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Abbreviations & Symbols used

A
APIl: American Petroleum Institute

ASTM : American Society for Testing and

Materials

B

Ba : Tafel anodic slop

Bc : Tafel cathodic slop

C

Cai : Double layer capacitance
Conc. : Concentration.

CPE : Consant phase element

Cr : Corrosion rate

CS : carbon steel

D

DCM: Dichloromethane

DFT: Density functional theory
DNPH : 2,4-dinitrophenylhydrazine
E

Ea: Activation energy

Ecorr : Corrosion potential

EEC: Equivalent circuit electric
EIS: Electrochemical impedance
spectroscopy

Eoce : Open circuit potential

F

Fe: Iron

FTIR: Fourier transform infrared
spectroscopy

fs: Femto second (10%s)

G

GDP: Gross national product
GGA: Generalized Gradient
Approximation

Gr: Grade

H

HCI: Hydrochloric acid

HOMO : Highest Occupied Molecular
Orbital

Hz : Hertz.

|

icorr: Corrosion current density

ISO: International Standard Organization
IUPAC: International Union of Pure and
Applied Chemistry

K

Kads: Equilibrium adsorption constant

L

LUMO: Lowest Unoccupied Molecular
Orbital

M

Me : Methyle.

MEP : Molecular electrostatic potential
MD: Molecular dynamics simulation
Mp : Melting point

N

NMR: Nuclear magnetic resonance

P

PDP: potentiodynamic polarization
ppm: parts per million

ps : Pico second (10725)

R

Rat : yeild

Rp : Polarization resistance

Rs : Solution resistance

RDF: Radial distribution function
S

SEM : Scanning electron microscope
T

THF : Tetrahydrofurane.

U

UV : Ultra violet

Vv

VCI: Volatil corrosion inhibitors
W

WL: Weight loss

X

XPS: X-ray photoelectron spectroscopy
0: Surface coverage

n: Inhibition efficiency
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General Introduction

“Nothing happens quite by chance.
It's a question of accretion of information and experience”

Jonas Salk
1. Thesis purpose and context

The API-grade low carbon steels are the most dominant materials used by different
industries, especially in oil wells and gas transportation fields due to their low cost, durability
and mechanical efficiency [1, 2]. However, it is very prone to undergo corrosion when exposed
to aggressive environments, especially those containing SO4* and CI- anions during various
industrial processes such as acid pickling, rust removal, boiler cleanings, acidizing of oil wells,
descaling processes in petroleum processing, and pipeline cleaning, etc. [3], leading to
considerable economic and health hazards. In order to mitigate corrosion problems, several
methods were adopted, such as highly corrosion-resistant materials selection, coating and
anodic protection [4], but the employment of inhibitors was still the most cost-effective and
widely adopted approach [5]. Different kinds of inhibitors have been used throughout the years
involving inorganic and organic compounds. Despite excellent inhibitive performance of
inorganic inhibitors (Chromates, phosphates, nitrite, etc.), their use is restrictive due to their
environmental unfriendliness and bio-toxicity [6, 7]. Thus, the development of less toxic, more
effective and environmentally friendly corrosion inhibitors has become highly recommended
[8]. Recently, the researchers focused on the use of organic compounds as a promising
alternative solution to traditional toxic corrosion inhibitors [9-12]. The employment of such
compounds in acidic solutions significantly reduces the corrosion rate, thereby maintaining the
lifecycle of the metal. These compounds act by adsorption on the steel surface by forming a
protective barrier that protects the metal from the destructive medium through their active
centers such as polar functional groups, heteroatoms (N, S, O, P, etc.), aromatic rings as well
as m-electrons [13-15]. Up until today, researchers tested many kinds of organic compounds for
mitigating the corrosion of various steel grades, especially those including nitrogen [16-22].
Recently, hydrazone and its derivatives have gained much attention in the research community
and have proven usefulness in several research fields, especially in biological and medicinal
applications [23-26]. As reported in literature, these organic class of compounds has recently
attracted considerable attention as promising corrosion inhibitor candidates [27-30]. Two main
reasons can be highlighted for using this class of compounds: (a) they are classified as nontoxic
organic compounds, (b) their molecular structure involves an azomethine group —-NHN=CH-

that has both nucleophilic and electrophilic characters along with m-electrons as active sites
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[31]. These features facilitate a strong adsorption of hydrazones on the surface of metal, which
results in a higher protection efficiency, which encouraged our research team to carry on in this
research path and synthetize some hydrazone derivatives for corrosion mitigation.

2. Objectives

The following specific objectives are defined to be achieved through our work:

e Synthesize and characterize four newly hydrazones derivatives that would be effective
as corrosion inhibitors of carbon steel, based on a literature review.

e Investigate the dissolution of carbon steel in 1.0 M HC1 solution and evaluate the
inhibiting effect of the four synthesized hydrazones on carbon steel by weight loss,
potentiodynamic polarization (PDP) and electrochemical impedance spectroscopy
(EIS) measurements.

e Study various factors that affect the inhibition efficiency (effect of inhibitor
concentration and effect of temperature).

e Assess the kinetic and thermodynamic parameters by using the weight loss method.

e Study the nature of adsorption of hydrazones on carbon steel surfaces in an acidic
medium.

e Study the mode of inhibition (anodic or cathodic or mixed) of the tested hydrazones.

e Characterize the adsorbed film formed at the carbon steel/solution interface using
scanning electron microscopy (SEM), contact angle, and X- ray photoelectron
spectroscopy (XPS).

e Determination of molecular electronic properties and their correlation with
experimental efficiency.

e Evaluate the adsorption of the inhibitor’s molecules on metal surfaces.

e Elucidate the possible mechanism of the corrosion inhibition.

With these objectives, an exploration of new potential and eco-friendly corrosion inhibitors
was effectively achieved and developed to be used for carbon steel in acidic medium.

