People’s Democratic Republic of Algeria
Ministry of Higher Education and Scientific Research

University KASDI MERBAH OUARGLA

Faculty of Hydrocarbons, Renewable Energies, Sciences, and Universe Sciences Earth

Department of Drilling and Oilfield Mechanics

Thesis

Submitted in partial fulfillment of the requirements for the degree of
MASTER

Domain: Science and Technology
Field: Hydrocarbons
Specialty: Oilfield mechanics

Effectiveness of natural inhibitors against oil pipeline
corrosion under corrosive conditions in the Berkaoui

Region

Presented and publicly defended by:
Sadjida Wissam Benhamed
Abderrahmane Zegaoula

Supervised by :
Dr. CHOUICHA Samira
Pr. LAABIDI Saad Aissa

Jury Members:

Pr. CHALGAM Fatiha President UKMO - Ouargla
Pr. LAABIDI Saad Aissa Supervisor UKMO - Ouargla
Dr. CHOUICHA Samira Co Supervisor UKMO - OQuargla
Dr. ZIARI saber Examiner UKMO - Ouargla

Academic Year: 2025/2026




"}/

b e @c:”"

Appreciation

At first, we thank God for enabling us to complete this

modest work, and we extend our sincere thanks and
gratitude to everyone who contributed, from near and far, to
the development of this work.

Our gratitude goes to our supervisors, Mr. Laabidi Saad
Issa and Ms. Chouicha Samira, for their guidance and
expertise, which were invaluable throughout this process.
Their constructive feedback and encouragement contributed
to the improvement of the quality of our work. We would
also like to extend our sincere gratitude to the faculty
members and instructors who contributed their knowledge
and provided us with valuable resources throughout our
academic journey.

Finally, we would like to express our sincere
appreciation to our family for their continued
financial and moral support and their belief in

our ability to accomplish this excel%t work.



Dedication

In the name of Allah, the Most Gracious, the Most Merciful. Praise be
to Allah who granted me the strength and guidance to complete this
humble work.

I dedicate the fruit of my efforts to the dearest people in my life, my
beloved mother and dear father, who have always been my source of
support and strength throughout my academic journey. To them, I express
my deepest love, gratitude, and appreciation.

To my sister Sara, and to Diaa, Wisal, and Rawan.

To my beloved aunts, especially Naima and Sahlia, and to my uncles,
particularly Abdelrazak.

To my dear uncles and aunts.

To my dear friends: Aya, Nassiba, Ahmed, Safi, and Abderrahman.

To my respected teachers, whose knowledge and guidance have greatly
contributed to my academic development.

And to myself, for believing in my dreams and striving to achieve them
despite all challenges.

And to everyone who contributed, directly or indirectly, to the completion
of this work.

I dedicate this humble work with sincere love, appreciation, and respect.

Sadjida Benhamed

/ ’

Ny
“.‘\




U\—/

| Dedication

In the name of Allah, the Most Gracious, the Most Merciful. Praise be
to Allah for granting me the strength and perseverance to complete this

work.

I dedicate this work to my beloved parents, for their endless support

and sacrifices.

To my family, teachers, friends, and everyone who contributed, directly

or indirectly, to the completion of this work.

To the one who supported me emotionally throughout this journey, 1

express my sincere gratitude and dedicate this achievement to her.

And to myself, for never giving up and for striving to reach this

moment.

With sincere appreciation and gratitude, I dedicate this work.

Abdelrahman

\

P
\\\6
=0 |




Abstract:

Microbiologically Influenced Corrosion (MIC) represents a major challenge to the integrity of
oilfield infrastructure, particularly in the Haoud Berkaoui oil field, where chemical factors such
as carbon monoxide (CO) and hydrogen sulfide (H2S), together with corrosive bacterial species
such as Sulfate-Reducing Bacteria (SRB), accelerate equipment degradation. This study
investigates the corrosion inhibition properties of oregano, rosemary, and neem extracts as
natural and environmentally friendly alternatives to conventional chemical inhibitors.

The extracts, rich in bioactive compounds such as thymol, carvacrol, and flavonoids, were
tested at different concentrations on X52 steel specimens under simulated oilfield conditions.
Weight-loss measurements and microscopic analysis revealed that the addition of oregano,
rosemary, and neem extracts significantly reduced the corrosion rate and shifted corrosion
potentials toward more negative values, indicating a cathodic inhibition behavior. These
extracts formed a protective barrier against corrosive species and inhibited the activity of
sulfate-reducing bacteria (SRB).

The results indicate that oregano, rosemary, and neem extracts provide effective corrosion
protection while contributing to sustainable and environmentally responsible corrosion
management practices in the hydrocarbon sector. Further optimization and field testing are
recommended to validate their industrial applicability and long-term performance.

Keywords: Microbiologically Influenced Corrosion (MIC), Natural Inhibitor, Oregano,
Rosemary, Neem, X52 Steel, Chemical Inhibitor.
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Résumé :

La corrosion influencée par les micro-organismes (MIC) représente un défi majeur pour
I’intégrité¢ des infrastructures pétrolieres, en particulier dans le champ pétrolier de Haoud
Berkaoui, ou des facteurs chimiques tels que le monoxyde de carbone (CO) et le sulfure
d’hydrogene (H2S), ainsi que des especes bactériennes corrosives telles que les bactéries
sulfato-réductrices (SRB), accélérent la dégradation des équipements. Cette étude examine les
propriétés inhibitrices de corrosion des extraits d’origan, de romarin et de neem en tant
qu’alternatives naturelles et écologiques aux inhibiteurs chimiques conventionnels.

Les extraits, riches en composés bioactifs tels que le thymol, le carvacrol et les flavonoides, ont
été testés a différentes concentrations sur des éprouvettes d’acier X52 dans des conditions
simulant un environnement pétrolier. Les mesures par perte de masse et 1’analyse
microscopique ont montré que 1’ajout des extraits d’origan, de romarin et de neem réduisait
considérablement la vitesse de corrosion et déplacait les potentiels de corrosion vers des valeurs
plus négatives, indiquant un comportement d’inhibition cathodique. Ces extraits ont formé une
barriére protectrice contre les espéces corrosives et ont inhibé 1’activité des bactéries sulfato-
réductrices (SRB).

Les résultats montrent que les extraits d’origan, de romarin et de neem assurent une protection
efficace contre la corrosion tout en contribuant a des pratiques de gestion durable et
respectueuse de I’environnement dans le secteur des hydrocarbures. Des études
complémentaires et des essais sur le terrain sont recommandés afin de confirmer leur
applicabilité industrielle et leurs performances a long terme.

Mot-Clé: Corrosion influencée par les micro-organismes (MIC), Inhibiteur naturel, Origan,
Romarin, Neem, Acier X52, Inhibiteur chimique.
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General Introduction

General Introduction

This study evaluates the possibility of using natural plant extracts to reduce bacterial corrosion
of pipeline steel under conditions that simulate the environment of Algeria’s Haoud-Berkaoui
oil field. The main objective is to test the effectiveness of natural inhibitors against
microbiologically influenced corrosion (MIC) of pipeline steel, compare the performance of
three selected plant extracts, examine the influence of different extraction methods, and propose

practical strategies for corrosion control in oil-field conditions.

To achieve this objective, API 5L X52 steel coupons were immersed in separator water
collected from the Haoud-Berkaoui field and inoculated with sulfate-reducing bacteria (SRB)
in order to reproduce realistic MIC conditions. Six natural extracts were tested, including oil-
based and aqueous extracts of rosemary, oregano, and neem. The performance of these extracts
was evaluated using the weight-loss method, which allowed the calculation of corrosion rate
and inhibition efficiency in comparison with an uninhibited blank sample. The results were
further supported by optical microscopy and crystal-violet staining to observe biofilm formation

on the steel surface.

The originality of this work lies in its field-relevant experimental approach. Instead of testing
the inhibitors in idealized laboratory acid solutions, this study uses a medium that reproduces
the actual produced-water chemistry and microbiological conditions of the field. It also
compares two extraction routes for each plant and combines gravimetric analysis with
microscopic observation, providing more reliable results that may be useful for corrosion-

control practices in Sonatrach operations.

