. Increasing the effectiveness of the present formulations

2. Modifying the functionality such that a single product can achieve several 
functions simultaneously with the same efficiency.

3. Massive production of the most successful formulation in order to minimize 
the production cost.

4. Establishing green synthetic routes that produce minimal or no wastes and 
consumes the least energy

Our future concern is to explore more products derived from natural polymers, 
mainly cellulose and cellulose derivatives, as it is the most abundant biopolymer 
to be used as multi-purpose products in the petroleum sector and to overcome the 
disadvantages of the currently applied formulations such as improper mechani-
cal properties, decreased efficiency at higher temperature or at elevated salt 
concentration. Our current research is the synthesis of cellulose nanocomposites 
as demulsifiers for petroleum sludge at ambient temperature. The breaking down 
of sludge requires sophisticated methodology, and the introduction of efficient 
demulsifiers to recover the oil from the sludge without heating will greatly reduce 
the sludge treatment costs. So, our future work will be extended on developing new 

Figure 15. 
Proposed mechanism of action of dispersants.
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organic–inorganic nanocomposites to increase the effectiveness of the working 
agents so as to double its surface area and to include inorganic core material inside a 
polymer shell to build up nanoparticles of a proper size.

5. Conclusions

Petroleum is the first and most important energy source. Therefore, the petro-
leum industry is rapidly growing and necessitates great attention. At the same 
time, the green chemistry concept is linked to this industry such that most if not 
all the materials used in this sector become green material. The concept ‘green’ 
was demonstrated and the difference between biomaterial and green material is 
discussed. The advantages of the green materials were mentioned. Moreover, the 
materials utilized in the petroleum sector were categorized according to the stage 
of application. Some products such as corrosion inhibitors and coating materials 
can be used in more than one stage. Furthermore, corrosion inhibitors perform the 
same function but differ in application methodology. The difference between the oil 
sorbers and the oil spill dispersant was discussed and the need for each category was 
identified. The green polymers included in this work are tabulated in Table 6.

The additive The biopolymers The non-biopolymers Blended formulation

Drilling fluids Carboxymethyl cellulose, 
amide modified 
polysaccharide, cellulose 
nanofibril, chitosan, 
guar gum, xanthan gum, 
peanut hulls, bagasse, saw 
dust

Polyethylene glycol, bentonite, guar gum, 
polyanionic cellulose PAC 
and gum arabic.
borate-guar gum

Demulsifiers Green tea and some 
vegetable oils, ether amide 
chitosan surfactants, 
glucose esters, micro 
crystalline cellulose, ethyl 
cellulose, fatty oils, rosin

Ethylene oxide-
propylene oxide block 
copolymers
Silicone derivatives

Corrosion 
inhibitors

Cellulose derivatives, 
chitosan, fatty acids, guar 
gum, starch,

Pyridine, imidazolines, 
1,3 azoles, polyanilines, 
Poly ethylene 
terephthalate,

Poly(minoquinone) and 
poly(diphenyl amine)

Coating 
materials

Nano and microcellulose, 
lignin, chitin and chitosan, 
rosin, vegetable oils, fatty 
acids

epoxy resin-based 
nanocomposite, 
polyesters, poly 
amides, polyether 
amides

Polyurethane 
nanocrystalline cellulose 
composite, aminopropyl 
triethoxy silane, polyaniline 
emeraldine salt, chitosan 
blended with epoxy coating

Oil sorbers Lignin, cellulose foam, 
cotton, chitosan, cellulose 
derivatives

poly styrene-co-p-
chloromethyl styrene

Oil spill 
dispersants

Rosin esters, xanthan 
gum, octyl carboxymethyl 
chitosan

Polyethylene 
terephthalate, 
oxyethylenated 
pentaerthyritol quadric 
esters

Tween 80, bis 
(2-ethylhexyl)
sulfosuccinate sodium salt 
and Xanthan Gum

Table 6. 
The green polymer reviewed in this work.
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Chapter 3

Technologies Involved in the 
Demulsification of Crude Oil
Karthika Rajamanickam

Abstract

Due to the use of enhanced recovery processes that necessitate the use of a 
considerable amount of water, mature petroleum reservoirs generate crude oil with 
huge amounts of water. The majority of this water gets emulsified into crude oil 
during production, increasing viscosity and making flow more difficult, resulting 
in production, transportation, and refining operational challenges that have an 
influence on corporate productivity. Natural surfactants with a strong potential to 
create stable emulsions are naturally mixed with crude oils. Because crudes with 
a high amount of stable emulsion have a lower value, the stable emulsion must be 
adequately processed to meet industrial requirements. As a result, basic research 
on natural surfactants that contribute to emulsion stability is examined in order 
to effectively separate emulsions into oil and water. This would need a review of 
various emulsification methods as well as the proper formulation for effective 
demulsification. The petroleum industry recognizes the importance of an efficient 
demulsification procedure for treating emulsions. Numerous studies on the mecha-
nisms of emulsification and demulsification have been undertaken for decades. 
To guarantee optimal hydrocarbon output, effective treatment is required. The 
present paper is to review reported works on the formation of petroleum emulsions, 
demulsification treatments, and characteristics of fit-for-purpose demulsifiers as 
well as research trends in emulsion treatment.

Keywords: crude oil, demusification, w/o emulsion, treatment

1. Introduction

Crude oil is a type of petroleum which has not been treated yet. In general, 
geologists agree that over millions of years crude oil was formed out of remains of 
small aquatic plants and animals living in ancient seas. Brontosaurus may be cast 
into bits for good, but petroleum is largely owed to one-cell marine organisms. 
Geological history of crude oils is the one most important when its characteristics 
are determined; therefore, crude oils in similar marine deposits can resemble each 
other on different continents. However, regions characterized by different deposits 
of the marine environment, pressure and temperature can produce a variety of 
crude oil, from sweet to greenish, to black, light or heavy, waxy or not.

Water is usually found in crude oil reservoirs or injected into oil production by 
steam. When rising through the well and passing through the valves and pumps, 
water and oil can blend into relatively stable dispersions of water droplets in crude 
oil, usually referred to as emulsions from oil fields [1]. In combination with gas and 
saline-forming water, crude oil is found. As the reservoir is depleted, the amount 
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of water produced with oil is co-produced, and the number of water supplies with 
crude oil is increasing steadily. The simultaneous action of shear and pressure drop 
on the wellhead, squash, and a valve easily emulsifies these immiscible fluids. It is 
produced in emulsion at 90 to 95% of the world’s crude oil. Due to economic reasons 
and pipeline corrosion, water in oil causes many trouble; before sending oil for 
processing, the water needs to be separated fully from petroleum. If a [2] system 
contains at least two intermixable phases, they are called dispersion. The formation 
of a dispersed system involves a dispersed phase and a continuous flow.

Two immiscible (unbeatable) liquids are mixed into emulsion. One (the scat-
tered) fluid is scattered into the other (the continuous phase). Many emulsions are 
emulsions of oil/water, with dietary fats one common type of oil found in daily life. 
Emulsions tend to look cloudy as the many interfaces of the phases (the interface is 
called the boundary) dispersion light through the emulsion. Emulsions are unstable 
and therefore not spontaneously formed. Emulsions tend to return to the stable 
state of the emulsion-related phases over time. The kinetic stability of emulsions 
can be greatly increased by surface active substances (surfactants), so that emulsion 
does not change markedly during stocking years once formed [3]. The formation 
of an emulsion is undeniable during the extraction and transport of crude oil. The 
formation occurs when the heterogeneous mix flows into the pipe valves and porous 
rocks and endures turbulence at high or high temperatures. The principal reasons 
for improving emulsion are the existence of water surface-active agents, ionic 
compositions and pH [4].

Transporting and manufacturing companies do not receive emulsions because it 
is highly capable of producing a stable composition, unless well treated, leading to 
many problems, especially in the process of refining. During the extraction of crude 
oil, many fighting can be brought together for an inscription [5].

• Formation of flow lines of high pressure drops. Increased water–oil mixture 
pumping and transport costs via the pumps and pipes.

• Disposal of pipeline and equipment for production (due to two-phase flow and 
presence of chloride ions in the aqueous phase).

• Corrosion and scaling escalation (due to the salt content in the formation 
of water).

• Separator equipment tripping in gas/oil separator plants (GOSPs) that reduce 
the quality of crude oil exported.

• Reduction of the gravity of the oil API.

• Disposal of downstream catalysts for processing plants.

• Improvement of crude oil viscosity (due to small dispersed water drops).

The primary elements of crude oil may be divided into four: saturates, including 
waxes, aromatic materials, resins, and asphalt, known as SARA fractions. The raw 
oil is classified in a solvent according to its polarity and solubility. Demulsification 
is the division into oil and water of a crude oil emulsion. In distillated piers, heat 
exchangers and reboilers, emulsions can cause problems of corrosion and under 
deposits. Commercial processes include settling, heating, distillation, centrifuge, 
electrical processing, chemical therapy and filtration. In combination, this separa-
tion technology can be used to ensure optimal results.
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Many of the oilfield researchers are concerned about the stability of crude oil 
emulsions, inventing various efficient and relevant techniques to cut it off. The 
demulsification process has grown in importance because the development of vis-
cous emulsions of oil, water and clay complicate use of steam and caustic injections 
or combustion processes for in situ heavy oil recovery.

In the petroleum industry the origin of the emulsion from the oilfield reservoir 
has become a complex problem. Strengthening future requirements for the best 
petroleum quality requires impressive and intensive development efforts to improve 
emulsion demulsification mechanisms. According to [5] Kokal and Aramco (2005), 
Rough oil is seldom produced on its own. It usually is produced from water, which 
in the production process creates several complications. The water can produce two 
ways. The water may be produced as free, immediately settling water, or emulsion 
formation due to the presence of the water.

2. Classification of oil emulsions

Three main types of emulsion that are common in the petroleum industry are 
the emulsions of water in oil (in which the water phase is dispersed in continuous 
petroleum), oil in water (in the continuous water phase) and multiple emulsions 
(Figure 1). Thermodynamically unstable, but also cinemically stable, these types 
of emulsion may last forever or even for a long time [5]. Emulsions are divided into 
three classes based on their kinetic stability: loose, medium and tight emulsions. 
They differ in their separation rates when the loose emulsions are separated in a 
couple of minutes and the water is occasionally discussed as free water. In 10 min-
utes, medium emulsions are to be separated. Tight emulsions however take longer 
than days, weeks or even completely separate as such to separate.

2.1 Water-in-oil emulsions

The most significant interest was given to water-in-oil emulsions during 
crude oil production. These emulsions must be divided into two stages to meet 
the transport requirements of crude oil and must be sent to refineries. Water in 

Figure 1. 
Types of emulsion.
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oil emulsion is commonly known as regular emulsion, often called “chocolate 
mousse” or “mouse” while oil in waters emulsion is referred to as reverse or reverse. 
Some 95% of the world’s crude oil produced the emulsion water in oils. It tends to 
separate into the formation of water droplets throughout the continuous oil phase. 
During manufacturing, an adequate mixing of emulsifiers/surfactants added to 
the crude oil volume leads to corrosion in the pipelines and increasing transport 
costs and refining costs. The crude oil viscosity is one of the important parameters 
in transport. Droplet size distribution affects the emulsion viscosity, since the 
smaller the droplet size, the higher the viscosity and stability of the water-in-oil 
emulsions [6]. The water emulsion in oil is formed when certain raw oils are mixed 
with water (which has their natural salt, NaCl) and when droplets are produced of 
water spread through the oils. Wind or wave turbulence supplies the mixing energy 
required to form emulsions in the ocean.

2.2 Oil-in-water emulsions

A “reverse” emulsion is said to be the oil-in-water (O/W) emulsions. Usually 
O/W emulsions will be identified during the water phase of the oil droplets. In 1994 
Porter disclosed that the stabilization and adsorption of an emergency surfactant 
is more effective in the continuous phase when the surfactant is more soluble. For 
the formation of O/W emulsions, it consists of two stages: water and oil. The oil 
phase appeared as globules at a continuous water phase and the surfactant structure 
(hydrophilic head and hydrophobic tail) are considered to be a soluble type for oil 
surfactants. Water surfactant is more effective in the case of W/O emulsions.

2.3 Multiple emulsions

The structure of several emulsions is more complicated and contains small drop-
lets suspended in large droplets, which are continuously suspended. For example, 
water-in-oil-in-water emulsions include small water droplets that are suspended 
in larger oil droplets during a constant water period [7]. It is possible to separate 
multiple emulsions into two classes: water in oil and water emulsions (W/O/W), 
and oil in water emulsions (O/W/O). Emulsions (W/O/W) are composed of oil 
globules dispersed in water droplets. Meanwhile, (O/W/O) emulsions consist of 
water globules dispersed in oil droplets. The intermediate state of these several 
emulsions is when simple emulsions undergo transformations from W/O emulsions 
to O/W emulsions.

3. Demulsification of crude oil

Demulsification is the breakdown of the emulsion into its incompatible individ-
ual phases, particularly water and oil. In petroleum industries, the demulsification 
process is very important, where emulsions occur almost always either naturally 
or consciously (man made emulsions). Before oil refining, water is to be separated 
from crude oil in the petrochemical industries and refineries. Emulsion breakers 
are currently used in large numbers as chemical additives to break the emulsion of 
water in oils. In terms of technology, the resistance to and response to demulsifica-
tion technologies such as thermal, mechanical, electrical or chemical emulsions of 
a w/o emulsion mainly depends on the physico-chemical structure of the oil they 
are formed from, emulsification, and aging conditions. The effort and strategies 
for optimizing the demulsification of w/o can therefore vary from one oil field to 
another [8]. The emul sions must be separated into water and oil phases in several 
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stages during the process of demulsification. Creaming and sedimenting, floccula-
tion, eastwald ripening, coalescence are the mechanisms involved in this process 
which shown in Figure 2.

3.1 Creaming and sedimentation

The difference in density between water and oil is responsible for both sedimen-
tation and creaming; that is, the density of water is higher than oil. Sedimentation 
is an important mechanism for the demulsification of crude oil and is characterized 
by water droplets on the ground of the continuous oil phase of an emulsion set-
tling. The growth of oil droplets on the water surface is instead a creaming process. 
Whether sedimentation or creaming takes place depends, therefore, on whether the 
dispersed phase is water or oil [9].

3.2 Flocculation

During flocculation the droplets of the water in crude oil emulsions are aggre-
gated or flocculated together. The flocculation rate depends on a number of factors, 
such as the emulsion’s water content, emulsion temperature, oil viscosity, the differ-
ence in oil/water density, and the electrostatic field [10].

3.3 Ostwald ripening

Ripening of the east forest is another process that demulsifies the crude oil. 
Ripening in the Eastwald is the process through which the volume drops. The 
process takes place as soon as in the continuous phase the dispersed phase has a 
finite solubility, which causes drops of varying sizes to migrate. In large fractions, 
faster growth generally occurs because the drops are easier to swap materials. 

Figure 2. 
Process of demulsification of crude oil.
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The solubility of oil in water or water in oil is low for heavy oil, which slows down 
growth processes. The decline of growth through Ostwald maturation plays a 
crucial part in stabilizing emulsions from oil into water [11].

3.4 Coalescence

Coalescence is a crucial step in the demulsification of crude oil and an irrevers-
ible process by which water droplets merge into or fuse into a larger process. The 
coalescence process often results in fewer droplets of water. The emulsion of crude 
oil is permanently demulsified [12]. Factors such as a high flocculation rate and lack 
of mechanically strong films, high interfacial tension and water cutting, low inter-
facial speed and high temperature are necessary for an efficient coalescence [13].

4. Techniques involved in the demulsification of crude oil

Increased temperature, centrifuge, electrical techniques, high resonance time, 
and chemical treatment separation increase destabilization of crude oil emulsions. 
The Many demulsification approaches have been found to achieve this, and numer-
ous parameters, including the distribution of the droplet size, dosage and drainage 
rate, emulsion viscosity/demulsifier type and temperature [5]. The techniques like 
Chemical, biological, mechanical, Thermal, centrifugal, freeze/thaw, and ultrasonic 
membrane techniques electric and microwave demulsifications.

4.1 Chemical demulsification

One of the most important techniques of water in-oil emulsification is chemical 
demulsification and it is widely applied in the petroleum industries. A demulsifier 
is a surface-active compound so that the demulsifier moves to an oil–water interface 
and breaks the film rigid, which causes the water droplets to coalesce. In principle, 
a huge quantity of surfactants can be prepared just through the manipulation of 
surfactants in a commercial polymer surfactant long chain by changing accept-
ers, compounds, amounts and sequences [14]. The basic element of the chemical 
demulsification mechanism of any type of emulsion is the gradual replacement of 
demulsifiers within the water oil film and eventually causing tremendous changes 
to the interface viscosity and elasticity [15]. Optimal interruption of the emulsion 
of crude crude oil by demulsifiers requires careful selection of the chemicals for a 
given emulsion, an appropriate amount of the chemicals and an appropriate mix of 
the chemical in an emulsion which represented by Figure 3. In addition, the emul-
sion could be resolved completely by adding heat, electric grids and coalescers [16].

In comparison with the emulsion of heavy raw oil, the surfactant formulated 
was found to be more effective in demulsifying the medium raw oil emulsion. 
This difference was attributed to the efficiency of the surfactant because the 
medium crude oil contains less asphalt than heavy crude oil. In a follow-up study, 
[17]. Examined the effect on the demulsifying efficiency of W/O emulsions of 
five demulsifying agents formulated from different polymer ratios. The results 
showed that the efficiency of water separation increased with increased molecular 
weight. Calcium chloride was used in demulsifiers used for the demulsification of 
superheavy petroleum with cationic poly(dimethylamine co-epichlorohydrine) 
(PDcE) and cationic polyacrylamine (CPAM) [18]. The optimum formulation of 
the demulsifier with a PDcE/CaCl2/CPAM ratio of 20:600:1,2 (m/m) resulted in 
effective separation between heavy oil emulsions of mineral oil (98.04 per cent). 
Contrary to the work of Tonget et al., they have been used as demulsifying medium 
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for the demulsification of super-heavy crude oil as a series of ionic liquids, such 
as trioctyl methylammonium [TOA]+]- and ammonium salt [OCD] + [Y]—. Use 
from [TOA] + [Y]-species of the Ionic Liquid has achieved an efficiency in water 
extraction of 95 percent. An ionic demulsifier at a concentration of 900 mg/L and 
resulted in a dewatering efficiency of 89.5 percent. Polymers, such as alkene oxides 
diester, ethicellul, formulated demulsifiers [19]. Variation at polymer demulsifier 
concentration has often led to different degrees of demulsification efficiency, and 
at 97.5 percent the highest demulsification effectiveness recorded with the help of 
a polyester-based demulsifyer within 45 minutes of the demulsification process. 
Likewise, a high demulsifying efficiency of 95–99.98 percent was demonstrated in 
magnetic chemical demulsifiers such as magnetic graphene oxides, januus magnetic 
submi-cron parts, oleic acid coated magnetite nanoparticles, and alginate [20]. 
Based on the results of the analysis of range and the relationship between the factors 
and oil concentration, demulsifying dosage > flocculant dosage > set time > stirring 
time > intensity of movement were found and optimal conditions for demulsifi-
cation-flocculation were optimized successfully. The toxicity and nonbiological 
degradability of chemical substances can be controlled by the use of biodemulsifiers 
generated by micro-organisms in the water extracted during demu lsification.

4.2 Biological demulsification

A biodemulsifier has features leading to the destabilization of the crude oil 
emulsion. Biodemulsifiers are environmentally friendly and do not cause secondary 

Figure 3. 
Chemical Demulsification of crude oil.
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pollution to be used. Biodemulsifiers can function effectively under extreme condi-
tions and can be used for different constituents of complex emulsions of crude oil. 
In different environments the effectiveness of each bacterial isolation varies greatly 
from the elements of temperature, soil properties, contaminant type and amount, 
and the ability to demulsify. Pseudomona aeruginosa MSJ isolated for the biodemul-
sification of W/O and O/W emulsions from oil-contaminated soil. Alcaligenes sp. 
Demulsifying (S-XJ-1) for bio-demulsification of an E/O emulsion, bacterial strain 
isolated from petroleum-contaminated soil. With a cell concentration of 500 mg/l 
they achieved 81.3% demulsifying efficiency within 24 hours. It is apparent that 
organisms or products such as Alcaligenes Sp. S-XJ-1, Rhamnolipids, ARN63, Candida 
sphaerica UCP 0995 and Paenibacillus alvei have been used as demulsifying agents, 
isolated from various sources of oil-contaminated environments [21].

4.3 Mechanical demulsification

A series of machines such as a free-water knock-out drum, a 2- and three-phase 
(low and high-pressure trap), desalting tanks and settlement tanks can be used for 
the mechanical demulsification of raw oil emulsions. When relative large goutlets 
are present in the emulsion of crude oil, the flow rate is usually reduced and gravi-
tational forces are used to separate oil, water and small suspended goutlets. Usually, 
they are present in high volume desalters or separators over the shortest period of 
time. By concentrating oil traces on the separator, the velocity of the oil separa-
tion increases. Normally, when the mixture is very high, the oil in the separator is 
separated. The centrifuge is one of mechanical equipment rarely used for demulsifi-
cation as the capital cost and capacity of the centrifuge is high. Emulsions sediment 
by gravity in a gravity deposition tank separate oil from water. The dispersed-phase 
droplets are reproached and coalesced when the emulsion is sediment. A centrifugal 
contactor can be combined with a gravity settling tank for efficient demulsification, 
as reported by Krebs et al.who studied the demulsification kinetics of an emulsion 
O/W model in a centrifugal field to imitate the force acting on emulsion droplets 
on O/ W separators. The study focused mainly on the growth rate of the separate oil 
stage and on the variation in the mean emulsion layer droplet diameter in terms of 
centric acceleration and time.

4.4 Thermal demulsification

The use of temperature for petroleum emulsions is referred to in thermal treat-
ment. Conventional hot plate is used for optimal temperature in laboratory scales. 
In addition to the fact that some researchers have treated the emulsion by reducing 
the temperature to more than a point of freezing and then gradually increasing the 
temperature, this is called a freeze/taw method. Paraffinic petroleum emulsions 
could break down faster than high asphaltene oil emulsions. The emulsion could be 
broken slowly, but the separation rate had increased after the addition of chemicals. 
In fact, the chemical demulsifiers had better be placed at 10°C for viscous emul-
sion while the demulsifiers should be added after heating up the emulsion for the 
very viscous emulsion. Emulsion formed from the residues of the distillation could 
also be broken with moderate heating, while diesel oil did not break up at high 
temperatures. The viscosity also diminishes as emulsion breaks down. Chantal et al. 
employed the techniques of insitu emulsion burning to treat emulsions in oil spills. 
Their emulsion was real emulsion from the scheme. Little samples were placed in 
a centrifugal bottle and cooled to frost, then thawed back to certain temperatures. 
The volume of water removed from the emulsion was measured by the centrifugal 
tube scales (sample holder). It has been found that demulsifying emulsion from 
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water into raw oil strongly depends on certain parameters, including original water, 
temperature freezing, freezing period as well as temperature and speed of thawing. 
The optimal freezing temperature for the oil sludge taken from oil used was around 
−40°C [22].

4.5 Electrical demulsification

The technology of electric demulsification in the industry gains wide accep-
tance as a technological path toward crude oil demulsification. The technological 
advantages include low sludge production, simple appliances and a lack of chemical 
agents [23]. For consumables that are in contact with crude oil emulsions during 
electrical demulsification, an electric current is typically applied to a dose of the in 
situ coagulation resulting in an in situ dose. The dose of coagulants helps to disrupt 
the repulsive charges of the surfactant molecule, which in turn allows oil droplets 
to be trapped and forms larger flowers that can be separated easily from water 
(Figure 4). The application of an electric field during electrical demulsification 
frequently leads to the polarization of droplets and drops can align in chains paral-
lel to the field applied as a result of the interaction between the inducing dipoles. 
Though the method for adapting the technical to various emulsions with varying 
properties is considered a substitute for thermal and chemical demulsification. 

Figure 4. 
Electrical Demulsification of crude oil.
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With the direct current fields, the demulsification rate of W/O emulsions in direct 
current areas increased by the water separation rate. The authors concluded that 
the demulsification of raw oil emulsions was based on the magnitude and type of 
electrode of the electric field used [24]. Although electrical derogation has succeeded 
in the treatment of various industrial effluents from the manufacture of paints and 
oilfield-produced water for different industrial processes, the focus of research is still 
on increasing the efficiency of the process.

4.6 Ultrasonic demulsification

The ultrasound makes it easier to clump droplets into the crude oil, thereby 
making the separation of oil–water phases easier. The simplicity and effectiveness 
of the ultrasound demulsification used on crude oil emulsions have drawn more 
and more attention from research. The acoustophoresis phenomenon influences 
the scattered droplets in an ultrasonic standing wave field during ultrasound 
demulsification. The variation in density and compression of the spread droplets 
and the continuous phase can lead to a uniform combination of the acoustic 
standing wave [25]. More than one study shows that ultrasound energy is used 
to demulsify crude oil emulsions. The effect on the efficiency of demulsification 
by parameters like the input of irradiation and irradiation time, temperature and 
injected water. The interaction among the parameters resulted in the greatest 
efficiency of demulsification (99.8 percent) with an optimal capacity of 57.7 W, 
irradiation time of 6.2 min and temperature of 100μc. A further study focused on 
the effect of the demulsification of crude oil emulsion by two ultrasound irradia-
tions - primary and secondary. The results showed that irradiance of 75 W was 
decreased for primary radiation and 50 W was decreased for secondary irradiation 
at 45 s for irradiation. The use of the low-frequency ultrasound for demulsifica-
tion of crude oil emulsions is becoming increasingly important. In the absence of 
a chemical emulsifier, [26] studied the effect of a low frequency ultrasound on 
demulsification from raw oil emulsions.

4.7 Membrane demulsification

The membrane demulsification of emulsions of crude oil is based on a tendency 
to move the spreading phase into the continuing phase via a membrane. The use of 
membrane technology in the demulsification of crude oil emulsions is an economic 
and effective way to demulsify the emulsions of crude oil. Several studies on the 
application of membrane technology to demulsify raw oil emulsions have recently 
been published. The effect of membrane surface charge on crude oil demulsification 
and fouling resistance was investigated. For the demulsification process two mem-
branes were used, PP-g-pDMAEMA and PP-g-pOEGMA. In water, the membranes 
showed positive and negative surface loads. In comparison with the use of PP-g-
pOEGMA, the efficiency of demulsification increased by 15%. PP-g-pDMAEMA. 
The authors concluded that the positive charge for the membrane surface increased 
the demulsification of crude oil. The membrane damage was however exacerbated 
following demulsification [27]. The membrane has excellent stability because, after 
several applications, efficiency has not decreased visibly. A similar study, by [24] 
was carried out with a nylon membrane modified for the demulsification of emul-
sion from crude oil, as thermosponsive poly(N-isopropylacrylamide) (PNIOAAm). 
A rough structure, appropriate pore size and thermal responsiveness, the fabricated 
membrane is able to separate 16 different types of stabilized O / O and W / O crude 
oil at different temperatures. The membrane was capable of separating any type 
of crude oil emulsion at a temperature of approximately 25 μC. In contrast, the 
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membrane showed high hydrophobicity and superoleophilicity at a temperature of 
about 45 / c which can only be used for separation.

4.8 Microwave demulsification

The microwave is known as the electromagnetic spectrum of 300 Mhz to 
300 GHz. The electrical and magnetic properties of the microwave. Thus, the 
applied field induces a multi-polarization effect on the medium when projected to 
the material, according to the transmission, absorption and reflexing rules, depend-
ing on the medium properties. The width of the wave varies between 1 mm and 1 m 
according to the above frequency (300 MHz to 300 GHz). In addition to heating 
and scientific research, some frequencies, including mobile, radar and television 
communication, are for specific purposes reserved for the Federal Communications 
Committee. However, for industrial, scientific and medical purposes the frequency 
used the most frequently is 915 MHz and 2450 MHz, with 915 in this research. Due 
to its volumetric heating, the microwave is often preferred in material processing 
over its conventional counterpart. The heating mechanism in conventional heating 
takes place by diffusing the heating material from its surface into the bulk. While, 
in the case of microwave heating, a temperature gradient is almost invariant at 
different locations in the sample, an important other phenomenon is that a differ-
ent material has various heating patterns because of the variation in the absorption 
capacity of the material, which in turn depends on dielectric properties (Figure 5). 
Emulsion was first treated by Wolf via microwave, who initially began the concept 
of demulsifying the microwave. The emulsion effectiveness of the microwave was 
shown to induce some impact on the treated emulsion as the temperature increase 
leads to reduced viscosity, which would increase water droplets’ mobility, which can 
neutralize the zeta potential of the dispersed droplets in turn, and also break the 
link between hydrogen and molecules of surfactant water. In addition the electro-
magnetic wave is expected to increase the water droplets’ internal pressure, which 
leads to reduced thickness of the film interface and charges of water droplets free to 
move toward each other, and downward by gravitational force [28]. The advantage 
of using microwave energy over its conventional counterpart is that the sample 
heats better than conventional heating, although local overheating may in some 
cases cause the sample to hotspots or heat flushes. Crude oil contains large numbers 

Figure 5. 
Oil/ water Seperation by microwave heating.
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of components with a difference of conductivity and polarity, and the main and 
main charge-bearing component is asphalt [29].

5. Conclusion

Demulsification by chemical, biological, mechanical, mechanical, thermal, 
electrical, ultrasonic, and membrane technologies of crude oil emulsions is inves-
tigated. It should be noted that each of these techniques depends on its operational 
parameters and interplay. In addition, the use of synergistic effects by combining 
one or more of the techniques discussed in the present review could achieve a 
more effective demulsification process. The efficiency of separation and the rate of 
demulsification are the main factors of interest in most demulsification techniques. 
During processing and transport, the occurrence of crude oil emulsions has proven 
problematic by increasing the cost of production and the use of chemicals that 
affect the environment. These facts in the petroleum sector have attracted the inter-
est of scientists who are seeking to identify scientific ways to monitor and prevent 
the formation of raw oil emulsion. A positive demulsification technique therefore 
is not only robust and applicable to various types of emulsions, it must also be 
respectful of the environment with minimum environmental impacts, respect for 
environmental standards and regulations and at lower cost. Recent literature shows 
that a correct understanding of the properties and types of crude oil involved in the 
formation or demulsification of emulsions (O/W or W/O) will help to formulate 
appropriate methods for demulsifying emulsions. It is apparent from the overview 
of recent studies that different techniques for demulsifying raw oil emulsions vary 
in efficiency and effectiveness. But the effect of viscosity on the demulsification 
process was not taken into account by most researchers. Furthermore, most of the 
crude oil demulsification scenarios are based on laboratory experiments. In field 
cases or on-site crude oil demulsification cases, there is scarce literature. Therefore, 
research should be aimed at proposing, at site with real operating parameters used 
in crude oil treatment plants in small scale or on the pilot scale.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Petroleum is not only an important energy resource to boost economic  
development but also a major pollutant source of soil. Petroleum toxicity can cause 
an adverse impact on the environment, as well as has negative effects for both 
animals and humans due to its carcinogenic nature. Therefore, its removal from 
the environment becomes a matter of concern. Although a lot of techniques are in 
use for remediation of petroleum-contaminated soil, exploitation of fungal ability 
provides a sustainable solution for this due to their ability to survive in harsh envi-
ronmental conditions. Mycoremediation is the bioremediation technique employed 
for the removal of toxic compounds using fungal biomass. The fungi have been 
proved as a potential biomass degrader for complex organic compounds, resulting 
in the production of versatile extracellular enzymes. In this chapter, we have high-
lighted the basic concept of mycoremediation, the enzymatic system involved in the 
degradation process, the mechanism of fungal degradation, and factors affecting 
the degradation process. The chapter also provides useful insight for greater future 
understanding and improvement of the technique towards solving the problem of 
petroleum-contaminated soils.

Keywords: bioremediation, mycoremediation, petroleum contaminated soil, 
enzymes, toxicity, degradation

1. Introduction

Petroleum is a vital resource that is dominating the world economy [1]. The 
petroleum is composed of a complex mixture of aromatic, aliphatic, heterocyclic 
hydrocarbons, asphaltenes, and non-hydrocarbon compounds, of which 60–90% 
are biodegradable [2]. In the past few decades, with the development of the 
petroleum industries, related activities like exploration, transportation, manage-
ment, or storage and refining of hydrocarbons have caused contamination of soil 
environment and posed a serious global problem [3]. In view of the high toxicity, 
carcinogenicity, mutagenicity, and teratogenicity nature of petroleum compounds, 
their bioaccumulation in the food chain will interfere with the biochemical and 
physiological processes that directly or indirectly lead to human health [4, 5]. The 
petroleum contamination may induce oxidative stress. They may cause alteration in 
the soil’s chemical composition, its properties, and low nutrient availability, which 
leads to inhibition of seed germination. The petroleum compounds may cause 
various harmful effects on plants such as reduction of photosynthetic pigments, 
slowdown of nutrient assimilation, inhibition of root growth, foliar deformation 
and tissue necrosis, as well as destroy biological membranes, disturb the signaling 
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of metabolic pathways, and disrupting plant roots architecture [6–9]. The hydrocar-
bons with low-molecular weight can penetrate the plant cells causing plant death. 
Besides this, many petroleum compounds and their derivatives are carcinogens. 
It is also reported that petroleum contamination can cause the depression of the 
nervous system, narcosis, and irritation of the mucous membranes of the eyes 
in humans [10–13]. Therefore, nowadays, petroleum contamination becomes a 
global environmental issue. The petroleum compounds have not only adverse 
impact on plant growth and development but also on human and ecological health. 
Therefore, their removal becomes a necessity in the current scenario for a healthy 
environment. Bioremediation is one of the most reliable, environmentally friendly 
techniques for the removal of hazardous compounds using biological sources like 
plants and microbes or the metabolites obtained from them. The microbial com-
munities … play great role in the degradation of petroleum contaminants from the 
environment effectively. In this chapter, we have highlighted the microbial reme-
diation of petroleum-contaminated soil for environmental clean-up. The chapter 
also discussed the different enzymes involved in bioremediation, mechanisms of 
petroleum compounds degradation, and factors influencing the bioremediation 
processes. This chapter may provide different clues for new research approaches for 
microbial-assisted methods of remediation.

2. Different sources of petroleum contamination

Petroleum comprises a number of aliphatic, branched, and aromatic hydrocar-
bons [14, 15] and several other organic compounds including some organometallic 
constituents [16]. The contamination of soil by petroleum hydrocarbons includes 
various sources such as the activities like industrial and municipal runoffs, effluent 
release, offshore and onshore petroleum industry activities as well as accidental 
petroleum spills (Figure 1). Most of them are toxic to human beings, animals, 
and vegetation [17–20]. The anthropogenic activities also lead to the release of 
petroleum hydrocarbons from oil and gas exploration and production units, tank 
leakages and overflow, petrochemical industry effluent discharge, accidental spills 
during loading and discharging, bunkering, oil tanker incident, transportation and 
storage, fugitive emissions, ballasting, and de-ballasting, burst in old underground 

Figure 1. 
Different sources of petroleum contamination.
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pipelines, war and political crisis, sabotage, and natural disasters. Such type of 
incidents has posed adverse impacts on terrestrial and marine biodiversity. The 
petroleum contamination directly or indirectly affects the wellbeings of all kinds of 
life inhabiting in the affected environment by altering population dynamics thereby 
interrupting the natural interaction among organisms at various trophic levels 
consequently misbalancing the natural community structure within the ecosystem 
([17–20]; Belousova et al. 2001; Bejarano and Michel, 2010). In long term, this 
pollution affects the environment. Due to the adverse impact of these chemicals on 
human health and the environment, they are classified as priority environmental 
pollutants by the U.S. Environmental Protection Agency [21]. Wood fires or volcano 
eruptions account for the natural sources of petroleum contamination whereas 
major anthropogenic sources include industrial combustion processes, refining 
processes: coking (coal), cracking (petroleum products e.g., tar, waxes, oils) and 
fireplaces, tobacco smoke is categorized under indoor sources. Releasing hydrocar-
bon pollutants through spillages and leakage from underground tanks, steamers, 
unplugging of oil wells, or abandoned oil refinery sites causes contamination of 
surface soil, groundwater and ocean as well [20, 22–24].

3.  Effect of petroleum contamination on the environment and human 
health

Contamination of soil by petroleum hydrocarbons can affect physicochemi-
cal properties of soil such as texture, compaction, structural status, penetration 
resistance, saturated hydraulic conductivity, mineral and heavy metal concentra-
tion (Hreniuc et al., 2015). The toxicity of petroleum compounds is of worldwide 
environmental concern and has an adverse effect on the environment and human 
health. The polyaromatic hydrocarbons (PAHs) are natural constituents of fossil 
fuels, coal, and petroleum comprising 0.2% and 7% PAHs [25]. The PAHs adsorb 
to dust or soot particles and enter into the atmosphere and are transported to far 
distances. Naturally, in a cyclic process, PAHs undergo a cycle of entry, deposition, 
and percolation. PAHs enter the environment via rain/fog thereafter get deposited 
on soil and plants and ultimately percolate in surface waters [26]. Dust produced by 
anthropogenic activities namely coal mining, automobile exhaust, transportation, 
and drilling of oil, stockpiles, and tailings is the major unnatural sources of PAHs 
that contaminate the various spheres of the atmosphere [27].

PAHs are present in all the spheres of the environment mainly evaporated into 
the atmosphere. Primarily when adsorbed on dust particles, PAHs undergo pho-
tolysis in the existence of sunlight. Upon oxidation, the complex structure of the 
compound can be broken in days or weeks [28]. The PAH compounds are hydropho-
bic in nature, immiscible in water; however miscible in other hydrophobic matter. 
PAHs can get easily adsorbed on dust particles as well as a precipitate on sediments 
of aquatic bodies. Therefore, these pollutants can easily mix with other hydrophobic 
matter and pollute the aquatic systems. Terrestrial and water system microbes pos-
sess the adaptability to degrade and mineralize PAHs over a longer or shorter time 
duration [29].

Under the influence of UV light, PAH metabolites produced are usually more 
toxic. PAHs in soil is unlikely to employ toxicity influence on terrestrial inverte-
brates [30]. In plants absorption of PAHs by roots from soils and thereafter trans-
located to other parts. Mobility of the absorbed contaminants is usually influenced 
by the dose, solubility, along other physicochemical properties of soil. The plant 
response against PAHs differs; certain plant species consist of components that 
may wear off a toxic consequence of PAHs; whereas, some plants have the ability 
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to synthesize PAHs and perform as growth hormones [29, 31]. PAHs are persis-
tent organic compounds and have a longer half-life which accounts for the PAH 
bioaccumulation in terrestrial invertebrates (shellfish expected to consist much 
higher concentration of PAH than in the environment) observed. Nonetheless, the 
metabolism of PAHs is effective to preclude biomagnifications [32–35]. Organisms 
are adversely affected because of tumors, reproduction, growth development, and 
immunity. In mammals route to PAH absorption is by inhalation, dermal contact, 
and ingestion [31, 36, 37].

