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Introduction:

Metal corrosion is considered one of the most significant technical and economic challenges
facing various modern industrial sectors due to its direct impact on structural integrity, operational
continuity, and resource efficiency. Corrosion mainly results from chemical or electrochemical
reactions between the metal and the surrounding environment, particularly in acidic media
characterized by high aggressiveness and a strong ability to accelerate the degradation of metallic
materials. This deterioration leads to the loss of the metal’s mechanical and chemical properties,
adversely affecting its service life and increasing maintenance, repair, and replacement costs.
Therefore, the study of this phenomenon has become an urgent scientific and practical necessity in

the fields of engineering and industry [1].

Carbon steel, particularly the XC70 grade, occupies an important position among the most
widely used materials in industrial and engineering applications due to its favorable mechanical
properties, such as hardness and toughness, as well as its low cost and ease of forming and
manufacturing. However, this type of steel remains highly susceptible to corrosion, especially when
exposed to acidic media such as hydrochloric or sulfuric acid, where electrochemical reactions
leading to metal dissolution are significantly accelerated. Consequently, this high corrosion
susceptibility is considered one of the major limitations restricting its long-term use, which

necessitates the search for effective solutions to improve its resistance under such conditions [2].

In this context, corrosion inhibitors have emerged as one of the most effective methods used
to reduce metal degradation. These substances function by decreasing the reaction rate between the
metal surface and the acidic medium through the formation of a protective film or by modifying the
electrochemical reaction mechanism. Although many conventional inhibitors have proven effective,
their use faces challenges related to high costs and adverse environmental and health effects.
Therefore, researchers have increasingly focused on developing safer and more sustainable

alternatives based on naturally available and environmentally friendly materials [3].

Among these promising alternatives, plant extracts have emerged as a rich source of active
organic compounds such as phenols, tannins, and flavonoids. These compounds possess a strong
ability to adsorb onto the metal surface, forming a protective film that reduces corrosion. Walnut
shell extract is considered one of the natural materials that has attracted increasing attention in
recent studies due to its rich chemical composition, which qualifies it as an effective and

environmentally friendly corrosion inhibitor. These compounds can interact with the steel surface to

2
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form a protective barrier that limits reactions with the acidic medium, thereby enhancing the

corrosion resistance of the metal [4].

Accordingly, the present study focuses on evaluating the effectiveness of walnut shell extract
as a natural inhibitor for the corrosion of carbon steel (XC70) in an acidic medium, while also
seeking to understand its mechanism of action and assess its efficiency in comparison with
conventional inhibitors. In addition, the study aims to analyze the behavior of this extract under
specific experimental conditions in order to determine its potential for industrial application as a
sustainable economic and environmental alternative. To achieve this objective, the study has been
divided into three interconnected chapters. The first chapter is devoted to the theoretical framework
of corrosion and corrosion protection methods, while the second chapter discusses corrosion
inhibitors and their relationship with carbon steel. The third chapter presents an applied study on the
effect of walnut shell extract on inhibiting the corrosion of XC70 steel in an acidic medium, thereby

providing a comprehensive scientific evaluation of this promising approach [5].
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I.1 Introduction:

Metals are considered among the most essential materials upon which humanity has relied in
various fields of life, owing to their unique mechanical and physical properties that have made them
fundamental to industries, infrastructure, and engineering applications. Steel, particularly carbon
steel, is one of the most widely used metals due to its strength, toughness, and relatively low cost
compared to other materials. However, despite its great importance, this material faces significant
challenges related to its interaction with surrounding environmental factors, as it gradually
undergoes changes that affect its structure and properties. One of the most significant of these
challenges is the phenomenon of corrosion, which particularly affects steel [1]. This chapter aims to
present the basic definitions and fundamental concepts related to corrosion and the methods used

for its protection.

1.2. Definition of Corrosion

Corrosion is defined as the progressive deterioration of materials, particularly metals,
resulting from chemical or electrochemical reactions with the surrounding environment, whether
atmospheric air, moisture, or a chemical medium, and it can occur at all temperatures. This reaction
leads to metal degradation and the formation of a porous rust layer that weakens the mechanical
structure, reduces thickness, and causes pitting. The severity of corrosion may further increase due

to the movement of solid particles that remove protective layers [2].

Corrosion is also described as a change in the properties or the dissolution of a material
(metal) resulting from its interaction with the surrounding environment. The driving force behind
metal corrosion is a natural process that tends to return the metal to its original state in nature,
namely its ore state. According to the international standard ISO 8044, corrosion is defined as a
physicochemical interaction between the environment and the metal that results in changes in the

characteristic properties of the metal [3].

Based on the above, corrosion can be defined as a natural phenomenon involving the
degradation or deterioration of materials, especially metals, as a result of their chemical or
electrochemical interaction with the surrounding environment, leading to the gradual loss of their

physical and mechanical properties [3].
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1.3. Physical and Chemical Factors Affecting Corrosion

The extent of corrosion depends on the following:

. The properties of the metal.
. The nature of the corrosive environment [4].

Corrosion-related factors associated with the metal:

. Electrochemical potential for metal oxidation.
. Presence of another metal or material acting as a cathode.
° Electrochemical overpotential of the metal.

° Purity of the metal.

. Physical state of the metal.

. Relative surface area of the metal acting as an anode and a cathode.

° Relative size (volume) of metal atoms and corrosion products such as oxides.

. Solubility of corrosion products formed during the corrosion process.
CORROSION FACTORS

4, METAL NATURE

. € . jiti « Condition of the medium * Medium composition « Chemical composition
| = Gaseous or liquid

* Mechanical stress « Sample shape < ot of dissolved « Heat treatment
« Change of protective * Mechanical induction saltand xygen « Mechanical treatment
locations « pH nature of the medium
* Welding ‘ o Tl ) ic conditions « Preparation method
o Temperstivy 2 (Pressure, Temperature,
« Assembly conditions Concentration)

« [nhibitor addition

Figure I - 1: Diagram illustrating corrosion factors

1.3.1 Classification of Corrosion Factors

Corrosion phenomena depend on a vast number of factors, which can be classified into four

primary groups .
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Figure I - 2: The Main Factors Affecting Corrosion.