3. Thesis structure

This thesis involves 3 parts. The content of each part is presented below:

Part | is a bibliographical reminder on the corrosion and corrosion inhibitors which presented

in three sections:
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e Section A: Deals with the general aspects of corrosion. Meaning and importance of
corrosion, consequences of corrosion and types of corrosion are presented.
Classification of corrosion, factors which influence corrosion and corrosion prevention
methods are discussed.

e Section B: Definition of inhibitors, global demand of corrosion inhibitors, types of
inhibitors, factors which affect inhibition action and mechanism of inhibition in acidic,
alkaline and neutral media have been elaborated.

e Section C: presents the literature survey on nitrogenous compounds and hydrazone
derivatives and their role in corrosion inhibition

e Part Il: This part deals with chemical and electrochemical methods for the
measurement of corrosion rate as well as the experimental details which includes the
materials and methods used during the experimental work. This part also includes the
procedure of synthesis of hydrazones. The details of corrosion tests that have been
undertaken to investigate the inhibition behavior of hydrazone derivatives have also

been described in this part.

Part I11: presents the basic results establishing corrosion inhibition effect of hydrazone
derivatives using chemical and electrochemical techniques as well as characterization of the
inhibiting film formed on the carbon steel surface using SEM, contact angle and XPS methods.
Additionally, theoretical studies using Density Functional Theory (DFT) and molecular
dynamics simulation (MD) were performed to explore the most reactive sites of the hydrazone

molecule and its adsorption mechanism.

Finally, a conclusion of the undertaken research and the recommended future work.
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“Lay not up for yourselves treasures upon earth where moth and rust doth
corrupt and where thieves break through and steal”
Matthew

l. A. 1. Definition

The term corrosion is a derivative from the Latin word ‘Corrodere’ which means “to
attack or gnaw away”, and it first appeared in the 'Philosophical Transactions' in 1667 [1].
Generally, corrosion is a spontaneous process and is referred to as the disintegration of material
or its properties, through chemical ,electrochemical or biochemical reaction with the
surrounding environment, which converts a pure metal to a chemically- stable form, such as its
oxide or hydroxide [2] . the technical definition of corrosion given by International Standard
Organization (ISO) denotes that it is the “Physicochemical interaction between a metal and its
surrounding conditions which result in changes in the properties of the metal and which may
often lead to mutilation of the function of the technical system of which these form a part” [3].
But as per the International Union of Pure and Applied Chemistry IUPAC , “Corrosion is an
irreversible interfacial reaction of a material (metal, ceramic, and polymer) with its
environment which results in its consumption or dissolution into the environment” [4] . In the
other side , the ASTM terminology (G15), corrosion is defined as, “the chemical or
electrochemical reaction between a material, usually a metal, and its environment that

produces a deterioration of the material and its properties” [5].

I. A. 2. History of corrosion

The ancient Greek Historian Heyrodotus (Fifth century BC) and the ancient
Roman naturalist, Piny the Elder (First century BC) mentioned the adsorption of tin for the
protection of iron from corrosion. Alchemists through centuries made fertile attempts to
transform base metals into noble ones. Early attempts to mitigate corrosion of metals were
empirical and centered largely on the use of organic and metallic coatings. Inhibitors for acid
corrosion of metals were known from the middle ages. These were obvious measures to protect
metal structures constructed by early artisans, often at the expense of much time and very hard

work.

e Lomonosov (1743 — 1750) was the first to make broad systematic experiments
on the study of the action of acids on metals.
e Faraday (1820-1882), established a very important relationship between

chemical action and the generation of electric current.
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e Davy (1826) proposed an electrochemical method using sacrificial anode for the
protection of copper sheathed ocean going ships.

e De LaRive (1830) attributed the pronounced corrosion of impure zinc metal to
the operation of short-circuited microcells on the metal surface.

e Marangoni and Stephanelli (1872) used extracts of glue and gelatin and bran
to inhibit the corrosion of iron in acids. This and subsequent discoveries of
effective corrosion inhibitors were to a large extent: the result of empirical
studies.

e Wagner (1938) proposed a mixed potential theory. The theory proclaimed that
(1) any electrochemical reaction comprised of two or more partial oxidation and
reduction reactions, (ii) there can be no net accumulation of electrical charges
during an electrochemical reaction and the potential at the entire surface of an
isolated electrode should be the same.

e The first patent in corrosion inhibition was awarded to Baldwin (1960), British
patent, which involved the use of molasses and vegetable oils for pickling steel
sheet in acid. Later, increased research activities in corrosion inhibition studies

were started.

I. A. 3. Basic Processes of metallic corrosion

The corrosion is a complicated process but the basic process of metallic corrosion in

aqueous solution involving the following steps [6] (Fig I. A. 1):

02

rust
Fe,03-X H,0
"pitting™ = Cathode:
Anode: +2 02 +2H20 + 4e-
Fe——> Fe “~ +2e~ —> 4 OH-

+2 +3 -
Fe “—Fe™ + @ IRON

Figure. 1. A. 1. Reaction occurring during the corrosion of steel [7].

v" When a metal is placed in aggressive environment, it loses electrons and forms
positively charged ions.
v As a result of the formation of positively charged ions, electrons are released to flow

through the steel to the cathodic area.
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v/ Oxygen in aqueous solution moves to the cathode and completes the electric circuit

by using the electrons that flow to the cathode to form OH™ at the surface

of the metal.
+ Anodic reaction: Fe — Fe*t + 2e~ (1.LA. 1)
+ Cathodic reaction: 0, + 2H,0 + 4e~ - 40H~ (1.LA.2)

In the absence of oxygen, hydrogen ion participates in the reaction at the cathode instead of
oxygen and completes the electrical circuit as follows:

2H* +2e~ > H, 1 (1. A. 3)
Ferrous ions produced by dissolution of the metal combine with hydroxyl ions as follow:
Fe?* + 20H™ — Fe(OH), 1 (1.A. 4)
The ferrous hydroxide produced has a very low solubility and quickly precipitates
4Fe(OH), + 0, + 2H,0 - 4Fe(OH); (l.A.5)

Dehydrolysis of this product leads to the formation of the corrosion products normally
seen on the metal surface (Eq. 1. A.6and I. A. 7).