4. Strategies used for removal petroleum contamination from soil

The soil contamination by petroleum has drawn increasing attention to develop 
and implement innovative techniques to remove petroleum compounds from 
the soil in the past decades. Different strategies are being used for the removal 
of petroleum contamination from the soil that includes traditional physical and 
chemical remediation, which are less efficient. Bioremediation is one of the most 
reliable and efficient techniques used for the restoration of petroleum-contami-
nated soil in an eco-friendly way.

4.1 Bioremediation of petroleum-contaminated soil

Bioremediation is a process that naturally or artificially takes advantage of living 
organisms or their products to remove the pollutants of the contaminated environ-
ment [38]. Although it is time-consuming, due to their eco-friendly approach 
and very low cost, efficient and sustainable for restoring the contaminated soil in 
the context of sustainability, are extensively noticeable at present [39]. For this 
purpose, living organisms having the potential to grow under contaminated soil 
are usually used. The number of studies have revealed that selecting petroleum-
tolerant plants for bioremediation in cases of soil petroleum pollution is a feasible 
and sustainable technology. Many plants like ryegrass, alfalfa, Mirabilis jalapa are 
capable to grow in petroleum stress conditions [40–42].

The microorganisms that are utilized in petroleum pollutants removal can be 
bacteria, fungi, or yeasts. These microbes are the essential component in soil that 
play a crucial role in the remediation of petroleum contamination [43, 44]. Some of 
them have a high capacity to degrade contaminants and are widely used for environ-
mental clean-up [45]. In the bioremediation of petroleum-contaminated soils, the 
most widely used organisms are bacteria which have high frequency, rapid growth, 
and a broad spectrum of degradation of petroleum products [46]. The development 
of microbial biotechnology is beneficial for screening and identifying microor-
ganisms from petroleum-contaminated soils [47]. Many microorganisms have 
been isolated and exploited for the bioremediation of petroleum hydrocarbons. A 
number of bacteria having the capacity to degrade petroleum hydrocarbons have 
been identified [48]. Furthermore, some microorganisms were crucial for petro-
leum hydrocarbons since the abundance of these microorganisms was dominant 
increased after petroleum contamination [49]. Different indigenous bacteria have 
different degrading enzymes, the blend of several efficient bacteria was employed 
to remediate the contaminated soils. The combined activity of indigenous bacte-
rial consortium and exogenous bacteria can efficiently enhance the degradation of 
petroleum [50].

Biostimulation is a leading strategy of bioremediation to decontaminate petro-
leum polluted soil. It includes regulating various environmental conditions such 
as temperature, moisture, pH, redox potential, aeration, mineral nutrition, etc. to 
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increase the growth and the metabolic activity of microorganisms. Consequently, 
various hydrocarbons can be tolerated and utilized as a carbon source to fulfill its 
growth requirements [51]. Bioaugmentation is another strategy of bioremediation, 
which refers to the inoculation of exogenous microorganisms into the contaminated 
soils to degrade the target contaminants [52]. The inoculated microorganism can 
be one strain or a consortium of microbial strains with diverse functional degrada-
tion capacities [53]. Bioaugmentation was considered to be more effective for the 
degradation of the light fraction of petroleum hydrocarbons [54]. Besides this, 
the microbial electrochemical system was considered as an emerging technique 
for bioremediation, which integrates microbial and electrochemical processes to 
convert the pollutants to less-toxic or value-added products [55]. With numerous 
integral benefits, the microbial electrochemical system was frequently applied in 
the remediation of petroleum contaminants in soil. The microbial electrochemical 
system can be utilized for different contaminants owing to the oxidation and reduc-
tion transformation involved in remediation processes [56].

In the last decay, the role of fungi in bioremediation has been increasingly 
recognized [57, 58], in which mainly saprotrophic and basidiomycetes, groups 
of fungi are highlighted to degrade or to transform toxic compounds [59, 60]. 
Mycoremediation is the bioremediation technique that employs fungi in the 
removal of toxic compounds; it could be carried out in the presence of both 
filamentous fungi [61] and macrofungi such as mushrooms [62, 63]. Both classes 
possess enzymes for the degradation of a large variety of pollutants [64, 65]. Fungi 
are noted for their colonizing abilities. They can colonize and adapt in diversified 
heterogeneous environments including complex soil matrices at extreme environ-
mental conditions. Furthermore, they can decompose the organic matter and easily 
colonize both biotic and abiotic surfaces [66, 67]. Filamentous fungi have shown 
some different characteristics that make them more preferable for soil bioremedia-
tion than yeasts and bacteria [66, 68]. The most important is the type of growth 
i.e., multicellular mycelial growth, suitable to soil colonization and translocation 
of nutrients and water, the production of many bioactive compounds and extracel-
lular enzymes, and the unique capability to co-metabolize many environmental 
chemicals [69].

4.1.1 Mycoremediation of petroleum-contaminated soils

Mycoremediation offers an alternative environmentally friendly technique 
for remediation of contamination in environmental matrices [70–73]. Different 
species of fungi have been used for the remediation of petroleum-contaminated 
soils. These include microfungi such as Arbuscular mycorrhiza and yeast [74–76] as 
well as Penicillium and Aspergillus species [77, 78]. Mycoremediation with macro-
fungi (mushrooms) is also identified [79, 80]. Abioye et al. [76] reported crude oil 
degradation by yeast Saccharomyces cerevisiae. It was inoculated in a sterile mineral 
salt media containing 1 g of crude oil under control conditions at 30°C for 28 days. 
Obire et al. [81] recognized micro-fungal communities were actively involved 
in the remediation potentials of cow & poultry compost on petroleum polluted 
soil sites. Isolated yeasts and molds from cow dung comprised of Alternaria sp., 
Aspergillus sp., Cephalosporium sp., Cladosporium sp., Geotrichum sp., Moniliasp., 
Mucor sp., Penicillium sp., Rhizopus sp., Sporotrichum sp., Thamnidum sp., Candida 
sp., Rhodotorula sp., and Torulopsis sp., Saccharomyces spp (Yeast) has also been 
revealed to transform polycyclic aromatic hydrocarbons (PAHs) into eco-friendly 
products [82].

One significant class of fungi, which demonstrate mycoremediation of 
petroleum-contaminated soils are the ligninolytic mushrooms such as white rot 
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fungi [83–85]. Lebo et al. [86] and Fetzer [87], identified that white rot fungi are 
able to degrade recalcitrant organic pollutants, the fact is mushroomed naturally 
feed on and degrade lignin, a substance with the similar monomeric unit to 
organic contaminants. Stamets [73], validated up to 99% degradation of natu-
rally diesel-contaminated soils at 20,000 parts per million concentration of PAHs 
after 8 weeks using the white rot mushroom i.e., P. ostreatus. Kristanti et al. [88], 
reported that up to 93% degradation of crude oil in the soil can be obtained using 
the white rot mushroom Polyporus sp. S133 pre-grown on the wood meal. It has 
been established that the litter decomposing mushroom i.e., Stropharia coronilla, 
can metabolize PAHs such as benzo[a]pyrene at 200 μM and this activity could 
be increased up to 12 times in presence of supplementary Mn2+ as electron 
acceptor. Mohammadi-Sichani et al. [89], reported that the litter decompos-
ing mushroom A. bisporus can yield a higher ability to degrade total petroleum 
hydrocarbons in soils than white rot mushroom such as Pleurotus ostreatus and 
Ganoderma lucidum.

The most suitable fungal genera used for remediation of hydrocarbon contami-
nated soil are the basidiomycetes group [90]. The saprotrophic basidiomycetes, 
utilize dead organic substances as a carbon source, consist of the wood-degrading 
fungal groups. Overall, white-rot fungi are reflected for a prominent role in the 
biodegradation of petrochemicals [91]. These fungi can degrade efficiently both 
lignin and cellulose biopolymers till the complete mineralization [92], by produc-
ing an extracellular enzymatic complex, which comprehends lignin peroxidases 
(LiPs), manganese-dependent peroxidases (MnPs), versatile peroxidases (VPs), 
laccases, H2O2-generating oxidases and dehydrogenases, produced during the idio-
phase, usually under nitrogen depletion. The most common example of white rot 
fungi, that are capable to degrade pollutants, include Phanerochaete chrysosporium, 
Pleurotus ostreatus, Trametes versicolor, Bjerkandera adusta, Lentinula edodes, Irpex 
lacteus, Agaricus bisporus, Pleurotus tuber-regium and Pleurotus pulmonarius [93, 94]. 
Among these fungi, Phanerochaete chrysosporium has been the most investigated for 
its ability to degrade toxic or insoluble compounds to CO2 and H2O, more effi-
ciently than other fungi.

Mostly the biodegradation studies at the laboratory & pilot scale are covered 
micro-fungi, but in last year, much attention has been given to mushrooms which 
are frequently present in soil and also easily cultivated [95]. Bioremediation by 
macro-fungi basidiomycetes is advantageous because, simultaneous remediation 
process, and soil enrichment with organic matter, nutrients and result in enhanced 
plant growth. Macro-fungi are potent degraders due to secretion of the similar 
intracellular enzymes (LiP, MnP, and laccase) labeled for the lignin-degrading 
fungi thus are attention-grabbing in the field of bioremediation. Altogether, they 
grow to a great extent and produce high biomass, when cultivated on carbon 
sources, like stubble or sawdust [79]. The mushroom biomass can be a protein 
source or can contain biologically active compounds such as phenols with anti-
oxidant activity [64, 96]. Furthermore, mushroom biomass can be applied in 
biosorption treatment thanks to its ability to accumulate ions and xenobiotics from 
contaminated soils [97].

Different types of petroleum compounds such as phenanthrene, naphtha-
lene, anthracene, pyrene, benzo[a]pyrene, fluoranthene, acenaphthene, etc. are 
earlier reported to be degraded by fungal biomass (Table 1). Phenanthrene can 
be degraded by Pleurotus ostreatus [98], Phanerochaete chrysosporium [99–101], 
Phanerochaete sordida [100, 102], Ganoderma lucidum [103], Trametes versicolor 
[104]. Naphthalene is degraded by Penicillium oxalicum [105], Penicillium sp. 
[106], Penicillium fastigiata, and Penicillium digitatum [107]. Govarthanana  
et al. [106] also reported degradation of acenaphthene and benzo[a]pyrene by 



75

Bioremediation of Petroleum-Contaminated Soil
DOI: http://dx.doi.org/10.5772/intechopen.100220

Penicillium sp. Similarly, fungus Phanerochaete sordida is reported to degrade flu-
oranthene [100, 102]. The petroleum compound like anthracene is reported to be 
degraded by various fungal species such as Aspergillus fumigatus [108], Stropharia 
coronilla [109], Pleurotus ostreatus [100]. The earlier study revealed the Fusarium 
solani and Mucor sp. can degrade benzo[a] pyrene [110, 111], while pyrene is 
degraded by Trichoderma harzianum [112], Penicillium janthinellum [113] and 
Penicillium sp. M 1 [114].

5. Mechanism of petroleum hydrocarbon degradation

Fungal genera catabolize hydrocarbons to intermediates analogous to those 
formed by a mammalian enzymatic system via Cytochrome P450 [115]. Whereas, 
several mechanisms have been proposed includes both direct and indirect oxida-
tion of the organic molecule by the fungal enzymes namely Lignin peroxidase, 
Manganese Peroxidase, versatile peroxidase, and Lacasses (Figure 2) [116–118]. 
The promising combination of multi enzymatic mechanisms could play a key role 
in the degradation process [119]. Radical mediated reaction initiated by manganese 
peroxidase involves indirect oxidation of benzene rings with hydroxyl group may be 
led to spontaneous ring opening. Produce derivatives like muconic acid and carbon 
dioxide by decarboxylation of carboxyl groups [120, 121].

Petroleum 
compounds

Degrading fungi References

Phenanthrene Pleurotus ostreatus Bezalel et al. [98]

Phanerochaete chrysosporium John and Bumpus [99], Sutherland et al. 
[101], Pozdnyakova [100]

Phanerochaete sordida Lee et al. [102], Pozdnyakova [100]

Ganoderma lucidum Ting et al. [103]

Trametes versicolor Pozdnyakova et al. [104]

Naphthalene Penicillium oxalicum Kannangara et al. [105]

Penicillium sp. Govarthanan et al. [106]

Penicillium fastigiata and 
Penicillium digitatum

Simanjorang and Subowo [107]

Anthracene Aspergillus fumigatus Ye et al. [108]

Stropharia coronilla Steffen et al. [109]

Pleurotus ostreatus Pozdnyakova [100]

Pyrene Trichoderma harzianum Saraswathy and Hallberg [112]

Penicillium janthinellum Launen et al. [113]

Penicillium sp. M 1 Sack and Günther [114]

Benzo[a]pyrene Mucor sp. Su et al. [111]

Fusarium solani Rafin et al. [110]

Penicillium sp. CHY-2 Govarthanan et al. [106]

Fluoranthene Phanerochaete sordida Lee et al. [102], Pozdnyakova [100]

Acenaphthene Penicillium sp. Govarthanan et al. [106]

Table 1. 
Fungi involved in the degradation of different petroleum compounds.
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5.1 Enzymes involved in biodegradation of petroleum contamination

Most of the enzymes are extracellular and allow to attack and then degrade large 
molecules into smaller units which can enter the cells for further transformations 
[122]. Extracellular laccases start ring cleavage in the biodegradation of aromatic 
compounds [61]. Laccase are multicopper oxidases with low substrate specificity & 
could act on o- and p-phenols, phenylenediamines via four-electron transfer from 
the target organic substrate to molecular oxygen [123]. Fungal peroxidases gener-
ate oxidants that initiate substrate oxidation in the extracellular environment [61]. 
They belong to the class II peroxidases [124] & catalyze the oxidation of various 
organic substrates by utilizing peroxide (H2O2) as an electron acceptor. Lignin 
peroxidase (LiPs), Manganese peroxidase (MnPs), and Versatile or non-specific 
peroxidase (VPs) are the leading fungal high redox class II peroxidase enzymes as 
reported earlier. These intracellular enzymes are convoluted in the biodegradation 
process of the complex lignocellulosic structure and, subsequently, could biotrans-
form various organic compounds into inorganic substrates [125]. Some reported 
fungal genera could also secrete the dye-decolorizing peroxidase (DyPs), which 
have the ability to oxidize and hydrolyze phenolic and non-phenolic compounds 
[126]. Heme-thiolate peroxidase (HTPs) allocates peroxide-oxygen, from H2O2/R-
COOH to organic substrate; in this group chloroperoxidases (CPOs) and aromatic 
peroxygenase (APOs) are involved. APOs can mainly be active on heterogeneous 
substrates via aromatic preoxygenation, epoxidation, or hydroxylation of aliphatic 
organic compounds [124].

Biodegradation by intracellular enzymatic pathway includes a class of 
cytochrome P450 monooxygenase and glutathione transferase, mainly pos-
sessed by lignocellulosic and plant litter fungi [125]. These enzymes show a 
functional role in the primary and secondary metabolism of fungi. Cytochrome 
P450 monooxidase, heme-thiolate containing oxidoreductase, could act on 
numerous organic substrates in stereo- and region selective manner, requiring 
molecular oxygen for the reaction initiation. These enzymes are triggered via 
reduced heme iron and single molecular oxygen to a substrate. Hydroxylation, 
epoxidation, sulfoxidation, and dealkylation intermediate reactions can occur 
and entail NADPH as electron donor [127]. Glutathione transferase enzyme is 
positioned in different cellular partitions and catalyze the nucleophilic attack 
of carbon, nitrogen or sulphur atom in non-polar compounds by reducing 

Figure 2. 
Fungal enzymatic degradation mechanism of PAH compounds.
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glutathione. These enzymes consist a wide range of substrate specificity and 
involved in the detoxification of several endogenous or exogenous toxic metabo-
lites [128]. Major enzymes involved in petroleum compounds degradation are 
summarized in Table 2.

6. Factors influencing bioremediation of petroleum contaminants

Bioremediation is a technique to remove the contamination in a cost-effective 
and environment-friendly way. The remediation of contaminants depends on vari-
ous factors like availability of contaminants for microbes, temperature, pH, relative 
humidity etc.

6.1 Availability of contaminants

Solubility and bioavailability are important factors in the bioremediation of 
petroleum-contaminated soils. Boopathy and Manning [129], stated that the rate 
of contaminant conversion during bioremediation depends on their uptake and 
metabolism rate and the rate of contact with the cells of the organism. Mannig et al. 
[130] reported that activities that result in the homogenous spread of contaminants 
in soils can drastically stimulate their biodegradation. Singh and Agarwal [131], 
demonstrated that the bioavailability of organic contaminants decreases with time. 
According to Boopathy and Manning [129], some physicochemical progressions 
such as sorption, desorption, diffusion, & dissolution stimulate contaminants bio-
availability. So, these elements must be measured during planning for bioremedia-
tion of petroleum-contaminated soil. The use of surface-active agents (surfactants) 
could aid to combat the contaminants bioavailability issue during the remediation 
process [129].

Degrading enzymes Petroleum compounds Degrading fungi References

Cytochrome P450 
monooxygenase

Pyrene Penicillium 
janthinellum

Launen et al. [113]

Manganese peroxidase Naphthalene, 
acenaphthene, and 
Benzo[a]pyrene

Penicillium sp. CHY-2 Govarthanan  
et al. [106]

Anthracene Stropharia coronilla Steffen et al. [109]

Fluoranthene P. sordida Lee et al. [102], 
Pozdnyakova [100]

Laccase Naphthalene Penicillium fastigiata 
and Penicillium 
digitatum

Simanjorang and 
Subowo [107]

Phenanthrene Ganoderma lucidum Ting et al. [103]

Extracellular 
peroxidases

Phenanthrene, 
anthracene, pyrene, 
fluorene, and 
fluoranthene

Penicillium sp. M 1 Sack and Günther 
[114]

Monooxygenase; 
epoxide hydrolase

Phenanthrene Phanerochaete 
chrysosporium

Sutherland et al. 
[101], Pozdnyakova 
[100]

Table 2. 
Major enzymes involved in petroleum compounds degradation.
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6.2 Temperature

Temperature plays a critical role in bioremediation processes [132]. It has been 
reported that the rate of degradation of organic contaminants is comparably higher at 
higher temperatures [133]. Higher rates of degradation of organic contaminants are also 
reported in tropical soils compared to soils from temperate regions [134, 135]. Dimond 
and Owen [136], stated that temperature affects the half-life of organic contaminants 
which increases with lowering temperatures. Hong et al. [137], demonstrated that 
a temperature range of 20–40°C was optimal for degradation of the contaminant 
fenitrothion. Siddique et al. [132] further demonstrated that the highest degradation 
of Hexachlorocyclohexane in water and a soil slurry was achieved at an incubation 
temperature of 30°C.

6.3 pH

The soil environment is contaminated with different types of organic com-
pounds that are causing an adverse effect on the soil microbial diversity. The pH of 
the soil is highly mutable and ranges from 2.5 to 11 which may significantly affect 
the biodegradability of hydrocarbons. The aptness of a pH range in any bioremedia-
tion process is site-specific, & swayed by the complex relation among the organism, 
contaminant, and soil properties. The pH range may also affect the solubility and 
availability of contaminants in soil. The organic contaminant present in the soil is 
degraded at high pH because of the increased solubility [138]. The study carried out 
by Owen et al. [135], demonstrated faster degradation of organic contaminants in 
alkaline soil pH compared to in acidic soil. The report also suggested that at low soil 
pH of 4.5 to 4.8, degradation of organic contaminants is inhibited [139]. Nash et al. 
[140], reported the effects of pH on the stability of DDT and observed maximum 
degradation in both moist and dry soils were obtained at pH values above 7. In 
another study, Hong et al. [137] reported bioremediation of fenitrothion-contam-
inated soil using Burkholderia sp. FDS-1 with an optimal degradation at a slightly 
alkaline pH of 7.5. Thus, pH is one of the factors that should be considered in the 
bioremediation of petroleum-contaminated soils.

6.4 Relative humidity

Relative humidity is an important parameter in the removal of contaminants 
from the soil. In bioremediation of contaminated soils, generally more than 60% 
relative humidity is maintained [141, 142]. Several studies have been reported a 
different range of relative humidity. The utilized relative humidity for bioremedia-
tion of contaminated soil was 70% [142] and 60% [141], while it was between 60 
and 70% [143]. The relative humidity values up to 85–95% have also been reported 
for remediation of contaminated soil [116]. The growth of mushrooms and their 
fruiting is also reported at a relative humidity of 70–80% [144].

7. Conclusion

Bioremediation could serve as a sustainable alternative for complex pollutant 
clean-up. Though this technique has been explored and studied for years. But still, 
it is not been maximized for practical solutions and field-scale application for the 
treatment of petroleum-contaminated soil. Hence, it is necessary to carry out an 
assessment of microbes for bioremediation of petroleum-contaminated soil site and 
its evolvement, limitations, and perspectives in the field. Present literature provides 
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an understanding of bioremediation for petroleum-contaminated soils, in which 
different types of fungi, mechanisms of the technique are highlighted. The findings 
offer mycoremediation is capable of providing reliable options for the treatment of 
petroleum-contaminated soils. This is because fungi can provide cheaper and safer 
means for the simultaneous degradation of organic contaminants for environmental 
clean-up.
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Abstract

Globally, the environment is facing a very challenging situation with constant 
influx of crude oil and its derivatives due to rapid urbanization and industri-
alization. The release of this essential energy source has caused tremendous 
consequences on land, water, groundwater, air and biodiversity. Crude oil is a very 
complex and variable mixture of thousands of individual compounds that can be 
degraded with microbes with corresponding enzymatic systems harboring the 
genes. With advances in biotechnology, bioremediation has become one of the 
most rapidly developing fields of environmental restoration, utilizing microorgan-
isms to reduce the concentration and toxicity of various chemical pollutants, such 
as petroleum hydrocarbons, polycyclic aromatic hydrocarbons, polychlorinated 
biphenyls, phthalate esters, nitroaromatic compounds and industrial solvents. 
Different remediation methods have been introduced and applied with varied 
degrees of success in terms of reduction in contamination concentration without 
considering ecotoxicity and restoration of biodiversity. Researchers have now 
developed methods that consider ecotoxicology, environmental sustainability and 
ecorestoration in remediation of crude oil impacted sites and they are categorized 
as biotechnological tools such as bioremediation. The approach involves a natural 
process of microorganisms with inherent genetic capabilities completely mineral-
izing/degrading contaminants into innocuous substances. Progressive advances in 
bioremediation such as the use of genetically engineered microbes have become an 
improved system for empowering microbes to degrade very complex recalcitrant 
substances through the modification of rate-limiting steps in the metabolic pathway 
of hydrocarbon degrading microbes to yield increase in mineralization rates or the 
development of completely new metabolic pathways incorporated into the bacterial 
strains for the degradation of highly persistent compounds. Other areas discussed 
in this chapter include the biosurfactant-enhanced bioremediation, microbial 
and plant bioremediation (phytoremediation), their mechanism of action and the 
environmental factors influencing the processes.

Keywords: environment, bioremediation, phytoremediation, genetic engineered 
microorganisms, crude oil
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1. Introduction

One of the major environmental problems facing industrialized nations in recent 
times is hydrocarbon contamination resulting from oil and gas exploration and 
exploitation activities. As the demand for liquid petroleum increases, the release 
of this essential energy source into the environment becomes inevitable and has 
caused devastating consequences to marine/coastal waters, shorelines and land as 
well. Human activities such as accidental release of petroleum products, uncon-
trolled landfills, sabotage, leaking of underground storage or improper storage of 
crude oil are of particular concern in the environment. Hydrocarbon components 
have been known to belong to the family of carcinogens and neurotoxic organic 
pollutants which constitutes a major health challenge globally. Oil spill on land, 
penetrates to a depth of about 10–30 cm and sometimes beyond, results in the loss 
of soil fertility and also initiates environmental degradation [1]. This consequently 
alters the physicochemical properties of the soil making it impossible for the soil to 
produce at its optimal capacity.

The application of biotechnology today as a tool for environmental clean-up has 
been widely studied. Biotechnological tools in eco-restoration of crude oil impacted 
sites involves the use of biological agents to decontaminate/detoxify, mineralize, 
transform or degrade toxic/harmful substances into innocuous forms. The process 
known as bioremediation is genetically-driven, whereby microbes with inherent 
enzymes harboring catabolic genes utilize these xenobiotics as a source of carbon 
and energy thereby decontaminating the environment. The biological agents in bio-
remediation; microbes (microbial bioremediation), plants (phytoremediation) or 
plant-microbe interaction and their mode of operation will be extensively discussed 
in this chapter. Nigeria and some other nations in Africa have experienced devastat-
ing consequences of pollution in all environmental compartments which till date is 
still a major challenge [2].

With the advances of biotechnology, bioremediation has become one of the most 
rapidly developing fields of environmental restoration, utilizing microorganisms to 
reduce the concentration and toxicity of various chemical pollutants, such as petro-
leum hydrocarbons, polycyclic aromatic hydrocarbons, polychlorinated biphenyls, 
phthalate esters, nitroaromatic compounds, industrial solvents and the very 
recalcitrant substances [3]. This has been made possible through a very important, 
emerging and next generation approach, called genetic engineering which involves 
the modification of the genetic structure of an organism to increase/enhance their 
activity. This approach is one potential key to a very successful, and swift bioreme-
diation, whereby the catabolic potentials of an organism is enhanced by the intro-
duction of hydrocarbon catabolic genes into the microbe. This paper highlights the 
various biotechnological tools that can be practically adopted especially in Nigeria 
and Africa at large to encourage environmental sustainability and eco-restoration of 
crude oil polluted environments.

2. Crude oil pollution and environmental consequences

2.1 Crude oil as an environmental pollutant

The intensification and rapid increase of manufacturing industries and the 
intensive use of fuels has led to an increased release of a wide range of xenobiotic 
compounds to the environment. Overtime, continuous loading of excess hazard-
ous waste and xenobiotic compounds into the water bodies and soil has led to the 
destruction of soil structure, component and biodiversity, scarcity of clean water 
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thereby limiting crop production [4, 5]. One of the major types of pollution that 
have caused so much harm/damage to the ecosystem generally is crude oil pollu-
tion. Crude oil contains so many toxic compounds such as hydrocarbons which can 
be easily converted to activated metabolites or free radicals during their oxidation 
[6]. The high toxicity of crude oil is usually attributed to its low molecular weight 
hydrophobic petroleum hydrocarbons. Other larger constituents of crude oil 
include alkyl PAHs with three or more rings which are less soluble in water [7]. In 
the past, several incidents have occurred which caused devastating damage to the 
ecosystem and have revealed the importance of preventing the escape of effluents 
into the environment, one of such incidents is the Exxon Valdez oil spill [8]. The 
Exxon valdez, a cargo ship carrying crude oil was grounded on the 24th march, 
1989 along the Bligh Reef in Alaska, northeastern Prince William Sound. This 
resulted in the release of about 20% of the entire cargo (about 36,000 metric tons) 
[9]. Another significant oil spill that occurred in the Gulf of Mexico in 2010 is the 
BP Deepwater Horizon spill. Approximately 4 million barrels of crude oil spilled 
from the Macondo Wellhead (MW) making it the largest accidental marine oil spill 
in history. The biological impacts of the oil spill were severe, including in the deep 
sea, a habitat typically characterized by high biodiversity and generally economic 
and ecological impact [10].

In Nigeria, crude oil and gas production contributes to 25% of the nation’s gross 
domestic product (GDP) and about 90% of the foreign exchange. The explora-
tion and production of crude oil has caused devasting impact to all environmental 
compartments within the country, especially in the Niger Delta Region [11, 12]. A 
constant reoccurring phenomenon is the leaks from oil tankers and petrol leakage 
into the soil and these slicks formed contribute to reduction of dissolved oxygen 
and co-marine environment which causes oil slick. Polycyclic aromatic hydrocar-
bons (PAHs) which are one of the major components of crude oil have been found 
in water ways as a result of pollution caused by the effluents from petrochemical 
industries. Some of the major activities that cause petroleum hydrocarbon pollution 
of the environment are oil well drilling production operations, refining, storage, 
transportation, marketing in the upstream and downstream industry, anthropo-
genic sources [13]. Some of the causes of oil pollution may also occur in form of 
spillages due to corrosion of pipelines, oil well blowout, vandalization of pipelines 
or accidental discharges.

2.2 Environmental consequences of crude oil pollution

Crude oil pollution has been reported to cause devastating environmental conse-
quences. Its effects range from the destruction of the soil structure and biodiversity, 
to limitations in plant growths which may further affect the farmer’s source of 
income, and health hazards in man. It has also been reported that plants that grow 
in oil polluted soils show signs of chlorosis on their leaves and are also retarded due 
to the water deficiency. These have led to a complete halt in some farming activities 
like fishing or even death in some cases when contaminated water or food crop is 
consumed [14, 15].

There are countless literatures on the study of the causes and effects of petro-
leum hydrocarbon contamination on human health, soil, plant growth and the 
environment in general [16–18]. Ojimba [19] conducted a research to determine 
the effects of crude oil pollution on crop production. He analyzed data from 17 
out of the 23 Local governments in Rivers state, Nigeria. His results showed there 
has been a significant reduction in the size of available farmlands due to crude oil 
pollution, this further reduced the physical farm products by 1.09016 tons. His 
results also indicated that 78% of farm lands had less than 80% efficiency due to 
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crude oil contamination. The study concluded that crude oil pollution on farmlands 
and crops has negative effects on the output of crops. Abii and Nwosu [20] reported 
that Crude oil pollution causes reduction in the fertility of the soil such that the 
major essential nutrients necessary for the plants to grow are almost completely 
lost. Other effects of crude oil pollution on plants may range necrosis, chlorosis, 
yield reduction, bleaching, spotting of leaves, malformations to mesophyll cells and 
epidermal layers [21].

Al-Qahtani [16] investigated the effects of sludge from oil refineries on soil 
properties and the rate of plant growth. He carried out the experiment by applying 
the refinery sludge in a plant Vinca rosea (Catharonthus roseus). The results showed 
that with increase in the application of the sludge, the soil chemical composition 
showed a reduction in dry matter yield and decrease in plant yield significantly. There 
was also increase in soil salinity with the application of oil refinery sludge. With the 
continuous introduction of the sludge, there was a significant decrease in the essential 
mineral elements of plants such as phosphprus and nitrogen compared to the control 
treatment. Ibemesim [22] conducted an experiment on the tolerance of sour grass 
(Paspalum conjugatum Bergins) in a crude oil polluted system. In their results, the 
crude oil polluted soil did not have any significant effect on the major growth param-
eters. Their result showed that polycyclic aromatic hydrocarbons (PAHs) was able to 
modify the absorption, uptake and availability of sodium (Na+) in the plant.

Sun et al. [18] conducted an experiment to study ability of the eggs and larvae of 
a marine medaka (Oryzias melastigma) to survive in crude oil polluted environment. 
The experiment was carried out by treating the eggs and larvae with three different 
treatments. The first treatment was with CO2, the second was with a water-soluble 
fraction of crude oil which was prepared using crude oil and sea water in a volumet-
ric ratio of 1:100 respectively and the third was mixed with a CO2/water soluble frac-
tion of crude oil mixture. The combined treatment (CO2 and water soluble fraction) 
had no detectable effect on the size or survival rate, however there were significant 
anomalies of the tissues in treatments with the water-soluble fractions of crude oil. 
They concluded that crude oil pollution has the ability to perform as a contributory 
factor to natural mortality. Agbogidi et al., [23] carried out a study to examine the 
environmental and socio-economic impacts of oil exploration in two oil producing 
communities in Delta state, Nigeria. The study showed that crude oil spillage due 
to oil and gas industry activities (exploration and production) caused damages to 
arable soils and water bodies which have led to a reduction in crop yield and hence 
the income capacity of the farmers. The results also showed a heightened deforesta-
tion and increased health hazards due to the crude oil activities in the communities.

Obire and Anyanwu [24] also conducted an experiment to investigate the 
Fungal population at different concentrations of crude oil pollution in a soil sample. 
Their analysis showed high significant difference between the control and the oil 
treated soils, the total fungal counts of petroleum-utilizing fungi were relatively 
higher. Some of the fungi species isolated from the soil were Candida, Alternaria, 
Mucor, Rhodotorula, Penicillium, Saccharomyces, Trichoderma, Rhizopus, etc. they 
concluded that high concentration of crude oil has a significant adverse effect on 
the fungal population and diversity. These are effects of crude oil pollution in the 
ecosystem. They further recommended that this harmful effect justifies the need 
for bioremediation.

3. Biotechnological tools in eco recovery of crude oil polluted soil

Biotechnology is defined as the set of scientific techniques that makes use of 
biological systems or living organisms to make, modify or improve products which 
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may be products mays be plants or animals [25]. It has also been defined as a process 
which involves developing organisms for specific purposes and it includes the 
use cell fusion, recombinant DNA and other novel bioprocess technologies [26]. 
Biotechnological tools in eco-recovery of crude oil polluted sites are those biotech-
nological processes that involves the use of bio-products and also microbes for 
production of environmentally friendly products, reduces pollution and its effect, 
and all general restoration and maintenance of the environment to its pristine 
(natural) state for the benefit of man and the environment [2]. Biotechnological 
tools in eco recovery are also concerned with prevention of processes capable of 
causing an unsustainable environment for man and eco-components. There are no 
known number of bio tools used in prevention or restoration of a polluted environ-
ment, however the most successfully applied, eco-friendly and cost effective tool in 
environmental decontamination is bioremediation. The different types of bioreme-
diation (biosurfactant-enhanced bioremediation, microbial bioremediation, plant 
bioremediation, genetically modified microorganisms in bioremediation), mecha-
nism of action and factors influencing the process will be discussed in this chapter.

Before now, remediation of contaminated/polluted environments have been 
carried out using conventional methods such as to cap and contain the contami-
nated areas of a site or digging up contaminated site and removing it to a landfill. 
These methods have however had some drawbacks. The first method is however 
just a temporary solution as the contaminants may still linger on the site and may 
further require monitoring and maintenance in the future, this leads to increased 
cost. In the landfill method, the contaminated soil is excavated moved to a different 
site and the excavation and transporting of the contaminants may pose a serious 
environmental risk, it might also prove expensive to find new sites for the disposal 
of the contaminated soil [27]. These drawbacks have led to the search for a better 
approach which would include transforming the pollutants to a harmless substance 
or a complete destruction of the pollutants if possible [28].

The use of biotechnology which entails the application of genetic modifications 
to improve the ratio of work done and reduce cost associated with remediation and 
eco restoration process have become a major factor for the increased exploitation 
of biological systems in waste reduction and eco restoration. Due to the urgency 
in the need for an effective and efficient biotechnological process and the need 
for a process that completely destroys the pollutants, researchers have come up 
with a technique for rehabilitating either contaminated sites or sites that have 
been degraded due to anthropogenic activities and the mismanagement of the eco 
system. This process is called bioremediation and it involves the application of 
living microorganisms to degrade environmental pollutants or to prevent pollution. 
The different strategies/tools used in bioremediation of oil spills include bio-stimu-
lation, bio-augmentation, use of genetically engineered microbes, nutrient appli-
cation, seeding with competent or adapted hydrocarbonoclastic bacteria or their 
consortium. Some of these Environmental biotechnological tools for the clean-up of 
crude oil contaminated sites are highlighted here.

3.1 Bioremediation

Bioremediation has been defined as the process of removing toxic waste from the 
environment using biological agents. According to Kumar et al. [27]. It was defined 
as the most effective tool to manage waste polluted environment and recovery of 
contaminated soil. Bioremediation have been carried out both in situ and ex situ in 
several sites around the world with very successful outcomes. This method is con-
sidered a non-invasive, cost effective and sometimes logistically favorable clean-up 
technology which attempts to accelerate the naturally occurring biodegradation 
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of contaminants through the optimization of the prevailing conditions [29, 30]. 
Bioremediation alongside natural attenuation have provided solution for emerg-
ing contaminant problems using actions such as biological carbon sequestration, 
landfill stabilization, endocrine disrupters and mixed waste biotreatment. Plants and 
microorganisms play roles in the remediation of contaminated environment; thus, 
the purpose of bioremediation is to reduce the potential toxicity of chemical contami-
nants in the environment via degradation, transformation, and immobilization of the 
undesirable compounds through the introduction of biosystems such as higher organ-
isms like plants (phytoremediation), microbes, and animals. Some of the microbes 
involved in bioremediation process may include aerobes, anaerobic bacteria, fungi 
and other microbes with degradative potentials. Several microorganisms including 
Mycobacteria, Pseudomonas, Bulkhoderia, Enterobacter, Acinetobacter, Alcaligenes, 
Bacillus, Proteus various Corynebacteria and some yeasts have been confirmed to 
degrade or utilize oil as a source of food [12, 31, 32]. Papadaki and Mantzouridou [33] 
reported that microorganisms involved in bioremediation are capable of convert-
ing or degrading contaminants such as crude oil that can be used as energy source. 
Microorganisms can also adapt to the stresses caused by pollutants in the environment 
due to some characteristics such as metabolic potentials that are inherited during 
natural selection or resistance to the pollutants and this contributes to the recovery 
and soil restoration process [34]. In a report by Adetutu et al. [35] microbes were able 
to remediate up to 46.6% of the oil in a contaminated soil in 320 days.

Several bioremediation strategies have been explored for treating different sites 
but most have been designed for land oil spill control. These strategies attempts to 
increase the efficiency of natural attenuation process and they include: landfarm-
ing, composting, use of bioreactors, bioventing/biosparging, pump and treat, 
bioslurping, biostimulation, and bioaugmentation [36]. A description of the in-situ 
and ex-situ bioremediation techniques is presented in Table 1.