The corrosion rate of a metal within an aggressive medium depends simultaneously on the
characteristics of two fundamental parameters: temperature and pH. These parameters exert a direct
influence on corrosion kinetics, as well as an indirect influence via the aqueous phase (such as
condensation water or production water). Furthermore, hydrodynamic flow conditions, the nature of

the passive film formed on the metal surface, and the global pressure exert a direct influence

Metallurgical
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Fabrication
processes

Impurities

Heat treatment

Mechanical treatment

through the partial pressure of Co2[Boum, 17].

Effect of Temperature

Generally, an increase in temperature accelerates corrosion phenomena. This behavior is
attributed to the restriction of the thermodynamic stability domains of metals and the acceleration of
reaction and mass transport kinetics. Nevertheless, the extent of this influence varies significantly

depending on the nature of the corrosive environment to which the material is exposed [Boum, 17].

Effect of Acidity (pH)

The susceptibility of a material to corrosion is highly dependent on the pH of the electrolyte.
A high concentration of protons (H") within the solution increases the chemical aggressiveness of
the medium, thereby altering the equilibria of chemical and electrochemical reactions.

Consequently, the corrosion rate increases proportionally with a decrease in the pH of the medium

[Boum, 17].
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Electrochemical Corrosion

This is the most frequent mode of corrosion. It involves electronic transfers between a metal

and an electrolytic solution in contact with it.

From a practical standpoint, the coupling of one or more oxidation reactions of the metal at
the anode with one or more reduction reactions of species in solution at the cathode leads to a
"mixed" corrosion potential. This is also referred to as free potential or open-circuit potential,
located within a domain of the potential-pH diagram (Pourbaix diagram) where the metal is active.
The entire surface of the metal assumes this potential value and becomes the site of corrosion

described by the reaction:

Red & Ox® +ne”

Where Red denotes the reduced species and Oxn+ represents the associated oxidant.

Corrosion can only take place if the electrons released by the oxidation of the metal are
captured by another redox couple corresponding to the reduction reaction driving the corrosion

process.

In wet (aqueous) corrosion, the essential driving factors are water, protons H+ (in a deaerated
medium, where the dissolved O2 concentration is considered negligible compared to that of H+ ions
) and dissolved oxygen (in an aerated medium, where the reduction current of dissolved O2 is
higher than that of H+ ions). Thus, within these different environments, the reactions taking place

are:

Oxidation reaction of a metal M into its ions Mn+:

M+« M +ne”

Reduction reaction of the oxidizing agent (the driving force of corrosion):

° In an acidic and deaerated medium:

2H +2e” <+ Hy

7
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° In an acidic and aerated medium:

20, + 2H" 4+ 2~ —» H, 0
° In a neutral or basic and deaerated medium:

H20-|-e' — 1/2H2 + OH™

° In a neutral or basic and aerated medium:
1/202 +H,O + 2 — 20H
® The overall corrosion reaction can be outlined as follows

Metal + Ox (Oxidizing agent) — Oxidized metal + Red (Reducing agent)

Biological Corrosion
It results from the action of bacteria or products derived from bacterial activity—such as
organic acids or gases like CO2 and SO2 — on the metallic material. Buried pipelines are highly

susceptible to this type of corrosion [Robe, 99].

I.4. Types and Forms of Corrosion
1.4.1. Types of Corrosion

Corrosion is classified, based on the nature of the surrounding environment with which the

metal interacts, into three main types:

1.4.1.1 Chemical Corrosion: This type of corrosion arises from the direct chemical reaction
between the metal (or alloy) and the surrounding environment. It occurs through a direct chemical
effect, where the metal combines with non-metallic elements or compounds such as water vapor,
oxygen, chlorine, or others, to form a non-metallic compound. It relies on the oxidation of the metal
and its return to the oxidizing medium at the same site, with microscopic dimensions reaching the
order of an atomic diameter (Angstrom). It does not involve electron exchange due to the absence
of a conductive electrolyte; therefore, it is limited to non-conductive or weakly conductive media.

Most metals tend to bond with oxygen, reacting with it even in completely dry air. [5]

1.4.1.3 Electrochemical Corrosion: This is defined as the destruction of a metal surface upon

contact with a chemical element, accompanied by the emergence of an electric current within the

10
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metal. The essence of this type of corrosion is the mutual interaction between the metal and its

surrounding medium, such as mud or water, resulting in metal degradation alongside the generation
of an electric current. When the metal comes into contact with polarized water, surface atoms are
displaced from their positions under the influence of the field strength of water molecules, which—

due to their small size—penetrate into the bulk of the metal.

This form of corrosion is characterized by occurring through electrochemical reactions that
consistently take place at phase boundaries and can be divided into two primary reactions: anodic
and cathodic. At the anodic pole, metal oxidation occurs, meaning its dissolution into the solution
as ions with the release of electrons that remain trapped on the metal surface. These electrons are
then transferred through the metal to the cathodic pole, where they are consumed in a reduction

reaction.

1.4.1.3 Biological Corrosion

This type of corrosion is prevalent in soils and oil wells. It is a degradation process resulting
from the activity of microorganisms. It accounts for less than one quarter of the total corrosion
phenomena. These microorganisms mainly include bacteria and fungi, and in some environments
algae may also be present. Heat, moisture, and nutrients are among the most important conditions

required for their growth and activity. [5]

1.4.2 Forms of Corrosion

This classification of corrosion is based on the appearance of the corroded metal, its visual

characteristics, and the mechanism by which it occurs.