ZFQ(OH)g _)F8203 »l/ +3H20 (IA 6)
Fe(OH); - FeO(OH) | +H,0 (I.LA.7)
I. A. 4. Different forms of Corrosion

Corrosion can affect the metal in a variety of ways, depending on its nature and the
precise prevailing environmental conditions, resulting, for example, in failure by cracking or in

loss of strength or ductility [8].

. A. 4. 1. Uniform corrosion

The uniform attack is the most common type of corrosion, which is also called general
corrosion. it is usually the result of a chemical or electrochemical reaction [9] over the entire
exposed area to the aggressive medium, resulting in the uniform decrease of metal thickness .
Usually, this form of corrosion does not cause major technical problem because the service life

of the equipment can be estimated using relatively simple tests.
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Figure. I. A. 2. Schematic representation of uniform corrosion [9].

I. A. 4. 2. Pitting corrosion

Pitting corrosion is a form of corrosion classified as localized attack often results in
localized penetration in the metal at concentrated places forming pits or holes. Nevertheless,
this form is one of the most insidious forms of corrosion. Equipment failed because of
perforation with only a small percent weight loss of the entire surface. The detection of the pits

is a difficult task because of their small size and the pits are often covered by corrosion products.

Figure. I. A. 3. Schematic representation of pitting corrosion [10].

I. A. 4. 3. Crevice corrosion

It refers to corrosion that occurs if a crevice between different metallic objects, e.g.
bolts, nuts and rivets, is in contact with liquids. This is usually attributed to changes in acidity
in the crevice, absence of O in the species and concentration of a detrimental ionic species. A
typical example of crevice corrosion is the crevice formed at the junction of two metal surfaces

in close contact with a gasket or another metal surface.
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Figure. I. A. 4. Schematic representation of crevice corrosion [11].

. A. 4. 4. Galvanic corrosion

Galvanic corrosion is a type of electrochemical corrosion in which two different types
of metals in contact are jointly exposed to corrosive media. The corrosion of the less noble
metal is thus accelerated (the metal with more negative electrode potential will become the

anode and corrode). e.g. * zinc and copper metals,* steel pipe connected to copper plumbing.

e

Figure. I. A. 5. Schematic representation of galvanic corrosion [11].

I. A. 4. 5. Intergranular corrosion

Intergranular corrosion is a localized form of corrosion and is observed
mainly in case of alloys; which is often a preferential attack on the grain boundary phases or
the zones immediately adjacent to them. Little or no attack is observed on the main body of the
grain. This results in the loss of strength and ductility. The attack is often rapid, penetrating
deeply into the metal and causing failure. When it occurs, the surface of the material can appear

unattacked, but the mechanical strength of the alloy can deteriorate slowly or rapidly.

Figure. I. A. 6. Schematic representation of intergranular corrosion [11].
I. A. 4. 6. Erosion corrosion
The term “erosion” applies to deterioration due to mechanical force. The rate of

deterioration or attack on a metal accelerates or increases due the relative movement between a

caustic medium and the surface of metal. Generally, this movement occurs fast, because of
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involvement of mechanical abrasion. The removal of metal from the surface takes place in the
form of dissolved ions, or sometimes in the form of solid corrosion products which are wiped
from the metal surface [12]. Erosion corrosion is usually caused by an aqueous or gaseous flow

over the metal surface or impinging upon it.

Figure. I. A. 7. Schematic representation of erosion corrosion [11].

I. A. 5. Common corrosive agents
a) Acids

Strong acids such as sulfuric acid, halogen acids and nitrous oxide compounds, will

severely corrode most of the alloys [13].

b) Alkalies

Although alkalies, are generally not as corrosive as acids, aluminum and magnesium alloys
are exceedingly prone to corrosive attack by many alkaline solutions unless the solutions

contain a corrosion inhibitor [13].

c) Salts

Most salt solutions are good electrolytes and can promote corrosive attack.
Some stainless-steel alloys are resistant to attack by salt solutions but aluminum

alloys, magnesium alloys, and other steels are extremely vulnerable [13].

d) The Atmosphere

The major atmospheric corrosive agents are oxygen and airborne moisture, both of which
are in abundant supply. Corrosion often results from the direct action of atmospheric oxygen
and moisture on metal, and the presence of additional moisture often accelerates corrosive
attack, particularly on ferrous alloys. However, the atmosphere may also contain other corrosive
gases and contaminants, particularly industrial and marine environments, which are unusually

corrosive [13].
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e In areas where there are chemical industrial plants, other corrosive atmospheric
contaminants may be present in large quantities, the most common of which are partially
oxidized sulfur compounds. When these sulfur compounds combine with moisture, they
form sulfur-based acids that are highly corrosive to most metals, but such conditions are
usually confined to a specific locality.

e Marine atmospheres contain chlorides in the form of salt particles or droplets of salt
saturated water. Since salt solutions are electrolytes, they attack metals and alloys and
caused a sever corrosion.

e) Water

The corrosivity of water will depend on the type and quantity of dissolved and organic
impurities and dissolved gasses (particularly oxygen) in the water. One characteristic of water
which determines its corrosivity is the conductivity or its ability to act as an electrolyte and

conduct a current.

I. A. 6. The consequences and costs of corrosion

Corrosion process becomes a problem of worldwide significance that causes a huge
economic and security damages in developed and developing countries, which often more
serious than the simple loss of mass of metal [14-16]. Along with the economic and safety
losses, corrosion also causes environmental problems due to leakage of toxic chemicals and
solvents through corroded metallic equipments [17]. The national association of corrosion
engineers (NACE) proclaimed $2.5 trillion as yearly expenditure of corrosion, which is the
comparable amount to about 2-4% of the gross national product GDP. In South Africa,
Australia, China, India and Japan cost of corrosion are US $ 9.6 billion (R130-billion), US $ 32
billion, US $ 310 billion (2127.8 billion RMB; 3.34% GDP), US $100- billion and US $ 9.2
billion (2.5 trillion Yen; 2.0% GDP), respectively [18, 19]. Thus, corrosion should be given
highest attention and adequate preventive measures to avoid economic loss and loss of living

beings. Some of the major harmful effects of corrosion can be summarized as follows [20-22]:

» The reduction of metal thickness affects the physical, chemical, and mechanical
properties of the metals.