This dissertation is organized into four chapters. The first chapter presents the background of
biocorrosion, focusing on sulfate-reducing bacteria, MIC mechanisms, influencing factors,
detection methods, and control strategies. The second chapter discusses corrosion inhibitors,
including their definitions, modes of action, industrial families, and the selected natural plants
used in this study. The third chapter introduces the Haoud-Berkaoui field context by describing
the corrosion problems observed in surface and buried installations, as well as the current
mitigation practices. The fourth chapter is devoted to the experimental work, including the
materials used, weight-loss results, corrosion rates, inhibition efficiencies, and microscopic

observations used to identify the most effective inhibitor.

Overall, this study provides a field-relevant and multi-method comparison of rosemary,

oregano, and neem extracts as eco-friendly inhibitors against SRB-driven pipeline corrosion.
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Chapter 1 General Information of Biocorrosion

I. Introduction

Corrosion is the process by which metallic materials degrade due to chemical or
electrochemical reactions with the surrounding environment. This causes metals to change into
more stable forms such as oxides or rust, especially in the presence of oxygen and water [1].
This process is characterized by the gradual removal of metal atoms from the surface by
dissolution or by the formation of corrosion products that can accumulate and cause serious
problems in operation as clogging of pipelines and weakening of structures [2]. The importance
of corrosion is well known and especially for steels that are widely used in engineering
structures and are highly vulnerable to aggressive environments [3]. Corrosion can lead to
degradation of infrastructures such as pipelines, storage systems and industrial equipment, and

can cause serious failures.
I.1. Bacterial Corrosion:

Bacterial corrosion, also known as microbiologically influenced corrosion (MIC), is a form of
material degradation resulting from the interaction of microorganisms, particularly bacteria, in
metallic surfaces under certain environmental conditions [4][5]. It generally occurs in the
presence of water, nutrients and suitable physicochemical conditions, in which microorganisms
adhere to the surface of the material and form biofilms that modify the electrochemical reactions

involved in corrosion [4].

These microbial activities can trigger or accelerate the corrosion processes already in progress
by producing corrosive metabolites such as acids or sulfides, plus by creating differential

aeration cells on the surface of the metal[4][5] .

As such, MIC results in localized corrosion forms like pitting corrosion, which are difficult to
detect and can seriously impair the integrity of industrial systems, especially in aqueous and

low-oxygen environments [5].

ETD110.00 kV| 3.0 [10.5 mm!14.9 um

Figure 1.1: Biochemical corrosion [6].
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1.2 Microorganisms Involved in Biocorrosion:

Biocorrosion is mainly associated with the activity of different bacteria that interact with metal
surfaces and alter electrochemical processes causing material degradation. Some of the major

microbes involved are:
a) Sulfate reducing bacteria (SRB):

Sulfate reducing bacteria are anaerobic bacteria that use sulfate or other sulfur compounds as
electron acceptors in their metabolism, and produce hydrogen sulfide (H2S) as a by-product.
They mainly metabolize organic substrates such as lactate, acetate and ethanol, and grow better
under anoxic conditions, particularly in biofilms and in oil reservoir systems that are exposed
to seawater input [7][8]. Sulfide generation is a major contributor to corrosion, accelerating

metal degradation and forming corrosive compounds.

QS‘
FeS N

Sessile SRB

Steel |
)

S0,

Fett

Figure 1.2:Effect of Sulfate-Reducing Bacteria (SRB) on the Corrosion of Buried Pipe

Steel in Acidic Soil Solution
b) Iron-Oxidizing Bacteria (I0B):

Iron-oxidizing bacteria are aerobic microbes that derive energy from the oxidation of ferrous
iron (Fe?") to ferric iron (Fe*) and generate insoluble iron hydroxides. These deposits form
differential oxygen concentration cells on metallic surfaces which accelerate localized
corrosion. They are also responsible for fouling and operational problems such as pipeline

blockage. They are commonly found in aquatic natural and industrial environments [8].
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Fe® — Fe*' +2¢”

Fe** — Fe*+e”

Fe* + 3H:0 — Fe(OH)| +3H*
Fe® + 2Fe* — 3Fe*

O: + 2H:0 + 4¢ — 40H

Figure 1.3: Iron-Oxidizing Bacteria (I0B)

¢) Acid-Producing Bacteria (APB):

Aerobic acid producing microorganisms usually produce organic acids by fermentation of
organic matter. These acids lower the pH of the environment and favor the metal depolarization,
therefore increasing the corrosion processes. Moreover, they feed other bacteria e.g. sulfate

reducing bacteria (SRB), and therefore increase biocorrosion indirectly[9].

«<APB @ FeOOH @ H' @ FeO,

Figure 1.4:Mechanistic Representation of Pitting Corrosion Induced by Acid-Producing

Bacteria (APB) under Biofilm Formation [9].

1.3 Mechanisms of Biocorrosion in Pipeline:

The activity of microorganisms in certain conditions (for example, the availability of water,
hydrocarbons and limited oxygen) is the main factor of biocorrosion in oil pipelines. These
conditions promote the development of microbial communities that interact with the materials

in pipelines, altering electrochemical reactions and accelerating corrosion processes[10] .
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1.3.1 Formation of biofilms in pipelines:

Microorganisms can easily attach to the internal metal surfaces and produce biofilms of
extracellular polymeric substances (EPS) in pipeline systems [10]. Biofilms trap water,
nutrients and corrosion products, thus creating localized microenvironments that are different
from the bulk fluid. This results in differential aeration conditions and encourages localized

corrosion, especially in stagnant zones and low flow areas of pipelines [10][11].

1.3.2 Metabolic activity of microorganisms in the pipeline:

Microbial metabolites are corrosive and have a considerable impact on the integrity of metals
[10]. In anaerobic zones, bacteria produce hydrogen sulfide (H 2 S) which reacts with iron to
form deposits of iron sul?de (FeS) leading to increased corrosion rates. In addition to this acid-
producing bacteria produce organic acids that lower the local pH making the environment even
more aggressive. These processes are highlighted in pipelines transporting hydrocarbons where

nutrients are available [10][12].

1.3.3 Electrochemical Processes in Pipe Lines:

Microbial activity in pipelines modifies the anodic and cathodic reactions at the surface of the
metal [13]. Electrochemical heterogeneity and localized galvanic cell formation are caused by
the formation of deposits such as FeS and biofilms. These conditions increase the rate of
electron transfer and encourage localized corrosion forms, like pitting, which are especially

hazardous in pipeline systems due to their detection difficulty [13].

1.3.4 Corrosion by Sulfides:

The production of hydrogen sulfide by anaerobic bacteria in oil pipelines is one of the main
causes of corrosion [10]. The formation of iron sulfide layers forms cathodic sites which leads
to the formation of galvanic cells and thus accelerates the metal dissolution and causes severe

localized corrosion.
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Iron precipitates

(Flow blockage) Corrosion

(Micro-leaks)
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Figure I-5: Bicorrosion process promoted by some types of corrosive bacteria[14]

Stage (A): Initial colonization and formation of a conditioning film

The process begins when aerobic bacteria from fresh water, sea water or industrial systems
contact the surface of the pipeline. These microorganisms face a conditioning film of organic
and inorganic material, which enables the first transition from a planktonic cell to a sessile

community.
Stage (B): EPS secretion and biofilm maturation

Bacteria that produce EPS adhere to the pipe walls and produce an extracellular polymeric
matrix . This EPS functions as a biological cement providing a stable environment for the

attachment of secondary microbial communities.
Stage (C): Microbial growth and metabolic stratification

The matrix is populated by diverse groups of corrosive bacteria that form microcolonies and
quickly deplete the available oxygen. The metabolic activity of IOB results in high
accumulation of ferric precipitates. This can lead to blockage of flow. At the same time, SOB

release sulfuric acid which starts to acidify the local environment.
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Stage (D) Synergistic Acidification and Growth of SRB

The removal of oxygen and organic acids produced by APB create an ideal niche for SRB. The
SRB produce hydrogen sulfide (H2S) which causes a drastic reduction of pH and accelerates

the electrochemical corrosion process at the metal interface.
Stage (E): Structural Failure and Loss of Function

In the last stage, sophisticated MIC with mature biofilm and iron precipitates impact the
pipeline. Localized pitting causes partial flow obstruction and micro-leaks that compromise the

structural integrity of the system.

1.4 Factors Affecting Biocorrosion:

The rate of biocorrosion in oil pipelines is governed by a number of environmental and
operational factors which determine the growth and activity of microorganisms and the rate of

electrochemical reactions at the metal surface [15][16].

Temperature : Temperature is a very important factor controlling the microbial activity . The
majority of the microorganisms associated with corrosion have an optimal growth range of
moderate temperature . The increase in temperature may increase the rate of metabolism up to

a certain limit, and thus accelerate the corrosion processes in pipeline systems [15].