1.4.2.1 Uniform (General) Corrosion

This type refers to the gradual and uniform deterioration of the metal surface, resulting in a
progressive reduction in thickness. It is the most common form of corrosion and is characterized by
an even attack distributed over the entire surface exposed to the corrosive medium (such as the
uniform rusting of steel sheets). In this case, the corrosion rate remains relatively constant and can

be predicted in engineering applications. [6]
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Figure I - 3: Uniform (General) Corrosion
1.4.2.2 Pitting Corrosion:

It is the process of forming deep pits or holes on a non-corroded surface. These pits can take
multiple shapes, and this type is common in saltwater environments, occurring frequently in

stainless metals; its occurrence requires the presence of chloride ions. [7]

Figure 1-4: Pitting Corrosion

1.4.2.3 Intergranular Corrosion:

This occurs when the metal is in a specific metallurgical state that causes the grain boundary
region to become more active than the grain regions themselves. Most alloys suffer from this type

of corrosion, such as austenitic stainless steel alloys. [7]
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Figure I- 5: Intergranular Corrosion

1.4.2.4 Galvanic Corrosion:

This type of corrosion occurs when two metals with different potentials are in contact or

connected.

Figure I- 6: Galvanic Corrosion

An electrical potential difference is created in an electrolytic corrosive medium, where one of
the two metals acts as an anodic region while the other acts as a cathodic region. This phenomenon
can be explained by the electrochemical series; the greater the potential difference between the two

metals, the more severe the corrosion affecting the metal with the lower electrochemical potential.

(6]
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1.4.2.5 Selective Corrosion:

This type of corrosion occurs only in alloys composed of two or more metallic elements.
Corrosion is initiated due to localized variations in composition; consequently, the more cathodic
constituent remains protected, whereas the more anodic constituent undergoes corrosion. The
corrosion resistance of the alloy depends on its chemical composition and increases with a higher

concentration of the more cathodic metal in the alloy. [8]

Figure I- 7: Selective Corrosion

1.4.2.6 Crevice Corrosion: This type of corrosion occurs in small gaps existing between two
metals, such as rivet or bolt gaps. In these crevices, the oxygen concentration is limited (acting as
an anode), while the external surface (acting as a cathode) has a high oxygen concentration; this

differential aeration leads to the corrosion of these gaps. [8]

Figure I-8: Crevice Corrosion
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1.4.2.7 Filiform Corrosion: Filiform corrosion occurs under painted or coated surfaces when

water penetrates the coating. This type of corrosion begins when small defects occur in the paint

and spreads, leading to structural weakness. [9]

1.4.2.8 Stress Corrosion: Stress corrosion is defined as a slow cracking process of a metal
immersed in a corrosive medium under the influence of internal and external stresses. This type of

corrosion is similar to pitting corrosion in its occurrence within passive alloys. [10]

Figure I- 9: Stress Corrosion Cracking (SCC)

L.5 Electrochemical Principles of the Corrosion Process

The electrochemical principles of the corrosion process are based on the formation of

microscopic electrochemical cells on the metal surface.

Corrosion is a redox process occurring within a cell composed of an anode (oxidation), a
cathode (reduction), an electrolyte (a conductive medium such as water), and an electronic path (the
metal itself). Electrons flow through the metal from the anode to the cathode, while ions migrate

through the electrolyte to complete the circuit, leading to the gradual degradation of the metal. [11]

Vibration corrosion is a form of erosion-corrosion that combines electrochemical reactions
with mechanical movement, thereby accelerating metal damage. Vibrations generate disturbances in
the liquid medium, causing cavitation and the formation of high-speed gas bubbles that strip away
protective layers. This exposes the metal to the corrosive environment and increases the rate of

weight loss. [11]

¢ Mechanism of Vibration-Induced Corrosion:

. Simultaneous electrochemical corrosion occurs as degradation results from

electrochemical reactions, while vibrational motion contributes to the mechanical effect.
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o Destruction of the Protective Layer: Fluid scouring and solid corrosion products
(driven by vibration) lead to the removal of surface protective layers, which hinders ion
exchange.

. Increase in Corrosion Rate: As a result of surface exposure, corrosion products
continue to detach, increasing the corrosion rate and leading to metal failure (particularly in

turbines and boilers).[11]

1.6 Corrosion Protection Methods

The protection of metals against corrosion represents a fundamental topic in the field of
materials science and engineering due to the severe damage caused by corrosion, which affects both
structural integrity and operational efficiency. To minimize this phenomenon, various methods and
techniques have been developed according to the nature of the metal and the surrounding
environment. These approaches aim to extend the service life of materials and preserve their
physical and chemical properties, as illustrated through the different corrosion protection methods

adopted.

1.6.1 Protection by Appropriate Material Selection and Design

Protection against corrosion through proper material selection and suitable design involves
several important aspects. These include the geographical nature of the environment, where the
effects of air, water, and soil vary according to their characteristics and location. It also includes
chemical environments that require the use of specific metals capable of resisting corrosion in
seawater compared with atmospheric environments. In addition, consideration must be given to the

contact between metals and non-metallic materials such as wood and plastics.

Temperature also plays a significant role, since the corrosion rate of iron increases when the
temperature exceeds 300°C in the presence of high relative humidity. Furthermore, the design must
take into account the different stresses experienced during the service life of the equipment,
including forming stresses, thermal stresses generated during manufacturing, vibration stresses, as

well as testing and operating loads.

From a structural and geometrical perspective, welding is considered one of the best methods
for joining similar metallic parts, provided that the welded joints are free from protrusions and

crevices. Likewise, horizontal surfaces such as building roofs, pipelines, and tank bottoms should

16



Chapter | : Theoretical Framework of Corrosion

be designed in a way that prevents the accumulation of water and dust by ensuring suitable drainage

systems.