3.1.1 Biosurfactant-enehanced bioremediation

Many microorganisms involved in bioremediation produce potent surface-
active compounds that can emulsify oil in water called biosurfactants and unlike 
chemical surfactants, the microbial emulsifier is biodegradable and non-toxic 
thereby facilitating the removal of hydrocarbon pollutants especially in the marine 
environment [43]. Biosurfactants can improve hydrocarbon bioremediation by 
two methods; the first incorporates the increment of substrate bioavailability 
for microorganisms, while the other method includes interaction with the cell 
surface which builds up the hydrophobicity of the surface allowing hydrophobic 
substrates to relate more effectively with bacterial cells [44]. By bringing down 
surface and interfacial tension, biosurfactants causes an increment to the surface 
areas of insoluble compounds prompting expanded portability and bioavailability 
of hydrocarbons. In outcome, biosurfactants upgrade biodegradation and removal 
of hydrocarbons. Biosurfactants are known to increase biodegaradation of highly 
hydrophobic compounds such as aromatics, alkanes, resins, cycloalkanes [45] 
by increasing bioavailability of the hydrophobic compound through facilitated 
transport of the pollutants from the solid phase (such as communication between 
surfactants and hydrocarbons, communication between contaminants and single 
biosurfactant molecules), improvement on the apparent solubility of the contami-
nants (improve the apparent solubility of the hydrophobic organic compound), 
and emulsification of non-aqueous phase liquid contaminants (in this process 
biosurfactants can lower the surface tension between non-aqueous and aqueous 
phases, this then leads to an increase in improving mass transport, the contact area, 
and mobilization liquid-phase contaminants).
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Biosurfactants may be secreted outside the cells (extra-cellular) or located inside 
the cells (intracellular) [46]. Based on myriads of documented reports available 
on bacterial bio-surfactants, it has been established that the spectrum of activity 
depends on the chemical composition of the pollutant. A strain of Pseudomonas 
aeruginosa was reported by Patel et al. [47] to produce the rhamnolipid type of bio-
surfactant which was mono as well as di-rhamnolipid. Rhamnolipid and its produc-
ing microorganism has been implicated in the specific degradation of hexadecance 
which clearly shows that there is a strong relationship between the type of surfac-
tant and the type of hydrocarbon/oil that gets degraded. In another related study, 
a group of bacteria producing glycolipids and sophorolipids significantly degraded 
polycyclic aromatic hydrocarbons. Chakrabarti, [48] reported that in the presence 
of glycolipids Surface active glycolipids when introduced in to the hydrocarbon 
polluted environments have improved the biodegradation of 2,4-DCPIP.

Bacteria produce biosurfactants in the form of biofilm which interacts with an 
interface and alters the surface properties such as wettability and other properties. 
Biosurfactant producing bacteria have been to be isolated from different environ-
mental compartments including the marine environment. A marine bacterium, 
Pseudomonas aeruginosa was isolated from sea water polluted with oil. This organism 
successfully degraded nonadecane, heptadecane, hexadecane and octadecane, after 
28 days of incubation. This same bacterium has also effectively degraded other 
components of hydrocarbons such as pristane, tetradecane and 2-methylnaphtha-
lene [49, 50]. The degradation ability of this bacterium has been proven to be due 
to the production of a bio-surfactant. In another experiment, two biosurfactant-
producing strains; Pseudomonas ML2 and Acinetobacter haemolyticus were inoculated 
into a hydrocarbon contaminated soil to monitor and study the biodegradation 
potentials. After two months incubation period, a drastic reduction in the hydro-
carbon concentration (11–71%) and (39–71%) was observed by Pseudomonas ML2 
and Acinetobacter haemolyticus, respectively. These results suggests the remarkable 
hydrocarbon degradation ability of cell free biosurfactant produced by bacteria. 
Several biosurfactants have been produced by various microbes which include: 
rhamnolipids (P. aeruginosa), liposan (C. lipolytica), surfaction (B. subtilis), emul-
san (A. calcoaceticus), sophorolipids (T. bombicola), carbohydrate-protein-lipid 
(Microbacterium sp.) viscosin (P. fluorescens) and serrawettin (S. marcescens) [50–53].

3.1.2 Mechanism of action of bioremediation

Microbial-assisted bioremediation explores the potentials of naturally occurring 
hydrocarbon degrading microbes (oleophilic microbes) or plants in the detoxifica-
tion/degradation/mineralization of hazardous substances to human health and the 
environment. These microbes can either be native to the contaminated area or could 
be introduced from a similar site into the contaminated soil, a process called bioaug-
mentation [54]. Bioremediation occurs most frequently by the action of microbial-
mediated degradation. This process is often achieved by the action of consortia of 
organisms and for bioremediation to be effective, there must be complete miner-
alization of the hydrocarbon which occurs through a series of enzymes harboring 
catabolic genes to produce harmless products such as CO2 and H2O [55].

Biodegradation of petroleum hydrocarbons is a complex process that depends on 
the nature and on the amount of the hydrocarbon present. Petroleum hydrocarbons 
are divided into four broad categories: Saturates (branched, unbranched and cyclic 
alkanes), aromatics-ringed hydrocarbon molecules such as monocyclic aromatic 
hydrocarbons (MAHs) and polycyclic aromatic hydrocarbons (PAHs), resins  
(Polar oil-surface structures dissolved in saturates and aromatics) and asphaltenes 
(dark-brown amorphous solids colloidally dispersed in saturates and aromatics). 
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These various categories respond differently to biodegradation as a result of their 
chemical structures and molecular weight. For example, PAHs, asphaltenes and res-
ins are considered highly recalcitrant because of their high molecular weight [56].

Microbial degradation is a major route and ultimate natural mechanism by 
which one can clean up petroleum hydrocarbon pollutants from soil environment 
[57]. Typically, an individual microorganism will biodegrade a limited number of 
hydrocarbons whereas a microbial consortium can biodegrade an impressive array 
of hydrocarbons collectively [58, 59]. Onuoha et al. [60] reported that Nigerian 
soil especially in the Niger Delta region, may harbor a significant population of 
hydrocarbon degraders as a result of the increased multifarious activities of the 
oil industry within the region. The result of the investigation revealed that an 
appreciable number of bacterial isolates showed different degrees of degrada-
tion in mineral salt medium using spent oil as sole source of carbon. In a similar 
study, Chikere and Ekwuabu [61] conducted an investigation in Bodo community, 
Ogoniland, Nigeria to characterize the active culturable indigenous hydrocarbon 
utilizing microbial population. A significant population of hydrocarbon utilizing 
bacteria and fungi corresponding to the long-term impact of crude oil in the study 
area was observed. The hydrocarbon degrading microbes have an inherent genetic 
capacity to assimilate hydrocarbons and/or its products [62]. The process is there-
fore regarded as a complex biological oxidation process involving mostly aerobic 
organisms which may be enhanced by supplementation with fixed nitrogen, 
phosphate and other rate-limiting nutrients. Microorganisms have enzyme systems 
that can degrade and utilize different hydrocarbons as source of carbon and energy 
[63, 64]. The driving force for petroleum biodegradation is the ability of microbes 
to utilize hydrocarbons, to satisfy cell growth and energy.

Biodegradation may occur spontaneously and the process is called natural 
attenuation. In most cases however, this might take a longer time and this could be 
as a result of inability of the natural circumstances of the contaminated site to favor 
the natural attenuation process [65]. Also, it may be due to inadequate number or 
diversity of microorganisms with specific enzyme system required to break down 
the contaminant and lack of favorable environmental conditions to support the 
process. Such situations can be improved by supplying one or more of the missing/
inadequate microbes, developing oil eating bugs through genetic engineering/
recombination, introducing rate-limiting nutrients or enhancing environmental 
factors to favor the active degraders. It was reported that extra nutrients were 
added to accelerate the breakdown of oil spill caused by the super tanker Exxon 
Valdez on the Alaskan shoreline [66]. Since numerous types of pollutants are to be 
encountered in a contaminated site, diverse species of microorganisms are likely to 
be required for effective mediation [67].

3.2 Microbial remediation

Microbial bioremediation strictly involves the use of microbes or their derivates 
(Enzymes, biomass) to degrade or transform xenobiotics for the detoxification of 
crude oil polluted environments. Microorganisms are ubiquitous, therefore pollut-
ants in the different environments come in contact with these oleophilic microbes. 
Specifically, the hydrocarbon degrading microorganisms (bacteria, fungi, algae) 
are able to breakdown these pollutants because of their inherent genetic capabilities 
to mineralize these hydrocarbons through metabolic pathways. Microbial biore-
mediation technology in the long run promotes the growth of specific microflora 
or the microbial consortia, indigenous to the contaminated sites that are able to 
perform the desired activities. In the process, microorganisms use the contami-
nants as source of energy or nutrient. The microbial consortia can perform this 
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role optimally by either adding terminal electron acceptor or promoting microbial 
growth by adding nutrients [27]. In oil contaminated sites as it relates to this review, 
oil spills can be broken down using multiple techniques which includes the microbes 
feeding on the crude oil or addition of fertilizers/nutrients to the contaminated site 
to accelerate the decomposition of crude oil by the microorganism present in the 
soil or by introducing hydrocarbon degrading bacteria from exogenous sources to 
augment the indigenous population. As regards to crude oil contaminated envi-
ronment, bioremediation process exploits the catabolic ability of microorganism 
to feed on oil. Research frontiers globally have described various application of 
microorganisms in the bioremediation of oil pollution under controlled conditions, 
field scale and in different environmental conditions, with very encouraging results 
[13, 15, 55]. The natural existence of a large diversity of microbial species expands 
the variety of chemical pollutants that are degraded or detoxified [68].

So many microorganisms have been reported with hydrocarbon remediation 
potentials which are Bacillus spp. (degradation of hydrocarbons and phenoxy 
acetates) [15], Pseudomonas spp. (degradation of benzene, anthracene, and PCBs) 
[69, 70] also Azotobacter species (degradation of benzene and cycloparaffin) [70] 
and so many other microbes as previously discussed. White rot fungi have also been 
reported to have greater access to poor bio-available substrates, since they secrete 
extracellular enzymes involved in the oxidation of complex organic and inorganic 
matters [13]. For example, direct application and incubation of fungal laccase in 
hydrocarbon contaminated soils for 14 days led to the reduction of the PAHs such as 
benzo(a)pyrene and anthracene by about 80% [71, 72].

Microbial bioremediation technique has some advantages over other clean-up 
methods such as: public acceptance, a naturally occurring process, low cost tech-
nology, it can be done in situ and ex situ, instead of contaminants being trans-
ferred from one form to another or one medium to another, complete destruction 
of target organic pollutants is possible to produce non-toxic substance and it can 
lead to eco-restoration of the polluted medium [40, 68]. Some oleophilic microbes 
and their hydrocarbon specificity are presented in Table 2.

3.2.1 Factors that influence microbial bioremediation

There are a few factors that contribute to the success of microbial bioremedia-
tion, some of these factors may include the growth and survival of microbial popu-
lations, the ability of these organisms to come into contact with the substances that 
need to be degraded into less toxic compounds, cation exchange capacity, relevant 
nutrient availability, acidity (soil pH), aeration or oxygen (electron acceptor level), 
water solubility, temperature, enzyme activity, hydraulic properties, [31] water 
content, site condition, microbial communities, sufficiency of the numbers of 
microorganisms and the habitability of the microbial environment for the microbes 
to thrive [89]. Sometimes the environment might be too toxic for the microorgan-
isms to survive, in this case, the microbes should be engineered to be able to survive 
the high toxicity. Also, bioremediation works best in soils that are relatively sandy 
because sandy soils allow mobility and greater likelihood of contact between the 
microbes and the contaminant [90]. Therefore, for any bioremediation process to 
be successful, the environmental factors that play major roles in the process must 
first be understood.

The process of bioremediation may not always result in the complete mineral-
ization of organic compounds, some of the organic compounds are transformed 
naturally to other metabolites and the toxicity and persistence of these new 
metabolites are mostly unknown [91]. Compliance analysis requires examination of 
the contaminated site in the light of the governing regulation and the action plan. 
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Oleophilic 
micro-organisms

Type of 
microorganism

Hydrocarbon-
specificity

Habitat Reference

Pseudomonas spp. Bacterium Bezene, toluene, 
ethylbenzene, 
xylene, naphthalene, 
phenanthrene, kerosene 
and diesel

Soil, river and 
marine

[73, 74]

Alcanivorax spp Bacterium Alkanes Soil, river and 
marine

[75]

Rhodococcus spp. Bacterium Anthracene, benzene, 
tolune, ethylbenzene, 
xylene and Benzo (a) 
pyrene

Soil, river and 
marine

[76]

Mycobacterium spp. Bacterium Benzo (a) pyrene and 
pyrene

Soil [77]

Ralstonia spp. Bacterium Benzene, toluene, 
ethylbenzene and 
xylene

Soil, river and 
marine

[78]

Haemophilus spp. Bacterium Phenanthrene and 
pyrene

Soil, river and 
marine

[79]

Mesorhizobium spp. Bacterium Most PAH (not specific) Soil [80]

Bacillus spp. Bacterium Toluene and diesel Soil [74]

Thalassolituus 
oleivorans

Bacterium Phenanthrene and 
pyrene

Marine [79]

Alcaligenes spp. Bacterium Most PAH (not specific) Soil [80]

Proteus spp. Bacterium Xylene and diesel Soil [74]

Geobacter spp. Bacterium Anaerobic breakdown 
of benzene

Groundwater, deep 
soil and oceans 
sediments

[81]

Planococcus spp. Bacterium Light Arabian oil Soil [82]

Labrys spp. Bacterium PAH (not specific) soil [83]

Fundibacter spp. Bacterium Alkanes (not specific) soil river and 
marine

[84]

Sphingobacterium spp. Bacterium Low molecular weight 
PAH

Soil/sludge [85]

Tsukamurella spp. Bacterium Low molecular weight 
PAH

Soil/sludge [85]

Corynebacterium spp. Bacterium Low molecular weight 
PAH

Soil/sludge [85]

Rhodotorula glutinis 
var. dairenesis

Bacterium A wide spectrum of 
petroleum hydrocarbon

Soil [65]

Ochrobactrum spp. Bacterium PAH (not specific) Soil [86]

Fusarium spp. Fungus PAH (not specific) Soil [87]

Phanerochaete spp.
Chrysosporium spp.
Cuuninghamella spp.
Penicillium 
chrysogenum

Fungus PAHs (not specific) Soil [88]

Table 2. 
Oleophilic microorganism and hydrocarbon specificity.
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For a successful bioremediation, the site must first be examined and characterized 
and this is a very challenging and difficult aspect of a bioremediation efforts. Some 
factors that influence microbial degradation of hydrocarbons in the environment is 
present are presented in Table 3.

3.3 Plant bioremediation (phytoremediation)

This is one of the biotechnological approach/tools in which plants are used in 
the clean-up of contaminated environments. It is an emerging technology and 
it promises a cost friendly, less-intrusive and effective clean up and restoration 
of crude oil contaminated soils [65]. It can also simply be defined as a process 
of using plants and plant-associated microorganisms such as Arburscular 
Mycorrhizal fungi (AMF) or plant growth promoting rhizobacteria (PGPR) to 
clean up contaminated soils. It is an inexpensive, non-invasive alternative for 
other remediation methods such as the chemical/engineering-based methods 
[31]. Green plants are solar-driven, and are an effective filtering system endowed 
with fouling and degradative abilities [92]. It has been reported that salt marsh 
plants such as Spartina alterniflora, Sagittaria lancifolia, Spartina patens and Juncus 
roemeriannus are able to take up hydrocarbons from oil-contaminated sediment 
[93, 94]. Godheja et al. [95] reported that Dioscorea sp. have been reported to be 
able to metabolize petroleum hydrocarbons such as n-hexane and also Enzymes 
such as peroxidases and cytochrome P450 found in the plant Dioscorea composita 
was involved in the biotransformation of hydrocarbon.

In an experiment by Olusola and Anslem [96]. A plant (Amaranthus hybridus) 
was cultivated in a nursery and then transplanted into experimental pots contain-
ing crude oil contaminated soils. A white rot fungus (Pleurotus pulmonarius) and a 
mycorrhizal fungus (Glomus mosseae) were introduced into some of the different 
pots to study the ability and the degree of bioremediation of crude oil contaminated 
soils by these fungal species. The results showed that plants which were grown in 
the crude oil polluted pots without any of the fungal species died within two weeks 
while the pots with the soil samples which were inoculated with the fungus survived. 
The contaminated soil sample inoculated with Glomus mosseae showed the best result 
in terms of plant growth. They concluded that biological treatments are the best 
methods for cleaning or remediating contaminated soils. They also suggested that 

Physical 
factors

Optimal conditions

Temperature Affects the chemistry of the pollutants as well as physiology and diversity of pollutants.
Optimal at 30-40°C in soil

Nutrient Stimulates the growth of indigenous oleophilic microbes in the environment.
C:N:P ratio – 100:10:1

pH Soil pH affects availability of nutrients and it’s important in the survival of microbes 
within a certain pH range.
Optimal at pH 7
Acceptable range: 6–8

Moisture Soil microorganisms require moisture for cell growth and function.
Optimal moisture content for petroleum hydrocarbon degradation ranges between 45 
and 85% of the water holding capacity.

Oxygen Major degradation pathways for petroleum hydrocarbons involves oxygenates and 
molecular oxygen since most degradation process is aerobic

Table 3. 
Factors that influence microbial degradation of petroleum hydrocarbon in the environment.
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certain plants which have associations with microorganisms such as the AMF species 
Glomus mosseae could play roles in the clean-up of crude oil contaminated soils.

Plants and plant-associated microorganisms are both involved in phytoremedia-
tion process. The plants used must first be tolerant to the pollutants, encourage 
the growth of rhizospheric microorganisms and in turn these microorganisms 
can secrete oil degrading enzymes and thereby generate energy in a process called 
rhizodegradation. However, there is a major setback with this process in that plants 
tend to compete with the hydrocarbon degrading microorganisms for the available 
nutrients like fixed nitrogen and phosphorus.

3.3.1 Mechanisms of action of phytoremediation

Phytoremediation offers potential for restoring large areas of contaminated 
environments requires certain mechanisms for a successful remediation process. 
Plants are able to remove pollutants through processes such as biodegradation, 
phytovolatilization, accumulation, and metabolic transformation. Several 
factors determine the most effective phytoremediation mechanism to adopt, 
such as the bioavailability of the contaminant, type of contaminant, soil proper-
ties and other environmental factors that support plant growth and activities. 
There are several routes through which plants decontaminate polluted sites, 
however, the primary channel for plant uptake of contaminants is through the 
root systems (rhizosphere) which harbors the essential components required for 
decontaminating toxic substances. The rhizosphere of plants has a large surface 
area responsible for the absorption and accumulation of essential nutrients and 
water required for growth. A large diversity of microorganisms are usually found 
in this region because of the exudates and enzymes released which stimulates 
the activities of microorganisms capable of degrading hydrocarbons present 
in the soil, direct biochemical transformation of petroleum hydrocarbons, and 
have also shown resistance to crude oil toxicity [97]. Rhizospheric interactions 
between host plants and the microorganisms that are resident in the rhizosphere 
are critical to the phytoremediation process. Host plants enrich the rhizosphere 
by releasing root exudates that help in recruiting the beneficial pollutant degrad-
ing bacteria and other microorganisms to the rhizosphere. In a report, a plant 
growth promoting rhizobacteria Pseudomonas putida KT2440 was recruited 
due to the production of 2,4-dihydroxy-7-methoxy-1,4-bezoxazin-3-one, a root 
exudate produced in Maize seedlings [98].

There are several other phytoremediation mechanisms which include; phy-
toextraction, phytostabilization, phytofiltration, phytodegradation, phytovola-
tilization rhizodegradation and phytostimulation (Figure 1). Phytoextraction/
phytoaccumulation is a process of absorption or translocation of contaminants 
from the roots to other parts of the plants. Rhizofiltration is a process which 
involves the roots removing contaminants from water bodies, thus causing the 
water to be filtered. This mechanism is closely related to phytoextraction but it 
strictly applies to the aquatic environment. Phytostabilization involves bind-
ing the contaminants to the roots of plants which leads to the immobilization 
of the contaminants and thus reducing leaching of the contaminants from soil 
[98]. Phytodegradation involves the secretion of exudates by the roots to break 
down contaminants which are then removed via transpiration and uptake. 
Phytostimulation involves the enhancement of the microbial activity in the rhizo-
sphere to facilitate the breakdown of organic contaminants. Phytovolatilization is 
a process that involves the removal of contaminants from the soil by volatilizing 
them into thin air [99]. These various methods have proven to be effective for 
petroleum hydrocarbon degradation.



Crude Oil - New Technologies and Recent Approaches

104

3.4 Genetically modified microorganism for enhanced eco-recovery

Generally speaking, microbial degradation of xenobiotics involves the utiliza-
tion of microbes with specific enzyme systems responsible for the degradation, 
mineralization, transformation or detoxification of pollutants [100]. Nevertheless, 
under certain growth conditions, composition, type and concentration of the pol-
lutant, effective degradation is not expected even with the availability of microbes 
with degradation potentials. Compounds like Polychlorinated biphenyls (PCBs), 
synthetic group of chlorinated aromatic hydrocarbons and other Organic com-
pounds, due to their complex organic structure, is posing persistent and deleterious 
threats to the ecology and human health even for decades [101–107]. Therefore, it 
has become imperative to design and develop alternative hydrocarbon degrada-
tion arrangement with specific degradation genes to the available pollutants in the 
environment by cultivating microbes with engineered catalytic capabilities [108].

Genetically Engineered Microorganisms (GEMs) can be obtained by recombinant 
DNA technology/genetic engineering of microbes or by natural exchange of genes by 
bacteria in the environment through horizontal gene transfer of plasmid-borne genes. 
The application of GEMs in bioremediation of xenobiotics have shown great poten-
tials in soil [103], groundwater [102] and other environmental components exhibiting 
improved mineralization abilities over a broad-range of contaminants.

The use of GEMs represent a research frontier with wide application which 
extends to phytoremediation. Jain and Bajpai [108] reported a number of applica-
tions available in enhancing the degradative performance of oleophilic microbes 
using genetic engineering approaches. A very significant example is the genetic 
modification of rate-limiting steps in the metabolic pathway of hydrocarbon 
degrading microbes to yield increase in mineralization rates or the development of 
completely new metabolic pathways incorporated into the bacterial strains for the 
degradation of highly persistent compounds.

The first GEM, Pseudomonas fluorescence HK44GEM was designed to per-
form diverse functions in petroleum hydrocarbon degradation. The wild type, 

Figure 1. 
Mechanism of phytoremediation of crude oil.
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Pseudomonas fluorescence strain was cultivated from a PAH contaminated soil. 
Naphthalene catabolic compound (Vector PUTK21), a transposon-based biolumi-
nescence producing lux gene fused with promoter naphthalene catabolic gene were 
introduced into the P. fluorescence to form P. fluorescence HK44GEM. Upon trial in 
the presence of naphthalene or its intermediate (Salicylate) enhanced catabolic 
gene expression, naphthalene degradation and concomitant bioluminescent 
response was observed. The GEM was capable of sensing and responding to envi-
ronmental pollutants through an early detectable signal such as bioluminescence. 
The bioluminescence signaling in strain HK44GEM also served as a reporter for 
naphthalene bioavailability and biodegradation.

Additionally, since oil is a mixture of various hydrocarbons (n-alkanes, aromatic 
hydrocarbons, polycyclic aromatic hydrocarbons), the construction of engineered 
bacteria capable of degrading various petroleum hydrocarbons by genetic engi-
neering technology is a development direction to control crude oil pollution. The 
degradation of some petroleum components by microorganisms is controlled by an 
extrachromosomal plasmid; therefore, superbugs (product of genetic engineering: 
oil eating bug) can be constructed by introducing plasmids with capabilities for 
degrading different components in a single cell.

A recombinant Acinetobacter baumannii S30 pJES was constructed by inserting 
the lux gene into the chromosome of the A. baumannii S30, a strain with the biodeg-
radation efficiency for total petroleum hydrocarbon (TPH) of crude oil. Thus, the 
persistence of strain A. Baumanni S30 PJES was observed and confirmed at the bio-
remediation site after the genetic engineering process site [109]. Also, a recombinant 
strain M145-AH constructed by overexpressing alkane monooxygenase (encoded 
by alkB gene) in a non-alkane-degrading actinomycete Streptomyces coelicolor M145 
wasto exhibit a high ability observed to degrade n-hexadecane [110].

Genetically modified microorganisms such as bacteria including E. coli and 
Pseudomonas, fungi including Aspergilus niger and Rhizopus arrhizus and also algae, 
e.g., Chlorella vulgaris and Anabaena variabilis and others microbes, have been 
engaged in degradation of various compounds such as toluene, oil spills, naph-
thalene, camphor, hexane, octane, xylene, halobenzoates and others. Engineered 
microbes are more potent than the natural strains when it comes to degradation due 
to their higher degradative capacities. Advantageously, this engineered microorgan-
ism can quickly adopt pollutants as their substrates [111–114].

4. Future prospects

Microbe-assisted contaminant reduction and in-depth analysis of the organ-
isms’ metabolisms have over time accelerated the overall bioremediation process. 
However, in the next decade, molecular manipulations and the decryption of the 
cellular mechanisms using an integrated OMIC tool approach will play major roles 
in bioremediation processes [115].

Recently, a key area of modern-day scientific advancement in the removal of 
pollutants from the environment (either in soil or groundwater) is the nanoparticles 
empowered remediation. Green nanoremediation as a nature-based technology offers 
numerous promises for the cleanup and restoration of polluted soils such as crude oil 
polluted soils with reference to the efficiency of the process, energy consumed and 
the global need for eco-friendly processes [116]. Wang et al. [117] reported the use of 
silica nanoparticles capped with lipid bilayers of Pseuodomonas aeruginosa as method 
of cleaning up of PAH (benzo[a]pyrene) from contaminated soil surface.

Some of the all-round benefits of the use of green nanotechnology as a bio-
technological tool for remediation of crude oil polluted sites may include the rapid 
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removal of pollutants, reduced usage of hazardous substances and the cost effec-
tiveness. Nanobioremediation might contribute immensely to the sustainability 
of the environment because of these benefits when compared to other methods of 
remediation. The copulation of biological entities with nanomaterials have further-
more demonstrated enhanced effectiveness in the degradation of contaminants in 
soil and water. This can be seen as a future possibility in facing environmental chal-
lenges. Dave and Das [118] reported that nanoparticles can potentially bind with 
xenobiotic compounds and can either transform them into less harmful byproducts 
or completely degrade them, this process can help in the clean-up of contaminated 
environment. The requirement for any ideal bioremediation process relies on the 
use of an environmentally friendly and efficient approach. These above-described 
technologies are complete for the effective bioremediation process. Also, as part of 
Nanotechnological tools in bioremediation, nanobiosurfactants provides unique 
properties which makes them potentially strong candidates for ecofriendly nano-
bioremediation in the future [119].

Some inorganic sensors have also been developed and applied in nanotechnology 
[120] to trace and identify contaminants/pollutants in the environment which will 
inform the most suitable/appropriate biotechnological tool to be applied for clean-up 
process. In another study, it was reported that the use of oxygen-sensitive proteins to 
develop oxygen biosensors is an emerging field which can be adopted for the prepara-
tion of nanomaterials that are able to respond to oxygen levels and other specific 
components of pollutants [121]. Ryu et al. [122] extensively reviewed the field of 
Transmembrane proteins which were incorporated into membranes coupled to several 
trandusctors and observed that this approach can be successfully applied in pesticide 
detection, monitoring of gases, microarray etc. Based on this, [123] recommended 
that in the future, hydrocarbon catabolic enzymes may also be incorporated to moni-
tor more complex pollutants such as Polycyclic aromatic hydrocarbons (PAHs). These 
concepts, explored with proteins will open a wide area of sensing and detoxification 
opportunities in bioremediation. Techniques such as biofilm formation and whole-cell 
immobilization for the removal and recovery of soils containing pollutants such as 
heavy metals and PAHs have also gained attention [124].

5. Conclusion

The various biotechnological tools in ecorestoration of crude oil polluted 
environment outlined in this review has been confirmed to be eco-friendly and 
effective in the mineralization of the pollutants. Biosurfactant-producing microbes 
contribute significantly to enhancing microbial bioremediation by increasing 
bioavailability. Microorganisms produce a wide range of surfactants with hydrocar-
bon specificity. Microbial bioremediation and phytoremediation have both yielded 
positive results in environmental studies under favorable conditions and growth 
conditions, respectively. The genetic engineered microbes in bioremediation favor 
the degradation of recalcitrant hydrocarbons and increase the rate of degradation. 
Although this method is still under investigation based on environmental and 
ecological risk. This review has highlighted known eco-friendly approaches of 
bioremediation of polluted sites using several biotechnological tools.
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Abstract

Biotechnological tools engaged in the bioremediation process are in reality, 
sophisticated and dynamic in character. For specialized reasons, a broad variety of 
such devices are employed to produce a safe and balanced environment free of all 
types of toxins and so make life simpler for humans on planet Earth. Actinomycetes 
is one of these extremely important and functionally helpful groups. They can 
be used for a variety of bioremediation objectives, including biotransformation, 
biodegradation, and many more. Actinomycetes are one of the most varied groups 
of filamentous bacteria, capable of prospering in a variety of ecological settings 
because to their bioactive capabilities. They’re famous for their metabolic diver-
sity, which includes the synthesis of commercially useful primary and secondary 
metabolites. They produce a range of enzymes capable of totally destroying all of 
the constituents. They are well-known for their ability to produce bioactive second-
ary metabolites. Members of various genera of Actinomycetes show promise for 
application in the bioconversion of underutilized urban and agricultural waste 
into high-value chemical compounds. The most potential source is a wide range of 
important enzymes, some of which are synthesized on an industrial scale, but there 
are many more that have yet to be discovered. Bioremediation methods, which use 
naturally existing microbes to clear residues and contaminated regions of danger-
ous organic chemicals, are improving all the time. In the realm of biotechnologi-
cal science, the potential of actinomycetes for bioremediation and the synthesis 
of secondary metabolites has opened up intriguing prospects for a sustainable 
environment.

Keywords: Actinomycete, Bioremediation, Biotransformation, Biodegradation, 
Sustainable environment, Bioactive compounds

1. Introduction

The word ‘actinomycete’ comes from the Greek words ‘atkis’ (ray) and’mykes’ 
(fungus), both of which contain bacterial and fungal features. Actinomycetes 
are gram-positive bacteria that generate spores and are found in nature aerobi-
cally. They are one of the most important taxonomic units among the 18 major 
lineages currently recognized within the domain bacteria. The Actinobacteria 
class is an important part of the microbial population in soils. Their metabolic 
variety and unique growth features make them ideal bioremediation agents [1–12]. 
Actinobacteria are a worldwide collection of microorganisms that may be found in 
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a variety of natural habitats [13]. They are Gram-positive bacteria with a high gua-
nine plus cytosine (G1C) content base in DNA (5575 mol%), however new species 
have been discovered that do not follow this norm. This group is extremely diverse, 
as it contains a wide range of microorganisms that differ chemically, morphologi-
cally, and physiologically [14]. This morphological variety is demonstrated by a 
constant shift from basal and bacilliform cells to hyphae that break and branch, 
generating aerial mycelium with lengthy chains of spores. Actiospores are generated 
as a result of nutrient deficiency and may withstand protracted desiccation [15]. 
This capacity to sporulate is critical for their survival in the wild. Temperatures of 
2530C and neutral pH are ideal for growth in most cases, however several spe-
cies have been separated from harsh settings. Most of these bacteria are aerobic, 
although some may also be microaerophilic or anaerobic. They are heterotrophic, 
which means they can use both simple and complicated carbon sources [16]. The 
creation of a significant number of biotechnologically significant metabolites (anti-
biotics, enzymes, enzyme inhibitors, immunomodulators, and so on) demonstrates 
physiological variety [14]. Additionally, due to the formation of a metabolite called 
geosmin, they require a specific odor of damp soil as part of their unique traits.

1.1 Occurrence and habitat

Actinomycetes are the foremost abundant life style saprophytes that form  
thread-like filaments within the soil. They grow as hyphae like fungi liable for the 
characteristically “earthy” smell of freshly turned healthy soil. The actinomycetes 
exist in various habits in nature and represent a ubiquitous group of microbes cosmo-
politan in natural ecosystems around the world. Actinomycetes are widely distrib-
uted in soil and ocean. There are many reports for isolation of actinomycetes from 
terrestrial soils [17, 18], marine ecosystem [19, 20], mangrove ecosystem [21, 22],  
composts, vermicomposts [23]. Environmental factors influence the type and 
population of actinomycetes in soil. They are found both on mesophilic (25-300C) 
and thermophilic (400C) environments. The pH is also a major environmental factor 
determining the distribution and activity of actinomycete. Most of the actinomycetes 
grow at optimum pH around 7. Vasavada et al. [24] showed that pH, salinity, use of 
media and carbon and nitrogen sources affect the growth and antibiotic production 
by actinomycetes. Many mesophilic actinomycetes are active in compost in initial 
stages of decomposition. However the capacity for self-heating during decomposition 
provides ideal conditions for thermophilic actinomycetes. Actinomycetes diversity 
also can be influenced by the range of plant species grown thereon particular soil. 
Since different plants produce different chemical metabolites, so as to survive the 
microbes (actinomycetes during this case) got to adapt to the environment [25]. As 
soil is the best source of Actinomycetes, much research has been focused on the soil 
ecology. They may be found in a variety of soils, both cultivated and uncultivated, 
fertile and infertile, in diverse parts of the world. pH is a major environmental 
element that determines the distribution and activity of soil Actinomycetes. 
Neutrophiles are found in less numbers in acidic soils with pH < 5.0, but acidophilic 
streptomycetes are plentiful. Many active mesophilic Actinomycetes may be found 
in compost. The research have recently been conducted in aquatic settings such as 
fresh and marine waters. Many researchers saw Actinomycetes as part of the native 
microflora of marine ecosystems, whereas others saw them as wash-in elements that 
persist as spores in marine and littoral sediments. Salt tolerance has been demon-
strated in creatures from maritime settings. Actinomycetes have been studied for 
their presence, survival, and activity in a variety of severe settings. Streptomycetes, 
both acidophilic and aciduric, are common in acidic soils. Actinomycetes have been 
found in hot springs, marine sediments, and crater lakes, among other harsh habitats 
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(soda lakes). Lonar Lake, a crater produced by meteorite impact, provides a unique 
opportunity. Because of the high sodium carbonate concentration, the lake water is 
salty and alkaline (pH 9.5 to 10.0).

1.2 Structure

The development of usually branched threads or rods distinguishes actinomy-
cetes. In most cases, the hyphae are non-septate. The sporulating mycelium may be 
branching or non-branching, straight or spiral. Spherical, cylindrical, or oval spores 
are found. They resemble fungus morphologically, which might be related to the 
fact that their cell wall composition is similar to that of gramme positive bacteria. 
They have been separated from ordinary bacteria because of their filamentous form 
and cultural traits.

1.3 Actinobacteria: growth and reproduction

This diversified group has a lot of morphological differentiation, including  
septate and nonseptate multicellular strands and a filamentous-type structure. 
Strains often form compact colonies on solid culture medium, consisting of myce-
lium, a mass of hyphae pertaining to the microbe, and distinguishing into aerial 
and substrate mycelium. Actinobacteria have a modest growth rate in general. 
After 24 hours of incubation, a branching mycelium forms on the surface of a solid 
medium, which may be examined under a microscope; colonies form after 34 days, 
but mature aerial mycelium with actinospores occurs after 714 days as shown in 
Figure 1. Some strains that develop slowly may take up to a month to incubate. The 
development and stability of the substrate and aerial mycelium can be influenced 
by the culture medium composition. Colonies of Actinobacteria can be elevated 
or laid flat. Their texture ranges from incredibly soft to exceedingly hard and 
pasty. White, yellow, orange, pink, red, purple, blue, green, brown, and black are 
among the colors available. They might have smooth, grooved, wrinkled, granular, 

Figure 1. 
Life cycle of Actinomycetes.
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or flaky surfaces. Their appearance is frequently totally compact, or a mixture of 
both, with diverse developing zones in concentric rings of radial orientationThe 
colony size ranges from one millimeter to a few centimeters in diameter, depend-
ing on the species, age, and cultivation circumstances. Actinobacteria may grow 
on liquid medium as well, but only under certain circumstances. To achieve 
uniform growth, liquid cultures require agitation and aeration, as well as suspen-
sion in culture media. Actinobacteria are a common microbial community found 
in soil, with an average of 5631010 CFU/g of soil. Actinobacteria are found in the 
soil as latent spores that produce their mycelia only when specific environmental 
circumstances are ideal, such as nutrition availability, humidity, temperature, or 
physiological interactions with other microbes. These organisms are investigated 
for biotechnological applications, particularly in bioremediation of harmful 
chemicals, because to their metabolic variety and relationship with the environ-
ment. The interaction of Actinobacteria with accumulated pollutants in the 
environment, such as oil, rubber, plastics, pesticides, and heavy metals, has been 
investigated for more than 20 years [6, 10, 24]. The life cycle of the actinomycetes 
is shown Figure 1. Actinomycetes are mostly mycelioid and Gram-positive. They 
begin as unicellular creatures, but eventually evolve into branching filaments 
or hyphae, which multiply rapidly by generating new branches, forming the 
mycelium. As seen in Figure 1, this type of mycelium is known as “substratum 
or primary mycelium.” After a period of development, hyphae of a different sort 
emerge from the mycelium substratum and begin to grow in the air. Aerial hyphae 
and aerial or secondary mycelium are the terms used to describe these hyphae. 
Sheath is an additional cell wall layer seen on aerial hyphae.

2. Classification of actinomycetes

The “Bergey’s Manual of Systematic Bacteriology - 2nd edition” for 
Actinobacteria classification has five volumes, which contain internationally 
recognized names and descriptions of bacteria. Classification of Actinobacteria 
has been rearranged. In Volume 5, the phylum Actinobacteria is split into six 
classes, namely Actinobacteria, Acidimicrobiia, Coriobacteriia, Nitriliruptoria, 
Rubrobacteria, and Thermoleophilia. The class Actinobacteria is further divided 
into 16 orders that are Actinomycetales, Actinopolysporales, Bifidobacteriales, 
Catenulisporales, Corynebacteriales, Frankiales, Glycomycetales, Jiangellales, 
Kineosporiales, Micrococcales, Micromonosporales, Propionibacteriales, 
Pseudonocardiales, Streptomycetales, Streptosporangiales, and Incertae sedis. 
In the order of abundance in soils, the common genera of Actinobacteria 
are Streptomyces (nearly 70%), Nocardia, and Micromonospora, although 
Actinoplanes, Micromonospora, and Streptosporangium also are generally found. 

Characteristics Classification

Domain Bacteria

Class Actinobacteria

Order Actinobacteria

Family Actinomycetales

Genus Actinomycetes

Table 1. 
Classification of actinomycetes.
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At present, the molecular identification is predicated on 16S rDNA sequences, 
which is most vital for Actinobacteria (Table 1).

3. Actinomycetes—a biofactory of novel enzymes

Actinomycetes is a genus of bacteria belonging to the Actinobacteria class. 
They’re all gram-positive bacteria. Actinomycetes species are facultatively anaer-
obes (with the exception of A.meyeri and A. israelii, which are both obligate 
anaerobes), and they thrive in anaerobic environments. Individual bacteria of 
Actinomyces species can generate endospores, and colonies of Actinomyces develop 
fungus-like branching networks of hyphae. The appearance of these colonies led to 
the false belief that the creature was a fungus, and the name Actinomyces, which 
means “ray fungus,” was given to it (from Greek actis, ray, beam and myles, fun-
gus). Actinomycetes species may be found in soil as well as in animal microbiota, 
including the human microbiome. They are well-known for their importance in 
soil ecology; they generate a variety of enzymes that aid in the decomposition of 
organic plant material, lignin, and chitin. As a result, their presence is critical in the 
composting process. Humans and cattle have commensal flora on their skin, mouth 
flora, gut flora, and vaginal flora. They’re also renowned for causing infections in 
humans and cattle, mainly by gaining entrance to the inside of the body through 
wounds. People with immunodeficiency are more susceptible to opportunistic 
infections, as they are to other opportunistic illnesses. They are comparable to 
Nocardia in all of the qualities listed above, as well as in their branching filament 
production. Actinomycetes species, like many other anaerobes, are finicky and 
difficult to cultivate and isolate. Although clinical laboratories culture and isolate 
them, a negative result does not rule out infection since unwillingness to grow in 
vitro might be the cause.