» Shutdowns of industrial plants such as nuclear plants, process plants, and
refineries lead to severe problems for industry and consumers.

» Loss of time involved in the repair of industrial equipment due to corrosion.
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» Loss of efficiency: Accumulated corrosion products on pipelines and heat
exchanger tubing reduce the heat transfer and piping capacity.

» Product contamination: Corrosion products may spoil chemical preparations of
dyes, soap, packaged goods, and pharmaceuticals.

» The unexpected failure of equipment or component affects safety which may
result in fire, explosion, or release of toxic products where human safety will be
questionable.

1. A. 7. Importance of corrosion studies

The importance of corrosion studies is two folds. The first is economic, including the
reduction of material losses resulting from the wasting away or sudden failure of piping, tanks,
metal components of machines, ships, hulls, marine, structures...ctc. The second is
conservation, applied primarily to metal resources, the world’s supply of which is limited, and
the wastage of which includes corresponding losses of energy and water resources

accompanying the production and fabrication of metal structures

Nowadays it is necessary to pay more attention to metallic corrosion than as it was done

earlier due to many causes [23-25]:

» High usage of metals in different manufacturing and engineering industries.

» Use of high strength alloys, which are more vulnerable to certain types of
corrosive attack.

» Use of rare and costly metals whose protection needs special precautions.

» Increase of pollution in both air and water leading to a more corrosive
environment.

» Corrosion contaminates products such as pharmaceuticals, food, and dairy
products.

» Strict safety standards of operating equipment which may fail in a catastrophic
manner as a result of corrosion.

I. A. 8. Corrosion rate

When exposed to a corrosion medium, metals tend to enter into a chemical union with
the elements of the corrosion medium, forming stable compounds similar to those found in
nature. When metal loss occurs in this manner, the compound formed is referred to as the

corrosion product and the surface is referred to as having been corroded and the corrosion rates
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for materials can be expressed in many different ways depending on the application and

personal preferences [11]:

AN

as a mass loss per unit of surface and per unit of time (ex: mg/h.cm?)

\

as corroded depth per unit of time (ex: mm/year)

> as a current density (ex:mA/cm?)

I. A. 9. Causes and factors influencing corrosion rate

Corrosion is a complex phenomenon and influenced by numerous factors such as
temperature, pressure, aggressiveness of the electrolytic medium and presence of metallic
impurities. Generally, pure metals and most of the metallic alloys are chemically unstable
thereby react with the constituents of the surrounding environment by chemical or/ and
electrochemical reactions to form more stable corrosion products. Therefore, corrosion is an
electrochemical, thermo-dynamical and spontaneous process of slow conversion of less stable
form of metallic materials into more stable forms. The major influencing factors which may

influence the corrosion process are [26]:

I. A. 9. 1. Nature of the metal

Some metals have high tendency to corrode compared to others. In general, the metal
with lower electrode potential is more reactive and is more susceptible for corrosion and metal
with high electrode potential is less reactive and less susceptible for corrosion. For example,
metals like Fe, Mg, Zn etc., have low electrode potential and undergo corrosion very easily
whereas noble metals like Ag, Au, and Pt have higher electrode potential. Their corrosion rates
are negligible. But there are few exceptions for this general trend as some metals show the
property of passivity like Al, Cr, Ti, etc. Variations in size and shape of metal can indirectly
affect the corrosion resistance property of the metal. The geometry of the material also

influences the corrosion [27].
. A. 9. 2. External material on the surface

Presences of foreign materials such as: soil, atmospheric dust, oil and grease on the

surface of the metal greatly influence the corrosive nature of the metal.
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I. A. 9. 3. Relative areas of anode and cathode

The ratio of the anodic and cathodic area also affects corrosion. If anodic area is small,
localized and rapid, corrosion occurs because of high current density in a smaller anodic area
and the demand for electrons of the large cathodic area can be met by smaller anodic areas by

increasing corrosion rate [28].
I. A. 9. 4. Temperature and pH

The impact of the temperature on the corrosion rate of the material is usually very high,
because the speed of electrochemical attack is increased with temperature and moist climate.
The corrosion rate is maximum when the environment is more acidic (pH<5) and minimum
when the environment is more alkaline (pH>11). In general, acidic medium is more corrosive

than alkaline or neutral medium [29, 30].
I. A. 9. 5. Nature of the electrolyte

The nature of the electrolyte also affects the rate of corrosion. The presence of chloride

ions destroys the protective film formed on the surface of the metal and increase corrosion.

I. A. 10. Corrosion of carbon steel

Steel is a metal alloy whose major component is iron, with carbon content
between 0.02% and 1.7% by weight. Carbon steel, the most widely used engineering material,
accounts for approximately 85 %, of the annual steel production worldwide. Despite its
relatively limited corrosion resistance, carbon steel is used in large tonnages in marine
applications, nuclear power and fossil fuel power plants, transportation, chemical processing,
and petroleum production and refining, pipelines mining, construction and metal-processing
equipment. The cost of metallic corrosion to the total economy must be measured in hundreds
of millions of dollars per year. Because carbon steel represents the largest single class of alloys
in use, both in terms of tonnage and total cost, it is easy to understand that the corrosion of
carbon steel is a problem of enormous practical importance. This is the reason for the existence

of entire industries devoted to provide protective systems for iron and steel [31].

I. A. 11. Aqueous corrosion of carbon steel

Carbon steel pipes and vessels are often required to transport water or submerged
in water to some extent during service. This exposure can be under conditions of varying

temperature, flow rate, pH and other factors all of which can alter the rate of corrosion. At low
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pH, the evolution of hydrogen tends to eliminate the possibility of protective film formation so
that steel continues to corrode. But in alkaline solutions, the formation of protective films
greatly reduces the corrosion rate. The greater the alkalinity, the slower the rate of attack. In
neutral solutions, other factors such as aeration became determining, so that generalization
becomes more difficult. The corrosion of steels in aerated well-water is about the same overall
as in aerated fresh water, but this is somewhat misleading because the improved electrical
conductivity of seawater can lead to increased pitting. The concentration cells can operate over
long distance, and this leads to a more non-uniform attack than in fresh water. Alternate cycling
through immersion and exposure to air produces more pitting attack than continuous
immersion. There is a need to protect the carbon steel from corrosion which led to many studies
in the past [31].