Ph: The pH of the medium has a significant effect on microbial populations and corrosion
behaviour. Acidic conditions generally increase the rate of metal dissolution, while neutral to
slightly alkaline conditions may favor the establishment of specific microbial communities

involved in biocorrosion [16].

Availability of Nutrients :Presence of nutrients like organic compounds, hydrocarbons and
sulfur containing substances promote the microbial growth. In oil pipelines, these compounds
are energy sources for bacteria and thus stimulate biofilm formation and corrosion activity

[15][16].

Presence of Water: Water is a basic requirement for biocorrosion as it provides the medium
for microbial survival and electrochemical reactions. Water phases (free or emulsified) in
pipelines provide favorable conditions for microbial colonization and initiation of corrosion

[15].
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Flow Conditions in Pipelines : The flow regime in a pipeline is an important factor in
biocorrosion. Low flow or stagnation zones promote biofilm accumulation and microbial
growth, although turbulent flow can remove deposits to some extent and induce localized shear

stress, which can promote localized corrosion such as pitting [16].

Table 1.1: Factors influencing corrosion

Nature of the metal Nature of the environnement

Volatile corrosion products. | Polarization of electrodes

Solubility of products Flow velocity of process steam

Nature of the surface film | Formation of oxygen concentration cell

Position of metals in EMF | Conductance of the corroding medium

series

Overvoltage Nature of dissolved gases, dissolved salts,

pollutants, etc.Presence of suspended
particles in atmosphere

Physical nature of the metal | Influence of pH

Purity of the metal Impurities in water

Relative area of anodic and | Humidity of air

cathodic parts of the metal

Temperature range

I.5 Consequences of Biocorrosion in Oil Pipelines:

The microbial activity causes localized corrosion, forming deep pits and honeycomb-like

structures on the metal surface [17][19].

Pipeline Leakage and Failure: Rapid localized corrosion can cause perforations and catastrophic

structural failures [17][18].
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Loss of Mechanical Strength: Bacterial metabolites can cause the degradation of metal integrity,

thus reducing the overall durability of the infrastructure [18][19].

Economic Losses: The stoppages in the industry, replacement of equipment and environmental

restoration cause jlarge financial losses [17][22].

1.6 Detection and Monitoring of Biocorrosion:

Microbiological analysis: Identification and quantification of some corrosive species such as

sulfate-reducing bacteria (SRB) from water and soil samples [20][21].

Method of weight loss The use of metal coupons to measure the rate of degradation of the

material over a specified period of time [20].

Electrochemical Techniques: Electrochemical workstations for real-time measurements of

corrosion currents and potentials [20][21].

Biofilm Analysis: Evaluating pipe interiors for presence of biological slime and microbial

metabolites [21].

1.7 Biocorrosion Control and Regulation:

The use of biocides, such as glutaraldehyde, helps to control or eliminate harmful bacteria in

pipeline systems [23][26].

Pigging Operations: Mechanical cleaning procedures are used to remove biofilms, deposits and

accumulated debris from pipeline walls [22][24].

Corrosion Inhibitors: Industrial inhibitors and green ones such as botanical extracts are used

to form protective layers on metal surfaces and reduce corrosion rates[25].

Continual Monitoring: For the integrity of pipelines, the regular monitoring with sensors,

ultrasonic devices, and corrosion inspection techniques is essential[20][26].

10
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Table I-2 : Methods used to control bacterial corrosion and how they work

Method Examples Mode of action

Physical - Washing with | Removes physical deposits
brushes

- Injection of air or gas

- Manual cleaning

Biocides - Chlorine Prevention, inhibition or
-Ozone elimination of
- Bromine microorganisms.

- Aldehydes
- Acrolein
-THPS

Protective or antifouling | -Silicones Formation of a protective film
coatings - Resins
- Antifouling paints

Corrosion 1. Amines Formation of a protective film

inhibitors 2. Fatty acids

3. Phosphate esters

4. Ammonium
nitrate

References [27,28,29,30,31,32]

Conclusion:

In conclusion, biocorrosion is a serious industrial threat, resulting in fast and localized metal
failure and huge economic losses [33][35]. Mitigation has to be proactive in order to be effective
mainly through the use of tailor-made corrosion inhibitors providing a protective barrier on the
metal surfaces [34]. Ultimately, the sustainability of petroleum infrastructure depends on the
continuous awareness of environmental conditions and the selection of appropriate and

sustainable prevention methods [33][35].
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Chapter 11 Corrosion Inhibitors in Oil Pipelines

II. Introduction:

Corrosion is a major problem in oilnments of water, dissolved salts, and corrosive gases. Such
conditions speed up metal deterioration leading to equipment failure, leakage, and huge

financial loss.

Corrosion inhibitors are widely employed as an efficient and realistic approach to counteract
such effects. Ch-pipeline systems as a result of the interaction of the metals with the hostile
enviroemical compounds are used in minimal proportions to treat the fluid in the pipes, creating
a protective film on the metal surface and reducing the corrosion rate. This coating decreases
the interaction of metal with the corrosive substances and slows down the electrochemical
reactions.

Corrosion inhibitors are considered as a basic protection in the oil and gas industry as they are
effective, flexible and economically feasible. Their performance is dependent on such factors
as chemical composition, concentration, and compatibility with the environment in which they
operate. It is essential to apply corrosion inhibitors to preserve pipeline integrity and extend

their operational life[36 _45].
I1.1 Definition of Corrosion Inhibitors:

A corrosion inhibitor is a chemical substance or a mixture of substances that, when added in
small amounts (generally from 1 to 15,000 ppm) to a corrosive environment, can prevent or
slow down the deterioration of materials. Importantly, these substances achieve this protective
effect without significant reactions with other components of the environment. They can be in
the solid, liquid, or gaseous state and can be used in different media such as concrete, aqueous

solutions and gaseous atmospheres, which leads to a wide range of applications [ 46][47][ 48].
I1.2. Role and Mechanism|[49]:

Such inhibitors are primarily employed as a “first line of defense” in industrial systems such as
oil extraction, refining, and water treatment. They act by forming a film on the surface of the
metal which protects the metal from contact with aggressive agents in the environment. For the
inhibitor to be effective it must be able to reach the metal surface and either adsorb on the
surface or react with the products of the electrochemical reaction. The adsorption may be
Physical (Physisorption): It is based on weak Coulomb forces between inhibitor and metal
atoms.

Chemical (Chemisorption) Strong chemical bonds are formed.

13
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I1.3 Industrial (Chemical) Inhibitors:

Inhibitors are important in industry to maintain the integrity of infrastructure such as pipelines.
Music:

Organic Compounds: Modern industrial inhibitors of organic molecules with polar groups
containing heteroatoms such as Nitrogen (N), Sulfur (S), Oxygen (O) and Phosphorus (P).
The most common industrial compositions are amines, imidazolines and their salts. These
nitrogen-containing compounds have a diphilic structure (colloidal cationic surfactants) and are
capable of adsorbing as protective films in aggressive media such as those found in oil

recovery[50 55].
I1.3.1 Amines-based inhibitors:

Among the most widely used corrosion inhibitors are organic amines, which adsorb strongly
on metal surfaces. The lone electron pair on the nitrogen atom in their molecular structure
makes them able to react with the metal leading to the formation of a protective layer that limits

the contact with corrosive species and reduces the corrosion rates

Figure I1.1.Amines-based inhibitors Cyclohexylamine.
I1.3.2 Phosphate-based inhibitors:

Phosphate compounds are predominantly anodic inhibitors. They react with metal ions at the
surface to form insoluble phosphate layers that act as a barrier against further metal dissolution

and corrosion processes

14
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Figure I1.2 Phosphate-based inhibitors Sodium Tripolyphosphate (STPP)

I1.3.3 Zinc-based inhibitors:

Zinc salts are cathodic inhibitors since they react with the electrochemical reactions occurring
at cathodic sites. In particular, zinc ions can react with hydroxide ions, forming insoluble
compounds such as Zn(OH)$ 2$ that deposit on the surface and decrease the overall corrosion

rate

Figure I1.3 Zinc-based inhibitors ZINC SULFATE MONOHYDRATE

15



Chapter 11 Corrosion Inhibitors in Oil Pipelines

I1.3.4 Filming corrosion inhibitors:

Filming inhibitors are generally organic compounds which adsorb on the metal surface and
form a continuous hydrophobic film. This film acts as a physical barrier against the penetration

of aggressive species such as water, oxygen and dissolved ions .
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Figure I1.4 Filming corrosion inhibitors Octadecylamine (ODA)
I1.4 Advantages and Limitations:

Industrial corrosion inhibitors are generally highly effective and provide rapid protection even
at relatively low concentrations. However, their use may be associated with several drawbacks,
including toxicity, environmental concerns, and relatively high operational costs, which limit

their long-term sustainability
I1.5 Natural (Green) Inhibitors:

Green corrosion inhibitors represent a sustainable and environmentally conscious alternative to
traditional, often toxic, chemical treatments. These substances are primarily derived from
renewable biological sources and are characterized by their low cost and high

availability[56][57][58][59][60]
I1.5.1 Leaves of rosemary:[61] [62] [63] [64]
I1.5.1.1 Facility Description:

Rosemary is an aromatic evergreen herbaceous plant currently classified as a member of the

genus Salvia, so it is sometimes referred to as Salvia rosmarinus. It grows in many areas and
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requires full sun and well-drained soil. It is drought tolerant and is thought to be an easy plant

to grow in the home garden.
I1.5.1.2 Systematic Classification of the Plant:

e Scientific Name: Rosmarinus officinalis

e Family: Salvia

e Type: Herbaceous plant

e Appearance: Evergreen, woody shrub, with narrow, dark green leaves above, and
silvery below, strong, fragrant fragrance.

e Flowers: Most bloom in spring and summer, light blue or purple

Figure I1.5 Rosemary plant

I1.5.1.3 Rosemary plant chemical composition:

Rosemary has many active chemicals that are responsible for its distinctive inhibitory

properties.
The main components are Aromatherapy oils:

It constitutes 27 per cent of the dry weight of the plant. Its most important constituents are :

e Camphor: 5-21%
e Cineole (eucalyptol): 15-55% -1.8
e Borneol : 1.5-5% a-Pinene : 9-26% - Limonene : 1.5-5% - Pinene: 2-9% -- 3

17
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e (Carnosol: Antioxidant, comprising 17%
e Carnosic acid: 30%

e Rosmarinic acid: 12%

e Ursolic acid: 6%

e Other compounds : 8%

The most effective of the chemical compounds mentioned in the components of rosemary

against bacterial corrosion is : Carnosic Acid

Medicinal compounds in Rosmarinus
officinalis

M Carnosic acid

M Essential oil

M Carnosol

M Rosmarinic acid

M Others compounds

M Ursolic acid

Figure I1-6: Chemical components of rosemary [65]
I1.5.1.4 Method of extraction of rosemary plant:
1- Harvesting rosemary plant material.

- Dry the material in the absence of light at a controlled temperature for preservation of
active principles.
3- Pulverize the dried plant material into a fine powder using a clean, dry grinder or
mill.

4-Weigh the powder.

- Add 100 ml of S2D MP separator water or oil for every 10 grams of plant powder

6-Put into a distillation vessel, to boil in a pot of water

7- The oil is then separated from the water and filtered through a separating funnel .

8-Store rosemary extract in a dark and tightly sealed bottle.

18
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Figure II-8 : Mixing rosomary powder in a magnetic stirrer

Figurell-9: Solution Filtration
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Figure II-11 : Rosemary Ultimate Extract

I1.5.1.5 Use of rosemary as bacterial corrosion inhibitor:

Scientific researches have proven Rosemary (Rosmarinus officinalis) to be a good inhibitor of
corrosion of metals especially in acidic environments. This study reveals that the leaf of

roseémary

The extracts and essential oils have mostly organic compounds like carnosic acid and carnosol,
which are responsible for the formation of a protective layer on the metal surface and decrease

the corrosion rate.

Rosemary has anti-bacterial properties. Research has shown that rosemary extracts containing
carnosic acid and carnosol can inhibit the quorum sensing of Staphylococcus aureus bacteria,

thus reducing their corrosion potential.
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The studies were carried out on the plant rosemary:

- Rosemary leaf extract was studied for corrosion inhibitive property of mild steel in sulfuric
acid solution in acidic medium . The inhibition efficiency was observed to increase with
increase in extract concentration. - In a study of aluminum alloys, aluminum alloys (EN AW-
2011) were used as a green corrosion inhibitor (acidic media) for aluminum alloys because the
organic compounds present in the oil form a protective layer on the aluminum surface . -
Rosemary oil as a corrosion inhibitor for steel in phosphoric acid Rosemary oil was found to
be an effective corrosion inhibitor for steel in phosphoric acid with efficiency of up to 73% at
the concentration of 10 g/L . - Study of the anticorrosive action of the essential oils of the
rosemary and the myrtle on the corrosion of the copper in a sodium chloride medium
The present study was carried out in Tunisia to assess the effect of essential rosemary and myrtle
Eco-friendly inhibitors of copper corrosion in sodium chloride medium: oils.

The results have showed that the essential oils could be used as effective corrosion inhibitors .
I1.5.2 Oregano (Origanum vulgare)
11.5.2.1 Definition

Oregano is a perennial herb with an aromatic smell, belonging to the Lamiaceae or mint family,
and native to the Mediterranean region. It is now grown throughout the world. It grows to about
60-90 cm tall, with erect, branching stems, ovate to oblong leaves (1-4 cm long) and small white
to purplish flowers in terminal corymbose clusters. The leaves of the plant are rich in essential
oils, this makes the plant strongly aromatic and it is used in the cuisine, folk medicine, as

antioxidant, and antimicrobial agent.[66 74]
I1.5.2.2 Systematic Classification:

Scientific Name: Origanum vulgare

Family: Lamiaceae
Type: Perennial herb
Appearance: Small green leaves with strong aromatic scent

Flowers: Purple to pink clustered flowers
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Figure II-12: Origanum plant
11.5.2.3 Chemical Composition[75_85]:
Oregano contains a rich profile of essential oils and phenolic compounds:
5. Carvacrol: 40-70%
6.  Thymol: 0-25%
7. p-Cymene: 5-15%
8. y-Terpinene: 5-10%
9. Flavonoids: 3-7%
10.  Other compounds: 5-10%
Carvacrol and thymol are the most active compounds responsible for corrosion inhibition.

Essential Oils and Phenolic Profile of Oregano (Origanum vulgare)

m Carvacrol (60%)

# Thymol (15%)

® p-Cymene (8%)
my-Terpinene (7%)

= Flavonoids (5%)

m Other compounds (5%)

Figure I1-13 :Chemical components of Oregano plant
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11.5.2.4 Methods of Extraction

Steam distillation (hydrodistillation) Fresh or dried aerial parts are subjected to steam

distillation. The essential oil contains large amounts of carvacrol and thymol.

Solvent extraction: Dried leaves can be extracted with ethanol or methanol to obtain polyphenol

rich extracts, which are mostly used for antioxidant and antimicrobial studies.

Superecritical fluid extraction (SFE) with CO: has also been employed to obtain higher-purity

oils and lipid-soluble compounds, although it is less common on a small scale.

Figure II-15: Mixing Oregano powder in a magnetic stirrer
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Figurell-15: Solution Filtration

Figure II-17: Oregano oil extraction process

Figure I1-18: Oregano Ultimate Extract
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I1.5.2.5 Use as Corrosion Inhibitor[86 96]:

Several studies confirm that oregano essential oil acts as an efficient green corrosion inhibitor,
especially for steel and copper in acidic and saline environments. The active compounds adsorb

on the metal surface and form a protective hydrophobic layer.
I1.5.3 Neem leaf[94_112].
I1.5.3.1 General description

Neem is a fast-growing evergreen tree of the mahogany family (Meliaceae) which is extensively
cultivated in tropical and subtropical Asia, Africa and the Middle East. The tree grows to 15—
20 m high, with pinnate leaves, small white flowers in fragrant clusters and olive-like fruit. The
neem leaves are glabrous, dark green, lanceolate-ovate, strongly aromatic and traditionally used

for their insecticidal, antimicrobial, anti-inflammatory and anti-diabetic properties.
I1.5.3.2 Systematic Classification of the Plant:

Division: Tracheophyta Class: Magnoliopsida Order SapindalesFamily: Meliaceae Genus:

Azadirachta Species: Azadirachta indica A. Juss.