4. Role of actinomycetes as environmental cleaner

Actinomycetes work as an environmental scrubber for the cleaning of the 
contaminant place and release potential enzymes for the same. The widely used 
application of Actinomyectes is shown in Figure 2.

4.1 Bioremediation

Actinomycetes are well-known for their bioremediation abilities. Antibiotics 
and chemical complexes are effectively consumed by actinomycetes. Pesticides and 
chemical complexes at large dosages can be degraded by them. Petroleum hydro-
carbons are widely employed as chemical components and fuel in our daily lives. 
Petroleum has become one of the most prevalent pollutants of large soil surfaces as 
a result of increased use, and is now regarded a serious environmental hazard. In 
the environment, hydrocarbons degrade in a variety of ways. Bioremediation is one 
of the methods for removing them from the environment.

The utilization of soil organisms to breakdown contaminants into innocuous 
chemicals is known as bioremediation. Pesticides and other xenobiotics in the 
environment are successfully disintegrated and bioremediated by the actinomy-
cetes. Actinomycetes play an essential role in the environmental destiny of hazard-
ous metals, altering transitions between soluble and insoluble phases through a 
variety of physico-chemical and biological processes, and producing considerable 
quantities of biosurfactants. These mechanisms are key components of natural 
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biogeochemical cycles for metals and metalloids, and some of them might be 
used to remediate polluted materials. Actinomycetes’ role in bioremediation and 
stress-related behavior has been well investigated. Numerous Actinomycetes strains 
from composts are presently being studied to see if they can breakdown certain 
petroleum hydrocarbons and decolorize several synthetic dyes, which might lead to 
bioremediation applications. Actinomycetes have a number of characteristics that 
make them ideal candidates for bioremediation of organically polluted soils. They 
are capable of degrading complex polymers and play a vital role in the recycling of 
organic carbon. According to certain research, Streptomyces flora may play a criti-
cal role in hydrocarbon breakdown. Many strains produce cellulose- and hemicel-
lulose cellulose degrading enzymes as well as extracellular peroxidase, which may 
solubilize lignin and destroy lignin-related compounds. Actinomycetes are the 
leading category of degraders in some polluted locations [26]. Actinomycetes have 
the capacity to survive in an oily environment. As a result, these bacteria can be 
used in Bioremediation to remove oil contaminants.

4.2 Actinomycetes to subtract environmental oil pollutants

A dark sticky naturally occurring liquid (petroleum) that is called as Crude 
oil, a complex mixture of compounds having varying molecular weight and 
containing 30% polyaromatic hydrocarbons (PAHs). PAH compounds such as 
naphthalene, acenaphthene, fluorene, phenenthrene, fluoranthene, pyrene, 
acenaphthylene, benz[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]
fluoranthene, benzo[a]pyrene, dibenz[a, h]anthracene, benzo[g, h, i]perylene, 
anthracene, and indeno[1,2,3cd] pyrene) are pollutants nominated by the United 
States Environmental Protection Agency as priority PAHs. The most widespread 
organic pollutants and potentially health hazards are targeted for measurement 
in environmental samples. On the other hand it is also found in environmental 
components like cereals, oils, fats, vegetables, cooked that are carcinogenic, muta-
genic, and teratogenic. So removal of PAHs is an issue of big interest [27]. Crude 
oil containing various PAHs, focuses on metabolic pathways for its degradation 
and microbial degraders. In aerobic or anaerobic conditions, bacterial and fungal 
strains are able to target the specific PAH through effective and eco-friendly 

Figure 2. 
Implications of actinomycetes in different domains.
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bioremediation approach currently. Additionally, a new approach will be needed 
to design for dearomatization of crude oil to shoot a solution in numerous PAH 
inhabitants.

The nocardioform actinomycetes of the genera Mycobacterium, Rhodococcus 
and Gordona are the soil microflora able to mineralize PAH. These novel actino-
mycetes Sphingomonas paucimobilis BA2, Gordona sp. BP9, Mycobacterium sp. VF1 
were able to grow on anthracene, pyrene or fluoranthene as the sole carbon source 
and mineralizing PAH with up to four rings [28]. Actinomycetes were potent to 
metabolize phenanthrene present at roadside soil polluted with polycyclic aromatic 
hydrocarbons (PAHs), and two highly PAH polluted soils from industrial sites [26]. 
Rhodococcus and Gordonia were potentially selected actinomycetes to remediation of 
polycyclic aromatic hydrocarbons in liquid culture and spiked soil. Biosurfactant or 
degrade phenanthrene when cultured on medium contains glucose, hexadecane and 
rapeseed oil at 300c. Gordonia sp. APB and G. rubripertincta produced emulsion 
from rapeseed oil whereas Rhodococcus sp. DSM44126 ability to degrade phenan-
threne as sole source of carbon and anthracene [29].

A novel anthracene degrading actinomycete was isolated from a hydrocarbon 
contaminated soil at mechanical engineering workshop. Haloalkalitolerant acti-
nomycetes, Kocuria rosea, Kocuria palustris, Microbacterium testaceum, and 
Nocardia farcinica were used in investigation of the correct fluorescence method 
to check the PAHs biodegrading capacity of actinobacteria. In the fluorescence 
method, excitation and emission fluorescence were used in study of the PAHs 
biodegrading to determine the residual anthracene concentration [27].

Rhodococcus opacus 412 and R. rhodnii, firstly adapted to phenanthrene and 
antracene containing solid mineral medium that accelerated metabolism of 
polyaromatic hydrocarbons. It provides microbial growth on phenanthrene as the 
sole source of carbon and energy in liquid medium, phenanthrene was utilized by 
these strains. Additionally, first Rhodococcus opacus 412 was grown to anthracene 
on solid developed variant strains that transform anthracene in liquid medium to 
anthraquinone and 6, 7-benzocoumarin [30].

A glass bead system was developed for growth of PAH-degrading actinomycetes 
in liquid culture. Here, R. wratislaviensis was able to degrade phenanthrene and 
anthracene whereas an actinomycete, Mycobacterium LP1 with a high capacity to 
degrade phenanthrene and pyrene. Strains were isolated from an agricultural soil 
that screen for biosurfactant activity and phenanthrene degradation in the pres-
ence of different co-substrates in liquid cultures and in soil. Mycobacterium LP1, 
favoring biological degradation of low-molecular-weight PAH at the first time of 
inoculation, and in second step addition of rapeseed oil, which promoted the abi-
otic transformation, and probably the solubilization, of the high-molecular-weight 
PAH [29].

Biodesulfurization was a selective and cost-effective method for subordinating 
the sulfur content of petroleum products. DBT, used as a model polyaromatic sulfur 
heterocycle for microbial isolation and characterization to check capability of trans-
forming organosulfur compounds found in an assortment of fossil fuels. However, 
Biotransformations were occurred through metabolic degradative pathways or 
growing with it as a sole sulfur source and biocatalytic desulfurization for the selec-
tive removal of polyaromatic sulfur heterocycle. Rhodococcus erythropolis I-19 was 
used to desulfurize alkylated dibenzothiophenes (Cx-DBTs) from hydrodesulfur-
ized middle-distillate petroleum (MD 1850) with the aid of multiple copies of key 
dsz genes present in cell [31].

The sulfur oxides released after incineration of fossil fuels, the main environ-
mental problem, cause air pollution and are the key for acid rain. Organosulfur 
compounds, including dibenzothiophene (DBT) are metabolized by microbes. 
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Rhodococcus erythropolis IGTS8 have gene clusters of the dsz, three genes, dszA, 
dszB, and dszC. Genetic analysis of the dsz Promoter and its associated regulatory 
regions of Rhodococcus erythropolis IGTS8 were done. In genetic investiga-
tion, dsz gene clusters are involved in conversion of dibenzothiophene (DBT) 
to 2-hydroxybiphenyl and sulfite. Rhodococcus can use DBT as the sole source 
sulfur [32].

Rhodococcus sp. strain SY1, dibenzothiophene (DBT)-desulfurizing bacte-
rium utilized dimethyl sulfide (DMS), dimethyl sulfoxide (DMSO), and several 
alkylsulfonates as sole sulfur sources. Strain SY1 were able to degrade DMS in the 
oxidative pathway via DMSO, DMSO2 (dimethyl sulfone), and methanesulfonate 
to methane and sulfate, reducing a part of DMSO back to DMS. Sulfate produced 
can reduce enzymatic expression by the addition of BaCl2 enhanced the degradation 
rate of DBT about 14%. Spent motorcycle lubricating oils degradation was explored 
using microbiological standard procedures. Actinomycetes such as Nocardia sp., 
Gordonia sp., Micromonospora sp. and Rhodococcus sp. were able to degrade 
1.035% to 7.53% of the spent lubricating oil [33].

An application of biosurfactants while one needs to clean up oil. Arthrofactin, 
a novel biosurfactant was produced by Arthrobacter species strain MIS38. 
Arthrofactin is one of the most effective lipopeptide biosurfactants and it effec-
tively removes oil [34].

4.3 Actinomycetes in pesticide degradation

India, an agricultural country, has lost 30% of agricultural produce to pests. 
As a result insecticides, fungicides, pesticides and herbicides have rising demand 
for protection of crops. Monocrotophos (MCP) is organophosphorus pesticide 
and hazardous and extensively utilized in India to protect economically important 
crops. Biomineralization of Monocrotophos, by soil bacteria Arthrobacter atrocya-
neus MCM B-425 and Bacillus megaterium MCM B-423 were capable to degrade 
MCP (concentration of 1000 mg l−1) to the extent of 93% and 83%, respectively. 
MCP is degraded by metabolic pathway involving the enzymes phosphatase and 
esterase to carbon dioxide, ammonia and phosphates through formation of one 
unknown compound – Metabolite I, valeric or acetic acid and methylamine, as 
intermediate metabolites. Two cultures will be used for bioremediation of waste 
water treatment and MCP contaminated soil [35].

A pollutant 4-chlorophenol (4-CP), toxic and recalcitrant compound which 
is formed from chlorination of waste water, in pulp mills, from breakdown of 
herbicides such as 2,4-dichlorophenoxyacetic acid and from anaerobic degradation 
of more highly chlorinated phenols, such as pentachlorophenol and 2,4,6-tri-
chlorophenol. In Bioremediation, certain microbial strains are able to degrade 
4-CP. A novel strains Arthrobacter chlorophenolicus sp. capable of degrading up 
to 350 p.p.m. (2.7 mM) high concentration of 4-CP (Westerberg et al., 2000). 
Arthrohacter ureafaciens CPR706 degrades 4-chlorophenol through the hydroqui-
none pathway [36].

Triazine rings are found in pesticides, plastic resins, dye s-Triazine herbicides 
are broadly used in modern agriculture, where they kill susceptible plants by 
coordinating to the quinone-binding protein in photosystem II, thereby inhibiting 
photosynthetic electron transfer. Atrazine (2-chloro-4-ethylamino-6-isopropyl-
amino-1,3,5-s-triazine) is broadly used herbicides in the United States for the control 
of broadleaf weeds in corn, sorghum, and sugarcane. Arthrobacter aurescens TC1, 
potential organism to metabolize substantial quantities of s-triazine compounds in 
the environment. A. aurescens TC1 were able to degrade 3,000 mg of atrazine per 
liter in liquid culture as the sole source of nitrogen, carbon, and energy [37].
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A novel Streptomyces spp. VITDDK3, halo tolerant Actinomycete was isolated and 
screened from Saltpan Soil. The Stain was considered potentially for production of 
biosurfactant, heavy metal resistance activity (to cadmium and lead) and also dyes 
decolourization activity. 98% of the azo dye and Reactive red 5B were potentially 
degraded by Streptomyces spp. VITDDK3. The new strain will be used further for 
large scale production of the lead compound [38]. Rhodococcus chlorophenolicus 
were degrade tetrachloro-para-hydroquinone to 1, 2, 4-trihydroxybenzene by 
metabolic process of microbial enzymes through reductive aromatic dechlorination 
process [39].

The chloroacetanilides including alachlor [2- chloro-2′,6′-diethyl-N-
(methoxymethyl) acetanilide] are selective herbicides extensively used for pre-
emergent weed control. The extremely toxic alachlor (144 mg l−1 concentration) 
was biologically degraded enzymatically by the metabolic pathway of the strains 
Streptomyces sp. LS166, LS177, and LS182. The Streptomyces sp. were degraded 
around 60–75% of the alachlor in 14 days [40]. Herbicides are greatly significant 
for agriculture. Herbicides may act as pollutants, damaging the soil, ground water 
and surface water. Actinomyces play an important role in the cycle of the ele-
ments in nature and in degradation of organic xenobiotic substances. Streptomyces 
albus, Streptomyces aureus and Streptomyces chrysomallus were Influence Xenobiotic 
Substances- Sulfonylurea herbicides, tribenuron-methyl and nicosulfuron, which 
were commonly used in farming [41].

4.4 Actinomycetes involved in plastic degradation

Plastics, corrosion resistant materials, strong, durable and inexpensive polymers 
are derived from petrochemicals and chemical processes to produce long chain 
polymers. At room temperatures the plastic polymers are not considered as toxic, 
but when heat is released from plastics have undesirable effects on the environ-
ment and human health. Plastics are accessible in a variety of forms such as nylon, 
polycarbonate, polyethyleneterephthalate, polyvinylidene chloride, Urea formal-
dehyde, polyamides, polyethylene, polypropylene, polystyrene, polytetraflouro 
ethylene, polyurethane and polyvinyl chloride. Naturally occurring microorganism 
involved in degradation of organic material- plastic and plastic waste. Styrene is 
possibly carcinogenic to humans that cause mammary gland tumors in animals [42]. 
Polystyrene waste accumulates in the environment posing an increasing ecological 
threat [43].

The plastics of poly (β-hydroxybutyrate)(PHB)-and poly (ε-caprolactone)
(PCL) were degraded by aerobic microorganisms that persist in the natural envi-
ronment. The plastic depolymerizing microorganisms are distributed over many 
kinds of material, including landfill leachate, compost, sewage sludge, forest soil, 
farm soil, paddy soil, weed field soil, roadside sand, and pond sediment [44]. 
Actinomycete strains Streptomyces genus and Micromonospora genus were isolated 
and screened for the capability to degrade poly (ethylene succinate) (PES), poly(ε-
caprolactone) (PCL) and poly(β-hydroxybutyrate) (PHB) from upstream and 
downstream regions of the Touchien River in Taiwan [45].

Streptoverticillium kashmirense AF1 was able to degrade a natural polymer; 
poly (3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) was isolated from 
municipal sewage sludge by soil burial technique. Extracellular enzymes 
PHBV depolymerases secreted by Streptoverticillium kashmirense AF1 was puri-
fied and degrade PHBV film [46]. Actinomadura, Microbispora, Streptomyces, 
Thermoactinomyces and Saccharomonospora were thermophilic actinomycetes 
strains able to degrade poly (ethylene succinate) (PES), poly (ε-caprolactone) 
(PCL) and poly (β-hydroxybutyrate) (PHB). Thermophilic actinomycetes 
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Microbispora rosea, Excellospora japonica and E. viridilutea were able to degrade 
aliphatic polyester, poly (tetramethylene succinate) (100 mg PTMS film) [47].

Biofilms are the favored bacterial mode of living and survival, most microorgan-
isms—which tend to attach to surfaces—to gain physical support, increase nutrient 
utilization. Polyethylene (PE), synthetic polymer, is highly inert and virtually 
non-biodegradable. Rhodococcus ruber (C208) has formed a dense biofilm on poly-
ethylene (PE) surfaces when degradation of their analogous substrates within the 
biofilm [48]. A biofilm-producing strain of Rhodococcus ruber was degraded poly-
ethylene by organization yields “mushroom-like” 3D structures on the full-grown 
biofilm [43]. Rhodococcus sp. strain RHA1, strong polychlorinated biphenyl (PCB) 
degrader has diverse biphenyl/PCB degradative genes and harbors huge linear plas-
mids, including pRHL1 (1,100 kb), pRHL2 (450 kb), and pRHL3 (330 kb). Linear 
plasmids of Rhodococcus sp. strain RHA1 having degradative genes such as bphB2, 
etbD2, etbC, bphDEF, bphC2, and bphC4 [49].

Polylactic acid (PLA), biodegradable plastic has broadly applicable in food 
packaging with respect to environmental concern in solid-waste management. 
Novel polylactic acid-packaging degrading actinomycete, Streptomyces sp. 
KKU215 biomass productions were carried out in PLA-packaging as sole carbon 
source. The potent strain was used in biodegradation of PLA-packaging [50]. 
Amycolatopsis strains, poly(L- lactide) degrader stain has ability to assimilate 
degradation product like poly lactic acids [51]. Amycolatopsis sp. strain HT-6, a 
poly(tetramethylene succinate) (PTMS)-degrading actinomycete, was observed to 
degrade poly(tetramethylene carbonate) (PTMC). Actinomycetes strain degrades 
polycarbonate PTMC in a liquid culture with 150 mg of PTMC film, completely and 
fast degraded with a high yield of cell growth [51]. Polylactide (PLA)-degrading 
microorganisms are sparsely distributed in soil environments. An Amycolatopsis was 
potent in degradation of PLA film (100-mg film) added was degraded by the strain 
in liquid culture after 14 days of incubations [52].

4.5 Actinomycetes as biological degrader of dyes

Synthetic dyes, coloring agents are mostly used in textile industries and spawn 
a huge amount of wastewater during the process of dyeing. The release of colored 
effluents in rivers and lakes are the key reason for reduction of dissolved oxygen 
concentration creating anoxic condition and foremost to the acute toxic effects on 
the flora and fauna of the ecosystem. In addition to colored effluents in water bodies 
reduces the photosynthesis as it hampers dispersion of light in water. The color of 
textile wastewater deduction is a major environmental concern [53]. These syn-
thetic dyes are not easily removed in waste water treatment plants [54].

Azo dyes, water-soluble reactive dyes constitute the most versatile class of syn-
thetic dyes used in the textile, pharmaceutical, paper, food and cosmetic industry 
due to their ease in production and variety in color compared to natural dyes. Azo 
dyes are widely used in textile industries. When Azo dyes are left in water bodies 
without any treatment, they result in environmental pollution and in turn are toxic, 
carcinogenic and mutagenic. Azo dye Reactive Yellow Biodegradation was carried 
out by microorganisms isolated from the activated sludge. The isolated actinomy-
cetes were acclimatized to different concentrations of dye from 0.005–0.200% 
(mg/100 ml). The consortium was developed by mixing five actinomycetes and the 
found degradation of dye depends on the concentration of dye in addition to the 
growth of the actinomycetes. Lignin peroxidase, laccase and tyrosinase enzymes 
were responsible for steady degradation activities. Biosorption of Reactive Yellow 
dye as occurred by using dead biomass of actinomycetes [55]. The Streptomyces 
spp., indigenous in environment was able to degrade azo blue and azo orange 
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dyes in optimization of conditions through metabolic pathways with responsible 
enzymes [53].

Thermobifida fusca BCRC 19214, the thermophilic actinomycetes was produced 
in laccase. The laccase are diphenol oxidases, could oxidize dye intermediates, 
especially 2,6-dimethylphenylalanine and p-aminophenol [56]. Streptomyces spp. 
was used in the decolorization of monosulfonated mono azo dye derivatives of 
azobenzene. Additionally strain was enhancing the biodegradabilities of azo dyes 
without affecting their properties as dyes by changing their chemical structures. 
The Change in dye structure was observed with five azo dyes having the common 
structural pattern of a hydroxy group in the para position relative to the azo linkage 
and at least one methoxy and/or one alkyl group in an ortho position relative to the 
hydroxy group. Streptomyces spp. was also decolorized Orange I [57]. Sulfonated 
Azo Dyes (“4C-radiolabeled azo dyes) and sulfanilic acid were used to study dye 
substitution patterns and biodegradability-mineralization by a white-rot fungus 
and an actinomycete. Phanerochaete chrysosporium and Streptomyces chromofus-
cust mineralization of modified dyes anionic azo dyes, containing lignin-like substi-
tution patterns considered among the xenobiotic compounds. These very specific 
structural changes in the azo dye molecules enhanced their biodegradability [58].

Reactive dye is the foremostly used one type of azo dye containing different 
reactive groups. Reactive dyes that derive from dyeing industries increase Chemical 
Oxygen Demand (COD) and Biological Oxygen Demand (BOD), change the pH 
of water bodies and it causes serious problems in plant, animal and human beings. 
The presence of dyes in water is highly visible and affects their transparency and 
esthetic even though the concentration of the dyes is low [59]. Actinomycete strains 
were decolorized effluents containing different types of reactive dyes anthraqui-
none, phthalocyanine and azo dyes. The absorption of reactive dyes was done by 
the strains cells outcome in the decolorization of the effluents [54]. Actinomycete 
Streptomyces krainskii SUK – 5 was potent to degrade and decolorize textile azo 
dye- Reactive blue–59 in nutrient medium in shaking condition. Actinomycete were 
induced enzyme lignin peroxidase, and NADH-DCIP Reductase and MR reductase 
play key roles in degradation [60].

4.6 Actinomycetes and heavy metal

Heavy metals were successfully removed from wastewaters, and industrial 
wastes are still a key study area today. Streptomyces coelicolor’s application in heavy 
metal removal via interactions is consistent with traditional heavy metal responses, 
resistance mechanisms, and secondary metabolite formation. Some physiological 
features of the salt sensitive cultivar Giza 122 of Zea mays, L. plants maintained 
for 10 weeks in the greenhouse were affected by Streptomyces sp. HM1 and heavy 
metal Cd (10, 20, 40, and 60 ppm). The presence of Streptomyces spp. HM1 in the 
soil increased the tested plant’s heavy metal tolerance marginally. As a consequence, 
the maize test cultivar seems prospective for use in heavy metal polluted soils, even 
when actinomycetes are present [61]. Phytoremediation is a promising method 
that cleans toxins from the soil, water, and air using plants and their associated 
Plant Growth-Promoting microorganisms. Plant beneficial actinomycetes have 
been widely exploited as a heavy metal phytoremediation tool for cleaning up 
metal-polluted soils, and they play an important role in plant growth, metal/nutri-
ent acquisition, metal detoxification, and reduction of biotic/abiotic stress. It is 
conceivable to boost microbial inoculants as an ecologically acceptable bio-tool for 
use in heavy metal phytoremediation in metal-polluted soils based on these positive 
plant-actinomycetes interactions [62]. Copper bioaccumulation was caused by the 
actinobacterium Amycolatopsis sp. AB0. Amycolatopsis sp. AB0, a copper-resistant 
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actinobacterium, was isolated from contaminated sediments and shown excellent 
copper specific biosorption capacity (25 mg g–1). The existence of copper P-type 
ATPase genes in Amycolotopsis was discovered for the first time [63].

4.7 Actinomycetes in removal of groundwater pollutant

Pseudonocardia dioxanivorans sp. nov., a novel actinomycete was isolated from 
industrial sludge contaminated with 1,4-dioxane that grows on 1,4-dioxane which 
is a probable human carcinogen. Novel strain was also growing on tetrahydrofuran, 
gasoline aromatics and several other toxic environmental contaminants [64].

5. Conclusion

Pollution of the environment is becoming more of a global issue. This cir-
cumstance necessitates rapid technological adaptation. Biological remediation, 
which involves the use of live organisms or their products, is a viable option. 
Actinobacteria have proven to be an effective instrument for carrying out this 
procedure on various matrices, under various growth conditions, as pure cultures 
or consortia, or as enzyme and emulsifier providers. The next stage is to use this 
information to a larger scale in the field. Actinomycetes strains can be identified 
and used for solid waste biodegradation with success. The consortium of selected 
actinomycetes strains might be used to assess their economic viability in the 
biodegradation process. This broadens their applications in biotechnology and 
environmental research.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 7

Gasoline Lubricity
Panagiotis Arkoudeas

Abstract

It is concluded that the lubricity of gasoline is the least well understood of all
three fuels due largely to the lack of a reliable test method for measuring the
lubricity of such a very volatile and contamination-sensitive material. To overcome
this limitation, the development of a simple and easy methodology based on the
general standard ASTM G-133 have been produced. This method is first used to
investigate the lubricity of commercial gasolines to obtain some baseline data for
further study. A comparison of the overall lubricity level of diesel fuel and gasoline
fuel indicates that additive-free gasolines have significantly poorer lubricity than
highly-refined, Swedish Class I diesel fuel, while commercial, detergent-containing
gasolines range from slightly better to significantly poorer than a Swedish Class I
diesel fuel. Especially LRP (lead replacement) gasolines developed a tests on refin-
ery streams used to blend gasoline also show quite varied wear behaviour. Gasoline
lubricity can be significantly improved by adding small amount of diesel lubricity
additives. The results indicate that the type of fuel is a significant factor for dis-
criminating the lubrication properties of each type of gasoline fuel and that lubricity
is affected by bulk and trace composition characteristics of the fuel.

Keywords: gasoline lubricity, repeatability and reproducibility, new method for
fuel tribology, elastohydromechanic film formation, boundary lubrication

1. Introduction

In the late 1980s and early 1990s, environmental concern about the toxic and
harmful emissions from diesel and gasoline engines led to large reductions in the
amounts of sulphur and the development of reformulated gasoline fuels.

The topic of gasoline lubricity has recently become more urgent with the possi-
ble introduction of direct-injection gasoline engines, which will necessitate high-
pressure gasoline injection pumps, a development that is most likely to place con-
siderably more emphasis on the lubricating ability of gasoline, accelerating wear
especially in rotary distributor fuel pumps. According to pump manufacturers this
loss of lubricity may be the difference between fuels from a controlled laboratory
environment and a cost-conscious production environment [1].

The stringent specifications for sulphur content in gasoline (from the year 2005,
Euro 4 emissions specifications have defined the limit of 50 ppm S for the countries
of E.U., and from the year 2008 have been 10 ppm) and may take off some of the
fuel lubricating capability. The lubricity of aviation kerosene and diesel fuel appears
to arise from very small quantities of polar, quite high boiling point components. It
is realised that the overcoming increase in the severity of refinement of gasoline
fuels makes very difficult to analyse these components and chemically identify
them, as they vary greatly depending upon the origin of the fuel.
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Fuel quality in recent years became increasingly important, not only for its role
in the actual performance of the vehicles, but also for its impact on the emissions.
However, the fuel pump at the service stations is the point at which the actual
specifications of the fuels should be ascertained. This paper presents results of a
survey of gasoline samples obtained from service stations in Athens area.

In Greece, three main types of gasoline are sold in the service stations: new super
or LRP gasoline with a Research Octane Number of 96 (96 RON) for the non-
catalytic cars, unleaded gasoline with a Research Octane Number of 95 (95 RON)
and super unleaded gasoline with a Research Octane Number of 98 (98 RON) for
newer cars equipped with a catalyst. Some service stations also sell super unleaded
with a Research Octane Number of 99 or 100 (99+ RON) but the market share of
this product is very limited. Unleaded gasoline is the cheapest gasoline and it is
marked with quinizarine, while new super and super unleaded gasoline have similar
prices (and they are quinizarine free). This price differential is the main motive to
mix the cheaper with the more expensive fuel. Most gasoline adulteration cases
involve the illegal mixing of the cheaper unleaded into the LRP or super unleaded
gasoline. Less common is the mixing of much cheaper heating fuel into the gasoline.
In such cases, the sulphur content can be used as a physical marker, which
characterises the fuel quality [1]. Also, the viscosity of gasolines is 10 times less than
diesel fuels and it is an indicator of adulteration, too.

Gasoline lubricity is a complex phenomenon, involving many complicated
and intercorrecting factors, such as the presence of water, oxygenates, diolefins,
aromatics, the effect of viscosity and the synergistic effect of different wear
mechanisms. The lubricity mechanism of gasoline is quite different from that of
diesel fuels that leads to severe adhesive wear. With low-sulphur fuels, adhesive
wear is seen instead of corrosive and mild oxidative wear, and deposits build up
on top land [1].

The emissions from motor vehicles contribute about 90% of airborne lead in
urban areas. So, it was committed to phase out leaded petrol to reduce ambient lead
concentrations as much as possible. On the other hand, valve seat recession (VSR)
occurs when there is insufficient lubrication between the exhaust valve and seat.
The mechanism of valve seat wear is a mixture of two major mechanisms. Iron
oxide from the combustion chamber surfaces adheres to the valve face and becomes
embedded. These hard particles then embed into the valve seat and cause abrasive
wear or valve recession leading to early engine failure. For this reason, there are a
number of anti-wear additives on the market that protect car’s valve seats. Addi-
tives with active ingredients of either potassium, sodium, phosphorous or manga-
nese have been shown to give protection to exhaust valve-seats. Although no
additive is as effective as lead, it has been shown that correct dosing will provide
adequate protection to exhaust valve-seats under normal driving conditions [1].
The new specifications in the Greek market determined as appropriate additive the
potassium at the concentration level of 10–20 ppm (mg/kg). Because there is a small
possibility that mixing of some anti-wear additives on the market could
result in engine damage, the potassium additive was mixed from the refinery
production [1].

2. Commercial gasoline lubricity evaluation

Examination of the gasoline lubricity has shown that the majority of the
samples6were above the acceptance limit of diesel lubricity, the 460-μm limit
(Figure 1). We cannot include the repeatability limit calculated according to Eq. (2)
for diesel fuels because such an assumption is not scientific tested and experiments
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must be carried out for the determination of the repeatability and reproducibility
limit of gasoline fuels. This means that research studies must determine the effect of
temperature and humidity on gasoline lubricity for wears greater than 600 μm.
Regarding the effect of the test apparatus’ modification, mentioned above, this
limit must be restricted to lower values. This enhances even more the
experimental observation of greater lubricity values for gasoline than that of a
common diesel fuel.

r ¼ 139� 0:1688�WS 1:4ð Þ, 360≤WS 1:4≤ 600 (1)

On the contrary, most of the samples of new super gasoline were near the limit
of 460-μm indicating that the presence of the potassium additive had a main effect
on the lubricating properties of fuels. Adulterated new super gasolines with
unleaded gasoline have poorer lubricating properties, as shown in Figure 2. The
effect of sulphur content in gasoline lubricity is depicted in Figure 3. It is obvious
that unleaded and super unleaded gasolines have much higher lubricity values than
LRP gasolines. Especially, below the level of 50 ppm are observed extremely high
lubricity values.

Figure 1.
Lubricity values for the three gasoline types.

Figure 2.
Gasoline lubricity values vs. water pressure (from the humidity and temperature of the experiment).
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There was no linear or other type of correlation between the concentration
of potassium and the lubricity, but it seems that there is a limit of demanded potas-
sium that may maintain a significant reduction of MWSD1.4 value near the limit of
460 μm. The factors most likely to cause the observed differences in lubricity are the
bulk fuel composition, the use of additives and the use of oxygenates.

3. Fuel comparison

The adulterated fuel samples were isolated and two statistical computations
were carried out each time, one with these samples and the other without.

The spread of the values can be depicted using boxplots. In Figure 4 is shown
the median, quartiles, and extreme values of lubricity for each type of gasoline fuel.
In each box plot is displayed the 50% of samples’ population in the square area, the
75% of them within the upper and lower limit and the extreme values which are
cases with values more than three box lengths from the upper or lower edge of the
box. It is shown that LRP gasolines have a much better representative sample
population indicating good lubricating properties compared with the other two
types of gasoline. One unleaded gasoline has shown extreme good lubricity value,

Figure 3.
LRP gasoline lubricity values and adulterated samples.

Figure 4.
Box plot analysis—First statistical graphic approach to the data.

140

Crude Oil - New Technologies and Recent Approaches



279 μm, but it is mainly caused by the use of special anti-wear or other additives.
For the samples, which were not identified as adulterated, a descriptive analysis has
been made. The results are shown in Table 1.

Because all the properties were not normally distributed for correlation analysis
with Pearson correlation coefficient, were chosen the correlation coefficients of
Spearman and Kendall’s tau-b to be computed. The effect of the properties on the
gasoline lubricity is different for each type of gasoline fuel. The chemical structure
and the related individual physical properties seemed to interconnect in their effect
on lubricity in different degree for each type of fuel. The results indicate that the
type of fuel is a critical factor for discriminating the lubrication properties of each
type of gasoline fuel.

More specifically, the statistically significant coefficients showed that unleaded
gasolines seem to have lower values of wear as sulphur and nitrogen content,
saturates and viscosity increased. On the contrary, unleaded gasolines seem to have
greater values as toluene, oxygen, MTBE and vapour pressure increased.

LRP gasolines seem to have lower values of wear as sulphur and nitrogen con-
tent, conductivity (no-adulterated samples), saturates and viscosity increased. On
the contrary, LRP gasolines seem to have greater values as the benzene, aromatics
and xylene increased.

Finally, super unleaded gasolines seem to have lower values of wear as sulphur
content, nitrogen content and olefins increased. On the contrary, super unleaded
gasolines seem to have greater values as toluene, xylene, water, benzene, aromatics
and oxygen increased.

The results above were extracted after bivariate correlation analysis to measure
how variables are correlated and the values of the correlation coefficients are shown
in Table 2.

This differentiation of the properties’ effect on lubricity reinforce the idea of the
complicated wear mechanism that take place under the specific conditions of the
experiments and the important role of the compositional characteristics of the fuel.
Oxygen content and MTBE seems to maintain or even increase unacceptable wear

Gasoline lubricity Total Unleaded LRP Super unleaded

Mean 595.2 639.0 477.9 661.3

Standard deviation 140.8 123.6 54.6 149.5

Standard error 141.5 125.5 53.7 151.7

Mean square deviation 140.773 123.6 54.6 149.473

Variance 19,817.2 15,266.5 2986.4 22,342.0

Kurtosis �1.162 0.813 �0.376 �1.561

Skewness 0.125 �1.143 �0.462 �0.288

Minimum 279.2 279.2 346.2 403.8

Maximum 846.0 792.6 567.2 846.0

Sum 54,761.6 21,724.9 13,860.4 19,176.3

Number 92 34 29 29

Confidence limit (95.0%) 28.766 41.531 19.890 54.401

Mean + C. L. (95%) 624.0 680.5 497.8 715.7

Mean � C. L. (95%) 566.5 597.4 458.1 606.8

Table 1.
Data of descriptive analysis for gasoline lubricity.
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diameters and a possible development of a uniform system for fuel quality moni-
toring, including the control of MTBE’ content, should accept a lower upper limit of
acceptance for this oxygenate.

4. Viscosity and density effect

Due to no specification limit of viscosity in gasoline, was decided to test all the
samples at the temperature of 15°C. During the statistical process, was espied a
linear correlation between the viscosity and density (R2 = 0.76). In Figure 5 is
shown that correlation linearity for the total of gasolines and each fuel severally.

This is an obvious interconnecting factor as concerns the effect of density or/and
viscosity on gasoline lubricity and each gasoline type separately. Both these proper-
ties are greatly influenced from the composition of the fuel, chlorine, nitrogen,
sulphur and MTBE content. Organic chlorine content is connected with dioxin
emissions but is anti-wear role is unknown. It was detected using SEM on the wear
surface.

That enhances the opinion that the compositional characteristics of the fuel do
influence the gasoline lubricity in considerable degree.

5. Potassium content

With confidence we can say that the potassium additive for valve recession plays
an important role in the boundary-forming characteristics of LRP gasolines. As long

Effect on gasoline lubricity Total Unleaded LRP Super Unleaded

AROMATICS 0.355* 0.102 �0.020 0.414*

BENZENE 0.405** 0.223 0.148 0.762**

CONDUCTIVITY �0.408** �0.079 �0.309 �0.210

DENSITY 0.275** �0.231 �0.183 0.346

MTBE 0.400** 0.465** 0.140 0.265

NITROGEN �0.438** �0.574** �0.069 �0.427*

OLEFINS �0.410** 0.109 0.004 �0.540**

OXYGEN 0.350** 0.475** 0.143 0.108

POTASSIUM _ _ 0.005 _

SATURATES �0.263** �0.434* �0.056 0.014

SULPHUR �0.510** �0.505** �0.255 �0.687**

TOLUENE 0.479** 0.643** 0.169 0.534**

VAPOUR PRESSURE 0.116 0.365* 0.151 0.021

VISCOSITY �0.008 �0.395* �0.441** 0.067

XYLENE 0.272** 0.057 0.050 0.068

WATER 0.467** 0.333 0.100 0.574**

**Correlation is significant at the 0.01 level (2-tailed).
*Correlation is significant at the 0.05 level (2-tailed).

Table 2.
Data of correlation analysis between lubricity and physicochemical properties.
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as a “minimum” is maintained, the lubricity of the fuel seems to be more acceptable
than that of unleaded and super unleaded samples. It is not easily to determine this
limit but as shown in Figure 6, we can expect good results even when the potassium
concentrate is less than 4 ppm. The amount that is added to the fuel does not seem
to affect the final result of WSD1.4 proportionally.

Also, conductivity of LRP gasolines was much greater than that of unleaded and
super unleaded gasolines. The main effect on that is due to the organic salt of
potassium, but there is not good linear correlation between conductivity and potas-
sium content (R2 = 0.51). In Figure 7 could see the difference between the conduc-
tivity for each type of fuel.

Figure 5.
Graphs indicating linear correlation between viscosity and density at 150°C.

Figure 6.
Potassium content and gasoline lubricity.
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Due to its incompatibility to modern catalytic converters, we could not use
potassium additives—alkyl, aryl or alkoxy potassium compounds or other—as
additives for gasoline lubricity.

6. Model predicting the value of gasoline lubricity

The model described below is based on the observed values of 106 samples of
automotive gasoline fuels that were collected during the years 2001, 2002 and 2003.

All the measured gasoline fuel properties were used for the development of
regression statistical analysis. In particular, it was found through trial and error that
we must not exclude any variable from the input data in order the methodology to
produce the smallest error in the validation data and to obtain as much greater R-
squared value as possible. Indeed, a 30 input–1 output network was set up using the
above-mentioned variables as inputs and the lubricity as output. The predicted
lubricity values by this linear regression analysis showed a standard error of 81.5 μm
and the experimental values correspond to a correlation coefficient R2 = 0.78. This
model cannot be used as a predictor for gasoline lubricity. In Figure 8 it is obvious
the difference between observed and predicted gasoline lubricity values.

Figure 7.
Conductivity values at 200°C for each type of gasoline fuel. Effect of the potassium concentration.