I. A. 12. Corrosion prevention methods

Corrosion is destructive and silent operating processes. Corrosion control is a process
aimed at decreasing the corrosion rate and increasing the inhibition efficiency in corrosive
environment to a tolerable level. Hence, prevention of corrosion of substrate was achieved by
changing the substrate (metal), varying the environment or isolating the substrate from the

corrosive species or by altering the substrate electrode potential. There are many different

Corrosion prevention methods

Elechtrochemical control Changing the nature of metals corrosion inhibitors
Anodic protection Materials selection Organic inhibitors
Cathodic protection Metallic coating —— Inorganic inhibitors

methods of corrosion prevention and control. Each offers its own complexities and purposes.
In general, the approach to control most corrosion is to understand the corrosion mechanism
involved and remove one or more of the elements of the corrosion cell. The techniques adopted

to prevent corrosion can be classified under following headlines [11] (Figure I. A. 8):

Figure. 1. A. 8. Corrosion prevention methods

20



Part | Introduction to corrosion and corrosion inhibitors

I. A. 12. 1. Electrochemical control

It well known that the corrosion is an electrochemical process and the rate of corrosion
may be controlled by changing the electrode potential of the metal surface including cathodic

protection and anodic protection.

v Anodic protection

The application of anodic protection in preventing the corrosion is an old method, which
based on the formation of a protective film on the metal by applying an extern anodic current
and controlling the electrode potential in a zone where the metal is passive. Generally, the
dissolution rate of the metal increase when a metal is made as anode and current is applied,
which make it applicable for only those metals and alloys that exhibit active — passive behavior
such as nickel, iron and titanium. This method is most often used in highly corrosive
environment to protect metal immersed in solution with uncommonly acidic or basic qualities
[32].

v/ Cathodic protection

The technique of cathodic protection is used to control the corrosion of a metal surface by
making it cathode of an electrochemical cell, i.e., making it completely cathodic allowing no
site of it to act as anode. Cathodic protection is effected by forcing the potential to a negative
region where the metal is completely stable. This can be done by using a sacrificial anode made
from a more reactive metal, or using an external power supply to change the amount of charge
on the metal surface. The principle involved in cathodic protection is to change the electrode
potential of the metallic article or structure so that it lies in the immunity region.

Within this region the metal is in the stable form of the element and corrosion reactions are
therefore impossible. Cathodic protection may be regarded as the most elegant form of
corrosion protection as it renders the metal completely unreactive. It can, however, be fairly
expensive due to the consumption of electric power or the extra metals involved in controlling

the potential within this region [33].
I. A. 12. 2. Changing the nature of metals

v Material Selection

- The use of noble metal like gold, platinum, titanium is first choice in accordance to
material selection. These metals are most resistant to corrosion. But these metals are

precious and cannot be used for general purpose.
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- We should use pure metal to avoid corrosion because impurities in metal are the main
reason for heterogeneity that decreases corrosion resistance of metal. Therefore, the
corrosion resistance of any metal can be improved by its purity. But it is not possible to
produce a metal of high purity in many cases and the pure metals has high cost and have
some disadvantage of insufficient mechanical properties like low strength and softness,

although a less amount of impurity leads to corrosion.

- Therefore the use of metal alloys is the better choice to prevent the corrosion. We can
increase the corrosion resistance of most metals by alloying them with suitable element. But
alloys should be completely homogeneous for maximum corrosion resistance such as: (a)
Stainless steel containing chromium in iron. Chromium in stainless steel produces an oxide
film which protects the steel from further attack, (b) Nimonic Alloys (Ni Cr-Mo-alloy) are
used in gas turbines, and (c) Cubro Nickel alloys (70% Cu + 30% Ni) are used for condenser

tubes.

v Protective coating

Metal can be protected from corrosion by covering the surface by means of protective
coating which acts like a barrier film between metal surface and atmospheric oxygen and
humidity. Protective coatings can be classified into the following two classes: organic and

inorganic coatings.
I. A. 12. 3. Corrosion inhibitors

Inhibitors are chemicals that react with a metallic surface, or the environment this
surface is exposed to, giving the surface a certain level of protection. Inhibitors often work by
adsorbing themselves on the metallic surface, protecting the metallic surface by forming a film.

Inhibitors slow corrosion processes by:

v Increasing the anodic or cathodic polarization behavior (Tafel slopes)
v" Reducing the movement or diffusion of ions to the metallic surface

v" Increasing the electrical resistance of the metallic surface
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Table I. A. 1. Some Corrosive Systems and the Inhibitors Used to Protect Them [34]

system | Inhibitor | Metals | Concentration
acids
Ethylaniline Fe 0.5%
MBT* Fe 1%
HCI Pyridine + phenylhyrazine Fe 0.5% + 0.5%
Rosin amine + ethylene Fe 0.2%
oxide
H>SO4 Phenylacridine Fe 0.5%
H3PO4 Nal Fe 200 ppm
Thiourea Fe 1%
Others Sulfonated castor oil Fe 0.5-1.0%
As03 Fe 0.5%
NaszAsO4 Fe 0.5%
Water
Ca(HCO3)2 Steel , cast 10ppm
iron
Drinking Water Polyhosphate Fe, Zn, Cu,Al 5-10 ppm
Ca(OH): Fe, Zn, Cu 10 ppm
Na>SiO3 Fe 10 — 20 ppm
Ca(HCO3)2 Steel , cast 10 ppm
Cooling iron
Na2CrO4 Fe, Zn, Cu 0.1%
NaNO- Fe 0.05%
Boilers NaH>PO4 Fe, Zn, Cu 10 ppm
Polyhosphate Fe, Zn, Cu 10 ppm
Morpholine Fe Variable
Hydrazine Fe O2 scavenger
Ammonia Fe Neutralizer
Octadecylamine Fe Variable
Seawater Na>SiO3 Zn 10 ppm
NaNO- Fe 0.5%
Ca(HCOs3): All pH dependent
NaH2PO4 + NaNO> Fe 10 ppm + 0.5 %