This method mainly relies on selecting materials with high corrosion resistance according to

the surrounding medium, whether air, water, or chemical environments. [12]

1.6.2 Cathodic Protection

Cathodic protection is defined as a method used to prevent corrosion and rust on the external
surfaces of buried or submerged ferrous metallic equipment by making them act as negative
electrodes within an electrical circuit. It is also considered an effective corrosion protection
technique that utilizes the electrochemical properties of metals to make the structure to be protected

function as the cathode of an electrolytic cell.

Cathodic protection is widely used to protect steel pipelines, storage tanks, steel structures,
ships, offshore oil-loading platforms, and metallic casings of oil wells. This protection is achieved
by making the metallic structure to be protected act as a cathode relative to the surrounding soil or
electrolyte. An electric current flows from the positive electrode (anode) through the surrounding
soil or electrolyte toward the buried steel structure, thereby completing the electrical circuit and

protecting the steel from corrosion [13].

This method is commonly applied for the protection of buried pipelines, storage tanks, and

marine structures.

In this method, the metal to be protected is electrically connected to another more active
metal, such as zinc, aluminum, or magnesium. The more active metal acts as the anode and corrodes

preferentially, thereby protecting the main metallic structure from corrosion [13].
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Anode

(Sacrificial
Anode) Cathode

(Protected Structure)

Pipeline Cathodic Protection in Seawater

[:l Anode (Sacrificial Anode) m Cathode (Protected Structure)

Figure I-10: Cathodic protection based on the sacrificial anode principle.

Impressed Current Cathodic Protection (ICCP): An external direct current (DC) power source,
known as a rectifier, is used to provide the metal with the electrons required for protection. The
negative terminal of the power source is connected to the metal structure to be protected, whereas

the positive terminal is connected to an inert anode [13].

| 4 = Positive Connection to Inert
| = = Negative Connection to Pipelline (Cathode) |

Figure I-11: Impressed current cathodic protection (ICCP) system.

1.6.3 Anodic Protection

Anodic protection is based on making the metal act as an active anode by applying a high
electrical potential, which leads to the formation of a stable protective oxide layer on its surface.

This method 1s commonly used for steel in acidic environments. It differs from cathodic protection
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in that the metal is converted into an anode resistant to corrosion rather than being made a cathode

[14].

1.6.4 Protection by Coating

Protection by coating is considered one of the most important methods of corrosion control. It
is based on forming an insulating layer that covers the metal surface and prevents its direct contact

with the corrosive environment, thereby reducing the chemical reactions responsible for corrosion.

Coating materials possess several properties that make them effective in corrosion protection,
the most important of which are their strong adhesion to the metal surface, high resistance to

moisture and water, and good electrical resistance.

Protective coatings are classified into several types, including metallic coatings, which
involve covering the metal with a thin layer of another metal that is more resistant to corrosion.
They also include organic coatings composed of pigments, binders, plasticizers, and solvents, as
well as inorganic coatings that involve techniques such as hot-dip coating and electrodeposition. In
addition, thermal insulating coatings are also used. All these coating systems aim to improve

corrosion protection and extend the service life of metals [15].

Metal coated with paint Metal coated with bitumen

The negative side of this method is when crevices form, the metal
present underneath is completely exposed.

Corrosion of metal in crevices (pitted areas) Corrosion of metal in crevices (pitted areas)

Figure I-12: Coating protection against corrosion.

1.6.5 Protection by Corrosion Inhibitors

Protection by corrosion inhibitors is considered one of the effective methods for preventing

metal corrosion. These chemical substances are added in low concentrations to the corrosive
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environment in order to form a protective layer on the metal surface, thereby reducing the rate of
electrochemical reactions or preventing direct contact between the metal and the corrosive medium,

such as water or oxygen.

Corrosion inhibitors act through several mechanisms, including adsorption, where inhibitor
molecules adhere to the metal surface to form a hydrophobic protective film, the formation of a
dense oxide layer, or the precipitation of insoluble compounds. These inhibitors are widely used in

the oil, gas, and water industries [16].
The main types of corrosion inhibitors include:

. Oxide Film Inhibitors: These oxidize the metal surface to form a dense protective
film, such as chromates used on steel.

g Precipitation Inhibitors: These react with ions in the medium to form an insoluble
protective layer, although their adhesion is generally weaker.

. Adsorption Inhibitors: These are organic compounds containing hydrophilic and

hydrophobic groups, commonly found in amines and sulfur-containing compounds [16].
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I1.1 Introduction:

The use of metals has significantly increased in countries with the development of technology
and economic growth. Metal consumption under the influence of environmental conditions is
considered a major problem for industrial companies (Ayse TOSUN, Miibeccel ERGUN, 2006).
Equipment damaged annually due to corrosion processes is estimated to cost billions of dollars.
Therefore, it is essential to study this phenomenon and identify the factors responsible for its

occurrence in order to develop effective methods to control it. [1]

Corrosion is considered one of the most important research topics today due to the urgent
need to protect the world’s metal resources. It is defined as a phenomenon that leads to the
deterioration or destruction of metallic structures through chemical or electrochemical reactions. [2]
This process results in significant material losses due to the replacement of damaged equipment and
systems. To reduce these losses, various protection methods are used, among which corrosion
inhibitors are the most effective. These substances act by reducing the corrosion rate to a minimum

level, since corrosion cannot be completely eliminated but can be significantly controlled. [2]

Carbon steel is one of the most widely used types of steel in engineering applications,
accounting for approximately 85% of total steel usage. It is widely utilized due to its availability in
daily life and its low cost compared to other metals. In addition, it can be used in different
environments, including acidic, alkaline, and saline media. The properties of carbon steel depend
mainly on its carbon content, which is generally less than 1%. It is used in manufacturing parts for
marine, land, and air transport systems, as well as in oil pipelines, building structures, and bridges
due to its good mechanical properties. However, carbon steel is susceptible to various types of
corrosion in certain environments, which makes it necessary to apply corrosion protection methods.
Several preventive techniques have been developed, among which the use of corrosion inhibitors is
one of the most important. Therefore, this chapter aims to clarify the concept of corrosion, the types
of corrosion inhibitors, their mechanisms of action, and their effects on carbon steel in different

environments. [2]
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I1.2. Classification of Corrosion Inhibitors
I1.2.1 Inorganic Inhibitors

Inorganic inhibitors are chemical compounds used to reduce metal corrosion by forming a
protective layer on the metal surface or by modifying electrochemical reactions. These inhibitors
include phosphates, chromates, silicates, and molybdates. They act by slowing down the corrosion
process through several mechanisms, mainly surface adsorption, passivation, and inhibition of

anodic and cathodic reactions. [7].