Figure 8.
Observed versus predicted gasoline lubricity values after linear regression analysis.
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The information obtained through univariate analysis—where the effect of each
input variable on the output was examined separately—show that the values of each
input variable and the direction in which it affects the fuel lubricity cannot indicate
an acceptable accuracy for the degree of wear totally. More in depth analysis of the
compositional constituents and their effect on lubricity will have to be done. Espe-
cially, properties such as the acid value and a GC analysis of the content of
diaromatics, diolefins and other compositional characteristics would provide better
results in the direction of a model predicting the gasoline lubricity.

7. Elastohydrodynamic (EHD) film formation

7.1 Introduction

It is reasonable to expect that elastohydrodynamic (EHD) film formation by
gasoline may also play an important role in gasoline pump lubrication. However, up
to date there has been no published work, on gasoline, or indeed, diesel fuel EHD
lubrication. In this chapter, EHD traction and optical film thickness measurements
of gasolines and MTBE in point contacts are described and compared with those of
diesel fuel and hexadecane.

Section 7.3 describes an experimental study of EHD film formation properties of
gasolines and diesel fuels. Research is directed at understanding how thin the films
formed by gasoline fuels will be, and the transition from elastohydrodynamic to
boundary lubrication. It was found that at high speed, the EHD behaviour of
gasolines, MTBE, and diesel fuels obeys Hamrock-Dowson theory. At low speed,
gasolines give very thin films and show significant boundary film formation.

To make further progress in understanding gasoline EHD behaviour, mini trac-
tion machine (MTM) tests were carried out to measure friction/traction in both
fixed slide-roll ratio and variable slide-roll ratio conditions. Results are described in
Section 7.4. Diesel fuels exhibited EHD behaviour similar to hexadecane and other
lubricants, but gasolines gave EHD Stribeck curves and traction curves significantly
different from those of lubricants.

In Section 7.5 the EHD behaviour of gasolines and diesel fuels is further exam-
ined by cross-plotting test results as log (traction coefficient) versus log (film
thickness). The lubrication regimes of gasolines and diesel fuels involved in current
study can then be discussed in terms of lambda ratio. Results suggest that the
Stribeck curves of gasolines and MTBE obtained in this study are incomplete. Due
to their extremely low viscosity and the rolling speed limitation of the current MTM
test device, it was not possible to enter the full fluid film regime.

Section 7.6 summarises the main conclusions drawn from these results.

7.2 Test fuels

The properties of test fuels are listed in Table 3. These are a subset of the fuels
studied in HFRR work previous HFRR research.

7.3 The film formation of diesel and gasoline fuels

7.3.1 Ultra-thin film interferometry (UTFI)

The ultra-thin film interferometry technique provides a method of measuring
the thickness of very thin lubricating films in rolling contact between a glass flat and
a steel ball. In co-operation with traction measurements, film thickness
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measurements can provide valuable information concerning the rheological and
friction behaviour of fuels at high pressures and high shear rates. A major limitation
of conventional optical interferometry is that it cannot be used to measure films less
than approximately one quarter the wavelength of the visible light used (approxi-
mately 75 nm), since this corresponds to the first destructive interference fringe of
the shortest wavelength visible light. An ultra-thin EHD film thickness measure-
ment technique was therefore developed by Johnson, Wayte and Spikes in the early
1990s to overcome this limitation [2].

This method used a transparent SiO2 or Al2O3 “spacer layer” coating, typically
430 nm thick, applied on the top of a semi-reflecting film on a transparent glass or
sapphire flat. This coating enables interference fringes to be obtained even in the
absence of an oil film. A schematic representation of EHD test device used in this
study is shown in Figure 9.

A 19.05 mm in diameter steel ball is loaded against a rotating glass disk. The glass
disc is driven by a motor and the disc drives the steel ball in nominally pure rolling.
The rotating speed of the glass disc can be continually adjusted down to 0.0002 m/s
to allow the measurement of very thin films formed by fuels.

Test fuels Properties

High Lub Diesel Vis. = 3.75 mm2/s at 25°C

Low Lub Diesel Shell Class 1, Vis. = 2.82 mm2/s at 25°C

Gasoline D Commercial UK gasoline, 140 ppm S, 33% aromatics, 9% olefins
Vis. = 0.50 mm2/s at 25°C.

Gasoline E Finland City Gasoline, 27 ppm S, 26% aromatics, 11% olefins, 11% oxygenate, Vis. =
0.55 mm2/s at 25°C.

MTBE purity 99.8%. Vis. = 0.46 mm2/s at 25°C.

Table 3.
The composition and properties of gasolines, MTBE and diesel fuels used in this study.

Figure 9.
Schematic representation of EHD film thickness test device.
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The underside surface of the glass disc is coated with a very thin, sputtered layer
of chromium. A transparent silica layer, of thickness greater than half of the wave-
length of visible light, is deposited on the top of the semi-reflecting chromium layer.
White light is shone through the glass disc into the contact between the glass disc
and the steel ball. Some light is reflected from the semi-reflecting chromium layer
and some light passes through the fuel film and is reflected off the steel ball. Since
the intensity of the two reflected beams is similar, constructive or destructive
interference produces an interference pattern based on the thickness of fuel film. A
spectrometer is used to determine the wavelength of maximum constructive inter-
ference. A menu-driven computer program is employed for image grabbing and
analysis [3].

As shown in Figure 9, the test fuel is enclosed in a chamber to reduce evapora-
tion during the test. All tests in the current study were carried out at 25� 0.5°C. The
load applied was 20 N, corresponding to a maximum Hertz pressure of 0.48 GPa in
the contact and the composite roughness of the undeformed surfaces was 11 nm.

7.3.2 Hamrock-Dowson Equation

A number of equations have been developed for predicting EHD film thickness
of lubricants. The most widely-used are the formulae proposed by Hamrock and
Dowson in the 1970s (186), which can be employed with confidence for many
material combinations including steel on steel up to maximum pressure of 3–4 GPa
[4]. They were developed by regression-fitting numerical solutions of the EHD
contact problem over a range of loads, speeds, geometries and materials. The
Hamrock-Dowson equation for central film thickness hc is expressed by

hc=Rx ¼ K �U0:67G0:53W�0:067 (2)

where
U = (uη0/E0R0)—the non-dimensional speed parameter.
G = (αE0)—the non-dimensional material parameter.
W = (w/E0R02)—the non-dimensional load parameter.
K = 2.69 (1–0.61e � 0.73k).
k = a/b—ellipticity parameter.
K ≈ 1.0339 (R0

x/R0
y)

0.636.
Rx, Ry reduced radii of curvature in the ‘x’ and ‘y’ directions, respectively.
η0—the viscosity at atmospheric pressure of the lubricant (Pas).
E0–the reduced Young’s modulus (Pa), 2/E0 = (1 + ν1

2)/E1 + (1 � ν12)/E2.
u—the entraining surface speed (m/s) = (u1 + u2)/2.
Rx—the reduced radius of curvature in the entrainment direction (m),

1/Rx = 1/R1x + 1/R2x.
α—the pressure-viscosity coefficient (m2/N).
w—the contact load (N).
For a fixed lubricant, load and contact geometry, EHD film thickness is thus

proportional to (U) 0.67, so that a log (film thickness) versus log (speed) plot for a
given fluid at a given temperature should yield a straight line of gradient 0.67.

7.3.3 Film thickness test results

Figure 10 shows the variation of film thickness with rolling speed for five fluids,
two diesels, two gasolines and MTBE. The following main features can be seen
(Figure 11).
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i. At a given speed, diesel fuels form significantly thicker films than those of
gasolines.

ii. For low lubricity diesel fuel (Shell Class 1), the linearity of log (film
thickness) versus log (rolling speed) persists down to about 5 nm at a speed
of 0.08 m/s, below which a deviation from linear behaviour is observed.

Figure 10.
Film thickness of gasolines and diesel fuels.

Figure 11.
Film thickness of purified hexadecane compared with diesel fuels.
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The high lubricity diesel fuel obeys the EHD theory only down to about
17 nm. Below this, the film is thicker than predicted, probably due to
boundary film formation. This can be explained by the fact that Shell Class
1 is much purer than high lubricity diesel. and impurities in high lubricity
diesel fuel contribute to film thickness at low speed.

iii. In the case of gasolines, the film formation behaviour of the two fluids are
also quite different. Gasoline E, an oxygenated, highly refined gasoline
(27 ppm sulphur) obeys EHD film theory down to a very low film thickness
of 3 nm. For gasoline D, a commercial UK gasoline (140 ppm sulphur), the
linearity only persists down to about 7 nm at a speed of about 0.3 m/s.
Below this, a thicker than predicted film is formed.

iv. MTBE has the lowest viscosity and form the thinnest film. It continues to
obey EHD theory down to 1 nm.

7.3.4 Discussion of film thickness results

7.3.4.1 Thick film behaviour

At high speeds, all fluids appeared to give behaviour consistent with EHD
theory. Table 4 lists the film thicknesses of all fuels at 2 m/s together with their
viscosities at 25°C.

Table 4 indicates the film formation of hexadecane and Figure 12 compares the
film thickness of hexadecane taken from reference [7] with the two diesel fuels. It can
be seen that the latter give similar film thicknesses comparable to hexadecane. It is
possible to use these film thickness results to obtain approximate value of pressure-
viscosity coefficient, or “α-value” of gasolines and diesel fuels [8]. Assuming that
EHD behaviour is occurring, from the Hamrock and Dowson equation.

h ¼ k Uηð Þ0:67α0:53 (3)

By comparing two fluids at the same speed, load, solid geometry and materials.

h1=h2 ¼ η1=η2ð Þ0:67 α1=α2ð Þ0:53 (4)

The film thickness, viscosity, and α-value of mineral oil were used to determine
the α-value of gasolines and diesel fuels in this experiment. The results are shown in
Table 5.

Test fluids or fuels Viscosity (mm2/s) Film thickness at 2 m/s (nm)

high lubricity diesel fuel 3.75 54

low lubricity diesel fuel 2.82 42

Gasoline D 0.50 15

Gasoline E 0.55 12

MTBE 0.46 6.4

Hexadecane 4.02 32*

Table 4.
The EHD film thickness of test fluids and fuels at 2 m/s and their viscosity at 25°C. * by extrapolation.
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The viscosity-pressure dependence of several hydrocarbons boiling in the
gasoline-diesel fuel range has been studied previously. Bispo use a vibrating-wire
viscometer to measure the viscosity of toluene and some C5–C10 normal alkanes in
the pressure range of 0.1–300 MPa and temperature range 30–70°C. Ducoulombier
et al. determined the viscosities of some alkyl benzenes and C10–C18 normal
alkanes using a falling body viscometer. Table 5 shows α-values of hydrocarbons in
the gasoline-diesel boiling range which are derived from these data using the Barus
isothermal viscosity pressure equation:

α ¼ ln η=η0ð Þ½ �=p (5)

where p is the pressure.
η0 is dynamic viscosity at p = 0 and at a constant temperature.
The effect of temperature on the α-values of these components is shown in

Figure 12.
Figure 12 shows how alpha value varies with temperature. It can be seen that for

gasoline model compounds (C5–C10), the curves are almost flat, i.e. α-values are

Figure 12.
The α-values versus temperature for some hydrocarbons (completed from references [5, 6]).
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independent on temperature in range of 30–70°C. In contrast, diesel model
compounds (C12 � C18) exhibit an obviously higher temperature gradient. Toluene
gives the lowest α-value as compared with other hydrocarbons.

As shown in Tables 4 and 6, the values of pressure viscosity coefficient for
gasolines (6.3–7.1 GPa�1) are comparable to those for C7–C10 aromatics (6.2–
8.4 GPa�1), and C5–C10 normal alkanes (7.6–8.3 GPa�1) if one bears in mind the
difficulties associated with the EHD film determination of such volatile and
extremely low viscosity liquids. MTBE gives a particularly low α-value of 2.5 GPa�1.
For diesel fuels similar phenomena are observed. The α-values of diesel fuels (8.0–
10.1 GPa�1) are lower but comparable to that for C10–C18 normal hydrocarbons
(8.3–14.5 GPa�1). For gasolines the α-values are about 1 GPa�1 lower than the
corresponding average α-values of their main hydrocarbon components (C5–C10
hydrocarbons) measured using viscometers. In case of diesel fuels, the α-values of
C10–C18 hydrocarbons is 8.3–14.5 GPa�1 and diesel fuel α-values are in the range
8–10.1 GPa�1 and thus the difference is about 2 GPa�1. In general, the α-values of
gasoline and diesel fuel obtained using film thickness results are about 20% lower
than corresponding average α-values of their main components, measured using
conventional high pressure viscometry. This is consistent with previous findings
(187) [9]. Baskerville and Moore have indicated that estimated α-values obtained
using film thickness results were about 26% lower than those determined by
conventional viscometry, irrespective of fluid type or temperature [9]. This was

Test fluids or fuels Viscosity (mm2/s) at 25°C α value (1/GPa)

high lubricity diesel fuel 3.75 10.1

low lubricity diesel fuel 2.82 8.0

Gasoline D 0.50 7.1

Gasoline E 0.55 6.3

MTBE 0.46 2.5

Hexadecane 4.02 11.6

Table 5.
The effective pressure-viscosity coefficient of gasolines and diesel fuels.

Compound α-Values at 25°C (1/GPa)

Toluene 6.2

Butylbenzene* 8.4

Pentane 7.9

Hexane 7.6

Heptane 7.7

Octane 8.1

Decane 8.3

Dodecane 10.6

Tetradecane* 10.3

Hexadecane* 12.3

Octadecane* 14.5

Note: * obtained from reference [6], others from reference [5].

Table 6.
The α-values of some gasoline components and diesel components, derived from references [5, 6].

151

Gasoline Lubricity
DOI: http://dx.doi.org/10.5772/intechopen.101302



explained by the response of lubricants to the severe conditions of shear or the
systematic error in determining film thickness (187) [9].

7.3.4.2 Discussion of boundary film behaviour

It is clear from the results in Figure 10 that the diesel fuels and one of the
gasolines gave pronounced boundary film behaviour.

The boundary film formation properties of some hydrocarbons and synthetic
fluids in rolling concentrated contacts have been investigated by Gao and Spikes
[10]. It was found that a deviation from EHD theory can occur at between 1 and
10 nm for some base fluids. The enhancement of film thickness was ascribed to the
formation of high viscosity layers, a few monolayers thick, on solid surfaces. This
effect becomes significant when the film thickness generated is comparable to the
thickness of the viscous layers, typically 1–10 nm. No measurable boundary film
were found with hexadecane or other pure hydrocarbons.

The boundary film effect was further investigated by Gao et al. using binary
mixtures of synthetic lubricants with different polarity and viscosity [11]. As shown
in Figure 13, addition of 10% wt. of high viscosity ester into low viscosity
polyalphaolefin produces a positive divergence from theoretical value, to approach
the pure ester behaviour in very thin film region. When 10% wt. of low viscosity
ester is added to the high viscosity polyalphaolefin, the trend is reversed and
negative divergence is observed (Figure 14).

This phenomenon was interpreted in terms of the fractionation of base fluids
due to Van der Waals forces very close to polar solid surfaces [12]. The thickness of
EHD films formed in the very thin film region (<10 nm) is then controlled by the
viscosity of the more polar component rather than the viscosity of the blend [12].

In the current research, a similar departure from EHD theoretical line was
observed with most fuels in the 5–20 nm range: however only positive divergence
was observed. Very pure fuels, such as gasoline E andMTBE, exhibited less deviation
in this region (Figure 10). This phenomenon may be explained based on the bound-
ary film formation of polar constituents in fuels. Two different effects are possible.

a. The adsorption of naturally-occurred polar impurities and gasoline oxidation
products

As described, non-additised modern gasolines generally contain about a few tens
of ppm wt. of sulphur (thiophenes, benzothiophenes and sulphides), about 10 ppm

Figure 13.
The effect of addition of 10% wt. high viscosity ester in low viscosity polyalphaolefin [11].
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of nitrogen (pyridines and isoquinolines), and trace amounts of oxygen-containing
impurities (alkylphenols, alcohols and alkoxyalcohols). Although these polar
impurities are only present in a very small quantity in gasolines, they are polar and,
in general, would be more viscous than gasoline hydrocarbon constituents. For
example, phenol has a viscosity of about 6 cP at 25°C, about 10 times that of
gasoline. The oxidation of unstable components, mainly olefins and diolefins, in
long-term storage will also increase the polar impurity content in gasoline. These
polar impurities may play a part in thin film gasoline EHD lubrication, by surface
adsorption.

b. The polymerisation of diolefin components in gasolines

The two gasolines had been stored in a tightly-closed vessel 1 year before tests.
Both gasolines probably contained about 0.5% wt. diolefin which has very strong
polymerisation tendency (Table 4). It is possible that a polymer film was formed by
a chain reaction mechanism. Polymers in solution have been shown to form
enhanced EHD film formation at low speeds [13]. As a polymer, detergent can have
a considerable influence on the viscosity of gasoline fuels and thus on the
consequent EHD film-forming properties.

Gasoline E exhibit less divergence probably related to the presence of MTBE.
The free radicals produced during oxidation of MTBE (as an ether MTBE is more
easily oxidised to peroxide than gasoline hydrocarbons) will interfere with gasoline
autoxidation and gum forming tendency.

It is reasonable to expect that elastohydrodynamic (EHD) film formation by
gasoline may also play an important role.
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Figure 14.
The effect of addition of 10% wt. low viscosity ester in high viscosity polyalphaolefin [11].
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Chapter 8

Oil Losses Problem in Oil and Gas
Industries
Yulius Deddy Hermawan, Dedy Kristanto and Hariyadi

Abstract

Oil losses is a problem that often arises in oil and gas industries either in onshore
or offshore area. There is a loss discrepancy between total quantities from shippers
and measurement in the storage tanks; the total sending volume is lower than the
measured volume in the mixing tank in a gathering station; this is known as oil
losses. When this occurs, an agreement to determine a fair share of the losses must
be made. There are two categories of oil losses, they are individual and group losses.
Individual loss occurs when oil from one shipper has not been mixed yet with other
oils. This includes emulsion and evaporative losses. Group loss occurs during mixing
oils in the same storage tank or pipeline. Furthermore, by knowing the causes of oil
losses, a way to minimize oil losses can be determined.

Keywords: Emulsion, Flash, Offset, Oil losses, Proportional, Shrinkage, Stratified

1. Introduction

Oil losses problem often arises in oil and gas industries either in onshore or offshore
area. There is a loss discrepancy between total quantities from shippers and measure-
ment in the storage tanks; the total sending volume is lower than the measured volume
in the mixing tank; this is known as oil losses. When this occurs, an agreement to
determine a fair share of the losses must be made. Hermawan et al. [1] have classified
oil losses into two categories, they are (1) individual and (2) group losses.

1.1 Individual loss

Individual loss occurs when oil from one shipper has not been mixed yet with
other oils. This includes emulsion and evaporative losses. In order to determine
emulsion loss, basic sediment and water (BS and W) of oil should be measured. The
net standard volume (NSV) excludes sediment, water, and free water. Evaporative
loss occurs when light components are released from oil in the storage tank. This
happens when the oil temperature in tank is higher than its bubble point.

1.2 Group loss

Figure 1 shows typical pipeline system and storage tank for oil gathering activity.
The use of the same pipeline to transport the crude oil to a storage tank and oil
mixing process either in the same temporary or final storage tank could come up the
problem of oil losses. Group loss occurs during mixing oils in the same storage tank
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or pipeline. Typical oil mixing phenomena in the gathering station is illustrated in
Figure 2.

The specific characteristic which has a great effect on group loss is the specific
gravity (SG) or API gravity. Petroleum can be classified based on its characteristics,
for example density i.e., SG or API, (which indicates heavy oil or light oil), normal
boiling point (which indicates the ease with which the oil evaporates), and viscosity
(which indicates the ease with which the oil flows). There are five categories of the
petroleum fluid, they are dry gas, wet gas, gas condensate, volatile oil, and black oil
[2, 3]. The properties of petroleum fluids will change when they mix together in the
same tank. In this case, the oil volume shrinkage occurs when two or more oils are
mixed in the same storage tank. As shown in Figure 2, Shipper A and B undergo the
mixing process 3 times, i.e., mixing in the Station-1, Station-2, and Station-3. This
means that Shipper A and B will experience 3 times the volume depreciation.
Shipper C and D experience the mixing phenomena twice and once, respectively.
When compared to other Shippers, the volume of shrinkage for Shipper D will be
less because it only experiences one mixing phenomena.

The group loss can also occur in the use of the same 3-phase-separator to separate
the well stream into three phases of oil, gas, and water, as shown in Figure 3. The
3-phase-separator is often used in both onshore and offshore areas. In separators, gas
is flashed from the liquids and free water is separated from the oil. These steps
remove enough light hydrocarbons to produce a stable crude oil [4]. On the other

Figure 1.
Pipeline system and storage tank for oil gathering activity. (a) Pipeline System. (b) Storage Tank.

Figure 2.
Typical oil mixing phenomena in gathering station.

158

Crude Oil - New Technologies and Recent Approaches



hand, setting and controlling of the interface level in 3-phase-separator must be
seriously done in order to avoid oil losses due to the offset phenomena. In this case,
offset means that water can overflow the weir and follow with oil to the oil storage
tank, and vice versa, underflowing oil with the water stream [5].

2. Procedure of sharing oil losess

The typical block diagram of oil distribution and mixing phenomena as shown in
Figure 4 would be used as a case study of oil losses problem in the oil and gas
industries. In this case, shippers are defined as the petroleum companies, both
government and private companies that are members of the cooperation contract
contractor. In general, the criteria for shippers are based on the type of oil produced
from the oilfield for examples, heavy oil, light oil, and condensate.

When this study was carried out, the weather conditions are as follows: the air
temperature varied from 26.7 to 28.7°C, and humidity varied from 71 to 82%.
Climate data (from the Juanda Meteorological Station, Surabaya, Indonesia) shows
an annual average rainfall of 1.969 mm/year. The ratio of the dry to wet months is

Figure 4.
The typical block diagram of oil distribution and mixing phenomena.

Figure 3.
Typical 3-phase-separator in the oil and gas gathering station.
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0.5109 or 51.09%. The climate in the study location is relatively wet because the
number of dry months is relatively the same as the number of wet months.

In this case, shipper A and B will have 3 times mixing in TANK-1, TANK-2, and
TANK-3, respectively; Shipper C will have twice mixing in TANK-2 and TANK-3;
while Shipper D has only once mixing in TANK-3. The tank criteria used in this case
is the welded steel tank for storing petroleum at the atmospheric pressure accor-
dance with PTK-013/PTK/II/2007, BPMIGAS, February 12, 2007, Decree of the
Head of BPMIGAS: Operation and Maintenance of Petroleum Storage Tanks. Oil
tank capacity depends on its production rate. In addition, the tank capacity also
depends on its function, whether for temporary or final storage. TANK-1 and
TANK-2 are the temporary storage tank with capacity @30,000 barrels, and Tank-3
is the final storage tank with capacity 900,000 barrels. Calculation of sharing oil
losses can be determined with the following procedures.

2.1 Required data

The data required in the calculation of sharing oil losses are the gross production
rate in barrel fluid per day (BFPD), the water cut (WC, %-volume), the tank’s
conditions (pressure and temperature), the oil specific gravity (SGo), the formation
water specific gravity (SGw), basic sediment and water (BS&W, %-volume), and
hydro carbon composition (%-mole). The required data for calculating of sharing
oil losses are listed in Tables 1 and 2.

As shown in Table 1, all shippers produce fluid with different characteristic,
water cut and BS&W. Shipper D produces condensate with water cut and BS&W
equal to zero. All fluids are stored in the atmospheric storage tank (pressure of
about 1 atm and temperature of about 30°C. Water cut is a parameter that shows
the water content that is easily separated naturally from oil. While BS&W shows
the amount of water and based sediment in the oil which is difficult to separate
naturally. In other words, the BS&W separation can only be carried out with the aid
of a separator such as a centrifuge.

Based on the water cut data, the oil rate of each shipper can be calculated. The oil
rates after being separated from free water for shippers A, B, and C are 600, 1800,
and 950 BOPD (barrel oil per day), respectively. But these rates are still the gross rate
due to basic sediment and water content. The net standard volume (NSV) excludes
sediment, water, and free water. The NSV is obtained from the gross volume minus
free water and BS&W volume. In order to calculate the total sharing oil losses, the
individual losses such as emulsion and evaporative losses must first be calculated.

Shipper Production Tank’s Condition Properties

Gross (BFPD) WC
(%-vol)

Press.
(atm)

Temp.
(°C)

SGo SGw BS&W (%-vol)

A 600 0 1 30 0.8881 1.0144 0.25

B 2000 10 1 30 0.8931 1.0135 0.25

C 1000 5 1 30 0.9043 1.0158 0.25

D* 400 0 1 30 0.8001 — —

Total 4000
*Shipper D produces condensate, BFPD: Barrel Fluid Per Day, WC: Water Cut in %-Vol, SGo: Specific Gravity of oil,
SGw: Specific Gravity of formation water, BS&W: Basic sediment and water in %-Vol.

Table 1.
The required data: production rate, tank’s condition, properties.
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2.2 Calculation of emulsion correction factor

BS&W is required to calculate the emulsion losses. In this case, BS&W in oils
shipper A, B, and C are taken the same 0.25%-vol (Table 1). The BS&W in oil of
shipper D is zero since this oil is a typical condensate.

For calculation emulsion losses, the empiric emulsion equations for all shippers
must be determined. The emulsion parameters (a1, b1, a2, b2) for each shipper are

Component Shipper

A B C D

Metane (C1) 0.00 0.00 0.00 0.00

Etane (C2) 0.82 0.04 0.03 0.00

Propane (C3) 0.98 0.33 0.14 0.00

Butane (C4) 1.43 0.68 0.24 0.05

Pentane (C5) 1.76 1.01 0.43 30.48

Hexane (C6) 2.69 1.48 0.85 29.67

Heptane (C7) 5.04 4.17 3.11 25.85

Octane (C8) 8.37 8.15 6.88 12.37

Nonane (C9) 6.85 7.56 6.66 1.51

Decane (C10) 5.50 7.89 5.85 0.07

Undecane (C11) 4.89 5.56 6.03 0.00

Dodecane (C12) 3.00 5.49 4.88 0.00

Tridecane (C13) 3.85 6.54 5.98 0.00

Tetradecane (C14) 3.81 7.79 7.70 0.00

Pentadecane (C15) 9.22 11.06 11.83 0.00

Heksadecane (C16) 4.79 5.92 6.54 0.00

Heptadecane (C17) 7.43 6.54 7.61 0.00

Oktadecane (C18) 3.98 3.52 4.22 0.00

Nonadecane (C19) 3.12 2.61 3.44 0.00

Eicosane (C20) 2.62 1.73 2.48 0.00

Heneicosane (C21) 2.77 1.48 2.19 0.00

Docosane (C22) 2.90 1.32 1.95 0.00

Tricosane (C23) 2.99 1.28 1.89 0.00

Tetracosane (C24) 2.12 1.01 1.45 0.00

Pentacosane (C25) 1.64 1.05 1.41 0.00

Hexacosane (C26) 1.43 0.90 1.18 0.00

Heptacosane (C27) 1.56 1.01 1.18 0.00

Octacosane (C28) 1.25 1.25 1.33 0.00

Nonacosane (C29) 1.43 1.55 0.98 0.00

Triacontane (C30) 1.77 1.07 1.55 0.00

Total 100.00 100.00 100.00 100.00

Table 2.
The required data: hydrocarbon composition (%-mole).
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shown in Table 3. The empiric emulsion equations and emulsion loss can be deter-
mined with following procedure:

a. First, we make a curve of percentage of the addition of the volume of
formation water (in %vol) versus the calculated SG. The first curve produces
linear equation:

Y1 ¼ a1X1 þ b1 (1)

where X1 is the percentage of the addition of the volume of formation water
(in %vol), Y1 is the calculated SG, a1 and b1 are constants. The calculated SG is:

SGcalculated ¼ 1� Xwð ÞSGo þ XwSGw (2)

where Xw is water volume fraction in oil, SGw is specific gravity of formation
water, and SGo is specific gravity of oil. The correlation between the
calculated SG and the percentage of the addition of the volume of formation
water for shippers A, B, and C is shown in Figure 5.

Shipper X1 = BS&W
(%Vol)

Y1 = a1X1 + b1 Y2 = a2X2 + b2 X2 = (Y2 - b2)/a2 (%Vol) ECF
X1 - X2

(%Vol)a1 b1 Y1 = Y2 a2 b2

A 0.25 0.0013 0.8881 0.8884 0.0029 0.8881 0.1121 0.1379

B 0.25 0.0012 0.8931 0.8934 0.0016 0.8931 0.1875 0.0625

C 0.25 0.0011 0.9043 0.9046 0.0016 0.9043 0.1719 0.0781

D 0 0 0 0 0 0 0 0

Table 3.
Emulsion parameters.

Figure 5.
Emulsion profile of Shippers A, B, and C.
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b. Simulation of oil and water emulsion is carried out by mixing of crude oil and
its formation water at some levels of water volume, and the BS&W and SG of
mixed oil–water are then measured.

c. Then, the changes of BS&W and SG are plotted in a curve. This second curve
results linear equation:

Y2 ¼ a2X2 þ b2 (3)

where X2 is the measured BS&W, Y2 is the measured SG, a2 and b2 are
constants. The correlation between the measured SG and measured BS&W
for shippers A, B, and C is shown in Figure 5

d. Then, the Eqs. (1) and (3) are utilized to determine the emulsion loss. The
measured BS&W of oil is taken as X1 in Eq. (1) to calculate Y1. The calculation
result of Y1 is then used to calculate X2 using Eq. (3).

e. Emulsion correction factor (ECF) in %Vol can be determined with the
following equation:

ECF ¼ X1 � X2 (4)

The resulted ECF for all shippers are listed in Table 3.
The constants of a1, b1, a2, and b2, are taken from Figure 5.

2.3 Calculation of evaporative correction factor

The flash calculation is usually used in the application of Vapor–Liquid-
Equilibrium (VLE). Just like the name, a liquid will “flashes” or partially evaporates

Figure 6.
Flash Calculation algorithm [1].
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at a system pressure, when the liquid temperature is higher than its bubble temper-
ature, producing a two-phase system of vapor and liquid in equilibrium [6]. Flash
calculation is an integral part of process engineering calculations. Someone uses the
flash calculation in order to determine the amounts (in moles) of hydrocarbon
liquid and gas coexisting in a vessel at a given pressure and temperature. The flash
calculation is also accomplished to determine the composition of the existing
hydrocarbon phases [7].

Component Pvap ¼ exp aþ b
Tþcð Þ þ d ln Tð Þ þ eT f

� �

a b c d e f

Metane (C1) 31.35 �1307.52 0.00 �3.26 0.00 2.00

Etane (C2) 44.01 �2568.82 0.00 �4.98 0.00 2.00

Propane (C3) 52.38 �3490.55 0.00 �6.11 0.00 2.00

Butane (C4) 66.95 �4604.09 0.00 �8.25 0.00 2.00

Pentane (C5) 63.33 �5117.78 0.00 �7.48 0.00 2.00

Hexane (C6) 70.43 �6055.60 0.00 �8.38 0.00 2.00

Heptane (C7) 78.33 �6947.00 0.00 �9.45 0.00 2.00

Octane (C8) 87.00 �7890.60 0.00 �10.63 0.00 2.00

Nonane (C9) 111.98 �9558.50 0.00 �14.27 0.00 2.00

Decane (C10) 123.14 �10635.20 0.00 �15.81 0.00 2.00

Undecane (C11) 121.16 �11079.20 0.00 �15.38 0.00 2.00

Dodecane (C12) 125.19 �11737.00 0.00 �15.87 0.00 2.00

Tridecane (C13) 14.12 �3892.90 �98.93 0.00 0.00 2.00

Tetradecane (C14) 143.58 �13893.70 0.00 �18.30 0.00 2.00

Pentadecane (C15) 152.64 �14762.20 0.00 �19.55 0.00 2.00

Heksadecane (C16) 225.02 �18736.50 0.00 �30.23 0.00 2.00

Heptadecane (C17) 14.14 �4294.53 �124.00 0.00 0.00 2.00

Oktadecane (C18) 14.11 �4361.79 �129.90 0.00 0.00 2.00

Nonadecane (C19) 14.14 �4450.43 �135.50 0.00 0.00 2.00

Eicosane (C20) 196.75 �19441.00 0.00 �25.53 0.00 2.00

Heneicosane (C21) 133.88 �17129.00 0.00 �15.87 0.00 6.00

Docosane (C22) 147.40 �18406.00 0.00 �17.69 0.00 6.00

Tricosane (C23) 212.92 �21841.00 0.00 �27.53 0.00 2.00

Tetracosane (C24) 204.51 �21711.00 0.00 �26.26 0.00 2.00

Pentacosane (C25) 152.24 �19976.00 0.00 �18.16 0.00 6.00

Hexacosane (C26) 148.73 �20116.00 0.00 �17.62 0.00 6.00

Heptacosane (C27) 148.85 �20612.00 0.00 �17.55 0.00 6.00

Octacosane (C28) 285.21 �28200.00 0.00 �37.54 0.00 2.00

Nonacosane (C29) 201.65 �24971.00 0.00 �24.75 0.00 6.00

Triacontane (C30) 188.81 �22404.00 0.00 �23.36 0.00 6.00

Table 4.
Antoine parameters for hydrocarbon: T in K; P in kPa.
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Flash calculation method is used to calculate evaporative loss. The three impor-
tant parameters used in the flash calculation are pressure (P), temperature (T), and
vapor fraction (nv). Evaporation is indicated by the value of vapor fraction [7]. The
value of vapor fraction (nv) ranges in between 0 to 1. If the vapor fraction equals 0,
the fluid is in liquid phase, if it equals 1, the fluid is in gas phase. Elseif it is in
between 0 and 1 (0<nv<1), the fluid is in mixed-liquid–vapor phase; in other
words, part of light component in fluid evaporates; this causes oil loss due to flash
phenomena [1].

Figure 6 shows the flash calculation algorithm. The data required in the flash
calculation are hydrocarbon composition (zi), pressure (Pi), and temperature (Ti)
of each shipper fluid. The intended pressure (Pi) in this case is the fluid pressure in
a storage tank. The fluids of all shippers are stored in atmospheric tanks with
temperatures about 30°C (Table 1). The Antoine equation which is used to calcu-
late flash correction factor (FCF, in %Vol) is taken from the equation “Anto5” in
UniSim Design R451 Honeywell [8], and written as follows:

Pvap j ¼ exp a j þ
b j

T þ c j
� �þ d j ln Tð Þ þ e jT

f j

 !
(5)

No. Procedure Formula

1 Input data: vapor fraction nv = 0, pressure P,
and HC composition zi of all shippers (i)

nvi ¼ 0, Pi, zi

2 Calculation of vapor pressure of component j
with guessed temperature Ti

Pv j ¼ exp a j þ b j

Tiþc jð Þ þ d j ln Tið Þ þ e jTi
f j

� �

3 Calculation of equilibrium ratio of component
Kj

K j ¼
Pv j

Pi

4 Calculation of objective function f(nvi), where
nv = 0

f nvið Þ ¼Pn
j¼1y j �

Pn
j¼1x j ¼

Pn
j¼1

z j K j�1ð Þ
nvK j�nvþ1 ¼ 0

5 Repeat procedure number 2 to 4 with other
value of Ti until f(nvi) = 0

same with no. 4

Notes: i = shipper; j = component of hydro carbon.

Table 5.
Calculation procedure of bubble point Tb [1].

No. Procedure Formula

1 Input data: vapor fraction nv = 1, pressure P,
and HC composition zi of all shippers (i)

nvi ¼ 1, Pi, zi

2 Calculation of vapor pressure of component j
with guessed temperature Ti

Pv j ¼ exp a j þ b j

Tiþc jð Þ þ d j ln Tið Þ þ e jTi
f j

� �

3 Calculation of equilibrium ratio of component
Kj

K j ¼
Pv j

Pi

4 Calculation of objective function f(nvi), where
nv = 1

f nvið Þ ¼Pn
j¼1y j �

Pn
j¼1x j ¼

Pn
j¼1

z j K j�1ð Þ
nvK j�nvþ1 ¼ 0

5 Repeat procedure number 2 to 4 with other
value of Ti until f(nvi)=0

same with no. 4

Notes: i = shipper; j = component of hydro carbon.

Table 6.
Calculation procedure of dew point Td [1].
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where Pvap j is vapor pressure of component j (in kPa),T is temperature of
system (in K), and aj, bj, cj, dj, ej, fj are Antoine parameters for each component j and
listed in Table 4.

The flash correction factor (FCF), in %Vol, must be calculated in order to know
the oil losses due to flash phenomena. The FCF can be determined with following
procedure:

a. Inputting data: fluid pressure (P) and temperature (T) in tank, hydrocarbon
composition (z).

b. Calculations of bubble point (Tb) at the atmospheric pressure. Bubble point is
saturated condition at nv = 0. Calculation procedure of Tb is written in
Table 5.

c. Calculation of dew point (Td) at the atmospheric pressure. Dew point is
saturated condition at nv = 1. Calculation procedure of Td is written in
Table 6.

d. Calculation of vapor fraction nv. As shown in Figure 6, nv will equal to zero if
the fluid temperature in tank (T) is less than its bubble point (Tb), this shows
that the fluid is in liquid phase. The value of nv will equal to one if T is greater
than Td, this indicates that the fluid is in vapor phase. In other case, the value
of nv is in between 0 and 1, if T is located in between Tb and Td, this shows
that the fluid is in the vapor–liquid mixture phase. Table 7 shows the
calculation procedure of nv.

e. Flash correction factor (FCF) can be determined by the following equation:

No. Procedure Formula

1 Input data: temperature T, pressure P, and
HC composition zi of all shippers (i)

Ti, Pi, zi

2 Calculation of vapor pressure of component j
Pv j ¼ exp a j þ b j

Tiþc jð Þ þ d j ln Tið Þ þ e jTi
f j

� �

3 Calculation of equilibrium ratio of component
Kj

K j ¼
Pv j

Pi

4 Calculation of objective function f(nvi) with
guessed vapor fraction nv

f nvið Þ ¼Pn
j¼1y j �

Pn
j¼1x j ¼

Pn
j¼1

z j K j�1ð Þ
nvK j�nvþ1 ¼ 0

5 Repeat procedure number 2 to 4 with other
value of nv until f(nvi)=0

same with no. 4

Table 7.
Calculation procedure of vapor fraction nv [1].

Shipper Bubble point Tb (°C) Dew point Td (°C)

A 57.91 341.60

B 131.25 330.60

C 158.48 335.28

D 61.73 92.00

Table 8.
Normal bubble and dew points of crude oils.
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GROUP Sh (%) = a x Lc x (100 –Lc)b x (ΔAPI)c

Constant

a b c

TANK-1 4.86 x 10�5 0.819 0.98

TANK-2 4.86 x 10�5 0.819 0.60

TANK-3 4.86 x 10�5 0.819 0.24

The constants of a, b, c are referenced from PSME of UPN “Veteran” Yogyakarta collaborated with LEMIGAS
Jakarta [9].