Figure I1I-19: Neem plant

I1.5.3.3 Chemical Composition:
Neem leaves have a complex mixture of primary and secondary metabolites:

e Liminoids (triterpenoid tetranortriterpenes) such as azadirachtin, nimbosterol, nimbin

and their derivatives responsible for the insecticidal and growth regulating effects.
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Flavonoids and polyphenols like quercetin that provide antioxidant and anti-
inflammatory activities.

e Leaf extracts have also been reported to contain alkaloids, tannins, saponins, glycosides
and terpenes.

e Neem leaves essential oil is rich in sesquiterpene-type compounds, and exhibits

antifungal activity.

Neem oll
Nimbénin
o oo >300 bicactive
<:>:__{/ i‘ compounds
u-(\ Meliantric!
Quercetin Y.LT)"‘

Figure I1-20:Chemical components of Neem plant
Extraction techniques

Solvent extraction (maceration or Soxhlet) Dried ground leaves are usually extracted with
solvents such as ethanol, methanol or n-hexane to obtain total crude extracts containing

liminoids, flavonoids and terpenes.

Steam distillation: Fresh or dried leaves are hydrodistilled to obtain essential oil; yields are

usually low (around 0.1-0.6 wt%).

Hydrodistillation has been the most common method used for extraction of essential oils from
different aromatic plants. This method has shown to give higher oil yields (up to ~0.6 wt%) in
comparison to supercritical fluid extraction (SFE) with CO2 and is considered more

environmentally friendly.
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Figure II-21: Neem powder

Figure II-22: Mixing Neem powder in a magnetic stirrer

Figurell-23: Solution Filtration
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Figure 1I-24 :Neem oil extraction process

Figure II-25 : Neem Ultimate Extract

Conclusion:

Comparison of industrial and natural corrosion inhibitors shows different merits and limitations
by class. Industrial Inhibitors Generally Provide High efficiency, repeatable performance and
capability to operate under a wide range of environmental conditions. However, natural
inhibitors extracted from plant or biological origins offer environmentally friendly options with

biodegradability and low toxicity.

The selection among these options will depend on operational requirements, environmental
impact assessments, cost considerations and compliance with regulatory norms. A thorough
assessment of these factors provides the best and longest-lasting corrosion prevention in a

variety of industrial
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Chapter II1 Bacterial Corrosion Problem in HBK

II1.1 Introduction:

The Saharan Platform, located in southern Algeria, forms part of the North African Craton. It
consists of a Precambrian basement unconformably overlain by a thick sedimentary cover.
During the Paleozoic era, this platform was structured into several sedimentary basins separated

by structural highs.

The Haoud Berkaoui (HBK) oil field is situated in the northern Algerian Sahara and represents
one of the key hydrocarbon-producing zones in the region. It covers an area of approximately
6,300 km?, with estimated reserves of 347.5 x 10° m?®. Geologically, it belongs to a complex

structural system forming the northern extension of the Triassic province [113].
I11.1.1 Problem of Bacterial Corrosion in HBK:

Microbially influenced corrosion (MIC) presents a significant operational challenge in HBK
facilities. It leads to pipeline perforation, leakage, and production interruptions. This
phenomenon is complex and is mainly associated with the presence of salts (NaCl), hydrogen
sulfide (H=S), and carbon dioxide (CO:), combined with favorable environmental and

operational conditions.

I11.1.2 Mechanisms of Bacterial Corrosion:

Certain microorganisms accelerate corrosion through metabolic activity:
Sulfate-Reducing Bacteria (SRB)

These bacteria reduce sulfate into hydrogen sulfide (H2S), which strongly promotes corrosion.
Anodic reaction:

Fe — Fe*" + 2e-

Cathodic reactions:

H*+e — H:

Fe + H.S — FeS + H:

Effect of NaCl

Sodium chloride significantly increases corrosion rates by:
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Enhancing electrolyte conductivity
Promoting aggressive corrosive environments at concentrations up to ~5%

Influencing protective scale formation (FeCOs), where Mg?" may inhibit and Ca** may

accelerate scale development
II1.1.3 Corrosion in Surface Installations:

Corrosion impact is generally limited in stainless steel components such as tubing and

wellheads. However, carbon steel systems are highly vulnerable, especially in:

e Surface well equipment exposed to turbulence and erosion-corrosion
e Manifolds subjected to multiphase flow
e Collectors carrying produced fluids with high water cut

e The presence of HzS, CO, and chloride-rich water significantly increases degradation

rates.

Figure III-1: Corrosion Of above-Ground Prodution Installations

II1.1.4 MIC in Buried Pipelines:

Buried pipelines are highly susceptible to MIC due to soil conditions. Major causes include:
Formation of electrochemical cells due to soil heterogeneity

Chemical contamination from industrial or drilling activities

Galvanic coupling between protected and unprotected pipelines

This leads to localized and accelerated corrosion in underground systems [95][96].
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Figure I11-2 : Bacterial corrosion of pipes
I11.2 Detection and Inspection of MIC:

MIC monitoring in HBK relies on integrated techniques combining microbiological, chemical,

and physical methods:

Microbiological sampling and analysis
Soil and water testing

Non-destructive testing (UT, eddy current)
Corrosion rate sensors

Electrochemical monitoring

X-ray fluorescence (XRF) analysis

Visual inspection and thickness measurements
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Figure I11-3 :Perforation Level of 4" pipe

I11.3 Mitigation of Bacterial Corrosion:
To control MIC, HBK implements combined mitigation strategies:

e Chemical injection of corrosion inhibitors (e.g., ALPHA175INT)
e Use of biocides such as glutaraldehyde and THPS

e Mechanical cleaning using pipeline pigs.

e Cathodic protection systems

e Maintenance of internal and external coatings
II1.3.1 Chemical Products Used:

Prochinor AP104: demulsifier improving oil-water separation and reducing corrosion risk
[113][114].

Chimec 2935: antiparaffin agent preventing wax deposition [115].

MC MX 6-3116: film-forming corrosion inhibitor effective against MIC and acid gas corrosion
[116].

CORR21154A: inhibitor for saline and acidic environments with MIC resistance [117].
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I11.3.2 Physical and chemical properties of inhibitors prochinor AP104,
Chimec2935, ALPHA 175INT , MX 6-3116:

I11.3.3 Injection of chemical product in oil facilities :

Figure I11-4 : ALPHA 175INT injection Devic

Conclusion

The Haoud Berkaoui field represents a complex operational environment where corrosion
phenomena are influenced by multiple interacting factors, including microbial activity, salinity,

gas composition, and environmental conditions.

The study highlights that corrosion in this field is multifactorial and difficult to control without
integrated management strategies. Therefore, effective mitigation requires continuous
monitoring, advanced chemical treatment, and robust maintenance programs. The combination
of industrial practices and technological innovation is essential to ensure asset integrity and

extend the operational life of production facilities in the HBK region.
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Chapter IV

Electrochemical Study of the Inhibitors

IV.1 Experimental Products and Procedures:

The products used:

Steel X52 :was rolled into discs of diameter 1 cm and thickness 1 cm, cut into squares with a
saw and welded to copper conductors and covered with thermosetting resin. Resin mold is
plastic. Leave the mold open for 24 hours for the resin to harden. Before use, the working

electrode should be polished on the working surface with low-grit silicon carbide sandpaper

under running water. degrease with acetone and distilled water after polishing

Table IV-1: Chemical composition (in %) of X52 steel:

Chemical Composition %

C

Mn

Si

Nb

Ti

<0.28

<1.40

<0.030

<0.030

0.15-0.45

<0.10

<0.05

<0.04

Corrosive environment: a sample of HBK suparator water taken from suparator MP S2D, with

a salinity of 1.69 g/L and pH of 5.66 and Fe 2+ of 258 mg/L.

Figure IV-1 : Corrosive environment ( HBK suparator water )
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Figure IV-2: Plants Extract

Figure IV-3: Corrosive Solutions with Oil and Aqueous Extracts

Figure IV-4 Microscope
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IV.2 Weight-loss method

A complementary gravimetric (weight-loss) study was conducted to evaluate the corrosion
behaviour of API 5L X52 steel in a simulated Haoud-Berkaoui (HBK) produced-water medium,
both in the absence and in the presence of natural plant-derived inhibitors. The weight-loss
method was selected because it provides a direct, integral measure of the total metal consumed
over an extended exposure period, and it remains the reference technique for validating the
trends observed by instantaneous electrochemical measurements. Mass measurements were
performed after 24 h, 48 h and 72 h of immersion at a controlled temperature of 30 °C,

reproducing the thermal conditions of the HBK separator water.