More details about the corrosion inhibitors will be found in the next section
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“Research is to see what everybody has seen
and think what nobody has thought.”
Albert Szent-Gyorgyi

|. B. 1. Definition of inhibitors

An inhibitor is a substance which retards corrosion when added to an environment in
small concentrations [1]. Inhibitors may also be defined on electrochemical basis as substances
that reduce the rates of either partial anodic (metal dissolution) or cathodic (H* or O reduction)
reaction or both, which minimize the loss of metal, by either acting as a barrier by forming an
adsorbed layer or retarding the cathodic, the anodic, or both processes [2]. A very large number
of inhibitors are reported in the literature for various metals in different environments. Inhibitors
are often easy to apply and offer the advantage of in-situ application without causing any
significant disruption to the process. A schematic representation of inhibitor process is shown

in Figure. 1. B. 1.
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Figure. I. B. 1. Schematic diagram of the corrosion inhibition mechanism [3].

An efficient corrosion inhibitor must satisfy the following conditions [4]:

Q

It must effective at very low concentration .

\

It must effective at higher temperatures

> It should be effective over long range

> Stable in the presence of other constituents

> Compatible with non-toxicity standards

Easy availability and low cost
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Inhibitors increase inhibition efficiency and decrease the corrosion rate by [5]:

Adsorption of ions/molecules onto the metal surface

Increasing or decreasing the anodic and/or cathodic reaction

Decreasing the diffusion rate for reactants on the surface ofthe metal

Decreasing the electrical resistance ofthe metal surface

l. B. 2. Global demand of corrosion inhibitors

Currently, corrosion inhibitors are attracting a lot of attention and they become of top
priority in several fields especially in the industrial application or during any project design and
operation especially in areas where metals are used, for the simple reason that the use of these
inhibitors can extend the life of the materials and thus increase earnings. The corrosion
inhibitors market has thus observed an increase in demand. Corrosion inhibitors market is
grouped based on application, functionality, and geography. The application segment include:
power generation, paper, oil and gas industries, metal and mining, chemical processing, and the
others. By functionality, corrosion inhibitors market is divided into organic and inorganic
inhibitors. Geographically, the market is segmented into North America, Europe, Asia-Pacific,
and the rest of the world. According to the report of Transparency Market Research, corrosion
inhibitors demand globally stood at 4,425.9 kilo in 2012 with the cost pinned at US$ 5.20
billion. The organic corrosion inhibitors led the market by almost 70% and Asia-Pacific held
the largest share (>35%) in terms of demand while the North American and European corrosion
inhibitors market jointly held more than 50%. In 2013, inhibitors demand increased to 4,659.8
kilo and is predicted that the global inhibitors’ market would grow at 5% during 2015-2022
market year with the cost estimated to be US$9.2 billion by 2022 [6].

I. B. 3. Utilization conditions [7]

A corrosion inhibitor can be used as method of protection:

v' As a permanent protection, the inhibitor allows the use of metallic materials (non-
alloyed ferrous example) under satisfactory conditions of resistance to corrosion.

v As a temporary protection during a period when the piece or installation is particularly

susceptible to corrosion (storage, stripping, cleaning).
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v As a supplementary protection to improve the resistance against the corrosion, in the
case of the surface coating.
I. B. 4. Classification of corrosion inhibitors

Corrosion inhibitors can be classified based on mechanism, environment and mode of

protection [8-11].
I. B. 4. 1. Based on electrode process

a. Anodic inhibitors

Anodic inhibitors are often called passivating inhibitors cause a large anodic shift of the
corrosion potential of the metal in the noble direction with the formation of a passive film (slow
the anodic reaction) Figure. I. B. 2. There are two types of passivating inhibitors: oxidizing
anions, such as chromate, nitrite, and nitrate, that can passivate steel in the absence of oxygen
and the nonoxidizing ions, such as phosphate, tungstate, and molybdate that require the
presence of oxygen to passivate steel [12]. Anodic inhibitors build a thin protective film along
the anode and increasing their potential and thus slow down the corrosion reaction [13]. Anodic
inhibitors are also known as “dangerous” inhibitors because insufficient inhibitor concentration

can cause pitting corrosion [14].
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Figure. 1. B. 2. Effect of addition of the anodic inhibitor [7].

b. Cathodic inhibitors

Cathodic inhibitors control corrosion by either decreasing the reduction rate or by
precipitating selectively on the cathodic sites (cathodic precipitators). Cathodic inhibitors are
effective when they slow down the cathodic reaction. Cathodic inhibitors shift the corrosion

potential to the anodic direction [15, 16]. Here the cations migrate towards the cathode surfaces
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where they are precipitated chemically or electrochemically and thus block these surfaces. The

inhibiting action of cathodic inhibitors takes place by three mechanisms:

v Cathodic poisons: The cathodic reduction process is suppressed by impeding the
hydrogen recombination and mode of protection discharge but increase the tendency of
the metal to be susceptible to hydrogen induced cracking.

v Cathodic precipitates: Compounds such as calcium, magnesium will precipitate as
oxides to form a protective layer which acts as a barrier on the metal surface.

v’ Oxygen scavenger: These compounds react with oxygen present in the system to form

a product and reduce corrosion.
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Figure. I. B. 3. Effect of addition of the cathodic inhibitor [7].

c. Mixed inhibitors

These inhibitors retard both the anodic and cathodic processes involved in the corrosion
process at the same time (via Figure. I. B. 4) because they affect the oxidation and reduction
reaction, with little change in the corrosion potential (less than 85 mV) [17, 18].
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Figure. 1. B. 4. Effect of addition of the mixed inhibitor [7].