I1.2.2 Organic Inhibitors

Organic inhibitors are chemical compounds that contain carbon atoms and function by
reducing or slowing down metal corrosion. They act through adsorption on the metal surface,
forming a protective insulating layer that prevents the metal from interacting with the corrosive

medium. [4]

11.2.3 Cathodic Inhibitors

Based on their protective effect, cathodic inhibitors are generally less effective than anodic
ones. Their action is based on the local alkalinization of the medium, which leads to the formation
of insoluble products on cathodic areas, thereby isolating part of the surface from the solution. For
example, calcium bicarbonate can be formed, releasing calcium carbonate in an alkaline medium as
a poorly soluble precipitate. Cathodic corrosion inhibitors, depending on their composition and

environment, do not increase destructive processes even when present in insufficient amounts. [5]

I1.4. Mechanism of Action of Corrosion Inhibitors

The primary mechanism of organic inhibitors is adsorption on the metal surface, where their
molecules are adsorbed on the anode, cathode, or the entire surface, forming a thin film that is
impermeable to water and ions. This layer reduces the interaction between the metal and corrosive
species such as H® and Cl™ ions, thereby slowing down the oxidation and reduction processes

responsible for corrosion. [§]

11.4.1 Electrochemical Control of Reactions

Inhibitors are generally classified into: [9]
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o Anodic inhibitors: These slow down the metal oxidation process (electron loss) by forming

an oxide or sparingly soluble salt layer on the anodic sites.

Electrolyte
Mﬂ+ H+ Hz Hzo
0;
OH~™

Currentfilow
( Electron Conduction)

Figure I1-1: Electron loss process (metal oxidation)

e Cathodic inhibitors: These reduce the reduction reactions (oxygen or hydrogen ion

reduction).

Metal path

Electrolyte

Figure II-2: Electron gain process (O: or H* reduction)
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e« Mixed inhibitors: These affect both anodic and cathodic reactions simultaneously,

significantly reducing the overall corrosion rate.

The Corrosion Cell :

/F\/

Water
on Ol
Anodic Area 5
Where Metal Dissolves \ e g on'c—’_\ 0\ /Ox
4 / / Iron - or Steel Pipe Wall ‘\
= S Fe(OMD), Cathodic Area- —
OITOSION Woa Tuberculation of Dissolved Oxygen Reduction

Figure I1-3: Simultaneous anodic and cathodic reactions

11.4.2 Modification of Surface and Medium Properties

Some low molecular weight inhibitors, such as surfactants, act by modifying the surface
tension of water or the medium, which facilitates the formation of a protective layer that prevents

the penetration of corrosive agents. [10]

I1.5. Effect of Corrosion Inhibitors on Carbon Steel

11.5.1 Definition of Carbon Steel

Carbon steel, or plain carbon steel, is defined as an iron—carbon alloy in which iron is the
main component and carbon is the primary alloying element. [11] It is classified as carbon steel
when it mainly consists of iron and carbon, with small amounts of other elements such as
manganese, phosphorus, and sulfur, and without significant additions of alloying elements such as

chromium, nickel, or copper. Carbon steel is generally classified into three main categories[12] :

e Low carbon steel (mild steel): ~0.04%-0.3% carbon, characterized by high ductility and
weldability.

e Medium carbon steel: ~0.3%-0.6% carbon, offering a balance between strength, hardness,
and ductility.

e High carbon steel: ~0.6%-1.5% carbon, characterized by high hardness and low ductility.
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Figure 11-4: Carbon steel

11.5.2 Properties of Carbon Steel

Carbon steel is characterized by several properties:
e Mechanical properties:

As carbon content increases, the strength and hardness of steel increase after heat treatment, but
ductility decreases and brittleness increases. Low carbon steel is soft and easy to machine, while
high carbon steel is used for tools, springs, and metal meshes requiring high resistance to

deformation. [13]
e Physical and chemical properties:

Carbon steel is generally more prone to corrosion than stainless steel; however, high carbon steel
may show improved corrosion resistance when appropriate heat treatments are applied. Increasing
carbon content slightly lowers the melting point compared to pure iron and reduces weldability

without pre-treatment. [14]

11.5.3 Corrosion Mechanism of Carbon Steel

Corrosion of steel is an important issue in daily life, as metals such as iron and aluminum
undergo different forms of degradation, causing significant problems in industries and factories.
This occurs due to oxidation and reduction reactions on the metal surface, leading to material

deterioration. The following reactions describe the electrochemical processes of iron corrosion: [15]
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Fe(s) — Fe*(aq) + 2e” S (1.1)

01(g) + 2H:0(l) + 4e~ — 4OH-(aq)

(1.2)

Equation (1.1) represents the oxidation process occurring at the anode, while equation (1.2)
represents the reduction process occurring at the cathode. [15]

A corrosion cell consists of three electrodes: the working electrode (anode), the calomel
electrode, and the hydrogen electrode (cathode), in addition to an electrical conductor. This reaction

is known as a half-cell reaction. [15]

Air
Electrolyte solution Oz
Fe? + 20H" - Fe(OH)(
( Fe, O H.O

TR - ©

O, +2H,0 + 4e —

Cathod:__

Figure I1-5: Carbon steel corrosion mechanism

I11.6. Mechanism of Inhibitor Action on Steel Surface (Factors Affecting
Inhibition Efficiency)

Corrosion inhibitors act on the carbon steel surface through adsorption and the formation of a
protective layer at corrosion sites, thereby reducing or preventing oxidation and reduction reactions

responsible for iron corrosion.