The corrosive medium was the HBK separator water (MP S2D) characterised by a salinity of
1.69 g/L, a pH of 5.66 and a ferrous-iron content of 258 mg/L, inoculated with sulfate-reducing
bacteria (SRB) to reproduce the microbiologically influenced corrosion (MIC) conditions
prevailing in the field. Seven coupons were examined: three oil extracts, three aqueous extracts,

and one inhibitor-free blank used as the reference for the calculation of the inhibition efficiency.
IV.2.1 Sample Identification

To allow an unambiguous interpretation of the results, the seven X52 coupons are identified in
Table IV-2 according to the nature of the inhibitor added to the 60 mL of corrosive medium.
Samples A1-A3 correspond to the oil (hydrophobic) extracts, samples A4—A6 to the aqueous

extracts, while A7 is the uninhibited blank used as the corrosion reference.
IV.2.2 Weight Evolution of the X52 Steel Coupons

The masses of the seven coupons were recorded before immersion and after each exposure
interval. The corrected data set is reported in Table IV-3. The value of sample AS (neem
aqueous extract) at 72 h has been corrected with respect to the raw laboratory record for the

reasons detailed in Section IV.5.
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Table IV-2: Weight evolution of X52 steel samples (corrected)

Al 3.5018 3.5018 3.5016 3.5013
A2 4.9984 4.9984 4.9982 4.9976
A3 3.9811 3.9811 3.9810 3.9809
A4 3.3700 3.3695 3.3678 3.3676
A5 * 3.7562 3.7560 3.7537 3.7528
A6 3.0257 3.0255 3.0250 3.0250
A7 2.8548 2.8538 2.8521 2.8508

IV.2.3 Quantitative Corrosion Parameters

Three quantitative descriptors were derived from the gravimetric data to characterise the
corrosion process and to rank the inhibitors: the cumulative weight loss, the corrosion rate, and

the inhibition efficiency.
1V.2.3.1 Weight loss

For each coupon and each exposure time, the cumulative weight loss is the difference between

the initial mass and the mass measured after immersion:

AW =W, — W

where Wy is the initial mass (g) and W, the mass (g) after exposure time t.

IV.2.3.2 Corrosion rate

The corrosion rate was expressed in millimetres per year (mm/yr) using the standard relation:
CR=(K*xAW) /(A xtxp)

where K = 8.76 x 10 is the unit-conversion constant for mm/yr, AW is the weight loss (g), A
is the exposed coupon area (cm?), t is the exposure time (h) and p = 7.85 g/cm?® is the density of

carbon steel. An exposed area A = 2.0 cm? was adopted for the X52 coupons.
1V.2.3.3 Inhibition efficiency and surface coverage

The inhibition efficiency IE (%) quantifies the protection conferred by each extract relative to

the uninhibited blank (A7):
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IE (%) = [(CRyplank — CRinn) / CRplank] % 100

The fractional surface coverage of the adsorbed inhibitor film is 6 = IE / 100, an indicator of

the proportion of the metal surface effectively shielded by the protective layer.
IV.3 Microscopic Evidence of Antibacterial Efficacy:

IV.3.1. Introduction

Sulfate-reducing bacteria (SRB) are the principal microbial agents responsible for
microbiologically influenced corrosion (MIC) of carbon steel in anaerobic aquatic
environments such as oilfield produced waters, ballast tanks and water-injection systems. Their
dissimilatory metabolism reduces sulfate to hydrogen sulfide, which reacts with dissolved

ferrous ions according to
Fe? + H,S — FeS| + 2 H*

to produce a characteristic black ferrous-sulfide deposit. Beyond the direct chemical attack by
HS", biogenic sulfide acidifies the local environment, depolarises the steel cathode, and creates
the conditions for cathodic depolarisation and direct extracellular electron transfer between the
metal substrate and the SRB consortium. These mechanisms operate almost exclusively within
sessile biofilm aggregates, where local concentrations of metabolic intermediates can be orders
of magnitude higher than in the bulk medium. The control of SRB-driven corrosion therefore
requires the simultaneous suppression of planktonic growth and of biofilm establishment, the

latter being the more critical of the two.

The progressive restrictions imposed on synthetic biocides — notably glutaraldehyde,
tetrakis(hydroxymethyl)phosphonium sulfate (THPS) and quaternary ammonium compounds
— for reasons of aquatic toxicity, regulatory compliance and bacterial resistance have
stimulated active research on natural plant-derived alternatives. Rosemary (Rosmarinus
officinalis), neem (Azadirachta indica) and oregano (Origanum vulgare) have been identified
in the literature as promising candidates owing to their content of antimicrobial diterpenoids,
limonoids and phenolic monoterpenes. The relative efficacy of these candidates, however,
depends critically on the extraction solvent: lipophilic bioactive compounds such as carnosic
acid, carvacrol, thymol and azadirachtin are efficiently recovered into vegetable-oil carriers,
while aqueous extracts retain only polar derivatives of these compounds whose antibacterial

potency is generally lower.
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The present section reports the optical-microscopy evaluation of the antibacterial and
antibiofilm activity of six such natural extracts against an SRB culture, and the systematic
correlation of these visual data with the gravimetric inhibition efficiency obtained in parallel
on X52 steel coupons. The combined approach provides a rigorous, multi-method validation of
the antimicrobial ranking and identifies oregano essential oil as the most effective natural

inhibitor of the series.
IV.3.2 Objectives
The specific objectives of the microscopic investigation were:

- To document the bacterial density, biofilm aggregate morphology and FeS precipitation
pattern in each of the seven culture conditions after 72 h of incubation;

- To establish a semi-quantitative visual scoring of the three microscopic indicators (cell
density, biofilm, FeS) and to test its statistical correlation with the gravimetric inhibition
efficiency;

- To interpret the observed differences mechanistically in terms of (i) the chemical nature of
the bioactive compounds, (i1) the partition behaviour of these compounds between oil and
aqueous phases, and (ii1) the resulting capacity to disrupt the planktonic and sessile phases
of SRB populations;

- To rank the six extracts in order of antibacterial / anti-corrosion efficacy and to identify the

most promising candidate for further development.
IV.3.3 Materials and Methods
1V.3.3.1 Bacterial culture and growth medium

A mixed sulfate-reducing bacterial consortium isolated from production-water of the Haoud-
Berkaoui field was maintained in modified Postgate B medium of the following composition
(g L™): KH2PO4 0.5; NH4Cl 1.0; CaSO4-2H20 1.0; MgS0O4-7H20 2.0; sodium lactate 3.5; yeast
extract 1.0; FeSOa4-7H20 0.5; sodium thioglycolate 0.1; ascorbic acid 0.1; resazurin 1 mg L™".
The pH was adjusted to 7.5 + 0.1 with 1 M NaOH and the medium was sterilised at 121 °C for
20 min. Strict anaerobic conditions were maintained throughout the procedure: the medium was
boiled, cooled and dispensed under a continuous N2/CO: (80/20) atmosphere, the colour of the
resazurin indicator (pink — colourless) confirming the establishment and persistence of the
anaerobic state. Each Erlenmeyer flask received 100 mL of medium and was inoculated with 2

mL of an actively growing pre-culture (=107 cells mL™).

41



Chapter IV Electrochemical Study of the Inhibitors

1V.3.3.2 Preparation and addition of the natural inhibitors

Six natural inhibitors were tested in parallel, supplemented to the inoculated medium at a single

nominal dose of 2 mL (corresponding to 2 % v/v):
1V.3.3.3 Incubation and sampling

The flasks were sealed with rubber stoppers and aluminium crimps and incubated at 30 £ 1 °C
in a static atmosphere for 72 h. At the end of the incubation period, the macroscopic state of
each flask was recorded (medium colour, turbidity, presence of black FeS precipitate,

sediment), and three 1-mL aliquots were withdrawn aseptically for microscopic observation.
IV.3.3.4 Crystal-violet staining and optical microscopy

A 20 pL droplet of each aliquot was deposited on a clean microscope slide, heat-fixed at 60 °C
for 2 min, and stained with 0.5 % w/v crystal-violet solution for 1 min, rinsed twice with
deionised water, blotted dry and mounted in immersion oil. Observations were carried out with
an upright optical microscope equipped with achromatic objectives (x40 and x100, the latter
with oil immersion) and a 5-megapixel digital camera. Three independent fields per condition
were imaged at X400 (overall density assessment) and three additional fields at x1000 (biofilm

morphology), totalling 42 micrographs.
IV.3.4 Conclusion

The optical-microscopy evaluation of six natural plant extracts against a sulfate-reducing
bacterial consortium, conducted in parallel with a gravimetric corrosion study on X52 steel, has

established the following conclusions:

- Crystal-violet staining followed by observation at 400 and x1000 provides a fast, low-cost
and discriminating screening of the antibacterial / antibiofilm activity of natural inhibitors
against SRB, fully consistent with the much slower gravimetric weight-loss procedure.