Table 10.
Parameters a, b, c in API 12.3 equations.

No Procedure Formula

1 Input data: net volume (Vnet-i), specific gravity (SGi) for
each shipper (i)

Vnet-i, SGi

2 Calculation of oAPIi for each shipper (i) oAPIi ¼ 141:5
SGi

� 131:5

3 a. Calculation of the 1st total volume (Vtot1) Vtot1 ¼ Vnet 1ð Þ þ Vnet 2ð Þ
b. Calculation of the 1st %-Light component (Lc1) if SG(1)<SG(2): Lc1 ¼ Vnet 1ð Þ

Vtot1
100

if SG(1)>SG(2): Lc1 ¼ Vnet 2ð Þ
Vtot1

100

c. Calculation of the 1st ΔoAPI (ΔoAPI1) ΔoAPI1 ¼ abs oAPI 1ð Þ � oAPI 2ð Þ� �

d. Calculation of the 1st %-shrinkage (Sh1) Sh1 %ð Þ ¼ a Lc1 100� Lc1ð Þb ΔoAPI1ð Þc

e. Calculation of the 1st shrinkage volume (Vsh1) Vsh1 ¼ Sh1
100Vtot1

f. Calculation of the 1st mixed volume (Vmix1) Vmix1 ¼ Vtot1 � Vsh1

g. Calculation of the 1st mixed SG (SGmix1) SGmix1 ¼ Vnet 1ð ÞSG 1ð ÞþVnet 2ð ÞSG 2ð Þ
Vmix1

h. Calculation of the 1st mixed oAPI (oAPImix1) oAPImix1 ¼ 141:5
SGmix1

� 131:5

4 a. Calculation of the 2nd total volume (Vtot2) Vtot2 ¼ Vmix1 þ Vnet 3ð Þ
b. Calculation of the 2nd %-Light component (Lc2) if SGmix1<SG(3): Lc2 ¼ Vmix1

Vtot2
100

if SGmix1>SG(3): Lc2 ¼ Vnet 3ð Þ
Vtot2

100

c. Calculation of the 2nd ΔoAPI (ΔoAPI2) ΔoAPI2 ¼ abs oAPImix1 � oAPI 3ð Þ� �

d. Calculation of the 2nd %-shrinkage (Sh2) Sh2 %ð Þ ¼ a Lc2 100� Lc2ð Þb ΔoAPI2ð Þc

e. Calculation of the 2nd shrinkage volume (Vsh2) Vsh2 ¼ Sh2
100Vtot2

f. Calculation of the 2nd mixed volume (Vmix2) Vmix2 ¼ Vtot2 � Vsh2

g. Calculation of the 2nd mixed SG (SGmix2) SGmix2 ¼ Vmix2SGmix2þVnet 3ð ÞSG 3ð Þ
Vmix2

h. Calculation of the 2nd mixed oAPI (oAPImix2) oAPImix2 ¼ 141:5
SGmix2

� 131:5

5 Calculation of net-corrected-volume in tank (Vnc) Vnc ¼ Vmix2

6 Calculation of group-shrinkage-losses in tank (Vshg) Vshg ¼ Vsh1 þ Vsh2

*The oil mixing stratification in each tank can be seen in Table 12.

Table 11.
Calculation procedure of shrinkage volume in tanks.*
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FCF ¼ nv x 100% (6)

where FCF is in %Vol.
The calculation results of Tb and Td for all shippers are listed in Table 8. Since

the fluid storage temperatures in tanks for all shippers are lower than their bubble
points, all fluids are in liquid phase. There are no evaporative losses.

2.4 Calculation of individual loss

Individual loss consists of emulsion and evaporative losses. Individual loss for
each shipper is listed in Table 9. Shipper B produces the biggest individual loss, i.e.,
201.13 barrel, due to its high water cut and BS&W. The total individual loss (TIL) is
252.69 barrel. Finally, the net standard volume (NSV) that excludes sediment,
water, and free water is 3747.31 barrel. The NSV is then used to calculate the
shrinkage volume factor in the group losses.

2.5 Calculation of shrinkage correction factor

A shrinkage loss is a group loss in oils mixing. The modified equation of API 12.3
is used for calculating of shrinkage losses and defined as follows:

Sh %ð Þ ¼ a Lc 100� Lcð Þb ΔoAPIð Þc (7)

where a, b, and c are constants of modified API 12.3 as listed in Table 10, Lc is %-
light component, ΔoAPI is oAPI difference between oAPI of shipper one and other,
and Sh is shrinkage volume percentage (in %Vol).

As written in McCain [10], the API gravity for each shipper is defined as follows:

oAPIi ¼ 141:5
SGi

� 131:5 (8)

where oAPIi is API gravity of shipper i, and SGi is specific gravity (60o/60o)
of shipper i. Calculation procedure of shrinkage volume in tanks is shown in
Tables 11 and 12.

2.6 Determination of sharing oil losses

Sharing oil losses can be determined with 2 methods, they are Proportional
Method, and Stratified Method [1].

(i) Shippers’ oil mix in Tank

TANK-1 TANK-2 TANK-3

(1) Shipper A TANK-1 TANK-2

(2) Shipper B Shipper C Shipper D

Hermawan et al. [1].

Table 12.
The oil mixing stratification in each tank.
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2.7 Proportional method

In oil and gas industries, the proportional method is frequently utilized to
determine sharing oil losses. The operator measures the total received volume of oil
in TANK-3 at the last station (see Figure 2). This measured volume value represents
the net corrected volume (NCV) which does not take into account the mixing event
at the previous station.

Shipper NSV (barrel) SG x volume fraction x/SG Shrinkage loss

Volume (barrel) SCF (%Vol)

A 599.17 0.8881 0.1600 0.1800 0.72 0.12

B 1798.88 0.8931 0.4800 0.5375 2.14 0.12

C 949.26 0.9043 0.2533 0.2801 1.11 0.12

D 400.00 0.8001 0.1067 0.1334 0.53 0.13

Total 3747.31 1.0000 1.1311 4.49

Net Corrected Volume in the last tank (barrel) 3742.81

Total shrinkage loss (barrel 4.49

NSV: Net Standard Volume (barrel); SG: Specific Gravity; x: volume fraction; SCF: Shrinkage Correction Factor
(%Vol).

Table 13.
Proportional sharing losses results.

Figure 7.
Shrinkage volume illustration from mixing phenomenon of light and heavy oils [1].
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The total shrinkage volume (Vsh-prop) is the difference volume between the total
volume sent from all shippers and the net corrected volume as written below:

Vsh�prop ¼
Xn
i¼1

Vi � Vnc TANK�3ð Þ (9)

where Vi is net standard volume of shipper i, and Vnc (TANK-3) is the net-
corrected-volume in TANK-3. The proportional shrinkage volume for each shipper
(ξpropi) can be calculated as follows:

ξpropi ¼
xi 1=SGi

� �
Pn

i¼1xi 1=SGi

� �Vsh�prop (10)

where xi is volume fraction of shipper i as defined below:

xi ¼ ViPn
i¼1Vi

(11)

The proportional shrinkage correction factor (SCFpropi in %Vol) for each shipper
can then be calculated as follows:

SCFpropi ¼
ξpropi
Vi

x 100% (12)

The shrinkage correction factors (SCF) with proportional method are listed in
Table 13. The total shrinkage loss is 4.49 barrel. The SCF for each shipper is almost
the same, i.e., 0,12%-Vol. When compared with other shippers, the shipper D has
the highest value of SCF, i.e., 0.13%-Vol, because the oil of shipper D is categorized
as condensate. Condensate which is also known as a light oil or gas oil has different
characteristics with the heavy oil. The light oil has a low density with small molec-
ular size. The molecular size of light oil is smaller than heavy oil, so it is under-
standable that when they mix together, shrinkage will occur geometrically as shown
in Figure 7. This phenomenon is in accordance with the observations of Erno et al.
[11], James [12], Shanshool et al. [13], and Hermawan et al. [1]. The proportional
method is considered unfair since the last shipper who experienced a few mixing
processes also bears losses of other upstream shippers.

Shipper Sending Point Mixing quantity Shrinkage Losses

NSV (barrel) SG Proportional Stratified

(bbl) SCF (%) (bbl) SCF (%)

A 599.17 0.8881 3 0.72 0.12 0.86 0.14

B 1798.88 0.8931 3 2.14 0.12 2.56 0.14

C 949.26 0.9043 2 1.11 0.12 0.99 0.10

D 400.00 0.8001 1 0.53 0.13 0.08 0.02

Total 3747.31 4.49 4.49

Net corrected volume in last tank = 3742.81 barrel

NSV: Net Standard Volume (barrel); SCF: Shrinkage Correction Factor (%Vol); SG: Specific Gravity.

Table 15.
Comparison between proportional and stratified results.
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2.8 Stratified Method

The stratified method is the new method proposed by Hermawan et al. [1] where
the net corrected volume (NCV) is calculated stratify from tank to tank as shown in
Tables 11 and 12. The shrinkage volume is calculated for every mixing in the tank.
Therefore, more often oil mixes with others; its volume will be more decreased.

The shrinkage volume for shippers A and B in TANK-1 is written as follows:

ξst�Ii ¼
xi 1=SGi

� �
Pn

i¼1xi 1=SGi

� �Vshg�I (13)

where ξst�Ii is shrinkage volume for shipper i (A, B) in TANK-1, and Vshg-I is the
group shrinkage volume in TANK-1. The shrinkage volume for shipper C and
TANK-1 (mix A-B) in TANK-2 can be calculated with the following equation:

ξst�IIi ¼
xi 1=SGi

� �
Pn

i¼1xi 1=SGi

� �Vshg�II (14)

Shipper A B C D TOTAL

Gross rate (BFPD) 600,00 2.000,00 1.000,00 400,00 4.000,00

Water Cut, WC, (%Vol) — 10,00 5,00 —

Water Cut Volume, WCV, (barrel) — 200,00 50,00 —

Oil free-water volume, OFWV, (barrel) 600,00 1.800,00 950,00 400,00 3.750,00

Basic sediment and water, BS&W (%Vol) 0,25 0,25 0,25 —

Emulsion Corection Factor, ECF, (%Vol) 0,1379 0,0625 0,0781 —

Emulsion Volume, EV, (barrel) 0,83 1,13 0,74 — 2,69

Corrected Volume, CV, (barrel) 599,17 1.798,88 949,26 400,00 3.747,31

Flash Correction Factor, FCF, (%Vol) — — — —

Vapour Volume, VV, (barrel) —

Net Standard Volume, NSV, (barrel) 599,17 1.798,88 949,26 400,00 3.747,31

Stratified-1

Shrinkage Correction Factor, SCF, (%Vol) 0,04 0,04 — —

Shrinkage Volume, SV, (barrel) 0,22 0,67 — — 0,89

Net Corrected Volume in Station-1 598,95 1.798,21 2.397,15

Stratified-2

Shrinkage Correction Factor, SCF, (%Vol) 0,09 0,09 0,09 —

Shrinkage Volume, SV, (barrel) 0,52 1,55 0,81 2,88

Net Corrected Volume in Station-2 598,43 1.796,65 948,45 3.343,53

Stratified-3

Shrinkage Correction Factor, SCF, (%Vol) 0,02 0,02 0,02 0,02

Shrinkage Volume, SV, (barrel) 0,11 0,34 0,18 0,08 0,72

Net Corrected Volume in Station-3 598,32 1.796,31 948,27 399,92 3.742,81

Table 16.
Daily join report.
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where ξst�IIi is shrinkage volume for shipper i (C, and mix A-B) in TANK-2, and
Vshg-II is the group shrinkage volume in TANK-2. Finally, the shrinkage volume for
shipper D and TANK-2 (mix A-B-C) in TANK-3 can be determined as follows:

ξst�IIIi ¼
xi 1=SGi

� �
Pn

i¼1xi 1=SGi

� �Vshg�III (15)

where ξst�IIIi is shrinkage volume for shipper i (D, and mix A-B-C) in TANK-3,
and Vshg-III is the group shrinkage volume in TANK-3.

The total stratified shrinkage volume (ξst�toti) for shippers A and B are the
summation of its shrinkage volume in TANK-1, TANK-2, and TANK-3, for shipper
C is those in TANK-2 and TANK-3; while for shipper D is only once in the last tank
of TANK-3.

ξst�toti ¼ ξst�Ii þ ξst�IIi þ ξst�IIIi (16)

where for shipper Cξst�Ii ¼ 0, and for shipper Dξst�Ii ¼ ξst�IIi ¼ 0 .
The stratified shrinkage correction factor (SCFsti in %Vol) for each shipper can

then be determined with the following equation:

SCFsti ¼
ξst�toti

Vi
x 100% (17)

Table 14 shows the stratified sharing losses results. The subtotal oil losses in
TANK-1, TANK-2, and TANK-3 are 0.89, 2.88, and 0.72 barrels, respectively. The
stratified method produces the total oil loss of 4.49 barrels. This result is the same
with the proportional result. The SCFs in TANK-1, TANK-2, and TANK-3 for each
shipper are almost the same, i.e., 0.04%-Vol, 0.09%-Vol, and 0.02%-Vol, respec-
tively. If compared with other shippers, the total SCF of shippers A and B are the
biggest one, i.e., 0.14%Vol. The total SCF of shipper C is 0.10%Vol. While the total
SCF of shipper D is the smallest one, i.e., 0.02%Vol.

Comparison between proportional and stratified results is shown in Table 15.
More often oil mixes with others; its volume will be more decreased. The stratified
method is therefore considered fair, since the oil volume shrinkage of each shipper
is calculated according to the amount of the mixing phenomena.

3. Daily join report

A Joint Report is created when several Cooperation Contract Contractors or
Shippers use shared facilities, so that a distribution mechanism for oil losses due to
evaporation, emulsion, and shrinkage is required [14, 15]. Daily join report needs to
be compiled to find out the distribution of oil losses for each shipper. The stratified
method is chosen to determine sharing oil losses since this method gives the fair
results. The daily join report for all shippers is shown in Table 16.

4. Sources of oil losses

Causes of oil losses that can be minimized are as follows:

• Limited number of tanks in the field (both storage and handover tanks), so this
will limit the settling time for separation of water and sediment.
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• The condition of tank that allows the loss of petroleum due to the evaporation
of light component.

• Unavailability of adequate flowmeter devices, so that the measurements are
made manually.

• Improper heating process operating condition.

• Improper setting of interface level in 3-phase-separator.

Inevitable oil losses are as follows:

• The presence of oil and water emulsions with a high degree of stability, so the
separation of oil and water is difficult in a short time. In this case, the special
demulsifier should be injected at an early stage, such as the farthest or mid oil
cluster, and the wash tank inlet, in order to break the emulsion. By injecting
demulsifier at the early stage, it is hoped that the oil–water turbulence in the
pipe will not form a strong emulsion. If the fluid travel time from the farthest
cluster to the wash tank is long enough, then midway injection of demulsifier is
necessary [16].

• Shrinkage of oil volume caused by mixing two or more different characteristics
of petroleum in the same pipe or tank.

• Unstable crude oil due to the evaporation of light component

5. Conclusion

A case study on oil losses in the oil and gas industries has been discussed for some
shippers namely, shipper A, B, C, and D with typical diagram of oil distribution and
mixing process. The individual loss includes loss due to water cut, emulsion and
evaporation phenomena. The parameters of water cut (%-vol) and BS&W (%-Vol)
need to be identified to calculate the net volume free of water and sediment. How-
ever, shipper D does not contribute emulsion loss because its oil is typically conden-
sate with BS&W=0. All shippers do not produce evaporative loss, because the oil
temperatures in tanks are lower than its bubble temperature.

The group loss happens during mixing oil in the same storage tank. The param-
eter of oil specific gravity must be determined to calculated the group loss. The oil
volume will shrink when two or more oils mix together in the same storage tank. In
this case, the proportional and stratified methods have been utilized to calculate the
sharing oil losses. The proportional method gives almost the same of shrinkage
correction factor (SCF) for all shippers. However, the proportional method is con-
sidered unfair, since the downstream shipper, e.g., shipper D, bear the losses of the
upstream shippers (shippers A, B, and C). Therefore, the stratified method is
considered fair for determining the sharing oil losses, since the oil loss of each
shipper is calculated based on the amount of the mixing event.

According to the analysis of oil losses case study with typical oil distribution flow
diagram in the oil and gas industries, the considered several ways to prevent oil
losses include the following:

• Provide the adequate tanks in the field (both storage and handover tanks), so
this will give enough settling time for separation of water and sediment. The
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available tank should meet predetermined criteria such as material and good
welding so as not to leak.

• Provide the adequate flowmeter devices to prevent measurement errors.

• Use demulsifier to solve the emulsion. The demulsifier will destroy the
interfacial films that cover the water droplets, so that the water droplets can
coalesce and separate from the oil. Demulsifier should be injected in several
location such as the farthest and mid oil cluster, and the wash tank inlet.

• Use heating treatment to solve the emulsion. There is no standard solution for
breaking the emulsion, for example, the higher the heating temperature, the
faster the emulsion breaking process, and the less demulsifier required. But the
heating temperature must be below the boiling temperature of the oil to avoid
evaporation.

• Keep the tank operating conditions so that there is no evaporation of the light
components. By maintaining low oil temperature minimizes evaporative loss
from storage tank.

• Maintain the interface level in 3-phase-separator below the weir height to
prevent offset.

List of abbreviation

API American Petroleum Institute
BFPD Barrel Fluid Per Day (barrel/day)
BOPD Barrel Oil Per Day (barrel/day)
BS&W Basic Sediment and Water (%-Vol)
BWPD Barrel Water Per Day (barrel/day)
ECF Emulsion Correction Factor (%-Vol)
FCF Flash Correction Factor (%-Vol)
NCV Net Corrected Volume (barrel)
NSV Net Standard Volume (barrel)
SCF Shrinkage Correction Factor (%-Vol)
SG Specific Gravity
TIL Total Individual Losses (barrel)
VLE Vapor–Liquid-Equilibrium
WC Water Cut (%-Vol)
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Chapter 9

Improving Reserves and Well
Productivity Using Modern
Technologies
Haq Minhas

Abstract

The oil trapped in a reservoir rock through geological processes over millions of
years is called the Original Oil in Place (OOIP). Oil recovery factor (RF) represents
the recoverable fraction of OOIP. We do not have any control on the quantity of
OOIP. However, the volume that we can recover is partly in our control. Through
proper well placement, engineering, and production technologies, we can recover
anywhere from 5 to 70% of OOIP. Exactly how much we will recover depends on
the techniques employed and the nature of the reservoir. The economically
recoverable oil is called the reserves. In this chapter, we will talk about various oil
field technologies that can be employed to maximize petroleum reserves. We will
explore some emerging technologies and processes that have helped some fields
achieve 70% recovery factor while others are trailing behind, stuck at an average of
35% recovery factor, some as low as 10%. Despite all the hype, and many decades
of research, Enhanced Oil Recovery (EOR) is contributing just about 4% of total
world production, and most of it is from thermal EOR. We need a profound shift
in the EOR technology application required to make it simple and widely applicable.

Keywords: enhanced oil recovery (EOR), improved oil recovery (IOR). Water
flooding, upstream technology, recovery factor, field development planning

1. Introduction

Achieving highest recovery factor is perhaps an implicit success metric for any
oil company. It not only improves the financial value of the company but also
reflects its technical prowess. Yet the industry is hovering around a dismal average
of 30% recovery factor. In this document, we will explore the blocks and block
busters to reach high recovery factors in the range of 50–70%. Improving recovery
factor is a two-step process, a good understanding of and the ability to control the
recovery mechanisms involved. The first part needs a good reservoir characteriza-
tion using the modern reservoir evaluation technologies and modeling. The second
part requires deploying various technologies to economically maximize hydrocar-
bon recovery through a sound Field Development Plan (FDP). The FDP is perhaps
the most important event in the life of an oil field. An FDP lays the foundation of
whether the field will achieve a high recovery factor or remain an average recovery
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factor field. We cannot overemphasize the importance of FDP and therefore
start this chapter with a review of FDP process and highlight some of the best
practices. Reservoir management, also a component of FDP, is perhaps the second
most important intangible technology having the greatest impact on recovery
factor. As part of reservoir management, a periodic review of the full field after
a period of production may uncover many new opportunities even in the old
fields [1].

There are several enabling technologies that have large influence on recovery
factors including 3D/4D-seismic, horizontal drilling, geosteering, hydraulic frac-
turing, intelligent completions, digital coring, machine learning, and digitalization.
Enhanced Oil Recovery (EOR) is one technology that has not delivered to its
promise yet. Several fields have achieved recovery factors in the range of 60–70%
even without EOR [2]. There is an emerging realization to morph EOR technology
to a workable tool. The long cycle of EOR projects from lab to field can be shortened
and EOR should be integrated with initial field development plan rather than an
afterthought as tertiary recovery. We will explore the key characteristics of various
fields with high and low recovery factor to understand if it is the nature of the
reservoir, fluid properties, field size, technology application, development strategy,
or the team behind the field that has the biggest influence on recovery factor.
Several benchmarking studies have given new insights as what really matters in
recovery factors.

Shale revolution in the US is perhaps the best example of what technology can
do. The combination of hydraulic fracturing and horizontal drilling with high-rate
fluid injection has added billions of barrels of oil reserves from low-permeability
geological formations that were considered uneconomical just 20 years ago. Today,
the shale formations in the US are producing some 8 million barrel per day of oil,
thanks to the technology. Still very low recovery factor of less than 10% in shale oil
is a major challenge and perhaps a limiting factor to the growth and the future of
shale oil and shale gas. Such low recovery factors mean more drilling to maintain
production, excessive costs, and a large footprint of shale development. Achieving
high recovery factors in shale oil could become a new resource of hydrocarbon,
perhaps bigger than the original shale oil.

The recent EIA recommendations to ban all new exploration activities to achieve
net-zero carbon emissions by 2050, the world economy recovering fast from
COVID-19, rapidly rising oil price, giant discoveries becoming rare, and energy
transition to renewables, is a rare combination of rising oil demand with a reduction
of oil exploration. It is no brainer that adding reserves and production from existing
oil fields is the only option to mitigate a looming oil crisis. It is quite doable when we
look at some historical numbers summarized in Table 1.

With more focus, investments, and application of new technology, we can
squeeze even more from the existing fields and keep up with the desired growth in
reserves. This is the main theme of this chapter. How can technologies help in
extracting more petroleum reserves?

Duration Reserve addition from new
discoveries (billion barrels)

Reserve addition from existing
fields (billion barrels)

Reference

1995–2003 144 175 Dave Cohen [3]

2004 11 12 Mike Shepherd [1]

2005 12 10 Mike Shepherd [1]

Table 1.
Historical reserve addition—new discoveries VS improvements from existing fields.
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We have structured this chapter to start with the field development planning,
the basic concepts of oil recovery and well productivity, enabling technologies for
conventional reservoirs and shale oil, and a discussion on enhanced oil recovery.
We can either push the oil toward the producing wells or we can reach the oil that
otherwise cannot reach the producing well due to restricted flow paths. Or we use a
combination of both techniques, pushing the oil and reaching the oil. Water
flooding and most enhanced oil recovery techniques are examples of pushing the
oil. On the other hand, complex wells, multilaterals, hydraulic fracturing, and
various stimulation techniques are examples of reaching the oil. Reservoir perme-
ability is a key criterion in the selection of appropriate technique.

This chapter will provide a high-level discussion of key technologies together
with a focus on reservoir to increase oil recovery and well productivity. In a nut-
shell, with detailed knowledge of subsurface geology and fluid movements, if we
can position the producing and injection wells at optimum location equipped with
adequate completion jewelry, we are well on the way to high recoveries.

2. Field development plan: the blueprint of the reservoir

The fundamental job of a reservoir engineer is to engineer and maximize oil
recovery and the economics of the reservoir. We use an approach as in Figure 1 for
life cycle field optimization. Understanding or characterizing the reservoir is the
first step in building a reservoir model. We simply cannot model something that we
do not understand is a classic quote from L. P. Dake. The reservoir model is used to
make an optimum field development plan (FDP). All possible development options
are considered and the one with the highest financial returns and recovery is
selected. Monitoring of the reservoir behavior during drilling and production is
critical to ensure our reservoir models and the reservoir understanding was correct
and the field is behaving as expected. In case of any surprises, we may re-engineer
our FDP to still get the highest value for our investment. For example, if the oil
water contact is found lower than expected, then the depth of water injection wells
can be adjusted accordingly. We may need to update our models and FDP fre-
quently based on drilling, formation evaluation, and early production data.

The advancements in technology have improved this process in many ways.
Many new formation evaluation techniques such as nuclear magnetic resonance,
deep-investigating shear wave, deep-reading resistivity, wellbore imaging, digital
rock physics, 3D seismic, and sequence stratigraphy have greatly enhanced our
reservoir understanding. With the advances in well placement technologies, we can
place the wells at optimum locations to maximize recovery. Modeling and reservoir

Figure 1.
Continuous optimization of NPV during field life.
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simulation with high-speed computers has not only increased our response time to
quickly update the models but also reduced the amount of upscaling that we had to
do in the past and added more reliability in out models. The real-time data com-
bined with data analytics is opening another avenue of opportunities and reservoir
modeling. These technologies may even discover some treasures hidden in the
heaps of old data.

Different stages of field development process are shown in Figure 2 and
explained below

• Appraise—After discovery-well is, we need to assess the potential of the field.
Additional data are collected using seismic, drilling delineation wells, logging,
coring, and well testing. At this stage, the goal is to collect all the needed data.
Information is the focus at this stage. Value of Information (VOI) can be used to
justify the costs. For example, whether a fault is sealing or not may necessitate
or avoid drilling additional wells. Cutting down on appraisal costs and start
producing the field for quick cashflow are tempting but eventually they will
erode the overall value of the project. A key objective of appraisal is to reduce
subsurface uncertainties—especially the one having major impact on field
development such as hydrocarbon volumes, dominant drive mechanism,
reservoir compartments, natural fractures, reservoir heterogeneities, and fluid
characteristics.

• Select—At this conceptual screening stage, we compare different development
concepts and select the one that is most feasible for the eventual development.
This feasibility study will include subsurface development options, process
facilities, number and types of wells, the need and timing of pressure support,

Figure 2.
Stage of field development for conventional reservoirs. Our focus changes over time from information collection
to optimized development to minimizing costs.

184

Crude Oil - New Technologies and Recent Approaches



cost, and schedule estimates for every option considered. It usually starts with
ruling out the options that are technically not feasible.

• Define—The most feasible selected concept from previous stage is used for a
detailed field development plan (FDP). It encompasses the complete chain
from subsurface to surface and delivery. Simulation models are used to study
multiple what-if development scenarios together with subsurface uncertainties
and make multiple production forecasts. These multiple production forecasts
range from P90 being more conservative scenario to more optimistic P10 case.
The most likely P50 is often used as the basis of development. Complete costs
of the project including drilling, completion, facilities, operating costs,
operating philosophy, and revenues are used to sanction the project. The FDP
is an important document. It is a kind of promise by the development team
using their best knowledge and skills that the project will produce X barrels at a
cost of Y$. Thus, a key financial metric is minimizing Cost/Barrel. Typical FDP
documents consist of the following components:

• Objective of the development

• Details of geoscience and petroleum engineering data used for the
modeling

• Production forecasts of the models including low, median, and high case

• Description of engineering facilities

• Cost estimates

• Operating, maintenance, and reservoir monitoring protocols

• Project planning

• Project economics

• Budget proposal

• Execute starts after approval of FDP. It consists of detailed design of facilities,
procurement of materials, fabrication of facilities, installation of facilities, and
commissioning of the facilities and equipment as shown below in Figure 3. The
process may vary a lot from onshore to offshore development. In onshore
development, production may start as the first well has been drilled. In
offshore, production may have to wait for the facilities to complete and
commission.

• Operate phase. Minimizing the time between discovery to the first oil is often
an important goal of the overall field development. Once the field starts
producing, the production and the pressure data are compared with the
prediction of the initial model in a process called history matching. This is to
validate whether the reservoir is performing as projected by the models and
may provide substantial opportunities for further reservoir understanding and
optimization. For example, if we had assumed a fault as sealing in the model
which was not sealing in real, then some of the production data may not match
the model until we allow communication across the fault. The modern
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reservoir management uses a life cycle approach as shown in Figure 1.
Continuous monitoring and periodic adjustment of the reservoir models
ensures optimum reservoir performance and update to the field development
plans if needed. Quite often, we update the models and adjust the field
development plan many times during the life of a field as shown in Figure 2
labeled FDP-1, FDP-2, FDP-x. While FDP-1 is green field development, FDP-2
and the later FDPs are part of the brown field development.

• Changing focus during different phases. During different stages of
development, the importance or focus changes from maximizing information
at appraisal stage to optimization during early development to cost saving
during development. The curious and questioning mind set of “do what is
right” changes to an executor mind set of “do the things right.” Some
companies use the analogy of thinking hats. The project team uses three
different hats: a) information gathering hat, b) do the right development hat,
and c) do the development right hat. However, there is often some overlap. We
may get new information even during development and production stage that
is crucial to reservoir understanding. Likewise at the appraisal phase, we have
some idea of the ultimate development and collect the relevant information.

Smart fields are a further enhancement to above approach shown in Figure 1. In
this case, flow rate from each well and if possible, from each segment of horizontal
wells or each zone can be adjusted to ensure uniform production from the entire
reservoir and achieve a uniform injection. This results in large gains in recovery.

2.1 Assurance review of FDP: a cold-eye review

Assurance review process or value assurance review, a routine practice in most
companies is a proven process that can add substantial value to any project. Essen-
tially, a team of experts will review the project in detail to identify any gaps or
improvements before the project goes to the management for funding. However, in

Figure 3.
Execution of field development plan.
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some cases the process may become a formality with little value addition. There
are two versions of assurance review—a power point review and a consultation
review. In a power point review, the project team presents the final project to
the review team in a presentation session. Such review may uncover some key
shortcoming in the project but not everything. In a consultation review, the
review team will spend few days with the project team to go through every
detail and suggest any improvement or alternatives if needed. Such a session can
significantly improve the skills of the project team as a by-product of project
review.

The review team could be internal or external. Internal teams may have the
advantage of having the background knowledge of local geology but may have
biases toward the project or conflict of interest if there are mutual reviews. Review
by external teams, the so-called cold-eye review, could be more effective especially
by industry experts who have reviewed hundreds of other projects and carry with
them decades of knowledge.

2.2 Giving the old fields a new life

There are many examples where a field may not have started with an optimum
development plan. This happens mostly with old fields. A full-field review of such
underperforming fields can often uncover many new opportunities to improve
production and recovery. Usually, the past costs are considered sunk costs and
forward economics is used for any investment decisions in these projects. Figure 4
shows an example of a field revival from Venezuela. In 1995, the production had
declined to one fourth of initial levels and it appeared as if there is little left in the
field. But a new reservoir understanding following an integrated study and applica-
tion of new technologies revived the field again. The literature is rife with such
examples where many oil fields got a new life after a study and a dose of new
technology.

Figure 4.
Better reservoir understanding followed with additional wells and recompletion of existing wells resulted in
large production increase—example from Venezuela (Hamilton 2002).
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There are several reasons to revisit old fields to extract the remaining oil:

1. Integrating years of well and production data from a producing field often
gives a new understanding about the reservoirs and identify new
opportunities.

2.Several new technologies have been developed over the years that can give a
boost to the old fields that initially did not get benefit from such technology.

3.Benchmarking studies of similar fields can quickly identify underperforming
fields and highlight the production and recovery gaps. There was an excellent
application of benchmarking by Oil and Gas Authority (OGA) for UKCS.
Fields having similar geology or reservoir quality should have comparable
recovery factors. One of the relations for reservoir quality index (RQI) can be
defined as RQI = permeability*thickness*Porosity*(net/gross) *(pressure/
TVD) A plot of RQI vs. recovery factor for different reservoirs is a quick
method to screen underperforming fields. Recovery factor is the projected
value for the field life based on DCA or FDP. Such benchmarking can also be
used for new developments as a quick quality assurance of the development
plan.

2.3 The role of new technology in field development

Several new technologies have been developed that have significantly
transformed field development planning. This includes new measurements for
formation evaluation, advances in computing power and modeling, advances in
drilling technology, well placement, completion, and instrumentation.

2.3.1 New measurements for formation evaluation: Deeper and clearer

There are several technologies that have radically improved formation evalua-
tion and help in better reservoir characterization.

1.Nuclear magnetic resonance provides a better rock characterization at pore
scale through pore size distribution, permeability, and differentiate between
bound and free fluid—that was not possible with traditional logs in the past. It
can also identify the type and properties of hydrocarbon in the pore spaces. In
particular, the permeability and bound fluid information is most valuable in
fluid recovery. NMR is a technology borrowed from medical science which is
finding many new applications in formation evaluation.

2.Deep-reading resistivity and electromagnetic measurements can identify the
fluid type 100’s of feet away from the wellbore. With traditional
measurements, we could get a detailed high-resolution picture of the rocks
next to the wellbore, but what is in-between the wells was mostly unknown.
The best we could do was to build a layer cake model based on well-to-well
correlation. With deep reading measurements, we can not only identify
heterogeneities 100’s of feet away but can also locate any by passed oil or
position the wells in optimum location with the knowledge of reservoir
boundaries and layers.

3.Digital rocks combine the micron-level images using micro-CT-scan and SEM
with wettability and contact angle measurements to model 3Dmultiphase fluid
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flow in porous media. Such pore scale modeling has wide applications in
recovery process. It can be used to obtain relative permeability data for every
rock type and with a turnaround time of weeks what used to take several
months from the lab measurements. This can significantly improve the quality
of reservoir models and speed up the development.

4.Several wireline measurements can now be made with while-drilling
technology. This real-time formation evaluation is the backbone of geosteering
that allows the well to track the reservoir at optimum location through well
placement technology.

3. The elements of well productivity

The fluid flow from reservoir to wellbore through porous media is described in
Eq. (1) below. This is a solution of diffusivity equation for an ideal homogeneous
reservoir.

q ¼
kh pr � pwf
� �

141:2Boμo ln re
rw
� 1

2 þ S
� � (1)

In this equation, q is flow rate, k is reservoir horizontal permeability, pr is the
reservoir pressure, pwf is the flowing bottom hole pressure, Bo is oil formation
factor which is the ratio of reservoir volume to surface volume of oil, μo is oil
viscosity, re is the reservoir radius, rw is the wellbore radius, S is the wellbore
skin that indicates the connectivity of wellbore to the reservoir, a positive value
shows a poor connectivity or flow restriction in the near wellbore region such
as damage wellbore, a negative value on the other hand suggests improved flow
paths in the near wellbore region typically created by stimulation or hydraulic
fracturing.

We will use aforesaid equation to explore how we can use various well technol-
ogies to maximize flow rate. In a later section, we will consider how to maximize
total recovery from the reservoir. The flow rate q (bbl/d) in Eq. (1) is controlled by
the following parameters.

1.Reservoir Pressure, Pr, the higher it is the higher the flow rate will be. At the
time of the reservoir discovery, we find the initial reservoir pressure (pi), later it
will reduce or deplete with production. The production will start declining as the
reservoir pressure Pr reduces as in Eq. (1). We often try to maintain the well
production by gradual reduction of surface pressure, by increasing the choke
size, and produce the well at constant rate before the inevitable decline in well
production when the surface pressure has reached its minimum. To avoid this
production decline, we often try to maintain reservoir pressure through pressure
maintenance by injecting water or gas. The ratio of injected volume to produced
volume is called voidage replacement ratio (VRR), which is monitored in any
water flood project to ensure adequate injection. Water or gas injection has
another more important function as well. It displaces oil in addition to providing
pressure support. Water injection through vertical wells is not very efficient as it
creates localized regions of high-pressure and high-water saturation resulting in
water breakthrough and poor reservoir sweep. New technologies such as
horizontal wells equipped with inflow control devices, or diversion

189

Improving Reserves and Well Productivity Using Modern Technologies
DOI: http://dx.doi.org/10.5772/intechopen.102897



technologies, allow a more uniform water injection and production through
long-distributed length of horizontal wellbore rather than a single-point
injection and production from vertical wells. We can manipulate reservoir
pressure and fluid displacement through several waterflood technologies.

2.The production will increase as we reduce the wellbore pressure, Pwf, thus
increasing the drawdown pressure between the reservoir and the wellbore.
Since the wellbore pressure also provides a lifting force to the fluid to reach the
surface, reduction in wellbore pressure will reduce the lifting pressure for the
fluid in the wellbore. There is a limit as to how low the wellbore pressure can
be reduced before the well stops flowing. During the field life, we continue
reducing Pwf by adjusting the surface choke as the reservoir pressure Pr
reduces to maintain flow rate. As a last resort, we provide artificial lift systems
to add external energy to the fluids to reach the wellhead. The artificial lift
systems include different types of pumps such as Electrical Submersible Pump
ESPs or Jet pumps that add energy to the fluid or gas-lift method that makes
the fluid lighter by mixing gas in the fluid stream. Artificial lift systems are an
important instrument to increase well production by lowering the bottomhole
pressure Pwf and still enabling the well to keep flowing at surface.

3.The remaining factors in Eq. (1), Reservoir permeability k, reservoir thickness
h (ft), fluid viscosity, μ (cp), are equally important. Though we have no
control on permeability, thickness, and fluid viscosity, we can ameliorate the
situation somewhat when these parameters are not optimal as explained in the
sections a, b, and c below.

a. Flow rate will be high in a high permeability and large reservoir
thickness. In case of low-permeability reservoirs, we can use hydraulic
fracturing to get reasonable flow rates and make the marginal wells
more profitable. In the extreme case of nano-Darcy reservoirs such as
shale reservoirs, the well may not flow at all without hydraulic
fracturing. As shown in Figure 5, fractures in low-permeability
reservoirs can increase the overall system permeability many times
compared with the unfractured matrix permeability (100 or 1000 times
or even more depending on the matrix permeability). Hydraulic
fracturing creates system permeability in two ways. It creates new
hydraulic fractures, parallel to maximum horizontal stress that can be
preserved through proppant or sand placement in the fractures.