11.6.1 Adsorption on Metal Surface

Adsorption is a surface phenomenon that occurs because surface atoms are not fully bonded,
making them capable of attracting surrounding molecules. There are two types of adsorption. The
mechanism of corrosion inhibition is based on direct or indirect adsorption of inhibitor molecules
on the metal surface, reducing its contact with the aggressive medium. Most metals are naturally

unstable and tend to react chemically and electrochemically with aggressive environmental agents
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such as CI” and H" ions. Inhibitor adsorption on active sites (high-energy regions) leads to the
formation of a protective film that isolates the metal surface from the corrosive environment and

prevents corrosion. [16]

Organic adsorpioccd Nanoparticle

Aggressive coating adsorsed coating
ion species ®+ \ ( Y
Organic | ﬁ
adsorption
layer

Figure I11-6: Adsorption on the Metal Surface
Inhibitor molecules (usually organic compounds containing heteroatoms such as N, O, S, or P)
adsorb on carbon steel via chemical bonds or Van der Waals interactions, covering anodic and
cathodic sites. The presence of free electron pairs (e.g., nitrogen or oxygen lone pairs) increases

adsorption strength on iron, thereby improving inhibition efficiency. [17]

11.6.2 Formation of Protective Film

Many inhibitors form a thin film on carbon steel, which may be:

e An oxide or insoluble salt film (e.g., chromate or phosphate inhibitors) that shifts the

corrosion potential toward passivation[17] .

e An adsorbed organic film (e.g., plant extracts or Schiff base compounds) that acts as a

physical barrier preventing the access of H" and Cl1™ ions to the steel surface. [16]
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A

Barrier properties |

Corrosion inhibition

Figure II-7: Formation of protective film

11.6.3 Formation of Protective Film
On carbon steel surfaces in acidic media such as HCl and H.SOa, corrosion results from
simultaneous anodic and cathodic reactions. Inhibitors reduce these reactions through anodic,
cathodic, or mixed mechanisms. [18]
¢ Anodic inhibition reduces iron dissolution (Fe — Fe* + 2e7) by blocking active anodic
sites or forming a protective layer. This shifts the corrosion potential toward more positive
values, indicating partial passivation.
Cathodic inhibition reduces reduction reactions such as hydrogen evolution (2H" + 2e¢™ —
H:) or oxygen reduction, decreasing overall corrosion rate.
Mixed inhibition affects both reactions simultaneously, commonly observed with organic
compounds such as hydrazone derivatives and Schiff bases. Polarization curves typically
show reduced anodic and cathodic currents with slight changes in corrosion potential,
confirming mixed-type inhibition and a significant decrease in corrosion current density.
[18]
e An oxide or insoluble salt film (e.g., chromate or phosphate inhibitors) that shifts the

corrosion potential toward passivation[17] .

I1.6. Conclusion
It can be concluded that corrosion inhibitors are an effective and essential method for reducing
the corrosion of carbon steel, especially in acidic media. Their efficiency mainly depends on their

chemical nature and interaction mechanism with the metal surface. These inhibitors function
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through adsorption and the formation of a protective layer that isolates the metal from the
aggressive environment, as well as by directly affecting electrochemical reactions through anodic,
cathodic, or mixed inhibition. The selection of an appropriate inhibitor depends on several factors
such as cost, toxicity, and stability, which encourages the use of environmentally friendly inhibitors.
Therefore, understanding their mechanisms and factors affecting their efficiency is essential for

developing more efficient and sustainable corrosion protection systems for carbon steel.
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III.1 Introduction:

In this chapter, the effect of time and temperature on the corrosion rate of XC70 steel in
an acidic medium (HCl) was investigated at different temperatures of 35°C, 40°C, and 45°C
over a period of 15 minutes. The variation of corrosion rate with time was monitored using a
chemical titration technique with potassium permanganate solution (KMnOs). In addition, the
efficiency of walnut shell extract as a natural corrosion inhibitor was evaluated by studying its
ability to reduce the corrosion rate of XC70 steel in the acidic medium and its contribution to

improving the metal’s resistance to corrosion..

I11.2. Materials and Reagents Used

I11.2.1 Equipment Used:

Mechanical polishing device

Figure I1I-1: Mechanical polishing device

e Electronic balance with a sensitivity of 0.0001 g
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Figure I11-2: Electronic balance with high sensitivity
e (Cylindrical funnel (graduated funnel)

e Rotary evaporator

Figure 1II-3: Rotary evaporator

e Reflux apparatus
e [[1.2.2 Laboratory Tools:

e Abrasive papers(2500 ,1200 ,800 ,600 ,400)

38



Chapter lll: Experimental Part

Figure I111-4: Abrasive papers (400, 600, 800, 1200, 2500)
e Beakers (100 mL, 200 mL)
e Flask (1000 mL)
e Funnel
e  Filter paper
I11.2.3 Chemicals Used:
e Methanol
e Acetone
e Distilled water

e Hydrochloric acid (HCI)

e Potassium permanganate (KMnOx)

e Walnut shells

Figure I1I-5: Walnut shells
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111.3 Studied Metal:

The studied material consists of XC70 steel samples cut from a pipeline used for oil
transportation in the production and refining area of the Berkawi basin. This type of steel is

widely used in the petroleum industry due to its mechanical properties and good resistance.