- A very strong inverse linear correlation (Pearson r = —0.986, R? = 0.972) is established
between the mean microscopic visual density score and the gravimetric inhibition
efficiency, validating the use of optical microscopy as a quantitative screening tool.

- Oregano essential oil (A3) is the most effective of the six extracts tested, achieving an
inhibition efficiency of 95.0 %, a corrosion rate reduced 20-fold relative to the inhibitor-

free control, and complete eradication of the biofilm aggregates. Its activity is attributed to
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the membrane-targeting action of carvacrol and thymol coupled to the formation of a
hydrophobic protective film at the steel surface.

- Rosemary essential oil (A1, IE = 87.5 %), oregano aqueous extract (A6, IE = 82.5 %) and
neem essential oil (A2, IE = 80.0 %) produce similarly high efficiencies through
complementary mechanisms.

- The oregano aqueous extract (A6) is a noteworthy exception to the general "oil-better-than-
aqueous" rule and offers an industrially attractive option, combining good antibacterial
performance with an environmentally and economically favourable formulation.

- The aqueous extracts of rosemary (A4, 40 %) and especially of neem (A5, 15 %) are
inadequate as stand-alone inhibitors, the latter being almost indistinguishable from the
inhibitor-free control in both visual and gravimetric data.

- In the SRB system, the antibiofilm action is the controlling parameter of corrosion
inhibition, more so than the antiplanktonic action; screening protocols for new natural
inhibitors should therefore concentrate on the suppression of biofilm aggregate formation

rather than on the reduction of free-swimming cells.
The final efficiency ranking established jointly by the microscopic and gravimetric methods is:
A3 (95.0 %) > A1 (87.5 %) > A6 (82.5 %) > A2 (80.0 %) > A4 (40.0 %) > A5 (15.0 %)

and identifies oregano essential oil as the most promising natural inhibitor for the mitigation of

microbiologically influenced corrosion of carbon steel in SRB-laden produced waters.

IV.4 Economic Feasibility of Plant-Derived Bio-Inhibitors for SRB

Corrosion Control in Qil-Field Pipelines

This industrial economic feasibility report evaluates the possibility of producing plant-derived
bio-inhibitors for controlling sulfate-reducing bacteria (SRB) and reducing microbiologically
influenced corrosion (MIC) in API SL X52 oil-field pipelines at the Haoud-Berkaoui (HBK)
field. The proposed inhibitors are based on rosemary, oregano, and neem oils. The technical
foundation of the project comes from experimental results showing strong inhibition
performance: oregano oil achieved 95.0% inhibition efficiency, rosemary oil 87.5%, and neem
oil 80.0% against SRB-induced corrosion. The report combines these technical results with an
engineering-economic assessment covering capital costs, operating costs, profitability,
sensitivity, scale-up strategy, environmental impact, and risk management. All values are

presented in US dollars, with an indicative exchange rate of 1 US$ ~ 135 DZD.
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The proposed local-production facility requires an estimated capital expenditure (CAPEX) of
about US$320,100, equivalent to approximately 43.2 million DZD. The largest investment item
is the extraction system, including steam-distillation and cold-press equipment, costing
US$95,000 and representing 29.7% of total CAPEX. Other major costs include the quality-
control laboratory at US$38,000, utilities infrastructure at US$34,000, buildings and civil works
at US$30,000, land preparation and first cultivation cycle at US$28,000, storage tanks at
US$26,000, formulation equipment at US$22,000, and safety systems at US$18,000. A 10%
contingency of US$29,100 is also included. The report considers this total capital requirement

modest by oil-field industrial standards, which supports the attractiveness of the project.

The annual operating expenditure (OPEX) at the design capacity of approximately 3,000 liters
per year is estimated at US$215,530, or about 29.1 million DZD. Raw materials are the
dominant operating cost, reaching US$96,000 per year and representing 44.5% of total OPEX.
This is mainly due to the low essential-oil yield of herbs, estimated at around 1.5% by weight.
Labour is the second-largest cost, at US$54,000 per year, or 25.1% of OPEX. Utilities cost
US$23,000 annually, while quality-control operations, overheads, transportation, waste
management, and maintenance make up the rest. The cost structure shows that project

profitability depends strongly on securing affordable biomass and improving extraction yield.

The profitability analysis is based mainly on avoided corrosion costs, reduced repair and
maintenance, reduced downtime, and replacement of synthetic biocides. The annual economic
value created by the project is estimated at US$685,000, including US$650,000 in avoided
corrosion-related costs and US$35,000 from by-product revenue such as hydrosol and spent
biomass. After subtracting annual OPEX, the project generates a gross profit of US$469,470
per year. Depreciation is calculated on a straight-line basis over ten years at about US$32,010
per year, resulting in a pre-tax net profit of approximately US$437,460 per year. The annual
operating cash flow used in the discounted-cash-flow analysis is US$469,470.

The break-even analysis confirms that the project has a large safety margin. The break-even
deployment volume is estimated at approximately 824 liters per year, while the planned
production capacity is 3,000 liters per year. This means the facility would operate at about 3.6
times its break-even volume. The value per liter is estimated at US$228.3, while variable cost
is about US$27.3 per liter. This margin indicates that the project can remain profitable even if

demand or value creation is lower than expected.

Over a ten-year horizon and using a 12% discount rate, the discounted-cash-flow analysis gives

highly favorable investment indicators. The net present value (NPV) is approximately US$2.33
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million, the internal rate of return (IRR) is around 146.6%, the profitability index is about 8.29,
and the accounting return on investment is around 137% per year. The simple payback period
is approximately 0.68 years, or about 8.2 months, while the discounted payback period is
approximately 0.76 years, or about 9.1 months. These indicators suggest that the project is
financially attractive, but the report stresses that the results depend strongly on the assumed

corrosion-saving benefit.

The sensitivity analysis identifies the corrosion-saving benefit as the most important driver of
project value. A £30% change in corrosion-saving benefit changes the NPV from US$1.353
million to US$3.313 million, compared with the base case of US$2.333 million. Other
important variables include extraction yield, market demand, treatment efficiency, and raw-
material price. Energy cost has the smallest impact. Importantly, the NPV remains positive
under all tested adverse scenarios, remaining above US$1.3 million even in the weakest case.
This suggests that the project is economically robust, although field validation remains

essential.

The report proposes a phased industrial scale-up strategy. The first phase is a pilot-scale
implementation using ready-made oregano oil purchased from the market and applied to a
selected HBK pipeline section through existing chemical-injection points. This pilot would use
corrosion coupons and electrochemical probes to confirm real field performance under actual
flow, temperature, and pressure conditions. The estimated pilot CAPEX is around US$45,000.
The second phase is a demonstration-scale extraction unit producing several hundred liters per
year from contract-farmed biomass. This phase would test agronomic supply, extraction yield,
product consistency, and local production costs. The final phase is full industrial deployment,
with a facility producing around 3,000 liters per year to serve HBK and potentially other

Sonatrach fields. Capacity could later be expanded by adding modular distillation trains.

The proposed supply chain connects contract farms, drying and collection, central extraction,
quality control and formulation, distribution, and application in HBK/Sonatrach fields. The
agricultural layout includes approximately 65 hectares, with oregano occupying around 33
hectares, rosemary around 28 hectares, neem around 4 hectares, and additional space for
extraction, quality control, storage, utilities, safety systems, access roads, irrigation, and
firebreak buffers. The production workflow includes cultivation and harvest, drying and
preparation, steam distillation or cold pressing, crude essential-oil separation, by-product
recovery, GC-MS quality verification, formulation, storage, and field injection. A key

operational constraint is that producing one liter of oregano oil at 1.5% yield requires around
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67 kg of dried herb, making yield optimization and by-product valorization central to the

project.