Figure 5.
Fold of increase in the overall system permeability due to the presence of fractures. These fractures could be
natural fractures or man made through the process of hydraulic fracturing (ref. [4]).
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Conventional wisdom is that these hydraulically created fractures
parallel to maximum stress are easier to open and easier to remain open
and these are the ones responsible for increase in production in low-
permeability reservoirs. However, hydraulic fracturing also activates
and makes conductive the existing natural fractures in shale or tight
formations, especially the critically stressed fractures that are aligned at
small angles from maximum stress orientation, typically +/� 30o to
maximum horizontal stress. This happens by small shear movement in
the fractures as shown in Figure 6 [5]. This also explains why slick
water, with no proppant, has been working so well in many shale
formations. It also explains a frequently observed mismatch between
production logs and the occurrence of natural fractures. Mostly, the
fractures aligned with critical stress orientation are seen to dominate the
production. This concept is motivating shale drillers to orient wells to
target the critically stressed natural fractures. Fracturing then is the
obvious choice in low-permeability reservoirs as it will increase the
overall or the system permeability.

b. In highly viscous oil, we can use heat or steam to reduce the oil viscosity
and improve well production. Such thermal recovery techniques are
often used for heavy oil. These techniques are both a production
enhancement and recovery improvement techniques. Heavy oil may not
produce at all or may not produce at economic rates if not heated.

c. Reservoir thickness is as important as permeability in terms of impact on
flow rate. Thickness is more predictable as it has often less variability
than permeability. Unlike permeability, there is little that we can do
about it. Generally, vertical permeability is much lower than the
horizontal permeability—particularly in clastic reservoirs. This makes
horizontal wells less effective in very thick zones as the reservoir regions
hundreds of feet above or below the horizontal well may not be able to
produce due to low vertical permeability. In thin reservoirs, the
horizontal wells might compensate the reduced reservoir thickness by
increasing the reservoir contact area. Every situation must be modeled to
compare different well types since the exact reservoir properties and
their vertical distribution can be more important than the mere mention
of thin vs. thick reservoir.

Although in the aforesaid discussion improvement in well productivity was the
focus, in most cases both the well productivity and the fluid recovery are linked

Figure 6.
Shear movement in existing natural fractures creates conductivity in natural fractures, which can be otherwise
closed. After movement, the fracture face leaves a small opening that provides a conductive path for fluid to
flow.
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together. Water flooding improves well productivity by maintaining reservoir
pressure, and improves recovery by prolonging well life and mostly by fluid dis-
placement. Hydraulic fracturing is historically used to increase well productivity by
reducing the wellbore skin. This also reduces the abandonment pressure and thus
improves the fluid recovery. In very tight formations to shale reservoirs, the wells
may not produce economically without hydraulic fracturing. In this case, hydraulic
fracturing will increase both the well productivity and the reserves.

4. Low oil recovery factor: still a challenge for petroleum industry

A global average 30% Recovery Factor in oil reservoirs is a major challenge for
petroleum industry as identified by SPE in its six grand challenges [6]. Such low
recovery factors also make us one of the least efficient industries in terms of input
to output ratio. Can we do any better? Yes, it is indeed doable as proven by many oil
companies that have raised the bar of recovery factor to 50% or more with water
flooding in combination with new technologies. Even a 70% recovery factor is not
out of reach. Saudi Aramco’s has launched a plan to raise its recovery factor of major
producing fields from current 50–70% [7]. A study of 730 sandstone reservoirs was
carried out [8] to understand what drove some reservoirs to achieve very high
recovery factors. Key traits of high recovery reservoirs include homogeneous and
good-quality reservoirs with strong water drive. Important observations of this
study are highlighted below:

• P50 Primary recovery was 15.5% While P50 ultimate recovery is 38.5%. This
shows the importance of secondary recovery. A 13% primary recovery
reservoir was able to achieve an ultimate recovery factor of more than 60%
through pressure maintenance.

• While mean ultimate recovery of 636 fields was 38.5%, 10% of the fields
achieved 58% or higher recovery.

• EOR is not a key factor in achieving high recovery factors.

In short, we can achieve high recovery factor by following the best practices of
reservoir management.

4.1 Fundamentals of oil recovery

Natural depletion of reservoir pressure, called the primary recovery, uses only
the natural reservoir pressure support. This support could come from expansion of
oil above bubble point pressure, release of solution gas below bubble point pressure,
influx of gas from gas cap, or influx of water from possible connected aquifer. Often
such natural pressure supports are either weak or absent and may result in very low
recovery factor, except in very strong water aquifer. Recovery factor from primary
recovery is less than 20% in most cases. In some countries, the regulators do not
allow producing some oil field purely in primary recovery phase to achieve
maximum recovery.

4.2 Secondary recovery

The secondary recovery using water or gas injection is used in majority of the
fields. Globally, the combined recovery factors from primary and secondary
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recovery range between 35 and 45% [9] or an additional 15–25% recovery attributed
to water injection. The purpose of water injection is to provide pressure support and
displace oil with water. The injection will be more effective when the injected water
can push the oil like a piston. However, it rarely happens. The injection water often
fingers through oil due to its lower viscosity, wettability effects, and reservoir
heterogeneities. Significant quantity of oil is left behind after water flooding. Even
without any Enhanced Oil Recovery techniques, water flood projects can achieve an
additional 10–30% recovery factor as proven by several high recovery water floods.
This was achieved by a combination of new technology and reservoir management.
Recovery factor from water flooding or gas flooding is approximately given by the
following relation,

RF ¼ EPS � ES � ED (2)

• Eps is pore scale or microscopic flooding efficiency. The mechanism of un-
swept oil at pore scale is explained in Figure 7. Enhanced Oil Recovery (EOR)
techniques such as miscible flooding are used to increase Eps.

• Es is the macroscopic flooding efficiency. The injected water could completely
bypass part of the reservoir and leave it un-swept as in Figure 8. EOR
techniques such as polymer or diversion techniques can be used to increase Es.
The ideal water flood should have a uniform flood front, termed as water

Figure 7.
Microscopically bypassed oil during water flood in a water wet reservoir (Eps). The oil is in red, grains in yellow
and water in blue color. The figure on the left shows the original oil and water saturations before water flooding.
The figure on the right shows the saturations during water flooding (ref. [2]). In water wet reservoirs, the water
moves around the grains and small pore throats leaving some oil trapped in the larger pores.

Figure 8.
Macroscopically bypassed oil (Es). Water flood from left flows through higher permeability, by passing oil in the
lower right in a 6-m-thick layer (ref. [2]).
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conformance. Various near wellbore and deep-reservoir diversion techniques
are used to improve water conformance and the resulting Es. Figure 9
illustrates how the addition of polymer to water can improve its sweep
efficiency by making the water more viscous and sweep the oil in a more piston
like manner.

• Ed is the fraction of the reservoir volume connected to any well. Ed is adversely
affected in reservoir with vertical or horizontal barriers, or compartmentalized
reservoirs. Reservoir understanding combined with horizontal or multi-lateral
wells or infill wells has helped the industry greatly increasing Ed.

The different components of recovery mechanism as depicted in Eq. (2) suggest
that we must understand and then control recovery process from pore to reservoir
scales (Figure 10).

As shown in Figure 1, the reservoir understanding starts even before drilling the
first well, and the field appraisal is done to improve reservoir understanding and
reduce the reservoir uncertainties. A field development plan is then formulated
based on the best reservoir understanding at that time. The field production and
monitoring provide the dynamic reservoir information when the fluid movement

Figure 9.
Improved sweep efficiency of water after adding polymer due to lowering of water mobility (ref. [10]).

Figure 10.
Example of oil left in isolated compartments (Ed).
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takes place in the reservoir. Despite all these data collection activities, our reservoir
understanding is often far from perfect, especially in complex geologies. Often the
reservoir data are fragmented among different disciplines. Integration of every
piece of data is the first step behind reservoir understanding. Complex geological
models are a great tool to pull all these data together. Reservoir simulation is then
used to evaluate different development and production options and select the most
optimum one to build a field development plan. History matching the model with
production data provides another dimension of reservoir characterization, which is
based on reservoir performance. It helps in understanding the reservoir compart-
ments, communication with aquifer or gas cap, and reservoir heterogeneities. These
models can then help in predicting the performance of different water flood tech-
niques to select the most optimum option.

4.3 Formation evaluation

Our journey to reservoir understanding starts with an initial geological
model, which is built using surface acquired seismic, gravity, or magnetic
surveys. Well drilling provides the first source of direct measurements in the sub-
surface. Well logs in the form of gamma ray, density, resistivity, neutron, sonic,
caliper, nuclear magnetic resonance combined with rock, and fluid sampling have
been used for many decades. A whole science of understanding rock and fluid
distribution in the near-wellbore formations is based on these well logs, which
is collectively called formation evaluation. Reservoir dynamics involve the
measurement of reservoir pressure during fluid movements in the rocks few
centimeters or few hundred of meters away from the wellbore using formation
testers or transient well testing. The objectives of formation evaluation can be
classified as below:

• Lithology and well-to-well correlation using spontaneous potential, gamma
ray, and photoelectric effect.

• Capacity of the rock to store fluid, The Porosity using density, neutron,
sonic, photo-electric effect, nuclear magnetic resonance (NMR), resistivity,
and induction

• Ability of the rocks to allow fluid movement, The Permeability from NMR,
formation testing, or sonic

• Fluid characteristics from resistivity, Induction, or fluid samples

• Geological information such as faults, fractures, depositional environment
using borehole images, caliper, dipmeter

In the past, aforesaid measurements were made with wireline tools after
drilling the well. The downhole data are transmitted to surface using electrical
cables called wireline. With advances in technology, most of these measurements
are now possible while drilling a well and the data transmitted to surface in real
time using mud pulses or measurement while drilling technology. The logging
while drilling or LWD provides data for formation evaluation as soon as or soon
after the drilling bit penetrates the rocks. LWD has become essential for placing
the well or steering the bit at optimum location in the reservoir in geosteering
systems.
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5. Oil recovery from tight matrix in fractured reservoir

Naturally fractured reservoir with tight matrix is perhaps the most difficult
reservoir to achieve a decent recovery factor. Any water injection scheme will
quickly flood the fractures, leaving most of the oil untouched in the matrix. In
primary recovery phase, in the absence of any pressure support, the oil filled in the
open fractures will be produced as flush production. The pressure inside the
fractures will reduce over a short period of time as recharge from tight matrix to the
fractures is very slow. In case of depletion drive, the tight matrix will continue
recharging the fractures, though very slowly, resulting in a long tail of low
production after the initial flash production. In case of strong connected aquifer, the
fracture could quickly result in high water cut. The result is traditionally very low
recovery factor in such reservoirs in both primary and secondary recovery phases.
The shale reservoirs are even worse in terms of recovery factors and much more
challenging since the matrix permeability is extremely low. Injecting any fluid into
matrix in the presence of high-permeability fractures is a challenge. Several CO2

EOR huff-n-puff trials have shown some promising results in shale oil. These
EOR technologies combined with controlled hydraulic fracturing and flow
diversion technologies may give a new life to conventional fractured reservoirs
with tight matrix as well. In many shale formations, the natural fractures are often
closed and non-productive. In several studies, modeling, and micro-seismic
during hydraulic fracturing have shown that fracturing with high-rate slick
water can potentially make these close fractures conductive through shear
movement, especially those aligned with present day stress. This is earlier
shown in Figure 6.

5.1 The complex wells: Taking the well to the reservoir

The drilling technology together with measurement while drilling has become so
advanced that we can drill wells almost along any trajectory that is optimum for
reservoir management. Maximizing well to reservoir contact has greatly improved
both the production per well and the recovery factor as well. Vertical wells are
drilled with rotary drilling rig where the bit turns using a turntable at surface
connected to the bit through hollow drill pipes. Horizontal drilling was traditionally
done with mud turbine where the bit turns by the flow of mud. In this case, the pipe
does not rotate. The pipe just slides as the bit is cutting through the rock. The more
advanced Rotary Steerable System (RSS) uses a combination of downhole motor
and pipe rotation. This system in combination with geosteering system can make
the well track very complex geologies.

6. The smart wells: Taking the chokes downhole

Non-uniform production and injection from horizontal wells had been a major
challenge for production engineer. An early excitement about long horizontal wells
died after realization that productivity from horizontal wells was much less than
expected considering the length of the well. Many production logs and well model-
ing revealed that higher pressure drops at the heel of the well resulted in higher
production at the heel compared with the toe of the well. The result was less
production from the toe of the well and often water or gas breakthrough near the
well heel. Reservoir heterogeneities along the wellbore multiplied the problem of
non-uniform production from horizontal wells.
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An obvious solution was to introduce multiple downhole chokes called inflow
control devices (ICD). Model-based flow restriction, ICD’s is placed along the well
length together with isolation packers that would result in more or less uniform
production or injection along the well length. A more advanced version of flow
control allows the adjustment of choking from surface. Such flow controls
devices are called Inflow Control Valves. Downhole measurements of rate,
pressure, and temperature can also be added. With surface control system and
data transmission to a central location—this now becomes a smart well—part of a
smart or intelligent field. Production or reservoir engineers from their offices can
not only monitor but also control well production or even production from any
section of the well. This has provided a huge boost to both production and recov-
ery factors.

7. Technologies for tight and shale reservoirs

Hydraulic fracturing has been around for nearly 70 years. There had been a
million fracturing jobs from 1940 to 2000. Another 6 million treatments were added
from 2000 till now. More than half of the US production is attributed to hydraulic
fracturing. Perhaps, hydraulic fracturing is the second most important technology
after drilling. In addition, hydraulic fracturing is a very forgiving technique. We can
often get away with good production increase even from an imperfect job. The
success of this technology was its own enemy. For long time, there were no new
developments in hydraulic fracturing. In many companies, it was called pressure
pumping. Most fracture models were assumed as planner fractures in solid material,
ignoring the presence of porosity, natural fractures, and other heterogeneities. The
success of shale gas from early 2000 and later shale oil from 2007 motivated the
service industry to come up with several new frac fluids, proppants, and the equip-
ment. Efficiency of frac operations, cost reductions using pad drilling, horizontal well
placement, slick water, and zipper fracs were the other major improvements. Real-
time fracture monitoring using micro-seismic, downhole pressure monitoring, analy-
sis of treating pressure, and experience of millions of treatments has tremendously
increased our understanding of hydraulic fracturing in tight formations. Realization
that natural fractures may re-activate during pumping as shown in Figure 6 clearly
negated he earlier assumptions of planner hydraulic fractures. All these developments
in multiple technologies resulted in nearly 8 million bbl/d of shale oil. Figure 11 below
shows how the production from multi-stage fracturing in horizontal wells has
impacted the overall US oil production.

8. Enhanced oil recovery (EOR): the pinnacle of reservoir engineering

Enhanced oil recovery (EOR) is oil recovery by the injection of materials not
normally present in petroleum reservoirs. Despite lot of research EOR has not deliv-
ered in traditional applications in the form of tertiary recovery after water-flooding.
Recently, many new concepts have emerged where EOR is being considered from
early on rather than a late stage or tertiary form of recovery. Several successful
polymer flooding together with the initial water flooding has been very successful.
Low salinity water flooding is another promising technique that can significantly
improve recovery without any new facilities. Despite a long history of EOR, a strong
need of improving recovery factor, and lot of research on EOR, the total EOR
contribution is just about 4 million bbl/d for the whole world. What is the reason of
such dismal performance of EOR technology, and can we change EOR strategy to
make it a success?
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1.EOR projects are a huge commitment for any company as it needs large
investments. It often involves board-level decision making or decisions by higher
management before any work can start. Most project get shot down at this stage.

2.EOR takes a long time from lab testing to modeling and pilot testing. By the
end of this long process, oil price or other economic factors would change so
much that EOR projects would be shelved before implementation.

3.The performance of most EOR projects has been poor. Recovery from EOR
technique has been far less compared with the expectations.

4.EOR has earned itself a bad reputation of being expensive and risky.

5.A combination of horizontal, multilateral wells equipped with smart downhole
flow control valves and good reservoir management has enabled simple water
flooding to achieve rather high recovery factors, sometime reaching or exceeding
60%. With this, the appetite for EOR has reduced. This is already a big
achievement for the industry that was stuck with 30% recovery factor in the past.

The aforesaid does not mean a gloomy future for EOR. Going back to Eq. (2), the
multilateral smart wells may increase macroscopic sweep efficiently Es and
connected volume efficiency Ed, but the microscopic efficiency factor Eps can only
be altered by some EOR technique. EOR may also increase Es beyond what smart
well technology can do. The smart well technology could become an enabler of
EOR. With advancements in computing power, the simulation models can incorpo-
rate the full physics and chemistry of EOR process now. Once calibrated with lab
experiments, we may not need pilot testing for every EOR project. The fear of EOR
should gradually go away once EOR becomes easy and more docile rather than
frightening for the management. There are some field developments where EOR
was considered from day one of field development such as polymer flooding or
flooding with smart water. Perhaps, the term EOR should disappear completely and
get integrated with secondary recovery. EOR, as is defined today, is not the only
and the best route to high ultimate recovery.

Figure 11.
US oil production historical chart. Without shale oil, the US oil production would have been around 4000
bopd. Shale oil production reached to nearly 9000 bopd. It stands again nearly 8000 bopd, after the slowdown
from COVID-19.
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8.1 Recovery factor in shale oil: still a challenge

While producing oil from dense shale rocks that had been discarded for many
decades was a great achievement that has revolutionized the oil outlook in US and the
rest of the world, an average recovery factor of less than 10% is a major challenge.
Improving this recovery factor could unleash a huge new resource of oil. In Bakken
alone, the in-place volume of shale oil is around 900 billion barrel. Projected recovery
factor for Bakken is only 7%. Increasing this number by 5 or 10% can give hundreds of
billions of barrels of additional oil. There is a huge prize if any of the ongoing EOR
trials become successful. The reason of low recovery factor in shale rocks is very low
matrix permeability in the range of micro- to nano-Darcy resembling concrete or
even granite. It takes a long time for fluid to move from tight matrix to the fractures.
With multistage horizontal wells, we create a stimulated volume of rock around the
wellbore, which is a network of fractures or re-activated natural fractures. After
fracturing, the oil from the fractures flows into the wellbore but the production
quickly declines as the total volume capacity of the fractures is very small. The oil now
moves very slowly from matrix to the fractures, and the well continues flowing at a
very low rate for many years. Depletion drive with no pressure support is the other
reason of low recovery factor. Even in a conventional reservoir depletion drive
recovery factor would be around 15% in a low-permeability reservoir.

Several EOR techniques are being investigated that include miscible gases, sur-
factant, and low-salinity water flooding.

9. A journey toward 70% recovery factor

Achieving 70% recovery factor is not a destination but a journey. The closer we get
to high recovery factor, the more difficult and expensive it will become to improve it
further. Identification of potential oil traps from early reservoir studies is extremely
important. For example, in a good permeability homogeneous formation, viscous
fingering and fluid by-passed at pore level needs attention by controlling mobility ratio
of injection fluid. In multi-layered system, the oil in low-permeability layers is likely to

Figure 12.
Path to getting highest recovery factor. Get the low-hanging fruits first. Maximum value comes from initial
development plan.
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remain undrained without diversion technologies. In random reservoir heteroge-
neities such as in some carbonate reservoirs, deep-reservoir diversion technologies
could be more effective. In tight matrix-fractured reservoir, fluid will drain
quickly from fractures, and any water injection will quickly flood the fractures
leading to extremely high water cut, while bulk of the oil in matrix will remain
unproduced. Unlocking matrix oil is the key in this case. In short, there is no magic
bullet to reach the high recovery factor. It is a journey where we should target the
big and the easy oil first—which is often the low hanging fruit. As in Figure 11,
maximizing ED should be the top priority. If the oil is stranded in some compart-
ments and we use expensive EOR chemicals to improve pore scale recovery factor,
it will be a blunder. Next improving sweep control is the most important. If water
is unable to reach any part of the reservoir, it is unlikely for expensive chemicals to
reach there either. Addressing pore-level displacement is most difficult and often
the last shot. As a quick check, in a situation of very low recovery factor in the
range of 20–30%, it is probably reservoir connectivity (ED) or reservoir sweep
(ES) that needs attention (Figure 12).

10. Conclusion

Figure 13 summarizes the key parameters or activities that have greatest influ-
ence on recovery factor of conventional reservoirs. For heavy oil, the efficiency of
Cyclic Steam Stimulation (CSS) or steam flooding and well spacing will be more
important.

A strategy to high Recovery Factor is described in this paper based on the
authors personal experience and recent benchmarking studies,

1.A good reservoir understanding is the starting point. New higher resolution
and deeper measurements together with 4D seismic can radically improve
reservoir characterization from micrometer to hundreds of meters.

Figure 13.
Key influencers in recovery factor.

200

Crude Oil - New Technologies and Recent Approaches



2.Computer models can capture complex geological details thanks to the
advances in computing. Oil displacement from micrometer to tens of meters
can be modeled for optimum recovery of hydrocarbon. Fluid displacement
experiments using digital cores or labs are incorporated in the models. Giga
cell reservoir models using fast computing have minimized the need of
extensive upscaling that had oversimplified and homogenized a complex
subsurface in the past.

3.The Field Development Plan (FDP) is made using aforesaid models that dictate
the number, type, and placement of the wells for optimum sweep and uniform
drainage. Various diversion technologies from mechanical, to fluid based and
nanotechnology, are used to maximize sweep from every part of the reservoir.
Simple EOR techniques such as low salinity water or polymer flooding can be
integrated with initial development plan.

4.Advances in technology can help in drilling and completing such complex
wells to achieve maximum reservoir contact.

5.Continuous reservoir surveillance is then used to timely react to any deviation
of the reservoir behavior from the one anticipated from FDP and react to it
timely. Deep-reservoir monitoring using nanorobots is expected to take
reservoir surveillance to the next level.

6.A survey of high recovery fields shows that the technologies of water flooding,
well construction, reservoir modeling, and smart fields are some of the key
differentiators between low recovery fields vs. high recovery fields other than
the size and the nature of the reservoir.

7.With aforesaid workflow, we can be well on our way to high recovery with
optimum reservoir sweep. The pore-level displacement can then be improved
using surfactant or miscible gas flooding using Enhanced Oil Recovery
techniques if economical.
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Chapter 10

Connect Two Crude Oil
Distillation Units with One Crude
Oil De-Salter in Dewania Refinery
Omar Mahmoud Waheeb

Abstract

Crude oil, which exported to refineries, already contains salt, water, and
fouling crude oil received with salt content not less than 50 ppm. Dewania refin-
ery with a capacity of 20,000 BPSD, which serves with two crude distillation
units, each unit with a capacity of 10,000 BPSD, which operate without crude
desalter. In an aim to reduce the effects of salts, water and, fouling associated
with crude oil, two crude distillation units connected with one crude oil desalter
with a capacity of 20,000 BPSD (one desalter). crude oil desalter transferred
from (Daura Refinery) to Dewania refinery, in aim to reduce salt content from
50ppm to 5 ppm and mitigate water and other fouling. Crude oil desalter installed
in the middle distance between two crude distillations units (90 m from each unit
isometric piping). Crude oil, which is pumped by a charge pump to preheated in
crude oil distillation unit with a train of heat exchangers. When the pipeline size
increased from 4″ to 6″, which reduces the pressure dropped from 0.946 to
0.15 bar for each transfer pipeline and in consequence, the total pressure drop
reduces from 11.011 to 10.215 bar for the whole unit. In an aim to reduce the heat
dissipated from surface of transfer pipeline. Each transfer pipeline insulated with
calcium silicate insulator, the thickness of insulator increased from 38mm to
50mm in an aim to reduce heat loss from �101.56 watts/m to �84.282 watts/m,
which reduced temperature difference between the surface pipeline and
environment from 13 to 10°C.

Keywords: Crude oil, Distillation, Desalter, Connect two crude distillation units.

1. Introduction

Crude oil, is extracted from the deep earth [1], and consist of a mixture of
hydrocarbons also contains many associated materials like salt, water, metals, and
fouling [1]. These associated materials can be considered harmful materials for the
downstream process equipment; heat exchangers and heating furnaces [1, 2]. The
Salts can be considered the main source of corrosion issue due to the hydrolysis
reactions of sodium chloride, magnesium chloride, and calcium chloride salts [1, 3, 4],
hydrochloric acid which initiated [1, 3, 4] can corrode the equipment (head and trays
of distillation column, and heat exchangers) [4].
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Salts, water, and fouling can be reduced by many methods such as: electrical
desalting, electrical – chemical desalting, gravitational [2, 5], electrical chemical
desalting can be considered the most effective method [6].

Crude oil desalter (COD) already available at upstream processes like (crude oil
field), which reduces the salt content from 100 to 50 PPM, it also available at the
downstream process like (crude distillation unit) (CDU). COD reduces salt content
from 50 to 5 PPM [1], de – emulsifier and, water injected to the crude oil streamline
after preheated by heat exchangers train to at least 120° C [2, 3], and then enter to
COD, heat reduces the viscosity of crude oil in aim to simplify water removal.

Water added to crude oil at the same temperature is used mainly to wash the
crude oil, and dissolve the salts associated with the crude oil [7]. The de-mulsifier
material, which already added to crude oil to reduce interfacial tension of water
droplets interface initiated inside crude oil (breaks droplet film), that facilitate
coalescence process of water droplets with each other and in final result reduces the
salt content in the crude oil [7, 8].

Applied pressure in the COD not less than 10bar (g), in aim, to avoid crude oil
evaporation [1, 2]. The crude oil, de – emulsifier, and water mixed with mixing valve
or static mixer [9], mixture enter the bottom of COD vessel through distributer, a
vessel equipped with high voltage electrical transformer, that transformer converts
AC to DC with two electrical grids, electrical voltages applied in crude oil desalting
process varies from 15kv to 21kv DC voltage [10, 11]. In order to charge water drops
suspended in heated crude oil, water drops charged with positive charges (+) and
negative (�) charges, the drops then attract to each other’s coalescence of water
drops occur in aim to enlarge the size of water drops, which in consequence will raise
the weight of water drops, water drops then fall by gravity. Crude oil exits from the
top through the perforated pipe, effluent water exits from the bottom [11, 12].

2. Connecting two CDUs with one COD

Two CDUs were connected to COD at Dewania refinery with a capacity of 10,000
BPSD each, which makes the total capacity of 20,000 BPSD where the COD with a
capacity of 20,000 BPSD. Dewania refinery, which receives Basrah Medium crude oil
with API gravity of 30.4 with specifications as inTable 1, the location of COD installed
between the two CDUs, It was in the middle 90 m from each unit isometric piping.

Two CDUs connected to COD with connection was through a common header
with the size of 8″ SCH-40. Each supply pipeline from CDU with the size of 6″
SCH-40, and the same size for return pipeline (from COD to CDUs) is the same as
the supply pipe with the value of 6″.

Property Value Test method

API gravity 30.4 ASTM D-1298

Specific Gravity @ 15.6°C 0.872 ASTM IP

Kinematic Viscosity cst ASTM D 445

At 10°C 24.5

At 21.1 °C 14.07

At 37.8°C 7.1

At 50 °C 4.8

Sulfur Content Wt% 2.9 ASTM – 4294

H2S Wt% 0.0015 ASTM D5705
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3. Materials and methods

3.1 Pressure drop

The Connection of the two CDUs with one COD with the pipeline will make a
pressure drop in the system. The pressure drop happens due to the flow of crude oil
through the pipeline along the distance between the two connection points [13].

Pressure drop of the whole system includes the following: further factors that
influence and caused pressure drop in the system, as will discuss herein below and
takes consideration of the following factors.

If the pipeline size is 4″ used as in the original connection in the unit, the
pressure drop calculation will be as following:

• The Pressure drop of the 4″ SCH-40 pipeline evaluated according to Darcy’s
Eq. (1) [13]. The pressure drop is 0.946 bar for each supply and return

Property Value Test method

Pour Point °C Less than �30 ASTM D-97

RVP kg/cm2 0.5 ASTM D-323

Water & Sediments Content Vol % 0.1 IP – 75

Salt Content PPM 50 IP – 77

Carbon Residue (R.B) Wt% 5.5 ASTM 524

Asphaltenes Content Wt% 1.89 JPI-5S-45-95

ASH Content Wt% 0.015 ASTM D – 482

Vanadium PPM 81.86 ASTM – D 6728

Nickle PPM 23.91 ASTM D – 6728

K UOP Characterization Factor 12 UOP Method 375

Water Content Vol % 0.05 IP – 74

Distillation IP – 24

Temperature °C Vol %

IBP = 38°C 0

Rec@ 50 °C 2.0

@75°C 5

@100 °C 11

@125°C 17

@150°C 22

@175°C 27

@200°C 32

@225°C 37

@250°C 41

@275°C 45

@300°C 49

Total Distillation Vol % 51.0

Table 1.
Basrah Medium Crude Oil Specifications.
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system pipeline. The velocity value of the crossing from the CDU to COD is
2.4464 m/sec.

ΔP ¼ λ:

P
Le

De
:
V2

2
:ρ (1)

Pressure drop of each piece of equipment in the COD system as following:

• The pressure drop across heat exchangers E-211A�C of 1.65 bar, E-216 of
0.689 bar [14].

• The pressure drop across the mixing valve is 1.723 bar [15].

• The pressure drop across the heating furnace is 5.514 bar [14].

• The pressure inlet to mean distillation column C-101 is 1.36 bar (g) [14].

The total pressure drop of one CDU with a capacity of 10,000 BPSD, which
connected, to the COD capacity of 20,000 BPSD equal to 11.896 bar (calculated).

Therefore, if two CDUs connected to COD the capacity would be 20,000 BPSD.
Hence total pressure drop for each unit is equal to 11.011 bar.

Differential pressure of charge pump is equal to 12.131 bar [14].
If the pipeline size 4″ replaced with pipeline size of 6″ in an aim to supply crude

oil to COD and return to CDUs.
A pressure drop of 6″ SCH-40 was evaluated according to Darcy’s Eq. (1) [13].

The pressure drop is 0.15 bar, for each supply and return system pipeline. The
velocity value is 1.085 m/sec, so the total pressure drop if only one 10,000 BPSD
CDU connected to 20,000 BPSD COD equals 11.11 bar.

If two CDUs each one of capacity 10,000 BPSD connected with COD of capacity
20,000 BPSD, the total pressure drop for each unit is equal to 10.215 bar.

3.2 Heat loss

Crude oil, which received in CDU pumped by charge pump to train of heat
exchangers E-211A�C, E-216, E-215, in an aim to preheat crude oil up to 130°C out
at the point out of exchanger E-211 B, crude oil exported to COD in an aim to reduce
salt content. COD is already outside the battery limit with a distance not less than
90 m in terms of length, the temperature of crude oil should not be less than 110°C
[2, 3, 15]. In an aim to reduce heat loss from the outer surface of 6″ pipeline, and
reduces the pipe surface temperature within the required range, the pipe should be
insulated with suitable insulation material in aim to reduce the heat loss to the
atmosphere and in consequence, reduce the fuel consumption in the furnace.

It should note that all parts of the unit with a temperature more than 60°C
insulated with calcium silicate (insulation material) [10], with specification as
shown in Table 2 in different thickness and wrap with an aluminum sheet with a

Property Value

Density kg/m3 245

Specific heat (CP) kj/kg.k.sec 1.03

Conductivity (k) w/m.k 0.07

Table 2.
Specifications of Calcium Silicate Insulator.
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thickness of gage 24 and according to the temperature of the surface and the
service.

According to Baker, How [14]. The economical thickness of this type of insula-
tion is 38 mm, heat loss and outer surface temperature estimated according to heat
transfer calculations as follows:

4. Calcium silicate insulation thickness of 38 mm

Heat transfer by conduction, convection calculation as in Eqs. (2)-(6) [16] in
aim to estimate heat loss and out surface temperature.

The heat transfer rate is �101.56 w/m and the temperature distribution of the
pipe section as shown in Figure 1 will be as follows:

The pipe internal temperature is 130°C; the surface temperature of the calcium
silicate insulation will be 43.18°C, the metal surface temperature is 43°C if the
ambient temperature is 30°C.

Q ¼ U:A:ΔT (2)

1
U

¼ R4
hi R4

þ 1
ho

þ R4 ln R2
R1

K1
þ R4 ln R3

R2

K2
þ R4 ln R4

R3

K3
(3)

Nu ¼ hidi
kf

¼ 0:023:RE0:8:Pr0:333:
μ

μw

� �0:14

(4)

Re ¼ ρ:v:di
μ

(5)

Pr ¼ cp:μ
k

(6)

Figure 1.
Temperature distribution through 38 mm insulation layer.
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5. Calcium silicate insulation thickness of 50 mm

In an aim to reduce the heat dissipated, insulation thickness increased to 50 mm
instead of 38 mm. In consequence, the Heat loss reduced to �84.478 w/m, and the
temperature distribution of the pipe section as in Figure 2 will be as follows:
internal temperature is 130°C, insulation and metal wrap surface temperature is
40.1°C and 40°C respectively.

6. Control system

Connection of two CDUs with one COD process flow diagram as shown in
Figure 3, control system philosophy modified in aim to cover the addition of COD,
the capacity of the unit would have controlled as before by FIC-101, the (valve
Coefficient) C.V of control valve checked with this modification i.e. the pressure
drop added to the system. This can be checked by evaluation of C.V as in Eq. (7)
[17] the C. V value is 23.55 and the C.V value of FIC-101 is 90, which means FIC-101
is valid to be used even with the new addition of equipment.

C:V ¼ 1:16:Q:

ffiffiffiffiffiffiffiffiffiffiffiffi
Sp:Gr
ΔP

r
(7)

Control the COD with Two CDUs connected has many scenarios and as follows.

1.If only one unit is in service: This situation is very easy in terms of the control
system; because this type of operation is related to one unit and the crude oil
exported to COD and imported back after desalting.

2. If two units is in service: In this situation, crude oil exported to the COD from
two units and imported back to the CDUs after the desalting process

Figure 2.
Temperature distribution through 50 mm (calcium silicate) insulation layers.
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completed; if one unit is drop (switched off) for any reason (for example
emergency case), when both units are in service, simple control system
installed as shown in Figure 3 and as following:

Check valve of (6″ X 300#) swing type and pressure switch, with rang
(0–16 bar), were installed at the export line (supply line of crude oil to desalter). 3″
X 300# control valve with C.V equal to 90 normally closed, air to open installed at
import line (pipeline back from desalter) work as an on–off controller connected to
the pressure switch.

Mechanism of the system:When one of two units is dropped, then no signal
passes from the pressure switch (signal off). The electrical relay would open, the
solenoid valve would close which already installed at the air supply line to the
control valve, and the control valve type is normally closed air to open, if no air
supply, then the valve would shut. Only one unit would be in the service, crude oil
would not pass to the other unit.

7. Water injection

Crude oil, which contains salts. The process water was used to dissolve associ-
ated salt. The amount of process water required varies from 5 to 7 vol % [15]. When
two units in service the total amount of water would be used of 5 vol %, this is the

Figure 3.
Process Flow Diagram of Connection of Two CDUs with One COD.
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minimum recommended amount of water to be used, if any drop (CDU switched
off) to any unit the amount of water will be within the maximum required amount
for one unit.

8. Conclusions

1.Replacing transfer pipeline size, between CDUs Supply to COD and return
from 4″ to 6″; will reduce pressure drop from 0.946 to 0.15 bar.

2.Running two CDUs connected to one COD is better than one; pressure
drop will be less due to the divided of pressure drop of mixing valve with
two units.

3. Install 50 mm (calcium silicate) insulation material. Better than 38 mm, which
reduces heat dissipated from �101.56 to �84.478 w/m, consequence metal foil
surface temperature of the pipeline was reduced from 43 to 40°C.

4.Process water which was injected as wash water with an optimum
concentration, 5 v% for two units in service. Any unit drops the total amount
of process water will be the maximum required amount for one unit.

5.Two crude distillation units can be connected to one crude oil desalter
if the summation of unit capacities equal to or less than crude oil desalter
capacity.
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Symbols

Abbreviations

CDU Crude Distillation Unit
COD Crude Oil De – Salter
PPM Part Per Million
BPSD Barrel per Stream Day
MRC Midland Refineries Company
SCH Pipe Schedule
API American Petroleum Institute
RE Reynold Number
R.V.P Reid Vapor Pressure kg/cm2

Pr Prandtle Number
Nu Nussalt Number
C.V Valve Coefficient
Vol % Volume Percentage
Wt % Weight Percentage
Sp.gr Specific Gravity
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Greeks

ΔP Pressure Drop (bar)
λ Friction Factor
ρ density kg/m3

μ Viscosity Pascal.sec

Letters

Le Equivalent length m
De Equivalent Diameter m
di Internal Diameter of Pipe m
V Velocity m/sec
U Over All Heat Transfer Coefficient w/m2.K
A Area m2

ΔT Temperature Difference in K
hi Internal Fluid Convection Heat Transfer Coefficient kj/m2.K
ho Air Convection Heat Transfer Coefficient kj/m2.K
K1 Iron Conduction Heat Transfer Coefficient kj/m.K
K2 Calcium Silicate Insulation Conduction Heat Transfer Coefficient

kj/M.K
K3 Aluminum Conduction Heat Transfer Coefficient kj/M.K
Kv Kilo Volt
R1 Radius of Internal Pipe m
R2 Radius of External Pipe m
R3 Radius of Insulation M
R4 Radius of Aluminum Metal Cover M
Kf Crude Oil Conduction Heat Transfer Coefficient kj/m.K
Cp Specific Heat kj/kg.K
Q volumetric flow rate m3/h
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Chapter 11

Green Technology for Crude 
Oil Processed Water Treatment: 
A Practical Approach for Nigeria 
Petroleum Industry
Hassana Ibrahim Mustapha

Abstract

Cleaner production is the key to environmental sustainability. Conversion of 
crude oil to various beneficial products is responsible for the contamination of air, 
water, and soil which are harmful to human, plants, animals, public health and 
the environment. Adequately treating produced water is beneficial for irrigation, 
wildlife consumption, industrial water and for domestic purposes. Therefore, 
green technology for treatment of crude oil processed water would provide 
the environmental friendliness needed for prolong utilization of our natural 
resources. Hence, the aim of this book chapter is to investigate the potentials 
of constructed wetland as a promising, effective and environmentally friendly 
alternative for secondary petroleum refinery wastewater treatment. Planted and 
unplanted mesocosm scale experiment with real secondary refinery wastewater 
was used for the purpose of the study. The parameters investigated were tempera-
ture, pH, dissolved oxygen, electrical conductivity, total suspended solids, carbon 
oxygen demand, total petroleum hydrocarbon and oil and grease. The results 
revealed that Typha latifolia planted VSSF CWs effectively treated organic con-
taminants in secondary refinery wastewater with a better performance than the 
unplanted control VSSF CWs. The chromatographs for wastewater and T. latifolia 
samples showed a hydrocarbon distribution between n-C9 to n-C24 indicating 
abundance of lower weight hydrocarbon contamination.

Keywords: Approach, Crude oil, Green Technology, Processed Water, Nigeria, 
Treatment

1. Introduction

1.1 Importance of crude oil to the Nigeria economy

Crude oil is Nigerian’s main source of revenue. The Federal Government of 
Nigeria derive about 90% of its revenue and 35% of its Gross Domestic Products 
from petroleum industry [1]. Nigeria has four refineries located in Kaduna, Warri 
and two in Port Harcourt with capacity of 438, 750 billion b/d along with 21 depots 
and about 5001 km of product pipelines [2]. The Federal Government of Nigeria 
has absolute ownership of its oil and gas resources, thus, exercises its rights through 
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concessions, joint venture, production sharing contracts and service contracts [3]. 
The Organization of Petroleum Exporting Countries (OPEC) ranked Nigeria as the 
sixth largest producer of oil [1]. Crude oil is essential for modern life for it provision 
of fuel and raw materials for an immense variety of useful products, from plastics 
to fertilizers, to pesticides, and medicines that facilitated unprecedented economic 
growth and improved human health around the world in the 20th century [4, 5]. 
Also, Globally, it is the most important source of power [5, 6], it represents about 
40% of world total energy use [6]. Several nations are excessively reliant on petro-
leum for their main source of electricity and transportation fuel [7].