The chemical composition of XC70 steel is presented in the following table:

Table (II1 -1) : Chemical composition of XC70 steel

Element C Mn Si P S Fe
Percentage | 0.85% | 0.80% | 0.35% | 0.025% | 0.025% | 97%

I11.3.1 Sample Preparation:

¢ Cutting samples in cold conditions according to the required shape

® Mechanical polishing using abrasive papers (400-600-800-1200-2500) under running
water

Figure 111-6: the steel sample after polishing
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II1.4. Study of Time and Temperature Effect on Corrosion Rate Using
Titration Method

111.4.1 Effect of Time on Steel Corrosion:

The variation of XC70 steel corrosion rate in HCl medium was studied as a function of
time using KMnOs titration. The effect of walnut shell extract as a natural inhibitor was also

evaluated.

111.4.2 Preparation of KMnQs Solution:
A volume of 10 mL of 0.02 M potassium permanganate solution was taken and diluted

with distilled water to a final volume of 200 mL to obtain a diluted solution used for titration..

111.4.3 Experimental Procedure:

e  XC70 steel samples were immersed in HCI solution with different concentrations of
walnut shell extract.

e Every 5 minutes, a S mL sample was withdrawn from the solution.

e Titration was performed using KMnOs until a stable light pink color appeared
(equivalence point).

e The experiment lasted 55 minutes, and titration volumes were recorded at each
interval.

Figure I1I-7: Steel in acidic medium Figure I11-8: Titration of the medium
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111.4.4 Corrosion Rate Determination:

A The corrosion rate was calculated using:

Veorr=Am/ (S x t)

Where:

Am: mass loss

S: total surface area of the sample

t: immersion time

Table (III -2) : Corrosion rate and KMnOs consumption versus time

Time ( minute) | volume(KMnO4) mL Corrosion Rate
5 0.6 9.31x107-4
10 1.1 8.54x107-4
15 1.3 6.73x107-4
20 1.4 5.43x107-4
25 1.5 4.66x10"-4
30 1.6 4.15x107-4
35 1.8 3.99x107-4
40 2 3.88x107-4
45 2.1 3.63x107-4
50 2.2 3.42x107-4
55 2.2 3.10x107-4

The obtained results were plotted as shown in Figure I11-9
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Figure I11.9: Corrosion Rate as a Function of Time

The graph shows that the corrosion rate decreases gradually with time, which is

attributed to the formation of a corrosion product layer on the steel surface that inhibits further

react

ion.

111.4.5 Effect of Temperature:

The effect of temperature on the corrosion rate of XC70 steel in HCI was studied at

different temperatures for a fixed immersion time of 15 minutes..

I11.4.6 Experimental Procedure:

HCI solutions of identical concentration were prepared.

Temperatures were adjusted to 35°C, 40°C, 45°C, 50°C, and 60°C using a

thermostatic water bath.
Steel samples were immersed separately at each temperature for 15 minutes.
5 mL of solution was withdrawn for KMnQs titration.

Fe*" concentration was determined and corrosion rate calculated
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Table (II1 -3) : Corrosion rate versus temperature

Température KMnO, Volume Corrosion Rate after
(°C) (mL) Multiplication by (M x 5/2)

35 0.6 5.59x10"-6

40 0.8 7.44x10"-6

45 1.05 9.77x10"-6

50 1.3 1.21%10"-5

60 1.8 1.68x10"-5

Theu=& results show that corrosion rate increases with temperature due to the acceleration of

electrochemical reactions
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Figure I11.10: Corrosion Rate as a Function of Temperature
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The curve shows that the corrosion rate increases with increasing temperature. This
behavior can be explained by the acceleration of electrochemical reactions in the acidic HCI

medium, which leads to a higher corrosion rate of the steel.

II1.5. Evaluation of Walnut Shell Extract Inhibitor

II1.5.1 Selection of Inhibitor:

Walnut shells were selected as a natural corrosion inhibitor due to their content of
several active organic compounds, such as polyphenols, flavonoids, tannins, and other
oxygen- and nitrogen-containing compounds. These constituents are characterized by their
ability to adsorb onto the steel surface and form a protective layer that reduces the interaction
between the metal and the acidic medium, thereby decreasing the corrosion rate. In addition,
walnut shells are a natural, readily available, low-cost, and environmentally friendly material
compared to conventional chemical inhibitors. The walnut shells used in this study were

collected from local markets.

I11.5.2 Extract Preparation:

To prepare the plant extract and recover the active compounds, walnut shells were used
as the raw material. In the first stage, the shells were thoroughly washed with distilled water
to remove dust and adhering impurities, and then allowed to partially dry in air at room

temperature.Oven-dried at 110°C for 3 hours

Figure II1.11: Image showing the cleaning and drying of walnut
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After that, the shells were subjected to thermal drying in an oven set at 110°C for three
hours, in order to ensure complete removal of moisture and improve the extraction yield.

They were then left to cool gradually at room temperature to prevent reabsorption of moisture.

Figure I11.12: Image of grinding walnut shells

After drying, the shells were ground using an electric grinder to obtain a fine and
homogeneous powder, which increases the contact surface area during the extraction process.

Then, an amount of 50 g of the powder was accurately weighed using an analytical balance.

Figure I11.13: Image showing the weighing of walnut shells powder
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Extraction was carried out using the reflux technique, where the powder was placed in a
round-bottom flask, and then a methanol/water mixture (80:20) was added. The reflux
apparatus was operated under suitable thermal conditions to allow the extraction of

compounds soluble in the solvent.

Figure I11.14: Image of the reflux technique

Next, the liquid extract was concentrated using a rotary evaporator at 40°C in order to
preserve the stability of heat-sensitive compounds. To determine the yield, the empty flask
was first weighed, then the extract was added after evaporation and the flask was weighed

again to calculate the final mass.
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Figure I11-15: The liquid extract was concentrated using a rotary evaporator at 40°C.