Compared with conventional biocides, plant oils are more expensive on a direct efficiency-
adjusted cost basis. Synthetic biocides such as glutaraldehyde and THPS remain cheaper, while
neem oil appears more competitive than oregano and rosemary. However, the report argues that
the higher cost of oregano and rosemary is partly justified by their better environmental and
safety profile, lower toxicity, biodegradability, and potential reduction in regulatory and
compliance costs. The environmental assessment highlights several benefits: reduced use of
toxic chemicals, lower pollution risk, alignment with green chemistry principles, valorization
of hydrosol and spent biomass, and contribution to Sustainable Development Goals related to

responsible production, industry and innovation, local employment, and life on land.

The main risks are technical, economic, supply-chain, regulatory, and market-related. The most
serious risk is economic: the possibility that the real field corrosion-saving benefit is lower than
the model assumes. Other risks include reduced field efficiency compared with laboratory
results, variable extraction yield, biomass shortage or price volatility, regulatory approval for a
new oil-field chemical, and dependence on Sonatrach as a single major buyer. The proposed
mitigation measures include pilot validation, dosage optimization, monitoring, process
optimization, chemotype selection, conservative financial assumptions, phased deployment,
contract farming, multiple biomass sources, buffer stocks, early regulatory engagement, and

long-term off-take agreements.

Overall, the report concludes that plant-derived bio-inhibitors are technically feasible,
economically viable, environmentally sustainable, and industrially scalable for SRB control and
corrosion mitigation in oil and gas pipelines. The project shows strong financial indicators,
including low CAPEX, high NPV, high IRR, a profitability index far above one, and payback
in less than one year. However, before investment, the report recommends confirmatory field
trials and a detailed front-end engineering design. If field results confirm the expected
corrosion-saving benefit, the technology could provide an effective alternative to conventional
synthetic biocides while supporting industrial performance, environmental protection, and local

value creation.
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Project Website and Digital Access

Website link:

https://bsp-cost-study.netlify.app/

QR Code:

Scan Me
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Website link:

https://bio-inibitors-mechanism.netlify.app/

QR Code:
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General Conclusion

General Conclusion:

This study was carried out to address the problem of microbiologically influenced corrosion of
pipeline steel caused by sulfate-reducing bacteria in the produced water of the Haoud-Berkaoui
field. The main objective was to evaluate the ability of natural plant extracts to inhibit bacterial
corrosion under conditions close to those encountered in the field and to assess their potential
as sustainable alternatives to synthetic chemical inhibitors.

The work began with a theoretical examination of biocorrosion and the role of sulfate-reducing
bacteria in the deterioration of steel pipelines. It also reviewed the main types of corrosion
inhibitors and presented the selected natural sources, namely rosemary, oregano, and neem. The
corrosion situation in the Haoud-Berkaoui installations was then discussed in order to link the
theoretical background to the industrial context of the study. Finally, an experimental
investigation was conducted using API 5L X52 steel coupons immersed in sulfate-reducing
bacteria-inoculated separator water. The protective effect of three oil-based extracts and three
aqueous extracts was evaluated by the weight-loss method and supported by microscopic
observation of bacterial cultures.

The experimental results showed that oil-based extracts were generally more effective than
aqueous extracts. Among all the tested inhibitors, oregano essential oil provided the highest
protection, reaching an inhibition efficiency of about 95% after 72 hours of immersion. It was
followed by rosemary oil, oregano aqueous extract, and neem oil. In contrast, rosemary aqueous
extract and especially neem aqueous extract showed weaker and less durable protection.
Overall, the oil-based extracts achieved an average inhibition efficiency close to 88%, whereas
the aqueous extracts reached an average of about 46%. These results confirm the important role
of the extraction route in determining the anticorrosion performance of plant-based inhibitors.

The gravimetric results also showed a clear decrease in corrosion rate when effective inhibitors
were used. The blank sample recorded the highest corrosion rate, while the oregano oil extract
reduced it from 0.3100 mm/year to 0.0155 mm/year after 72 hours, corresponding to a reduction
of about 95%. The final ranking of the inhibitors was oregano oil, followed by rosemary oil,
oregano aqueous extract, neem oil, rosemary aqueous extract, and neem aqueous extract. This
ranking demonstrates that not all natural extracts have the same protective capacity and that the
chemical nature of the extract strongly affects its ability to form a protective layer on the steel
surface.

The microscopic observations supported the gravimetric findings. Oregano essential oil showed
near-complete suppression of bacterial biofilm formation, while the less effective extracts

allowed higher bacterial density. The correlation between microscopic bacterial density and
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gravimetric inhibition efficiency was very strong and negative, with a Pearson correlation
coefficient of r = -0.986. This means that the samples showing lower bacterial growth also
presented higher inhibition efficiency. The agreement between the two methods strengthens the
reliability of the results and confirms that the protective action of the best extracts is closely
related to their antibiofilm effect.

The statistical comparison between the oil-based and aqueous extract families showed a large
difference in average inhibition efficiency. The oil-based extracts reached a mean efficiency of
87.5%, while the aqueous extracts reached 45.8%. However, this difference did not reach
conventional statistical significance at the 5% level, mainly because of the small number of
samples in each group and the high variability among the aqueous extracts. Therefore, the
statistical result should be interpreted with caution. It does not cancel the observed trend,
especially because the ranking remained consistent and was confirmed by microscopic
observations.

The findings of this study allow the main objectives to be considered achieved. The corrosion
problem in the Berkaoui context was examined, the selected natural inhibitors were evaluated
and ranked, and the influence of the extraction method was demonstrated. The working
hypothesis was also confirmed, since the hydrophobic oil-based extracts provided better
protection than the aqueous extracts. This superiority can be explained by their ability to form
a more stable protective film on the steel surface and to reduce bacterial adhesion and biofilm
formation.

From a scientific perspective, this work provides experimental evidence that plant extracts can
reduce microbiologically influenced corrosion of pipeline steel under realistic produced-water
conditions. It also clarifies the importance of the extraction route and highlights the role of
antibiofilm activity in the inhibition process. From a practical perspective, the study identifies
oregano essential oil as the most promising natural inhibitor among the tested extracts. Its high
inhibition efficiency, low toxicity, renewability, and potential environmental advantages make
it a credible candidate for further development in the protection of petroleum infrastructure.
When compared with conventional chemical inhibitors used in the Haoud-Berkaoui
installations, oregano essential oil showed a level of protection that falls within the range
commonly associated with industrial film-forming inhibitors. However, this comparison
remains indicative, because the synthetic inhibitors were not tested under exactly the same
experimental conditions in this study. A direct side-by-side comparison between oregano
essential oil and the chemical inhibitors currently used on site would therefore be necessary

before making a definitive industrial performance claim.
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From an industrial standpoint, the results suggest that oregano essential oil could be tested
progressively within the Haoud-Berkaoui corrosion-management program. A practical
implementation could begin with the production of a standardized extract of controlled
composition and concentration, followed by pilot trials on a limited pipeline section or a
secondary produced-water circuit. The extract could be injected through existing chemical-
injection systems and monitored using weight-loss coupons, electrochemical probes, and
periodic inspection. If field trials confirm the laboratory results, oregano essential oil could be
introduced alone or combined with reduced doses of synthetic inhibitors as part of a more
sustainable corrosion-control strategy.

This study also has some limitations. The experiments were conducted under controlled
laboratory conditions and over a limited immersion period. The number of tested concentrations
was restricted, and the long-term stability of the protective films was not fully investigated. In
addition, the behavior of the inhibitors under real flow conditions, high temperature, high
pressure, and extended exposure times was beyond the scope of this work. These limitations
define the boundaries of the conclusions and indicate the need for further investigation.

Based on the obtained results, future research should focus on optimizing the concentration and
injection protocol of the most effective extract, especially oregano essential oil. It is also
recommended to identify the active molecules responsible for inhibition and to study their
adsorption mechanism using electrochemical and surface-analysis techniques. Further tests
should be carried out under dynamic-flow, high-temperature, and high-pressure conditions in
order to reproduce the real operating environment more accurately. In addition, the possibility
of combining several plant extracts or using green inhibitors with reduced doses of conventional
products should be explored to improve protection and reduce environmental impact.

In conclusion, this study demonstrates that natural plant extracts, particularly oregano essential
oil, can provide effective protection against the bacterial corrosion of API 5L X52 pipeline steel
under sulfate-reducing bacteria conditions similar to those of the Haoud-Berkaoui field. By
combining high inhibition efficiency with environmental advantages, green inhibitors represent
a promising path toward sustainable corrosion control in the oil and gas industry. Further
development, optimization, and field validation could allow these natural products to contribute

to safer, cleaner, and more durable petroleum infrastructure.
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