Olujobi et al. [1] described the Nigeria oil industry as consisting of three main 
streams: upstream petroleum sector (exploration, and production), downstream 
(crude oil refining for domestic consumption, marketing, and transportation) 
and the midstream (natural gas). The activities of the upstream and downstream 
sectors are interconnected and interdependent which is done through the estab-
lishment of an adequate regulatory framework consisting of laws and regulations 
setting out rights, obligations, procedures and standards, and regulatory institu-
tions charged with responsibility for monitoring compliance as explained by 
Ambituuni et al. [2]. Nigeria has gained in economic and technological advance-
ment through upstream and downstream activities and have posed human health, 
safety, and environmental risks [2]. Aside the gains of petroleum industry to the 
Nigeria economy, it is also faced with products theft, pipelines vandalism and 
cross-border smuggling, lack of capacity storage depots and substandard jetties 
[8]. Furthermore, Niger delta of Nigeria is a wetland consisting of mangroves, 
freshwater swamps, lowlands rainforest, salt water marshes and derived savanna 
vegetation covering about 12% (111, 020 km2) of Nigeria’s surface area, however, 
due to oil and gas exploration and development, Niger Delta is undergoing criti-
cal environmental threat, biodiversity extinction, and speedily growing human 
population [9]. It is important to be able to balance the derived economic and 
social merits from crude oil and the detrimental outcomes associated with ecotoxi-
cological effects on soil and water environments [6].

1.2 Significant of crude oil processed water on the environment

Petroleum industries are a major source of environmental pollution. Conversion 
of crude oil to various beneficial products is responsible for the contamination of 
air, water, and soil. One of the major effects of oil exploration and exploitation 
activities is air pollution with the resultant negative effect of health such as expo-
sure to ambient air levels of CO may result into the formation of carboxyhemoglo-
bin and inhaled particles would increase blood viscousity which may hinder oxygen 
movement to the tissues [7]. The negative impact of contamination of the aquatic 
ecosystem on fishes was reported in a review on phytoremediation of crude oil spills 
by Yavari et al. [10] as abnormal neurone development, genetic damage, physical 
deformities, as well as changes in biological activities such as feeding, reproduction, 
and migration. Also, oil spills can suffocate aquatic life and renders water unfit for 
communal and domestic purposes [11]. Other resultant consequences as highlighted 
by Ite et al. [12] are atmospheric pollution associated with flaring and venting of 
natural gas, this act can contribute to global climate change, pollution of marine 
environment which often result in adverse impacts on wildlife and negative impact 
on tourism, and fishing and other businesses as well as water and soil pollution.

Produced water is a byproduct of oil and gas production and it is the larg-
est wastewater produced by the petroleum industry [13]. Igunnu and Chen [14] 
estimated that about 250 million barrels of it is generated daily from oil and gas 
fields worldwide with 40% of it discharged into the environment. Similarly, Allison 
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and Mandler [4] stated that on the average, 10 barrels of wastewater is generated 
for each barrel of crude oil processed. These large volumes of wastewater produced 
during petroleum production is either discharged into the sea or re-injected into 
production or disposal reservoirs [15] or for reuse purposes. The contaminants in 
the produced water are harmful to human, plants, animals [16] as well as public 
health and the environment are threatened by its presence [17]. However, if pro-
duced water is adequately treated, it can be put to beneficial uses such as irrigation, 
wildlife consumption, industrial water and for domestic purposes [14].

Produced waters contain varying levels of organic and inorganic contaminants 
that can pose serious hazard to the environment when discharged untreated [18]. 
Accordingly, organic contaminants are classified as toxic, teratogenic, and car-
cinogenic [19]. The toxicity of petroleum wastewater depends on several factors 
including quantity, volume, and variability of discharge [20]. Thus, the effects of 
produced water on the environment cannot be overemphasized. Soil, an important 
medium for crop cultivation and habitat for living organisms is the most affected 
by the discharge of produced water [21]. The potential effects of produced water 
on soil quality and plants were reported by Pichtel [17] as low permeability of soil 
to air and water due to excessive sodicity, high accumulation of salts in soil caus-
ing plants to desiccate and die, and replacement of existing plant species by new 
species because of chemical changes in the soil. Contamination of soil by hydro-
carbon can affect the physical, chemical and biological characteristics of the soil 
[10]. Also, reduction of dissolved oxygen in waterbodies as mentioned by Abbas 
[22] which is considered as detrimental to the aquatic ecosystem. Health hazards 
due to contaminants from petroleum wastewater may have short term (death at 
high concentrations of hydrogen sulphide gas) or long-term effects (cancer from 
benzene) [4].

The quality of produced water varies from region to region depending on the 
type of extracted hydrocarbons, extraction methods and the minerals present in 
geologic formation [13, 14]. Lin et al. [13] also stated that produced wastewater 
is characterized by high TDS, oil and grease, benzene, toluene, ethylbenzene, 
and xylenes (BTEX), polycyclic aromatic hydrocarbons (PAHs); organic acids; 
and waxes as well as heavy metals, ammonia and hydrogen sulfide. Abbas et al. 
[22] reported the characteristics of produced water in varied ranges compos-
ing of 1220–2600 mg/L COD, 2–565 mg/L O&G, 0.026–778.51 mg/L BTEX, 
1.2–1000 mg/L TSS, and metals ranging from 0 to 150, 000 mg/L. They however, 
stated that the composition was highly depended on the crude oil quality, origin 
of wastewater contaminants and operating conditions of the refineries. Similarly, 
Mustapha [23], characterized secondary refinery wastewater and found that the 
wastewater was composed of organic and inorganic compounds including salts, 
suspended solids and metals varying from 12.2 ± 0.3 to 253.0 ± 0.7 NTU, 146.7 ± 0.1 
to 446.0 ± 0.4 mg/L TDS, 161.7 to 782.5 mg/L TS, 10.4 to 283.1 mg/L BOD, 40.2 
to 520.8 mg/L COD, 0.01 to 3.4 mg/L Cr, 0.01 to 0.06 mg/L Pb0.01 to 1.16 mg/L 
phenol and 0.7 to 14.2 mg/L O&G, suggesting that the secondary wastewater can 
adequately be treated with CWs for reuse purposes or safely discharge into the 
environment. Consequently, Lin et al. reported that about 45% of produced water 
from onshore activities is reused for conventional oil and gas operations.

1.3 Green technology for wastewater treatment

Natural resources are valuable resources of the world. They represent vital 
resources for a variety of human activities and also provide a living environment 
for a range of aquatic organisms. The deterioration of our environment due to pol-
lution is most pronounced in developing countries. This has become a persistent 
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problem that needs to be given priority attention. Thus, prolong utilization of 
water and soil resources would necessitate the application of sustainable tech-
niques such as green technology. Green technology is a natural process that provide 
high quality outcomes without compromising on environmental sustainability 
[24]. They serve as alternative method for the treatment of wastewater. Several 
types of green technologies have been applied for the remediation of polluted  
sites. Examples include but not limited to phytoremediation, bioremediation, 
biostimulation, bioaugmentation, natural attenuation, constructed wetlands, 
vermifiltration, nanotechnology, membrane filtration, and microbial fuel cells  
[19, 21, 24–27]. Phytoremediation is a cost-effective, plant-based technique of 
environmental remediation that uses the ability of plants and indigenous micro-
organisms in the rhizosphere to treat different types of contaminants [26]. More 
advantages of phytoremediation include public acceptance and ability to simulta-
neously treat organic and inorganic contaminants [28].

Constructed wetlands (CWs) are man-made wastewater treatment facilities 
duplicating the processes occurring in natural wetlands. They consist of shallow 
ponds or channels, which have been planted with aquatic plants and rely on natural 
microbial, biological, physical and chemical processes to treat wastewater [23]. 
This process is a complex, integrated system in which water, plants, animals, and 
microorganisms and natural elements interact to improve water quality [29]. CWs 
are a promising green technology that can decrease the adverse effect brought 
about by anthropologic activities. This technology has been used extensively for 
petroleum wastewater treatment. They have however has been largely ignored in 
developing countries where effective; low-cost wastewater treatment strategies are 
critically needed. CWs are lower in energy consumption, cost of investment, cost of 
operation and maintenance [18]. They are also known for their effective treatment, 
simplicity, low sludge production, high nutrient absorption capacity, process stabil-
ity and its potential for creating biodiversity [18, 30]. Constructed wetlands are 
used for all types of wastewater treatment around the world. If they are correctly 
built, operated, and maintained [23] they can effectively restore sites of a wide vari-
ety of contaminants ranging from BOD, suspended solids, nitrogen, phosphorus, 
heavy metals, volatile organics, semi-volatile organics, petroleum hydrocarbons, 
pesticides and herbicides, PAHs, chlorinated solvents, to non-chlorinated solvents 
in storm water or municipal, agricultural and industrial wastewaters. Paz-Alberto 
et al. [31] mentioned that the effectiveness of a green technology such as CW is 
dependent on sufficient biomass production and contaminant accumulations into 
its tissues. In addition, effective treatment is based on the characteristics of the 
wastewater and treatment methods [32]. Additionally, effectiveness of remedia-
tion is usually judged by the level of reduction of contaminants and degradation 
of organic contaminants [6]. Also, the use of CWs for wastewater treatment can 
revitalize the environment, generate a water source or restore a marsh habitat dur-
ing the course of treatment [32].

There are several studies on the use of different types of CWs for petroleum 
wastewater in developed countries with few reported researches in the developing 
countries. These researches are focused on constituents and effective treatment 
of petroleum contaminated wastewater. For instance, Stefanakis et al. [33] used 
horizontal subsurface flow CWs to effectively treat groundwater containing influ-
ent quality of 0.009 ± 0.004 mg/L methyl tert-butyl ether (MTBE), 10.2 ± 3.8 mg/L 
benzene and 27.1 ± 8.0 mg/L ammonia. Alsghayer et al. [29] also used horizontal 
subsurface flow CWs to treat wastewater containing high concentrations of polycy-
clic aromatic hydrocarbons (PAHs) (Phenanthrene, Pyrene, and Benzo[a]Pyrene) 
with high removal efficiencies. Effective treatment of petroleum contaminated 
wastewater with VSSF CWs was also reported by Mustapha [25].



217

Green Technology for Crude Oil Processed Water Treatment: A Practical Approach for Nigeria…
DOI: http://dx.doi.org/10.5772/intechopen.98770

The objectives of the study in this book chapter are to showcase constructed wet-
land as a promising, effective and environmentally friendly alternative for petroleum 
refinery wastewater treatment, investigate the contaminant pathways using mass 
balance approach. The outcomes of the study can prove to be beneficial to petroleum 
industry especially for Nigeria, water resources departments, environmental manag-
ers and researchers in the field of environmental Engineering and management. The 
application of the study will ensure reduction of hazardous constituents into water 
bodies and soil and assure improved water quality by the discharge of treated waste-
water into the environment. The adequately treated wastewater from constructed 
wetland systems can be reused and/or safely discharged into water bodies, this 
can drastically reduce the cost of production of potable water. Additionally, health 
problems and diseases associated with the discharge of untreated or inadequately 
treated wastewater can be minimized and treated water can also be reused. Thus, 
field experiment using mesocosm scale experiment with real refinery effluent col-
lected from the effluent discharged point of the Kaduna refinery and petrochemical 
industry was conducted for the purpose of the study.

2. Practical approach for petroleum wastewater treatment

2.1 Materials and methods

2.1.1 Description of the study area

This study was conducted offsite of the refinery (Minna, Nigeria) about 150 km 
from the Kaduna Refinery and Petrochemical Company which lies between latitude 
10°31′35″ N and Longitude 7°26′19″ E and Minna is within 9° 36′ 54″ N and 6° 33′ 
51″ E within the Northern guinea savannah ecological zone of Nigeria. Kaduna 
and Minna (Nigeria) have a tropical climatic condition with temperature ranging 
between 13 and 35°C and average accumulated rainfall of 306 mm and Minna with 
average high temperature of 34°C and low of 22°C with total rain accumulation of 
256 mm (NIMET 2010). The Kaduna refinery and petrochemical (KRPC), Kaduna 
is the third largest refinery Nigeria with a capacity of 110, 000 barrels per stream 
day (BPSD). The type of crude oil processed by the refinery are Escravos light crude 
and Ughelli Quality Control Centre (UQCC) crude oil [25]. The refinery uses large 
volume of water for processing crude oil into its finished products and it discharges 
large quantities of wastewater into the environment. It discharges approximately 
100, 000 m3/day of secondary treated wastewater [23]. The discharged effluent is 
composed of oil and grease, hydrocarbons, phenols, nutrients, and heavy metals 
[34]. The refinery treats its effluents by chemical addition, clarification, oxidation, 
oil skimming, filtration and evaporation before being discharged via drainages into 
the Romi stream. More details on the process and characteristics of the petroleum 
refinery effluent are given in Mustapha et al. (2015).

2.1.2 Experimental setup of vertical subsurface flow constructed wetlands

The mesocosm-scaled subsurface flow constructed wetland (SSF) systems were 
composed of four VSSF constructed wetlands connected in parallel to each other. 
The VSSF wetlands were cylindrical in shape and made of plastic material (44 cm 
diameter and 88 cm height). The media type used for the VSSF CWs was gravel 
with coarse sand. Coarse size gravel of 25–36 mm was used near the middle and 
outlet of the VSSF CW cells and the inlet parts were filled with 6–10 mm gravel to 
support the plant roots. The bottom of the VSSF CWs were fitted with perforated 
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PVC pipes of diameter 50 mm about 10 cm above the media connected to the 
collection chamber. The VSSF wetland cells had an effective volume of 123 L with 
a porosity of 0.40. It has a designed flow rate of 0.0048 m3/h, hydraulic loading 
rate of 0.0032 m3/m2 h and a theoretical hydraulic retention time of 48 hours. The 
VSSF CWs were planted with T. latifolia 10 cm below the media and the other two 
unplanted VSSF CWs served as the control to assess the performance of T. latifolia. 
The T. latifolia used in this study was collected from a swampy area outside the 
refinery. Refinery wastewater was discharged into a 5 m3 collection tank, which 
subsequently flows gradually by gravity into the VSSF CW cells while the treated 
effluent was collected at the outlet. Influent and treated samples from the outlet of 
the wetland cells were collected every 2 weeks for both field and laboratory analysis 
to determine the performance of the T. latifolia in the remediation processes of 
electrical conductivity (EC), total suspended solids (TSS), carbon oxygen demand 
(COD), total petroleum hydrocarbon (TPH) and O&G. The temperature, pH and 
dissolved oxygen (DO) of the samples were also measured immediately on the site 
using handheld equipment (WTW Ph 340i, HM TDS-3 9001, WTW Cond, 3310 
and OXi 340i). The analytical procedures used for influent and effluent samples 
were based on the Standard Methods for Examination of Water and Wastewater 
(2002). The method used for TPH determination was Gas Chromatography–Flame 
Ionization Detector (GC-FID) and Hexane Extractable Gravimetric method for 
O&G. The experiments were duplicated under the same conditions.

2.1.3 Typha latifolia, an ideal wetland treatment plant

Typha spp. is an aquatic, emergent monocotyledon plant species with linearly 
erect leaves and green stems extending well above the surface of the water as well as 
with an extensive rhizomes and roots systems, it also has a well-developed vascular 
system and supporting tissues [35]. This plant can be beneficial or nuisance in aquatic 
systems depending on the defined uses of the aquatic systems. There are reported 
researches on the beneficial uses of Typha spp. in constructed wetland treatment 
processes. Accordingly, Belmont et al. [36] testified on the effective performance of 
Typha spp. in wastewater improvement. Thus, T. latifolia was chosen for this study for 
its moisture tolerance, abundance, efficiency, fast growth and management.

The experiment started up by first counting and weighing T. latifolia before 
transplanting into the wetland cells. The plant height and number of live shoots 
of T. latifolia were recorded at the time of the transplant and subsequently every 
month after the transplant consecutively for a period of six months to monitor the 
growth rate of the T. latifolia in secondary treated refinery wastewater. The biomass 
was sorted into leaf, root and stem, washed under running tap and then rinsed with 
deionized water in order to remove any soil particles attached to the plant surface 
and their wet weight were determined, then oved dried at 105°C for 24 hours. The 
oven dried samples were grounded into powder, these were digested and analyzed 
for TPH and O&G determination.

2.1.4 Statistical analysis

Statistical analysis was performed using the IBM SPSS 20 (IBM SPSS Inc.). All 
experiments were performed in replicates. One way analysis of variance (ANOVA) 
at 95% (p < 0.05) was used to determine the significance of the data, multiple com-
parisons of means of the experimental parameters for the planted and unplanted 
VSSF CWs using Duncan multiple range test and Tukey honest significant differ-
ence. The treatment efficiency of the VSSF CWs were calculated as the percent of 
the contaminant removal, R and mass removal percent, M as presented below:



219

Green Technology for Crude Oil Processed Water Treatment: A Practical Approach for Nigeria…
DOI: http://dx.doi.org/10.5772/intechopen.98770

 
×100i o

i

C CR
C
−

=
 

(1)

 ×100i i o o

i i

C V C VM
CV
−

=  (2)

Where R and M are contaminant removal percent and mass removal percent, 
Ci and Co are influent and effluent concentrations and Vi and Vo are influent and 
effluent volumes of the T. latifolia planted and unplanted VSSF CWs.

3. Results and discussions

3.1 Presentation of results

Constructed wetlands are a promising and suitable technology for wastewa-
ter treatment. This is evident from the results collated from the field analysis 
conducted in a 184-day experiment using secondary refinery wastewater from 
Kaduna refinery, Nigeria. Thus, Table 1 present the qualities of secondary refinery 
wastewater before and after treatment with vertical subsurface flow constructed 
wetlands (VSSF CWs). The secondary refinery wastewater, the treated wastewater 
(Typha latifolia planted VSSF CWs) and the effluent from the control (unplanted 
VSSF CWs) were characterized with varied concentrations of physicochemi-
cal and organic parameters. The water temperatures ranged from 31.08 ± 3.41 
to 27.13 ± 1.71°C with an observed significance difference (P > 0.05) among the 
variables. The pH values for both effluents from the Typha latifolia planted and 
unplanted VSSF CWs showed no significance difference among them. Similarly, 
there were no significant difference in the oily content and total suspended solids 
(TSS) from both effluents though the effluents were significantly different from the 
influent concentrations. In contrast, electrical conductivity (EC) and carbon oxy-
gen demand (COD) contents of the influent and effluent samples showed high sig-
nificant differences among themselves. Comparing the effluent values to allowable 

Parameter Influent Typha latifolia Control Allowable limits

Temp (°C) 31.08b ± 3.41 27.13a ± 1.71 29.13ab ± 2.10 30–36

pH 7.48b ± 0.14 7.19a ± 0.06 7.32a ± 0.122 6.0–9.0

DO (mg/L) 1.13a ± 0.46 2.53b ± 0.88 1.70ab ± 0.67 <0.2

EC (μs/cm) 1350.17c ± 182.43 998.00a ± 113.56 1176.50b ± 81.28 1000

TSS (mg/L) 66.17b ± 18.92 30.83a ± 8.45 46.17a ± 16.92 30–50

COD (mg/L) 310.67c ± 111.07 67.00a ± 27.55 204.50b ± 55.15 60–100

TPH (mg/L) 1.19b ± 0.87 0.18a ± 0.17 0.74ab ± 0.79 —

O&G (mg/L) 3.91b ± 1.22 2.01a ± 0.71 2.84a ± 0.47 10.0

Mean ± standard deviation. Values are means of two replicates (n = 2). Values on the same row with different 
superscript are significantly different (P ≤ 0.05) while those with the same superscript are not significantly different 
(P ≥ 0.05) as assessed by Tukey (HSD) and Duncan’s Multiple Range Test.

Table 1. 
One-way ANOVA for influent and effluent constituent of Typha latifolia planted vertical subsurface flow 
constructed wetlands treating secondary refinery wastewater.
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standards, temperature, pH, dissolved oxygen (DO), total petroleum hydrocarbon 
(TPH) and Oil and Grease (O&G) were within the limits of discharged while the 
effluents from Typha latifolia planted VSSF CWs met the discharge limits for EC, 
TSS and COD and the unplanted VSSF CWs had values above the allowable limits.

The treatment performance of Typha latifolia planted VSSF CWs for second-
ary treated refinery wastewater is presented in Figure 1. The removal efficiencies 
were determined for EC, TSS, COD, TPH and O&G contents. The Typha latifolia 
planted VSSF CWs showed a better performance than the unplanted VSSF CWs 
indicating that macrophytes have a significant role to play in constructed wet-
lands treatment process. The removal performance ranged from 25.71 ± 5.73 to 
76.72 ± 12.51% and 11.94 ± 9.31 to 42.81 ± 15.71%, respectively for Typha latifolia 
planted and unplanted VSSF CWs. The Typha latifolia planted VSSF CWs showed 
highest removal efficiency for COD and the lowest for EC content while TPH 
content was most removed and similarly EC content the least removed in the 
unplanted VSSF CWs.

Constructed wetlands uses natural processes in plants, soil, and organisms 
for the removal of contaminants in wastewater [32]. It is composed of complex 
biogeochemical mechanisms and the removal processes of the different types 
of CWs varies and could be attributed to the difference in loading rate, nutrient 
species and abiotic environment [32]. Hence, in order to determine the removal 
pathways for the contaminants removal in VSSF CW treatment system mass 
balance approach was used. CWs can identify the potential sources and sinks of 
contaminants through the transfer and transformation of the contaminants in the 

Sample Contaminant Influent Root Stem Leaf Sediment Input

T. latifolia TPH 568.72 0.085 0.010 0.023 0.000 568.84

Control 568.72 0.000 0.000 0.000 0.000 568.72

T. latifolia O&G 1874.16 0.126 0.005 0.080 0.000 1874.37

Control 1874.16 0.000 0.000 0.000 0.000 1874.16

Table 2. 
Mass balance approach for input parameters in mg.

Figure 1. 
Performance evaluation of T. latifolia planted and control (unplanted) VSSF CWs.
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wetland cells [32]. Tables 2 and 3 present the fate of TPH and O&G in water, plants 
and sediment loads. Table 2 showed the input variables and Table 3 showed the 
output variables and mass removal percentage of the CW treatment systems. The 
input variables ranged from 1874.16 (O&G) to 568.84 (TPH) mg. The tissues of 
T. latifolia were segregated into root, stem and leaf parts, results showing that the 
root and leaf of T. latifolia accounted for the highest and least accumulation of TPH 
and O&G contents. However, higher contents were retained in the soil. Generally, 
the mass removal performance was high for both the planted and unplanted VSSF 
CWs although the planted (86.04 and 92.89%) showed a higher removal than the 
unplanted (79.98 and 80.58%).

The contaminant removal pathways were segregated into plant parts, sediment 
and other sources. The results are presented in Table 4. The plant contribution to 
the removal process was approximately 8 and 2% TPH and O&G and sediment 
exhibited the highest percent. Removal pathways by other sources that were not 
determined in the experiment also showed high removal performance.

The health of the plants used in constructed wetlands is reflected in its growth. 
The T. latifolia used for this study showed a continuous growth in height and 
increased canopy. The average results recorded from the startup of the experiment, 
from transplant (day 0) to the termination of the experiment are presented in 
Figure 2. The plant average canopy height ranged from 15 to 165 cm and density 
ranged from 25 planted T. latifolia to over 140 live stands of T. latifolia each in the 
two planted VSSF CW cells.

The environment will continuously be polluted with TPHs and the content will 
depend on the source of contamination be it crude oil itself or it finished or by-
products. Figures 3 and 4 presents the chromatographic profile of TPHs content 
in the secondary refinery wastewater used for the field experiment. The chroma-
tography for wastewater sample showed a hydrocarbon distribution between n-C9 
to n-C24 with a hump between n-C19 and n-C24 (Figure 3). Figure 4 presents the 
chromatograph for root sample of T. latifolia used for secondary refinery wastewa-
ter treatment. The hydrocarbon content of the root sample contained n-C9 to n-C22 

Sample Contaminant Effluent Root Stem Leaf Sediment Output Removal, 
%

T. latifolia TPH 19.570 2.576 0.526 0.382 17.40 40.45 92.89

Control 88.82 0.000 0.000 0.000 21.60 110.42 80.58

T. latifolia O&G 235.430 3.801 0.918 0.444 21.00 261.59 86.04

Control 340.420 0.000 0.000 0.000 34.80 375.22 79.98

Table 3. 
Mass balance approach for output parameters in mg.

Sample Contaminant Total 
input, mg

Total 
output, 

mg

Plant 
removal, 

%

Sediment, 
%

Other 
sources, 

%

T. latifolia TPH 568.84 40.45 8.32 43.01 41.56

Control 568.72 110.42 0.00 8.03 72.55

T. latifolia O&G 1874.37 261.59 1.89 19.02 65.13

Control 1874.16 375.22 0.00 9.28 70.70

Table 4. 
Removal pathways for contaminants in vertical flow constructed wetlands.
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with a hump between n-C20 and n-C22, the hydrocarbon content in the leaf sample 
ranged from n-C12 and n-C22 and stem sample contained ranged of n-C9 to n-C20 
(Figure 4) hydrocarbons.

3.2 Discussion of results

3.2.1 Physio-chemical properties of wastewater in treatment wetland

Physical, chemical and biological processes are used in subsurface flow CW 
treatment systems. Garcia et al. [37] mentioned physical factors as filtration and 
sedimentation, chemical factors include oxidation and sorption to organic matter 
while biological mechanisms include oxygen release and bacterial activity in the 
rhizosphere [37]. The planted system showed a high mean treatment performance 
for all the measured parameters (COD, TPH, O&G, TSS and EC) (Figure 1). 
Wastewater treatment occurs as the water flows gradually through the wetlands, 
consequently, temperature was reduced by 4°C, pH by 0.29 units, DO increased by 
1.4 mg/L and EC decreased by 352 μs/cm for the Typha latifolia planted CWs and 
2°C, 16 units, 0.57 mg/L and 174 μs/cm, respectively by the unplanted CWs. The 
observed oxygen in the CW treatment system may be attributed to water flowing 
vertically into the system, through the plant into the sediment and transfer through 
atmosphere to the water surface [32, 38]. Additionally, oxygenation of the treat-
ment wetlands by continuous flow of water through the wetlands was supported 
by [39], favored by sedimentation, precipitation, absorption of soil particles, 
assimilation for the plant tissues and microbial transformations. Also, a reduc-
tion in the concentrations of the contaminants in the wastewater can increase the 
aerobic condition of VSSF CWs. This finding is in agreement with Al-Mansoory 
et al. [26]who observed higher gasoline concentrations with lower DO concentra-
tions. Furthermore, increased DO in the T. latifolia planted VSSF CWs can aid 
biological pathway for removal of organic contaminants in secondary petroleum 
refinery wastewater. In this study, low removal of suspended solids was observed 
for both the planted and the unplanted VSSF CWs (Figure 1). This is in contrast to 
other studies. For instance, Mustapha [23] reported 60% TSS removal efficiency by 
VSSF CWs planted with Cyperus alternifolius and Cynondon dactylon and attributed 

Figure 2. 
Plant stem and canopy height for Typha latifolia planted constructed wetlands.
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physical processes as the main pathway for the removal of suspended solids. 
Skrzypiec and Gajewska [40] reported 59 to 99% TSS removal in a VSSF CWs, 
stating that the decomposition of organic matter in CWs is by aerobic and anaero-
bic microbial processes and physical processes of sedimentation and filtration of 
particulate organic matter. Rios and Aizaki [39] and Wagner et al. [41] described 
the significant effects of salinity on plant growth with higher levels affecting the 
development of the plants. In this present study, T. latifolia was able to tolerant 
the EC values of the secondary refinery wastewater with its growth rate response 
(Figure 2).

Organic contaminants such as COD, TPH and O&G removal are favored by 
VSSF CWs due to it aerobic conditions. These contaminants were effectively 
removed in this study (Figure 1), suggesting aerobic biodegradation as a removal 

Figure 3. 
Chromatographic profile of secondary wastewater (a), and root of T. latifolia (b) for TPH contents.
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pathway [37]. High COD removal in this study (Figure 1) is similar to the results 
reported by Mustapha [23] for T. latifolia planted VSSF and those reported by 
Kulshrestha and Khalil [42] for COD 77.28% and Skrzypiec and Gajewska [40] for 
TPH (97%) and COD (51 and 49%) in VSSF CWs and a COD removal of 39 to 69% 
in HSSF CWs was reported by [43]. They attributed removal mechanisms to filtra-
tion and sedimentation of suspended solids, organic matter mineralization within 
the wetlands and microbial degradation. Furthermore, Skrzypiec and Gajewska 
[40] reported that degradation of organic contaminants in CWs were dependent 
on pH, temperature, DO, hydraulic load, feeding mode, hydraulic retention time, 
depth of bed, plant species and harvesting.

Machado et al. [44] explained that substrate types can affect removal efficiency 
of a CW. A gravel substrate CW achieved 95.5% COD removal while a gravel-sand 

Figure 4. 
Chromatographic profile of leaf (a) and stem (b) of T. latifolia for TPH contents.
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substrate achieved a 99% in a VSSF CW planted with Zizaniopsis bonarienses. Li 
et al. [45] also reported the efficiency of organic contaminant removal in CW 
was highly dependent on oxygen concentration within the matrix in the bed and 
wetland design. They achieved a COD removal of >80% in horizontal subsurface 
flow CWs suggesting that the supplied artificial aeration may have enhanced the 
treatment process.

3.2.2 Functions of T. latifolia in the processes of remediation

Wetland plants are the most conspicuous component in the wetlands [18]. 
They have been reported to significantly contribute to the treatment processes. 
Al-Mansoory et al. [26] identified two major ways for effective treatment by plants 
namely creating favorable conditions for complex interactions involving rhizobac-
teria and root exudates to degrade contaminants in the soil. Also, Moubasher et al. 
[46] have attributed effective remediation to plants, its fibrous root system and 
rhizosphere. Hence, both plant and microorganisms have key role to play in phy-
totechnological processes of contaminant removal although, the rhizosphere is the 
most influential [28]. In this present study, the significant role of T. latifolia and its 
associated microorganisms was illustrated in reduction of the TPH and O&G in the 
planted VSSF CWs as compared to the unplanted control VSSF CWs (Figure 1). The 
significance of plants and microorganisms in the degradation of petroleum hydro-
carbons was investigated by Moubasher et al. [46] who explained that presence of 
plants may greatly enrich the rhizosphere microbial flora by providing exudates, 
enzymes, and oxygen through its roots.

However, the plant contribution as shown by the theoretical mass removal 
percent were observed to be low for TPH and O&G compared to contribution by 
sediment and other sources (Table 4). The likely pathway removal of TPH and 
O&G in the unplanted VSSF CWs be explained by the processes of volatilization, 
eluviation and photolysis as suggested by Al-Mansoory et al. [26]. This is also in 
agreement with the findings by [46], as they also added the activity of its original 
microflora. In that case, the indigenous microorganisms in the soil of the VSSF CWs 
maybe responsible for the high contaminant degradation as presented in Table 4. In 
support of this argument, Alsghayer et al. [29] reported that microbial activities are 
increased in the soil as plant roots provide readily degradable carbon resulting into 
higher organic contaminant degradation through direct metabolism or a combined 
metabolism. In addition, Imfeld et al. [38] stated that the removal of toxic organic 
compounds in CWs are microbially mediated through aerobic and anaerobic 
microbial degradation processes. TPH are considered as water soluble compounds 
that display a sorption potential, generally more easily degraded and more readily 
mineralized under aerobic conditions [38]. This characteristics of TPH may explain 
its high removal rate in Typha latifolia planted VSSF CWs. In this study, TPH had a 
93% mass removal rate, 8 and 43% are by plant uptake and sorption in soil and 42% 
assigned to volatilization and microbial degradation. In comparison to the study 
conducted by Ekperusi et al. [11] who assessed the transport and fate of hydrocar-
bons in Lemna paucicostata observed a < 1% (6.49 ± 0.66 mg/kg) accumulation in 
its tissues and 97.74% biodegradation of TPH, while T. latifolia accumulated higher 
percent (8%) in its tissues. The treatment of organic compounds by plants includes 
accumulation, sequestration, degradation, and metabolism of contaminants [11]. 
This is also supported by Azubuike et al. [47] who reported that the major removal 
pathway for organic contaminants is by degradation, rhizoremediation, stabiliza-
tion, volatilization and mineralization in the presence of plants. This is in agree-
ment with Eke et al. [48] stating that removal pathway in CWs is by volatilization, 
aerobic degradation and metabolic activity of microorganisms.
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T. latifolia is a good phytoremediator since it was found growing freely in polluted 
site. This ideal was based on the report by Azubuike et al. [47] in their review on 
bioremediation techniques that most plants growing in polluted site can be considered 
as good phytoremediator. For instance, in this present study T. latifolia was able to 
tolerate the secondary refinery wastewater they were fed with in the course of the 
experiment. Thus, the increased density and canopy height is an indication of its 
ability to tolerate organic contaminants in the wastewater. This is in agreement with 
studies conducted by Alsghayer et al. [29] who used Phragmites and Vetiver to treat 
PAHs. They reported that increasing plant growth indicates increased plant biomass, 
shoot elongation and its adaptive characteristics. The presence of plants in CWs are 
reported to produce higher contaminant removal efficiency of planted systems and 
their ability to promote biodegradation [33]. It was also observed that the T. latifolia 
planted VSSF CWs had less residual TPH and O&G compared to the content in the 
unplanted control VSSF CWs. This study is also a confirmation of the positive role of 
plants in CWs. Increased treatment rate is observed in planted system due to pres-
ence of root, shoot biomass and microorganisms enhancing the rhizosphere effects 
[29]. Furthermore, overtime, there was increase in removal of contaminants in the 
secondary refinery wastewater, this increase may be related to plant growth and plant 
growth also results into increased root length which is expected to increase microbial 
degradation of organic compounds giving raise to effective biodegradation process 
[26]. Effects of plant root growth on microbial growth and corresponding increase in 
biodegradation of organic contaminants is also supported by Moubasher et al. [46]. 
They explained that microbes can secrete compounds that favors oil-degraders, restore 
the function of microbial community and increase phytoremediation efficiency.

Sediment or substrates compartment of CWs also have special role in its treat-
ment processes. This could be through precipitation, filtration of suspended solids, 
sorption of heavy metals and organic matter as well as adhesion of microorganisms 
and support to root system [49]. The mechanisms for petroleum hydrocarbons 
in sediment include volatilization, photodegradation, leaching, plant uptake, 
biodegradation, and abiotic losses according to Al-Mansoory et al. [26]. Supply of 
oxygen into the substrates favor ideal conditions for the development of important 
microorganisms that plays vital role in the process of contaminant removal [50]. 
From the results of the mass balance, TPH and O&G were largely retained in the 
substrates of both the T. latifolia planted and unplanted control VSSF CWs suggest-
ing that the mass removal pathway for these organics is as suggested by Hussain et al. 
[49]. Tropical climatic temperatures can play a significant role in biodegradation of 
hydrocarbons. The temperatures for the T. latifolia planted and the unplanted VSSF 
CWs were within the optimum temperature (20-30°C) required for biodegradation 
of hydrocarbons [26]. Therefore, significant mass removal of TPH occurred in the 
unplanted control VSSF CWs (Table 2). The high temperature in unplanted control 
VSSF CWs (Table 1), may have aided in the high treatment rate (Tables 2–4). Since 
temperature can determine the nature and extent of microbial hydrocarbon metabo-
lism that affect biodegradation rate and physio-chemical behavior of oil hydrocar-
bons (viscousity, diffusion and volatilization) [51]. Coulon et al. [51] observed in 
their study that temperature had significant effect on TPH biodegradation regardless 
of bioaugmentation, although, the addition of nitrogen and phosphorus enhanced 
the biodegradation rate at 20°C. The functions of microbial species in sediment com-
partment are to metabolize organic contaminants to carbon dioxide and water [11].

3.2.3 Chains of hydrocarbon in secondary refinery wastewater

The hydrocarbon chains (C9 – C24) of this present study is similar to those 
identified by Ekperusi et al. [11] in their study (C8 – C40) which is consistent 
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with the hydrocarbons chain present in light crude oil associated with the Niger 
Delta oil fields, Nigeria. The wastewater, leaf, stem and root samples showed 
higher rate of lower molecular weight hydrocarbons (<n-C23), this is an indica-
tion that all the samples contained light crude oil or by-product of gasoline diesel 
or jet fuel as suggested by Cortes et al. [52]. Similarly, Khudur et al. [6] also 
reported diesel as relatively low molecular weight hydrocarbons with typical 
carbon number of C8 – C28 and they are readily degraded by microorganism. 
Additionally, the presence of low molecular weight hydrocarbons in the plant 
tissues of T. latifolia is an indication of its translocation from the soil. This finding 
is in agreement with Al-Mansoory et al. [26] who stated that lower molecular 
weight hydrocarbons can be transported across plant membranes from the soil 
and released through the process of phytovolatilization [26]. In addition, lower 
molecular weight aromatic hydrocarbons known to be easily taken up by plants 
roots [46]. Khudur et al. [27] stated that readily uptake of lower molecular weight 
hydrogen compounds may indicate its toxicity. The suggested high toxicity of 
lower molecular weight hydrocarbon may not be applicable to T. latifolia growth 
rate and performance (Figure 2) in VSSF CWs. Again, toxicity may depend on 
several factors including quantity, concentrations, and bioavailability of contami-
nants [20]. The translocation of TPH into part tissues indicates the contribution 
of T. latifolia (plants) to contaminant removal processes in CWs.

4. Conclusions

The role of green technology for petroleum wastewater treatment specifically 
for Nigeria Petroleum industry was investigated and presented in this book chapter. 
Constructed wetlands served as the green technological approach for petroleum 
wastewater treatment. In conclusion,

• Typha latifolia planted VSSF CWs effectively treated organic contaminants in 
secondary refinery wastewater with a better performance than the unplanted 
control VSSF CWs.

• Tropical climatic temperatures significantly impacted TPH degradation rate in 
the unplanted control VSSF CWs.

• The wastewater contained higher lower molecular weight hydrocarbons  
(<n-C23), these were translocated into leaf, stem and root samples.

• The pathways for TPH in T. latifolia planted VSSF CWs include volatilization, 
photodegradation, plant uptake, biodegradation, rhizodegradation, while 
rhizodegradation is assumed to be the main mechanism.

• Finally, constructed wetland treatment system planted with T. latifolia  
is a simple, ecologically safe approach characterized with low maintenance 
and operational system was able to effectively treat petroleum  
contaminated soil.
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