® Finally, the extract was stored in dark, tightly sealed glass bottles until further
analysis.

Figure 111-16: Image of solvent removal using a rotary evaporator
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I11.5.3 Extraction Yield:

The extraction yield is calculated according to the following equation:
R% =(m_ex/m_in) x 100
Where:
m_ex: final mass of the extract after evaporation
m_in: initial mass of walnut shells used
R%: percentage yield
The obtained yield was 7.34%.
I11.5.4 Electrochemical Method:
Electrochemical = measurements  were carried out using a  PGZ301

potentiostat/galvanostat, connected to an electrochemical cell consisting of three electrodes: a

reference electrode, an auxiliary electrode, and a working electrode.

A cylindrical Pyrex glass cell with a capacity of 500 mL was used, equipped with a lid
containing multiple openings that allow the insertion of electrodes and the addition of
necessary accessories during the experiment, such as a nitrogen gas inlet and other auxiliary

components.

Figure I11-16: Schematic diagram of the electrochemical cell setup
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I11.5.5 Auxiliary Electrode:

The auxiliary electrode is one of the essential components of the electrochemical cell, as
its role is to ensure the passage of electric current through the studied medium during
electrochemical measurements. In this study, a platinum electrode was used due to its
chemical inertness and high resistance to corrosion, which makes it non-participating in the
chemical reactions occurring in the solution. The surface area of the auxiliary electrode is
approximately 1 cm?, and it was positioned inside the cell in a way that ensures uniform

current distribution during the experiment..

I11.5.6 Reference Electrode:

A Saturated Calomel Electrode (SCE) was used as the reference electrode in this study
due to its stable and well-defined electrode potential during electrochemical measurements.
This electrode contains a saturated potassium chloride (KCI) solution and is used as a stable
reference for measuring the potentials of other electrodes within the cell. It also allows
accurate determination of corrosion potential and various polarization parameters without

being affected by changes in the corrosive medium...

I11.5.7 Experimental Procedure:

Before starting the experiment, different solutions were prepared and the metal sample
was carefully polished mechanically to obtain a smooth, homogeneous, and impurity-free
surface. The electrodes were then inserted into the electrochemical cell and connected to the
measurement device. The experimental conditions, such as scan rate and potential range, were

adjusted based on preliminary tests and previous studies in this field.

After setting the experimental parameters, the device was operated to obtain
electrochemical polarization curves and Tafel plots, which allow the study of corrosion
behavior and the determination of the main electrochemical parameters. These curves provide

several important indicators, including:
e Corrosion potential (Ecorr) at the equilibrium current point
e Corrosion current density (Icorr)
e Polarization resistance (Rp)

e Anodic and cathodic Tafel slopes
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e (Corrosion rate

e Correlation coefficient (Coef), which ranges between 0 and | and indicates the degree

of agreement between experimental results and the theoretical model

I11.6. Electrochemical Study

¢ Study of Corrosion Rate
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Figure I11-17: Tafel curve in the absence of inhibitor Figure I11-18: Polarization
curve in the absence of inhibitor

Figure I11-19: Electrochemical parameters of the effect of HCl on XC70 steel
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I11.7. Effect of Inhibitor on Corrosion Rate in HCI (0.5 M)

I11.7.1 Tafel Curves:
The following figures show polarization curves of XC70 steel in HCl with different

concentrations of walnut shell extract...
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Figure I11-20: Tafel Curves of XC70 Steel in HCI Medium at Different Inhibitor

Concentrations.
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Figure I1I-21: Polarization Curves of XC70 Steel in HCl Medium at Different

Inhibitor Concentrations.
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Table (I11 -4) : Electrochemical Parameters of the Effect of the Inhibitor on XC70 Steel

PPm Tafel data
(mv) :
-Ecorr icorr -Be Ba nTafel
(mV/SCE) (nA (mV (mV (%)
cm?) dec™") dec™)

0 493.7 162.6 134.6 108.7 -
100 489.9 95.1 105.9 83.8 41.51
200 485.2 87.4 95.5 91.2 46.24
300 481.1 72.40 99.6 87.0 55.47
400 478.5 71.7 85.7 79.0 55.90
500 452.7 60.67 120.9 111.9 62.73

e XC70 steel shows a high corrosion rate in HCl without inhibitor, indicated by high

corrosion current density.

e The addition of walnut shell extract reduces corrosion current density, indicating

improved corrosion resistance.

e This improvement is due to adsorption of extract molecules on the steel surface,

forming a protective layer.

e Increasing inhibitor concentration enhances surface coverage and improves inhibition

efficiency significantly
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Abstract

This study investigated the corrosion behavior of XC70 carbon steel in 0.5 M hydrochloric
acid (HCI) and evaluated the effectiveness of walnut shell extract as a natural corrosion
inhibitor. Corrosion rate measurements showed that the corrosion rate decreased with
immersion time due to the formation of a protective layer on the steel surface, while it
increased with temperature as a result of accelerated electrochemical reactions. Walnut shell
extract was prepared by reflux extraction using a methanol/water mixture, yielding an
extraction efficiency of 7.34%. Electrochemical studies using Tafel polarization demonstrated
that the addition of the extract significantly reduced the corrosion current density and
improved the corrosion resistance of XC70 steel. The inhibition efficiency increased with
inhibitor concentration, reaching 62.73% at 500 ppm. The protective effect is attributed to the
adsorption of active organic compounds, such as polyphenols and tannins, onto the steel
surface, forming a barrier film that limits metal dissolution. The results confirm that walnut
shell extract is an effective, low-cost, and environmentally friendly corrosion inhibitor for

carbon steel in acidic media.

Keywords: XC70 steel, Corrosion inhibition, Walnut shell extract, Hydrochloric acid, Tafel

polarization, Corrosion rate, Natural inhibitor.
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