Mixed inhibitors protect the metal in three possible ways: physical adsorption,
chemisorption and film formation. Physical (or electrostatic) adsorption is a result of
electrostatic attraction between the inhibitor and the metal surface. When the metal surface is
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positively charged, adsorption of negatively charged (anionic) inhibitors is facilitated (Figure.
. B. 5).

e
; e
= :©®© Electrolyte
f R
Gl © ki T e
eSS
‘B

Figure. 1. B. 5. Adsorption of negatively charged inhibitor on a positively charged

metal surface [19].

Positively charged molecules acting in combination with a negatively charged
intermediate can inhibit a positively charged metal. Anions, such as halide ions, in solution are
adsorbed on the positively charged metal surface, and organic cations subsequently are
adsorbed on the dipole (Figure. I. B. 6).
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Figure. I. B. 6. Synergistic adsorption of positively charged inhibitor and anion on a

positively charged metal surface [19].

Physically adsorbed inhibitors interact rapidly, but they are also easily removed from
the surface. Increase in temperature generally facilitates desorption of physically adsorbed
inhibitor molecules. The most effective inhibitors are those that are chemically adsorbed
(chemisorb), a process that involves charge sharing or charge transfer between the inhibitor
molecules and the metal surface.

I. B. 4. 2. Based on environment
a. Acidic environment inhibitors
¢ Inorganic inhibitors: The oxides such as As>O3, Sh.O3 have been reported as inhibitors

in acid media. These substances get deposited in the form of metal oxide and increase

the hydrogen over-voltage and subsequently reduce the corrosion rate [20]. The
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addition of heavy metal ions like Pb?*, Mn?*, Cd?* inhibit corrosion of iron in acids,
due to deposition of these metal ions over the iron surface [21].

e Organic inhibitors: Organic inhibitors are substances, which possess at least one
functional group considered as the reaction center for the adsorption process. Organic
compound containing oxygen, nitrogen, sulfur with multiple bonds have been reported
as good corrosion inhibitors [22-24]. Organic inhibitors can be anodic, cathodic and
mixed type based on their reaction at the metal surface and potential. Cruz et al. [25]
have shown that the effectiveness of an organic inhibitor is related to its adsorption
properties, which depend on the nature and surface condition of the metal, as well as

the corrosive environment.

b. Alkaline inhibitors

Metals are prone to corrosion in alkaline solutions. Many organic compounds are often
used as inhibitors for metals in basic solution. Compounds such as thiourea, substituted phenols,
naphthol, B-diketone, etc., have been used as effective inhibitors in basic solutions due to the

formation of metal complexes.

c. Neutral inhibitors

Inhibitors which are effective in acidic solutions do not function effectively in neutral
solutions, since the mechanism is different in the two solutions [26-28]. In neutral solutions,
the interaction of inhibitors with oxide covered metal surface and prevention of oxygen
reduction reaction at the cathodic sites takes place. Such inhibitors protect the surface layers
from aggressiveness. Some surface active chelating inhibitors have been found to be efficient

inhibitors in near-neutral solutions [29].

d. Vapor phase inhibitors

Vapor-phase corrosion inhibitors or volatile corrosion inhibitors (VCIs) are similar to
organic adsorption type inhibitors and possess very high vapor pressure. In use, such inhibitors
are placed in the vicinity of the metal to be protected, as they are transferred to the metal surface
by sublimation followed by condensation and the adsorption of the inhibitor takes place Figure.
I. B. 7. For example, dicyclohexyl ammonium nitrite and benzothiazole are used for protecting
copper whereas phenylthiourea and cyclohexylamine chromate are used for protecting brass.

Dicyclohexylamine nitrite protects both ferrous and non-ferrous metals/alloys [7].
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Figure. I. B. 7. Schematic representation of volatile inhibitors [7].
l. B. 4. 3. Based on mode of protection
a. Adsorption inhibitors

This class of inhibitors represents the largest class of corrosion inhibiting substances.
In general, they are organic compounds which are adsorbed on the metal surface and suppress
metal dissolution and reduction reaction. Generally, they effect both cathodic and anodic

reactions equally [7]. Examples: Compounds containing lone pairs of electrons such as nitrogen

sulfur and oxygen atoms.
b. Pickling inhibitors

Generally pickling inhibitors function by forming an adsorbed layer on the metal
surface, which essentially blocks the discharge of H* ion and dissolution of metal ions.
Compounds serving as pickling inhibitors require, by and large, a favorable polar group

or groups by which the molecule can attach itself to the metal surface.

c. Precipitation inhibitors

These are compounds that forms precipitates on the metal surface, and hence provide a
protective film [30]. Hard water is less corrosive compared to soft water because hard water is
high in calcium and magnesium so their salts precipitate on the metal surface to form a

protective film. The most common precipitation inhibitors are the silicates and the phosphates.
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d. Synergistic inhibitors

Single inhibitors are very rarely used in systems such as cooling water systems.
More often, a combination of anodic and cathodic inhibitors is used to obtain better corrosion
protection properties. Synergistic inhibitors are the blends which are produced by mixing of
multi-inhibitors [21]. Examples include chromate-phosphates, polyphosphate-silicate, zinc-

tannins and zinc-phosphates.

e. Environment friendly or green corrosion inhibitors

The use of traditional corrosion inhibitors, is now limited because of increasing concept of
“green chemistry” in field of science, technology and engineering [31-33]. In practice,
corrosion inhibition studies have become oriented towards human health and safety
considerations. For this purpose, the researchers are concentrating on the use of eco-friendly
compounds such as plant extracts which contain many organic compounds. Alkaloids, amino
acids, pigments and tannins are used as green alternatives for the toxic and hazardous
compounds. Due to biodegradability, Eco friendliness, low cost and easy availability the
extracts of some common plants and plant products have been studied as corrosion inhibitors

for various metals and alloys under different environments [33, 34].

I. B. 5. Action mode of the corrosion inhibitors in liquid phase

Although different inhibition mechanisms have been identified for inhibitors, inhibition

usually results from one or more of the following mechanisms:

| .B. 5. 1. Formation of the diffusion barrier

In this type of inhibition of corrosion, an adsorbed inhibitor may form a surface
layer which acts as a physical barrier to restrict the diffusion of ions or molecules into the
metal surface and retard the corrosion reactions. This effect occurs particularly when the
inhibiting molecules are large. A surface film of these types of inhibitors affects both anodic
and cathodic reactions [21].

I .B. 5. 2. Blocking reaction sites

The interaction of the adsorbed inhibitor with surface metal atoms may prevent
the metal atoms from participating in either anodic or cathodic reactions of corrosion.

Blocking effect can decrease the number of surface metal atoms at which these reactions
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can occur. During this, mechanisms of the reactions are not affected, and the Tafel slopes of the

polarization curves remain unchanged [21].

I .B. 5. 3. Adsorption of corrosion inhibitors onto metals

The inhibitive efficiency is usually proportional to the fraction of the surface 6 covered
with adsorbed inhibitor. However, at low surface coverage (6<0.1), the effectiveness of
adsorbed inhibitor species in retarding the corrosion reactions may be greater than at high
surface coverage. Adsorption type corrosion inhibitors (mainly organic compounds) are widely
used for the corrosion inhibition process. Most of the organic compounds possessing electron
rich species such as nitrogen, phosphorus, oxygen and sulfur in their moieties are called as
adsorption centers, which plays an important role to inhibit the metal corrosion. They inhibit
the metal corrosion process by forming a thin adsorption layer on the electrode (metal) surface

through chemical or physical adsorption mode [21].
a. Physical adsorption (physisorption)

Physical adsorption is the result of electrostatic attractive forces between inhibiting
organic ions or dipoles and the electrically charged surface of the metal. The interaction
between the inhibitor and the metal surface is weak (Van der Waals forces) and process is rapid
because it involves relatively low, almost temperature-independent activation energies.
Moreover, it is reversible, as it is characterized by low adsorption energy (typically 20 kJ/mol),
which tends to decrease at increasing temperature [35, 36].

b. Chemical adsorption (chemisorption)

This type of adsorption involves charge transfer or sharing from the organic corrosion
inhibitor with a metal, which leads to the formation of a coordinate covalent bond. The
chemisorption process takes place more slowly than electrostatic adsorption and with higher
activation energy. It is essentially irreversible, with free adsorption energies as high as 40
kJ/mol or more. [37]. This type of absorption takes place when there are heteroatoms such as
S, N and O present with lone pair electrons and/or aromatic rings in the adsorbed molecules.
The adsorption strength is dependent on the electron density and polarity of the corrosion
inhibitor. Increase in temperature may increase the protection efficiency of the corrosion
inhibitor. Due to irreversibility of chemisorption, these inhibitors can act as prefilming

substances which form protective films capable to persist in uninhibited solutions. Some
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inhibiting molecules may offer coupled physical and chemical adsorption with enhanced

inhibiting effects.

The factors that influence the adsorption of inhibitor ions on metal surfaces are [38]:

Surface charge on the metal: Adsorption may occur because of the electrostatic
attractive forces between the ionic charges or dipoles on the adsorbed inhibitor
and the electric charge on the metal at the metal-solution interface.

The functional groups and structure of inhibitor: Inhibitors get attached to
the metal surface by electron transfer and form a coordinate type of linkage
leading to strong binding and effective inhibition. Species containing relatively
loosely bound electrons in anions, neutral molecules, lone pair of electrons, -
electron systems associated with triple bonds or organic ring systems and the
functional groups containing elements of group V or VI of the periodic table
favors facile electron transfer and stronger bond formation and hence effective
inhibition. The tendency to form stronger coordinate bond increases with
decreasing electronegativity and follow the order, O<N <S<P.

The interaction between adsorbed inhibitor species (synergism): Adsorbed
species may enter into various interactions on the surface of an electrode that
may significantly influence their inhibitive properties and the mechanism of their
action.

Reaction of adsorbed inhibitors: The adsorbed inhibitor species may react
usually by electrochemical reduction to form a product which is also inhibitive.
Inhibition due to the added substance is termed as primary inhibition and that

due to reaction products as secondary inhibition.

I. B. 6. Factors influencing inhibitor efficiency

Several structural and chemical factors determine the effectiveness of an inhibitor. For

organic inhibitors the following characteristics were identified.

- If chemisorption is involved in the inhibition process its contribution to the inhibition

efficiency will increase as the electronic density or electron donation ability of the

reaction center increases [39].

- Anincrease in the carbon chain length of an amine inhibitor will enhance the inhibition

efficiency [40]. This could be attributed to an increase in the electronic density due to
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inductive effects, an increase in the coverage ability, hydrophobicity, and polarizability
and a decrease in the solubility of the inhibitor [41, 42].
- Inhibition efficiency will be affected by the ability of the inhibitor to complex with the

metal or the corrosion products [41, 43].

I. B. 7. Adsorption isotherm

In order to understand the corrosion adsorption processes occur onto the metal surface,
the adsorption isotherm gives necessary information about the interaction between inhibitor
molecules and a metal surface [44]. It defines the degree of surface coverage (8) of an adsorbate
on the adsorbent at a given temperature. Generally, it is assumed that the degree of the metal
surface covered by the inhibitor is directly proportional to the concentration of the
inhibitor. That is, the surface coverage increases as the concentration of the inhibitor in
the bulk solution increases. Adsorption isotherms are mathematical models that describe the
distribution of adsorbate species among adsorbent. For evaluation of the nature and strength of
adsorption, the experimental data are fitted to isotherm, and from the best fit, the
thermodynamic data for adsorption are calculated. From the plot, the free energy of adsorption
of the organic inhibitor can be obtained. Adsorption data are generally described by different

adsorption isotherms, which have been listed as follow:

Langmuir: €/0 = 1/ K 45+ C (1.B.1)
Temkin: @ = - InKuqs + L0 C (1.B.2)
Freundlich: In8 = InK ;5 + a lnC (1.B.3)

Where C represents the concentration of the inhibitor, 8 is the fraction of the surface
covered by the inhibitor, Kads is the adsorption equilibrium constant and a is the lateral

interaction constant.
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